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Control of RhoA Methylation by Carboxylesterase I
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(Bacl(ground: Methylation of Rho proteins by isoprenylcysteine carboxylmethyltransferase impacts their function.
Results: RhoA methylation is dynamic and impacted by carboxylesterase 1 activity.
Conclusion: Carboxylesterase 1 plays a role in controlling the methylation status and activation of RhoA and impacts cell

Significance: This study demonstrates that C-terminal methylation is under acute control and plays a major role in cell
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A number of proteins that play key roles in cell signaling are
post-translationally modified by the prenylation pathway. The
final step in this pathway is methylation of the carboxyl termi-
nus of the prenylated protein by isoprenylcysteine carboxyl-
methyltransferase. Due to the impact of methylation on Rho
function, we sought to determine if the process was reversible
and hence could control Rho function in a dynamic fashion.
Elevating isoprenylcysteine carboxylmethyltransferase activity
in cells has profound effects on MDA-MB-231 cell morphology,
implying the presence of a pool of unmethylated prenyl proteins
in these cells under normal conditions. Using a knockdown
approach, we identified a specific esterase, carboxylesterase 1,
whose function had a clear impact not only on the methylation
status of RhoA but also RhoA activation and cell morphology.
These data provide compelling evidence that C-terminal modi-
fication of prenyl proteins, rather than being purely a constitu-
tive process, can serve as a point of regulation of function for this
important class of protein.

Post-translational modifications of proteins play important
roles in all aspects of biology. Thus, understanding the dynam-
ics and mechanisms of post-translational processing is vital to
furthering our knowledge of biology at the molecular level.
Numerous proteins, including most members of the Ras super-
family of GTPases, undergo a series of three such modifications
collectively termed prenylation.

Proteins are directed into the prenylation pathway by a con-
served CaaX motif at their C terminus. The process is initiated
by the attachment of an isoprenoid lipid to an invariant cysteine
residue, the Cys of the CaaX motif ((1, 2) by protein farnesyl-
transferase or protein geranylgeranyltransferase-I, respectively
(3). The initial prenylation step is followed by cleavage of the
three C-terminal amino acids (the -aaX) by an endoplasmic
reticulum-bound protease termed Rcel. The third modifica-
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tion occurs when the prenylated cysteine, which is now located
at the C terminus, is methylated by isoprenylcysteine carboxyl-
methyltransferase (Icmt),” another integral endoplasmic retic-
ulum membrane protein (4, 5). The final result of these modi-
fications is a protein that contains a prenylated and methylated
cysteine at its C terminus. The prenylation pathway plays a
significant role in cancer biology because many oncogenic pro-
teins require modification by this pathway to be active; thus, the
enzymes involved in this pathway have emerged as anti-cancer
targets (6, 7). However, many fundamental questions remain
unanswered concerning the biological regulation and ramifica-
tions of prenylation-dependent processing.

The methylation of prenyl proteins has been shown to facil-
itate protein association with cellular membranes and also
influence protein-protein interactions and protein stability;
much of these data come from the study of Ras family GTPases
(8, 9). Recently, we demonstrated a link between Icmt activity
and Rho-mediated metastatic behavior in breast cancer cells
(10). When Icmt activity was suppressed by either genetic
or pharmacologic methods, RhoA and Racl activation was
reduced, resulting in impaired actin cytoskeletal organization
and inhibition of migration. These findings led us to postulate
that Icmt-mediated methylation of small GTPases might be
more highly regulated than previously envisioned.

In the current study, we found that MDA-MB-231 breast
cancer cells contain a surprisingly large pool of unmethylated
RhoA and that elevating Icmt activity has a profound impact on
morphology of these cells. Furthermore, we identify a specific
carboxylesterase termed CES1 whose function impacts the
methylation status of RhoA. CES1 silencing impacted Rho
function and cytoskeletal organization in a fashion similar to
Icmt overexpression, demonstrating that methylation of RhoA
is a controlled and dynamic process. These findings open an
exciting new avenue of research for this important post-trans-
lational processing pathway.

2The abbreviations used are: lcmt, isoprenylcysteine carboxylmethyltrans-
ferase; CES1, carboxylesterase 1.
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EXPERIMENTAL PROCEDURES

Generation of Stable Cell Lines—Retroviral plasmids con-
taining enhanced GFP or enhanced GFP-Icmt (11) were trans-
fected along with the helper plasmid VSVG into GP2-293
human embryonic kidney cells using FUGENE (Roche Applied
Science). The following day, medium was replaced, and after
8 h, the virus-containing medium was harvested and replaced
with fresh medium. The process was repeated after another
16 h, and the two preparations were pooled. The virus-contain-
ing medium was then filtered with 0.45 um SFCA filter (Corn-
ing) and used to infect MDA-MB-231 cells for 24 h. The cells
were allowed to recover for another 24 h and then selected in 2
pg/ml puromycin for ~3 weeks.

Methylation Assays—Icmt activity was determined by a mod-
ification of the in vitro assay described previously (12, 13).
Approximately 130 h after siRNA transfection, MDA-MD-231
cells were harvested in lysis buffer (100 mm Hepes, pH 7.5, 5 mm
MgCl,, 1 mm DTT supplemented with the protease inhibitors)
and lysed by sonication. Following lysis, NaCl was added to a
final concentration of 150 mwm, and the lysate was precleared by
centrifugation 5,000 X g for 5 min. Membranes were isolated
by ultracentrifugation 100,000 X g for 30 min and resuspended
in lysis buffer containing 150 mm NaCl, and protein concentra-
tions were determined. Icmt activity was assessed by using
equal amounts of membrane protein in the presence of bio-
tin S-farnesylcysteine as the prenylcysteine substrate and
[’H]S-adenosylmethionine.

Immunofluoresence Microscopy—MDA-MB-231 cells were
harvested as described above, plated 10,000 cells/well on cov-
erslips coated with fibronectin (10 pg/ml), and allowed to
adhere overnight or for 2 h as described in Figs. 1 and 5, respec-
tively. Coverslips were washed with PBS to remove non-adher-
ent cells, and the remaining cells fixed with paraformaldehyde.
Actin was visualized with rhodamine phalloidin (Fluka). Images
were obtained with a Zeiss Axio Imager fluorescence micro-
scope and analyzed using Metamorph software.

Isoelectric Focusing and Visualization of RhoA—Mouse
embryonic fibroblast cells or MDA-MB-231 cells were lysed in
MLB lysis buffer (25 mm HEPES pH 7.5, 150 mm NaCl, 1%
Nonidet P-40, 10 mm MgCl,, 1 mm EDTA, 2% glycerol, 1 mm
DTT, containing protease inhibitors, and 20 ug/ml ebelactone
B) for ~15 min at 4 °C. The lysate was cleared by centrifugation
for 5 min at 14,000 rpm at 4 °C, and protein concentration was
determined. Equal amounts of protein, generally 1 mg, were
precipitated. Protein pellets were resuspended in rehydration
buffer (8 M urea, 1% Chaps, 50 mm DTT, 0.2% biolytes (Bio-Rad,
Bio-Lyte 3/10 Ampholyte catalog no. 163-1112), 0.001% bro-
mphenol blue), and samples were loaded onto Bio-Rad Ready-
Strip IPG strips (11 cm, pH 5-8) for separation. Following iso-
electric focusing, proteins were separated by SDS-PAGE using
14% criterion gel (Bio-Rad). RhoA was visualized by immuno-
blot analysis with a monoclonal Rho-specific antibody (Santa
Cruz Biotechnology). Quantitation was performed using NIH
Image] software.

SiRNA Transfections—MDA-MB-231 cells were plated 100,000
cells/well in six-well dishes 24 h prior to transfection. Stock
solutions of siRNA oligonucleotides (Thermo Scientific) CES1
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(catalog no. L-009051-00), CES2 (catalog no. L-008938-00),
luciferase (catalog no. D-001100-01) were prepared at 20 um.
siRNA oligonucleotides were mixed with Opti-Mem I medium
(Invitrogen) following the manufacturer’s instructions and
then mixed with Lipofectamine RNAi Max (Invitrogen) prior to
transfection. Cells were harvested, and assays were conducted
~72 h post-transfection.

Quantitative PCR—Cells were transfected with siRNA as
described above and harvested 72 h post-transfection; cell pel-
lets were frozen until RNA isolation. RNA was extracted
according to the manufacturer’s instructions using QIAshred-
der homogenization and the RNAeasy Plus mini kit (Qiagen).
RNA (500 ng) from each sample was reverse-transcribed using
the High Capacity cDNA reverse transcription kit (Applied
Biosystems, Invitrogen). Quantitative PCR was performed
using TagMan™ primers (Applied Biosystems, Invitrogen)
for CES1 (catalog no. Hs00275607_m1), CES2 (catalog no.
Hs01077945_m1), and B-actin (catalog no. 4333762F) expres-
sion, using the Tagman Universal Master Mix II on an ABI
StepOne PCR System (Applied Biosystems, Invitrogen). All
PCR reactions were performed in duplicate. The relative
amounts of CES1 and CES2 mRNA expression were normal-
ized to B-actin mRNA (AC; = [Crcesy — cr(g-actim])» Where Cr-
is the threshold cycle. The relative expression compared with
the siLuciferase control was then calculated by 2 ~44<T,

In Vitro Enzymatic Assays—Mouse embryonic fibrobasts or
MDA-MD-231 cells were harvested in lysis buffer (100 mm
Hepes, pH 7.5, 5 mm Mg Cl,, 1 mm DTT) and lysed by sonica-
tion. Following lysis, NaCl was added to a final concentration of
150 mu, and then the lysate was cleared by centrifugation at
14,000 X g for 5 min, and protein concentrations were deter-
mined. Approximately 1 mg of lysate was incubated with
recombinant Icmt (10 ug of Sf9 membrane protein (14)) or with
1 um CESI (purified as described (15)). For methylation assays,
AdoMet (10 um) was added as substrate. The reactions were
incubated at 37 °C for 30 min, whereupon Nonidet P-40 deter-
gent was added to a final concentration of 1%, and incubation
was continued at 4 °C for 30 min. The detergent extract was
cleared by centrifugation for 14,000 X g for 5 min, and proteins
were precipitated from the cleared lysate with the addition of
trichloroacetic acid. The resulting protein pellets were then
processed by two-dimensional gels for analysis of the methyl-
ation status of RhoA and CDC42 as described above.

RhoA Activation Assays—Following siRNA treatment for
72 h, cells were harvested with Cellstripper™ (Cellgro), and 2
million cells were plated onto 10 cm? dishes coated with 10
pg/ml fibronectin. Following 2 h of incubation, cells were
washed with PBS, harvested in MLB buffer (25 mm HEPES, pH
7.5, 150 mm NaCl, 1% Nonidet P-40, 10 mm MgCl,, 1 mm
EDTA, 2% glycerol) or then incubated for 10 min to ensure
complete lysis. The lysates were then cleared by centrifugation
at 15000 X g for 5 min. Rho activation assays were performed
as described previously (16). Briefly, Rho-GTP in cell lysates
was precipitated using purified GST-Rhotekin-RBD (10) and
detected following separation on SDS-PAGE by immunoblot
analysis with a monoclonal Rho-specific antibody (Santa Cruz
Biotechnology) or monoclonal CDC42-specific antibody (BD
Transduction Laboratories). Concurrently, an aliquot of the
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FIGURE 1. Overexpression of lcmt impacts cell morphology. A, increased
lcmt enzymatic activity upon overexpression in MDA-MB-231 cells. Cells
expressing GFP (Cont (control)) of GFP-lcmt (lcmt) were harvested, mem-
branes were isolated, and lcmt activity was determined as described under
“Experimental Procedures.” Data are shown as the mean = S.E. (n = 4 for each
condition). B, visualization of actin cytoskeletal structure in MDA-MB-231 cells
in the presence of increased Icmt activity. Cells were plated on coverslips
coated with fibronectin and allowed to adhere overnight. Representative
images are displayed showing the more rounded morphology and altered
actin cytoskeletal structure in GFP-lcmt-overexpressing cells (lcmt) as com-
pared with cells only expressing GFP (Cont (control)). C, two-dimensional gel
analysis of RhoA methylation status. MDA-MB-231 cells were harvested and
processed, and the presence of unmethylated Rhoa (U) in the more acidic
pool or methylated RhoA (M) in the more basic pool was detected by immu-
noblot analysis with a RhoA-specific antibody. D, quantitative representation
of unmethylated and methylated RhoA levels from C, expressed as a fraction
of the total amount of RhoA. Data represent the mean = S.E. from pooled
results of two independent experiments. E, validation of two-dimensional gel
analysis to identify methylated and unmethylated RhoA. Cell lysates from
wild-type (Icmt +/+) and null Icmt (lcmt —/—) mouse embryonic fibroblasts
were harvested and processed as described under “Experimental Proce-
dures,” and the presence of unmethylated RhoA (U) in the more acidic pool or
methylated RhoA (M) in the more basic pool was detected by immunoblot
analysis with a RhoA-specific antibody. F, in vitro methylation of RhoA. To
confirm methylation of RhoA, recombinant lcmt was incubated with Icmt null
lysate as described under “Experimental Procedures.” Icmt —/— lysate was
mock-treated (Icmt —/—) or incubated with recombinant Icmt (lcmt—/— +
ICMT) prior to two-dimensional gel analysis.

total cell lysate was separated by SDS-PAGE, and RhoA and
B-actin levels were visualized by immunoblot analysis.

RESULTS

Elevation of Icmt Activity Impacts Morphology of MDA-MB-
231 Cells—To examine the impact of elevating Icmt activity on
the biology of MDA-MB-231 cells, we created stable cell lines
overexpressing a GFP fusion of Icmt (11) or GFP alone as a
control. Following selection, the activity of Icmt in membrane
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FIGURE 2. RhoA methylation is dynamic. A, impact of thrombin stimulation
on RhoA methylation. MDA-MB-231 cells were starved of serum overnight
and then treated with vehicle (Starve) or incubated with thrombin (Thromb.)
for 30 min prior to harvest and processing for two-dimensional gel analysis as
described under “Experimental Procedures.” B, quantitative representation of
unmethylated RhoA levels from A, expressed as a fraction of total RhoA. Data
represent the mean = S.E. from pooled results of two independent experi-
ments. U, unmethylated RhoA; M, methylated RhoA.

fractions derived from the cells was determined. As shown in
Fig. 14, cells stably expressing Icmt showed an 8-fold increase
in enzyme activity as compared with control cells. To deter-
mine the impact of Icmt overexpression on cell morphology
and actin cytoskeletal arrangement, the cells were plated on
fibronectin and visualized. The elevation of Icmt activity dra-
matically impacted cell morphology and actin cytoskeletal
structure (Fig. 1B); the Icmt-expressing cells appeared more
rounded, with most of the actin bundling in the periphery as
compared with control cells in which the actin was spread
throughout the cell, and stress fibers were much more evident.
In addition, the polarity of the control cells was much more
distinct, with a clear leading edge defined by membrane ruffling
and a clear trailing edge. In contrast, the cells overexpressing
Icmt exhibited a much more rounded phenotype without a
clear polarity.

The finding that simple elevation of Icmt activity in cells
elicited a phenotype associated with enhanced RhoA signaling
implied the existence of a pool of unmethylated Icmt substrates
under normal conditions. To test this hypothesis, we utilized
two-dimensional gel electrophoresis and Western blotting with
antibodies specific to RhoA to separately identify unmethylated
and methylated RhoA. As seen in Fig. 1C, under normal growth
conditions, two pools of RhoA could indeed be detected. The
amount of unmethylated RhoA present in MDA-MB-231 cells
was surprisingly large, with roughly 40% of the RhoA being in
the unmethylated state (Fig. 1D). The identity of the more
acidic spot as unmethylated RhoA was confirmed via the use of
Icmt-null mouse embryonic fibroblast cells (Fig. 1, E and F).

RhoA Methylation Is Dynamic: Identification of a RhoA
Carboxylmethylesterase—Although prenylation has long been
viewed as a constitutive process, it has long been appreciated
that the methylation step was in principle reversible, and thus,
this could represent a mechanism for dynamic control of pro-
tein function. Because the two-dimensional gel system repre-
sented a robust technique to examine the methylation status of
RhoA, we sought to determine whether this status changed as a
function of cell growth conditions. This indeed turned out to be
the case, as eliciting quiescence via serum starvation in the MD-
MBA-231 cells led to a dramatic shift to almost complete meth-
ylation of RhoA (Fig. 24). Furthermore, treatment of the
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FIGURE 3. CES1 impacts methylation status of RhoA. A, inhibition of CES1
specifically affects methylation status of RhoA. MDA-MB-231 cells were
treated with siRNA or mock as described under “Experimental Procedures,”
harvested, and processed for two-dimensional gel analysis of RhoA. A repre-
sentative immunoblot is depicted showing unmethylated (U) and methy-
lated (M) RhoA. B, quantitative representation of unmethylated RhoA from A
expressed as a fraction of total RhoA. Data represent the mean = S.E. of three
independent experiments for luciferase (LUC) and CES1 and two independ-
ent experiments for CES2. C, CES1 demethylates RhoA in vitro. Lysates from
MDA-MB-231 cells were prepared and incubated with purified CES1 enzyme
asdescribed under “Experimental Procedures.” A representative immunoblot
is depicted showing unmethylated (U) and methylated (M) RhoA. D, quanti-
tative representation of unmethylated RhoA from A expressed as a fraction of
total RhoA. Data represent the mean = S.E. of two independent experiments.

serum-starved cells for only 30 min with thrombin, which leads
to activation of Rho proteins among other actions, triggered an
apparent demethylation of the RhoA. In fact, almost a quarter
of the RhoA in the cells was demethylated by this brief stimu-
lation with thrombin (Fig. 2B).

The observation of dramatic changes in the methylation sta-
tus of RhoA after just 30 min of thrombin treatment strongly
suggested that an esterase was involved. The existence of a
esterase that could demethylate CaaX proteins and thereby
allow dynamic modulation of localization/function of the pro-
teins has been proposed by several groups, but most studies
have only shown that a particular esterase was capable of acting
on a prenylcysteine methyl ester (17), and data that the process
actually occurs in cells have been lacking. The best evidence for
a biologically relevant esterase acting on prenyl proteins comes
from studies in plants, where an Arabidopsis gene acting coun-
ter to the Icmt of the organism has been identified (18, 19). Our
approach to identifying a specific esterase responsible for the
demethylation of RhoA observed in the MDA-MB-231 cells
involved database analysis for proteins containing the esterase
motif and examining the transcript expression profile of poten-
tial candidates, particularly targeting those expressed in mam-
mary tissue and breast cancer cells. These criteria, along with
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FIGURE 4. CES1 has no significant impact on methylation status of CDC42.
A, validation of two-dimensional gel analysis to identify methylated and
unmethylated CDC42. Cell lysates from wild-type (Icmt +/+) and null lcmt
(lemt —/—) mouse embryonic fibroblasts were harvested and processed, as
described under “Experimental Procedures,” and the presence of unmeth-
ylated CDC42 (U) in the more acidic pool or methylated CDC42 (M) in the
more basic pool was detected by immunoblot analysis with a RhoA-specific
antibody. B, inhibition of CEST does not affect methylation status of CDC42.
MDA-MB-231 cells were treated with siRNA or mock as described above, har-
vested, and processed for two-dimensional gel analysis of RhoA. A represent-
ativeimmunoblot is depicted showing unmethylated (U) and methylated (M)
CDC42. C, quantitative representation of unmethylated CDC42 from (B)
expressed as a fraction of total RhoA. Data represent the mean = S.E. of two
independent experiments for luciferase and CES. D, CES1 has no affect on
CDC42 in vitro. Lysates from MDA-MB-231 cells were prepared and incubated
with purified CES1 enzyme as described under “Experimental Procedures.” A
representative immunoblot is depicted showing unmethylated (U) and
methylated (M) CDC42. E, quantitative representation of unmethylated and
methylated CDC42 levels from D, expressed as a fraction of the total amount
of CDC42. Data represent the mean = S.E. from pooled results of two inde-
pendent experiments.

homology to the recently identified porcine carboxylesterase
capable of hydrolyzing prenylated cysteine methyl esters (20),
led us to identify the CES family of esterases, and in particular
the CES1 isoform. In parallel with assessment of CES1, we also
examined the next best studied member of this family, CES2,
which is more highly expressed in most tissues than CES1.

To assess whether either of the CES esterases might be
responsible for the demethylation of RhoA observed in the
breast cancer cells, we utilized siRNA specific to each isoform
to silence its expression. MDA-MB-231 cells treated with a
siRNA specific to CES1, CES2, or luciferase (as a control) for
72 h were harvested, and real-time PCR was used to determine
the impact of the treatment on the CES isoforms. The siRNA
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FIGURE 5. Inhibition of CES1 impacts MDA-MB-231 cell morphology and RhoA activation status. A, inhibition of CEST alters cell morphology of MDA-MB-
231 cells. Cells were treated for 72 h with luciferase (LUC) or CES1 siRNA as described under “Experimental Procedures.” Cells were then plated on coverslips
coated with fibronectin and allowed to adhere for 2 h prior to imaging. Representative images are displayed showing the more rounded morphology and
altered actin cytoskeletal structure in cells treated with siRNA targeting CES1 as compared with those treated with siRNA targeting luciferase (LUC).
B, knockdown of CES1 increases RhoA-GTP levels. MDA-MB-231 cells were treated with luciferase (LUC) or CES1 siRNA for 72 h as described above and then
plated on dishes coated with fibronectin for 2 h. Lysates were prepared and activated RhoA (RhoA-GTP) was isolated by pulldown with GST-Rhotekin as
described under “Experimental Procedures.” Levels of precipitated and total (Tot.) RhoA were determined by immunoblot analysis using a RhoA-specific
antibody; B-actin was utilized as a loading control. C, quantitative representation of data in B. The level of activated RhoA is expressed as a fraction of total RhoA

|. Data represent the mean = S.E. from three independent experiments.

treatments quite selectively silenced expression of their target
genes; the siRNA targeting CES1 resulted in >95% knockdown
of CES1 with negligible effect on CES2, whereas the siRNA
targeting CES2 resulted in nearly 95% knockdown of CES2 with
no effect on CES1 expression (data not shown).

Having confirmed efficient and specific knockdown of the
two CES isoforms, we assessed the impact of this knockdown
on the methylation status of RhoA in the cells (Fig. 34). As seen
in Fig. 3B, knockdown of CES1 dramatically decreased the
amount of unmethylated RhoA in the cells; control cells treated
with siRNA targeting luciferase contained 31% unmethylated
RhoA, whereas in the cells treated with CES1 siRNA, this was
<12%. This effect was specific for the CES1 isoform, as cells in
which CES2 expression was silenced had similar levels of
unmethylated RhoA as control cells. In addition, the combina-
tion of CES1 and CES2 siRNA did not further reduce the pool of
unmethylated RhoA as compared with CES1 siRNA alone, fur-
ther indicating that CES2 does not play a role in RhoA meth-
ylation status (data not shown). To demonstrate that CES1
directly impacts methylation of RhoA, we incubated purified
CES1 with MDA-MB-231 lysate and then utilized two-dimen-
sional gel analysis to examine the methylation status of RhoA
(Fig. 3C). The addition of recombinant CES1 shifted the pool of
unmethylated RhoA to ~50% as compared with the 10% seen in
mock-treated lysate (Fig. 3D). These results provide compelling
evidence that CESI is an isoprenylcysteine methylesterase act-
ing on RhoA.

To determine whether CES1 impacted other Rho family
members methylated by Icmt, we examined the impact of CES1
on the methylation status of CDC42. We again utilized wild-
type and Icmt-null fibroblasts to identify a suitable antibody to
visualize unmethylated and methylated CDC42 (Fig. 44). How-
ever, CDC42 methylation was not significantly affected by
CES1 gene knockdown (Fig. 4, B and C) or incubation with
purified CES1 (Fig. 4, D and E). These results suggest that not all
CaaX proteins are substrates for, or perhaps not accessible to,
CESL.

Biological Consequences of Silencing CESI Expression—
Given the dramatic changes in MDA-MB-231 cell morphology
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observed upon increasing Icmt activity (see Fig. 1), we hypoth-
esized that increasing methylation status of RhoA through inhi-
bition of CES1 should have a similar impact on the cells. To
determine the biological consequences of inhibiting CES1, we
examined the impact of knockdown of CES1 on cell morphol-
ogy and actin cytoskeleton organization. Upon binding to
fibronectin, cells treated with CES1 siRNA showed a much
more rounded phenotype as compared with control cells, and
also, the majority of the actin was found in bundles around the
periphery of the cells (Fig. 54). This rounded morphology was
indeed similar to what was observed in cells overexpressing
Icmt (Fig. 1). We also examined the impact of CES1 knockdown
on RhoA activation status through the use of GST-Rhotekin
pulldown to determine RhoA-GTP levels (Fig. 5B). Impor-
tantly, CES1 knockdown resulted in an ~3-fold increase in
RhoA activation levels as compared with control cells (Fig. 5C),
which is completely consistent with the observed impact of
CES1 knockdown on Rho-mediated morphology and actin
organization. These results demonstrate a role for CES1 in con-
trolling the activation of RhoA and hence identify a new player
in RhoA-mediated biology.

DISCUSSION

The prenylation pathway has been a promising target for
cancer therapy for several years, and recently, inhibition of
Icmt-mediated methylation has emerged as a potential thera-
peutic strategy. [cmt-mediated methylation of CaaX proteins
plays a role in oncogenesis, autophagy, and in the metastatic
behavior of cells (10, 11, 21, 22). In addition, Icmt-mediated
methylation is necessary for development and involved in many
other areas of biology, including insulin secretion and endothe-
lial monolayer permeability (23-26). Although the dynamics of
CaaX protein methylation has remained largely unexamined,
altering Icmt activity by pharmacological inhibition or overex-
pression has been reported to have converse effects on the
methylation status of RhoA and endothelial monolayer perme-
ability (24). Interestingly, in this study a significant pool of
unmethylated RhoA was observed in the pulmonary artery
endothelia cells. However, a previous study examining the
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methylation status in a macrophage cell line concluded that the
majority of RhoA and CDC42 was methylated upon synthesis
and that the modification was stable (27). These studies, along
with our current findings, indicate that the ratio of unmeth-
ylated versus methylated Rho proteins may be cell-dependent,
and altering the methylation status of Rho proteins has pro-
found effects on cell biology.

The dramatic differences in RhoA methylation observed
under serum-depleted conditions and in the presence of ago-
nist, along with the changes in methylation after manipulating
CES], revealed that this final step of the prenylation pathway is
likely regulated. Regulation of the prenylation pathway has
been largely unexamined, although the recent finding that
entry into, and passage through, the prenylation pathway of
some small GTPases can be controlled by specific SmgGDS
splice variants has highlighted the potential for control of CaaX
protein function via this process (28). These recent develop-
ments in the prenylation field, coupled with the genetic evi-
dence in plants for demethylation of prenyl proteins (18, 19)
and our finding of dynamic control of RhoA methylation by
CES1, opens new avenues of investigation into the dynamics of
prenyl protein processing.

The carboxylesterase family of proteins is quite complex and
contains many homologous subfamilies, each which have sev-
eral isoforms (29). In this study, we identified CES1 as an ester-
ase involved in RhoA methylation, whereas CES2 appears to
not play a role in this regard. We also determined that CES1
does not impact CDC42 methylation, but more thorough inves-
tigations need be conducted to determine whether other CaaX
proteins are affected by CES1 and whether other CES family
members control methylation of specific prenyl proteins. In
addition, the mechanism through which CES1 engages RhoA
will be important to determine; CES1 contains an endoplasmic
reticulum localization sequence, but there is evidence that the
enzyme can be found in the cytoplasm as well (30).

The demonstration that RhoA methylation is dynamic and
reversible in the context of regulatory inputs raises many excit-
ing questions, including how this post-translational modifica-
tion is regulated and what are the biological ramifications of
altering the methylation status of CaaX proteins. In this study,
we observed a shift to more methylated RhoA under starvation
conditions and in the absence of CES1 activity. Interestingly, in
the absence of CES1, there was more active Rho (Fig. 5). These
results suggest that the methylation status of RhoA does not
directly relate to its activation state. However, the proper reg-
ulation of methylation may be important in controlling its state
of activation. Methylation has been shown to play an important
role in interactions of RhoA with other proteins. It has been
demonstrated by us and others (10, 31-34) that the methylation
status of RhoA directly impacts the RhoA-RhoGDI interaction
and that RhoGDI plays an important role in the regulation of
Rho activity. We hypothesize that, by controlling the methyla-
tion of RhoA, CES1 may be involved in the down-regulation of
RhoA activity. Perhaps more RhoA is methylated under starva-
tion conditions so that it can be more readily accessible for
activation upon stimulation. In this scenario, by having another
regulatory enzyme into the pathway, the cell can more tightly
control Rho activity. The present study clearly reveals intrigu-
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ing questions about the regulation of prenyl protein methyla-
tion. The localization and activity of Rho GTPases are regulated
by a complex system of post-translational modifications and
protein interactions that are still being sorted out (34). The
exciting findings of dynamic RhoA methylation and a carboxy-
lesterase capable of demethylating RhoA provide evidence that
prenylation-dependent methylation may be more analogous to
other highly regulated post-translational events such as phos-
phorylation or sumoylation than envisioned previously.
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