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The proteins ERK1 and ERK2 are highly similar, are ubiquitously expressed, and share activators and
substrates; however, erk2 gene invalidation is lethal in mice, while erk1 inactivation is not. We ablated ERK1
and/or ERK2 by RNA interference and explored their relative roles in cell proliferation and immediate-early
gene (IEG) expression. Reducing expression of either ERK1 or ERK2 lowered IEG induction by serum;
however, silencing of only ERK2 slowed down cell proliferation. When both isoforms were silenced simulta-
neously, compensating activation of the residual pool of ERK1/2 masked a more deleterious effect on cell
proliferation. It was only when ERK2 activation was clamped at a limiting level that we demonstrated the
positive contribution of ERK1 to cell proliferation. We then established that ERK isoforms are activated
indiscriminately and that their expression ratio correlated exactly with their activation ratio. Furthermore, we
determined for the first time that ERK1 and ERK2 kinase activities are indistinguishable in vitro and that erk
gene dosage is essential for survival of mice. We propose that the expression levels of ERK1 and ERK2 drive
their apparent biological differences. Indeed, ERK1 is dispensable in some vertebrates, since it is absent from
chicken and frog genomes despite being present in all mammals and fishes sequenced so far.

Numerous cell surface agonists activate the signaling cas-
cade Ras/Raf/MEK/ERK. In contrast to the upstream activa-
tion steps of the cascade, which have few known substrates,
ERK phosphorylates hundreds of substrates on serine and
threonine residues (52). ERK substrates are localized in all cell
compartments: at the membrane, (e.g., epidermal growth fac-
tor receptor), in the cytosol (e.g., DUSP6-MKP-3), on the
cytoskeleton (e.g., cortactin), and in the nucleus (e.g., Elk-1).
The serine/threonine protein kinase ERKs play key roles in
cell proliferation, cell differentiation, and cell death. The spa-
tio-temporal regulation of ERK activation dictates the biolog-
ical outcome (34). Therefore, for all these reasons, ERK acti-
vation is a key signaling step for the regulation of many
biological responses.

Two isoforms convey ERK activity in many vertebrates;
these are ERK1 and ERK2, which are 84% identical at the
amino acid level (8). Among the mitogen-activated protein
kinases, ERK5 (55) is the closest kinase to ERK1/2, with all
three kinases being activated on the threonine and tyrosine
residues of the TEY sequence. However, ERK5 cannot be
considered an ERK1/2 isoform, since ERK5 and ERK1/2 are
activated by different kinase modules. ERK5 is activated by the
kinase MEK5 (55), unlike ERK1 and -2, which are activated by
MEK1/2 (23).

Many observations indicate that ERK1 and ERK2 are very
similar. ERK1 and ERK2 are ubiquitously expressed; however,
their relative distributions across tissues differ (8). ERK1 and

-2 display the same subcellular localization; both isoforms
translocate from the cytosol to the nucleus upon stimulation of
resting cells (25). ERK1 and -2 are serine/threonine protein
kinases that phosphorylate substrates on the consensus
PXS/TP sites. Specificity is provided not by a domain near the
catalytic site but by a common docking domain and a docking
groove that are located on the back of the kinase with respect
to the catalytic site (42, 43). Interestingly, both the common
docking domain and groove are nearly identical in ERK1 and
ERK2. Indeed, evidence indicates that ERK1 and ERK2 seem
to have the same substrate specificities (52). Furthermore,
ERK1 and -2 are activated by the same upstream kinase mod-
ule and display identical kinetics of activation. No specific
agonist able to activate only one of the two kinases has been
discovered so far.

In contrast to the similarities between ERK1 and ERK2
presented above, their invalidation in mice indicates clear dif-
ferences between ERK1 and ERK2. Invalidation of ERK2
leads to early embryonic death around embryonic day 6.5 as a
consequence of placental defects (18, 36, 51). In contrast, mice
lacking ERK1 live and reproduce normally (30, 32). Minor
defects in erk1�/� mice have been reported, such as impaired
terminal differentiation of T lymphocytes (32), decreased adi-
posity with fewer adipocytes (7), and facilitated learning and
memory (28). However, Selcher et al. (40) have demonstrated
that mice lacking ERK1 are unimpaired in memory formation
probed by the same test of passive avoidance. Surprisingly, in
a recent study Vantaggiato et al. (47) proposed that ERK1 and
ERK2 have opposite roles in Ras-mediated signaling, with
ERK1 antagonizing the positive signaling provided by ERK2.
Similarly, in the JNK signaling pathway, earlier studies on
Jnk1�/� and Jnk2�/� mice suggested that the JNK1 and JNK2
isoforms had opposite effects on cJun expression and on pro-
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liferation (37, 45). However, recent studies, using a chemical
genetic approach, demonstrate unequivocally that both JNK1
and JNK2 are positive regulators of these processes (21). In
fact, the opposite phenotypes caused by JNK1 and JNK2 de-
ficiency could be due to competition between JNK1 and JNK2
for partners.

As demonstrated for JNK, assessing the functions of two
kinase isoforms is challenging. The discrepancy between the
different studies on ERK1 and ERK2 led us to design exper-
iments to scrutinize the specific role of ERK1 and ERK2 in two
ERK-dependent cellular processes: exponential growth and
immediate-early gene (IEG) transcription. These two pro-
cesses were chosen because they require distinct types of ERK
activation, either persistent (over several days) or rapid (for
less than 1 hour).

Our results indicate that both ERK1 and ERK2 are positive
regulators of cell proliferation and IEG transcription. The low
threshold of ERK activity required for exponential prolifera-
tion of fibroblasts led us initially to think that only ERK2 was
necessary for proliferation to proceed. However, the positive
contribution of ERK1 to cell proliferation was uncovered when
the ERK2 level was markedly reduced and became limiting.
When ERK1 expression alone was abrogated, total ERK acti-
vation was minimally affected because of compensating activa-
tion of ERK2. Careful measurement of isoform stoichiometry
indicates that ERK1 is four times less abundant than ERK2 in
NIH 3T3 cells. Interestingly, activated ERK1 is also four times
less abundant than activated ERK2 in stimulated NIH 3T3
cells. This correlation between the quantities of ERK isoforms
and their activation ratio is reported here for the first time and
suggests that both isoforms are activated equally by the up-
stream kinase module. We propose that this correlation is a
general phenomenon, since we observed it across a wide vari-
ation of ERK1/ERK2 ratios displayed in mouse brain struc-
tures. In vitro the specific activities of ERK1 and ERK2 are
indistinguishable, reinforcing the notion that ERK isoforms
contribute to ERK signaling according to the ratio of their
expression levels.

Transcription of IEGs requires a very robust ERK activity;
in this case removal of either ERK1 or ERK2 markedly re-
duced transcription of ERK-responsive genes. Overall we ob-
served that the biological outcome is tightly linked to the total
ERK activity, irrespective of isoform specificity. We propose
that the threshold of total ERK activity required for a given
response and the relative ratio between the isoforms expressed
dictate the direct effect of ERK1 or ERK2 ablation.

Finally, genetic data on mouse survival are presented to
strengthen the conclusion that ERK dosage is crucial.

MATERIALS AND METHODS

Cell culture and reagents. NIH 3T3 cells were obtained from the American
Type Culture Collection (Manassas, VA). NIH 3T3 cells were maintained in
Dulbecco modified Eagle medium supplemented with 10% bovine serum (Gibco
no. 16170078), penicillin, and streptomycin and incubated at 37°C in a 5% CO2

incubator. U0126 was purchased from Promega, and PD184352 was a generous
gift of Michiaki Kohno and Sir Philip Cohen. The plasmid pSUPER expressing
short hairpin RNAs (shRNAs) upon H1 promoter-driven transcription was a
generous gift from Reuven Agami (10). The plasmid pBabepuro was described
elsewhere (29).

Transfection procedure. NIH 3T3 cells were plated at a density of 1.8 � 106

cells per 10-cm dish and transfected with 30 to 100 �g of plasmid DNA (con-

taining 3 �g of pBabepuro plasmid) by calcium phosphate precipitation over-
night. At 36 h posttransfection, puromycin (9 �M) was added and left for 24 h to
kill nontransfected cells. Stringency and speed of selection were increased by
cotreatment with cyclosporine (5 �M) as described previously (54). For the rest
of the experiment, no selection was applied. Cells were then trypsinized, allowed
to attach to new plates for 3 h, and retrypsinized to count only healthy cells. For
exponential growth, cells were plated at densities of 20, 30, and 40 cells per mm2

in 12-well plates or in 10-cm dishes for immunoblotting of cells that were strictly
in the exponential phase. For serum removal and restimulation studies, cells
were plated at a density of 2.2 � 106 per 10-cm dish for 12 h prior to serum
removal for 24 h and stimulation as described in the figure legends. Cell prolif-
eration was measured by fixing plates daily with 5% ice-cold trichloroacetic acid,
neutralization with phosphate-buffered saline, and automated counting of DAPI
(4�,6�-diamidino-2-phenylindole)-stained nuclei with ImageJ software. The aver-
age number of nuclei was calculated from counting 10 fields of 2.41 mm2 (50�
magnification on a Zeiss Axiovert microscope). The initial cell number influ-
enced the rate of cell proliferation, and therefore great care was taken to
compare only plates of transfected cells that were seeded at the same densities.

Immunoblotting. Cells were lysed in Laemmli sample buffer, separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (10% acryl-
amide-bisacrylamide [29:1] gels), and transferred onto polyvinylidene difluoride
(Immobilon-P from Millipore). Phosphorylated ERK1/2 was detected with the
monoclonal anti-phospho-ERK1/2 antibody M8159 from Sigma. Total ERK was
detected with mixes of different antibodies: rabbit serum E1B (1/3,000) (epitope
against the last 16 amino acids of Chinese hamster ERK1) plus rabbit anti-rat
ERK1 no. 61 from Zymed (no. 61-7400) (1/4,000) or mouse monoclonal ERK2
from BD Pharmingen (no. 610103) plus mouse monoclonal ERK1 from BD
Pharmingen (no. 554100). Monoclonal mix 1 was made by diluting BD-ERK1
(1/5,000) plus BD-ERK2 (1/1,000), and monoclonal mix 2 was made by diluting
BD-ERK1 (1/2,000) plus BD-ERK2 (1/1,000). The antihemagglutinin (anti-HA)
antibody was purchased from Covance (no. MMS-101R), and vesicular stomatitis
glycoprotein (VSVG) was a generous gift of B. Goud. The anti-ARD1 was
described previously (6). Secondary antibodies coupled to horseradish peroxidase
were purchased from Promega, and chemiluminescence was used to detect immu-
noreative bands on autoradiography film or with the Gnome detector from Syngene
(United Kingdom).

Nude mice were killed in accordance with the European Community coun-
cil directive of 24 November 1986. Mouse brain was isolated, and the appar-
ent anatomical structure was sliced out and frozen instantly in liquid nitrogen.
The name of the structure was given according to the virtual mouse necropsy
web site: (http://www.niaid.nih.gov/dir/services/animalcare/MouseNecropsy
/necropsy.html). Frozen samples were then resuspended in 1.5� Laemmli
sample buffer and sonicated immediately. The protein concentration was
measured by the bicinchoninic acid method (Pierce). The levels of ERK and
phosphorylated ERK were determined by immunoblotting of a gel loaded
with 30 �g and 15 �g of protein, respectively. Normalization was performed
as indicated in the figure legends on the same blots after stripping off the
anti-ERK antibodies.

Specific kinase activities of HA-ERK1 and HA-ERK2 determined using a
nonradioactive immunoprecipitation kinase assay. CCl39 cells that express sta-
bly mouse HA-ERK1 or mouse HA-ERK2 were plated at a density of 14 � 106

cells per 10-cm dish for 24 h prior to serum removal for 24 h and stimulation with
10% fetal calf serum (FCS) for 5 min. The cells were then lysed with 1.4 ml of
lysis buffer containing 50 mM Tris-HCl (pH 7.6), 100 mM NaCl, 50 mM NaF, 5
mM EDTA, 40 mM beta-glycerol phosphate, 1% Triton X-100, 0.1% bovine
serum albumin, 0.1 mg/ml soybean tryspsin inhibitor (Sigma), 1 mM 4-(2-amino-
ethyl)benzenesulfonyl fluoride hydrochloride, 40 mM para-nitrophenyl phos-
phate, 1 mM benzamidine, 1 mM sodium orthovanadate, 2 mM dithiothreitol,
and protease inhibitor cocktail (Roche). Prior to immunoprecipitation, Sepha-
rose beads coupled to protein G (Amersham Biosciences) were washed twice and
incubated with the lysis buffer for 1 h. The cell extracts were centrifuged at 20 �
103 � g. Increasing quantities of supernatant were incubated with 3 �l of
anti-HA antibody together with 20 �l of beads for 1 h at 4°C. For each point, the
final immunoprecipitation volume was adjusted to 1.4 ml with the lysis buffer.
The beads were pelleted and washed twice with lysis buffer and then once with
kinase buffer containing 20 mM HEPES (pH 7.6), 10 mM MgCl2, 0.5 mM
MnCl2, 40 mM para-nitrophenyl phosphate, 1 mM dithiothreitol, and 80 mM
NaCl.

The pellets were resuspended in 20 �l of kinase buffer supplemented with 50
�M ATP and 1.5 �g glutathione S-transferase (GST)–Elk-1307-428 fusion protein
and were incubated for 26 min at 37°C. The precipitates were dissolved by adding
20 �l 3� Laemmli buffer. The beads were pelleted, and the supernatant was
boiled at 95°C for 5 min after adding dithiothreitol to a final concentration of 1
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mM. The supernatants were analyzed by immunoblotting probed with anti phos-
pho-Elk-1 antibody (Santa Cruz no. sc-8406) and monoclonal phospho-ERK1/2
antibody (Sigma). The TrueBlot Ultra horseradish peroxidase-conjugated anti-
mouse antibody (eBioscience) was used as the second antibody. The chemilu-
minescence was detected by autoradiography and measured directly with the
Gnome detector from Syngene (United Kingdom).

Plasmids. The plasmid coding for GST-Elk-1 (positions 307 to 428) was
provided by Robert Hipskind, and plasmid pBA4, containing mouse ERK2, was
a generous gift of Michael Webber (19). A VSVG tag was added at the C
terminus by site-directed mutagenesis of the stop codon as described previously
(25) (sequence, ERK2-KGEGPPGPYTDIEMNRLGK). An HA tag was added
at the N terminus by site-directed mutagenesis of the initiating methionine
(sequence, MYDVPDYASLPGNW-ERK2). Mouse ERK1 was cloned by nested
reverse transcription-PCR (RT-PCR) with the following primers: N terminal,
GAGGCGGGAGGAGTGGAGATGGC; C terminal external, CTAACAATC
TGCAGAGAAGG; and C terminal internal, GTTCTTGTTAGGGGCCCTCT
GGC. RT-PCR was performed with the Phusion enzyme as described by the
manufacturer (Finnzymes). A VSVG tag was added at the C terminus of mouse
ERK1 by mutating the stop codon, and an HA tag was added at the N terminus
by mutating the initiating methionine, exactly as was done for mouse ERK2.

shRNA sequences. The control plasmid was either empty pSUPER plasmid or
pSUPER-SIMA, which expresses an shRNA that targets Drosophila HIF1-alpha
as described previously (5). pSUPER-ERK2 expressed the targeting sequence
GCGCTTCAGACATGAGAAC, which is conserved between mouse and human
ERK2, and pSUPER-ERK2 bis expressed the targeting sequence GGGTTCTT
GACAGAGTACGTAG. pSUPER-ERK1 expressed the targeting sequence CA
TGAAGGCCCGAAACTAC. Sequence integrity was verified by sequencing the
clones from both directions.

Quantitative RT-PCR. Transfected cells were selected as described above,
plated at a density of 2.2 � 106 cells per 10-cm dish, grown for 12 h prior to serum
deprivation for 24 h, and stimulated with 10% FCS as described in the figure
legends. mRNA was isolated by lysing the cells with TRIzol (Invitrogen), and
residual genomic DNA was digested with RNase-free DNase (QIAGEN) and
purified on RNeasy columns (QIAGEN). RT-PCR was initiated by oligo(dT)
priming, and reverse transcription was performed at 37°C with the Omnicript
enzyme (QIAGEN) according to the manufacture’s instructions. Quantitative
RT-PCR was performed on an Applied Biosystems 7300 cycler with Mastermix
RT-SN2X-03� for SYBR green dye (Eurogentec, Belgium). The PCR primers
were chosen on the PrimerBank website (49) (PrimerBank IDs junB-6680512a1,
egr1-6681285a3, zfp36-6756059a1, id3-6680341a1, and fosl1-6753896a3). Specific
down-regulation of ERK1 or ERK2 mRNA was evaluated with the primers
erk1-21489933a3 and erk2-6754632a2.

Genomic sequence analysis. Predicted protein sequences of ERKs were ob-
tained from the Ensembl web server. Alignment of the predicted ERKs was
performed with the Multalin sequence alignment algorithm on the web server
(12). For sequences that were not properly predicted in spring of 2007, such as
that for the ERK1 protein from the fish Oryzias latipes, exons homologous to
mouse ERK1 were searched in the translation of the entire genome of Oryzias
latipes by the BLAST search algorithm of Ensembl. In August 2007, our pre-
dicted sequence of ERK1 from Oryzias latipes was annotated in the 46th re-
lease of the Ensembl database; it is available with the Ensembl ID
ENSORLG00000011993. For the Gallus gallus (chicken) and Xenopus tropicalis
(frog) genomes, ERK1 was not annotated in summer 2007. Furthermore, search-
ing all exons homologous to mouse ERK1 in the translation of the entire genome
of G. gallus (genome sequence version 2.1) and X. tropicalis (genome sequence
version 4.1) did not allow retrieval of any ERK1 sequence; however, ERK2 and
ERK5 exons were readily identified due to their homology to mouse ERK1
exons. Similarly, for X. tropicalis, searching the entire translated genomic DNA
sequence with peptides for all the conserved exons of mouse MEK2 did not
reveal any MEK2 exons. However, X. tropicalis MEK1 and MEK5 were readily
identified by this search approach. Confirmation of the lack of ERK1 in X.
tropicalis and G. gallus was done by searching expressed sequenced tag (ESTs)
for ERKs. ESTs for X. tropicalis, G. gallus, and Danio rerio (zebra fish) were
searched with the BLASTN algorithm of the NCBI website by retrieving se-
quences similar to a fragment of the mouse ERK1 cDNA (parameters, expect 1
and filter default). The fragment of the mouse ERK1 cDNA was constituted by
joining exons 3, 4, and 5 (ENSMUSE00000489861, ENSMUSE00000477246, and
ENSMUSE00000130333). These exons were chosen for their high conservation
between mouse ERK1 and mouse ERK2. In spring 2007, in the zebra fish EST
database there were 53 ERK1 ESTs and 30 ERK2 ESTs, in the frog EST
database there were 38 ERK2 ESTs and no ERK1 ESTs, and in the chicken
EST database there were 9 ERK2 ESTs and no ERK1 ESTs. Since ERK1 ESTs
were readily found in zebra fish, which is evolutionarily more distant from mouse

than chicken or frog, ERK1 ESTs should have been found in chicken and frog if
ERK1 were present in their genomes. For all three animals, more ESTs than
ERKs were retrieved and corresponded mainly to other kinases (e.g., cyclin-
dependent kinases and stress mitogen-activated protein kinases). Hence, the lack
of ERK1 ESTs in the frog and chicken databases was not due to a narrow search
strategy. Similarly, retrieving sequences similar to that of mouse MEK2 in the
frog EST database of GenBank revealed four ESTs for MEK1 and none for
MEK2 and then ESTs for MEK6, MEK5, MEK3, confirming the absence of
MEK2 in frog.

RESULTS

ERK activity is required for NIH 3T3 cell proliferation. It
was first established for fibroblasts that ERK activation is a
requisite for growth factor-induced cell growth (33). However,
this is not the case for all cell types; for example, embryonic
stem cells grow independently of ERK activation (11). Simi-
larly, several tumor cell lines proliferate with low levels of ERK
activation (20). Our shRNAs were designed against mouse
sequences, and thus we searched a mouse cell line whose
proliferation was ERK dependent.

Hence, we tested whether exponential growth of NIH 3T3
cells was ERK dependent. The results of a typical experiment
with exponentially growing NIH 3T3 cells treated with MEK
inhibitors U0126 and PD184352 are depicted in Fig. 1. Great

FIG. 1. Proliferation of NIH 3T3 cells requires MEK/ERK activa-
tion. Exponentially growing NIH 3T3 cells were treated with dimethyl
sulfoxide (0.2%), with increasing concentrations of U0126 (5 �M, 10
�M, and 20 �M), or with increasing concentrations of PD184352 (5
�M, 10 �M, and 20 �M) on day 0. (A) Cells were lysed at day 2, and
Western blotting was used to visualize expression of ERKs (antibodies
E1B and ERK1 no. 61) or phosphorylated ERKs. Quantification of
phospho-ERK1/2 was performed with light capture. (B) NIH 3T3 cells
were plated and treated at day 0 (8 h after the seeding of the cells) as
for panel A, and nuclei were counted daily as explained in Materials
and Methods. Fold proliferation was calculated by dividing the number
of cells counted each day by the number of cells counted at 8 h
postplating (day 0).
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care was taken in all experiments, including this one, to mea-
sure phosphorylated ERK in cells grown in the same condi-
tions as the ones plated to measure proliferation (12-well
plates for counting and 10-cm plates for protein extracts).
Addition of MEK inhibitors was sufficient to lower the levels of
phospho-ERK1 and phospho-ERK2 after two days of treat-
ment (Fig. 1A, upper blot). For a given concentration,
PD184352 was more potent than U0126 to reduce ERK acti-
vation. For both inhibitors, a gradual increase of the concen-
tration led to a gradual reduction of ERK activation. Interest-
ingly, in NIH 3T3 cells the level of phospho-ERK2 was more
elevated than the level of phospho-ERK1; hence, at high con-
centrations of inhibitors only the remaining level of phospho-
ERK2 was detectable, being higher than threshold of detec-
tion. We tried unsuccessfully to lower significantly further the
phospho-ERK level by changing the medium with fresh U0126
daily (data not shown).

As indicated in Fig. 1B, at 3 days after addition of MEK
inhibitors, cell proliferation was markedly reduced, by about
50% with 20 �M U0126 and 66% with 20 �M PD184352.
Lower doses of inhibitors were still effective to slow cell growth
(about 33% reduction with 5 �M U0126 and 46% reduction
with 5 �M PD184352). Globally the rate of cell proliferation
correlated with the level of ERK activation. However, even
when high levels of inhibitors were used, a significant prolifer-
ation of the cells was observed. For example, 20 �M PD184352
diminished ERK activation by about 94% and slowed cell
proliferation by about 66%. Changing the growth medium
every day in the presence of high concentrations of inhibitor
led to the same slow growth (data not shown). Hence, a weak
level of ERK activity was sufficient to allow NIH 3T3 cells to
proliferate slowly; however, the rate of growth was gradually
diminished when ERK activation was gradually decreased, and
thus NIH 3T3 cells are a good model to test our hypothesis.

Ablation of ERK1 has no impact on cell proliferation. NIH
3T3 cells were transfected with the plasmid pSUPER-shERK1
as described in Materials and Methods. Only highly transfected
cells were selected owing to a 10-fold excess of shRNA-ex-
pressing plasmid above the pBabePuro selection plasmid. Af-
ter selection of transfected cells with puromycin, puromycin
was omitted for the rest of the experiment.

As shown in Fig. 2A, cells expressing the shERK1 plasmid
did not display any ERK1 protein. Quantification performed
by comparing serial dilutions of control transfected extracts to
reach the low level of shERK1-transfected cells indicated
about a 95% diminution in ERK1 protein expression in cells
expressing shERK1 (data not shown). As expected, pSUPER-
shERK1 targeted ERK1 very specifically, since the level of
ERK2 was absolutely normal (Fig. 2A). The cell extract was
obtained after 2.5 days of exponential growth; however, the
silencing of ERK1 was still maximal at 4 to 5 days postseeding,
ERK1 expression started to rebound at between 5 and 6 days
postselection (data not shown).

The remaining level of ERK1 was sufficiently low that the
level of phospho-ERK1 was nearly abrogated (Fig. 2A, lower
blot). This was not the case with another plasmid that did not
reduce sufficiently the level of the ERK1 protein (data not
shown). We took great care in measuring the level of phospho-
ERKs in exponentially growth conditions; thus, 10-cm diame-
ter plates were seeded at the density of the 12-well plates used

for measuring cell proliferation, and lysis was performed at 2.5
days postseeding. This is a critical step, since confluence mark-
edly affects ERK activation measured by the phospho-ERK
level (data not shown).

Cells lacking ERK1 grew at the rate of control transfected
cells for at least 4 days postseeding (Fig. 2B). The results are
representative of seven independent experiments which all in-
dicated that removal of ERK1 had no impact on cell prolifer-
ation. For each experiment, puromycin-resistant cells were
seeded at three cell densities, and great care was taken to
compare only plates that displayed exactly the same number of
cells at 6 h postseeding. No difference in cell attachment was
noted (data not shown). Hence, silencing of ERK1 alone has
no impact on NIH 3T3 cell proliferation.

Reducing ERK2 markedly slows cell proliferation. Plasmids
expressing shRNA targeting ERK2 were transfected and se-
lected as described above and in Materials and Methods. Two
plasmids expressing shRNA sequences unrelated to ERK2
very efficiently reduced the level of the ERK2 protein (Fig.
3A). Quantification performed by comparing serial dilutions of
control transfected cell extracts with shRNA-expressing ex-
tracts indicated that the ERK2 level was reduced by about 90%
to 95% in transfected cells (data not shown). Selectivity to-
wards ERK2 is very high, since the level of ERK1 was not

FIG. 2. ERK1 ablation has no impact on cell proliferation. NIH
3T3 cells were transfected with 3 �g of pBabePuro plasmid and 27
�g of control plasmid or 27 �g pSUPER-ERK1 (sh-ERK1). After
selection, cells were plated under conditions of exponential growth.
(A) The levels of ERKs and phosphorylated ERKs were evaluated
by immunoblotting at 2.5 days postplating as for Fig. 1. The level of
actin analyzed by immunoblotting is given for loading normaliza-
tion. (B) Cells plated on 12-well plates were fixed at 6 h postplating
(day 0) and daily up to 4 days postplating. Proliferation was calcu-
lated as described for Fig. 1. Data are representative of at least
seven independent experiments. Values are the averages and stan-
dard deviations of cell counts obtained when cells were plated at 20,
30, and 40 cells per mm2.
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affected upon transfection with either plasmid targeting ERK2
(Fig. 3A).

The level of phospho-ERK2 was markedly reduced in cells
that were transfected with one or the other plasmid targeting
ERK2 (50% reduction [data not shown]). Reducing the level
of phospho-ERK2 in exponentially growing cells was sufficient
to reduce markedly the rate of cell proliferation (Fig. 3B). The
two sequences were equally effective in reducing cell prolifer-
ation; however, a third sequence that did not reduce the level
of phospho-ERK2 as much had limited impact on cell prolif-
eration (data not shown).

The results in Fig. 3 are representative of four independent
experiments with one or the other plasmid that targets ERK2,
and they indicate that ERK2 is required for NIH 3T3 cell
proliferation to proceed normally.

Removal of both ERK1 and ERK2 seems equally effective as
removal of only ERK2 in slowing cell proliferation. A lack of
an effect of ERK1 silencing could be explained by the weak
contribution of ERK1 to the total ERK activity, as indicated by
the low ratio of phospho-ERK1 to phospho-ERK2 in the con-
trol transfected cells in all the experiments presented above.
Hence, we decided to lower the ERK1 expression in limiting
conditions of ERK2 activation. Initially we tried to silence
ERK1 completely in a background of mild ERK2 silencing,
and we observed no increase of the effect on cell proliferation
for ERK1 and ERK2 silencing over the sole silencing of ERK2
(data not shown). Figure 4 depicts one experiment where

ERK1 was expressed or not in conditions where ERK2 was
maximally silenced.

Cells transfected with the plasmid expressing shERK2 dis-
played a very low level of ERK2 expression, while ERK1 ex-
pression was equal to that of control transfected cells (Fig.
4A). In cells expressing both shERK1 and shERK2, expression
of both ERK isoforms was barely detectable compared to that
in control transfected cells. Importantly, the very low level of
ERK2 expression was barely detectable for single and double
silencing.

Interestingly, silencing of ERK2 alone strongly reduced
ERK2 phosphorylation while concomitantly increasing ERK1
phosphorylation compared to that in control transfected cells
(Fig. 4A, middle blot). Furthermore, when both ERK1 and
ERK2 were silenced simultaneously, although the levels of
ERK1 and ERK2 were barely detectable, the phosphorylation
level of ERK1 and ERK2 was not as diminished as expected:
ERK1 phosphorylation was similar to that in control trans-
fected cells, and ERK2 phosphorylation was reduced com-
pared to that in control transfected cells but was markedly
higher than that in cells where ERK2 alone was silenced.
Interestingly, the ratio of phospho-ERK1 to phospho-ERK2 is
inverse for single ERK2 silencing and double ERK1 and ERK2
silencing.

Removal of ERK2 alone or simultaneous removal of the two

FIG. 3. ERK2 ablation slows cell proliferation. NIH 3T3 cells were
transfected with 3 �g of pBabePuro plasmid and 27 �g of control
plasmid, 27 �g pSUPER-ERK2 (sh-ERK2), or 27 �g pSUPER-
ERK2bis plasmids (sh-ERK2bis). After selection, cells were plated
under conditions of exponential growth. (A) The levels of ERKs and
phosphorylated ERKs were evaluated by immunoblotting at 2.5 days
postplating as for Fig. 2. The level of actin analyzed by immunoblotting
is given for loading normalization. (B) Cells plated on 12-well plates
were fixed and nuclei counted as described for Fig. 2. These data are
representative of at least four independent experiments. Values are as
described for Fig. 2.

FIG. 4. Double silencing of ERK1 and ERK2 is equally effective as
silencing ERK2 alone in slowing cell proliferation. Cells were trans-
fected with 3 �g of pBabePuro plasmid and 27 �g of control plasmid,
13 �g pSUPER-ERK2 plus 13 �g of control plasmid (sh-ERK2), or 13
�g pSUPER-ERK2 plus 13 �g pSUPER-ERK1 plasmids (sh-
ERK1�sh-ERK2). After selection, cells were plated under conditions
of exponential growth. (A) The levels of ERKs and phosphorylated
ERKs were evaluated by immunoblotting at 2.5 days postplating as
described for Fig. 2. The level of actin was determined as a control for
loading. (B) Cells plated on 12-well plates were fixed and counted as
described for Fig. 2. Data are representative of at least four indepen-
dent experiments. Values are as described for Fig. 2.
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ERKs lowered the proliferation of NIH 3T3 cells compared to
control transfected cells (Fig. 4B). However, cells grew at the
same rate whether ERK2 expression was abrogated alone or
expression of ERK1 and ERK2 was abrogated simultaneously.
At first glance, this experiment confirmed that removal of
ERK1 had no impact on cell proliferation. However, clearly
there was no correlation between the level of ERK2 activation
and the rate of cell proliferation: double-silenced and single-
ERK2-silenced cells grew at the same rate despite different
levels of phospho-ERK2.

Both isoforms compete for upstream activating signals. The
dramatic inversion of the ratio between the phospho-ERK
isoforms in ERK2-silenced cells versus ERK1- and ERK2-
silenced cells (Fig. 4A) prompted us to evaluate more closely
this shift of activation among isoforms.

A typical experiment with exponentially growing cells in
which either ERK1 or ERK2 expression has been reduced is

presented in Fig. 5A. The immunoblot that displays ERK lev-
els confirms that the vectors ablate expression of their target
very effectively and highly specifically, since expression of the
targeted isoform is nearly abolished while expression of the
other ERK isoform is unaltered. When assessing the level of
phospho-ERK in these cells, one must note first that removal
of ERK1 increased activation of ERK2, as was reported for
mouse embryo fibroblasts derived from knockout animals (32).
Furthermore, this experiment indicated unambiguously that
removal of ERK2 led to increased activation of ERK1 com-
pared to that in control transfected cells. Can this phenomenon
be observed only in exponentially growing cells? To answer this
question, cells transfected in this experiment were also plated
at high density to reach confluence at 1.5 days postseeding,
serum deprived overnight, and stimulated with 10% FCS.
Other experiments indicate that confluence did not affect the
level of silencing (data not shown); hence, at the time of stim-
ulation, silencing of ERK1 or ERK2 was identical as shown by
immunoblotting for total ERK (Fig. 5A). Removal of ERK1
also increased phospho-ERK2 levels during acute stimulation
(Fig. 5B). The overactivation of ERK2 was more obvious after
3 and 5 h of FCS stimulation.

The phospho-ERK1 level was much higher in cells lacking
ERK2 than in control cells at all time points of stimulation
(Fig. 5C). The phospho-ERK2 level was still detectable owing
to a residual pool of ERK2 (Fig. 5A). After 5 h of serum
stimulation, removal of ERK2 led to inversion of the activation
ratio between the isoforms compared to that in control
transfected cells. The results indicate that ERK activation
was transferred to the residual pool of ERK molecules, in
exponentially growing cells as well as during acute stimula-
tion (Fig. 5).

ERK1 becomes a positive activator of cell proliferation when
ERK2 activation is severely limiting. It may be concluded from
the results shown in Fig. 5 that MEK activates the remnant
pool of ERKs present in the cell, independently of isoforms.
Hence, evaluating the role of ERK1 at limiting levels of ERK2
activation is difficult, since the silencing of ERK1 can “reacti-
vate” the remnant pool of ERK2. We decided to lower further
the level of the ERK2 protein in the doubly transfected cells in
order to compare the same level of phospho-ERK2 in cells
lacking ERK2 alone or lacking both ERK1 and ERK2. Figure
6 displays the results of one such experiment. ERK2 was nearly
undetectable in cells transfected with 27 �g or 57 �g of
shERK2 plasmid and in cells transfected with 40 �g of
shERK1 plasmid in the presence of 57 �g of shERK2 plasmid
(Fig. 6A, upper blot). Only cells expressing the shERK1 plas-
mid showed a drop in the ERK1 level compared to control
transfected cells.

When ERK2 alone was lowered, the phospho-ERK1 level
was higher than that in control transfected cells; in contrast, in
cells lacking ERK1 and ERK2, the phospho-ERK1 level was
much lower than that in control transfected cells (Fig. 6A). The
phospho-ERK2 level was lowered in cells transfected with 27
�g of shERK2 plasmid compared to control transfected cells;
it became even lower when cells were transfected with 57 �g of
shERK2 plasmid alone. In cells lacking ERK1 and ERK2, the
phospho-ERK2 level was not lowered as much as in cells trans-
fected with 57 �g of shERK2 alone but was nearly as low as in
cells transfected with 27 �g of shERK2. Hence, we decided to

FIG. 5. The remaining ERK isoform is overactivated. Cells were
transfected with 3 �g of pBabePuro plasmid and 27 �g of control
plasmid, 27 �g pSUPER-ERK1 (sh-ERK1), or 27 �g pSUPER-ERK2
(sh-ERK2). After selection, cells were plated at low density for expo-
nential growth (A) or at high densities with serum removal at 24 h
prior to stimulation (B and C). The data were generated from one
transfection, and hence the levels of ERK1 and ERK2 shown in panels
A, B, and C are identical. The invariant level of actin and ARD1 (31
kDa) was used as a loading control in panels B and C. (A) Cells either
transfected with control plasmid (sh-control) or lacking ERK1 (sh-
ERK1) or ERK2 (sh-ERK2) were lysed at 2.5 days postplating during
exponential growth. (B) Control transfected cells (sh-control) and cells
lacking ERK1 (sh-ERK1) were stimulated for 1, 3, and 5 h with 10%
FCS. (C) Control transfected cells (sh-control) and cells lacking ERK2
(sh-ERK2) were stimulated for 1, 3, and 5 h with 10% FCS. Data are
representative of three similar experiments.
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compare the proliferation of cells transfected with 27 �g of
shERK2 alone with that of cells doubly transfected. In these
two populations of cells the level of phospho-ERK2 was nearly
identical; however, in the doubly transfected cells phospho-
ERK1 was markedly reduced. Thus, we were then able to
assess the role of ERK1 when ERK2 activation was low and
comparable in two populations of cells (Fig. 6A, lanes 2 and 4).

Removal of ERK2 diminished the rate of cell proliferation
compared to control transfected cells (Fig. 6B). Interestingly,
the removal of ERK1 and ERK2 reduced cell proliferation
more than the sole removal of ERK2, despite an equivalent
level of active ERK2 (Fig. 6A). Hence, for the first time we
demonstrate that ERK1 plays a positive role in the control of
cell proliferation. This role of ERK1 was unmasked in this

experiment designed to avoid “reactivation” of ERK2 in dou-
bly transfected cells.

Cells grew at the same rate with different levels of phospho-
ERK2 (Fig. 4) but also grew at different rates with nearly
equivalent levels of phospho-ERK2 (Fig. 6). These two obser-
vations indicate that the rate of cell proliferation was not
correlated with the level of ERK2 activation. To determine
whether the rate of proliferation was correlated with the level
of total ERK activation, we decided to evaluate the total level
of phospho-ERK in Fig. 6A. To avoid problems of threshold
detection of immunoblots, we intended to combine the phos-
pho-ERK1 and phospho-ERK2 signals as one band for quan-
tification of the chemiluminescence by camera capture. In Fig.
6A, one gel is presented and three independent gels were used
for quantification. Silencing of ERK2 with 27 �g of shERK2
reduced the total ERK phosphorylation by 30% over that in
control transfected cells, whereas silencing of ERK2 and
ERK1 reduced total ERK phosphorylation by about 45%.
Hence, we observe a correlation between the rate of cell pro-
liferation and the level of total ERK phosphorylation.

Removal of ERK1 alone or ERK2 alone is sufficient to ab-
rogate IEG transcription. To confirm that ERK1 and ERK2
are both positive contributors of ERK signaling, we decided to
study the effect of removal of the ERK isoforms on another
ERK-dependent biological response. We chose to study IEG
transcription since it is well documented that transcription of
many IEGs is ERK dependent and quantitative measurement
is easily performed. shRNA-expressing plasmids were trans-
fected, and cells were selected and plated at high density for 1
day prior to serum depletion overnight. Following 45 min of
serum stimulation, the mRNA levels of several genes were
measured by quantitative RT-PCR.

Transfection with shRNA efficiently silenced specifically
ERK1 or ERK2, since nearly all of the targeted isoform was
removed while the other was expressed at normal levels (Fig.
7A). In this experiment, we sought to silence both isoforms at
the same time to compare the biological impact of this double
silencing with the impact of single silencings.

Hence, we transfected higher levels of shRNAs-expressing
plasmids against ERK1 and ERK2 in the double silencing than
in the single silencing, to counteract compensation on the
remaining ERKs as shown in Fig. 5. The middle immunoblot of
Fig. 7A represents the level of phospho-ERKs in transfected
cells stimulated or not for 45 min with FCS. ERK1 silencing
decreased markedly the level of phospho-ERK1. As expected
ERK2 silencing decreased markedly the level of phospho-ERK2
and concomitantly increased the level of phospho-ERK1. In dou-
bly silenced cells, both phospho-ERK1 and phospho-ERK2
were lower than in control transfected cells. Furthermore, the
levels of phospho-ERK2 were comparable in cells where only
ERK2 was silenced and in cells where both ERK1 and ERK2
were silenced, due to attempts to avoid compensation by trans-
fecting larger amounts of plasmids in the double silencing.
Unfortunately, in this experiment we were unable to reduce
ERK1 phosphorylation in the double silencing as effectively as
in the single ERK1 silencing despite a larger amount of sh-
ERK1 plasmid transfected in doubly transfected cells. This
observation stresses once more the difficulty of avoiding com-
pensatory activation of the remaining pool of ERKs.

Figure 7B represents the quantification of the respective

FIG. 6. At a constant level of ERK2 activity, ERK1 silencing fur-
ther slows cell proliferation. NIH 3T3 cells in a 10-cm dish were
transfected with a total of 100 �g of plasmid containing 3 �g of
pBabePuro plasmid for selection and 97 �g control plasmid (lane 1),
27 �g of pSUPER-ERK2 plasmid and 70 �g of control plasmid (lane
2), 57 �g of pSUPER-ERK2 plasmid and 40 �g of control plasmid
(lane 3), or 57 �g of pSUPER-ERK2 plasmid and 40 �g of pSUPER-
ERK1 plasmid (lane 4). After selection, cells were plated under con-
ditions of exponential growth. (A) The levels of ERKs and phos-
phorylated ERKs were evaluated by immunoblotting at 2.5 days
postplating as described for Fig. 2. The level of actin was determined
for loading normalization. Results of a blot of a 14% SDS-polyacryl-
amide gel, which minimizes size differences between ERK1 and ERK2,
for quantification by light capture are shown. The level of actin is given
for loading normalization. (B) The cell proliferation assay and data
presentation are as described for Fig. 2. These data are representative
of three similar experiments.
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phospho-ERK levels in Fig. 7A. Interestingly, when observing
the phospho-ERK levels in stimulated cells, a gradation in the
reduction of phospho-ERKs was observed. Removal of ERK1
decreased phospho-ERKs by about 25%, removal of ERK2
decreased phospho-ERKs by about 40%, and removal of both
ERK1 and ERK2 decreased both phospho-ERKs by about
70% (Fig. 7A and B). The total active ERK level is obtained by
adding the residual activated pool of the two ERKs. Interest-
ingly, the contribution of ERK1 or ERK2 to the total phospho-
ERK level appears to be reversed during ERK1 silencing ver-
sus ERK2 silencing. In addition, when both ERK1 and ERK2
are silenced, the ratio between active ERK1 and active ERK2

returns to the ratio in control transfected cells, although the
total level of active ERKs is much reduced.

Stimulation of serum-deprived cells for 45 min led to a
massive induction of the levels of junB (Fig. 7C) and egr1 (Fig.
7D) mRNAs (11.4- and 13.8-fold, respectively). In preliminary
experiments we demonstrated that this induction was ERK
dependent, since it was markedly reduced on MEK inhibition
with 50 �M U0126 or 2 �M PD184352 (data not shown).

Silencing of either ERK1 or ERK2 alone was sufficient to lower
the mRNA level of junB compared to that in control transfected
cells, while silencing of both ERK1 and ERK2 lowered further
the junB mRNA level, to below that of ERK2 alone (Fig. 7C).

FIG. 7. Both ERK1 and ERK2 contribute to stimulate IEG transcription. NIH 3T3 cells in a 10-cm dish were transfected with a total of 100
�g of plasmid containing 3 �g of pBabePuro plasmid for selection. Cells were transfected with 97 �g of control plasmid (sh-control), 27 �g of
pSUPER-ERK1 plasmid and 70 �g of control plasmid (sh-ERK1), 27 �g of pSUPER-ERK2 plasmid and 70 �g of control plasmid (sh-ERK2),
or 40 �g of pSUPER-ERK1 plasmid and 57 �g of pSUPER-ERK2 plasmid (sh-ERK1� shERK2). After selection, cells were plated under
conditions of high density and arrested 24 h prior to stimulation for 45 min with 10% FCS. (A) The levels of ERK1/2 and phosphorylated ERK1/2
were evaluated by immunoblotting analysis as described for Fig. 2. For the phospho-ERK1/2 immunoblot, short and long exposures are shown. The
level of actin is given for loading normalization. (B) Quantification of phosphorylated ERK1 and ERK2 from the blot in panel A after acquisition
of the emitted light. For each bar, the levels of phospho-ERK1 and phospho-ERK2 relative to the total phospho-ERK level of stimulated control
cells are shown. (C) Quantitative RT-PCR of junB in cells transfected and stimulated as described above (same transfection). The level was
measured in triplicate and expressed as a percentage of junB expressed after 45 min in serum-stimulated control-transfected cells. (D) Quantitative
RT-PCR of egr1 in the same extracts as for panel C for junB. The median and range from four experiments performed identically are represented
in panels C and D. Results in all conditions were statistically lower than the control (P � 0.05 as determined by the Friedman test). Similar results
were obtained for the single ablation of ERK1 or ERK2 when NIH 3T3 cells were transfected with 30 �g of plasmid (five additional independent
experiments).
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Since ERK2 phosphorylation was nearly the same in the
single silencing with sh-ERK2 as in the double silencing, there
is no correlation between the level of junB mRNA expression
and ERK2 activation. In contrast, in the double silencing there
was a decrease in total ERK phosphorylation compared to
single silencing, and hence this experiment confirms that total
ERK activation correlates with junB mRNA induction.

Regulation of the egr1 mRNA level was somewhat different
when the same extracts were examined. First, silencing of
ERK1 or silencing of ERK2 was nearly equally effective in
reducing the egr1 mRNA level (Fig. 7D, bars 3 and 4). Second,
induction of the egr1 mRNA level was reduced equally when
ERK2 was silenced alone or in conjunction with ERK1 (Fig.
7D, last bar). This experiment confirms that ERK1 plays a
positive role in increasing the mRNA levels of ERK-responsive
genes. However, there is not always a straightforward correla-
tion between the level of total ERK activity and induction of
the mRNA level (as shown for egr1 mRNA induction). Exper-
imental variation certainly plays a role, and it is also obvious
that ERK-independent signaling pathways contribute to in-
duce the mRNA levels of many IEGs; hence, full mRNA
induction may require full ERK activation, but a threshold
ERK activity may be sufficient for robust induction to occur.

Stoichiometric ratio of isoforms in NIH 3T3 cells. The re-
sults presented above (Fig. 6 and 7) indicate that both ERK
isoforms are positive activators of cell proliferation and IEG
transcription; furthermore, the level of phosphorylated ERK1
is consistently lower than the level of phospho-ERK2 in NIH
3T3 cells (Fig. 1A). Hence, when ERK activation is not limit-
ing, removal of ERK1 may have no more effect than removal
of 20 to 30% of ERK2. Is the low level of phospho-ERK1
relative to the level of phospho-ERK2 due to inefficient acti-
vation? To understand better the consequences of the lack of
ERK1 or of ERK2, we sought to determine precisely the stoi-
chiometric ratio between ERK1 and ERK2 in our model sys-
tem and to compare it to the precise ratio between phospho-
ERK1 and phospho-ERK2.

We normalized the immunoblot signals for ERK1 and
ERK2 by comparing NIH 3T3 cell extracts with standard quan-
tities of exogenously expressed ERK1 and ERK2. We used
epitope-tagged ERK1 and ERK2 expressed in mammalian
cells as standards to ensure proper posttranslational modifica-
tion. Since most ERK antibodies are directed towards the N-
or C-terminal end of the molecule, two sets of standards were
used to avoid bias. Hence, the full-length mouse ERK1 and
ERK2 were epitope tagged either at the N terminus with the
HA epitope (9 amino acids) or at the C terminus with the
VSVG epitope (11 amino acids).

Figure 8 shows representative immunoblots that allowed us
to quantify the ratio between ERK1 and ERK2 in NIH 3T3
cells. The chemiluminescence was acquired with radiography
film (higher resolution) and with light acquisition equipment
for precise quantification and calculation. For Fig. 8A, B, and
C, the different gels were loaded with identical extracts, either
from HEK293 cells transfected with epitope-tagged ERKs or
from NIH 3T3 cells.

For Fig. 8A and B, normalization was performed with exog-
enously expressed ERK1 and ERK2 that were epitope tagged
at the N terminus. Gels were loaded with extracts from
HEK293 cells transfected with mouse HA-ERK1 or mouse

HA-ERK2 or with nontransfected NIH 3T3 cell extracts. In
the linear range of the HA signal, HA-ERK2 was 10% more
abundant than HA-ERK1 in the mix (Fig. 8A, upper blot). The
monoclonal antibody mix 1 recognized preferentially HA-
ERK2 (HA-ERK1 � 0.486 � ERK2) (Fig. 8A, lower blot). For
the NIH 3T3 extracts, only the loading of 15 �g and 30 �g gave
linear results (data not shown), with a much stronger signal for
ERK2 than for ERK1 (ERK1apparent � 0.132 � ERK2apparent).
After correction for the loading of the HA isoforms (10%
difference) and for the affinity of the antibodies, the ratio was
determined to be ERK1normalized � � 0.3 ERK2normalized.

The signal detected with the HA antibody in Fig. 8B indi-
cated that less HA-ERK1 than HA-ERK2 was loaded on the
gel (HA-ERK1 � 0.81 � HA-ERK2). However, the signal with
a polyclonal mix of anti-ERKs antibodies (E1B and ERK1 no.
61), was stronger for HA-ERK1 than for HA-ERK2 (HA-
ERK1 � 1.36 � HA-ERK2). This ratio indicated that on an
immunoblot where there was more ERK2 than ERK1, this mix
of antibodies recognized more ERK1. Despite this bias, in
extracts of NIH 3T3 cells ERK2 was recognized to a greater
extent than ERK1 (ERK1apparent � 0.44 � ERK2apparent).
After correction for the loading and the isoform bias of the mix
of antibodies, this normalization in NIH 3T3 cells corre-
sponded to ERK1normalized � 0.26 � ERK2normalized.

In Fig. 8C, normalization was performed with exogenously
expressed ERK1 and ERK2 that were epitope tagged at the C
terminus. Gels were loaded with extracts from HEK293 cells
transfected with mouse ERK1-VSVG or mouse ERK2-VSVG
or with nontransfected NIH 3T3 cell extracts. Equal loading of
the two tagged isoforms was obtained, as shown by equal sig-
nals detected with the VSVG antibody (Fig. 8C, upper blot).
Parallel revelation with the second mix of monoclonal ERK
antibodies on a gel loaded equally to the first showed a ratio
between ERK1 and ERK2 that differed slightly from that ob-
tained with the mix 1 used for Fig. 8A, middle panel. Indeed,
the signal of ERK1-VSVG was stronger than that of ERK2-
VSVG when revealed with monoclonal mix 2, indicating that
the mix had more affinity for ERK1. In contrast, the signal
obtained for NIH 3T3 cells extracts was much stronger for
ERK2 than ERK1 (Fig. 8C, middle panel). This indicates that
there was more ERK2 than ERK1 in NIH 3T3 cells
(ERK1normalized � 0.22 � ERK2normalized). The lower blot in
Fig. 8C shows the ERK-specific signals obtained on a gel
loaded equally incubated with a mix of polyclonal antibodies.
This polyclonal mix recognized even more ERK1, since the
signal was stronger for ERK1-VSVG than for ERK2-VSVG
although equal quantities were loaded on the gel. As shown
with 30 �g of NIH 3T3 cell extracts and with a longer exposure
captured on a charge-coupled device camera rather than on
film, this mix of antibodies recognized slightly more ERK2
than ERK1. Again, this result indicated that there was more
ERK2 than ERK1 in these cells (ERK1normalized � 0.18 �
ERK2normalized).

Overall, the average calculation with the four different ap-
proaches in NIH 3T3 cells gave ERK1normalized � 0.245 �
ERK2normalized. The results of quantification were nearly iden-
tical when exogenous ERK standards were tagged at the N
terminus or C terminus. If total ERK is adjusted to 100%,
ERK1 � 20% and ERK2 � 80% in NIH 3T3 cells.

We then sought to measure as precisely as possible the ratio
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FIG. 8. Quantification of the relative levels of ERK1 and ERK2 and the relative levels of activated ERK1 and activated ERK2. HEK293 cells were
transfected with plasmids expressing mouse ERK1 or mouse ERK2 that was tagged at the N terminus with the HA epitope or at the C terminus with
the VSVG epitope. Extracts from these cells were mixed to load equal quantities of the two isoforms tagged with the same epitope in order to normalize
the signal obtained with antibodies that recognize endogenous mouse ERKs in NIH 3T3 cell extracts. (A) Two gels were loaded identically, and the upper
blot was revealed with an anti-HA antibody and the lower blot with ERK monoclonal antibody mix 1 as described in Materials and Methods. The first
six lanes were loaded with decreasing amount of HEK transfected cell lysate and the last three with increasing quantities of NIH 3T3 cell extracts. (B) As
in panel A, two gels were loaded identically, and the upper blot was revealed with an anti-HA antibody and the lower with the ERK polyclonal mix of
antibodies (E1B and ERK1 no. 61). Lanes 1, 2, and 5 were loaded with decreasing amounts of HA-ERKs for normalization, and lanes 3 and 4 were loaded
with NIH 3T3 cell extracts. (C) Three gels were equally loaded and revealed with either a VSVG antibody (upper blot), anti-ERK monoclonal antibody
mix 2 (middle blot), or a polyclonal mix of antibodies (E1B and ERK1 no. 61). The first five lanes were loaded with decreasing amounts of HEK293 cells
transfected with ERK-VSVG, whereas the last five lanes were loaded with increasing quantities of NIH 3T3 cell extracts. (D) Quantification of
phospho-ERK1 and phospho-ERK2 in increasing amounts of NIH 3T3 extracts of cells stimulated for 45 min with 10% FCS. The ratio of phospho-ERK1
to phospho-ERK2 is indicated for each quantity of NIH 3T3 extract loaded.
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of activated ERK isoforms in NIH 3T3. Note that the phospho
epitope is identical in ERK1 and ERK2, and hence no nor-
malization is necessary for SDS-polyacrylamide gel electro-
phoresis with proteins of nearly the same molecular weight.
We performed immunoblotting experiments with anti-phos-
pho-ERK antibodies in extracts from exponentially growing
and 24-hour-arrested cells stimulated for either 7 min or 45
min with 10% FCS. Figure 8D shows the chemiluminescent
signal measured with the anti-phospho-ERK antibody in di-
luted extracts of NIH 3T3 stimulated for 45 min with 10% FCS.
The average ratio is phospho-ERK1 � 0.25 � phospho-ERK2.
For cells stimulated for 7 min the ratio was 0.27, and for
exponentially growing cells the ratio was 0.27 (data not shown).
If total phospho-ERK is adjusted to 100%, then phospho-
ERK1 � 20% and phospho-ERK2 � 80% in NIH 3T3 cells.

In conclusion, we demonstrate for the first time that the
ratio between the activated ERK isoforms correlated exactly
with the ratio of their relative expression. In addition, we never
observed a preferential activation of one isoform when stimu-
lating arrested NIH 3T3 with various agonists (fibroblast
growth factor, platelet-derived growth factor, thrombin, and
insulin, alone or in combination) (data not shown). Therefore,
we propose that ERK1 and ERK2 compete equally for phos-

phorylation by MEK1/2 and that the ratio of phospho-ERK1 to
ERK2 reflects the mass ratio of ERK1 to ERK2.

Comparison of the in vitro specific activities of HA-ERK1
and HA-ERK2. After determining that ERK1 and ERK2 are
activated relative to each other with respect to their expression
ratio, we sought to compare their specific activities in vitro. For
this, CCL39 hamster fibroblasts were transfected with mouse
HA-ERK1 or mouse HA-ERK2 and stable clones obtained.
Cells were serum starved for 24 h and then stimulated for 5
min with 10% FCS to maximally activate ERKs (endogenous
ERKs and HA-ERKs). First we determined that GST-Elk307–428

phosphorylation increased linearly for at least 30 min when
the immunoprecipitated HA-ERKs were incubated in kinase
buffer with an excess of GST-Elk307–428 (evaluation of excess
by amido black staining [data not shown]). Then, increasing
amounts of immunoprecipitated HA-ERKs were incubated
with GST-Elk307–428. The expression levels of HA-ERK1 and
HA-ERK2 were distinct in the two chosen stable clones, and
hence we decided to measure simultaneously in each kinase
assay lysate the amount of active ERK immunoprecipitated
and the amount of phosphorylated GST-Elk307–428. The phos-
pho-ERK epitope is identical for ERK1 and ERK2, and there-
fore the signal is directly indicative of the amount of active

FIG. 9. Determination of HA-ERK1- and HA-ERK2-specific kinase activities. HA-ERK1 or HA-ERK2 was immunoprecipitated from in-
creasing volumes of cell lysate obtained from CCL39 cells that stably express HA-ERK1 or HA-ERK2. An in vitro kinase assay using the
GST-Elk-1307–428 fusion protein as the substrate was performed on each immunoprecipitate. (A) In the lysates of the kinase assays, the activated
forms of HA-ERKs and the phosphorylation of the GST-Elk-1307–428 fusion protein were determined by immunoblotting using the anti-phospho-
ERK1/2 and anti-phospho-Elk-1-ser383 antibodies, respectively. (B) The chemiluminescence was measured directly with a Gnome detector from
Syngene (United Kingdom). The chemiluminescence corresponding to the phosphorylation of the GST-Elk-1307–428 fusion protein is plotted as a
function of the chemiluminescence corresponding to the activated form of HA-ERK1 or HA-ERK2.
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ERK. Phosphorylation of the substrate GST-Elk307–428 was
determined by immunoblotting with the anti-phospho-Elk-
Ser383 antibody. To minimize bias induced by variation in
protein transfer for different gels, the levels of HA-ERKs was
determined for a single SDS-polyacrylamide gel, and similar
levels of phospho-Elk307–428 were detected in a single SDS-
polyacrylamide gel. An augmentation of phospho-HA-ERKs
was observed in kinase assays performed with increasing quan-
tities of cell extracts (Fig. 9A, upper blot). Phospho-Elk1307–428

levels were determined in the same kinase assay (Fig. 9A,
lower blot). We observed that comparable levels of phospho-
HA-ERK1 and phospho-HA-ERK2 induced comparable
phosphorylation of the substrate GST-Elk307–428 (compare
lane 5 with lane 13). Figure 9B shows the linear relationship
between the level of phospho-ERKs and the phosphorylation
of GST-Elk1307–428, each measured in the same kinase assay
lysate. The slope of the linear regression is virtually identical
for phospho-HA-ERK1 and phospho-HA-ERK2 to phosphor-
ylate GST-Elk1307–428. This result demonstrates for the first
time that the in vitro kinase activities of HA-ERK1 and HA-
ERK2 are almost identical. Considering that it is impossible to
obtain cells lacking ERK2 from erk2�/� mouse embryos (36)
or to purify to homogeneity ERK1 separate from ERK2, our
comparison of the specific activities of transfected HA-ERK1
and HA-ERK2 seems to be at present the most precise way to
compare the intrinsic kinase activities of ERK1 and ERK2.

Close correlation between expression of the ERK isoforms
and their relative activation in brain structures. A conse-
quence of demonstrating a correlation between the relative
expression of the ERK isoforms and their relative activation is
the ability to perform phospho-ERK immunoblotting to study
the relative levels of ERK isoforms. We tested whether this
correlation holds true in mouse tissues. Since several tissue
arrays indicate that the greatest disparities in ERK mRNA
expression occur in brain structures, we measured the relative

levels of ERK1 and ERK2 and their phosphorylation state in
brain extracts.

ERK1 and -2 levels in eight brain structures were detected
with either the monoclonal ERK antibody mix 2 (Fig. 10, panel
1) or the polyclonal ERK antibody mix (Fig. 10, panel 2). At
first sight, the relative abundances of ERK1 and ERK2 seemed
to differ; however, as expected from the normalization deter-
mined for Fig. 8C, the polyclonal mix recognized ERK1 with
greater affinity (Fig. 8C, lower blot). Direct comparison was
thus impossible without normalization to adjust for the specific
affinity for each isoform. After taking into account the higher
affinity of the polyclonal mix of antibodies for ERK1, the
calculated ratio observed between ERK1 and ERK2 (Fig. 10,
panel 2) resembled very closely that obtained with the mono-
clonal mix 2 (Fig. 10, panel 1) (quantification not shown). In
any case, both antibody mixes indicated that some brain struc-
tures, such as the superficial cortex, seemed devoid of ERK1
(13 times more ERK2 than ERK1 [calculation not shown]),
whereas other areas, such as the medulla, contained more
similar levels of the ERK isoforms (only twofold more ERK2
than ERK1). This result is in accordance with previous studies
indicating that the brain stem, medulla, and sciatic nerve ex-
press relatively more ERK1 than ERK2 than most other tis-
sues (31). Panels 3a and 3b in Fig. 10 show the relative phos-
phorylation states of ERK1 and ERK2 in the same brain
extracts with long and short exposures of the blot, respectively.
Although there were great disparities in the total ERK phos-
phorylation between samples, for all extracts the ratio between
phospho-ERK1 and phospho-ERK2 very tightly correlated
with the ratio between ERK1 and ERK2. For example, the
medulla showed the highest level of ERK1 relative to ERK2
(blot 1) and also the highest level of phospho-ERK1 relative to
phospho-ERK2 (blot 3a). In contrast, in the superficial cortex
there was little ERK1 relative to ERK2 (blot 1) and there was
little phospho-ERK1, as best seen with dilutions of the super-

FIG. 10. Correlation between the levels of ERK isoforms in brain and their relative phosphorylation. Proteins from mouse brain were extracted
in Laemmli sample buffer as described in Materials and Methods. Extracted brain structures: Ch, cerebellar hemisphere; Cb, cerebellum; Sc,
superficial cerebrum; Dc, deep cerebrum; Mh, median eminence and hypophyse; Me, medulla; Ol, olfactory bulb; Pi, Pineal gland. The last two
lanes are one-third and one-ninth dilutions of superficial cerebrum extract (third lane).
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ficial cortex sample to avoid saturation of the signal (blot 3a) or
with a shorter exposure of the same immunoblot (blot 3b).

The results presented in Fig. 10 indicated that disparities
between ERK1 and ERK2 expression in mouse tissues closely
mimic the relative activation states of the two isoforms. In
addition, these observations confirm that measuring phospho-
ERKs allows prediction of the ratio between ERK1 and ERK2.
This conclusion was drawn from experiments with mouse tis-
sues, since the normalization of the antibodies was performed
with mouse isoforms; however, the total conservation of the
phospho epitope across species leads us to propose that mea-
suring phospho-ERKs will predict the ERK1/ERK2 ratio at
least in other mammals.

Normalization of protein loading was performed by measur-
ing the abundance of tubulin and RabV proteins. Although
there were minor loading differences, there were marked dif-
ferences in total ERK expression. For example, in the pineal
gland there was little ERK, whereas in the olfactory bulb ERK
was very abundant. Interestingly, MEK1 seemed to be ex-
pressed at higher levels in tissues where ERK was abundant,
and MEK2 was virtually not detected in brain extracts with our
antibody (data not shown).

Genetic evidences for dosage requirement of total ERK ac-
tivity. Mice with erk1 gene invalidation are viable and repro-
duce normally, while invalidation of the erk2 gene leads to
early embryonic lethality. ERK isoforms may have unique
functions, explaining the contrast in phenotypes. Alternatively,
low levels of ERK1 expression in some cells may explain the
inability of ERK1 to compensate for a loss in ERK2, whereas
ERK2 can compensate for ERK1 in nearly all cells. To test this
hypothesis, we assessed whether it is detrimental or not to
loose erk1 when only one allele of erk2 is expressed. Hence, we
bred animals lacking one erk2 allele with animals lacking both
erk1 alleles.

The erk1�/�; erk2�/� animals and the erk1�/�; erk2�/� an-
imals were backcrossed for nine and five generations, respec-
tively, with C57BL/6 mice. When erk1�/�; erk2�/� animals are
crossed with erk1�/�; erk2�/� animals, 50% of the offspring
ought to be double heterozygous animals (erk1�/�; erk2�/�).
However, this breeding program led to the birth of 128 animals
of which only 4 were double heterozygous; the remaining 124
animals were erk1�/�; erk2�/�. The frequency of birth of dou-
ble heterozygous animals was thus only 3.4% instead of the
50% expected. This result indicated that it was very unfavor-
able to diminish the quantity of erk1 alleles when only one erk2
allele is present. This experiment was performed in the genetic
background of C57BL/6 mice; however, the birth of double
heterozygous animals was also observed in three other mouse
genetic backgrounds (S. Meloche, personal communication).

Very interestingly, 59 pups were obtained by crossing the
double heterozygous animals with each other (we were fortu-
nate to obtain two females and two males in the F1 genera-
tion). Among the 59 animals that were born, 19 were double
heterozygous (35%). As expected, no erk2�/� animals were
born; furthermore, no animals were born with only one allele
of erk2 and no allele of erk1. Hence, only 60% of the expected
offspring could survive. Taking into account the survival rate,
the frequency of double heterozygous pups should be 25% of
the total expected offspring, i.e., 25 out of the 60 animals that
could survive, which is 41%. Hence, the observed frequency of

double erk heterozygotes born from double heterozygous par-
ents is very close to the calculated frequency (35% versus
41%). Consequently, although obtaining double heterozygous
animals was very detrimental in the F1 generation, transmis-
sion of double erk heterozygocity to the next generation be-
came normal. In accordance with our observation in C57BL/6
mice, in three other independent genetic backgrounds no an-
imals were ever born with only one allele of erk (S. Meloche,
personal communication). In conclusion, erk gene dosage
seems to be crucial for mouse survival; no animal can survive
with one erk allele only, while animals survive with a minimum
of only two erk2 alleles or with a minimum of one allele of erk1
and one allele of erk2.

DISCUSSION

ERK1 and ERK2 are 84% identical at the protein level
(91% identical if the N-terminal stretch is not taken into ac-
count) and ubiquitously expressed, and no agonist is known to
activate more specifically ERK1 over ERK2. Interestingly, the
only known difference between isoforms is the formation of the
complex P14/MP1 with MEK1, not with MEK2, in the signal-
ing cascade (39). Although silencing or invalidation of either
P14 (44, 50) or MP1 (35) reduces global ERK activation, it
does not tip the activation towards ERK1 or ERK2. Similarly,
silencing of MORG1, identified as a partner of MP1, reduces
activation of both ERK1 and ERK2 upon serum stimulation
(48). Therefore, the P14/MP1-specific action on MEK1 does
not discriminate between specific functions for ERK1 and
ERK2 (similarly for MP1/MORG1). Recently the crystal struc-
ture of ERK2 bound to a specific D-peptide that interacts with
the only known ERK docking site was solved (CD domain and
ED groove) (56). ERK activators, substrates, and phosphata-
ses bind to ERK via this domain, which defines the specificity
of interaction (42, 43). Crystallization of ERK2 bound to the
D-peptide pinpointed all the amino acids of ERK2 that inter-
act and hence the amino acids that confer specificity (56). Only
one difference was observed between ERK1 and ERK2: an
isoleucine in ERK1 versus a leucine in ERK2 (out of 11 amino
acids of ERK that interact with the D-peptide). This substitu-
tion is unlikely to markedly affect interaction with partners,
and indeed no specific substrates of ERK1 or ERK2 have yet
been firmly established. The question as to why two so similar
ERK isoforms exist in all mammals can be raised.

Many studies have started to address this question. When
both isoforms are silenced in the same experimental design,
data indicate usually a greater effect of the loss of ERK2 than
of ERK1 (15, 26, 27, 41, 53), with the exception of the study of
Vantaggiato et al., who indicated that ERK1 and ERK2 have
opposite roles, with ERK1 counterbalancing the positive acti-
vation provided by ERK2 (47). However, this study has been
seriously challenged by the recent publication of Sanjo et al.
(38). Using B-cell-specific targeted mice, these authors dem-
onstrate the absolute normal proliferation of B cells lacking
ERK2 and propose that ERK1 (and traces of residual ERK2
caused by inefficient recombination in the B-cell population)
compensate for the loss of ERK2 to result in normal prolifer-
ation (38).

Apart from the controversial study of Vantaggiato et al.
(47), our results provide a rational explanation for the results
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observed in all the other experiments, and they stress the
uppermost importance of assessing the phosphorylation/acti-
vation levels of the two isoforms in all studies to draw valid
conclusions.

Indeed, we demonstrate that NIH 3T3 cell proliferation is
not altered by silencing ERK1 alone, whereas it is markedly
reduced upon silencing ERK2 alone. At first sight, silencing
both isoforms seemed to be as effective as silencing ERK2
alone. However, the silencing of both ERK1 and ERK2 rees-
tablishes the ratio in favor of ERK2 by increasing ERK2 acti-
vation; hence, the remaining ERK2 molecules were more ac-
tivated than in the single ERK2 silencing, and the total ERK
activity was no longer lowered in the double silencing. Clearly,
there was no correlation between the rate of cell proliferation
and the level of ERK2 activation. However, upon further low-
ering of ERK2 level in the “controlled” double silencing, we
were able to achieve nearly the same phosphorylation of ERK2
in the double and single ERK2 silencing. Under these condi-
tions, we clearly demonstrated that ERK1 activation played a
positive role in driving cell proliferation.

Challenging cells with a very strong mitogenic agonist can
lead to cell arrest; however, in NIH 3T3 cells silencing of
ERK1 or ERK2 had no specific impact on the sub-G1 fraction
under these conditions (data not shown). In contrast, serum
removal or addition of staurosporine to the growth medium
triggered apoptosis as evaluated by an increase in the sub-G1

fraction. In this case, ERK2 silencing potentiated more highly
the increase in the sub-G1 fraction than ERK1 silencing (data
not shown). Hence, both ERK1 and ERK2 provide prosurvival
signals, with ERK2 being more effective than ERK1.

We sought to test whether the loss of ERK2 could be com-
pensated for by exogenous expression of ERKs. First we tried
to express full-length human cDNAs coding for ERK1 and
ERK2 in NIH 3T3 cells lacking either ERK1 or ERK2. Al-
though the small interfering RNA target sequences were si-
lently mutated and the human ERKs were expressed without
any epitope tag, we failed to reestablish consistently the acti-
vation level of endogenous mouse ERKs (data not shown).
Interestingly, we were able to express more ERK1 than the
endogenous level and about the same amount of ERK2 as
endogenous ERK2, but for both kinases the level of activated
human ERKs was much lower than that of endogenous mouse
ERKs in control cells. Hence, expression of human ERKs did
not restore either the loss of ERK1 or that of ERK2 in NIH
3T3 cells. After cloning mouse ERK1 for quantification stud-
ies, in cells lacking ERK2 we reexpressed mouse ERK1 or
mouse ERK2 (full-length cDNAs without epitope tags whose
small interfering RNA target sequences were silently mu-
tated). For the first time we were able to reestablish to a large
extent the level of active ERK2 in cells lacking ERK2 and
to increase the level of active ERK1 in cells lacking ERK2 (see
Fig. S1B at http://www.unice.fr/isbdc/pub/lefloch-suppl-MCB2008).
Reexpression of ERK1 or ERK2 in cells lacking ERK2 proved
to be sufficient to restore the induction of junB or egr1 mRNA
to nearly normal levels (data not shown). This experiment
indicated that ERK1 can substitute functionally for ERK2 in
the induction of IEGs. Compensating for the decrease in cell
proliferation induced by ERK2 silencing would be nearly im-
possible in our system, since the time courses of H1 promoter-
driven silencing of ERK2 and Rous sarcoma virus promoter-

driven ectopic ERK expression do not coincide (data not
shown). Furthermore, the transfected mouse isoforms were
not as efficiently activated as the endogenous ERKs (it took
more expression of exogenous than endogenous ERKs to
reach similar levels of activation [data not shown]).

Careful measurement of ERK1 and ERK2 stoichiometric
ratios indicates that ERK2 is four times more abundant than
ERK1 in NIH 3T3 cells. Interestingly, at all the time points of
stimulation studied, activated ERK2 was also four times more
abundant than activated ERK1 (there are identical phospho-
epitopes in the two isoforms). This exact correlation between
the relative amounts of ERKs and their relative activation was
observed in all mouse brain structures that we studied, despite
marked differences in the ratio of ERKs in different brain
structures. Incidentally, determining the ratio of activated
ERKs can provide a good evaluation of the protein ratio of
ERKs. The fact that the quantitative ratio of the isoforms
correlates perfectly with their activation ratio indicates that
MEKs indiscriminately activate ERKs. Indeed, we demon-
strate for the first time that ERK2 activation is increased at all
time points when ERK1 is silenced and confirm the reciprocal
increased activation of ERK1 when ERK2 is silenced. In ad-
dition, we have shown that the in vitro specific activities of
ERK1 and ERK2 were nearly identical, and hence the strength
of signals conveyed by ERK isoforms seems to be directly
proportional to their level of expression.

Our results also indicate that gene dosage correlates with
biological outcome. Animals that expressed two erk2 alleles
were viable (with or without erk1 alleles), animals that ex-
pressed one erk2 allele were viable only if one erk1 or two erk1
alleles were expressed, and no animals could survive without
erk2. Interestingly, animals with only one erk1 allele and one
erk2 allele (double heterozygotes) were born at a lower-than-
expected frequency; however, these double heterozygous ani-
mals transmitted the double heterozygocity normally to their
offspring. The normal transmission in F2 of double heterozy-
gocity is unlikely to be due to a mixing of genetic backgrounds,
since all the parental animals were backcrossed at least five
generations in the C57BL/6 strain prior to crossing. The nor-
mal transmission in F2 of double heterozygocity reinforces the
notion that the ERK signaling cascade is resilient: although the
total level of ERK was probably limiting in double heterozy-
gous animals, compensation in the F1 generation led to normal
transmission in the F2 generation. We propose that there are
critical steps during development that require a high level of
ERK activity, and if the lack of ERK2 cannot be compensated
for by ERK1 due to low expression of ERK1 in these critical
cells, the erk2�/� and erk2�/� embryos die. If this critical step
is bypassed, embryonic development can go on normally up to
the next critical stage of development. Indeed, tetraploid res-
cue of erk2�/� embryos allows normal development of em-
bryos at least up to day 14, whereas erk2�/� embryo are set to
die at around embryonic day 6.5 (18). erk2�/� embryos die of
placental defects (18, 36, 51), and tetraploid rescue allows
expression of ERK2 in the placenta to avoid death while the
embryos are still lacking any erk2 allele.

Why does the role of ERK2 seem preeminent over that of
ERK1, at least in mammals? We formulate the hypothesis that
this is due to a generally higher level of ERK2 expressed over
ERK1. It seems that most if not all tissues express more ERK2
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than ERK1 as evaluated by the ratio between phosphorylated
forms or after normalization of total protein expressed (refer-
ence 31 and our observations). For example, we have shown
that in brain structures, expression ranged from up to 13-fold
more ERK2 than ERK1 in the superficial cortex to only twice
as much ERK2 than ERK1 in the medulla. These measure-
ments correlated well with previous quantitative Western blot-
ting experiments (31) and mRNA expression measured by in
situ hybridization (13, 24). In many experiments, silencing of
ERK1 has no effects, probably because the abundant level of
ERK2 can compensate for the loss of ERK1. Furthermore,
Fujioka et al. have evaluated the percentage of ERK molecules
activated following a 5-minute stimulation with epidermal
growth factor to be 60% (16). Thus, there is a reserve of ERK
to be activated. Only a great reduction of the total ERK level
will have a biological consequence, except for biological re-
sponses that require full-blown ERK activation. Indeed, we
observed that ERK1 silencing decreased the induction levels of
several IEGs despite the fact that ERK1 represented 20% of
ERKs in NIH 3T3 cells. Similarly, Liu et al. have shown in
HeLa cells that ERK1 silencing slowed cell proliferation as
effectively as ERK2 silencing (27). Unfortunately, those au-
thors did not measure the level of activated ERKs, and hence
we cannot conclude if the equal effectiveness of ERK1 and
ERK2 single silencing was due to similar expression/activation
of the two proteins.

The generally lower level of ERK1 means that silencing of
ERK1 or erk1 gene invalidation has a minor impact on total
ERK activity (14, 32). It does not mean that a lack of ERK1 is
without consequence. Among binary responses of ERK acti-
vation, only those that require full-blown ERK activity will be
affected directly by the lack of ERK1. However, processes that
respond gradually to the strength of ERK activation may be
affected partially by the lack of ERK1 or not affected if over-
activation of ERK2 compensates for the lack of ERK1, simi-
larly to the case for hypomorphic mutants of Drosophila. For
example, our results indicate that removal of ERK1 in NIH
3T3 cells was sufficient to diminish the elevation of the mRNA
levels of several IEGs. In addition, it was shown that animals
lacking ERK1 display cutaneous lesions and hyperkeratosis
and are resistant to development of induced skin papillomas
(9). It was also shown that mice lacking ERK1 have lower
adiposity and fewer adipocytes than wild-type animals. When
these mice were challenged with a high-fat diet, they were
resistant to obesity (7). It was also shown that mice lacking
ERK1 display an enhancement of the striatum-dependent
long-term memory. Another study indicated that these mice
were more susceptible to experimental autoimmune encepha-
lomyelitis than wild-type animals (3). Lack of thymocyte ter-
minal differentiation in erk1�/� mice was observed initially
(32) but was not confirmed in two more recent studies (14, 30).
Unlike ERK1c, the splice variant ERK1b is present in rodents
(2); however, this isoform ought to be detected by our anti-
bodies against total ERK or active ERK, but no slower-migrat-
ing bands were detected. Even if ERK1b is expressed at very
low levels, it is targeted as well as ERK1 with our shRNA, and
hence ERK1b cannot explain the lack of effect of ERK1 si-
lencing on cell proliferation.

An indication that ERK1 is not essential for vertebrates
comes from the observation of the lack of the erk1 gene in at

least two sequenced genomes, those of Gallus gallus and of
Xenopus tropicalis (searches in whole genomes and in EST
databases as described in Materials and Methods). Interest-
ingly, the four fish genomes sequenced so far (Takifugu
rubripes, Tetraodon nigroviridis, Oryzias latipes, and Danio rerio)
contain erk1 and erk2, and therefore Gallus and Xenopus have
lost the erk1 that was present in early vertebrates (the fish are
closer to the common ancestor of all vertebrates). ERK iso-
forms arose in evolution at whole-genome duplication (WGD)
that occurred when vertebrates appeared (22, 46). Indeed, only
vertebrates have two erk genes. For example, the closest rela-
tives of vertebrates for which the genomes have been se-
quenced, Ciona intestinalis and Ciona tropicalis, have only one
isoform of ERK. Interestingly, it is impossible to trace back
whether ERK1 or ERK2 is closer to Ciona’s ERK by aligning
the amino acids that are specific for each ERK isoform and
conserved in all mammals and fishes sequenced (data not
shown).

Why have mammals and nearly all vertebrates whose ge-
nomes have been sequenced kept two isoforms of ERK if these
kinases fulfill highly similar functions? Recently, sequencing of
the Paramecium genome revealed that WGDs were followed
by a slow loss of redundant genes, keeping the few genes that
evolved to raise new species. However, these authors demon-
strated that the loss of redundant genes was slower if they were
inserted into modules whose partners are linked by stoichio-
metric relationships (4). Since it is known that the proper
subcellular localization of ERK requires a balanced amount of
MEK (1, 17, 25), it can be assumed that these two genes are
linked by a stoichiometric ratio, which could provide an expla-
nation for keeping highly similar kinases in this module after a
WGD. Indeed, it was shown recently that there is about twice
as much MEK as ERK in HeLa and Cos-7 cells (16). Very
interestingly, at least in Xenopus tropicalis, loss of ERK1 is also
accompanied by loss of MEK2 (by genome analysis described
in Materials and Methods); hence, at least in one vertebrate
this essential signaling cascade is maintained with one isoform
at each stage instead of two MEKs and two ERKs in all mam-
mals and fishes sequenced so far. We cannot rule out com-
pletely specific functions for ERK1 or for its isoforms (ERK1b
in rodents) in specialized cells; however, the lack of the erk1
gene in several vertebrates indicates that ERK1 and its iso-
forms can be fully replaced by ERK2 for all biological func-
tions in these animals. In a whole organism, expressing two
isoforms simultaneously at different levels may increase the
range of possibilities to regulate finely the strength of ERK
signaling in specialized cells. If this is true, the amounts of
kinase isoforms expressed evolved to provide precisely the
strength of signal needed in each cell; in fact, very different
ERK1/ERK2 ratios can be observed in brain structures.
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