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After isoprenylation, the Ras proteins and other CAAX proteins undergo two additional enzymatic modifi-
cations—endoproteolytic release of the last three amino acids of the protein by the protease Rcel and
methylation of the carboxyl-terminal isoprenylcysteine by the methyltransferase Icmt. This postisoprenylation
processing is thought to be important for the association of Ras proteins with membranes. Blocking postiso-
prenylation processing, by inhibiting Rcel, has been suggested as a potential approach for retarding cell
growth and blocking cellular transformation. The objective of this study was to develop a cell culture system
for addressing these issues. We generated mice with a conditional Rcel allele (Rcel™™) and produced
Rcel™1°* fibroblasts. Cre-mediated excision of Rcel (thereby producing Rcel*’* fibroblasts) eliminated Ras
endoproteolytic processing and methylation and caused a partial mislocalization of truncated K-Ras and
H-Ras fusion proteins within cells. Rcel*’* fibroblasts grew more slowly than Rcel™°* fibroblasts. The
excision of Rcel also reduced Ras-induced transformation, as judged by the growth of colonies in soft agar. The
excision of Rcel from a Rcel™/°* skin carcinoma cell line also significantly retarded the growth of cells, and
this effect was exaggerated by cotreatment of the cells with a farnesyltransferase inhibitor. These studies
support the idea that interference with postisoprenylation processing retards cell growth, limits Ras-induced
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transformation, and sensitizes tumor cells to a farnesyltransferase inhibitor.

After isoprenylation, the Ras proteins as well as other pro-
teins that terminate in a so-called CAAX sequence undergo
two sequential enzymatic modifications (38). First, the last
three amino acids of the protein (i.e., the AAX of the CAAX
sequence) are released by a prenylprotein-specific endopro-
tease, Rcel (for Ras-converting enzyme), which is located in
the endoplasmic reticulum (ER) (3, 38). Second, the carboxyl
group of the newly exposed isoprenylcysteine is methylated
(11, 14) by Icmt (for isoprenylcysteine carboxyl methyltrans-
ferase). Icmt is also located in the ER (33). These postisopre-
nylation processing steps are thought to render the carboxyl-
terminal domains of CAAX proteins more hydrophobic,
facilitating trafficking and the interaction with membranes as
well as with protein partners (9, 10, 19, 38).

The CAAX endoprotease Reel has attracted attention be-
cause it could represent a new target for interfering with the
biological activity of CAAX protein substrates. Mutationally
activated forms of Ras play a critical role in the development
of many human cancers, so the identification of approaches for
reducing Ras activity is highly desirable. Recent studies with
Saccharomyces cerevisiae have suggested that the endoprotease
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could reduce the activity of mutationally activated Ras proteins
1, 3).

Experimental successes with drugs that block the first step of
Ras protein processing, isoprenylation, have already been re-
ported (4, 17, 26, 34). The Ras proteins are isoprenylated by
the protein farnesyltransferase, a cytosolic enzyme that trans-
fers a 15-carbon farnesyl group to the cysteine (C) within the
carboxyl-terminal CAAX sequence (6). The farnesylation step
is critical for Ras activity (23). Protein farnesyltransferase in-
hibitors interfere with the membrane targeting of Ras proteins
and block the growth of tumors and tumor cell lines, particu-
larly those caused by activated forms of H-Ras (26, 29). How-
ever, there are questions about whether these agents will be
quite as effective against tumors caused by activated forms of
K-Ras (the Ras isoform most often implicated in human can-
cers) because of the existence of an alternate enzymatic path-
way for isoprenylation (22). In the setting of farnesyltrans-
ferase inhibitors, K-Ras is isoprenylated by another enzyme,
protein geranylgeranyltransferase I, which adds a 20-carbon
geranylgeranyl group to the protein (22, 38). An attractive
feature of Rcel as a target is that this endoprotease is essential
for the processing of all of the Ras proteins, regardless of
whether they have been farnesylated or geranylgeranylated
(31).

Of note, farnesyltransferase inhibitors are effective against
tumors in part by inhibiting the isoprenylation of CAAX pro-
teins aside from the Ras proteins (12, 15, 27, 28). The same
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could be the case for inhibitors of the CAAX endoprotease.
Thus, it is conceivable that Rcel inhibition might reduce cell
growth and transformation of Ras-transformed cells by affect-
ing the function of non-Ras substrates.

Our laboratory has been interested in evaluating Rcel as a
potential target for modulating the biological activity of pre-
nylated CAAX proteins. Our initial biochemical studies estab-
lished the essential role of Rcel in the endoproteolytic pro-
cessing of mammalian Ras proteins as well as other CAAX
proteins (25, 31). Using a conventional gene-targeting vector,
we produced Rcel knockout mice, with the goal of using those
animals to assess the consequences of absent endoproteolytic
processing (25). Unfortunately, this goal was largely thwarted
by the phenotype of the mice. Homozygous knockout mice
(Rcel ™) died during embryonic development, making whole-
animal experiments impossible. Fibroblast cell lines could be
cultured from Rcel ~/~ embryos. However, we were reluctant
to pursue studies of cell growth and transformation with
Rcel ™~ and Rcel ™" cell lines—at least as the sole method-
ological approach—because we were concerned that biological
variability in the growth of different embryonic cell lines might
make it difficult to identify changes caused by the absence of
Rcel, particularly if the changes were modest.

In the present study, we developed a conditional Rcel allele
and performed gene-excision experiments to define the effect
of Rcel deficiency on cell growth and on Ras-induced trans-
formation. This approach allowed us to compare phenotypes
of normal Rcel expression and Rcel deficiency in the very
same cell line.

MATERIALS AND METHODS

Mice with a conditional Rcel allele. A sequence-replacement gene-targeting
vector designed to flank Rcel with loxP sites was constructed in pKSloxPNT (21),
which contains polylinkers, a thymidine kinase gene (tk), and a neomycin resis-
tance gene (neo) flanked by loxP sites. The vector was constructed with sequences
from a 10.5-kb BamHI fragment spanning the Rcel gene. The 5’ arm of the
vector (a 1.4-kb BamHI-EcoRI fragment upstream from the Rcel coding se-
quences) was cloned into the BamHI and Sall sites of pKSIoxPNT. To generate
the 3’ arm, a 4-kb EcoRV-EcoRI fragment (sequences 3’ to the Rcel coding
sequences) was inserted into the NotI site of pNB1, which contains a polylinker
flanked by loxP sites. The Sall-Pvull fragment of the resulting plasmid was
inserted into the Xhol and Kpnl sites of pKSIloxPNT. Finally, a 4-kb NotI-EcoRV
fragment (corresponding to the Rcel coding sequences) was inserted into the
Smal site of pBlueScript SK (Stratagene, La Jolla, Calif.). The BamHI fragment
was removed from that vector and inserted into the BamHI site of pKSloxPNT.
Thus, the 3’ arm of the vector contained the entire Rcel gene (~4 kb) flanked
by loxP sites and 4 kb of downstream sequences. The vector was electroporated
into mouse embryonic stem (ES) cells, and targeted colonies were identified by
Southern blot analysis of EcoRV-digested genomic DNA with a 1-kb BamHI-
EcoRI probe located 3’ to the sequences in the gene-targeting vector. Targeted
ES cell clones were used to produce mice bearing the conditional Rcel allele
(Reel™). As expected, Rcel™¥1°% mice were healthy and fertile. The
Recelf°9f9X mice had a mixed genetic background (~50% C57BL/6 and ~50%
129/SvJae), were fed a chow diet (Ralston-Purina, St. Louis, Mo.), and were
housed in a barrier facility. This work was performed under animal use protocols
approved by the University of California, San Francisco.

Generation of fibroblast cell lines from mouse embryos. Primary embryonic
fibroblasts were isolated from Rcel™¥1°% embryos harvested 13.5 days postco-
itum (25, 35). To immortalize the fibroblasts, they were passaged every 3 days for
3 months while maintaining =50% confluency. Two separate lines of Reelf¥/fox
fibroblasts, A and B, were developed. During spontaneous immortalization,
fibroblasts develop mutations, frequently in p53 or p19, that render them sus-
ceptible to transformation by activated forms of Ras (39).

We also used primary fibroblasts from Rcel-deficient embryos (Rcel /™) and
wild-type (Reel *'*) control embryos. Primary fibroblasts cannot be transformed
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by Ras alone, but can be transformed by the combination of E1A and Ras (24,
39).

Production of Rcel*'* cells with Cre adenovirus. To delete Reel from cells
(producing Reel* cells), Reel¥f°x cells were infected with 10° PFU of rep-
lication-deficient Cre adenovirus (AdRSVCre) per ml. Control cells were treated
with the same amount of a B-galactosidase adenovirus, AARSVnlacZ. To pro-
duce mixed populations of Rcel*® and Rcel™¥/1°% cells (i.e., incomplete levels
of Cre-mediated recombination), Rce°°% cells were infected with AdRSVCre
(10° or 107 PFU/ml) and AdRSVnlacZ (10° PFU/ml). Identical procedures were
used to delete the floxed neo gene from Reel ™/~ cells.

CAAX endoprotease assay. CAAX endoprotease assays were performed es-
sentially as described previously (25, 31). Human K-Ras, human H-Ras, human
N-Ras, bovine G, and human Rap1B were expressed in Escherichia coli and
prenylated in vitro with protein farnesyltransferase or protein geranylgeranyl-
transferase I. Prenylated protein substrates (final concentration, ~2 pM) and
membrane proteins from cells (50 pg) were mixed in 50 pl of a 100 mM HEPES
buffer (pH 7.5) containing 5 mM MgCl,. After a 30-min incubation at 37°C, the
proteolysis reaction was stopped, and the methyltransferase reaction was initi-
ated by adding a cocktail (20 wl, pH 7.0) containing 5 mM Na,HPO,, 87.5 mM
EDTA, a variety of protease inhibitors (300 pM N-tosyl-L-phenylalanine chlo-
romethylketone, 1 mM phenylmethylsulfonyl fluoride, 10 mM 1,10-phenanthro-
line), 20 g of membranes from Sf9 cells expressing yeast Stel4p, and 17.5 puM
S-adenosyl-L-[methyl-*H]methionine (1.5 Ci/mmol). After a 20-min incubation at
37°C, the methylation reaction was terminated by adding 0.5 ml of 4% sodium
dodecyl sulfate. Brain cytosol (50 wg protein) was added as a carrier, the mixture
was incubated for 20 min at room temperature, and the proteins were precipi-
tated by adding 0.5 ml of 30% trichloroacetic acid. Precipitated proteins were
collected on glass fiber filters (the Ras proteins and Rap1B) or nitrocellulose
filters (G.,;). The extent of endoproteolysis was determined by quantifying *H
incorporation into proteins by scintillation counting. Protease activity was ex-
pressed as a percentage of methylation observed when the assay included 0.5 ng
of membranes from Sf9 cells overexpressing the human RCEI gene.

Subcellular fractionation to assess the localization of Ras proteins in fibro-
blasts. S100 (cytosolic) and P100 (membrane) fractions of Rcel/** and
Rcelo¥fox cells were isolated according to established methods (13, 25). Ras
proteins were immunoprecipitated from the fractions as described in reference
25. Western blots were performed with the Ras-specific monoclonal antibody
Ab-4 (Oncogene Science, Uniondale, N.Y.), a horseradish peroxidase-conju-
gated sheep anti-mouse immunoglobulin G (IgG) (Amersham, Piscataway, N.J.),
and the Amersham enhanced chemiluminescence (ECL) kit.

Subcellular localization of Ras proteins with EGFP-truncated Ras fusion
proteins. Rcel®’® and Rcel™¥1°% fibroblasts were transfected with plasmids
coding for fusions between enhanced green fluorescent protein (EGFP) and the
carboxyl-terminal tail of the Ras proteins. An EGFP-amino-terminally truncated
K-Ras fusion construct, EGFP-tK-Ras (encoding EGFP followed by the carbox-
yl-terminal 20 amino acids of K-Ras), has been described previously (25). An
EGFP-amino-terminally truncated H-Ras fusion (EGFP-tH-Ras) construct,
pEGFP-F, was purchased from Clontech (Palo Alto, Calif.). Rcel** and
Rcelo¥fox fibroblasts were transfected with SuperFect reagent (Qiagen, Valen-
cia, Calif.). Cells were fixed in 4% formalin 24 to 28 h after transfection,
mounted, and viewed with a Bio-Rad MRC-600 laser scanning confocal imaging
system. The EGFP-tH and EGFP-tK fusion proteins are normally targeted to the
inner surface of the plasma membrane, and the purpose of our experiments was
to gauge the effect of an Rcel excision on this membrane localization.

Assessment of the growth of Rcel** and Rcel®°% fibroblasts. Small
amounts (10° or 107 PFU) of AdRSVCre were applied to Reel 8% cells to
induce moderate levels of recombination, producing mixed cultures of
Rcel™¥1% and Reel*' cells. The cells were split 1:10 every 3 days. The relative
growth rates of Rcel™¥/1°% and Rcel*'* cells were assessed by using Southern
blots to compare the ratios of Rcel™ and Rcel® alleles at different passages.
Southern blots were quantified by phosphorimager. In a control experiment,
mixed populations of Ree19¥1°% and Reel*/ cells were grown in the presence of
G418 (200 pg/ml). To test the possibility that the excision of neo by itself might
affect cell growth, AARSVCre was used to delete a floxed neo gene from ~50%
of the cells in a culture of Reel ™/~ cells (producing a mixed population of
Rcel ™'~ and Rcel “n¢?/~n¢ cells). The relative growth of Rcel '~ and
Rce] ~Aneol=aneo cells was assessed by Southern blotting at multiple passages.

Rcel™¥M% and fully deleted Reel®/* cells were also mixed together and grown
for multiple passages, and the ratio of Rcel°* and Rcel” alleles was analyzed at
frequent intervals. Some of these “competitive fitness” experiments were per-
formed in the setting of a farnesyltransferase inhibitor, SCH66336, provided
by Robert Bishop (Schering-Plough Research Institute, Kenilworth, N.J.).



VoL. 22, 2002

SCH66336 was prepared in dimethyl sulfoxide; control cells received dimethyl
sulfoxide alone.

The relative growth of Ree7%°/8°% and Ree 1/ cells was also compared with an
MTS tetrazolium compound-based cell proliferation assay (CellTiter 96 AQue-
ous One Solution cell proliferation assay; Promega, Madison, Wis.). Equal num-
bers of Reel19% and Reel** cells were seeded separately into T25 flasks and
allowed to grow for 48 h. Cells from these flasks were counted and seeded into
96-well plates (one plate per time point). In some experiments, SCH66336 was
included in the medium. To measure cell growth, 20 wl of MTS reagent added to
the cells, which were then incubated at 37°C for 2 h. The reaction was stopped
by adding 25 pl of 10% sodium dodecyl sulfate. The amount of formazan
produced from the metabolism of the MTS tetrazolium compound was quanti-
fied by recording A 49¢.

Assays of anchorage-independent growth. Rce cells (60-mm-diameter
dishes, 70 to 80% confluent) were infected with retroviruses coding for muta-
tionally activated (Gly12Val) forms of H-Ras or K-Ras (provided by M. McMa-
hon, Cancer Center, University of California, San Francisco). The retroviral
stocks were placed on the cells overnight. The next morning, the viral superna-
tant was replaced with 6 ml of phenol red-free DME supplemented with 20%
fetal bovine serum, and the cells were allowed to grow for 72 h. After selection
with puromycin (4 pg/ml), Ras overexpression was assessed by Western blotting.
Ras-transfected Reel"®1°* fibroblasts were incubated with AdRSVnlacZ and
AdRSVCre (to produce Ras-transfected Rcel** cells) or AdRSVnlacZ alone
(Ras-transfected Reel™¥1°% control cells). Equal numbers (3000 cells/well) of
Ras-transfected Ree°/1°% or Reel*/ cells were mixed with medium containing
0.35% agarose and poured onto wells of 12-well plates that contained a 0.7%
agarose base. The plates were incubated in a humidified culture incubator at
37°C with 7% CO, for 14 to 21 days. Colonies were stained with MTT (3-[4,5-
dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide; thiazolyl blue; Sigma) at 1
mg/ml in phosphate-buffered saline. Each well was photographed with a digital
camera. The images were imported into Adobe PhotoShop, and colony numbers
were determined with an image-processing tool kit, volume 3.0 (http:
//members.aol.com/ImagProcTK/).

Comparing palmitoylation of H-Ras in Reel°¥1°% and Rcel*’* cells. To de-
termine if the excision of Rcel affected the palmitoylation of the Ras proteins,
H-Ras-transfecetd Reelff19% and corresponding Reel** cells were metaboli-
cally labeled with [*H]palmitate, according to the procedures of Mumby and
Buss (29a). Fibroblasts were labeled for either 1 or 12 h with palmitate labeling
medium (29a) containing supplemental pyruvate and 2.5 mCi of [*H]palmitate
(Amersham) per 100-mm dish. Approximately 50% of the label was taken up by
the cells at 1 h and 90% was taken up by 12 h. Following the incubation with
[*H]palmitate, the Ras proteins were immunoprecipitated with a Ras-specific rat
monoclonal antibody as previously described (25). The immunoprecipitate was
then size fractionated on a sodium dodecyl sulfate-polyacrylamide gel (10 to 20%
gradient) under nonreducing conditions. The proteins were then electrophoreti-
cally transferred to a sheet of Hybond-P membrane (Amersham). After the
membrane was sprayed with EN*HANCE (New England Nuclear), radiolabeling
of the Ras proteins was assessed by autoradiography. In parallel, a separate
membrane was prepared to perform Western blot analysis with the Ras-specific
mouse monoclonal antibody Ab-4 (25).

Generation and analysis of Rcel™¥1°% and Rcel*'* skin carcinoma cell lines.
After the back skin had been shaved, 12 female Rcel™¥1°% mice were treated
weekly with 7,12-dimethylbenz(a)anthracene (DMBA) (25 g per mouse, in 200
pl of acetone) and 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (200 pl of a
5 X 107> M solution in acetone) (30). The two treatments were administered 4
days apart, and both were continued for 24 weeks. This protocol results in the
formation of papillomas, with a relatively high frequency of conversion to car-
cinomas by 4 to 6 months. Several skin carcinoma cell lines were prepared,
essentially as previously described (18). Briefly, animals were sacrificed, and the
skin was soaked in 70% ethanol. Small pieces of skin carcinomas were dissected
free from normal tissue, placed in 6-cm-diameter petri dishes, and allowed to
adhere to the surface before addition of about 3 ml of Dulbecco’s modified
Eagle’s medium (DMEM) containing 20% fetal bovine serum, hydrocortisone,
and antibiotics as previously described (18). After 2 to 4 weeks at 37°C, the
explants were removed, and the epithelial cells were trypsinized and expanded.
The resulting cultures of epithelial cells were further passaged after ring cloning,
and multiple aliquots were frozen in liquid N,. Cultures with signs of fibroblast
contamination were discarded, and only cell lines with cuboidal epithelial mor-
phology were maintained. A single Rcel™¥/1°% skin carcinoma cell line, T22B,
was expanded and analyzed. The expression of keratin in that line was docu-
mented by Western blotting with an anti-pan-cytokeratin antibody (no. 250400,
Calbiochem, La Jolla, Calif.).

Many skin carcinoma cell lines frequently contain a mutationally activated
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FIG. 1. Production of mice with a conditional Rce! allele. (A) Se-
quence-replacement strategy to introduce loxP sites 5’ and 3’ of the
Rcel protein-coding sequences. Approximately 1 in 200 G418- and
FIAU-resistant ES cell clones were targeted and contained all of the
loxP sites. (B) Southern blot identification of Rcel ™", Rcel™*, and
Rcel™1°* mice with EcoRV-cleaved genomic DNA and a 3’ flanking
probe. (C) Southern blot identification of Cre-mediated recombination
events, with BamHI-cleaved genomic DNA and the same 3’ flanking
probe. Shown are examples of Reel™®1°% cells infected with small (10°
PFU) or large (10° PFU) amounts of AdRSVCre.

H-Ras caused by a CAA-to-CTA transition at codon 61 (5). To test for this
mutation, a 207-bp segment of the H-Ras gene was amplified from the genomic
DNA of cell line T22B with oligonucleotides 5'-AAGCCTGTTGTTTTGCAG
GA-3" and 5'-GGTGGCTCACCTGTACTAATG-3'. The Ras mutation can be
detected with an Xbal digestion (PCR product cleaved into 91- and 116-bp
fragments).

To produce Reel®’* skin carcinoma cells, Reel1°1°% cells were infected with
AdRSVCre (10% PFU/ml). The relative growth rates of Rcel™¥1°% and Reel®*
cells were compared with the MTS tetrazolium compound-based cell prolifera-
tion assay described above. In some experiments, cells were incubated with
various concentrations of the farnesyltransferase inhibitor SCH66336.

Comparing the ability of Ras-transfected Rcel?°¥°X and RceI*’* fibroblasts
to contribute to the formation of tumors in nude mice. To assess the relative
capacities of Ras-transfected Reel 1% and Rcel*/ fibroblasts to grow in mice,
we first generated mixed populations of Reel** and Rcel¥/1°% cells by infecting
the Reel1¥1°% fibroblasts with AJRSVCre (10° PFU/ml) and AdRSVnlacZ (10
PFU). This mixed population of Rcel** and Rcel™¥1°* fibroblasts (2 X 10°
viable cells) was injected underneath the skin of NIH Swiss nude mice (n = 10)
(catalog no. NSWNU-M; Taconic, Germantown, N.Y.). Tumors (mean weight,
1.2 = 0.22 g) were harvested at 21 days. Genomic DNA from the tumors and
from the injected cells was analyzed by Southern blotting and phosphorimager
analysis. The relative capacity of Reel 1% and Rcel®* cells to contribute to
tumors was assessed by quantifying, with Southern blots, the ratio of the Reel°%
(5 kb) and Rcel® bands (6.5 kb), both in the injected fibroblasts and in the
tumors formed from those fibroblasts. In these experiments, we did not have to
be concerned about the influence of host DNA, since the Rcel ™ band is 15 kb,
and this band did not interfere with the analysis. In control experiments, fibro-
blasts not transfected with Ras did not produce tumors.
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FIG. 2. Rcel activity in two different immortalized lines (lines A
and B) of Reel™¥1°% and Reel*’ fibroblasts. (A) Concentration de-
pendence of protease activity in membrane fractions from fibroblasts.
Fibroblast membranes (0 to 100 ng) were incubated with 2.0 pM
farnesyl-K-Ras for 30 min at 37°C. (B) Endoprotease activity in mem-
branes from Rcel™¥1°% and Rcel®* fibroblasts against farnesyl-K-
Ras, farnesyl-H-Ras, farnesyl-N-Ras, farnesyl-G,,;, and geranylgera-
nyl-Raplb. Protease activity is expressed as a percentage of the total
CAAX protein turnover.

RESULTS

A conditional Reel allele. A conditional Reel allele, Reel™,
was generated by gene-targeting techniques (Fig. 1A and B).
To validate the allele, Rcel°¥1°% embryonic fibroblasts were
produced and infected with AARSVCre. The expected recom-
bination events occurred. When the cells were infected with
small amounts of AJRSVCre (10° or 107 PFU/ml), Southern
blots revealed a 6.5-kb Rcel” band (reflecting the absence of
both Rcel and the neo gene), an 8.5-kb Rcel® band (the ab-
sence of Rcel, but not the neo), and a 5-kb Rcel™* band (no
recombination) (Fig. 1C). The 8.5-kb Rcel* allele represents
an incomplete recombination event and was detectable at sig-
nificant levels only within the first 72 h after AARSVCre infec-
tion. Homogeneous populations of RceI* cells (where South-
ern blots showed the 6.5-kb Rcel® band exclusively) were
obtained by infecting fibroblasts with larger amounts of
AdRSVCre (10® PFU/ml) (Fig. 1C).

Absence of CAAX endoprotease activity in Rcel** fibro-
blasts. To test the ability of membranes from Rcel** and
Rcel™1° fibroblasts to process farnesylated K-Ras and other
isoprenylated substrates, we used a coupled methylation assay
(31). Two different lines of immortalized Rcel™°* fibro-
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FIG. 3. Intracellular localization of Ras proteins in immortalized
fibroblasts. Cre adenovirus fully converted Rcel™¥1°* into Rcel**
fibroblasts. Fibroblasts were fractionated into cytosolic (S100) and
membrane (P100) fractions; Ras proteins were immunoprecipitated
and analyzed on Western blots of sodium dodecyl sulfate-polyacryl-
amide gels with antibody Ab-4. Virtually identical results were ob-
served with independently derived lines of Rcel™¥1°* and Rcel®*
fibroblasts (not shown). Also, very similar results were obtained when
the experiments were performed with K-Ras-specific antibodies (data
not shown).

blasts, lines A and B, were generated from different embryos,
and Rcel®* fibroblasts were produced from each line. Mem-
brane fractions from both lines of Rcel™1°* fibroblasts pro-
cessed isoprenylated CAAX proteins in a concentration-de-
pendent fashion; membranes from Rcel** cells lacked
endoprotease activity (Fig. 2).

Ras proteins are mislocalized in Rcel®* fibroblasts. Cell
fractionation studies with Rcel™°¥1°* fibroblasts revealed that
nearly all of the Ras proteins were in the P100 (membrane)
fraction, with very little in the S100 (cytosolic) fraction (Fig. 3).
In Reel®* cells, ~50% of the Ras proteins were in the cyto-
solic fraction (Fig. 3).
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FIG. 4. Palmitoylation of Ras proteins in H-Ras-transfected
Rcel™¥1°% and Rcel** fibroblasts. (A) Autoradiograph showing the
incorporation of [*H]palmitate into immunoprecipitated Ras proteins.
Cells were metabolically labeled with [*H]palmitate according to the
procedures of Mumby and Buss (29a), and the Ras proteins were
immunoprecipitated with a different Ras-specific antibody (25). (B)
Western blot of the same immunoprecipitated proteins with a Ras-
specific antibody. Note that the Ras proteins from Rcel™¥1°% and
Rcel®* fibroblasts differ very slightly in their electrophoretic mobili-
ties. A slower electrophoretic mobility of Ras proteins in Rcel-defi-
cient cells has been noted previously (25).



VoL. 22, 2002 Rcel DEFICIENCY IN CULTURED CELLS 175

FIG. 5. Confocal microscope images demonstrating the intracellular localization of EGFP-tK-Ras and EGFP-tH-Ras fusions in Ree1°¥1% and
Rcel fibroblasts. Confocal images of Rcel™1°* fibroblasts (A and C) and Rcel*’ fibroblasts (B and D) transfected with either EGFP-tH-Ras
(A and B) or EGFP-tK-Ras (C and D). (E) Confocal image demonstrating the intracellular localization of an EGFP-tH-Ras fusion in cells treated
with a farnesyltransferase inhibitor (SCH66336, 1.0 uM). The genotype of the cell on the left is Rcel™¥1°%; the genotype of the cell on the right
is Rcel®™. Inhibition of isoprenylation with SCH66336 was associated with the presence of the fusion protein in the nucleus. In viewing many

transfected cells under the microscope, we do not believe that the Rcel gene excision caused different degrees of mislocalization with the
EGFP-tH-Ras and EGFP-tK-Ras fusion proteins.
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fibroblasts. Mixed cultures of Rcel™1°% and Rcel*' cells were obtained by infecting immortalized Reel°¥1°* fibroblasts with AARSVnlacZ and
AdRSVCre as described in Materials and Methods. (A) Southern blots showing the ratio of Rcel* and Rcel* alleles at different passages in two
independent experiments. Very similar results were obtained with six other experiments involving fibroblasts from two different mouse embryos.
(B) Southern blot demonstrating the rapid disappearance of the Rcel* band from a mixed culture of Ree™¥°* and Rcel*' cells in the presence
of G418. (C) Southern blot showing Rcel ™ and Reel =" bands during the growth of mixed cultures of Rcel ~/~ and Rcel ~4""/=%"¢ cells.

We suspected that the elimination of endoproteolytic pro-
cessing might indirectly affect the palmitoylation of H-Ras.
However, that did not appear to be the case. The amounts of
palmitoylation of the Ras proteins in H-Ras-transfected
Rcel™¥1% and Reel®* cells were virtually identical (Fig. 4).

Ras localization was also assessed by confocal microscopy,
following transfection of fibroblasts with EGFP-truncated Ras
fusion constructs. The EGFP-tH-Ras fusion was highly local-
ized to the plasma membrane (Fig. SA), while it was largely
cytosolic (or associated with internal membrane compart-
ments) in Rcel*’* cells (Fig. 5B). Similar results were obtained
when an EGFP-tK-Ras fusion was transfected into Reel /0%
cells (Fig. 5C) and Rcel®* cells (Fig. 5D). We did observe,
with both the tH-Ras and tK-Ras fusions, Rcel** cells in
which a small amount of the fusion was located along the
plasma membrane. This small amount of plasma membrane
localization was apparently due to isoprenylation of the protein
rather than to nonspecific factors, because it was eliminated
when EGFP-tH-Ras-transfected cells were treated with a far-
nesyltransferase inhibitor (Fig. SE).

Rcel®'* fibroblasts grow more slowly than Rcel™"** fibro-
blasts. To define the effect of the Rcel excision on cell growth,
we produced mixed cultures of Rcel™°¥1°% and Rcel*' cells by
transfecting them with AdRSVnlacZ and AdRSVCre. The
cells were then allowed to grow for multiple passages, and the
Rcel genotype was checked by Southern blotting at frequent
intervals. If the Rcel excision had no effect on cell growth (i.e.,
if there were no differences in the competitive fitness of
Rcel™1% and Rcel®* cells), one would expect that the
Southern blots would reveal, over multiple passages, stability in
the relative intensities of the 5.0-kb Rcel™* and 6.5-kb Rcel*
bands. This was not the case. In each experiment, the ratio of
the 5.0-kb Rcel™* to the 6.5-kb Rcel” band increased steadily,
indicating a competitive advantage of the Rcel™"¥1°* cells over
Rcel®* cells (Fig. 6A). In a control experiment, we followed
the ratio of the 5.0-kb Rcel™™ band to the 6.5-kb Rcel” band

when the cells were grown in the presence of G418. Not sur-
prisingly, the Rcel™:Rcel* ratio increased very rapidly, re-
flecting the fact that Rcel™ cells lack a neo gene and die in the
presence of G418 (Fig. 6B).

We considered the possibility that the competitive growth
advantage of Reel™¥1°* cells over Reel* cells may have been
due simply to the loss of the neo (or to the AARSVCre infec-
tion) rather than to the excision of Rcel. To examine that
possibility, we infected Rcel '~ cells (which contain a floxed
neo gene) with AdRSVCre, creating a mixed population of
Rcel ™'~ cells and Reel 2"~ cells (i.e., Rcel '~ cells in
which the neo gene is deleted). The Reel ~/Rcel " ratio was
stable over many passages (Fig. 6C). This finding strongly
suggests that the growth advantage of Rcel™™"°* cells over
Rcel®* cells was not simply an artifact caused by the loss of the
neo gene.

Effects of a farnesyltransferase inhibitor on the growth of
Reel™™ /1% and Rcel®'* cells. We hypothesized that the com-
petitive advantage of Rcel™¥1°% cells over Rcel®* cells might
be accentuated by a farnesyltransferase inhibitor (SCH66336),
which inhibits an earlier step in the same protein modification
pathway. To test that hypothesis, we mixed equal numbers of
Rcel®® and Rcel™¥1°% cells and grew them in the presence
and absence of SCH66336 for multiple passages, periodically
checking the intensities of the Rcel® and Rcel™ bands with
Southern blots. The farnesyltransferase inhibitor accelerated
the disappearance of the Rcel® band (Fig. 7). We also assessed
the growth of Rcel** and Rcel™"°* embryonic fibroblasts
with a colorimetric cell growth assay and found that the far-
nesyltransferase inhibitor was particularly potent in slowing the
growth of Rcel® cells (Fig. 8). The efficacy of SCH66336 in
blocking protein farnesylation was documented by demonstrat-
ing a reduction in farnesylation (detected as a retarded elec-
trophoretic mobility) of the protein DNAJ (not shown).

Effects of an Rcel excision on the growth of Ras-transfected
cells in soft agar and in nude mice. In yeast, inactivating RCE!
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FIG. 7. Southern blot demonstrating the effect of a farnesyltrans-
ferase inhibitor on the growth of Rcel™¥1°% and Reel*™* fibroblasts.
Rcel¥1°% and Rcel** fibroblasts in the presence and absence of a
farnesyltransferase inhibitor. Approximately equal numbers of
Rcel™¥1°% and Rcel*’* fibroblasts were mixed and grown in the ab-
sence (A) and presence (B) of a farnesyltransferase inhibitor
(SCH66336, 5.0 uM). Southern blots were performed to assess the
ratio of Rcel™* and Rcel® alleles at different passages.

Passage 1

largely blocks the phenotypes associated with a mutationally
activated Ras2p (3). In mammalian cells, activated forms of
Ras confer upon fibroblasts the ability to grow in soft agar
(anchorage-independent growth). To test whether the Rcel
deletion would influence this phenotype, Rcel™1°* fibro-
blasts were infected with a retrovirus coding for a mutationally
activated K-Ras. We then generated K-Ras-transformed
Rcel™1°% and Reel®* cells and compared their abilities to
grow in soft agar. Deletion of Rcel resulted in a ~30% reduc-
tion in colonies in each of four independent experiments (P =
0.029, P = 0.09, P = 0.005, and P = 0.008), one of which is
shown in Fig. 9A. An ~75% reduction in transformed colonies
(P < 0.001) was observed when a second pair of Rce]™o¥/ox
and Rcel™* cells was used (not shown). In parallel experi-
ments, we generated H-Ras-transformed Rcel™¥1°% and
Rcel® cells and compared their abilities to grow in soft agar.
Deletion of Rcel resulted in a 65% reduction in colonies (P =
0.002) (Fig. 9B). In multiple experiments, SCH66336 (at con-
centrations of 1 uM or greater) completely blocked the ability
of K-Ras- or H-Ras-transformed cells to form colonies (not
shown). Nontransfected immortalized fibroblasts did not form
colonies in soft agar.

We also obtained K-Ras-transformed Rcel '~ and Reel ™'+
cells by transfecting primary embryonic fibroblasts with E1A
and K-Ras. We then examined Rcel '~ and Rcel ™™ lines that
expressed a comparable level of K-Ras (see insert in Fig. 9C)
and that had an identical growth rate in culture (not shown). In
these experiments, there was an ~50% reduction in numbers
of colonies from Rcel '~ cells, compared with Rcel*'* cells
(Fig. 9C). This was the case in three independent experiments
(P = 0.003, P < 0.001, and P < 0.001).

We hypothesized that the reduced ability of K-Ras-trans-
fected Rcel®’® cells to grow in soft agar might be associated
with reduced capacity to contribute to the growth of tumors in
nude mice. To test this hypothesis, we treated K-Ras-trans-
fected Rcel™* fibroblasts with AdRSVCre, generating
mixed cultures of K-Ras-transfected Rcel™¥1°* and Rcel®*
cells. Those cells were injected into nude mice (» = 10), and
tumors were harvested after 21 days. Of note, the Rce]¥/ox
cells manifested an increased capacity to contribute to the
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FIG. 8. Growth of Rcel®* and Rcel™°* fibroblasts in the pres-
ence and absence of a farnesyltransferase inhibitor. Equal numbers of
Rcel™¥1°% or Ree]* fibroblasts were seeded separately onto 96-well
plates in medium containing vehicle (dimethyl sulfoxide) alone or
vehicle plus different concentrations of SCH66336 (12 wells for each
concentration of drug). (A) No SCH66336. (B) SCH66336 at 5 uM.
Cell growth was assessed with the CellTiter 96 AQueous One Solution
cell proliferation assay (Promega). Gradually increasing differences in
the growth rates of Rcel 1% or Reel*' fibroblasts were noted with
50 nM SCH66336 and with 1 uM SCH66336 (not shown).

formation of tumors, relative to the Reel** cells (Fig. 10). As
judged by phosphorimager analysis of Southern blots, the ratio
of Rcel® to Rcel™™ alleles in the injected cells was 1.99. The
ratio increased to 11.8 = 2.9 (mean * standard deviation) in
the tumor DNA, reflecting the more rapid growth of
Rcel™¥1°x cells relative to Reel®™ cells.

Production of Rcel™/°* skin carcinoma cells and assess-
ment of the effect of an Rcel gene excision on their growth. The
studies with fibroblasts showed that the Rcel excision retarded
cell growth and limited cell transformation. To extend these
findings, we produced a Rcel™¥1°% skin carcinoma cell line,
T22B. This skin carcinoma cell line, like many cell lines pro-
duced with DMBA and TPA, contained a mutationally acti-
vated H-Ras protein. Initially, we treated the Rcel™®¥1°% cells
with 10° PFU of AdRSVCre. Southern blot analysis revealed
that this treatment was effective in deleting Recel from 90% of
the cells. Repeatedly, we found that the small fraction of
Reel™1°% cells overgrew the culture within a few days in
culture. These experiments strongly suggested that the
Rcel™/1°x gkin carcinoma cells grew more rapidly than the
Rcel™* cells.

A complete conversion of Rcel™1° skin carcinoma cells to
Rcel®* cells required that we infect the cells with 108 PFU of
AdRSVCre in two sequential courses. Immediately after estab-
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FIG. 9. Comparison of the ability of K-Ras-transformed immortal-
ized Reel®* and Rcel™1°* fibroblasts to form colonies in soft agar.
Rcel™/x fibroblasts were infected with a K-Ras retrovirus and then
treated with either AdRSVnlacZ or AARSVCre. (A) The ability of
K-Ras-transformed Rcel** and Reel™¥°* fibroblasts to grow in soft
agar (P = 0.029). Similar results were observed in three other inde-
pendent experiments (P = 0.005, P = 0.09, and P = 0.008). (B) The
ability of H-Ras-transformed Rcel®* and Rcel™1°* fibroblasts to
grow in soft agar (P = 0.002). (C) Comparison of the ability of primary
Rcel ™'~ and Rcel ™" fibroblasts, matched for K-Ras expression (note
Western blot insert), to form colonies in soft agar after transformation
with E1A and K-Ras (P = 0.003). Similar results were observed in two
other experiments (P < 0.001 and P < 0.001).
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lishment of pure cultures of Rce and Rce skin car-
cinoma cells, growth rates were compared with the MTS tet-
razolium compound-based cell proliferation assay, in both the
presence and absence of the farnesyltransferase inhibitor
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FIG. 10. Southern blot demonstrating the relative ability of mixed
cultures of K-Ras-transfected Rcel™1* and Rcel** fibroblasts to
form tumors in nude mice. Mixed cultures of the fibroblasts were
obtained by infecting K-Ras-transfected Rcel™1°% fibroblasts with
AdRSVnlacZ and AARSVCre as described in Materials and Methods.
Cells were grown for several passages, and then a total of 2 X 10° cells
were injected into nude mice (n = 10). A Southern blot showed the
ratio of Rcel® and Rcel™ alleles in the injected cells and in the tumors
generated from the cells. As judged by a phosphorimager, the Rcel1°¥/
Rcel® ratio in the injected cells was 1.99; in the tumors, the ratio was
11.8 = 2.9 (mean = SD).

SCH66336. In the absence of the drug, Rcel™* cells grew
about one-half as fast as the parental Rcel™1°* cells (Fig.
11A). The difference in growth rate was exaggerated by in-
creasing concentrations of SCH66336 (Fig. 11B to D). At the
highest concentration (5 wM), the Rcel™¥1°* cells continued
to grow, but the growth of Rcel** cells was almost completely
inhibited (Fig. 11D).

DISCUSSION

Studies with S. cerevisiae demonstrated that the inactivation
of Rcelp has little effect on the growth of cells under standard
conditions, but largely blocks phenotypes associated with the
expression of a mutationally activated form of Ras2p, such as
increased sensitivity to heat shock (3). In mammalian cells,
activated forms of Ras can turn on signaling pathways that
stimulate cell growth and division and can also transform cells,
allowing them to grow in an anchorage-independent fashion.
In the present study, we sought to develop a cell culture system
for defining the consequences of Rcel deficiency on cell growth
and transformation.

Our basic approach was to generate Rce cells and
corresponding lines of Rcel** cells and to compare their prop-
erties. As expected, the excision of Rcel abolished CAAX
endoprotease activity. It also resulted in a rather striking mis-
localization of both EGFP-tH-Ras and EGFP-tK-Ras fusions
within cells. In immortalized fibroblasts, the excision of the
Rcel gene clearly retarded the growth of cells in culture. The
Rcel inactivation also compromised the ability of Ras-trans-
fected Reel®'* fibroblasts to grow in nude mice, relative to the
parental Rcel™1°* fibroblasts. The effects of the Rcel gene
excision on cell growth were even more striking in skin carci-
noma cells. The Rcel excision also reduced the capacity of
Ras-transfected immortalized fibroblasts to form colonies in
soft agar—a standard measure of cell transformation.

While the effects of the Rcel excision on the anchorage-
independent growth of Ras-transfected fibroblasts were un-
equivocal and reproducible, they were not as quantitatively
dramatic as the effects of the farnesyltransferase inhibitor,
which abolished colony formation. One could reasonably pos-

Iﬂox/ﬂox
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FIG. 11. Growth of Reel*’® and Reel™¥1°% skin carcinoma cells in the presence and absence of a farnesyltransferase inhibitor. Equal numbers
of Reel™¥1°% skin carcinoma cells (cells treated with AdRSVnlacZ) and Reel®™ cells (treated with AdRSVnlacZ and AdRSVCre) were seeded
separately onto 96-well plates in medium containing vehicle (dimethyl sulfoxide) alone or vehicle plus different concentrations of SCH66336 (12
wells for each concentration of drug). (A) No SCH66336. The insert shows a Western blot documenting the expression of keratin in the skin
carcinoma cells. (B) SCH66336 at 50 nM. (C) SCH66336 at 1 uM. (D) SCH66336 at 5 uM. Cell growth was assessed with the CellTiter 96 AQueous
One Solution cell proliferation assay (Promega). This experiment was representative of three separate experiments.

tulate that the rather striking mislocalization of the Ras pro-
teins (and perhaps other CAAX proteins as well) in the setting
of Rcel deficiency was simply not sufficient to completely elim-
inate colony formation. As judged by confocal microscopy, the
Rcel excision reduced the amount of EGFP-truncated Ras
fusion proteins at the plasma membrane significantly, but some
still appeared along the plasma membrane. Without question,
the mislocalization of the EGFP-tH-Ras fusion protein was
more complete in the setting of the farnesyltransferase inhib-
itor. It is quite possible that a full blockade of the biological
effects of an activated Ras requires this more complete mislo-
calization.

Our studies of the effect of Recl on Ras localization are
subject to several caveats. In interpreting experiments with
EGFP-t-Ras fusions, it is important to be aware of the fact
that these fusions do not necessarily bind to the same specific
plasma membrane sites as full-length Ras proteins. Prior and
coworkers (32) have found that full-length Ras proteins and
GFP-truncated Ras fusions bind to different sites along the
plasma membrane (bulk plasma membrane versus lipid rafts
and caveolae); this was particularly evident in the case of
H-Ras. The same authors have shown that the binding of
H-Ras to different locations in the plasma membrane is dy-
namic, changing depending on GTP binding (32). Our studies
do not define what effect, if any, endoproteolysis has on bind-
ing of the Ras proteins to lipid rafts. If endoproteolysis were to
affect the binding of Ras proteins to specific domains of the

plasma membrane, one could easily imagine that this could
have functional consequences.

The effects of Rce! deficiency are reminiscent of the pheno-
type associated with K-Ras mutants lacking the polybasic do-
main near the carboxyl terminus of that protein (20, 36). Han-
cock and coworkers (20) found that the deletion of the K-Ras
polybasic domain (which does not interfere with farnesylation)
results in mislocalization of the protein within cells, but pro-
duced only a mild to moderate decrease in transforming activ-
ity (20). However, we would caution against viewing the Rcel
gene excision as being equivalent to mutating the carboxyl
terminus of a Ras protein. Rcel has many substrates aside
from the Ras proteins, and it is quite possible that the growth
and transformation phenotypes that we observed with Rcel
deficiency could relate, either partly or largely, to blocking the
processing of other non-Ras CAAX proteins. Notably, several
lines of evidence have suggested that farnesyltransferase inhib-
itors inhibit Ras-induced cellular transformation by blocking
the processing of other CAAX proteins (15, 16, 27, 28).

The results of our studies are in line with results of an
inhibitor study by Chen (8). In that study, two inhibitors of
CAAX endoprotease activity, N-tert-butyloxycarbonyl-(S-far-
nesyl-C)-chloromethyl ketone and N-tert-butyloxycarbonyl-2
amino-pL-hexadecanoyl-chloromethyl ketone, were found to
inhibit the growth of several mammalian cell lines. The com-
pounds had no effect on the growth of nontransformed mouse
3T3 fibroblasts, but inhibited the growth of K-Ras-transformed
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mouse embryonic fibroblasts by ~30%. Low concentrations of
the compounds almost completely abolished the ability of K-
Ras-transformed rat kidney cells to grow in an anchorage-
independent fashion. These results by Chen (8) should, how-
ever, be interpreted with some caution, since there was no
demonstration that the drugs actually entered the cells or that
they inhibited Rcel.

The finding that the farnesyltransferase inhibitor was more
potent in inhibiting cell growth in Rcel*’* fibroblasts and skin
carcinoma cells was intriguing. One way of thinking about this
is that the Rcel excision has a significant impact on the func-
tion of the subset of CAAX proteins that escaped the phar-
macological inhibition and thus were farnesylated normally.
Another interpretation takes into account the fact that many
CAAX proteins, including K-Ras and N-Ras, are geranylgera-
nylated in the setting of farnesyltransferase inhibition (37).
Thus, it is possible that the observed synergism between far-
nesyltransferase inhibitors and Rcel deficiency might be due to
the fact that Rcel inhibition adversely affects the function of
those alternately prenylated substrates. Whatever the mecha-
nism, our experiments suggest the possibility that combined
inhibition of the isoprenylation and endoprotease steps would
be synergistic in retarding the growth of tumor cells.

The conditional gene excision approach allowed us to be
confident regarding the phenotypic consequences of Rcel de-
ficiency. Most of our cell growth and transformation assays
involved direct comparisons of Rcel™1°* cells and the
Rcel®* cells derived from them, making it possible to assess
the consequences of a single genetic difference (i.e., the knock-
out mutation). These direct Rcel™1°* Rcel** comparisons
were very sensitive and allowed us to define, quite unequivo-
cally, distinct properties for Rcel-deficient cells. Had we
adopted the approach of comparing multiple lines of Rcel ™"
and Rcel '~ embryonic fibroblasts (from the conventional
knockout experiments), uncovering these differences could
have posed a challenge, since we would have had to worry
about genetic differences between different outbred embryos
as well as differences arising from independent immortaliza-
tion events. We suspect that the gene excision strategy that we
used in these studies will be very useful for analyzing other
enzymes involved in the posttranslational modification of
CAAX proteins, such as farnesyltransferase (6, 7) and isopre-
nylcysteine carboxyl methyltransferase (2, 14).
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