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ABSTRACT. Protein tyrosine kinases (PTKs) play a key role in normal cell and tissue development.
Enhanced PTK activity is intimately correlated with proliferative diseases, such as cancers, leukemias,
psoriasis, and restenosis. This realization prompted us to systematically synthesize tyrosine phosphorylation
inhibitors (tyrphostins) as potential drugs. Over the years, we have demonstrated the ability to synthesize
selective tyrphostins aimed at different receptor, as well as at nonreceptor, tyrosine kinases. Some of these
tyrphostins have shown efficacy in vivo as antileukemic agents and antirestenosis agents. AG 490, a Jak-2
inhibitor, is potent against recurrent pre-B acute lymphoblastic leukemia. AG 1295, a selective platelet-
derived growth factor receptor kinase inhibitor, inhibits 50% of balloon injury-induced stenosis in the
phemoral arteries of pigs. AG 1517 (SU 5271), a potent epiderminal growth factor receptor kinase inhibitor,
is currently in clinical trials for psoriasis. Similarly, SU 5416, a potent kinase inhibitor of the vascular
endothelial growth factor receptor/kinase domain receptor/Flk-1, is currently in clinical trials as an
anticancer agent by virtue of its strong anti-angiogenic activity. These findings demonstrate that the
identification of PTKs that play a key role in a defined disease state can lead to a selective drug. Tyrphostins
also show efficacy in vive in inflammatory diseases such as sepsis, cirrhosis, and experimental autoimmune
encephalitis. PHARMACOL. THER. 82(2-3):231-239, 1999, © 1999 Elsevier Science Inc. All rights reserved.

KEY WORDS. Protein tyrosine kinases, tyrphostin inhibitors, proliferative diseases, drug development, clinical
trials.

CONTENTS
1. INTRODUCTION .« « v v v v v v e - 231 KINASE-DIRECTED PROTEIN
2. UNIVERSAL TARGETS AND TYROSINE KINASE INHIBITORS . . . 236
SELECTIVE TARGETS . « + . .« o v . .. 231 6.2. JAK-2-DIRECTED TYRPHOSTINS 236
3. DESIGN AND SYNTHESIS OF 6.3. EPIDERMAL GROWTH FACTOR
PROTEIN TYROSINE RECEPTOR KINASE INHIBITORS . . . 236
PHOSPHORYLATION INHIBITORS 232 6.4. VASCULAR ENDOTHELIAL-GROWTH
4. BIOLOGICAL EFFICACY FACTOR RECEPTOR
OF TYRPHOSTINS .« « + « o o oo oo 233 KINASE INHIBITORS « + « + .+ . - . . 237
5. TYRPHOSTINS ACT IN SYNERGY WITH 7. TYRPHOSTINS AS
CYTOTOXIC AGENTS + « + « v o v e s 234 ANTI-INFLAMMATORY AGENTS . . . . . 237
6. SUCCESS OF TYRPHOSTINS INVIVO . . . 236 8. CONCLUSIONS AND PERSPECTIVES 237
6.1. PLATELET-DERIVED GROWTH REFERENCES . . + v v v v v v v v v v e a vs 237

FACTOR RECEPTOR

ABBREVIATIONS. CML, chronic myeloid leukemia; EGFR, epidermal growth factor receptor; IGF-1R, insu-
lin-like growth factor type 1 recepror; IL, interleukin; PDGF, platelet-derived growth factor; PDGER, platelet-
derived growth factor receptor; PTK, protein tyrosine kinase; TNF, tumor necrosis factor; VEGFR, vascular

endothelial growth factor receptor.

1. INTRODUCTION

The malfunctioning of protein tyrosine kinases (PTKs) is
the hallmark of numerous diseases. By malfunctioning, one
usually refers to enhanced activity of the PTK. Over 80% of
the oncogenes and proto-oncogenes involved in human
cancers code for PTKs. The enhanced activities of PTKs are
also implicated in many nm‘nnaiignant diseases, such as pso-
riasis, papilloma, restenosis, and pulmonary fibrosis. PTKs
have also been implicated in inflammatory conditions.
These realizations have resulted in the surge of publications
describing attempts to target PTKs for drug development
(for reviews, see Levitzki and Gazit, 1995; Levitzki, 1992,
1996a,b, 1997). Understanding the molecular pathology of

many diseases has progressed at an accelerating pace, and
currently, one can identify the molecular aberrations that
are the hallmarks of an increasing number of pathological
states. PTKs occupy a prominent position among the mo-
lecular elements gone awry. Table 1 summarizes the PTK
signaling molecules whose altered activities have been
shown to be directly associated with a human disease.

2. UNIVERSAL TARGETS
AND SELECTIVE TARGETS

In most proliferative diseases, more than one signaling path-
way is involved. This is especially true in cancers, where
many genetic alterations have taken place on the pathway of
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not inhibit Ser/Thr kinases was reported in the late 1980s
(Yaish et al., 1988). Within less than a decade, highly potent
and selective tyrosine kinase inhibitors were produced by a
number of groups, mostly by semi-rational drug design (for
reviews, see Levitzki, 1992, 1996b, 1997; Groundwater et al.,
1996). Detailed kinetic analysis of the mode of EGFR kinase
action shows that ATP and the substrate bind independently
to the kinase domain (Posner et al., 1992), which simplifies
the kinetic analysis of the mode of inhibition of PTKs by
their inhibitors (Posner et al., 1994). One of the most surpris-
ing findings on the selectivity of inhibitors discovered so far
is that ATP competitive inhibitors can be so selective. For
example, quinoxalines are highly selective inhibitors of
PDGFR kinase (Kovalenko et al., 1994; Gazit et al., 1996a),
whereas the not so distant quinozalines are highly selective
for the EGFR kinase (Osherov and Levitzki, 1994; Ward et
al., 1994; Levitzki and Gazit, 1995; Gazit et al., 1996b). A
more detailed analysis of the mode of tyrosine kinase inhibi-
tion reveals that the affinity of the inhibitor and its mode of
binding to the kinase domain depends on whether the kinase
is in its activated form or in its basal inactive state (Levitzki
and Bohmer, 1998). Three examples illustrate this point.

(1) Activated Abl kinase, such as p210B-Abl and pl §58r-Abl
possess different affinities for both substrates and inhib-
itors (tyrphostins), as compared with their proto-onco-
genic form p140<Ad (Anafi et al., 1992). The oncopro-
teins p210BerAbl and pl185Ber-Abl are inhibited by the
tyrphostin AG 957 with K, values of 0.75 pM and 1.5
M, respectively, as compared with a K, of 10.0 pM for
the cellular wild-type p140<Atl. AG 957 is competitive
with the substrate and noncompetitive with ATP. In-
terestingly, for all three proteins the difference be-
tween ¢-Abl and Ber-Abl is not in the kinase domain,
since the Ber sequence is fused in-frame with the intact
kinase domain. It seems that tethering the Ber se-
quence upstream to the c-Abl alters the conformation
of the kinase domain such that it binds more tightly to
the inhibitor.

(2) An identical pattern of behavior is observed for the
EGFR kinase: the receptor truncated at the extracellu-
lar domain, EGFRA, exhibits one order of magnitude
higher affinity for quinozaline AG 1478 as compared
with the wild-type receptor (Han et al., 1996). Here,
too, the deletion is in the extracellular domain and not
in the kinase domain. The structural alterations, how-
ever, that are induced by truncation seem rto alter the
conformation within the catalytic domain of the recep-
tor. In both the Ber-Abl case and the EGFRA case, these
differences need to be studied further for a detailed
molecular explanation. These differences, however, can
be exploited to kill preferentially the cancer cell, which
is more sensitive to the agent. Indeed, we can show
that Ph+ cells can be purged selectively with AG 957,
with no significant loss of normal blood tissue cells in
bone marrow samples from CML patients (Carlos-Stella

etal., 1999).
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(3) Another interesting example is the PDGFR kinase.
Upon activation of the receptor by PDGF and autophos-
phorylation, the mode of inhibition by the selective in-
hibitor AG 1296 (or AG 1295) is altered. Whereas the
inhibitor is competitive vis-a-vis ATP with the inactive
form of the receptor, it binds with higher affinity and be-
comes mixed-competitive vis-a-vis ATP, subsequent to
receptor activation by PDGF (Kovalenko et al., 1997).

The availability of the three-dimensional structure of an
increasing number of kinases will allow a better under-
standing of these phenomena and will make drug design
more precise and rational. The three-dimensional struc-
tures of two tyrosine kinases complexed with inhibitors are
already available: (1) the structure of the fibroblast growth
factor receptor with selective and nonselective inhibitors
(Mohammadi et al., 1997) and (2) the Src kinase Hck crys-
tallized with the inhibitor complexed with it (Sicheri et
al., 1997; Schindler et al., 1999). These structures currently
are guiding a number of laboratories, including ours, in at-
tempts to design novel and more selective Src kinase inhib-
itors. The availability of the insulin receptor kinase struc-
ture in its inactive form (Hubbard et al., 1994), as well as in
its active form complexed with APPNHP with a peptide
substrate (Hubbard, 1997), should allow an educated search
for inhibitors for the IGF-1R kinase, which is highly ho-
mologous to the insulin receptor kinase. Some promising
lead compounds, such as AG 1024, have already been
found (Parrizas et al., 1997). Importantly, some of the in-
hibitors discriminate between the insulin receptor kinase
and the IGF-1R kinase by a factor of up to 8 (Parrizas et al.,
1997). It remains a challenge to design inhibitors of 1GF-
1R kinase that differentiate between the two receptors by a
wider margin.

Fig. | summarizes the main pharmacophores that have
proven to be effective PTK inhibitors with no significant ef-
fects on Ser/Thr kinases. Fig. 2 summarizes the specific com-
pounds that have shown biological efficacy on the targets
quoted.

4. BIOLOGICAL EFFICACY OF TYRPHOSTINS

A number of families of tyrphostins have excellent efficacy
in tissue culture, as well as in vivo (Levirzki, 1996b, 1997),
e.g., benzenemalononitriles, which comprised the first fam-
ily of PTK inhibitors (Yaish et al., 1988; Levitzki and Gazit,
1995). Compounds such as AG 490, AG 126, AG 556, and
AG 17 have shown efficacy in vivo (Meydan et al., 1996;
Lopez-Talavera et al., 1997; Sevransky et al., 1997; Vanich-
kin et al., 1996; Novogrodsky et al., 1994; Golomb et al.,
1996). Anilidophthalimides, which inhibit EGFR (Buch-
dunger et al., 1995a), also show efficacy in vivo. Pyrido pyri-
midines such as CGP 53716, which inhibit PDGFR (Buch-
dunger et al., 1995b), have also shown efficacy in vivo. A
similar compound, CGP 57148B, from the pyrazolo pyrim-
idines, blocks Bcr-Abl and shows efficacy on intact cells

harboring Ber-Abl (Druker et al., 1996). AG 957, a tyrphos-
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tin derived from Lavendustin A, is very selective against
Ber-Abl kinase (Anafi et al., 1992; Kaur et al., 1994) and has
been shown to purge selecrively Ph* cells from the blood ob-
tained from CML patients at the chronic phase of the dis-
ease. Quinoxalines have shown efficacy against PDGFR ki-
nase (Kovalenko et al., 1994; Gazit et al., 1996a). The
quinoxaline AG 1295 has also shown efficacy in vivo by in-
hibiting balloon injury-induced stenosis in the pig (Banai et
al., submitted). AG 1295 was also shown to be effective in
the rat model (Fishbein et al., submitted). Quinozalines show
good efficacy against the EGFR (Ward et al., 1994; Osherov
and Levitzki, 1994; Fry er al., 1994; Gazit er al., 1996b;
Bridges et al., 1996). One of them, AG 1517 (SU 5271)
(Gazit et al., 1996h; Powell et al., submitted), is currently in
clinical trials for psoriasis under the name SU 5271. This
compound is very effective in blocking the growth of psoriaric
keratinocytes (Powell et al., submitted). A related pharma-
cophore shown to be effective against the EGFR kinase is
derived from 4-(phenylamino)-pyrrolopyrimidine (Traxler
et al., 1996), a compound that was rationally designed on
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the basis of successful inhibitors from the dianilinphthalim-
ide family. Yer another successful family of EGFR kinase in-
hibitors was obtained by the fusion of the quinozaline moi-
ety with a third ring (Sun et al., 1996; see Fig. 2).

5. TYRPHOSTINS ACT IN
SYNERGY WITH CYTOTOXIC AGENTS

Enhanced activity of PTKs confers refractoriness of cancer
cells rowards cytotoxic agents, most probably due to en-
hancement of anti-apoptotic pathways mediated by Bel-X, /
Bcl-2 and c-Act/PKB elements. The enhancement of anti-
apoptotic pathways seems to be the predominant factor in
the emergence of drug resistance and to killing by radiation.
In two instances, it was possible to show that inhibiting a
PTK by a selective tyrphostin resensitizes the cell to cyto-
toxic drugs. The HER-2-selective tyrphostin AG 825 was
found to synergize with cisplatin, etoposide, and doxorubicin,
all DNA-damaging agents, to kill HER-2 overexpressing
cells (Tsaieral., 1996). A series of non-small lung cancer cell
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lines with different levels of HER-2/neu overexpression ob-
tained from lung tumors were examined for the extent of
synergy that was found to depend on the level of HER-2/
neu expression. It seems that the higher the overexpression
of HER-2, the higher the anti-apoptortic shield provided by
the recepror tyrosine kinase. At the same rime, however, it
seems that the sensitivity of these cells to stress signaling is
also enhanced upon higher expression of HER-2/neu, but
their sensitivity to stress signals seems to be masked by the
enhanced anti-apoptotic pathways (M. Benhar et al., sub-
mitted). Thus, when the cells are stripped of the robust
anti-apoptotic shield by selective tyrphostin blocking of the
HER-2/neu signaling, their enhanced vulnerability ro stress
is exposed. A similar phenomenon was observed for human
glioma cells, which overexpress the truncated form of the
EGFR—EGFRA. The EGFR kinase-selective tyrphostins
AG 1478 and AG 1517 synergize with cisplatin ro induce
apoptosis in the EGFRA-overexpressing glioma cells. It was
found that AG 1478 reduces the level of Bel-X, expression
and increases the activity of caspase 3. The combination of
a tyrphostin with cisplatin was found to be lethal to the
tumor cells, leading to apoptosis (Nagane et al., 1998).
EGFRA transmits strong anti-apoptotic signals, which,
when inhibited, sensitize the cells to the stress signaling
triggered by cisplatin. Recently, the combination of AG
1478 and cisplatin was found to cause tumor inhibition
when injected into nude mice with xenografts of glioma.
Either AG 1478 or cisplatinum alone had no effect (M.
Nagane et al., unpublished). This success hopefully will be
translated into clinical application of these tyrphostins as
sensitizers of these tumors to cytotoxic drugs, to which they
are normally oblivious. This type of combinatorial approach,
which combines a blocker of anti-apoptotic signaling with a
stimulator of stress signaling, could prove to be a more gen-
eral approach.

6. SUCCESS OF TYRPHOSTINS IN VIVO

Some tyrphostins already have shown efficacy in vivo in
preclinical models.

6.1. Platelet-Derived Growth Factor Receptor
Kinase-Directed Protein Tyrosine Kinase Inhibitors

Tyrphostin AG 1295 and its close analog AG 1296, both
quinoxalines (Fig. 1), have been shown to block selecrively
PDGER kinase with insignificant inhibitory effects on
EGFR, Sre, Flk-1, HER-2/neu, and IGF-1R. These tyr-
phostins reverse the transformed phenotype of sis-trans-
formed NIH 3T3 cells (Kovalenko et al., 1994) and slow C6
glioma-induced tumors in nude mice (L. Shawver and A.
Levitzki, unpublished). In recent experiments on pigs, AG
1295 was shown to block balloon injury-induced stenosis in
the femoral artery (Banai et al., 1998). The extent of inhibi-
tion is ~50-60% compared with balloon-injured femoral ar-
tery treated with the vehicle alone. Similar results were ob-
tained for rats. AG 17, a nonselective PTK inhibitor, was
successful in blocking balloon injury-induced stenosis in
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the rat carotid artery model (Golomb et al., 1996), but in-
duced damage in pigs (S. Banai and A. Levirzki, unpub-
lished). The pig model, which is much more faithful and
predictive for the human situation, encourages one to pro-
mote AG 1295 and its more potent analogs (A. Gazit, S.
Banai, and A. Levitzki, in preparation) to undergo testing
in the clinical set-up. The ability of very selective PDGFR
kinase inhibitors to block balloon injury-induced stenosis
supports what has been known as “the PDGF hypothesis™ of
Ross (Ross and Glomser, 1976; Rewcastle et al., 1986),
which implicates this growth factor and its receptor in the
process of atherosclerosis and its accelerared form that rakes
place in restenosis. The finding that PDGFR kinase-di-
rected tyrphostins block ~~60% stenosis strongly suggests
that other signaling pathways should be targered if one
would like to block the other proliferative signals, including
those elicited by fibroblast growth factor and transtorming
growth factor-a. Since accelerated atherosclerosis in the
ransplanted heart is the major cause of death of patients
who undergo heart transplantation, AG 1295 and its ana-
logs currently are being tested in an animal heart transplant
model.

6.2. Jak-2-Directed Tyrphostins

Among the many tyrphostins tested, members of the AG 490
family have been shown to be potent inhibitors of Jak-2
(Meydan et al., 1996) and, to a lesser extent, Jak-3 (Sharfe
etal., 1995). The high potency of AG 490 to block Jak-2 is
likely to be the origin of the ability of these agents to block
recurrent pre-B acute lymphoblastic leukemia when en-
grafted in SCID mice (Meydan et al., 1996). AG 490 in-
duces apoptotic death in pre-B cells from patients suffering
from the disease. In these pre-B cells, one finds that Jak-2 is
persistently activated, whereas in normal B cells, it is not. It
is still unknown whether the persistent activarion of Jak-2
is due to an activating mutation or to a robust autocrine
stimulation. The efficacy of AG 490 in vivo is gratifyingly
accompanied by its complete absence of toxicity to normal
blood tissue. This agent currently is undergoing evaluation
for clinical trials. More recently, AG 490 was also shown o
block the survival signaling induced by interleukin (IL)-6
on multiple myeloma. We recently have found thar [L-6 in-
duces Stat3 phosphorylation, which, in turn, activates Bel-
X_ expression through binding to its promoter, thus ex-
plaining why IL-6 has an anti-apoptotic activity. AG 490
was found to synergize with CH-11, a Fos receptor agonistic
antibody, to kill the IL-6-dependent multiple myeloma leu-
kemic cells (Catlett-Falcone et al., 1999).

6.3. Epidermal Growth
Factor Receptor Kinase Inhibitors

EGFR kinase blockers from the early tyrphostin family had
already been shown to be efficacious in 1991, being the first
PTK blockers to show good efficacy in vivo (Yoneda et al.,
1991). Due to their unfavorable pharmacokinetic proper-
ties, however, they did not make further progress in preclin-
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ical animal models and were abandoned as possible candi-
dates for the clinical setting. These experiments, however,
were a milestone in the sense that they provided a propf of
principle by showing for the first time that the activity of a
tyrphostin identified in a cell-free system culminated in
success in vivo. A few heterocyclic EGFR kinase inhibitors,
such as diamidinephenylindole (Buchdunger et al., 1995a)
and CGP 59326A, have shown good efficacy in vivo against
tumors that overexpress EGFR. One quinazoline, AG 1517
(SU 5271) (Powell et al., submitted), currently is being
tested as an antipsoriatic agent. Since papilloma (HPV16)-
infected keratinocytes are driven by the EGFR kinase system
(Ben-Bassat et al., 1997), success in the psoriasis clinical tri-
als may lead to the testing of EGFR-directed PTK inhibitors

as anti-papilloma agents.

6.4. Vascular Endothelial-Growth
Factor Receptor Kinase Inhibitors

Because of the key role vascular endothelial growth factor re-
ceptor (VEGFR)/kinase domain receptor/Flk-1 plays in an-
giogenesis, inhibitors of the recepror that show efficacy in vivo
have been synthesized (Strawn et al., 1996). A number of
pharmaceutical companies, including Novartis (Basel, Swit-
zerland) and Sugen (Redwood City, CA, USA), have already
announced the beginning of clinical trials, using VEGFR ki-
nase inhibitors. Angiogenesis inhibitors are likely to become
universal anticancer agents (Levitzki, 1996b, 1997).

7. TYRPHOSTINS AS
ANTI-INFLAMMATORY AGENTS

A number of benzenemalononitrile tyrphostins, such as AG
126 (Novogrodsky et al., 1994) and AG 556 (Sevransky et
al., 1997; Vanichkin et al., 1996), have shown excellent effi-
cacy as anti-inflammarory agents, inhibiting sepsis in mice
and dogs (Vanichkin et al., 1996; Sevransky et al., 1997).
More recently, we found that AG 556 is very effective in al-
leviating the symptoms of experimental autoimmune en-
cephalitis, even on late administration (Brenner et al., 1998).
AG 126 was found to alleviate cirrhosis-like symptoms in
rats (Lopez-Talavera et al., 1997). The search for such com-
pounds within the tyrphostin family was based on scattered
reports in the literature that the activation of PTKs is on the
pathway of lipopolysaccharide-induced mortality in mice.
Similarly, scattered reports suggest that the action of tumor
necrosis factor (TNF)-a involves PTK activation (Kelly et
al., 1998) at some point on the overall signaling pathways
triggered by the cytokine. Since no specific molecular target
has been defined, screening for active tyrphostins was based
on the potency of the compounds tested to block li-
popolysaccharide-induced TNF-a production (Novogrodsky
etal., 1994; Brenner et al., 1998) and TNF-a action (Novo-
grodsky et al., 1994). It remains to be seen whether the bio-
logical activity of this family of tyrphostins is due exclusively
to the inhibition of PTKs. More recent evidence from our
laboratory suggests that these ryrphostins are also potent li-
pooxygenase inhibitors (1. Fridriech et al_, submitted).
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8. CONCLUSIONS AND PERSPECTIVES

In recent years, the network of signal transduction pathways
has been largely deciphered. In the process, it has become ap-
parent that aberration in signaling elements is the root of
many diseases. Thus, for example, it has become clear very
early on that over 80% of all oncogenes and proto-oncogenes
code for PTKs. This realization has identified these proteins as
potential targets for disease therapy. It is, therefore, no won-
der that tyrphostins were the first signal transduction agents
to be used in the clinic. In the meantime, the aberrations in
many other elements of signal transduction pathways have
been identified as the hallmarks of pathological situations,
identifying them as novel targets for disease management.
Thus, the concepr of “signal transduction therapy” (Levitzki,
1994) takes on a broader meaning and can apply to prolifera-
tive diseases, such as cancers, psoriasis, and restenosis, as well
as inflammatory conditions, such as sepsis and multiple sclero-
sis. It is highly likely that many more agents that directly
modulate signal transduction pathways will be used in the
clinic in the near future.

It is very likely that gene therapy targeted to modulate
the expression of signaling proteins will also develop in the
near future. Some attempts in this direction already have
been reported (Indolfi et al., 1995). However, in the ab-
sence of good delivery systems, this field is waiting for tech-
nological breakthroughs.
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