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Targeting the Ras signaling pathway: a rational, mechanism-based treatment fol

hematologic malignancies?

Christoph W. M. Reuter, Michael A. Morgan, and Lothar Bergmann

Aseries of alterations in the cellular genome
affecting the expression or function of genes

controlling cell growth and differentiation is

considered to be the main cause of cancer.
These mutational events include activation
of oncogenes and inactivation of tumor sup-

pressor genes. The elucidation of human
cancer at the molecular level allows the
design of rational, mechanism-based thera-
peutic agents that antagonize the specific
activity of biochemical processes that are
essential to the malignant phenotype of can-

cer cells. Because the frequency of RAS

mutations is among the highest for any
gene in human cancers, development of
inhibitors of the Ras—mitogen-activated pro-

tein kinase pathway as potential anticancer
agents is a very promising pharmacologic
strategy. Inhibitors of Ras signaling have
been shown to revert Ras-dependent trans-
formation and cause regression of Ras-
dependent tumors in animal models. The
most promising new class of these potential

cancer therapeutics are the farnesyltrans-
ferase inhibitors. The development of these
compounds has been driven by the observa-
tion that oncogenic Ras function is depen-
dent upon posttranslational modification,

which enables membrane binding. In con-
trast to many conventional chemotherapeu-
tics, farnesyltransferase inhibitors are
remarkably specific and have been demon-

'.) Check for updates

strated to cause no gross systemic toxicity
in animals. Some orally bioavailable inhibi-
tors are presently being evaluated in phase
Il clinical trials. This review presents an
overview on some inhibitors of the Ras
signaling pathway, including their specific-
ity and effectiveness in vivo . Because Ras
signaling plays a crucial role in the pathogen-
esis of some hematologic malignancies, the
potential therapeutic usefulness of these
inhibitors is discussed. (Blood. 2000;96:
1655-1669)
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The RAS gene family
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At the cellular surface, many different receptors are expressed thedeptors to downstream mitogenic effectors. By definition, p%)-
allow cellular response to extracellular signals provided by theins that interact with the active GTP-bound form of Ras (and t@s
environment. After ligand binding, receptor activation leads to kecome GTP-dependently activated) to transmit signals are caigled
large variety of biochemical events in which small guanosingas effector§:® Mechanisms by which GTP-Ras influences tige
triphosphate hydrolases (GTPases; eg, Ras) are crucial. Ra8vity of its effectors include direct activation (eg, B-Raf, Pl-é
proteins are prototypical G-proteins that have been shown to plajfigase), recruitment to the plasma membrane (eg, c-Raf-1), and
key role in signal transduction, proliferation, and malignar@Ssociation with substrates (eg, Ral-GDS). Other candidatesgfor
transformation. G-proteins are a superfamily of regulatory GTiRas effectors include protein kinases, lipid kinases, and GE&Fszg
hydrolases that cycle between 2 conformations induced by the
binding of either guanosine diphosphate (GDP) or &I {Figure
1). The Ras-like small GTPases are a superfamily of proteins
include Ras, Rapl, Rap2, R-Ras, TC21, Ral, Rheb, and M-Ras.

RASgene family consists of 3 functional genes,MS,N'RAS Ras proteins are produced as cytoplasmatic precursor proteinsand
and KRAS The RASgenes encode 21-kd proteins, which argq, ie several posttranslational modifications to acquire il
associated with the inner leaflet of the plasma membrane (H-Rggogic activity. These modifications include prenylation, protedi-
N-Ras, and the alternatively spliced K-RasA and K-RasB). Wheregscis, carboxymethylation, and palmitoylatidd (Figure 2). g
H-Ras, N-Ras, and K-RasB are ubiquitously expressed, K-RasA is Prenylation of proteins by intermediates of the isopren "’
induced during differentiation of pluripotent embryonal stem Ce”§iosynthetic pathway represents a newly discovered form of
in vitro.* posttranslational modification and is catalyzed by 3 dif‘fere%t
Regulatory proteins that control the GTP/GDP cycling rate a&fnzymes: protein farnesyltransferase (FTase), protein geranylgera-
Ras include GTPase-activating proteins (GAPs), which accelergfgiransferase type | (GGTase ), and geranylgeranyltransferase
the rate of GTP hydrolysis to GDP, and guanine nucleotidgpe Il (GGTase |13 Prenylated proteins share characteristic
exchange factors (GEFs; eg, SOS and CDC25), which induce dwrboxy-terminal consensus sequences and can be separated into
dissociation of GDP to allow association of GTH the GTP- the proteins with a CAAX (C, cysteine; A, aliphatic amino acid; X,
bound state, Ras couples the signals of activated growth factsry amino acid) motif and proteins containing a CC or CXC
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by AFC1 and the type llb signal peptidase-like RCE1 (Ras
converting enzyme 1% The final step in the carboxy-terminal
modification of proteins with a CAAX motif (eg, Ras) is the

Extracellular signals

— RasGDP methylation of the carboxyl group of the prenylated cysteine
Inactlvatlon Actlvatlon . .

residue by an as yet uncharacterized methyltransferase.
e e Proteins E’“hz"]g)ecf;::;S(GEFS) Some Ras proteins (H-Ras, N-Ras, Ras2) are further lipidated
120647, neurofibromin Ras-GTP by palmitoylation at 1 or 2 cysteines near the farnesylated

carboxy-terminug:1324-27 | ike farnesylation, H-Ras palmitoyl

[ Raseffectors ation plays an important role for signaling functions in vifo.
/ \ Microinjection experiments inXenopusoocytes revealed that
l \ palmitoylation of H-Ras dramatically enhances its affinity for
Ral-GEF  Rafs PI3K MEKK

membranes as well as its ability to activate mitogen-activated
protein kinase (MAPK) and initiate meiotic maturati&rt’ Both a
Ras-specific protein (palmitoyltransferase) and a palmitoyl-protein
(thioesterase) have been characterfZ€dIn contrast to farnesyta
tion and proteolysis, palmitoylation and methylation of Ras gre
thought to be reversible and may have a regulatory*gle.

T

Signal: cellular growth, proliferation, differentiation

Figure 1. The switch function of Ras.  Ras cycles between the active GTP-bound
and the inactive GDP-bound state. Mitogenic signals activate guanine GEFs such as
SOS and CDC25. GEFs increase the rate of dissociation of GDP and stabilize the
nucleotide-free form of Ras, leading to binding of GTP to Ras proteins. Ras can also
be activated by the inhibition of the GAPs.

The Ras-to-MAPK signal

sequencé*!” FTase | transfers a farnesyl group from l‘arnesyltranSdUCtIon pathway
diphosphate (FPP), and GGTase | transfers a geranylgeranyl grcmg MAPK signaling cascades
from geranylgeranyldiphosphate (GGPP) to the cysteine residue of
the CAAX motif18 GGTase Il transfers the geranylgeranyl groupMAPK pathways are well-conserved major signaling systerg
from GGPPs to both cysteine residues of CC or CXC maotifs. involved in the transduction of extracellular signals into ceIIuIar

Farnesylation is the first step in the posttranslational modificeesponses in a variety of organisms, including mamrifadsThe §
tion of Ras. This modification occurs by covalent attachment of@re components of the MAPK signaling cascades are 3 sequeétial
15-carbon farnesyl moiety in a thioether linkage to the carboxkinases, including MAP kinase (MAPK, or extracellular S|gna¥
terminal cysteine of proteins that contain the CAAX motif. Theegulated kinase, ERK), MAPK kinase (MAPKK, or MAPK/ERKg
reaction is catalyzed by FTase, a heterodimer consisting of a 48¥dase, MEK), and MAPKK kinase (MAPKKK, or MEK klnase,Q
and a 45-kd subunit(,cg andpg). Binding sites for the substrates, MEKK) (Figure 3). The MAPKs are activated by dual phosphorﬁ-
FPP and the CAAX motif, are located on the- and B lation on tyrosine and threonine residues by upstream dugl-
subunitst®-? Substrates for FTase include all known Ras proteinspecificity MAPKKs. MAPKKs are also phosphorylated ana
nuclear lamins A and B, the-subunit of the retinal trimeric activated by serine- and threonine-specific MAPKKKSs. At Ieas@ﬁ
G-protein transducin, rhodopsin kinase, and a peroxisomal protdiAPK cascades have been clearly identified in mammali§n
termed PxP:13

Farnesylation of Ras proteins is followed by endoproteolytic
removal of the 3 carboxy-terminal amino acids (AAX) by a cellular
thiol-dependent zinc metallopeptideé&his endoproteolytic activ
ity (RACE, or Ras and a-factor converting enzyme) is a composite, .
of 2 different CAAX proteases: a zinc-dependent activity encoded  stimulus
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Figure 3. The best-characterized MAPK modules are the ERK pathway, the

SAPK/INK pathway, and the p38 pathway. The classical Ras-to-MAPK cascade is
shown in bold. The MAPK cascades consist of a MAPKKK, a MAPKK, and a MAPK.
MAPKKKs are activated through a large variety of extracellular signals such as

1. isoprenylation @
2. Proteolysis

CAAX protease |_ REPI

Figure 2. Overview of the posttranslational modifications of Ras proteins in

cells. FTase or GGTase | transfers a farnesyl (F) group or a geranylgeranyl group
from FPP or GGPP to the thiol group of the cysteine residue in the CAAX motif. The
C-terminal tripeptide is removed by a CAAX-specific endoprotease in the endoplas-
matic reticulum. A PPMTase attaches the methyl group from S-adenosylmethionine
(SAM) to the C-terminal cysteine. Finally, a prenyl protein—specific palmitoyltrans-
ferase (PPPTase) attaches palmitoyl groups (P) to cysteines near the farnesylated
C-terminus. PPMTI indicates prenyl protein—specific methyltransferase inhibitor.

growth factors, differentiation factors, and stress. The activated MAPKKK can
phosphorylate and activate 1 or several MAPKKs, which, in turn, phosphorylate and
activate a specific MAPK. Activated MAPK phosphorylates and activates various
substrates in the cytoplasma and the nucleus of the cell, including transcription
factors. These downstream targets control cellular responses (eg, apoptosis, prolifera-
tion, and differentiation). Thick arrows connect the signaling proteins with their
preferred substrates (effectors). Note the complexity and the potential for crosstalk
between the pathways.
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cells3%-35The best characterized MAPK signaling pathways are (1) A
the Ras-to-MAPK signal transduction pathway (or ERK pathway),
which is responsive to signals from receptor tyrosine kinase,
hematopoietic growth factor receptors, and some heterotrimeric
G-protein—coupled receptors, which promote cell proliferation or
differentiation; (2) the stress-activated protein kinase/c-Jun N- “E
terminal kinase (SAPK/JNK) pathway, which is activated in $TAT

response to stresses such as heat, high osmolarity, UV irradiation, ; L !

= LUipld messengers *

(o] PDKVZ

JAKT: :noPKG:

and proinflammatory cytokines such as tumor necrosis fagtor— (,, PLD1: . Ral ;
and interleukin-1 (IL-1); and (3) the p38 pathway, which is ... BaiBP:Cach: P
responsive to osmotic stress, heat shock, lipopolysaccharide, tumfsrlh‘ VAR
necrosis factore,, and IL-1 (Figure 3§%-3 Scaffolding/adapter ™" :p38s. [ INK:
proteins such as MP-1, JSAP-1, and JIP-1 route MAPK modules in “‘«\ ’
mammals by binding ERK-1 and MEK-1, JNK-3 and SEK-1 and )

MEKK-1, or JNK and MKK-7 and MLKs, respectivef#.3>

Ras-to-MAPK signaling via receptor tyrosine kinases and

. Figure 4. The classical Ras-to-MAPK cascade. A) Signaling by cytokine recep-
cytokine receptors 9 (A) Signaling by cy! p

tors. The IL-3, IL-5, and GM-CSF receptors consist of a ligand-specific a-subunit and

. a common B-subunit. The B-subunit binds the NRTKs Lyn, Fes, and JAK2. After
The Ras-to-MAPK pathway appears to be an essential Shaﬁg d binding, the a- and B-subunits are thought to dimerize, thus activating the

element of mitogenic signaling. The MAPKs ERK-1 and ERK-2eceptor-bound NRTKs and subsequently causing a cascade of tyrosine phosphory-
are activated by various mitogens in all cells. Ras functions aéatét)ns. The phosphotyrosine residues represent docking sites for various signaling
. . X . . molecules (eg, Shc, SHP-2). ERKs are activated via the classical Ras-to-MAPK
membrane-associated b|0|09lc switch that relays SIQnaIS frOd’;{hway. In addition, the MAPKs p38 and JNK become activated. The activation
ligand-stimulated receptors to cytoplasmatic MAPK cascad@fthway is not completely understood, but some lines of evidence support the
These receptors include G-protein—coupled serpentine receptm@z!\éemf"tdm Ra_S)OA H_PK-E J(:T(“;atspf’ie;ic rfogewtO;T‘if;a(S?’ " mamg‘a“a”
. . . e20-related protein). Activate phosphorylates the signal transducers
tyrosme kinase r?ceptors (eg’ platelet-derlved grOWth factor rec§ d activators of transcription) family of nuclear factors which form heterodimers and
tor [PDGFR], epidermal growth factor [EGF] receptor) and CytOnomodimers, thus causing their translocation to the nucleus and subsequent binding
kine receptors that cause stimulation of associated nonreceptoractivating sequences of the promoter region of various genes.*'4? (B) Signaling
; : . ; [T receptor tyrosine kinases. Extracellular stimuli such as mitogens or stress result in
tyrosine kinases (N_RTKS’ eg, Src, Lyn,_Fes)._ Ligand binding to th)#e intracellular activation of different MAPK cascades. The ERK-1/2 pathway is
extracellular domain of receptor tyrosine kinases (RTKS) CauS&sivated by mitogens in all cells and is an essential part of mitogenic signaling.
receptor dimerization, stimulation of protein tyrosine kinase activranslocation of a fraction of activated ERKs to the nucleus subsequently leads to
ity, and autophosphorylatioﬁ:“o Tyrosine autophosphorylation activation of transcription factors such as Elk-1, CREB, SRF, and Fos.*® The Raf
: . . kinases connect upstream tyrosine kinases and Ras with downstream serine/
sites In grOWth factor receptors (eg’ EGF receptor) function ﬁ‘?eonine kinases. When Ras becomes GTP-loaded, Rafs bind to Ras. Itis unclear if
high-affinity binding sites for SH-2 (src homology) domains ORas-Raf binding is itself always sufficient to activate the Raf kinases, which
signaling molecules such as PI-3 kinase (PI-3K), phospholipases{@sequently phosphorylate and activate the downstream MEKs. GTP-Ras also

(PLC)-, p120-GAP, Shc, and SHP-2 yrosine phosphalBise. _brcs 1 Se0vles Pl snd At GEF Py praices i second ez
In contrast to receptor tyrosine kinases, cytokine receptors (SUgoting the GTP-bound state of Ral. Ral-GTP binds to Ral-BP1 (a GAP for CDC42
as the prototypical IL-3, IL-5, GM-CSF receptors) do not contain @d Rac), phospholipase D (PLD1), and Ca?* calmodulin (CaCM). (1) Inhibitors of
kinase domain. These receptors are heterodimers of a ligafig membrane association (eg, FTI, GGTI, PPMTI, and REPI); (Il) sulindac; (Il
o . . . MEK inhibitors (eg, PD098059, U0126, and Ro 09-2110). The thick, black arrows
specifica-subunit and g-subunit that is common to IL-3, IL-5, show the classical Ras-to-MAPK cascade. The thick, open arrows represent the
and granulocyte-macrophage colony-stimulating factor (GM-CSR}s-to-Ral and the Ras-to-PI-3K signaling pathways. The STAT pathway is shown
receptorg42The NRTKs Lyn and Fes and the Janus kinase JAK® the left.
are physically associated with thg-subunit. The conserved g
proline-rich motifs in thea- and B-subunits (eg, IL-3, IL-5, kinases that phosphorylate Ser/Thr-Pro motifs in the consengus
GM-CSF-R, IL-2-R, G-CSF-R, and erythropoietin-R) are criticafedquence Pro-Xaer/Thr-Pro, where Xaa is any amino acid argi
for JAK2 binding and activation. (Figure 4). After ligand binding? = 1 or 2. Several cytoplasmatic and nuclear substrates of he
and receptor dimeriza’[ior‘]l the receptor_bound tyrosine kinaééBKS haVe been |dent|fled The beSt-Chal’aCtel’ized ERK Substrates
become activated and cause a cascade of tyrosine phosphor§f&-Cytoplasmatic phospholipasg@®PLA,), the ribosomal protein
tions. As in the receptor tyrosine kinases, these phosphotyrosifskinases (RSKs), and the transcription factor EfR:3.54
represent do<_:king sites for many signaling molecules, includiqg]e Ras-to-Ral and the Ras
adapter proteins (eg, PI-3K, Shc, SHP-2, Grig?Z%.

The SH3 domain of Grb-2 binds to SOS, which is a GEF for R&Since the discovery of Raf as a direct Ras effector, numerous other
and facilitates the replacement of GDP with GTP%4When Ras putative Ras effectors have been identifiddAmong these,
becomes GTP-loaded, Ras effectors (such as Rafs, MEKK, PI-3idence to date best supports “effector” roles for the Ral-GEFs
and Ral) bind to Ras and become activated. The Raf kinag&al-GDS, RGL, and RGF) and the p110 subunit of PR8&:56
(A-Raf, B-Raf, c-Raf-1) are important Ras effectors and have beéFigure 4).
demonstrated to act as MAPKKKs/MEKKSs in the Ras-to-MAPK  Ral-GEFs are activated via binding to GTP-Ras. Ral-GEFs in
(or ERK) pathway6-4043-45 Raf kinases have been shown taurn activate Ral-GTPases by promoting the GTP-bound state of
selectively phosphorylate and activate MAPKKs MEK-1 andRal. As members of the Ras subfamily of Ras-related GTPases, Ral
MEK-2.36-4043-450ther MEK-1/MEK-2 activators include TPL-2, proteins (RalA and RalB) also cycle between the active GTP-bound
MEKK-1, and c-Mos*-48MEK-1 and MEK-2 are dual-specificity states and inactive GDP-bound states. Ral-GTP binds Ral-BP1
kinases that activate the MAPKs of the ERK subgroup (ERK-1 ar{ial-binding protein-1 or RlipZ Ripl [Ral-interacting protein-
ERK-2)30-3549-52ERK-1 and ERK-2 are proline-directed proteinl]), which is a GAP for CDC42 and Rac. These 2 GTPases are

03s8nB Aq Jpd 55910002 18U/229.991/5591/5/96/spd-81o11e/p00|q/}oU SUOKED!IgNdYSE//:d)Y WOl papeojumoq
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Table 1. Activation of Ras in hematologic malignancies

Malignancy Type of activation Frequency (%) Reference nos.

Point mutations of RAS

Multiple myeloma N-, K-RAS 30-40 74,76-78
Plasma cell leukemia N-, K-RAS 60-70 74,76-78
Acute myeloid leukemia (AML) N-, K-RAS 20-30 60-71
Childhood AML N-, K-RAS 20-40 64,72
Acute lymphoblastic leukemia N-, K-RAS 20 68, 69, 75
Chronic myelomonocytic leukemia (CMML) N-, K-RAS 50-70 65, 73, 80
Juvenile myelomonocytic myeloid leukemia (JMML) N-RAS 30 107
Mutation of c-Kit/c-FMS receptor family
Myeloproliferative disorder, mastocytosis c-kit 10 83-85
AML FLT-3 20 87
CSF-1(c-FMS) 10-20 81, 82
Fusion tyrosine kinases
Chronic myeloid leukemia Bcer-Abl, 1(9;22), Ras-GTP 95 95-97
CMML Tel-PDGFRB, t(5;12) 91, 92
AML Tel-Abl, t(12;9) 93,94
Anaplastic large cell lymphoma Npm-Alk, t(2;5) 30-40 89, 90
Inactivation of tumor suppressors
JMML Inactivation of NF-1, (Ras-GAP) 99-108

Ras proteins are small GTPases that cycle between 2 conformations induced by the binding of GDP or GTP. In the active, GTP-bound conformation, Ras binds to and
activates effector proteins such as Raf kinases, PI-3K, and Ral-GDS. Mutations in codons 12, 13, or 61 of the RAS genes lead to activated Ras proteins that have lost the ability
to become inactivated and thus stimulate growth autonomously. Activated tyrosine receptor kinases, which are upstream of Ras (eg, mutated c-Kit, c-FMS, FLT-3, or activated
fusion tyrosine kinases such as BCR-Abl, Tel-Abl, Npm-Alk, and Tel-PDGFRB), may also cause elevated levels of active, GTP-bound Ras and thus stimulate cell proliferation.
The loss of the tumor suppressor NF-1, a Ras-GTPase activating protein (Ras-GAP), also causes Ras activation.

involved in the regulation of the actin cytoskeleton, the SAPK/JNKesults, at least in part, from unregulated stimulation of t
pathway, and the p38 pathway (Figure 3). mitogenic signal transduction pathw@p!

Ras-GTP also binds to and activates the catalytic domain of Ras activation is frequently observed in hematologic malignan-
PI-3K. The lipid second-messenger molecules produced (eggs such as myeloid leukemias and multiple myelomas. In abgout
phosphatidylinositol phosphates Ptdins 34aRd Ptdins 3,4,54p one-third of the myelodysplastic syndromes (MDS) and ac@e
activate the phosphoinositide-dependent kinases PDK-1 and PDKxRseloid leukemias (AML),RAS genes are mutationally actl-\
which then activate Akt kinase and nonconventional isoforms @ated? 73 (Table 1. N-RASis mutated and activated in most of th@
protein kinase C (ncPKC). PI-3K has been implicated in dases, and the presence of the mutation is not associated W|tl’\8%1ny
apparently distinct cellular functions, including mitogenic signalparticular FAB type, cytogenetic abnormality, or clinical featur8
ing (DNA synthesis), inhibition of apoptosis, intracellular vesicléncluding prognosig! RASmutations occur in about 40% of newl@
trafficking and secretion, and regulation of actin and integrifiagnosed multiple myeloma patients, and the frequency incre@es
functions. These functions are most likely mediated by distingiith disease progressidfiMutations in NRAS—especially codon &
phosphoinositide products of PI-3KFigure 4). 61 mutations—are more frequent tharR&Smutations’4-78 &

In addition to activation by mutation, Ras is thought to tijé
deregulated by constitutive activation of proto-oncogenes &nd
Role of Ras activation in hematologic inactivation of tumor suppressor geri@8°Several types of humanz
malignancies cancers show oncogenic activation of RTKs or NRTKs. Constify-

tively activated versions of normal receptor tyrosine klnaﬁs

The constitutive activation of Ras appears to be an important facftntain single point mutations (eg, CSF-1 receptor, the NeU/Erb‘§2
for the malignant growth of human cancer cells. Recently, tH&ceptor, and the c-Kit receptor), duplications of juxtamembrahe
Ras-related proteins R-Ras, M-Ras, and TC21 have also bé&nain-coding sequences (eg, FLT3 receptor), or deletions of the
shown to possess transforming activities similar to those Bfdative regulatory regions in the ligand binding or the transmem-
Ras7-% However, their role in human malignancies is uncleaRrane domains (eg, Erb-B receptor). Point mutations of the CSF-1
Mutations of theRASproto-oncogenes (HRAS N-RAS K-RAg  receptor (c-FMS) at codons 301 and 969 were found in 10% to 20%
are frequent genetic aberrations found in 20% to 30% of all hum&hHAML or MDS.8-82Point mutations in the catalytic domain of the
tumors, although the incidences in tumor type vary gré&éiiiThe  c-Kit receptor are found in some cases of myeloproliferative
highest rate oRASmutations was detected in adenocarcinomas élisorders and in 10% of the patients with mastocyt&ss.

the pancreas (90%), the colon (50%), and the lung (30%). Furthermore, activating tandem internal duplication of the FLT3
follicular and undifferentiated carcinomas of the thyroid, theeceptor has been reported in 20% of AMiThe members of the
incidence ofRASmutations is also considerable (50%). The most-Kit/c-FMS receptor kinase family (eg, c-Kit, c-FMS, FLT3) are
commonly observedRASmutations arise at sites critical for Raslinked with components of the Ras-to-MAPK signaling pathway
regulation—namely, codons 12, 13, and 61. Each of these mutag, Grb-2 and Shc), suggesting that activating mutations of c-FMS
tions results in the abrogation of the normal GTPase activity of Reand FLT3 may induce activation of R&s8

While all the Ras mutants still form complexes with GAP, the In addition, translocations involving receptor tyrosine kinases
GTPase reaction of Ras cannot be stimulated by GAP, thus caugimgduce chimeric proteins in which varying N-terminal portions of
an increase in the half-lives of Ras-GTP mutdrtSransformation either the ligand-binding or the transmembrane domain are replaced

E/poogiawsuoueouqndqSE//:duq woJj papeojumoq




BLOOD, 1 SEPTEMBER 2000 + VOLUME 96, NUMBER 5 TARGETING RAS SIGNALING 1659

with novel protein sequencé® Several of these chimeric proteinsprove useful as anticancer agents against Ras-induced tumors. One
have been found in human hematologic malignancies. The Npm-Alkrategy to impede oncogenic Ras function in vivo is the inhibition
fusion protein, a fusion of the N-terminal portion of Npm with the entiref Ras posttranslational modification. It has been demonstrated that
cytoplasmatic domain of the receptor tyrosine kinase Alk, is generateditation of the evolutionarily conserved CAAX motif in Ras

by the 1(2;5) chromosomal translocation in anaplastic large cell lyrabolishes plasma membrane binding as well as transforming
phomet® 0 Tel-PDGFR is a fusion protein consisting of the transerip activity.114-121Although Ras undergoes several steps of posttransla
tion factor Tel (translocation, Ets, leukemia) and PD@FR well- tional modification, only farnesylation is necessary for its mem-
known receptor tyrosine kina8e® It is generated by the t(5;12) brane localization and cell-transforming activi&y. Therefore, it
translocation in a subset of chronic myelomonocytic leukemias th#is been proposed that the activity of oncogenic Ras could be
results in receptor dimerization and activation and thus leads to #i@cked by inhibiting the FTase responsible for this modification.
constitutive activation of the Ras-MAPK pathwinother Tel fusion However, many CAAX-containing proteins need additional palmi-
protein, Tel-Abl, is generated by the t(12;9) translocation in AN, toylation for stable membrane association.

Abl is an NRTK that is also mutated and activated in chronic FTase has become a very attractive target for the development
myelogenous leukemf&®” In Ber-Abl, the product of the 1(9;22) of anticancer agents because control of Ras farnesylation can
translocation, the N-terminal Bcr portion serves as an oligomerizatiggntrol the function of oncogenic R&¥:121 Numerous inhibitors
domain. Ber-Abl is a constitutively activated cytosolic tyrosine kinasgf Ras FTase have been synthesized or identified. These Ras FJase
that causes abrogation of growth factor dependence, blockadejrf¥fibitors can be grouped into 3 classes: (1) FPP analogues such as
differentiation, and direct inhibition of apoptosis. Although Ras mutg,-hydroxyfarnesyl) phosphonic acigketophosphonic ang-hy-

tions are extremely rare in chronic myelogenous leukemia, the iWO"éﬁ'bxyphosphonic acid derivatives, and J-10487%24(Figure 3);
ment of Ras has been demonstrated in Ber-Ablls by the presence of () caaX peptide analogues such as BZA-5B, BZA-ZB127

increased levels of GTP-Ras, which leads to the activation of the Ray31 734, | .731,735, L-739,7498-132| -739 787133 |-739,750,
kinases and other Ras effect®8’ Thus, the deregulation of Ras L-744,832129.134-137 B581 138 Cys-4-ABA-Met and Cys-AMBA-
function appears to be a common theme in the transformation %t,139FTI-276, FTI-277140-1438956, and its methyl ester B1096
activated receptor and. NRTKs Ras activgtion may cause elevated Gglbure 5B); in addition, nonpeptidic, tricyclic FTase inhibitor§
cycle progression and inhibition of apoptosig: 057 have been developed such as SCH44342, SCH54429, SCH59228,
In addition to oncogenes, tumor suppressor genes have alsty scHe63365149(Figure §; and (3) bisubstrate inhibitors suctg
be_en found to be involved in the deregulation of Ras. Neurofibrgs phosphonic acid analogues, the phosphinate inhibitors BS-
min, the product of the NF1 gene, encodes a Ras-GAP and,igzg7g ang BMS-186511, the phosphonate inhibitor BM@-

mutated in the autosomal dominant type 1 neurofibroma®®sisyg,467 phosphinyl acid-based derivatives, and the hydroxangine
Interestingly, neurofibromatosis type 1 is associated with z%?:id analogué&®-152(Figure 5C) !
a

increased tendency to develop myeloid leukemias, especi Yin addition to chemically synthesized compounds, sevef;al

i i i i i -107 o
Jlusvsmlf mh_)llglomor?tc:}(:)\/]tlcl:Mrrll_ye|0|d liUKem'? (JNIIM%' f,%bout ¢ natural products have been identified as FTase inhibitors. Thgse

070 of chiidren with JMML cases have clinical neuronibromalog, ., ye jimonendss manumycin (UCF1-C) and its related coms
sis¥ Additionally, inactivating mutations of the NF1 gene hav

n F1-A an F1-B#156ch melli id A and B
been found in 15% of JMML without clinical diagnosis 01‘epOu ds UC and UC > chaetomellic acid A and B,

neurofibromatosis, suggesting the existence of NF1 mutations
apprquately 30% of all JMML_ca_sééf.’-lOZThe mvolyement of acid}¢° lupane derivative&! saquayamycin&? valinoctin A and
Ras is demonstrated by the finding that leukemic cells frorI’PS analogueds®and ganoderic acid A and B4
children with neurofibromatosis type 1 show a moderate elevation gues; g '
in the percentage of GTP-R&8:1%Furthermore, 15% to 30% of Effects of FTase inhibitors in intact tumor cellsSeveral FTase g
JMML cases lacking the NF1 mutation have activatiR\S inhibitors were demonstrated to be active in intact cells (Table ).
mutations'®” The observation that human JMML cells exhibitThese compounds have been shown to modulate several crifjcal
hypersensitivity to GM-CSF suggests a common pathophysiologigpects of Ras transformation in whole cells, including selectiye
mechanism involving downstream Ras signafiffgi®® inhibition of anchorage-independent growth of Ras-transforngd
The pathophysiologic importance of the Ras-MAPK signalingproblasts in soft agar, morphologic reversion of the Ras-induced
pathway is underscored by the positioning of several oncogene gnotype, and inhibition of oocyte maturation induced by onco-
tumor suppressor gene products on this pathway (Figure fknic Ras without gross cytotoxic effects on normal cells. One of
Furthermore, it has recently been demonstrated that mut&A8l- the first FTase inhibitors found to be active in intact tumor cells, the
induces myeloproliferative disorders resembling human chronigpp analoguethydroxyfarnesyl) phosphonic acid, only partially
myelogenous leukemia, AML, and apoptotic syndromes similar {gnibited the farnesylation of Ras in H-Ras—transformed NIH3T3
human MDS in bone marrow—repopulated mig€These observa fiproplastsiés Subsequently, more potent FTase inhibitors have
tions make Ras and the Ras-MAPK pathway an attractive target {fen developed. L-739,749 inhibited growth of Ras-transformed
the development of new anticancer agents. rat fibroblasts and caused rapid morphologic reversion of the
transformed phenotypé® The compound B581 inhibited colony
o formation of Ras-transformed cells in soft ag#®BZA-5B and
Inhibitors of the Ras-MAPK pathway BZA-2B, both benzodiazepine peptidomimetic FTase inhibitors,
have been shown to slow the growth of H-Ras—transformed cells
at concentrations that do not affect the growth of nontransformed
Elimination of Ras function by homologous gene recombination @ells125-127.166.16The peptidomimetic FTase inhibitor B956 and its
antisense RNA has demonstrated that expression of activated Raséshyl ester B1086 inhibited the formation of soft agar colonies of
necessary for maintaining the transformed phenotype of tumb# human tumor cell lines expressing oncogenic forms of H-Ras,
cells110-113 |nhibitors of oncogenic Ras activity may thereforeN-Ras, and K-Ra&* Five human tumor cell lines expressing

|qndyse//:dpy wouy papeo
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zaragozic acids, pepticinnamins, gliotoxif, barceloneic acid§
Alls7 RPR11322858 actinoplanic acids A and B? oreganic

4pd'6591000.18

Inhibitors of Ras farnesyltransferase
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FTase substrates
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Figure 5. Structures of FPP-, CAAX-based, and bisubstrate inhibitors of FTase.

(A) Chemical structures of FPP and FPP-based inhibitors of FTase and PPMTase.
FPP is composed of a hydrophobic farnesyl group and a highly charged pyrophos-
phate moiety. The basic structural element in the FTase inhibitors is a farnesyl group,
a pyrophosphate isostere, and a linker. (B) CAAX-based FTase inhibitors. Structural
comparison between CAAX-based FTase inhibitors of the pseudopeptide class and
the CAAX tetrapeptides CIFM and CVFM. The potent, nonsubstrate FTase inhibitors
CIFM and CVFM were identified by systematic amino acid replacements within the
CAAX sequence. In FTI-276 and FTI-277, the AA residues of the CAAX motif have
been replaced by a hydrophobic linker. (C) In bisubstrate FTase inhibitors, the
farnesyl group of FPP and the tripeptide group of the CAAX motif are connected via
alinker.
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duced by Vall2-Ha-Ras-CVLS but not Vall2-Ha-Ras-CVLL, a
form of Ras engineered to bind to GGTase |, indicating that the
compound is a specific inhibitor of H-Ras modification by FTase
rather than K-Ras modification by GGTdde.

Similarly, several bisubstrate inhibitors of FTase were shown to
inhibit oncogenic Ras-induced growth in vivo. The phosphinyl
acid—based bisubstrate analogue FTase inhibitors Nos. 17 to 19
were found to inhibit the anchorage-independent colony growth of
Ha-RAS-transformed NIH3T3 cell®%-152 The bisubstrate FTase
inhibitor BMS-186511 inhibited FTase activity in whole cells and
produced strong inhibition of Ras-transformed growth. Although
both H-Ras— and K-Ras-transformed cells were affected by
BMS-186511, K-Ras cells appeared to be less sensfthveMS-
186511 did not produce any signs of gross, unspecific cytotoxicity
in untransformed normal cells.

The FTase inhibitor L-744,832 blocked the anchorag@-
dependent and -independent growth of 31 of 42 human tumor éell
lines136The origin of the tumor cell and the presence or absencegof
mutationally activated Ras did not correlate with the response&to
the FTase inhibitor. Interestingly, cell lines with wild-type Ras a@d
activated receptor tyrosine kinases were also sensitive to L-744,832.
In contrast, nontransformed epithelial cell lines were far Ie@s
sensitive. Recently, L-739,749 and L-744,832 have also b@en
reported to inhibit the colony growth of juvenile myelomonocytig
leukemia cells, which are known to exhibit deregulated cytoklﬁe
signal transduction involving the Ras pathw&j/.

©/poojg/su”

Biologic mechanisms of FTase inhibitors in intact cellsRecent
investigations into the biologic mechanism of the growEh
inhibition of Ras-transformed cells have shown that farnesyfa-
tion of K-Ras and N-Ras is more resistant to FTase inhibitcﬁ‘s
than farnesylation of H-Rai§%144.167.168]n part, this phenom %
enon is a result of a 10- to 50-fold higher affinity of FTase f@r
K-Ras4B than for other Ras isoform®:170|n the absence ofg
FTase inhibitors, all Ras proteins are present only in tRe
farnesylated form. However, K-Ras and N-Ras (but not H-Rzi‘:&s)
become geranylgeranylated by GGTase | in vivo in a doge-
dependent manner when intracellular farnesylation is inhibit§d
by an FTase inhibitof?6169171 Subsequently, both FTase ang
GGTase | inhibitors are required for inhibition of K-Rag

wild-type Ras required higher concentrations of the drug to inhigrocessing®®172 The lack of growth inhibition and grosSE
colony formation. About 50% of K-Ras-transformed cell line§ytotoxic effects of FTase inhibitors on normal cells is thougﬁt
were observed to be as resistant as non—Ras-transformed cell lifgd2€ a result of the resistance of K-Ras processing to FTgase

It has been suggested that nontransformed cells may productbitor

5167 Z

form of Ras that is isoprenylated even in the presence of FTase Treatment of Ras-transformed cells with FTase 'nh'b'tOES
inhibitors144 Additionally, this phenomenon may be due to funcresults in selective suppression of Ras-dependent oncogenic signal-

tional redundancy within th&ASfamily. The tricyclic inhibitor

ing. This includes the inhibition of Ras processing, which results in

SCH44342 specifically blocks morphologic transformation ind decrease in the relative amount of fully processed Ras; the

Br Cl

\B
N
Br

O
o

(0]
SCH66336

SCH44342

Figure 6. Nonpeptidic, tricyclic FTase inhibitors. FTase inhibitor SCH44342 had
no in vivo efficacy. Further substitutions led to SCH66336, a highly potent FTase
inhibitor, which was found to have therapeutically useful serum levels and half-lives
when given orally to rodents and primates. SCH66336 is being tested in human
clinical phase Il trials.

progressive, dose-dependent cytoplasmatic accumulation of unproc-
essed Ras and inactive Ras-Raf complexes; inhibition of the
Ras-induced constitutive activation of MAP}R140.141,146,123g1d
decreased transcriptional activity of both c-Jun and EIRE1.
Transformation by mutationally activated Raf, MEK, Mos, or Fos
(all of which are downstream effectors of Ras) is not blocked by
FTase inhibitorg?29.136

Although FTase inhibitors block Ras farnesylation and the
Ras-induced transformed phenotype, proteins other than Ras may
be targets of these compourid$17>FTase inhibitors block anchor
age-independent growth of many human tumor cell lines in soft
agar culture, but there is no correlation between biologic suscepti-
bility and the presence of Ras mutatidA44In addition, anchor
age-independent growth of K-Ras—transformed cells is abrogated
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Table 2. Effect of FTase inhibitors on intact cells

Ras 1Cso
Compound Cell type RAS mutation activation pmol/L Reference nos.
L-731,734 Fibroblasts V-RAS + 1 128
L-739,749 Rat-1 fibroblasts + 25 130
167
JMML cells + 1-10 132
B581 NIH3T3 cells f-RAS + - 138
BZA-5B Rat-1 cells H-RAS + - 125, 126
BZA-2B 166, 167
B956, B1086 Human tumor cell lines H-RAS + 0.2-0.7 144
N-RAS + 3-7
K-RAS + 1.7-50
SCH44342 Cos cells H-RAS + - 145
Various human tumor cell lines H-, N-, K-RAS +/— 1 136
L-744,832 JMML cells + 1-10 132
Compound no. 46 NIH3T3 H-RAS + 0.19 187
FTI-277 Glioma cell lines 2.5-15.5 142
Compound no. 10 Rat-1 cells V-RAS + 2.5-5 185
Compound 5m NIH3T3 cells H-RAS-F + 0.18 186
FTS* Rat-1 cells N-RAS + 30-40* 188
Human melanoma cell lines N-RAS +/= 100*

Several FTase inhibitors have been demonstrated to revert specifically the Ras-transformed phenotype and anchorage-independent growth in fibroblasts and human
tumor cell lines. Cell growth inhibition may be a result of induction of apoptosis or arrest in the G1 phase of the cell cycle.

+ indicates positive for activated Ras; —, negative for activated Ras.

*FTS, S-farnesylthiosalicyclic acid, is an inhibitor of PPMTase.

0]q/38u°suonesiqndyse//:dny woly pepeojumoq

by FTase inhibitors even though K-Ras processing is not dffects of FTase inhibitors in animal modelsFTase inhibitors &
fected!’? Although it is unclear whether soluble species ohave also been shown to inhibit the growth of Ras-induced tum@rs
oncogenic Ras exert any biologically significant effect in drugn mouse xenograft models and, more dramatically, in transgegic
treated cells, it has recently been shown that nonfarnesylated H-Reguse models (Table 3). Manumycin was reported to inhibit tgle
proteins can be palmitoylated and thus are biologically activerowth of K-Ras-transformed fibrosarcoma transplanted into nigle
These proteins bound modestly to the plasma membranes (40%§e by approximately 70% compared with untreated contfdls=
but were still able to trigger exaggerated differentiation of PC1Bhe CAAX peptide analogue L-739,749 specifically suppressed
cells and potent transformation of NIH3T3 fibroblasts. the tumor growth of H-Ras—, N-Ras—, and K-Ras—-induced Rag1
Recently, it has been suggested that the antitransforming effe¢@dl tumors in nude mice by 51% to 66%. Interestingly, §
of FTase inhibitors are mediated at least in part by alteration bf739749 exhibited no evidence of systemic toxicity. The peptic®-
farnesylated Rho proteins, including Rh&B175.177.178n contrast mimetic FTase inhibitors B956 and 8108§ were shown to inhilgt
to Ras proteins, RhoB exists normally in vivo in a farnesylate@mor growth of EJ-1 human bladder carcinoma, HT 1080 huran
(RhoB-FF) and a geranylgeranylated version (RhoB-&6). fibrosarcoma and, to a lesser extent, HCT116 human cofbn

RhoB-GG is essential for the degradation of p27KIP1 and faciffarcinoma xenografts in nude mice. Inhibition of Ras processig

tates the progression of cells from G1 to S phase. Treatment wif rrtlelated w:‘tr;hth? 'tnh'b't'?g O(f:\t/h;@;ut?m growth ZyNBQB&GE
FTase inhibitors results in a loss of RhoB-FF and a gain (ffna ogues ot the tetrapeptide » (he compound NOs. 254

R106-GO1 Epression o & maant R0B-GO proen nobced %1 10%8 DD o acfrege maenengen oo
phenotypic reversion, cell growth inhibition, and activation of the y

cell cycle kinase inhibitor p21WAF1 in cells sensitive to FTaS{ngtrI\\ggrrlr?e dag;fkllygf@;n Jcili?)ig?f dzln I?g&g;ﬁpg::neﬂﬁ:ﬁ
|nh|b|t0rs,. |n9|gd|ng Ras-trgnsformedl Cér§‘180P2,1WAF1 med+. _inhibitor, suppressed tumor growth in nude mice transplanted with
ates the inhibition of cyclinE-associated protein kinase aCt'V't)éfctivated HRAS transformed NIH3T3 cell&®41n contrast to these
PRB_hypophosphorylation, and inhibition of DNA replication, oo is however, treatment of irradiated mice engrafted with NF-1
which results in G1 arredt®In adqun to the |nd.UCt.|0.n of the Gl deficient hematopoietic Ce”S—q—) with the FTase inhibitor (FTI)
block, treatment of tumor cells with FTase inhibitors induceg 744 g3 failed to revert a myeloproliferative disorder similar to
apoptosis by upregulating Bax and Bcl-xs expression and By 190 Although L-744,832 abrogated the GM-CSF—induced
activating caspas€3 1183 growth, H-Ras processing and MAPK activation of NF-1/{)
Synergy of FTase inhibitors with established anticancer treafamatopoietic cells, this FTI did not reduce the constitutively
ments such as radiation and chemotherapeutic treatment s ated MAPK activity levels in these cells. This may be due to
recently reported. Agents that prevent microtubule depolymerizgre resistance of N-Ras and K-Ras processing to inhibition by
tion, such as taxol and epothilones, act synergistically with FTaga FT]19
inhibitors to block cell growth. FTase inhibitors cause increased In addition to the mouse xenograft models, FTase inhibitors
sensitivity to induction of the metaphase block by taxol anHave been tested in transgenic mouse models. The CAAX-based
epothilones8 In addition, FTase inhibitors have been shown t&Tase inhibitor L-744,832 induced regression of mammary and
increase the radiosensitivity of human tumor cells with activatingalivary carcinomas in MMTV-v-H&ASmice. These mice harbor
mutations ofRASoncogenes$*? the viral HaRAS oncogene under the control of the mouse
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Table 3. Effect of FTase inhibitors in animal models

BLOOD, 1 SEPTEMBER 2000 + VOLUME 96, NUMBER 5

RAS Dose Growth
Compound Model/tumor mutation/activation (mg/kg/d) inhibition Reference nos.
Manumycin Nude mice/K-Ras fibrosarcoma K-RAS/+ 70% 154
Balb/c nude mice/pancreas K-RAS/+ 1,2,5 191
(MIAPaCa-2) carcinoma
L-739,749 Nude Harlan mice/Rat-1 cell tumors H-RAS/+ 20 51%-66% 129
N-RAS/+
K-RAS/+
B956, B1086 Nude mice/bladder (EJ-1) H-RAS/+ 100 144
fibrosarcoma (HT1080) N-RAS/+
colon (HCT 116) K-RAS/+
L-744,832 MMTV-v-H-RAS transgenic mice/ v-H-RAS/+ 10-40 —5.4vs16.7 135
mammary, salivary 40 —7.7vs11.8 134
carcinoma —9.9vs33.3
—12.3vs 26.3
—10.2vs 43.6
FTI-276 Nude Harlan Sprague-Dawley K-RAS/+ 10, 50, 100 75% 140 g
FTI-277 mice/lung (A-549, Calu-1) tumors H-RAS-F/+ 50 80% 2
NIH3T3 cells :‘%’
FTI-276 A/J mice lung adenomas 50 58% 200 %
FTI-276 Nude Harlan Sprague-Dawley K-RASI+ 70 70%-94% 168 3
GGTI-297* mice/lung (A-549, Calu-1) tumors 56%-70%* -?i:
Compound no. 46 Athymic Balb/c H-RASI+ 45 T/CtT = 154% 187 3,\’
Compound no. 51 Rat-1 cells 45 TICT = 142% §
Compound 83b, 85b Nude mice/colon (DLD-1, SW-260) K-RAS/+ 10, 50 72% 148 %
H-Ras-CVLS fibroblasts 95% g
H-Ras-CVLL fibroblasts 50% Z
SCH66336 Nude mice/colon (DLD-1, HCT 116) K-RASI+ 2.5,10, 40 76% 147 %
pancreas (MIA PaCa-2) K-RAS/+ 75% §
NIH3T3 H-RAS/+ 100% g
Compound no. 4 Nude mice/colon (DLD-1) K-RAS/+ 10, 50 70% 146 %
SCH66336 Nude mice/lung (A549, HTB177) K-RAS/+ 40 70%, 83% 192 'g
pancreas (AsPC-1, HPAF-II K-RAS/+ 72%, 67% §
Hs 700T, MIA PaCa-2) 67%, 78% g
colon (HCT116, DLD-1) K-RAS/+ 84%, 76% g
prostate (DU-145) no mutation 86% %
urinary bladder (EJ) H-RASI+ 100% §
wap-H-RAS transgenic H-RASI+ 2.5, 10, 40 67%-86% B
mice/mammary, salivary tumors g
SCH59228 Athymic mice/colon (DLD-1) K-RAS/+ 10, 50 >90% 149 S
H-Ras and K-Ras H-RAS/+ a
fibroblast tumors K-RASI+ 19’;
L-744,832 MMTV-N-RASN transgenic N-RAS/+ 40 —0.7vs 28.3 137 g
mice/lymphoid and mammary E
tumors o
L-744,832 MMTV-TGFa/neu transgenic —/+ 40 —7.4vs 19 183 %
mice/mammary tumors §
Compound 5m Nude mice/NIH3T3 H-RAS-F 150 88 186 N
FTS* SCID mice/melanoma N-RAS 5% 82-90 188 §

(518A2, 607B)

Several FTase inhibitors have shown in vivo antitumor activity in mice. These inhibitors have been demonstrated to cause regression of tumors that depend on activated
Ras in mouse xenograft and transgenic mouse models. The growth inhibition is given in percent of controls or as the comparison of the tumor mean growth rate (in mm3/day) in
the presence or absence of the FTase inhibitor. Cell growth inhibition may be a result of induction of apoptosis or arrest in the G1 phase of the cell cycle.

*FTS, S-farnesylthiosalicyclic acid, is an inhibitor of PPMTase.

1T/C indicates relative median survival time of treated (T) versus control (C) groups (% T/C values). The activity criterion for increased lifespan was a T/C of =125%.

mammary tumor virus (MMTV) long terminal repeat and developargets of the compound. More recently, L-744,832 was shown to
spontaneous mammary and salivary carcinoffak) agreement induce regession of mammary tumors in MMTV-TGékand MMTV—

with earlier observations, no systemic toxicity was observed iFGF-w/neu transgenic micg3 Because the mammary tumor cells
these mice. Furthermore, L-744,832 was also effective in maimarbor an activated receptor tyrosine kinase but wild-type Ras, a feature
mary and lymphoid tumors overexpressingR&Sin MMTV  common in breast cancer, these npcevide a useful model system
transgenic micé3” In contrast to H-Ras, N-Ras remained mostljor breast cancer research. Tumor regression by L-744,832 was
processed. Consistent with these findings, the antineoplastic efféemonstrated biochemically by inhibition of MAPK activity and
was less intense in the RASmodel than the HRASmodel!3>137  biologically by an increase in Gl-phase, a decrease in S-phase
This observation suggests that proteins in addition to Ras may foections, and induction of apoptos#.
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In both cell culture and mouse models, there is essentially mells in GO/G1 phase of the cell cycle and to induce apopto-
cytotoxicity or apparent systemic toxicity at doses capable sfs142180.196.198.19n nude mouse xenografts, the GGTase inhibitor
reverting Ras-induced transformation or of causing tumor regrésGTI-297 suppressed human lung A-549 and Calu-1 carcinoma
sion. FTase inhibitors seem to selectively target a unique aspectwhor growth by 60%. However, both FTase and GGTase inhibitors
the transformed cell physiology. were required to inhibit K-Ras processitf§.Treatment of cells

. ) o . with GGTI-298 blocks PDGF- and EGF-dependent tyrosine phos-
Mechanisms of resistance to FTase inhibitor#s with any drug, - phorylation of their respective receptors and induces GO/G1-phase
the development of tumor resistance to FTase inhibitors is apest and apoptosi&e-1% GGTI-298 has also been shown to

important issue. To date, the relative frequency, the mechanismgjyce the cyclin-dependent kinase inhibitor p21WAF but
and the development of tumor resistance to FTI are unclegp po7|pLoo

K-RAS-transformed cell lines have been shown to be more

resistant to FTase inhibitors th&ahRAS- or N-RAS-transformed Inhibitors of the prenylated protein methyltransferase

cells:2614417This phenomenon is thought to be aresult of a highefhe  ¢.terminal prenylated protein methyltransferase (PP-
affinity of FTase for K-Ras than for other Ras isofort#s:’In \1rase) is another potential therapeutically relevant target in the
addition, K-Ras and N-Ras become geranylgeranylated in theyelopment of inhibitors against the posttranslational process-
presence of FTI*17:Subsequently, both FT1 and geranylgeranyling of Ras. N-acetytrans, trans{armesylt -cysteine (AFC) is a
transferase inhibitor (GGTI) are required for inhibition of K-Ragypstrate for PPMTase and acts as a competitive inhitfitors
processing®®*"?Recently, a varianiRAStransformed cell line was ajthough AFC has been shown to inhibit Ras methylation
identified that was resistant to phenotypic reversion by¥iThis Ras-transformed NIH3T3 fibroblasts, it does not inhibit tie
phenomenon was not due to mutation of the FTase subuniggowth of these cell® New farnesyl derivatives of rigid$
changes in intracellular drug accumulation, or amplification of thearhoxylic acid, eg, Srans, transfarnesylthiosalicylic acid Z
multiple-drug resistance gene. The precise mechanism of resistafices), were found to inhibit the growth of H-Ras—transformed

in these cells remained unclear. However, mutational alteration @é”s and to reverse their transformed morpho|ogy by a mecé_a_
FTase might also lead to resistance toward FTI. The Y361L mutafism unrelated to the inhibition of Ras methylation by p%_

of FTase has been shown to exhibit increased resistance to Mfase2203 (Figure 5). It is thought that FTS specificallyg
while maintaining FTase activity toward substrates possessing C|Hgeracts with Ras farnesylcysteine binding domains and affezts
carboxy-terminit®* Withdrawal of FTI from successfully treated membrane anchorage of R#2:2% In addition, it has been§
tumor-bearing mice led to subsequent tumor growth in the abserre@orted that FTS dislodges Ras from H-Ras-transformed gell
ofthe drug. Asecond FTI treatment resulted in a second respons@iembranes and renders the Ras protein susceptible to pradeo-
some mice, but some tumors were found to become resistantiyitic degradatior’8® At the same concentration, growth ana
FTI.13Therefore, chronic, uninterrupted treatment with FTI mightnorphology of non—Ras-transformed or nontransformed cé}jls
be required. were not affected by FT®2 Despite the lack of FTS-inducecﬂm

Inhibitors of geranylgeranyl transferase |

Until recently, the emphasis has been on designing specific FTase HS

inhibitors to block Ras processing. This strategy was employed to H H
avoid possible toxic effects originating from inhibition of GGTase szj\’ '\f N N
|. Because KRAS mutations are most common in human can- H o
cers®613 critical goal is the development of inhibitors that block

the growth of human tumors that harbor K-Ras. The resistance of
K-Ras to FTase inhibitor$’ the lack of potency of FTase

¥20Z AN 6Z uo 1senb Aq ypd-G591.000.18Y/LZ9L991L/SS!

inhibitors against K-Ras—transformed céftéand the observation HS H

that K-Ras becomes geranylgeranylated in the presence of FTase H N]\,N Ro 4
inhibitors'26.169-172ed to the development of GGTase | inhibitors 2 \(l(n

(Figure 7). GGTI-279, GGTI-287, GGTI-297, and GGTI-298 are OR4, 3
CAAL-based peptidomimetics that are selective for GGTase | over o

FTasel’3195199n contrast, FTI-276 and FT1-277 are CAAM-based

peptidomimetics that are potent and selective inhibitors of FTase

over GGTase }73H-Ras processing in human tumor cell lines was Ry=H Rg=CHa

highly sensitive to FTI-277 and resistant to GGTI-286, whereas

K-Ras4B processing was more sensitive to GGTI-286 than FTI- HFO R4

277173 Processing of H-Ras and N-Ras was inhibited by FTI-277,

but inhibition of K-Ras processing required both FTase and

GGTase | inhibitors. Whereas FTI-277 preferentially blocks activa- R, & R, GGTI-287 R, & R, GGTI-298

tion of MAPK by oncogenic H-Ras, GGTase inhibitors selectively

inhibit the activation of MAPK by oncogenic K-Ras4® Al-

though GGTI-298 had very little effect on soft agar growth of R, & R; GGTI-286 R, & R, GGTI-297

several human tumor cell lines harboring?AS N-RAS or K-RAS  Figure 7. CAAL-based inhibitors of GGTasel.  GGTase | catalyzes the geranylgera-
mutations, the combination of FTI-277 and GGTI-298 resulted mla.tion .of proFeins terminating with CAAX sequgnces where X is restricted. to
significant soft agar growth inhibiticH2Both FTase inhibitors and leucine, isoleucine or, to a lesser extent, phenylalanine. In cells, geranylgeranylation

A of proteins is far more common than farnesylation. Proteins modified by GGTase |
GGTase inhibitors have been reported to arrest Ras-transforme@de Rap1A, Rap1B, Racl, Rac2, G25K, and RhoA.
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cytotoxicity in nontransformed cells, FTS reduced Ras levels significantly higher affinity for all forms of MEK (44- to 357-fold)
cell membranes and inhibited Ras-dependent cell gré¥tm than does PD098059. U0126 and Ro 09-2210 have an inhibitory
contrast to FTase inhibitors (eg, BZA-5B), FTS also inhibitedoncentration of 50% (I6) of 50 to 70 nmol/L, whereas PD098059
the growth signaling of receptor tyrosine kinag@sFTS was has an IG, of 5 pmol/L.212-214PD098059 and U0126 impede the
shown to decrease total cellular Ras levels, MAPK activitgrowth of Ras-transformed cells in soft agar but show minimal
Raf-1 activity, and DNA synthesis in Ras-transformed EJ-gffects on cell growth under normal culture conditid#s2!2 In
cells. This inhibition was also demonstrated in serum-, EGFepntrastto U0126 and PD098059, Ro 09-2210 is also able to inhibit
and thrombin-stimulated, untransformed Rat-1 c&f€%5 S- other dual-specificity kinases such as MKK-4, MKK-6, and
farnesyl-thioacetic acid (FTA), another competitive inhibitor oMKK-7, albeit at 4- to 10-fold higher I€; concentrations com
PPMTase, has been shown to suppress growth and induged with its effect on MEK-£4
apo_pto_SIS in HL-60 cell&® Five-chloro— and 4- or 5-f|u0!’o— Inhibitors of Ras transformation with unknown mechanisms
derivatives of FTS and a C20 S-geranylgeranyl derivative of ...
thiosalicyclic acid also cause inhibition of Ras-dependent
MAPK activity, DNA synthesis, and EJ-1 cell growth. HoweverScreening tests for drugs that rev&AStransformed cells to a
several other derivatives were inactive, suggesting stringemirmal phenotype led to the identification of a number of com-
structural requirements for the anti-Ras activity of S-prenydounds, such as azatyrosine, oxanosine, and anfipad#’. The o
analogue’”Recently, FTS was shown (1) to reduce the amoumiechanism by which these compounds revert R#eSinduced 3
of activated N-Ras and wild-type Ras isoforms in humaphenotype is not understood. The pyrazolo-quinoline compoupd
melanoma cells and Rat-1 fibroblasts, (2) to disrupt ERECH51344 was identified based on its ability to depress hunian
signaling, (3) to revert their transformed phenotype, and (4) &mooth muscle-actin promoter activity irRAStransformed cells. 3
cause a significant reduction in the growth of human melanonfaeatment ofv-abl-, v-mos; v-raf-, RAS; and mutant active §
in SCID micel88.205 MEK-transformed NIH3T3 cells resulted in growth inhibition oE
The dorrigocins are novel antifungal antibiotics that were fourifiese cells in soft agét® SCH51344 had very little effect on th%
to reverse the morphology of Ras-transformed NIH3T3 fibroblas®@gtivities of proteins in the ERK pathway. The ability of SCH5134g}
Dorrigocin A did not inhibit protein prenylation or protein syntheto inhibit the anchorage-independent growth of RAC- Vl%‘
sis but was instead found to inhibit the C-terminal methylation iffansformed Rat-1 cells suggests that the point of inhibitiong mls

O|UMO

K-Ras-transformed celf§8 downstream from RAG®

N ) B The nonsteriodal, anti-inflammatory drug sulindac has b@n
Selective inhibitors of Ras C-terminal sequence-specific demonstrated to attenuate the growth and progression of col(gnlc
endoprotease neoplasms in animal models and in patients with familial adenorﬁa

tous polyposig?9221 Recently, it has been shown that sullndﬁ
sulfide (the active metabolite of sulindac) inhibits Ras S|gnallag
and transformation by noncovalent binding to the Ras protéﬁn

cancer cell€%® These compounds have been reported to alm %lrthermore it has been demonstrated that sulindac sulfldelmmlrs

completely block the anchorage-independent clonogenic growth o?s Raf binding, Raf activation, and nucleotide exchange on Ras
P y 9 P 9 9 nd that it accelerates the Ras-GTPase reaétfoBulindac is

these can((:)gr cells. REPIs may selectively induce apoptosis 'ang investigated in a randomized study for the prevention &f
these cell$! colon cancer (protocol RUH-SSH-190-0698, NCI-V98-1425).
Selective inhibitors of MAPKKS, or MEK Disruption of the Ras-to-MAPK signaling pathway has alga
been shown for the benzoquinone ansamycin geldanamygin.
PD098059 is a synthetic inhibitor of the Ras-MAPK pathway thateldanamycin binds to HSP90 and disrupts the HSP9O-R&-1
selectively blocks the activation of MEK-1 and, to a lesser exterthultimolecular complex, which causes destabilization of Rafsl
the activation of MEK-210.211The inhibition of MEK-1 activation through enhanced degradation of R&®iHowever, the geldana 3
was demonstrated to prevent activation of MAPKs ERK-1/2 anglycin-HSP90 complex also causes depletion of other HSFE90
subsequent phosphorylation of MAPK substrates both in vitro ar@ibstrates such as protein kinases and nuclear hormone rece‘gtors
in intact cells. In contrast to FTase inhibitors, PD098059 inhibite@including mutant p53 and ErbB234 Several National Cancer®
stimulation of cell growth by several growth factét82'Further  Institute—sponsored clinical phase | trials are currently studying the
more, PD098059 reversed the transformed phenotype of Raffects of geldanamycin analogues in patients with advanced
transformed BALB3T3 mouse fibroblasts and rat kidney célls. malignancies.
PD098059 failed to inhibit the stress, and IL-1 stimulated JNK/
SAPK and the p38 pathway¥) demonstrating its specificity for
the ERK pathway. PD098059 has subsequently been used as a@thlusions and future directions
to study MAPK signaling in various cell types and in carcinogenesis.

Recently, 2 novel inhibitors of MEK-1 and MEK-2 have beerFTase and GGTase inhibitors have strong growth inhibitory and
identified: U0126'221%and Ro 09-2216'*Ro 09-2210, which was antitumor activity in cell culture and animal tumor models without
identified by screening microbial broths, exhibits potent antiprolishowing nonspecific gross toxicity in animals. The specificity and
erative effects on activated T ceffs'Similarly, U0126 was found the lack of nonspecific toxicity contrasts dramatically with the
to inhibit T-cell proliferation in response to both antigenic stimulanonspecificity and high toxicity of currently available chemothera-
tion and cross-linked anti-CD3 plus anti-CD28 antibodis. peutic drugs. The recent development of orally bioavailable FTase
U0126 and PD098059 are noncompetitive inhibitors with respeictibitors with potent and selective in vivo antitumor activity
to both MEK substrates (ATP and ERK) and bind to free MEK asnderscores their potential usefulness in the future treatment of
well as MEK*ERK and MEK*ATP complexes. U0126 displayshuman malignancies. The observation that FTase and GGTase

UM96001, TPCK, and BFCCMK are Ras C-terminal sequence
specific endoprotease inhibitors (REPI) and potently inhibit ras
transformed rat kidney cell growth as well as growth of hum

218U/,
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Table 4. FTase inhibitors in clinical trials

Compound Phase Malignancy Status Protocol ID
R115777 | Solid advanced tumors Completed NCI-97-C-0086B*
R115777 | Refractory solid tumors (children) Active NCI-98-C-0141*
R115777 | Refractory or recurrent acute leukemia or Active MSGCC-9802

accelerated or blastic phase chronic NCI-T99-0030*
myeloid leukemia MSGCC-0398115
URCC-980300
R115777 | Advanced cancer Active UTHSC-9785011335
NCI-V98-1501
JRF-R115777
SACI-IDD-98-03
L-778,123 | Refractory or recurrent solid tumors or Active MSKCC-98116
lymphomas NCI-G99-1572*
MERCK-003-04
SCH66336 | Advanced cancer Active MSKCC-99020

NCI-G99-1540*
SPRI-C98-564-01

SCH66336 1] Metastatic adenocarcinoma of the Active MSKCC-98115
pancreas NCI-G99-1571*
SPRI-C98-545-12
SCH66336 1] Metastatic adenocarcinoma of the Active CWRU-SCH-1298
pancreas NCI-G99-1534*
SPRI-C98-545-18
SCH66336 1l Metastatic adenocarcinoma of Not yet active UCLA-9906030
the pancreas refractory to NCI-G99-1610*
gemcitabine SPRI-P00346
SCH66336 1l Previously treated, inoperable, locally Not yet active CAN-NCIC-IND128
advanced, or metastatic transitional SPRI-CAN-NCIC-IND128

cell carcinoma of the bladder

Three orally bioavailable FTase inhibitors have entered several phase /1l clinical trials. Most of these trials are National Cancer Institute—sponsored (*). The malignancies
comprise a wide variety of human solid tumors (eg, primary brain tumors such as gliomas, neurofibromas, neurofibrosarcomas and malignant schwannomas, neuroblastomas,
Wilms tumors, germ cell tumors, adenocarcinomas of the pancreas) and hematopoietic diseases such as acute leukemias and chronic myeloid leukemia in acceleration and
blastic phase.

G91/G/96/pd-0[011E/POO|qJoU"SUONEGNAYSE//:dNY WOl) papEs|UMOQ

inhibitors induce apoptosis in treated tumor cells as well asramain largely unaffected. Non-Ras targets of FTase ahd
GO-G1 arrest suggests that they are not merely cytostatic lEGTase inhibitors may include other cellular proteins (eg, Rh®)
cytotoxic for tumor cells. However, the absence of toxicity due tthat are farnesylated or geranylgeranylat&d.’s.178.229-231
FTase inhibitors in normal cells and tissues in mice at doses thatFTase inhibitors (eg, R115777, L-778,123, and SCH663:$)
inhibit tumor growth is poorly understood. Ras knockout experhave entered several phase I/l clinical trials (Table 4). Th@e
ments have demonstrated thalRAS- and NRAS-deficient mice trials are still ongoing, and preliminary results have not beg@n
are born and grow normally, whereasRAS-deficient embryos die published. Because favorable synergistic effects have bgen
between embryonic day 12.5 and term. This finding suggestsascribed for combinations of FTase inhibitors with tradltlonél
partial functional overlap within thRASgene family??>228How-  anticancer treatments such as radiation and chemothé&fafsy, 5
ever, HRASand NRAScannot compensate for the loss oRA&S it will be interesting to see if these results translate |ngo
function in K-RAS-deficient mice. Functionally redundant pathimproved patient outcome in clinical trials. The high prevalen&e
ways might allow normal cells to tolerate treatment with FTasef mutationally activated Ras in solid tumors has been T.Ee
inhibitors. driving force of Ras inhibitor research. However, recent studigs
Because mutateASgenes have a high prevalence in humain cell culture and animal models suggest that transformed célls
cancers (eg, pancreatic, lung, and colon cancers), inhibitagith an activated Ras pathway (eg, via mutations upstream of
specific for FTase, GGTase, and MEK were initially designed tRas) are also highly sensitive for FTase inhibitors. The involve-
block the Ras-to-MAPK signaling in solid tumor cells. Morement of NRASin the molecular pathophysiology of myeloid
than 90% ofRASmutations found in human tumors occur inleukemias and multiple myeloma suggests that these malignan-
N-RASor K-RAS Whereas the reversion of the RIAS-induced cies may also represent promising targets for inhibitors of Ras
transformation by FTase inhibitors correlates well with theignaling. While it is impossible to predict the outcome of the
intracellular inhibition of H-Ras processing, N-Ras and K-Raslinical trials, the biologic properties of these inhibitors are
are cross-prenylated by GGTase | in cells treated with FTapetentially informative because transformation-specific mecha-
inhibitors. However, many of these RAS- or K-RAS- nisms are targeted.
transformed cell lines (and even tumor cell lines that do not
harbor RAS mutations) are sensitive to FTase inhibitors. Cell
biology studies suggest that FTase and GGTase inhibitors may
act at additional levels beyond the inhibition of Ras processingcknow|edgment
The exact mechanism of action has emerged as a question of
major interest, especially because transformed tumor celiée thank Dr Kristine A. Henningfeld for help with the figures and
respond to treatment with these inhibitors while normal celf®r critical reading of the manuscript.
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