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ABSTRACT: In many tumor cells, the activation and activity of extracellular signal-regulated kinases (ERK1/2)
are very high because of the constitutive activation of the Ras-mediated signaling pathway. Here, we
ectopically expressed the human homologue of rat eukaryotic initiation factor 2-associated glycoprotein, p67/
MetAP2, in EGF-treated mouse embryonic NIH3T3 fibroblasts and C2C12myoblasts andNIH3T3 cell lines
expressing the constitutively active form ofMAP kinase kinase (MEK) to inhibit the activation and activity of
ERK1/2 MAP kinases. In addition, we also ectopically expressed rat p67/MetAP2 in oncogenic Ras-induced
transformed NIH3T3 fibroblasts and inhibited their transformed phenotype both in culture and in athymic
nude mice possibly by inhibiting angiogenesis. This inhibition of ERK1/2 MAP kinases is due to the direct
binding with rat p67/MetAP2, and this leads to the inhibition of activity of ERK1/2 MAP kinases both in
vitro and in vivo. Furthermore, expression of p67/MetAP2 siRNA in both NIH3T3 fibroblasts and C2C12
myoblasts causes activation and activity of ERK1/2 MAP kinases. Our results thus suggest that ectopic
expression of rat p67/MetAP2 in transformed cells can inhibit the tumorigenic phenotype by inhibiting the
activation and activity of ERK1/2 MAP kinases and, thus, that p67/MetAP2 has tumor suppression activity.

Angiogenesis is the process of formation of blood vessels in
which they either sprout or split from an existing blood vessel (1).
Several small molecule inhibitors, including proteins and syn-
thetic organic compounds with different chemical structures,
have been shown to inhibit angiogenesis and cell growth (1, 2).
Mammalian cell growth and proliferation are well-balanced
because of the coordinated cellular events at the levels of DNA
replication, transcription, and translation.Many of these cellular
events are coupled to provide efficient control during normal cell
growth and proliferation. Any deregulation of these well-
balanced cellular processes pushes cells either into being removed
from the organismvia apoptosis or into abnormal growth toward
tumorigenesis.

An anti-angiogenic drug, fumagillin, inhibits growth of
endothelial cells (3), myoblasts (4), and several other cells (5). It
covalently binds to the cellular target, methionine aminopeptidase
2 (MetAP2)1 (6, 7), which shares ∼95% sequence identity with a

eukaryotic initiation factor 2 (eIF2)-associated glycoprotein
p67 (2). Thus, the new name of this protein is p67/MetAP2 (2).
Because of the presence of intrinsic proteolytic activity, p67/
MetAP2 undergoes autoproteolysis and generates several peptide
fragments, among which the N-terminal p26 containing amino
acid residues 1-107 is very stable (8). Another stable fragment
containing downstream amino acid residues 108-480 has the
catalytic pocket and the catalytic H231 site (7). The later site
covalently binds to the anti-angiogenic drug, fumagillin (6, 7), and
decreases the level of p67/MetAP2 autoproteolysis and increases
its cellular level (4). The increased levels of p67/MetAP2 show a
higher affinity for extracellular signal-regulated kinases 1 and 2
(ERK1/2) than eIF2R (4) and inhibit cell growth by inhibiting the
cell signalingmediated byRas (9). p67/MetAP2binds directlywith
extracellular signal-regulated ERK1/2MAPkinases in vivo and in
vitro and inhibits their activation and activity (4, 10, 11). It also
binds directly to R- and γ-subunits of eukaryotic initiation factor
2 (eIF2) and blocks the eIF2R-specific kinase(s), which phos-
phorylates eIF2R and reduces the rates of global protein syn-
thesis (12, 13). Although it seems antagonistic, p67/MetAP2
coordinates well with the ERK1/2 MAP kinase cell signaling
pathway and the protein synthesis machinery to provide effective
yet novel communications between these two cellular processes to
coordinate cell cycle and protein synthesis initiation (2).

The ERK1/2 MAP kinase pathway, when stimulated by
epidermal growth factor (EGF) or platelet-derived growth factor
(PDGF), regulates cell growth and proliferation, differentiation,
and apoptosis (9). Deregulation of this pathway through con-
stitutive activation due to specific mutations at (i) the receptor
tyrosine kinase, EGFR (14), (ii) the proto-oncogene Ras (15),
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(iii) Raf, a downstream effector of Ras (16), and (iv) MEK1/2,
the downstream effectors of Raf (17), leads to tumori-
genesis (9, 14-18). Because p67/MetAP2 binds directly to
ERK1/2 MAP kinases and inhibits their activation and activity
in vitro and in vivo, we askedwhether overexpressing this protein
in K-RasV12-transformed NIH3T3 fibroblasts will suppress
tumorigenic phenotype in ex-vivo cell culture and in athymic
nudemice. Our studies show that indeed ectopic expression of rat
p67/MetAP2 inhibits the activation and activity of ERK1/2
MAP kinases induced by either EGF treatment or constitutively
active MEK in both NIH3T3 fibroblasts and C2C12 myoblasts.
It also suppresses K-RasV12-mediated transformed phenotypes
of NIH3T3 fibroblasts both in culture and in athymic nude mice
by inhibiting the activation and activity of ERK1/2 MAP
kinases. The suppression of tumor growth in athymic nude mice
due to overexpression of rat p67/MetAP2 possibly occurs via the
inhibition of angiogenesis. Amino acid residues 76-358 of
ERK1/2 MAP kinases bind directly to rat p67/MetAP2 at
downstream amino acid residues 211-430 both in vitro and in
vivo. These interactions inhibit rat p67/MetAP’s autoproteolysis
and ERK1/2 MAP kinase-mediated in vitro phosphorylation of
myelin basic protein (MBP). In addition, expression of p67/
MetAP2 siRNA causes induced activation and activity of ERK1/
2 MAP kinases in both NIH3T3 fibroblasts and C2C12 myo-
blasts. Collectively, our data suggest that rat p67/MetAP2 has
tumor suppression activity.

MATERIALS AND METHODS

Chemicals and Reagents. The chemicals used in this study
were obtained from Sigma Chemicals (St. Louis, MO), Merck
(Darmstadt, Germany), ICN Biomedicals, Inc. (Aurora, OH),
Fisher Chemicals (Fairlawn, NJ), VWR (Chester, PA), and
GIBCO-BRL (Rockville, MD). All enzymes used in this study
were purchased from New England Biolabs (Beverly, MA).
[γ-32P]ATP was purchased from Amersham Corp. SuperFect
transfection reagent and Ni2þ-NTA agarose beads were from
Qiagen. Glutathione agarose beads were purchased from Sigma
Chemicals, and glutathione agarose bead-bound GST-ERK1,
GST-MEK1, and myelin basic protein were purchased from
Upstate Biotechnology (Lake Placid, NY). Kinase active ERK1
and ERK2 were purchased from Bioline and New England
Biolabs (Beverly, MA), respectively. Cell culture media and fetal
bovine serum were purchased from GIBCO/Invitrogen Life
Science Biotechnology. Fetal calf serum used for culturing
NIH3T3 fibroblasts was obtained from Colorado Serum Co.
(Boulder, CO).
Plasmid Construction. The plasmids encoding Flag epitope-

tagged ERK1 and ERK2were gifts from S. Eblen andA. Catling
(University of Texas at San Antonio, San Antonio, TX). The
hemagglutinin (HA)-tagged MEKA construct was a kind gift
from N. Ahn [University of Colorado, Boulder, CO (17)], and
the oncogenic K-RasV12 was a kind gift from A. Wolfman
(Cleveland Clinic Foundation, Cleveland, OH). The pZip empty
vector was obtained from the pZip-K-RasV12 plasmid after
restriction digestionwithBamHI to take out theK-RasV12 insert
followed by self-ligation. The construction of plasmids expressing
enhanced green fluorescence protein (EGFP) tagged with rat
p67/MetAP2 and Myc epitope-tagged rat p67/MetAP2 has been
described previously (4, 10, 11, 19, 20). Full-length p67/MetAP2
and its various deletion mutants were subcloned into the pCMV-
Myc vector in the BglII and NotI sites. His-tagged p67/MetAP2

and its deletion mutants, p52 (encoding amino acid residues
108-480) and p26 (encoding amino acid residues 1-107), were
purified from baculovirus-infected Sf21 insect cells following the
procedures described previously (4, 8). The GST fragments of
p67/MetAP2 were obtained by subcloning the respective cDNA
encoding the fragments into the BamHI and EcoRI sites of GST
expression vector pGEX-1X. The GST fragments of ERK1 and
ERK2 were obtained by subcloning the respective cDNA en-
coding the fragments intoBamHI and EcoRI sites for ERK1 and
BamHI andNotI sites for ERK2, respectively, of GST expression
vector pGEX-4T1.
Antibodies. Mouse monoclonal antibodies specific for

p-ERK1/2 (Sc-7383), ERK2 (Sc-1647), MEK1 (Sc-6250),
p-MEK1/2 (Sc-7995), K-Ras (Sc-30), p-RSK (Sc-12898), and
cyclin D1 (Sc-20044) were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). The anti-FLAG M2 monoclonal
antibody specific for the Flag epitope and the monoclonal
antibody specific for R-actin were purchased from Sigma Chem-
icals. The anti-Myc and anti-HA antibodies were obtained from
Clontech (Mountain View, CA) in a kit containing the pCMV-
Myc and pCMV-HA vectors. Rabbit polyclonal antibodies
specific for ERK1 (Sc-94) were obtained from Santa Cruz
Biotechnology. ERK1 polyclonal antibodies recognize both
ERK1 and ERK2 on Western blots. Similarly, a monoclonal
antibody specific for the phosphorylated forms of ERK1/2
recognizes the phosphorylated forms of both ERK1 and
ERK2.Amonoclonal antibody specific for EGFPwas purchased
from Clontech. Mouse monoclonal antibodies specific for His
(Sc-8036) andGST (Sc-138), rabbit polyclonal antibodies specific
for ERK1 (Sc-94), and the monoclonal antibody specific for pRb
(Sc-65230) were obtained from Santa Cruz Biotechnology.
Cell Culture. C2C12 mouse myoblasts (ATCC, CRL-1172)

were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 100 units/mL penicillin/streptomycin (GIBCO/BRL)
and 10% fetal bovine serum (GIBCO/Invitrogen). Cells were
maintained at 37 �C in a humidified 8%CO2 incubator. NIH3T3
cells (ATCC, CRL-1658) were maintained in DMEM supple-
mented with 10% fetal calf serum and antibiotics at 37 �C in the
presence of 8% CO2 and 92% air following the supplier’s
protocol.
Generation of the StableNIH3T3Cell Line.NIH3T3 cells

(60-70% confluent) were transfected with expression vector,
pZip, and plasmid expressing oncogenic K-RasV12 or EGFP
alone or EGFP-tagged rat p67/MetAP2 using the Superfect
transfection reagent following the manufacturer’s protocol
(Qiagen). Forty hours after transfection, cells were trypsinized,
split into multiple culture dishes, and maintained in growth
medium containing G418 for 14 days. After 14 days, the
individual colonies (100-200) were pulled together and main-
tained in the presence of G418.
Transient Transfection. An NIH3T3 cell line (60-70%

confluent) carrying the pZip expression vector or the transformed
NIH3T3 cells were transfected with plasmids expressing Myc-
tagged rat p67/MetAP2, HA-tagged MEKA, EGFP-tagged rat
p67/MetAP2, and EGFP empty vector as indicated using the
Superfect transfection reagent following the manufacturer’s
protocol (Qiagen). Cell lysates were made 40 h after transfection
as described previously (4, 10, 11, 19, 20).
Measurement of Transfection Efficiency.The transfection

efficiency was measured by using the β-galactosidase staining kit
(Mirus Bio, LLC, Madison, WI) following the manufacturer’s
protocol. In brief, after transfection, cells were fixed on coverslips
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via incubation with 50% glutaraldehyde, stained with staining
solution containingX-Gal reagent, and incubated for 1 h at 37 �C
in an area protected from light. The blue stained cells were then
counted by using light microscopy. The transfection efficiency is
determined by calculating the ratio of blue-stained cells to total
cells. These transient transfection efficiencies vary from 40 to
50%. In some cases, efficiencies seemed to be higher. This
procedure is routinely used for the measurement of the transfec-
tion efficiency of mammalian cells (21).
Analysis of the Growth Rate. NIH3T3 cells carrying the

pZip expression vector, oncogenic K-RasV12-transformed
NIH3T3 cells alone or transfected with an EGFP vector, or a
plasmid expressing the EGFP-tagged rat p67/MetAP2 isoform
were seeded at a density of 1 � 105 cells/60 mm culture dish in
growth medium and incubated at 37 �C. The number of cells was
counted in a hemocytometer every day up to 5 days from the day
of seeding. These experiments were performed in triplicate for
each time interval.
Analysis of the SerumDependence. The serum dependence

was determined by seeding NIH3T3 cells carrying the pZip
expression vector, oncogenic K-RasV12-transformed NIH3T3
cells alone or transfected with EGFP vector, and a plasmid
expressing EGFP-tagged rat p67/MetAP2 at a density of 1� 105

cells/60 mm culture dish and allowing the cells to attach for 5 h in
growth medium supplemented with 10% calf serum. The media
on the dishes were then changed to growth medium supplemen-
ted with 1% calf serum. The numbers of cells were counted in a
hemocytometer every 2 days, and the mediumwas changed every
2 days up to 6 days. These experiments were performed in
triplicate for each time interval.
Focus Formation Assay. NIH3T3 cells carrying the pZip

expression vector, oncogenic K-RasV12-transformed NIH3T3
cells alone or transfected with EGFP vector, and a plasmid
expressing EGFP-tagged rat p67/MetAP2 were seeded at a
density of 1 � 105 cells/60 mm culture dish in growth medium
and incubated at 37 �C. The medium was changed every 3 days.
After 10 days, cells were fixed in a phosphate-buffered saline
(PBS) solution containing 0.2% glutaraldehyde and 0.5% for-
maldehyde for 10 min on ice and stained with 0.2% crystal violet
for 10min at room temperature. The number of foci was counted.
These experiments were conducted in triplicate at three sets.
Studies in Athymic Mice. NIH3T3 cells carrying the pZip

expression vector and oncogenic K-RasV12-transformed NIH3T3
cells were seeded at a density of 1 � 105 cells/100 mm culture dish
containing growthmediumand incubated at 37 �C in an incubator.
When cells on plates reached ∼50-60% confluency, they were
transfected with EGFP vector and a plasmid expressing EGFP-
tagged rat p67/MetAP2 using superfect transfection reagent
(Qiagen). After being transfected for 40 h, cells were collected by
trypsinization, and a cell suspension of 0.2 mL was made. For
tumor formation in athymic nude mice, 106 cells were injected
subcutaneously into both the flanks of mice using a 21-gauge
needle. Thirteen days after injection, mice were sacrificed and the
tumors were collected and weighed.
Hematoxylin and Euosin Staining. Tumor slices were

made, fixed on coverslips, and stained with Hematoxylin and
Euosin following the procedures described previously (21).
Cell Lysate Preparation, Immunoblotting, and Co-

Immunoprecipitation Assays. Cell lysates were made after
cells had been harvested; protein concentrations were measured,
and cell lysates were subjected to SDS-PAGE and transferred
to nitrocellulose filters. The immunoblotting experiments and

co-immunoprecipitation assays were performed using different
antibodies as described previously (4, 8, 10, 11, 19, 20).
In Vitro Binding Assays. The binding of purified His-p67/

MetAP2 andERK1 andERK2was performed in thewash buffer
following the procedures as described previously (4). In brief, for
immobilization of His-p67/MetAP2 in Ni-NTA agarose beads,
beads were washed, purified His-p67/MetAP2 was added, and
the binding was conducted at 4 �C. The unbound His-p67/
MetAP2 was removed by microcentrifugation, and GST-ERK1
or purified ERK2was added to the beads.As a control, a purified
GST sample was used to detect nonspecific interaction with His-
p67/MetAP2. The mixtures were rotated at room temperature
for 2 h, microcentrifuged, and washed extensively with ample
amounts of wash buffer. To the beadswere added 5� loading dye
and the SDS running buffer, and the mixture was boiled for
10 min. After a brief microcentrifugation, the supernatants were
loaded on a 15% SDS-PAGE gel. The proteins from the gel
were transferred to a nitrocellulose membrane and detected by
immunoblotting with appropriate antibodies. For the binding of
the GST-tagged p67/MetAP2 fragments with ERK1 and ERK2,
the same procedure was followed except the GST fragments of
p67/MetAP2 were immobilized by being bound in the glu-
tathione-agarose beads and kinase active ERK1 or ERK2 was
added on top. For the binding of the GST-tagged ERK2
fragments with His-p67/MetAP2, the same procedure was fol-
lowed as described except the GST fragments of ERK2 were
immobilized by being bound in the glutathione agarose beads
and His-p67/MetAP2 was added on top. Purified GST protein
was used as a control. Similar GST pull-down assays were
performed with purified GST-MEK1.
InVitroKinaseAssay ofMyelinBasic Protein (MBP) by

the GST-ERK1 and purified ERK2. In a typical phosphor-
ylation assay, 0.5 μg of MBP was phosphorylated by the bound
activated GST-ERK1 or 6 ng of ERK2 in the presence of 50mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM EGTA, 2 mM DTT,
0.01% Brij 35, and 40 μM ATP. The reaction was initiated via
addition of 10 μCi of [γ-32P]ATP (specific activity of 3500
Ci/mmol, Amersham) and incubation at 30 �C for 30 min. The
reactions were stopped via addition of 5� SDS loading dye and the
mixtures boiled for 10 min. The denatured samples were analyzed
via 15% SDS-PAGE followed by autoradiography or transferred
to a nitrocellulose membrane for immunoblot analyses.

RESULTS

Rat p67/MetAP2 Suppresses K-RasV12-Mediated
Transformation of NIH3T3 Mouse Fibroblasts in Cell
Culture and in Athymic Mice by Inhibiting Activation
and Activity of ERK1/2 MAP Kinases. Enhanced phosphor-
ylation of ERK1/2 MAP kinases provides a growth-promoting
signal to mammalian cells (22), and the master regulator for
this signal cascade pathway is the proto-oncogene product,
Ras (15, 23). Mutation of Ras at positions 12, 13, and 61 causes
transformation of mammalian cells and ultimately leads to tumor-
igenesis (23, 24). p67/MetAP2 binds to ERK1/2 and inhibits their
activation and activity in C2C12 mouse myoblasts (4, 10, 11). To
test whether rat p67/MetAP2 can inhibit the transformation
phenotype of NIH3T3 mouse fibroblasts, we transiently over-
expressed p67/MetAP2 in NIH3T3 mouse fibroblasts constitu-
tively expressing K-RasV12 and examined their phenotypes
(Figure 1). K-RasV12-expressing NIH3T3 fibroblasts started
colonizing before reaching confluence and formed large foci when
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grown for several days in Petri dishes as compared to control cells
carrying the expression vector, pZip (compare Figure 1A-C).
Transient overexpression of rat p67/MetAP2 in K-RasV12-trans-
formed NIH3T3 fibroblasts significantly inhibited their coloniza-
tion and formation of foci (Figure 1D). Because the treatment of
endothelial cells, mouse myoblasts, and mouse fibroblasts with
fumagillin, an anti-angiogenic drug, decreases turnover rates of
p67/MetAP2 and increases its endogenous level, we treated
K-RasV12-transformed NIH3T3 fibroblasts with fumagillin and
examined the cells’ phenotypes. The phenotype of K-RasV12-
expressing cells treated with fumagillin changed toward normal
that is very similar to the pZip vector-expressing cells (compare
panels A, B, and E of Figure 1). Analyses of the phosphorylated
forms of ERK1/2 showed an 8-10-fold increase in the level of
K-RasV12-expressing cells, and this increased level of phosphor-
ylation was reduced to a level below the control level when rat p67/
MetAP2 was transiently overexpressed in these transformed cells
(in Figure 1F, compare lanes 1-3). Fumagillin treatment also
reduced the phosphorylation levels of ERK1/2 MAP kinases to a
level near the control level (Figure 1F, lane 4), and this correlates
with the increased levels of p67/MetAP2 in fumagillin-treated cells
as compared to pZip vector-expressing control cells (in Figure 1F,
compare lanes 1 and 4, second panel from the bottom). The
expression of K-RasV12 was unchanged during the transient
overexpression of p67/MetAP2 or treatment with fumagillin
(Figure 1F, lanes 2-4, third panel from the top), and the total

ERK1/2 level was also the same in cell lines tested in these
experiments (Figure 1F, second panel from the top). Collectively,
our data suggest that increased levels of p67/MetAP2 significantly
inhibitedK-RasV12-mediated activation of ERK1/2MAP kinases
in NIH3T3 fibroblasts and suppressed the transformed phenotype
of these cells.

To examine whether the suppression of the transformed
phenotype mentioned above is also observed in athymic mice,
we injected K-RasV12-transformedNIH3T3 cells at both the left
and right sides of the dorsoventral lining in athymic mice. Two
days prior to the injection, K-RasV12-expressing NIH3T3 cells
were transiently transfected with either EGFP expression vector
or plasmid expressing EGFP-tagged rat p67/MetAP2. Five days
after injection, mice bearing K-RasV12-transformed cells devel-
oped tumors whereas the same transformed cells overexpressing
rat p67/MetAP2 developed smaller size tumors 8 days after
injection (Figure 2A-D). Well-grown tumors were excised
(Figure 2E) from individual mice after injection for 13 days
and weighed (Figure 2F). The average weight of the tumor
generated from K-RasV12-transformed cells was 4.0 g, whereas
this average was reduced to 0.9 g when rat p67/MetAP2 was
overexpressed in the transformed cells before injection into nude
athymic mice (Figure 2F). Our analyses of the tumor slices from
xenograft mice by staining with Hematoxylin and Euosin (H&E)
indicated that cells from K-RasV12 tumors exhibited much
stronger Hematoxylin staining as compared to tumors obtained

FIGURE 1: Rat p67/MetAP2 inhibits the transformation phenotype and activation ofERK1/2MAPkinases inNIH3T3 fibroblasts constitutively
expressing oncogenic K-RasV12. Stable NIH3T3 cell lines constitutively expressing the pZip vector (A) and pZip vector-containing oncogenic
K-RasV12 (B) were generated. K-RasV12-transformed cells when kept in a culture dish for an additional 3 days formed foci (C) but showed a
reducednumber of fociwhen theywere transiently transfectedwith a plasmid expressingMyc-tagged rat p67/MetAP2 (D).TransformedNIH3T3
fibroblasts as shown inpanel B after being treatedwith 10μMfumagillin also showed a reduced number of foci (E).Cells were examinedunder the
microscope at 50μmmagnification.Lysates fromall the cell lines shown abovewere analyzed for the levels of the phosphorylated forms ofERK1/
2 (F, panel 1 from the top), total ERK1/2 (panel 2),K-RasV12 (panel 3), endogenous p67/MetAP2 (panel 4),Myc-p67/MetAP2 (panel 5), and, as
a loading control, R-actin (panel 6) by Western blots.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101225d&iName=master.img-000.jpg&w=360&h=317
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from K-RasV12-transformed cells overexpressing rat p67/
MetAP2 (in Figure 2, compare panels G and H). In contrast,
the Eosin staining showed very little difference between the two
tumor slices described above. These results indicate that cells
fromK-RasV12 tumors are proliferating at a faster rate than cells
in tumors suppressed by rat p67/MetAP2. TheH&E staining also
revealed well-grown blood vessels invaded the solid tumors

developed from K-RasV12-mediated transformed NIH3T3
fibroblasts (Figure 2I) and poorly matured blood vessels invaded
the solid tumors that were developed from K-RasV12-mediated
transformed NIH3T3 fibroblasts ectopically expressing rat p67/
MetAP2 (Figure 2J). Altogether, these results suggest that
ectopic expression of rat p67/MetAP2 in transformed NIH3T3
fibroblasts suppresses tumor development, possibly by inhibiting

FIGURE 2: Ectopic expression of rat p67/MetAP2 regresses the growth of tumors formed by NIH3T3 fibroblasts constitutively expressing
oncogenic K-RasV12 in athymic mice. NIH3T3 fibroblasts constitutively expressing oncogenic K-RasV12 were transiently transfected with
EGFPvector or a plasmid expressingEGFP-tagged rat p67/MetAP2 2 days prior to injection. Cells were trypsinized and injected subcutaneously
in both the dorsal flanks of the athymic nudemice on either side of themidline.After injection for 13days,micewere sacrificed (A-D) and tumors
were excised surgically (E) andweighed (F). Paired two-tail t tests were performed for the comparison between oncogenicK-RasV12-transformed
cells expressing EGFP alone and oncogenic K-RasV12-transformed cells expressing EGFP-tagged rat p67/MetAP2 (asterisk), giving the p value
of 0.00024. (A)Micewere treatedwithNIH3T3 fibroblasts carrying the pZip vector. (B)Micewere treatedwithNIH3T3 fibroblasts constitutively
expressing K-RasV12. (C) Same as panel B but transiently transfected with the EGFP vector. (D) Same as panel B but ectopically expressing
EGFP-tagged rat p67/MetAP2. For each injection, a total of three 4-week-old female athymic mice were used, and the whole procedures were
repeated twice. (G-J)Xenograft tumorswere surgically removed, and thin layer tumor sliceswere fixedon coverslips, stainedwithH&Edyes, and
examinedunder amicroscope.Cells in panelsGandHwere examined at 100�magnification, whereas cells in panels I and Jwere examinedat 20�
magnification. Inpanels I and J, redblood cells are stained red.Awell-developed invasiveblood vessel (vertical arrow) is seendiagonally inpanel I,
whereas a thin and poorly developed blood vessel (vertical arrow) is seen horizontally in panel J.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101225d&iName=master.img-001.jpg&w=300&h=482
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the formation of new blood vessels or angiogenesis. This inhibi-
tion of blood vessel formation is due to the inhibition of
activation and activity of ERK1/2MAPkinases by p67/MetAP2.

To confirm this, we examined the ratio of the phosphorylated
forms and the total of ERK1/2 MAP kinases in two stable cell
lines: one expressing expression vector EGFP and the other
expressing EGFP-tagged rat p67/MetAP2 (Figure 3). There was
a more than 5-fold decrease in the level of phosphorylation of
ERK1/2 MAP kinases in cells expressing EGFP-tagged rat p67/
MetAP2 than control vector-expressing cells (in Figure 3A-C,
compare lanes 1 and 2). EGF treatment of expression vector-
carrying cells showed a 4.5-fold increase in the level of ERK1/2
phosphorylation, and 70% of this increased level of phosphor-
ylation was suppressed when rat p67/MetAP2-expressing
NIH3T3 cells were treated with EGF (Figure 3A-C, lane 4).
In stable cell lines, the level of EGFP-p67/MetAP2 was only
40-50%of its endogenous level (data not shown). Because levels
of ectopically expressed rat p67/MetAP2 (Figure 3D) andR-actin

(Figure 3E), a loading control, remain basically unchanged in
these two cell lines, these results suggest that EGF-induced
activation of ERK1/2 MAP kinases is suppressed when rat
p67/MetAP2 is constitutively expressed in NIH3T3 mouse
fibroblasts. To provide another line of evidence that shows that
indeed rat p67/MetAP2 is inhibiting the phosphorylation of
ERK1/2 MAP kinases, we ectopically expressed a constitutively
active form of MEK, called MEKA (17), in NIH3T3 fibroblasts
to activate ERK1/2 MAP kinases, and for these cells rat p67/
MetAP2 was transiently expressed. Consistent with our earlier
observation, the basal level of phosphorylation of ERK1/2 was
inhibited more than 80% by transient expression of Myc-tagged
rat p67/MetAP2 (in Figure 3F-H, compare lanes 1 and 2).
Transient expression ofMEKA showed a 2.5-fold increased level
of phosphorylation of ERK1 compared to that of ERK2
(Figure 3F, lane 3); however, the phosphorylation of both
ERK1/2 was inhibited by more than 90% when Myc-tagged
rat p67/MetAP2 was ectopically expressed in NIH3T3 mouse
fibroblasts (compare lane 3with lane 4 in Figure 3F-H). Because
the expression of HA-tagged MEKA (Figure 3I, lanes 3 and 4),
Myc-tagged p67/MetAP2 (Figure 3J, lanes 2 and 4), and a
loading control R-actin (Figure 3K) basically remained un-
changed, these results led us to conclude that rat p67/MetAP2
inhibits MEK-mediated activation of ERK1/2 MAP kinases.

We also examined the effects of overexpression of p67/
MetAP2 on phosphorylation of MEK, which is the upstream
activator, andRSK,which is the downstream effector of ERK1/2
MAP kinases, in K-RasV12-transformed NIH3T3 fibroblasts
(Figure 4). Our analyses showed a 12-fold increase in the level of
MEK phosphorylation in K-RasV12-transformed cells as com-
pared to control NIH3T3 fibroblasts carrying the pZip expres-
sion vector alone (in Figure 4A-C, compare lanes 1 and 3).
Overexpression of rat p67/MetAP2 in control cells reduced the
level of MEK phosphorylation by 50% (in Figure 4A-C,
compare lanes 1 and 2), whereas >95% inhibition was noticed
in K-RasV12-transformed cells (in Figure 4A-C, compare lanes
3 and 4). Among several downstream targets of EKR1/2 MAP
kinases, phosphorylation of RSK leads to the stimulation of
protein synthesis (25-28), whereas the increased level of cyclin
D1 is involved in cell cycle progression (29). Our examination of
levels of phosphorylation of RSK as compared to its total
amounts in K-RasV12-mediated transformed NIH3T3 fibro-
blasts showed 12-fold higher levels compared to those of control
NIH3T3 fibroblasts carrying expression vehicles pZip and EGFP
(inFigure 4D-F, compare lanes 1 and 3). These phosphorylation
levels were, however, decreased to 10 and 8%, respectively,
when rat p67/MetAP2 was transiently overexpressed in the
control NIH3T3 fibroblasts carrying pZip expression vehicle
(Figure 4D-F, lane 2) and K-RasV12-transformed cells
(Figure 4D-F, lane 4). Examination of the levels of cyclin D1
in the two cell lines described above also revealed that the level
was increased by 8-fold in K-RasV12-mediated transformed
NIH3T3 fibroblasts as compared to control cells carrying
expression vehicles pZip and EGFP (in Figure 4G,H, compare
lanes 1 and 3), and this level was suppressed to less than 5 and
50%, respectively, when rat p67/MetAP2 was transiently over-
expressed in these two cell lines (in Figure 4G,H, compare lane 1
with lane 2 and lane 3 with lane 4). Because the expression of
K-RasV12 (Figure 4I, lanes 3 and 4), EGFP-tagged rat p67/
MetAP2 (Figure 4J, lanes 2 and 4), and a loading control,R-actin
(Figure 4K), remained unchanged, these data suggest that rat
p67/MetAP2 can suppress the phosphorylation of MEK1 and

FIGURE 3: Rat p67/MetAP2 inhibits EGF-stimulated activation and
constitutively active MEK-stimulated activation of ERK1/2 in
NIH3T3mouse fibroblasts. Overnight serum-starvedNIH3T3 fibro-
blasts constitutively expressing EGFP or EGFP-tagged rat p67/
MetAP2 were treated with epidermal growth factor (EGF) for
10 min. Cell lysates from treated and untreated cells were analyzed
for the levels of the phosphorylated forms of ERK1/2 (A), total
ERK1/2 (B), EGFP or EGFP-tagged p67/MetAP2 (D), and R-actin
as a loading control (E) onWestern blots. Bands frompanelsA andB
were scanned to measure the ratios of the phosphorylated forms of
ERK1/2 and total ERK1/2, and the relative fold increase was
calculated using NIH Image quant-162 (C). The data were analyzed
using a one-way ANOVA, and p values of <0.05 were considered
significant.NIH3T3 fibroblasts expressingMyc vector (lane 1),Myc-
p67/MetAP2 (lane 2), HA-MEKA (lane 3), or both Myc-p67/
MetAP2 and HA-MEKA (lane 4) were analyzed for the levels of
the phosphorylated forms of ERK1/2 (F), total ERK1/2 (G), HA-
MEKA (I), Myc-p67/MetAP2 (J), and R-actin (K) as a loading
control on immunoblots. The analyses (H) were performed in a
manner similar to that described above, and p values of <0.01 were
considered significant.
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RSK and levels of cyclin D1 significantly in K-RasV12-mediated
NIH3T3 transformed mouse fibroblasts.

The important characteristics of transformed cells are their
higher growth rates, their ability to grow in low-serum media,
and their ability to form foci as compared to nontransformed
cells (9). Indeed, the tumorigenic K-RasV12-transformed
NIH3T3 fibroblasts showed increased growth rates (Figure S1A
of the Supporting Information); these transformed cells were able
to grow in low-serum media (Figure S1B of the Supporting
Information), and they formed foci in culture dishes (Figure S1C
of the Supporting Information). Overexpression of rat p67/
MetAP2 in these transformed fibroblasts showed subsequent
inhibition of growth rates, serum independence, and formation of
foci (Figure S1A-C of the Supporting Information). Collec-
tively, these data suggest that rat p67/MetAP2 has the ability to
suppress K-rasV12-mediated transformed phenotypes of
NIH3T3 fibroblasts in culture and in athymic nude mice.
Rat p67/MetAP2 Binds Directly to ERK1/2 MAP

Kinases in Vivo and in Vitro. However, Its Binding to
MEK1/2 May Be Indirect. To confirm whether the suppres-
sion of the tumor phenotype in K-RasV12-transformed mouse
NIH3T3 fibroblasts is due to direct binding, we performed GST
pull-down assays (Figure 5A-J). Purified GST protein or its
fusion of the N-terminal segment of residues 1-80 of rat p67/
MetAP2 showed no binding to either ERK1 (Figure 5A,I, lanes 1
and 2) or ERK2 (Figure 5C,J, lanes 1 and 2); GST fusions of
residues 71-150 of rat p67/MetAP2 showed stronger binding to
ERK1 as compared to other segments, residues 141-220,
211-290, 281-336, and 340-430 (compare lanes 3 with lanes

4-7 in Figure 5A,I). In parallel experiments, GST fusions of
N-terminal residues 71-150 and C-terminal residues 281-336
and 340-430 of rat p67/MetAP2 showed weaker binding with
ERK2 than residues 141-220 and 211-290 (compare lanes 3, 6,
and 7 with lanes 4 and 5 in Figure 5C,J). In reciprocal experi-
ments, full-length rat p67/MetAP2 binds to neither glutathione
agarose beads (Figure 5F, lane 1) nor purified GST (Figure 5F,
lane 2). However, it binds strongly to full-length ERK2 and its
segments spanning amino acid residues 1-300 and 1-98
(Figure 5F, lanes 3-5) and weakly to residues 1-150 of ERK2
(lane 6), and no binding was detected with N-terminal residues
1-75 of ERK2 (Figure 5F, lane 7). The ERK2 segments
spanning amino acid residues 76-358 and 151-358 also showed
strong binding with p67/MetAP2 (data not shown). We per-
formed similar GST pull-down experiments with ERK1 frag-
ments and obtained similar results as shown for ERK2 in
Figure 5F-H (data not shown). Altogether, our data suggest
that rat p67/MetAP2 directly binds to both ERK1 and ERK2.
Our co-immunoprecipitation data (Figure S2A-H of the Sup-
porting Information) and semi-in vitro binding data (Figure S3A-E
of the Supporting Information) further confirmed the binding
regions within p67/MetAP2 and ERK1/2 as observed from in
vitro binding experiments. Regardless of whether this binding
has any role in the autoproteolysis of rat p67/MetAP2, we
examined the effects of overexpression of ERK1 or ERK2 in
p67/MetAP2’s autocleavage (Figure S4 of the Supporting
Information). The Myc-tagged rat p67/MetAP2 cleaves into
fragments when ectopically expressed in C2C12 myoblasts or in
NIH3T3 fibroblasts (Figure S4 of the Supporting Information,

FIGURE 4: Rat p67/MetAP2 inhibits the phosphorylation of MEK and RSK and lowers the level of cyclin D1 in K-RasV12-mediated
transformed NIH3T3 mouse fibroblasts. NIH3T3 cell lines constitutively expressing the pZip vector (lanes 1 and 2) or pZip vector containing
oncogenic K-RasV12 (lanes 3 and 4) were transiently transfected with empty vector expressing EGFP (lanes 1 and 3) or a plasmid expressing
EGFP-p67/MetAP2 (lanes 2 and 4). Cells were harvested, and lysates from these lines were analyzed for the levels of the phosphorylated form of
MEK1 (A), totalMEK1 (B), the phosphorylated form of RSK (D), and total RSK (E), and levels of cyclinD1 (G), K-RasV12 (I), EGFP-tagged
rat p67/MetAP2 (J), and R-actin as a loading control (K) on Western blots. Bands corresponding to the phosphorylated form of MEK and its
total (A and B, respectively), the phosphorylated form ofRSK and its total (D and E, respectively), and levels of cyclinD1 (G) were scanned, and
analyses were performed (C, F, and H, respectively) following procedures similar to those mentioned in the legend of Figure 3, p values
of <0.035-0.05 were considered significant. The faster-migrating EGFP protein in lanes 1 and 3 is not shown.
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lane 1 in both panels A and B), and this cleavage was inhibited
when either ERK1 or ERK2 was co-expressed with rat
p67/MetAP2 (Figure S4 of the Supporting Information, lanes
2 and 3 in panel A and lane 2 in panel B, respectively).
Altogether, these results suggest that the p67/MetAP2’s autop-
roteolysis was inhibited by ERK1/2 because of their direct
interactions.

To examine the effect(s) of p67/MetAP2’s direct binding to the
activity of ERK1 and ERK2, we phosphorylated myelin basic
protein (MBP) with either purified ERK1 (Figure 6A) or ERK2
(Figure 6D) in in vitro kinase assays (lane 1 in both panels A and
D of Figure 6). This phosphorylation was inhibited by more than
90% when purified His-tagged full-length rat p67/MetAP2 was
added to the kinase reaction mixture prior to the addition of
ERK1 (Figure 6A,C, lane 2), but only 20 and 15% inhibition was
observedwhen either p52 or p26 of rat p67/MetAP2, respectively,
was added to the ERK1 kinase reaction mixture (Figure 6A,C,
lanes 3 and 4). Amounts of input ERK1 were basically the same
in these kinase reactions (Figure 6B, lanes 1-4). On the other
hand, the level of phosphorylation of MBP by purified ERK2
was reduced to 5% when His-tagged purified rat p67/MetAP2
was added to the reaction mixture prior to the addition of ERK2
kinase (in Figure 6D,F, compare lanes 1 and 2). The addition of
the purified His-tagged p52 or p26 fragment of rat p67/MetAP2
to the ERK2 kinase assays reduced the level of phosphorylation
of MBP by 30 or 25%, respectively (in Figure 6D,F, compare
lanes 3 and 4 with lane 1). The amounts of input ERK2 were
basically the same in these kinase reactions (Figure 6E, lanes
1-4). The amounts of purified His-tagged full-length rat p67/
MetAP2 and its fragments p52 and p26 added to the kinase
reaction mixtures are shown in Figure 6G, whereas the amounts
of MBP used in these experiments are shown in Figure 7H. It is,
however, noticeable that the molar ratios of p52 and p26 added
to the reaction mixtures were slightly more than the amount of

full-length rat p67/MetAP2 (in Figure 6G, compare lanes 3 and 4
with lane 2). Nonetheless, these data suggest that both the
N-terminal p26 fragment and the downstream C-terminal p52
segment of rat p67/MetAP2 are essential for the inhibition of
activity of ERK1 and ERK2 in vitro. In these studies, we have
used MBP as an artificial substrate, which has been routinely
used for testing in in vitro kinase assays for ERK1/2 (30).

In our earlier experiments (Figures 1 and 3), we observed that
p67/MetAP2 inhibits both the activation and activity of ERK1/2
MAP kinases. In addition, it also inhibits the phosphorylation of
MEK (Figure 4A), the upstream activator of ERK1/2 MAP
kinases (9, 17). We therefore explored whether p67/MetAP2
binds to MEK1 in mouse C2C12 myoblasts and NIH3T3
fibroblasts via co-immunoprecipitation assays (Figure S5A-R
of the Supporting Information). After a series of co-immuno-
precipitation assays and GST pull-down assays, we have con-
cluded that binding between MEK1/2 and p67/MetAP2 may
be through ERK1/2 MAP kinases, which bind to MEK1/2
very tightly.
Endogenous p67/MetAP2 Is Required To Suppress the

Phosphorylation of ERK1/2 MAP Kinases in both C2C12
Myoblasts andNIH3T3Fibroblasts.Earlier,we have demon-
strated that ectopic expression of rat p67/MetAP2 in either
mouse NIH3T3 fibroblasts or C2C12 myoblasts inhibits the
activation and activity of ERK1/2, and this inhibition indeed was
propagated into the downstream targets of ERK1/2 (Figure 4).
We have also demonstrated that p67/MetAP2 binds to the
endogenous ERK1/2 (4, 10, 11) (Figure 5). To examine whether
the endogenous mouse p67/MetAP2 is involved in the main-
tenance of the activation and activity of ERK1/2MAP kinases in
C2C12myoblasts and inNIH3T3mouse fibroblasts, we knocked
down the levels of p67/MetAP2 using siRNA (Figure 7A),
keeping the GFP level unchanged (Figure 7B). This siRNA
sequence corresponds to the lysine residue-rich domain I (4), and

FIGURE 5: N-Rerminal residues 1-150 and residues 141-290 of rat p67/MetAP2 bind in vitro to ERK1 and ERK2, respectively, whereas
N-terminal residues 1-150 of ERK2 shownobinding to rat p67/MetAP2 in vitro.GST pull-down assays were performed using different purified
glutathionineS-transferase (GST)-tagged fragments of rat p67/MetAP2 (0.5μg each) and 100 ng each of purifiedERK1andERK2.Western blot
analyses were conducted for the detection of ERK1 (A), ERK2 (C), input ERK1 (B), input ERK2 (D), and GST fusions of rat p67/MetAP2
fragments (E) using appropriate antibodies for these proteins. Similar GST pull-down assays were performed with purified GST-tagged ERK2
and its fragments (residues 1-300, 1-198, 1-150, and 1-75) (0.5 μg each) and 200 ng of purified His-tagged rat p67/MetAP2. Western blot
analyses were performed for the detection of bound p67/MetAP2 (F), GST fusions of ERK2 and its fragments (G), and inputHis-tagged rat p67/
MetAP2 (H) using monoclonal antibodies specific for the His tag (F and H) and the GST tag (G). Schematic representations of the different
fragments (F1-F6) of rat p67/MetAP2 and ERK2 are shown in panels I and J, respectively.
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this sequence is 100% conserved within mammals, including
mouse, rat, and human (2). We noticed that lowering the mouse

p67/MetAP2 level caused the increased level of phosphoryla-
tion of ERK1 and ERK2 (Figure 7C), keeping its total level

FIGURE 6: Both p52 and p26 fragments of rat p67/MetAP2 are required for the inhibition of activity of ERK1 and ERK2 in vitro. In an in vitro
ERK1kinase assay, the activated ERK1 (200 ng) wasmixedwith 0.5 μg ofmyelin basic protein (MBP) in kinase buffer and incubated at 30 �C for
30minafter additionof 10μCiof [γ-32P]ATPalone (lane 1) or in thepresenceof 0.5μg eachofHis-tagged full-length rat p67/MetAP2 (lane2) or its
fragments, p52 (lane 3) and p26 (lane 4). The reactionswere stopped by additionof SDS-PAGE loading dye and boiled for 5-10min followedby
analyses of a 15% SDS-PAGE gel and autoradiography (A). Proteins from the gel were transferred to a nitrocellulose membrane and analyzed
viaWestern blots using polyclonal antibodies specific for ERK1 (B) and amonoclonal antibody specific for theHis epitope (C).A similar analysis
was performed and the sample stained with Coomassie blue for the detection of MBP (D).

FIGURE 7: p67/MetAP2 is required for the suppression of the activation and activity of ERK1/2 MAP kinases during normal growth conditions.
C2C12 myoblasts (50-60% confluent) were transiently transfected with a plasmid expressing p67/MetAP2 siRNA (4). Twenty-eight hours after
transfection, cell lysates were made and analyzed on Western blots for the levels of p67/MetAP2 (A), green fluorescence protein (GFP) (B),
phosphorylated formsofERK1/2 (C), total ERK1/2 (D), cyclinD1 (E), pRb (F), andR-actin as a loading control (G) using appropriate antibodies as
shown in the respective panels.C2C12myoblastswere also transiently transfectedwith theMycandGFPvectors (2.5μg each) (H, lane 1) or expressed
p67/MetAP2 siRNA (H, lane 2). Into the C2C12 cells was introduced a plasmid (5 μg) expressingMyc-tagged p67/MetAP2 alone or in combination
with another plasmid (5 μg) expressing p67/MetAP2 siRNA through transient transfection. Cell lysates from these transfected cells were analyzed on
Western blots for the levels of the phosphorylated forms of ERK1/2 (H), total ERK1/2 (I), GFP (J),Myc-p67/MetAP2 (K), cyclin D1 (L), pRb and
pp-Rb (M), and R-actin as a loading control (N) using the appropriate antibodies as shown in the respective panels.
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unchanged (Figure 7D), and subsequently, the level of cyclin D1
increased (Figure 7E) and the level of phosphorylation of pRb
also increased (Figure 7F). In the p67/MetAP2 siRNA-expres-
sing cells when rat p67/MetAP2 was co-expressed along with
its siRNA, siRNA’s effect on increasing the levels of p-ERK1/2
was significantly weakened (Figure 7H,I), and subsequent down-
stream targets like the levels of cyclin D1 and pp-Rb were also
affected (Figure 7L,M). The exogenous rat p67/MetAP2 level
was near 40-50% of the endogenous level of its mouse homo-
logue (data not shown). Among several downstream targets for
ERK1 and ERK2, cyclin D1 and pRb are the downstream
targets that regulate the cell cycle (22, 29). Therefore, the
increased levels of cyclin D1 and increased level of phosphoryla-
tion of pRb are due to the increased level of phosphorylation of
ERK1/2. We have also performed similar knock-down studies
using the above p67/MetAP2 siRNA in rat tumor hepatoma
(KRC-7) cells, mouse NIH3T3 fibroblasts, and HeLa cells with
similar results (data not shown). Altogether, these results suggest
that endogenous p67/MetAP2 is also involved in the mainte-
nance of the phosphorylation levels of ERK1/2 MAP kinases in
mammalian cells from mouse, rat, and human.

DISCUSSION

The ERK1/2 MAP kinase-mediated signaling pathway reg-
ulates cell growth and proliferation and thus plays amajor role in
cell cycle regulation. The proto-oncogene product, Ras, is the
master regulator of this signaling pathway (22). Among three
highly conserved Ras genes, H-, K-, and N-Ras, the high
potential of K- and N-Ras to activate the ERK pathway
correlates with the higher frequency of mutation in K-and
N-Ras than in H-Ras (23, 24). A K-Ras mutation is commonly
found in more than 60% of human cancers (9), and constitutive
expression of K-RasV12, a mutant form of K-Ras, in NIH3T3
mouse fibroblasts leads to tumor formation in culture cells

[Figure 1 (17)] and in xenograft mice (Figure 2) by activating
the Ras-Raf-MEK-ERK1/2 signaling pathway [Figure 1 (14)].
Overexpression of rat p67/MetAP2 in K-RasV12-mediated
NIH3T3 transformed cells suppresses the tumorigenic phenotype
both in culture (Figure 1) and in athymic nude mice (Figure 2).
This suppression is due to the inhibition of the activation and
activity of ERK1/2 MAP kinases through protein-protein
interactions (Figures 1 and 3 and Figures S3-S6 of the Support-
ing Information). Overexpression of rat p67/MetAP2 not only
inhibits the induced activation ofMEK, an upstream activator of
ERK1/2MAP kinases (Figure 3), but also inhibits the activation
of RSK and expression of cyclin D1 (Figure 4), which are the
downstream targets of ERK1/2 MAP kinases, and shows tumor
suppression ability both in cell culture and in athymic nude mice
(Figures 1 and 2). The inhibition of activity of ERK1/2 by p67/
MetAP2 (Figure 6) is due to its direct binding with these MAP
kinases (Figures S2, S3, and S5 of the Supporting Information).
The effects on phosphorylation of MEK, the upstream activator
of ERK1/2 MAP kinases, due to overexpression of rat p67/
MetAP2 (Figure 4A), may not be direct. In our future experi-
ments, we will explore in detail the interactions between p67/
MetAP2 and MEK1/2 by using different conditions and cell
types and examine the effects on addition of p67/MetAP2 in
MEK1-mediated phosphorylation of ERK1/2MAPkinases in in
vitro phosphorylation assays. Dual inactivation of MEK and
ERK1/2 by rat p67/MetAP2 is due to the formation of a
multiprotein complex consisting of MEK, ERK1/2, and rat
p67/MetAP2 (Figure S5 of the Supporting Information), and
this leads to cell growth inhibition via inactivation of the Ras-
Raf-MEK-ERK MAP kinase signaling pathway (Figure 8).

P67/MetAP2’s inhibition of the activation and activity of
ERK1/2 MAP kinases may propagate to multiple directions in
cell signaling pathways. For example, inhibition of RSK phos-
phorylation could have an effect on tuberin’s function. Tuberin
represents a major signal integrator receiving multiple inputs
from the Ras and PI-3K pathways. RSK1 interacts with and
phosphorylates tuberin at a regulatory site, Ser-1798 located at its
evolutionarily conserved C-terminus (31). This phosphorylation
of tuberin inhibits the tumor suppressor function of the tuber-
in-hamartin complex (31). Inhibition of RSK phosphorylation
by rat p67/MetAP2 could have activated the tumor suppression
activity of tuberin. Another downstream effector of ERK1/2
MAP kinases is cyclin D1 (29). The increased level of expression
of cyclin D1 in K-RasV12-transformed NIH3T3 cells correlates
with its ability to induce G1 progression (29). Amplification and
overexpression of cyclin D1 have been reported in various
tumors, including non-small-cell lung carcinomas and hepato-
cellular carcinomas (29). In addition, recent evidence suggests
that overexpression of cyclin D1 is an early causative event in
hepatocarcinogenesis (29). Rat p67/MetAP2’s ability to inhibit
the phosphorylation of RSK and cyclin D1’s expression through
the inactivation of ERK1/2 MAP kinases (Figure 4) in
K-RasV12-transformed NIH3T3 cells support the notion that
rat p67/MetAP2 may have tumor suppression activity either
directly or indirectly. This idea was further supported by
the observations that overexpression of rat p67/MetAP2 in
K-RasV12-mediated transformed NIH3T3 fibroblasts led to
the suppression of proliferation, the inhibition of the ability to
grow in low serum, and the formation of foci under ex vivo
conditions (Figure S1 of the Supporting Information). In addi-
tion, it can suppress tumor growth in athymic mice, which
formed highly aggressive, invasive, and solid tumors when

FIGURE 8: Tentative working model. A schematic representation of
theERK1/2MAPkinasepathway that shows the specific site for p67/
MetAP2’s action to inhibit cell growth by inhibiting the activation
and activity of ERK1/2 MAP kinases.
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K-RasV12-mediated transformed cells were injected. However,
less aggressive, less invasive, and spongy types of tumors were
seen in athymic mice treated with K-RasV12-transformed
NIH3T3 fibroblasts overexpressing p67/MetAP2 (Figure 2).

There are several negative regulators of the Ras pathway in
cells. Among them, sprouty, a Ras suppressor inDrosophila, and
its mammalian homologue, Spred, function as negative feedback
regulators of the ERK1/2 MAP kinase pathways (32). The Ras
effector protein, RIN1, also inhibits Ras-induced activation of
Raf by competitively binding with active Ras (33). The RIN1
gene is silent in breast tumor cell lines, and its expression inhibits
the initiation and progression of tumorigenesis for breast tumor
cell lines in a mouse model, consistent with its tumor suppressor
activity (34). Erbin is also a negative regulator of ERK1/2 MAP
kinase pathways. It binds to the active Ras and inhibits its
association with Raf (35). The negative regulators provide a
checkpoint control to ensure appropriate balance between nor-
mal cell growth and cancerous cell growth. The negative reg-
ulators mentioned above can also balance the overamplification
of the proliferative signal caused by the Ras mutation that is
present in 40-50% of human cancers (9, 23, 24). These negative
regulators are therefore considered as tumor suppressors. Our
study suggests that rat p67/MetAP2 also functions as a negative
regulator of ERK1/2MAP kinase pathways, and therefore, it is a
novel tumor suppressor. Tumor suppression activity of several
proteins has been implicated as an emerging alternative for the
treatment of cancer (36-39). Rat p67/MetAP2’s unique ability to
suppress K-RasV12-mediated tumorigenesis in athymic mice
raises several questions regarding its applicability in the treat-
ment of cancer through gene therapy.
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SUPPORTING INFORMATION AVAILABLE

Inhibition of growth rates and formation of foci ofK-RasV12-
transformed NIH3T3 fibroblasts due to overexpression of rat
p67/MetAP2 (Figure S1), in vivo binding of p67/MetAP2 with
ERK1/2 MAP kinases (Figure S2), semi-in vitro binding of
ERK1/2 with full-length rat p67/MetAP2 and its fragments, p26
and p52 (Figure S3), inhibition of autoproteolysis of rat p67/
MetAP2 due to overexpression of ERK1/2 (Figure S4), and in
vivo binding between p67/MetAP2 and ERK1/2 MAP kinases
and MEK1/2 via co-immunoprecipitation assays (Figure S5).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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