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ABBREVIATIONS: AML: acute myeloid leukemia; ALL: acute lymphocytic leukemia; CA: chromosomal aberrations;
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cence in situ hybridization; MDS: myelodysplastic syndromes; MN: micronuclei; NCA: numerical chromosomal aberrations;
NCI: National Cancer Institute; Ph: Philadelphia chromosome; PHA: phytohemagglutinin A; ppm: parts per million; PWM:
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GLOSSARY

Chromosomal Aberrations: All types of changes in chromosome structure and chromosome number;

Chromosome-type Aberrations: Structural chromosome changes in which both chromatids of the chromo-
some are involved, including isochromatid gaps, breaks, fragments, minutes, and dicentrics;

Chromatid-type Aberrations: Chromosome structural changes in which only a single chromatid of the
chromosome is involved, including chromatid gaps, breaks, and exchanges;

Aneuploidy: Numerical chromosome changes, including the loss and/or gain of individual chromosomes
in mitosis or meiosis leading to the formation of nuclei with hypoploid and/or hyperploid chromosome
numbers, and the loss or gain of whole chromosome sets;

Polyploidy: The gain of one or more complete chromosome sets in diploid somatic cells, including
triploidy, tetraploidy and pentaploidy etc.

ABSTRACT: Benzene is an established cause of human leukemia that is thought to act by producing chromo-
somal aberrations and altered in cell differentiation. In several recent studies increased levels of chromosomal
aberrations in peripheral blood lymphocytes were correlated with a heightened risk of cancer, especially hemato-
logical malignancies. Thus, chromosomal aberrations may be a predictor of future leukemia risk. Previous studies
exploring whether benzene exposure induces chromosomal aberrations have yielded mostly positive results.
However, it remains unclear whether the chromosomal aberrations induced by benzene occur in a distinct pattern.
Here, we thoroughly review the major chromosome studies published to date in benzene-exposed workers,
benzene-poisoned and preleukemia patients, and leukemia cases associated with benzene expose. Although three
cytogenetic markers (chromosomal aberrations, sister chromatid exchanges, and micronuclei) are commonly
examined, our primary focus is on studies of chromosomal aberrations, because only this marker has so far been
correlated with increased cancer risk. This review surveys the published literature, analyzes the study results, and
discusses the characteristics of effects reported. In most studies of currently exposed workers, increases in
chromosomal aberrations were observed. However, due to the relatively small number of affected individuals and
variability in the reported aberrations, firm conclusions cannot be made about the involvement of specific
chromosomes or chromosome regions. Further, in leukemia cases associated with benzene exposure, there is no
evidence of a unique pattern of benzene-induced chromosomal aberrations in humans. Leukemia cases associated
with benzene exposure are, however, more likely to contain clonal chromosome aberrations then those arising de
novo in the general population.
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I. HISTORICAL BACKGROUND

Benzene, a volatile, colorless, highly flam-
mable liquid, was first discovered in 1825 by
Michael Faraday, who isolated it from a liquid
condensed from compressed oil gas (Gist and
Burg, 1997). Forty years later, after struggling to
determine its structural formula, Friedrich Kekulé
had a dream one night in which the benzene
molecule appeared as a snake biting its tail while
in whirling motion; he said,

One of the snakes had seized hold of its own tail, and the
form whirled mockingly before my eyes . . . Let us learn
to dream . . . and then perhaps we shall learn the truth.

(Morrison and Boyd, 1966).

From that vision his concept of the benzene
ring was born. The molecular structure of ben-
zene consists of six carbon atoms with three un-
saturated bonds arranged in a radially symmetric
ring. Many industrial applications have been found
for benzene, and since its discovery it has been
widely used as an industrial solvent. Today, 98%
of the benzene produced is derived from the pet-
rochemical and petroleum refining industries (Gist
and Burg, 1997). As a result, human exposure to
benzene takes place in factories, refineries, and
other industrial settings. Although only a rela-
tively small number of individuals are occupa-
tionally exposed to benzene, the general popula-
tion is exposed to benzene contained in gasoline,
automobile exhaust, and diesel fuel (Knott, 1994;
Muzyka et al., 1998). Furthermore, benzene is
present in cigarette smoke, and smoking is the
main source of benzene exposure for many people
(Gist and Burg, 1997).

In 1897, Santesson first described nine cases
of chronic benzene hematotoxicity (Santesson,
1897); that same year, Le Noire and Claude also
reported a case of a blood disorder (purpura)
consistent with benzene poisoning (Le Noire and
Claude, 1897). The hematotoxic effects of ben-
zene were further documented about 20 years
later in studies by Selling (Selling, 1916) and
Weiskotten (Weiskotten et al., 1920; Weiskotten
et al., 1916). The first case of benzene-associ-
ated leukemia was described by Delore and
Borgomano in 1928 (Delore and Borgomano,
1928). Since then, many leukemia cases associ-
ated with benzene exposure have been reported

(Aksoy et al., 1972; Cronkite, 1987; Goldstein,
1977; Vigliani and Saita, 1964), and by 1961
benzene had been identified as one of two indus-
trial leukemogens, the other being ionizing ra-
diation (Cronkite, 1961). Chromosome changes
in leukemia patients were not detected until after
the karyotype of normal somatic cells had been
established in 1956 (Ford and Hamerton, 1956;
Tjio and Levan, 1956). Shortly thereafter, the
first evidence emerged of the presence of non-
random chromosomal aberrations (CA) in leuke-
mia cases, such as the Philadelphia (Ph) chromo-
some (Nowell and Hungerford, 1960), which was
further characterized by Rowley as t(9;22)
(Rowley, 1973). Thus, by the early 1960s chro-
mosome studies could be conducted for ben-
zene-associated leukemia and preleukemia cases.
Pollini and Colombi described increased rates of
aneuploid cells, some with structural aberrations,
in bone marrow and peripheral blood lympho-
cytes from patients with severe benzene-associ-
ated hematological disorders, including leuko-
penia or pancytopenia, aplastic anemia, and
“blood dysplasia”, which was most likely a
myelodysplastic syndrome, MDS (Pollini et al.,
1969; Pollini and Colombi, 1964a; Pollini and
Colombi, 1964b; Pollini et al., 1964c¢).

Since the foregoing studies, chromosome
damage caused by benzene exposure has been
independently reviewed by Forni and Aksoy
(Aksoy, 1988; Forni, 1979). Several factors indi-
cate the importance of a current review of ben-
zene-induced CA in humans. First, a considerable
amount of research has been conducted since the
previous reviews by Forni and Aksoy. Second,
the development of new molecular cytogenetic
techniques such as fluorescence in situ hybridiza-
tion (FISH), which allows the detection of spe-
cific CA and the evaluation of more cells than
conventional techniques, has facilitated investi-
gations in this area. Third, the frequently repeated
but questionably supported conclusions about the
involvement of specific chromosomes in benzene-
associated leukemias warrant analysis with con-
sideration of the actual published data. Finally,
several recent European and Chinese studies have
reported a correlation between classic CA and
increased cancer risk (Bonassi et al., 1995; Hagmar
et al.,, 1998; Hagmar et al., 1994; Liou et al.,
1999).
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II. CHROMOSOMAL ABERRATIONS AS
A BIOMARKER OF CANCER RISK

Various biomarkers of leukemia risk using
benzene as a model leukemogen have been de-
scribed previously (Smith and Zhang, 1998). These
biomarkers can be classified into three categories:
biomarkers of exposure, susceptibility, and early
effect. Chromosomal aberrations appear to be a
particularly promising early-effect biomarker of
chemical exposure. Early cytogenetic studies in-
dicated that humans exposed to carcinogenic
agents exhibited elevated frequencies of CA in
their peripheral blood lymphocytes (Schinzel and
Schmid, 1976), which was reviewed by Sorsa
(Sorsa et al., 1992). Confirming and extending
these earlier theories, Hagmar and colleagues in
1994 reported that increased levels of CA in hu-
man lymphocytes were associated with future
cancer risk (Hagmar et al., 1994). A similar asso-
ciation was also found between frequency of chro-
mosome changes in lymphocytes (non-target tis-
sues) and risk of cancer, particularly lymphocytic
and hematopoietic tissue malignancies (Bonassi
et al., 1995). In a recent update to these studies,
these earlier results were confirmed by both groups
(Hagmar et al., 1998). Additional studies from
Taiwan and the Czech Republic have further
strengthened the association between increased
levels of CA in human lymphocytes and future
cancer incidence and mortality (Liou et al.,
1999; Smerhovsky et al., 2001). Hence, CA
appear to be a useful predictor of future cancer
risk, at least at the group level. Further studies
are needed to evaluate their usefulness at the
individual level. It is also important to note that
the increased cancer risk is not associated with
a specific exposure, with the exception of ra-
don in one recent study (Smerhovsky et al.,
2001). However, because CA are detected
mostly in peripheral blood, a tissue affected by
leukemia, one would expect a particularly close
association between frequency of CA and leu-
kemia risk. By monitoring the level of chromo-
some damage in a population, especially work-
ers exposed to genotoxic chemicals, it is possible
that we may effectively identify individuals or
groups with elevated risk of leukemia so that
appropriate measures may be taken to reduce
their exposure.

In addition to CA, other cytogenetic endpoints,
primarily sister chromatid exchanges (SCEs) and
micronuclei (MN) have been used to assess hu-
man exposure to genotoxic agents. However, SCEs
do not appear to have a significant association
with cancer risk (Hagmar et al., 1994; Liou et al.,
1999; Sorsa et al., 1990; Sorsa et al., 1992). Like-
wise, the link between MN and cancer risk is
indeterminate, perhaps due to insufficient pub-
lished data (Hagmar et al., 1994; Sorsa et al.,
1992). Therefore, CA appear to be the most valid
cytogenetic endpoint now available for predicting
future leukemia risk.

Many studies have identified particular types
of CA in cases of leukemia associated with ben-
zene exposure (Aksoy, 1988; Forni, 1979). How-
ever, whether these chromosome changes were
caused directly by benzene exposure or by genetic
changes that took place as a consequence of the
development of leukemia has been an unsettled
question. In an attempt to answer that question,
many researchers have examined chromosome
damage in patients with benzene hematotoxicity
before the onset or in the absence of leukemia. As
a result of these studies, certain chromosome
changes have been detected in preleukemia cases
and benzene-poisoned patients. Other studies have
found increased levels of CA in benzene-exposed
but otherwise healthy workers. In the current re-
view, we first describe the studies that have de-
tected chromosome changes in leukemia cases as-
sociated with benzene exposure and compare their
findings to those in leukemia cases arising de novo
in the general population. Next, we trace the stud-
ies measuring chromosome damage in preleukemia
and benzene-poisoned patients. Finally, we survey
CA studies in benzene-exposed workers without
evident disease.

lll. CHROMOSOMAL ABERRATIONS
REPORTED IN BENZENE-ASSOCIATED
LEUKEMIA CASES

In order to determine the types of chromo-
some damage that characterize leukemias as-
sociated with benzene exposure, we have sum-
marized 23 cases from 19 cytogenetic reports
in Table 1. While additional studies of ben-
zene-associated leukemia exist in the litera-
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ture, we generally report only those that in-
cluded chromosome analysis. The list in Table
1 is extensive, but not exhaustive. It is made
up largely of cases of shoe workers in Italy
and Turkey. The relative risks in these studies
exceeded 10, so we can be confident with a
>90% certainty that they were caused by ben-
zene. Most of the reported benzene-induced
leukemia cases (18 out of 23) were classified
as acute myeloid leukemia (AML)." All cases
selected for study involved occupational ex-
posure to benzene or benzene-containing sol-
vents, and many involved long-term exposures
(up to 40 years). Most early studies were per-
formed by traditional cytogenetic techniques,
which could not identify individual chromo-
somes. Later studies employing banding tech-
nology, on the other hand, were able to detect
specific chromosome changes. Cytogenetic
results were obtained from both bone marrow
and peripheral blood lymphocytes.

Despite technological limitations, one thing
becomes immediately apparent: Almost all of
the cases (21/23) have some type of clonal chro-
mosome aberrations and only 2 cases have a
normal karyotype. Further, in the AML cases
specifically only 1 out of 18 cases has a normal
karyotype. This contrasts sharply with de novo
AML in the general population. At the 4™ Inter-
national Workshop on Chromosomes in Leuke-
mia held in Chicago in 1982, only 54% of de
novo AMLs (n = 660) had chromosomal abnor-
malities as detected by banding analysis of their
bone marrow (Sandberg, 1990). In contrast, all
(100%) of the AML cases diagnosed prior to
1982 and associated with benzene in Table 1
had clonal chromosome abnormalities. This sug-
gests that benzene-associated leukemias are
more likely to harbor chromosomal abnormali-
ties than de novo leukemias arising in the gen-
eral population. The question then becomes
whether a specific type of abnormality is asso-
ciated with benzene exposure. A description of
the types of chromosome aberrations observed
in leukemia cases associated with benzene ex-
posure follows.

A. Gain of Chromosomes

The gain of one C-group chromosome (chromo-
somes 6 to 12, X)™, trisomy C (+C), was the most
frequent aberration detected in the cases associated
with benzene exposure in Table 1. This may reflect
a selective effect of benzene on C-group chromo-
somes, or may be due to the fact that the
C-chromosomes are the largest group of chromo-
somes. Forni and Moreo performed a total of 8 cyto-
genetic analyses over a year at different stages in the
development of AML in a 38-year-old female patient
(Forni and Moreo, 1967). Trisomy was detectable at
the first analysis, before the onset of leukemia (3 out
of 150 cells sampled). At about the time the patient
developed leukemia, a majority of the cells sampled
had +C; several months later, near-tetraploid cells
appeared, along with +C, in some cases identifiable as
49. The authors suggested that these results support
the hypothesis that the development of a clone with
+C, in particular +9, is involved in leukemogenesis
(Forni and Moreo, 1967).

Trisomy C was also detected in several other
cases (Aksoy et al., 1974; Sellyei and Kelemen,
1971; Vigliani and Forni, 1969). Aksoy reported
the cases of two shoemakers, related as uncle and
nephew, with the same duration of exposure to
benzene. The uncle developed AML with detect-
able +C (13% of cells); the nephew developed
acute lymphocytic leukemia (ALL), but no aneup-
loidy was detected in his blood samples (Aksoy et
al., 1974). Another pair of leukemia cases, one
with AML and one with ALL, was found among
two brothers, both of whom drove buses and worked
with lacquers. However, normal karyotypes were
found in samples from each patient (Colovic et al.,
1996). The gain of chromosomes in groups other
than C has been reported (Erdogan and Aksoy,
1973; Forni and Moreo, 1967; Robustelli della
Cuna et al., 1972; Sellyei and Kelemen, 1971).
Hyperdiploidy (mostly trisomy) of D-group chro-
mosomes was found in 100% of cells examined in
one case of AML associated with benzene expo-
sure (Sellyei and Kelemen, 1971). Trisomy E was
the most frequent form of hyperdiploidy observed
in an AML case that developed from hypoplastic

Most early studies did not specify the AML subtype; however, where the case reports contained sufficient clinical information, the
AML has been classified by likely subtype according to the French-American-British (FAB) system.

* For ease of reference, all human chromosome pairs are grouped according to their conventional classification, as follows: Group A:
chromosomes 1, 2, 3; Group B: 4, 5; Group C: 6, 7, 8,9, 10, 11, 12, X; Group D: 13, 14, 15; Group E: 16, 17, 18; Group F: 19,

20; Group G: 21, 22, Y (Barch, 1991).
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anemia associated with benzene exposure
(Robustelli della Cuna et al., 1972).

B. Loss of Chromosomes

The loss of chromosomes, mostly in the form
of monosomy, has been primarily observed in
groups with smaller chromosomes, such as E and
F. Loss of E-group chromosomes, especially 17
and 18, occurred more frequently than that of
others (Forni and Moreo, 1969; Lumley et al.,
1990; Robustelli della Cuna et al., 1972). In a
case studied by Forni and Moreo, a 37-year-old
woman who worked in a factory manufacturing
beauty cases developed AML-M6. Loss of E-
group chromosomes, particularly 17 and 18, took
place in all leukemic cells examined in peripheral
blood (Forni and Moreo, 1969). Loss of both
copies of chromosome 17 was observed in this
subject (Forni and Moreo, 1969) and in another
case of AML which evolved from hypoplastic
anemia (Robustelli della Cuna et al., 1972). In an
additional unpublished case report, the loss of
chromosome 16 was also observed (personal
communication with Dr. Alessandra Forni). Loss
of one copy of chromosomes 17, 18, 19, and 20
was reported in a 58-year-old male with AML-
M2 who had regularly washed his hands with
gasoline at work (Lumley et al., 1990). Mono-
somy C (-C) was found in the bone marrow and
blood of several patients with AML associated
with benzene exposure (Erdogan and Aksoy, 1975;
Forni and Moreo, 1969; Robustelli della Cuna et
al., 1972). Finally, the loss of G-group chromo-
somes was found in the majority of cells in one
case of AML associated with benzene exposure
(Sellyei and Kelemen, 1971).

C. Polyploidy

Polyploidy was observed in three early cases
of erythroleukemia associated with benzene ex-
posure, currently classified as AML-M6 under
the French-American-British (FAB) system (Di
Guglielmo and Iannaccone, 1958; Forni and
Moreo, 1969; Rozman et al., 1968). In the first
case, polyploid cells with multiple nuclei and
atypical karyokineses were observed in a patient

who was occupationally exposed to benzene va-
pors for 4 years and had suffered a previous epi-
sode of acute benzene poisoning. In addition, there
was an inhibition of mitosis at the earliest stage of
metaphase of the erythroblasts (Di Guglielmo and
Iannaccone, 1958). In another case, a 58-year-old
varnisher previously exposed to benzene for 30
years acquired benzene poisoning and later devel-
oped acute erythroleukemia. Giant polyploid
forms, diploerythroblasts, atypical mitoses, and
cytoplasmatic vacuoles were observed in samples
of his bone marrow (Rozman et al., 1968). In both
studies, no further changes were reported, although
the analysis performed was not extensive. Near-
tetraploidy, in addition to aneuploidy, was de-
tected in the 37-year-old AML-M6 patient who
manufactured beauty cases (Forni and Moreo,
1969). Polyploidy was found in another case of
AML, albeit not AML-M6 (Erdogan and Aksoy,
1973). In four other cases of AML-M®6, one of
which was personally communicated to us by
Forni, no polyploidy was detected (Erdogan and
Aksoy, 1975; Robustelli della Cuna et al., 1972).
Thus, polyploidy was found in three out of seven
patients with AML-M6 and in a case of AML-
M4/MS5 associated with benzene exposure. This
is much higher than would generally be expected
in these subtypes of AML arising in the general
population.

D. Structural Chromosome Changes

Early cytogenetic analyses were generally
unable to locate CA on specific chromosomes
and could only determine the type of induced
structural chromosome damage at metaphase:
chromosome-type or chromatid-type. Chromo-
some-type aberrations (the damage is mostly on
both chromatids at the same locus) included
isochromatid gaps and breaks, fragments, min-
utes, and dicentrics, while chromatid-type aberra-
tions (usually only a single chromatid is involved)
included breaks, gaps and exchanges (Hartwich
et al., 1969; Rieger et al., 1991).

In the earliest reported cases of leukemia as-
sociated with benzene exposure, more cytoge-
netic changes were detected as chromosomal in
type than chromatid in type (Aksoy et al., 1974;
Erdogan and Aksoy, 1973; Erdogan and Aksoy,
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1975; Forni and Moreo, 1967; Hartwich et al.,
1969; Sellyei and Kelemen, 1971). Forni and
Moreo reported that 13 out of 150 cells examined
during the preleukemic phase in one case had
chromosome-type aberrations, while only 4 cells
had chromatid-type changes (Forni and Moreo,
1967). Another study observed 14 out of 100 cells
analyzed with chromosome-type aberrations, and
9 with chromatid type (Hartwich et al., 1969). In
the cases of the uncle and nephew reported by
Aksoy, the same types of structural changes (gaps,
breaks, and dicentric) were detected in each pa-
tient, even though they had different classes of
leukemia (Aksoy et al., 1974). In the above re-
ports, the majority of aberrations detected were
isochromatid gaps and breaks (Aksoy et al., 1974;
Erdogan and Aksoy, 1973; Erdogan and Aksoy,
1975; Forni and Moreo, 1967; Hartwich et al.,
1969).

E. Specific Translocations and Deletions

None of the studies of structural changes dis-
cussed thus far identified the chromosomes af-
fected or the specific chromosomal location of
those changes, although one early study using
prebanding techniques detected translocations
involving three chromosomes from the C, D, and
G groups in cultured lymphocytes in the preleu-
kemic phase (Forni and Moreo, 1967). Another
relatively early report suggested the possible ex-
istence of the Ph chromosome in the case of a 35-
year-old petroleum chemist with chronic myeloid
leukemia (CML); however, this case report was
not a cytogenetic study (Liaudet and Combaz,
1973). Banding technology, developed in 1970,
has allowed the detection of specific structural
changes on specific chromosomes (Caspersson et
al., 1970). For example, a translocation involving
the MLL gene, t(4;11)(q21;q23), was detected in
100% of lymphocytes examined from a benzene-
exposed patient who developed early-B ALL. The
patient, a furniture worker, had previously suf-
fered an episode of benzene poisoning that lasted
3 months (Sol€ et al., 1990). A different translo-
cation, t(3;21)(q26;q22), was detected in the bone
marrow of a 64-year-old painter who was diag-
nosed with refractory anemia with excess blasts
after a history of exposure to organic solvents,

including benzene (Tasaka et al., 1992). The same
translocation was again detected when the patient
was diagnosed with AML-M4 about 16
months later (Tasaka et al., 1992). Similarly,
t(9;13)(q34;q12) was detected in most bone mar-
row samples from a 42-year-old painter who de-
veloped pancytopenia as a result of occupational
exposure to benzene and other organic solvents
for 20 years (Mahendra et al., 1996). The translo-
cation was still present in all bone marrow cells
examined, but not in cultured peripheral blood
lymphocytes after he developed AML (Mahendra
et al., 1996). In another patient who developed
preleukemic symptoms after having used petrol
to clean metal sheets for about 4 years, transloca-
tion t(9;10)(p247;p12), in addition to a familial
t(3;16)(ql1;p11), was found in 100% of blood
and bone marrow cells tested (Van den Berghe et
al., 1979). At the time of his diagnosis of AML-
M4 about 7 months later, these translocations
were still present, and t(4;15)(p13;q14) was also
detected in all cells examined (Van den Berghe et
al., 1979). Another study identified a transloca-
tion involving the long arm of chromosome 6 and
the short arm of chromosome 7 (Lumley et al.,
1990). Specific deletions of the long arm of chro-
mosome 5 and the short-arm of chromosome 8
were also reported (Lumley et al., 1990). In a
recent case report, t(5;10) was detected in a petro-
leum worker who developed atypical CML after
exposure to benzene for 27 years (Siena et al.,
1999).

F. Chromosome Changes in Leukemia
Patients with Likely Prior Benzene
Exposure

In contrast to the case reports described above,
several large-scale leukemia studies have been
conducted that surveyed their subjects for infor-
mation on prior chemical exposures (Cuneo et al.,
1992; Golomb et al., 1982; Groupe, 1984; Iurlo et
al., 1989; Li et al., 1989; Mitelman et al., 1978;
Mitelman et al., 1981; Richardson et al., 1992).
These studies compared chromosome changes in
leukemia patients with various occupational
chemical exposures and in those without expo-
sure. From these studies, we have consolidated
karyotypes from patients with likely prior expo-
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TABLE 2

Abnormal Karyotypes of Selected Leukemia Patients with Likely Prior Exposure to Benzene?

Reference Age/ Leukemia Probable Karotype
sex exposure
Mitelman, 44/F AML Printing 45,XX,~7 1 46,XX
1981 38/M AML Printing 46-50.XY,+Y +del(7)(pll), 8,49,del(12)(p11),+17,21q+,+22 / 46, XY
82/M AML Printing 45 X Y t(8 21)(%%1,q
T4/F AML Paints
42/M AML-M4 Glues 45 46 XY —7 +177 46,XY
53/M AML Glues 46,XY del(7)(q31) del(l 1)(q14),del(12)(p12)
65/M AML-M3 Rubber 45- 523 XY,t(3;12)(pl4;q24),6(13;18)(q11;p11),+1,46,+16,+19,+21,
57M AML Exhaust 44 XY ,-5,t(5;12)(q12;q24), 1so(18%) —19
57™M AML-Mo6 Exhaust 4549 XY —4,~7,-8,-10,+14,+16,-21,-22,+1-2mar
Golumb, 21/M AML-M4 Paints 46,XY,t(3; 5)(()](25 :q31 or 32)
1982 45M AML-M2 Exhaust 45, XY=7/46
28M AML-M2 Exhaust 45,X,-Y t(8; 21)(q22 q22) / 46, XY
49/M AML-M1 Exhaust 44.XY ,del(5)(q?),-7,-12,-13,-17,8q+,17p—,+mar(B?),
+dic. t(12;17),(p?;p?)
43/M AML-M4 Exhaust 42.XY,-7, 1(8q8 16 17 18,tan(21;21)(q22;q11),+mar,+1-2 ace /
43 XY 7 1( g) +1(8q) —16,—-17,-18,tan(21;21),+mar,+1-2 ace
81/M AML-M4 Exhaust 45 XY,
38/M AML-M3 Exhaust 46.XY. t(15 17)( 24-5; %21)/46 XY, del(7)(q22),del(9)(q22),t(15;17)
64/F AML-M2 Leather 43,XX,-3,4.,del(5)(q157),~7,17p+,—19,+mar/46,XX
industry
Groupe 37/M AML-M1 Benzene 46,XY,—?8,—21,+mar1 +mar2 / 45 XY,-?8,-17,-21,+marl,+mar2
Francais, 40/M AML-M2 Benzene 44 XY,-5,-8,-17, Gg (%p
1984 42/M MDS Solvents 43,XY,-17,-18,-18,t(1; 5) q- t(7 18),r(11),6(21;21)
Turlo, 1989  18/M AML-M2 Benzene 46,XY del(3)(q14q22) (40%) / 46, XY
78M S Leather 46 X, -Y -7,+8,-13, del(5)(g ;134) ,del(6)(p22).inv(12)(p12q23),
industry del(l7)(p11) +2mar (50
Li, 1989 37M AML-M2 Petroleum  45,X,-Y,t(8;21)(q22;q22)
36/M AML-M2 Petroleum 45, X -Y,t(8; 21)(q22,q22)
19/M AML-MS5 Petroleum 46, XY del(l 1)(q23q25)
22/M AML-M3 Benzene 46,XY,l7q-
Cuneo, 1992 70 AML-M3 Solvents 47,XY,ins(14;2)(q23,q13q37),t(5;7)(q3 1;7),0(11;12)(p14;q12),+21
63 AML-MS35 Solvents 47,XY,+10
33 AML-M6 Solvents 49, X‘); +11v}2t(13 ;D(p11:M),+M1,+M2 / 50.XY,+11,6(13;7)(p11;?),
+M1,+ +M
55 AML-M2 Solvents 44 XX del(5)( 13333),de1(16)( 22),1(17;0(p12;7),—18,
t(2(] ?)(pll % 1/45,XX,del 5)(q13g33),t(17;7)(pl2;7),
t(20;7)(pll; r?) 18 21
43 AML-M2 Solvents 46,XY,t(6; )(
40 AML-M6 Solvents 45, XY t(13 ‘7)(q14 r’) del(ZO)(ql 1q13),-8
74 AML-MS5 Solvents 47 XY 21
26 AML-M2 Solvents 47, XX t(8 21)(q22;q22),del(15)(q11q15),+20
71 AML-M1 Solvents 45 XX,
Rlchardson N/A CML Benzene t(9;22)(q34;q1l
1992° N/A CML Benzene  t(9;22)(q34;q1
N/A AML / CML® Benzene t(9;22)(q34;ql
N/A ALL Benzene t(9;22)( 34,q1

N/A AML-M3 Benzene t(15; 17)

N/A N/A Benzene Aneuplon y (4

-47 chromosomes)”

“ Only patients (n = 41) with abnormal karyotypes presented.

Unpubhshed cytogenetic data, used by permision, from personal communication with author.
° Case involved a primary acute myelogenous leukemia, then, after remission, a chronic myeloid leukemia.

4 No banding analysis performed.

sure to benzene according to their occupational
histories (Table 2). While these studies also in-
cluded patients with normal karyotypes, we only
selected those patients with abnormal karyotypes
for presentation in Table 2. The results from these
cases are generally consistent with those from the
leukemia case reports described above (see Table
1). Because these studies date from the early 1980s,
they were able to detect specific chromosome
changes through advances in banding technology.

For instance, t(8;21) was commonly found in
AML-M2 cases and t(9;22) was found in CML.
Aneuploidy of C-group chromosomes, such as
the loss of chromosome 7 and the gain of chromo-
somes 8 and 9, was relatively frequent among
these cases. In addition to studies listed in Table
2, a recent study has shown that exposure to
organic solvents was associated with an increased
risk of AML and especially high risk (OR 11,
95% CI12.7-42) was found for AML with trisomy
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8 as the sole aberration (Albin et al., 2000). Nu-
merical and structural changes of chromosome 3,
such as monosomy 3, trisomy 3 and del(3)(p13p21)
etc. in AML patients have also been reported
recently to be associated with occupational expo-
sure to organic solvents and/or petroleum prod-
ucts (Lindquist et al., 2000). Loss of E-group
chromosomes, including chromosomes 17 and 18,
was detected in several studies (Golomb et al.,
1982; Groupe, 1984). More detailed analysis of
the abnormal karyotypes shown in Table 2 will be
presented in the Discussion section.

In summary, aneuploidy (hypodiploidy and/
or hyperdiploidy) and polyploidy have been de-
tected in leukemia cases associated with benzene
exposure. Trisomy of C-group chromosomes was
especially common, and the loss of chromosomes
17 and 18 was found in three independent studies.
Most structural changes detected were gaps and
breaks, with the majority being chromosome type
rather than chromatid type. While specific struc-
tural changes can now be detected with banding
technology, no particular translocation has been
observed in more than one case (see Table 1).
Results from patients whose leukemia probably
resulted from benzene exposure appeared largely
consistent with those from the benzene-associ-
ated leukemia case reports. However, among cases
with possible prior exposure to benzene, several
subjects displayed the same translocation. Never-
theless, there is insufficient data to conclude that
benzene induces specific structural changes in
patients with benzene-associated leukemia.

IV. CHROMOSOMAL ABERRATIONS
DETECTED IN PRELEUKEMIA AND
BENZENE-POISONED PATIENTS

Short of inducing leukemia, benzene exposure
also causes a variety of preleukemic hematological
disorders, including aplastic anemia, blood dyscra-
sia, hemopathy, and myelofibrosis. The criteria for
the diagnosis of benzene poisoning,” another po-
tential result of chronic exposure to benzene, var-
ies in practice. For instance, Chinese clinicians
diagnose benzene poisoning when a patient’s white
blood cells count falls below 4000/mm? (Ding et

al., 1983). Under the “Rule of Four” in European
clinical practice, however, benzene poisoning is
indicated by the presence of any of the following
conditions: white blood cells below 4000/mm?, red
blood cells below 4,000,000/mm?, or neutrophils
below 40% (Saita, 1973). Because in some cases it
is difficult to distinguish benzene poisoning from
other benzene-related hematological disorders, all
of these conditions have been consolidated in Table
3. We have located 18 studies of chromosome
changes in cases of benzene poisoning, both cur-
rent and past, and preleukemia (Table 3). Early
studies were mostly performed by the Italian scien-
tists Pollini and Forni working independently. Table
3 reports the duration of exposure to benzene, al-
though this information was not available in some
studies. Most exposures in the assembled cases
were occupationally related and are more likely
than not associated with benzene exposure.

A. Numerical Chromosome Changes

From 40 to 70% of the dividing cells ana-
lyzed in Pollini’s studies were reported as abnor-
mal. In one study, the percentage of abnormal
karyotypes fell from 70% to 40% 5 years after
hemopathic diagnosis (Pollini et al., 1969). Aneu-
ploidy, both the loss and gain of chromosomes,
was found in most abnormal cells examined (Table
3). Generally, hypodiploidy was much more fre-
quent than hyperdiploidy (Ding et al., 1983;
Haberlandt and Mente, 1971; Liniecki et al., 1971;
Maugeri et al., 1965; Pollini et al., 1976; Pollini
and Colombi, 1964a; Pollini and Colombi, 1964b).
This finding, however, may partially result from
the overreporting of hypodiploidy that commonly
occurs during the preparation of metaphase spreads
in the classic cytogenetic assay. A 19.4% inci-
dence of aneuploid cells was detected in patients
with previous benzene hemopathy, compared with
9.9% in controls (Forni, 1966). Hyperdiploidy
was a particularly frequent form of aneuploidy in
the bone marrow of some patients (Forni, 1966).
Two trisomic clones (+19 and +21) were detected
in two cases of hemopathy (Pollini et al., 1969).

Loss and/or gain also occurred in E-group
chromosomes (Ding et al., 1983; Pollini et al.,

For a recent report of a fatal case of benzene poisoning caused by acute benzene exposure, see Barbera et al. (Barbera, et al., 1998).
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1964c). Aneuploidy of chromosomes 10, 14, and
22 was observed in the bone marrow cells of
patients in a more recent study (Li and Ding,
1990). Polyploidy has also been found, but in a
limited number of cells (Ding et al., 1983; Erdogan
and Aksoy, 1973; Erdogan and Aksoy, 1975; Forni
etal., 1971a; Hartwich et al., 1969; Maugeri et al.,
1965; Pollini and Colombi, 1964a; Pollini and
Colombi, 1964b; Rozman et al., 1965).

B. Aneuploidy of C-Group
Chromosomes

The loss and/or gain of C-group chromosomes
has been observed in several studies (Antonucci
etal., 1989; Ding et al., 1983; Erdogan and Aksoy,
1973; Erdogan and Aksoy, 1975; Forni, 1966; Li
and Ding, 1990; Pollini and Colombi, 1964b;
Pollini et al., 1964c; Van den Berghe et al., 1979).
Monosomy 7 was detected in 95% of peripheral
blood and bone marrow cells sampled from a
patient with benzene-induced aplastic anemia;
however, 2 months later, the clonal anomaly had
entirely disappeared (Van den Berghe et al., 1979).
Trisomy C appeared in three of ten pancytopenia
patients and in one case was identified as +9
(Erdogan and Aksoy, 1973). In benzene-poisoned
patients, monosomy and trisomy were both more
commonly detected in the C-group than in other
chromosomes (Ding et al., 1983), but this may
simply be a reflection of the fact that the C-group
is the largest chromosome group, containing 7 of
the 24 chromosomes. Monosomy, trisomy, and
hyperdiploidy X were found in poisoned patients
in another study (Li and Ding, 1990). In addition,
trisomy 6 was found in one poisoning case (Li
and Ding, 1990). The gain of two copies of chro-
mosome 8 (tetrasomy 8) was detected in a 55-
year-old male who acquired benzene-induced
aplastic anemia 20 years before he developed
myelofibrosis (Antonucci et al., 1989).

C. Structural Chromosome Changes

As in leukemia cases associated with benzene
exposure, gaps, breaks, and fragments have been
detected by classic nonbanding cytogenetic analy-
ses in cases of hematological disorders associated

12

with benzene exposure (Ding et al., 1983; Erdogan
and Aksoy, 1973; Erdogan and Aksoy, 1975;
Haberlandt and Mente, 1971; Hartwich and
Schwanitz, 1972; Liniecki et al., 1971; Maugeri
et al., 1965; Pollini and Colombi, 1964a). Most
gaps and breaks seemed to occur in the chromo-
somes of groups A through E (Haberlandt and
Mente, 1971). Nine out of 10 cases of pancytope-
nia in one study had structural CA (Erdogan and
Aksoy, 1973), which have been categorized into
stable CA (C,, including deletions and transloca-
tions) and unstable CA (C,, including acentric
fragments, ring chromosomes, and dicentric chro-
mosomes) (Dabney, 1981; Forni, 1978). Stable
CA can be transmitted to further generations of
cells. High rates of both stable and unstable CA
have been found in benzene-poisoned and
preleukemia patients (Forni, 1966; Forni et al.,
1971a; Pollini et al., 1969). However, in one ear-
lier benzene poisoning case and several pancy-
topenia cases, a high number of C,, but no C,,
were detected (Erdogan and Aksoy, 1973; Forni,
1966).

The Ph chromosome was observed in a case of
preleukemia (leukopenia) resulting from 4 years of
chronic exposure to benzene without indications of
leukemia. Interestingly, after 4 years without expo-
sure, the aberration disappeared (Erdogan and
Aksoy, 1975). Chromosome deletions have been
found in various studies. Deletion of the short-arm
of chromosome 12 was found in one study
(Antonucci et al., 1989), and deletion of its long-
arm was found in another (Li and Ding, 1990). In
the latter report, the long-arm deletions of chromo-
somes 2 and 6 were also detected (Li and Ding,
1990). Gaps and deletions of the long-arm of chro-
mosome 6 were more commonly detected than
those of other chromosomes in poisoning cases (Li
and Ding, 1990). Translocation t(3;3) was observed
in one poisoning case (Li and Ding, 1990).

D. A Unique Follow-Up Cytogenetic
Study

In an earlier report, CA were analyzed in 32
case subjects with past benzene hemopathy or ben-
zene poisoning and in matched controls (Forni et
al., 1971a). Both numerical and structural CA were
detected in this study (Table 3). To investigate
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whether increased CA in lymphocytes were pre-
dictive of future cancer risk and whether CA per-
sist over time in these subjects, the same author
conducted a follow-up study of these same sub-
jects (one was lost to study) about 25 years later
(Forni, 1996). Forni subclassified the subjects ac-
cording to vital status and regrouped the original
cytogenetic data. Chromosome-type aberrations
were found in 2.3% of cells among the 20 subjects
with past benzene hemopathy or benzene poison-
ing still living. Among the 11 subjects who had
died prior to the follow-up study, 3.9% of cells had
chromosome-type aberrations (4.4% among 5 sub-
jects with neoplastic diseases, including one with
AML-M6, and 3.5% among the remainder). Liv-
ing and deceased controls both had the same level
(1%) of chromosome-type aberrations. These re-
sults suggest that increased CA may indicate higher
cancer risk, although the author emphasizes that
this may be at a group rather than individual level
(Forni, 1984). At the time of the follow-up study,
CA rates were remeasured in the lymphocytes of
four subjects with past hemopathy, now recovered,
and seven controls. Hyperdiploidy, which was ab-
sent in controls, was detected at similar rates in
case subjects in the initial study and in the follow-
up (Forni, 1996). Chromosome-type aberrations
persisted at similar levels in the later study (Forni,
1996). Prior to this follow-up study, however, an-
other report found rates of aneuploid cells, mainly
hypodiploid, returning to normal levels in four
subjects who had been studied during benzene
hemopathy 12 years earlier (Pollini and Biscaldi,
1977).

E. Summary of Chromosomal Changes
in Preleukemia and Hematotoxicity
Associated with Benzene Exposure

Aneuploidy, including hypodiploidy and hy-
perdiploidy, has been observed in the peripheral
blood lymphocytes of patients with preleukemia
and hematotoxcity associated with benzene expo-
sure. Trisomy and monosomy of C- and E-group
chromosomes were particularly common. Abnor-
mal cells were reported in as few as 4% of samples
in one analysis and as many as 95% in another.
Nonspecific structural changes, including unstable
and stable CA, have been detected, and two stud-

ies have found specific deletions, including those
on chromosomes 2, 6, and 12. The unique follow-
up study by Forni suggests that increased chro-
mosome-type aberrations may be a good indica-
tor of future cancer risk and that elevated levels
persist for years after recovery from benzene
hematotoxicity.

V. CYTOGENETIC CHANGES DETECTED
IN BENZENE-EXPOSED (NON-
DISEASED) INDIVIDUALS

Since the 1960s, approximately 50 cytogenetic
studies in benzene-exposed individuals have been
conducted. Most studies have shown a positive as-
sociation between benzene exposure and increased
CA (Table 4). However, eight of those studies re-
ported negative results (Table 5). Other cytogenetic
markers, SCEs and MN, were applied to measure
chromosome changes resulting from benzene expo-
sure (Table 6). In addition, six studies examined
cytogenetic aberrations in individuals exposed to
fuel, organic solvents, or other sources suspected to
contain benzene. These studies are presented sepa-
rately (Table 7). All cytogenetic studies but one
compared results from unexposed controls, on the
one hand, and currently or previously exposed but
otherwise healthy individuals on the other; the single
exception analyzed exposed workers without refer-
ence to controls (Girard et al., 1970). Three other
studies that included controls did not provide their
number or other data (Fredga et al., 1979; Hartwich
and Schwanitz, 1972; Lalchev et al., 1997). A wide
range of benzene exposure, from less than 1 to more
than 500 ppm (parts per million), was reported in the
CA studies, while in some cases the levels of expo-
sure were unknown. Duration of exposure also var-
ied widely, from a few months up to 50 years, and
was unknown in a few cases. Virtually all studies
examined peripheral blood lymphocytes, because
these specimens are easily obtained; only a few
studies sampled other types of cells.

A. Studies Finding Increased
Chromosomal Aberrations

Over the last 3 decades, more than two doz-
ens studies have found an increase in chromo-
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some changes in benzene-exposed populations
(Table 4). For the most part, these studies ana-
lyzed different groups of exposed workers, sepa-
rated by exposure level, duration, occupation, and/
or time of sampling (Damrau et al., 1986; Fredga
et al., 1979; Gao et al., 1994; Karacic et al., 1995;
Khan and Khan, 1973; Tompa et al., 1994; Tough
et al., 1970; Werner, 1986). For the sake of con-
venience we have generally consolidated these
different exposed groups in Table 4, particularly
where similar results were reported among groups
(Fredga et al., 1979; Tompa et al., 1994; Werner,
1986). In some studies, control subjects were clas-
sified into general and “industrial” controls
(Tompa et al., 1994; Tough and Court Brown,
1965). Around 30 to 200 metaphase cells were
analyzed in the assembled cases. In this review,
we recorded numerical and structural aberrations
separately in the tables in order to evaluate pat-
terns of chromosome changes.

1. Structural Chromosomal Aberrations

Most of the studies employing traditional
cytogenetic techniques observed structural CA.
These structural changes were detected as C, and
C,, both of which were increased in benzene-
exposed workers (Forni, 1966; Forni, 1971b;
Tough and Court Brown, 1965), although in one
study C, were not increased significantly (Tough
and Court Brown, 1965). Five years later another
study by the same authors found increased C,, but
not C, in one group of exposed subjects (Tough
et al., 1970). Increased structural changes in gen-
eral have been detected in benzene-exposed work-
ers (Damrau et al., 1986; Gao et al., 1994; Gundy,
1989; Khan and Khan, 1973; Tompa et al., 1994),
with much larger increases reported among a group
of subjects with longer exposure periods (Khan
and Khan, 1973). Gaps and breaks were the types
of structural CA most frequently increased in
exposed workers (Fredga et al., 1979; Funes-
Cravioto et al., 1977; Hartwich and Schwanitz,
1972; Jablonicka et al., 1987; Major et al., 1994;
Picciano, 1979; Sarto et al., 1984; Sasiadek, 1984;
Sasiadek, 1992; Sasiadek and Jagielski, 1990;
Sasiadek et al., 1989; Tunca and Egeli, 1994;
Tunca and Egeli, 1996; Werner, 1986). In
Sasiadek’s series of studies from 1989 to 1992,
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higher than expected levels of breakage were lo-
cated on chromosomes 2, 4, 7, and 9 (Sasiadek,
1992; Sasiadek and Jagielski, 1990; Sasiadek et
al., 1989). Increased rates of dicentric chromo-
somes were found in two recent reports (Bogadi-
Sare et al., 1997; Karacic et al., 1995). Finally,
another study reported increased marker chromo-
somes in exposed workers (Picciano, 1979).

2. Numerical Chromosomal Aberrations

Numerical CA encompasses aneuploidy, in-
cluding hyperdiploidy and hypodiploidy, and
polyploidy (Table 4). Perhaps due to the limita-
tions in classical cytogenetic studies and analy-
ses, relatively few studies (fewer than half) re-
ported increases in numerical CA. Both aneuploidy
and polyploidy have been detected in benzene-
exposed workers (Ding et al., 1983; Forni, 1971b;
Fredga et al., 1979; Girard et al., 1970; Hartwich
and Schwanitz, 1972; Werner, 1986). Recent stud-
ies have found possible increases in numerical
chromosome changes in exposed workers, but
according to statistical analyses performed by the
reporting authors, these increases were not sig-
nificant (Tunca and Egeli, 1994; Tunca and Egeli,
1996). An earlier study reported increases in hy-
perdiploidy and polyploidy, and although the sta-
tistical analyses applied by the authors showed no
significance (Forni, 1971b), we found these
changes to be significant when we reanalyzed the
results using the Fisher’s exact test. The increase
detected in hyperdiploidy was greater than that in
polyploidy. Hypodiploidy has also been increased
in exposed workers (Ding et al., 1983). While
most studies have shown that benzene increases
CA in exposed subjects, several studies, reported
below, have yielded only a weak association be-
tween CA and benzene exposure.

B. Studies Not Finding Increased
Chromosomal Aberrations

Several studies reported no increase in CA
resulting from benzene exposure (Table 5). Nu-
merical CA, including aneuploidy and polyploidy,
were not increased in benzene-exposed subjects
in four studies (Clare et al., 1984; Major et al.,



21:34 26 April 2010

Downl oaded By: [University of California, Berkeley] At:

1994; Watanabe et al., 1980; Yardley-Jones et al.,
1990). Among these studies, at least two showed
an increase in structural CA (mostly gaps and
breaks), as described in the previous section (Ma-
jor et al., 1994; Yardley-Jones et al., 1990). No
significant increase in structural changes was found
in five reports in which workers had been ex-
posed to trace and lower levels of benzene (Carere
et al., 1995; Carere et al., 1998a; de Jong et al.,
1988; Nise et al., 1991; Watanabe et al., 1980).
These negative results may simply be due to a
lack statistical power. Further, the increase in
overall SCA in one study was of borderline statis-
tical significance, and a significant trend was
observed when subjects were divided into con-
trols and lower and higher exposure groups (Carere
et al., 1995). Another study found slightly de-
creased SCA in workers acutely exposed follow-
ing a benzene spill (Clare et al., 1984). For rea-
sons that are unclear, both types of CA were
slightly decreased in workers exposed to high
levels of benzene (up to 177 ppm) (Watanabe et
al., 1980).

While the reasons for the negative results
found in these studies are unclear, the following
factors may have affected the results: (1) a small
number of study subjects and examination of rela-
tively few cells (Watanabe et al., 1980); (2) acute
benzene exposure of short duration (Clare et al.,
1984); (3) very low levels of benzene exposure
(de Jong et al., 1988), or low levels of exposure
combined with concurrent exposure to toluene
(Nise et al., 1991) or other chemicals (Carere et
al., 1995); or (4) ethnic differences between con-
trol and exposed subjects (Carere et al., 1998a).
Such factors may have reduced the statistical
power of these studies. Despite these occasional
negative studies, the overall weight of the evi-
dence strongly indicates that benzene induces CA
in the peripheral blood lymphocytes of exposed
workers.

C. Studies Examining Sister Chromatid
Exchanges and Micronuclei

Besides CA, other cytogenetic markers such
as SCEs and MN have also been used to measure
chromosome changes. Although not the primary
focus of this review, 14 studies analyzing SCEs

and ten measuring MN are included to provide a
point of comparison for CA studies of benzene-
exposed individuals (Table 6). We find that re-
sults from studies examining SCEs and MN are
much more variable than those from studies ana-
lyzing CA.

1. Sister Chromatid Exchanges (SCEs)

Studies measuring SCEs are relatively recent,
dating back only to 1980 (Table 6). While previ-
ously SCEs were measured in smaller numbers of
cells (about 15 to 30) per subject, they have more
recently been measured in as many as 200.
Whether SCEs are increased in benzene-exposed
workers is unsettled. Early studies conducted
during the 1980s showed mostly negative results
(Sarto et al., 1984; Seiji et al., 1990; Yardley-
Jones et al., 1988). In one report, a slight decrease
in SCEs was detected (Watanabe et al., 1980).
However, slight increases in SCEs were found in
another case involving an accidental benzene spill
that resulted in acute exposure (Clare et al., 1984).
Several more recent studies have detected in-
creased SCEs following exposure to benzene
(Gundy, 1989; Major et al., 1994; Popp et al.,
1992; Tompa et al., 1994). One study analyzed
cells only at the first division in two groups of
exposed workers with similar levels and duration
of exposure. Increased SCEs were found in the
first group, but not the second (Karacic et al.,
1995). Four recent reports found no increase in
SCEs in benzene-exposed workers compared with
controls (Bogadi-Sare et al., 1997; Carere et al.,
1995; Carere et al., 1998a; Xu et al., 1998). There-
fore, based on the conflicting results from these
studies, the effect of benzene exposure on SCE
induction remains unclear. This point is well il-
lustrated by Karacic’s study, which found differ-
ent results for two groups of workers with similar
parameters of exposure.

2. Micronuclei (MN)

The MN assay has been applied in studies of
benzene exposure only during the last decade
(Table 6) (Carere et al., 1995; Carere et al., 1998a;
Gao et al., 1994; Hogstedt et al., 1991; Holland et

21



21:34 26 April 2010

Downl oaded By: [University of California, Berkeley] At:

al., 1999; Liu et al., 1996; Nise et al., 1991;
Surrallés et al., 1997; Xu et al., 1995; Zhang,
1996a). More than half of these studies found no
association between increased MN frequency and
exposure to benzene (Carere et al., 1995; Carere
et al., 1998a; Hogstedt et al., 1991; Holland et al.,
1999; Nise et al., 1991; Surrallés et al., 1997), but
almost all of these negative studies involved rela-
tively low levels of exposure (< 5 ppm) (Carere et
al., 1995; Carere et al., 1998a; Hogstedt et al.,
1991; Nise et al., 1991; Surrallés et al., 1997). On
the other hand, increased MN frequencies in
pokeweed mitogen (PWM) stimulated lympho-
cytes of exposed workers were detected in two
studies (Hogstedt et al., 1991; Nise et al., 1991).
In addition, four other reports by Chinese inves-
tigators have reported increased MN in benzene-
exposed workers (Gao et al., 1994; Liu et al.,
1996; Xu et al., 1995; Zhang, 1996a); in one
study this increase was dose-dependent (Liu et
al., 1996). Thus, whether increased frequencies of
MN are associated with benzene exposure re-
mains controversial.

D. Representative Studies in Workers
Exposed to Petroleum Fuels or Organic
Solvents

Several studies examined cytogenetic end-
points in subjects exposed to petroleum fuels,
auto exhaust, or other organic solvents (Table 7).
While benzene is likely to have been a component
in these exposures, the benzene level was not
ascertainable or available in these cases. Further-
more, individuals in these studies were subjected
to a combination of chemical exposures. For these
reasons, these studies are presented together in
Table 7 (Betancourt et al., 1995; Carere et al.,
1998b; Lalchev et al., 1997; Santos-Mello and
Cavalcante, 1992; Silva and Santos-Mello, 1996;
Bukvic et al. 1998). Increased numerical CA were
found in subjects working with auto paints, which
used to contain benzene and other organic sol-
vents (Silva and Santos-Mello, 1996). Structural
CA, mostly in the form of dicentrics and breaks,
were increased in exposed subjects in a majority
of studies (Betancourt et al., 1995; Lalchev et al.,
1997; Santos-Mello and Cavalcante, 1992; Silva
and Santos-Mello, 1996). SCEs were increased in
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the higher but not the lower exposure group in
one preliminary study of workers exposed to or-
ganic solvents (Lalchev et al., 1997). While MN
were increased in the higher exposure group of
subjects in this same study (Lalchev et al., 1997),
there was no change in MN frequency in another
study that examined MN among gas station atten-
dants using a FISH probe (Carere et al., 1998b).
Finally, a recent study among 22 gas station atten-
dants found a significant increase in MN, but not
in SCEs, comparing with control subjects (Bukvic
et al., 1998).

In summary, benzene exposure has been
strongly associated with increased CA in the lym-
phocytes of nondiseased individuals. Most struc-
tural CA detected were gaps and breaks. Elevated
breakage reported in one series of studies was
located on chromosomes 2, 4, 7, and 9. While
numerical CA have been increased in exposed
workers, the association between benzene expo-
sure and NCA seems relatively weak. Several
studies did not find increased CA in benzene-
exposed workers, but these studies may lack sta-
tistical power for various reasons. In contrast,
increases in SCEs and MN as a result of benzene
exposure have not been established. Similar re-
sults for all three cytogenetic markers have been
detected in workers exposed to petroleum fuels or
organic solvents.

VI. APPLICATION OF FISH IN BENZENE-
EXPOSED WORKERS

The results reported above were mostly ob-
tained with classic cytogenetic techniques. How-
ever, this procedure has several drawbacks for the
detection of CA. For example, cells must be cul-
tured so that metaphase spreads may be obtained,
only a limited number (25 to 100) of cells can
typically be examined, and recognition of spe-
cific chromosomes is problematic. These prob-
lems can now be overcome by fluorescence in
situ hybridization (FISH), which can be used to
measure aneuploidy of specific chromosomes in
large numbers of cells, perhaps 1000 or more
(Eastmond and Pinkel, 1990; Gray and Pinkel,
1992). A significant advantage of FISH is that it
can be used to analyze both metaphase spreads
and interphase cells, unlike classic techniques,
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which can only examine dividing cells. FISH is
now a widely used tool in the analysis of chromo-
some changes in human cancers, including leuke-
mias, and in prenatal diagnostics (Cohen et al.,
1993; Gray and Pinkel, 1992). It has been used
extensively to analyze chromosome damage in-
duced by exposure to ionizing radiation (Gray et
al., 1994; Tucker and Senft, 1994) and has also
been gradually applied to populations exposed to
chemicals and various carcinogens (Dulout et al.,
1996; Rupa et al., 1995; Zhang et al., 1996b).
FISH-based analysis of interphase cells can be
used to detect numerical chromosome changes or
specific rearrangements. Recently, several stud-
ies have applied interphase FISH to analyze aneu-
ploidy of specific chromosomes in the lympho-
cytes of benzene-exposed workers.

A. Aneuploidy Detected by Interphase
Cytogenetics

The first report of benzene-induced numeri-
cal changes detected by interphase cytogenetics
emerged in 1996 (Zhang et al., 1996b). Along
with colleagues Drs. Nathaniel Rothman and Ri-
chard Hayes at the National Cancer Institute (NCI),
Drs. Li and Yin at the Chinese Academy of Pre-
ventive Medicine in Beijing, and others at the
Shanghai Anti-Epidemic Center as well as other
institutions in the United States, we applied FISH
techniques in this collaborative study of 43 Chi-
nese workers highly exposed to benzene (median
exposure level = 31 ppm, 8 h TWA) and 44
matched controls. Hyperdiploidy of chromosome
9 was detected at significantly increased levels in
the lymphocytes of highly exposed benzene work-
ers (> 31 ppm) but not in the lower-exposed group
(Zhang et al., 1996b). The level of hyperdiploidy
in exposed workers correlated with their urinary
phenol level, a measure of internal benzene dose.
A significant correlation was also found between
hyperdiploidy of chromosome 9 and decreased
absolute lymphocyte count, an indicator of ben-
zene hematotoxicity, in the benzene-exposed group
(Zhang et al., 1996b). Since the first study, hyper-
diploidy of chromosomes 7 and 8 has also been
analyzed in the same benzene-exposed popula-
tion (Zhang et al., 1999). Hyperdiploidy frequen-
cies for chromosomes 7, 8, and 9 are illustrated

together in Figure 1. Hyperdiploidy was signifi-
cantly increased in all three chromosomes in highly
exposed workers (> 31 ppm benzene) (Figure 1).
In the lower exposure group (< 31 ppm), only
chromosome 7 showed a significant increase in
hyperdiploidy. A significant trend was detected
in hyperdiploidy of chromosomes 7 and 8.
Compared with the benzene levels in the above
studies, most workers, particularly in developed
countries, are presently exposed to lower concen-
trations of benzene; for instance, the permissible
exposure level for benzene in the workplace in
the United States was 1 ppm (OSHA, 1987) and
the American Conference of Governmental In-
dustrial Hygienists (ACGIH) has recently low-
ered its recommended threshold limit value (TLV)
for occupational exposure to 0.5 ppm (ACGIH,
1999). As a result, recent scientific attention has
begun to focus on the health effects of benzene at
or near these lower levels. Interphase FISH has
been employed to measure hyperdiploidy of chro-
mosomes 7, 11, 18, and X in the lymphocytes of
workers exposed to 0.1 ppm benzene (Carere et
al., 1998b). No increased levels of hyperdiploidy
were detected in any chromosome; in fact, slightly
lower levels in comparison with controls were
observed. Similarly, no increase in hyperdiploidy
of chromosome 9 was detected in the buccal cells
of workers exposed to 1 ppm benzene (Surrallés
etal., 1997). Hyperdiploidy and breakage of chro-
mosomes 1 and 9 were examined in different cell
populations of workers exposed to about 1 to 2
ppm benzene in a recent study (Carere et al.,
1998a; Marcon et al., 1999). No significant in-
crease in either hyperdiploidy or breakage in chro-
mosome 1 was detected in lymphocytes or granu-
locytes of exposed workers, both obtained from
blood smear slides (Table 8). An increase of bor-
derline significance was detected in heterochro-
matin breakage, but not hyperdiploidy, of chro-
mosomes 1 and 9 in cultured lymphocytes.
Thus, recent studies by interphase FISH have
not detected significant increases in hyperdip-
loidy resulting from exposure to very low levels
of benzene. Potential explanations for this result
may include the following possibilities: that a
relatively small number of study subjects pro-
duces insufficient statistical power; that benzene
in fact does not induce hyperdiploidy at lower
exposure levels; or that interphase FISH is not a
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sensitive assay for the detection of hyperdiploidy,
particularly at lower doses. Analysis and com-
parison of results obtained by metaphase FISH is
likely to be helpful in the evaluation of these
possibilities.

Interphase FISH offers a number of advan-
tages over classic cytogenetics (Eastmond et al.,
1995). First, interphase FISH allows analysis of
nondividing cells. Second, a much larger number
of cells, as many as 1000 or more, may be ana-
lyzed. Third, the detection of aneuploidy is facili-
tated by simply counting the number of labeled
regions representing a particular chromosome of
interest within the isolated interphase nucleus.
However, interphase FISH cannot readily detect
the loss of chromosomes due to the problem of
probe overlap artifact (Eastmond and Pinkel,
1990). In addition, interphase FISH may underes-
timate gain of chromosomes (Zhang et al., 1999).
By contrast, metaphase FISH, because it analyzes
dividing cells, does not suffer from the overlap
problem and therefore can readily detect aneup-
loidy, the loss and gain of chromosomes. Further-
more, metaphase FISH can easily detect various
types of structural rearrangements in addition to
aneuploidy. In order to compare the sensitivity of
both assays in detecting the same types of chro-
mosome changes, several studies have applied
both interphase and metaphase FISH in the same
subjects.

B. Comparison of Data Obtained by
Interphase and Metaphase FISH

While hyperdiploidy of selected chromosomes
has been detected by interphase cytogenetics, as
described above, aneuploidy of chromosomes 1,
7, and 8 has also been examined by metaphase
FISH in the same highly exposed Chinese work-
ers. Table 9 directly compares interphase and
metaphase data for both monosomy and trisomy
of chromosomes 1, 7, and 8. For chromosome 1
analysis, interphase FISH was applied in the
Eastmond laboratory at the University of Califor-
nia, Riverside (Eastmond et al., 2001), while
metaphase FISH was applied in the Smith labora-
tory at the University of California, Berkeley
(Zhang et al., 1998a). No increase in monosomy
1 was detected in interphase cells or metaphase
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spreads in exposed workers (Table 9). At higher
levels of exposure (> 31 ppm), a significant in-
crease in trisomy 1 was detected by metaphase
FISH but not interphase FISH, whereas in the
lower exposed group (< 31 ppm) no increase in
trisomy was detected by either method (Table 9).
While no increase in monosomy 7 or 8 was ob-
served by interphase FISH, increases in both were
detected by metaphase FISH, but once again only
in highly exposed workers. Both methods de-
tected increases in trisomy 7 and 8, with more
significant increases detected by metaphase FISH
(Zhang et al., 1999).

Levels of monosomy 7 and 8 detected by
interphase FISH were strikingly higher than those
obtained by metaphase FISH (Table 9). Probe
overlap artifact as well as less efficient hybridiza-
tions may explain the high levels of monosomy 7
and 8 detected in interphase cells. On the other
hand, interphase and metaphase FISH data for
monosomy 1, although obtained in different labs,
were in good agreement. However, the perfor-
mance of interphase and metaphase FISH in hu-
man biomonitoring studies has not been standard-
ized with different probes, hybridization
procedures, and scoring criteria being used by
different research groups. These sources undoubt-
edly contribute to the variation in results reported
by the various laboratories (Eastmond et al., 1995).
Until more thoroughly standardized and validated,
FISH results, particularly interphase FISH results,
should be considered as approximations of the
actual levels of aneuploidy and aberrations within
cells.

One recent study applied both interphase and
metaphase FISH to examine cells of workers ex-
posed to very low levels (0.1 ppm) of benzene
(Table 10). No increase in hyperdiploidy of chro-
mosomes 7, 11, 18, or X was detected either in
interphase or metaphase cells (Carere et al.,
1998b). Levels of polyploidy in exposed subjects
were similar to those in controls when detected by
either method (Carere et al., 1998b). However, it
is difficult to draw conclusions about the relative
sensitivities of interphase and metaphase FISH
from this report because of the very small number
of study subjects (six) and the fact that the ben-
zene exposure was relatively low (0.1 ppm).

Thus, while preliminary research suggests that
metaphase FISH is more sensitive and effective
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than interphase FISH in the detection of both
monosomy and trisomy in human lymphocytes
(Zhang et al., 1999), the small number of studies
and subjects examined make it premature to con-
clude whether interphase FISH can be effectively
used to detect aneuploidy in lower-exposed work-
ers. However, based on the data available,
metaphase FISH appears more promising for the
detection of aneuploidy caused by lower levels of
benzene exposure. For this reason, in collabora-
tion with NCI and Chinese investigators, we pro-
pose to use metaphase FISH in a future study of
many more workers exposed to benzene in the 1
to 10 ppm range.

C. Benzene-Induced Chromosomal
Aberrations Detected by Metaphase
FISH

To date, we have examined 5 chromosomes
by metaphase FISH in the previously discussed
groups of 43 highly exposed Chinese workers and
their matched controls. Numerical and structural
changes in these 5 chromosomes among the study
subjects are summarized in Figures 2 to 4. Fre-
quencies of monosomy 5, 7, and 8, but not 1 or
21, increased with elevated exposure levels (Fig-
ure 2), whereas a significant trend was observed
for trisomy of all five chromosomes (Figure 3).
The most striking dose-dependent increases were
found in monosomy 7 and trisomy 7, 8, and 21
(Figures 2 and 3).

Specific structural CA can be detected by
targeting particular chromosomal regions or by
painting entire chromosomes. The most common
structural changes detected among chromosomes
1,5,7, 8, and 21 were t(8;21), t(8;?) (transloca-
tion between chromosome 8 and another uniden-
tified chromosome), breakage of chromosome 8,
and deletions of the long (q) arms of chromo-
somes 5 and 7 (Figure 4). A significant trend was
observed for all these changes (Smith et al., 1998;
Zhang et al., 1998a). The loss and long arm dele-
tion of chromosomes 5 and 7, two of the most
common cytogenetic changes in therapy- and
chemical-related leukemia, were significantly in-
creased in benzene-exposed workers over con-
trols (Zhang et al., 1998a). Similar results for
these changes on chromosomes 5 and 7 were

obtained in cultured human lymphocytes treated
with the benzene metabolites hydroquinone and
1,2,4-benzenetriol (Zhang et al., 1998b). In addi-
tion, the rate of t(21;?) (translocation between
chromosome 21 and one or more unidentified
chromosomes) was increased in highly exposed
workers (Smith et al., 1998). There was a slight
but not significant increase in centromere break-
age of chromosome 1, with a modest trend and
almost twofold increase observed (Zhang et al.,
1998a). A somewhat similar result was obtained
in interphase cells (Eastmond et al., 2001).

Table 11 summarizes the results from all stud-
ies, to date, of interphase and metaphase FISH
applied mostly in the lymphocytes of individuals
exposed to benzene in order to analyze aneup-
loidy and structural changes of specific chromo-
somes. How specific these changes really are re-
mains to be established as not all chromosomes
have been analyzed. Studies are currently under-
way aimed at examining all 22 autosomes in the
blood cells of benzene-exposed workers and
treated human cell cultures.

Vil. COMPARISON OF BENZENE TO
OTHER LEUKEMOGENS

In contrast to the apparent lack of a unique
pattern among benzene-induced CA, there appear
to be distinctive patterns of specific CA among
leukemias secondary to treatment with chemo-
therapeutic drugs. Like benzene, several classes
of leukemogens, including chemotherapeutic drugs
and radiation, induce CA. In order to place the
findings on benzene’s effects in context with those
of other leukemogens, we now briefly discuss CA
in therapy-related leukemia cases and patients
with previous chemical exposure.

Clonal chromosomal aberrations, which are
associated with human cancer (Hagmar et al.,
1998), are the hallmark of leukemia (Hagemeijer
and Grosveld, 1996; Sandberg, 1990). Specific
CA are found in up to 70 to 80% of patients with
acute leukemias (Look, 1997). Changes in chro-
mosomes 5, 7, 8, 11, 15, 16, 17, and 21 are most
often observed in AML and MDS, with del(5q),
monosomy 7, trisomy 8, t(21q22), t(11q23),
t(15;17), and inv(16) (inversion of chromosome
16) being the most prevalent (Rowley, 1998). Up
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to 15% of all AML and MDS in the U.S. are
caused by cancer therapy with radiation and che-
motherapeutic drugs (Pedersen-Bjergaard and
Philip, 1991). These therapy-related malignan-
cies commonly show specific cytogenetic changes
that are related to the nature of the therapy given.

Alkylating agents, such as melphalan and cy-
clophosphamide, tend to cause leukemias and MDS
with primary changes in chromosomes 5 and 7
(Pedersen-Bjergaard and Rowley, 1994), whereas
topoisomerase inhibitors, such as etoposide and
doxorubicin, are associated with leukemias contain-
ing translocations at 11q23, which disrupt the MLL
gene (Pedersen-Bjergaard and Rowley, 1994; Smith
et al., 1996). Etoposide tends to cause leukemias
with balanced translocations at 11q23, suchas t(4;11),
t(6;11), and t(11;19) (Pedersen-Bjergaard and
Rowley, 1994). Topoisomerase II inhibitors
like etoposide cause inhibition of the enzyme and
the formation of a cleavable complex. Other
topoisomerase II inhibitors, such as bimolane, in-
hibit the enzyme but do not form a cleavable com-
plex. These latter inhibitors have been associated in
a series of leukemias with the production of translo-
cations at 21g22, such as t(8;21) and t(3;21) (Smith
et al., 1996). Translocation (8;21) and another com-
mon cytogenetic change in AML, inv(16), are also
commonly found in so-called de novo leukemias in
which no clear etiology is known. Other clonal chro-
mosome aberrations associated with chemotherapy
include [-7,+der(7)t(1;7)(p11;p11)] and chromosome
abnormalities of 3q and 12p (Rooney and
Czepulkowski, 1992).

Several studies have found an association be-
tween CA and chemical exposure among leukemia
patients (Crane et al., 1989; Cuneo et al., 1992;
Golomb et al., 1982; Groupe, 1984), although sev-
eral negative studies have been reported (Ciccone et
al.,, 1993; Vineis et al., 1990). Early reports sug-
gested that occupational exposure to chemicals was
associated, like exposure to alkylating agents, with
changes in chromosomes 5 and 7 (Golomb et al.,
1982; Groupe, 1984; Mitelman et al., 1978). It sub-
sequently became generally accepted that leukemias
associated with occupational chemicals would most
likely possess cytogenetic changes in chromosomes
5 and 7. However, a more recent detailed study
failed to find such a firm association between cyto-
genetic changes in chromosomes 5 and 7 and occu-
pational exposure to organic chemicals, although
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these changes may be associated with exposure to
paints (Crane et al., 1996). Additional studies in
leukemias associated with exposure to organic chemi-
cals have detected many of the other major changes
found in AML (e.g., t(8;21), t(11g23), and trisomy
8) in addition to changes in chromosomes 5 and 7
(Albin et al., 2000; Crane et al., 1989; Cuneo et al.,
1992; Li et al., 1989). Thus, recent research does not
appear to support an exclusive association between
cytogenetic changes in chromosomes 5 and 7 and
occupational exposure to organic chemicals.

The review of the literature on all published
cases of leukemia associated with benzene expo-
sure (Table 1) and cases with likely prior expo-
sure to benzene (Table 2) presented here reveals
no unique pattern of clonal chromosomal changes
related to benzene exposure. For instance, various
chromosome translocations were detected in 8
cases of leukemia associated with benzene expo-
sure (35%), while aneuploidy mostly in C- and
E-group chromosomes was found at the same rate
(Table 1). This result may partly derive from
limitations of outdated technologies, as many of
the cases were studied before G-banding was
available. However, this limitation would only
affect the identification of specific chromosome
changes. While no unique pattern of specific cy-
togenetic changes is discernible, several similari-
ties between the types of chromosome changes
detected by either the classic technique or
G-banding in leukemias associated with benzene
exposure are apparent. For example, the cytoge-
netic changes observed by G-banding (shown in
Table 2) among benzene-related leukemia cases
include many instances of translocations (37%),
deletions (24%), and aneuploidy (49%), again
mostly in the C-group chromosomes (32%) (Table
12). In addition, the loss and long-arm deletion of
chromosomes 5 and 7 have been detected fre-
quently in many leukemia patients with likely
prior exposure to benzene (29%, Table 12). This
is much lower than the 69% incidences of clonal
chromosome 5 and 7 abnormalities reported in
leukemia patients previously treated with alkylat-
ing agent-based chemotherapy (Larson et al., 1996;
Pedersen-Bjergaard et al., 1995). Thus, the litera-
ture to date does not support the hypothesis that
benzene-induced leukemias and preleukemic states
are associated exclusively with these changes in
chromosomes 5 and 7 (Tables 1 to 3, 12).
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TABLE 12

Prevelance of Specific Chromosomal Aberrations in Leukemia Patients with

Likely Prior Exposure to Benzene®

Chromosomal Case Rate (%) Rate (%)
Aberration Number (n=41, abnormal only)” (n=59, All)*
Translocations 22 54 (22/41) 37 (22/59)
t(21q22) 7 17 12
t(8;21) 5 12 8
1(9;22) 4 10 7
t(15;17) 2 5 3
t(12q) 4 10 7
t(17p) 2 5 3
Deletions 14 34 24
del(11q) 2 5 3
del(12p) 2 5 3
del(17p) 2 5 3
-5/5q- & -7/7q- 17 41 29
-5/5q- 9 22 15
-111q- 12 29 20
5q-/7q- 11 27 19
59-/t(5q) 8 20 14
5q- 5 12 8
t(5q) 3 7 5
7q- 3 7 5
-5/-7 11 27 19
-5 2 5 3
-7 9 22 15
Aneuploidy 29 71 49
+C 19 46 32
+C 6 15 10
-C 14 34 24
+8 7 (215) 17 12
+21 7 (3/4) 17 12
-17/-18 6 15 10
+Y 6 15 10

“ The most frequent abnormal karyotypes shown in Table 2 are summarized into each chromosomal aberration category.
The frequency of specific chromosome changes in the total of 41 patients with abnormal karyotypes only.
The frequency of specific chromosome changes in the total of 59 patients with normal and abnormal karyotypes.
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In the analysis presented in Table 12, translo-
cations were commonly found in leukemia pa-
tients with likely prior exposure to benzene and
translocations involving 21q22 were the most
prevalent (12%). On the other hand, transloca-
tions at 11q23 were found in only one ALL case
associated with benzene exposure but not in any
AML cases (Table 1). Further, no t(11q23) were
detected in leukemia patients with likely prior
exposure to benzene (Table 2). This is of interest
because, as mentioned above, t(11q23) is associ-
ated with leukemia caused by topoisomerase 11
inhibitors that form cleavable complexes, such as
etoposide and adriamycin (Pui et al., 1991). Ben-
zene metabolites are inhibitors of topoisomerase
II, but do not form cleavable complexes (Chen
and Eastmond, 1995; Frantz et al., 1996). In this
respect they are similar to bimolane, which in-
duces leukemias with t(21q22). This may explain
why benzene also appears to induce leukemias
with t(21g22) but not t(11q23). Further support
for this argument comes from the fact that we
have observed t(21q22) in workers exposed to
benzene (Smith et al., 1998), but not t(11g23)
(Zhang et al., 2000).

Therefore, benzene appears to produce a va-
riety of chromosome changes that may lead or
contribute to leukemogenesis. A possible expla-
nation for this phenomenon may be that benzene
produces genomic instability by causing recom-
bination, double strand breaks and mitotic spindle
disruption, which leads to formation of transloca-
tions, inversions, deletions, and chromosome loss
and gain (Smith, 1996). As a result, one would
not necessarily expect to see a specific pattern of
cytogenetics associated with benzene exposure.
The only means by which this question can be
definitively answered is through much closer ex-
amination, using modern cytogenetic and mo-
lecular techniques, of the specific changes found
in benzene-associated leukemia. A systematic
effort to collect and analyze biological material
from leukemias and preleukemias is necessary in
order to establish their true association with ben-
zene exposure. Although leukemias associated
with benzene exposure do not appear to have a
specific cytogenetic karyotype, it is clear that
benzene is capable of producing both numerical
and structural CA, and that leukemias associated
with benzene exposure are more likely to have
clonal chromosomal changes.

36

Viil. CONCLUSION AND FUTURE
DIRECTIONS

Benzene-induced CA have been detected in
many human studies. Structural chromosome
changes were mostly detected as gaps and breaks.
Both stable and unstable chromosome changes,
particularly unstable changes, have been detected
in leukemia and poisoned patients and in exposed
subjects. Aneuploidy, including hyperdiploidy and
hypodiploidy, has also been observed frequently.
The loss and gain of chromosomes in the C-group
were especially common among benzene-associ-
ated leukemia and preleukemia patients.

Results from patients whose leukemia prob-
ably resulted from prior benzene exposure appeared
largely consistent with those from the benzene-
associated leukemia case reports. Like aneuploidy,
nonspecific structural changes are also characteris-
tic of benzene poisoning and preleukemia cases. A
recent study by Forni (Forni, 1996) among ben-
zene hemopathy cases suggests that increased chro-
mosome-type aberrations persist years after recov-
ery and may be a good indicator of elevated cancer
risk. The large majority of the numerous studies in
exposed but otherwise healthy subjects have shown
a positive association between benzene exposure
and increased numerical and structural CA.

The recent development of molecular cytoge-
netics, namely, FISH, has facilitated analysis of
specific CA among benzene-exposed populations.
Increased levels of aneuploidy and structural
changes associated with leukemogenesis have been
detected by FISH in the majority of studies per-
formed to date among highly exposed workers.
Ongoing and future FISH studies promise a com-
plete analysis of every chromosome. At this point,
however, there does not appear to be a unique
pattern of benzene-induced CA as detected by
either FISH or classic cytogenetics.

In conclusion, findings in the literature to
date indicate that benzene may act like both alky-
lating agent causing alterations in chromosomes 5
and 7, and a topoisomerase II inhibitor inducing
t(21g22). To test this hypothesis, future studies
especially among greater numbers of workers
exposed to low levels of benzene are needed and
are currently being planned in collaboration with
NCI and Chinese investigators. The fact that in-
creased CA are generally observed among ben-
zene-exposed but otherwise healthy workers,
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preleukemia patients, and leukemia patients sug-
gests that benzene-induced CA are a potential
pathway of benzene-associated leukemogenesis.
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