
Chapter 7
Linking Gulf War Illness to Genome
Instability, Somatic Evolution, and
Complex Adaptive Systems

Henry H. Heng, Guo Liu, Sarah Regan, and Christine J. Ye

7.1 Introduction

Gulf War illness (GWI) impacts nearly one-third of Gulf War veterans in the
United States [1]. The complex etiology and diverse symptoms of GWI lead to
difficulties both for diagnosis and treatment, which also slows down the acceptance
of this clinical condition within the medical community [2]. Recently, an increasing
number of symptoms, exposures, and molecular defects have been identified for
GWI [3–7]. However, the general mechanism of GWI remains elusive, which
prevents further developments of common biomarkers and treatment options. By
considering GWI as a common and complex illness, we have searched for the
somatic evolutionary mechanism of GWI. Because many different initial trigger
factors of GWI occurred over 26 years ago, it is logical to study GWI in the context
of complex adaptive systems that follows the principles of somatic evolution. In
particular, based on the recently introduced genome theory [8–10], which suggests
that the karyotype or chromosome sets (the physical relationship of genes) encode
the blueprint of the bio-system by defining system inheritance, and genome-level
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variations play an important role in both the initiation and progression of various
diseases/illnesses, we have used our own finding that elevated genome instability
is commonly observed from GWI patients to unify the diverse etiologies and
symptoms of this illness. In this presentation, we share our journey of searching
for the common mechanism of GWI by applying principles of complex adaptive
systems into our synthesis. Furthermore, we introduce the framework of genome
alteration-mediated somatic evolution to understand common and complex diseases
and illnesses including GWI.

7.2 The Unexpected Journey of Studying GWI

Our journey to study GWI was unexpectedly initiated by a documentary production
project of Discovery Channel back in 2007 [11]. At that time, we had just
published a number of research articles that linked genome instability to cancer
evolution, following years of reviewing by a number of journals [12–14]. One of
the technologies we used to score stochastic chromosomal changes was spectral
karyotyping or SKY, which can reliably measure cellular genome instability. SKY
“paints” each pair of human chromosomes with a unique color, and any major
chromosomal aberrations can be easily identified following SKY detection [15–17].
The TV show was interested in applying SKY to study GWI patients. The initial goal
was to identify specific chromosomal changes associated with radiation (to establish
a potential link of Gulf War syndrome to depleted uranium (DU)). Following
further discussion about our novel concept of linking seemly random chromosomal
aberrations to overall genome instability, they were highly interested in using our
approach to examine five Gulf War veterans who displayed the mysterious illness.
Back then, Gulf War syndrome was a rather sensitive and a highly controversial
subject, as both the medical community and government agents were refusing to
accept it as a legitimate illness due to how difficult it was to understand. In fact,
many thought that GWI was imagined by patients, as there are no acceptable
medical explanations. Knowing the sensitive nature of this subject, some of our
colleagues have advised us not to be involved with this politically sensitive research,
as the least thing a scientist wants is for their own research to be disrupted by
politics. This was especially relevant for us given the fact that our genome-mediated
cancer evolutionary research was already sharply in contrast to the main gene
mutation centric cancer concept.

After some quick research, we were puzzled by how complicated GWI was:
the duration of the Gulf War was obviously short, yet there is a large impacted
patient population; there are some identifiable war factors that can be linked to
GWI, but no uniformed exposure to all patients; there are diverse symptoms, and
even the basic diagnosis is hard. Considering this, it becomes obvious that GWI
likely represents a complex adaptive system based on many seemingly confusing
factors within this medical mystery. We thought, “Why not check it from the
genome perspective? We already know from our cancer research that the diverse
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molecular mechanisms of cancer can be unified by elevated genome instability, and
many illnesses/conditions should be understood using the principles of evolution
and complex adaptive systems.” Of course, multiple levels of consultations within
the school were necessary due to the politically sensitive nature of this project at
that time, but finally, after given the green light, we started to test samples from
GWI patients. The plan was straightforward: we would culture the lymphocyte cells
from patients and examine the cells’ chromosomes. Following SKY detection, all
karyotype changes would be recorded to see if there were radiation exposure-related
chromosomal aberrations (such as dicentric chromosomes). At that time, one of the
dominating viewpoints was the potential linkage between DU exposure and GWI.
We anticipated that we would finish this project in 2–3 weeks.

To our surprise, after examining the chromosomal aberrations for these GWI
patients, we observed that the majority of them did not display dicentric chro-
mosomes. However, all of them displayed highly elevated levels of diverse chro-
mosomal aberrations, including many novel types, some of which had never been
reported in the literature. Based on our experience in cancer research, a high level
of non-clonal chromosome aberrations (NCCAs) often indicates increased genome
instability, and various stress conditions are linked to elevated NCCAs [9, 12–
14, 18–22]. As it turns out, these five GWI patients represented different Gulf War
exposure types, and not all of them had been exposed to DU. (To avoid any bias in
our analyses, we only accessed patient profiles after we had presented our findings.)
This made sense of our finding that most patients did not display radiation-specific
chromosomal aberrations. In addition to elevated chromosomal aberrations across
all patients, the most surprising discovery was the level of NCCAs. Many of them
displayed a higher rate than many cancer patients!

Despite the fact that the exact mechanisms were unclear to us, we were convinced
that the linkage between the unstable genome and GWI was real and could serve as
a common feature among all tested patients. This observation supports the view
that GWI has a physical or pathological basis, as patients’ imaginations should not
change the status of their genome instability. Therefore, this discovery could play
an important role in understanding GWI and legitimizing GWI research and care.

Following the airing of the Discovery program in 2007, we received a large
number of phone calls and emails from the veteran community. Many personal
stories from GWI patients deeply touched us. We decided to make more efforts
to study GWI based on our newly established genome theory, as the evolutionary
framework of genome theory suits studies of complex adaptive systems. Since then,
teamed up with Dr. Chowdhury from the Detroit VA hospital, we have applied
for a research grant from DOD to link genome instability to GWI, the first key
characterizations of the complexity of GWI.
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7.3 The Complex Features of Chromosomal Aberrations
in GWI Patients

Prior to our studies, there were limited chromosomal analyses examining the
relationship between chromosomal abnormalities and exposure to DU in Gulf War
veterans. A significant increase in the frequency of dicentric chromosomes (dic)
and centric ring chromosomes (cR) was observed from 16 individuals, reflecting a
possible previous exposure to DU [23]. However, our initial studies pointed in a
different direction, as the majority of observed chromosomal aberrations differed
from dicentric chromosomes and ring chromosomes. Another study of 35 DU-
exposed veterans failed to exhibit a significant relationship between any cytogenetic
endpoint and log [urine uranium] levels, smoking, or log [lifetime X-rays] [24],
which further complicated the case. On the surface, this study even seemed to
disagree with our observations that there is a significant elevation in overall
chromosomal instability in GWI. But a brief analysis can easily reconcile the key
differences. Despite using a similar cytogenetic-based platform, our chromosomal
analyses have examined different aspects of GWI with advanced tools [7, 15–
17, 25]. First, our correlation study has focused on GWI patients rather than types
of exposure, such as DU exposure. Not all individuals with exposure will develop
GWI, and, importantly, medical examination after longer periods of time (over
26 years) might not capture the initial response of the system. In contrast, as
explained by our model, when somatic evolution is involved, the general feature
of genome instability should be detected regardless of the different types of initial
factors. Second, we have performed more systematic analysis by scoring different
types of chromosomal and nuclear abnormalities rather than just chromosomal
translocations. Using all different NCCAs to monitor genome instability has proven
to be the most effective strategy compared to using translocations alone [26].
Some GWI patients displayed a high frequency of other types of chromosome
aberrations, including DMFs and sticky chromosomes, without exhibiting a high
level of translocations. These aberrations represent examples that likely would
have been missed by previous studies [7]. Even for the detection of chromosomal
translocations, the 24-color SKY method is much more effective than 3-color FISH
used by previous reports due to its coverage and sensitivity. Third, the detection
of multiple chromosome aberrations in a single cell is of special importance, as
these “outliers” strongly suggest genome instability. In fact, it is rare to detect
them in normal individuals. Interestingly, Bakhmutsky et al. have also observed
such outliers even using interphase detection with limited probes (unfortunately,
they did not pay enough attention to these important outliers) [27]. If SKY is
performed to examine these individuals, a high level of genome instability will likely
be observed. Finally, prior to the establishment of the genome theory, the meaning
of many seemingly stochastic chromosomal aberrations was not clear, and many
researchers have considered them as genetic “noise” [9, 22, 28]. Our synthesis, that
different karyotypes represent different systems, has called to change the practice of
ignoring them. As illustrated by our expression studies, these long-ignored NCCAs
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represent evolutionary potential and have defined the transcriptome dynamics of
cancer cells [29–31]. Increased attention is now being paid to multiple chromosomal
translocations [27, 32]. Further analyses have unexpectedly revealed many novel
types of chromosomal/nuclear abnormalities including sticky chromosomes and
defective mitotic figures (DMFs) [7, 25, 32], suggesting that diverse molecular
mechanisms can be linked to GWI, as stochastic chromosomal alteration has been
linked to various molecular pathways in our cancer research [29, 30]. Furthermore,
cellular stress has also been linked to GWI, explaining the relationship among stress,
elevated genome instability, and the diverse phenotypes observed in GWI patients.

Obviously, even for studying chromosomal aberrations in GWI, a new approach
is needed to understand seemly stochastic genome alterations. The fact that a high
level of genome instability is observed in the cells of GWI patients also reflects the
reality that GWI represents a complex clinical condition, which requires the action
of treating it as a complex adaptive system.

7.4 GWI: A Case Study of Somatic Evolution and Complex
Adaptive Systems

In our previous cancer research, elevated genome instability has been identified as a
common key driver for cancer evolution [12, 21]. Of equal importance, we have
proposed using the evolutionary mechanism of cancer to unify cancer’s diverse
molecular pathways [9, 18, 19]. The recent large-scale cancer genome sequencing
data forcefully confirmed our genome theory of cancer evolution by revealing both
punctuated cancer evolution and unmanageably high levels of genetic heterogeneity.
Cancer is no longer a gene disease but a complex adaptive system featuring genome-
mediated macro-cellular evolution. This realization calls for a new approach of
using complex system-based thinking to study other disease conditions.

As most common and complex diseases/illnesses involve the cellular evolution
process and constant multiple genotype-environment interactions, it is logical to
consider them as various complex and adaptive systems [33–37]. Under such
a framework, the multiple genetic variants and cellular/tissue/organ structural
components of patients represent various “agents”; the initial Gulf War-specific
environments and the patients’ involved cellular environments following the Gulf
War’s original impact function as environments, and the diverse symptoms represent
“emergent features.” Due to the high level of genome instability present in GWI
patients, all of these genetic alterations are different, leading to increased unpre-
dictability. Furthermore, the mind/body/treatment interactions within an individual,
and individual-society interactions, as well as over 26 years of cellular evolution,
make GWI a highly complex illness featuring the clear involvement of somatic
evolution.
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Defining GWI as a complex adaptive system is thus of particular importance,
since a portion of the current medical community still doubts the legitimacy of
considering GWI as an illness condition, due to the very nature of complex adaptive
systems. For example, different from many infectious diseases and single-gene
Mendelian diseases, there seems to be no fixed dominant causative relationship
between specific environmental or genetic factors and the diverse symptoms of
GWI. This fact represents a major rationale for some to question if GWI is real.
By accepting GWI as a complex adaptive system, most of the confusion should be
resolved. Clearly, it is not suitable to use a reductionist approach to define GWI,
as there is no dominant linear causation for either the etiology of the illness or
its symptoms. In contrast, the observation of the generally unstable genome in
GWI patients fits well with key features of somatic evolution and complex adaptive
systems.

Interestingly, using evolution and complex adaptive systems to study GWI can
also generate useful information to illustrate the relationship between bio-evolution
and how complex adaptive systems work. For example, in the field of complex
adaptive systems, evolution was thought by some to be a result of an adaptive
biological system, while others use evolution and complex adaptive systems in
an overlapping description. Thinking of GWI, we realized that evolutionary and
genomic mechanisms, such as fuzzy inheritance [9, 20], selection acts on the
genome [8], and genome alteration-mediated macro-cellular evolution, serve as
effective means for the bio-system to adapt [12, 19], supporting the notion that bio-
evolution also serves as a strategy for bio-complex adaptive systems. Furthermore,
the details of how genome level change has an impact on the macroevolution
of cancer (while gene mutation impacts microevolution) provide new insight for
differentiating stepwise system adaptation and the emergent punctuated system
of genome reorganization [20]. Genome reorganization can significantly alter
the status of agents, which raises the issue of the emergence of new systems
based on altered agents, further complicating the systems under investigation. The
increased heterogeneity among agents will further complicate a system, which
makes some complex adaptive systems more complicated than others. While the
somatic cell evolution pattern of GWI is less clear compared to the two phases of
cancer evolution, GWI can nevertheless be considered as stress-induced, genome
instability-mediated evolution, which can be used to define some key characteristics
of complex adaptive systems.

For example, unlike many cancer cases and some genetic diseases, in which
clonal chromosomal aberrations can be observed, GWI patients often display high
levels of non-clonal chromosome aberrations or NCCAs. The linkage between
GWI and NCCAs is rather interesting when considering how the heterogeneity
of lower level agents can have an impact on emergent properties. To explain how
elevated NCCAs can lead to GWI, we hypothesize that NCCAs contribute to the
degree of heterogeneity among individual cells, which alters emergent properties
above the level of individual cells, such as immune response, tissue/organ function,
or overall health status of individuals. Due to the different degree and types of
altered genomes, the emergent properties (symptoms) could be highly diverse due
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Fig. 7.1 The illustration of
how the heterogeneity of
agents (the cell population of
tissues) impacts the emergent
properties of tissue/organ
functions. Circles represent
cells with normal karyotypes,
and triangles represent cells
with altered genomes. These
variable properties are the
potential basis for
diseases/illnesses

Normal
properties

Variable
properties

to cellular-environmental interaction. Our hypothesis is illustrated in Fig. 7.1, where
the degree of genome heterogeneity itself leads to emergent variable properties at
tissue or organ level, which can be considered as potential for abnormal system
response. According to our definition that diseases are genotype/environment-
induced variants that are not compatible with a current environment, the relationship
between genetic heterogeneity and illness becomes obvious [2]. Note that the
recently introduced concept of “fuzzy inheritance” likely plays an important role
in these emergent properties based on the heterogeneity of agents [9], as how these
agents pass the genetic information among somatic cells can influence the emergent
properties as well. Clearly, further studies are needed to address this issue.

7.5 Search for the General Model for Common and Complex
Diseases/Illnesses

By linking cellular stress, genome instability, and diverse molecular mechanisms
to GWI in the context of complex adaptive systems [2, 35], we might have
solved some key mysterious features of GWI. Stress-induced genome alterations,
and their facilitative role in cellular evolution, have provided the mechanistic
basis for understanding GWI, which also suggests that GWI is real and that a
patient’s imagination cannot significantly alter the genome (Fig. 7.2). Moreover,
both GWI diagnosis and treatment could benefit from this finding. For example,
treatment strategies should not further destabilize the genome of patients. Of equal
importance, our research on GWI has further suggested that stress-induced, genome
alteration-mediated cellular evolution might be used to explain other common and
complex diseases as well.
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Fig. 7.2 The model of the stress-induced genome instability and GWI phenotypes. During the
initial phase, Gulf War-specific stress can generate genetic or cellular damages. The unrepaired
bio-damage can trigger cellular evolution, which is driven by genome instability. Importantly,
genome alterations can stochastically activate different molecular pathways. Together, this somatic
evolution will lead to diverse symptoms. Note that the three phases interact closely with each other
through different feedback loops. This model is adapted from [2].

The linkage between elevated genome instability and somatic evolution was ini-
tially observed in our cancer research. In particular, we have established a strong link
between stochastic genome alteration and large numbers of individual molecular
mechanisms. We later proposed the evolutionary mechanism of cancer, which can
be explained by three key components (system stress, increased frequencies of non-
clonal chromosome aberrations, and genome-mediated macro-cellular evolution).
Paradoxically, such a simple evolutionary principle can lead to a large number
of individual molecular mechanisms and their combinations. Our prediction has
recently been confirmed by the cancer genome sequencing project, as most of the
cancer cases do not share the same gene mutations, and cancer heterogeneity is
overwhelming.

Since cancer belongs to the category of common and complex diseases, we
have proposed that genome instability should also be shared by other common
and complex diseases [35, 37, 38]. However, most researchers consider cancer as a
special case due to its invasiveness, and it is hard for them to accept our viewpoint.
Our arguments are the following: Despite that all diseases have unique phenotypic
characteristics, most of them involve somatic evolution and system adaptation, and
the invasiveness of cancer, even though it is unique, still represents an abnormal
feature, emergent from a cellular population with unstable genomes. In fact, out-
of-control growth and invasiveness also mean that the constraint of normal tissue
function is lost. Fortunately, increased studies have revealed that increased genome
instability can be observed from many disease types as well as normal tissues
[39–43].
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Following GWI data analysis, we proposed a general model for common and
complex diseases to unify stress, genome instability, diverse molecular pathways,
and diverse symptoms. This model states:

1. Stress and/or the requirement of cellular adaptation can trigger genome
alterations, which initiate genome alteration-mediated somatic evolution [44].
NCCAs are eliminated as the dead end of the evolution. With extremely low
likelihood, some CCAs (clonal chromosome aberrations) will form. Usually, a
number of NCCA/CCA cycles are needed to bring about disease conditions. It
is also possible that a high level of NCCAs alone (without dominant CCAs) can
lead to phenotype abnormalities.

2. Some rare outliers become successful to form the dominant population. The
altered genome can stochastically be linked to different molecular pathways
[29, 30], or different emergent properties, which reduces the normal function
or response of specific organs or tissues. Unlike cancer, although there likely is
no homogenously altered genome, significant genome heterogeneity will change
the emergent function of the cellular population, leading to different symptoms.

3. Moreover, some responses can come from different levels of the system [8]. For
example, the heterogeneous cell population can simply reduce normal function,
or produce cellular stress, leading to altered functions at high levels of system
organization. Combining this process with infection, immune reaction, the aging
process, and medical intervention, the emergent properties can further change,
leading to more complications or even multimorbidity [45], in a stochastic
fashion.

7.6 Conclusions

Our journey of studying GWI has been both exciting and rewarding, especially since
we adapted the concept of somatic evolution and complex adaptive systems. It is
worth noting that the concepts of somatic evolution and complex adaptive systems
have been largely ignored by the medical research community, despite the fact that
complexity sciences have been around for decades and there has recently been a
new push to bring them into mainstream medical care [46]. For example, the cancer
research field has started to pay more attention to evolutionary analyses, based on
the increased realization that the somatic cell evolutionary mechanism of cancer
can unify large numbers of devised molecular mechanisms, but such a realization
has yet to become popular in the field of medicine. It is interesting to point
out that evolutionary medicine has also been around for decades [47]. However,
possibly influenced by the popularity of molecular medicine, the bio-determinist
has promised predictive power based on advanced molecular medical research. Now,
there is an increased call to question the reductionist’s approach of current medicine,
as not appreciating the uncertainty of bio-systems during evolution leaves us with
increased confusion [48–50]. To change the status quo, which not only wastes
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research resources but also delays the search for new conceptual frameworks and
compromises the needed care for patients, a new attitude and strategy is needed
to consider many common and complex diseases/illnesses as complex adaptive
systems, wherein somatic cell evolution plays a key role [8, 9]. Our GWI research
likely will serve as such an example.

Acknowledgements This article is part of a series of studies entitled “The mechanisms of somatic
cell and organismal evolution.” This work was supported by a grant from the DOD (GW093028).

The Journey

Our appreciation of the concept of complexity was paradoxically enhanced by
the progress of our knowledge of the gene’s function. As a graduate student (at
the golden age of molecular cloning, and mentored by a leading gene hunter,
Lap Chee Tsui, who cloned the cystic fibrosis gene), the power of the individual
gene seemed obvious. However, increased data has clearly illustrated the nonlinear
correlation between genes and their phenotypes. Some common explanations were:
“Well, there is more than one gene responsible for a given phenotype; there exist
modifiers and even modifiers of the modifiers . . . .” Clearly, life was complicated.
Nevertheless, it was thought the reductionist approach should be able to solve this
issue (if we just worked harder).

The overwhelming genomic heterogeneity in cancer has forced us to question
our knowledge, from the gene mutation theory of cancer to how to define genetic
information. In the past 20 years, we have reevaluated many important questions
through the lens of complexity, including the function of sex (to ensure the
genome system identity rather than simply increasing genetic diversity); the pattern
of evolution (“punctuated” often in macroevolution and “stepwise” frequently in
microevolution); the chromosomal coding which defines the “system inheritance”
or blueprint (while a gene encodes only “parts inheritance”); and the concept that
genetic information is rather fuzzy, representing a spectrum of potential phenotype
variants (and should not be simply explained as either dominant or recessive without
the consideration of continuous environmental-influenced variants). These real-
izations have provided new frameworks for us to understand many common and
complex diseases.

We specifically benefit from learning and interacting with scholars in the
community of complexity. Despite the relatively small number of members, we
see the hope that comes from this collaboration, as we believe in the power of
outliers during emergence. The new phase of our journey is to use unique features
of biological systems (heterogeneity-mediated bio-evolution) to understand the
principles of complexity.
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Take-Home Message

• GWI (Gulf War illness) is a real illness condition which can be classified
as an environmental illness

• The common mechanism of GWI is high stress-induced, genome
instability-mediated somatic evolution. Cellular heterogeneity is likely
responsible for the diverse abnormal properties observed

• Many common and complex diseases/illnesses should be considered as
common adaptive systems
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