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Abstract
The inability to predict the pharmacology and toxicology of drug candidates in preclinical studies
has led to the decline in the number of new drugs which make it to market and the rise in cost
associated with drug development. Identifying molecular interactions associated with therapeutic
and toxic drug effects early in development is a top priority. Traditional mechanism elucidation
strategies are narrow, often focusing on the identification of solely the molecular target. Methods
which can offer additional insight into wide-ranging molecular interactions required for drug effect
and the biochemical consequences of these interactions are in demand. Genomic strategies have made
impressive advances in defining a more global view of drug action are expected to increasingly be
used a complimentary tool in drug discovery and development.
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1. Predicting Drug Variability Requires Knowledge of Drug Action
There is significant interpatient variability in response to anticancer agents; different patients
may experience therapeutic benefit, no effect, or even life-threatening side effects from
identical doses of the same drug. Very few methods are available to prospectively distinguish
those who will benefit from those who may be harmed. Consequently, the number of adverse
events associated with cancer therapy remains high. While clinical and environmental variables
(e.g., age, gender, diet, organ function, concurrent medications) have been associated with
variation in drug response, genetics has been estimated to account for as much as 20–95% of
the variability.1 A drug’s activity is the result of interactions with proteins involved in
absorption, distribution, metabolism, elimination (so called ADME) and cellular targets.
Genetic variations in any one of these proteins can have a significant affect drug response.

Pharmacogenomics examines the inherited variations in genes that dictate drug response. It
seeks to identify those variations associated with differential responses between patients. In
the past, pharmacogenomic studies used the candidate gene approach to identify factors
responsible for variable response. These studies required some a priori knowledge about a
drug’s mechanism of action and the proteins it interacts with to elicit a pharmacological or
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toxic effect. For example, many cancers overexpress the epidermal growth factor receptor
(EGFR) which, when ligand bound triggers, cell proliferation. Gefitinib was developed
specifically to inhibit EGFR and suppress tumor growth. Early clinical trials revealed that most
patients administered gefitinib saw no therapeutic effect.2 However, 10% of the patients had
a dramatic positive response to therapy.3 It was subsequently discovered that the tumors of
patients experiencing therapeutic benefit had specific activating mutations in the EGFR gene
that made them susceptible to the chemotherapeutic agent. Understandably, it was concluded
that administering this drug to patients whose tumors did not possess the EGFR mutations is
neither medically or financially practical. Knowledge of the mechanism and required protein
interactions is crucial for the development of safe and efficacious anticancer therapies.

Unfortunately, many drugs currently in use were developed without knowledge of their
underlying molecular mechanisms. Predicting the mechanism of action has proven very
difficult for both old and new drugs for several reasons. In many cases the target is unknown;
as a result, the biochemical consequences of the drug-target interaction remain elusive. The
cellular consequences continue to be vague when the target is known. Moreover, drugs are
often capable of binding more than one target (considered off-target proteins), many of which
have not been characterized. The end product is concurrent changes in many different
biochemical pathways. Our limited understanding is even further confounded by unpredictable
drug absorption, distribution, and metabolism. Drug action rapidly becomes a very complex
process and understandably difficult to untangle. Our inability to elucidate a drug’s mechanism
is a significant cause for the high failure rates and high costs associated with drug development.
Methods that can provide information on direct targets, indirect targets, affected cellular
pathways, and proteins involved in the ADME of a drug would be powerful tools in drug
discovery and development.

2. Limitations of Current Methods of Mechanism Elucidation
While there are many systems available for identifying the molecular targets of small
molecules, they do have weaknesses (Table 1). Affinity chromatography is a powerful and
classic method used to identify target proteins.4,5 In this approach, a protein extract is passed
over a packed column consisting of drug immobilized to a solid support. Following repeated
washing to remove unbound proteins, the bound protein is eluted using denaturing conditions.
However, this method requires high affinity ligands and a high abundance of the target protein
in the cell extract suitable for detection. Compounds isolated following high throughput screens
are typically not very potent, and low abundance target proteins are difficult to detect over
background non-specific binders.

The yeast three hybrid system, phage display and mRNA display are three relatively new
protein based methods for small molecule target discovery. They all utilize affinity
chromatography but were developed to counter problems with low affinity ligands and the low
abundance of the target protein in extracts. These methods involve the generation of a library
or a pool of proteins which are then submitted to a selection process that entails repeated
amplification and enrichment to isolate proteins of interest. This approach has been most often
exemplified by the phage display system.6 However, the phage display system requires the in
vitro bacterial transformation of the library DNA. This significantly limits the possible size of
the protein library.7 The probability of finding a binding protein with high affinity increases
as the library size increases. In addition, that probability is also influenced by both the ability
to diversify the library, and then isolate and characterize selected proteins from the library. A
library lacking diversity or possessing underrepresented binding proteins may inadvertently
be missing the target. Libraries prepared for mRNA display can be generated containing more
than 1013 different protein sequences.8 However, since these proteins are expressed in E.
coli, they may fold improperly and form insoluble inactive aggregates or inclusion bodies,
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which can not be easily purified. The steps needed to solubilize and refold the fusion protein
can be highly variable and may not always result in high yields of active protein.

Another very powerful approach to predict the molecular targets of anticancer agents was
developed at the NCI and evaluates the cytotoxicity of compounds in a panel of 60 human
cancer cell lines. The COMPARE algorithm then matches the cell growth inhibition
(fingerprint) of a test compound with one or more of the thousands of other compounds in the
NCI database.9 A high degree of correlation between the two fingerprints suggests that the
compounds share a molecular target. This model identified the novel drug kenpaullone as a
cyclin dependent kinase inhibitor when its fingerprint matched with other CDK inhibitors that
have been through the screen previously.10 The model is unsuccessful in assigning a
mechanistic classification when the fingerprint for a drug candidate is too distinct from the
patterns of established agents, a scenario suggesting a novel molecular target.

3. Genomics broadens understanding of drug action
To meet the challenging problem of identifying the mechanisms of action of drug candidates,
novel methods are constantly being developed and old methods increasingly improved upon.
Some impressive successes have been attributed to the use of genetics as a tool in the
identification of mechanisms of action for drugs. The innovative genetic models that follow
have several advantages over the target identification assays described above. They require no
a priori knowledge about the compound mode of action, which allows truly novel drug
activities to be determined in a systematic and unbiased method. These processes allow the
discovery of biological pathways involved in drug action (including proteins associated with
metabolism, distribution, and off target effects) in addition to the precise mechanism of action
to be determined. Traditional methods of elucidating mechanism are restricted by a static view
of drug action: they oversimplify and focus the search on a single molecular target. By allowing
the biology to reveal the genes influencing activity, genomic tools offer a more dynamic and
global perspective of a drug’s mechanism.

Enhanced knowledge of yeast genomics have enabled the use of the budding yeast
Saccharomyces cerevisiae as a powerful tool for mechanistic discovery. Libraries of genome-
wide yeast haploid deletion strains with molecular barcodes have been developed. When these
libraries are grown in the presence of drug, the deletions that sensitize cells to a particular drug
will cause a decrease in cell growth relative to control.11 The barcode associated with each
strain is used to quantitate growth and identify genes involved in the drug’s mechanism. This
method has been used to explore the cellular pathways and processes for a collection of
compounds with known and unknown modes of action. 11,12 Hierarchal clustering of
compounds with similar genetic profiles suggests common molecular targets and pathways.
12 For example, the genetic profiles of amiodarone, an antiarrythmic drug, and the
chemotherapeutic agent tamoxifen which targets the estrogen receptor, were quite similar.
Amiodarone acts through perturbation of calcium homeostasis. In three independent validation
assays, tamoxifen was also shown to disrupt calcium homeostatis confirming published
evidence that the drug increases calcium concentrations in a variety of mammalian cells.12
Moreover, the system could be used to identify unknown targets for novel agents. The target
of the antifungal, papuamide B (PapB), was identified by assessing both drug resistant and
sensitive mutants. Sensitive mutants affected by exposure to PapB had gene deletions related
to cell wall organization. A single gene, the enzyme required for synthesis of
phosphatidylserine (PS) in yeast cell membranes, was associated with the growth of resistant
wild type cells in the presence of PapB. Investigators proposed that papB binds PS and acts on
membrane integrity and permeability. A comparison of the genetic profile of PapB with known
membrane permeabilizers and agents which bind other phospholipids revealed a match. Yeast
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genetic profiling is exceptional because it can be used to identify primary and secondary targets
via sensitivity as well as loss-of-function mutations that result in drug-resistance.13

Another noteworthy example involves the use of mouse haplotype computational genetic
analysis to identify genes that affect drug metabolism or response. This method was recently
used to identify genes and the resulting proteins affecting the overall metabolism of warfarin
in mice (Figure 1).14 Warfarin, a commonly prescribed anticoagulant, is metabolized by many
different pathways and by a variety of enzymes into different metabolites. Warfarin was
administered to a number of inbred mouse strains and both parent compound and metabolites
quantified in plasma for up to 24 h following dosing. Strain specific differences were observed
in the production of warfarin metabolites. Computational genetic analysis was used to look for
patterns of genetic variation that correlated with the observed phenotypic differences across
mouse strains. The two strains of mice with the lowest rates of warfarin metabolism differed
from the other strains in a region on chromosome 19 that encodes for the metabolizing enzyme
Cyp2c. To confirm the role of Cyp2c in murine warfarin metabolism, the formation of the
major metabolite 7-hydroxywarfarin was inhibited in murine liver microsomes following the
administration of a Cyp2c specific inhibitor.14 Moreover, the expression of Cyp2c29 in liver
extracts were 2–7.4 fold higher than in the two strains with the low rate of metabolite
generation. The impact of this tool extends beyond evaluating drug metabolism. For example,
this approach has also been used to link the beta-2-adrenergic receptor to increased pain
sensitization, a side effect associated with the administration and subsequent withdrawal of
opiods.15,16

Recently studies have employed ex vivo human familial genetic models to investigate drug
action.17,18 The genes influencing the cytotoxicity of chemotherapeutic agents have been
studied using immortalized lymphoblastoid cell lines (LCLs) derived from Centre d’Etude du
Polymorphisme Humain (CEPH) populations. The CEPH cell lines are a collection of
multigenerational families that have been extensively genotyped. Cells from these families are
phenotyped for response to a given anticancer agent then linkage analysis is used to correlate
variation in response to variation in regions of the genome referred to as quantitative trait loci
or QTLs (Figure 2). Waters phenotyped sensitivity to increasing concentrations of 5-
fluorouracil in 427 CEPH cell lines across 38 families.18 Significant variation was noted across
individual cell lines at each dose. Heritability, the degree to which a trait can be explained by
genetic factors, ranged from 26% at the lowest concentration of 5-fluorouracil to 65 % at the
highest concentration. QTLs associated with 5-fluorouracil cytotoxicity were observed on
chromosomes 5 and 9. The cytotoxic responses to cisplatin19, etoposide20, docetaxel18, and
daunorubicin21 have also been discovered to be heritable traits in human families with
identified QTLs. Future works are expected to narrow these QTLs down to specific genes
which influence cytotoxicity.

It should be acknowledged that genomics will not solve all of the challenges encountered with
mechanism elucidation. Genomic studies in yeast have their own limitations. Yeast are
primitive organisms whose intracellular conditions such as protein folding and post-
translational modifications can differ significantly from mammalian cells. Similarly, genes and
the resulting proteins identified as contributors to drug action in murine models may not always
reflect events in humans. For example, drug metabolism in rodents can differ from humans
due to major differences in P450 isoforms, expression, and catalytic activity. Studies using
human lymphoblasts can bring us closer to an understanding of the biochemical events involved
in drug activity. However, LCls are derived from lymphoid tissue and are not suitable for the
study of all phenotypes such as hepatotoxicity. In addition, the genes of the Epstein-Barr virus
(EBV) are expressed in LCLs following immortalization with the virus which may confound
results.
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4. Conclusion
Drug activity is clearly a tangled and complex process. Its elucidation remains a daunting task
for investigators. It is also a costly dilemma. Nearly one-third of the capital lost on all drug
failures, $8 billion, was due to the inability to accurately predict drug pharmacology and
toxicology early on in the development process.22 Genomics is an under utilized tool that can
strengthen current efforts in identifying mechanisms of action. The successful integration of
genomics and other biochemical assays will reveal potential novel drug targets, and hopefully
then facilitate the development of safer drugs and help identify new therapeutic uses of existing
drugs.
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Figure 1. Murine haplotype computational pharmacogenetic analysis
This computational method allows for the rapid identification of genes involved in drug
metabolism. A single IP dose of 10 mg/kg 14C-R-warfarin was administered to thirteen mouse
strains and parent compound and metabolites analyzed in pooled blood samples. Strain specific
differences were observed in the formation of the major warfarin metabolites 7-
hydroxywarfarin (7-OH) and its glucoronidated metabolite (M8). The correlation between the
measure phenotype variation and genomic variation between strains was evaluated using
haplotype blocks. Computational analysis identified strains who have the same phenotypic
values and haplotype blocks. Haplotype blocks are then analyzed to identify a list of genes
potentially influencing warfarin metabolism. The list is reduced to genes expressed in the liver.
Strain groupings for Cyp2c which is expressed in the liver best correlated to the observed
phenotypes for warfarin metabolism. To confirm Cyp2c involvement, the effect of a Cyp2c
specific inhibitor on the rate of formation of 7-OH and M8 was examined. The genomic region
associated with the Cyp2c haplotype block suggested that genetic variation in the CYP450
enzymes Cyp2c55, Cyp2c39, or Cyp2c29 may be responsible for the observed phenotypic
variation. Gene expression levels of the Cyp enzymes were evaluated in the livers of the 13
mouse strains. Cyp2c55 and Cyp2c39 were not expressed in the livers, and Cyp2c29 gene
expression varied greatly among strains. Finally, differences in protein expression for Cyp2c29
were shown to correlate to the differences in warfarin metabolism.
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Figure 2. Discovery of genetic loci involved in the cytotoxic effect of chemotherapeutic agents
An ex vivo familial study was used to identify genes associated with docetaxel cytotoxicity.
A) Variability at increasing concentrations of docetaxel was assessed I a collection of
lymphoblastoid cell lines derived from CEPH pedigrees. Each pedigree consists of 5–10
offspring per family. B) A dose-response curve shows significant variation in cell viability at
all concentrations across the entire CEPH population. Data points are mean cell viability and
bars are standard deviations across the entire population. The degree to which observed
variation in cell viability can be explained by genetic factors (heritability) is represented by
numbers. C) Linkage analyis correlated regions of chromosome 9 with the observed variability
in cytotoxic response. Furthermore, as drug dose increased the LOD score (probability the
observed phenotype is related to the variation in a specific region) also increased.
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