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Introduction

During the past decade we have seen fundamental changes in
the way pharmaceutical companies approach the identification
and validation of new drug targets. Historically, lead com-
pounds were identified by screening small molecules for the
induction of a desired phenotype, for example, anticancer
agents blocking cell proliferation. However, many such drug
candidates ultimately failed in clinical development, either due
to poor pharmacokinetic compound characteristics or because
of intolerable side effects, which may reflect insufficient specif-
icity of the compound or unsuitability of the target. In fact, a
significant number of drug development projects have failed
because the underlying biological hypothesis about the target
has been incorrect.[1] To reduce the attrition rate during devel-
opment, most, if not all, pharmaceutical companies have
adopted a target-directed molecular approach, which aims at
understanding the cellular mechanisms underlying a given dis-
ease phenotype. This change in the drug discovery process
has been supported substantially by the completion of the se-
quencing of the human genome and by the introduction of
novel genomics and proteomics technologies. Overall, identify-
ing novel drug targets, that is, proteins that are critically in-
volved in the development and/or progression of a disease, is
a multistep endeavour involving various disciplines, including
large-scale expression profiling and bioinformatics, structural
biology, traditional cell biology, and ultimately functional in
vivo studies.

The selection of candidate targets is greatly supported by
the use of systematic gene expression profiling to enable the
discovery of genes/proteins with a desirable tissue distribution
that are regulated in a model system of pathophysiology and/
or differentially expressed in clinical patient samples in com-
parison to normal samples. Gene expression profile informa-
tion, put in the context of functional information on a target
protein or one of its close homologues, is today guiding selec-
tion of candidate targets as the first step in the target discov-
ery process. The cellular function of a potential target is ana-
lysed in detail in the process of target validation. In a series of
in vitro assays, including knock-down and over-expression

studies in appropriate model systems, target validation aims at
demonstrating that a candidate target protein—and ultimately
its enzymatic activity—does play a critical role in a disease-
relevant cellular process.

In addition to its critical contribution to a disease condition,
the target protein of interest should be drugable, that is, it
should have the potential to bind a small molecule with an ap-
propriate binding affinity and with appropriate chemical prop-
erties.[2] Drews identified about 5000–10 000 potential target
proteins, whereas Hopkins and Groom estimated the number
to be 600–1500 drugable targets within the human
genome.[2, 3] In order to identify drugable targets, Schering ex-
amines each target protein for its potential to selectively bind
a small molecule in a well-defined binding niche. A prerequi-
site for such an analysis is the availability of 3D-structure infor-
mation about the target or a homologous protein. Target as-
sessment has become an important decision point before en-
tering target validation, as an early decision for or against a
project can influence the costs in Research & Development
dramatically : up to 40 % of all costs in Research & Develop-
ment arise during the target discovery stage.

In summary, pharmaceutical companies have developed dif-
ferent target discovery strategies according to their individual
needs and the therapeutic areas they serve. In this article,
rather than summarising all of the current methods used in
drug discovery, we provide an overview of the Schering-specif-
ic target discovery process (Figure 1). This overview focuses on
the individual steps of target identification, target assessment
and target validation, including lessons that we have learnt
while establishing and optimising these processes that are
useful across all therapeutic areas.
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In order to minimise attrition rates in drug development projects,
a target discovery process is implemented to select and charac-
terise the most suitable candidate kinase targets, before lead
identification and lead optimisation are embarked upon. The
process consists of 1) target selection, 2) target assessment, and
3) target validation. This rational approach to target discovery,
as a prerequisite for lead discovery, ensures that new therapeutic

targets fulfil a set of general criteria, as well as indication-specif-
ic, descriptive and functional ones. The approach should
ultimately maximise the likelihood of achieving target-selective
inhibition by small-molecule inhibitors with minimal in vivo side
effects and a therapeutic effect based on a sound biological
hypothesis.
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Target Identification and Selection

To complement the continuous search for novel targets ema-
nating from descriptions in the literature, we have conducted
a systematic effort aimed at the identification of novel candi-
date targets based on the following set of gene expression
criteria :

1) tissue selectivity (for example, predominant or exclusive
expression in endothelial cells in reproductive organs),

2) gene regulation in ex vivo and in vitro model systems (for
example, induction during activation or differentiation of
lymphocytes), and

3) differential expression in samples representing human dis-
ease (for example, tumour versus normal organ, lesional
skin versus normal skin, peripheral blood monocytic cells
(PBMCs) of inflammatory disease versus PBMCs from
healthy donors.
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The relative importance of these descriptive criteria is varia-
ble between the individual indications. As an example, the
need for target-tissue specificity is linked to the severity of the
disease to be treated, and it has paramount importance in the
search for novel approaches to fertility control.

Obviously, additional levels of information qualifiying pro-
teins as candidate targets exist, such as the posttranslational
activation status in disease models (for example, tyrosine or
serine/threonine phosphorylation and proteolytic processing
resulting in activation), that are not directly accessible by
large-scale gene expression profiling. However, array- or bead-
based antibody technologies for multiplex analysis of protein
activation status are only emerging, so array-based mRNA anal-
ysis is the only mature tool for systematic (“holistic”) target
selection efforts.

A Gene expression array focused on target protein families

To focus our target selection efforts on drugable target candi-
dates, we have designed a proprietary AFFYMETRIX gene
expression array representing those protein families for which
small-molecule inhibitors are most likely to be found. To this
end, prior to the availability of the human genome sequence,
we had conducted a major bioinformatics effort to collect
from various sequence databases, including nonpublic ex-
pressed sequence tag collections (INCYTE), all sequences en-
coding human protein kinases, protein phosphatases, proteas-
es, nuclear receptors, and G protein-coupled receptors. Se-
quence redundancy was reduced by clustering of sequences;
however, the criteria for cluster building were set to minimise
the number of false chimeric clusters at the expense of mini-
mising redundancy. An essential part of the sequence assembly
for the final array design was the identification of major 3’-end
variants for the 7500 genes to be represented, to account for
transcript polymorphisms critically impacting on the detection
of mRNA species by using the AFFYMETRIX technology. When
our custom array was compared to the AFFYMETRIX standard
arrays available at the onset of this systematic effort, the major
advantages were the ability to address all relevant genes on a

single array and also to cover
genes that were not well repre-
sented in public sequence data-
bases.

Database of target-gene
expression profiles and data
views

We have established a suite of
programs, including the EXPRES-
SIONIST software (GeneData AG,
Switzerland), as well as propriet-
ary software modules for quality
control, normalisation and con-
densation over large sets of AF-
FYMETRIX array raw data.

Using the custom array pro-
duced by AFFYMETRIX, we have to date profiled more than
600 human samples, thereby creating a database of gene
expression profiles for the major target protein families. This
database has become a valuable resource for systematic data-
mining campaigns to identify candidate targets in a number of
indications.

A broad panel of human cell lines was profiled, to enable
identication of suitable model systems for in vitro target vali-
dation (see below). A large set of normal human tissue sam-
ples was included in the analysis, with multiple replicates rep-
resenting major organs. This part of the data collection can
best be viewed as a so-called “Array Northern”, where the
mean values over all samples representing one specific organ
are displayed in a bar-graph format (Figure 2). This tool is also
used for a summary display of differential gene expression,
when mean values over multiple samples for an individual
pathology, for example, breast carcinoma, are represented
alongside the corresponding normal organ sample mean
values.

In vitro and ex vivo systems modelling specific aspects of
human pathophysiology, such as stimulation of endothelial
cells, activation of T cells, and differentiation and maturation of
monocytes to dendritic cells, have been profiled by using the
custom array. In addition to supporting the identification of
candidate targets, the value of such in vitro model data be-
comes most obvious when the data are overlaid with the infor-
mation on differential gene expression derived from complex
clinical samples, thereby allowing the possibility of assigning
differential expression events seen in the clinical samples to a
particular cell type or a specific cellular process. Thus, upregu-
lation of specific genes in skin inflammation, for instance, can
be attributed to the recruitment or activation of T cells in a
skin lesion.

Our approach is to use large-scale gene expression profiling
as a first filter and to conduct additional descriptive analyses
on preselected candidate targets, including in situ hybridisa-
tion or, if a suitable antibody is commercially available, immu-
nohistochemical analyses, to elucidate the localisation of the
mRNA to a specific cell type of an organ. Therefore, in the area

Figure 1. The drug discovery process at Schering. The target discovery process comprises three consecutive steps:
target identification, target assessment and target validation.
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of clinical samples, which has seen many applications of gene
expression profiling, we have sought to obtain and profile sig-
nificant numbers of intact biopsy or tissue samples represent-
ing a specific pathology, rather than conducting labour-inten-
sive microdissection studies on a limited number of samples.
Also, it has been argued that focusing gene expression profil-
ing on the transformed epithelium of a carcinoma sample, by
using microdissection, will inevitably miss disease-associated
events in the neighbouring stroma that are potentially valua-
ble, for example, for the identification of novel targets for
molecular-diagnostics applications.

For the exemplary candidate target shown (Figures 2 and 3),
the protease hepsin, the tissue-distribution profile, with pre-
dominant expression in the liver, and the differential mRNA ex-
pression in several carcinoma types compared to the corre-
sponding undiseased tissues, especially in prostate carcinomas,
is in line with published information, thus underlining the val-
idity of the data derived from large-scale expression-profiling
efforts[30, 31] The current challenge lies therefore more in the
downstream process, the analysis and expert assessment of
large numbers of gene expression profiles, which is supported
by dedicated data-display tools tailored to the specific purpose
(Figures 2 and 3).

Figure 2. An “Array Northern” view of the gene expression profile of hepsin, a serine protease. The gene expression values for a specific gene in more than 600 sam-
ples are displayed as a bar graph of the geometric mean values of the expression value on an arbitrary scale over all samples belonging to a specific class (for ex-
ample. “normal adult prostate”). For a number of organs, in addition to normal adult organ samples (beige background), fetal organ samples (light green back-
ground) and cell lines (light magenta background) have been analysed and are displayed in separate bars. Where available, tumour sample data (light blue back-
ground) are displayed next to the corresponding adult normal sample data. The serine protease hepsin has been described as over-expressed in human prostate
and ovarian carcinoma samples.[33, 34] The profile based on our target-gene expression database clearly recapitulates the predominant expression in the liver as well
as the differential expression in the carcinomas.

Figure 3. EXPRESSIONIST profile display view of hepsin gene expression values
across a set of prostate samples. The gene expression values for the serine pro-
tease hepsin are displayed on a logarithmic scale, by using the profile display
tool of the EXPRESSIONIST software package (GeneData AG, Switzerland), for
three sets of samples, namely, prostate samples from healthy individuals along
with disease-free tissue adjacent to the carcinoma samples (“adjacent-normal”;
right), benign prostate hyperplasia (BPH) samples (left) and prostate carcinoma
samples (middle). The line connecting the individual datapoints helps in the
inspection of complex profiles over hundreds of samples.
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Target selection data-mining campaigns

In a typical data-mining campaign for the identification of can-
didate targets, based on the specific target criteria for an indi-
cation, we would conduct a bioinformatics analysis by using
the EXPRESSIONIST software package to identify all genes
showing a specific expression pattern in sets of relevant sam-
ples, for example, searches for genes over-expressed in pros-
tate carcinoma samples, or showing predominant or even spe-
cific expression in the normal organ (that is, the unaffected
prostate). From several hundred genes fulfilling such initial cri-
teria, an individual review of the primary list of candidates is
conducted, which involves the inspection of profile display
views of the expression values of such genes across all individ-
ual normal and disease samples (Figure 3) as well as the analy-
sis of tissue distribution by using the “Array Northern” tool
(Figure 2). As a result, a few dozen preselected candidate tar-
gets remain, which then become the subject of review and dis-
cussion in expert teams comprising biochemists, cell biologists
and pharmacologists. Known biological activities of the candi-
date targets, or of closely related proteins, and their position
in signal-transduction pathways are considered at this stage of
the selection process; this results in the final selection of a
handful of candidate targets that will be studied in more
detail. The further descriptive characterisation generally in-
cludes verification of gene expression array data by quantita-
tive PCR or Northern blotting, along with in situ or immunohis-
tochemical analysis of cell-type distribution of the candidate
mRNA or protein in normal and diseased tissue samples, in
parallel with a target assessment (see below), before the candi-
date target ultimately enters functional in vitro validation stud-
ies (see below).

Notably, in our systematic gene expression data-mining
work, we have also on several occasions found information on
a potential role of existing drug targets in a previously un-
known indication context; this results in the extension of
target validation studies to new disease models or prompts
the use of existing tool compounds in an animal model for a
potential secondary indication.

In summary, the expression-profile-driven target selection
process described here leads to the identification of proteins
with a potential functional role in disease initiation and pro-
gression or with suitability as molecular diagnostic targets. Fur-
ther descriptive and functional analyses are usually required.

Target Assessment

After potential new targets are identified, the next step in the
target discovery process at Schering is the drugability assess-
ment of the target protein. A prerequisite for such an analysis
is that 3D-structure information of the target protein itself or
of a homologous protein is available. With presently more
than 23 000 crystal and NMR spectroscopy structures deposited
in the Protein Data Bank, the probability of finding, if not the
target structure itself, than at least a homologous structure
with sequence identity of 30 % or higher is relatively good.[4]

The assumption holds if the target belongs to one of the

major enzyme and protein classes, such as nuclear receptors,
protein kinases, proteases and protein phosphatases. It has to
be noted, however, that there is still a lack of experimental
structures for other important drugable proteins like G protein-
coupled receptors.

Target assessment comprises, in addition to the prediction
of drugability, the analysis of catalytic and/or functional as-
pects and an analysis of selectivity issues. In order to assess
the drugability, the probability of identifying small-molecule
inhibitors for the target protein is estimated. As a first step, we
examine whether a binding niche can be identified in the
target protein that—judging from its shape and size—would
allow the accommodation of small-molecule inhibitors. From a
structural biologist’s point of view, “nondrugable” refers to a
binding site that is too small, too flat, and/or too hydrophobic
to allow tight and specific binding of a small molecule. With
respect to protein functionality, the presence of sequence
motifs contributing to enzyme activity is reviewed. In order to
evaluate the potential to achieve selectivity, residues contribu-
ting to a potential binding niche are examined for their possi-
ble interactions with a ligand and for the sequence conserva-
tion of these residues in the protein family of interest. Target
assessment in this sense links information from sequence
space and structure space (Figure 4). Related approaches eval-
uating drug targets with respect to genomic and structural
data have been described in the literature.[2, 5, 6]

Provided that a binding niche in a protein can be deduced
by using information from crystal/NMR spectroscopy structures
or from homology models, the amino acid residues lining this
niche can be identified and mapped back to the primary se-
quence level (Figure 4 C). When sequences are aligned for a
group of related proteins, the mapping of residues from struc-
ture to sequence level allows the deduction of which residues
are likely to contribute to the binding niche in the entire
family. The protein kinase sequence alignment in Figure 4
depicts only those residues that have been identified as inter-
acting with a bound small-molecule ligand in at least one 3D
kinase structure. Highlighted in grey are residues that interact
with the inhibitor in the respective kinase–inhibitor complex.
Thus, residues listed in Figure 4 C are those involved in ligand
binding in various kinases. Although these residues might not
have the same orientation in all structurally known kinases,
they all are taken into account when analysing a target kinase
with unknown structure. Sequence variablility in the (assumed)
binding niche of the target protein to other related proteins of
interest can thus be detected and located in structure space.
This enables the identification of key areas in the 3D structure,
where—upon inhibitor binding—selectivity is likely to be
achieved. Inhibitors forming strong interactions with residues
that are nonconserved in the protein family are more likely to
be selective than inhibitors that interact predominantly with
conserved side chains or protein backbone atoms.

At Schering, target assessments are performed for all poten-
tial target proteins for which a structural homologue with an
overall sequence identity >30 % is available. In the following
section the target assessment approach is exemplified for the
target family of protein kinases. Target assessments of the cata-
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lytic domain of protein kinases have the advantage that a
broad basis of structural information is available. In December
2003, 224 structures of the catalytic domain of protein kinases
were deposited in the Protein Data Bank.[4] Of these 224 struc-
tures, 159 represent kinases in complex with a low-molecular-
weight compound (54 with adenosine triphosphate (ATP) and
derivatives, 12 with staurosporine or derivatives thereof, and
93 with other small-molecule inhibitors). These 159 kinase
structures comprise complex structures of 17 different serine/
threonine (Ser/Thr) protein kinases and of 12 different tyrosine
(Tyr) protein kinases. We have carefully analysed the binding
niches of these structures to determine a) which amino acid
residues contribute to the binding niche, b) the flexibility of
residues and loops contributing to the binding niche, and
c) whether the residues interact with the ligand through main-
chain or side-chain atoms.

Protein kinases have a highly conserved catalytic core of
about 300 residues (Figure 4).[7–9] This core structure consists of
two lobes, with the binding site for ATP or ATP-competitive in-
hibitors located between these lobes. The orientation of the
two lobes relative to each other and the flexibility of the nu-
cleotide-binding loop in the active site (the name reflects the

interactions with the phosphate moieties of ATP) often varies
between different ligand scaffolds.

Another region of interest in inhibitor binding is the so-
called hinge region between the N- and C-terminal lobes of
the catalytic domain. Both the natural ligand ATP and the ATP-
competitive inhibitors interact with this region through up to
three hydrogen bonds. The residue preceding the hinge
region, the so-called gate-keeper residue, is often of small size
(Thr or Val ; if not stated otherwise, amino acids are described
by their three-letter code) in Tyr kinases whereas it is larger
(often Phe, Met or Leu) in Ser/Thr kinases.

In addition to contributing to the orientation of ATP, the cat-
alytic loop and the activation loop in kinases are responsible
for the positioning of the substrate. In almost all kinases, se-
quence motifs such as His–Arg–Asp at the start of the catalytic
loop and Asp–Phe–Gly at the beginning of the activation loop
are conserved, as they are involved in the correct orientation
of the natural ligand ATP in the binding site.

The target assessment approach is demonstrated in more
detail by using the protein kinase ZAP-70 as an example. ZAP-
70 is involved in T-cell activation and belongs to the family of
nonreceptor tyrosine kinases. The 70 kDa protein (619 residues,

Figure 4. Target assessment approach at Schering. When a crystal structure or homologous structure of the target protein (for example, ZAP-70) is available (for
example, kinase lck; PDB entry code : 1qpe;[13] A), the binding niche of this protein and other members of the same family are analysed (B) with respect to binding
niches, inhibitor binding and contact residues of the inhibitor to the protein. Thus, a list of the binding niches is compiled that highlights the kind of interaction in
the proteins, for example, interaction through hydrogen bonds or van der Waals contacts (C). Amino acids on a grey background interact through side chains with
the inhbitors in the respective protein–inhibitor complex, while those in bold and underlined contact the ligands with their main-chain atoms. As a final step, a
model of the target protein is calculated (D ; example shows the model for Zap-70 on the basis of the lck–PP2 complex (PDB entry code: 1qpe)) and the interacting
residues are highlighted in a surface presentation (orange on an overall surface of grey).
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Swissprot entry code: za70 human, Isakov1996) contains two
SH2 domains, arranged in tandem, and a C-terminal catalytic
protein kinase domain. The NMR spectroscopy and crystal
structures of the apo and peptide-bound SH2 tandem domains
have been determined and several examples of ZAP-70 inhibi-
tors targeting the SH2 domains have been published.[10–12]

From sequence alignments, the kinase domain of ZAP-70, for
which no 3D-structure information is available so far, is
thought to be located between residues 338 and the C-termi-
nal end of the protein.

In Table 1 the results of the target assessment for the ZAP-
70 kinase domain are summarised. In ZAP-70, all sequence
motifs contributing to the kinase catalytic machinery (for ex-
ample, the Asp–Phe–Gly and His–Arg–Asp motifs, etc) are con-
served and classify ZAP-70 as a Tyr kinase. The only exception
is the gate-keeper residue, which is large in ZAP-70 (Met414)
but usually small in other Tyr kinases. The highest sequence
homology to structurally known kinases is found for the cata-
lytic domain of FAK (focal adhesion kinase; 43 % sequence
identity; PDB entry code: 1mp8), followed by Eph-A2 receptor
tyrosine kinase (41 %, 1mqb), EGF receptor kinase (40 %, 1m14)
and lck (40 %, 1qpe).[13–15] Given these high levels of sequence
identity and the highly conserved common fold of protein kin-
ases, a binding niche similar in size and shape to other protein
kinases can be expected with high probability for ZAP-70.

Calculating sequence identities based only on residues in
the binding niche, the closest homologues to ZAP-70 among a
list of 160 randomly selected kinases are members of the Eph-
B receptor family, which exhibit sequence identities of 50 % in
this region, while the sequence identity of lck is only 44 %.
Figure 4 shows a sequence alignment of residues in the bind-
ing niche of the tyrosine receptor subfamily, which includes
FAK, c-abl, Eph-A2 receptor, Eph-B2 receptor and EGFR. The
similarity in the binding niche of ZAP-70 compared to a ran-
domly selected list of 165 kinases is relatively low (<50 %), a
fact suggesting that it should be possible to find selective in-
hibitors for ZAP-70. A detailed analysis of the active-site resi-
dues differing between ZAP-70 and these homologous kinases
(not presented here) may give further insights into whether it
will be possible to develop inhibitors selective for ZAP-70
alone.

Many of the residues involved in coordinating ATP are con-
served among kinases, thereby leading to a higher level of se-
quence identity in the binding niche than the overall sequence
identity of protein kinases of approxiamtely 30 %. For example,
the sequence identity between the binding niche of the Ser/
Thr kinase cdk2 and the Tyr kinase c-src is only 42 % while that
between c-src and the Tyr kinase abl amounts to 65 %. Accord-
ingly, the target assessment will predict that the probability of
encountering selectivity problems between either cdk2 and c-

src or abl and c-src is rather low.
Examples of inhibitors binding
to c-src but not to cdk2 are PP1
and SU6656, which exhibit IC50

values for c-src of 170 nm and
280 nm, respectively, while no
inhibition of cdk2 can be de-
tected (IC50>10 000 nm).[16, 17]

With a sequence identity of
65 % in the binding niche be-
tween c-src and abl, inhibitors
can be found with similar IC50

values, like PP1 (170 nm and
250 nm for c-src and abl, respec-
tively), or already differing IC50

values, like the compound
SU6656 (280 nm and 1740 nm

for c-src and abl, respectively). A
careful analysis is necessary in
order to obtain selective com-
pounds. An exact prediction of
which compound might lead to
selectivity problems is beyond
the scope and capabilities of a
target assessment. Still, a target
assessment in the early phase
of a project can alert scientists
to critical issues relating to the
functionality, selectivity and
drugability aspects of a poten-
tial target protein. It can thus
contribute to the decision

Table 1. Summary of the structural biology target assessment for the protein kinase ZAP-70.[a]

Characteristics Comments relating to target Conserved in
kinase ZAP-70 ZAP-70/Ser/Thr

or /Tyr?

Functionality
sequence motif : nucleotide-binding loop, GxGxxG GCGNFG (aa 345–350) yes (both)
sequence motif : conserved interaction between
Lys and Glu in helix C

VAIK (aa 366–369) and E (aa 386) yes (both)

hinge region: gate-keeper residue Met414 Ser/Thr
hinge region: size of hinge region large, loop size as in lck Ser/Thr
catalytic loop: Prosite motif[b] FVHRDLAANVLL (aa 457–469) Tyr
activation loop: DFG DFG (aa 479–481) yes (both)
activation loop: xxxxxAPE PLKWYAPE (aa 502–509) Tyr

Drugability
structural homology: overall sequence identity 43 % FAK (PDB: 1mp8), Tyr

41 % Eph-A2 RTK (PDB: 1mqb),
40 % EGFR kinase (PDB: 1m14),
40 % lck (PDB: 1qpe)

existence and size of binding niche niche available, similar size to that in
other protein kinases

Selectivity
sequence identity in binding site 50 % to Eph-B1, -B2, -B3, -B4 and -B8

RTK[c]

44 % to lck (calculated from a set of
165 kinases)

homologues in kinase kinome[36] Tyr kinase family : Tyr
syk subfamily (followed by abl and FAK
subfamilies)

[a] Single-letter amino acid (aa) codes are used in the sequences, x = any amino acid, bold type indicates a resi-
due conserved in the consensus sequence. [b] Consensus pattern for Tyr kinases from the Prosite database:[35]

[LIVMFYC]-x-[HY]-x-D-[LIVMFY]-[RSTAC]-xx-N-[LIVMFYC]3 where D is an active-site residue. [c] RTK= receptor
tyrosine kinase.
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about whether a target candidate should enter the target vali-
dation process.

Since the establishment of target assessments at Schering
three years ago, a number of potential target proteins did not
proceed to target validation due to a (predicted) lack of func-
tionality (which in addition was confirmed experimentally). For
targets with selectivity problems, that is, with binding sites
that are more than 95 % identical to that of homologous pro-
teins, additional data relating to the target’s tissue distribution
are analysed before a “no go” decision is taken.

Target Validation

Impressive technical advances such as large-scale sequencing
efforts and systematic functional genomics studies in model
organisms have led to a massive increase in potential drug tar-
gets during recent years.[2] As a result, many target discovery
groups are facing the same dilemma, that is, they are confront-
ed with a large number of targets which, in most cases, have
been identified solely by virtue of their differentiated regula-
tion under pathophysiological conditions (see above). Even
though many of these potential targets may contribute in
some way to disease phenotypes, further functional characteri-
sation is required to identify key switches in biochemical path-
ways as appropriate intervention points for drug treatment.
The process of target validation aims at identifying these
switches exactly by demonstrating that a target plays an es-
sential role in a disease-relevant cellular process.

It is needless to say that there is no standard process for
target validation and pharmaceutical companies are applying
various techniques according to their indication-specific needs
(reviewed in ref. [1]). Five years ago, we had already agreed
upon sets of essential criteria that have to be fulfilled by a can-
didate gene in order for it to constitute a valid target for a par-
ticular indication. In principle, there are two ways to establish
a link between a target gene and a disease-relevant pheno-
type.[1] In contrast to the identification of potential targets
through random phenotypic screens, that is, “forward genet-
ics”, Schering has settled for the alternative strategy of “reverse
genetics”, which seeks to unravel the specific molecular func-
tion of a candidate gene within a given physiological process
of interest. In this approach, the function of a target protein is
first blocked, either by the introduction of a dominant-interfer-
ing mutation or by the specific suppression of gene expression.
The resulting loss-of-function phenotypes are subsequently
monitored, thereby making it possible to link the inhibition of
precisely one target to the observed phenotypic changes.

One of the main challenges in target validation is the estab-
lishment of appropriate model systems, which mimic the in
vivo situation and, thus, are indeed predictive of disease. Fur-
thermore, these model systems have to be amenable to
medium- or even high-throughput applications in order to an-
alyse a sufficient number of potential targets in parallel. For
this reason, we have decided to conduct target validation
studies in vitro in cellular systems, which have been very help-
ful in the past in elucidating signalling pathways that govern
essential physiological processes such as cell proliferation or

the regulation of survival and apoptosis. Suitable in vitro
models for target validation have to meet certain criteria, that
is, 1) the cells have to express the gene of interest to detecta-
ble levels, 2) the cellular model has to mimic the in vivo situa-
tion, thereby allowing the analysis of a well-defined and dis-
ease-relevant phenotype, and 3) the cells need to be amenable
to experimental manipulation. In this respect, much has been
learned from studies in immortalised cell lines, which are
either derived from tumours or which have been established
by the stable introduction of viral oncogenes. Still, these stable
cell lines frequently exhibit aberrant properties, since the proc-
ess of immortalisation correlates with gross alterations of the
karyotype and the acquirement of a dedifferentiated pheno-
type.[18] Therefore, we prefer to perform target validation stud-
ies in primary cells derived from relevant human tissue when-
ever possible, as the human situation is best reflected by these
nontransformed cells.

Independently of the cell system used, one major hurdle in
functional genomics studies is the delivery of target validation
tools like antisense oligonucleotides, short interfering RNAs
(siRNAs), expression vectors or proteins (for example, blocking
antibodies) into cells. The introduction of oligonucleotides and
plasmids is typically achieved by using cationic lipids or poly-
mers.[19] Gene delivery through lipofection is simple and fast,
and there are numerous specialised transfection reagents avail-
able from different vendors. However, this delivery system is
restricted to dividing cells and exhibits a number of limitations,
including sometimes severe toxicity and, most importantly,
only mediocre transfection efficiencies, especially in primary
cells. In our hands, the Nucleofector technology developed by
Amaxa Biosystems (Cologne, Germany) turned out to be the
most powerful delivery system. This gentle electroporation
method is able to deliver DNA or RNA molecules directly into
the nucleus without inducing severe cell damage and apopto-
sis. As a result, it is possible to transfect even resting cells[20]

and the time between electroporation and phenotypic analysis
is reduced significantly. Importantly, nucleofection has been
optimised for the efficient delivery of DNA and RNA molecules
into hard-to-transfect cells, and we have consistently experi-
enced high transfection efficiencies (up to 80 %) in primary
human cells of various origin (endothelial cells, prostate stro-
mal cells, T cells). Another means of delivering genes into cells
is viral transduction by using adeno-, retro- or lentiviruses.[21]

While retroviruses can only be used to transduce proliferating
cells, adeno- and lentiviruses are also able to drive gene ex-
pression in fully differentiated and nondividing cells. Viral
transduction is restricted, however, to certain cells or tissues,
depending on the tropism of the virus. Furthermore, viruses
are known to trigger cellular defence mechanisms, such as the
interferon (IFN) response, which may obscure the results of fur-
ther phenotypic analyses.[22]

Loss-of-function phenotypes are frequently induced by the
inhibition of mRNA expression and the resulting knock-down
of the endogenous protein. This approach requires no further
knowledge of the potential target besides limited nucleic acid
sequence information, and there are several methods available
to suppress gene expression.[1, 23] In our experience, the most
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effective knock-down technology is RNA interference (RNAi),
which is part of a universal defence mechanism triggering gen-
eralised translational repression and apoptosis in response to
viral infections.[24] When siRNAs of about 21 nucleotides in
length are used, it is possible to induce the specific degrada-
tion of the corresponding mRNAs without activation of the IFN
response.[23, 25] Although recent reports suggest that siRNAs
and short-hairpin (sh) RNAs might be able to activate media-
tors of the IFN response,[26, 27] we have not encountered similar
problems in our internal studies with synthetic siRNAs (B.K. ,
unpublished data). Compared to antisense oligonucleotides,
the identification of functional siRNAs is relatively easy—in our
experience about 30–50 % of siRNAs are effective—and several
commercial vendors are offering a wide variety of RNAi tools,
including functionally validated siRNAs. As this method can be
applied to the simultaneous characterisation of multiple can-
didate genes, Schering is using RNAi as a first filter to sift
through a larger number of target candidates in parallel. Still,
one has to keep in mind that, similarly to other knock-down
technologies, RNAi is associated with a number of uncertain-
ties. There is no general rule for which level of mRNA knock-
down has to be achieved in order to induce a sufficient reduc-
tion of the target protein. Depending on the rate of transcrip-
tion and the stability of a particular target protein, the knock-
down kinetics, and thus the optimal time for the observation
of phenotypic changes, can vary substantially from gene to
gene.

Due to the aforementioned limitations, target validation at
Schering does not rely solely on the results of RNAi experi-
ments (Figure 5). Instead, a complementary approach is used

to further characterise those candidate genes for which a
desired phenotype has been observed consistently in knock-
down studies. In this approach, the function of the endoge-
nous protein is blocked following over-expression of a func-
tionally impaired, that is, enzymatically inactive, “dominant-
negative” (dn) mutant, which competes for the interaction
with upstream activators and/or downstream effectors/sub-
strates of the target protein. Since the expression of trans-

genes to very high levels can produce artefacts in some cases,
it is important to compare the effects induced by either the
wild-type or the mutant target protein. For enzymes such as
kinases the generation of dn mutants is straightforward, be-
cause critical amino acid residues required for the enzymatic
activity are well conserved and mutation of a only single lysine
residue within the catalytic domain is generally sufficient to
abolish the kinase function.[28] Ideally, the phenotype previous-
ly observed in RNAi studies can be confirmed in cells over-ex-
pressing a dn form of the target protein. In contrast to knock-
down experiments, where the entire protein is missing, this ap-
proach provides information on whether the enzymatic func-
tion of the potential target is indeed required for its role in a
particular cellular process. Through this analysis it is now possi-
ble to discriminate between scaffold proteins acting merely as
structural components of larger signalling complexes and valid
targets whose activity can be influenced in a desired way by a
low-molecular-weight inhibitor.

For instance, the kinase suppressor of Ras (KSR), a protein
originally identified in genetic screens for molecular compo-
nents downstream of Ras, contains a predicted C-terminal
kinase domain, even though KSR lacks several key properties
of a protein kinase, including a conserved lysine residue in the
ATP-binding niche. It has been proposed that—rather than
acting as a kinase—KSR may function as a scaffolding protein
that coordinates Ras/Raf/MAP kinase signalling through the as-
sembly of an activated signalling complex.[29] This is only one
example for a protein fulfilling its cellular function independ-
ently from the predicted enzymatic activity, and we have en-
countered several similar cases in our own search for novel
drug targets.

The analysis of cells expressing either wild-type or mutant
forms of a target protein is performed in transiently transfect-
ed cells. As opposed to the generation of stable cell lines, tran-
sient transfection is fast, yields higher levels of transgene ex-
pression and prevents secondary effects, such as negative se-
lection for cells expressing no or low amounts of the target
protein. In addition, the transient over-expression of dn mu-
tants eliminates the possibility that cells escape this immediate
impact through the activation of compensatory mechanisms.
As transient transfections result in mixed populations of cells
expressing the respective transgene to different levels, it is
necessary to analyse potential phenotypic changes in single
cells. This is achieved through the application of fluorescence
microscopy-based assays, which allow the analysis of a wide
variety of disease-relevant phenotypes (for example, cell prolif-
eration, mitosis/cell-cycle regulation, senescence, cell death or
apoptosis, morphological changes, cell migration, activation of
signalling pathways). As an example, the phenotypic changes
induced after inhibition of a target protein regulating critical
steps in mitosis are depicted in Figure 6.

It is obvious that there are indications for which in vitro
target validation is not an option. Physiological processes, par-
ticularly those involving complex interactions of different cell
types over time, can only be analysed within the context of
intact organisms, and mouse genetics, that is, the generation
of transgenic or knockout (KO) mice, has become the method

Figure 5. The Schering target validation process.
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of choice.[30] However, this approach is facing a number of
problems, such as embryonic lethality, developmental pheno-
types, the induction of compensatory mechanisms and the
more general question of whether a KO throughout develop-
ment indeed reflects the consequences of blocking a target
protein’s function in the adult organism with specific inhibi-
tors. Some of these problems can be overcome by using con-
ditional KO models and inducible or tissue-specific promot-
ers,[31] but target validation through mouse genetics remains
an expensive and rather time-consuming approach. Recently,
mouse knock-in technology has been developed that enables
the effect of drug inhibition of a protein kinase in vivo to be
mimicked, by replacing the endogenous wild-type enzyme
with a specific ATP-binding pocket variant that can specifically
be inhibited by a tool compound inert against all natural
kinases.[28]

One attractive alternative approach to in vivo target valida-
tion is the generation of transgenic mice expressing shRNAs
that are subsequently processed to yield functional siRNAs,
thereby inducing the mRNA knock-down of specific genes.
Lentiviral delivery systems have successfully been used to ana-
lyse the phenotype of mouse embryos completely derived
from embryonic stem cells stably expressing shRNAs.[32] Since
the expression of such shRNA constructs can be controlled by
inducible and tissue-specific inhibitors, it is conceivable that
these transgenic RNAi systems will soon become the technolo-
gy of choice for the validation of potential targets in vivo.

Summary and Outlook

To minimise the attrition rates of drug development projects in
later phases, pharmaceutical companies have developed strat-
egies and processes in the field of target discovery to select

and characterise the most suit-
able candidate targets, before
embarking on lead identifica-
tion and lead optimisation for
only the validated targets.

We have outlined the target
discovery process implemented
at Schering AG for work on kin-
ases over the last few years.
This process consists of the fol-
lowing three areas:

1) target selection, based on a
combination of gene ex-
pression criteria and relying
on a dedicated data re-
source of gene expression
profiles for clinical samples
and indication-relevant in
vitro model systems, to
identify candidate targets
with a specific tissue distri-
bution and presence in
human pathology,

2) target assessment, exploiting the three-dimensional struc-
ture of proteins for detailed binding-site analysis to esti-
mate the drugability of the protein for small-molecule
inhibitor binding as well as selectivity profiles, and

3) target validation, providing evidence for a functional role
in an in vitro model system of human disease, thus corrob-
orating the biological hypothesis underlying the therapeu-
tic concept around the candidate target.

This rational approach to target discovery, as a prerequisite
for lead discovery, ensures that new therapeutic targets fulfil a
set of general criteria, as well as indication-specific, descriptive
and functional ones, and should ultimately maximise the like-
lihood for achieving target-selective inhibition by small-mole-
cule inhibitors with minimal in vivo side effects and a thera-
peutic effect based on a sound biological hypothesis.

Note added in proof

After submision of the manuscript, the crystal structure of the cata-
lytic domain of ZAP-70 was solved (L. Jin, S. Pluskey, E. C. Petrella,
S. M. Cantin, J. C. Gorga, M. J. Rynkiewicz, P. Pandey, J. E. Strickler,
R. E. Babine, D. T. Weaver, K. J. Seidl, J. Biol. Chem. 2004, 279,
42 818). The available structure does not change the predictions.
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Figure 6. Inhibition of a target protein regulating mitosis that induces mitotic slippage, centrosome amplification and
the formation of multinuclear cells. Depicted are control cells (a, a*, b, b*) and cells in which the target has been in-
hibited (c, c*, d, d*). Cells are shown either in the interphase (a, a*, c, c*) or in mitosis (b, b*, d, d*). Nuclei have been
stained with Hoe33258 (blue) and centrosomes were visualised by staining the centrosomal marker g-tubulin (red).
Microtubules (a-tubulin) were stained in green and an overlay of all stainings is shown in pictures marked with an as-
terisk. The scale bar represents 20 mm.
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