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Inactivating Icmt ameliorates K-RAS—induced myeloproliferative disease
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Hyperactive signaling through the RAS
proteins is involved in the pathogenesis
of many forms of cancer. The RAS pro-
teins and many other intracellular signal-
ing proteins are either farnesylated
or geranylgeranylated at a carboxyl-
terminal cysteine. That isoprenylcysteine
is then carboxyl methylated by isoprenyl-
cysteine carboxyl methyltransferase
(ICMT). We previously showed that inacti-
vation of Icmt mislocalizes the RAS pro-
teins away from the plasma membrane
and blocks RAS transformation of mouse

fibroblasts, suggesting that ICMT could
be a therapeutic target. However, nothing
is known about the impact of inhibiting
ICMT on the development of malignan-
cies in vivo. In the current study, we
tested the hypothesis that inactivation of
Iemt would inhibit the development or
progression of a K-RAS-induced myelo-
proliferative disease in mice. We found
that inactivating /emt reduced spleno-
megaly, the number of immature myeloid
cells in peripheral blood, and tissue infil-
tration by myeloid cells. Moreover, in the

absence of Icmt, the ability of K-RAS-
expressing hematopoietic cells to form
colonies in methylcellulose without exog-
enous growth factors was reduced dra-
matically. Finally, inactivating lecmt re-
duced lung tumor development and
myeloproliferation phenotypes in a mouse
model of K-RAS-induced cancer. We con-
clude that inactivation of Iecmt amelio-
rates phenotypes of K-RAS-induced
malignancies in vivo. (Blood. 2008;112:
1357-1365)

Introduction

Activating mutations in RAS genes are implicated in the pathogen-
esis of a large proportion of solid tumors and hematologic
malignancies.! For example, mutations in KRAS and NRAS are
found in one-third of patients with acute myeloid leukemia (AML),
myeloproliferative disorders (MPDs), and myelodysplastic syn-
dromes (MDSs).? Moreover, hyperactive RAS signaling in hemato-
poietic cells can be elicited by mutations in genes encoding
proteins that interact with RAS, such as FLT3, NFI1, and the
BCR/ABL gene product.’ Thus, the RAS proteins are attractive
targets for the treatment of hematologic malignancies.

The RAS proteins and other so-called CAAX proteins undergo
3 posttranslational processing steps at a carboxyl-terminal CAAX
motif. The first step is isoprenylation by farnesyltransferase
(FTase) or geranylgeranyltransferase type I (GGTase-I). The sec-
ond step is endoproteolytic release, by RAS converting enzyme 1
(RCE1), of the 3 amino acids downstream from the isoprenylcys-
teine. The third step is carboxyl methylation of the newly exposed
isoprenylcysteine by isoprenylcysteine carboxyl methyltransferase
(ICMT). The processing of the CAAX motif increases membrane
affinity and promotes protein-protein interactions.®

Much effort has focused on trying to block RAS-induced
oncogenic transformation by inhibiting FTase. Although some
preclinical studies of FTase inhibitors (FTIs) in mouse models
showed efficacy and little toxicity,” other studies suggested that
these agents might be ineffective in cancer treatment.® Indeed,
clinical trials of FTIs in cancer patients have been disappointing. A
potential explanation for the poor clinical efficacy of FTase

inhibitors is that both K-RAS and N-RAS are geranylgeranylated
by GGTase-1 when FTase is inhibited.’

We have explored the possibility of inhibiting ICMT as a
strategy to prevent the RAS proteins from associating with the
plasma membrane and to block RAS-induced transformation of
cells. In support of this approach, we found that ICMT is required
for the proper membrane targeting of H-, N-, and K-RAS.!0:1
Moreover, inactivating Icmt in mouse fibroblasts inhibited cell
growth and K-RAS-induced oncogenic transformation, as judged
by both soft agar assays and tumor growth in nude mice.!! Several
groups have developed inhibitors of ICMT.!>!* One compound,
cysmethynil, was reported to mislocalize RAS, impair growth
factor signaling, and block the anchorage-independent growth of a
human cancer cell line.'*

Although these in vitro studies have suggested that ICMT might
be an attractive therapeutic target, no studies have yet defined the
impact of inhibiting ICMT on the development of RAS-induced
malignancies in vivo. In addition, the in vitro studies on ICMT
inactivation were performed with cells in which human oncogenic
K-RAS was highly overexpressed with an expression vector driven
by a strong viral promoter.'! Nothing is yet known about the effect
of Icmt deficiency on transformation induced by an activating
mutation in the endogenous K-RAS gene, where the absolute levels
of K-RAS expression are lower. To address this issue, we designed
studies to test the impact of Icmt deficiency on the development and
progression of malignancies induced by an activating mutation in
the endogenous K-RAS gene.
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Methods

Mouse breeding

Mice with a conditional Icmt knockout allele (Icm™)!! were bred with mice
harboring a latent but Cre-inducible Kras2St allele (hereafter designated
KYSH5 to generate Icmt"KUSL mice. The K'SU allele contains an
activating mutation in codon 12 and a stop cassette flanked by loxP sites
(LSL; loxPSTOPIoxP) in the promoter. Expression of Cre recombinase
results in excision of the stop cassette and expression of the mutated
Kras26'2P allele. Iemt VK-St mice were bred with Icmt™ " mice harboring
an interferon-inducible Mx1-Cre transgene (designated M) to generate
IemtVTKSIM and Iemt"KSEM mice. In these mice, Cre expression
simultaneously activated K-RASC!2P expression and inactivated Icmt in
bone marrow cells. Inactivation of one Icmt allele produces no apparent
phenotypes. Littermate mice that did not inherit both the K5 and M alleles
were used as controls. The IemtVIKSL mice were also bred with mice
harboring the lysozyme M-Cre allele (designated LC)'® to produce
IemtV*KSLLC and Iemt "MK VSLLC mice. In the LC mice, Cre is expressed
in type 2 pneumocytes and myeloid cells.'” The gene nomenclature used for
the different groups of mice refers to the genotype detected in tail DNA at
weaning; the genotype after Cre-mediated recombination is used to
describe homogeneous cell populations (eg, cultured fibroblasts). Mice
were maintained on a 129/Sv and C57BL/6 mixed genetic background.
Animal procedures were approved by the animal research ethics committee
in Gothenburg, Sweden.

Genotyping

Genotyping was performed by PCR amplification of genomic DNA from
mouse tail biopsies, tumors, tissues, cultured cells, and colonies from
hematopoietic growth assays. The Icmf? allele was detected with forward
primer 5'-GGGCGGGACGGACAG-3' and reverse primer 5 -ATGCG-
CATCTGCCTAAGCTG-3', yielding a 600-bp fragment from the Icmt"
allele and a 538-bp fragment from the Icmt* allele. The Icmt® allele was
detected with forward primer 5'-CCGCTCGCTCCGAATCCAG-3' and
reverse primer 5'-CTCGTAAACCGACCACCAAT-3'; the amplified frag-
ment was 600 bp. The stop cassette in the K-St allele was detected with
forward primer 5'-CCTTTACAAGCGCACGCAGACTGTAGA-3' and re-
verse primer 5’-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3'; the
amplified fragment was 600 bp. The activated K6'?P allele was detected
with forward primer 5'-GGGTAGGTGTTGGGATAGCTG-3" and reverse
primer 5'-TCCGAATTCAGTGACTACAGATGTACAGAG-3', yielding a
320-bp fragment from the KS1?P allele and a 280-bp fragment from the
wild-type (K*) allele. The Mx1-Cre transgene was detected with forward
primer 5'-GAGCTCCATTCATGTGTGGT-3" and reverse primer 5'-
CTAGAGCCTGTTTTGCACGTTC-3'; the amplified fragment was 1009
bp. The LC allele was detected with forward primer 5'-CTTGGGCTGCCA-
GAATTTCTC-3" and reverse primers 5'-TTACAGTCGGCCAGGCT-
GAC-3" and 5'-CCCAGAAATGCCAGATTACG-3', yielding a 700-bp
fragment from the LC allele and a 350-bp fragment from the wild-type
(Lysm™) allele.

Cell proliferation experiments

Mouse embryonic fibroblasts were isolated from Icmtf/*KLSL and
IemtVIKS embryos at embryonic (E) day 13.5 to 18.5. Primary (passage
1-3) and spontaneously immortalized (passage 17-27) fibroblasts (5 X 10°
cells) were seeded in 60-mm plates and infected with adenoviruses
encoding Cre- or 3-galactosidase (AdRSVCre and AdRSVnlacZ, respec-
tively; 10° pfu/mL culture medium, Iowa University, lowa City, IA). For the
immortalized cells, 2 X 10 cells of each genotype were seeded in 12-well
plates in triplicate; at various times, the cells were trypsinized and counted
(NucleoCounter, Chemometec, Allerod, Denmark). For focus formation
assays, 20 000 cells were plated in 6-well plates in triplicate, and foci were
counted on day 12. For the primary cells, 10* cells of each genotype were
seeded in 100-mm plates and counted on day 23. Cells on plastic culture
dishes were photographed with a Leica DMIL light microscope using a
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Leica DC200 digital camera (Leica, Wetzlar, Germany) in conventional
culture medium.

Western blots

GTP-bound RAS proteins were isolated with the RAS Activation kit (Assay
Designs, Ann Arbor, MI). Membrane and soluble fractions from spleno-
cytes were separated by ultracentrifugation as described.!! CD11b-positive
splenocytes were isolated with the OctoMACS system (Miltenyi Biotec,
Bergisch Gladbach, Germany). Unfractionated and CD11b-positive spleno-
cytes were serum-starved for 4 hours and then stimulated with granulocyte-
macrophage colony-stimulating factor (GM-CSF) for 10 minutes. Total
protein extracts from fibroblasts, unfractionated and CD11b-positive spleno-
cytes, and cellular fractions from splenocytes were size-fractionated on
10% to 20% sodium dodecyl sulfate polyacrylamide gels (Criterion,
Bio-Rad, Hercules, CA). The proteins were transferred to a nitrocellulose
membrane and incubated with antibodies recognizing K-RAS (234-4.2,
Merck, Darmstadt, Germany), total RAS (Assay Designs), ACTIN (A2066,
Sigma-Aldrich, St Louis, MO), phosphorylated ERK1/2 (9101), total
ERK1/2 (9102), phosphorylated MEK1/25¢217/221 (9121), total MEK1/2
(9122), phosphorylated AKTSe#3 (9271), or total AKT (9272, Cell
Signaling, Danvers, MA). Protein bands were visualized with horseradish
peroxidase-conjugated secondary antibodies (NA931 and NA934, GE
Healthcare, Little Chalfont, United Kingdom).

In vivo experiments

The K-RAS-induced MPD model has been described previously.'$-20
Groups of 3-week-old IemtV*K'SUM, IemtVIKSEM, and control mice
were injected with 400 pg of polyinosinic-polycytidylic acid (pI-pC;
Sigma-Aldrich) once every 2 days for a total of 4 injections to induce Cre
expression in bone marrow cells. Blood was drawn from a tail vein before
the first pI-pC injection (time point 0) and once per week for up to
14 weeks. The blood was analyzed with a Hemavet 950FS cell counter
(Drew Scientific, Dallas, TX) and by manual differential counts of
May-Griinwald-Giemsa-stained smears. At various times, groups of mice
were killed and tissues harvested. For the K-RAS—induced lung cancer and
myeloproliferation model, groups of Icmt "+ KSLLC, IemtVMKSLLC, and
control mice were killed at 20 to 24 days of age. Other groups of mice were
monitored until showing signs of severe shortness of breath resulting from
lung tumors and then killed for harvesting of tissues.

Fluorescence-activated cell sorting

Splenocytes from IcmtV+KYSIM, Iemt"IK1SEM, and control mice were
isolated 7 weeks after pI-pC injections and incubated with antibodies
recognizing cell-surface antigens CD11b (550993), CD45 (557659), and
Gr-1 (553129) (BD Biosciences, San Jose, CA), and analyzed in a
FACSaria (BD Biosciences). Data were analyzed with FACS Diva software
(BD Biosciences).

Hematopoietic colony assays

Splenocytes (10%) and bone marrow cells (2 X 10%) were cultured in
duplicate wells in methylcellulose medium in the absence (MethoCult
M3231, StemCell Technologies, Vancouver, BC) and presence of growth
factors (stem cell factor (SCF), interleukin-3 (IL-3), interleukin-6 (IL-6),
and erythropoietin (EPO) (MethoCult M3434)), or in the presence of
GM-CSF: colonies were typed and counted on day 10. Hematopoietic cells
were also cultured in methylcellulose medium (MethoCult M3234) supple-
mented with EPO and burst-forming unit erythroid (BFU-E) colonies were
counted on day 7. Genomic DNA from single colonies was extracted and
used for genotyping, and cytospin preparations of cells in individual
colonies were stained with May-Griinwald-Giemsa and analyzed by light
microscopy (Zeiss Axioplan 2, Oberkochen, Germany).

Histology

Tissues were fixed in 4% formalin, dehydrated in 70% to 100% ethanol,
cleared in xylene, and embedded in paraffin. Sections (4-5 pwm) were
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Figure 1. Inactivation of /cmt inhibits cell proliferation induced by expression of an endogenous K-RAS®12D allele in mouse embryonic fibroblasts. (A) Proliferation
of immortalized Iecmt"+KSL and Iemt"KLSL cells infected with Cre- and B-gal-adenoviruses. Cre-adenovirus-treatment of lemt* KLSt and lemt"MKLSL fibroblasts
produced lemt®+KG12D and lcmt2/AKG12D cells that expressed endogenous K-RASG12D and that had one or both /cmt alleles inactivated, respectively. Data are mean
plus or minus SEM of one cell line assayed in triplicate. Similar results were obtained in 5 independent experiments. (B) Cells from a focus formation assay taken
12 days after plating (original magnification x10; 0.22 NA objective). (C) Proliferation of primary lemt"+ K'St and lemt™"KSt cells infected with B-gal- (2 left bars) and
Cre-adenoviruses (2 right bars). A total of 104 cells were plated and counted after 23 days. Data are one cell line for lcmt"+K'SL and the mean of 2 cell lines for
lemt"MKLSL, (D) PCR amplification of genomic DNA from cells of a typical experiment in panel A showing the deletion of the /cmt" allele and the stop cassette in the
promoter of the Kras2'St allele and the appearance of the /cmt* band and the activated Kras2©120 band in Cre-adenovirus-treated cells (lanes 2 and 4). (E) Western
blots showing levels of K-RAS, total RAS, and ACTIN in total cellular extracts from cells in panel A. Similar results were obtained with a different pair of cell lines. For

panels B, D, and E, the genotypes of cell lines i through iv are shown in panel A.

stained with hematoxylin and eosin and analyzed by light microscopy.
Slides were photographed with an AxioCam HRc digital camera mounted
on an Axiophot microscope (Zeiss) in Mountex mounting medium (Histo-
lab Products, Gothenburg, Sweden).

Statistical analyses

Data were plotted as mean and SEM. Differences in the concentrations of
immature white blood cells, tissue weights, percentages of CD11b/Gr-1 double-
positive splenocytes, colony-forming ability of hematopoietic cells, and cell size
were determined with one-way analysis of variance and Tukey post-hoc test for
multiple comparisons; survival was assessed by the log-rank test.

Results

Inactivating Icmt blocks proliferation induced by endogenous
oncogenic K-RAS in mouse fibroblasts

We previously showed that inactivating Icmt inhibits the
proliferation of immortalized fibroblasts overexpressing an
oncogenic form of human K-RAS. To determine whether
inactivation of /cmt would inhibit the proliferation of fibroblasts
expressing oncogenic K-RAS from the endogenous promoter,
we isolated Icmt* KLSL and Iemt%fKSL embryonic fibroblasts.

Cre-adenovirus treatment of immortalized Icmt™+ Kt fibro-
blasts yielded Icmt '+ K6'2P cells (with expression of K-RASS!12P
from the endogenous promoter and with one Icmt allele
inactivated) and resulted in rapid cell proliferation and partial
transformation (Figure 1A,B), consistent with previous studies
using Kt fibroblasts.?%?! In contrast, Cre-adenovirus treatment
of Iemt"AKSL fibroblasts (yielding IcmtAKG12P cells, with
both Icmt alleles inactivated) blocked the K-RASS12P_induced
increase in proliferation and partial transformation (Figure
1A,B). The Icmt?'* KG12P cells formed 17 plus or minus 2 foci in
a focus formation assay: the Icmr*2KG12P cells, and the parental
Iemt®* KESE and Iemt8MKSE cells, did not form foci. In primary
IcmtV+KLSL fibroblasts, Cre-adenovirus treatment resulted in
rapid cell growth and immortalization: these phenotypes were
abolished by inactivating Icmt in primary Iemt"fKSL fibroblasts
(Figure 1C; data not shown). Figure 1D demonstrates the
complete inactivation of the Icm allele and the activation of the
Kras261?P allele in Cre-adenovirus—treated fibroblasts. Figure
1E shows increased levels of K-RAS protein in the Icmt®/TKG12P
and Icmt»2KG'12D fibroblasts (lanes 2 and 4) compared with
the parental IcmtV*K™St and IcmtViKSt fibroblasts, as judged
by Western blotting with K-RAS and pan-RAS antibodies
(Figure 1E).
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Figure 2. Icmt deficiency reduces the accumulation
of immature myeloid cells and tissue infiltration in
mice with K-RAS—-induced MPD. (A) White blood cell
counts of lemt"*KSM and Iemt"KSLM mice. Blood
was analyzed before and weekly after pl-pC injections.
(lemt"+KLSIM: week 0-8, n = 11-19; week 9-14,
n = 4-6; lemt"MKSLM: week 0-7, n = 7-20; week 8-14,
n = 1-5). (B) White blood cells were evaluated in blood
smears from lemtV*KSIM (CJ) and IemtViKLSLM
mice (HMM) before pl-pC injections (n = 6-7), at
5 to 7 weeks (n = 5), and at 13 to 14 weeks after pl-pC
injections (n = 2-3). Shown is the percentage of imma-
ture cells (ie, myeloblasts, myelocytes, metamyelocytes,
band cells, and pelgeroid cells). (C) Photographs of
typical blood smears from panel B (original magnification
X100; 1.30 NA oil objective). (Top right panel) — repre-
sents band cell; =, pelgeroid cell; A, erythroblast. The
large cell to the right of the erythroblast is a myeloblast.
(D) Hemoglobin concentrations measured in the blood
samples shown in panel A. (E) Hematoxylin and eosin—
stained sections of liver and spleen of mice killed
13 weeks after pl-pC injections (original magnification
X20; 0.50 NA objective). (F) Kaplan-Meier curve showing
survival of lemt"*KSIM (n = 21) and lemt?fKLSLM
(n = 22) mice.
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Inactivating Icmt reduces tissue infiltration and accumulation
of immature myeloid cells in peripheral blood in mice with
K-RAS-induced MPD

To define the impact of Icmt deficiency on the development and
progression of K-RAS—induced MPD, we injected Icmt¥* K'SIM
and Icmt"AKSIM mice with pI-pC and monitored them for up to
14 weeks. The pl-pC injections “switched on” the expression of
K-RASGI?D and inactivated one Icmt allele in the case of the
Iemt %+ KLSIM mice and 2 alleles in the case of the IcmtViKESLM
mice. In previous studies, we showed that inactivation of the
conditional Jcmt allele eliminates ICMT enzymatic activity, mislo-
calizes the RAS proteins away from the plasma membrane, and
results in a striking accumulation of “methylatable” substrates
within cells (ie, cellular proteins that can be methylated by
recombinant ICMT).!! In addition, the Mx1-Cre—induced inactiva-
tion of Icmt produced no apparent phenotypes in mice, even over
many months of observation (A.M.W. and M.O.B., unpublished
data, 2007).10

From 0 to 7 weeks after pI-pC injections, both IcmtV*K“S\M
and Icmt"K™SLM mice developed signs of MPD with increased
white blood cell counts (Figure 2A) but with only a small

50 75 100

Time (days)

proportion (4%-6%) of immature myeloid cells in peripheral blood
(Figure 2B,C). After 7 weeks, the white blood cell counts
increased more rapidly in the Icmt* K'S'M compared with the
IcmtYKSIM - mice. Moreover, 13 to 14 weeks after pl-pC
treatment, the percentage of immature myeloid cells in blood from
the IemtV* KM mice increased to 25%, whereas it remained less
than 8% in the IcmtYK™S'M mice (Figure 2B,C; P = .032).
Hemoglobin levels in both lemt* K*S'M and Icmt YK SIM mice
increased during the first 7 weeks after pl-pC injections. After
7 weeks, hemoglobin levels decreased steadily and visibly ill mice
were usually anemic (Figure 2D). The IcmtV* K*S'M mice exhib-
ited infiltration of myeloid cells in the liver and disruption of the
splenic cytoarchitecture; in Icmt¥KS'M mice, these phenotypes
were markedly reduced (Figure 2E). Despite inhibiting the progres-
sion and severity of MPD phenotypes, the inactivation of Icmt did
not improve survival. The median survival was 66 days for
IemtV*+KSIM mice (n = 21) and 55 days for the Icmt"VKSIM
mice (n = 22) (P > .05; Figure 2F).

As expected from previous studies with the K-RAS—induced
MPD," both Icmt*K'S'M and IcmtK™S'M mice developed
lesions in other tissues, such as malignant thymic lymphoma,
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Figure 3. Inactivation of Icmt reduces spleno- A
megaly and colony growth of splenocytes in mice O lemt™*K*S'M P =.005 B
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adenocarcinoma of the lung, and large papillomas in the gastrointes-
tinal tract (Figure S1, available on the Blood website; see the
Supplemental Materials link at the top of the online article). The
lesions in other tissues were not surprising because the Mx1-Cre
transgene induces recombination in many cell types other than
hematopoietic cells, although at a lower level.?> We speculated that
the reason the Icmt"AKLSEM mice exhibited reduced MPD pheno-
types (ie, phenotypes in spleen and bone marrow), but no
improvement in survival could be related to the lesions in other
tissues (where there could be a high likelihood of K-RAS activation
without the complete inactivation of Icmt). To address this issue,
we genotyped tissues and lesions from pl-pC—injected
IcmtY8KSIM mice by PCR of genomic DNA. As expected, in
spleen and bone marrow, the KC?P allele was activated and Icmt
was almost completely inactivated (Figure S1). However, isolated
lesions from all other tissues showed incomplete inactivation of
Icmt (Figure S1).

Iecmt deficiency reduces splenomegaly and growth
factor—independent colony growth of splenocytes from mice
with K-RAS-induced MPD

Three weeks after pl-pC injections, the IcmtVTK'SIM and
Temt"KSEM mice had similar spleen weights (Figure 3A). Over
the following 2 weeks (week 4-5), spleen weight in IcmtV*+ KLSIM
mice doubled but remained unchanged in Icm"MKSIM mice. In
mice killed 7 to 13 weeks after pI-pC injections, spleen weight was

2.6-fold higher in Icmt"*K'SEM mice compared with
IcmtV8KSEM mice (Figure 3A; P = .005). Fluorescence-activated
cell sorting analysis of splenocytes from Icmt®*KLSIM mice
showed an increased proportion of CD11b and Gr-1 double-
positive cells compared with both Iemt"KSIM (P = .043) and
control (P = .009) mice (Figure 3B). As expected from previous
studies with the K-RAS-induced MPD,'8-20 splenocytes from
pl-pC—injected Icmt* KSEM mice were able to form colonies in
methylcellulose without exogenous growth factors (Figure 3C). In
contrast, the ability of splenocytes from IemtVAKSEM mice to
form colonies without growth factors was reduced by more than
95% (Figure 3C; P = .005). In the presence of growth factors
(SCF, 1L-3, IL-6, and EPO), colony formation by lcmtiKLSEM
splenocytes was reduced by 56% compared with Icmt¥+KLSEM
splenocytes (P = .005) but was still higher than with control
splenocytes (P = .028; Figure 3D); the splenocyte colonies were
primarily granulocyte-macrophage colony-forming units (CFU-
GM). The Icmt"fKTSIM splenocytes formed colonies at high
concentrations of GM-CSF, but not at low concentrations, which
induced numerous colonies from Icmt"* KXSIM splenocytes (Fig-
ure 3E); control splenocytes did not form colonies in response to
GM-CSF (Figure 3E). The Icmt"*K'S'M CFU-GM colonies
were composed of large macrophage-like cells; the cells in
IcmtKLSIM  colonies were approximately 50% smaller
(Figure 3F; P <.001) and resembled cells in colonies from
control splenocytes.
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Figure 4. Mislocalization of RAS proteins in Icmt-deficient splenocytes and
analyses of downstream RAS effectors in CD11b-positive splenocytes.
(A) Intracellular localization of RAS proteins in splenocytes. Total cell extracts (T)
from splenocytes were fractionated into soluble (S) and membrane (P) fractions and
analyzed on Western blots with a pan-RAS antibody. Note the accumulation of RAS
proteins in the soluble (S) fraction in splenocytes of lemt WAKLSIM mice.
(B) Western blots showing levels of GTP-bound RAS and downstream effectors in
serum-starved and GM-CSF-stimulated CD11b-positive splenocytes pooled from
mice of the same genotype (control, n = 5; Iemt"*K'SM, n = 3; lemt"KLSLM,
n = 3).

To determine the intracellular localization of the RAS proteins
in Iemt-deficient cells in vivo, we harvested splenocytes from mice
5 weeks after injections of pI-pC and then isolated membrane and
soluble fractions. In splenocytes from control and Icmt* K'S\M
mice, essentially all RAS proteins were in the membrane fraction
(Figure 4A). In contrast, in Icmt " KSLM splenocytes, a substantial
proportion of the RAS proteins were in the soluble fraction (Figure
4A). We assessed the activation of RAS and downstream effectors
in unfractionated splenocytes and observed higher levels of basal
and GM-CSF-stimulated phosphorylated ERK in IcmtV*KSIM
splenocytes than in control and IemtV1K™SIM splenocytes (Figure
S2). However, because the proportion of CD11b-positive spleno-
cytes varied from 3% to 21% between the 3 groups of mice, we
isolated and analyzed CD11b cells (Figure 4B). RAS-GTP was
present in both serum-starved and GM-CSF-stimulated CD11b
cells and varied little between the 3 groups of mice. Despite the
presence of RAS-GTP, the levels of phosphorylated MEK and ERK
in serum-starved CD11b cells were low. In control CD11b cells, the
phosphorylation of MEK and ERK after GM-CSF stimulation was
robust. However, the phosphorylation of both MEK and ERK was
reduced in Icmt*K'SEM cells and was further reduced in
IemtY8KSIM cells. Levels of phosphorylated AKT were high in
serum-starved CD11b cells from the 3 groups of mice and did not
change after GM-CSF stimulation. In keeping with the results of an
earlier study,'® there were no differences in the activation of ERK
and AKT in bone marrow cells between the 3 groups of mice
(not shown).
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Inactivation of Iemt inhibits growth factor-independent colony
growth of myeloid and erythroid progenitors in bone marrow

Consistent with the results from splenocytes, the ability of bone
marrow cells from pI-pC—injected IcmtAK™S'M mice to form
colonies in the absence of growth factors was reduced by approxi-
mately 95% compared with cells from Icmt* KXSEM mice (Figure
5A; P = .001). Surprisingly, however, in the presence of growth
factors (SCF, IL-3, IL-6, and EPO), colony growth of bone marrow
cells from Iemt"MKLSLM mice was actually increased compared
with IemtV*KSIM (P = .006) and control (P = .007) mice (Fig-
ure 5B; the colonies were CFU-GM). To determine whether
inactivation of Icmt would also increase colony growth of normal
bone marrow cells (ie, cells that did not express K-RASC12P), we
harvested bone marrow cells 2 weeks after pl-pC injections of
Iemt"™M and control Iemt"*M mice. Bone marrow cells
from Icmt®"M mice formed 33% more colonies than cells from
Icmt™"+*M mice (Figure 5C; P = .023) in the presence of growth
factors. We assessed the sensitivity of bone marrow cells to
GM-CSF. At low concentrations of GM-CSF (0-0.1 ng/mL), bone
marrow cells from IemtVAKSEM mice formed fewer colonies than
cells from Icmt"*K'SIM mice. At saturating concentrations of
GM-CSF (> 1 ng/mL), Icmt-deficient bone marrow cells, both
with (Figure 5D) and without (Figure 5E) K-RASC'?P, formed
more colonies than cells from heterozygous Icmz-deficient and
control mice.

Previous studies have shown that bone marrow cells express-
ing K-RASSG?D are hypersensitive to EPO and exhibit EPO-
independent production of BFU-E colonies.?* Consistent with
those studies, bone marrow cells from Icmt"* KM mice
showed robust BFU-E formation both in the absence and
presence of EPO (Figure 5F). In contrast, the EPO sensitivity of
bone marrow cells from IcmtVKLSIM mice was similar to
control (Figure 5F). We found similar results with splenocytes
(not shown).

Genotyping of genomic DNA from individual colonies demon-
strated that both of the floxed Icmt alleles were inactivated when
hematopoietic cells of Iemt VKM and IemtM mice were used
(Figure 5G.H).

Knockout of Iemt eliminates myeloproliferation and reduces
lung tumor development in a second line of K-RAS%12D mice

To further define the impact of Icmt deficiency on the develop-
ment of K-RAS-induced malignancies in vivo, we bred
Icmt K Stmice with mice expressing Cre recombinase in type
2 pneumocytes and myeloid cells (LC, lysozyme M-Cre).!°
K'SLLC mice develop a rapidly progressing lung cancer. The
K'SLLC mice die or have to be killed at 3 weeks of age, resulting
from respiratory failure from the obliteration of the alveolar
architecture.!” Consistent with those findings, the median sur-
vival of Icmt %" K*SLLC mice was 22 days (Figure 6A), and lung
weight was increased 8-fold compared with control mice. The
tumor histology ranged from diffuse hyperplasia to adenoma
and adenocarcinoma with very few areas of normal alveolar
structures (Figure S3A-C). Survival was improved in the
Icmt"KSLLC mice (median survival, 50 days, P < .001;
Figure 6A) and lung weight was decreased by 33% compared
with the Iemt¥TK'SLLC mice (P < .001). Lung histology of
3-week-old Iemt"KSLLC mice ranged from nests of atypical
adenomatous hyperplasia to diffuse hyperplasia, but the lungs
retained areas of normal histology (Figure S3D,E). Normal lung
histology is shown in Figure S3F.
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Figure 5. Knockout of Icmt reduces growth factor-independent colony growth of bone marrow cells from mice with K-RAS-induced MPD. (A,B,D) Methylcellulose
colony assays of bone marrow cells (n = 3-5 for each genotype) cultured in the absence (A) and presence (B) of growth factors (SCF, IL-3, IL-6, and EPO), and the indicated
concentrations of GM-CSF (D). (C,E) Colony growth of bone marrow cells from Iemt"*M (n = 3) and Icmt™"M mice (n = 3) (without the Kras2'SL allele) cultured in the
presence of growth factors (C) or the indicated concentrations of GM-CSF (E). (F) BFU-E formed by bone marrow cells (n = 2 for each genotype) cultured in the indicated
concentrations of EPO. (G,H) PCR amplification of genomic DNA from individual colonies. The genomic DNA used in panel G is from colonies from experiments in Figures 3D
and 5B. DNA used in panel H is from experiments in panel C.
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The KMSLC mice also express K-RASS!?P in myeloid cells and
exhibit signs of myeloproliferation, including an ability of hemato-
poietic cells to exhibit autonomous colony growth in vitro.
Consequently, bone marrow cells and splenocytes from
Iemt™"* KISLLC mice consistently formed colonies in methylcellu-
lose in the absence of exogenous growth factors (Figure 6B-D).
However, colony growth of bone marrow cells and splenocytes
from Icmt"fKESLLC mice was reduced by 94% (P = .025) and
98% (P = .013), respectively (Figure 6B-D).

Discussion

In previous studies, we showed that the inactivation of Icmt
inhibited K-RAS—induced transformation of fibroblasts in vitro.!!
The current experiments reveal that conditional inactivation of Icmt
ameliorates phenotypes of K-RAS-induced malignancies in vivo
and suggest that ICMT could be a potential target in the treatment
of K-RAS-induced malignancies.

In our initial experiments, we used the Mx1-Cre transgene to
produce mice with a K-RAS-induced MPD. The inactivation of Icmt in
these mice reduced each of the major MPD phenotypes in vivo and
virtually eliminated the autonomous growth of K-RASS?P—expressing
myeloid and erythroid hematopoietic progenitors in vitro. However,
despite the significant impact on MPD phenotypes, inactivating /cmt did
not improve survival. One potential explanation for this finding is that
the lethality of the MPD was not strictly related to the MPD phenotypes
but to lesions in other tissues. The Mx1-Cre—induced activation of
K-RASS!?D s not restricted to the bone marrow and spleen and can
produce severe lesions in multiple other tissues, albeit with incomplete
penetrance. We suspected that the lower levels of Cre expression in
those other tissues may have activated the latent K-RAS allele in some
cells without inactivating both Icmt alleles. Indeed, genotyping of
lesions in other tissues showed that Icmt was not fully inactivated.
Another potential explanation for why inactivating Icmt did not improve
survival is that the lethality of the MPD was related to inefficient
erythropoiesis and anemia®? and that inactivating Icmt failed to counter-
act this phenotype. Indeed, although inactivating /cmt normalized the
EPO sensitivity of K-RASS!?P—expressing hematopoietic cells in vitro,
sick Iemt¥* KS'M and Iemt¥8K™SEM mice were anemic. In any case,
the inactivation of Icmt clearly improved survival in the lysozyme
M-Cre transgene model.

This study supports previous findings that the absence of Icmt
causes oncogenic K-RAS-expressing fibroblasts to proliferate

KLSL LC

A

Figure 6. Inactivation of Icmt improves survival and reduces autonomous colony growth of hematopoietic cells in a second model of K-RAS-induced
malignancies. (A) Survival of lemtV+*KSLLC (n = 24), Iemt"K'SLLC (n = 14), and control (n = 10) mice. Methylcellulose colony assay of bone marrow cells
(B) and splenocytes (C) (n = 3 for each genotype) cultured in the absence of exogenous growth factors. (D) Photographs from typical experiment in panel C.

slowly.!?* Similarly, inactivation of Icms almost eliminated the
ability of K-RASS'2P-expressing myeloid and erythroid progeni-
tors to form CFU-GM and BFU-E colonies in methylcellulose
without exogenous growth factors. However, in the presence of
growth factors, Icmt-deficient bone marrow cells produced more
colonies, regardless of K-RAS mutation status. The increased
colony production of Icmt-deficient bone marrow cells was limited
to the myeloid lineage (the majority of colonies were CFU-GMs).
This finding raises a potential issue of unwanted side effects with
ICMT inhibitor drugs. On the other hand, the increased colony
production in Icmt-deficient cells was observed only at saturating
concentrations of growth factors, making it somewhat improbable
that hematopoietic cell proliferation and differentiation would be
affected in vivo. In line with that view, mice lacking Icmt in
hematopoietic cells (with wild-type K-RAS) exhibit normal white
blood cell counts and differentials over many months of observa-
tion (A.M.W. and M.O.B., unpublished data, 2007).!! We do not
have an explanation for the increased colony production of
Icmit-deficient bone marrow cells, but the results are reminiscent of
a previous study, which showed that inactivation of the CAAX
protein endoprotease RCE1 increased white blood cell counts.?
However, this analogy is not perfect, as the absence of Rcel
actually accelerates the development and progression of K-RAS—
induced MPD, increases splenomegaly and tissue infiltration, and
reduces survival.?? Thus, the inactivation of RCEl and ICMT,
which act sequentially on the CAAX protein substrates, yields
different results.

Why did Rcel deficiency accelerate and Icmit deficiency inhibit the
K-RAS-induced MPD? One possibility could be that, in addition to the
CAAX proteins, a subset of the RAB proteins (ie, the ones terminating
with -CXC) are processed by ICMT but not by RCE1.24?° The RAB
proteins regulate the transport and targeting of vesicles and organelles
within cells.?” Thus, it is conceivable that that carboxyl methylation of
the CXC-RAB proteins is important for K-RAS—induced oncogenesis in
vivo and that inactivating Icmt interferes with this function.

Inactivating Icmt mislocalized the RAS proteins in K-RASS12P—
expressing splenocytes, but a substantial amount was still associ-
ated with the membrane fraction. Previous studies using GFP-
tagged RAS constructs showed that most of the RAS proteins are
found on the plasma membrane in wild-type cells but are found in
the cytosol and on internal membranes in Icmit-deficient fibro-
blasts.' Thus, the RAS proteins found in the P100 fraction in
Icmt-deficient cells are most probably associated with internal
membranes, such as the Golgi. Finding RAS proteins associated
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with membranes in Icmt-deficient cells is not surprising because
they are farnesylated and retain the secondary membrane-targeting
signals (ie, palmitoylation in the case of H- and N-RAS and a
polylysine motif in the case of K-RAS). Regardless, the inactiva-
tion of Icmt had a significant impact on most of the phenotypes
elicited by K-RASS!?P in hematopoietic cells.

The effect of the Icmt inactivation on the proliferation of
fibroblasts and hematopoietic cells was probably not caused by
variations in RAS expression levels: the expression of K-RAS and
total RAS was similar in Jemt®+KS12P and Icmt»2KG'2P fibro-
blasts, and basal and stimulated RAS-GTP levels were similar in
Iemt ¥+ KSIM and IemtY8KSIM splenocytes.

Expression of K-RASS?P attenuated the GM-CSF-induced phos-
phorylation of MEK and ERK in CD11b-splenocytes. Attenuation of
RAS-ERK signaling in response to endogenous oncogenic K-RAS has
been observed in multiple cell types, such as fibroblasts and hematopoi-
etic progenitors, and is now a relatively well-established finding.?!282
Interestingly, Icmt deficiency further reduced the GM-CSF-stimulated
activation of MEK and ERK in CD11b-splenocytes. It is tempting to
speculate that the reduced activation of MEK and ERK in splenocytes
lacking Icmt was related to smaller spleens in vivo and reduced colony
growth in vitro. However, this speculation would be limited to spleno-
cytes because reduced activation of ERK was not observed in Icmt-
deficient bone marrow cells in the current study or fibroblasts in
previous studies.!!

In conclusion, inactivating /cmt interferes with the progres-
sion and severity of K-RAS—induced MPD in vivo. Several
laboratories are working to develop potent ICMT inhibitors.!>14
Testing those compounds as antitumor agents will probably be
aided by the models described here, which would make it
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possible to compare, side by side, the impact of pharmacologic
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