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ecades of genetic research in medicine have established many links between diseases and genes, beginning with simple single-gene/uniquedisease associations like phenylketonuria and sickle-cell anemia. Today
new results are published almost weekly that reveal a genetic basis for yet another
disease.
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But what do these results mean?
The classic approach to the genetic basi s of disease focuses on how differences
in DN A nucleotid e sequence s contribute to disease susce ptibility and causation via
synthesis of aberrant proteins. This line of research has been spectacularly successful. A b n ormal proteins resulting from gene mutations or different forms of
alleles unquestionably can and do cause disease.
Yet careful epidemiological study of mutations that studies of heredity show are
linked to disease usually reveals tha t only a sma ll percentage of disease cases are
actually attributable to the presence of the mutated gene in the patient. BRCA1
and breast cancer offer a typical example: Fewer than 10 percent of breast cancer
patients possess the mutant form of the
gene. 1
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cluster of genes, of unknown number,
with the promise that further research
will ultimately reveal the identity of
the responsible mutations that together cause the disease.
A well-establishe d mecha nism in molecular genetics, however, is emerging as the
focus of increasing rese arch that explore s a different inte rpre tation of wha t it
means for a disease to be linked to a gene. Inappropr iate gene expressionn
whether or not a gene is turned on or off at the appropriate timencan be just as
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important to disease susceptibility as whether the right form of allele is present
in the first place. This different lens with which to view gene tic disease is
important because it opens up many possibilities for disease prevention, if the
factors altering gene expression have env ironmental or igins.
he common failure of epidemiological studies to reveal links between gene
clusters and disease may reflect the role of altered expression of normal genes
rather than the difficulties of teasing apart as yet undetected complex gene combinations.

T

For example, many wom en with breast cancer carry the normal form (i.e., DNA
sequence) of BRCA1, but the gene is inappropriately silenced, and they therefore
have abnormally low levels of a cancer-suppressing protein expressed by
BRCA1. 2
In this case, the immediate cause of BRCA 1 silencing is DNA methylation, a
mechanism involving the presence of a methyl group at the site on the gene where
proteins norm ally bind to initiate gene expression. A similar suppression has been
discovered for RA SSF1A , an other tum or-supp ressing ge ne that whe n silenced via
methylation is associated with breast and lung cancer. 3
Methylation silences genes because the presence of the methyl group prevents the
molecules that would no rma lly switch genes on from reachin g the gene’s p rom oter site. M ethylation is a common mechanism used by the cell’s genetic machinery
to control gene expression. It is crucial in normal development, helping guide tissue differentiation: Different genes are silenced in different tissues. M ethylation
of gene promoter sites affects a series of pathways crucial to normal development
and homeos tasis, inc luding altere d cell-cycle control, D NA dam age repair, apoptosis and growth factor response. 4
In the cases described a bove involving BRCA 1 and RA SSF1A , m ethylation is
happening when and where it shouldn’t. Chang es in DNA m ethylation are now
emerging as a major epigenetic mechanism leading to activation of oncogenes and
deactivation of tumor-suppr essing genes. 4 In addition to breast and lung cancers,
it has been noted in renal and colon cancers and acute lymphocytic leukemia.
Multiple exogenous agents, including environmental contaminants and diet, alter
DNA methylation. 5
he control of gene expression has been a focus of molecular biology since
classic experim ents in the 1950s first began to explore how DNA fulfilled its
hereditary role. W hat is new now are findings demonstrating that low-level exposures to a variety of agents, including environmental contaminants, can alter gene
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expression, affecting families of genes that are central to disease resistance,
metabolic function, growth and development, et cetera.
Conside rable attention has been focused within the last decade on changes induced
by exogenous agents in the expr ession of gene s under h orm onal contr ol. T his
work has reve aled impa cts at many of the contr ol points in the chain of
biochemical events that lead to protein synthesis. These impacts include:
•

DNA methylation (see above). Multiple exogenous agents, including environmental contaminants and diet, affect DNA methylation. 6

•

Alteration of horm one conce ntration via up-regulation or down-regulation of
enzymes involved in hormone synthesis. For example , the widely-use d herbicide atrazine up-regulates aromatase activity, increasing the rate of conversion of testosterone to estradiol, thereby incre asing estrogen levels. 7

•

Changes in hormone r eceptor density, which then change r esponsivene ss to
subsequent hormonal stimulation. For example, fetal exposur e to the plastic
monomer bisphenol A alters androgen receptor density in adult mice, increasing sensitivity to androgen stimulation. 8

•

Receptor binding by the exogenous agent, leading to up-regulation of gene
expressi on for agents that successfully mimic the endogenous hormone, or
down-regulation for antag onistic agents. For example , bisp henol A binds to
the estrogen receptor, and that bound complex successfully increases expr ession of estrogen-re sponsive genes. 8 In contrast, the DDT metabolite pp'-DDE
binds to the andr ogen re ceptor, but the resu lting complex does not induce
gene expression; hence androgen-responsive gene expression is reduced in the
presence of pp' -DDE because of competition for a limited number of receptors. 9

•

Alteration of the interaction between the bound ligan d-rece ptor com plex with
transcription factors and the gene promoter site, preventing gene expression
(see arsenic example, below ).

•

Activation of hormonally induced transcription factors, leading to gene
expression (see bisphenol A example, below).

wo recent findings have added to the litany of control steps in gene expression
that are vulnerable to exogenous interference: In the first, nor mal ligandreceptor binding occurs, but a contaminant alters the ability of the bound complex
to initiate gene expression. Even at extremely low, noncytotoxic levels, arsenic
interferes with glucocorticoid control of the tumor-suppressing gene
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phosphoen olpyruva te carboxykinase (PEP CK). 10 In cells functioning normally,
glucocor ticoid enters the c ell, it bind s with its receptor (GR), and the resulting
complex then moves within the nucleus and attaches to the gene’s promoter site,
initiating DNA transcription. In vitro experiments with a line of rat hepatoma
cells show that ar senic pre sent in concentrations as low as approx imately 10 p arts
per billion disrupts transcription. While the mechanism r emains to be confirmed,
current evidence indicates that arsenic attaches to the bound glucocorticoidreceptor complex and prevents gene activation, perhaps through allosteric changes
in GR. These findings are especially significant because of the low dose at which
the effect is obser vable, levels found r egularly in drinking w ater w ithin the U . S. ,
and because of o ther r esearc h establishing the im portanc e of GR in mediatin g
tumor suppression in skin and lungs, tissues that are susceptible to arsenic-induced
cancers. They are also suggestive of the mechanism by which arsenic might act
synergistic ally with other age nts to induce cancers: When silenced by arsenic, GR
is unable to activate PEPCK and suppress tumor formation initiated by other
carcinogens.
Arse nic affects expression of many other genes also. A microarray analysis comparing gene expression patterns in liver tumors of adult mice with nontumorous
liver tissue found dramatic overexpression of alpha-fetoprotein, c-myc, cyclin D1,
proliferation-associated protein PAG and cytokeratin-18 in arsenic- exposed an imals. 11 Gene expression changes persisted into adulthood despite the fact that
arsenic exposure occurre d only in gestation.
In the second example, bisphenol A binds with a nonclassical estrogen receptor
on the surface of the cell membrane, initiating a series of biochemical events that
lead to activati on of the transc ription factor CRE B. 12 The plastic monom er is
unexpectedly equipotent with estradiol at initiating the process, and effective at
nanomolar levels. Other re search on CRE B activation shows it is a key control
point in the expression of genes involved in adipo genesis, 13 long-term memory
formation, 14 depression, 15 apoptosis 16 and other vital proce sses. Bisphenol A is
found in human samples, including placental tissue, maternal blood and fetal
blood, w ell within the concentration level effective in these exp eriments. 17
There are two broad and legitimate responses to this growing understanding of the
importance of disrupted gene expression in the etiology of disease. The prevailing
response by medical researchers focused on this aspect of the genetic basis of
disease is to search for pharmacological agents that can be used to manipulate
gene expression, perha ps pushing the disturbed system b ack toward its undisrupted state, or adding a missing gene product. This response makes sense when
no cause for the initial disruption has been identified and/or the focus is on patient
treatm ent.
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he increasing number of examples of environmental factors that disrupt gene
expression at low levels of exposure, however, raises a second approach, one
that focuses on disease prevention. A high priority should be placed on identifying
environmental agents that can disrupt gene expression even at extremely low
levels, like arsenic and bisphenol A, an d to begin to imp lement pu blic health
standards that reduc e exposur es. T his appro ach has the co nsiderab le benefit of not
risking further disruption by pharmacological agents of already perturbed systems.
The side effects of a gents affectin g CREB activation, given the wide range of
gene systems in which it is involved, may be fa r-re aching. It would be b etter to
avoid the problem before it starts than to depend upon treatments that may have
unintended consequences.

T

Given the wide array of health conditions now linked to altered patterns of gene
expressionnranging from Par kinson’s to obesity to immunosuppression and
beyondnthe future m ay hold in store opportunities for prevention through exposure reduction of many diseases never before linked to environmental exposures.
The full article with references is available from the CSA Office at (800) 345-3691or write
to andreadlp@csahq.org.
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