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The extracellular signal-regulated kinase 1 and 2 (ERK1/2) mitogen-activated protein (MAP) kinase sig-
naling pathway plays an important role in the proliferative response of mammalian cells to mitogens. However,
the individual contribution of the isoforms ERK1 and ERK2 to cell proliferation control is unclear. The two
ERK isoforms have similar biochemical properties and recognize the same primary sequence determinants on
substrates. On the other hand, analysis of mice lacking individual ERK genes suggests that ERK1 and ERK2
may have evolved unique functions. In this study, we used a robust genetic approach to analyze the individual
functions of ERK1 and ERK?2 in cell proliferation using genetically matched primary embryonic fibroblasts.
We show that individual loss of either ERK1 or ERK2 slows down the proliferation rate of fibroblasts to an
extent reflecting the expression level of the kinase. Moreover, RNA interference-mediated silencing of ERK1 or
ERK?2 expression in cells genetically disrupted for the other isoform similarly reduces cell proliferation. We
generated fibroblasts genetically deficient in both Erkl and Erk2. Combined loss of ERK1 and ERK2 resulted
in a complete arrest of cell proliferation associated with G, arrest and premature replicative senescence.
Together, our findings provide compelling genetic evidence for a redundant role of ERK1 and ERK2 in
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promoting cell proliferation.

The extracellular signal-regulated kinase 1 (ERK1)/ERK2
(ERK1/2) mitogen-activated protein (MAP) kinase pathway is
an evolutionarily conserved signaling module that plays a cen-
tral role in the control of cell proliferation (9, 30, 38, 41, 48).
This pathway is activated by a wide variety of growth and
mitogenic factors acting through diverse families of cell surface
receptors. Ligand binding to growth factor receptors typically
leads to the activation of the small GTPase Ras, which allows
the recruitment of the MAP kinase kinase kinase Raf to the
membrane and mediates the sequential phosphorylation and
activation of the Raf-MEK1/MEK2 (MEK1/2)-ERK1/2 pro-
tein kinase cascade. Once activated, ERK1/ERK2 phosphory-
late numerous cytoplasmic and nuclear substrates, including
protein kinases and phosphatases, signaling effectors, tran-
scriptional regulators, and cytoskeletal proteins (48, 72). Sig-
naling output from the ERK1/2 MAP kinase pathway is mod-
ulated by interactions with scaffolds and regulatory proteins,
which regulate the localization, amplitude, and duration of the
signal (13, 42, 49).

In contrast to invertebrates, which express a single gene for
each component of the Raf-MEK-ERK pathway, mammals
and most vertebrates analyzed to date express two isoforms of
ERK. One important issue that remains largely unaddressed is
whether ERK1 and ERK?2 isoforms have evolved unique phys-
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iological functions or whether they are used interchangeably in
a cell-type-specific manner to reach a sufficient threshold of
ERK activity. ERK1 and ERK2 are encoded by distinct genes
and display 83% amino acid identity overall (5, 6). The two
enzymes have similar biochemical properties and are activated
by MEK1/2 with comparable efficiencies (50). Also, the sub-
strate primary sequence determinants recognized by the two
ERK isoforms are similar (19). ERK1 and ERK2 are coex-
pressed in the vast majority of cell lines and tissues tested
although their relative abundances are variable (4, 5). Notably,
some specific regions of the adult mouse brain appear to ex-
press exclusively Erkl or Erk2 mRNA, suggesting that a single
ERK isoform can mediate cellular functions in these areas
(11). With the exception of a few reports describing the pref-
erential activation of a single isoform (47, 53), multiple studies
have shown that ERK1 and ERK2 are coactivated in response
to extracellular stimuli (30). Detailed kinetic analysis in fibro-
blasts has revealed that the two isoforms are coordinately reg-
ulated in response to serum (40).

Although the above observations suggest that ERK1 and
ERK?2 are functionally equivalent, there is evidence for non-
redundant functions of the two protein kinases. Analysis of
mouse models has revealed that disruption of the Erk2 gene
leads to early embryonic lethality, despite the wide expression
of ERK1 in early mouse embryos (20, 52, 70). No proliferation
of polar trophectoderm cells is observed in Erk2 homozygous
mutants (52). In a model of cardiac ischemic injury, loss of a
single allele of Erk2 was found to increase myocardial cell
apoptosis, leading to decreased cardiac output (32). Under
these experimental conditions, complete inactivation of Erkl
had no significant impact on myocardial infarction area and
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cardiac function, despite comparable reduction of total
ERK1/2 kinase activity. ERK1-deficient mice were shown to be
resistant to the development of skin papillomas in a two-step
skin carcinogenesis protocol (7).

In vitro studies have also suggested that ERK1 and ERK2
may exert distinct functions in certain cellular contexts. For
example, silencing of ERK2 expression by RNA interference
(RNAI) in C2C12 myoblasts inhibits myogenin expression
and myoblast fusion while inactivation of ERKI1 has little
effect (31). Keratinocytes from Erkl~'~ mice show a re-
duced proliferative response to mitogenic factors and im-
pairment in c-Fos expression (7). Other studies reported
that knockdown of ERK2 expression restrains hepatocyte cell
division, whereas ERKI silencing specifically improves long-
term hepatocyte survival (15, 16). Most intriguingly, it has been
reported that ablation of ERKI in fibroblasts by either gene
targeting or RNAI enhances ERK2 signaling and leads to en-
hanced cell proliferation (62). In contrast, knockdown of
ERK?2 expression almost completely inhibits cell proliferation.
It was further shown that overexpression of ERK1 inhibits
oncogenic Ras-stimulated proliferation of NIH 3T3 cells.
These findings have led to the hypothesis of a competition
model where ERKI1 acts as a negative regulator of cell prolif-
eration by antagonizing ERK?2 signaling (34, 62). In a more
recent study, the authors have proposed that these functional
differences between ERK1 and ERK2 are accounted for by a
unique domain located at the N terminus of ERKI1, which
slows down nuclear shuttling of the kinase (37).

The objective of this study was to examine the individual
contributions of ERK1 and ERK2 to cell proliferation control
using a robust genetic approach. To this end, we have gener-
ated mouse embryonic fibroblasts (MEFs) genetically deficient
for Erkl or Erk2 or for both isoforms in well-defined genetic
backgrounds. We now provide strong genetic evidence that
ERKI1 and ERK2 are redundant, positive regulators of cell
proliferation.

MATERIALS AND METHODS

Reagents, antibodies, and plasmids. 5-Bromo-2-deoxyuridine (BrdU) was
from Roche Diagnostics. X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side) was from Calbiochem. Commercial antibodies were obtained from the
following suppliers: anti-ERK1/2 CT from Upstate Biotechnology; anti-ERK2
from Zymed; anti-phospho-ERK1/2 (phosphorylation sites, Thr202/Tyr204),
anti-phospho-p38 (Thr180/Tyr182), anti-phospho-Mnk1 (Thr197/202), anti-
phospho-p90RSK (Thr573) (where RSK is ribosomal S6 kinase), anti-phospho-
p90RSK (Ser380), and anti-phospho-MAPKAPK-2 (Thr334) from Cell Signaling
Technology; anti-Mnk1 (G-19), anti-RSK1 (C-21), anti-c-Myc (9E10), anti-phos-
pho-c-Myc (Thr58/Ser62), anti-p27 (C-19), and anti-glyceraldehyde-3-phosphate
dehydrogenase (anti-GAPDH; FL-335) from Santa Cruz Biotechnology; anti-a-
tubulin (clone DM1A) from Sigma; anti-cyclin D1 (Ab-4) from Neomarkers;
horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-rabbit IgG
from Bio-Rad; and monoclonal anti-BrdU (clone 3D4) from BD Pharmingen.

The pLenti6/V5-large T lentiviral vector was constructed by subcloning the
large T antigen sequence from pBabe-large T-puro (kindly provided by B.
Thorens, University of Lausanne) into pLenti6/V5-DEST vector (Invitrogen).
pMSCV-Cre-puro (where MSCV is mouse stem cell virus) was obtained from
T. Hoang (Université de Montréal).

Maintenance, manipulation, and genotyping of mice. Mice mutants for Erkl
(46) and Erk2 (52) were used to establish congenic strains by 10 successive
generations of backcrossing to the CD-1 (Erkl and Erk2 mice) and C57BL/6J
(ErkI mice) genetic backgrounds. FVB-GFP mice [FVB.Cg-Tg(ACTB-EGFP)
B5Nagy/J; cells express green fluorescent protein (GFP)] were obtained from
The Jackson Laboratory. Mice carrying a conditional Erk2 allele were generated
by flanking exon 3 of Erk2 with [oxP sites (to be reported elsewhere). Mice were
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maintained under specific-pathogen-free conditions according to the standards
of the Canadian Council on Animal Care. All mice were housed in filter-topped
isolator cages under a 12-h light-dark cycle.

ErkI*'~ mice were intercrossed to generate Erkl ™/~ and Erkl*'* embryo
littermates used to derive MEFs. Erk2~/~ and Erk2*/* MEFs were derived from
embryos generated by tetraploid aggregation (see below). For these experiments,
superovulated Erk2*/~ and FVB-GFP CD-1 females were mated with fertile
Erk2*'~ or wild-type CD-1 males, respectively. Pseudopregnant females used for
chimeric embryo transfer were obtained by mating wild-type CD-1 females with
vasectomized males. Embryo transfer was performed into pseudopregnant fe-
males at 2.5 days postcoitus (dpc). Erkl™/~; Erk28°¥8°x mice were intercrossed
to generate Erkl™/=; Erk21°¥10% and Erk1™/*; Erk21°¥1°X embryo littermates
that were used for isolation of MEFs.

For genotype screening, DNA was prepared from embryo tissue biopsy spec-
imens. Genotyping of Erkl null and wild-type littermates was determined by
PCR using the following primers: 830, 5'-GAAGGAGCCAAGCTGCTATT-3;
1118, 5'-AACGTGTGGCTACGTACTC-3'; and 1117, 5'-AGCAATGACCAC
ATCTGCTA-3'. These primers amplify 330-bp and 600-bp fragments corre-
sponding to the wild-type and mutant alleles of Erkl, respectively. Cycling con-
ditions were as follows: 95°C for 30 s, 54°C for 45 s, and 72°C for 60 s for a total
of 35 cycles. Erk2 genotyping was performed by PCR as described previously
(52).

Tetraploid aggregation. Tetraploid (4N) rescue experiments were performed
essentially as described by Nagy and Rossant (43). Briefly, Erk2~/~ morulae were
obtained at the eight-cell stage by intercrossing CD-1 Erk2"/~ mice. Wild-type
embryos expressing GFP were collected at the two-cell stage from crosses of
FVB-GFP male and CD-1 female mice and were used to produce 4N embryos by
electro-fusion, followed by incubation in M16 medium for 24 h at 37°C in a
humidified 5% CO, incubator. Erk2~/~ embryos at the eight-cell stage were then
aggregated with two tetraploid wild-type embryos at the four-cell stage in a
culture plate depression covered with M16 medium and mineral oil following
removal of zona pellucida in acidic Tyrode’s solution. Aggregates were incubated
for 24 h, after which the chimeric embryos that developed successfully into
blastocysts were transferred to uteri of pseudopregnant recipient females.

Cell culture, infections, and RNA interference (RNAi). Erk] and Erk2 mutant
embryos were dissected at embryonic day 14.5 (E14.5), and MEFs were prepared
as described previously (21). MEFs were routinely cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% newborn calf serum
(NBCS) and antibiotics. The cells were made quiescent by incubation for 72 h in
DMEM containing 0.1% NBCS. Erkl ~/~; Erk2*/* MEFs were generated by Cre
excision of the Erk2 floxed allele following infection (51) of Erkl ~/~; Erk2fiox/flox
MEFs with the retroviral vector pMSCV-Cre-puro. Cre-expressing MEFs were
cultured for 9 days in the presence of 2.5 wg/ml puromycin to completely ablate
ERK2 expression. Erkl™/*; Erk2%°¥1°x MEFs infected with an empty pMSCV
vector were used as controls in these experiments. For immortalization experi-
ments, wild type, Erkl '~ and Erk2~/~ MEFs were passaged according to a 3T3
protocol (59). Erkl™'~; Erk2Mo¥1x and Erk1*'*; Erk2*'* MEFs were infected
(64) with pLenti6/V5-large T lentiviral vector to establish immortalized cell lines.

shRNA lentiviral infections of Erkl ™/~ or Erk2~'~ MEFs were performed as
described previously (64). The short hairpin RNA (shRNA) constructs for mouse
Mapkl (SHGLY-NM_011949), Mapk3 (SHGLY-NM_011952), and nontarget
(NT) control (SHC002) were purchased from Sigma.

Kinase assays. The enzymatic activity of ERK1 and ERK2 was measured by
immune complex kinase assay using myelin basic protein (MBP) and [y->*P]ATP
as substrates (18). For immunoprecipitation of ERKI, cell lysates (~150 pg of
protein) were incubated for 3 h at 4°C with 3 ug of anti-ERK1/2 CT antibody
(Upstate Biotechnology). ERK2 was immunoprecipitated by incubation for 2 h
at 4°C with 2 pg of anti-ERK2 antibody (Zymed). Validation experiments con-
firmed that the anti-ERK1/2 CT antibody specifically precipitates the ERK1
isoform and that the anti-ERK2 antibody is specific to ERK2 (data not shown).

Cell proliferation and cell cycle analysis. Cell proliferation was measured by
the colorimetric MTT [3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium salt] assay (10). Briefly, early-passage
MEFs were plated in triplicate wells of 24-well plates (7,000 cells/well) and
cultured in complete DMEM. Cell proliferation was determined at 24-h intervals
by replacing the medium with 0.3 ml of DMEM containing 1 mg/ml MTT. After
incubation of cells at 37°C for 1 h, the formazan product was solubilized in 500
wl of 2% glycine (0.1 M; pH 11) in dimethyl sulfoxide (DMSO). The absorbance
was measured at 550 nm with reference at 620 nm. Manual cell counting was
performed in parallel to MTT assays to confirm the results. The cells were plated
as above, trypsinized daily, and counted with a hemacytometer. Essentially sim-
ilar results were obtained by counting the cells (data not shown).

For cell cycle analysis, proliferating cells were pulsed with 10 wM BrdU for 1 h
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prior to harvesting. The cells were scraped in phosphate-buffered saline (PBS),
fixed in cold 70% ethanol, and kept at —20°C until flow cytometry analysis. For
the staining procedure, the cells were washed with blocking buffer (0.5% bovine
serum albumin [BSA] in PBS), and DNA was denatured with 2 N HCI in PBS.
The cells were washed again in blocking buffer and incubated for 2 min in 0.1 M
sodium borate (pH 8.5) to neutralize any remaining HCI. After cells were washed
with dilution buffer (blocking buffer with 0.5% Tween 20), they were incubated
with anti-BrdU antibody (2.5 pg/ml) for 15 min at room temperature, followed
by incubation with Alexa Fluor 350-conjugated anti-mouse IgG for another 15
min. The cells were then washed with PBS and incubated on ice for 30 min in
propidium iodide (PI) buffer (0.1% sodium citrate, 50 pg/ml PI, and 0.2 mg/ml
RNase) in the dark. Fluorescence was recorded on a LSRII cytometer, and the
cell cycle distribution was determined using BD FACSDiva software.

Apoptosis assays. Apoptotic cell death was evaluated by two-color annexin V
staining. Early-passage MEFs were seeded at 275,000 cells/10-cm dish and grown
for 3 days in complete DMEM. The cells were then harvested, washed twice with
PBS, and resuspended in binding buffer (10 mM HEPES [pH 7.4], 140 mM NaCl,
2.5 mM CaCl,). Allophycocyanin (APC)-conjugated annexin V (BD Pharmin-
gen) was added to the cells at a final dilution of 1:50. PI was added to a final
concentration of 50 wg/ml. Cells were incubated for 30 min in the dark and
analyzed by fluorescence-activated cell sorting (FACS) on an LSRII cytometer.

Replicative senescence analysis. Early-passage MEFs were seeded at 33,600
cells/well in six-well plates. Three days after plating, the cells were washed in PBS
and fixed for 5 min in 0.5% glutaraldehyde at room temperature. The cells were
then incubated for 16 h at 37°C (no CO,) with fresh senescence-associated
B-galactosidase (SA-B-Gal) stain solution: 1 mg/ml X-Gal (stock solution of 20
mg/ml in dimethylformamide), 40 mM citric acid, sodium phosphate buffer (pH
5.5), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl,
and 2 mM MgCl, (12). After being washed in PBS, nuclei were stained with 1
pg/ml DAPI (4',6-diamidino-2-phenylindole) for 10 min, and the cells were
viewed under phase contrast and UV fluorescence using a Leica DM IRB
microscope. At least 200 cells were counted in random fields of three wells per
MEF preparation.

Immunoblot analysis. Cell lysis and immunoblot analysis were performed as
described previously (55). Immunoblotting results were quantified by densitom-
etry analysis using Multi Gauge software.

Real-time quantitative PCR analysis. Total RNA was isolated with an RNeasy
Mini Kit (Qiagen) and was reverse transcribed in a final volume of 100 .l using
a High Capacity cDNA Archive Kit (Applied Biosystems) with random primers,
as described by the manufacturer. Gene expression levels were determined using
primer and probe sets from Applied Biosystems. PCRs were run using 2 pl of
c¢DNA sample (20 to 50 ng), 5 pl of TagMan Universal PCR Master Mix
(Applied Biosystems), 0.5 wl of TagMan Gene Expression Assay (20X), and 2.5
wl of water in a total volume of 10 pl. Real-time analysis of PCR product
amplification was performed on an ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). All reactions were run in triplicate, and the aver-
age values were used for quantification. The mouse cyclophilin gene was used as
endogenous control. The relative level of target gene expression was quantified
using the AAC; (where C threshold cycle) method.

RESULTS

Loss of ERK1 slows down the proliferation rate of primary
MEFs. To rigorously test the role of ERK1 in the control of
cell proliferation, we have prepared primary MEFs from E14.5
Erkl~'~ embryos and wild-type control littermates. In order to
control for the phenotypic variability associated with different
genetic backgrounds, ErkI "'~ mice in a mixed 129 X C57BL/6
background (46) were bred to a congenic CD-1 background
(backcrossed to a CD-1 strain for more than 10 generations).
Homozygous Erkl '~ mice in CD-1 background were born at
expected Mendelian ratios, had normal size, and did not dis-
play any obvious anatomical abnormalities (data not shown).
We estimated the ratio of ERK1 and ERK2 in embryonic
fibroblasts from CD-1 mice by quantitatively measuring the
phosphorylation of the two isoforms (epitope shared in ERK1
and ERK?2) in serum-stimulated cells using a phospho-specific
antibody (27). This analysis indicated that ERK1 and ERK2
are expressed in a stoichiometric ratio of 1:1.4 in these cells
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(Fig. 1A). Consistent with previous observations (16, 39, 45,
46), genetic ablation of ERK1 did not result in a compensatory
increase in ERK2 expression (Fig. 1B). Also, serum addition
induced similar kinetics of activation of ERK2 in ERK1-deficient
fibroblasts and wild-type cells, as assessed by both activation loop
phosphorylation immunoblotting (Fig. 1B) and immune complex
kinase assay (Fig. 1C). Inactivation of the Erkl gene had no
detectable impact on the morphology or spreading of fibroblasts
(Fig. 1D).

We examined the specific contribution of ERK1 to the phos-
phorylation of known target substrates of the ERK1/2 pathway.
For these experiments, the cells were made quiescent and then
stimulated with 10% serum for different times. The phosphor-
ylation of the protein kinase Mnk1 (17, 65) was monitored by
immunoblot analysis with a phospho-specific antibody. Addi-
tion of serum to wild-type MEFs markedly increased the phos-
phorylation of Mnk1 on Thr 197/202, sites known to be phos-
phorylated by the MAP kinases ERK1/2 and p38 (66).
Interestingly, loss of ERK1 resulted in a sizeable attenuation
of the phosphorylation of Mnkl in these cells (Fig. 1E). No
change in the activating phosphorylation of p38 was observed
under these conditions (Fig. 1E). Furthermore, treatment with
the p38 inhibitor SB203580 did not affect the serum-stimulated
phosphorylation of Mnk1, confirming that the effect of serum
is mediated through the ERK1/2 pathway (Fig. 1F). We also
probed the phosphorylation of c-Myc, RSK1, and EIk-1 using
phospho-specific antibodies but observed no difference be-
tween Erkl '~ and control MEFs (data not shown).

We analyzed the proliferation of ERK1-deficient and con-
trol MEFs at primary passage 3 (P3). The proliferation rate
of Erkl~’~ MEFs was modestly but significantly reduced
compared to wild-type littermate control cells (Fig. 1G).
The difference in proliferation became more apparent after
4 days in culture, possibly reflecting the cumulative effect of
a small cellular defect. Similar results were obtained when
cells were grown in a lower (2.5%) serum concentration
(data not shown). These results indicate that ERK1 is a
positive regulator of cell proliferation.

The hypothesis by Vantaggiato et al. (62) that ERK1 acts as
a negative regulator of cell proliferation was based on results
obtained with MEFs derived from Erkl '~ mice enriched in a
C57BL/6 background. To determine whether the genetic back-
ground of the mice might be responsible for the discrepancy in
our results, we analyzed the proliferation rate of MEFs iso-
lated from Erkl mutant mice bred to a congenic C57BL/6J
background. These cells express ERK1 and ERK2 in a ratio of
1:1.9 (Fig. 2A). Similarly, inactivation of ErkI did not affect
total ERK2 expression or ERK2-activating phosphorylation
(Fig. 2B). Analysis of cell proliferation revealed that loss of
ERKI has no statistically significant impact on the prolifera-
tion rate of C57BL/6J embryonic fibroblasts although a slight
reduction in the number of Erkl '~ cells was observed at days
5 and 6 (Fig. 2C). These findings are in agreement with the
original observation by Pages et al. (46) that MEFs derived
from Erkl '~ mice in a mixed 129 X C57BL/6 background
proliferate at the same rate as wild-type cells. Thus, although
the genetic background may influence the impact of ERK1 loss
on the proliferation of fibroblasts, our results do not support
the idea that ERK1 negatively regulates cell proliferation.



A B WT ERK1"

A
~ ~

CD-1 MEF o o g§ & RO TR 6&‘9 RN O ‘go
—— ——| — -ERK1 i <€— ERK1
—— | B w2 R R e e o ™ | — 2
- e sme | €— ERK1

— < -ERK1
&8 &e & e €< ERK2 :::-—— — —— . (——ERKZ
N e ey e | €— 0. -tubulin —— - ——— — — — —— . — | €—— o -tubulin
1 2 3 4
C WT ERK1" D
o e s

D e’vﬂﬁy“ u‘ ° 60‘9“&9‘ [
W wm Autoradiogram

o i m‘“{ Coomassie
<)
£ G 7 *
=1
=]
'ﬁ E 6 4 —a— WT
5 £ —0O— ERK17-
%) N’ 5 -
s g
g £
£ 4
z :
E 3
e
o
£ 21
]
E &) 1 4
WT ERK17
B e A 0  ; T T T T T
- o S - 0o 1 2 3 4 5
Q 6@’ \60\9'5%&“ N e® o ey éﬁ“ ENGEN G g Time (days)
——— <— ERKI
“—;::--——-‘— <— ERK2
D — <«— (P)-ERK1
N — — — e — (—'—ERKZ
T - <«— (D-p38
S — — <«— (P-MNK1
——— ——— — ——— — — —— .| <— o-tubulin
F WT ERK1"
SB203580
Serum 15 min
<«— (D-MNK1
‘ <« (P-vK2
<€— «-tubulin

FIG. 1. Disruption of Erkl gene attenuates the proliferation rate of primary MEFs in a CD-1 background. (A) Relative expression of ERK1 and
ERK2 isoforms in CD-1 MEFs. Total lysates from exponentially proliferating CD-1 MEFs (n = 4) were analyzed by immunoblotting using antibodies
specific for phosphorylated (P) ERKI/ERK2, total ERK1/ERK2, and a-tubulin. (B) MEFs derived from Erkl '~ embryos (ERK1 /") or wild-type
control littermates (WT) were made quiescent and then stimulated with 10% NBCS for the indicated times. Total lysates were analyzed by immuno-
blotting. (C) Kinetics of ERK2 activity. ERK1~/~ or WT MEFs were treated as in panel B. Cell lysates were prepared, and the phosphotransferase activity
of endogenous ERK2 was measured by immune complex kinase assay using MBP and [y->P]JATP as substrates. The top panel shows an autoradiogram
and Coomassie staining of MBP. The lower panel is a bar histogram showing the quantification of **P incorporation into MBP. (D) Morphology of
ERKI1 /" and WT MEFs. (E) ERK1 ™/~ or WT MEFs were treated as in panel B. The expression and phosphorylation of Mnk1 and p38 were analyzed
by immunoblotting. (F) ERK1™~~ or WT MEFs were made quiescent, pretreated with SB203580 (10 uM) or DMSO (0.1%) for 30 min, and then
stimulated with 10% NBCS for 15 min. Total lysates were analyzed by immunoblotting using antibodies specific for phosphorylated MNK1, phosphor-
ylated MK2, and a-tubulin. (G) Proliferation rates of P3 MEFs prepared from ErkI '~ or wild-type littermate embryos were measured by the MTT assay.
Values are expressed as fold increase in cell number and correspond to the mean = standard error of the mean of five independent MEF preparations.
The data are representative of three different experiments. *, P < 0.05.
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FIG. 2. Cell proliferation analysis of Erkl '~ primary MEFs in
C57BL/6J background. (A) Relative expression of ERK1 and ERK2 iso-
forms in C57BL/6J MEFs. (B) MEFs derived from ERK1 /™ or wild-type
(WT) control littermate embryos were made quiescent and then stimu-
lated with 10% NBCS for 5 min. The expression and phosphorylation of
ERKI1/ERK?2 were analyzed by immunoblotting. (C) Proliferation curves
of MEFs prepared from ErkI '~ or wild-type littermate embryos in a
C57BL/6J background. Values correspond to the mean = standard error
of the mean of six independent MEF preparations. The data are repre-
sentative of three different experiments.

ERK2-deficient primary MEFs proliferate more slowly. Mice
homozygous for a null Erk2 mutation die in utero around E6.5
from a defect in trophoblast development (52, 70), thereby
precluding the isolation of embryonic fibroblasts. To circum-
vent the problem associated with the early embryonic lethality
of ERK2-deficient embryos, we have aggregated wild-type tet-
raploid (4N) embryos with diploid embryos derived from CD-1
Erk2*'~ intercrosses (Erk2™'*, Erk2*/~, and Erk2~'7). In
these chimeras, the wild-type tetraploid cells contribute exclu-
sively to extraembryonic structures (placental trophoblast cells
and endoderm of the yolk sac), whereas diploid cells contribute
to the embryo proper (58). Among the 36 embryos recovered
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at E13.5, we identified two living embryos that were of Erk2 ™/~
genotype (Fig. 3). In agreement with a defect in trophoblast
development, mutant Erk2~'~ embryos showed a very strong
contribution of wild-type 4N cells to placenta and yolk sac as
revealed by GFP detection (Fig. 3A). Embryonic fibroblasts
were prepared from the two Erk2~/~ embryos and their con-
trol littermates. Since the MEFs are derived from embryos in
a CD-1 background, this allows a genetically matched compar-
ison with CD-1 Erkl mutant cells.

We examined the consequence of the genetic disruption of
the Erk2 gene on the expression and activity of ERK1. Loss of
ERK?2 did not lead to a change in ERKI1 expression in embry-
onic fibroblasts (Fig. 4A). However, the absence of ERK2
resulted in a more sustained activation of ERK1 that was
observed in cells stimulated to reenter the cell cycle (Fig. 4A
and B). We also examined the specific involvement of ERK2 in
the phosphorylation of Mnk1 and other ERK1/2 substrates.
Analogous to ERK1, the loss of ERK2 translated into a sig-
nificant decrease in the serum-stimulated phosphorylation of
Mnk1 (Fig. 4C). These results indicate that activation of both
ERK1 and ERK?2 isoforms is required for optimal phosphory-
lation of specific target substrates in fibroblasts.

The morphology of Erk2~'~ MEFs was indistinguishable
from that of wild-type control cells (Fig. 4D). We then asked
whether the loss of ERK?2 affects the rate of cellular prolifer-
ation. Erk2~'~ MEFs clearly proliferated at a lower rate than
wild-type littermate controls, and this difference was already
visible after 2 days in culture (Fig. 4E). A similar proliferation
defect was observed at lower serum concentrations (data not
shown). We conclude from these results that ERK1 and ERK2
isoforms both act as positive regulators of cell proliferation.

RNAi-mediated silencing of ERK1 or ERK2 expression in
the absence of the other isoform similarly reduces cell prolif-
eration. To further address the individual roles of ERK1 and
ERK?2 in cell proliferation, we next evaluated the impact of
knocking down the expression of either isoform in cells genet-
ically disrupted for the other isoform. To this end, primary
Erkl~'~ or Erk2~/~ MEFs were infected with vesicular stoma-
titis virus (VSV)-pseudotyped lentiviral vectors expressing
shRNAs targeting the mouse Erk2 or Erkl gene, respectively.
Populations of infected cells were selected with puromycin for
3 days prior to analysis. Immunoblot analysis confirmed that
both shRNAs efficiently reduced the protein level and activat-
ing phosphorylation of their target ERK compared to nontar-
get control shRNA (Fig. 5A). Although complete elimination
of ERK2 in Erkl ™'~ cells or ERK1 in Erk2~’~ cells was not
possible by this approach, lowering the level of either remain-
ing ERK isoform resulted in a significant decrease in the rate
of MEF proliferation (Fig. 5B). Together, these results indi-
cate that the proliferation potential of fibroblasts is dependent
on the total expression/activity of ERK1/2, demonstrating that
ERK1 and ERK2 exert redundant functions in cell prolifera-
tion.

Genetic inactivation of Erkl and Erk2 results in prolifera-
tion arrest of MEFs. We recently generated a conditional
allele of Erk2 by flanking exon 3 with JoxP sites (to be reported
elsewhere). Mice carrying the floxed Erk2 gene were bred with
Erkl™'~ mice to generate Erkl*'™; Erk20°¥1°% mice. These
mice were then intercrossed to generate Erkl ™" ; Erk2fo¥/fox
and Erkl’~; Erk2"¥1°% embryos for the preparation of
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FIG. 3. Rescue of Erk2™'~ mice from early embryonic lethality by tetraploid aggregation. Each eight-cell-stage embryo isolated from inter-
crosses of CD-1 Erk2*/~ mice was aggregated with two tetraploid four-cell-stage wild-type embryos in vitro. After development to the blastocyst
stage, chimeric embryos were transferred into the uteri of pseudopregnant females. (A) Macroscopic views of wild-type and Erk2~/~ embryos at
E13.5 (upper panels) and contribution of wild-type GFP-positive cells to the placenta and yolk sac endoderm (bottom panels). (B) Genotyping
analysis of embryos obtained from tetraploid aggregation experiments. (C) Number and genotype of embryos obtained by tetraploid aggregation

rescue experiments at E13.5.

MEFs. To test the effect of the complete inactivation of both
ERKI1 and ERK2 isoforms, we infected Erkl~'~; Erk2fox/flox
primary MEFs with a Cre recombinase expressing retroviral
vector to generate Erkl~'~; Erk2** double knockout MEFs.
Expression of Cre in Erkl '~ ; Erk21°/1°% cells resulted in the
complete elimination of ERK2 protein after 9 days (Fig. 6A).
Moreover, no residual activating phosphorylation of ERK1/
ERK?2 could be detected by immunoblotting with a phospho-
specific antibody (Fig. 6A). We also examined the phosphory-
lation of the ERKI/ERK2 substrates RSK1 and Mnkl.
Combined loss of ERK1 and ERK2 resulted in the ablation of
serum-induced phosphorylation of RSK1 on Thr574 and
Ser380 (Fig. 6A). Direct phosphorylation of RSK on these
residues is considered to be a bona fide readout of ERK1/
ERK?2 kinase activity in vivo (1). The phosphorylation of Mnk1
was also abrogated in double knockout MEFs (Fig. 6A).

The morphological appearance of Erkl '~ ; Erk2*/* primary
MEFs was similar to that of Erkl/~; Erk21°¥1°% cells except
for the presence of a higher percentage of cells with a senes-
cence-like morphology (Fig. 6B). We examined the impact of
the loss of both ERK isoforms on the rate of cell proliferation.
As shown in Fig. 6C, loss of ERK1 and ERK2 function resulted
in a complete arrest of cell proliferation (Fig. 6C). It should be
mentioned that Cre expression in MEFs and other cell lines
was reported to induce DNA damage resulting in reduced
proliferation (35). We also observed that retroviral Cre expres-
sion attenuates the proliferation of Erkl ™'~ Erk2%0¥/1o% cells,
but this effect was variable, ranging from little to 25% inhibi-
tion, and could not account for the complete arrest of cell
proliferation (data not shown).

Erkl™'~ and Erk2™~'~ primary embryonic fibroblasts can be
efficiently immortalized. We wished to determine whether the
loss of ERK1 and ERK2 isoforms affects the long-term prolif-
erative capacity of MEFs. Wild-type, Erkl~'~, and Erk2~/~
ME-Fs at P4 were serially passaged according to a 3T3-based
protocol (59), and the cumulative population doublings of the
cells were recorded at each passage. The proliferation rates of

Erkl™'~, Erk2~'~, and control cells declined comparably with
serial passage, and all individual MEF cultures entered into
replicative arrest around passage 7 (Fig. 7). After this phase
of proliferative decline, immortalized lines emerged from all
MEF cultures. These results indicate that fibroblasts deficient
in either ERK1 or ERK2 can be efficiently immortalized in
culture.

We next tried to establish immortalized MEF lines deficient
in both ERK isoforms. Since Erkl /~; Erk2*’* MEFs fail to
proliferate in culture and display morphological signs of senes-
cence (Fig. 6), we decided to infect the cells with a lentiviral
vector encoding the simian virus 40 (SV40) large T antigen to
inactivate the retinoblastoma (Rb) and p53 pathways. Two
strategies were used. Erkl ~'~; Erk2%°¥1°* MEFs were infected
first with the Cre-expressing retrovirus to excise Erk2 and then
with the large T-encoding lentivirus. Alternatively, the cells
were first infected with large T lentivirus prior to inactivation
of the Erk2 gene. All attempts failed to establish cell lines of
MEFs deficient in both ERK1 and ERK2.

Molecular basis of the proliferation defect observed upon
loss of ERK1 and ERK2 in embryonic fibroblasts. We carried
out a series of experiments to investigate the nature of the
proliferation defect observed in MEFs deficient in ERK1 or
ERK?2 or in both isoforms. The ERK1/2 signaling pathway is
known to play a key role in the regulation of G,-to-S-phase
progression (41). Activation of ERK1/ERK2 has also been
associated with survival signaling in certain cell types (2). We
first analyzed cells deficient in a single ERK isoform, which
display a small proliferation defect. The extent of apoptosis in
exponentially proliferating MEFs was measured by annexin V
staining. As expected, the percentage of apoptotic cells was low
in serum-containing medium. No significant difference was ob-
served in the extent of apoptosis between the different geno-
types (Fig. 8A). We also evaluated the percentage of cells
entering into replicative senescence by monitoring SA-B-Gal
activity in MEFs at P3. Consistent with other studies, the
percentage of cells positive for SA-B-Gal at this early passage
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FIG. 4. Disruption of Erk2 slows down the proliferation of primary MEFs in a CD-1 background. MEFs derived from ERK2~/~ or wild-type
(WT) control littermates were made quiescent and then stimulated with 10% NBCS for the indicated times. (A) The expression and phosphor-
ylation of ERK1/ERK2 were analyzed by immunoblotting. (B) Kinetics of ERK1 activity. The phosphotransferase activity of endogenous ERK1
was measured by immune complex kinase assay as described in the legend of Fig. 1. (C) The expression and phosphorylation of Mnk1 and p38
were analyzed by immunoblotting. (D) Morphology of ERK2 ™/~ and wild-type MEFs. (E) Proliferation curves of P3 MEFs prepared from Erk2 ™/~
or wild-type littermate embryos obtained by tetraploid aggregation experiments. Values correspond to the mean * standard error of the mean of
two independent MEF preparations. The data are representative of three different experiments. *, P < 0.05.

was under 15%, and no significant difference could be high- from a defect in cell cycle progression. To address this ques-
lighted between Erk1 '~ or Erk2~'~ cells and their respective tion, we analyzed the cell cycle kinetics of asynchronously
controls (Fig. 8B). These observations suggest that the prolif- proliferating MEFs by flow cytometry with BrdU-PI staining.
eration defect of Erkl’~ and Erk2™/~ mutant cells results These experiments showed that the proportion of cells in S
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FIG. 5. RNA: silencing of ERK1 or ERK2 restrains the proliferation of MEFs expressing a single ERK isoform. Erkl '~ or Erk2~/~ MEFs
were infected with lentiviruses encoding shRNAs to the ERK2 or ERK1 gene, respectively, and populations of transduced cells were selected with
puromycin. After 72 h, the cells were replated at low density (day 0) to measure the rate of cell proliferation. A nontarget siRNA (NT) was used
as a control. (A) The expression of ERKI/ERK2 and phospho-ERK1/2 was analyzed by immunoblotting at day 3. (B) Cell proliferation was
measured by the MTT assay. Values are expressed as fold increase in cell number and correspond to the mean * standard error of the mean of
triplicate determinations. The data are representative of three different experiments.

phase was slightly reduced by 8% in Erk1 '~ MEFs and by 8%
in Erk2~/~ MEFs compared to levels in wild-type controls (Fig.
8C). Such small changes in cell cycle kinetics were expected,
given the relatively small impact of the loss of a single ERK
isoform on the proliferation of MEFs.

We next characterized MEFs lacking the two ERK isoforms.
The percentage of apoptotic cells was increased in Erkl '~
Erk2*’* double knockout MEFs compared to control Erk1™'*;
Erk2%o¥1ox cells (Fig. 9A). However, the extent of apoptosis
remained low in serum-containing medium and could not ac-
count for the defect of proliferation. Strikingly, analysis of
replicative senescence revealed that the percentage of SA-B-
Gal-positive cells at early passage is about 3-fold higher in
Erkl™'~; Erk2®’* MEFs than in control Erkl™'*; Eri2flox/flox
cells (Fig. 9B). Expression of Cre alone had no significant
effect on the induction of senescence (data not shown). This
result suggests that replicative senescence limits the prolifera-
tion potential of cells lacking ERK1/2 activity. Flow cytometry
analysis of the cell cycle demonstrated that combined loss of
ERKI1 and ERK2 completely blocks the progression of MEFs
into S phase, with the resulting accumulation of cells in G,
phase (Fig. 9C). Thus, deficiency in ERK1/2 signaling leads to
cell cycle arrest and premature entry into replicative senes-
cence.

To further understand the molecular basis of the cell cycle

defect of ERK1/ERK2-deficient fibroblasts, we monitored the
expression of key regulators of G,-to-S-phase progression dur-
ing mitogen-stimulated cell cycle reentry. We found that in-
duction of the cell cycle regulatory genes encoding the tran-
scription factors c-Myc, E2f1 and E2f3, the G, cyclins cyclin
D1, cyclin E1 and cyclin E2, and the replication licensing factor
Mcm?2 was completely abrogated in Erkl ~'~; Erk2** double
deficient MEFs compared to control Erkl*'*; Erk21°¥1°% cells
(Fig. 9D and E). In parallel, expression of the genes encoding
the cyclin D1 transcriptional repressor Tobl and the cyclin-
dependent kinase (Cdk) inhibitors p21 and p27 was main-
tained at higher levels in ERK1/ERK2-deficient cells (Fig. 9D
and E). Immunoblot analysis showed that cyclin D1 protein
was barely detectable in ERK1/ERK2-deficient MEFs while
p27 expression was stabilized and remained elevated during
cell cycle progression (Fig. 9F). The induction of c-Myc ex-
pression and its phosphorylation on Thr58/Ser62 were also
markedly impaired in the absence of ERK1 and ERK2.

DISCUSSION

Compelling biochemical, pharmacological, and genetic evi-
dence have linked the ERK1/2 MAP kinase signaling pathway
to the control of cell proliferation in fibroblasts and other cell
types (reviewed in reference 41). However, the question re-
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mains whether the two structurally related isoforms ERK1 and
ERK?2 similarly contribute to cell proliferation. Early studies of
MEFs prepared from Erkl '~ embryos did not reveal any
impact of the loss of ERK1 on the rate of cell proliferation (3,
46). Impaired proliferation of ERK1-deficient thymocytes was
reported initially (46), but this observation could not be repro-
duced in more recent studies (14, 45). Also, hepatocytes from
wild-type and Erkl '~ mice were found to replicate with the
same kinetics in the regenerating liver after partial hepatec-
tomy and in primary culture in vitro (16). The only specialized
cell type where ERKI1 function was shown to be necessary for

normal cell proliferation is keratinocytes (7). The early embry-
onic lethality of Erk2~/~ mice has precluded the isolation of
primary cells amenable to cell proliferation studies (52, 70).
However, analysis of chimeric embryos has demonstrated that
ERK?2 functions cell-autonomously in the development of ex-
tra-embryonic cell lineages and is most likely required for the
proliferation of polar trophectoderm cells (52). These studies
in genetically deficient mice have suggested that ERK2 is more
important than ERKI1 for cell proliferation control. However,
they do not conclusively resolve the question of whether the
apparent requirement for ERK2 is due to its specific pattern of
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expression in mouse tissues or to genetic buffering of Erk1 loss
or whether it is an indication of functional differences between
ERK1 and ERK?2 isoforms.

The individual role of ERK isoforms in cell proliferation has
also been studied using RNA interference approaches, which
allow for the partial inactivation of gene function in established
cell lines and are less susceptible to long-term gene compen-
satory mechanisms. These studies have confirmed the impor-
tant function of ERK2 in regulating cell proliferation. For
example, silencing of ERK2 expression has been shown to slow
down the proliferation of HeLa cells (33), ovarian cancer cells
(74), C2C12 myoblasts (31), fibroblasts (62), and hepatocytes
(16). In these studies, knockdown of ERK1 expression was also
reported to inhibit the proliferation of HeLa cells and ovarian
cancer cell lines (33, 74). Intriguingly, Vantaggiato et al. (62)
have reported that ablation of ERK1 function in both mouse
embryonic and NIH 3T3 fibroblasts by gene disruption or
RNA interference enhances cell proliferation. This has led to
the proposal that ERK2 drives cell proliferation, whereas
ERKI act as a negative regulator by interfering with ERK2
signaling (34, 62). During the course of our study, Lefloch et al.
(28) also reported that silencing of ERK2 expression slows
down the proliferation of NIH 3T3 fibroblasts, whereas reduc-
tion of ERKI expression has no effect. Interestingly, these
authors showed that silencing of ERK1 expression further re-
duces cell proliferation in cells with a limiting level of ERK2.

Here, we have used a robust genetic approach to analyze the
individual functions of ERK1 and ERK2 in cell proliferation
control using primary embryonic fibroblasts as a model. We
prepared ERK1-deficient MEFs from Erk! mutant mouse in-
tercrosses and used a tetraploid aggregation procedure to res-
cue the early embryonic lethality of Erk2~/~ mice and generate
genetically matched ERK2-deficient cells. We show that loss of
either Erkl or Erk2 slows down the proliferation rate of early-
passage fibroblasts. The decline in proliferation is more impor-
tant in ERK2-deficient cells, consistent with the higher level of
expression of ERK2 in these cells. Of note, we observed neg-
ligible functional compensation by the remaining ERK2 iso-
form in ERK1-deficient MEFs, as monitored by activating loop
phosphorylation and kinase activity. However, in the case of
ERK2-deficient MEFs, the kinase activity of ERK1 increased
by 2- to 3-fold although this compensation was insufficient to
rescue the proliferation defect. Again, this observation is in
agreement with the relative expression levels of ERKI1 and

ERK1 AND ERK2 REDUNDANTLY PROMOTE CELL PROLIFERATION 2927

A g . BWT
EERK1
g 6 4 EERK2 "
E
2 4 7
2
5
2 2 -
<
0 |
B 16 - HBWT
EERK1 -
P -
Z 12 A O ERK2
8
&
5 8 7
&
>
g 4
0 - I
EWT
Cs3o - EERK1 -
3
25 4 O ERK2
g 20 o
2]
2 15 A
=
=
v 10 4
5 4
0 4 |

FIG. 8. Impact of the loss of ERK1 or ERK2 on apoptosis, replicative
senescence, and cell cycle progression of primary MEFs. Proliferating
MEFs (P3) derived from CD-1 ErkI ™'~ or Erk2™'~ mice or from their
respective wild-type control littermate embryos were harvested at day 3
after plating. (A) Apoptosis was evaluated by two-color annexin V stain-
ing. Results are expressed as the mean =+ standard error of the mean (n =
3). (B) Analysis of replicative senescence. Proliferating MEFs were fixed
and stained for SA-B-Gal activity. Results are presented as the mean
percentage * standard error of the mean of SA-B-Gal-positive cells for
wild-type (n = 4), ERK1™/~ (n = 5), and ERK27'~ (n = 2) MEFs.
(C) Cell cycle analysis. Asynchronously proliferating MEFs were pulsed
with BrdU for 1 h prior to harvesting at day 3 after seeding. The cells were
fixed and stained with PI, and the percentage of cells in S phase was
determined by FACS analysis. Results are expressed as the mean *
standard error of the mean (n = 3).

ERK?2 isoforms. To further analyze the specific contribution of
ERK1 and ERK2, we evaluated the impact of silencing the
expression of ERK1 or ERK2 by RNA interference in cells
genetically disrupted for the other isoform. Lowering the level
of either remaining ERK isoform similarly resulted in a
marked decrease in cell proliferation. Finally, we generated
fibroblasts genetically deficient in both Erkl and Erk2 by in-
fecting Erkl/~; Erk2%°¥%°* primary MEFs with a retroviral
vector expressing the Cre recombinase. Combined loss of
ERK1 and ERK2 function resulted in a complete arrest of cell
proliferation. Altogether, these findings provide compelling
genetic evidence for a redundant role of ERK1 and ERK2 in
promoting cell proliferation. To further substantiate this idea,
we have quantitatively measured the level of activating phos-
phorylation of ERKI/ERK2 (using a phospho-specific anti-
body that recognizes an identical epitope in the two isoforms)
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FIG. 9. Combined loss of ERK1 and ERK?2 impairs cell cycle progression and promotes replicative senescence. Proliferating Erkl™/*; Erk219¥1x and
Erkl™'~; Erk2* MEFs (P5) were harvested at day 3 after plating. (A) Apoptosis was measured by two-color annexin V staining. Results are expressed
as the mean = standard error of the mean (n = 3). (B) Replicative senescence was assayed by staining for SA-B-Gal activity. Bright-field and fluorescence
(DAPI) photographs of representative fields are shown. The graph at right shows the quantification of SA-B-Gal activity. Results are presented as the
mean percentage * standard error of the mean of SA-B-Gal-positive cells (n = 3). (C) Cell cycle analysis. Asynchronously proliferating MEFs were
pulsed with BrdU for 1 h prior to harvesting. The percentage of cells in S phase was determined by FACS analysis. Results are expressed as the mean =
standard error of the mean (n = 3). (D) Expression of cell cycle-regulatory genes. Erk1*/*; Erk210¥°% and Erk1~'~; Erk2** MEFs were made quiescent
and then stimulated with 10% NBCS for the indicated times. The expression of cell cycle genes was analyzed by quantitative PCR and is displayed in a
heat map. Results represent the mean of two experiments. (E) Relative expression levels of the genes named in panel D. Gene expression levels were
plotted as fold change over the value observed in Erkl*'"; Erk21°¥1°% cells at time zero, which was arbitrarily set to 1. (F) Immunoblot analysis of cell
cycle-regulatory genes. Results are representative of two experiments.
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FIG. 9—Continued.

in the different MEF populations and plotted this value against
their relative rates of cell proliferation. As shown in Fig. 10, the
rate of MEF proliferation was strongly correlated (r* = 0.90)
with the total level of phosphorylated ERK1/ERK2, demon-
strating that cell proliferation depends on the total activity of

ERK1 and ERK2, which is dictated by the relative level of
expression of the two isoforms. Our results confirm and extend
the proposition of Lefloch et al. (28) by providing a genetic
demonstration of the redundant function of ERK1 and ERK2
in cell proliferation.
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FIG. 10. The rate of cell proliferation is tightly correlated with the
level of phosphorylated ERK1/ERK2 in MEFs. The extent of phos-
pho-ERK1/2 staining was quantified at 5 min after NBCS stimulation
and is expressed as a percentage of the level observed in control
littermate MEFs (n = 2). The rate of cell proliferation was estimated
from the MTT assay at day 5 or 6 (last day of the experiment) and is
expressed as a percentage of the proliferation measured in control
MEFs (n = 3).

Our findings also disprove the model that ERK1 and ERK2
compete with each other and exert antagonistic effects on cell
proliferation (34, 37, 62). This discrepancy cannot be explained
by differences in genetic background, as we clearly show that
loss of Erkl does not increase the proliferation of MEFs in a
C57BL/6 (used in the study of Vantaggiato et al. [62]) genetic
background.

The total ablation of ERK1 and ERK2 leads to G, arrest
and accelerated replicative senescence of MEFs. The cell cycle
arrest was associated with complete abrogation of the serum-
stimulated induction of c-Myc, Cyclin D1, Cyclin E1/Cyclin E2,
E2f1/E2f3, and Mcm2, genes that are critically involved in G,
progression and DNA replication, and with upregulation of the
antiproliferative genes Tobl, p21<*!, and p275#*. Little or no
expression of c-Myc and cyclin D1 protein can be detected in
ERKI1/ERK2-deficient cells, and p27 accumulates to high lev-
els that are comparable to those observed in serum-deprived
cells. Cyclin D1, Tob1, c-Myc, and p2757* are known transcrip-
tional targets of the ERK1/2 pathway (26, 41, 63, 68, 69, 71),
which also impacts on the stability of c-Myc protein (54) and
on the activity of Tobl (5§7). c-Myc, in turn, is required for
efficient transcriptional activation of a large number of genes
involved in G;-to-S-phase progression, including the E2fI,
E2f2, and E2f3 genes (29, 73) and Mcm genes (25, 56, 73).
Notably, gene-targeting studies have shown that E2f1-E2f3
transcription factors are absolutely essential for the ability of
MEFs to enter S phase and proliferate (67). The suppression
of E2f1/E2f3 transcription coupled to the functional inactiva-
tion of the Rb/E2F pathway, as a result of the inhibition of G,
cyclin expression and the accumulation of p27, explains in large
part the G, arrest observed in ERK1/ERK2-deficient fibro-
blasts.

Replicative senescence of late-passage fibroblasts is accom-
panied by a reduction in nuclear ERK1/2 activity (23, 24, 36,
60). The observation that ectopic expression of the nuclear
MAP kinase phosphatase MKP2 induces premature senes-
cence has led to the hypothesis that impaired nuclear ERK1/2
signaling may contribute to certain phenotypic aspects of the
senescence process (61). Here, we provide genetic evidence
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that persistent inhibition of ERK1/2 signaling induces prema-
ture senescence of MEFs concomitant to G, arrest of the cell
cycle. Although the molecular mechanisms underlying the es-
tablishment of the senescent state remain to be investigated,
we speculate that the stable inhibition of E2F activity and the
resulting silencing of E2F target genes contribute to this pro-
cess (8, 44). The Rb and p53 tumor suppressor pathways play
an important role in the triggering and maintenance of cellular
senescence (8). To bypass senescence and try to immortalize
ERKI1/ERK2-deficient MEFs, we have infected the cells with
SV40 large T antigen, which binds both Rb and p53 and is able
to overcome replicative senescence (22). However, we failed to
established cell lines with deletions of the Erk! and Erk2 genes.
This suggests that the role of ERK1/2 signaling in cell cycle
progression may be more complex than generally depicted and
extend beyond inactivation of Rb.
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