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MEK is a dual-specificity kinase that activates the extracellular signal-regulated kinase (ERK) mitogen-
activated protein (MAP) kinase upon agonist binding to receptors. The ERK/MAP kinase cascade is involved
in cell fate determination in many organisms. In mammals, this pathway is proposed to regulate cell growth
and differentiation. Genetic studies have shown that although a single Mek gene is present in Caenorhabditis
elegans, Drosophila melanogaster, and Xenopus laevis, two Mek homologs, Mek1 and Mek2, are present in the
mammalian cascade. The inactivation of the Mek1 gene leads to embryonic lethality and has revealed the
unique role played by Mek1 during embryogenesis. To investigate the biological function of the second homolog,
we have generated mice deficient in Mek2 function. Mek2 mutant mice are viable and fertile, and they do not
present flagrant morphological alteration. Although several components of the ERK/MAP kinase cascade have
been implicated in thymocyte development, no such involvement was observed for MEK2, which appears to be
nonessential for thymocyte differentiation and T-cell-receptor-induced proliferation and apoptosis. Altogether,
our findings demonstrate that MEK2 is not necessary for the normal development of the embryo and T-cell
lineages, suggesting that the loss of MEK2 can be compensated for by MEK1.

The mitogen-activated protein (MAP) kinase signaling path-
ways consist of protein kinase cascades linking extracellular
stimuli to various targets scattered in the cytoplasm, the cy-
toskeleton, the membrane, and the nucleus (38). There are at
least three distinct MAP kinase signaling pathways in mam-
mals, including the extracellular signal-regulated kinases
(ERKs), the c-Jun N-terminal kinases, and the p38 MAP kinase
(12). These kinases are activated in cascades by phosphoryla-
tion on both threonine and tyrosine residues in the regulatory
TXY loop present in all MAP kinases. This phosphorylation is
carried out via distinct upstream dual-specificity MAP kinase
kinases (MAPKKs). The classical pathway, which appears to
be the major one in growth factor signaling, uses MAP kinase-
or ERK-activating kinases (MEK and MAPKK) and ERK
isoforms (MAP kinase) and is named the ERK/MAP kinase-
signaling pathway. In mammals, MAPKK constitutes a small
family of related proteins, but only MEK1 and MEK2 are
known participants in the ERK/MAP kinase cascade (38). Di-
rectly downstream of MEK1 and MEK2, ERK1 and ERK2
phosphorylate a large number of substrates located in the
cytoplasm and the nucleus (13, 25, 27, 38, 45).

The ERK/MAP kinase pathway is also involved in cell fate
determination in Caenorhabditis elegans, Drosophila melano-
gaster, and Xenopus laevis (21, 28, 41, 44). While two different
MEK proteins are present in the ERK/MAP kinase cascade in
mammals, a single Mek gene fulfills this role in these species.
Sequence analysis revealed that the murine MEK1 protein is
more related to the Xenopus MEK than to the mouse MEK2.

Indeed, MEK2 protein is only 80% identical and 90% similar
to MEK1, whereas Xenopus MEK is 91% identical and 96%
similar to murine MEK1 (7, 13, 37). Two regions of MEK2
show reduced homology with MEK1: (i) the amino terminus
(33% identical, 66% similar), which includes the ERK docking
site and the nuclear exclusion sequence, and (ii) the MEK-
specific sequence (21% identical, 36% similar), which is com-
mon to MEK proteins from different species (17, 34). The
MEK-specific sequence domain of MEK1 contains p21-acti-
vated kinase 1 (PAK) phosphorylation sites important for
MEK1 function. It is also involved in the interaction with the
Raf family members (8, 15, 16, 31, 34). The protein sequence
differences observed between MEK1 and MEK2 suggest that
MEK2 has diverged from MEK1, most likely to achieve unique
functions in mammals. Moreover, many observations indicate
functional differences between MEK1 and MEK2. For in-
stance, only MEK1 is activated in Swiss 3T3 or macrophage
cells in response to bombesin or tumor necrosis factor alpha,
respectively (40, 42). In addition, ERK/MAP kinase cannot be
activated in response to bombesin in Mek1�/� mouse embry-
onic fibroblasts (MEFs) (M. Tremblay and J. Charron, unpub-
lished data). In contrast, MEK2 is specifically activated by
lactosylceramide in human aortic smooth muscle cells or by
estradiol in mouse cerebral cortex (5, 39). Differential activa-
tion of MEK1 and MEK2 by Raf family members in epidermal
growth factor (EGF)-stimulated HeLa cells has also been de-
scribed previously (43). In addition, only MEK1 can form a
signaling complex with Ras and c-Raf in serum-stimulated
NIH 3T3 cells, suggesting that in these cells the c-Raf signaling
pathway preferentially activates MAP kinases via MEK1 (24).
Finally, the Rac-PAK pathway has been shown to be involved
in the activation of the ERK/MAP kinase cascade by regulating
the formation of a specific MEK1-ERK signaling complex,
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which is dependent on PAK phosphorylation sites present exclu-
sively in MEK1 (16). All of these results support a model in which
the transduction of specific signals transits via distinct protein
kinase isoforms through the ERK/MAP kinase cascade (1). The
presence of these various isoforms at different levels of the path-
way may reflect the complexity of the controls required for reg-
ulation of the multiple mammalian cellular processes.

To determine the specific role of both MEK1 and MEK2, we
generated a mutant mouse line for the Mek1 function. Inacti-
vation of the Mek1 gene causes embryonic death at around 10.5
days of gestation (embryonic day 10.5 [E10.5]) (18). Charac-
terization of the mutant phenotype revealed no major anomaly
in the embryo proper, but a remarkably underdeveloped pla-
centa indicated that MEK1 is essential for normal placental
development. In addition, in vitro studies revealed the absence
of redundant functions between MEK1 and MEK2 in the reg-
ulation of haptotaxis cell migration induced by specific extra-
cellular matrixes, demonstrating the essential role of MEK1 in
the ERK/MAP kinase pathway during embryonic develop-
ment.

The Mek1 mutant embryos exhibit a specific phenotype that
implies that MEK2 cannot fully complement the lack of Mek1
function. To explore the biological role of Mek2 in vivo, we
generated a mutant mouse line deficient in Mek2 gene function
by genetic elimination. Mek2�/� mice are viable and fertile and
do not present evident growth defects. Moreover, no gross
anatomical alteration has been observed. Our results also dem-
onstrate that Mek2 is not required for proliferation and for the
reentry of the cells in the cell cycle. Finally, while the ERK/
MAP kinase cascade is known to be involved in T-cell devel-
opment and activation, Mek2 appears dispensable for these
functions (2, 3, 14, 33). All together, our findings suggest that
Mek1 can compensate for the lack of Mek2 function.

MATERIALS AND METHODS

Mek2 targeting vector and chimeric mouse production. Mek2 genomic se-
quences were obtained from a � phage isolated from a 129/Sv mouse strain-
derived genomic library. The targeting vector was made by using a 6.6-kb
genomic fragment encompassing exons 3 to 8 of the Mek2 gene, which was fused
to the herpes simplex virus-thymidine kinase cassette for selection against ran-
dom integration (30). To interrupt the Mek2 sequences, a neomycin resistance
cassette was inserted in the opposite orientation between nucleotides 630 and
736, according to the Mek2 cDNA sequence (GenBank accession no. NM
023138), thereby resulting in a 1-kb deletion of genomic sequences (Fig. 1A).
The targeting vector comprised 3.6 and 2 kb of Mek2-homologous sequences at
its 5� and 3� extremities, respectively (Fig. 1A). WW6 embryonic stem (ES) cells
were electrophoresed with 25 �g of linearized targeting vector DNA as previ-
ously described and plated on neor feeder layers (10, 22). After 24 h, selection for
G418 and ganciclovir was applied (G418, 400 �g/ml; Invitrogen, Burlington,
Ontario, Canada; ganciclovir, 2 �M; Syntex, Palo Alto, Calif.). ES cell clones
recovered from drug selection were screened by Southern blot analysis. Positive
clones were injected into MF1 blastocysts and transferred into pseudopregnant
foster mothers to generate chimeras that were tested for germ line transmission
as previously described (9, 18).

Genotyping of targeted ES cells, mice, and embryos. Genomic DNA from
cultured ES cells, mouse tail biopsies, or embryonic yolk sacs was extracted as
previously described (9, 10). Purified DNA was digested with the restriction
enzyme indicated in Fig. 1, fractionated by electrophoresis through 0.8% agarose
gels, blotted onto a Hybond-NX membrane (Amersham Biosciences, Baie
d’Urfé, Quebec, Canada), and hybridized by following procedures recommended
by the supplier for either the 5� Mek2 probe (BamHI-SacI fragment from the
targeting vector) or the 3� Mek2 probe (EcoRI-BamHI genomic fragment), as
shown in Fig. 1.

Routine genotyping of DNA isolated from tail biopsies or embryo yolk sacs
was performed by PCR. The primers were identified as Mek2 ko/629 (5�-TTG

GGGAAGGTCAGCATTGC-3�), Mek2 ko/754 (5�-GCCGCTCACCCCGAAG
TCAC-3�), and Mek2 ko/neo (5�-GCACGAGGAAGCGGTCAGCCC-3�). The
Mek2 ko/629 and Mek2 ko/754 primers were specific for the wild-type Mek2
allele (annealing to nucleotides 629 to 648 and 754 to 772 of the published Mek2
cDNA sequence [7]), and they amplified a fragment of 1.1 kb. The primer Mek2
ko/neo was specific to the neo sequences (nucleotides 857 to 877; GenBank
accession no. V00618). In conjunction with the primer Mek2 ko/754, a fragment
of 1.3 kb was amplified from the Mek2-targeted allele. The three primers were
used in a 25-�l reaction mixture. Cycling conditions were 93°C for 3 min,
followed by 40 cycles of 93°C for 30 s, 55°C for 30 s, and 68°C for 1 min, with a
final elongation cycle of 5 min at 68°C. The amplified products were analyzed by
electrophoresis on 1.5% agarose gels.

Western blot analysis and MAP kinase mobility shift assay. Protein extracts
were obtained from embryonic tissues or primary mouse embryonic fibroblasts.
Embryonic tissues were homogenized in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (62.5 mM Tris-HCl [pH 6.8], 2%
SDS, 2.5% �-mercaptoethanol, 10% glycerol, and 0.005% bromophenol blue),
and MEFs were extracted in MGM HL buffer (20 mM MOPS [morpholinepro-
panesulfonic acid, pH 7.0], 10% glycerol, 80 mM �-glycerophosphate, 5 mM
EGTA, 0.5 mM EDTA, 1 mM Na3VO4, 5 mM NaPPi, 50 mM NaF, 1% Triton
X-100, 1 mM benzamindine, 1 mM dithiothreitol, and 1 mM phenylmethlysul-
fonyl fluoride). Total protein lysates (20 �g) were resolved by denaturing SDS–
10% PAGE, transferred to nitrocellulose by electroblotting, and probed with
specific polyclonal or monoclonal antibodies by following procedures recom-
mended by the suppliers. Antibodies used included polyclonal anti-MEK1 anti-
bodies (13, 32), monoclonal anti-MEK2 M24529 antibodies (Transduction Lab-
oratory, Lexington, Ky.), polyclonal anti-ERK2 antibodies (36), polyclonal anti-
phospho-p38 MAP kinase antibodies, and monoclonal anti-phospho-c-Jun
N-terminal kinase/stress-activated protein kinase G9 antibodies (Cell Signaling
Technology, Mississauga, Ontario, Canada). Antibody binding was revealed with
the ECL Plus Western blotting detection system (Amersham Biosciences).
Quantification was performed by using a Molecular Dynamics PhosphorImager.

The MAP kinase mobility shift assay was performed as described by Chen et
al. (11), with the exception that total protein lysates were electrophoresed on
SDS–10% polyacrylamide gels with a 150:1 acrylamide/bis-acrylamide ratio. The
ERK2 polyclonal antibody was used to probe the Western blot (36).

Cell cycle analysis. Primary mouse embryonic fibroblasts were prepared from
wild-type and Mek2�/� embryos as previously described (18). For cell cycle
analysis, they were plated in 60-mm-diameter tissue culture dishes at 5 � 105

cells per dish in Dulbecco modified Eagle medium supplemented with 10% fetal
bovine serum (FBS), 100 U of penicillin, 100 �g of streptomycin, and 2 mM
glutamine (Invitrogen). A few hours later, after attachment and spreading of the
cells, the serum concentration was reduced to 0.1% for 24 h. Reentry of the cells
into the cell cycle was induced by addition of 20% FBS and measured after
various periods of time. Cells were collected by trypsinization and stained with
propidium iodide as previously described (4). Cell cycle analysis was performed
on a Beckman Coulter Epics Elite model ESP by using the Multicycle program.

Lymphocyte preparations and flow cytometry. Single-cell suspensions were
prepared by gently pressing lymphoid organs (spleen, thymus, and lymph nodes)
from 3- to 6-week-old wild-type and Mek2�/� mice between frosted-glass slides.
Total lymphocytes were purified by filtration through Nitex nylon mesh (pore
size, 53 �m). Cells (106) were stained with anti-CD4, -CD8, -CD25, -CD44, or
-CD69 antibodies by standard procedures (29). Flow cytometry was performed
on a Beckman Coulter Epics Elite model ESP and analyzed by using Expo
version 2 software.

T-lymphocyte proliferation assays. T lymphocytes were obtained from the
spleens and thymuses of 4- to 8-week-old wild-type and Mek2�/� mice (19). They
were plated in Pro-bind flat-bottomed, 96-well microtiter plates (Falcon, Frank-
lin Lakes, N.J.) at 2 � 105 cells/well in RPMI medium supplemented with 10%
FBS, 100 U of penicillin, 100 �g of streptomycin, 2 mM glutamine (Invitrogen),
and 50 �M �-mercaptoethanol. The plates were coated with 50 �l of antibody
dilutions for 2 h and washed twice with phosphate-buffered saline just before the
addition of the cells. The plates were incubated at 37°C in a 5% CO2 atmosphere,
and cells in each well were pulsed with 1 �Ci of tritiated thymidine (Amersham
Biosciences) for the last 18 h of a 72-h culture period. The cells were harvested
with a Tomtec cell harvester and counted with a Wallac model 1450 microbeta
scintillation counter.

Statistical analysis. Analysis of variance with two criteria of classification
(genotype and sex) was used to compare the growth curves of wild-type,
Mek2�/�, and Mek2�/� mice. Mixed-model analysis was performed by using
PROC MIXED from SAS Systems to assess differences in the proliferation rates
of thymocytes and T cells between genotypes at all induction levels where the day
of main effect is regarded as random while the genotype is considered fixed.
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Student’s t tests were performed to compare T-cell subpopulations in wild-type
and Mek2�/� lymphoid organs.

RESULTS AND DISCUSSION

Disruption of the Mek2 gene in mice by homologous recom-
bination. To define the specific role of Mek2 in vivo, we gen-
erated a null allele of the Mek2 gene by homologous recom-

bination into ES cells. A targeting vector, in which the neo
selection cassette was inserted into the Mek2 gene, deleting
sequences from the fourth, fifth, and sixth exons, was designed
(Fig. 1A). The neo insertion interrupts the Mek2 coding se-
quences after the 196th amino acid, located between the kinase
subdomains VI and VII (20). Therefore, homologous recom-
bination results in the loss of Mek2 sequences that encode the

FIG. 1. Targeted disruption of the Mek2 gene. (A) Mek2 gene-targeting strategy. Translated Mek2 exons are represented by black boxes. A neo
selection marker (stippled box) was inserted between the fourth and sixth Mek2 exons, deleting a 1-kb DNA fragment. The targeting vector
contains 3.6 and 2 kb of Mek2 homologous genomic sequences on the 5� and 3� sides of the neo insertion, respectively. The herpes simplex
virus-thymidine kinase (HSV-TK) selection cassette (hatched box) was added at the 5� end of the homology. wt, wild type. (B) Southern blot
analysis. DNA from wild-type (�/�), heterozygous (�/�), and homozygous (�/�) Mek2 mutant mice digested with BamHI was hybridized with
a 5� probe (BamHI-KpnI targeting vector fragment) and a 3� probe (EcoRI-BamHI fragment). The 11-kb band represents the wild-type allele, and
the 4- and 7-kb bands correspond to the mutant allele hybridized with the 3� and the 5� probes, respectively. (C) Western blot analysis of Mek2�/�

mice. Proteins extracted from E11.5 wild-type (�/�), heterozygous (�/�), and homozygous (�/�) Mek2 mutant embryos were analyzed by
SDS-PAGE. Duplicate blots were probed with antibodies directed against MEK1 or MEK2.
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subdomains VII and VIII of the MEK2 kinase domain. The
neo cassette also interrupts translation of the MEK2 protein.

After electrophoresis of the linearized targeting vector,
WW6 ES cells were selected with G418 and ganciclovir. Out of
818 neomycin-resistant ES cell clones analyzed, three clones
carried the disrupted Mek2 allele, as determined by Southern
blot analysis with a 3� external probe (Fig. 1B). The presence
of a new BamHI site, introduced by the insertion of the neo
selection marker into the Mek2 gene, was revealed by the
detection of a 4-kb band in addition to the wild-type 11-kb
band. Moreover, the 5� probe allowed the detection of the
expected 7-kb band for the targeted allele, showing that the
integration of the targeting vector occurred by homologous
recombination at both ends (Fig. 1B). The three correctly
targeted ES clones were injected into MF1 blastocysts, and two

of them (clones 7.6.c and 9.12.f) generated chimeras that trans-
mitted the disrupted Mek2 allele through the germ line. Germ
line chimeras were mated with 129/SvEv mice to establish
mouse lines. The Mek2�/� mice of both sexes were normal and
fertile compared to their wild-type littermates. To assess the
consequences of the lack of Mek2 function in the mouse,
Mek2�/� mice were intercrossed and the progeny were ana-
lyzed. Animals derived from both ES cell clones displayed the
same phenotype, and the results presented were generated
from the mouse line derived from the 7.6.c ES cell clone.

Mek2-deficient mice are viable. Mek2�/� animals were born,
and they appeared phenotypically normal compared to their
heterozygous and wild-type littermates. Among the 313 viable
offspring from heterozygous matings, expected Mendelian ra-
tios were obtained: 81 (26%) were wild type, 164 (52%) were

FIG. 2. Cell cycle analysis of wild-type and Mek2�/� MEFs. Confluent cultures of wild-type and Mek2�/� primary MEFs were serum deprived
in 0.1% FBS for 24 h. Reentry into the cell cycle was induced with 20% FBS. Cell samples were collected at 4-h intervals for 24 h by trypsinization,
stained with propidium iodide, and analyzed for DNA content by flow cytometry. The percentages of cells in the G1, S, and G2/M phases at each
time point are represented. The insets show the percentages of cells in S phase. Representative results from five wild-type and four Mek2�/� MEF
cultures are shown.
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heterozygous, and 68 (22%) were homozygous, indicating that
the Mek2 mutation does not cause embryonic lethality. More-
over, the Mek2�/� mice were fertile. Thus, these results dem-
onstrated that Mek2 is not required for mouse development.
They also suggested that Mek1 might compensate for Mek2
gene function.

To confirm that the targeted allele does not produce any
form of MEK2 protein, Western blot analysis of protein ex-
tracts from E11.5 embryos or primary MEFs was performed by
using two different antibodies directed against the amino ter-
minus of MEK2. MEK2 protein was observed in extracts from
wild-type and Mek2�/� embryos and MEFs. In Mek2�/� spec-
imens, no full-length or truncated forms of MEK2 protein
were detected (Fig. 1C and data not shown). These results
established that the Mek2 mutation generated a null allele.

Immunoblotting with an MEK1 antibody showed that
MEK1 protein was present in all embryonic and MEF samples
regardless of their genotype. No obvious variation in the level
of MEK1 between wild-type and Mek2�/� samples was ob-
served, suggesting that there is no compensation by overex-
pression of Mek1 (Fig. 1C and data not shown).

Normal growth of Mek2�/� mice and MEFs. To investigate
the specific role of Mek2 in the mitogen response, we first
examined the proliferation rate of primary MEFs derived from
wild-type and Mek2�/� embryos. No significant difference in
the doubling times was observed between the wild-type and the
mutant cultures (30 � 4 h for the wild-type MEFs [n 	 5]; 35
� 6.5 h for the Mek2�/� MEFs [n 	 4]; P 	 0.62). We also
investigated the ability of the Mek2�/� MEFs to reinitiate
DNA synthesis. Primary wild-type and Mek2�/� MEFs were
serum deprived (in 0.1% FBS) for 24 h before reinitiation of
DNA synthesis by treatment with 20% FBS. Both MEF cul-
tures showed identical kinetics of DNA synthesis (Fig. 2). In
agreement with this observation, no difference in temporal
activation of ERK1 and ERK2 during reentry into the cell
cycle was observed between primary wild-type and Mek2�/�

MEFs in response to FBS and EGF (Fig. 3). Moreover, no
statistically significant difference in growth rate was noted
among wild-type, Mek2�/�, and Mek2�/� male and female
mice (Fig. 4). All together, these results indicated that MEK2
is not essential for cell proliferation and ERK1/ERK2 activa-
tion in response to mitogens.

FIG. 3. Time course of serum-stimulated ERK2 phosphorylation in wild-type and Mek2�/� MEFs. Primary MEFs were serum deprived for 24 h
and subsequently stimulated with 20% FBS or 1 ng of EGF/ml for the indicated times (0, 5, 30, 120, 240, and 480 min). (A) Total cell extracts from
wild-type and Mek2�/� MEFs were separated by SDS-PAGE to resolve ERK2 and phospho-ERK2 (p-ERK2), which were revealed by immuno-
blotting by using an antibody directed against ERK2. (B and C) Quantification with a PhosphorImager of the active form of ERK2 (percentage
of phospho-ERK2) in wild-type and Mek2�/� MEFs when they were stimulated with 20% FBS (B) or 1 ng of EGF/ml (C). The means and standard
deviations of the results from five wild-type and four Mek2�/� MEF cultures are represented.
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Disruption of Mek2 does not alter normal T-cell develop-
ment. Experiments using transgenic mice producing the dom-
inant negative form of members of the ERK/MAP kinase cas-
cade or mice deficient in specific components of the cascade
indicated that the ERK/MAP cascade plays a significant role in
thymocyte growth and differentiation (2, 3, 14, 33). Precursor T
cells mature in the thymus, and different populations corre-
sponding to sequential development stages can be monitored
by measuring the surface expression of CD4 and CD8 mole-
cules (26, 35). The most immature thymocytes do not express
CD4 and CD8 and are therefore named double negative (DN).
Among the DN subset, four populations can be identified by
their expression of CD44 and CD25 molecules, with the most
immature CD44� CD25� cells becoming CD44� CD25� and
then CD44� CD25� and finally CD44� CD25�. The last sub-
set gives rise to CD4� CD8� double-positive (DP) thymocytes,
which represent around 80% of all thymocytes. At this stage,
DP thymocytes undergo either negative selection, i.e., apopto-
sis induction, if their T-cell receptor (TCR) is engaged with a
too-high affinity by endogenous ligands, or positive selection,
i.e., differentiation, if their TCR is engaged with a moderate
affinity. DP thymocytes undergoing positive selection are char-
acterized by the up-regulation of CD69 and TCR molecules at
the cell surface. These cells finally mature to the single-positive
(SP) stage by losing either CD4 or CD8 markers and exit the
thymus to seed peripheral lymphoid organs such as lymph

nodes and the spleen. During the DN stage, an alternative
pathway of differentiation, less well characterized, leads to the
generation of CD4� CD8� T cells expressing a 
�TCR, in-
stead of the ��TCR in the classical pathway. Transgenic mice
expressing a dominant inactive form of MEK1, which is able to
block MAP kinase activation in the T-cell lineage, present a
defect in thymocyte differentiation from DP status to SP status,
characterized by a decrease in the number of DP cells, which
express high surface levels of CD69 (CD69high) (3). In parallel,
Erk1�/� mice show defects in thymocyte differentiation leading
to a reduction of the SP T-cell population as well as a de-
creased number of ��TCRhigh- and CD69high-expressing cells
(33).

To determine whether Mek2 is involved in lymphocyte de-
velopment and function, we examined thymus, spleen, and
lymph node T-cell differentiation from wild-type and Mek2�/�

mice by flow cytometry analysis. Mature T cells were measured
as SP CD4� or CD8� cells. All Mek2�/� lymphoid organs
examined had mature T cells in the same proportion as wild-
type specimens, indicating that there was no major effect on
thymocyte maturation (Fig. 5 and Table 1). The early stages of
DN thymocyte differentiation were assessed by the determina-
tion of the CD25� CD44� and CD25� CD44� subpopulations
in the CD4� CD8� DN subset. Again, no difference was ob-
served between wild-type and Mek2�/� samples (Table 1). In
addition, no significant difference was observed in the numbers

FIG. 4. Normal growth of Mek2�/� mice. Growth was assessed for wild-type (circles), Mek2�/� (triangles), and Mek2�/� (squares) female (open
symbols) and male (filled symbols) mutant mice. Body weight was determined daily for the first 28 days and then weekly up until the eighth week.
Standard deviations of the mean body weights are represented. No statistically significant difference was observed among the various genotypes
(wild-type males, n 	 30; wild-type females, n 	 20; Mek2�/� males, n 	 10; Mek2�/� females, n 	 13; Mek2�/� males, n 	 10; Mek2�/� females,
n 	 15).
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of �TCRhigh- and CD69high-expressing thymocytes in CD4 and
CD8 DP or SP thymocytes (Table 1). We have also verified
that the subpopulation of DN thymocytes that expresses the

�TCR was affected (23). The proportion of the 
�TCR pop-
ulation was unchanged in Mek2�/� mice compared to that of
wild-type specimens.

Finally, the sizes of the lymphoid organs were comparable
between wild-type and Mek2�/� specimens, and a normal num-
ber of cells, compared to that from wild-type specimens (data
not shown), was isolated from the different Mek2�/� lymphoid
tissues.

To determine whether T lymphocytes from the Mek2�/�

mice were functional, we tested the ability of thymocytes and
mature T cells to proliferate in response to signals that are
mediated through the TCR. Thymocytes and T cells isolated
from thymus and spleen were stimulated with anti-CD3ε, in-
terleukin-2 (IL-2), and anti-CD28 alone or in combination.
Proliferation was assessed by incorporation of tritiated thymi-
dine. Thymocytes derived from wild-type and Mek2�/� mice
responded to a level just above the background level in the
presence of anti-CD28 or IL-2 alone. A stronger response was
seen in the presence of anti-CD3ε. Coinduction with anti-
CD3ε plus anti-CD28 or IL-2 led to a synergetic induction in
both wild-type and Mek2�/� cultures (Fig. 6A). However, no
statistically significant difference was observed for any of the

FIG. 5. Flow cytometric analysis of CD4 and CD8 expression on T lymphocytes from wild-type and Mek2�/� lymphoid organs. Thymus, spleen,
and lymph node cells from 4- to 6-week-old wild-type and Mek2�/� mice were stained with the designated antibodies and analyzed by flow
cytometry. The percentage of cells in each quadrant is indicated. The results of a representative staining experiment are shown. A summary of all
flow cytometry analyses performed on thymocytes is presented in Table 1. No statistically significant differences were observed between wild-type
and Mek2�/� specimens.

TABLE 1. Thymocyte populations in Mek2-deficient mice

Subpopulation

Proportion (%)
(mean � SE) P value

Mek2�/� Mek2�/�

CD4� CD8� DN
thymocytesa

6.6 � 1.2 7.5 � 1.5 0.64

CD4� CD8� DP
thymocytesa

79.4 � 1.9 79.7 � 2.1 0.92

CD4� SP thymocytesa 10.5 � 1.0 9.7 � 1.8 0.69
CD8� SP thymocytesa 3.4 � 0.5 3.1 � 0.6 0.69

CD25� CD44� subset in DN
thymocytesb

47.8 � 3.3 48.8 � 1.0 0.87

CD25� CD44� subset in DN
thymocytesb

45.1 � 3.3 47.6 � 1.0 0.68


�TCR�b 9.1 � 1.4 8.0 � 0.9 0.57

�TCRhigha 16.8 � 8.2 17.3 � 4.9 0.86
CD69high subsetb

DP thymocytes 2.7 � 0.1 2.5 � 0.1 0.48
CD4� SP thymocytes 62.1 � 1.2 60.2 � 1.8 0.86
CD8� SP thymocytes 32.1 � 3.1 31.4 � 0.4 0.57

a Data for these populations were from 10 experiments.
b Data for these populations were from two experiments.
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FIG. 6. Mitogen responsiveness of T cells derived from Mek2�/� mice. (A) Total thymocytes from wild-type and Mek2�/� mice (2 � 105 cells)
were cultured in medium (ctl) or in the presence of IL-2, anti-CD3ε, or anti-CD28 alone or in combination in 96-well plates. Cells were stimulated
with the indicated concentrations of mitogens, 10 U of IL-2/ml, anti-CD3ε (plated at 10 �g/ml), or anti-CD28 (plated at 10 �g/ml) for 72 h. The
results shown are the means � the standard errors of the means of results for nine different experiments done in triplicate. No statistically
significant difference was observed. (B) Total T cells from wild-type and Mek2�/� spleens (2 � 105 cells) were cultured in the presence of various
concentrations of anti-CD3ε (plated at 0.1 to 10 �g/ml). The results shown are the means � the standard errors of the means of results from six
different experiments done in triplicate. No statistically significant difference was observed. CPM, counts per minute.
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conditions tested. In parallel, the proliferation rates of mature
T cells derived from either wild-type or Mek2�/� spleens in
response to anti-CD3ε (Fig. 6B) were found to be comparable.

As another measure of thymocyte function, the response to
apoptotic signals was tested. It is known that CD4� CD8� DP
thymocytes undergo apoptosis when their TCR is engaged by a
high-affinity ligand (6). Therefore, Mek2�/� thymocytes were
tested for their ability to respond to apoptotic signals induced
by anti-CD3ε and anti-CD28 antibodies. In CD4 and CD8 DP
and SP cells, the level of apoptosis determined by flow cytom-
etry with an anti-annexin V antibody revealed no statistical
difference between wild-type and Mek2�/� thymocytes (data
not shown). Taken together, these results indicate the nones-
sential role of MEK2 in the thymocyte response to prolifera-
tion or apoptosis signals induced by the activation of the TCR.

Conclusion. The mutation introduced in the Mek2 gene
abolishes the production of MEK2 protein. Nevertheless,
Mek2-deficient mice are normal in their overall general behav-
ior, fertility, body weight, and life span. The presence in mam-
mals of MEK1 suggests that functional redundancy can explain
the absence of the phenotype observed in Mek2�/� mice. The
MEK2 protein does not seem to possess specific functions
essential for the animal that cannot be rescued by MEK1.
While the Mek1 gene can compensate for the absence of
MEK2 protein, the Mek2 gene cannot substitute for the crucial
role of MEK1 during placenta development. The differences
between the phenotypes can be explained by functional dis-
tinctions between the proteins, as shown by several cell culture
and biochemical studies (5, 16, 39, 40, 42). Differences between
MEK1 and MEK2 amino acid sequences exist, and these are
most likely involved in the ability of each MEK isoform to
interact with specific components of the ERK/MAP cascade or
to be regulated by specific kinases.

MEK functional disparity can also be attributed to differen-
tial expression of each Mek gene during embryogenesis. De-
spite our observations that both Mek genes show a ubiquitous
expression profile in the embryo and the placenta, we cannot
rule out the possibility of a defined expression pattern for a
subset of cells (18). Finally, levels of MEK activity can be a
limiting factor. Modulation in levels of activity can be achieved
by regulating the amount of protein or the duration of the
activation or by varying the contribution of both MEK isoforms
to the signaling cascade to mediate specific responses to vari-
ous signals. Characterization of mutant mice carrying various
combinations of Mek mutant alleles should help to determine
the specific role of each gene in signal transduction. So far, we
have observed that about 85% of Mek1�/�; Mek2�/� double
heterozygous mice die before birth, indicating that the absence
of one allele of each Mek gene has more deleterious effects on
mouse development than the absence of both Mek2 alleles.
These observations also suggest that Mek2 makes a functional
contribution during embryogenesis.
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