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Introduction 

Benzene is a well established bone marrow toxin and 
human leukemogen. However, the health risk posed by 
exposure to benzene is a matter of some debate. A 
workshop organized by the University of California at 
Berkeley entitled “Modeling Chemically induced Leu- 
kemia-Implications for Benzene Risk Assessment” 
was held in Yountville, California on 11-13 February 
1996 to discuss the molecular mechanisms of benzene 
toxicity and possibilities for modeling leukemogenesis. 
This workshop brought leading scientists in the fields of 
hematopoiesis, leukemia biology and benzene toxicol- 
ogy together with experts in mathematical modeling 
with the aim of building by consensus the foundations 
for a biologically based model that describes leukemo- 
genesis and can be applied to risk assessment. This 
report summarizes key points of consensus and dissent 
on the above issues, and participants recommendations 
about the feasibility of biologically based modeling 
applied to benzene. 

The format of the workshop emphasized discussion 
and consensus-building over formal presentations. For 
each topic area (benzene toxicology, leukemia biology 
and cancer modeling) there was an overview seminar 
followed by an extended discussion session including all 
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participants. Experts in the field acted as discussion 
leaders and questions posed in advance by the organizers 
served to focus discussions on key issues. 

The general workshop aim was to evaluate the current 
state of knowledge of benzene-induced leukemia to 
determine whether and how the process can be modeled 
mathematically given what we know about benzene’s 
bone marrow effects, leukemogenesis and available 
modeling techniques. We had set out to address the 
following questions: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

What is the current state of knowledge of the 
mechanistic events that occur in benzene- 
induced leukemia? 

What is the current state of knowledge and 
modeling of benzene toxicokinetics? 

What is known about the toxic effects of 
benzene metabolites on hematopoietic cells, 
and which are critical to the leukemogenic 
process? 

What options are available for modeling the 
dose-response relationships between benzene 
and/or metabolites and leukemia and/or other 
biological endpoints? 

What are the best sources of data available to 
validate models of benzene toxicity and leuke- 
mogenicity and to determine parameters of such 
models? 
What are the most critical gaps in data, 
knowledge and computing ability that limit 
modeling options, and how can they be 
addressed? 

Session I: Benzene Toxicology 

In this session, chaired by Robert Snyder of Rutgers 
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University, three speakers presented current perspectives Michelle Medinsky from the Chemical Industry 
on benzene metabolism and toxic effects. Martyn Smith, Institute of Toxicology presented a model of benzene 
from the University of California at Berkeley, presented dosimetry in mice. She suggested that previously 
an overview of benzene toxicity. He argued that it was reported non-linearities in the dose-response relation- 
likely that multiple metabolites are involved in benzene ship between administered benzene and granulocyte 
toxicity and that the quinone products of primary count in mice [8] reflect underlying dose and dose-rate 
phenolic metabolites are the most critical. Benzene is dependencies in formation of toxic metabolites [9]. 
metabolized in the liver, mainly via cytochrome Since both benzene and phenol can be hydroxylated by 
P4502E1, to benzene oxide. The major subsequent CYP2E1, competition between these substrates for the 
oxidation product is phenol, which is either conjugated enzyme could explain some observed non-linearities in 
or further hydroxylated by CYP2El to hydroquinone the formation of specific metabolites and thus in 
[l]. Dr Smith presented evidence that individuals with a consequent toxic responses. Dr Medinsky’s model 
high rate of CYP2El-mediated metabolism are at predicts bone marrow concentrations of hydroquinone 
increased risk for benzene-induced hematotoxicity. in mice that correlate closely with previously obtained 
NAD(P)H quinone oxidoreductase (NQOl; DT-diaphor- data on femoral granulocyte depression after adminis- 
ase) is thought to play a role in detoxification of tration to mice of various doses of benzene. A key 
quinones. Recent evidence indicates that an increased component of this model is the representation of 
risk of hematotoxicity is also observed in individuals heterogeneity in the spatial distribution of metabolic 
who lack this enzyme, supporting the notion that enzymes in the liver [lo]. The model allows for the 
quinone oxidation products formed from phenols and production and conjugation of phenol to occur in 
quinols are the ultimate toxic metabolites of benzene. Dr different liver subcompartments. Phenol and hydro- 
Smith described the types of genetic damage produced quinone entering the liver will be immediately con- 
by phenolic metabolites of benzene and showed that jugated, whereas benzene will escape initial 
these metabolites are capable of producing chromosome conjugation, passing through the liver to be activated 
damage similar to that observed in workers exposed to in another zone. The phenol and hydroquinone produced 
benzene [2-4]. Dr Smith also discussed evidence that from benzene are thus able to enter the circulation. This 
benzene and its metabolites produce oxidative DNA provides an explanation for the fact that phenol or 
damage in bone marrow, which may also contribute to hydroquinone exposures do not appear to be leukemo- 
genetic changes in bone marrow cells [5]. genie, yet exposure to the parent compound, benzene, is. 

Richard Irons, from the University of Colorado Health 
Sciences Center, discussed studies of benzene’s epi- 
genetic effects on hematopoietic cells. Hydroquinone 
increases the number of myeloid colonies that are 
produced in the presence of GM-CSF by IL-3-dependent 
CD34+ human bone marrow cells in clonogenic assays 
[6]. Increased clonogenicity occurs in the absence of 
noticeable cytotoxicity and results in a 1.5- to 5-fold 
increase in the number of cells in active cycle. Dr Irons 
proposed a model for the process of benzene-induced 
leukemia, in which this abnormal GM-CSF responsive- 
ness of early progenitor cells is the initial step in 
benzene leukemogenesis in the bone marrow. In the 
context of the resulting abnormal hematopoiesis, genetic 
aberrations in myeloid progenitor cells would then 
occur, causing further deregulation and eventually 
culminating in acute myeloid leukemia @ML). To 
support the hypothesis, Dr Irons showed that other 
agents known or suspected to cause leukemia share with 
hydroquinone the ability to alter progenitor cell response 
to GM-CSF in his assay [7]. In contrast, there are several 
chemicals that cause aneuploidy which have not been 
associated with secondary AML, and additionally do not 
affect progenitor clonogenicity in the assay. This argues 
that genetic damage alone is not sufficient for leuke- 
mogenesis. 

During discussion, David Eastmond, from the Uni- 
versity of California at Riverside, raised the question of 
how to explain the latency of benzene-induced leukemia 
with laboratory data. The average latency for leukemia 
in Chinese workers exposed to benzene has been 
estimated at 11.4 years [ll]. In order for toxic effects 
observed in the laboratory to contribute in vivo to the 
production of a malignancy that is expressed years later, 
the affected cell or its progeny must maintain self- 
renewal capacity throughout the latency period. There- 
fore, the life span and cycling behavior of cells targeted 
by benzene is of interest; only effects that can occur in 
long-lived cells are relevant to leukemogenesis. Another 
discussion topic was raised by Azra Raza from the Rush 
Cancer Institute concerning the presence of monoclon- 
ality in benzene-exposed patients. She argued that such 
data will be important in early identification of patients 
at risk for frank leukemia. Others, however, believe that 
hematopoiesis is monoclonal even in normal bone 
marrow and, therefore, that monoclonality in itself is 
not an indicator of abnormality. 

Session II: Biology of Leukemia 

During the second session, chaired by George Kalf, 
from Thomas Jefferson University, and Richard Larson, 
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from the University of Chicago, four participants spoke 
about the biology of leukemia and hematopoietic cells. 
This material provided a context for discussing the 
measured endpoints of benzene toxicity presented 
previously. Grover Bagby Jr, from the Oregon Health 
Sciences University, discussed evolution to AML in 
Fanconi anemia patients. He focused on the potential 
role of selective pressures acting on hematopoietic 
clones in the marrow. Suppression of FACC, the gene 
associated with the C complementation group of 
Fanconi anemia, using antisense strategies resulted in a 
reduction of the frequency of erythrocytic and granulo- 
cytic colonies in clonogenic assays [12]. This finding 
suggests a normal role for this gene in proliferation and 
differentiation of progenitor cells. Further data from 
mice lacking FAC suggest that myeloid progenitor cells 
from these mice have an abnormally high sensitivity to 
interferon-gamma (IFN-y), resulting in high rates of 
apoptosis [13]. Dr Bagby proposed that hypersensitivity 
to EN-7 could act as a selective pressure, resulting in 
clonal outgrowth of stem cells that have acquired 
resistance to its inhibitory effects. Clones that do not 
respond to inhibitory signals are potentially leukemo- 
genie. This led to the question of how chemicals such as 
benzene could contribute to clonal selection, determin- 
ing which clones ultimately grow out into frank 
leukemias. 

Following Dr Bagby, Dr Raza spoke about the 
biology of myelodysplastic syndromes (MDS), empha- 
sizing studies of bone marrow cell kinetics. She 
presented preliminary results of a new treatment regi- 
men that was designed on the basis of a proposed model 
of MDS biology [14]. According to the model, an initial 
genetic aberration in a stem/progenitor cell confers a 
growth advantage and thus leads to monoclonal 
hematopoiesis. Complex interactions with positive and 
negative hematopoietic growth modulating molecules 
then induce extensive apoptosis in maturing cells, 
resulting in the cytopenias characteristic of MDS. 
Marrow cells in biopsy samples of MDS patients exhibit 
a simultaneous increase in the percentage of S-phase 
cells and in the rate of apoptosis when studied with a 
dual labeling method developed by Dr Raza and 
colleagues [15]. They propose that abnormal expression 
of cytokines such as transforming growth factor-p and 
tumor necrosis factor-a could be responsible. These 
cytokines have dual activity, suppressing cells at some 
stages of development and stimulating others. Dr Raza 
believes that monoclonal hematopoiesis is a prerequisite 
for the development of MDS, and it is in the context of 
monoclonality that further genetic aberrations associated 
with evolution of the disease arise. If this model is 
correct and monoclonality is an early ‘step’ toward 
malignant myeloid disease, then questions for benzene 
are how benzene produces monoclonality and whether 

benzene can affect signaling by inhibitory growth 
factors. 

Maria Pallavicini, from the University of California at 
San Francisco, discussed recent evidence that genetic 
aberrations present in AML at diagnosis are often 
detectable in cells in a stem cell compartment defined by 
CD34+ CD33- CD38- [16]. This finding suggests that 
the genetic events that are capable of causing leukemia 
to occur at earlier developmental stages than the 
predominant cell type observed in resulting leukemic 
clones. The implications for modeling are that kinetics 
and susceptibility to genetic damage of cells contained 
in a stem cell compartment must be considered in a 
mechanistic mathematical model, and the model should 
not conflict with developmental separation between the 
genetic insult and the ultimate leukemic cell type. 
Another interesting finding of this study was the 
observation that multiple genetically aberrant clones 
may be present in the stem cell compartment, including 
clones marked by aberrations that are not detected in the 
diagnosis karyotype. These data suggest that only some 
genetic abnormalities confer a proliferative advantage, 
resulting in leukemia in vivo or the ability to proliferate 
in vitro. Genomic instability can generate clones with 
additional abnormalities that may still derive from the 
same genetically aberrant stem cell. The prevalence of 
monoclonality in AMLs and preleukemic disorders 
resulting from benzene exposure is not known. Dr 
Pallavicini also explained the use of comparative 
genomic hybridization, a molecular cytogenetic techni- 
que that measures changes in DNA sequence copy 
number in tumor specimens. This methodology could be 
applied to leukemic or pre-leukemic specimens from 
benzene-exposed individuals to assess the extent of 
aneuploidy at various loci. 

Dr Larson spoke about MDS and AML secondary to 
chemotherapy treatment for primary cancers. The 
factors that modulate susceptibility to therapy-related 
MDS or AML is, in Dr Larson’s opinion, a critical 
outstanding issue in leukemogenesis. When compared to 
MDS cases, which are not associated with known 
chemical etiology, t-MDS patients have a much higher 
frequency of chromosomal aberrations; nearly all of 
these patients carrying aberrations show some involve- 
ment of chromosome 5 or 7 (e.g. refs [17,18]). The 
definition of critical regions on chromosomes 5 and 7 
has been an active area of research, but the genes 
involved in mediating the effects of deletion are still 
unknown [19,20]. Patients with secondary MDS also 
have a high rate of progression to AML, if true for 
benzene-induced cases, this may have implications for 
developing a multistage model. Incidence rates of t- 
AML in treatment cohorts may reach a plateau with 
time, indicating that the latency period has an upper 
bound, e.g. ref. [21]. One case report was discussed in 
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detail by Dr Larson to illustrate that several different 
genetically altered clones can arise and die out during 
the time that the marrow is evolving from MDS to AML, 
suggesting that there is not always a simple monoclonal 
progression leading to malignant AML. Dr Larson also 
highlighted the different characteristics of t-AML 
secondary to alkylating agent therapy vs. therapy with 
inhibitors of topoisomerase II, which stimulated com- 
parisons between the mechanism of action of these 
agents and benzene later in the meeting. 

The panel discussion following these two presenta- 
tions brought out some additional points. Dr Irons posed 
the question of whether the dysregulation of apoptosis 
observed in MDS patients is a cause or a result of their 
condition. Dr Kalf mentioned preliminary data from his 
laboratory showing that hydroquinone affects apoptosis 
of cultured hematopoietic cell lines, but has opposing 
effects at high and low doses. Phenolic metabolites of 
benzene have been shown, in Dr Ross’s laboratory, to 
induce apoptosis in CD34t human bone marrow 
progenitor cells [22]. Dr Kalf also raised the question 
of what role stromal tissue might play in the process of 
benzene-induced leukemogenesis. The importance of 
this question was supported by Troyce Jones from Oak 
Ridge National Laboratory who quoted from a paper by 
Donald Metcalf. The quotation addressed the fact that 
cytokines produced by stromal tissue play a critical role 
in controlling cell cycle and maturation behavior of 
hematopoietic progenitors, and that both normal and 
leukemic progenitors are cytokine-dependent. In an 
open discussion, Dr Eastmond pointed out that all 
known leukemogens cause myelotoxicity and induce 
chromosomal aberrations in peripheral blood lympho- 
cytes. Therefore, it is reasonable, at this time, to propose 
that both myelotoxicity and genotoxicity contribute to 
benzene-induced leukemogenesis. 

Session III: Modeling 

Bernard Goldstein, from Rutgers University, and 
Suresh Moolgavkar, from the Fred Hutchison Cancer 
Research Center in Seattle, chaired the session on 
mathematical modeling of cancer and hematotoxicity. 
Dr Moolgavkar’s seminar provided an introduction to 
carcinogenesis models, focusing on a Two-Mutation- 
Birth-Death (TMBD) model [23]. This model reflects a 
two-stage process in which stem cells are susceptible to 
transformation into an intermediate premalignant stage, 
followed by a second transformation resulting in 
malignant cells. The model provides advantages over 
other multistage cancer models in that it includes 
parameters describing proliferation and cell death in 
the normal and intermediate populations. This is 
particularly important for modeling cancer processes in 
highly dynamic tissue such as bone marrow. Under the 

model, chemicals such as benzene can affect the rates of 
transformation to the intermediate and/or malignant 
stages, or kinetics parameters of these populations, or 
both. Dr Moolgavkar demonstrated the application of 
the model to epidemiological data on lung cancer and to 
experimental data concerning liver lesions in rodents. 
Advantages of biologically based cancer models in- 
clude: 

(1) 

(2) 

(3) 

(4) 

Complex problems can be broken up into 
constituent parts for analysis. 

Model analyses generate testable research 
hypotheses. 

Joint analyses of malignant and premalignant 
lesions can be done. If data relating exposure 
and pre-malignant lesions are available, estima- 
tion of the dose-response relationship can be 
based on data at lower doses than those that 
cause malignancy. 

There is a wide family of incidence functions 
that can be used to look at time-to-tumor data, 
and time and age covariates are relatively easy 
to incorporate. 

Dr Moolgavkar noted, though, that extrapolation to 
very low risks, such as is done for regulatory purposes, 
may be beyond the realm of science. Extremely low risk 
estimates that may be used as guidance in public health 
protection programs are essentially impossible to verify, 
and low-dose extrapolation from biologically based 
models is not necessarily any more accurate than 
extrapolation from curves generated using other 
methods. 

L. Anthony Cox of Cox Associates spoke about 
ongoing efforts to model granulopoietic kinetics and 
hematotoxic effects of cyclophosphamide, a chemother- 
apeutic agent. He argued that TMBD models are 
appropriate for application to benzene-induced leuke- 
mia, but that basic model forms have to be extended in 
order to adequately describe benzene’s effects on the 
bone marrow and certain aspects of leukemia biology. 
These include the feedback responses among hemato- 
poietic cell populations, clonal hematopoiesis, induction 
of aneuploidy and transient synergy between hydro- 
quinone and proliferation-promoting cytokines that has 
been observed in vitro. Dr Cox is optimistic that, using 
data currently available for benzene, a biological model 
can be developed that will be useful for low-dose risk 
prediction. 

Dr Cox has extended and adapted a model of 
granulopoietic toxicity originally developed by Stein- 
bath et al. for dogs [24]. The adapted model is able to 
predict decreases in human white blood cell counts that 
were observed after various regimens of cyclopho- 
sphamide administration. Dr Cox is applying his work 
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on cyclophosphamide modeling to benzene, with the 
goal of developing a risk model for benzene-induced 
leukemia. The benzene model consists of a set of 
submodels. First is a submodel describing the disposi- 
tion of benzene in the body [25]. This provides input to 
genotoxicity and cytotoxicity submodels that yield a rate 
of transformation from a penultimate stage of leukemo- 
genesis to AML and the number of cells in that stage, 
respectively. The hazard function for AML is then based 
on these two quantities. Dr Cox pointed out that there 
are quantitative data available for use in modeling 
concerning the relationship between benzene exposure 
concentration and a number of genetic and cytotoxic 
outcomes in rodents. However, since rodents are a poor 
model for benzene-induced leukemia, human data are 
needed. He suggested that further research is needed to 
understanding quantitative relations between metabolite 
concentrations and cytotoxic responses, and how 
hematotoxicity is related to leukemia risk. The current 
model is not yet able to explain latency periods observed 
with chemically induced leukemia; this area also 
requires further work. 

Dr Jones presented work in mathematical modeling 
of radiation-induced hematotoxicity. He discussed a 
model of cellular injury, death and repair after radiation 
exposure that was developed and tested based on data 
from 27 different animal experiments, performed in 
several different species [26]. The model suggests that 
mortality resulting from radiation damage to the bone 
marrow is more a function of damage to stromal cells 
than damage to the stem cell population. The model 
results predict experimentally determined survival 
curves for CFU-F populations well. This model has 
not been applied to benzene, but could mean that 
stromal cell toxicity at high doses is an important 
mechanistic consideration. Whether toxic effects in stem 
cells or stromal cells are most important in benzene 
hematotoxicity is not known. Dr Jones pointed out that, 
in general, overly complex mathematical models pose 
severe obstacles to users. If a model of benzene-induced 
leukemia were composed of several submodels, each 
depending on five or more parameters for description, 
the resulting overall model could prove too cumbersome 
to be useful. 

During discussion, Frederic Bois, from Lawrence 
Berkeley National Laboratory, followed up on this 
comment by Dr Jones. He noted that, even if a biological 
model of benzene leukemogenesis can be constructed 
with consensus on the necessary parameters, validation 
of such a model is likely to be a formidable computa- 
tional problem. Patrick Beatty from the Western States 
Petroleum Association commented that non-linearity of 
cytotoxicity endpoints in rodent studies occurs below 
saturation of metabolism, and therefore indicates an 
intrinsic lack of linearity for some toxic effects. He 

stated that useful information for risk assessment can be 
obtained from a thorough review of benzene biology 
even if a complete biological model cannot be 
constructed. Dr Moolgavkar stated his impression that 
the database for benzene-induced leukemia might not be 
sufficient at this time for the construction of a useful 
biologically based model. He indicated that an important 
addition would be a large epidemiological data set that 
links benzene exposures to the disease endpoints of 
interest, AML and MDS. Such data would allow 
investigators to test model predictions of leukemia 
incidence, at least in the dose range encompassed by 
human data. Such data may be forthcoming from studies 
in China [27]. 

Alessandra Forni, from the University of Milan, gave 
a special seminar on the relationship between cytogen- 
etically detected aberrations and leukemia. She has had 
extensive experience observing clinical correlates of 
benzene-induced hemopathies [28,29]. In a recent 
analysis of chromosomal aberrations in peripheral blood 
lymphocytes and cancer risk, a correlation was found 
[30]. This raises the exciting possibility that a simple 
assay could be predictive of risk. However, the number 
of cases was small; without more data, a quantitative 
analysis of these data is not fruitful. If borne out by more 
data on leukemia, these results could open a new avenue 
for estimating human risk of exposure to benzene by 
measuring the frequency of genetic changes in exposed 
persons. 

Session IV: Consensus and Directions for Future 
Research 

The final sessions consisted of informal discussion 
and debate on points that had been raised during the 
workshop and on specific questions posed by workshop 
organizers. The following section of this report sum- 
marizes consensus, or near consensus, opinions and 
issues still outstanding. Some relevant background 
information is also included, as needed, to provide 
context for the consensus discussions. 

The multistep process of benzene-induced leukemia 
The participants agreed that benzene-induced leuke- 

mia is the product of a multistage process. During the 
course of the workshop, there was extensive discussion 
about effects induced by benzene or benzene metabo- 
lites observed in cultured cells, laboratory animals and 
humans. Which of these measured endpoints are critical 
to the leukemogenic process can still not be stated with 
certainty. Participants noted data gaps in several fields; 
these gaps precluded consensus in itemizing the stages 
of benzene leukemogenesis and identifying which stages 
are rate-limiting in the process. However, the workshop 
identified several factors considered most likely to play 
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a role in leukemogenesis by benzene. These include 
benzene toxicokinetics, dynamics of target cell popula- 
tions in the bone marrow, genetic aberrations induced by 
benzene and non-heritable effects of benzene on bone 
marrow cells. Non-heritable effects of benzene are likely 
to play an important role in leukemogenesis by 
increasing the number of cells susceptible to genetic 
damage, altering hematopoietic regulatory signals or 
selecting for cells with abnormal characteristics. 

Toxicokinetics 
Benzene processing in the body involves several 

enzymatic and spontaneous steps which together 
produce oxidized metabolites that can be excreted in 
urine [l]. Primary metabolism of benzene in the liver 
generates phenol through a benzene oxide intermediate. 
Phenol can be conjugated for excretion, predominantly 
via sulfation in humans, or further hydroxylated to 
hydroquinone. Oxidation of both benzene and phenol is 
catalyzed by cytochrome P450 enzymes, primarily 
CYP2El. Other metabolites produced include catechol 
and trans,trans-muconic acid. If hydroquinone and other 
phenolic metabolites reach the bone marrow before 
being conjugated, they can undergo secondary conver- 
sion by bone marrow myeloperoxidase (MPO) to highly 
toxic quinones and semiquinone radicals. 

Most participants agreed that the phenolic metabo- 
lites, particularly hydroquinone, appear to be the critical 
compounds of interest in benzene-induced leukemia. 
Others believe that the ring-opened product trans,trans- 
muconaldehyde also plays a significant role. Accumu- 
lated data demonstrate that several metabolites may 
interact to produce the effects on target cells that are 
thought most likely to contribute to the leukemogenic 
process [31,32]. However, Drs Snyder and Kalf believe 
that the data are insufficient to rule out an additional role 
for unmetabolized benzene. Oxygen radical production 
by secondary metabolism in the bone marrow was not 
addressed during this workshop, but may be pertinent to 
identifying the ultimate leukemogenic agent(s). Despite 
years of research, definition of the critical leukemogenic 
species needs further resolution. 

Several efforts to apply mathematical modeling to 
benzene distribution and metabolism have been under- 
taken [33-351, and two investigators who have con- 
tributed extensively in this area, Drs Bois and Medinsky, 
were present at the workshop. These models represent 
the first components of a comprehensive mechanistic 
model of benzene-induced leukemia. Medinsky’s model, 
developed using data from exposed rodents, is able to 
predict levels of hydroquinone production from a range 
of exposures that correlate well with data on bone 
marrow toxicity in mice. Animal models are useful 
precursors to human models; however, parameters 
derived from analysis of animal data have not yet been 

validated for application to human exposures. A model 
of benzene distribution and phenol excretion in humans 
has been developed by Dr Bois [36]. The model was 
statistically fitted to data using a population pharmaco- 
kinetic approach and Bayesian numerical techniques, 
and has been validated with data from controlled human 
exposure [37]. However, this model has not yet been 
tested for the ability to predict data to which it was not 
fitted. Several toxicokinetic studies have identified an 
extensive variability in metabolic activity in human 
populations and between species and strains of labora- 
tory animals. More work is needed in the area of model 
validation before the production and distribution of 
individual benzene metabolites in a heterogeneous 
human population can be accurately predicted from 
exposure data. 

Dr Bois’ model predicts that the fraction of benzene 
converted in primary metabolism to total metabolites in 
humans is linear below continuous exposure concentra- 
tions of 10 ppm in the air. However, work by 
Medinsky’s group suggests that the fractions of total 
metabolites contributed by phenol and hydroquinone are 
likely to vary with exposure. One possible source of 
non-linearity in production of specific metabolites is 
competition between benzene and phenol for CYP2El. 
Production of secondary metabolites from CYP2El 
oxidation of phenol occurs more rapidly at low than at 
high doses because there is less benzene in the liver to 
compete for metabolism. According to this model, the 
rate of production of hydroquinone at benzene exposure 
concentrations up to 100 ppm yields a supralinear 
internal dose curve. At higher doses, phenol is less 
likely to be oxidized; thus, phenol conjugates predomi- 
nate over secondary phenolic metabolites. This result 
has important implications for the dose-response 
relation between benzene exposure and toxic effects 
that are caused by hydroquinone. 

Target cells 
To analyze mechanisms of leukemogenesis and model 

the dynamics of the process it is critical to define which 
cell populations are affected by benzene exposure and 
must be included in an acceptable model. Benzene has 
been shown to affect a number of different cell types in 
exposed humans and under various experimental condi- 
tions; the question to be resolved is which effects in 
which cells lead to leukemia. 

Genetic aberrations in AML can be detected in 
CD34+ CD33- CD38- stem cells [16]. This suggests 
that the ancestral leukemic cell in these patients resides 
in an immature subset of the CD34+ cell population and 
that, to produce leukemia, genetic alterations must occur 
at an early developmental stage. For benzene, there are 
no data that directly address which bone marrow cells 
are targets for genetic damage in humans. Published 
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experimental data indicate that benzene can produce 
chromosome damage in rodent erythrocytic precursors, 
cultured lymphocytes and various hematopoietic cell 
lines [38]. In exposed humans, increased frequencies of 
genetic aberrations have been observed in peripheral 
cells of lymphocytic and erythrocytic lineages [38], but 
the cells in which damage originally occurred have not 
been identified. CD34+ cells express myeloperoxidase 
which plays a role in generating toxic benzene 
derivatives [39]. Available evidence is, therefore, 
consistent with a hypothesis that benzene is able to 
target CD34+ hematopoietic cells for genetic damage, 
and based on the observations in AML patients, 
immature sub-compartments of this population may be 
the key targets. 

CD34+ bone marrow cells are also important targets 
for epigenetic effects of benzene. The ability of 
hydroquinone to increase clonogenicity induced by 
GM-CSF in culture, noted by Dr Irons and colleagues, 
acts on CD34+ cells. Further, this effect of benzene is 
thought to act primarily on early stage CD34+ cells that 
should not yet be sensitive to GM-CSF. Based on the 
above evidence, workshop participants agreed that 
CD34+ cells undergo alterations in genetics and 
behavior in response to benzene exposure and therefore 
should be considered a key target cell population in a 
mechanistic model. 

Benzene-induced myelotoxicity has been observed in 
progenitor and precursor cells in rodents, ranging from 
CFU-S to erythrocytic precursors [38]. Toxicity to 
compartments later in the developmental hierarchy 
may alter the kinetics of less mature compartments 
through feedback mechanisms. Therefore, inclusion of 
population kinetics of more mature hematopoietic cells 
affected by benzene exposure may be important for 
modeling leukemogenesis that is initiated in stem cells. 

Toxicity and other epigenetic effects of benzene have 
also been observed in cells of the hematopoietic stroma. 
What role these effects play in leukemogenesis is not 
clear. Under conditions of repeated benzene exposure, 
the ability of the stroma to carry out support and 
regulatory functions, such as cytokine secretion, may be 
compromised. No consensus opinion was reached as to 
whether stromal damage is a necessary component of 
benzene-induced leukemogenesis. 

Role of genetic damage in benzene-induced leukemia 
The frequency of clonal chromosomal abnormalities 

in MDS and AML can approach 100% of patients, 
depending on the population under study. This, together 
with accumulating evidence that benzene is able to 
cause the relevant types of genetic damage, led 
participants to the consensus that production of genetic 
abnormalities is an essential component of benzene- 
induced leukemia. It is reasonable to hypothesize that 

leukemogenesis involves genetic alterations in multi- 
potential stem cells or early myeloid cells, but there was 
not consensus about whether such changes are required 
to initiate leukemogenesis, occur after other initiating 
events, or both. 

Benzene and its metabolites produce numerical and 
structural chromosomal damage in exposed humans, 
laboratory animals and cultured human cells. The types 
of damage that have been observed are consistent with 
the genetic changes that are identified in MDS and AML 
patients. Loss of chromosome 5 or 7 is the most 
common genetic aberration in secondary MDVAML, 
and an increased frequency of aneusomies was detected 
in peripheral lymphocytes from workers exposed to 
benzene [3]. These results are supported by findings of 
induced aneuploidy in experimental systems [2,40]. 
Benzene has been implicated in disruption of the mitotic 
spindle [41], which could result in non-dysjunctional 
loss and gain of chromosomes in daughter cells. 

Interstitial deletions and stable rearrangements such 
as balanced translocations are also common karyotypic 
findings in MDS and AML. As yet, however there is no 
strong evidence that links benzene exposure to the 
specific translocations, inversions and other rearrange- 
ments that predominate in AML. Unstable and stable 
chromosome aberrations in the peripheral blood of 
patients with benzene-induced hemopathy were reported 
by Dr Forni and colleagues [28,29]. Benzene metabo- 
lites are clastogenic in various assays, causing DNA 
strand breaks. Deletions and translocations could result 
from aberrant religation of strand breaks by cellular 
enzymes during repair processes. Workers exposed to 
benzene have an increased prevalence of red blood cells 
expressing the products of mitotic recombination events 
at the glycophorin A locus [4]. These require inter- 
chromosomal interaction to occur and thus may be 
marker events for other chromosomal rearrangements. 

It has been known for some time that benzene 
metabolites can produce adducts with cellular macro- 
molecules, both proteins and nucleic acids, but benzene 
is negative or only weakly positive when tested in 
standard mutation assays [42]. It is still unclear as to 
what role DNA adduct formation plays in benzene 
toxicity; workshop participants placed little emphasis on 
this potential mechanism. However, the formation of 
adducts with cellular proteins may be a clue to the 
mechanism that underlies the above forms of benzene- 
induced genetic damage. Disruption of proteins with key 
roles in maintaining genome integrity, such as histones, 
topoisomerases, repair enzymes or microtubules, may be 
a critical part of benzene leukemogenesis [43]. 

Benzene-induced hematotoxicity 
There was considerable discussion about the pre- 

valence of hematologic abnormalities prior to AML in 
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benzene-exposed patients. It is clear that hematotoxicity 
does not necessarily lead to leukemia; there are many 
documented cases of recovery from benzene-induced 
bone marrow suppression without subsequent leukemia 
[44]. However, whether benzene-induced leukemia can 
occur without prior toxicity is a matter of debate. 
Among published cases of benzene-induced leukemia, 
there are no examples of patients who developed AML 
without any evidence of prior hematotoxicity. However, 
published data will be biased, since hematologic work- 
up is less likely to be done during the pre-leukemic 
phase for subjects who do not have symptoms preceding 
their AML diagnosis. There was a consensus opinion 
among a majority of workshop participants that 
hematotoxicity, as evidenced by an overt decrease in 
white blood cell count, often precedes benzene-induced 
leukemia and can play a role in disease causation, but is 
insufficient alone to predict leukemia. There was not 
consensus on whether hematotoxicity is an obligatory 
prerequisite. 

Two mechanisms by which toxicity to hematopoietic 
populations could increase leukemia risk were dis- 
cussed. If benzene’s genetic effects target dividing cells, 
then increased proliferation to compensate for the loss of 
cells to toxicity would result concomitantly in greater 
numbers of cells susceptible to genetic damage. 
Alternatively, the key result of increasing the size of 
an actively dividing population might be to increase the 
probability that a previously acquired genetic alteration 
comes to be expressed in an actively dividing cell. 

Indirect effects on hematopoietic cells mediated by 
the hematopoietic microenvironment were also consid- 
ered. As mentioned previously, benzene metabolites are 
toxic to stromal cells in culture. Since these cells are 
important sources of cytokines, stromal toxicity in vivo 
could cause alterations in the physiological feedback 
and signaling pathways that are necessary for normal 
hematopoietic regulation. 

Role of apoptosis in benzene-induced leukemia 
The role of apoptosis in benzene-induced leukemia, 

and leukemogenesis in general, is a matter of debate. 
However, cell death rates are key parameters in some 
quantitative carcinogenesis models and so it is impor- 
tant, from a modeling perspective, to understand how 
apoptosis is altered by exposure. Hydroquinone, cate- 
chol and benzenetriol cause apoptotic cell death in 
CD34+ human bone marrow progenitors and other 
cultured cells [22]. Significant induced cell death in the 
marrow of exposed individuals may result in abnormal 
bone marrow kinetics of the progenitors that escape 
apoptosis. This presumably would be an early response 
to exposure, and could contribute to leukemogenesis in 
the same manner discussed above. Further, induction of 
apoptosis in bone marrow cells could contribute to the 

selection of aberrant clones of progenitor cells. Genetic 
alterations that confer resistance to benzene-induced cell 
death may be selected for under chronic exposure 
conditions. Some participants thought that genetic 
blocks to apoptosis are likely to play a role late in 
leukemogenesis, associated with a progression from 
MDS to AML. 

Other epigenetic events 
The number of cycling stem or progenitor cells may 

be altered by transient mechanisms other than cell death, 
such as the increased clonogenicity in response to GM- 
CSF reported by Dr Irons and colleagues. These 
investigators propose that synergy of hydroquinone with 
other cytokines recruits quiescent CD34+ cells into 
active cell cycle. As stated above, an increased number 
of dividing granulocytic progenitors may result in a 
larger target population for genetic damage. Direct 
stimulation of cell proliferation by benzene metabolites, 
secondary metabolites, or oxygen radicals are other 
possible mechanisms for increasing the number of target 
CD34+ cells. Some participants expressed skepticism 
that benzene is likely to act via this classic ‘tumor 
promoter’ mechanism; however, this possibility has not 
been formally ruled out. 

Benzene metabolites alter the function of stromal 
macrophages [45~l7]. Production of processed IL-l by 
macrophages is reduced in the presence of benzene 
metabolites; if true in vivo, this may indirectly affect 
hematopoietic cells and thus contribute to leukemia. 

Benzene and clonal selection 
The participants concluded that clonal selection is an 

important event in leukemogenesis. It was suggested 
that benzene or its metabolites could exert some 
selective pressure on hematopoietic cells that supports 
or allows outgrowth of genetically altered clones. What 
kind of selective force could be created by benzene 
exposure is not clear; however, the mechanisms 
discussed above may contribute. It could be speculated 
that chronic exposure selects for resistance to benzene- 
induced toxicity. Further, if genetic alterations arise that 
confer resistance to programmed cell death, then 
induction of apoptosis could be a mechanism for the 
selection of aberrant clones of progenitor cells. Benzene 
exposure could also transiently disrupt the signaling 
pathways required for growth regulation through 
epigenetic action on the bone marrow. Chronic or 
repeated exposure could create an abnormal marrow 
environment in which leukemic clones arise or survive 
more effectively. 

Thus, there are several mechanisms of toxicity, acting 
at the cell or tissue level, through which benzene may 
promote leukemogenesis. What is not known is which of 
these are critical for disease production. Much more 
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work is needed to distinguish, first, which of these 
events are actually occurring in humans exposed to 
benzene, and second, which of these events are able to 
increase the risk of AML. 

Dose-response issues 
There was consensus that benzene induces leukemia 

via a number of different mechanisms that result in both 
chromosomal damage and other alterations of hemato- 
poietic cells. Due to this complexity, modeling the 
relationship between the exposure concentration of 
benzene and the probability of AML in a population 
using a mechanistic approach is a difficult task. The 
shape of the dose-response curve for leukemia induction 
will be influenced by the set of underlying dose-re- 
sponse relations between benzene and each of the 
several toxic effects that together produce AML. 
Dose-response curves are not expected to be the same 
for all effects. Understanding how each effect varies 
with exposure concentration, and with other parameters 
of exposure such as duration and frequency, is necessary 
if the effects are to be included explicitly in a model. 
Currently, there is a significant amount of uncertainty 
for some of the potentially critical cell or molecular 
responses. 

Also, participants concurred that the predominant 
metabolites and therefore the predominant toxic effects 
of benzene are likely to vary with exposure. For 
example, hydroquinone-mediated genetic damage may 
be an important effect at low dose, while cytotoxicity 
may predominate at higher doses. This possibility, 
together with evidence that there are likely to be 
multiple mechanistic pathways for leukemogenesis, 
suggests that the set of events that are produced may 
vary also with exposure parameters. If true, this 
complicates mechanistic dose-response modeling con- 
siderably. 

Quantitative dose-response data are available for 
some genetic effects in cultured cells, and for clasto- 
genicity in rodents. However, a primary issue in 
dose-response estimation for human leukemia is the 
difficulty in extrapolating doses used in these experi- 
ments to the concentrations in environmental media to 
which humans are likely to be exposed. Further, many 
laboratory results are generated with a single acute dose, 
whereas the interest for human health risk is primarily in 
chronic exposure scenarios. Pharmacokinetic models 
may be useful extrapolation tools, but precise estimates 
of metabolite concentrations in human and rodent bone 
marrow after various exposures are still not available, 
causing considerable uncertainty. Gain or loss of 
chromosomes by microtubule-mediated non-dysjunction 
in target cells was also discussed. Based on theoretical 
arguments, it was concluded that the dose-response 
relation is likely to be non-linear, with the possibility of 

a threshold. Disruption of microtubules is, however, just 
one possible mechanism of aneuploidy induction. 
Determining a dose-response relationship for overall 
genetic damage will remain a complex problem, since 
there are multiple mechanisms by which benzene 
produces genetic abnormalities in target cells, and each 
mechanism may have a different relation with dose and 
dose-rate parameters. 

Another issue complicating dose-response assessment 
is that background levels of some benzene metabolites 
in human bone marrow are likely to be high, based on 
data from rodent species and humans. There was 
disagreement about whether high background levels of 
leukemogenic metabolites are likely to increase or 
decrease the risks of low exposure to benzene over that 
which would be calculated without consideration of 
background levels. The quantitative characteristics of 
leukemogenic response to exposure at low doses of 
benzene is being discussed by participants, and the 
results of these discussions will be reported elsewhere. 
However, there is not likely to be a consensus, and from 
the above discussion, it is clear that the shape of the 
dose-response curve in the low-dose region can only be 
guessed. Whether mechanistic modeling will help to 
refine the guesswork for extrapolated doses is not clear 
at this time. 

Modeling issues 
The foregoing discussions indicate significant com- 

plexity, uncertainty and lack of consensus concerning 
precise mechanistic details of benzene-induced leuke- 
mia. Most participants considered that current uncer- 
tainties limit the ability of modeling to explicitly 
consider all relevant mechanisms, such as the formation 
of several types of genetic aberrations, disruption of 
proliferation, differentiation or apoptotic behaviors 
through genetic change or epigenetic chemical inter- 
ference, and the extremely complex and subtle regula- 
tion of hematopoietic processes under normal feedback 
systems. The workshop concluded that an ideal future 
model would be able to describe quantitatively benzene 
pharmacokinetics in humans, relate dose measures to the 
above pharmacodynamic mechanisms and account for 
observed epidemiologic features of benzene-induced 
leukemia, such as patterns of latency and susceptibility. 
It was also agreed that, when they are to be used for 
public health protection, mathematical models should be 
developed using measurable quantities to the extent 
possible. Therefore, participants felt that, while further 
measured data are generated, modeling efforts should be 
directed at developing simpler models and applying 
them first to data from other sources. 

General concepts of the TMBD model, as described 
above, could be used as a guide for a simplified 
leukemia modeling approach. To apply the model, the 
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target cell population that ultimately contains ancestral 
leukemic cells and a representative intermediate stage of 
leukemogenesis would have to be defined. The complex 
regulation of hematopoiesis would be reduced to a 
limited number of dose-sensitive parameters describing 
rates of cell division, death and maturation. Other 
parameters would describe how the rates of transforma- 
tion from normal to intermediate and intermediate to 
malignant cells vary with dose. Estimates of internal 
metabolite concentrations derived from previous phar- 
macokinetic modeling could provide input for a TMBD 
leukemia model. 

CD34+ progenitors are candidates for the initial target 
cell population, However, this is a heterogeneous 
population; rates of cell division, differentiation and 
death that are required for application of the model may 
be difficult to define. In addition, the number of CD34+ 
cells fluctuates in normal bone marrow, further compli- 
cating population dynamics. Some quantitative data on 
cell numbers and dynamics are available for hemato- 
poietic stem cells in animals. The models of hemato- 
toxicity presented by Drs Cox and Jones are an 
important step toward mathematical description of stem 
cell population dynamics. However, stem cell kinetics 
for humans are not well understood, and application of 
the models to humans will require extensive validation. 

Workshop participants explored at some length the 
possibility that MDS could represent an intermediate 
stage on the pathway to AML in a preliminary TMBD 
model. Description of biological events leading to MDS 
would then be condensed into a few parameters linking 
exposure or some other dose metric to the probability of 
MDS. In the second stage, the population kinetics and 
rate of transition to AML that occurs in MDS cell clones 
would be modeled. Some participants were skeptical 
about whether cellular dynamics and the dose/rate 
relationships controlling chemically induced transition 
from a normal to dysplastic and dysplastic to leukemic 
cell can be reasonably represented by a limited number 
of parameters. Another difficulty with this approach is 
that the transition from MDS to AML might be best 
characterized as cancer progression rather than as a 
stage in the genesis of malignancy; the TMBD model 
was originally conceived to describe an abnormal, yet 
benign intermediate stage. In fact, MDS is also a lethal 
disease that might be best considered part of the end 
stage. Additionally, while epidemiologic studies im- 
plicate benzene in causing both MDS and AML, there is 
still debate about whether AML is always preceded by 
MDS in benzene-exposed patients. 

Dr Raza suggested that, alternatively, establishment 
of monoclonal hematopoiesis by an abnormal stem cell 
could be modeled as the intermediate stage. This would 
precede clinical MDS or AML, which could be 
combined into the malignant population. While this 

approach is theoretically appealing, a difficulty from a 
modeling perspective is the lack of quantitative data 
addressing the timing and frequency of abnormal clonal 
dominance in individuals who do not yet have MDS or 
leukemia. Data from benzene-exposed cohorts would be 
a particularly important contribution to the data 
currently available for analysis of benzene-induced 
leukemia. 

In order for any mechanistic model of leukemogenesis 
to be validated, it must be applied to existing data that 
relate known human exposures to the probability of 
contracting MDS/AML. While there are epidemiologic 
data of this sort for benzene, estimation of exposure is a 
complex task, with considerable uncertainty. Therefore, 
a suggested approach was first to develop a biologically 
based risk model for chemotherapy-related AML (t- 
AML). Such a model then could be applied to data from 
a benzene-exposed cohort, to see if parametric esti- 
mates, derived from a study of t-AML, are appropriate 
for the case of benzene exposure. Dr Cox’s work on 
modeling cyclophosphamide is a step in this direction. 
In terms of longer latency, frequent preceding dysplastic 
phase and common aneusomies, benzene-induced leu- 
kemia is more akin to leukemia following therapy with 
alkylating agents than to AML secondary to other 
exposures. Other advantages of modeling t-AML as 
compared to benzene-AML are more precise dose 
information, comprehensive hematological data over 
time and precise estimates of time-to-cancer in these 
patients. A drawback, considered by participants, is that 
therapeutic agents have more potent myelosuppressive 
capability than benzene/metabolites and are given in 
high doses; thus, bone marrow biology may be 
significantly different in these patients compared to that 
resulting from low-dose benzene exposure. This, in turn, 
may mean that leukemogenesis is a qualitatively 
different process in these patients. Another possible 
drawback raised is that mortality due to primary tumors 
modifies the number of leukemia deaths observed in 
chemotherapy cohorts. 

A final issue that has to be considered in modeling 
benzene-induced leukemia in the general population is 
that there is considerable interindividual variability that 
may influence risk. Some of the genetic factors 
important in metabolic variability are becoming known, 
but other aspects of susceptibility are less well 
characterized. For example, the factors controlling 
whether patients who suffer benzene-induced myelo- 
suppression progress to AML or recover after exposure 
is reduced or removed are unknown. The extent to which 
susceptibility factors will dictate leukemia risk and the 
extent to which leukemia is a manifestation of stochastic 
processes are not known. 
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Data gaps and future research recommendations 
Data insufficiencies in several fields were identified, 

during the workshop, that pose obstacles to under- 
standing the mechanisms of benzene-induced leukemia. 
Some of these have been mentioned above. A panel of 
participants convened at the end of the meeting to 
highlight categories of information needed and to 
compose a list of future research recommendations. 

Several classes of data on humans exposed to benzene 
are needed. More extensive epidemiological data, with 
good exposure estimation, are necessary to allow model 
predictions to be tested and validated. Further, data on 
preleukemic hematology of benzene-exposed persons, 
such as abnormal monoclonality and blood cell counts 
would make a significant contribution. Specific mea- 
sures of early genetic damage in humans with known 
exposure to benzene would help define the biological 
events between exposure and disease by providing 
internal markers. This may be useful in risk prediction 
and aid in identification of the steps and stages in 
benzene-induced leukemia. Epidemiologic and genetic 
biomarker data soon may be forthcoming when further 
studies from a large cohort of workers in China are 
published by investigators from the National Cancer 
Institute, the Chinese Academy of Preventive Medicine 
and the University of California at Berkeley [4,27]. In 
addition, physicians examining patients exposed to 
benzene, or with hematologic abnormalities that could 
be due to benzene exposure are urged to contribute in 
these areas. 

There is a need to validate further toxicokinetic 
models and to assess metabolic susceptibility factors 
using human data. Collection of relevant information for 
this is problematic as it involves exposure of human 
volunteers to an established carcinogen. However, data 
collected in the Chinese cohort study on urinary 
metabolites of benzene and in vitro studies of cell- 
specific metabolism and toxicity in defined human bone 
marrow cell populations may be useful. 

Continued basic research in hematopoiesis and 
leukemia biology is critical. Issues include questions 
about the cell population that contains targets for 
leukemic transformation, such as cell numbers and 
division rates, quiescence patterns, maturation regula- 
tion and apoptotic behavior. Further understanding of 
the phenotypic consequences of common genetic 
aberrations in MDS and AML is also needed to assist 
in identifying the stages of leukemic transformation. 
There remain many questions concerning the roles 
played in leukemogenesis by general hematotoxicity, 
induction of apoptosis and epigenetic disruption of 
physiological regulation. Also, factors that influence 
susceptibility to chemically induced leukemia or to 
leukemia subsequent to hematotoxicity are important for 
estimating population risk. 

The panel outlined a four-point approach for advan- 
cing toward a mathematical description of benzene- 
induced leukemia: 

(1) Develop a preliminary mechanistically based 
descriptive model of treatment-related leuke- 
mia; attempt quantitation and validation using 
data from chemotherapy cohorts. 

(2) Determine whether benzene is sufficiently 
similar to treatment-related leukemia, or of a 
subset of treatment-related leukemia, that the 
derived model can be appropriately generalized 
to benzene. Data from the NCI-CAPM Chinese 
worker cohort and/or animal studies can be used 
for comparison of leukemogenic mechanisms 
between benzene and chemotherapy com- 
pounds. 

(3) Determine the metabolic pathways and toxico- 
kinetic models that are specifically pertinent to 
benzene leukemogenesis, bearing in mind that 
the relationships between specific metabolites 
and the relevant toxic mechanisms for leuke- 
mogenesis are still being explored. 

(4) Ultimately, use a variety of modeling ap- 
proaches to develop mathematical relationships 
between benzene exposure and leukemia and 
validate these with epidemiological data. 
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Workshop Program 

Sunday 11 February 

Lunch Reception 

Morning 

8.00-8.35 am 

8.35-9.00 am 

9.00-10.10 am 
10.10-10.30 am 
10.30-12.00 pm 
12.00-1.30 pm 

Afternoon 
1.30-5.00 pm 

12.00-2.00 pm Introductory Remarks 
Goals of the Workshop: M. Smith 
NIEHS Perspective: W. Suk 
Cal EPA Perspective: L. Zeise 
Industry Perspective: P. Beatty 

Afternoon 

2.00-2.40 pm 

2.40-3.15 pm 

3.15-4.00 pm 

4.00-4.X pm 
4.15-4.50 pm 

4.50-5.30 pm 

Benzene Toxicology 
Session Chairs: R. Snyder, M. Smith 
Overview of Benzene Toxicology: 
M. Smith 
Altered Differentiation in Benzene 
Toxicity: R. Irons 
Discussion led by R. Snyder, 
D. Eastmond, A. Fomi, B. Goldstein 
Break 
Pharmacokinetics of Benzene: 
M. Medinsky 
Discussion led by F. Bois, G. Kalf, 
D. Ross, R. Henderson 

Monday 12 February 

Morning 

8.00-8.35 am 
8.35-9.10 am 
9.10-9.40 am 

9.40-10.00 am 
10.00-10.35 am 

Biology of Leukemia 
Session Chairs: G. Kalf, R. Larson 
Hematoxicity and Leukemia: G. Bagby 
Apoptosis and Leukemia: A. Raza 
Discussion led by R. Irons, G. Kalf, 
T. Jones, D. Ross 
Break 
Genetic Changes in Leukemia: 
M. Pallavicini 

Secondary Lcukemias: R. Larson 
Discussion led by D. Eastmond, 
M. Smith, B. Goldstein, A. Fomi, T. Cox 
Lunch 

Mathematical Modeling 
Session Chairs: B. Goldstein, 
S. Moolgavkar 
Overview of Carcinogenesis Models: 
S. Moolgavkar 
A model of Benzene Hematotoxicity: 
L. A. Cox 
Lessons from Modeling the Effects of 
Radiation: T. Jones 
Break 
Discussion led by F. Bois, D. Gaver, 
A. Raza, L. Zeise, R. Irons, G. Bagby, 
M. Medinsky 

Special Lecture 
Chair: M. Smith 
Chromosome Abberations as Predictors 
of Risk from Benzene Exposure: A. Forni 
Discussion led by B. Goldstein, 
R. Larson, M. Pallavicini, F. Bois, 
L. Zhang 
Group Consensus 
Consensus Meeting I 
Break, Informal Discussion 
Consensus Meeting II 
Lunch-Closing Remarks 

Write-up (organizers and invitees only) 
Write-up 
Participants from U.C. Berkeley, 
CalEPA, Industry and selected invitees 
will work together to write up the 
proceedings of the workshop, to create a 
meeting report that summarizes the key 
conclusions that have emerged. Points of 
consensus and key points of dissent will 
be included. 

AcknowZedgements-The University of California gratefully 
acknowledges the generous support provided by the National 
Institute of Environmental Health Sciences, the California 
Environmental Protection Agency, the America Petroleum 
Institute and the Western States Petroleum Association which 
enabled this workshop to convene. All workshop participants 
had an opportunity to comment on an earlier draft of this 
report. We have attempted to address all comments received. 
We thank the participants for their helpful feedback, which 
greatly improved the report. 

References 

1. Snyder R., Witz G. and Goldstein B. D., The toxicology of 
benzene. Environ. Hlth Perspect, 1993, 100, 293. 

2. Zhang L., Venkatesh P., Creek M. L. R. and Smith M. T., 
Detection of 1,2,4-benzenetriol induced aneuploidy and 
microtubule disruption by fluorescence in situ hybridiza- 
tion and immunocytochemistry. Mutut. Rex, 1994, 320, 
315. 



Modeling of Benzene-Induced Leukemia 373 

3. Zhang L., Rothman N., Wang Y., Hayes R., Bechtold W., 
Venkatesh P., Yin S., Wang Y., Dosemeci M., Li G., Lu 
W. and Smith M. T., Interphase cytogenetics of workers 
exposed to benzene. Environ. Hlth Perspect. 1996, 104, 
Suppl. 6, in press. 

4. Rothman N., Haas R., Hayes R. B., Li G. L., Wiemels J., 
Campleman S., Quintana P. J., Xi L. J., Dosemeci M., 
Titenko-Holland N., Meyer K. B., Lu W., Zhang L., 
Bechtold W., Wang Y. Z., Kolachana P., Yin S. N., Blot 
W. and Smith M. T., Benzene induces gene-duplicating but 
not gene-inactivating mutations at the glycophorin A locus 
in exposed humans. Proc. natn. Acad. Sci. U.S.A., 1995, 
92, 4069. 

5. Kolachana P., Subrahmanyam V. V., Meyer K. B., Zhang 
L. and Smith M. T., Benzene and its phenolic metabolites 
produce oxidative DNA damage in HL60 cells in vitro and 
in the bone marrow in vivo. Cancer Res., 1993, 53, 1023. 

6. Irons R. D., Stillman W. S., Colagiovanni D. B. and Henry 
V. A., Synergistic action of the benzene metabolite 
hydroquinone on myelopoietic stimulating activity of 
granulocyte/macrophage colony-stimulating factor in 
vitro. Proc. natn. Acad. Sci. U.S.A., 1992, 89, 3691. 

7. Irons R. D. and Stillman W. S., Cell proliferation and 
differentiation in chemical leukemogenesis. Stem Cells 
(Dayt), 1993, 11, 235. 

8. Green J. D., Snyder C. A., LoBue J., Goldstein B. D. and 
Albert R. E., Acute and chronic dose/response effects of 
inhaled benzene on multipotential hematopoietic stem 
(CFU-S) and granulocyte/macrophage progenitor (GM- 
CFU-C) cells in CD-l mice. Toxic. appl. Pharmac., 1981, 
58, 492. 

9. Sabourin P. J., Betchold W. E., Griffith W. C., Bimbaum 
L. S., Lucier G. and Henderson R. F., Effect of exposure 
concentration, exposure rate, and route of administration 
on metabolism of benzene by F344 rats and B6C3Fl mice. 
Toxic. appl. Pharmac., 1989, 99, 421. 

10. Medinsky M., Pharmacokinetic model of benzene metab- 
olism and distribution. Environ. Hlth Perspect. 1996, 104, 
Suppl. 6, in press. 

11. Yin S. N., Li G. L., Tain F. D., Fu Z. I., Jin C., Chen Y. J., 
Luo S. J., Ye P. Z., Zhang J. Z. and Wang G. C. et al, 
Leukaemia in benzene workers: a retrospective cohort 
study. Br. J. Ind. Med., 1987, 44, 124. 

12. Segal G. M., Magenis R. E., Brown M., Keeble W., Smith 
T. D., Heinrich M. C. and Bagby G. C.Jr., Repression of 
Fanconi anemia gene (FACC) expression inhibits growth 
of hematopoietic progenitor cells. J. clin. Invest., 1994,94, 
846. 

13. Whitney M. A., Royle G., Low M. J., Kelly M. A., 
Axthelm M. K., Reifsteck C., Olson S., Braun R. E., 
Heinrich M. C., Rathbun R. K., Bagby G. C. and Grompe 
M., Germ cell defects and hematopoietic hypersensitivity 
to gamma-interferon in mice with a targeted disruption of 
the Fanconi anemia C gene. Blood, 1996, 88,49. 

14. Raza A., Mundle S., Shetty V., Alvi S., Chopra H., Span 
L., Parcharidou A., Dar S., Venugopal P., Borok R., Gezer 
S., Showel J., Loew J., Robin E., Rifkin S., Alston D., 
Hernandez B., Shah R., Kaizer H. and Gregory S., Novel 
insights into the biology of myelodysplastic syndromes: 
excessive apoptosis and the role of cytokines. Int. J. 
Hematol., 1996, 63, 265. 

15. Raza A., Gezer S., Mundle S., Gao X. Z., Alvi S., Borok 
R., Rifkin S., Iftikhar A., Shetty V. and Parcharidou A. et 
aZ., Apoptosis in bone marrow biopsy samples involving 
stromal and hematopoietic cells in 50 patients with 
myelodysplastic syndromes. Blood, 1995, 86, 268. 

16. Mehrotra B., George T. I., Kavanau K., Avet-Loiseau H., 
Moore Dn., Willman C. L., Slovak M. L., Atwater S., Head 
D. R. and Pallavicini M. G., Cytogenetically aberrant cells 
in the stem cell compartment (CD34+lin-) in acute 
myeloid leukemia. Blood, 1995, 86, 1139. 

17. Le Beau M. M., Albain K. S., Larson R. A., Vardiman J. 
W., Davis E. M., Blough R. R., Golomb H. M. and Rowley 
J. D., Clinical and cytogenetic correlations in 63 patients 
with therapy-related myelodysplastic syndromes and acute 
nonlymphocytic leukemia: further evidence for character- 
istic abnormalities of chromosomes no. 5 and 7. J. clin. 
Oncol., 1986, 4, 325. 

18. Pedersen-Bjergaard J. and Rowley J. D., The balanced and 
the unbalanced chromosome aberrations of acute myeloid 
leukemia may develop in different ways and may contri- 
bute differently to malignant transformation. Blood, 1994, 
83, 2780. 

19. Le Beau M. M., Espinosa R., Davis E. M., Eisenbart J. D., 
Larson R. A. and Green E. D., Cytogenetic and molecular 
delineation of a region of chromosome 7 commonly 
deleted in malignant myeloid diseases. Blood, 1996, 88, 
1930. 

20. Nagarajan L., Molecular analysis of the 5q- chromosome. 
Leuk. Lymphoma, 1995,17, 361. 

21. Tucker M. A., Coleman C. N., Cox R. S., Varghese A. and 
Rosenberg S. A., Risk of second cancers after treatment for 
Hodgkin’s disease. N. Engl. J. Med., 1988, 318, 76. 

22. Moran J. L., Siegel D., Sun X. M. and Ross D., Induction 
of apoptosis by benzene metabolites in HL-60 and CD34+ 
human bone marrow progenitor cells. Molec. Pharmac., 
1996, 50, 610. 

23. Moolgavkar S. H. and Luebeck G., Two-event model for 
carcinogenesis: biological, mathematical, and statistical 
considerations. Risk. AnaZ., 1990, 10, 323. 

24. Steinbach K. H., Raffler H., Pabst G. and Fliedner T. M., A 
mathematical model of canine granulocytopoiesis. J. Math. 
Biol., 1980, 10, 1. 

25. Cox L. A. Jr. and Ricci P. F., Reassessing benzene cancer 
risks using internal doses [see comments]. Risk AnaZ., 
1992, 12, 401. 

26. Jones T. D., Morris M. D. and Young R. W., Mathematical 
models of marrow cell kinetics: differential effects of 
protracted irradiations on stromal and stem cells in mice. 
Int. J. Radiat. Oncol. Biol. Phys., 1993, 26, 817. 

27. Yin S.-N., Hayes R. and MS L. et al., A Cohort study of 
cancer among benzene-exposed workers in China: overall 
results. Am. J. Indust. Med., 1996, 29, 227. 

28. Forni A., Chromosome studies in workers exposed to 
benzene or toluene or both. Arch. Environ. Hlth, 1971, 22, 
373. 

29. Forni A., Chromosome changes and benzene exposure. A 
review. Rev. Environ. Hlth, 1979, 3, 5. 

30. Bonassi S., Abbondandolo A., Camurri L., Dal Pra L., De 
Ferrari M., Degrassi F., Fomi A., Lamberti L., Lando C. 
and Padovani P. et aZ., Are chromosome aberrations in 
circulating lymphocytes predictive of future cancer onset 
in humans? Preliminary results of an Italian cohort study. 
Cancer Genet. Cytogenet., 1995, 79, 133. 

31. Eastmond D. A., Smith M. T. and Irons R. D., An 
interaction of benzene metabolites reproduces the myelo- 
toxicity observed with benzene exposure. Toxic. appl. 
Pharmac., 1987, 91, 85. 

32. Robertson M. L., Eastmond D. A. and Smith M. T., Two 
benzene metabolites, catechol and hydroquinone, produce 
a synergistic induction of micronuclei and toxicity in 
cultured human lymphocytes. Mutat. Res., 1991, 249, 201. 



374 M. T. Smith and E. W. Fanning 

33. Bois F. Y., Smith M. T. and Spear R. C., Mechanisms of 
benzene carcinogenesis: application of a physiological 
model of benzene pharmacokinetics and metabolism. 
Toxic. Left., 1991, 56, 283. 

34. Travis C. C., Quillen J. L. and Arms A. D., Pharmacoki- 
netics of benzene. Toxic. appl. Pharmac., 1990, 102, 400. 

35. Medinsky M. A., Sabourin P. J., Lucier G., Birnbaum L. S. 
and Henderson R. F., A physiological model for simulation 
of benzene metabolism by rats and mice. Toxic. appl. 
Pharmac., 1989, 99, 193. 

36. Bois F. Y., Jackson E. T., Pekari K. and Smith M. T., 
Population toxicokinetics of benzene. Environ. Hlth 
Perspect. 1996, 104, Suppl. 6, in press. 

37. Pekari K., Vainiotalo S., Heikkila P., Palotie A., Luotamo 
M. and Riihimaki V., Biological monitoring of occupa- 
tional exposure to low levels of benzene. Scud. J. Work 
Environ. Hlth, 1992, 18, 317. 

38. ATSDR, Toxicological Profile for Benzene (update), Draft 
for public comment. Agency for Toxic Substances and 
Disease Registry, Atlanta, Georgia, 1996. 

39. Schattenberg D. G., Stillman W. S., Gruntmeir J. J., Helm 
K. M., Irons R. D. and Ross D., Peroxidase activity in 
murine and human hematopoietic progenitor cells: poten- 
tial relevance to benzene-induced toxicity. Molec. 
Pharmac., 1994,46, 346. 

40. Eastmond D. A., Induction of micronuclei and aneuploidy 

by the quinone-forming agents benzene and o-phenyl- 
phenol. Toxic. Lett., 1993, 67, 105. 

41. Irons R. D. and Neptun D. A., Effects of the principal 
hydroxy-metabolites of benzene on microtubule polymer- 
ization. Arch. Toxic., 1980, 45, 297. 

42. Dean B. J., Recent findings on the genetic toxicology of 
benzene, toluene, xylenes and phenols. Mutat. Res., 1985, 
154, 153. 

43. Smith M. T., The mechanism of benzene-induced leuke- 
mia: a hypothesis and speculations on the causes of 
leukemia. Environ. Hlth Perspect. 1996, 104, Suppl. 6, in 
press. 

44. Aksoy M., Benzene Carcinogenicify. CRC Press, Boca 
Raton, Florida, 1988. 

45. Thomas D. J., Reasor M. J. and Wierda D., Macrophage 
regulation of myelopoiesis is altered by exposure to the 
benzene metabolite hydroquinone [published erratum 
appears in Toxic. appl. Pharmac. 99, 3761. Toxic. appl. 
Pharmac., 1989, 97,440. 

46. Niculescu R., Bradford H. N., Colman R. W. and Kalf G. 
F., Inhibition of the conversion of pre-interleukins-1 alpha 
and 1 beta to mature cytokines by p-benzoquinone, a 
metabolite of benzene. Chem. biol. Interact., 1995, 98, 
211. 

47. Lewis J. G., Odom B. and Adams D. O., Toxic effects of 
benzene and benzene metabolites on mononuclear phago- 
cytes. Toxic. appl. Pharmac., 1988, 92, 246. 


