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One gene and one
outcome? No way

Stephen Chanock and Sholom Wacholder

The world of molecular diagnostics is undergoing major change because of
both technical advances and the availability of rapidly expanding genetic
databases generated by the study of human genomics. These resources
comprise an extraordinary opportunity to decipher the biological importance
of genetic aberrations, and link our understanding with clinical utility. The
challenge lies in sorting through the information and developing effective
strategies to advance molecular diagnostics.
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Before we go overboard in predicting imminent
progress or even the attainment of a medical utopia
based on the recent advances in genomics, we must
acknowledge that we are not yet sufficiently equipped
with the knowledge to make sense of the enormous
opportunities that lie ahead [1]. The sheer volume of
information harvested from interrogation of still more
single nucleotide polymorphisms (SNPs), transcripts
or chromosomal regions, using smaller and smaller
guantities of material, is enormous, and the
expectations are too great to simply slow down the
process [2]. Certainly, the opportunity to look at old
problems using new approaches will yield unexpected
findings and, perhaps, redefine the questions we

ask [3,4]. But even as technical advances create more
opportunities to look at larger numbers of genetic
observations, which could have an impact on
outcomes, we do not currently possess adequate
means to examine existing data effectively [5]. The
widening gap between the streams of data generated
by new technologies and the underlying biological
insights required to make sense of the observations
will tax molecular diagnostics, which relies on a tight

connection between a test and its ‘clinical significance’.

Numerous technologies exist that detect genetic
alterations [e.g. DNA sequencing, molecular profiling
by cDNA microarray analysis, comparative genomic
hybridization (CGH), fluorescent in situ hybridization
(FISH) and spectral karyotyping (SKY) analyses] that
could improve diagnostic acumen and treatment
decisions. Similarly, new platforms have been developed
to survey many genes at once by SNP or cDONA
microarray analyses, and these can also be informative

for predicting outcome risk. Moreover, investigation
of genomic and epigenetic alterations could lead to
new insights into the mechanisms underlying
classical monogenic disorders (e.g. hemophilia) and
more complex genetic disorders (e.g. cancer, mental
illnesses), which range from individual mutations to
rearrangements of chromosome segments [6,7].

Assigning significance to genetic markers

The era of a one-to-one correspondence between a
single gene and a single disease is at an end. Even
classical gene mapping for highly penetrant
monogenic disorders is being revisited in search of
secondary genes that modify the effect of the primary
mutation. Penetrance is a measure of the proportion
of individuals with a defined genotype who manifest
an expected phenotype and it is usually observed
under a specific set of environmental conditions that
might not be applicable in the complex, real world of
clinical medicine. The ability of an individual SNP to
disrupt a process might be too low to have a major
effect on penetrance. Even the identification of a SNP
with elevated penetrance is troublesome because of
the difficulty in isolating the individual effect on
phenotypic outcome. Furthermore, it is subject to the
cumulative minor effects of other SNPs.

No single SNP is sufficient or necessary for
predicting a clinically significant phenotype with
acceptable accuracy. Even when we consider a
monogenic disorder like cystic fibrosis (CF), thereisa
wide spectrum of clinical outcomes observed in
patients bearing the same primary mutation, even
within families. Surely, phenotypic differences can be
ascribed partially to environmental factors, but several
recent studies have provided preliminary evidence that
additional genes modify the risk of severe outcomes in
supposedly monogenic disorders. For example, several
studies have now shown that common exon 1 variants
in the mannose binding protein (encoded by the MBL2
gene) are associated with deterioration in pulmonary
function in patients with cystic fibrosis [8,9]. What is
the ‘penetrance’ of these variants? How can one
characterize the penetrance of a primary mutation
when it is modified substantially by common SNPs?
So far, we have not yet figured out how to communicate
genetic modifiers to patients with monogenic diseases
such as sickle-cell anemia or chronic granumolatous
disease (CGD). The very concept of penetrance has
reduced appeal outside the narrow ‘one gene, one
disorder’ paradigm; when SNPs arrive as components
in the everyday arsenal of clinical diagnostics
(especially for complex diseases such as hypertension
or diabetes), the message to scientists, clinicians and
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patients will have to be couched as the difference in
the risk for disease outcome.

When we turn to the clinical utility of this
information, we are struck by the difficulty of
interpreting SNP data without consideration for the
context. For example, why does the ‘penetrance’ of
BRCA1 mutations for breast cancer seem to
be higher in studies of ‘high-risk families’than in
population-based studies? [10] Does the risk for
breast or ovarian cancer vary according to the
primary BRCA1 or BRCA2 mutation [11]? Does a
woman'’s risk vary with the presence of other SNPs or
by her parity or past use of oral contraceptives? How
does one consider an intervention to reduce the risk of
one outcome when it has the potential for an adverse
effect on another? Nonetheless, the classical approach
of dissecting heritable components of complex
diseases persists, even though we know that no
simple definition of penetrance for SNPs is adequate.

Analyzing SNPs in molecular diagnostics

SNPs do not act in isolation, but against the background
of thousands of other SNPs, on top of environmental
factors. SNPs are common variations defined by a
frequency of the minor allele greater than 1% in one or
more populations. Strewn throughout the genome,
SNPs can be located within genes and in intergenic
regions at a frequency far greater than previously
imagined; there can be as many as 10 million SNPs
per person, which is still a tiny fraction (<0.1-0.2%) of
the total genome’s size. The sheer number of SNPs,
even if restricted to those predicted to have functional
significance (i.e. those having a measurable phenotypic
effect because of a change in amino-acid sequence or
alteration in gene expression, accounts for roughly

50 000-250 000 overall), is staggering [12].

Itis clear that identifying each of the potentially
multiple genes that might affect a complex phenotype
will emerge as one of the most formidable challenges in
molecular diagnostics. Until recently, the paradigm
for determining whether a SNP is informative has
been to identify the effect of a single gene on a single
outcome. When one considers the multi-dimensional
implications of combinations of SNPs in a profile,
instead of one SNP at a time, the level of complexity
increases dramatically. For example, intense effort
has been directed at identifying SNPs or variants that
alter the risk for severe malarial infection [13,14].

So far, common variants in at least ten different genes
have been reported to influence the risk for severe
malaria. It will be a daunting task to isolate the
relative contribution of any single variant. To date, no
published study has the required sample size or design
to isolate the effects of or determine the absolute and
relative importance of distinct variants/SNPs [15,16];
the joint effect of two or three or even more variants
could override the effect of any single one.
Alternatively, the effect of a specific SNP might not be
apparent unless in the presence or absence of others.
More, informative SNPs might be infrequent, or

http://tmm.trends.com

m TRENDS in Molecular Medicine Vol.8 No.6 June 2002

267

"Waybe we showld famiflanze ourselves with
your diagnosis, Mrs. Smith?"

uncommon variants [17]. As long as we rely upon the
venerable ‘single gene, single outcome’ paradigm for
confirmation of results, we will not achieve even
cursory knowledge of the effect of individual SNPs.

There is a crucial difference between looking at a
SNP variant as a susceptibility factor in the general
population and in a population under stress, or
already under extraordinary risk. In the context of a
substantial stress (i.e. an underlying ‘hit’, which can
be either a genetic mutation, an underlying condition
such as HIV or HPV infection, or a powerful
environmental exposure like smoking), the effect of a
minor phenotypic change in a complementary
biological pathway could be magnified [18]. Therefore,
itis not surprising that genetic modifiers have been
reported in a range of monogenic disorders, including
CF, CGD and sickle-cell anemia. Pharmacogenomics
and pharmacotoxicology are examining the effect of a
SNP or set of SNPs in concert with a pharmacological
interventions [19]; the responsiveness (i.e. efficacy) or
toxicity (i.e. side effects) of a SNP might be very
different in the presence of a stressor potent enough
to alter a biological process or pathway [20].

Some have argued that haplotypes, which are
made up of common SNPs inherited in blocks, will be
a more efficient means to screen for significant
associations [21,22]. The expectation is based upon the
premise of the existence of common haplotypes, which
should decrease the number of variants required to be
screened in the first stage of a study [23]. But this type
of analysis also raises uncomfortable questions about
population-specific haplotypes and new complexities
in design and analysis for looking at linked markers.
To understand which components within a haplotype
actually confer any effect, positive or negative,
haplotypes will have to be deconstructed and the
individual variants examined in a process that has not
been well developed. SNPs that possess no discernible
effect on phenotype can create meaningless
differences in risk, because they will be linked to one
or more SNPs, which confer the observed biological
effect. It will be difficult to distinguish definitively
between statistical noise and true signal without the
laboratory-based understanding of the functional
implications of the components of the haplotype.



The challenge of molecular diagnostics

Most experts assume that molecular diagnostics is
entering a new age, driven by the availability of new
techniques coupled with bioinformatic tools to mine
the rapidly expanding genetic databases. More data
are becoming available, but does this lead to more
information? Patients expect and deserve to know why a
test is performed and what its consequences are. Are we
ready to deluge patients with new tests and explain their
implications? Will the medical provider or the patient
accept the findings blindly, or for that matter, take the
time to understand the significance of each data point?
In other words, is it reasonable to perform tests when
the data cannot be fully explained to the patient? This
is unlikely. Indeed, the immediate challenge will be to
provide guidance to care providers who face the
reality of offering patients test results emanating from
techniques not yet fully understood by the care
providers. Education of practitioners will have to include
a basic understanding of the types of genetic tests, as
well as their results and implications for clinical care.

Patients expect and deserve to
know why a test is performed and
what its consequences are. Are we
ready to deluge patients with new
tests and explain their implications?

We are at a critical juncture and must choose
between two mutually exclusive courses. One is to wait
for the basic-scientific research process to catch up,
whichis highly unrealistic. It is unlikely in the near
future that computational approaches will be developed
with sufficient sophistication to organize and analyze
the staggeringly large amount of genetic information
and present us with a clear picture of the meaning of the
data[5]. The second option is to begin to analyze genetic
markers (e.g. SNPs, cDNA profiles) in clinical settings,
but without satisfactory biological validation a priori.
This second approach, while more practical, is also
more daunting, because it will require continual
reassessment of analytical tools as well as the criteria
for applying new and old data to clinical utility, based
upon experience and not an a priori model.

The tantalizing lure of examining more genes will
pay off sooner for both basic science and clinical
applications when studies are designed to yield
biological insights, not only estimates of risk or
penetrance or disease association. Instead of looking
at the ‘one gene, one outcome’ hypothesis, we now have
the means to design studies to ask how collections of
genes, either alone or in combination, contribute to
complex diseases like cancer or mental illness. Herein
lies the opportunity to look at pathways of genes, in
large association studies, which could provide insight
into the balance between factors that comprise a
biological pathway. For example, it is now possible to
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study SNPs within the genes that encode for Th1/Th2
cytokines or the complement pathway. In each of these
examples, the analysis of subtle genetic differences
could be useful in investigating the relative importance
of one or more genes (and their gene—gene interactions)
in vivo. While this approach utilizes a classical
pathway, defined according to a model of action to
which each component contributes, it is also possible
to look at motifs embedded within a collection of genes
that participate in different pathways. One could ask
whether variants in genes with SH2 domains or
immunoglobulin-binding regions alter function, and
thus result in an unexpected disease association. In
other words, the search must be not only for more than
genetic markers, but also for the biological significance
of the markers, if we are to ask patients to consider the
information ultimately pertinent to health.

Future considerations
Itis necessary to address two major gaps in the
implementation of molecular diagnostics: (1) the
chasm between existing genetic information and its
clinical utility, and (2) the translation of collected data
into effective clinical practice. Exploitation of the
great advances ahead will require novel study designs
to look at the etiology of disease in ways that do
justice to their complexity. A new paradigm will have
to be forged to address ethical and economic issues;
specifically, the informed consent process will have to
undergo substantial transformation to account for the
volume of information. In this regard, the overall
probability of an event, even if incompletely defined,
might have to suffice. It will not be possible to discuss
each gene included in a microarray study; instead, the
cumulative answer will have to be adequate. At the
same time, we will need to carefully consider how
insurers will incorporate the uncertainty of complex
genetic risk into a fair and equitable system. We will
have to develop safe systems for storing genetic
information, so that we will protect the confidentiality
of the individual, and at the same time, permit
release of data, after informed consent is obtained, to
ongoing studies in an effort to accumulate a
sufficiently large sample to achieve adequate power.
Finally, we will have to re-educate the medical
community and develop standards for assessing data.
In turn, there will have to be a slow but steady
education of the general public concerning the
importance of risk, particularly as it pertains to
complex genetic diseases. This could generate a
substantial degree of misunderstanding, even a
backlash against all of molecular diagnostics.
However, with a clear program, based on high
standards for study design, analytical methods and
criteria for implementation, it is possible to envision
the impact of the age of molecular diagnostics
changing the practice of medicine. To effect this
transformation and realize the promise of molecular
diagnostics, we will have to look carefully at the design
of studies, so that the information can be applied to



both general and selected populations. We will have
to take the next steps with not only advanced
computational tools in hand, but also with a measured
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The value of

expression analysis, with their promise of a global

microarray techniques
for quantitative gene
profiling in molecular

diagnostics

Stephen A. Bustin and Sina Dorudi

approach to the quantification of gene expression [1].
However, there are two conflicting opinions on the
value of microarrays: they are either promoted as an
exploratory-driven replacement for hypothesis-driven
biology [2], or they are criticized as expensive fads [3]
that cannot substitute for the old-fashioned,
low-throughput approach to experimental biology [4].

Variability

Unquestionably, microarrays can reveal associations
between gene-expression signatures and the biology
and outcome of disease, for example by identifying
clinically significant subtypes of cancers [5,6]. This
has raised expectations that the expression profile of a
cell can be used as a diagnostic and/or prognostic aid in
cancer management. However, although microarray
experiments generate long lists of genes with altered
expression, the interpretation of these data depends

There has been an explosion of interest in microarray technologies that allow the
quantification of whole-genome RNA expression data. The apparent correlation of
expression profiles with clinically relevant parameters such as disease outcome has
raised expectations with respect to the clinical usefulness of the data generated.
Yet the accuracy and biological relevance of these data remain contentious, even
in basic research applications. Therefore, numerous issues related to format,
quality, validation and interpretation remain to be resolved before microarray
profiling can become a diagnostic tool of clinical relevance for routine work.
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The current fashion for functional genomics has put
the spotlight on microarray technologies that are
capable of comprehensive, quantitative RNA

on the judgement of the investigator performing the
experiment [7]. Furthermore, a comparison of the same
microarray experiment performed a few weeks apart
can demonstrate a considerable lack of reproducibility
[8]. This is exacerbated by an apparent lack of
robustness of the microarray data, as demonstrated
by the variability in the results obtained in different
laboratories. Indeed, a comparison of data obtained in

independent studies performed with different
microarray platforms, for example in lung [9,10] or
colorectal [11-13] cancers, shows both similarities

and significant differences. Moreover, a comparison of
47 and 98 genes identified from independent studies to
be associated with metastasis [14,15] does not reveal a
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