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Are MAP Kinases Drug Targets? Yes, but

Difficult Ones

Simona Margutti and Stefan A. Laufer*®

Pharmaceutical companies are facing an increasing interest in
new target identification and validation. In particular, extensive
efforts are being made in the field of protein kinase inhibitors re-
search and development, and the past ten years of effort in this
field have altered our perception of the potential of kinases as
drug targets. Therefore, in the drug discovery process, the selec-
tion of relevant, susceptible protein kinase targets combined with
searches for leads and candidates have become a crucial ap-
proach. The success of recent launches of protein kinase inhibi-
tors (Gleevec, Imatinib, Sutent, Iressa, Nexavar, Sprycel) gave an-

1. Introduction

The pharmaceutical industry is undoubtedly one of the world’s
largest industries and has a constantly growing market. It faces
steadily growing pressure to release more new chemical enti-
ties (NCEs) each year that will potentially evolve into commer-
cial drugs and, ideally, innovative drugs with novel mecha-
nisms of action that target therapeutic areas of unmet medical
need. These attributes summarise the short term expectations
of the upper management team of almost every pharmaceuti-
cal company. In contrast to these expectations, and despite
the steady growth of R&D investment, the field of drug discov-
ery and development has not evolved as efficiently as expect-
ed'H]

Although most companies have increased their R&D expen-
diture considerably over the last few years, no notable increase
in output of NCEs has occurred for the industry as a whole. In
fact, the rise in R&D expenditure has been accompanied by a
steady decline in new drugs reaching the market. In 2001, the
output of the global biopharmaceutical industry in terms of
new drugs was the lowest in ten years, and the number of
FDA approvals for the first half of 2006 is as low as 11. More-
over, with the launch of only two or three compounds per
year against novel targets, the majority of approvals for new
drug candidates continues to be those directed against well-
established target molecules (see Figure 1).?

The pharmaceutical industry still suffers from two persisting
bottlenecks; one closely related to target validation, and the
other related to the overall quality of compounds in terms of
their ability to progress through the value-chain of drug devel-
opment. A recent emphasis on the “front-loading” of research
has tackled these issues at an earlier stage in the drug discov-
ery pathway. In particular, interest has increased in target dis-
covery both for the identification of novel targets (target iden-
tification) and for reduction of subsequent failures from incor-
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other push to this field. Numerous other kinase inhibitors are cur-
rently undergoing clinical trials or clinical development. Some
questions are nevertheless unanswered, mostly related to the
great number of known kinases in the human genome, to their
similarity with each other, to the existence of functionally redun-
dant kinases for specific pathways, and also because the connec-
tion between particular pathways and diseases is not always
clear. The review is leading the reader through a panoramic view
of protein kinase inhibition with a major focus on MAPK, success-
ful examples and clinical candidates.
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Figure 1. Schematic presentation of the target family distribution within the
human “druggable genome”."

rect biological hypotheses through early validation (target vali-
dation)- the so-called “first to fail” principle. Szymkowski from
Roche Bioscience® underlined the crucial role of target valida-
tion in the pharmaceutical industry, emphasising its role in
strengthening correlative data (from gene arrays, EST libraries,
and proteomics) by demonstrating a pivotal role for the candi-
date in a disease model.

2. The Druggable Genome

A comprehensive analysis of the drug targets underlying cur-
rent drug therapy undertaken in 1996 by Jirgen Drews, the
former head of global research for Hoffmann-La Roche,
showed that less than 500 molecular targets were addressed.
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The result was a far cry from the potential total number of tar-
gets, which Drews originally estimated at somewhere between
3000 and 10000. At that time human genes were thought to
number at least 100000. Over the following years the number
of discrete drug targets has not grown appreciably; on the
contrary, the number of human genes had shrunk, with most
estimates suggesting about 30000 genes. Thus, a greater slice
of the human genome was being targeted than previously be-
lieved (Figure 2).

Drug Targets

Disease Modifying
Genes ~3,000

Druggable Genome
~3,000

~600-1,500

Figure 2. Number of Drug targets. The effective number of drug targets can
be determined by the intersection of the number of genes linked to disease
and the “druggable” subset of the human genome.”
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Great excitement was generated by publications from Celera
Genomics® and the international Human Genome sequencing
Consortium® describing the draft sequence of the human
genome only five years after Drews’ analysis, and the crucial
question for every biopharma business became: “How many
potential drug targets are encoded in the human genome?”,
leading to the concept of “the druggable genome,” that is,
that subset of the ~30000 genes in the human genome that
express proteins capable of binding drug-like molecules.

Different companies conducted surveys on the druggable
genome. In 2002 Pfizer Inc. researchers Andrew Hopkins and
Colin Groom reported the identification of 399 nonredundant
molecular targets that are members of just 130 protein fami-
lies. Pfizer researchers identified several proteins targeted by
experimental drugs and eliminated other protein targets that
did not bind Lipinski rule-of-five” compliant compounds with
binding affinities below 10 um. Although that ability of a pro-
tein to bind a small molecule with the appropriate chemical
properties at the required binding affinity might make it drug-
gable, it doesn’'t necessarily make it a potential drug target.
That honour belongs only to those proteins that are also
linked to disease. Moreover, whereas not all proteins can be
modulated by small-molecules (undruggable targets), occa-
sionally an unexpected allosteric binding site for a drug or
chemical tool is discovered. Therefore, methods to discover li-
gands for unpredicted binding sites could improve the cost ef-
fectiveness of searches for chemical tools. The 2002 Pfizer
survey confirmed that the potential for compound develop-
ment is being increasingly addressed at earlier stages of dis-
covery. The drug-like character of compounds has been as-
sessed by means ranging from the intuition and experience of
the chemist to sophisticated computational methods; the
latter includes machine learning algorithms that generalise
from various chemical descriptors of known good drugs® and
expert systems that adopt a rule-based approach using easily
measured properties.”! The ranges that according to the Lipin-
ski rule-of-five establish windows of drug-likeness have been
extended and refined with parameters such as the number of
rotatable bonds."” To date there have been few such general
heuristics for predicting the target-likeness or the inherent
tractability of targets to intervention, independent of their dis-
ease relevance; in this contest the Hopkins and Groom study
has the merit of considering the set of targets comprising the
druggable genome in aggregate terms, such as their drug-
binding domain content.

3. Signal Transduction as Drug Target

In the field of target identification there has been a great deal
of enthusiasm for the prospect of identifying novel drug tar-
gets based on knowledge of key signal transduction compo-
nents and their links to disease. As signalling disorders repre-
sent a major cause for the pathological states and as most of
the recently validated target molecules of drug research are
signal transduction related macromolecules (mostly kinases),
signal transduction therapy has become one of the most im-
portant areas of drug research."'? Efforts to map signal trans-
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duction pathways have intensified over the recent years. In
this regard, Isis Pharmaceuticals employs an interesting
method for mapping pathways using antisense oligonucleo-
tides that can selectively reduce target gene expression. If this
target gene is in a key pathway, the lower level of protein ex-
pression will result in pathway interruption and cellular abnor-
malities, thus potentially validating the protein and its gene as
a therapeutic target of interest.

4, Kinases as Drug Targets

Approximately 20-25% of the druggable genome consists of
kinases involved in signal transduction. Currently, however,
only six kinase inhibitors are being used in clinical practice
(Table 1), which yields a wide perspective for drug discovery.

The eukaryotic protein kinases form the largest superfamily
of homologous proteins and genes of the human genome.
Within this family, there are now hundreds of different mem-
bers whose sequences are known. Although there is a rich di-
versity of structures, regulation modes, and substrate specifici-
ty among the protein kinases, there are also common structur-
al features.

The common feature conserved throughout the entire pro-
tein kinase family is the catalytic domain with its associated
catalytic centre, which consist of ~250-300 amino acid resi-
dues. The chemical activity of a kinase involves removing a
phosphate group from ATP and covalently attaching it to one
of three amino acids that have a free hydroxyl group. Most kin-
ases act on both serine and threonine (serine/threonine kinas-
es), others act on tyrosine (tyrosine kinases), and a number
(dual specificity kinases) act on all three, for example, MEK

Table 1. Protein kinase inhibitors currently approved as drugs, their predominantly targeted kinases, and clinical use.
Drug Structure ™ Year Target Kinase(s) Clinical use
/\N/CH3
L
Kf ]
A
Imatinib me- I X . . Chronic myelogenous leukaemia (CML), gastroin-
sylate HN- O Gleevec 2001 ii(:aizl tyrosine kinase, c-kit testinal stromal tumors (GISTs) and a number of
STI571 - ‘ other malignancies.
HNTY
N/\\\‘ CH,
s
O/\1 HSC\O
Gefitinib ZD K/N\/\/O\(L\ Epidermal growth factor receptor Locally advanced or metastatic non-small cell
1839 Fos S Iressa 2003 (EGFR) tyrosine kinase (Her1 or lung cancer (NSCLC) in patients who have previ-
PPN ErbB-1) ously received chemotherapy
Cl NN
H
g
Erlotinib HCI HN \/\\\\ In combination with gemcitabine for treatment
0SI-774 HC O~ Sy CH Tarceva 2004 EGFR tyrosine kinase of locally advanced, unresectable, or metastatic
CP-358,774 O~ .l J pancreatic cancer
H,C T o7 ST
Cl
—( F
/\ <\:_j\—’*F
Sorafenib . 04\:f NH%N/H F c-Raf/b-Raf kinase, VEGF receptor
<) d Nexavar 2005 2/3 tyrosine kinase, mPDGFR-3, Advanced renal cell cancer
Bay 439006 \, /
N FLt3 and p38a
)0
HN
CH,
CH,
< CH,
Q N
H.C. ~ i i i
Sunitinib O N !Vlultlp'le tyrosine receptor kinases, .
/< \ Sutent 2006 including PDGF- and VEGF recep- GIST and renal cell carcinoma (RCC)
SU11248 N e ine ki
Fo~_A N tor tyrosine kinase.
~ H
\Qj\,\?:o
H
H.C,
JFN T\ yOH
Dasatinib N >=%NL/N Chronic myelogenous leukaemia (CML), Philadel-
(Spycell) HC H ﬂ\ D—NH BMS 2006 Src-Abl tyrosine kinase phia chromosome-positive acute lymphoblastic
BMS-354825 V/\/N\{ s leukaemia (Ph+ALL)
LA

ChemMedChem 2007, 2, 1116 - 1140

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1119

www.chemmedchem.org


www.chemmedchem.org

MED

(MAPKK), which, as will be further discussed is involved in the
MAP kinase cascade, is a mixed serine/threonine and tyrosine
kinase. Structurally distinct from most other protein kinases are
histidine kinases which are found mostly in prokaryotes as part
of two-component signal transduction mechanisms. A phos-
phate group from ATP is first added to a histidine residue
within the kinase, and later transferred to an aspartate residue
on a receiver domain on a different protein, or sometimes on
the kinase itself. The aspartyl phosphate residue is then active
in signalling. Some investigations">'¥ seem to indicate the
presence of eukaryote-like kinases and phosphatases in prokar-
yotes as well.

Different studies were undertaken on kinase classification
and homology, about twenty years ago Hanks and collabora-
tors™ undertook a comparative analysis of all the available se-
quences of protein kinase catalytic domain. The homologous
catalytic-domain amino acid sequences of 65 distinct eukaryot-
ic protein kinases were aligned and their overall relationship
was visualised by the construction of a phylogenetic tree dem-
onstrating the overall similarity among the catalytic domains
(Figure 3).

The catalytic domains were shown not to be uniformly con-
served but, rather, consist of alternating region of high and
low conservation. Such an arrangement of alternating regions
of high and low conservation is a common feature of homolo-
gous globular proteins and gives some clues to higher order
structure. A protein structure will provide a close general
model for other proteins with which its sequence homology is

Figure 3. The human kinome."®
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>50%."" On the basis of amino acid sequence similarity,
seven groups of protein kinases are identified which are fur-
ther divided into 90 families and 145 subfamilies."® Relevant
for this survey, as will be discussed, are the mitogen-activated
protein kinases (MAPKs) and, in particular three well-character-
ised subfamilies of MAPKs: extracellular signal-regulated kinas-
es ERK1 and ERK2; the c-Jun NH,-terminal kinases, JNK1, JNK2,
and JNK3; and four p38 enzymes, p38a, p38p, p38y, and p38d.
A fourth MAPK, ERKS5, is a relatively recently identified™® MAPK
and is being studied intensely.'"*" Sequence alignments with
other human kinases, define for the ATP binding site of p38a a
range of amino acid sequence conservation of 40-100%.
Within the ERKs, ERK1 and ERK2 share respectively 51.6 and
55% of sequence homology with p38a; for JNK1, JNK2, and
JNK3 the percentages are: 52.5, 55, and 44.5% , finally for the
p38 isoforms the following data are reported: p38f 78.6%,
p38y 68.6%, and p38d 67.1% homology. Data within members
of the ERK-family and JNK-family are also available and defined
as 85 and 78-84% respectively.?>*”

The individual family members, approximately 518 kinases,
constitute a functional basis for basically every physiological
process, kinases playing a central role in propagation of signal
transduction in every type of cell® and are reported to be in-
volved in a plethora of diseases. In particular, tumourogenesis
has been linked to the aberrant function of protein kinases
that play roles in cell proliferation, migration, and invasion.
Thus, kinases have become of particular interest as potential
targets for anticancer agents. As a result, protein kinases ac-
count for 20-30% of the drug discovery programmes of many
companies, even though some problems are related to the
definition of kinases as drug target.

The discussed identical catalytic mechanism, together with a
high degree of sequence homology, identical protein folding
topologies, and the common co-substrate ATP initially led to
the assumption that protein kinases constitute a nondruggable
family of protein targets. Thus, it is possible that one small
molecule inhibitor may bind to several different kinases, in ad-
dition to the target, blocking normal signalling that is needed
for normal cellular function. However, it is possible that the po-
tential to block a multitude of kinases may prove to be useful
in several types of cancers, as long as the inhibitor is specific
to malignant or premalignant cells. Moreover, virtually all of
the protein-kinase inhibitors that have been developed were
ATP competitive, and the difficulties that were involved in de-
veloping compounds with sufficient potency to compete with
the ATP concentrations that are present in the intracellular
milieu (2-10 mm) were becoming apparent, especially for the
many protein kinases that have a Michaelis-Menten constant
(K,) for ATP of 10 um or less. The challenge is for an inhibitor
to compete at nM concentrations against mm ATP. Indeed, it
might be no coincidence that a plethora of potent inhibitors
that target the p38 MAPK have been developed, because its
K., for ATP is above 0.1 mm. It is surprising that virtually no
compounds that compete for binding with the protein-sub-
strate binding site have progressed to late development
stages. Unlike ATP competitive inhibitors, such compounds
might have the potential to prevent a protein kinase from
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phosphorylating some substrates but not others. A much
greater emphasis on developing compounds that bind prefer-
entially to inactive forms of protein kinases, or which prevent
one protein kinase from activating another, might well pay div-
idends in the development of anti-inflammatory drugs; never-
theless, because of drug resistance issues, a similar approach
could be not optimal in anticancer research.

5. Kinase Inhibition

Taking into consideration kinase inhibition principles, it is pos-
sible to distinguish four types of inhibitors: substrate-competi-
tive inhibitors; ATP-competitive inhibitors; activation inhibi-
tors/allosteric modulators; and irreversible inhibitors.

5.1. Types of Inhibitors

Substrate-competitive inhibitors. The substrate-binding site
seems to have obvious advantages over the ATP-binding site
as a target for inhibiting kinase activity. First, substrate-binding
inhibitors are not affected by the high ATP concentration
found in cells. Second, the substrate-binding site of a kinase
controls selectivity, whereas the ATP-binding site is highly con-
served throughout all kinase family members. Whereas sub-
strate-competitive inhibition has been applied successfully in
enzyme classes such as the proteases, its use for kinase inhibi-
tion has not been successful thus far. As the kinases have
rather large substrate binding sites,” they lack the specific,
compact hydrophobic pockets that could serve as targets for
small molecule inhibitors.

ATP-competitive inhibitors. As previously discussed in this
review, for a long time the development of a potent and selec-
tive ATP-competitive inhibitor was considered impossible. The
main concerns are selectivity, because of the shared highly
conserved ATP-binding site, and, potency; as a consequence of
intracellular ATP concentrations up to 10 mm. Thus, the con-
centrations required for an inhibitor to reach 50% inhibition
are two or three orders of magnitude higher than the inhibi-
tion constant itself. Experience collected over the last ten years
shows that fairly selective ATP-site specific kinase inhibitors
can be generated, because of the suitability of the binding site
to drug design, with different examples showing that specifici-
ty and selectivity can be achieved by the derivatisation pattern
of an underlying core structure."™ On the other hand, it must
be underscored that many specific protein-kinase inhibitors,
such as PD98059 and SB203580, are not developable because
of toxicity or ADME problems. Nevertheless, from a chemical
biology perspective, these compounds could be extremely
useful research agents.

Selectivity of an inhibitor can theoretically be explored by
kinase profile assay. The standard biochemical approach to ad-
dressing this problem relies on the specificity screens with an
in vitro inhibition assay against panels of purified kinases.®” A
recent Ambit Bioscience publication®"” describes a map
method to determine kinase inhibitor specificity by measuring
binding of small molecules to the ATP site of kinases. The bind-
ing assay was used to profile 20 kinase inhibitors against a

ChemMedChem 2007, 2, 1116 - 1140

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

panel of 119 protein kinases. The low concentration of kinases
used in this method allows measurement of binding affinities
as low as 1-10 pwm; furthermore, binding affinity provides a
common denominator that allows direct comparisons between
all kinases in the panel. As it is not yet possible to biochemi-
cally assay every kinase in the genome, it will become more
important to show that a drug is exerting its effect through in-
hibition of a particular protein kinase, by showing that the
effect of the drug disappears when a drug-resistant mutant is
overexpressed or replaces a wild-type enzyme. This approach
is based on the evidence that every protein kinase can be mu-
tated into an active, inhibitor-insensitive mutant, often by
changing the gatekeeper residue into a bulkier residue. This
method is used for highly stringent target validation.

Irreversible inhibitors. Irreversible inhibitors are not usually
used in the pharmaceutical industry because of the possible
toxicity they could incur. An example of this type of inhibitor is
Canertinib, an irreversible small-molecule tyrosine kinase inhib-
itor that blocks signal transduction through all four members
of the ErbB (or epidermal growth factor [EGF]) family and is in
development for the treatment of advanced nonhematological
cancers.??

Activation inhibitors/allosteric modulators. More relevant
and interesting are allosteric modulators, which as previously
pointed out, could potentially solve the selectivity issues relat-
ed to protein kinase inhibition.”® A first example of an inhibi-
tor exploiting such a mechanism was Gleevec (Imatinib, STI-
571). The structural mechanism for its inhibition of Abels tyro-
sine kinase (Abl) was described by researchers from the Rock-
efeller University in 2000.2Y As already pointed out, whereas
conformations of protein kinases that are fully active are very
similar, striking differences exist among the various inactive
conformations of kinases from different subfamilies. A crucial
aspect of the conformational transition between the active
and inactive states is the activation loop segment, which is of
varying length and sequence, and is often the site of activating
phosphorylation in the kinase domain. In structures of protein
kinases that are in a fully active state, the activation loop is in
an extended or open conformation. Two crucial aspects define
this active conformation of the activation loop. First, an aspart-
ic acid residue (Asp381 in Abl) within a strictly conserved Asp-
Phe-Gly (DFG) motif at the NH,-terminal base of the activation
loop is positioned so as to interact properly with a magnesium
ion that coordinates the phosphate group of ATP. Second, the
rest of the loop is positioned away from the catalytic centre so
that the COOH-terminal portion of the activation loop provides
a platform for substrate binding. In the structure of AbI-STK-
571,24 and the AbIK-STK-5715* complex, the NH,-terminal por-
tion is rotated drastically with respect to the active conforma-
tion, so that the activation loop adopts a conformation that
mimics substrate binding to the enzyme and prevents its acti-
vation by other kinases.® Critical to the binding of Gleevec is
the adoption by the kinase of an inactive conformation, in
which the centrally located activation loop is not phosphorylat-
ed. The conformation of this loop is distinct from that in active
protein kinases, and from the inactive form of the closely relat-
ed Src kinases. As a result, the inhibitor has a high affinity for
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Abl kinase, yet being essentially inactive against Ser/Thr-kinas-
es and most of the tyrosine kinases. These selective results
suggest that compounds that exploit the distinctive inactiva-
tion mechanism of individual protein kinases can achieve both
high affinity and high specificity.

Another example of this allosteric type of binding mode is
the Boehringer Ingelheim compound BIRB-796, which will be
discussed further.

5.2. Structural Basis for Inhibitor Selectivity

To further prove that specificity could be achieved by ATP-
competitive inhibitors, crucial experimental data has been pub-
lished by researchers at Merck.®”” Comparison of the crystal
structures of p38 bound to different compounds showed that
binding of more specific molecules is characterised by a pep-
tide flip between Met 109 and Gly 110. Gly 110 being a residue
specific to the a, 3, and y isoforms of p38. The ¢ isoform and
the other MAP kinases have bulkier residues in this position.
These larger residues would likely make the peptide flip ener-
getically unfavourable, thus explaining the selectivity of bind-
ing. This stabilised peptide flip is caused by a switching of the
hydrogen-bond donor and acceptor distribution around the
peptide plane.

In p38a, the peptide flip changes the (®) peptide bond
angles of Met109 (i residue)
and Gly110 (i+1 residue) from
a (B, ag) conformation to a (o,
a,) conformation, without af-
fecting the orientation of adja-
cent peptide planes or side
chains. This flip belongs to the ¢
group two flips, which are char-
acterised by having () values
that are in the ag or o, regions
when ®(i+1) is positive. As ®-

(i+1) must take on positive ¢
values if peptide-plane flipping
is to occur, the residue at posi-
tion i+ 1 is often a glycine; the
X-Gly motif seems to be quite ¢
common among different cases.
If the residue i+ 1 is not a gly-
cine, the presence of a residue
other than glycine would prob-

ably reduce the likelihood that ¢

stimulus growth factors,

mitogens, GPCR

MAPKKK

A-Raf, B-Raf,
Mos, Tpl2

the peptide flip would occur. biological growth,
response differentiation,
development
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otic cells possess multiple MAPK pathways, which co-ordinately
regulate diverse cellular activities, running the gamut from
gene expression, mitosis, and metabolism to motility, survival
and apoptosis, and differentiation. To date, five distinct groups
of MAPKs have been characterised in mammals: extracellular
signal-regulated kinases (ERKs) 1 and 2 (ERK1/2), c-Jun amino-
terminal kinases (JNKs) 1,2, and 3, p38 isoforms a, {3, v, and 9,
ERKs 3 and 4, and ERK5.%%*% As Saccharomyces cerevisiae pos-
sesses six different MAPKs, the relatively greater complexity of
the human genome suggests that there are probably several
additional vertebrate MAPK subfamilies. The most extensively
studied groups of vertebrate MAPKs to date are ERK1/2, JNKs,
and p38 kinases.

MAPKs can be activated by a variety of different stimuli
(Figure 4), but in general, ERK1 and ERK2 are preferentially acti-
vated in response to growth factors and phorbol esters, where-
as the JNK and p38 kinases are most responsive to stress stim-
uli ranging from osmotic shock and ionising radiation to me-
chanical wear and cytokine stimulation.

6.1. ERK1 and ERK2 Signalling Pathway

The mammalian ERK1/2 module, also known as the classical
mitogen kinase cascade, consists of the MAPKKKs A-Raf, B-Raf,
and Raf-1; the MAPKKs, MEK1 and MEK2; and the MAPKs, ERK1

MAPK signalling cascades

stress, GPCR,

inﬂamn_'latory growth factors,
cytokines, mitogens, GPCR

growth factors

p38 MAPK
a, B,y

inflammation, growth,

apoptosis, differentiation,
growth, development

differentiation

Cells recognise and respond to
extracellular stimuli by engag-
ing specific intracellular pro-
grams, such as the signalling
cascade that leads to activation
of the mitogen-activated pro-
tein kinases (MAPKs). All eukary-
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Figure 4. MAPK signalling cascades. Although each MAPK has unique characteristics, a number of features are
shared by the MAPK pathways. Each family of MAPKs is composed of a set of three evolutionarily conserved, se-
quentially acting kinases: a MAPK, a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). The MAPKKKs, which
are serine/threonine kinases are often activated through phosphorylation and/or as a result of their interaction
with a small GTP-binding protein of the Ras/Rho family in response to extracellular stimuli. MAPKKK activation
leads to the phosphorylation and activation of a MAPKK, which then stimulates MAPK activity through dual phos-
phorylation on threonine and tyrosine residues located in the activation loop of the kinase. Once activated,
MAPKs phosphorylate target substrates on serine or threonine residues followed by a proline; however, substrate
selectivity is often conferred by a specific interaction motif located on the physiological substrate.
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and ERK2. The ERK pathway, also known as the p42/p44 MAP
kinase pathway, is a major determinant in the control of cell
growth, cell differentiation, and cell survival. This pathway,
which operates downstream of Ras, is often upregulated in
human tumours and as such represents an attractive target for
anticancer therapy.

ERK1 and ERK2 have 83% amino acid similarity and are ex-
pressed to varying extents in all tissues, including terminally
differentiated cells, and have been estimated to be present in
the range of 100-500 nm in tissues of greatest abundance.

6.1.1. Mechanism of Activation

ERK pathway is outlined in Figure 5. Cell surface receptors such
as tyrosine kinases (RTK) and G protein-coupled receptors
transmit activating signals to the Raf/MEK/ERK cascade
through different isoforms of the small GTP-binding protein

Growth factors
_Of’ Cytokines ~~_,
— [

G protein
RTK Coupled
receptor

GW5074
BAY439006

PD164352
PD98059
uo126

Cytoplasmic targets

Nuclear targets

Figure 5. Schematic representation of the ERK pathway focusing on its func-
tion at the convergence of diverse intracellular signalling pathways. The
MAP kinase cascade composed by three sequential kinases (MAPKKK,
MAPKK, MAPK) is reported. Well-characterised inhibitors of Raf-1 and MEK1/
2 are also shown in bold type."”

Ras.“**! The exact mechanism of Raf activation is still elu-
sive®*! put is known to require Ras binding and multiple
phosphorylation events at the membrane. Regulation of both
Ras and Raf is crucial for the proper maintenance of cell prolif-
eration, as activating mutations in these genes lead to onco-
genesis. Activated Raf binds to and phosphorylates the dual
specificity kinases MEK1 and -2, which in turn phosphorylate
ERK1/2 within a conserved Thr-Glu-Tyr (TEY) motif in their acti-
vation loop. Like MAP kinases, MEKs are activated over 1000-
fold by phosphorylation of two residues.***' However, both
phosphorylations are on either serine or threonine, and each
of the two will partially increase the activity of MEK1/2.
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In general, MEK family members are among the most selec-
tive protein kinases known in that they phosphorylate very
few substrates. MEK1/2 have not been shown to phosphory-
late any other MAP kinases or other proteins of physiologic
relevance. However, MEK4 has been shown to phosphorylate
at least one protein other than MAP kinases, suggesting that
other MEKs may also have a few non-MAP kinase substrates.

ERK1/2 are distributed throughout cells. In unstimulated fi-
broblasts the majority of them are associated with the microtu-
bule cytoskeleton. Upon stimulation, a significant population
of ERK1/2 accumulates in the nucleus; the nuclear localisation
is essential for morphological transformation of 3T3 fibroblasts
and for neurite extension in PC12 cells, a model system for
neuronal differentiation.*®

By amplification through the signalling cascade, it is estimat-
ed that activation of only 5% of Ras molecules is sufficient to
induce full activation of ERK1/2.¥ ERK1/2 signalling has been
implicated as a key regulator of cell proliferation,”® and for
this reason, inhibitors of the ERK pathway are entering clinical
trials as potential anticancer agents.”*” An example is Sorafe-
nib launched as a drug in 2005 and recently reviewed by Wil-
helm etal®" In fact, the ERK pathway represents a conver-
gence point for the majority of mitogenic signalling pathways,
so that there are many upstream signalling molecules includ-
ing receptor tyrosine kinases (RTKs) Grb2, Sos, Shc, Ras, and
protein kinase C whose abnormal activation could culminate in
the constitutive activation of the ERK pathway and could rep-
resent potential targets for the development of anticancer
drugs.

The ERK pathway inhibitors are divided in two classes: Raf-1
inhibitors and MEK1/2 inhibitors (Figure 6).

6.1.2. Raf-1 Inhibitors

The major cause of constitutive activation of the ERK pathway
in human tumours is a disorder in Raf, Ras, or other signalling
molecules upstream of Ras.®? Specific inhibitors of Raf are ex-
pected to efficiently block aberrantly activated mitogenic sig-
nalling. Examples of Raf-1 inhibitors are GW5074 and Sorafenib
(BAY 43-9006).

GW5074 inhibits Raf-1 kinase activity in vitro with an ICg, of
9 nm. It also inhibits EGF-stimulated ERK activation quite effec-
tively without inhibiting the EGF receptor tyrosine kinase.

Sorafenib®"***% was identified as a potent inhibitor of Raf-1
by screening chemical libraries using a combination of an in vi-
tro Raf kinase biochemical assay and a tumour cell-based
mechanistic assay.”® Sorafenib inhibits Raf-1 kinase activity in
vitro with an ICg, of 12 nm. It also suppress tumour growth in
human tumour xenograft models with mutant K-ras genes
(HTC116 colon carcinoma, MiaPaca-2pancreatic carcinoma, and
H460 non-small cell lung carcinoma). However, Sorafenib, as a
single agent, failed to show therapeutic activity in the treat-
ment of malignant melanoma, despite positive results in renal
carcinoma.”” This is probably because it also inhibits a
number of other kinases (such as VEGFR, PDGFR), which are
also overexpressed in renal carcinoma. The reason for the fail-
ure in malignant melanoma may be attributed to its inability
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Figure 6. Structures of inhibitors of the ERK pathway."*”!

to reach a concentration in melanoma cells sufficient to inhibit
Raf-1. Niculescu-Duvaz et al.®® recently presented improved
Raf-1 inhibitors based on a disubstituted pyrazine scaffold.

6.1.3. MEK1/2 Inhibitors

To date no substrates for MEK1/2"” have been identified other
than ERK1 and ERK2. This apparent selectivity, in addition to an
ability to phosphorylate both Tyr and Thr residues, is consis-
tent with MEK1/2 playing a central role in the integration of
mitogenic signals into the ERK pathway.®**" MEK1/2 have not
been identified as oncogene products, but they stand at the
focal point of many mitogenic signalling pathways, and con-
stitutive activation of MEK1 has been detected in a variety of
human tumour cells.*? These findings suggest MEK1/2 as a
good target for anticancer agents development. In Figure 5
some MEK1/2 inhibitors are reported and their structures are il-
lustrated in Figure 6. As previously discussed, the majority of
protein kinase inhibitors developed so far are competitive with
ATP. PD98059, U0126, and PD184352 differ in this respect as
they do not compete with ATP, a characteristic that may allow
those compounds to function as more specific inhibitors.

As the Ras-MAPK signalling pathway is of the central impor-
tance with regard to cell proliferation, transformation, and in-
vasion, inhibitors of the kinase components of this pathway
would appear to have great potential as anticancer agents. As
pointed out by Berger and Mallon,*® despite the central
nature of this pathway, selective inhibitors of Raf and MEK
appear to cause no toxic effects in normal cells. A potential
issue for a selective kinase inhibitor is resistance. As there is a
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large degree of cross-talk be-
tween the various signalling
pathways, it is possible that
some tumours cells might be
able to overcome inhibition of
this pathway.®® Thus, it is likely
that these kinase inhibitors will
be more effective in combina-
tion with agents acting by
other mechanisms.
PhO-__~

S

6.2. JNK pathway

The JNKs were first identified by
their activation in response to a
variety of extracellular stresses
and their ability to phosphory-
late the N-terminal transactiva-
tion domain of the transcription
factor c-Jun. JNK1, -2, and -3,
are also known as SAPKy,
SAPKa, and SAPK, which exist
as ten or more spliced
forms.”*% The JNK1 and JNK2
genes are expressed ubiquitous-
ly. In contrast, the JNK3 gene
has a more limited pattern of
expression and is largely restricted to brain, heart, and testis.
They are involved in cytokine production and other aspects of
the inflammatory response, more generally in the function of
the immune system, stress-induced and developmentally pro-
grammed apoptosis, actin reorganisation, and in cell transfor-
mation.’

Activation requires, like ERK1/2 and p38, dual phosphoryla-
tion on Tyr and Thr within the tripeptide motif Thr-Pro-Tyr
(TPY) located in the kinase subdomain.”” This phosphorylation
is mediated by a dual specificity protein kinase. JNK activators
are MKK4 (SEK1/JNKK) which has been characterised®*® and
MKK?7. In turn, MKK4/7 are activated by phosphorylation medi-
ated by several MAPKKKSs, including MEKK1-4, MLK2 and-3, Tpl-
2, DLK, TAO1 and -2, TAK1, and ASK1 and -2.5% The mechanism
of MEKK1 activation is not understood, but this pathway may
involve the phosphorylation of MEKK1 by the PAK protein
kinase that is activated by the small GTP binding proteins Rac1
and Cdc42. The structure of the JNK signalling pathway is
therefore similar to the ERK pathway that is activated by the
small GTP binding protein Ras via the Raf-1 and the MEK1 pro-
tein kinase cascade (Figure 7).°”

Like ERK1/2, the activities of JNK/SAPKs are influenced by
nuclear hormones. Swantek initially demonstrated that activa-
tion of JNK/SAPKs in macrophages and other cell types is in-
hibited by glucocorticoids in a manner that depends on the
presence of nuclear receptors but not on transcription.”® The
mechanism has not been elucidated, but the site of inhibition
appears to lie upstream of MEK7. Dexamethasone also inhibit-
ed TNFa-induced JNK phosphorylation in Hela cells, based on
immunofluorescence with antiphosphoJNK antibodies.”™ A

Wyeth-Ayerst
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Figure 7. Schematic representation of the JNK pathway. JNKs respond to
stress signals including heat shock, osmotic stress, inflammatory cytokines,
growth factors and GPCR agonists. Stress signals are delivered to this cas-
cade by members of small GTPases of the Rho family (Rac, Rho, cdc42).As
with the other MAPKs, the membrane proximal kinase is a MAPKKK, typically
MEKK1/4, or a member of the mixed lineage kinases (MLK) that phosphory-
lates and activates MKK4 (SEK) or MKK7, the SAP/JNK kinases. Alternatively,
MKK4/7 can be activated by a member of the germinal centre kinase (GCK)
family in a GTPase-independent manner. Activation of JNK is by dual phos-
phorylation (at Thr-Pro-Tyr motif) by MAPKK4/7. Activated JNKs dimerize and
translocate to the nucleus where they activate (phosphorylate) transcription
factors including c-Jun, ATF-2, Elk-1, and p53. Activation of the JNK signalling
cascade generally results in apoptosis and is involved in inflammation.

possibly similar effect has been observed with retinoic acid.””

The transcriptional activation function of the retinoic acid re-
ceptor was required for the long term but not the acute sup-
pression of JNK/SAPK activity. The effect could be detected at
the level of MKK4, which was also inhibited. At least part of
the suppression was due to induction of MKP-1.

6.2.1. JNK Function

Compared with ERK, JNK activity is more strongly induced in
response to proinflammatory stimuli, and there is preliminary
evidence that inhibition of JNK activity can retard or prevent
tissue damage in animal models of rheumatoid arthritis.”*

One approach to study the function of JNKs has included
in vivo gene knockouts of each of the three JNK genes. Where-
as loss of either JNK1 or JNK2 alone appears to have no serious
consequences, their combined knockout is embryon-
ic lethal.” In contrast, the loss of JNK3 is not embry-
onic lethal, but rather protects the adult brain from
glutamate-induced excitotoxicity.” This latter exam-
ple has generated considerable enthusiasm for JNK3,
considered an appropriate target for the treatment
of diseases in which neuronal death should be pre-
vented (for example, stroke, Alzheimer’s, and Parkin-
son’s diseases). In contrast to the expression pattern
of JNK3, the expression of JNK1 and JNK2 proteins is
not tissue-restricted. It has therefore taken greater
efforts and more complex studies to understand the
role of these two JNK isoforms in physiological and
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pathophysiological processes. In the first studies to evaluate
JNK1/1 and JNK2 -/- mice, the loss of either JNK isoform was
shown to alter Tcell differentiation.”®”® As the inappropriate
regulation of T cells underlies many autoimmune diseases, at-
tention has been directed to the inhibition of JNKs in diseases
such as rheumatoid arthritis. In more recent studies, roles spe-
cifically for JNK2 as a mediator of inflammatory responses have
been explored. In the passive collagen-induced arthritis model,
the JNK2-/- animals showed modestly decreased joint
damage (cartilage erosion and proteoglycan depletion) but
little effect on inflammation, leading to a conclusion that JNK2
was not the sole mediator of arthritic changes.” Gene knock-
out animals have been used to demonstrate that JNK could
provide a suitable target for the protection against obesity and
diabetes and that JNKs may act as tumour suppressors. The
role of JNKs as therapeutic targets has been recently reviewed
by Manning and Davis.®

In parallel to these studies, other approaches to inhibit ex-
pression of JNKs such as antisense techniques and the more
recently adopted RNA-mediated interference approaches
should accelerate discoveries of the cellular events mediated
by JNKs, and will determine whether JNKs are druggable tar-
gets.

6.2.2. Pathway Inhibitors

Specific inhibitors for the JNK/SAPK pathway are not yet avail-
able. Most of the JNK inhibitors reported thus far come from
synthetic efforts to design p38 inhibitors. The p38 inhibitors
SB203580 (described earlier) and SB202190 also block JNK ac-
tivity at concentrations above those necessary to block p38.
There are, however, some naturally occurring peptide inhibi-
tors that have been reported.®*? Park et al. showed that sele-
nite was a direct inhibitor of JNK1 activity both in vitro and
in vivo, having an in vitro 1C;, of between 10 nm and 50 nm.
CEP-1347, a MLK inhibitor. One of the first compounds to be
discovered that inhibits the JNK pathway but without effect on
p38 is Cephalon’s CEP-1347 that inhibits the JNK pathway at
the level of the MLK (Figure 11). The compound inhibits all five
members of the MLK family (MLK1, MLK2, MLK3, dual leucine
zipper kinase, and leucine zipper-bearing kinase) and members
of the GCK family (GCK, KHS, and NIK). CEP-1347 prevents
death of neurons that had been deprived of growth factors
and also inhibits JNK1 activation with equivalent IC;, values;

N O N 3 = N ON
CH3 X \//\CH3
LO“ A
Cl) O Q (6]
CHg CH,
K252a CEP-1347

Figure 8. Chemical inhibitors of the JNK pathway. CEP-1347 was discovered during at-
tempted optimisation of the natural product K252a.
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ERK1/2 activity is unaffected. This inhibitor also inhibits JNK1
activation in fibroblasts caused by ultraviolet irradiation, os-
motic shock, and glycosylation inhibitors.

CEP-1347, originally called KT7515 (or 3,9 bis[(ethylthio)-
methyl]-K252a), was identified in a medicinal chemistry ap-
proach directed to optimise the drug-like properties of the nat-
urally occurring compound K252a®? (Figure 8). Specifically, a

N—NH
7o

N
1
O

SP-600125

Figure 9. Reversible
ATP competitive JNK
inhibitor: SP600125.
SP-600125 acts as a re-
versible ATP-competi-
tive inhibitor of equal
potency towards three
JNK gene products,
JNK1, JNK2 and JNK3.
Specifically 1Cs, values
calculated for JNK1,
JNK2 and JNK3 were

series of 3,9-disubstituted [(alkylthio)-
methyl]- and (alkoxymethyl)-K252a de-
rivatives were tested for an increase in
neurotrophic response. This response
was specifically evaluated by the surviv-
al of cholinergic neurons in spinal
neuron cultures and their maintenance
of choline acetyl transferase activity. At
the same time, the aim was to also
reduce biochemical properties that lim-
ited its use as therapeutic agent. For ex-
ample, for a compound to be ultimately
used in neuronal applications, it should
have low inhibitory activity toward the
high affinity nerve growth factor-recep-
tor, trk. CEP-1347 met these initial crite-
ria, and was also demonstrated to have
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The neuroprotective and neurorestorative role of CEP-1347
makes it interesting, as pointed out in a recent review on Par-
kinson’s disease treatment,® as a therapeutic agent targeting
the mechanism involved in the pathogenesis of Parkinson'’s
disease. The PRECEPT study is currently in progress to assess
the neuroprotective role of CEP-1347 in the early phase of the
disease.

SP-600125, an ATP-competitive inhibitor of JNK MAPK. Differ-
ent research groups have been focused their attention toward
inhibition of JNK MAPK rather than the upstream components
of the pathway, with the aim of achieving greater specificity of
effects. One of the major players in this area has been Signal
Pharmaceuticals (now part of Celgene). Signal has described
pyrazoloanthrone derivatives, such as SP-600125 (Figure 9), as
inhibitors of JNK.® SP-600125 inhibits JNK1/2 with an 1Cy, of
110 nm and JNK3 with an IC5, of 150 nm, but is much less
active against p38 (ICs, = 30 um).”® Anthrapyrazoles have not
been previously reported as kinase inhibitors; however, the
presence of nitrogens within the highly planar, fused-ring
structure of SP-600125 is consistent with features of other
known kinase inhibitors.””’ Such ring structures exhibit poor
solubility in water, (only 0.0012 ngmL™") as originally de-
scribed by Bennett and co-workers.”™ Chemical modification
studies undertaken to define the critical features of SP-600125
required for its inhibition of JNK have shown that N-alkyl sub-
stitution lowered inhibitory activity, whereas a chlorine added
at position 8 produced a more potent analogue.” It may thus
be possible to further enhance the solubility of SP600-125 de-
rivatives yet retaining the inhibitory capability.
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Figure 10. p38 MAPK signalling pathways. P38 MAPKs are members of the
MAPK family that are activated by a variety of environmental stresses and in-
flammatory cytokines. As with other MAPK cascades, the membrane-proxi-
mal component is a MAPKKK, typically a MEKK or a mixed lineage kinase
(MLK). The MAPKKK phosphorylates and activates MKK3/6, the p38 apoptotic
stimuli. p38 MAPK is involved in regulation of HSP27 and MAPKAP-2 and
several transcription factors including ATF-2, Stat1, the Max/Myc complex,
MEF-2, Elk-1 and, indirectly, CREB by activation of MSK1. Localization of p38
is controversial; in fact, p38 has been shown to be present in both the nu-
cleus and cytoplasm of quiescent cells, but upon cell stimulation, the cellular
localization of p38 is not well understood. Some evidence suggests that, fol-
lowing activation, p38 translocates from the cytoplasm to the nucleus, but
other data indicate that activated p38 is also present in the cytoplasm of
stimulated cells.

SP-600125 was shown to block IL-1-induced accumulation of
phosphorylated JNK and expression of c-jun in cultured syno-
viocytes. In vivo, administration of SP-600125 was shown to in-
hibit JNK activation and collagenase expression in the joints of
rats with adjuvant arthritis. Animals also showed a reduction in
paw swelling and bone and cartilage damage. Thus, inhibition
of JNK could be a potential therapy for diseases as rheumatoid
arthritis.

Concerns arise from the IC;, values for the three JNK iso-
forms (see Figure 9). For some applications, an inhibitor with
this ability to interfere with all JNK isoforms will be desirable,
but as the previously discussed results of JNK gene knockout
studies have suggested, isoforms perform specific roles. There-
fore, the discovery of new compounds (or SP-600125 deriva-
tives) showing isoform selectivity would be highly desirable.
The best clinical prospect for JNK inhibitors would appear to
be as agents with a neuronal target such as stroke or Parkin-
son’s disease, where a specific JNK3 inhibitor could be given
without effects on non-neuronal cells.
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6.3. p38 MAPK Pathway

The p38 (also known as CSPB, mHOG1, RK, and SAPK2) are
serine/threonine kinases that play a central role in numerous
proinflammatory responses.®”” p38 kinases are widely ex-
pressed in many cell types, including immune, inflammatory,
and endothelial cells (Table 2).

other, have distinct expression patterns. p38y is primarily ex-
pressed in skeletal muscle, and its expression is upregulated
during muscle differentiation.”® p386 expression is also devel-
opmentally regulated and is most highly detected in lung,
kidney, endocrine organs, and small intestine.*®

Activation of p38 in cells is mainly mediated by MEK3 and
MEK6. MEK4 also displays activity toward p38 in vitro.*® In
MEK4-/- fibroblasts both JNK
and p38 lost their responsive-

Table 2. p38 isoform expression in cells of the immune system and endothelium.””

ness to TNFa, intereukin-1, and
hyperosmotic stress, suggesting
that crosstalk exists between

Mainly: spleen, bone marrow, heart, brain, pancreas, liver, skeletal
muscle, kidney, placenta, lung

p38p Ubiquitous

Mainly: brain and hearth
p38d Lung, kidney, endocrine organs, small intestine
p38y Skeletal muscles, hearth

p38 Tissues expression Cellular expression
isoforms
p38a Ubiquitous All cell types

these two stress-sensitive path-
ways.”® Activation of the p38
isoforms results from the MEK3/
6-catalysed phosphorylation of a
conserved  Thr-Gly-Tyr  (TGY)
motif in their activation loop.
The structures of inactive and
active (phosphorylated) p38a

Mainly: peripheral leukocytes,
Endothelial cells, T cells

Macrophages, neutrophils, T
cells, monocytes

Little or no expression in
immune system

a-Isoform of p38®¥ is 50% identical to ERK2 and bears sig-
nificant identity to the yeast kinase Hog1p involved in the re-
sponse to hyperosmolarity.”>®*” The p38a. isoform has been as-
sociated most closely to inflammatory responses.”® A variety
of factors, including stress, endotoxin, cytokines such as
tumour necrosis factor alpha (TNFa) and interleukin 1 beta (IL-
1B), and cigarette smoke, activate the p38 kinases. Once acti-
vated, p38 phosphorylates downstream substrates to initiate a
signal cascade that regulates synthesis of a variety of proin-
flammatory mediators. TNFa, IL-18, and COX-2 are among the
most important proinflammatory mediators regulated by p38.
The inhibition of each of these inflammatory mediators has
been demonstrated to lead to clinical benefit in rheumatoid ar-
thritis (RA), based on approved biologics and NSAIDs. In addi-
tion to regulating the production of mediators such as TNFa
and IL-1f3, p38 is activated following the binding of TNFa, IL-
1B, and RANKL to their receptors and is responsible for some
of their effects. p38 inhibition therefore offers opportunities to
intervene in processes involving these cytokines. In addition to
inhibiting production of the cytokines themselves, p38 inhibi-
tion has the potential to block subsequent deleterious effects
caused by the cytokines.

Three additional p38 family members, p38p,' p38y,
and p388,%°°"*2 share 47 % to 42% sequence identity to ERK2
but are 75%, 62%, and 64 % identical to p38a, respectively. In
mammalian cells, the p38 isoforms are strongly activated by
environmental stresses and inflammatory cytokines, but not
appreciably by mitogenic stimuli.

Most stimuli that activate p38 also activate JNK, and both
are inhibited by the anti-inflammatory drug SB203580, which
has been extremely useful in delineating the function of
p38.”2 Within the p38 family, the ubiquitously expressed p38a
and p38f are inhibited by pyridinyl imidazole drugs, whereas
the other two p38 kinases, p38y and p38J, are insensitive to
these drugs.®™™ p38y and p385, with 67% identity to each

26,91,92] [93,94]
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have been solved by X-ray crys-

tallography. The phosphorylated
TGY motif and the length of the activation loop were found to
differ in ERK2 and JNK, which likely contributes to the sub-
strate specificity of p38.°%1%”

Owing to the specificity of MEKs and the relatively low se-
quence identity among the p38 isoforms, selective activation
of different p38 isoforms by distinct MEKs was observed. This
signalling specificity is crucial for the generation of appropriate
biological responses by the p38 pathway.

MEKs are activated by a plethora of MAPKKKs, typically a
MEKK or a mixed lineage kinase (MLK), which becomes activat-
ed in response to various physical and chemicals stresses such
as oxidative stress, UV irradiation, hypoxia, ischemia, and vari-
ous cytokines including IL-1 and TNFa (Figure 9). Details re-
garding the contributions of MEKKs and MLKs to the p38 path-
way remain poorly understood. MEKKs 1-3 have been implicat-
ed in p38 activation, although they preferentially regulate JNKs
and ERKs.

Members of the MLK family contain an SH3 domain, leucine
zippers, and a small GTPase binding domain."®" Protein-pro-
tein interaction through these domains facilitates integration
of signals by MLKs from upstream regulators to the down-
stream MAP kinases. Other kinases that may regulate p38 in-
clude TPI2, ASK1, and TAK1 (Figure 10).

6.3.1. p38 Activity and Inhibition

A large body of evidence indicates that p38 activity is critical
for normal immune and inflammatory responses. p38 is activat-
ed in macrophages, neutrophils, and T cells by numerous ex-
tracellular mediators of inflammation, including chemoattrac-
tans, cytokines, chemokines, and bacterial lipopolysacchar-
ides.'™ p38 participates in macrophage and neutrophil func-
tional responses, including respiratory burst activity, chemotax-
is, granular exocytosis, adherence, apoptosis, and also
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Figure 11. Structures of triarylimidazole SB203580, triarylpyrrole L-167782
and diarylimidazole L-786,134.

mediates T-cell differentiation and apoptosis by regulating
gamma interferon production.

The requirement for p38 activation in cellular responses has
been defined largely through the use of experimental pyridin-
yl-imidazole anti-inflammatory drugs, the cytokine-suppressive
anti-inflammatory drugs (CSAIDs), the most extensively charac-
terised of which is the compound SB203580.

p38 inhibitors are potent inhibitors of LPS-mediated TNF-o.
production in macrophages.”? The ability of p38 inhibitors to
block TNFa synthesis can be exploited in the treatment of in-
flammatory diseases.

6.3.2 Pyridinyl-imidazole Inhibitor: SB203580

The basis for p38 inhibition was revealed in the crystal struc-
ture of p38a in complex with SB203580. As previously dis-
cussed, in vitro assays demonstrated that only p38 a and 3 are
inhibited by CSAIDs; p38 d and y are completely unaffected by
this class of drugs in vitro or in transfected cells.”" Davies and
co-authors® published a study on specificities of different
commercially available compounds with relatively selective in-
hibition of particular serine/threonine-specific protein kinases,
describing the preferential inhibition of the o and f§ isoforms
over the y and o by SB203580.

Crystallographic,"%~'%! mutational,! and biochemical®
studies demonstrated that SB203580 binds in the ATP binding
site of p38. The 4-fluorophenyl ring of the inhibitor is located
in a hydrophobic pocket with walls formed by the N-terminal
domain core at the back of the active site (Figure 15). Thr106
in the hinge of the p38a ATP binding pocket is the factor de-
termining the nature of the residue that can be accommodat-
ed in the hydrophobic region; groups such as p-fluorophenyl,
m,p-difluorophenyl, and m-trifluoromethylphenyl substituents
on either imidazole or pyrrole scaffolds can occupy a space
near Thr106 (Figure 14). The selectivity of compounds as
SB203580 for p38a has been attributed to the presence of
Thr106 in the ATP-binding site. Other MAP kinases (Table 3),

106,107]
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Figure 12. Important interactions between the prototypical pyridine-4-yl imi-
dazole inhibitor SB203580 and the ATP binding site of p38a; the hydropho-
bic area below the linker region is not occupied by SB203580
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IL-1R inhibition 0.50
TNF-a inhibition 0.40

Figure 13. The correct regiochemistry is required at the imidazole nucleus
for bioactivity.

except p38p, have either a Met or a GIn residue in this position
and the larger side chains of these residues prevent the bind-
ing of the fluorophenyl ring of the inhibitors. A site-directed
mutagenesis study undertaken by Lisnok et al."””! showed that
mutation of Thr106 to GIn, the residue present at the corre-
sponding position in ERK-2, or Met, the corresponding residue
in p38y, p389, and JNKs, renders the inhibitor ineffective.
Thr 106 orients the drug to interact with His 107 and Leu 108 of
the ATP binding pocket (Figure 11). Substitution of Thr106,
alone or in combination with His107 or Leu 108, with the cor-
responding, more bulky residues from p38y or p38d (Met and
Pro or Phe, respectively, in both cases) abolishes SB203580
binding. Conversely, if the amino acid of p38y, p389d, or even
SAPK v which corresponds to p38a Thr106 is replaced with
Thr, the resulting mutants display at least partial sensitivity to
SB203580.11%1%%

Amino acid comparison between residues in p38a and ho-
mologous Ser/Thr kinases. Bold residues in Table 3 represent
amino acids different from those in p38a. Sequence differen-
ces at the primary level are most prominent at residues 106,
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Table 3. Amino acid comparison between residues in p38c. and homologous Ser/Thr kinases.”

lease. This loss of potency could
be explained by an unfavoura-

35 38 51 53 75 8 8 104 106 107 108 109 155 157 168 ble geometry of the pivotal hy-
p38a. Y Vv A K L | L L T H L M N A D drogen bond with Met 109, thus
P38 Y V. A K L 1 L L T T L M N A D underscoring the crucial impor-
p38y Y V. A K L | L L M P F M N A D tance of this pyridine ring for
p38d Y Vv A K L I L L M P F M N A D bi . -

iological activity. Furthermore
JINK2B Q@ Vv A K L I L L M E L M N v D g. .y , oy
N2« Q VvV A K L I L L M E L M N v D according to Lisnock’s data,
ERK2 Y V. A K L [ 1 1 Q D L M N L D mutation of Met109 to Ala
CAPK F V. A K L Vv L 1L M E Y v N L D caused the inhibitor to be less

p38.

[a] Bold residues represent amino acids different from those in p38a. Sequence differences at the primary level
are most prominent at residues 106, 107, 108 and 157. Even though residue 109 is highly conserved, it has
been suggested that Met109 is a key contributor to inhibitor specificity. Site-direct mutagenesis studies
show that mutation of Ala157 in p38a caused diarylimidazoles to be more potent as compared to wild-type

potent compared to wild-type
p38. Still open to debate is the
relevance of the hydrogen
bond between N3 of the imida-

[107]

107, 108, and 157. Even though residue 109 is highly con-
served, it has been suggested that Met 109 is a key contributor
to inhibitor specificity. Site-direct mutagenesis studies”’ show
that mutation of Ala157 in p38a caused diarylimidazoles to be
more potent as compared to wild-type p38.

In addition to the interaction with Thr106, the binding
mode of SB203580 shares a common set of features with vari-
ous described pyridin-4-yl imidazole derivatives, notably, the
formation of a hydrogen bond between the backbone NH
group of Met 109 in the linker region and the 4-pyridine nitro-
gen atom of the inhibitor (Figure 12).11%103.109

As observed with various inhibitors of p38 MAP kinase,!
replacement of the pyridin-4-yl moiety with a pyridin-3-yl ring
results in a 500-fold decrease in the inhibition of cytokine re-

110,111]

F\FA”
N N C o
‘ A
=~ N CH
i 7 H :
N’
SB 203580

p38 binding ICsq(um): 0.042
p38 inhibition IC5q(uM): 0.074
IL-1B I1Cgp(um): 0.08

SB 216995
p38 binding I1C5u(um): 0.09
p38 inhibition ICso(uM): 0.16
IL-1R 1C50(um): nd

F\O/ ) F
L, S

B NN
SN | >
I ~" "N
N’ 7

N— N~ 3

) "
O H
SB 210313 SB235699

p38 binding ICsq(um): 0.12
p38 inhibition ICsq(um): 1.3
IL-1 I1C5p(lum): 0.60

p38 inhibition ICgq(uMm): 0.060
p38 binding ICse(um): nd’
IL-1R IC50(pM): nd"

Figure 14. N-substituted pyridinyl imidazoles: SB216995, SB235699, and
SB210313; 'not determined.
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zole ring and Lys53 of p38 MAP
kinase. Although several studies
indicate the imidazole as a criti-
cal determinant for the binding of pyridinylimidazoles to p38
MAP kinase,® 103105191 ¢ome authors®”'%"'? suggest a sole
role for the imidazole as a scaffold for positioning the fluoro-
phenyl and pyridine rings.

For ATP competitive inhibitors to show in vivo efficacy, they
must maintain their bioactivity in the presence of millimolar
levels of ATP. To understand how exactly this is accomplished,
several studies were undertaken."® Crystallographic and kinet-
ic experiments have shown that all pyridinyl-imidazole p38 in-
hibitors bind at the ATP binding site of p38 and compete with
ATP for binding to active, phosphorylated p38. In crystal struc-
tures of kinases solved with bound ATP, the N-terminal and the
C-terminal domains work together to form a catalytic pocket
capable of binding all substrates in the proper orientation. In
the crystal structure of inactivated p38 however, the two do-
mains of the kinase are misaligned, suggesting that ATP
cannot bind to inactivated p38. It has also been shown that
p38 inhibitors as SB203580, bind equally well to both the acti-
vated and inactivated forms of the enzyme. Therefore, when
p38 is in its inactivated form, ATP is noncompetitive with those
inhibitors. This fact leads to a thermodynamic advantage for
the inhibitor in vivo, where the high ATP concentration would
require very high inhibitor concentrations to effectively com-
pete with ATP. Experimental data suggest a mechanism by
which a kinase inhibitor that competes with ATP can function
in vivo at concentrations approximately equal to its K; value.
The inhibitor may bind to a form of the enzyme that is inacces-
sible to ATP and thereby prevents transformation of the
enzyme into its ATP accessible form.

SB203580 is a reasonably selective and cell permeable inhibi-
tor that inhibits p38a kinase activity in vitro with an IC;, of
50 nm against 100 um ATP. Using SB203580, several SAR stud-
ies leading to selectivity and potency improvements and novel
p38 chemotypes discovery programs had been undertaken
and recently reviewed.!""*""®

The development of SB203580, and of first generation p38
inhibitors in general, into anti-inflammatory drug was obstruct-
ed by its severe liver toxicity, as the pyridinyl imidazole were
found to interact with hepatic cytochrome P450 (CYP450) en-
zymes involved in drug metabolism."™® It remains unclear
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whether this unwanted side effect is caused by the pyridine or
the imidazole ring. Strategies to dissect inhibition of p38 from
interference with cytochrome P450 have included the replace-
ment of the pyridine ring with other hydrogen bond accept-
ors,""%12% the introduction of sterically demanding substituents
at the 2 position of the pyridine ring,?>'?" the introduction of
substituents at the imidazole ring nitrogen adjacent to the pyr-
idine ring,**"" and the replacement of the imidazole ring
with other 5- or 6- membered heterocycles.!'" 1% 122124

6.3.3. N-Substituted Imidazoles Inhibitors

In addition to 2,4,5-triarylimidazoles, well represented by
SB203580, the group at GSK has also prepared a vast number
of 1,4,5-substituted imidazole inhibitors of p38 MAP kinase
and cytokine release.""®'® QOriginally it had been observed
with bicyclic imidazoles such as SK&F 86002 and its analogues
that the correct regiochemistry at the core heterocycle is cru-
cial for efficient binding to p38 (Figure 13)."*' For various N-
substituted imidazole inhibitors of p38 it was confirmed that

only at the imidazole ring nitrogen

F adjacent to the pyridine ring are
- P substituents tolerated without loss
N N\> of activity.""%'2%'2 |nitially N-substi-

N tuted imidazoles were mainly pre-
(R pared to reduce interaction with

‘ ) CYP450 enzymes; however, appro-
H3C/O H priate substituents at this position
were found to contribute to en-

SB 242235 hanced p38a binding™*'* and

p38 inhibition ICsq (um): 0.019 [126]

oral anticytokine activity.

Boehm and Gallagher have re-
ported that N-substituted pyridinyl
imidazoles bind to p38 MAP kinase
with generally lower affinity than
their N-unsubstituted counterparts'®'® (Figure 14). The lower
binding affinity also translated into weaker inhibition of IL-1f3
release from PBMC (peripheral
blood mononuclear cells), al-
though the more potent com-

Figure 15. Structure of
SB242235.

S. Margutti and S. Laufer

Table 4. Reduced Inhibition of Human CYP450 Isoforms by the N1-Substi-
tuted Pyridinylimidazole SB210313.

Code Inhibition of CYP450 isoforms [%]*

1A2 2C9 2C19 3A4 2D6
SK&F 86002 85 80 64 19 22
SB203580 61 75 85 61 67
SB210313 <50 <50 <50 <50 86

[a] Inhibition (%) of CYP450 isoforms at test compound concentration of
10 um.

Several groups have investigated the properties of this com-
pound. Vertex investigators have reported the co-crystallisation
of p38 MAP kinase with SB235699." GSK and Leo Pharma-
ceuticals have jointly developed SB235699 as a topical anti-in-
flammatory agent and have advanced this drug candidate into
phase 1 clinical trials for the treatment of psoriasis, contact
eczema, and atopic dermatitis.

Several groups have undertaken studies on other N-substi-
tuted pyridinylimidazoles. A series of piperidin-4-ylimidazoles
and N-methylpiperidinylimidazole were realised;"* those in-
vestigations showed that substitution on the 2-aminopyrimi-
dine nitrogen in some cases reduced p38 inhibition, but simul-
taneously improved oral activity The 2-alkoxypyrimidine
SB242235"%" (Figure 15) has been used as a pharmacological
tool in various models of inflammation and it was selected as a
clinical development candidate.

Besides SB242235 and SB235699, another N-substituted imi-
dazole is at present in clinical development, namely RWJ67657.
Workers at the R.W. Johnson Pharmaceutical Research Institute
investigated the binding kinetics to p38 in a series of 1,2,4,5-
tetrasubstituted imidazoles exemplified by RWJ67657 and
RWJ67671.'® For these compounds, the same rank order of
potency was found in the isolated p38a assay and in the cell-
based TNF-a release assay (Table 5). The weaker binding inhibi-
tors (cf. RWJ67671) differ from the more potent ones, such as

pounds (that is, SB216995, Table 5. Binding Kinetics of SB203580, ATP, and 1,2,4,5-Tetrasubstituted Imidazoles Developed at RW Johnson
SB210313) still displayed anti- Pharmaceutical Research Institute.
TNFo activity in vivo. F
SB210313, furthermore, inter- @4&
. . N N
feres slightly less with most of \ [ =
the CYP450 enzymes than “/\) N R
either SK&F86002 or SB203580 N~
(Table 4)." —
The basic piperidine substitu- \/
ent of SB235699 (VK-19911, HEP Code R ICso [NM] K, [s'19 K (M-1XS™")! K, Inm]®
689)"* interacts with Asp 168, p38a" TNF-o
and this additional interaction SB203580 nal” 79412 2341 0.017 8.05x10° 21
may account for the outstand- RWJ67657 CH,OH 30+3 3.2+0.1 0.003 7.12x10° 5
in bioactivit observed for RWJ67671 CsHy, 1700 £222 81+6 0.010 1.09x10° 89
9 y ATP na na na 0016 124x10° 1280
SB235699 compared to other N-
substituted  pyridinylimidazoles [a] Inhibition of activated p38a. MAP kinase. [b] inhibition of LPS-stimulated TNF-o release from human PBMC.
. [c] dissociation rate. [d] association rate. [e] dissociation constant. [f] not applicable.
(Figure 15).
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RWJ67657 and SB203580, mostly in their association rates. The
difference between the most potent inhibitors, in turn, is de-
termined by their dissociation rate (RWJ67657 versus
SB203580), that is, the strength of protein-inhibitor interac-
tions. Interestingly, the binding characteristics of ATP are simi-
lar to those of the weak inhibitors. With regard to the correla-
tion between K, and ICy, values in the cell-based assay, the au-
thors conclude that these imidazoles bind to the unactivated
form of the enzyme. ATP, on the other hand, has only weak af-
finity for unactivated p38,"*® and this crucial difference may
explain why inhibitors binding in the ATP cleft of p38 are able
to maintain their efficacy in cell-based assays. The pharmacolo-
gy of RWJ67657 as the most potent inhibitor from this series
was further evaluated and the compound was advanced into
early clinical trials with indications as an antiarthritic drug and
agent for inflammatory bowel disease.'*

6.3.4. Allosteric N,N'-Diarylurea-based Inhibitors: BIRB796

Research groups at Vertex,**'"! Bayer, and Boehringer have
independently described N,N'-diarylureas as inhibitors of p38
cytokine release.*>"** While binding to the ATP cleft of p38,
inhibitors of this class adopt a binding mode distinct from that
of both ATP competitive and the diaryl heterocycles-based in-
hibitors.

The group at Boehringer has demonstrated that the potent
N-aryl-N'-pyrazolylurea BIRB796 (Figure 16) stabilises a confor-
mation of p38 which cannot be accessed by ATP, and BIRB796
is therefore best described as a noncompetitive, allosteric in-
hibitor of p38.

Hydrogen
bond

T ATP

0 site

Phenylalanine [ j
pocket N

’ ;
%1» o

N N \
/ ///%\ H H J Kinase
- specificity
‘\Y \ 0.0 ~— pocket
Binding /

groove Glu71

BIRB796

Figure 16. Structure of BIRB796 and its main interaction with p38a.

Upon binding of BIRB796 to p38, a considerable conforma-
tional change takes place in the conserved Asp 168/Phe 169/
Gly170 (DFG) region. The switch from the “DFG-in” to the
“DFG-out” conformation arranges the side chain of Phe 169 in
a way that leads to a steric clash with the phosphate groups
of ATP. At the same time a large hydrophobic pocket is re-
vealed, which is capable of accommodating the tert-butyl
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group characteristic for potent N,N'-diarylurea inhibitors. The
tolyl substituent on the pyrazole ring has favourable interac-
tions with the hydrophobic portions of the side chain of the
conserved Glu71 in helix aC. This tolyl group also causes a
conformational change in the Glu71 side chain such that only
one of the urea NH groups can hydrogen bond with this resi-
due (Figure 16). As previously pointed out, it has been specu-
lated that this conformational rearrangement of the protein is
the rate determining step responsible for the slow binding ki-
netic observed for these allosteric p38 inhibitors. The morpho-
lino ether oxygen makes a hydrogen bond with the backbone
NH of residue 109, equivalent to that made by the N1 atom of
the adenine base of ATP. In addition to establishing interac-
tions in the ATP pocket, the morpholino group also improves
the physical-chemical properties of the otherwise lipophilic in-
hibitor.['*?

BIRB796 is in development by Boehringer Ingelheim as a
treatment for rheumatoid arthritis and other inflammatory con-
ditions such as Crohn’s Disease and psoriasis. BIRB796 has a pi-
comolar affinity for p38a (K;=0.1 nm) and inhibits the enzyme
with an ICs, =63 nm.!"

By September 2001, the in vivo effects of BIRB796 on neutro-
phil activation had been tested in phase | clinical trials. In a
single-escalating dose, randomised, placebo-controlled, double
blind, 64-patient trial, BIRB796 was well tolerated at all dosag-
es.

In 2001, a randomised, parallel-group, double-blind, placebo
controlled study into the efficacy and safety of different doses
(5, 10, 20, and 30 mg) of BIRB796, taken orally twice daily
during 4 weeks in patients with active rheumatoid arthritis in
whom at least one DAMARD has not been effective was initiat-
ed. A potentially dose limiting side effect, liver transaminase
values above the upper limit of normal, has been reported.

6.3.5 Structurally Diverse Clinical Candidates

Apart from the imidazole nucleus, a multitude of other mono-
cyclic and fused heterocycles was employed as scaffolds for
the essential diaryl pharmacophore. The trisubstituted pyrazole
developed at Pfizer, SD06 (Table 6), is an example. Pfizer re-
cently presented data*” on the synthesis and development of
this orally active p38 inhibitor. The compound exhibits signifi-
cant functional selectivity for p38a (IC;,=80 nm) over p38p
(IC5=26000 nm). The binding modus of SD06 has been de-
scribed. As the substituent at the 3-position of the pyrazole
ring approaches the ATP binding site of p38 kinase, a hydro-
phobic cavity in the p38 kinase develops around the 3-position
substituent at the binding site. This hydrophobic cavity is be-
lieved to form as the 3-position substituent binds to a specific
peptide sequence of the enzyme. In particular, it is believed to
bind to the side chains of Lys52, Glu59, Leu73, lle82, Leu84,
Leu 101, and the methyl group of the Thr103 side chain of p38
kinase at the ATP binding site. The pyrimidine ring at the 4-po-
sition of the pyrazole ring, as already described for diarylimida-
zoles, brings a suitable hydrogen bond acceptor functionality.
This acceptor bonds to the backbone N-H of the Met 106 resi-
due while one edge of this substituent is in contact with bulk
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Drug name Structure

Table 6. p38 MAPK Inhibitors in Clinical Development.

Therapeutic group

Mechanism of action

Organization

H
~—N
Nf”\ {
N™ ™ _
HCo A § el
SB242235 N ‘ N/> Antiarthritic Drugs p38MAPK Inhibitors (GCI)E:;(;S]ZI(:SKIIne
/§\ N
L
7
P
Nﬁ J’K{\j
K," N// Antiarthritic Drugs Inflammatory Bowel Dis- IL-1f3 Production inhibitors, TNFa pro- R.W. Johnson
RWJ67657 N = . oy o C
o~ ~N LOH ease, Agents for duction Inhibitors, p38MAPK Inhibitors  (Originator)
O
L
N /7
SB235699 Ml\f Antipsoriatics, Atopic Dermatitis, Agent for. 38MAPK Inhibitors GlaxoSmithKline
Nl Vi Topical Antiinflammatory agents P (Originator) Leo
~" N
S
i
.
M\~/ IL-1B Production inhibitors, IL-6 Produc-
N ion inhibi inhibi f Signal Trans- Roch
RO3201195 N 7’ NA, Rheumatoid Arthritis, treatment of tion .|n ibitors, inhibitors o Slgn? rans- Roche (Origina
N duction pathways TNFa production In-  tor)
N0 hibitors, p38MAPK Inhibitors
//ﬁ/{x///o\ OH
Nt TN on
SB281832 NAM Antiallergy/Antiasthmatic Drugs. Inflamma- p38MAPK Inhibitors GlaxoSmithKline
tory Bowel Disease, agent for. Rheumatoid (Originator)
Arthritis, Treatment of
SClI0323  NA@ Antiarthritic Drugs p38MAPK Inhibitors Scios (Origina-
tor)
Inhibitors of Signal transduction path- Amgen (Origi-
AMG528 . Antiarthritic Drugs ways TNFa production Inhibitors, natgr) 9
= p38MAPK Inhibitors
o
EO1606 Acne Therapy Atopic Dermatitis, Agent for p38MAPK Inhibitors Leo (Originator)
) L Inhibitors of Signal transduction path-  Pfizer (Origina-
SD06 Antiarthritic Drugs ways, p38a. MAPK Inhibitors tor)
\_/
PS540446 NAP Rheumatoid Arthritis, Treatment of Inhibitors of Signal transduction path- Bristol-Myers
ways, p38 MAPK Inhibitors Squibb (Origi-
nator)
KC706 NA® Antipsoriatics Rheumatoid Arthritis, treat-  Inhibitors of Signal transduction path- ~ Kemia (Origina-
ment of ways, p38 MAPK Inhibitors tor)
F\)//,\
I
S A H . L Calcium Channel Activators Stress-Acti- .
N —-
SB203580 > P g;‘;z;t!":'cer?t”f‘gf' Inflammatory Bowel o4 Protein (SAP/Jun) Kinase Inhibitors (Go'fix‘ﬁ;“tgg'("”e
SN /" o, +29 p38 MAPK Inhibitors 9
»
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Table 6. (Continued)

Drug name Structure

Therapeutic group

Mechanism of action

Organization

SB681323  NAW

O
‘/\ NH
// N/‘
TAK715 NN
/\L e
-~ N CH;,
HaC\(\\
./
SB856553  NAF

VX745
CPI11189
BIRB-746
CH, O
SCI0469 F\(\j\ (kN)jf\
7 /N\;/J o
CH,
VX702 NAE

Myelodysplastic Syndrome Therapy Rheu-
matoid Arthritis, Treatment of

AIDS Dementia, Treatment of Alzheimer’s
Dementia, Treatment of Cognition Disor-

ders, Treatment of Neuropatic Pain, Treat-
ment of

Antipsoriatics Inflammatory Bowel Disease,
Agent for Rheumatoid Arthritis, Treatment
of

Multiple Myeloma Therapy Myelodysplastic
Syndrome Therapy Rheumatoid Arthritis,
Treatment of

Inflammatory Bowel Disease, Agent for Os-
teoarthritis, Treatment of Rheumatoid Ar-
thritis, Treatment of Treatment of Disorders
of the Coronary Arteries and Atherosclero-
sis

Atherosclerosis Therapy Chronic Obstruc-
tive Pulmonary Disease (COPD), Treatment
of Rheumatoid Arthritis, Treatment of

Rheumatoid arthritis, Treatment of

Atherosclerosis Therapy Chronic Obstruc-
tive Pulmonary Disease (COPD), Treatment
of Rheumatoid Arthritis, Treatment of

Antiinflammatory Drugs p38 MAPK in-
hibitors

Antioxidants Apoptosis Inhibitors p38
MAPK inhibitors

Inhibitors of Signal Transduction Path-
ways p38 MAPK Inhibitors

Inhibitors of Signal Transduction Path-
ways p38 MAPK Inhibitors

Inhibitors of Signal Transduction Path-
ways p38 MAPK Inhibitors

Inhibitors of Signal Transduction Path-
ways p38 MAPK Inhibitors

Inhibitors of Signal Transduction Path-
ways TNF-a Production Inhibitors p38a
MAPK Inhibitors

Inhibitors of Signal Transduction Path-
ways p38a MAPK Inhibitors

Kissei Vertex
(Originator)

Centaur (Origi-
nator) Renovis

Boehringer In-
gelheim (Origi-
nator)

Scios (Origina-
tor)

Kissei Vertex
(Originator)

GlaxoSmithKline
(Originator)

Takeda (Origina-
tor)

GlaxoSmithKline
(Originator)

[a] Not available.

solvent. SD06 had been reported to bind to phosphorylated as
well as unphosphorylated p38a (using surface plasmon reso-
nance technology). SD06 inhibits LPS-stimulated TNFa produc-
tion in HWB in vitro with an IC5, of 1.5 um. The compound
showed efficacy in a number of arthritis animal models (reduc-
tion of paw swelling, bone destruction, and cytokine suppres-
sion). In a three month toxicity study, SD06 showed no adverse
CNS effects in monkeys and rats, despite its ability to cross the
blood/brain barrier. Some adverse effects were observed on
the skin and in the gastrointestinal tract with prolonged
dosing in vivo. Pfizer advanced SD06 to phase | clinical studies
and pharmacodynamic effects were reported in a human
ex vivo model with an ECs, value=50.6 nm for inhibition of
LPS-induced TNFa production, corresponding to an EDs =
11.3 mg. Currently, SD06 is being tested for its anti-TNFa activi-
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ty in phase | clinical trials in healthy volunteers following endo-
toxin challenge.[*

RO3201195 (Table 6) is a pyrazole ketone developed at
Roche by applying a high throughput screening (HTS) ap-
proach to develop multiple leads series from distinct scaf-
folds."*” This HTS campaign led to the identification of several
pyrazole ketones which were found to inhibit p38a at low mi-
cromolar concentrations. Co-crystallisation of RO3201195 with
unphosphorylated p38a revealed a novel binding motif in the
ATP binding site that was previously unknown for p38 kinase
inhibitors.*® Particularly, two hydrogen bonds formed be-
tween the amine of the inhibitor and the backbone His107
and with the side chain hydroxyl group of Thr106. The latter
residue is present in approximately 205 of human kinases and,
according to authors, an inhibitor with the potential to form a
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hydrogen bond to Thr106 would confer improved selectivity
versus other kinases which lack this residue. In addition, the
pyrazole ketones make a hydrogen bond between the benzoyl
oxygen and the main chain of Met 109. This key interaction is
observed in all reported structures of ATP competitive p38 in-
hibitors. Additional binding energy is generated by the posi-
tion of the N-phenyl ring into the hydrophobic pocket which is
partially defined by the specificity residue Thr 106. The glycerol
monoether group attached to the meta position of the benzo-
yl ring of RO3201195 confers good physicochemical properties
(solubility and oral bioavailability) yet retaining potency
against p38 and also affords good inhibition of LPS induced
cytokine production in undiluted human whole blood, and effi-
cacy in invivo inflammation models. RO3201195 inhibits p38
with an 1C;,=700 nm. RO3201195 binds to p38a (both, non-
phosphorylated and the Thr180 and Tyr182 phosphorylated)
and p38p isoforms but does not bind to either the p38y or
p380 isoform. Based on the range of efficacy in the biological
models, the desirable metabolic profile, and the favourable
preclinical safety pharmacology, R0O3201195 was selected as a
clinical candidate for the treatment of rheumatoid arthritis.
AMG548 (Table 6), in clinical development as an antiarthritic
drug, contains the classical SB203580 diaryl interaction but
changing the core heterocycle to a 6-membered ring. AMG548
was in phase | human trials and data supporting the advance-
ment of this compound had been presented. The pyridinone
inhibitor interacts with p38a through the classical Met 109-pyr-
idine hydrogen bond. The C2 carbonyl and Lys53 also form a
hydrogen bond. Preclinical data showed that AMG548 is effica-
cious in both acute (LPS-induced TNFa production in mice)
and chronic (CIA and adjuvant induced-arthritis (AdA) in Lewis
rats) models of arthritis. In these in vivo models AMG548 ame-
liorated acute production of proinflammatory cytokines
(ED50=0.5 mgkg™") and inhibited the symptomatic and struc-
tural manifestations of severe joint destruction in CIA and also
AdA. Pharmacokinetic evaluation in both rat and dog revealed
good terminal half-life (t,,,) and suitable oral bioavailability for
once-daily oral dosing in humans. Evaluation in 14 day rodent
toxicology studies and dog QTc studies demonstrated the de-
sired safety multiples with no QTc prolongation in dogs. Based

S. Margutti and S. Laufer

on overall profile of AMG548, the molecule was advanced to
safety assessment and subsequently to phase | clinical trials.
AMG548 was the first internal small-molecule clinical candidate
for Amgen and it progressed from clinical candidate portal to
first-in-human (FIH) dosing in less than one year. In the FIH
study, AMG548 was dosed orally at 0.3 to 300 mg (once daily).
AMG 548 had linear pharmacokinetics with a mean terminal
elimination t;, of 24 h. The compound demonstrated 30 to
955 inhibition of ex vivo whole blood LPS-induced TNFa and
IL-1B cytokine production at oral doses of 3, 10, 30, 60, 100,
and 300 mg (once daily) in healthy male volunteers. At doses
of 60 to 300 mg, >85% inhibition was observed beyond 24 h,
following a single oral dose. These data demonstrate that
AMG548 possesses suitable pharmacodynamics/pharmacoki-
netics for once-daily oral dosing. AMG548 was further evaluat-
ed in a 14 day multiple dose study in 54 healthy male volun-
teers. Isolated liver enzyme elevations were observed in nine
out of 54 individuals randomised to AMG548, and one of 18 in-
dividuals randomised to placebo. These hepatic transaminase
levels were not associated with increases in bilirubin or alkaline
phosphatase. Further development of AMG548 was suspended
because of random liver enzyme elevations that were not
dose- or exposure-dependent.

In March 2005, Takeda reported the discovery of TAK715
(Table 6) as a potent and orally active antirheumatic
agent."131 The thiazole-benzamide was shown to selec-
tively inhibit p38a. (IC5,=7.1 nm) and block LPS-induced TNF-a
production in THP-1 cells (human monocytic cell line) (ICs,=
48 nMm). In an invivo model of acute inflammation in mice,
TAK715 inhibited the LPS-induced release of TNF-a by 88%
after a 10 mgkg™' oral dose. The compound was reported to
have been advanced into phase Il clinical trials.

Scios (a subsidiary of Johnson & Johnson) is developing a
series of small-molecule, orally available, p38 inhibitors. Recent-
ly the structure of SCIO-469 (Table 6, Figure 17) was disclosed
revealing that this molecule belongs to a class of indole
amides explored by the company in a p38 inhibitors develop-
ment program started from an HTS hit: an indole carboxamide
derivative (Compound 9, Figure 17), with weak inhibitory activ-
ity for p38a."™"” As shown by data of SCI0469 and SX011

H,C. HsC,
*\~CHs *N-CH;
o, N 0
o O (e}
F 0 F . F o
OSSR eH LD @%“ﬁ\
cl N S NJ N NAJ cl F N\
\ H
CH, H : CH,
SX011 Compound 9 SCI10469
p38a Ki=9nm p38a Ki=9 nm
p38R K =90 nm p38R K= 98 nM

ERK2 > 300,000 nm
JNK1 > 300,000 nm

Figure 17. Scios compounds; SX011, compound 9, SCIO469.
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ERK2 > 5000 nm

JNK1 > 5000 nm
Lck > 5000 nm

WB TNF-a IC50 = 300 nm
Rat carrageenan ED50 ~ 30 mg/Kg
Rat t;, = 30 min
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(Figure 17), substitutions at both the 3-position of indole and
the piperazine ring improved potency dramatically. The car-
bonyl amide forms the crucial hydrogen bond with NH of
Met 109 while the polar a-keto amide moiety extends toward
solvent, allowing the 6-Cl-indole and the F-phenyl moieties to
bind into lipophilic pockets. SCI0469 is highly potent against
p38a and p38f (Figure 17), blocking the LPS-induced release
of TNF-a from human whole blood, and inhibiting LPS-induced
IL-1P release from human PBMCs in a dose-dependent manner.

A phase | study investigated the safety, pharmacodynamics,
and pharmacokinetics of single ascending oral solution doses
from 0.03 to 5mgkg™" SCI0469 in healthy volunteers. The
compound was safe and well tolerated, the only reported side
effect being mild, transient light-headedness at highest doses
which suggests that SCIO469 crosses the blood/brain barrier.
By October 2004, a phase Il study to determine the analgesic
efficacy of SCIO469 in acute post-surgical dental pain had also
been completed. All SCIO469 treated patients showed a signifi-
cantly longer time to rescue medication compared with place-
bo. This study represents the first clinical demonstration of
acute analgesic effects by inhibition of p38.

Scios is the first company to disclose clinical exploration of
p38 inhibitors in multiple myeloma (MM). In 2004, Scios dem-
onstrated the ability of SCIO469 to strongly reduce p38 phos-
phorylation in bone marrow stromal cells, and to inhibit the
production of IL-6, VEGF, IL-1(, receptor of activated NF-kB
ligand, and prostaglandin E2. In combination with proteosome
inhibitors, SCIO469 enhanced the reduction in multiple myelo-
ma cell proliferation and potential proteasome inhibitor-in-
duced apoptosis. SCIO469 is at present still under phase Il clini-
cal investigation.

Vertex Pharmaceutical Inc was one of the first companies to
disclose, in 2001, a nonpyridinylimidazole-based p38 inhibitor.
VX745 (Table 6), a first-generation p38 inhibitor, is potent
against p38a (ICs,=10 nm) and blocks the synthesis of TNFa
in human whole blood (IC;;=177 nm)and PBMCs (IC5, =56 nm)
after LPS stimulation in vitro."*>"* The compound VX745
binds to the ATP site of p38a by a hydrogen bond with the
NH of Met 109 backbone, whereas the lipophilic “back pocket”
is occupied by the difluorophenyl group.™? VX-745 was
shown to have anti-inflammatory activity in rodent models and
to penetrate the blood/brain barrier. The compound was gen-
erally well tolerated with the most frequently reported adverse
event being elevation in liver transaminases. No CNS side ef-
fects were seen in humans, however, the drug was subse-
quently suspended following the observation of neurological
effects in dogs.

VX702 (Table 6), the structure of which has not been dis-
closed, was chosen as a back up compound because of its in-
ability to cross blood/brain barrier. A phase | safety and phar-
macokinetic study showed that VX702 (2.5 to 80 mg) was well-
tolerated. In an ex vivo assay primed with LPS, VX702 inhibited
IL-6, IL-1B and TNFa production (ICs,=59, 122 and 99 ngmL™",
respectively). In a phase lla study completed in October 2004,
VX702 demonstrated safety and tolerability in patients with
acute coronary syndrome (ACS) undergoing percutaneous cor-
onary intervention (PCl). VX702 significantly reduced serum
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levels of the inflammatory biomarker C-reactive protein (CRP)
in patients undergoing PCl, and CRP remained significantly
lowered up to four weeks after the five-day dosing period.

In June 2005, Vertex announced initiation of a three-month,
double blinded, randomised, placebo-controlled, phase Il study
to assess two doses of VX702 in rheumatoid arthritis. The com-
pound will be dosed once daily without concomitant metho-
trexate.

Ketone-based p38 inhibitors have been pursued by multiple
companies. Leo pharmaceutical has explored aminobenzophe-
none p38a inhibitors.'"* The aminobenzophenone EOQ1606
(Table 6) is a potent and selective inhibitor of p38 MAPK (iso-
forms o and P) and of the upstream kinase MKK6. The com-
pound was tested in an animal model of noninflammatory
acne, the rhino mouse. Its efficacy in this model is comparable
to that of the retinoids. The compound is at present in clinical
development as agent for atopic dermatitis and acne therapy.
The in vivo models tested were recently reviewed by Peters-
en'[144]

As reported in Table 6, additional compounds are undergo-
ing clinical development. GlaxoSmithKline undertook clinical
development of compounds such as SB-281832, SB-681323,
SB-856553, for which no structures had been to date disclosed.
Also Centaur, Bristol-Myers Squibb, and Kemia are developing
p38 kinase inhibitors that are being clinically evaluated. As a
result of the lack of specific information regarding the develop-
ment status of those compounds, we chose not to include
them in this review.

7) Discussion and Conclusion

Pharmaceutical companies are facing increasing interest in
new target identification and validation as pointed out by a
recent review."* In particular, extensive efforts are being
made in the field of kinase inhibitors research and develop-
ment and the past ten years of effort in this field have altered
our perception of the potential of kinases as drug targets to
the pharmaceutical industry. Therefore, in the drug discovery
process, the selection of relevant, susceptible protein kinase
targets combined with searches for lead drug candidates have
become a crucial approach. It is evident that kinases, which
play an integral part of controlling cellular signalling, would be
of intrinsic interest as potential targets for drug design.

Recently, researchers have become especially adept at devel-
oping potent protein kinase inhibitors with different activities.
Several examples of anticancer therapeutic agents are avail-
able, that is, STI-571 (Gleevec, Imatinib),"* trastuzumab (Her-
ceptin)," and the EGFR inhibitor ZD-1839 (Iressa). Numerous
other kinase inhibitors are currently undergoing clinical trials
or clinical development.

Some questions are nevertheless unanswered, mostly related
to the great number of known kinases in the human genome,
to their similarity with each other, to the existence of function-
ally redundant kinases for specific pathways, and also because
the connection between particular pathways and diseases is
not always clear. This situation is not unique for the kinases,
which are relatively young targets in the drug discovery pro-
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cess. Similar questions arise for many drug projects, and initial-
ly, all of them are unanswered, along with all of the other
normal questions of drug development.

Unacceptable safety profiles have been the cause for clinical
attrition of initially promising inhibitors. Liver enzyme eleva-
tions were reported with BIRB796 clinically."*® The Vertex drug,
VX-745, was discontinued because of an unanticipated CNS
toxicity in dogs during a six month safety study. Unfortunately,
based on the very limited information associated with these
adverse effects, it is impossible to determine the basis of these
issues. Nevertheless, several studies had been undertaken to
overcome chemical-based toxicity problems and, particularly in
the case of p38 MAPK inhibitors, it is now clear what type of
modifications could result in an improvement.

Furthermore, as a consequence of the wide-ranging regula-
tory roles of kinases in diverse cellular processes, the possibility
of an adverse event resulting from undesired pharmacological
activity is the major concern for protein kinase inhibitor drug
class. Added to this are safety issues related to the potential
lack of specificity®" that plague all kinase inhibitors. How selec-
tive is selective enough?

To improve kinase selectivity of certain inhibitors, develop-
ment of compounds that bind preferentially to the inactive
forms of protein kinases, or which prevent one protein kinase
from activating another, is a promising approach. Detailed un-
derstanding of the catalytic and regulatory properties of ki-
nases can contribute significantly to development of novel
kinase inhibitors including more specific allosteric inhibitors.
Specificity problems, as discussed, arise from the evidence that
members of the MAPK family share a high degree of conserved
domain structure, particularly in the ATP site, and many resi-
dues that make contact with p38 inhibitors are conserved
throughout the family. The exception is Thr106, which has
therefore been implicated as a critical determinant for the spe-
cificity of these compounds. Many results emphasised the criti-
cal nature of Thr106 in imparting the good selectivity seen for
p38 inhibitors as a class of compounds binding to the ATP-
binding site of a kinase.

A second issue concerning activity of ATP-competitive inhibi-
tors is the level of activation of the enzyme. In crystal struc-
tures of kinases solved with bound ATP, the N-terminal domain
and the C-terminal domain work together to form a catalytic
pocket capable of binding all substrates in the proper orienta-
tion. In the crystal structure of inactivated p38 however, the
two domains are misaligned, suggesting that ATP cannot bind
to inactivated enzyme. The capability of inhibitors to bind
equally well to both the activated and inactivated form of the
enzyme could also represent a good opportunity to develop
inhibitors with enhanced specificity and potency, underscoring
the importance of studies on allosteric inhibitors.

However, we must be aware of the fact that for protein ki-
nases, it will be very unlikely to find a unique compound that
specifically inhibits a selected single protein kinase, leaving the
other more than 2500 protein kinases unaffected. The para-
digm “one drug, one target, one disease” cannot hold true.

The potential use of protein kinase inhibitors for cancer
treatment is increasing, as reviewed by Dancey and Saus-
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ville."™ In particular, these authors discuss the need to diag-

nose the activation state of the kinase target in the tumours of
patients entering clinical trials if the drug is to receive a fair as-
sessment of its capabilities. Related to that is the consideration
of when in the course of a tumour’s evolution kinase-directed
drugs are most likely to have an impact. Clinical data from
STI571 in CML indicate that kinase inhibitors could have a
great impact on preventing the evolution of tumours to a fully
malignant state, or in treatment of “small volume disease” to
prevent the development of clinically overt metastatic disease.
The therapeutic inactivation of an essential protein kinase cre-
ates selective pressures, such that tumour cells evolve a variety
of routes to resistance. These include producing a drug-resist-
ant variant of the targeted protein, substituting its cellular
function by upregulating alternate pathways, and by increas-
ing the expression and function of transporters involved in
drug efflux. A general drawback of target-specific monothera-
py therefore derives from the fact that a single genetic altera-
tion conferring target resistance to an individual tumour cell
can eventually lead to relapse. The ability of kinases to mutate
in response to the selective pressure created by drug treat-
ment provides a strong rationale for hitting more than one es-
sential target at the same time in the tumour cells."* Multitar-
geted therapy can be achieved with either a combination of
medicines or single promiscuous drugs that act on a set of dis-
ease-relevant proteins. Protein kinases, which share a relatively
conserved ATP-binding site, are amenable to the latter concept
of targeted polypharmacology.

A possible strategy would be to combine agents that target
components in parallel signal transduction pathways, such as a
mitogen-activated protein kinase kinase (MEK) inhibitor and an
Akt inhibitor. UCN-01, which inhibits the activation of Akt, and
the MEK antagonist CI-1044 (PD184352), seem to synergistical-
ly interact following UCN-01 activation of mitogen-activated
protein kinase (MAPK) signalling.™® Of great interest is also
the possibility to combine kinase inhibitors with standard cyto-
toxic agents.l'>"1%4

The idea of treating complex disease such as cancer by
aiming for several targets at once is becoming more accept-
ed," and an increasing number of researcher claimed that
“magic bullet” drugs designed to hit a single target might not
be the answer to treat not only cancer but also cardiovascular
diseases. Common disorders tend to result from multiple mo-
lecular abnormalities, not from a single defect. Drews™* fol-
lows the case histories of five modern drugs (COX2 inhibitors,
Natalizumab, Imatinib, Bevacizumab, and Enfurvirtide) as a
basis of reflection on the magic bullets concept and, more in
general, the actual state of drug discovery. Imatinib, a good ex-
ample of a mixed-drug (see Figure 18) already discussed in this
survey, represents a landmark in kinase drug discovery and de-
velopment. The studies and investments undertaken by Novar-
tis led not only to a different future for a drug that started
with an “orphan drug” prospective, but also have changed the
perspective on a not very common disease such as chronic
myeloid leukaemia (CML).

From this point of view, the data published by Fabian®"
concerning the specificity profiles for different clinical kinase
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Imatinib

p210BCR-*PL: 0.25 pm
PDGFR: 0.1 um

c-KIT: >0.1 pm

EGFR: >100 pm
¢-ERBB: >100 um

Figure 18. Chemical structure of Imatinib."*¥ As well as inhibiting the BCR-
ABL kinase, Imatinib is a potent inhibitor of c-KIT and the platelet-derived
growth factor receptor. ICs, values for inhibition of autophosphorylation are
given.

inhibitors are not so negative. The Ambit researchers under-
took a study that led to an efficient way to determine kinase
inhibitor specificity by measuring binding of small molecules
to the ATP site of kinases.

Members of the p38 MAP kinase family, like the extracellular
related (ERK) and c-jun N-terminal (JNK) kinase families, are
ubiquitously present in all cell types. This evidence combined
with their roles in different processes and in vitro evidences
suggests that there may be other therapeutic uses for p38
kinase inhibitors in addition to their well-known potential for
treatment of classic inflammatory diseases, thus underlying the
need of further exploration of kinase inhibitors potential thera-
peutic utility. The characteristics that, at the same time, lead to
potential side effects have already been mentioned. Dam-
bach™* from Bristol Myers Squibb recently reviewed those po-
tential side effects that could be associated with inhibition of
p38a/f MAP kinases. The outcome of this survey indicates
which organs should be closely monitored for the evaluation
of adverse pharmacological effects.

In conclusion, the large body of information currently being
generated around protein kinases as drug targets, coupled
with the significant number of companies pursuing lead com-
pounds, should provide a number of clinical compounds in the
near future. Nevertheless, many different aspects must be con-
sidered. Are protein kinases drug targets? Yes, but difficult
ones!

Acknowledgements

The authors are grateful to Dr. David Domeyer for the molecular
modeling data, and to Franey Nogueira for the graphic support.
The authors would also to thank Frank Lehmann for proof read-

ing.

Keywords: antitumor agents - drug targets - MAP kinase - new
chemical entities

[1] G. Muller, Drug Discovery Today 2003, 8, 681 -691.
[2] M. A. Lindsay, Nat. Rev. Drug Discovery 2003, 2, 831-838.

ChemMedChem 2007, 2, 1116 - 1140

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[3] D. E. Szymkowski, Drug Discovery Today 2001, 6, 397.

[4] A.L. Hopkins, C.R. Groom, Nat. Rev. Drug Discovery 2002, 1, 727 -730.

[5] J. C. Venter, M. D. Adams, E. W. Myers, P. W. Li, R. J. Mural, G. G. Sutton,
H. O. Smith, M. Yandell, C. A. Evans, R. A. Holt, J. D. Gocayne, P. Ama-
natides, R.M. Ballew, D.H. Huson, J.R. Wortman, Q. Zhang, C.D.
Kodira, X.H. Zheng, L. Chen, M. Skupski, G. Subramanian, P.D.
Thomas, J. Zhang, G. L. G. Miklos, C. Nelson, S. Broder, A.G. Clark, J.
Nadeau, V. A. McKusick, N. Zinder, A. J. Levine, R. J. Roberts, M. Simon,
C. Slayman, M. Hunkapiller, R. Bolanos, A. Delcher, I. Dew, D. Fasulo, M.
Flanigan, L. Florea, A. Halpern, S. Hannenhalli, S. Kravitz, S. Levy, C. Mo-
barry, K. Reiner, K. Remington, J. bu-Threide, E. Beasle, K. Biddick, V. Bo-
nazzi, R. Brandon, M. Cargill, . Chandramouliswaran, R. Charlab, K. Cha-
turved, Z. Deng, V. Di Francesco, P. Dunn, K. Eilbeck, C. Evangelista,
A. E. Gabrielian, W. Gan, W. Ge, F. Gon, Z. Gu, P. Guan, T.J. Heiman,
M. E. Higgins, R.R. Ji, Z. Ke, K. A. Ketchum, Z. Lai, Y. Lei, Z. Li, J. Li, Y.
Liang, X. Lin, F. Lu, G. V. Merkulov, N. Milshina, H. M. Moore, A. K. Naik,
V. A. Narayan, B. Neelam, D. Nusskern, D.B. Rusch, S. Salzberg, W.
Shao, B. Shue, J. Sun, Z.Y. Wang, A. Wang, X. Wang, J. Wang, M. H.
Wei, R. Wides, C. Xiao, C. Yan, A. Yao, J. Ye, M. Zhan, W. Zhan, H.
Zhang, Q. Zhao, L. Zheng, F. Zhong, W. Zhong, S. C. Zhu, S. Zhao, D.
Gilbert, S. Baumhueter, G. Spier, C. Carter, A. Cravchik, T. Woodage, F.
Ali, H. An, A. Awe, D. Baldwin, H. Baden, M. Barnstead, L. Barrow, K.
Beeson, D. Busam, A. Carver, A. Center, M. L. Cheng, L. Curry, S. Danah-
er, L. Davenport, R. Desilets, S. Dietz, K. Dodson, L. Doup, S. Ferriera, N.
Garg, D. Hostin, J. Houck, T. Howland, C. Ibegwam, J. Johnson, F.
Kalush, L. Kline, S. Koduru, A. Love, F. Mann, D. May, K. Nelson, C.
Pfannkoch, E. Pratts, V. Puri, H. Qureshi, M. Reardon, R. Rodriguez, Y. H.
Rogers, D. Romblad, B. Ruhfel, R. Scott, C. Sitter, M. Smallwood, E.
Stewart, R. Strong, E. Suh, R. Thomas, N.N. Tint, S. Tse, C. Vech, G.
Wang, J. Wetter, S. Williams, M. Williams, S. Windsor, E. Winn-Deen, K.
Wolfe, J. Zaveri, K. Zaveri, J. F. Abril, R. Guigo, M. J. Campbell, K. V. Sjo-
lander, B. Karlak, A. Kejariwal, H. Mi, B. Lazareva, T. Hatton, A. Narecha-
nia, K. Diemer, A. Muruganujan, N. Guo, S. Sato, V. Bafna, S. Istrail, R.
Lippert, R. Schwartz, B. Walenz, S. Yooseph, D. Allen, A. Basu, J. Baxen-
dale, L. Block, M. Caminha, J. Carnes-Stine, P. Caulk, Y. H. Chiang, M.
Coyne, C. Dahike, A. D. Mays, M. Dombroski, M. Donnelly, D. Ely, S. Es-
parham, C. Foster, H. Gire, S. Glanowski, K. Glasser, A. Glodek, M. Goro-
khov, K. Graham, B. Gropman, M. Harris, J. Heil, S. Henderson, J.
Hoover, D. Jennings, C. Jordan, J. Jordan, J. Kasha, L. Kagan, C. Kraft, A.
Levitsky, M. Lewis, X. Liu, J. Lopez, D. Ma, W. Majoros, J. McDaniel, S.
Murphy, M. Newman, T. Nguyen, N. Nguyen, M. Nodell, S. Pan, J. Peck,
M. Peterson, W. Rowe, R. Sanders, J. Scott, M. Simpson, T. Smith, A.
Sprague, T. Stockwell, R. Turner, E. Venter, Science 2001, 291, 1304-
1351.

[6] E.S. Lander, L. M. Linton, B. Birren, C. Nusbaum, M. C. Zody, J. Baldwin,
K. Devon, K. Dewar, M. Doyle, W. FitzHugh, R. Funke, D. Gage, K.
Harris, A. Heaford, J. Howland, L. Kann, J. Lehoczky, R. LeVine, P.
McEwan, K. McKernan, J. Meldrim, J. P. Mesirov, C. Miranda, W. Morris,
J. Naylor, C. Raymond, M. Rosetti, R. Santos, A. Sheridan, C. Sougnez,
N. Stange-Thomann, N. Stojanovic, A. Subramanian, D. Wyman, J. Sul-
ston, R. Ainscough, S. Beck, D. Bentley, J. Burton, C. Clee, N. Carter, A.
Coulson, R. Deadman, P. Deloukas, A. Dunham, I. Dunham, R. Durbin,
L. French, D. Grafham, S. Gregory, T. Hubbard, S. Humphray, A. Hunt,
M. Jones, C. Lloyd, A. McMurray, L. Matthews, S. Mercer, S. Milne, J. C.
Mullikin, A. Mungall, R. Plumb, M. Ross, R. Shownkeen, S. Sims, R. H.
Waterston, R. K. Wilson, L. W. Hillier, J. D. McPherson, M. A. Marra, E. R.
Mardis, L. A. Fulton, A.T. Chinwalla, K. H. Pepin, W.R. Gish, S. L. Chis-
soe, M.C. Wend|, K. D. Delehaunty, T.L. Miner, A. Delehaunty, J.B.
Kramer, L. L. Cook, R.S. Fulton, D. L. Johnson, P.J. Minx, S. W. Clifton, T.
Harkins, E. Branscomb, P. Predki, P. Richardson, S. Wenning, T. Slezak,
N. Doggett, J. F. Cheng, A. Olsen, S. Lucas, C. Elkin, E. Uberbacher, M.
Frazier, R. A. Gibbs, D. M. Muzny, S. E. Scherer, J. B. Bouck, E. J. Soderg-
ren, K. C. Worley, C. M. Rives, J. H. Gorrell, M. L. Metzker, S.L. Naylor,
R. S. Kurcherlapati, D. L. Nelson, G. M. Weinstock, Y. Sakaki, A. Fujiyama,
M. Hattori, T. Yada, A. Toyoda, T. Itoh, C. Kawagoe, H. Watanabe, Y.
Totoki, T. Taylor, J. Weissenbach, R. Heilig, W. Saurin, F. Artiguenave, P.
Brottier, T. Bruls, E. Pelletier, C. Robert, P. Wincker, D. R. Smith, L. Douc-
ette-Stamm, M. Rubenfield, K. Weinstock, H. M. Lee, J. Dubois, A.
Rosenthal, M. Platzer, G. Nyakatura, S. Taudien, A. Rump, H. Yang, J. Yu,
J. Wang, G. Huang, J. Gu, L. Hood, L. Rowen, A. Madan, S. Qin, R. W.
Davis, N. A. Federspiel, A. Pia Abola, M. J. Proctor, J. Schmutz, M. Dick-

1137

www.chemmedchem.org


http://dx.doi.org/10.1038/nrd1202
http://dx.doi.org/10.1038/nrd1202
http://dx.doi.org/10.1038/nrd1202
http://dx.doi.org/10.1016/S1359-6446(01)01769-X
http://dx.doi.org/10.1038/nrd892
http://dx.doi.org/10.1038/nrd892
http://dx.doi.org/10.1038/nrd892
http://dx.doi.org/10.1126/science.1058040
http://dx.doi.org/10.1126/science.1058040
http://dx.doi.org/10.1126/science.1058040
www.chemmedchem.org

S

[9

MED

son, J. Grimwood, D. R. Cox, M. V. Olson, R. Kaul, C. Raymond, N. Shimi-
zu, K. Kawasaki, S. Minoshima, G. A. Evans, M. Athanasiou, R. Schutlz,
B. A. Roe, F. Chen, H. Pan, J. Ramser, H. Lehrach, R. Reinhardt, W.R.
McCombie, M. de la Bastide, N. Dedhia, H. Blocker, K. Hornischer, G.
Nordsiek, R. Agarwala, L. Aravind, J. A. Bailey, A. Bateman, S. Batzoglou,
E. Birney, P. Bork, D.G. Brown, C.B. Burge, L. Cerutti, H. C. Chen, D.
Church, M. Clamp, R.R. Copley, T. Doerks, S.R. Eddy, E. E. Eichler, T.S.
Furey, J. Galagan, J. G. R. Gilbert, C. Harmon, Y. Hayashizaki, D. Haussler,
H. Hermjakob, K. Hokamp, W. Jang, L.S. Johnson, T. A. Jones, S. Kasit,
A. Kaspryzk, S. Kennedy, W. J. Kent, P. Kitts, E. V. Koonin, I. Kort, D. Kulp,
D. Lancet, T. M. Lowe, A. MclLysaght, T. Mikkelsen, J.V. Moran, N.
Mulder, V.J. Pollara, C.P. Ponting, G. Schuler, J. Schultz, G. Slater, A.
Smit, E. Stupka, J. Szustakowki, D. Thierry-Mieg, J. Thierry-Mieg, L.
Wagner, J. Wallis, R. Wheeler, A. Williams, Y.1. Wolf, K. H. Wolfe, S.P.
Yang, R.F. Yeh, F. Collins, M. S. Guyer, J. Peterson, A. Felsenfeld, K. A.
Wetterstrand, A. Patrinos, M. J. Morgan, Nature 2001, 409, 860 -921.

C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeney, Adv. Drug Deliv-
ery Rev. 1997, 23, 3-25.

A. Ajay, W.P. Walters, M. A. Murcko, J. Med. Chem. 1998, 41, 3314-
3324.

I. Muegge, S. L. Heald, D. Brittelli, J. Med. Chem. 2001, 44, 1841 -1846.

[10] D.F. Veber, S.R. Johnson, H.Y. Cheng, B.R. Smith, K. W. Ward, K. D.
Kopple, J. Med. Chem. 2002, 45, 2615-2623.

[11] G. Keri, L. Orfi, D. Eros, B. Hegymegi-Barakonyi, C. Szantai-Kis, Z. Hor-
vath, F. Waczek, J. Marosfalvi, I. Szabadkai, J. Pato, Z. Greff, D. Hafen-
bradl, H. Daub, G. Muller, B. Klebl, A. Ullrich, Curr. Signal Transduction
Ther. 2006, 1, 67 -95.

[12] A. Levitzki, Curr. Opin. Cell Biol. 1996, 8, 239-244.

[13] C.C. Zhang, Mol. Microbiol. 1996, 20, 9-15.

[14] L. Shi, M. Potts, P.J. Kennelly, FEMS Microbiol. Rev. 1998, 22, 229-253.

[15] S. K. Hanks, A. M. Quinn, T. Hunter, Science 1988, 241, 42-52.

[16] G. Manning, D. B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, Science
2002, 298, 1912-1916, 1933.

[17] C. Chothia, A. M. Lesk, EMBO J. 1986, 5, 823 -826.

[18] G. Zhou, Z. Q. Bao, J. E. Dixon, J. Biol. Chem. 1995, 270, 12665 -12669.

[19] J. Li, Z. Li, B. Muo, Yixue Fenzi Shengwuxue Zazhi 2005, 2, 288-291.

[20] S. Nishimoto, E. Nishida, EMBO Rep. 2006, 7, 782 -786.

[21] H. Rubinfeld, R. Seger, Mol. Biotechnol. 2005, 31, 151-174.

[22] J.C. Lee, J.T. Laydon, P.C. McDonnell, T.F. Gallagher, S. Kumar, D.
Green, D. McNulty, M. J. Blumenthal, J.R. Heyes, Nature 1994, 372,
739-746.

[23] H. Owaki, R. Makar, T. G. Boulton, M. H. Cobb, T. D. Geppert, Biochem.
Biophys. Res. Commun. 1992, 182, 1416-1422.

[24] B. Derijard, M. Hibi, I. H. Wu, T. Barrett, B. Su, T. Deng, M. Karin, R. J.
Davis, Cell 1994, 76, 1025-1037.

[25] B. L. Bennett, D. T. Sasaki, B. W. Murray, E. C. O’Leary, S. T. Sakata, W. Xu,
J. C. Leisten, A. Motiwala, S. Pierce, Y. Satoh, S.S. Bhagwat, A. M. Man-
ning, D. W. Anderson, Proc. Natl. Acad. Sci. USA 2001, 98, 13681-
13686.

[26] Y. Jiang, C. Chen, Z. Li, W. Guo, J. A. Gegner, S. Lin, J. Han, J. Biol. Chem.
1996, 271, 17920-17 926.

[27] Y. Jiang, H. Gram, M. Zhao, L. New, J. Gu, L. Feng, P.F. Di, R. J. Ulevitch,
J. Han, J. Biol. Chem. 1997, 272, 30122-30128.

[28] P. Cohen, Trends Biochem. Sci. 2000, 25, 596 -601.

[29] R.D. Mitchell, D.B. Glass, C. W. Wong, K. L. Angelos, D. A. Walsh, Bio-
chemistry 1995, 34, 528-534.

[30] S.P. Davies, H. Reddy, M. Caivano, P. Cohen, Biochem. J. 2000, 357, 95—
105.

[31] M. A. Fabian, W. H. Biggs, D. K. Treiber, C. E. Atteridge, M. D. Azimioara,
M. G. Benedetti, T. A. Carter, P. Ciceri, P. T. Edeen, M. Floyd, J. M. Ford,
M. Galvin, J. L. Gerlach, R. M. Grotzfeld, S. Herrgard, D.E. Insko, M. A.
Insko, A.G. Lai, J. M. Lelias, S. A. Mehta, Z.V. Milanov, A. M. Velasco,
L. M. Wodicka, H. K. Patel, P. P. Zarrinkar, D. J. Lockhart, Nat. Biotechnol.
2005, 23, 329-336.

[32] J. A. Mcintyre, J. Castaner, P. A. Leeson, Drugs Future 2005, 30, 771-
779.

[33] P. Norman, Expert Opin. Ther. Pat. 2006, 16, 1443 -1448.

[34] T. Schindler, W. Bornmann, P. Pellicena, W. T. Miller, B. Clarkson, J. Kuriy-
an, Science 2000, 289, 1938-1942.

[35] B. Nagar, W. G. Bornmann, P. Pellicena, T. Schindler, D. R. Veach, W.T.
Miller, B. Clarkson, J. Kuriyan, Cancer Res. 2002, 62, 4236-4243.

1138 www.chemmedchem.org

[66]

[67

[68]

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Margutti and S. Laufer

Chemogenomics in Drug Discovery: A Medicinal Chemistry Perspective,
Vol. 22 (Eds.: H. Kubinyi, G. Mueller), Wiley-VCH, Weinheim, 2004, 139-
215.

C. E. Fitzgerald, S.B. Patel, J. W. Becker, P. M. Cameron, D. Zaller, V. B.
Pikounis, S. J. O’Keefe, G. Scapin, Nat. Struct. Biol. 2003, 10, 764-769.
Z. Chen, T.B. Gibson, F. Robinson, L. Silvestro, G. Pearson, B. Xu, A.
Wright, C. Vanderbilt, M. H. Cobb, Chem. Rev. 2001, 101, 2449 -2476.
J. M. Kyriakis, J. Avruch, Physiol. Rev. 2001, 81, 807 —869.

S. M. Thomas, M. DeMarco, G. D’'Arcangelo, S. Halegoua, J. S. Brugge,
Cell 1992, 68, 1031-1040.

K. W. Wood, C. Sarnecki, T. M. Roberts, J. Blenis, Cell 1992, 68, 1041-
1050.

B. H. Zhang, K. L. Guan, EMBO J. 2000, 79, 5429 -5439.

D. Stokoe, F. McCormick, EMBO J. 1997, 16, 2384-2396.

C.F. Zheng, K. L. Guan, J. Biol. Chem. 1993, 268, 23933 -23939.

D.R. Alessi, Y. Saito, D.G. Campbell, P. Cohen, G. Sithanandam, U.
Rapp, A. Ashworth, C.J. Marshall, S. Cowley, EMBO J. 1994, 13, 1610—
1619.

S.J. Mansour, J. M. Candia, J. E. Matsuura, M. C. Manning, N.G. Ahn,
Biochemistry 1996, 35, 15529 -15536.

M. Kohno, J. Pouyssegur, Prog. Cell Cycle Res. 2003, 5, 219-224.

B. Hallberg, S.I. Rayter, J. Downward, J. Biol. Chem. 1994, 269, 3913 -
3916.

J.N. Lavoie, G. L'Allemain, A. Brunet, R. Mueller, J. Pouyssegur, J. Biol.
Chem. 1996, 271, 20608-20616.

P. P. Roux, J. Blenis, Microbiol. Mol. Biol. Rev. 2004, 68, 320-344.

S. Wilhelm, C. Carter, M. Lynch, T. Lowinger, J. Dumas, R. A. Smith, B.
Schwartz, R. Simantoy, S. Kelley, Nat. Rev. Drug Discovery 2006, 5, 835-
844,

R. Hoshino, Y. Chatani, T. Yamori, T. Tsuruo, H. Oka, O. Yoshida, Y. Shi-
mada, Ari-i S, H. Wada, J. Fujimoto, M. Kohno, Oncogene 1999, 18,
813-822.

J. T. Lee, J. A. McCubrey, Curr. Opin. Invest. Drugs 2003, 4, 757 -763.

S. M. Wilhelm, C. Carter, L. Tang, D. Wilkie, A. McNabola, H. Rong, C.
Chen, X. Zhang, P. Vincent, M. McHugh, Y. Cao, J. Shujath, S. Gawlak,
D. Eveleigh, B. Rowley, L. Liu, L. Adnane, M. Lynch, D. Auclair, |. Taylor,
R. Gedrich, A. Voznesensky, B. Riedl, L. E. Post, G. Bollag, P. A. Trail,
Cancer Res. 2004, 64, 7099-7109.

G. Bollag, S. Freeman, J.F. Lyons, L.E. Post, Curr. Opin. Invest. Drugs
(Thomson Curr. Drugs) 2003, 4, 1436-1441.

J.F. Lyons, S. Wilhelm, B. Hibner, G. Bollag, Endocr.-Relat. Cancer 2001,
8,219-225.

T. Ahmad, T. Eisen, Clin. Cancer Res. 2004, 10, 63885-6392S.

I. Niculescu-Duvaz, E. Roman, S.R. Whittaker, F. Friedlos, R. Kirk, I.J.
Scanlon, L. C. Davies, D. Niculescu-Duvaz, R. Marais, C.J. Springer, J.
Med. Chem. 2006, 49, 407 -416.

R. Seger, E. G. Krebs, FASEB J. 1995, 9, 726-735.

T.S. Lewis, P.S. Shapiro, N. G. Ahn, Adv. Cancer Res. 1998, 74, 49-139.
G. Pearson, F. Robinson, G. T. Beers, B. E. Xu, M. Karandikar, K. Berman,
M. H. Cobb, Endocr. Rev. 2001, 22, 153 -183.

D. M. Berger, R. Mallon, Drugs Future 2003, 28, 1211 -1226.

J.T. Lee, Jr., J. A. McCubrey, Expert Opin. Ther. Targets 2002, 6, 659 -
678.

J. M. Kyriakis, P. Banerjee, E. Nikolakaki, T. Dai, E. A. Rubie, M. F. Ahmad,
J. Avruch, J. R. Woodgett, Nature 1994, 369, 156 - 160.

I. M. Otto, T. Raabe, U.E. Rennefahrt, P. Bork, U.R. Rapp, E. Kerkhoff,
Curr. Biol. 2000, 70, 345-348.

B. Derijard, J. Raingeaud, T. Barrett, I. H. Wu, J. Han, R. J. Ulevitch, R. J.
Davis, Science 1995, 267, 682 -685.

I. Sanchez, R. T. Hughes, B.J. Mayer, K. Yee, J. R. Woodgett, J. Avruch,
J. M. Kyriakis, L. I. Zon, Nature 1994, 372, 794-798.

A. Lin, A. Minden, H. Martinetto, F. X. Claret, C. Lange-Carter, F. Mercu-
rio, G. L. Johnson, M. Karin, Science 1995, 268, 286 —290.

R. J. Davis, Trends Biochem. Sci. 1994, 19, 470-473.

J. L. Swantek, M. H. Cobb, T. D. Geppert, Mol. Cell. Biol. 1997, 17, 6274 -
6282.

M. V. Gonzalez, B. Jimenez, M. T. Berciano, J. M. Gonzalez-Sancho, C.
Caelles, M. Lafarga, A. Munoz, J. Cell Biol. 2000, 150, 1199-1208.

H.Y. Lee, G.L. Walsh, M.I. Dawson, W.K. Hong, J. M. Kurie, J. Biol.
Chem. 1998, 273, 7066-7071.

ChemMedChem 2007, 2, 1116 — 1140


http://dx.doi.org/10.1038/35057062
http://dx.doi.org/10.1038/35057062
http://dx.doi.org/10.1038/35057062
http://dx.doi.org/10.1016/S0169-409X(96)00423-1
http://dx.doi.org/10.1016/S0169-409X(96)00423-1
http://dx.doi.org/10.1016/S0169-409X(96)00423-1
http://dx.doi.org/10.1016/S0169-409X(96)00423-1
http://dx.doi.org/10.1021/jm970666c
http://dx.doi.org/10.1021/jm970666c
http://dx.doi.org/10.1021/jm970666c
http://dx.doi.org/10.1021/jm015507e
http://dx.doi.org/10.1021/jm015507e
http://dx.doi.org/10.1021/jm015507e
http://dx.doi.org/10.1021/jm020017n
http://dx.doi.org/10.1021/jm020017n
http://dx.doi.org/10.1021/jm020017n
http://dx.doi.org/10.1016/S0955-0674(96)80071-8
http://dx.doi.org/10.1016/S0955-0674(96)80071-8
http://dx.doi.org/10.1016/S0955-0674(96)80071-8
http://dx.doi.org/10.1111/j.1365-2958.1996.tb02483.x
http://dx.doi.org/10.1111/j.1365-2958.1996.tb02483.x
http://dx.doi.org/10.1111/j.1365-2958.1996.tb02483.x
http://dx.doi.org/10.1111/j.1574-6976.1998.tb00369.x
http://dx.doi.org/10.1111/j.1574-6976.1998.tb00369.x
http://dx.doi.org/10.1111/j.1574-6976.1998.tb00369.x
http://dx.doi.org/10.1126/science.3291115
http://dx.doi.org/10.1126/science.3291115
http://dx.doi.org/10.1126/science.3291115
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1038/sj.embor.7400755
http://dx.doi.org/10.1038/sj.embor.7400755
http://dx.doi.org/10.1038/sj.embor.7400755
http://dx.doi.org/10.1385/MB:31:2:151
http://dx.doi.org/10.1385/MB:31:2:151
http://dx.doi.org/10.1385/MB:31:2:151
http://dx.doi.org/10.1038/372739a0
http://dx.doi.org/10.1038/372739a0
http://dx.doi.org/10.1038/372739a0
http://dx.doi.org/10.1038/372739a0
http://dx.doi.org/10.1016/0006-291X(92)91891-S
http://dx.doi.org/10.1016/0006-291X(92)91891-S
http://dx.doi.org/10.1016/0006-291X(92)91891-S
http://dx.doi.org/10.1016/0006-291X(92)91891-S
http://dx.doi.org/10.1016/0092-8674(94)90380-8
http://dx.doi.org/10.1016/0092-8674(94)90380-8
http://dx.doi.org/10.1016/0092-8674(94)90380-8
http://dx.doi.org/10.1073/pnas.251194298
http://dx.doi.org/10.1073/pnas.251194298
http://dx.doi.org/10.1073/pnas.251194298
http://dx.doi.org/10.1074/jbc.272.48.30122
http://dx.doi.org/10.1074/jbc.272.48.30122
http://dx.doi.org/10.1074/jbc.272.48.30122
http://dx.doi.org/10.1016/S0968-0004(00)01712-6
http://dx.doi.org/10.1016/S0968-0004(00)01712-6
http://dx.doi.org/10.1016/S0968-0004(00)01712-6
http://dx.doi.org/10.1021/bi00002a018
http://dx.doi.org/10.1021/bi00002a018
http://dx.doi.org/10.1021/bi00002a018
http://dx.doi.org/10.1021/bi00002a018
http://dx.doi.org/10.1042/0264-6021:3510095
http://dx.doi.org/10.1042/0264-6021:3510095
http://dx.doi.org/10.1042/0264-6021:3510095
http://dx.doi.org/10.1038/nbt1068
http://dx.doi.org/10.1038/nbt1068
http://dx.doi.org/10.1038/nbt1068
http://dx.doi.org/10.1038/nbt1068
http://dx.doi.org/10.1358/dof.2005.030.08.927254
http://dx.doi.org/10.1358/dof.2005.030.08.927254
http://dx.doi.org/10.1358/dof.2005.030.08.927254
http://dx.doi.org/10.1517/13543776.16.10.1443
http://dx.doi.org/10.1517/13543776.16.10.1443
http://dx.doi.org/10.1517/13543776.16.10.1443
http://dx.doi.org/10.1126/science.289.5486.1938
http://dx.doi.org/10.1126/science.289.5486.1938
http://dx.doi.org/10.1126/science.289.5486.1938
http://dx.doi.org/10.1038/nsb949
http://dx.doi.org/10.1038/nsb949
http://dx.doi.org/10.1038/nsb949
http://dx.doi.org/10.1021/cr000241p
http://dx.doi.org/10.1021/cr000241p
http://dx.doi.org/10.1021/cr000241p
http://dx.doi.org/10.1016/0092-8674(92)90075-N
http://dx.doi.org/10.1016/0092-8674(92)90075-N
http://dx.doi.org/10.1016/0092-8674(92)90075-N
http://dx.doi.org/10.1016/0092-8674(92)90076-O
http://dx.doi.org/10.1016/0092-8674(92)90076-O
http://dx.doi.org/10.1016/0092-8674(92)90076-O
http://dx.doi.org/10.1093/emboj/19.20.5429
http://dx.doi.org/10.1093/emboj/19.20.5429
http://dx.doi.org/10.1093/emboj/19.20.5429
http://dx.doi.org/10.1093/emboj/16.9.2384
http://dx.doi.org/10.1093/emboj/16.9.2384
http://dx.doi.org/10.1093/emboj/16.9.2384
http://dx.doi.org/10.1021/bi961854s
http://dx.doi.org/10.1021/bi961854s
http://dx.doi.org/10.1021/bi961854s
http://dx.doi.org/10.1128/MMBR.68.2.320-344.2004
http://dx.doi.org/10.1128/MMBR.68.2.320-344.2004
http://dx.doi.org/10.1128/MMBR.68.2.320-344.2004
http://dx.doi.org/10.1038/nrd2130
http://dx.doi.org/10.1038/nrd2130
http://dx.doi.org/10.1038/nrd2130
http://dx.doi.org/10.1038/sj.onc.1202367
http://dx.doi.org/10.1038/sj.onc.1202367
http://dx.doi.org/10.1038/sj.onc.1202367
http://dx.doi.org/10.1038/sj.onc.1202367
http://dx.doi.org/10.1158/0008-5472.CAN-04-1443
http://dx.doi.org/10.1158/0008-5472.CAN-04-1443
http://dx.doi.org/10.1158/0008-5472.CAN-04-1443
http://dx.doi.org/10.1677/erc.0.0080219
http://dx.doi.org/10.1677/erc.0.0080219
http://dx.doi.org/10.1677/erc.0.0080219
http://dx.doi.org/10.1677/erc.0.0080219
http://dx.doi.org/10.1158/1078-0432.CCR-040028
http://dx.doi.org/10.1021/jm050983g
http://dx.doi.org/10.1021/jm050983g
http://dx.doi.org/10.1021/jm050983g
http://dx.doi.org/10.1021/jm050983g
http://dx.doi.org/10.1210/er.22.2.153
http://dx.doi.org/10.1210/er.22.2.153
http://dx.doi.org/10.1210/er.22.2.153
http://dx.doi.org/10.1358/dof.2003.028.12.857391
http://dx.doi.org/10.1358/dof.2003.028.12.857391
http://dx.doi.org/10.1358/dof.2003.028.12.857391
http://dx.doi.org/10.1038/369156a0
http://dx.doi.org/10.1038/369156a0
http://dx.doi.org/10.1038/369156a0
http://dx.doi.org/10.1016/S0960-9822(00)00388-2
http://dx.doi.org/10.1016/S0960-9822(00)00388-2
http://dx.doi.org/10.1016/S0960-9822(00)00388-2
http://dx.doi.org/10.1126/science.7839144
http://dx.doi.org/10.1126/science.7839144
http://dx.doi.org/10.1126/science.7839144
http://dx.doi.org/10.1126/science.7716521
http://dx.doi.org/10.1126/science.7716521
http://dx.doi.org/10.1126/science.7716521
http://dx.doi.org/10.1016/0968-0004(94)90132-5
http://dx.doi.org/10.1016/0968-0004(94)90132-5
http://dx.doi.org/10.1016/0968-0004(94)90132-5
http://dx.doi.org/10.1083/jcb.150.5.1199
http://dx.doi.org/10.1083/jcb.150.5.1199
http://dx.doi.org/10.1083/jcb.150.5.1199
http://dx.doi.org/10.1074/jbc.273.12.7066
http://dx.doi.org/10.1074/jbc.273.12.7066
http://dx.doi.org/10.1074/jbc.273.12.7066
http://dx.doi.org/10.1074/jbc.273.12.7066
www.chemmedchem.org

Drug Discovery Targets

[731
[741
[75]
[76]
[771
[78]
[79]
[80]
[81]

[82]

[83]

[84]
[85]
[86]
[87]

[88]
[89]

[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

ChemMedChem 2007, 2, 1116 - 1140

Z. Han, D. L. Boyle, L. Chang, B. Bennett, M. Karin, L. Yang, A. M. Man-
ning, G.S. Firestein, J. Clin. Invest. 2001, 108, 73-81.
C.Y. Kuan, D. D. Yang, D. R. Samanta Roy, R. J. Davis, P. Rakic, R. A. Fla-
vell, Neuron 1999, 22, 667 -676.

D.D. Yang, C.Y. Kuan, A.J. Whitmarsh, M. Rincon, T.S. Zheng, R.J.
Davis, P. Rakic, R. A. Flavell, Nature 1997, 389, 865-870.

D.D. Yang, D. Conze, A.J. Whitmarsh, T. Barrett, R. J. Davis, M. Rincon,
R. A. Flavell, Immunity 1998, 9, 575-585.
C. Dong, D.D. Yang, M. Wysk, A.J. Whitmarsh, R. J. Davis, R. A. Flavell,
Science 1998, 282, 2092 -2095.

K. Sabapathy, Y. Hu, T. Kallunki, M. Schreiber, J. P. David, W. Jochum,
E. F. Wagner, M. Karin, Curr. Biol. 1999, 9, 116-125.
Z. Han, L. Chang, Y. Yamanishi, M. Karin, G. S. Firestein, Arthritis Rheum.
2002, 46, 818-823.
A. M. Manning, R.J. Davis, Nat. Rev. Drug Discovery 2003, 2, 554 -565.
M. Delgado, D. Ganea, J. Neuroimmunol. 2000, 170, 97 -105.

C. Bonny, A. Oberson, S. Negri, C. Sauser, D. F. Schorderet, Diabetes
2001, 50, 77-82.
M. Kaneko, Y. Saito, H. Saito, T. Matsumoto, Y. Matsuda, J. L. Vaught,
C. A. Dionne, T. S. Angeles, M. A. Glicksman, N. T. Neff, D. P. Rotella, J. C.
Kauer, J. P. Mallamo, R. L. Hudkins, C. Murakata, J. Med. Chem. 1997, 40,
1863 -1869.
M. A. Bogoyevitch, |. Boehm, A. Oakley, A. J. Ketterman, R. K. Barr, Bio-
chim. Biophys. Acta Proteins Proteomics 2004, 1697, 89-101.
S.S. Wu, S. J. Frucht, CNS Drugs 2005, 19, 723 -743.

B. L. Bennett, WO2001012609, 2001.
S. Kumar, J. Boehm, J. C. Lee, Nat. Rev. Drug Discovery 2003, 2, 717 -
726.
J. Han, J.D. Lee, L. Bibbs, R.J. Ulevitch, Science 1994, 265, 808-811.
J. Rouse, P. Cohen, S. Trigon, M. Morange, A. Alonso-Llamazares, D. Za-
manillo, T. Hunt, A. R. Nebreda, Cell 1994, 78, 1027 -1037.
J. Westra, P. C. Limburg, Mini-Rev. Med. Chem. 2006, 6, 867 - 874.
M. Goedert, A. Cuenda, M. Craxton, R. Jakes, P. Cohen, EMBO J. 1997,
16, 3563 -3571.
S. Kumar, P. C. McDonnell, R.J. Gum, A.T. Hand, J. C. Lee, P.R. Young,
Biochem. Biophys. Res. Commun. 1997, 235, 533 -538.

C. Lechner, M. A. Zahalka, J. F. Giot, N. P. Moller, A. Ullrich, Proc. Natl.
Acad. Sci. USA 1996, 93, 4355-4359.

Z. Li, Y. Jiang, R.J. Ulevitch, J. Han, Biochem. Biophys. Res. Commun.
1996, 228, 334-340.
J. C. Lee, S. Kassis, S. Kumar, A. Badger, J. L. Adams, Pharmacol. Ther.
1999, 82, 389-397.

M. C. Hy, Y. P. Wang, A. Mikhail, W. R. Qiu, T. H. Tan, J. Biol. Chem. 1999,
274,7095-7102.

K. K. Hale, D. Trollinger, M. Rihanek, C.L. Manthey, J. Immunol. 1999,
162, 4246 -4252.

S. Ganiatsas, L. Kwee, Y. Fujiwara, A. Perkins, T. Ikeda, M. A. Labow, L. I.
Zon, Proc. Natl. Acad. Sci. USA 1998, 95, 6881 -6886.

Z. Wang, P. C. Harkins, R. J. Ulevitch, J. Han, M. H. Cobb, E. J. Goldsmith,
Proc. Natl. Acad. Sci. USA 1997, 94, 2327 -2332.

K. P. Wilson, M. J. Fitzgibbon, P.R. Caron, J. P. Griffith, W. Chen, P.G.
McCaffrey, S.P. Chambers, M. S. Su, J. Biol. Chem. 1996, 271, 27 696 -
27700.

A. Rana, K. Gallo, P. Godowski, S. Hirai, S. Ohno, L. Zon, J. M. Kyriakis, J.
Avruch, J. Biol. Chem. 1996, 271, 19025-19028.

K. Ono, J. Han, Cell. Signalling 2000, 12, 1-13.

L. Tong, S. Pav, D. M. White, S. Rogers, K. M. Crane, C.L. Cywin, M. L.
Brown, C. A. Pargellis, Nat. Struct. Biol. 1997, 4, 311 -316.

K. P. Wilson, P. G. McCaffrey, K. Hsiao, S. Pazhanisamy, V. Galullo, G. W.
Bemis, M. J. Fitzgibbon, P.R. Caron, M. A. Murcko, M. S. Su, Chem. Biol.
1997, 4, 423 -431.

Z. Wang, B.J. Canagarajah, J. C. Boehm, S. Kassisa, M. H. Cobb, P.R.
Young, S. Abdel-Meguid, J. L. Adams, E. J. Goldsmith, Structure 1998, 6,
1117-1128.

R.J. Gum, M. M. Mclaughlin, S. Kumar, Z. Wang, M. J. Bower, J. C. Lee,
J. L. Adams, G. P. Livi, E. J. Goldsmith, P.R. Young, J. Biol. Chem. 1998,
273, 15605-15610.
J. Lisnock, A. Tebben, B. Frantz, E. A. O'Neill, G. Croft, S. J. O'Keefe, B. Li,
C. Hacker, S. de Laszlo, A. Smith, B. Libby, N. Liverton, J. Hermes, P.
LoGrasso, Biochemistry 1998, 37, 16573 -16581.

[108]

[109]

[110]

jrg—
N =

[113]

[114
[115]
116

iy
Ko X

[119]

[120]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

© 2007 Wiley-VCH Verlag GmbH & Co

P.R. Young, M. M. McLaughlin, S. Kumar, S. Kassis, M.L. Doyle, D.
McNulty, T. F. Gallagher, S. Fisher, P. C. McDonnell, S. A. Carr, M. J. Hud-
dleston, G. Seibel, T. G. Porter, G. P. Livi, J. L. Adams, J. C. Lee, J. Biol.
Chem. 1997, 272, 12116-12121.

P. A. Eyers, M. Craxton, N. Morrice, P. Cohen, M. Goedert, Chem. Biol.
1998, 5, 321-328.

J. C. Boehm, J. M. Smietana, M. E. Sorenson, R.S. Garigipati, T.F. Gal-
lagher, P. L. Sheldrake, J. Bradbeer, A. M. Badger, J. T. Laydon, J. C. Lee,
L. M. Hillegass, D.E. Griswold, J. J. Breton, M. C. Chabot-Fletcher, J. L.
Adams, J. Med. Chem. 1996, 39, 3929-3937.

S. A. Laufer, G. K. Wagner, J. Med. Chem. 2002, 45, 2733 -2740.

S.E. de Laszlo, D. Visco, L. Agarwal, L. Chang, J. Chin, G. Croft, A. For-
syth, D. Fletcher, B. Frantz, C. Hacker, W. Hanlon, C. Harper, M. Kostura,
B. Li, S. Luell, M. MacCoss, N. Mantlo, E. A. O'Neill, C. Orevillo, M. Pang,
J. Parsons, A. Rolando, Y. Sahly, K. Sidler, S.J. O'Keefe, Bioorg. Med.
Chem. Lett. 1998, 8, 2689 - 2694,

P. V. LoGrasso, B. Frantz, A. M. Rolando, S. J. O'Keefe, J. D. Hermes, E. A.
O'Neill, Biochemistry 1997, 36, 10422 -10427.

C. Peifer, G. Wagner, S. Laufer, Curr. Top. Med. Chem. 2006, 6, 113-149.
G. Wagner, S. Laufer, Med. Res. Rev. 2006, 26, 1-62.

D. J. Diller, T. H. Lin, A. Metzger, Curr. Top. Med. Chem. 2005, 5, 953 -
965.

71 J. Hynes, Jr., K. Leftheris, Curr. Top. Med. Chem. 2005, 5, 967 —985.

C. Dominguez, D. A. Powers, N. Tamayo, Curr. Opin. Drug Discovery Dev.
2005, 8, 421-430.

J.L. Adams, J. C. Boehm, S. Kassis, P. D. Gorycki, E. F. Webb, R. Hall, M.
Sorenson, J.C. Lee, A. Ayrton, D.E. Griswold, T.F. Gallagher, Bioorg.
Med. Chem. Lett. 1998, 8, 3111-3116.

N. J. Liverton, J. W. Butcher, C. F. Claiborne, D. A. Claremon, B. E. Libby,
K. T. Nguyen, S. M. Pitzenberger, H. G. Selnick, G.R. Smith, A. Tebben,
J.P. Vacca, S.L. Varga, L. Agarwal, K. Dancheck, A.J. Forsyth, D.S.
Fletcher, B. Frantz, W. A. Hanlon, C. F. Harper, S. J. Hofsess, M. Kostura,
J. Lin, S. Luell, E. A. O'Neill, S. J. O'Keefe, J. Med. Chem. 1999, 42, 2180 -
2190.

S. A. Laufer, G. K. Wagner, D. A. Kotschenreuther, W. Albrecht, J. Med.
Chem. 2003, 46, 3230-3244.

S. A. Laufer, S. Margutti, M. D. Fritz, ChemMedChem 2006, 1, 197 -207.
L. Revesz, F.E. DiPadova, T. Buhl, R. Feifel, H. Gram, P. Hiestand, U.
Manning, A.G. Zimmerlin, Bioorg. Med. Chem. Lett. 2000, 10, 1261-
1264.

S. Ohkawa, K. Naruo, S. Miwatashi, H. Kimura, WO2001074811, 2001.
T. F. Gallagher, G. L. Seibel, S. Kassis, J. T. Laydon, M. J. Blumenthal, J. C.
Lee, D. Lee, J. C. Boehm, S. M. Fier-Thompson, J. W. Abt, M. E. Soreson,
J. M. Smietana, R.F. Hall, R. S. Garigipati, P. E. Bender, K. F. Erhard, A.J.
Krog, G. A. Hofmann, P.L. Sheldrake, P.C. McDonnell, S. Kumar, P.R.
Young, J. L. Adams, Bioorg. Med. Chem. 1997, 5, 49-64.

J. L. Adams, J. C. Boehm, T. F. Gallagher, S. Kassis, E. F. Webb, R. Hall, M.
Sorenson, R. Garigipati, D. E. Griswold, J. C. Lee, Bioorg. Med. Chem.
Lett. 2001, 11, 2867 —2870.

A. M. Badger, D. E. Griswold, R. Kapadia, S. Blake, B. A. Swift, S. J. Hoff-
man, G. B. Stroup, E. Webb, D. J. Rieman, M. Gowen, J. C. Boehm, J. L.
Adams, J. C. Lee, Arthritis Rheum. 2000, 43, 175-183.

R. L. Thurmond, S. A. Wadsworth, P. H. Schafer, R. A. Zivin, J. J. Siekierka,
Eur. J. Biochem. 2001, 268, 5747 -5754.

S. A. Wadsworth, D. E. Cavender, S. A. Beers, P. Lalan, P. H. Schafer, E. A.
Malloy, W. Wu, B. Fahmy, G. C. Olini, J. E. Davis, J. L. Pellegrino-Gensey,
M. P. Wachter, J. J. Siekierka, J. Pharmacol. Exp. Ther. 1999, 291, 680 -
687.

F. G. Salituro, G. Bemis, W09900357, 1999.

F. Salituro, V. Galullo, S. Bellon, G. Bemis, J. Cochran, W09958502,
1999.

C. Pargellis, L. Tong, L. Churchill, P.F. Cirillo, T. Gilmore, A. G. Graham,
P. M. Grob, E. R. Hickey, N. Moss, S. Pav, J. Regan, Nat. Struct. Biol. 2002,
9, 268-272.

J. Regan, S. Breitfelder, P. Cirillo, T. Gilmore, A. G. Graham, E. Hickey, B.
Klaus, J. Madwed, M. Moriak, N. Moss, C. Pargellis, S. Pav, A. Proto, A.
Swinamer, L. Tong, C. Torcellini, J. Med. Chem. 2002, 45, 2994 -3008.
J. Dumas, R. Sibley, B. Riedl, M. K. Monahan, W. Lee, T. B. Lowinger,
A. M. Redman, J.S. Johnson, J. Kingery-Wood, W. J. Scott, R. A. Smith,
M. Bobko, R. Schoenleber, G. E. Ranges, T. J. Housley, A. Bhargava, S. M.
Wilhelm, A. Shrikhande, Bioorg. Med. Chem. Lett. 2000, 10, 2047 -2050.

KGaA, Weinheim www.chemmedchem.org 1139


http://dx.doi.org/10.1172/JCI200112466
http://dx.doi.org/10.1172/JCI200112466
http://dx.doi.org/10.1172/JCI200112466
http://dx.doi.org/10.1016/S0896-6273(00)80727-8
http://dx.doi.org/10.1016/S0896-6273(00)80727-8
http://dx.doi.org/10.1016/S0896-6273(00)80727-8
http://dx.doi.org/10.1038/39899
http://dx.doi.org/10.1038/39899
http://dx.doi.org/10.1038/39899
http://dx.doi.org/10.1016/S1074-7613(00)80640-8
http://dx.doi.org/10.1016/S1074-7613(00)80640-8
http://dx.doi.org/10.1016/S1074-7613(00)80640-8
http://dx.doi.org/10.1126/science.282.5396.2092
http://dx.doi.org/10.1126/science.282.5396.2092
http://dx.doi.org/10.1126/science.282.5396.2092
http://dx.doi.org/10.1016/S0960-9822(99)80065-7
http://dx.doi.org/10.1016/S0960-9822(99)80065-7
http://dx.doi.org/10.1016/S0960-9822(99)80065-7
http://dx.doi.org/10.1002/art.10104
http://dx.doi.org/10.1002/art.10104
http://dx.doi.org/10.1002/art.10104
http://dx.doi.org/10.1002/art.10104
http://dx.doi.org/10.1038/nrd1132
http://dx.doi.org/10.1038/nrd1132
http://dx.doi.org/10.1038/nrd1132
http://dx.doi.org/10.1016/S0165-5728(00)00359-3
http://dx.doi.org/10.1016/S0165-5728(00)00359-3
http://dx.doi.org/10.1016/S0165-5728(00)00359-3
http://dx.doi.org/10.2337/diabetes.50.1.77
http://dx.doi.org/10.2337/diabetes.50.1.77
http://dx.doi.org/10.2337/diabetes.50.1.77
http://dx.doi.org/10.2337/diabetes.50.1.77
http://dx.doi.org/10.1021/jm970031d
http://dx.doi.org/10.1021/jm970031d
http://dx.doi.org/10.1021/jm970031d
http://dx.doi.org/10.1021/jm970031d
http://dx.doi.org/10.1016/j.bbapap.2003.11.016
http://dx.doi.org/10.1016/j.bbapap.2003.11.016
http://dx.doi.org/10.1016/j.bbapap.2003.11.016
http://dx.doi.org/10.1016/j.bbapap.2003.11.016
http://dx.doi.org/10.2165/00023210-200519090-00001
http://dx.doi.org/10.2165/00023210-200519090-00001
http://dx.doi.org/10.2165/00023210-200519090-00001
http://dx.doi.org/10.1038/nrd1177
http://dx.doi.org/10.1038/nrd1177
http://dx.doi.org/10.1038/nrd1177
http://dx.doi.org/10.1126/science.7914033
http://dx.doi.org/10.1126/science.7914033
http://dx.doi.org/10.1126/science.7914033
http://dx.doi.org/10.1016/0092-8674(94)90277-1
http://dx.doi.org/10.1016/0092-8674(94)90277-1
http://dx.doi.org/10.1016/0092-8674(94)90277-1
http://dx.doi.org/10.2174/138955706777934982
http://dx.doi.org/10.2174/138955706777934982
http://dx.doi.org/10.2174/138955706777934982
http://dx.doi.org/10.1093/emboj/16.12.3563
http://dx.doi.org/10.1093/emboj/16.12.3563
http://dx.doi.org/10.1093/emboj/16.12.3563
http://dx.doi.org/10.1093/emboj/16.12.3563
http://dx.doi.org/10.1006/bbrc.1997.6849
http://dx.doi.org/10.1006/bbrc.1997.6849
http://dx.doi.org/10.1006/bbrc.1997.6849
http://dx.doi.org/10.1073/pnas.93.9.4355
http://dx.doi.org/10.1073/pnas.93.9.4355
http://dx.doi.org/10.1073/pnas.93.9.4355
http://dx.doi.org/10.1073/pnas.93.9.4355
http://dx.doi.org/10.1006/bbrc.1996.1662
http://dx.doi.org/10.1006/bbrc.1996.1662
http://dx.doi.org/10.1006/bbrc.1996.1662
http://dx.doi.org/10.1006/bbrc.1996.1662
http://dx.doi.org/10.1016/S0163-7258(99)00008-X
http://dx.doi.org/10.1016/S0163-7258(99)00008-X
http://dx.doi.org/10.1016/S0163-7258(99)00008-X
http://dx.doi.org/10.1016/S0163-7258(99)00008-X
http://dx.doi.org/10.1074/jbc.274.11.7095
http://dx.doi.org/10.1074/jbc.274.11.7095
http://dx.doi.org/10.1074/jbc.274.11.7095
http://dx.doi.org/10.1074/jbc.274.11.7095
http://dx.doi.org/10.1073/pnas.95.12.6881
http://dx.doi.org/10.1073/pnas.95.12.6881
http://dx.doi.org/10.1073/pnas.95.12.6881
http://dx.doi.org/10.1073/pnas.94.6.2327
http://dx.doi.org/10.1073/pnas.94.6.2327
http://dx.doi.org/10.1073/pnas.94.6.2327
http://dx.doi.org/10.1016/S0898-6568(99)00071-6
http://dx.doi.org/10.1016/S0898-6568(99)00071-6
http://dx.doi.org/10.1016/S0898-6568(99)00071-6
http://dx.doi.org/10.1038/nsb0497-311
http://dx.doi.org/10.1038/nsb0497-311
http://dx.doi.org/10.1038/nsb0497-311
http://dx.doi.org/10.1016/S1074-5521(97)90194-0
http://dx.doi.org/10.1016/S1074-5521(97)90194-0
http://dx.doi.org/10.1016/S1074-5521(97)90194-0
http://dx.doi.org/10.1016/S1074-5521(97)90194-0
http://dx.doi.org/10.1016/S0969-2126(98)00113-0
http://dx.doi.org/10.1016/S0969-2126(98)00113-0
http://dx.doi.org/10.1016/S0969-2126(98)00113-0
http://dx.doi.org/10.1016/S0969-2126(98)00113-0
http://dx.doi.org/10.1074/jbc.273.25.15605
http://dx.doi.org/10.1074/jbc.273.25.15605
http://dx.doi.org/10.1074/jbc.273.25.15605
http://dx.doi.org/10.1074/jbc.273.25.15605
http://dx.doi.org/10.1021/bi981591x
http://dx.doi.org/10.1021/bi981591x
http://dx.doi.org/10.1021/bi981591x
http://dx.doi.org/10.1074/jbc.272.18.12116
http://dx.doi.org/10.1074/jbc.272.18.12116
http://dx.doi.org/10.1074/jbc.272.18.12116
http://dx.doi.org/10.1074/jbc.272.18.12116
http://dx.doi.org/10.1016/S1074-5521(98)90170-3
http://dx.doi.org/10.1016/S1074-5521(98)90170-3
http://dx.doi.org/10.1016/S1074-5521(98)90170-3
http://dx.doi.org/10.1016/S1074-5521(98)90170-3
http://dx.doi.org/10.1021/jm960415o
http://dx.doi.org/10.1021/jm960415o
http://dx.doi.org/10.1021/jm960415o
http://dx.doi.org/10.1021/jm011098a
http://dx.doi.org/10.1021/jm011098a
http://dx.doi.org/10.1021/jm011098a
http://dx.doi.org/10.1021/bi9706778
http://dx.doi.org/10.1021/bi9706778
http://dx.doi.org/10.1021/bi9706778
http://dx.doi.org/10.2174/156802606775270323
http://dx.doi.org/10.2174/156802606775270323
http://dx.doi.org/10.2174/156802606775270323
http://dx.doi.org/10.1002/med.20042
http://dx.doi.org/10.1002/med.20042
http://dx.doi.org/10.1002/med.20042
http://dx.doi.org/10.2174/1568026054985948
http://dx.doi.org/10.2174/1568026054985948
http://dx.doi.org/10.2174/1568026054985948
http://dx.doi.org/10.1016/S0960-894X(98)00549-6
http://dx.doi.org/10.1016/S0960-894X(98)00549-6
http://dx.doi.org/10.1016/S0960-894X(98)00549-6
http://dx.doi.org/10.1016/S0960-894X(98)00549-6
http://dx.doi.org/10.1021/jm9805236
http://dx.doi.org/10.1021/jm9805236
http://dx.doi.org/10.1021/jm9805236
http://dx.doi.org/10.1021/jm030766k
http://dx.doi.org/10.1021/jm030766k
http://dx.doi.org/10.1021/jm030766k
http://dx.doi.org/10.1021/jm030766k
http://dx.doi.org/10.1002/cmdc.200500025
http://dx.doi.org/10.1002/cmdc.200500025
http://dx.doi.org/10.1002/cmdc.200500025
http://dx.doi.org/10.1016/S0960-894X(00)00200-6
http://dx.doi.org/10.1016/S0960-894X(00)00200-6
http://dx.doi.org/10.1016/S0960-894X(00)00200-6
http://dx.doi.org/10.1016/S0968-0896(96)00212-X
http://dx.doi.org/10.1016/S0968-0896(96)00212-X
http://dx.doi.org/10.1016/S0968-0896(96)00212-X
http://dx.doi.org/10.1016/S0960-894X(01)00570-4
http://dx.doi.org/10.1016/S0960-894X(01)00570-4
http://dx.doi.org/10.1016/S0960-894X(01)00570-4
http://dx.doi.org/10.1016/S0960-894X(01)00570-4
http://dx.doi.org/10.1002/1529-0131(200001)43:1%3C175::AID-ANR22%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1529-0131(200001)43:1%3C175::AID-ANR22%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1529-0131(200001)43:1%3C175::AID-ANR22%3E3.0.CO;2-S
http://dx.doi.org/10.1046/j.0014-2956.2001.02512.x
http://dx.doi.org/10.1046/j.0014-2956.2001.02512.x
http://dx.doi.org/10.1046/j.0014-2956.2001.02512.x
http://dx.doi.org/10.1038/nsb770
http://dx.doi.org/10.1038/nsb770
http://dx.doi.org/10.1038/nsb770
http://dx.doi.org/10.1038/nsb770
http://dx.doi.org/10.1021/jm020057r
http://dx.doi.org/10.1021/jm020057r
http://dx.doi.org/10.1021/jm020057r
http://dx.doi.org/10.1016/S0960-894X(00)00270-5
http://dx.doi.org/10.1016/S0960-894X(00)00270-5
http://dx.doi.org/10.1016/S0960-894X(00)00270-5
www.chemmedchem.org

MED

[135] S.T. Wrobleski, A. M. Doweyko, Curr. Top. Med. Chem. 2005, 5, 1005-

1016.

R.V. Devraj, Abstracts of Papers, 229th ACS National Meeting, San

Diego, CA, United States, March 13-17, 2005, MEDI-296.

D. M. Goldstein, T. Gabriel, Curr. Top. Med. Chem. 2005, 5, 1017 -1029.

D. M. Goldstein, T. Alfredson, J. Bertrand, M. F. Browner, K. Clifford, S. A.

Dalrymple, J. Dunn, J. Freire-Moar, S. Harris, S. S. Labadie, J. La Fargue,

J. M. Lapierre, S. Larrabee, F. Li, E. Papp, D. McWeeney, C. Ramesha, R.

Roberts, D. Rotstein, B. San Pablo, E. B. Sjogren, O.-Y. So, F. X. Talamas,

W. Tao, A. Trejo, A. Villasenor, M. Welch, T. Welch, P. Weller, P. E. White-

ley, K. Young, S. Zipfel, J. Med. Chem. 2006, 49, 1562 -1575.

[139] S. Miwatashi, Y. Arikawa, E. Kotani, M. Miyamoto, K. i. Naruo, H. Kimura,
T. Tanaka, S. Asahi, S. Ohkawa, Abstracts of Papers, 229th ACS National
Meeting, San Diego, CA, United States, March 13-17, 2005, MEDI-131.

[140] S. Miwatashi, Y. Arikawa, E. Kotani, M. Miyamoto, K. Naruo, H. Kimura,
T. Tanaka, S. Asahi, S. Ohkawa, J. Med. Chem. 2005, 48, 5966 —5979.

[141] B.J. Mavunkel, S. Chakravarty, J. J. Perumattam, G. R. Luedtke, X. Liang,
D. Lim, Y.5j. Xu, M. Laney, D.Y. Liu, G.F. Schreiner, J. A. Lewicki, S.
Dugar, Bioorg. Med. Chem. Lett. 2003, 13, 3087 -3090.

[142] G.F. Ferraccioli, Curr. Opin. Anti-Inflammatory Immunomodulatory
Invest. Drugs 2000, 2, 74-77.

[143] E.R. Ottosen, M. D. Sorensen, F. Bjorkling, T. Skak-Nielsen, M. S. Fjord-
ing, H. Aaes, L. Binderup, J. Med. Chem. 2003, 46, 5651 -5662.

[144] T. K. Petersen, Basic Clin. Pharmacol. Toxicol. 2006, 99, 104-115.

[136]

[137]
[138]

[145]

[146]

[147]
[148]

[149]
[150]
[151]
[152]
[153]

[154]
[155]

S. Margutti and S. Laufer

P. Imming, C. Sinning, A. Meyer, Nat. Rev. Drug Discovery 2006, 5, 821 -
834.

M. E. O’'Dwyer, M. J. Mauro, B. J. Druker, Cancer Invest. 2003, 21, 429-
438.

J. Dancey, E. A. Sausville, Nat. Rev. Drug Discovery 2003, 2, 296-313.
T. M. Behr, M. Berova, C. P. Doe, H. Ju, C. E. Angermann, J. Boehm, R. N.
Willette, Curr. Opin. Invest. Drugs 2003, 4, 1059 -1064.

H. Daub, K. Specht, A. Ullrich, Nat. Rev. Drug Discovery 2004, 3, 1001 -
1010.

Y. Dai, C. Yu, V. Singh, L. Tang, Z. Wang, R. McInistry, P. Dent, S. Grant,
Cancer Res. 2001, 61, 5106-5115.

F. M. Sirotnak, M. F. Zakowski, V. A. Miller, H.I. Scher, M. G. Kris, Clin.
Cancer Res. 2000, 6, 4885 -4892.

A. Monks, E. D. Harris, A. Vaigro-Wolff, C. D. Hose, J. W. Connelly, E. A.
Sausville, Invest. New Drugs 2000, 18, 95-107.

S. Frantz, Nature 2005, 437, 942-943.

J. Drews, Nat. Rev. Drug Discovery 2006, 5, 635 -640.

D. M. Dambach, Curr. Top. Med. Chem. 2005, 5, 929-939.

Received: November 23, 2006
Revised: March 14, 2007
Published online on May 31, 2007

1140

www.chemmedchem.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2007, 2, 1116 — 1140


http://dx.doi.org/10.2174/1568026054985894
http://dx.doi.org/10.2174/1568026054985894
http://dx.doi.org/10.2174/1568026054985894
http://dx.doi.org/10.2174/1568026054985939
http://dx.doi.org/10.2174/1568026054985939
http://dx.doi.org/10.2174/1568026054985939
http://dx.doi.org/10.1021/jm050736c
http://dx.doi.org/10.1021/jm050736c
http://dx.doi.org/10.1021/jm050736c
http://dx.doi.org/10.1021/jm050165o
http://dx.doi.org/10.1021/jm050165o
http://dx.doi.org/10.1021/jm050165o
http://dx.doi.org/10.1016/S0960-894X(03)00653-X
http://dx.doi.org/10.1016/S0960-894X(03)00653-X
http://dx.doi.org/10.1016/S0960-894X(03)00653-X
http://dx.doi.org/10.1021/jm030851s
http://dx.doi.org/10.1021/jm030851s
http://dx.doi.org/10.1021/jm030851s
http://dx.doi.org/10.1038/nrd2132
http://dx.doi.org/10.1038/nrd2132
http://dx.doi.org/10.1038/nrd2132
http://dx.doi.org/10.1038/nrd1066
http://dx.doi.org/10.1038/nrd1066
http://dx.doi.org/10.1038/nrd1066
http://dx.doi.org/10.1038/nrd1579
http://dx.doi.org/10.1038/nrd1579
http://dx.doi.org/10.1038/nrd1579
http://dx.doi.org/10.1023/A:1006313611677
http://dx.doi.org/10.1023/A:1006313611677
http://dx.doi.org/10.1023/A:1006313611677
http://dx.doi.org/10.1038/437942a
http://dx.doi.org/10.1038/437942a
http://dx.doi.org/10.1038/437942a
http://dx.doi.org/10.1038/nrd2084
http://dx.doi.org/10.1038/nrd2084
http://dx.doi.org/10.1038/nrd2084
http://dx.doi.org/10.2174/1568026054985911
http://dx.doi.org/10.2174/1568026054985911
http://dx.doi.org/10.2174/1568026054985911
www.chemmedchem.org

