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Abstract

Functional polymorphisms that alter gene expression and mRNA processing appear to play a critical role in shaping human phenotypic
variability. Intensive studies on polymorphisms affecting drug response have revealed multiple modes of altered gene function, frequently
involving cis-acting regulatory sequence variants. Experimental and in silico methods have advanced the search for such polymorphisms, but
considerable challenges remain. Here, a survey of polymorphisms in drug-related genes indicates that: (a) a substantial proportion of genetic
variability still remains unaccounted for; (b) a majority of these genes harbors known regulatory polymorphisms; and (c) a portion of
polymorphisms affect splicing and mRNA turnover. Pharmacogenetic optimiziation of individual drug therapy may require a complete
understanding of all functional sequence variants in key genes. This review surveys known noncoding polymorphisms in genes encoding
cytochrome P450s and other drug-metabolizing enzymes, drug transporters, and drug targets and receptors. Current methods and challenges
associated with the identification and characterization of functional polymorphisms are also discussed.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Regulation at the level of transcription initiation and RNA
processing defines downstream biological effects. Such
regulation occurs in cis, directly affecting the regulated gene,
but it can also act in trans by altering activity of downstream
genes (Fig. 1). Significant interindividual differences in gene
expression patterns are common and may result from both
environmental factors and cis- or trans-mediated genetic
effects (Singer-Sam et al., 1992; Enard et al., 2002; Whitney
et al., 2003; Pastinen & Hudson, 2004). There is growing
evidence for abundant polymorphisms in cis-acting sequen-
ces that influence gene expression (Rockman & Wray, 2002;
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Fig. 1. Human genetic variability, involving cis- and trans-acting poly-
morphisms. Cis-acting regulatory polymorphisms appear to outnumber
functional polymorphisms in coding regions affecting protein sequence. If
cis-acting polymorphisms alter signaling or transcription factor activity,
multiple trans-acting changes ensue. Epigenetic changes can mimic cis-
acting polymorphisms. Lastly, epistatic effects (multiple interacting poly-
morphisms) are likely to play a role as well. Not shown are regulatory
effects exerted by small RNAs, also subject to genetic variability.

Yan et al.,, 2002; Bray et al., 2003; Lo et al., 2003) and
indication that a significant portion of functional poly-
morphisms affect cis-acting regulatory elements (Stama-
toyannopoulos, 2004; Wittkopp et al., 2004). Identifying the
functional alleles that account for interindividual differences
remains difficult (Ioannidis, 2003; Page et al., 2003; Sun et
al., 2004). The genetic components of complex interindi-
vidual differences may require resolution of multiple modest
variations in genotype which collectively yield a recognize-
able phenotype such as disease susceptibility or drug
response.

Phenotypic differences can arise from genetic poly-
morphisms acting in cis by changing the protein coding
sequence or at the level of RNA (Day & Tuite, 1998):
affecting transcription (activation or inhibition through
regulatory sites or structure of regulatory elements), mRNA
processing, pre-mRNA splicing, exonic splicing enhancers
(ESEs), exon skipping (Cartegni et al., 2003), mRNA
stability (Sheets et al., 1990; Conne et al., 2000; Di Paola
et al.,, 2002; Tebo et al., 2003), mRNA trafficking, or
regulatory RNAs (Fig. 1). The most commonly studied
polymorphisms, nonsynonymous changes that alter amino
acid coding, appear in many cases insufficient to account for
interindividual differences in disease aetiology and response
to therapies. Further, it is estimated that functional poly-
morphisms that are cis-regulatory in the human genome
outnumber those that alter protein sequence, and that the
bulk of regulatory polymorphisms remain to be discovered
(Ng & Henikoff, 2002; Rockman & Wray, 2002; Stama-
toyannopoulos, 2004; Yan & Zhou, 2004). On the other
hand, genomewide linkage analysis with mRNA expression
as the quantitative trait demonstrates that interindividual
differences in mRNA profiles appear to be largely caused by
trans-acting factors (Morley et al., 2004). These statements
are not incompatible since a single cis-acting polymorphism
in a transcription factor or receptor could affect the
expression of numerous other genes (Fig. 1). Therefore, to
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