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I. Abstract

Many eukaryotic proteins are initially synthesized with a “CaaX motif”
or CXC residues at the C-terminus and undergo a series of sequential
posttranslational modifications that result in an isoprenylated and methyl-
ated cysteine residue at their C-terminus. Isoprenylcysteine carboxyl
methyltransferase (Icmt) is the sole enzymatic component responsible for
the carboxyl methylation of these proteins. As many CaaX- and CXC-
containing proteins require membrane localization for their function,
these modifications are thought to work in concert to promote membrane
association. In particular, methyl esterification of the prenylcysteine resi-
due neutralizes the negative charge at the C-terminus. In addition to
promoting membrane localization, methyl esterification may also facilitate
necessary protein—protein interactions with other cellular proteins. The
requirement of methylation for localization or function varies greatly for
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different prenylcysteine-containing substrates and more work is required to
fully assess how methylation affects the function of these different proteins.
This review covers both the biochemistry of Icmt and cellular roles of
isoprenylcysteine carboxyl methylation.

II. Introduction

Many eukaryotic proteins are initially synthesized with a C-terminal
“CaaX motif,” where C is cysteine, “a” is generally an aliphatic residue,
and X is one of a number of amino acids [1]. This motif signals a series of
sequential posttranslational modifications that include isoprenylation of
the cysteine residue by either farnesyltransferase (FTase) or geranylgera-
nyltransferase I (GGTase I), followed by endoproteolysis of the aaX
sequence and last, methyl esterification of the newly exposed cysteine
residue by Icmt. Over 300 proteins have been found to contain a CaaX
motif and are therefore putative substrates for this processing pathway [2].
The confirmed substrates for these modifications include the a-factor yeast-
mating peptide, Ras proteins and closely related GTPases, Rho family
GTPases, Rheb, the y subunits of heterotrimeric G proteins, the nuclear
lamins, and a few enzymes such as rhodopsin kinase. Thus, CaaX proteins
that are substrates for Iemt include a broad range of signaling molecules
that regulate, among other processes, cell growth, the actin cytoskeleton,
nuclear architecture, and vision. Rab proteins are small GTPases that
regulate vesicular trafficking and, with 70 members, represent the largest
family of Ras-related proteins. Rab proteins ending with a CC or CXC
motif, where the X amino acid is an Ala, Ser, or Gly, are also substrates for
prenylation although by a distinct prenyltransferase, geranylgeranyltrans-
ferase II (GGTase II). CXC Rab proteins are modified with two geranyl-
geranyl lipids and have been found to be methyl esterified by Icmt [3-5].
Icmt also methylates the few Rab proteins that contain a CaaX motif [6].

The methyl esterification of the a-carboxyl group of a C-terminal pre-
nylated cysteine residue of a protein was first identified in the peptidyl sex
hormones of the jelly fungi Tremella mesenterica and Tremella brasiliensis
[7,8] and shortly afterward in the a-factor-mating peptide of Saccharomyces
cerevisiae [9]. In these fungal species, a haploid yeast cell of one mating type
responds to the presence of mating peptides released from a nearby haploid
yeast cell of the opposite mating type by undergoing a cell cycle arrest and
forming a polarized mating projection or conjugation tube. The two haploid
cells then fuse to generate a diploid cell. Mutations in any of the genes
involved in the molecular pathways of yeast mating can result in a sterile
phenotype [10-12]. Many of the mating peptides from several different
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fungal species contain a C-terminal CaaX motif and are therefore sub-
strates for the posttranslational processing pathway that includes
prenylation, cleavage of the aaX, and the subsequent methylation of the
C-terminal prenylcysteine. The addition of the C-terminal methyl group,
which occurs as the final step in the CaaX protein posttranslational proces-
sing pathway, was found to be absolutely required for the biological activity
of these mating pheromones [8,9,13-15].

Subsequently, methyl esterification has been found to occur on a range
of proteins containing prenylated cysteine residues at their C-termini,
notably the Ras proto-oncoprotein [16,17]. Since the methyl ester was
found to be essential for the function of the fungal-mating pheromones,
the contribution of methyl esterification to the biology of Ras and other
substrates is therefore of particular interest, especially in the field of cancer
biology, where the ability to target the activity of Ras pharmacologically
could have a great impact on tumor growth and human health. This chapter
describes the genetic, biochemical, and cell biological studies carried out to
elucidate the requirement of methyl esterification for the function of dif-
ferent prenylated proteins and the characterization of the enzyme that
catalyzes this modification.

lll.  lecmt: Structure and Biological Function

To date, the only enzyme identified that catalyzes the C-terminal methyl
esterification of prenylated cysteine residues is Icmt. An ortholog of this
gene was first identified in S. cerevisiae [18,19]. Using an in vitro assay to
detect methyltransferase activity, it was established that the methyltrans-
ferase resided in enriched S. cerevisiae membrane fractions and that
methyltransferase activity was completely lacking in membranes isolated
from a Astel4 deletion strain [18]. The STE14 gene was subsequently cloned
and found to encode the methyltransferase that mediates the C-terminal
methylation of both the a-factor-mating peptide and Ras proteins [20].
It was found that methylation of the a-factor-mating peptide by Steldp
was required for its export by the ABC transporter Ste6p [21] and for
interaction with the a-factor receptor on a-cells [14]. Mutation of the
STE14 gene, therefore, resulted in the loss of biological activity of the
a-factor-mating peptide and a sterile phenotype. However, the loss of
STE14 did not compromise cellular viability. Since RAS genes are required
for viability in S. cerevisiae, it was deduced that the function of Ras proteins
did not require methylation under normal conditions. Viability notwith-
standing, Astel4 strains had less Ras associated with membrane than did
wild-type strains, indicating that although methyl esterification of Ras may



74 HELEN COURT, ET AL.

not be required for function, it did play a role in membrane association.
Given the differences between a-factor and Ras, it is apparent that the role
of methylation may vary greatly for different substrates.

A mammalian methyltransferase with activity toward prenylated cyste-
ine-containing substrates was first detected in rat liver microsomal mem-
branes [22,23]. The human ortholog of the STEI4 gene was later cloned
from myeloid cells and called prenylcysteine carboxyl methyltransferase
(pcCMT) [24], which later became human isoprenylcysteine carboxyl
methyltransferase (hIcmt). The deduced amino acid sequence of the
hlcmt protein predicted that the structure would be that of a multiple
membrane-spanning protein. The hlemt protein was found to be homolo-
gous to Steldp (26% identical) except for a N-terminal extension consisting
of 65 amino acids and two hydrophobic stretches, which had homology
(36% identical) to amino acids 750-821 of the human band 3 anion trans-
porter. Consistent with this observation, Stel4p was found to contain six
membrane-spanning domains [25], while hlcmt contains eight [26]. It has
been hypothesized that the N-terminal extension of hlcmt may have a
regulatory function. Hydropathy analysis of both hlemt and Stel4p sug-
gested that the N- and C-termini are disposed toward the cytosol, and that
both proteins contain a conserved helix-turn-helix comprising transmem-
brane segments 5-6 in Steldp (Figure 4.1) and 7-8 in hlcmt. Epitope
tagging and fluorescence experiments on both yeast Stel4p and hlemt
confirmed these predicted topologies [26,28].

Like all methyltransferases, the Icmt family of methyltransferases use
S-adenosyl-L-methionine (SAM, AdoMet) as the methyl donor. However,
Icmts do not share a conserved SAM factor-binding motif found in many
known protein, DNA, and/or RNA methyltransferases, suggesting parallel
evolution of two distinct SAM-binding domains [21,29]. Sequence alignment
of Icmt orthologs has identified high interspecies sequence homology
among the members of this family. This alignment revealed 42 identical resi-
dues and 34 similar residues between 15 species, including a number of con-
served residues known to result in a loss of function when mutated in Stel4p
(G31E, L81F, G132R, S148F, P173L, E213D, E213Q, E214D, and L217S) [25].

The sequence alignment also revealed a highly conserved C-terminus
with two recognizable binding motifs, motif A and motif B. Motif A
(LVxxGxYxxxRHPxYxG) comprises residues L161 through G177 in
Steldp (L198 to G214 in hlcmt) followed by a hydrophobic stretch of
amino acids (transmembrane helices 5 and 6 of Stel4p and 7 and 8 of
hIcmt) [25] (Figure 4.1). Motif B (xRxxxEExxLxxxFGxxxxEYxxxVxxxxP)
spans from residues R209 to P237 in Ste14 (R245 to P274 in hlcmt) and
contains the enzymatically essential glutamate residues (E213 and E214).
Alanine-scanning mutagenesis of these highly conserved regions has
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B 161 V-2x-G-xY-3x-RHPxYxG-(30x hydrophobic)-x-R-3x-EE-2x-L-3x-F G-4x-EY-3x-V-4x-P 5,

FiG.4.1. Topology, conservation, and RHP motif of the Stel4p of S. cerevisiae. (A) Hydrop-
athy plots predict six transmembrane segments (TMs). In this model, the N-and C-termini are
disposed toward the cytosol. TM 5 and 6 are proposed to form a helix-turn-helix helical hairpin
within the membrane [25]. Fifteen unique Icmt protein sequences were aligned using ClustalW
2.0.1.1 [27]. The blue residues denote amino acid identity and the magenta residues denote
amino acid similarity. The C-terminal portion of the enzyme (136-239) contains the majority of
the identical amino acids. (B) Sequence of the RHP motif, a C-terminal consensus sequence
common to Icmt enzymes, a number of bacterial open reading frames, and two phosphatidyl-
ethanolamine methyltransferases. Numbers denote the amino acid position in Stel4p.

identified 31 loss-of-function mutants in Stel4p that retain less than 5% of
activity compared to the wild-type enzyme (Hrycyna laboratory, unpub-
lished data). Additionally, mutational analysis of conserved residues in
hIcmt identified four residues (E107, F124, W241, and E251) that, when
mutated to alanine, resulted in less than 30% of the activity of the wild-type
enzyme [26]. The E251 residue corresponds to E213 of Stel4p, which is
critical for function [25].

Recent data from chemical cross-linking, co-immunoprecipitation, and
co-purification experiments suggest that Stel4p may function as a homo-
dimer or higher order oligomer [30]. A tandem *GXXXGXXXG*’ motif
was identified in the first transmembrane segment of Stel4p. This GXXXG
motif is highly conserved and has been found to be important in the dimer-
ization of a number of integral single and multiple membrane-spanning
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proteins by allowing close packing of two interacting alpha helices [31].
Interestingly, expression of functionally inactive mutants of Stel4p, such
as the E213Q mutant, resulted in a dominant-negative effect on methyl-
transferase activity when co-purified with wild-type Steldp. These data
suggest that dimerization or oligomerization may be required for Steldp
function. The GXXXG motif is also found in the third transmembrane
segment of human Icmt, although it remains to be determined if dimeriza-
tion is a conserved feature of Icmt orthologs.

Both hlcmt and S. cerevisiae Stel4p are localized in the membranes of
the endoplasmic reticulum (ER) [24,28]. Although this result was initially
surprising because the target membrane of many of the substrates of Icmt is
the plasma membrane, this finding helped to elucidate the trafficking
pathway of some of these substrates to the plasma membrane via the ER
and Golgi, including the Ras proteins [32] (Figure 4.2). Interestingly, the
protease Ras-converting enzyme 1 (Rcel) that carries out the endoproteo-
lysis event [34-36] (see accompanying Chapter 10), like Icmt, is also a
polytopic membrane protein localized to the ER [24,37]. At present, it is
unclear whether these enzymes form a processing complex in the ER
membrane.

The catalytic mechanism of Icmt is proposed to be an ordered bi-bi
kinetic reaction [38,39]. In this mechanism, the methyl donor, SAM, binds
to the active site first, followed by binding of the prenylcysteine substrate.
Once the transfer reaction is complete, the methylated product is released
followed by dissociation of S-adenosyl-L-homocysteine (AdoHcy, SAH).
Further biochemical and biophysical experiments are underway to further
elucidate the mechanism of methyl donor and acceptor binding and catal-
ysis of these unique enzymes.

IV.  ICMT Substrate Specificity

The activity of Icmt was first studied using isoprenylated analogs of the
synthetic peptide, LARYKC [22]. These studies demonstrated that only
S-farnesyl-LARYKC and S-geranylgeranyl-LARYKC were substrates
for Iecmt, whereas the S-geranyl-LARYKC and S-alkyl-LARYKC deriva-
tives were not [22]. It was also determined that the small molecules
AFC (N-acetyl-S-farnesyl-L-cysteine), AGGC (N-acetyl-S-geranylgeranyl-
L-cysteine), and FTP (S-farnesylthiopropionic acid) are also substrates of
rat and yeast Icmt [40,41]. Further, it was determined that Icmt recognizes
and turns over both AFC and AGGC equally [40,42,43]. Together, these
initial results suggested that a farnesyl moiety attached to a sulfur atom
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FiG. 4.2. Ras processing and trafficking. Ras and other CaaX proteins are translated in the
cytosol on free polysomes. Immediately following translation, they become substrates for one
of two cytosolic prenyltransferases. Prenylation targets the proteins to the ER where they
encounter the subsequent CaaX processing enzymes, Rcel and Iemt. Once CaaX processing is
complete, the pathways used by the various isoforms diverge. K-Ras is sent to the plasma
membrane via an uncharacterized pathway and can be returned to the endomembrane follow-
ing phosphorylation of the hypervariable region or through the action of calcium/calmodulin.
In contrast, N-Ras and H-Ras are further processed on the Golgi by a palmitoylacyltransferase
and then sent to the plasma membrane via vesicular transport. Retrograde traffic of N-Ras and
H-Ras back to the Golgi occurs following depalmitoylation. In the case of H-Ras, this process
is regulated by the peptidyl-prolyl isomerase FKBP12. Adapted with permission from Ref.
[33].

represents the minimal recognition unit for substrate activity [23,42,44,45].
More recent studies have shown that maintenance of the first isoprene
group is especially important for substrate activity [46] (Hrycyna and
Gibbs laboratories, unpublished data).
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The sulfur atom present in AFC, FTP, and presumably other substrates
is of great importance for Icmt enzymatic function. AFC or FTP analogs in
which the sulfur atom was replaced with oxygen, selenium, sulfoxide, or an
amide were found to be poor substrates of Icmt [45]. A desthio carbon for
sulfur analog of AFC was also not a substrate of Icmt, again suggesting an
essential role for the sulfur in recognition by the enzyme [47]. More
recently, an AFC analog was synthesized in which the essential sulfur
atom was replaced with a triazole moiety and determined to be a poor
substrate for Icmt, again suggesting that the sulfur atom is indispensable for
substrate recognition and the enzymatic function of Icmt [48].

To date, only one member of the Icmt family, Stel4p, has been purified
and functionally reconstituted into proteoliposomes [43]. Upon solubiliza-
tion by 1% dodecyl maltoside (DDM), Stel4p retained 90% of wild-type
enzymatic activity as compared to crude membrane fractions [43]. Purified
Stel4p was then functionally reconstituted into liposomes made from
Escherichia coli lipids and activity was demonstrated using AFC, AGGC,
and partially purified Ras2p as substrates. Further kinetic analysis deter-
mined that purified Stel4p has no preference for either AFC or AGGC as
demonstrated by their nearly identical specificity constants (Kcat/Kmapp))
of 0.99x 10" % and 1.0x10"*M~'s™! for AFC and AGGC, respectively
[43]. These data along with earlier studies on a TrpE-Ste14p fusion protein
show that Icmt is the sole enzymatic component necessary to methyl ester-
ify the a-carboxyl of isoprenylated cysteine residues [43,49]. Unfortunately,
despite significant efforts, hIcmt has proven refractory to functional purifi-
cation and reconstitution. Active hlcmt could not be extracted with deter-
gent from leukocyte membranes in active form nor could its enzymatic
activity be restored upon reconstitution into liposomes [23].

V. Effect of Methylation by lcmt on Substrate Function:
In Vitro Studies

The role of methylation on substrate function remains incompletely
understood due to the large number of substrates and the wide range of
functions carried out by these substrates. However, many genetic and
biochemical studies have identified important roles for Icmt in the function
of specific substrates. Early studies utilized a pig liver esterase to demeth-
ylate the By subunit of transducin, the retinal heterotrimeric G protein (T)
[50]. These studies demonstrated a two-fold reduction in the level of GTPyS
exchange by the unmethylated Tp,-OH subunit in the presence of T, and
photoactivated membrane-bound rhodopsin compared to the methylated
Tp,~-OCH;3 form [51,52], and a 10-fold reduction in the ability to activate
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phosphatidylinositol-specific phospholipase C (PIPLC) and phosphoinosi-
tide 3-kinase (PI3K) [53]. However, there was no difference in the activity
of Tg,-OH and Tp,-OCHj in detergent extracts [51]. This result suggests
that methylation of the Tp, subunit increases the activity of the G protein by
increasing the membrane affinity of the Tp, subunit and thus facilitating the
interaction with T, and rhodopsin [54].

Methylation has also been found to enhance the membrane affinity of a
number of different Icmt substrates. Of particular interest has been the
effect of methylation on the biology of the proto-oncoprotein Ras. In an
early study, K-Ras produced by in vitro translation was found to be farne-
sylated, but further modification including proteolysis and methylation
required incubation with intracellular membranes. Unmethylated K-Ras
produced by in vitro translation in the presence of pancreatic microsomes
and an inhibitor of methylation, methylthioadenosine (MTA), was found to
associate less efficiently with P100 membrane fractions from COS cells than
the fully modified protein [55]. In other in vitro studies, farnesylated pep-
tides corresponding to the C-terminus of Ras had 20-fold higher affinity for
liposomes when methylated [56].

Subsequent studies benefited immensely from the generation of Icmt
knockout MEFs [57] and conditional (‘“floxed’’) knockout MEFs [58].
These Icmt~'~ MEFs were utilized to study the localization of a variety of
fluorescently tagged Icmt substrates. GFP-K-Ras [57], GFP-N-Ras, and
GFP-H-Ras were found to be mislocalized to varying degrees from the
plasma membrane to the cytosol in Icmt~'~ MEFs [59,60] and found less
abundantly in membrane fractions (Figure 4.3).

Consistent with this observation, Iem#™™ MEFs that had been previously
infected with adenovirus expressing Cre recombinase to mediate the deletion
of the floxed segment of the Icmt gene (Icmt~'~) were found to be resistant to
oncogenic transformation by K-Ras and B-Raf in an in vitro soft agar assay
and in nude mice [58]. These results were attributed to an increased expres-
sion of the cell cycle inhibitor p21 and to an increased binding of p21 to its
inhibitory target cyclin A in the Icmt~'~ MEFs expressing oncogenic K-Ras
compared to wild type because oncogenic K-Ras was able to transform
MEFs deficient in Icmt in the absence of p21. The Icmt~'~ MEFs also had
a reduced cell growth rate in vitro. However, despite the evidence that
oncogenic Ras signaling was impaired in the absence of Icmt, no reduction
in EGF-stimulated Erk or Akt phosphorylation was observed in the Icmt '~
ME-Fs. This result suggests that either sufficient endogenous Ras is associ-
ated with membranes even in the absence of Icmt to allow signaling down-
stream of receptor tyrosine kinases to Erk and Akt or that, in the absence of
Icmt, cells upregulate alternative pathways to phosphorylate Erk and Akt
that bypass the requirement for membrane-bound Ras. It was also shown
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A H-Ras N-Ras K-Ras

ICMT+/+
ICMT-/-
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Rac1 RhoA Cdc42
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ICMT—/-

Fic. 4.3. Farnesylated CaaX proteins are more dependent on carboxylmethylation by Icmt
for correct membrane localization than are geranylgeranylated CaaX proteins. (A) The indi-
cated GFP-tagged Ras isoform was expressed in MEFs deficient in Icmt (—/—) or wild-type
MEFs from littermates (+/+). All three Ras isoforms showed marked mislocalization with
accumulation of GFP-Ras in the fluid phase cytosol. (B) GFP-tagged Rho proteins were
expressed in the same MEFs as in (A). Activated forms of Racl, RhoA, and Cdc42 were
utilized for clarity since these forms do not bind to the cytosolic chaperone RhoGDI but
instead associate with the cellular membranes to which their C-termini are targeted. In contrast
to farnesylated Ras proteins, geranylgeranylated Rho proteins are localized with similar
patterns in both +/4+ and —/— MEFs.

that expression of constitutively active K-Ras retained the ability to stimulate
the phosphorylation of S6K in the Icmt '~ MEFs [60], suggesting that either
K-Ras retained sufficient plasma membrane localization even in the absence
of methylation, or K-Ras was able to signal to downstream effectors from its
mislocalized position within the cell.

One way that carboxyl methylation might influence the behavior of
prenylated proteins is by promoting protein—protein interactions. Evidence
for such a mechanism comes from the S. cerevisiae-mating pathway where
a-factor interacts with its transporter, Ste6p, and its receptor on a-cells only
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when methylated [14,21]. Further, in mammalian cells, carboxyl methyla-
tion of K-Ras was found to be absolutely required for its interaction with
microtubules in an in vitro assay [61]. Interestingly, farnesylated Rheb
proteins were also found to be mislocalized in Iemt~'~ MEFs [60,62].
GFP-Rhebl and GFP-Rheb2 were found on the ER and Golgi in wild-
type MEFs, but in Icmt ™'~ MEFs, the localization was indistinguishable
from GFP expressed alone. However, constitutively active Rheb mutants
retained the ability to stimulate S6 kinase phosphorylation in the Icmt ™'~
MEFs to a similar degree as wild-type MEFs. Further, knockdown of the
Rheb GAP TSC2 also stimulated S6K phosphorylation in Icmt '~ MEFs.

Another group of Icmt substrates of particular interest are the nuclear
lamina proteins lamin A, B1, and B2 because defects in the posttransla-
tional processing of these proteins are associated with human diseases such
as Hutchinson-Gilford progeria and other laminopathies [63]. Icmt has
been shown to also localize to the inner nuclear membrane, and this is the
compartment on which postprenylation CaaX processing of nuclear lamins
takes place [64]. It has been suggested that methylation of lamin B1 may
allow its interaction with a novel carboxyl methylation-dependent
lamin receptor in the nuclear envelope and may allow organization of
lamin B1 into subdomains of the nuclear lamina [65]. A NLS-YFP-C40
construct containing the last 40 amino acids of lamin B1 was found to
localize to the nuclear envelope in wild-type MEFs but not Icmt '~
MEFs, and morphological changes in the nuclear lamina were observed in
Iemt™'~ MEFs.

Interestingly, whereas Icmt appears to be required for efficient associa-
tion of farnesylated proteins with cell membranes, many geranylgerany-
lated proteins do not require carboxyl methylation for proper localization.
This difference is believed to be due to the fact that the geranylgeranyl
moiety is larger and more hydrophobic than the farnesyl moiety [66]. Early
evidence showed that unlike the farnesylated Tg,, the function of the
geranylgeranylated By, subunit of a heterotrimeric G protein was only
mildly impaired in the absence of methylation [67]. However, the data on
the localization of geranylgeranylated Rho proteins in Icmt~'~ MEFs
remain contradictory. In one study using the Icmt~'~ MEFs, GFP-tagged
fusions of constitutively active Racl, Cdc42, RhoA, and wild-type RhoB
localized in a pattern indistinguishable from wild type [59] (Figure 4.3).
While these Rho proteins were confirmed to be substrates for Icmt in vivo,
no defect could be observed in Icmt~'~ MEFs in the formation of mem-
brane ruffles in response to constitutively active Racl or oncogenic Dbl
expression. Further, no change in filopodia formation in response to con-
stitutively active Cdc42 or actin remodeling in response to contact with
fibronectin coated beads was observed. Similarly, the localization of the
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CaaX-containing, geranylgeranylated EGFP-Rab8a, EGFP-Rabl8§, and
EGFP-Rab23 was found to be unaffected in Icmt~'~ MEFs [6]. However,
another study demonstrated that Icmt was required for the correct locali-
zation of RhoA and several other Rho proteins, both farnesylated and
geranylgeranylated [68], and it was found that the conditional knockout
Iemt™'~ MEFs contained only 5-10% of the levels of RhoA and GTP-
bound RhoA compared to wild-type MEFs due to accelerated turnover of
the RhoA protein [58].

Further conflicting evidence exists regarding the role of methylation in
Racl function. One study suggests that Icmt is required for a TNFa-induced
increase in Racl association with detergent-insoluble membranes. This
increase was found to be diminished in Iemt~'~ MEFs and in human aortic
endothelial cells (ECs) treated with the Icmt competitive inhibitor AFC
[69]. In this study, Racl was mislocalized from the plasma membrane in
Iemt™'~ MEFs and AFC-treated ECs, and there was a reduction in GTP-
Racl levels, and phosphorylation of p38 in response to TNFa. Data from
this study also suggested that in the absence of methylation, the interaction
between Racl and RhoGDI was enhanced. Icmt was also reported to be
required for the TNFa-dependent induction of VCAM-1 expression [70].
These data imply that the methylation of Racl is required for its role in the
redox-sensitive signaling pathway downstream of TNFa that upregulates
EC adhesion molecules to enhance the interaction of ECs with leukocytes
in response to inflammatory cytokines.

Icmt has also been investigated in EC function, where it was found to
regulate endothelial monolayer permeability due to its effects on RhoA
function [71,72]. Methylation can be inhibited by treatment of cells with
adenosine and homocysteine, which diminish the cellular pools of the
methyl donor SAM [73]. Inhibition of methylation with adenosine plus
homocysteine or inhibition of Icmt with the competitive inhibitor AGGC
was found to decrease EC permeability, as determined by an increase in
electrical resistance across confluent monolayers of bovine pulmonary
artery ECs [71,72]. In contrast, overexpression of Icmt-GFP increased
endothelial cell permeability by disrupting adherens junctions, as shown
by an increase in intercellular gaps and decreases in VE-cadherin and (-
catenin at cell-cell junctions [71]. The effects of overexpression of Icmt-
GFP were reversed by expression of dominant-negative RhoA. These
results suggest that overexpression of Icmt increases the methylation and
the activity of RhoA. Aside from this result, there is little evidence in the
literature of overexpression of Icmt having an effect on the activity of its
substrates, consistent with the prevailing view that CaaX processing occurs
constitutively and rapidly following translation [74]. However, considering
that methylation is the only step in the process that is reversible, it is
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tantalizing to hypothesize that cycles of methylation and demethylation
could dynamically regulate substrate function.

Inhibition of Icmt by adenosine and homocysteine or AGGC has also
been proposed to induce apoptosis in pulmonary artery ECs by two distinct
mechanisms involving Ras and RhoA [75,76]. The first proposed mecha-
nism was the attenuation of Ras-stimulated Erk and Akt signaling. Evi-
dence for this consisted of the ability of active H-Ras to overcome the
effects of adenosine and homocysteine, as well as the ability of dominant-
negative H-Ras to induce apoptosis in the absence of adenosine and homo-
cysteine [75]. The second mechanism proposed was that inhibition of Iemt
induces apoptosis by causing dysfunction of the ER unfolded protein
response (UPR), potentially due to a subcellular relocalization, aggrega-
tion, and decrease in protein level of the ER molecular chaperone GRP94.
This apoptotic phenotype could be rescued upon expression of active RhoA
[76]. Overexpression of Iecmt-GFP was also found to protect ECs from
apoptosis induced by UV, TNFq«, and adenosine and homocysteine [75].

Although several studies have demonstrated that many substrates are
mislocalized in the absence of Icmt [57,59], conclusive evidence of altered
signaling from unmethylated substrates is lacking. One potential problem is
the reliance on either knockout MEFs or inhibitors for these studies. The
knockout MEFs are selected for survival and are likely to contain compensa-
tory mutations and alterations in signaling pathways. Studies that rely on the
pharmacological inhibition of Icmt are also fraught with ambiguity because
many of the agents employed to date are known to have significant off-target
activities [77,78]. Preliminary studies using siRNA have shown that EGF-
stimulated Erk and Akt signaling depends to some extent on Icmt (Helen
Court and Mark R. Philips, unpublished data). More comprehensive gene
silencing studies in the future will likely help to clarify the discrepancies in the
literature and provide conclusive evidence for a functional role of Icmt.

V1. ICMT Effect on Substrate Function: In Vivo Studies

Because stel4 yeast that lack Icmt activity have little if any growth
defect, Icmt was long considered an unimportant target with regard to
anti-Ras drug discovery. This view changed with the discovery that the
Icmt gene is essential for mouse development. Icmt™'~ knockout embryos
die at mid-gestation between E10.5 and E11.5 [79,80]. In retrospect, it
should not have been surprising that Icmt is an essential gene given the
large number of substrates for this methyltransferase that are themselves
essential and given the conservation of Icmt through evolution. The embry-
onic lethality associated with Icmt deficiency is believed to be caused by a
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defect in liver development characterized by a delay in albumin induction
and failed hepatocyte outgrowth [80]. Icmt '~ cells in chimeric mice that
were otherwise wild type were unable to contribute to the development of
certain organs (e.g., liver and brain), while they retained the ability to
contribute to other organs (e.g., skeletal muscle) [79]. Due to the lethal
phenotype of the knockout, a conditional (floxed) allele of Icmt was created
in order to determine the role of methylation of prenylated cysteines in
organ development and oncogenic transformation in vivo.

To study the role of Icmt in the development of a Ras-driven malignancy,
mice containing the Icmt floxed allele were crossed with mice containing a
latent, Cre-inducible allele of oncogenic KrasG12D (LSL-KRAS) and an
interferon-inducible Mx1-Cre allele [81]. In adult mice containing these
alleles, injection with the double-stranded RNA analog polyinosinic—
polycytidylic acid (pI-pC) induces interferon expression in bone marrow
cells. This in turn induces expression of Cre recombinase, which simulta-
neously allows expression of oncogenic KrasG12D and causes the excision
of the floxed section of the Icmt gene, resulting in loss of Icmt expression.
Mx1-Cre; LSL-KRAS mice that were wild type for Icmt [82,83] were found
to develop a fatal myeloproliferative disorder with 100% penetrance after
injection with pI-pC. Mice lacking a functional copy of Icmt in hematopoi-
etic cells (Tem?™™), however, had a reduced white cell count and reduced
numbers of immature myeloid cells in peripheral blood 13-14 weeks after
injection with pI-pC compared to control mice with wild-type Icmt and had
markedly reduced splenomegaly and infiltration of myeloid cells into the
liver [81]. In addition, isolated Icmt-deficient bone marrow cells and sple-
nocytes from pI-pC injected Mx1-Cre; LSL-KRAS mice showed a reduction
in phenotypes associated with malignant transformation in vitro, such as
growth factor-independent colony growth, compared to cells with wild-type
Icmt. Despite the apparent amelioration of the myeloproliferative pheno-
type, the mice deficient in Icmt had a reduced median survival rate com-
pared to wild type, obfuscating the interpretation of the results.

These in vivo data suggest that methylation by Icmt may be required
for the transforming capability of K-Ras. This conclusion was strength-
ened by an additional study of Icm?™™;LSL-KRAS mice crossed with a
Cre mouse. In this study, Cre expression was driven off a lysozyme M
promoter, which is expressed in myeloid cells and type 2 pneumocytes
[84]. LSL-KRAS;lysozyme M-Cre mice develop rapidly progressing lung
tumors and have to be sacrificed at 3 weeks of age due to respiratory
failure [85]. In contrast, Icm¢™™;LSL-KRAS;lysozyme M-Cre animals
had a median survival of 50 days, and upon necropsy, the lung weight
was reduced by 33% compared to controls. These in vivo results
suggest that Icmt is a promising therapeutic target for the treatment of



4. BIOCHEMICAL AND BIOLOGICAL FUNCTIONS OF ICMT 85

Ras-driven malignancies. However, further studies in other more relevant
models and organ systems are required before any definitive conclusions
can be drawn.

VIl. Conclusions

Knockout of Icmt leads to embryonic lethality in mice [79]. Despite this
essential function in vivo, the in vitro evidence describing a definitive
function for Icmt is somewhat limited. Further study is required to deter-
mine how different substrates of Icmt can function in the absence
of methylation and how this affects downstream signaling pathways. Curi-
ously, the loss of either Icmt or the protease Reel (discussed in Chapter 10)
resulted in strikingly different patterns of substrate localization [60,68]. As
proteolysis and methylation are hypothesized to work in concert to pro-
mote membrane localization and substrate function, these discrepancies
highlight how further insight into the role of postprenylation processing is
needed to understand the implications of interfering with this pathway
pharmacologically as a treatment for human disease.

Interestingly, carboxyl methylation is the only reversible posttransla-
tional modification in the CaaX processing pathway. It is intriguing to
conceive of a cycle of dynamic regulation of protein localization, function,
and interactions modulated by Icmt and a methylesterase [86]. To date,
however, a methylesterase that specifically catalyzes the reverse reaction
has not been identified for any substrate. Several studies have identified a
polyisoprenylated methylated protein methyl esterase (PMPMEase) that
could function as the esterase in the pathway [87-89]. However, to date,
there are no studies demonstrating a role for this enzyme in cells. If a
specific esterase were identified, this could greatly help our understanding
of the importance of methylation by Iemt in cells.
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