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SPECIAL REPORT

Gene-environment Interactions and the Complexity of
Human Genetic Diseases
Christoph E. Nabholz, PhD; Jan von Overbeck, MD

In the assessment of mortality and morbidity risk, the ability of
family history and genetic test results to predict the age of occur-
rence, severity, and long-term prognosis of ‘genetic’ diseases is im-
portant. An increasing number of gene-gene and gene-environment
interactions have been demonstrated in a number of monogenic
Mendelian diseases. These interactions can significantly modify the
clinical presentation (disease phenotype) of diseases previously re-
garded purely as ‘genetic.’ As a result, ‘genetic’ diseases can be po-
sitioned in a continuum between classic Mendelian and complex
disease where the extremes, pure genetic or solely non-genetic, do
not exist. The position of any given disease in this continuum is
defined by three components: the major gene(s) contributing to the
phenotype, the variability added by modifier genes and the signif-
icance of environmental factors influencing the phenotype. As the
predictive value of genetic test results can be significantly influenced
by additional genetic and environmental risk factors, a better un-
derstanding of these factors may influence the quantification of mor-
tality and morbidity risk.
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The rapid identification of genes associated
with human disease has revolutionized

the field of medical genetics. Developing new
genome analysis tools, and the sequencing
and assembly of the human genome has giv-
en us fresh molecular insights into disease
and new diagnostic and prognostic tools.1,2

This enormous effort, of developing new
technologies and managing the large scale se-
quencing of the human genome, was the
product of the Human Genome Project. This
landmark project started in 1990 and end-
ed—ahead of time and below budget—in
April 2003.3

The immediate benefit from this effort was
the facilitation of identifying mutations in hu-
man genes that lead to disease. So far, more

than 1500 disease genes, containing muta-
tions or polymorphisms known to cause dis-
ease, have been mapped and annotated on
the human genome. The identification of
these alterations in the human genome al-
lowed for the development of new diagnostic
tools, such as genetic tests. A genetic test
works by analyzing human DNA or RNA, the
result of which is used to identify the pres-
ence or absence of alterations in the patient’s
genetic material. Deviations from the norm
can show a predisposition towards, or actu-
ally confirm the presence of, a disease.

More than 1000 disease-causing DNA al-
terations in the disease gene loci can be de-
tected with commercially available tests.4
This is 3 times as many as 5 years ago, and
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the number is expected to double over the
next 5 years. Most of these genetic tests have
been developed to identify disease-conferring
genes, thereby predicting a genetic predis-
position towards disease in individuals be-
fore they start to show any symptoms (pre-
dictive genetic testing), or confirming disease
in patients who show some signs of symp-
toms (diagnostic genetic testing).

Genetic tests are currently used in a range
of different clinical medical disciplines:

● Carrier testing: Thalassemia
● Pre-implantation or prenatal testing:

Down syndrome
● Newborn screening: Phenylketonuria
● Predictive genetic testing: Huntington’s

disease
● Diagnostic testing: Hereditary hemo-

chromatosis
● Pharmacogenetic testing: CYP2D6 (drug

metabolism)

While there are some overlaps, genetic tests
differ both in their clinical use and relevance.2

Many of these diseases are considered to be
inherited in a single gene, so-called ‘‘mono-
genic,’’ fashion according to Mendel’s law (of-
ten referred to as Mendelian diseases).

This paper focuses on two relevant mono-
genic Mendelian diseases: cystic fibrosis and
familial breast cancer. During the last 20
years, disease-causing mutations in key genes
have been identified for most Mendelian dis-
orders. Initially it was hoped that identifying
the disease-causing mutations in the disease
gene loci would correlate with the age of on-
set and the severity of the disease. However,
a lot more has since been learned about the
etiology of many Mendelian diseases, and it
has become questionable whether the geno-
type alone can, and should, be used to pre-
dict the future clinical outcome. It is recog-
nized that phenotypic differences in all Men-
delian disorders are caused by the combined
action of a few major genes, by a variable
number of modifier genes and by environ-
mental factors.

Even for mutations associated with a very
high probability of disease, the clinical pre-

sentation and prognosis are significantly in-
fluenced by environmental factors. Conse-
quently, molecular genetic DNA test results
are not deterministic and can only identify
the level of susceptibility to disease. In fact
patients may never get the disease, or at least
not until they are very old. Hence, if the goal
of using genetic test results as part of a suc-
cessful personalized clinical strategy to pre-
vent or cure disease is to be realized, more
needs to be learned about the contribution of
modifier genes and environmental risk fac-
tors before mortality and morbidity risk can
be properly quantified.

CYSTIC FIBROSIS: A CLASSIC
MENDELIAN DISEASE?

Cystic fibrosis (CF) is the most common
life-limiting autosomal recessive disorder in
Caucasians,5 with a frequency of about 1 in
2500. CF is considered to be a monogenic
Mendelian recessive disorder caused by mu-
tations in the cystic fibrosis trans-membrane
conductance regulator (CFTR) gene. When
CFTR was first cloned, it was hoped that the
mutation analysis of the CFTR loci alone
would be sufficient to predict the phenotypic
manifestation in the patient.6 Today, we know
that mutations in the CFTR gene loci almost
always cause the CF phenotype. The combi-
nation of the genotype with the presence of
one or more characteristic CF phenotypic fea-
tures can be considered diagnostic. However,
while the genotype correlates with the pan-
creatic status, it does not correlate with the
presence or severity of pulmonary disease in
CF.7–10

To simplify the genotype-phenotype anal-
ysis of the 1000-plus disease-causing muta-
tions found in the CFTR loci, the identified
mutations were grouped into six classes.11

The defined CFTR classes are based on the
predicted functional consequences for the
CFTR protein (Figure 1). Out of the disease-
causing mutations described, the ones that
lead to a loss of function of the CFTR protein
tend to be severe.7,9,10 Even for the most com-
mon genotype, such as the DF508/DF508, the
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Figure 1. Phenotype Modification in Cystic Fibrosis.
Gene-gene and gene-environment interactions modulate the
phenotype of cystic fibrosis (CF). See text for details. (CF 5
cystic fibrosis; CFTR 5 cystic fibrosis transmembrane con-
ductance regulator; TGF-b1 5 transforming growth factor
beta (1); HLA II 5 human leukocyte antigen class II; TNF-
a 5 tumor necrosis factor alpha; MBL 5 mannose-binding
lectin; NOS1 5 nitric oxide synthase (1); Alpha-1 5 a1-
antichymotrypsin; CFM1 5 cystic fibrosis modulator locus
1; Muc1 5 mucin 1; HFE 5 hemochromatosis).

clinical course of pulmonary disease (the pul-
monary phenotype—the main cause of mor-
tality) varies dramatically.12 This suggests
that the pulmonary disease is strongly influ-
enced by other genetic or environmental fac-
tors. In recent years, modifier genes and en-
vironmental risk factors have been identified
that significantly contribute to the CF phe-
notype (Figure 1).9

For example, polymorphisms in the nitric-
oxide synthase 1 (NOS1) gene correlate with
the variability in the frequency and severity
of microbial infections, indicating an interac-
tion between variants of NOS1 and the envi-
ronment.13 Similar gene-environment inter-
actions were found for CFTR and other CF
modifier genes.9,10 Both the list of genetic as

well as environmental CF modifying risk fac-
tors is constantly increasing (Figure 1, gray
areas). So far, more than 9 genetic CF modi-
fiers have been described.9,10,13–20

The many environmental CF modifiers in-
clude specific risk factors such as exposure to
tobacco smoke, but also other loosely defined
risk factors such as health insurance or socio-
economic status. The latter may reflect nutri-
tional status, access to antibiotics, or other
underlying CF modifiers.21–23

Therefore, this monogenic recessive Men-
delian disease has turned out to be a rather
complex disorder. Even though genotype-
phenotype correlation is imprecise, neonatal
screening programs have been introduced in
many countries. As a consequence, 50% of all
patients with CF in the United States are di-
agnosed by the time they are 6 months old
and 90% by age 8.5 Modern screening is
based on immunoreactive trypsinogen assays
performed on blood spots. If elevated, the
positive results are confirmed by molecular
genetic DNA testing. To complicate it even
further, a recent study has reported that some
patients with a milder CF phenotype do not
have mutations in the CFTR loci.24 As a result,
clinicians base their clinical strategy on the
presence of CF phenotypes, genetic test re-
sults and on other genetic and environmental
risk factors.5

THE CONTINUUM FROM MONOGENIC
TO COMPLEX DISEASE

It is now understood that many inherited
diseases are complex disorders, rather than
diseases that follow simple monogenic Men-
delian patterns, as once thought.8,25 The num-
ber of classic Mendelian disorders explained
by DNA alteration in a single gene locus as-
sociated with a single disease phenotype is
shrinking. It has been proposed that all the
etiology of all diseases can be positioned in
a continuum between classic Mendelian in-
heritance and complex disorders where nei-
ther extreme, diseases with pure genetic or
solely environmental origin, exists. The posi-
tion of any given disease in this continuum
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is defined by three components: the major
gene(s) contributing to the phenotype, the
variability added by modifier genes, and the
significance of environmental factors influ-
encing the phenotype.

THE BRCA BIOLOGICAL PATHWAY IN
BREAST AND OVARIAN CANCER

Conventional thinking had been that fa-
milial breast cancer likely followed conven-
tional monogenic Mendelian patterns based
on discovery of associated tumor suppressor
genes BRCA1 and BRCA2.26 However, the
‘‘placement’’ of BRCA associated breast can-
cer in the continuum has shifted towards
multifactorial disorders over time. Breast can-
cer is the most common malignancy among
women in industrialized developed countries.
About 10% of all breast cancer cases have a
family history of breast cancer or ovarian can-
cer. Less than half of these familial cases are
linked to mutations in the BRCA genes.27

Women carrying disease-causing mutations
in the BRCA genes are at a significantly in-
creased risk of developing breast cancer and
ovarian cancer. Male BRCA mutation carriers
rarely develop breast cancer. The estimated
breast cancer risk for BRCA mutation carriers
at age 70 ranges from 40% to 80%, and the
risk of developing ovarian cancer is 15% to
65%.27 The probability of developing breast
cancer by mutations in the BRCA loci, at a
given age, is referred to as the penetrance of
the mutation. In addition to the breast cancer
risk, mutations in the two genes have been
linked to various other cancers such as pros-
tate and colon cancer in BRCA1 carriers and
prostate, pancreatic and other cancers in
BRCA2 carriers.28,29 The variability of the pen-
etrance of the BRCA genes was believed to be
due mainly to different mutations in the
BRCA genes (allelic variation) and BRCA
modifying genes.26 Among the genetic mod-
ifiers of BRCA susceptibility associated with
breast cancer are the DNA-repair gene
RAD51 and with ovarian cancer, the HRAS1
oncogene.8,26

The results of the recent New York Breast

Cancer Study (NYBCS) show that environ-
mental and lifestyle factors can significantly
modify the penetrance of BRCA mutations, as
well.30 This cohort study identified a number
of important risk modifiers that might have
implications for breast cancer molecular ge-
netic screening programs of the general pop-
ulation and suggested new preventive strat-
egies for BRCA mutation carriers.

The NYBCS cohort study specifically in-
cluded Ashkenazi Jewish probands only, be-
cause this founder population harbors three
ancient BRCA mutant alleles. Since this pop-
ulation only requires screening for a few mu-
tations, rather than requiring the sequencing
of entire genes, molecular genetic DNA test-
ing was facillitated and more accurate. Pro-
bands were selected with an incidence of pri-
mary, invasive breast cancer, regardless of
family history of cancer. To improve the ac-
curacy of risk estimates, relatives of BRCA
carriers were genotyped. With these results,
the authors were able to calculate the defini-
tive cancer risk. The lifetime risk of breast
cancer among mutation carriers was 82% for
both genes. The lifetime risk of ovarian can-
cer was 54% for BRCA1 and 23% for BRCA2
mutations. That compares to 10% risk for
breast cancer and less than 2% risk for ovar-
ian cancer in the general population.

A major finding of the NYBCS was that
non-genetic factors significantly alter the pen-
etrance of identical BRCA mutations. The
birth cohort analysis showed that by age 50
the observed penetrance was 24% for women
born before 1940, but 67% for women born
later. This could not be explained by changes
in medical practice over the decades covered
by the study. Importantly, the non-genetic ef-
fect seen in the birth cohort study was much
larger than for any of the reported modifier
genes identified so far. This is consistent with
the results of an earlier paper which pro-
posed that environmental risk factors can sig-
nificantly modify the penetrance of BRCA
mutations and that those environmental risk
factors are of increasing prevalence.31

The increasing penetrance of BRCA muta-
tions is likely due to the increasing prevalence
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of environmental risk factor modification.
This is reflected in the NYBCS result that half
of the identified BRCA mutation carriers re-
ported no family history of breast or ovarian
cancer (among mothers, sisters, grandmoth-
ers or aunts). Even though there was no pos-
itive family history for breast cancer, their
breast cancer risk was calculated to be as high
as the risk of a carrier with the same BRCA
mutation who had a high-incidence family
history. This may have clinical consequences,
since BRCA mutation carriers with no family
history would have been identified before the
onset of breast cancer if they had been
screened for BRCA mutations. Family history
is a risk factor that reflects the contribution
of major gene(s) to the phenotype, with var-
iability added by modifier genes and signifi-
cant environmental factors. Hence, use of
high-incidence breast and ovarian cancer
family history as a surrogate for BRCA mu-
tation screening in the general population
will fail to detect a proportion of women who
have high-risk BRCA mutations.

The NYBCS study identified two lifestyle
risk factors (physical exercise and lack of obe-
sity in adolescence) that significantly delay
breast cancer onset. Other modifying envi-
ronmental risk factors for BRCA-associated
breast cancer include age at menarche/pu-
berty, reproductive/hormonal factors and
smoking.32

GENETIC TESTING:
TODAY AND TOMORROW

The use of genetic tests to identify a future
disease in presymptomatic patients is the
most promising future application in clinical
medicine. Almost daily we are confronted
with news about genes that are associated
with a human disease. Inevitably, great hopes
are raised that identification of disease genes
will allow for an immediate breakthrough in
treatment, screening, or even a preventive
clinical strategy. However, identifying dis-
ease-associated genes is only the first step in
a long process. Long-term follow-up studies,
many new techniques, drugs and clinical

strategies have to be developed before this in-
formation can be effectively used in clinical
practice to treat or prevent a disease.

Clinicians have been put in a position
where susceptibility gene tests are available
long before successful clinical strategies are
developed. As with any medical test, con-
sumers are naturally anxious about taking
genetic tests. They fear the worst; they are
concerned about their health and the financial
consequences that might follow if a genetic
disorder is identified, including any potential
impact on their insurance premiums, their job
and other aspects of day-to-day life. More-
over, because preventive or curative strategies
may not be currently available, genetic tests
are believed to be deterministic, and there-
fore, the use of the results is considered dis-
criminatory. However, while a test could in-
dicate the presence of a genetic disorder, it
does not generally mean that the patient will
actually develop the disease identified by the
test.

Most human diseases have a significant in-
heritable component. Identification of these
genetic determinants will promote a greater
understanding of the molecular mechanism
of disease. While this information will inevi-
tably be the basis for research into new drugs
and new treatments, it might take generations
to transform this knowledge into clinical
medicine. The greatest impact of medical ge-
netic research in the last decade was its role
in improving our understanding of the path-
ophysiology of disease, and the development
of new diagnostic tools.

Clinical practice has always been limited
by its inability to distinguish biochemical ab-
normalities that are an outcome of disease
from those that actually cause the disease. Re-
search in medical genetics has allowed ge-
neticists to identify proteins and biochemical
pathways underlying common complex dis-
eases, such as asthma and schizophrenia. It is
now possible to distinguish mechanistically
distinct forms of these complex diseases. Ul-
timately, this will lead to the definition of
new subtypes and change the way human
diseases are classified. As this new taxonomy
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comes into common usage, it will change
both the theory and the practice of clinical
medicine.33 One current example is the use of
gene-expression profiles for the more accu-
rate prognosis of breast cancer, which should
improve the selection of patients for adjuvant
systematic therapy.34–37

It has been questioned whether the identi-
fied disease genes associated with familial
disorders are relevant for sporadic cases of a
disorder that shows the same phenotype. As
each gene inevitably interacts with many oth-
er genes, it can only be part of a biological
pathway rather than being the only determi-
nant. Genes in the very same network can
cause a similar molecular dysfunction when
altered and can therefore show the same phe-
notype. Hence, identifying the inherited com-
ponent of the familial disorder might be key
to identifying the components of the sporadic
occurrence of the disorder.

The power of trying to identify the biolog-
ical pathway of a disease by searching for
other components was demonstrated by
Hughes-Davies et al in a recent paper.36 They
were able to identify a new protein, EMSY, in
the BRCA breast cancer disease pathway, by
its ability to bind to the BRCA2 protein. More
importantly, they showed that the EMSY
gene is frequently over-expressed, almost ex-
clusively in sporadic breast and ovarian can-
cer. The protein-protein interaction of EMSY
with BRCA2, together with the clinical phe-
notypic overlap between familial BRCA2 and
EMSY-over-expressed sporadic breast and
ovarian cancer, suggest that both genes are in
the same BRCA2 pathway.

Finally, there was speculation that EMSY
over-expression may mimic loss of function
of BRCA2 in inherited breast cancer, and may
contribute to tumorigenesis of a subset of
sporadic cancers.36 Even though the same dis-
ease phenotype is found, the genetic defect
causing breast cancer is different. Yet, the un-
derlying biological pathway seems to be the
same. Importantly, this example shows that
study of inherited breast cancer allows the
identification of a key regulatory pathway for
a subset of sporadic breast cancer. Even

though this strategy has proven to be suc-
cessful, it has been argued that the lack of
understanding of the environmental risk fac-
tors contributing to common complex diseas-
es is part of the reason why scientists have
been largely unsuccessful in identifying the
underlying genetic components.37

CONCLUSION

When assessing mortality and morbidity
risk, the ability of family history and genetic
test results to predict the age of occurrence,
severity, and long-term prognosis of ‘genetic’
diseases is important. It has been shown by
the NYBCS cohort and other studies that en-
vironmental risk factors of increasing preva-
lence can significantly alter the risk of high
penetrance mutations.30 The growing preva-
lence of these environmental risk factors is re-
flected by the finding that a low incidence of
family history of breast or ovarian cancer
does not mean low risk. In summary, if cli-
nicians are to use genetic tests in clinical
practice to predict a future phenotype, more
needs to be learned about gene-gene and
gene-environment interactions.25,38 Hence, a
better understanding of these additional risk
factors may improve the quantification of
mortality and morbidity risk.

We thank Alan Hester, Alan Tyler, Beatrice Baldin-
ger, Kevin Somerville and Tim Dickenson for helpful
comments on the manuscript.
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