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Abstract. Chronicexposure of humans to benzene
(BZ) causes acute myelogenous leukemia. These
studies determined whether BZ, or its reactive
metabolite, hydroquinone (HQ), affect differentia-
tion of myeloblasts. BZ or HQ administered to
C$7BL/6] mice specifically induced terminal gran-
ulocyte differentiationof myeloblasts. The ability of
the compounds to induce differentiation of the
myeloblast was tested directly using the murine
interleukin3 (IL-3)-dependent myeloblastic &l line,
32D.3 (G) and the human HL-60 promyelocytic
leukemic cell line. Treatment of HL-60myeloblasts
with BZ activated protein kinase C and upregulated
the 5-lipoxygenase (LPO) pathway for the produc-
tion of leukotriene D, (LTDy), an essential effector of
granulocytic differentiation. Differentiation was
prevented by sphinganine, a kinase C inhibitor, as
well as by LPO inhibitorsand LTD, receptor antag-
onists. BZ and HQ also induced differentiation in
32D.3 (G) myeloblasts. Both compounds interact
with cellular signaling pathways activated by fran—
ulocyte colony-stimulatingfactor (G-CSF) and thus
replacethe requirement for G-CSF. IL.-3inducesa
growth response, whereas G-CSF provides both
growth and differentiation signals. BZ does not
induce growth in the absence of [L.-3, but providesa
differentiation signal. Both HQ and LTD, induce
differentiation and synergize with IL.-3 for growth,
however, neither support growth in the absence of
IL-3. BZ-induced 32D cells showed a gradual pro-
gression of progenitor differentiation to granulo-
cytessimilar to that seen with G-CSF or LTD,, HQ
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blocks differentiation at the myelocyte stage; only a
small percentage of progenitors proceed to granu-
locytes. BZ, like G-CSF, upregulates LTD, produc-
tion, whereas HQ obviates the requirementfor L'TD,
by activating the LTD, receptor.

Introduction

Benzene (BZ), a widely used industrial
chemical and ubiquitous environmental pollu-
tant, is a Class I carcinogen that causes acute
myelogenous leukemia in humans that are
chronically exposed [1-41. BZ hematotoxicity
occurs when its hepatic metabolites (5, 6], phe-
nol, catechol and hydroquinone (HQ), are trans-
ported to the bone marrow [7,8] and further
oxidized in a peroxidase-mediated [9-11] reac-
tion to biologically reactive intermediates that
can potentially affect hematopoiesis.

Because of the association between BZ
exposure and an increased incidence of acute
myelogenous leukemia, it is important to deter-
mine whether BZ and/or a metabolite, such as
HQ, directly affect the stem cell and/or progeni-
tor cells of the myeloid lineage. The ability to
alter cytokine-dependent growth and differenti-
ation in hematopoietic progenitor cells appears to
be a property of agents with leukemogenic poten-
tial for humans [12]. There have been several
reports on the effects of BZ on hematopoietic
stem and progenitor cells [13]. In one study [14],
a dose-dependent depression of all stem cell com-
partments was observed in BDF1 mice exposed
for 16 weeks to airborne concentrations of BZ
as high as 99 ppm for 6 h per day, § days per
week. However, the granulocyte-macrophage
colony-forming unit (GM-CFU) was much less
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sensitive than the erythroid CFUs at higher doses
of BZ. Dempster and C. A. Snyder [15] reported
that short-termexposure of mice to BZ induced a
shift toward granulocytic differentiation, and a
growth advantage for granulocytic progenitor
cells in the marrow and spleen which increased
the total number of granulocytes. These results
suggest that BZ and/or HQ is acting on the
myeloid stem or progenitor cells. We report here
that the administration of BZ or HQ specifically
stimulates granulopoiesis in mice and induces
granulocytic differentiation in myeloblasts of the
human promyelocytic leukemic cell line, HL.-60,
and the normal murine interleukin 3 (IL-3)-
dependent myeloblastic cell line, 32D.3 (G).
They do this by replacing the requirement for
G-CSF and leukotriene Dy (LTD,), respectively,
for induction of differentiation.

Materials and Methods

Animals

CS57BL/6J inbred male mice were obtained
from Jackson Laboratories, Bar Harbor, ME at
6 weeks of age (18-20g). Animals were housed
at an AAALAC-approved central animal facil-
ity (73" £ 3°F; humidity 53%; 12h light cycle)
in polycarbonate cages (four mice per cage)
with hardwood bedding and fed Purina Rodent
Chow and water ad libitum. Animals were accli-
mated for | week and weighed between 22 and
25 g when used. The experiments reported were
carried out under a protocol approved by the
Institutional Animal Care and Use Committee.

fetal bovine serum (FBS) .Cells used in the exper-
iments were from passages 18-42.The [L-3-depen-
dent myeloblastic cell line, 321).3, was derived
from normal bone marrow of C3H/HeJ mice by
Greenberger[16]. It has a normal karyotype and is
nonleukemic [16}. The clone was further charac-
terized for 1L.-3 dependence by Metcalf {17], and
for G-CSF induction of differentiation by Valtieri
et al. [18] who gave the clone the designation
(G). We are indebted to Dr. Giovanni Rovera

for the kind gift of the 32D.3 (G) clone. The
cells were maintained in Iscove’s modified
Dulbecco's medium (IMDM) in the presence
of 10% FBS and 3 u/ml recombinant murine
IL-3 (rMulL-3) and supplemented with peni-
cillin (501U/ml) and streptomycin (50 mg/ml).
Cells were cultured at 37°C in a 5% CO, atmos-
phere with biweekly replacement of medium
and adjustment of cell concentration to 103
cells/m! for optimal growth.

All cell cultures were demonstrated to be
free of mycoplasma contamination by periodi-
cally testing the culture supernatant with a
radiolabeled mycoplasma ¢cDNA probe.

Reagents

IMDM,RPMI 1640, Dulbecco's phosphate
buffered saline (PBS) minus Ca?* and Mg?,
Tyrodes buffered salt solution (TBBS) and
Pen/Strep were obtained from Mediatech,
Washington, D.C. BZ (spectroanalyzed) and HQ
were purchased from Fisher Scientific Co.,
Pittsburgh, PA. FBS, the AS-D Chloroacetate
Esterase Assay Kit, LTDy, sphinganine, caffeic
acid, pepstatin, leupeptin, phenylmethylsulonyl
fluoride (PMSF), rhodamine-labeled antimouse
immunoglobulin, nitroblue tetrazolium (NBT),
May-Grunwald/Giemsa stain and acivicin (a-
amino-3-chlor-4,5-dihydro-5-isoxazole acetic acid)
were obtained from Sigma Chemical Co., St.
Louis, MO. The 5-lipoxygenase inhibitor, AA-
861, was a product of Waco Bioproducts,
Richmond, VA. The LTD, receptor antagonists
were gifts from Merck Frosst Canada, Inc.,
Quebec (MK571) and Eli Lily & Co., Indianapolis,
IN (LY 163443). Monoclonal antibody against
human [-12-2 granulocyte-specificsurface antigen
was a kind gift from Dr. Giovani Rovera.
Recombinant human G-CSF, (rHuG-CSF) and
rMulL,-3 were obtained from R&D Systems,
Minneapolis, MN. Giemsa blood stain, Azure
Type B, was obtained from EM Diagnostics,
Gibbstown, NJ and HemaQuick II from the Curtin
Matheson Co., Houston, TX. Gen Probe, San
Diego, CA was the source of the Mycoplasma
Test Kit. 32Pi was a product of Dupont NEN,
Boston, MA.

Exposure of Cells to HQ, BZ, G-CSF,LTD,
and Other Agents

HL-60 cells (5 x 10%/ml) were incubated
with or without BZ in RPMI 1640/10% FBS for
7 days at 37°Cafter which differentiationto gran-
ulocytes was assessed. 32D cells (2.5 x 10°/ml)
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were incubated in IMDM/10% FBS with or
without BZ, and with or without 3 u/ml
rMulL-3. When HQ was used, the cells were
pretreated with 2 yuM HQ in PBS/2 mM glu-
cose (PBS-A) for 30 min at 37°C after which
the cells were collected, washed twice with
PBS and placed into culture in IMDM/10%
FBS with or without 3 u/ml rIL-3. G-CSF and
LTD, were added directly to the culture
medium. The lipoxygenase inhibitors and
LTDj, receptor antagonists were added directly
to the culture medium in amounts indicated
in the legends to the tables and figures 20 min
before the addition of the inducing agent.
After 3 days of incubation, a sample of each
culture was removed for cell counting and the
remainder of the culture was diluted to 2.5 X
10° cells/ml to insure optimal growing condi-
tions. Unless indicated otherwise in the fig-
ure or table legend, incubation was continued
for 4 days, after which the cells were analyzed
for the granulocytic phenotype.

Assessment of Differentiation

Granulocytic differentiation was assessed
by: 1) the acquisition of granulocytic morphol-
ogy, specifically promyelocytes, metamyelocytes
and segmented or mature cells, 2) the develop-
ment of superoxide production as measured by
the reduction of NBT, 3) the development of
chloroacetate esterase activity, and 4) in the
case of HL-60 cells, the appearance of 1.-12-2
granulocyte specific surface antigen.

Morphological assessment of differenti-
ation was performed by cytospin preparation
and May Griinwald/Giemsa staining. Per-
centages were based on the average obtained
by counting 200 cells on each of triplicate
slides. For NBT reduction, cells were incu-
bated for 1 hour with 0.125 nmol/l TPA and
0.05% NBT. Cells were fixed on a slide, coun-
terstained with safranin and the percentage of
cells containing black granules of reduced
NBT was determined. Chloroacetate esterase
activity was determined by incubating fixed
cells with a diazonium salt, AS-D chloroac-
etate and Red Violet at pH 6.3 for 5 min at
37°C, after which the percentage of cells con-
taining red granules was determined. The pres-
ence of L.-12-2 surface antigen was detected
by fluorescence microscopy using rhodamine-
labeled antimouse immunoglobulin against
the monoclonal antibody.
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Treatment of Animals with BZ and HQ

Mice received BZ (600 mg/kg body weight)
in corn oil or HQ (25 or 50 mg/kg body weight)
in PBS i.p. twice per day, 7 h apart, for 2 days.
Controls received corn oil or PBS. Eighteen h
after the final injection the animals were killed
by cervical dislocation, their femurs were
removed and the bone marrow cells were
obtained ag described under the determination of
bone marrow cellularity and morphologic hema-
tology. The concentrations of BZ and HQ were
not cytotoxic and the viability of the cells
flushed from the femurs was >98% as measured
by Trypan Blue exclusion.

Determination of Bone Marrow Cellularity
and Morphologic Hematology

The epiphysial plate on each end of the
femur was removed and 1 ml of undiluted FBS
was forced through the femur using a syringe
with a 25-gauge needle. The marrow was col-
lected in a tissue culture tube and a single cell
suspension was prepared by passing the marrow
through the syringe two additional times. A sam-
ple (100 pl) of the cell suspension was used to
prepare a slide which was stained as described
below and used for a differential cell count. The
remainder of the cell suspension was diluted in
cold lysing buffer (10 mM Tris-HC), pH 7.4,
155 mmol/l NH,CI) to remove red blood cells.
The number of nucleated cells was determined
with a hemocytometer and viability was tested
by Trypan Blue exclusion. Viability was > 98%.

Staining was carried out as follows: the slide
was dipped in Wright-Giemsa stain (Hema Quik
IT) for 3 min, washed by dipping in tap water for
3 min and allowed to air-dry for at least 30 min.
Counter staining was carried out by immersing
the slide for 7 min in Giemsa (Azure B Type)
prepared fresh as a 1:50 dilution in Hydrion
buffer, pH 6.8. The slide was then washed for
30 sec with running tap water and allowed to air-
dry. Differential cell counting was carried out
using oil immersion at 100x. Five hundred cells
per slide were counted and the percentage of each
type of cell present was determined.

BZ-Induced Protein Kinase C Phosphorylation
of HL-60 Cellular Proteins

HL-60 cells (3 x 10%/ml) were twice washed
in TBBS-Ca? to remove P, from inside the cells
and then preloaded with *P; (1.5 mCi/ml; sp.
act. 1 Ci/mmol) by incubation for 1h at 22°C
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in calcium and phosphate-free TBBS. The cells
were washed three times with TBBS and incu-
bated in TBBS-Ca** with 5 mM BZ and/or 40
UM sphinganine or TBBS for 5 min. When
sphinganine was used it was added 10 min
before the other reagents. The reaction was
stopped by chilling the tubes on ice, the cells
were recovered and lysed in 100 ut of a solu-
tion containing Tris-EDTA, pH 8.0, 2 mM
PMSF, 0.1 mM pepstatin A, 0.1 mM leupeptin
and 0.01% Triton X-100. Protein was determined
by the method of Bradford [19].

Polyacrylamide Gel Electrophoresis

Lysate protein (8 pg/well) was loaded onto
an 0.8 mm, 8% T vertical slab polyacrylamide
gel. Flectrophoretic separation of proteins was
carried out at 150V for 3.5 h. The gel was silver-
stained, dried and exposed to X-OMAT AR film
for 96 h at-70°C.

HPLC Analysis of LTD, Formation in HL-60
Cells

Cells (1.5 x 10%ml in PBS) were incubated
with or without 5 mM BZ or with BZ and 1 uM
AA861 for 24 h at 37°C. After removal of the
cells, a 100 pl sample of the incubation medium
was extracted with an equal volume of toluene
and the organic phase evaporated to dryness.The
residue was suspended in 100 pl of mobile phase
(65:35:0.02 v/v/v methanol:water:acetic acid,
pH 5.6) and 50 pl was injected into a reverse
phase, 5 mm ODS HPLC column. An LTDy
standard (1 pg) was run as a control.

Statistical Analysis

Data between groups were analyzed using
the t-testor ANOVA followed by Dunnett's t-test.
Results are expressed as mean values £ SD. A
p < 0.01 was considered significant.

Results

Stimulation of Granulocytic Differentiation in
Mice by BZ and HQ

As can be seen in Figure 1, the administra-
tion of BZ to mice stimulated the differentiation
of myeloblasts as measured by an increased per-
centage of promyelocytes and intermediate gran-
ulocytic progenitors in the bone marrow one day
after the last BZ injection (three days after the
initiation of treatment). BZ had no effect on the
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Fig. 1. The induction of granulocytic differentiation
in C57BL/6J mice by BZ or HQ. Groups of mice (n =
4) were injected with BZ (600 mg/kg body weight) or
HQ (25 or 50 mg/kg body weight) twice daily for 2
days. The control animals received corn oil and PBS-
A. Fighteen h after the final injection the mice were
killed, the bone marrow obtained and a morphologi-
cal analysis of the bone marrow carried out as
described under Methods. Data are presented as
absolute numbers of myeloid cells per femur repre-
sented by blast cells and total granulocytic cells of 500
cells analyzed. Qualitatively similar results were
obtained when the data were expressed as the percent
of nucleated bone marrow cells. The results are
expressed as the mean £ 8D (n = 4); *p £0.001 &
compared with the control group. The data from var-
ious cell types from the individual marrows are
extremely tight (they range from SD £ 0.001 to £ 0.03)
and too small to be plotted by the printer/plotter so
no error bars are visible. PM, promyelocytes; GBand,
myelocytes and metamyelocytes (ring) forms; Gseg,
segmented (mature granulocytes).

number of myeloblasts. The number of mature
granulocytes (G seg) was not stimulated at Day 3,
however, in experiments carried out for 7 days,
BZ significantly increased the number of mature
granulocytes compared to control values (data
not shown).The experiment presented is repre-
sentative of three such experiments which gave
similar results. Identical results were obtained
when the data were expressed as percentage of
total cells counted. HQ administered to mice for
3 days at a dose of 50 mg/kg body weight also
stimulated granulocytic differentiation as indi-
cated by an increased percentage of promyelo-
cytes and metamyelocytes (Fig. 1).In contrast
to BZ, HQ doubled the number of myeloblasts
and stimulated differentiation to band forms to
a greater extent than BZ, and the terminal dif-
ferentiation of intermediate progenitors (band
forms) to mature (segmented) granulocytes was

it ot
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Fig. 2 BZ-induced granulocytic differentiationof HL-
60 myeloblasts. Cells (5 x 10%/ml) were cultured with
and without 5 mM BZ as described under Methods for
up to seven days. The developmentof the granulocytic
phenotype was determined by measuring the charac-
teristics presented in the figure. The values represent
the mean = SD of at least three experiments where
each sample was carried out in triplicate.
*Significantly different from the control cells at
p < 0.001.

limited. HQ administered at 25 mg/kg body
weight caused a lesser, but significant stimulation
of granulopoiesis (data not shown). At these
doses of BZ or HQ, there was no loss of animals,
no overt signs of toxicity and the viability of the
cells flushed from the femurs remained at greater
than 98%.

Induction d’ Granulocytic Differentiation in
Myeloblasts by BZ and HQ

The results of the in vivo experiments sug-
gested that BZ per se, or by metabolism to HQ, is
capable of inducing granulocytic differentiation.
However, they do not indicate whether either
compound causes induction directly or indirectly
in vivo. To answer this question and to have a
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system with which to study the mechanism of
induction of differentiation, we turned to the use
of myeloid cell lines. The well-studied human
HL-60 promyelocytic leukemic cell line [20],
which consists of approximately 35 to 45%
myeloblasts and the remainder promyelocytes,
was chosen because it has been used in many
studies as a surrogate for the GM-CFU, and a
number of agents have been shown to induce ter-
minal granulocytic differentiation in these cells
{20}. The normal mouse IL.-3-dependent 32D
myeloblastic cell line was used because it has
been adapted to terminally differentiate to gran-
ulocytes in response to G-CSF {18), and because
data obtained with this cell line can be compared
with data obtained in the mouse. As can be seen
from the data presented in Figure 2 and Table [,
exposure of HL-60 myeloblasts to BZ followed by
incubation for 7 days resulted in terminal granu-
locytic differentiation measured by morphology
{determination of the percent of cells classified
as promyelocytes or higher granulocytic forms)
and the development of several characteristics of
the granulocytic phenotype. No significant induc-
tion of nonspecific esterase activity indicative of
monocytes was detected nor was monocyte mor-
phology observed (Table I). The ability of BZ to
induce granulocytic morphology as well as the
appearance of other markers of the granulocytic
phenotype was a function of the concentration of
the BZ used over the range 0.1 mM to 5 mM (data
not presented). As can be seenin Table I, the HL-
60 cell population consists of about 45% promye-
locytes and 35% myeloblasts. BZ caused a
significant decrease in the number of myeloblasts
as well as promyelocytes, and a corresponding
shift into more intermediate progenitors and
mature granulocytes. The majority of the differ-
entiated progenitors appeared to be metamyelo-
cytes and myelocytes, but a significant number

Table I. Morphological assessment of benzene-induced granulocytic differentiation of HL-60 cells

Cell Type (%)
“Mature” Total
System Blast Promyelocyte Myelocyte  Metamyelocyte  Granulocyte  Granulocyte
HL-60 36 45 15 2 19
HL-60+5mMBZ 13 29 30 10 56

Cells were treated with benzene (BZ) as described in Figure 2. Morphological assessment was performed by
Cytospin preparation and staining with May-Griinwald/Giemsa stain. Percentages were based on the average
obtained by counting 200 cells on each of triplicate slides in six different experiments.
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of terminally differentiated granulocytes was
observed (Table I).

BZ-Induced Activation o Protein Kinase C and
the Inhibition of Granulocytic Differentiation
in HL-60 Celis by the Kinase C Inhibitor,
Sphinganine

Activation of protein kinase C is involved
in the induction of differentiation in HL.-60 cells
by tetraphorbol acetate (TPA) and other agents
[20]. BZ has been shown (o activate protein kinase
C in intact rabbit platelets as well as the partially
purified enzyme from mouse brain [21].
Consequently we tested whether BZ-induced dif-
ferentiation of HL-60 myeloblasts to granulo-
cytes was dependent on protein kinase C
activation and therefore should be inhibited by
sphinganine, a potent and specific inhibitor of
protein kinase C in cell systems and in vitro [22].
In the representative experiment presented in
Figure 3, HL-60 cells were pre-exposed to *2P; to
label ATP and treated with 5 mM BZ under con-
ditions that induce granulocytic differentiation.
The activation of protein kinase C was measured
by the phosphorylation of cellular proteins as
monitored by SDS-PAGE analysis and autoradi-
ography (Fig. 3). BZ induced the transfer of 32P;
from AT[*P] to a number of HL-60 proteins (lane
a) that was prevented by preincubation of HL.-60
cells with 40 uM sphinganine prior to BZ treat-
ment (lane b). The phosphorylation observed with
B7. (data not shown) was equally as great as that
observed in other experiments which utilized
HL-60 cells treated with 100 ng TPA as a positive
control. Protein kinase C on plasma membranes
from BZ-treated H1L.-60 cells was capable of lipid-
dependent phosphorylation of the known protein
kinase C substrate, histone III-S (data not shown).
Sphinganine also prevented BZ-induced granu-
locytic differentiation (Fig. 4), but by itself did
not affect differentiation (data not shown). Since
both BZ-induced phosphorylation of cellular pro-
teins and granulocytic differentiation were inhib-
ited by the kinase C inhibitor, the results implicate
BZ activation of protein kinase C in BZ-induced
granulocytic differentiation in HL-60 myeloblasts.

The Involvement of tke 5-Lipoxygenase
(LPO)Pathway in BZ-Induced Granulocytic
Differentiation

An active LPO pathway of metabolism that
converts arachidonic acid to the peptido-
leukotriene, LTD,, is essential for normal [23, 24]
as well as leukemic (25, 26] myeloid progenitor

129
100

52

38

27

20
17

BZ

B2 +SoG
Untreated

Fig. 3. Autoradiograph of an SDS-polyacrylamide
gel separation of **P-labeled cellular proteins from
BZ-treated HL-60 cells. Cells (3 x 10%ml) were pre-
loaded with **P, for 1 h, washed and exposed to 5
mM BZ (lane a), BZ plus 40 uM sphinganine (lane b)
or buffer (lane ¢) for 5 min as described under
Methods. Lysate protein (8 pg/lane) was added to
each lane of an 0.8 mm, 8% T polyacryamide gel.
Electrophoresis was carried out at 150 V for 3.5 h.
The gel was silver stained, dried and exposed t x-ray
film for 96 h at -70°C.
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Fig. 4. Inhibition of BZ-induced granulocytic differ-
entiation in HL-60 cells by sphinganine. Cells (5 x
10°/ml) were preincubated with 40 pM sphinganine
in RPMI 1640/10% FBS for 10 min at 37°C, 5% CO,.
The cells were exposed to 5 mM BZ and assessed for
granulocytic differentiationafter incubation for seven
days as described under Methods. The values repre-
sent the mean = SD of at least three experiments where
each sample was carried out in triplicate. *Significantly
different from the control cells at p 10.001.

cell proliferation and differentiation; LTD, is an
intermediate in CSF-induced clonal growth of
GM-CFU (23, 24]. The ability of BZ to cause
the production of LTD, and its immediate pre-
cursor, LTC,, under conditions where BZ induced
granulocytic differentiation in HL-60 cells was
investigated. A lipid extract of the culture
medium of differentiating HL.-60 cells grown in
the presence and absence of a 5-LPO inhibitor
was subjected to reverse-phase HPLC. In sev-
eral experiments, LTD, was produced in BZ-
treated cells in amounts two- to four-fold greater
than in untreated cells. Figure 5 presents an
HPLC profile from a typical experiment in which
BZ induced the formation of LTD, (two-fold
increase over untreated cells) in HL-60 cells.
LTD, is present in the untreated HL.-60 cell pop-
ulation (Fig. 5) because approximately half of
the cells are promyelocytes that have aborted
their differentiation at that stage and thus con-
tain LTD,. The remainder are myeloblasts in
which BZ should induce LTD, formation. The
requirement for BZ-induced formation of LTD,
for granulocytic differentiation was demonstrated
by showing that 5-LPO inhibitors prevented both
BZ-induced LTDy production and granulocytic
differentiation in HL.-60 myeloblasts (Table II).
The highly specific 5-LPO inhibitor, AA-861
[27], prevented the formation of LTDy induced in

301

60
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Fig. 5. BZ-induced formation of LTD, in HL-60 cells.
Cells (1.5x 10%ml in PBS) were incubated with or
without 5 mM BZ (HPLC profiles 2 and 3) or with BZ
and 1puM AA86! (profile 4) for 24 h at 37°C. After
removal of the cells, a 100 ul sample of the incubation
medium was extracted with an equal volume of toluene
and the organic phase evaporated to dryness. The
residue was subjected to HPLC analysis for the presence
of LTD, as described under Methods. Retention times
(min) are printed above the peaks. An LTD, standard
(1 pg) was added as a control (profile 1).

myeloblasts by BZ and stopped its constitutive
production in the promyelocytes (Fig. 5). AA-
861 and another inhibitor, caffeic acid, prevented
BZ-induced granulocytic differentiation (Table
II). The inhibition was reversed by the addition of
LTD, concomitantly with the inhibitor. A highly
specific LTD, receptor antagonist, MK-571, (28]
also completely inhibited BZ-induced granulo-
cytic differentiation in HL.-60 myeloblasts, and
this inhibition was prevented by the concomi-
tant addition of LTD, (Fig. 6). Similar results
(data not shown) were obtained with another
receptor antagonist, LY 163443(29].

The conversion of the immediate precursor,
LTC,, to LTD, requires the removal of a glutamy!l
group from LTC, by y-glutamyl transpeptidase
{30}, areaction that is inhibited by the glutamine
antagonist acivicin {23]. Data presented in Table
I show that 1pM acivicin prevented BZ-induced
differentiation to granulocytes.This inhibition
could be overcome by the addition of LTD, to
the culture medium, further supporting a role for
LTD, in BZ-induced differentiation of HL-60
cells to granulocytes. Taken together, these
results suggest that BZ, via activation of protein
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Table II. Effect of 5-lipoxygenase inhibitors on benzene-induced granulopoiesis

System Morphology NTB Reduction
1 Percentage of cells counted
Control 12.3x5.5 16.7+ 3.5
plus BZ 37.5+3.8 45.7+3.3"
plus BZ/caffeic acid 175+3.9 20.8+3.7
plus BZ/caffeic acid/LTD, 37.1+£3.7° 42.8+8.3°
plus BZ/AA861 23.7+£3.3 18.3+ 1.7
plus BZ/AA861/LTD, 54.7+10.5° 28.7x4.1°

Cells (5 x 10°/ml) were preincubated in culture with 3-lipoxygenase inhibitors caffeic acid(100 uM), AA861 (1 pm)
and with LTD, {1 pM) in RPMI 1640/15% FBS for 10 min at 37°C, 5% CO,. BZ. (5 mM) was added directly to
the culture and NBT reduction and granulocytic differentiation were determined after incubation for seven

days. Values represent the mean £ SD of at least two experiments carried out in triplicate. ND, not determined.
l Significantly different from control and BZ-treated cells pretreated with inhibitors. *Significantly different from
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cells treated with BZ and inhibitors. p £ 0.01

kinase C, induces the formationof LTD, required
for the initiation of granulocytic differentiation.

Induction of Granulocytic Differentiation in the
Myeloblastic Cell Line 320.3 (G)by BZand HQ

In order to compare the induction of gran-
ulocytic differentiation by BZ and HQ with
that of the normal physiological inducer,
G-CSF, we turned to the IL-3-dependent,
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Fig. 6. Inhibition of BZ-induced granulocytic differ-
entiation in HL.-60 cells by a 5-LPO inhibitor. Cells
(5 x 10%/ml) were preincubated with 1 uM MK-571
in RPMI 1640/10% FBS €or 10 min at 37°C, 5% CO,.
BZ (5 mM) was added and granulocytic morphology
was assessed after incubation for seven days. Values
represent the mean = SD of two experiments where
each sample was carried out in triplicate. *Significant
difference from the control cells at the p < 0.01 level;
**significant difference from cells treated with BZ
and MK-57 1, but no significant difference from cells
treated with BZonly p< 0.01.

diploid, myeloblastic cell line, 32D.3 (G)
which was derived from normal mouse bone
marrow and adapted to differentiate in the
presence of G-CSF [18]. Table IV presents
data from a representative of four experiments
which gave similar results. There are few dif-
ferentiated myeloid cells in the presence of
IL-3 alone, which, although obligatory for
proliferation and survival of the myeloblast,
does not induce differentiation. rHuG-CSF
that is fully capable of binding to the mouse
G-CSF receptor induced terminal differenti-
ation to granulocytes. Substitution of noncy-
totoxic concentrations of BZ or HQ in place
of G-CSF also induced differentiation in 32D
myeloblasts (Table 1V). While both BZ and
HQ replaced the requirement for G-CSF for
differentiation to granulocytes, neither BZ
(Fig. 8A) nor HQ (Fig. 8B) was able to obvi-
ate the dependence of the cells on IL-3 for
survival and growth.

The Ability of LTD, to Induce Granulocytic
Differentiation in 32D Myeloblasts

Since LTD, is a downstream effector for
G-CSF-induced signal transduction, and BZ has
been shown to produce LTD, via activation of
protein kinase C and thus arachidonic acid
release, we tested the ability of LTD, to replace
G-CSF, BZ and HQ in the induction of granulo-
cytic differentiation in 32D myeloblasts. As can
be seen in Figure 7, LTD, is capable of replacing
these inducing agents in a concentration-depen-
dent induction of terminal differentiation in 32D
myeloblasts.
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Table M. Effect of the y-glutamy! transpeptidase inhibitor, acivicin on benzene-induced granulocytic differentiation

System Morphology NTB Reduction
Percentage of cells counted

Control 12355 16.7£ 35

plus BZ 37538 45.7+33

plus BZ/acivicin 220z 1.0 235+4.2

plus BZ/acivicin/LTD, 453 £ 119 47.3£9.1°

Cells (5 x 10%/ml) were preincubated in culture with acivicin (1 pM) and LTD, in RPMI 1640/15% FBS for 10 min
at37°C, 5% CO,. BZ (5 mM) was added directly to the culture and NBT reduction and granulocytic differentation
were determined after incubation for seven days. Values represent the mean £ SD of at least two experiments car-
ried out in triplicate.

"Significantly different from control and BZ-treated cells pretreated with acivicin. *Significantly different

from cells treated with BZ and acivicin. p € 0.001.

Effects of Inhibitors of LTD, Formation and
of LTD, Binding to Its Receptor on the Ability
of HQ to Induce Granulocytic Differentiation
in 320 Myeloblasts

The induction of differentiation by G-CSF
is inhibited by a specific 5-LPO inhibitor
(Table V.A.), as would be expected since G-CSF

Table V. Induction of granulocytic differentiation
in the mouse myeloblastic cell line, 32D.3 (G)hy
benzene and hydroquinone

Morphology’  NTB Reduction

System!

Percentage of cells counted
IL-3alone 75£32 4306
I1.-3+ G-CSF 308+ 2.5 36.7¢ 1.7
IL-3+BZ 53.0¢ 1.0 550 0.7
IL-3+HQ 678+ 3.3 668z 1.4

'Cells (2.5 x 10%ml) were pretreated with HQ (2uM
in PBS-A) or PBS-A for 30 min at 37°C. The cells
were harvested by centrifugation, suspended in IMDM
(2.5 x 10° cells/ml) containing 3 u/ml rMuIL-3 and
10%FBS. rG-CSF (0.15ng/m) or BZ (5 mM) were
added to the PBS-A-pretreated cells. Controls and
HQ-pretreated cells received only PBS-A. After three
days of culture at 37°C, 5% CO,, the medium was
changed and the cells diluted to the original concen-
tration to insure optimal growth conditions. The incu-
bation was continued for four more days at which time
parameters indicative of granulocytic differentiation
were assessed. The values listed represent the mean
= SD of the results in triplicate wells. Data is pre-
sented as the percentage of cells showing granulo-
cytic differentiationout of a total of 200 cells counted.
Tncludes cells from promyelocytic progenitors to
terminally differentiated granulocytes.

causes the release of arachidonic acid, the sub-
strate for 5-LPO, from plasma membranes [31].
The ability of HQ to induce differentiation is
not prevented by a 5-1.PO inhibitor suggesting
that HQ, in contrast to G-CSF and BZ, does not
induce the formation of LTDy, but rather func-
tions in some other way, perhaps by interacting
with the LTD, receptor. An experiment was car-
ried out to ascertain whether the ability of HQ to
induce terminal granulocytic differentiation in
32D myeloblasts could be prevented by an LTD,
receptor antagonist. The addition of the specific
antagonist, MK571, completely blocked HQ-
induced terminal granulocytic differentiation
(Table V.B.). It is possible that HQ interacts with
the ligand-binding domain of the receptor to
activate its signal and initiate the cascade of
events that result in granulocytic differentiation.

Interaction of Differentiation-Inducing Agents
with IL-3for Growth of 32D Myeloblasts

In the hematopoietic system, cytokines,
unlike growth factors in other systems, induce
cell growth that is coupled to differentiation such
that clonal expansion of a differentiating prog-
enitor cell population is observed. As can be seen
in Figure 8A, BZ does not provide a growth sig-
nal for 32D myeloblasts in the absence of I1.-3,
nor does it synergize with I1L-3 to promote
growth. G-CSF also does not synergize with 11.-3
to promote growth, but is capable of inducing
growth in the absence of I1.-3 (Fig. 8A). Neither
LTD, nor HQ can induce a signal for prolifera-
tion in 32D myeloblasts in the absence of I1.-3
(Fig. 8B). In the presence of I1.-3, both LTD,
and HQ showed a significant stimulation of cell




TPAURICE AND LAURA EAL 1iBiuaman,

[

z O (OMORPHOLOGY
g soT @—@neT
z
& T
w
w
w
S 404
=
P-4
8
g 204
w
['%
Q i 4 " i

[ 10° 10° 107 10% 105
LTD, CONCENTRATION (V)

Fig. 7. LTD,-induced granulocytic differentiation in
32D myeloblasts. Cells (2.5 x 10%mb) in IMDM (3uw/ml
rIL-3; [0%FBS) were incubated with or without LTD,
for three days at 37°C, 5% CO,. Cells were thinned to
the original cell number/m! and incubated an additional
3 days without the further addition of LTD,. Cytospin
slides were stained for morphological analysis using
May-Grilnwald/Giemsa stain. Cells were monitored
for superoxide production by following NBT reduc-
tion using TPA/NBT and counterstaining with Safranin.

growth which, in the case of HQ, was more than
100%eat day 4.

A Comparison d the Kinetics of Stage-Specific
Granulocytic DifferentiationInduced by the
Physiological Inducers G-CSF and LTD,, and
by BZ and HQ

These agents all transmit a signal for dif-
ferentiation in the presence or absence of IL-3.
In the presence of the minimal concentration
(3 u/ml) of IL-3 required for survival and pro-
liferation of 32D myeloblasts, each of the
inducers of granulocytic differentiation caused
100% total differentiation, but the degree of
differentiation was delayed in comparison with
cells grown in the absence of IL.-3 (Table VI).
The proliferative signal provided by I1.-3 com-
petes with the differentiation signal from the
inducer such that the degree of both the total
and terminal differentiation is decreased at 6
days. In the absence of IL-3, G-CSF, in con-
trast to BZ, HQ or LTD,, can provide signals
for proliferation and differentiation. Conse-
quently, G-CSF alone (Table VI, line 3) caused
a level of terminal differentiation comparable to
that observed with the other inducers in the
absence of 1L-3; however, the rate at which
100%total differentiation was achieved was
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Fig. 8. Effects of differentiation-inducingagents on
proliferation of 32D cells in the presence or absence
of IL-3. A) Cells (2.5 x 10*/ml) were incubated in
IMDM/10% FBS with 5 mM BZ or rG-CSF (500
u/mt) with or without rIL-3 (3 u/ml) for eight days
at37°C, 5% CO,. B) Cells were pretreated with 2 pM
HQ/PBS-A or PBS-A for 30 min at 37°C, 5% CO,,
washed twice with PBS-A. PBS-A-treated cells were
also treated with LTD, (3.8 uM). All cultures were
incubated for eight days without further feeding. Cell
viability and number were determined every second
day. Data points represent the mean of triplicate sam-
ples which were within 5% of each other. Data were
normalized to the controls.

delayed (Table VI). A comparison of the data
presented in Table VI (total differentiation ver-
sus terminal differentiation on day 6 in the
absence of IL.-3) is presented in Figure 9. G-CSF
induced predominantly, terminally differenti-
ated granulocytes whereas HQ induced pre-
dominantly myelocytes. BZ and LTD, produced
a significant number of terminally differenti-
ated granulocytes as well as an increased num-
ber of intermediate progenitors. I1.-3 alone
induced virtually no differentiation.

An analysis of the kinetics of stage-specific
granulocytic differentiation was performed on
32D myeloblasts induced by the physiological
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Table V. The effects of a 5-lipoxygenase inhibitor (AA861) and an LTD, receptor antagonist (MK571) on
G-CSF- and HQ-induced differentiationof 32D cells

Morphology

NTB Reduction

System
Percentage of cells counted

A

Control 17526 125+ 3.6
+G-CSF 708 =35 48.2 £ 10.6
+G-CSF + 5-LPO inhibitor 319209 12.6+ 24
+HQ 81.5+ 1.3 486£5.7
+HQ + 5-LPO inhibitor 66.1 1.7 386+ 2.0

B.

Control 175+ 2.6 125+ 3.6
+G-CSF 708z 35 482+ 106
+G-CSF + R antagonist 32.8: 88 268£6.2
+HQ 81.5+ 13 48657
+HQ + R antagonist 241+ 18 152+ 25

Cells (2.5 x 10%ml) were pretreated with a final concentration of 2 pM HQ as described in the legend to
Table IV with the addition of the 5-1.PO inhibitor, AA861, or the LTD, receptor antagonist, MK571, at | pM
final concentration.

Morphological analysis was performed as described in the legend for Table IV.

and chemical inducersin the absence of IL-3.This
allowed a study of the effects of inducer in the
absence of any proliferative effects of IL-3.G-CSF
caused a slight increase in each of the granulo-
cytic progenitor stages at day 2 (Fig. 10A).
Because of its ability to provide a proliferative
signal as well as one for differentiation, G-CSF
showed a marked stimulation of promyelocytes

at day 4 as well as mature granulocytes. By
day 6, the number of promyelocytes had
decreased as was expected because of matu-
ration and because the proliferative signal only
permits two or three replicative cycles. The
number of intermediate forms was compara-
ble to the number at day 4 and the number of
mature granulocytes was greater than 50%.By

Table V1. Effects of inducing agents on patterns of granulocytic differentiation

Percent of Total Differentiation Percent of Terminal
Differentiation
Agent Day 0 Day 2 Day 4 Day 6 Day 6
IL-3 0505 0.0+ 0.0 0.7:03 6.0+ 0.0 1.0
IL-3 + G-CSF 05+£05 20:0.0 240+ 20 918+ 16 16.7
G-CSF 05205 19.3: 04 71.5+£09 908z 1.6 51.2
IL-3+ BZ 05+05 33:0.3 223+ 16 86.8% 2.3 18.0
BZ 05+05 19.0+ 2.2 80.8+ 1.1 99.7+ 0.6 39.8
IL-3+ LTD4 0505 9232 302+ 28 928: 1.3 25.2
LTD4 05205 320z 00 97.0£ 05 993+ 0.3 46.8
IL-3+HQ 0505 43z 1.4 418+ 23 88.5+28 14.8
HQ 05z 0.5 400z 0.5 915400 08.8+0.3 17.2

Cells (2.5 x 10%ml) were treated as described in the legend for Figure 8. Samples of each culture were collected
every second day and cytospin preparations were made and stained. Morphologic analysis and determinationof
the percentages for stage-specific differentiation were performed as described for Figure 9. Percentage of total
differentiation was calculated by totaling the percentages of stage-specific differentiation for each sample.
Terminal differentiation was calculated based on the number of segmented/banded granulocytes over the total
number of cells counted for each sample en day 6.
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Fig. 9. Granulocytic differentiationin 32D cells 6
days post-treatment with inducing agents. Cells (2.5
x 10°/ml) were treated with inducing agents as
described in the legend for Figure 8. Samples of each
culture were taken on day 6 and Cytospin slides were
prepared in triplicate for each culture and stained for
morphological analysis with May-Griinwald/ Giemsa
as described under Methods. Two hundred cells were
counted and an average percent for each stage of dif-
ferentiation was determined. PM, promyelocytes;
MY, myelocytes; ME, metamyelocytes; MA, mature
segmentedhanded granulocytes.
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day 8, almost all of the early progenitor forms
had terminally differentiated to granulocytes. In
comparison, LTD,, a downstream effector of
G-CSF signaling, was incapable of providing a
proliferative signal as evidenced by the lower
number of promyelocytes detected over the six-
day period (Fig. 10B). There were many more
intermediate progenitors {(myelocytes) and ter-
minally differentiated granulocytes at day 2 in
the presence of exogenous LTD,, most probably
because the cells do not have to wait for LTD,
to be produced following the G-CSF signal. At
day 4, the promyelocyte burst seen with G-CSF is
absent and the percentage of intermediate and
mature forms (45%) is significantly increased
because the effector was added directly and there
was no proliferation signal. By day 6, the mye-
locytes have begun to mature into metamyelo-
cytes and the number of terminally differentiated
granulocytes has remained constant, probably
because those that were mature at day 4 are
beginning to die off. Because of the lack of a
proliferation signal and the rapid induction of
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Fig. 10. Profile of stage-specific differentiation induced by G-CSF (A), LTD, (B), BZ (C) and HQ (D). Cells (2.5
x 10%/ml) were treated as described in the legend for Figure 8. Samplesof each culture were collected every second
day and Cytospin preparations made and stained. Morphologic analysis and determination of the percentages for stage-
specific differentiation were performed as described for Figure 9. Percentage of total differentiation was calcu-
lated by totaling the percentages of stage-specific differentiationfor each sample. P, promyelocyte; My, myelocyte;
M, metamyelocyte; Ma, mature granulocyte.
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differentiation in the presence of LTDy, there
were few viable cells by day 8; however, those
that remained were 100% terminally differenti-
ated (data not shown). Thus, while the pattern
of differentiation with G-CSF or LTD, was dif-
ferent, they had in common the fact that at each
day, the major progenitor type was the termi-
nally differentiated granulocyte. BZ induced a
pattern of differentiation at day 2 that was qual-
itatively similar to that seen with G-CSF or LTD,
(Fig. 10C). At day 4, BZ showed a pattern of
differentiation similar to LTD, except that the
predominant progenitor type was the myelocyte
rather than the terminally differentiated granu-
locyte. At day 6 the BZ-induced pattern contin-
ues to be similar to LTD, except that the
numbers of myelocytes and metamyelocytes are
higher. In contrast, HQ induced an incomplete
differentiation pattern; at each day studied, HQ-
induced differentiation appears to be partially
arrested at the myelocyte stage (Fig. 10D). Thus,
B7Z appears to slow the progression of granulo-
cytic differentiation in 32D myeloblasts beyond
the myelocyte stage at day 4 which resolves
itself at day 6 (Fig. 10C), whereas HQ appears
unable to induce significant differentiation
beyond the myelocyte stage (Fig. 10D). Here,
as in the case of LTD,-induced differentiation,
the number of viable cells present at day 8 was
very low, but those present were mature granu-
locytes in the case of BZ and with HQ, a mixture
of predominantly intermediate progenitors and
some mature granulocytes.

Discussion

Exposure of C57BL/6J mice to a dose of BZ
known to depress other hematopoietic cell lin-
eages (32] significantly stimulated granulocytic
differentiation as well as the total number of
granulocytes indicating that granulopoiesis was
also occurring (Fig. 1). BZ did not provide a
growth signal for myeloblasts, but stimulated
their differentiation to promyelocytes and inter-
mediate progenitors. It did not stimulate the pro-
duction of mature granulocytes at day 3,
however, when measured at day 7, it had
increased the number of segmented, mature gran-
ulocytes (data not shown). The results showing a
general increase in granulocytes after BZ expo-
sure are consistent with those showing an
increase in the number of granulocytes in bone
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marrow of DBA/2] mice after short-term expo-
sure to BZ [15]. HQ, a major metabolite of BZ
found in the bone marrow, also induced growth
and differentiationof granulocyticprogenitor cells
measured at day 3 when administered to C57BL/6]
mice (Fig. 1) as well as in mouse 32D myeloblasts
in culture (Fig. 8B). In contrast to BZ, HQ pro-
vided both growth and differentiative signals for
myeloblasts that increased the numbers of all prog-
enitor forms, but appeared incapable of inducing
terminal differentiation (Fig. 1) for reasons that
are not clear at the present time.

In order to study the mechanism(s) whereby
B7 and HQ stimulate granulopoiesis, we inves-
tigated whether the inductive effect of BZ or
HQ on granulopoietic differentiation could be
reproduced in myeloblastsin culture. BZ, at non-
Cytotoxic concentrations, caused a dose-depen-
dent specific induction of terminal granulocytic
differentiation in HL.-60 myeloblasts (Table I,
Fig. 2), as measured by the determination of
granulocytic morphology and functional para-
meters of granulocytic differentiation such as
superoxide production, chloroacetate esterase
activity and the appearance of the specific sur-
face antigen, L- 12-2. BZ induction produced a
majority of intermediate progenitors (metamye-
locytes and band forms}, but a significant number
of mature granulocytes were observed (Table ).
This corresponds to what has been previously
observed with HL-60 cells, that granulocytic
differentiation induced by several agents is
somewhat incomplete and defective {20].

BZ is known to activate protein kinase C
(21]. Exposure of HL-60 cells containing 32P-
labeled ATP to BZ resulted in the 32P-phospho-
rylation of cellular proteins (Fig. 2) under
conditions where BZ induces granulocytic dif-
ferentiation. The activation of kinase C appears
to be involved in the induction of granulocytic
differentiation of BZ-treated HL-60 myeloblasts,
since the phosphorylation of cellular proteins
and the induced differentiation were prevented
by the concomitant presence of BZ with the spe-
cific kinase C inhibitor, sphinganine (Fig. 3).

Differentiation of HL-60 myeloblasts to
granulocytes by BZ appears to involve the
induction of a functioning 5-LPO pathway for
the production of LTDy since the differentia-
tion is inhibited by the 5-LPO inhibitors, caf-
feic acid and AA-861 (Table II), by the specific
LTD, receptor antagonist, MK-571, (Fig. 6) and
by interruption of the LPO anabolic pathway at
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the LTC, step by acivicin, an inhibitor of y-glu-
tamyl transpeptidase (Table 111). Inhibition by
all of these agents was prevented by the con-
comitant addition of LTD, with the agent.

These results together support the view that
the role of BZ in inducing granulocytic differ-
entiation in HL-60 myeloblasts is to produce
LTD, that is a necessary, if not a sufficient, sig-
nal for granulocytic differentiation. BZ appears
to function in a manner similar to the physio-
logical inducer of granulocytic differentiation,
G-CSF. Although G-CSF has not yet been
reported to cause the production of LTDy, it has
been shown to cause the activation of phos-
pholipase A, and the release of arachidonic acid
from cell membranes [31].

BZ is also capable of inducing granulocytic
differentiation in the diploid II.-3-dependent
myeloblastic cell, 32D.3 (G Herived from nor-
mal mouse bone marrow (Table [V). While IL.-3
induces only a growth response, tHuG-CSF in
the absence of 11.-3 provides both growth (Fig.
6) and differentiation (Table V) signals for 32D
myeloblasts. BZ is unable to induce growth in
the absence of IL-3, but can provide a differ-
entiation signal. Neither G-CSF nor BZ syner-
gizes with IL-3 in stimulating growth. HQ also
induces granulocytic differentiation in 32D
myeloblasts (Table V). BZ and HQ can replace
the requirement for G-CSF for induction of dif-
ferentiation. It should be pointed out that in the
experiment reported in Table V, no effort was
made to optimize the concentration of a given
inducer so that the magnitude of the BZ-or HQ-
induced differentiation cannot be quantitatively
compared with that of the physiological inducer,
G-CSF. The results, however, do indicate that
B7 and HQ can induce granulopoiesis in 32D
mouse myeloblasts since both the number of
progenitor cells and terminally differentiated
granulocytes increased, and they support our in
vivo results on the induction of granulopoiesis
by BZ and HQ in mice (Fig. 1). The ability of
HQ to synergize with GM-CSF to stimulate
GM-CFU has been studied by Ironser al. {33],
who showed that pretreatment of nonadherent
murine bone marrow or lineage-restricted
hematopoietic cells with HQ in vitro, followed
by culture in complete medium for 8 days, sig-
nificantly enhanced the number of granulocyte-
macrophage colonies induced by recombinant
GM-CSF. Optimal enhancement was observed
with 1puM HQ, was largely independent of the

concentration of GM-CSF, and was not observed
with other marrow metabolites such as phenol
or catechol.

The facts that BZ-induced granulocytic dif-
ferentiation in myeloblasts in culture is pre-
vented by inhibitors of protein kinase C and
5-lipoxygenase support the view that BZ-
induced differentiation is due to BZ per se and
not the result of its metabolism to HQ in the
myeloblast. Consequently, not all of the granu-
lopoietic activity of BZ in vivo can be attrib-
uted to its metabolism to HQ. During chronic
B7 exposure, BZ and HQ are present in the
bone marrow and consequently both can con-
tribute to granulocytic differentiation. On the
basis of results present here, BZ, like G-CSF,
appears to activate the arachidonic acid cascade
and upregulate the 5-LPO pathway for the pro-
duction of LTD,. HQ appears to obviate the
requirement for LTDy by activating the LTDy
receptor since specific LTD, receptor antago-
nists, but not 5-LPO inhibitors, prevent HQ
induction of granulocytic differentiation in
myeloblasts.

One can speculate about the roles of BZ and
HQ in BZ-induced acute myeloid leukemia. As
a known clastogen, HQ may cause a leuke-
mogenic initiating event in a myeloblast such as a
one of the translocations or deletions characteristic
of acute myeloid leukemia [4]. At the same time
it may covalently bind to the LTDyreceptor to
constitutively activate this signal-driven process
and induce granulocytic differentiation which is
incomplete and arrested at the myelocyte stage.
Blocks in the developmental program of termi-
nal hematopoietic cell differentiation appear to
be a major step in tumor progression (34]. Con-
comitantly, BZ might provide a promotional
effect on the initiated myeloblast via constitutive
activation of protein kinase C causing overex-
pression of its activity with resultant pleiotropic
effects on morphology and growth control.
Indeed, such effects and susceptibility to malig-
nant transformation have been observed when
protein kinase C is overexpressed in fibroblast
cell lines [35, 36}, and increased protein kinase C
activity is seen during induction of HL-60
myeloblasts to granulocytes by retinoic acid or
dimethyl sulfoxide {37]. A recent report indicates
that BZ, possibly by activation of protein kinase
C, causes the hyperphosphorylation of p53, the
growth suppressor that regulates entry into the
cell cycle at the G, phase, and suggests that
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tumor promotion by BZ may involve hyper-
phosphorylation of p53 (38].

Acknowledgments

We are indebted to Carl Carlson for assis-
tance with the experiments involving protein
kinase C.

This research was supported, in part, by
EPA grant R8 19301.

Betsy Hazel is supported by a Graduate
Stipend from the American Petroleum Institute.

References

1 Aksoy M. Malignancies due to occupational expo-
sure to benzene. Am J Ind Med 1985,7:395-402.

2 Arp EW, Wolf PH, Checkoway H. Lymphocyte
leukemia and exposure to benzene and other sol-
vents in the rubber industry. J Occup Med
1983;25:598-602.

3 Infante PF, White MC. Benzene: epidemiologic
observations of leukemia by cell type and adverse
effects associated with low-level exposure.
Environ Health Perspect 1983;52:75-82.

4 Snyder R, Kalf GF. A perspective on benzene
leukemogenesis. CRC Crit Rev Toxicol
1994,24: 177-209.

5 SammettD, Lee EW, Kocsis J et al. Partial hepa-
tectomy reduces both metabolism and toxicity
of benzene. ] Toxicol Environ Health Suppl
1979:5:785-792,

6 Tunek A, Platt KL, Przybylski MN et al.
Multistep metabolic activationof benzene. Effect
of superoxide dismutase on covalent binding to
microsomal macromolecules and identification
of glutathione conjugates using high pressure lig-
uid chromatography and field desorption mass
spectrometry. Chem Biol Interact 1980;33:1-17.

7 Rickert E, Baker TS, Bus JS et al. Benzene dispo-
sition in the rat after benzene exposure by inhala-
tion. Toxicol Appt Pharmacol 1979;49:417-423.

8 Greenlee WF, Gross FA, Irons RD. Relationship
between benzene toxicity and the disposition of
C-labeled benzene metabolites in the rat. Chem
Biol Interact 1981;33:285-299.

9 Smart RC, Zannoni VG. DT-diaphorase and per-
oxidase influence the covalent binding of the
metabolites of phenol, the major metabolite of
benzene. Mol Pharmacol 1984;26:105-1 11.

309

10 Schlosser MJ, Kalf GF. Metabolic activation of
hydroquinone by macrophage peroxidase. Chem
Biol Interact 1989;72:191-207.

11 Smith MT, Yager JW, Steinmetz KL et al.
Peroxidase-dependent metabolism of benzene's
phenolic metabolites and its potential role in ben-
zene toxicity and carcinogenicity. Environ Health
Perspect 1989;82:23-29,

12 Irons RD, Stillman WS. Cell proliferation and
differentiation in chemical leukemogenesis. Stem
Cells 1993;11:235-242.

13 Cronkite EP, Drew RT, Inoue T et al.
Hematotoxicityand carcinogenicity of inhaled ben-
zene. Environ Health Perspect 1989;82:97-108.

14 Seidel H, Barthel E, Zinser D. The hematopoi-
etic stem cell compartments in mice during and
after long-term inhalation of three doses of ben-
zene. Exp Hematol 1989;17:300-303.

15 Dempster AM, Snyder CA. Short-term benzene
exposure provides a growth advantage for gran-
ulocytic progenitor cells over erythroid progeni-
tor cells. Arch Toxicol 1990:64:539-544,

16 Greenberger]S, Sakakeeny MA, Humphries RK
etal. Demonstrationof permanent factor-depen-
dent multipotential (erythroid, neutrophil,
basophil) hematopoietic progenitor cell lines.
Proc Natl Acad Sci USA 1983;80:2931-2935,

17 Metcalf D. Multi-CSF-dependent colony forma-
tion by cells of a murine hematopoietic cell line:
specificity and action of multi-CSF. Blood
1985;65:357-362.

18 Valtieri M, Tweardy DJ, Caracciolo D et al,
Cytokine-dependent granulocytic differentiation.
Regulation of proliferative and differentiative
responses in a murine progenitor cell line. J
Immunol 1987;138:3829-3835,

19 Bradford MM. A rapid and sensitive method for
the quantitation of microgram quantities of pro-
tein utilizing the principle of protein dye bind-
ing. Anal Chem 1976;72:248-254,

20 Collins SJ. The HL-60 promyelocytic cell line:
proliferation, differentiation and cellular onco-
gene expression. Blood 1987;70: 1233-1244.

21 Rhogani M, DaSilva C, Guevelli D et al.
Benzene and toluene activate protein kinase C.
Carcinogenesis 1987;8:1105-1 107.

22 Merrill AH, Stevens VL. Modulation of protein
kinase C and diverse cell functions by sphingo-
sine-a pharmacologically interesting compound
linking sphingolipids and signal transduction.
Biochim Biophys Acta 1988;1010: 131-139.




-———

+ ot

[
s

AR L ANOELA. € AN LAt puwe e

Sregme -

310 Induction of Granulopoiesis by Benzene and Hydroquinone

23 Miller AM, Kobb SM, McTiernan R. Regulation
of HL-60 cell differentiation by lipoxygenase
pathway metabolites in vitro. Cancer Res
1990;50:7257-7260.

24 Ziboh VA, Wong T, Wu MC et al. Modulation
of colony-stimulating factor-induced murine
myeloid colony formation by S-peptido-tipoxy-
genase products. Cancer Res 1986;46:600-603.

25 Snyder DS, Desforges JF. 5-Lipoxygenase
metabolites of arachidonic acid modulate
hematopoiesis. Blood 1986;67: 1675-1679.

26 Miller AM, Cullen MK, Kobb SM et al. Effects
of lipoxygenase and glutathione pathway
inhibitors on leukemic cell line growth. J Lab
Clin Med 1989;113:355-361.

27 Yoshimoto T, YokoyamaC, Ochi Ket al. 2,3,5-
Trimethyi-6-( 12-hydroxy-50-dodecadinyl)-1 4-
benzoquinone (AA861), a selective inhibitor of
the 5-lipoxygenase reaction and the biosynthe-
sis of slow-reacting substance of anaphylaxsis.
Biochim Biophys Acta 1982;713:470-473,

28 Jones TR, Zamboni R, Belley M et al
Pharmacology of 1.-660,711 (MK-571): a novel
potent and selective leukotriene D, receptor antag-
onist. Can ] Physiol Pharmacol 1988;67; 17-28.

29 Fleisch JH, Rinkema LE, Haisch KD et al.
Evaluation of LY 163443, 1-{2-hydroxy-3-
propyl-4-[(4-( H-tetrazol-5-ylmethyl)-phenoxy]-
methyl))phenyljethanone, as a pharmacological

antagonist of leukotrienes D, and E,. Nauyn
Schmieddebergs Arch Pharmacol 1986:333:70-77.

30 Granstrom E, Kumlin M. Metabolism of
prostaglandins and lipoxygenase products. In:
Benedetto C, McDonald-Gibson RG, Nigam S,
Slater TF, eds. Prostaglandins and Related
Substances. Washington, D.C.: Irl Press,
1987:22-35.

31 Demetri GD, Griffin JD. Granulocytic colony-
stimulating factor and its receptor. Blood
1991,78:279 1-2808.

32 Niculescu R, Kalf GF. A morphological analy-
sis of the short-term effects of benzene on the
development of the hematological cells in the
bone marrow of mice and the effects of inter-
leukin la on the process. Arch Toxicol
1995:69:141- 148.

33 Irons RD, Stillman WS, Colangiovanni DB et al.
Synergistic action of the benzene metabolite
hydroquinone on the myelopoietic stimulating
activity of granulocyte/macrophage colony-stim-
ulating factor in vitro. Proc Natl Acad Sci USA
1992;89:3691-3695.

34 Liebermann DA, Hoffman B. Differential pri-
mery response genes and proto-oncogenesas pos-
itive and negative regulators of terminal
hematopoietic cell differentiation. STEM CELLS
1994;12:352-369.

35 Weinstein B. Nonmutagenic mechanisms in car-
cinogenesis: role of protein kinase C in signal
transduction and growth control. Environ Health
Perspect 1991;93:175-179.

36 Housey GM, Johnson MD, Hsiao WL et al.
Overproduction of protein kinase C caused dis-
ordered growth control in rat fibroblasts. Cell
1988;52:343-354.

37 Makowske M, Ballester P, Cayre Y et al.
Immunochemical evidence that three protein
kinase C isozymes increase in abundance during
HL-60 cell differentiationinduced by DMSO and
retinoic acid. J Biol Chem 1988;263:3402-3410.

38 Dees C, Travis C. Hyperphosphorylation of p53
induced by benzene, toluene and chloroform.
Cancer Lett 1994;84:1 17-123.




