
Benzene is an aromatic solvent 
and a major component in the 
manufacturing of numerous 
chemicals. It is all around us and 
everyone is exposed to some level 
of benzene on a daily basis. As a 
known carcinogen, it is of particular 
interest to plaintiff attorneys. Due 
to it being ubiquitous, exposure to 
benzene can be very hard to defend 
against. Epidemiological evidence 
indicates that prolonged occupational 
exposure to high levels of benzene 
is associated with an increased risk 
of aplastic anemia, acute myeloid 
leukemia (AML), certain forms 
of myelodysplasia (MDS), and 
chronic lymphocytic leukemia 
(CLL). Allegations of causation have 
also expanded to include a variety 
hematologic malignancies and other 
cancers not known to be caused by 
occupational exposure to benzene. 
Unfortunately, the mechanism by 
which benzene induces leukemia is as 
yet unresolved and remains an area of 
intensive research. 

The metabolism of benzene is complex, 
generating numerous DNA reactive 
intermediates, phenols, and quinones 
that can react with DNA directly, 
or generate DNA reactive oxygen 
species (ROS) that subsequently can 
lead to DNA damage. Although the 
metabolism of benzene to DNA-
reactive intermediates is required for 
leukemogenesis, most of the benzene-

associated byproducts produced, are 
actually very weak mutagens. Benzene 
is also a prototypical hematotoxicant 
that induces progressive depression 
of bone marrow function as a 
consequence of exposure. This 
results in a narrow dose range for 
leukemogenicity, since higher doses 
result in bone marrow aplasia. 
Benzene is also known to decrease 
the number of hematopoietic stem 
cells via cell cycle regulation and 
apoptosis, as well as causing an 
increase in persistent DNA damage 
in hematopoietic stem cells. 

Most of what we know about 
hematopoietic stem cell (HCS) 
regulation has been learned over the 
last two decades, and it is therefore 
not surprising that many historical 
descriptions of the role of benzene 
in the onset of pathogenesis of 
hematopoietic disease do not reflect 
today’s scientific data. In fact, new 
evidence based on quantitative 
genomic and epidemiological studies 
suggest that widespread emphasis on 
the increased risk of AML associated 
with benzene exposure may have been 
significantly exaggerated, and that the 
dose-dependent risk of MDS following 
benzene exposure is more robust than 
that observed for AML. So the primary 
question now is; what occupational 
dose level of benzene is required to 
cause the onset of hematopoietic stem 
cell leukemogenesis?

The Single Hit Theory Debunked
Historically, any effects involving 
reaction with DNA have been 
viewed as conforming to the “single-
hit” theory of ionizing radiation-
induced DNA damage. This premise 
supposes that a single interaction, or 
hit from a radio nucleotide, suffices 
for initiation of mutations within 
genomic DNA. According to this 
theory, there will be no thresholds 
for effects from radiation exposure, 
and by extrapolation, no safe 
exposure levels. There is considerable 
controversy amongst the scientific 
community concerning the validity 
of the one-hit, linear no-threshold 
(LNT) approach to low-dose ionizing 
radiation exposure, with published 
data supporting both sides. However, 
in the case of chemicals, such as 
benzene, the one-hit theory is still 
applied to any DNA-reactive chemical. 
The resulting assumption is a similar 
LNT approach to mutagenicity 
and cancer risk assessment. In 
addition, the current paradigm 
claims genotoxicity to be an inherent 
property of any chemical, and that the 
universe of chemicals can basically 
be divided into two bins: genotoxic 
or non-genotoxic. This paradigm 
is outdated because like all toxicity 
endpoints, genotoxicity is dependent 
on experimental conditions such as 
test system, dose, duration, and other 
experimental variables.  Published 
data has demonstrated that just about 
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any chemical can be genotoxic under 
certain, often extreme, conditions, 
including chemicals such as sugar, 
salt, and aqueous extracts of normal 
dietary components obtained from 
vegetables. 

There are many opportunities 
for reversibility or avoidance of 
a mutation after a DNA lesion is 
introduced. These include numerous 
DNA repair mechanisms, translesion 
bypass synthesis, programmed cell 
death, etc. In addition, even if there 
is a change in nucleotide sequence, 
it does not necessarily result in an 
expressed mutation with a deleterious 
effect on protein function; there is 
some redundancy in the code and 
even in the amino acid sequence 
of a functional protein. We now 
recognize that all biological systems 
are under constant bombardment 
and exposures, with significant 
endogenous levels of reactive oxygen 
species (ROS) produced continuously 
in all organisms, from our own 
metabolism, viral and bacterial 
infections, other disease states, or 
even from our food and beverages. 

The Legitimacy of Genomics and 
Genetics for Causation
The use of next generation genetics and 
genomics technologies in predictive 
toxicology and risk assessment was the 
subject of two National Academy of 
Sciences/National Research Council 
reports. The first report, entitled 
“Toxicity Testing in the 21st Century: 
A Vision and a Strategy”, took a long-
range view of how pathway-based 
response to exposures in model 
organisms might eventually replace 
current testing paradigms (National 
Research Council 2007). The second 
report, entitled “Applications of 
Toxicogenomic Technologies to 

Predictive Toxicology and Risk 
Assessment” looked at the current 
state of genomic technologies, their 
application to toxicology, and assessed 
the impact of these approaches 
on predictive toxicology and risk 
assessment in the immediate and near 
term. The latter report concluded that 
one of the ways genomic approaches 
could contribute to risk assessment is 
by providing mechanistically based 
dose–response data, especially in the 
area of low dose extrapolation and 
mixtures of xenobiotics (National 
Research Council 2007). 

During the last two decades we have 
witnessed an extraordinary growth 
in molecular biology, genetics, and 
medical technology and a revolution 
in the application of evidence-based 
methods in modern medicine and 
toxicology. Formally heralded by 
the introduction of WHO in 2001, 
the definition and classification of 
distinct clinical entities (e.g. different 
types of cancers) have been expanded 
from a retrospective description of 
histology to a combined criteria of 
morphology, immune phenotypes, 
molecular genetics, and clinical 
features. The success of this approach 
has highlighted the importance and 
power of interrogating the causes and 
pathogenesis of individual diseases 
within host’s environment.

In addition to standard toxicology 
and epidemiological research, we 
can now apply an array of next 

generation genomics and genetics 
technologies (primarily in the form 
of next generation sequencing 
applications such as RNA-Seq, 
miRNA-Seq, DNA-Seq, CHiP-Seq, 
Methylation-Seq, CLIP-Seq, FAIRE-
Seq etc.) to help build a holistic 
scientific understanding of the 
overall biological effects of exposure 
to benzene at different doses. The 
various Next Generation Genomics 
(NGG) technologies have the ability 
to assess global cellular responses to 
exposures as a function of dose.  The 
potential now exists for predicting 
mechanisms of toxicity and/or mode 
of action, thereby providing unique 
opportunities for risk assessment. 

By analyzing the set of differentially 
expressed genes in the target organ or 
cellular compartment in the context 
of biochemical pathways, studies 
have (1) implicated benzene-induced 
effects on cell cycle checkpoints, 
apoptosis, and DNA repair systems on 
leukemogenesis; (2) identified subsets 
of genes that serve as biomarkers of 
exposures; (3) demonstrated the 
importance of looking at the effects 
of benzene on gene expression in the 
cellular compartment of interest; (4) 
show the importance of examining 
the effects in the context of cyclical 
exposures; and (5) elucidated the 
confounding effects of co-exposures 
that synergize or antagonize the 
effects of benzene and that can result 
in the induction of genes not induced 
by either compound alone. 

Supporting Litigation
The above mentioned techniques can 
be used to support litigation, but the 
approach and experimental design 
depends largely on the answers 
to a series of critically important 
questions: For instance, (1) what 



are the actual alleged claims (e.g. is 
a specific type of cancer/disease or 
mode of action to exposure claimed)? 
(2) Is there a family history for that 
particular disease in first or second 
degree relatives? (3) Is the plaintiff 
still alive, and if so, is he/she still 
actively employed at the site of alleged 
exposure? (4) If the plaintiff has 
passed on, what type of clinical biopsy 
or biological specimens are available?, 
and (5) If there is no current disease 
state, does the plaintiff(s) fear a risk for 
subsequently developing a particular 
type of cancer (i.e. AML, MDS, CLL)? 
The answer to each of these questions 
will directly influence the type of 
genomic or genetics technology 
that will be used. It will also help to 
define the most appropriate scientific 
strategy and experimental design to 
support or refute each of the alleged 
claims in the most appropriate 
manner. It is therefore critical that 
an in-depth study of the plaintiff ’s 
medical history, associated clinical 
pathology reports, and published 
literature is conducted. As examples, 
the following hypothetical scenarios 
are given:

Scenario 1: Plaintiff alleges 
occupational exposure to high levels 
of benzene at their current place of 
employment and is concerned about 
the risk to subsequently develop AML.

In this scenario, there are three 
important aspects to assess: (1) 
Confirm or refute whether exposure 
to benzene is actively occurring; (2) 
Establish if the individual’s genomic 
DNA contains genetic determinants 
of susceptibility to the toxic effects 
of benzene exposure; and (3) 
Establish whether the individual’s 
genomic DNA potentially harbors 
genetic fingerprints associated with 

a familial predisposition to develop 
AML, regardless of exposure. This 
information will then be interpreted 
by a medical professional/toxicologist 
in combination with epidemiological 
data to formulate a final risk 
assessment.

(1)Published gene expression 
biomarkers from peripheral blood 
can be used to determine the 
specific level of current exposure. 
Subsets of genes in peripheral blood 
have been identified to serve as 
genomic biomarkers indicative of 
occupational exposure to benzene. 
However, it is important to note that 
these gene expression signatures 
are only applicable to differentiate 
between individuals that are actively 
subjected to ongoing occupational 
exposure to benzene. There are 
currently no permanent, lasting 
gene expression signatures known to 
exist for individuals occupationally 
exposed to benzene, months, years 
or even decades after active exposure 
occurred. 

(2)Establishing potential risk 
for developing benzene-induced 
toxicity due to chronic occupational 
exposure is possible based on 
published literature. Our individual 
genetic make-up influences our 
susceptibility to the toxic effects 
of chemical exposures. The two 
primary approaches to identify 
genes that contribute to benzene-
induced disease susceptibility 
are accomplished through the 
application of large scale genome 
wide association studies (GWAS) 
and candidate gene association 
studies. Screening genomic DNA 
extracted from peripheral blood or 
other healthy, non-disease tissue, 
permits assessment of individual 

risk to develop benzene-induced 
hematotoxicity.

(3) The observed frequency of patients 
with affected relatives suggests that 
inherited or familial predisposition 
to AML may play a major role in 
disease causation in a subset of AML 
patient populations. The risk to 
first-degree relatives is increased by 
three- to five-fold compared to the 
general population. In the last decade, 
detailed genomic investigations 
of several well-ascertained pure 
familial leukemia pedigrees have 
led to the discovery of a number of 
clearly defined syndromes, referred 
to as familial MDS/AL predisposition 
syndromes. The familial MDS/
AL predisposition syndromes are 
monogenic inherited disorders that 
lead to significantly increased lifetime 
risks of developing MDS and/or AML 
and can be detected through NGG 
techniques.

Scenario 2: Plaintiff was diagnosed 
with AML, and alleges that 
occupational benzene exposure during 
their time of employment led to the 
onset of AML. Plaintiff has not been 
working at the site of exposure for 2 
years.

In this scenario the individual was 
already diagnosed with AML and is 
claiming past exposure. It would be 
impossible to apply published benzene-
induced peripheral blood gene 
expression signatures to determine 
if the claimed past occupational 
exposure to benzene occurred. The 
application of genetics technology 
CAN however be effectively applied 
to evaluate the presence of familial 
MDS/AML predisposition genetic 
markers. In addition, it is possible 
to assess the plaintiff ’s individual 



susceptibility to develop disease due 
to the alleged occupational exposure 
to benzene. Several published 
genetic polymorphisms have 
been associated with an increased 
susceptibility to develop AML due 
to benzene exposure. This would be 
accomplished by extracting healthy, 
non-cancerous DNA from buccal 
swabs or skin punch biopsy material 
obtained from the plaintiff. Although 
genomic testing cannot not be 
applied to refute the alleged exposure 
to benzene, genetic testing would be 
able to demonstrate to the court that 
the plaintiff does or does not harbor 
genetic polymorphisms known to 
be associated with an increased 
susceptibility to benzene-induced 
AML, or that the plaintiff has a strong 
genetic predisposition to develop 
AML, regardless of exposure.    

Scenario 3: Plaintiff was diagnosed 
with AML, and alleges that 
occupational benzene exposure 
during their time of employment led 
to the onset of AML. Plaintiff has 
since passed. 

Risk assessment or genetic testing for 
familial predisposition is possible if 
clinically preserved non-cancerous 
biological specimens are available. 
The availability of such material is 
contained in the plaintiff ’s medical 
records. Typically in this situation, 
a clinical specimen inventory is 
available at the institution where the 
patient was treated, and access can 
be secured via court order. Again, 
it is important to note, although 
today’s technologies can easily extract 
viable DNA from clinically preserved 
material (even from decades old 
formalin fixed material), the same 
issues as highlighted above applies: 
DNA needs to be extracted from non-

cancerous, healthy tissue sections 
confirmed by a board certified 
medical pathologist. 

Conclusion
Multiple factors such as genetic 
variants, lifestyle, environmental and 
chemical exposures are all involved 
in cancer etiology. Understanding 
interactions between genetic and 
environmental factors will provide 
insight into the etiology of cancers. 
Co-analyses and interpretation of 
next generation genetic and genomics 
data with that of epidemiological, 
toxicology, clinical and pathology 
data are dramatically improving 
risk assessment by facilitating the 
development of exposure guidelines 
that are more biologically relevant.  
Based on this stronger and sound 
scientific foundation, we can now 
directly address specific claims 
associated with benzene toxic tort 
litigation. 
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