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Increasing numbers of proteins, nucleic acids and other molecular entities
have been explored as therapeutic targets. A challenge in drug discovery is
to decide which targets to pursue from an increasing pool of potential targets,
given the fact that few innovative targets have made it to the approval list
each year. Knowledge of existing drug targets (both approved and within clin-
ical trials) is highly useful for facilitating target discovery, selection, explora-
tion and tool development. The Therapeutic Target Database (TTD) has been
developed and updated to provide information on 358 successful targets,
251 clinical trial targets and 1254 research targets in addition to 1511 approved
drugs, 1118 clinical trials drugs and 2331 experimental drugs linked to their
primary targets (3257 drugs with available structure data). This review briefly
describes the TTD database and illustrates how its data can be explored for
facilitating target and drug searches, the study of the mechanism of
multi-target drugs and the development of in silico target discovery tools.
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1. Introduction

Target discovery efforts have led to the discovery of hundreds of successful targets
(targeted by at least one approved drug) and > 1000 research targets (targeted by exper-
imental drugs only) [1,2]. A challenge in drug development is to define a clear strategy
to decide which targets to pursue from an ever-growing selection of potential targets [3].
The selection of an appropriate target or multiple targets is not only important for
therapeutic efficacy but also affects the drug development odds, given that only
12 innovative targets have made it to the approval list during 1994 ~ 2005 [4].
Resources that provide comprehensive information about the targets of approved,
clinical trial and experimental drugs are highly useful for facilitating the discovery,
assessment and selection of targets, the development of target discovery strategy
and technology, and decision making [2;5]. To facilitate the access of information
about drug targets, several publicly accessible databases such as the Therapeutic
Target Database (IT'TD) (6], DrugBank [7] and Potential Drug Target Database
(PDTD) (8] have been developed. These databases complement each other to
provide target and drug profiles. TTD provides information about the primary
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targets of approved and experimental drugs [6). DrugBank is an excellent source for
comprehensive drug data with information about both drug actions and drug
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targets (7. PDTD contains active-sites as well as functional
information for potential targets with available 3D
structures [8].

In particular, TTD (9] provides the information of the pri-
mary targets of approved, clinical trial and investigational
drugs and the drugs active against these targets. While drugs
typically modulate the activities of multiple proteins [10] and
up to 14,000 drug-targeted-proteins have been reported [11],
the reported number of primary targets directly related to
the therapeutic efficacies of approved drugs is limited to
324 (1). Information about the primary targets of more com-
prehensive sets of approved, clinical trial and experimental
drugs is highly useful for facilitating focused investigations
and discovery efforts against the most relevant and proven
targets [5.12]. TTD is intended to provide the relevant infor-
mation and data. The usefulness of the data in TTD is illus-
trated by four case studies. These are similarity target
search, similarity drug search, the study of the mechanism of
multi-target drugs and the development of in silico target
discovery tools.

2. TTD data collection and access

evidences of 7z vitro, in vivo and knockout studies linking a
target to a clinical trial drug.

TTD data can be accessed by keyword and customized
search. Customized search fields include target name, drug
name, disease indication (436 indications), target biochemical
class (61 classes), drug therapeutic class (156 classes) and drug
mode of action. Further information about each target can be
accessed via crosslink to SwissProt/UniProt, PDB, KEGG,
OMID and PubMed. Related target entries can be recursively
searched by clicking a disease or drug name. Similarity targets
of an input protein sequence in FASTA format can be
searched by using the BLAST sequence alignment tool [14].
Similar drugs of an input drug structure can be searched by
using molecular descriptor based Tanimoto similarity search-
ing method [15]. The whole TTD data, target sequences and
drug structures can be downloaded via the download link.
Target and drug entries are assigned standardized TTD
IDs for easy identification, analysis and linkage to other
related databases.

3. Application of TTD data in searching
similarity drugs and targets

The literature reported data about the approved, clinical trial
and experimental drugs and their primary targets were col-
lected and verified from multiple sources including the
FDA Drugs@FDA webpage [13] with information about
FDA approved drugs, NIH ClinicalTrial.gov website, Cen-
terWatch Drugs in Clinical Trials Database, latest company
reports (accessible from company websites) and review
papers of 384 pharmaceutical companies including compa-
nies that jointly develop drugs with another company (e.g.,
AstraZeneca, Bayer, Boehringer Ingelheim, Genentech,
GSK, Idenix, Incyte, ISIS, Merck, Novartis, Pfizer, Roche,
Sanofi-Aventis, Schering-Plough, Spectrum, Takeda, Teva),
230 recent articles in reputable journals (Expert Opin Inves-
tig Drugs, Nature Rev Drug Discov, TiPS, Drug Discov
Today, Curr Opin Pharmacol, Curr Drug Targets, Curr
Topics Mechem, Mini Rev Mechem, Anticancer Agent
Medchem and Science) and 2008 Reports of Medicines in
Development (biotechnology, HIV/AIDS, cancer, children,
diabetes, neurological disorders, rare diseases and women).
The full list of 384 companies and the 230 recent articles
are in supplementary Tables S1 and S2, and these can be
accessed from the TTD database download page.

The primary targets of 211 drugs and drug binding modes
of 79 drugs are not specified in our searched documents.
Additional literature search has been conducted to first iden-
tify the target reported to be directly modulated by the drug
and through which the drug reportedly mediates its claimed
therapeutic activities, and then find additional evidence to
confirm a target if cell line or in vivo studies have been
reported, and the drug modulates the target with potencies
< 500 nM, or lower potencies but modulates cell lines
at < 1 pM. All identified targets have been evaluated for

The usefulness of TTD data can be illustrated by two case
studies. One is the search of similarity drugs of an investiga-
tive agent, which may be used for drug-likeness evaluation
based on the level of similarity to existing drugs [16] and for
target assessment based on the targets of similarity drugs [17].
The drug similarity search tool in TTD is based on the
Tanimoto similarity searching method [15) that ranks similar-
ity drugs based on the level of similarity of their molecular
descriptors with respect to those of an input agent. Drug
similarity search by inputting the structure of a preclinical
PI3K and mTOR dual kinase inhibitor GSK2126458 (18]
identified several clinical trial drugs with similar molecular
descriptors. Three of the top five drugs are of relevance
to PI3K and mTOR inhibition, BEZ235 is a PI3K and
mTOR dual inhibitor in a Phase II clinical trial [19],
GSK1059615 is a PI3K inhibitor entered but terminated in
Phase I trial 200 and AZD8055 is an mTOR inhibitor in
Phase I - II trial [21].

The second case is the search of the similarity targets of a
research target, which may be used for such applications as
the design of active compounds based on the known active
compounds against similarity targets [22]. The target similarity
search tool in TTD is based on the BLAST program from
NCBI 23] that ranks similarity targets based on the level of
sequence similarity to the sequence of an input target with
an E-value curoff at 1 [24]. Target similarity search by inputting
the sequence of yellow fever virus nonstructural protein
NS3 identified the HCV nonstructural protein NS3 as a sim-
ilarity target with an E-value of 2 x 10%. Both proteins harbor
a serine protease domain responsible for most of the processing
events of the nonstructural region of the HCV polyprotein [25]
and yellow fever virus polyprotein [26] respectively. Three
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HCV NS3 inhibitors BILN-2061, ITMN-191 and
VX-950 [27) were found in TTD, which may be considered
as potential structural templates for designing yellow fever
virus nonstructural protein NS3 inhibitors.

4. Application of TTD data in searching for
the mechanism of multi-target drugs

The usefulness of the data in TTD can be further illustrated
by studying to what extent problems such as the study of
the mechanism of multi-target drugs can be facilitated based
on the available data in TTD [28]. One example is the mech-
anism of imatinib mesilate, a revolutionary anticancer drug
for the treatment of chronic myeloid leukemia primarily via
selective inhibition of BCR/ABL and platelet-derived growth
factor receptor (PDGFR) [29. Both targets are listed in
TTD. From expanded literature searches starting from the
references provided in TTD, one finds that the oncogenic
BCR/ABL kinase drives the pathogenesis of chronic myeloid
leukemia by activating a variety of cellular signaling and trans-
formation processes [30]. In addition to its role in proliferation
and survival, PDGFR is crucial in regulating interstitial fluid
pressure (IFP), which is a common feature of solid tumors
and is thought to impede transcapillary transport of chemo-
therapy [31]. Simultaneous targeting of BCR/ABL and PDGFR
by imatinib produces enhanced anti-leukemic effects via three
collective actions. One is the main therapeutic action of
BCR/ABL inhibition. The other two are facilitating actions
in: i) improved tumor microenvironment via reduction of a
negative factor and ii) enhanced drug transport.

Cancer is significantly influenced in tumor microenviron-
ment, which typically involves such physiological conditions
as hypoxia, low extracellular pH and high IFP [32]. Elevated
IFP have been reported to contribute to tumor progression [33]
and survival [34] possibly via such as mechanisms as blocking
the infiltration of immune cells [32] and antibodies [35] into
the tumor. Therefore, inhibition of PDGFR-P helps lowering
the IFP and thus reducing a factor that favors tumor progres-
sion and survival. Many anticancer drugs, particularly high-
molecular-mass compounds such as many kinase inhibitors,
are transported from the circulatory system to tumor cells
through the interstitial space [35]. Increased IFP decreases
transcapillary transport in tumors, thereby reduces the uptake
of drugs or therapeutic antibodies into the tumor [35]. Cancer
cells are, therefore, exposed to a lower effective concentration
of therapeutic agents than normal cells, lowering the thera-
peutic efficiency. Inhibition of PDGFR may enhance drug
transport by reducing the IFP-mediated barrier.

5. Application of TTD data in the
development of in silico target discovery
tools

Another example of the application of TTD data is the use
of the relevant data for developing sequence-based [36],
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structure-based [37], machine learning-based (using physico-
chemical and sequence features) [38], systems-based [2.4,39]
in silico methods and the combination of these methods [5]
for predicting the druggability of potential targets. The
developed in silico methods can be tested by their evaluation
results of the clinical trial targets (5.

Sequence similarity to the drug-binding domain of a suc-
cessful target has been frequently used for searching poten-
tial targets on the basis that high sequence similarity to a
successful target may indicate structural and functional
properties suitable for drug modulation [36]. Drug-binding
site structural folds tend to be more conserved than sequen-
ces, and thus structural and binding energetic analysis in
comparison with those of a successful target provides
useful clues to target druggability (37). Drug-binding and
modulation is strongly influenced by distinguished target-
site. physicochemical properties, which can be recognized
by machine learning methods for classifying potential
targets [38]. Moreover, several studies have shown that tar-
gets tend to show distinguished systems profiles that can
be explored for druggability assessment [2.439]. Four
in silico target prediction methods have been developed
based on each of these four profiles generated from the
relevant data of up to 316 successful targets in TTD data-
base. Method A measures drug-binding domain sequence
similarity against those of 168 successful targets with iden-
tifiable drug-binding domain. Method B studies drug-
binding domain structural similarity against those of
129 successful targets with available structure. Method C
predicts druggable proteins from a machine learning model
trained by 316 successful targets [38]. Method D evaluates
whether the systems-level druggability rules [2,4] are satis-
fied. More detailed descriptions about these methods are
given in the supplementary material.

Each of these 77 silico methods has its unique advantages
and limitations. Sequence-based methods link druggability
to similarity to the drug-binding domain of a target (0],
which may not fully capture druggable features un-reflected
by homology [40] and tend to indiscriminately select homo-
logous proteins. Structure-based methods evaluate drug-
gability by structural comparison with target binding-site
features [37.40], which are less effective for targets of unknown
structure and for accounting systems profiles. Machine
learning-based methods classify druggable targets based on
the structural and physicochemical properties that separate
target and non-target proteins [2.4,38], which cannot fully cap-
ture systems profiles and may disproportionately interpret cer-
tain physicochemical properties due to biases in protein
descriptors or training data sets. Simple systems-level drugg-
ability rules have shown usefulness in target prediction [2.4,39],
which are not intended for describing structural, physico-
chemical and functional aspects of druggability. These
limitations may be reduced if these methods are combined [s].

The collective predictive performance of the four
methods have been tested against clinical trial targets in
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the 2008 release of the CenterWatch Drugs in Clinical
Trials Database and non-clinical trial research targets [s].
It is noted that two targets thrombopoietin receptor and
IL-1P approved in 2008 [41] are not in the Phase III target
list, and one target o-glucosidase approved in 1995 is mis-
placed into the Phase III target list. These three targets are
thus not analyzed here. Clinical trial targets that have
drugs in multiple phases are only included in the highest
phase category.

The best overall performance is produced by the combi-
nation of at least three methods, which maximize the collec-
tive predictive capability of the methods and minimize the
impact of limited structural availability (5]. This combina-
tion identifies 53% of the 30 Phase III (Table 1), 24 and
15% of the 84 Phase II and 41 Phase I (Table 2), and 4%
of the 864 non-clinical trial research targets as promising.
There is no published report about target success rates in
different drug development stages. It is noted that the
reported probabilities of successes in developing systemic
broad spectrum antibacterials are 67, 50, 25 and 3% in
Phase III, Phase II, Phase I and preclinical stages [42]. The
percentages of the identified promising clinical trial targets
are lower than but roughly follow a similar descending
trend as the reported drug development rates. The overall
performance of different combinations is given in Table 3.
These combinations enriched Phase II and III target identi-
fication rate by 4 ~ 6-fold over random selection, with
the combination of all four methods producing the
highest enrichment.

Of the 16 predicted ‘promising’ Phase III targets in the
2008 release of the CenterWatch Drugs in Clinical Trials
Database in Table 1, 6 (37%) targets have been approved
and another 5 (31%) have shown positive Phase III results,
respectively. Of the 15 predicted ‘non-promising’ Phase III
targets in the 2008 release of the CenterWatch Drugs in Clin-
ical Trials Database in Table 4, 13 targets has no positive
results reported so far. One target (farnesyl protein transfer-
ase) with a drug (tipifarnib) filed for approval but was deemed
not approvable by FDA. On the other hand, three targets
(heat-shock protein 90, squalene synthetase and arachidonate
5-lipoxygenase-activating protein) are with their Phase III drugs
(TAK-475, veliflapon and tanespimycin) discontinued, and
five targets (AKT, MMP-12, MMP-2, MMP-9, and sphingo-
sine kinase) with their Phase III drugs (enzastaurin, neovastat
and phenoxodiol) produced negative results. Therefore, tar-
get druggability and level of difficulty in its exploration
appear to be strongly associated with its genetic, structural,
physicochemical and systems profiles [5].

6. Expert opinion

comprehensive information about the primary targets and
other drug data for the approved, clinical trial and experi-
mental drugs (6. The primary target data in TTD are useful
for facilitating such studies as the mechanism of drug
actions [43] and for the development of multiple in silico tar-
get discovery methods [2.436-39] that are in combination
capable of identifying high percentages of Phase III targets
including most of the targets of positive Phase IIT results
and eliminating difficult and un-promising targets [5.
Comparative analysis of multiple profiles of the targets in
TTD also provides useful clues to the identification of
promising targets [2.439]. TTD data and their usefulness
can be further enhanced along with expanded knowledge
of the genomic, proteomic, structural, functional and sys-
tems profiles of therapeutic targets [2,5.44-46] and with fur-
ther development of target discovery and validation
methods [5,47]. As in the case of PDTD [s], some of the vir-
tual screening methods (48] and data sets may be included in
drug discovery databases for facilitating target oriented drug
lead discovery.

Given the low number of innovative targets that have made
to the approved list (4], there is a need to carefully evaluate and
select a target from the pool of > 1000 research targets [1.2]
before the start of a drug discovery process so as to increase
the odds of successful development. The druggability of a tar-
get is determined by multiple factors such as the structural
and physicochemical properties that accommodate the bind-
ing and modulation by drug-like molecules [36-38] and the sys-
tems profiles that influence the toxicity and pharmacokinetic
features of the binding drugs [2.4.39]. Evaluation of these
profiles with respect to successful targets is important for
facilitating the selection of druggable targets suitable for target
discovery [5].

Rapid progress in genomics [45], structures [40] and prote-
omics is revolutionizing target discovery, which is further
facilitated by advances in high-throughput technologies (49,
and cellular [50] and physiological studies [51]. These pro-
gresses combined with increased molecular understand-
ing of diseases and their targets [2] can be incorporated
into drug discovery databases to facilitate the access of
the relevant information and the development of efficient
tools for identifying innovative targets of new therapies.
The knowledge and analysis of the multiple targets of
multi-target drugs (46,521 and the individual variations in
response to the targeting of different combinations of
these multiple targets (53] can also facilitate the
development of personalized medicine for enhanced
therapeutic efficacies.
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