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Lad is an SH2 domain-containing adaptor protein that binds MEK kinase 2 (MEKK2), a mitogen-activated
protein kinase (MAPK) kinase kinase for the extracellular signal-regulated kinase 5 (ERK5) and JNK
pathways. Lad and MEKK2 are in a complex in resting cells. Antisense knockdown of Lad expression and
targeted gene disruption of MEKK?2 expression results in loss of epidermal growth factor (EGF) and stress
stimuli-induced activation of ERKS. Activation of MEKK2 and the ERKS pathway by EGF and stress stimuli
is dependent on Src kinase activity. The Lad-binding motif is encoded within amino acids 228 to 282 in the N
terminus of MEKK2, and expression of this motif blocks Lad-MEKK2 interaction, resulting in inhibition of
Src-dependent activation of MEKK?2 and ERKS. JNK activation by EGF is similarly inhibited by loss of Lad
or MEKK?2 expression and by blocking the interaction of MEKK2 and Lad. Our studies demonstrate that Src
kinase activity is required for ERKS activation in response to EGF, MEKK2 expression is required for ERK5
activation by Src, Lad and MEKK2 association is required for Src activation of ERKS, and EGF and Src
stimulation of ERKS-regulated MEF2-dependent promoter activity requires a functional Lad-MEKK?2 signal-

ing complex.

Extracellular signal-regulated kinase 5 (ERKS)/big mitogen-
activated kinase 1 is a member of the mitogen-activated pro-
tein kinase (MAPK) family. Efforts to define the ERKS sig-
naling module have led to the identification of MEKS as a
specific ERKS kinase (61). Sequence comparisons indicate that
MEKS is most related to the ERK1/2 kinases MEK1 and
MEK?2 (42). However, MEKS is not significantly phosphory-
lated by the MEK1/2 kinase Raf-1 or MEKK1, nor does MEKS
phosphorylate ERK1/2 or JNK (13), indicating that MEKS/
ERKS represents a distinct MAPK signaling cascade. The
ERKS pathway has been implicated in stress response and
growth factor-promoted cell growth and survival (1, 20). In
neurons, blocking ERKS activation diminished retrograde sur-
vival responses initiated by neurotrophin stimulation of axon
terminals (56). A recent study showed that expression of an
activated form of MEKS resulted in serial assembly of sarco-
meres in cardiomyocytes and eccentric cardiac hypertrophy in
transgenic mice, suggesting a role for the MEKS/ERKS mod-
ule in mediating cytokine signaling associated with cardiac
hypertrophy (36). ERKS activates the MADS box transcription
factors MEF2A, -C, and -D (19, 21, 28) and the Ets-domain
transcription factor Sapla (18). One consequence of activation
of the MEF2 proteins is to induce c-jun expression that is
essential for cell growth and cell cycle progression (7, 19, 21,
23, 28). Additionally, ERKS regulates muscle cell differentia-
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tion via a mechanism probably involving MEF2 proteins and
myocyte-specific activators such as MyoD (12).

We and others have recently demonstrated that the two
highly homologous MEK kinases, MEKK2 and -3, specifically
interact with MEKS5 and activate the ERKS pathway (8, 49).
Significantly, we found that MEKK?2 is much more potent than
MEKK3 in ERKS activation; the reason for this is unclear but
may be accounted for by a higher affinity of MEKK2 for bind-
ing to MEKK2-MEKS5 (49). Our understanding of MEKK2
signaling is further advanced by the finding that MEKK2, but
not MEKKS3, associates with the SH2-domain adaptor protein
Lad, otherwise known as RIBP (49). Lad possesses other fea-
tures that potentially serve as protein-protein interaction mo-
tifs, including a zinc finger, a proline-rich region, and several
tyrosine phosphorylation sites (11). Lad may be the mouse
homologue of the human adaptor protein TSAd/VRAP; they
exhibit 68% sequence identity and 76% similarity (43, 46, 58).
Although initially thought to be restricted in T cells, Lad and
TSAd are expressed in a variety of other cell types (41, 51, 58).
Lad and TSAd are involved in T-cell receptor and platelet-
derived growth factor receptor (PDGFR) signaling (11, 29, 41,
43), and we have shown that during T-cell activation Lad and
MEKK?2 colocalize at the T-cell contact site with antigen-
loaded presenting cells (49). This observation suggests that
Lad recruits MEKK?2 to activated receptor complexes.

Adaptor proteins like Lad facilitate and promote specificity
in signal transduction. The modular structure of Lad/TSAd
suggests its involvement in transduction of signals from multi-
ple receptors and protein tyrosine kinases. Indeed, Lad/TSAd
interacts with the receptor tyrosine kinases PDGFR and vas-
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cular endothelial cell growth factor receptor (VEGFR) KDR,
as well as several components of receptor signaling networks,
including Grb2, phosphatidylinositol 3-kinase, and phospho-
lipase Cy (PLC-y) (11, 41, 58). An association of Lad with the
Src family kinase Lck as well as the Tec family tyrosine kinases
Itk and RIk has also been documented (11, 43). Although the
implication is obvious that Lad/TSAd plays an important part
in signal integration within many receptor signal transduction
systems, the functional role of Lad/TSAd in these receptor-
regulated responses has not been defined.

We are interested in Lad-MEKK2-regulated signal trans-
duction. Lad and MEKK?2 bind to each other and colocalize in
cells, and several experimental findings indicate they may act in
a common signaling pathway. Targeted gene disruptions show
that both MEKK2 and Lad knockout mice are developmen-
tally normal but exhibit defects in cell proliferation and pro-
duction of certain cytokines in response to receptor engage-
ment by antigen and specific growth factors (15, 43, 48).
Chayama and colleagues have recently presented evidence that
expression of tumor necrosis factor alpha, interleukin-4, and
granulocyte-macrophage colony-stimulating factor in mast
cells is regulated by the MEKK2/MEKS/ERKS pathway (9).
Thus, we started our present study by hypothesizing that Lad is
critical in regulating activation of MEKK2 by extracellular
stimuli. Herein, we show that endogenously expressed MEKK2
and Lad interact and their interaction is disrupted in response
to epidermal growth factor (EGF) and oxidative or hyperos-
motic stress stimuli. Lad and its interaction with MEKK2 are
required for MEKK2 and ERKS activation in response to
these stimuli. Furthermore, Src family kinases are required for
EGEF and stress-induced activation of MEKK2 and ERKS. Our
work defines the Lad-MEKK2 complex to be essential for
Src-dependent activation of the ERKS pathway.

MATERIALS AND METHODS

Antibodies, proteins, growth factors, DNA constructs, and other reagents. The
monoclonal MEKK?2 antibody has been described elsewhere (K. Lobel-Rice, K.
Kesavan, W. Sun, R. Lapadat, S. Webb, A. Doan, E. W. Gelfand, P. M. Henson,
G. L. Johnson, and T. P. Garrington, submitted for publication). Rabbit anti-
ERKS serum and the monoclonal anti-Flag M5 antibody were purchased from
Sigma-Aldrich, Inc. Polyclonal anti-JNK, polyclonal anti-ERK1/2, and monoclo-
nal anti-phospho-ERK1/2 (E10) antibodies were commercial products of Cell
Signaling Technology. The monoclonal anti-EGF receptor antibody (clone 13)
was purchased from BD Biosciences. Mouse monoclonal anti-phosphotyrosine
4G10 antibody, EGF, and recombinant MKK4 were from Upstate Biotechnol-
ogy. Lad antiserum was generated by injecting rabbits with full-length Lad
expressed and purified from Sf9 cells. The Src kinase inhibitor PP1 was from
Biomol Research Laboratories, Inc. Geneticin (G418 sulfate) and hygromycin B
were obtained from Invitrogen and Calbiochem, respectively.

The constitutively active (Y527F) and dominant negative (K295R) Src mu-
tants were created by site-directed mutagenesis. Dominant negative MEKK2,
MEKS, ERKS, and MKK7 have been described elsewhere (9, 45, 49). Dominant
negative MEF2C (amino acids 1 to 105) is capable of DNA binding but defective
in transcriptional activation (33, 38). The MEF2-dependent reporter plasmid
pGL2-MEF2-Luc was kindly provided by Saadi Khochbin (INSERM, Paris,
France).

Cells, cell culture, and transfection. The mink lung epithelial cell line CCL64
was purchased from the American Type Culture Collection. Isolation of mouse
embryonic fibroblasts (MEFs) from day 14.5 embryos was as described elsewhere
(Lobel-Rice et al., submitted), and cells were grown in Iscove’s modified Dul-
becco’s medium (IMDM) with 10% fetal calf serum, 100 U of penicillin/ml, and
100 pg of streptomycin/ml. Human embryonic kidney (HEK) 293 and CCL64
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum and antibiotics. Selection for stable CCL64 and
293 cells was with 0.3 mg of hygromycin B/ml and 0.7 mg of G418/ml, respec-
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tively. Transfection was accomplished either through the use of Lipofectamine
(Invitrogen) or electroporation at 280 V and 960 wF.

Yeast two-hybrid interaction mapping. Mapping of the Lad/RIBP-binding
sites of MEKK2 was based on the previous study that the N-terminal fragment
of MEKK?2 associates with Lad. Serial truncations of this MEKK2 region were
cloned in frame to the LexA DNA-binding protein in the yeast vector pPBTM116
(4). The pBTM116-derived plasmids were then cotransformed with a plasmid
expressing a Gal4 activation domain fusion of Lad (pACT2-Lad; see reference
49) into the yeast reporter strain L40 (17). Strength of interaction was estimated
by the abilities of transformant Saccharomyces cerevisiae cells to grow on minimal
plates lacking histidine but supplemented with 3 mM 3-aminotriazole (3-AT)
(Sigma). Quantitation of two-hybrid interaction was carried out as previously
described (50).

Yeast three-hybrid analysis. The three-hybrid vector pBridge was purchased
from Clontech (53). Full-length MEKK2 was expressed constitutively from the
ADH] promoter in pBridge as a Gal4 DNA-binding domain fusion protein, and
a Lad-binding MEKK2 fragment (either amino acids [aa] 228 to 282 or aa 241 to
282) was conditionally expressed under the methionine-repressible promoter
P25 Lad, fused C terminal to the Gal4 activation domain, was cloned in a
second plasmid (pACT2). After cotransformation, yeast cells were grown on
histidine plates. Colonies of roughly equal size were picked and suspended in 500
wl of H,O. Two microliters of the suspensions and their tenfold serial dilutions
were each spotted on three types of minimal plates: with histidine, or without
histidine but supplemented with 20 mM 3-AT plus 2 mM or no methionine (see
Fig. SA). Yeast cells were incubated at 30°C for 2 days and photographed.

Coimmunoprecipitation and in vitro binding analysis. 293 or CCL64 cells
were washed with ice-cold phosphate-buffered saline buffer and lysed in a lysis
buffer consisting of 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 50 mM NaF, 5 mM
Na,P,0,, 1 mM Na;VO,, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA, 50
M leupeptin, 10 ug of pepstatin A/ml, 1 mM phenylmethylsulfonyl fluoride, and
2 pg of aprotinin/ml. After brief clearance by high-speed centrifugation, cell
lysates were immunoprecipitated at 4°C for 2 to 3 h, followed by a 2-h incubation
with prewashed protein G beads. The beads were washed three times with lysis
buffer, and bead-bound proteins of interest were examined by Western blotting.

For the in vitro binding study, the MEKK?2 fragment spanning residues 228 to
282 and the corresponding region from MEKK3 (aa 239 to 293) were produced
in bacteria as glutathione S-transferase (GST) fusions. The fusion proteins,
prebound to glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech),
were incubated with Lad-transfected CCL64 cell lysates for 3 h. After extensive
washing, the samples were Western blotted with M5 to detect the presence of
Lad.

RT-PCR. Reverse transcriptase PCR (RT-PCR) was performed on mRNA
prepared from cultured cells by using Trizol (Life Technologies, Inc.). Reverse
transcription and PCRs were carried out using rTth DNA polymerase following
the manufacturer’s instructions (Perkin-Elmer Life Sciences). The amplifying
primers were complementary to the vector (pcDNA3.1) sequences flanking the
multiple cloning site 5'-TAATACGACTCACTATAGGG-3" and 5'-TAGAAG
GCACAGTCGAGG-3'. RT-PCR of glyceraldehyde-3-phosphate dehydroge-
nase mRNA served as an internal standard.

Analysis of MEKK2 and MAPK activities. CCL64 or HEK293 and derivative
cell lines expressing different constructs were serum starved for 3 to 24 h in
DMEM (or overnight in IMDM for MEFs) with 0.5% fetal bovine serum before
treatment. Stimulation with EGF, H,O, (Sigma), and sorbitol (Sigma) was for 20
min at 37°C, at concentrations of 2.5 ng/ml, 250 nM, and 0.2 or 0.4 M, respec-
tively. Treatment with the Src kinase inhibitor PP1 was at 10 uM for 30 min
before stimulation. Analysis of ERKS activation was based on a gel-shift protocol
according to the established observation that phosphorylated and activated
ERKS5 has a significantly reduced mobility on sodium dodecyl sulfate (SDS)-
polyacrylamide gels (19, 20, 49). This was done by running cell lysates on 7% gels
at 4°C and Western blotting with anti-ERKS antiserum. ERK1/2 activation was
determined by blotting with the phospho-ERK1/2-specific antibody E10. An in
vitro kinase assay for JNK was done using GST-cJun, ¢ as described previously
(50). To assay MEKK2 kinase activity, endogenous MEKK2 was immunopre-
cipitated from cell lysates and, after extensive wash in high-stringency lysis buffer
(50), was used in an immunocomplex kinase reaction using purified recombinant
MKK4 as a specific substrate.

Luciferase reporter gene assay. CCL64 cells were transfected with the MEF2-
dependent reporter plasmid pGL-MEF2-Luc in combination with pRL-tk and
grown overnight. Cells were then placed in fresh serum-free medium with or
without EGF for 8 h. Aliquots of cell lysates were assayed for firefly and Renilla
luciferase activities according to the instructions provided in the Dual-Luciferase
reporter assay system (Promega).
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FIG. 1. Interaction of Lad with MEKK2. CCL64 cells were serum
starved overnight and then stimulated with vehicle, 2.5 ng of EGF/ml,
or 250 nM H,0, for 20 min. Cell lysates were immunoprecipitated with
Lad antiserum or preimmune antiserum (as negative control). Western
blotting with anti-MEKK2 monoclonal antibody indicated MEKK2
was coimmunoprecipitated with Lad in resting cells but was disrupted
upon cell activation (top panel). Blotting the immunoprecipitates with
anti-Lad (middle panel) or cell lysates with anti-MEKK2 (bottom
panel) showed that Lad and MEKK2 expression was unaffected by
treatment with either stimulus.

RESULTS

MEKK?2 and Lad are in a complex. The adaptor protein Lad
was identified as a MEKK2-binding protein in a yeast two-
hybrid screen using the N terminus of MEKK?2 (49). To dem-
onstrate endogenous Lad-MEKK?2 interactions, CCL64 cell
lysates were immunoprecipitated with Lad antiserum and
Western blotted with a monoclonal antibody against MEKK2.
Results shown in Fig. 1 demonstrate that endogenous Lad and
MEKK?2 are in a complex in serum-starved cells. Treatment of
cells with EGF or H,O,, stimuli that activate MEKK2 and
ERKS (see below), caused a significant reduction in the
MEKK?2 that coimmunoprecipitated with Lad. The total
MEKK?2 in lysates and immunoprecipitated Lad was similar for
basal and stimulated cells. Thus, the Lad-MEKK?2 interaction
is stable in resting cells and declines in response to EGF and
oxidative stress. This is in agreement with our previous tran-
sient expression studies showing phosphorylation of Lad by
MEKK?2-induced dissociation of the Lad-MEKK2 complex
(49).

MEKK?2 is activated by EGF and stress stimuli. MEKK2 is
a MEK kinase for the ERKS and JNK pathways (6, 49), which
are known to respond to a wide spectrum of stimulants, in-
cluding growth factors and stress agents such as H,O, and
sorbitol. We investigated if MEKK2 was activated in response
to these stimuli. The activity of endogenous MEKK2 immuno-
precipitated from CCL64 mink lung epithelial cells treated
with EGF, H,0,, or sorbitol was analyzed in an in vitro im-
mune complex kinase assay (Fig. 2A). Since bacterially ex-
pressed MEKS was not soluble, we used recombinant MKK4
as a MEKK?2 substrate. The activity of MEKK2 was signifi-
cantly stimulated by each of the stimuli tested. Phosphoryla-
tion of MKK4 was minimal for MEKK2 immune complexes
from H,O,-treated cells incubated with a control antibody
(lane 5) and was nonexistent without the MKK4 substrate
(lane 6), demonstrating specific phosphorylation of MKK4 by
MEKK?2.

We next examined the tyrosine phosphorylation of Lad by
EGF, H,0,, and sorbitol. CCL64 cells stably expressing Flag-
Lad were treated with or without EGF, H,O,, or sorbitol, and
Flag-Lad was immunoprecipitated followed by Western blot-
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FIG. 2. MEKK?2 is activated and Lad tyrosine phosphorylated in
response to EGF and stress stimuli. (A) MEKK?2 is activated by EGF
(2.5 ng/ml), H,0, (250 nM), and sorbitol (0.2 M). Stimulated CCL64
cells were lysed and immunoprecipitated with a monoclonal anti-
MEKK?2 antibody. MEKK?2 activity was analyzed in an in vitro kinase
assay using purified recombinant MKK4 as a substrate. Western blot
analysis confirmed equal immunoprecipitation of MEKK2 (lower pan-
el). (B) Lad is tyrosine phosphorylated in cells exposed to EGF, H,0,,
and sorbitol. Following stimulation with EGF, H,O,, or sorbitol, cells
stably expressing Flag-Lad were lysed and Lad immunoprecipitated
using an anti-Flag antibody. Phosphorylation of Lad was detected by
Western blotting using the anti-phosphotyrosine antibody 4G10 (up-
per panel). Lad was immunoprecipitated similarly from cell lysates of
different cellular stimulations (lower panel). No band was observed in
cells transfected with vector alone (lane 2).

ting with an antiphosphotyrosine antibody (Fig. 2B). Lad was
tyrosine phosphorylated in cells treated with each of the stim-
uli (lanes 3 to 5), but not in control cells without stimulation
(lane 1) or mock-transfected cells (lane 2). These results show
that Lad is tyrosine phosphorylated in response to EGF and
oxidative and hyperosmotic stresses that also stimulate
MEKK?2 kinase activity. Our results are consistent with those
of Choi et al. (11), who showed Lad was phosphorylated on
tyrosines by Lck during T-cell activation.

Lad and MEKK?2 are required for ERKS activation. Our
findings suggested that Lad might be responsible for coupling
extracellular stimulation to MEKK2 activation, leading to
ERKS and JNK activation. This possibility was investigated
using an antisense (AS) RNA interference approach. Stable
transfection with an AS-Lad construct substantially decreased
the protein level of endogenous Lad, while the expression of
endogenous MEKK?2 was unaffected (Fig. 3A), demonstrating
the specificity of AS-Lad inhibition. Endogenous ERKS activ-
ities were analyzed based on the established protocol that
activated ERKS migrates during SDS-polyacrylamide gel elec-
trophoresis at a reduced mobility relative to nonphosphory-
lated, inactive ERKS (2, 19, 49). As shown in Fig. 3B, AS-Lad
considerably diminished ERKS responses to stimulation by
EGF or H,O,. To show that the AS-Lad interference was a
direct consequence of Lad knockdown, the ERKS response
could be reconstituted by transfection of Lad. Thus, the AS-
Lad effect is directly a result of knockdown of Lad protein
expression and is reversed by transfection of a Lad cDNA and
increased expression of Lad protein. At the highest levels of
add-back Lad expression, ERKS activation was inhibited,
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FIG. 3. Requirement of Lad and MEKK2 in specific MAPK signaling. (A) AS-Lad specifically inhibited endogenous Lad expression. CCL64
cells were stably transfected with a DNA construct encoding AS-Lad (from —51 to +345 relative to the ATG start site) or control mock vector.
Left panel: Cell lysates were incubated with preimmune or Lad antiserum, and immunoprecipitates were Western blotted with anti-Lad. Right
panel: Cell lysates were blotted with anti-MEKK2. (B) Lad is required for ERKS activation by EGF and H,O,. ERKS activation was analyzed in
a gel-shift assay based on the previous finding that activated ERKS has a characteristic reduced mobility on SDS-polyacrylamide gels (upper panel).
AS-Lad inhibition of EGF-stimulated ERKS activation can be reversed by transient expression of Lad (lower panel). Increasing amounts of Lad
were transiently expressed for 6 h in AS-Lad cells, which were subsequently treated with EGF after 3 h of serum starvation. ERKS activities were
determined by Western blotting. (C) Lad is dispensable for ERK1/2 signaling. EGF- or H,O,-treated AS-Lad or mock-transfected cells were
analyzed for ERK1/2 responses by Western blotting using a phospho-ERK1/2-specific antibody (upper panel). Immunoblotting cell lysates with
anti-ERK1/2 showed no difference in endogenous ERK1/2 expression (lower panel). (D) Lad contributes to EGF- but not H,O,-induced JNK
activation. Endogenous JNK was pulled down with GST-cJun, ;4 and used in an in vitro kinase assay (upper panel). Blotting with an anti-JNK
antibody showed that AS-Lad does not affect INK expression (lower panel). (E) MEKK?2 is required for EGF and H,O, activation of ERKS.
MEKK?2-knockout MEFs or wild-type MEFs were stimulated as indicated. Analysis of ERKS activities was as described in the legend for panel

B.

probably due to excess Lad relative to MEKK2. Correlating
with the observed AS-Lad inhibition of ERKS activation, we
found that EGF-dependent activation of MEKK2 was also
inhibited by AS-Lad (see data in Fig. 6B). In additional exper-
iments, the knockdown of MEKK3 had no effect on ERKS
activation by EGF or stress stimuli (data not shown), further
demonstrating the specificity of Lad and MEKK2 in the ERKS
response. As shown in Fig. 3C, no suppression of ERK1/2
activity was detected in cells expressing AS-Lad, demonstrating
a specific requirement for Lad in ERKS signaling. The depen-
dence of ERKS activity on MEKK?2 is more pronounced in
EGF-stimulated fibroblasts than under the condition of oxida-
tive stress (Fig. 3E). Lad has somewhat of a stimulus-specific
role in JNK signaling; there was a significant inhibition by
AS-Lad of EGF-stimulated JNK activity but not for oxidative
stress-activated JNK (Fig. 3D). This is consistent with several
different pathways activated by oxidative stress leading to JNK
activation. For example, MEKK1 has been shown to contribute

to JNK activation in response to oxidative stress (32). There is
also a requirement of MEKK?2 for ERKS activation by both
EGF and oxidative stress (Fig. 3E). The targeted disruption of
MEKK?2 expression (15) results in the loss of ERKS activation
by EGF and a significant but partial inhibition of ERKS acti-
vation in response to oxidative stress. The MEKK2 knockout
and AS-Lad give similar inhibition of ERKS activation, con-
sistent with MEKK2 and Lad being in a signaling complex
required for EGF and H,O, activation of MEKK?2 and ERKS.

Mapping the interaction between MEKK2 and Lad. The
region of MEKK?2 from aa 228 to 360 (MEKK2aa228-360) was
originally used as bait in a yeast two-hybrid screen that iden-
tified Lad as a MEKK2-binding protein (49). Starting with this
region of MEKK?2, we examined a series of truncated MEKK?2
fragments for their interactions with Lad by the criterion of
their ability to support growth of the yeast reporter strain L40
on minimal plates lacking histidine (Fig. 4A, upper panel).
Gradual deletion of MEKK?2aa228-360 from the C terminus
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showed that amino acids after residue 282 were dispensable for
binding Lad. However, further removal of the C-terminal 15
residues of MEKK2aa228-282 resulted in a nearly complete
loss of interaction. Truncation of the MEKK?2aa228-282 frag-
ment from the N terminus revealed that MEKK2aa241-282
could still interact with Lad with significant, although reduced,
affinity. In support of these results, quantitative analysis of the
lacZ reporter gene showed that MEKK2aa228-282-Lad inter-
action-driven B-galactosidase activity was fourfold higher than
that of yeast L40 cells transformed with MEKK2aa241-282
and Lad. The region of MEKK3 that is homologous to
MEKK?22aa228-282, from residues 239 to 293, did not show any
appreciable interaction with Lad in the yeast two-hybrid anal-
ysis, although MEKK2 and MEKK3 are 82% conserved (58%
identical) between these regions. The lacZ reporter assay also
revealed that the Lad-binding site of MEKK?2 failed to interact
with MEKS. Confirming the two-hybrid data, the bacterially
expressed and purified GST fusion of MEKK2aa228-282 could
readily pull down Lad from CCL64 cell lysates, whereas GST-
MEKK3aa239-293 clearly failed to do so (Fig. 4B, upper pan-
el). Importantly, a GST-Lad fusion protein was able to pull
down MEKK?2 from cell lysates (Fig. 4B). However, neither N-
nor C-terminal fragments nor the SH2 domain of Lad bound
MEKK?2 (data not shown), suggesting that proper folding of
only the full-length Lad protein gave binding activity for
MEKK?2. The findings define a specific Lad-binding motif
within aa 228 to 282 of MEKK2.

The finding that MEKK2aa228-282 binds Lad suggested
that it could be used to selectively disrupt Lad interactions
with MEKK?2. To test this prediction, cells stably expressing
MEKK?2aa228-282, or the corresponding MEKK3 sequence
(aa 239 to 293) that does not bind Lad, were transiently trans-
fected with Flag-Lad. After limited expression (6 h posttrans-
fection), immunoprecipitation with the anti-Flag M5 antibody
was performed to assess the amounts of Lad-associated endog-
enous MEKK?2. Western blotting of cell lysates with an anti-

Lad-MEKK2 REGULATES ERK5 ACTIVATION 2303

MEKK?2 or anti-Flag antibody showed that the expression lev-
els of MEKK?2 and Lad were constant across each cell line (Fig.
4C, middle and bottom panels, respectively). Examination by
RT-PCR also found that MEKK2aa228-282 and MEKK3aa239-
293 were expressed at similar RNA levels, predicting similar
protein expression (Fig. 4C). Lanes 1 and 2 (Fig. 4C, top panel)
showed that Lad bound endogenous MEKK?2. The association
was significantly disrupted by MEKK2aa228-282 (lane 3) but
was unaffected by expression of MEKK3aa239-293 (lane 4).
We then took advantage of the yeast three-hybrid system to
confirm that expression of MEKK2aa228-282 or MEKK2aa241-
282 in cells could block MEKK?2 association with Lad. In the
three-hybrid system, MEKK?2 and Lad were constitutively ex-
pressed, and the MEKK?2 fragment aa 228 to 282 or aa 241 to
282 was under the transcriptional control of the methionine-
repressible promoter Met25 (P z1-5) (53). After transforma-
tion, individual yeast colonies were spotted on three sets of
minimal plates in 10-fold serial dilutions, as shown in Fig. 4D.
In the presence of histidine where pressure on selection for
MEKK?2-Lad interaction was not applied (left panel), all the
transformant yeast cells grew at about the same density, show-
ing that a roughly equal number of cells were spotted. In plates
depleted of histidine (but with methionine so that transcription
from P,,.;»s was suppressed) (middle panel), cells without
expression of Lad could not grow, even without dilution (Fig.
4D, columns 3 and 4), again demonstrating the requirement
for Lad-MEKK?2 interaction. Further omission of methionine
from the yeast plates induced expression of the MEKK2 frag-
ments aa 241 to 282 and aa 228 to 282 from P,,,.,»s (right
panel). Under these conditions, growth of cells expressing ei-
ther of the cloned Lad-binding fragments was severely im-
paired (columns 1 and 2) compared to cells not bearing the
MEKK?2 fragments (column 3), which grew equally well in the
presence or absence of methionine. The results also showed
that aa 228 to 282 had a greater ability than aa 241 to 282 to
inhibit Lad-MEKK2 interaction and consequently cell growth,

FIG. 4. Mapping of the MEKK2-binding motif for Lad. (A) Quantitation of two-hybrid interaction. Serial truncations of the MEKK2aa228-360
fragment were fused to the bacterial DNA-binding protein LexA in vector pPBTM116 and tested for their interactions with Lad in a yeast two-hybrid
prototrophy assay. The strength of interactions was determined by growth of transformant yeast cells on synthetic complete (SC)-His plates
supplemented with 3 mM 3-AT. Liquid cultures of yeast transformant cells were assayed for B-galactosidase activities, and the results are
represented as the mean * standard deviation. The alignment of the Lad-interacting MEKK2 sequence with the corresponding region from
MEKKS3 is shown. Nonconserved residues are highlighted in black, and conserved but nonidentical amino acids are shaded in gray. (B) Confir-
mation of yeast two-hybrid results by in vitro binding analysis. Bead-bound and purified GST fusion proteins were incubated with CCL64 cell
lysates that did or did not express Flag-Lad as indicated (upper panel). Binding with Lad was examined by Western blotting with M5 antibody. Cell
lysates were also loaded in parallel as controls. A GST fusion of full-length Lad was incubated with CCL64 cell lysate, and pull down of endogenous
MEKK? was analyzed by Western blotting (lower panel). (C) Expression of MEKK2aa228-282 in HEK293 cells blocked MEKK?2 binding to Lad.
HEK?293 cells stably transfected with MEKK2aa228-282, MEKK3aa239-293, or an empty vector were transiently transfected with or without
Flag-Lad. After limited (6 h) expression, cell lysates were subjected to immunoprecipitation with anti-Flag M5 antibody. Western blotting was then
employed to detect the amounts of endogenous MEKK2 associated with Lad (top panel). Western blotting of cell lysates showed that the levels
of endogenous MEKK?2 or transiently expressed Lad were similar (middle and bottom panels, respectively). Semiquantitative RT-PCR analysis of
MEKK?2aa228-282 and MEKK3aa239-293 demonstrated similar RNA expression in stably expressing 293 cells. The primers used were comple-
mentary to the vector (pcDNA3.1) sequences flanking the multiple cloning site. Amplification of the housekeeping gene for glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) indicated equal mRNA recovery and RT-PCR efficiency. (D) Three-hybrid analysis demonstrates that
MEKK?2 from aa 228 to 282 but not the related sequence in MEKK3 can specifically disrupt Lad-MEKK?2 interaction. MEKK2aa228-282 or
-aa241-282 was cloned under the methionine-repressible MET25 promoter in the yeast three-hybrid vector pBridge, and full-length MEKK2 was
expressed as a Gal4 DNA-binding domain fusion protein from the constitutive ADH1I promoter in the same vector. Either of the pBridge-derived
plasmids was cotransformed with GAD-Lad into the yeast reporter strain CG1945. After growth on SC-His plates, similarly sized transformant
colonies were randomly picked and spotted in 10-fold serial dilutions on SC-His plates (as controls), or on SC-His plus 20 mM 3-AT plates
supplemented with or without methionine. Photography was taken after cells were incubated at 30°C for 2 days. The figure represents similar
results from six independent experiments.
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FIG. 5. Requirement of Lad-MEKK2 association for specific MAPK signaling. (A) Lad-MEKK?2 interaction is required for ERKS activation
by EGF, H,0,, and low (0.2 M) but not high (0.4 M) concentrations of sorbitol. Shown are results of the analysis of ERKS activation in HEK293
cells stably expressing iMEKK2 or iMEKK3. (B) The Lad-MEKK2 complex is not required for ERK1/2 activation. Blotting cell lysates with
anti-ERK1/2 indicated that endogenous ERK1/2 were expressed similarly across each cell line (data not shown). (C) Lad-MEKK?2 interaction plays
a role in EGF- but not H,O,-elicited JNK activation. (D) Semiquantitative RT-PCR analysis of iMEKK2 and iMEKK3 RNA expression in

HEK?293 cells.

correlating nicely with the yeast two-hybrid binding-site map-
ping study. We therefore designated MEKK2aa228-282 as
iMEKK?2, for inhibitory fragment of MEKK2 and, for conve-
nience, MEKK3aa239-293 is hereafter referred to as iMEKK3.

Lad-MEKK?2 interaction is required for ERKS activation in
response to growth factor ligation and extracellular stresses.
Results from the above experiments indicated that Lad likely
coupled MEKK?2 to activation by upstream regulators. The
mapping of the Lad-MEKK?2 interaction provided an excellent
tool to test this question, as we showed that iMEKK?2 specifi-
cally disrupted this interaction. Expression of iMEKK2 exhib-
ited a strong inhibitory effect on the activation of ERKS (Fig.
5A) and MEKK2 (Fig. 6B); in contrast, iMEKK3, which was
expressed at a similar RNA level (Fig. 5D) but did not interact
with Lad, had no effect on the activation of either kinase. Thus,
the results demonstrated that ERKS activation induced by
growth factors and oxidative or hyperosmotic stresses required
Lad interaction with MEKK?2. Interestingly, at a high concen-
tration (0.4 versus 0.2 M) of sorbitol, the effect of IMEKK2 on
ERKS became insignificant (Fig. 5A, bottom panel), indicating
that additional signaling pathways at high hyperosmolarity by-
pass the requirement for Lad-MEKK?2 interaction. The results
also show that the ERKS response pathway is functional to an
appropriate stimulus.

In line with the results that signaling from the cell surface to
the ERK1/2 cascade is largely independent of Lad (Fig. 3C),
uncoupling MEKK?2 from Lad by using iMEKK2 showed no
inhibition of ERK1/2 activation to stimulation by EGF or

H,O, (Fig. 5B). Expression of iMEKK2 partially inhibited
EGF but not H,O, activation of JNK, consistent with the
finding when using AS-Lad (Fig. 3D), that Lad-MEKK?2 inter-
action has a more prominent role in EGF than in H,O, acti-
vation of JNK (Fig. 5C). The combined results with MEKK2 '~
MEFs, iMEKK?2, and AS-Lad indicate that Lad-MEKK2 in-
teraction is critical for ERKS activation and is involved in EGF
receptor regulation of JNK, but it is not required for ERK1/2
regulation.

The Lad/MEKK2—ERKS pathway is regulated by Src ki-
nases. We next investigated if MEKK2, like Lad, was tyrosine
phosphorylated in response to EGF or H,O,. Endogenous
MEKK?2 was isolated from CCL64 cell lysates with a purified
MEKK?2-binding fragment of PRK2 (residues 616 to 670) ex-
pressed as a GST fusion (50). Western blotting with an anti-
MEKK?2 monoclonal antibody confirmed equal pull-downs by
GST-PRK2aa616-670 (Fig. 6A, lower panel). Blotting with the
antiphosphotyrosine antibody 4G10 showed that MEKK2 was
tyrosine phosphorylated by treatment with EGF or H,O, (Fig.
6A, upper panel). The 4G10-reactive bands were MEKK?2, as
they were not precipitated from EGF- or H,O,-treated cells
incubated with GST alone. Importantly, pretreatment of cells
with PP1, a Src kinase inhibitor (25), inhibited MEKK2 ty-
rosine phosphorylation (Fig. 6A). At this concentration of PP1
(10 wM), phosphorylation of the EGF receptor (EGFR) was
unaffected (Fig. 6D, left panel), indicating that Src kinases are
likely involved in MEKK2 tyrosine phosphorylation. Correlat-
ing with the requirement for Src kinases for MEKK?2 tyrosine
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FIG. 6. MEKK?2 and ERKS activation requires Lad expression and is regulated by Src. (A) MEKK?2 is tyrosine phosphorylated by Src kinases.
CCL64 cells pretreated with the Src kinase inhibitor PP1 (10 wM; 30 min) or vehicle (dimethyl sulfoxide [DMSO]) were stimulated with EGF or
H,0,. Endogenous MEKK?2 was pulled down by bead-bound GST-PRK2aa616-670 and blotted with 4G10 (upper panel). Blotting an aliquot of
the beads with anti-MEKK?2 showed that MEKK2 was pulled down equally under each condition (lower panel). (B) MEKK?2 activation is regulated
by Src kinases and Lad. PP1-pretreated (or DMSO-pretreated) wild-type cells or cells stably expressing AS-Lad, iMEKK?2, or iMEKK3 were
stimulated with EGF or H,0,. MEKK2 was immunoprecipitated from cell lysates, and kinase activity towards MKK4 was determined in an in vitro
immune complex kinase assay. Equal MEKK2 immunoprecipitation was achieved as confirmed by Western blotting, as described in the legend for
panel A. RT-PCR analysis indicated iMEKK2 and iMEKK3 RNAs were similarly expressed in CCL64 cells, similar to results with HEK293 cells.
(C) Src kinases regulate ERKS signaling in response to EGF and stress stimuli. Western blot analysis of ERKS inhibition by PP1 was done as
described in the legend for Fig. 3B. (D) PP1 at 10 pM does not interfere with EGFR phosphorylation or significantly decrease MEKK?2 activity
in vitro. Cells were treated with PP1 (or DMSO) and then with or without EGF as described in the legend for panel A (left panel). Cell lysates
were incubated with a monoclonal anti-EGFR antibody. The immunoprecipitates were blotted with either 4G10 or anti-EGFR. Immunoprecipi-
tated MEKK2 from H,O,-treated cells was used for an in vitro kinase assay in the presence or absence of PP1 (right panel). (E) EGF-stimulated
MEKK?2 tyrosine phosphorylation requires interaction with Lad. Lysates of the indicated stable cell lines were immunoprecipitated with anti-
MEKK? and blotted with 4G10. (F) Lad and Src play a synergistic role in MEKK2 tyrosine phosphorylation and activation. Cells were transfected
with the indicated expression constructs. Inmunoprecipitated MEKK2 was analyzed either for tyrosine phosphorylation (upper panel) or kinase
activity on MKK4 (lower panel). (G) EGF signaling to the MEKK2—ERKS pathway was interfered with by dominant negative Src. Assays for
MEKK?2 tyrosine phosphorylation and activation of MEKK?2 and ERKS were as described above.

phosphorylation, MEKK?2 kinase activity in cells treated with
EGF or H,0, was strongly inhibited by pretreatment of cells
with PP1 (Fig. 6B). However, PP1 did not inhibit the in vitro
kinase activity of MEKK?2 isolated from stimulated CCL64
cells (Fig. 6D, right panel). PP1 treatment of cells also inhib-
ited ERKS activation (Fig. 6C), consistent with the loss of
MEKK?2 activation in PP1-treated cells. Supporting a critical
role for Src kinases in MEKK2/MEKS/ERKS signaling, a dom-
inant negative form of Src (dn-Src) substantially reduced EGF
stimulation of MEKK?2 tyrosine phosphorylation and activity
as well as ERKS activation (Fig. 6G). In addition, transient

expression of a constitutively active Src mutant resulted in a
significant stimulation of both MEKK2 tyrosine phosphoryla-
tion and catalytic activity, which were impeded by iMEKK2
(but not iMEKK3) but were synergized with coexpression of
Lad (Fig. 6F). These results established a requirement for Lad
and its interaction with MEKK?2 in MEKK?2 tyrosine phosphor-
ylation in response to EGF. Tyrosine phosphorylation of Lad
by the Src kinase Lck has been shown to induce Lad binding to
the Lck SH2 domain, recruiting it to the T-cell receptor sig-
naling complex (11).

The Src/Lad/MEKK2/MEKS/ERKS cascade transmits EGF



2306 SUN ET AL.

2 B

Z 800 -

8

4]

@ 600 -

9

§ 400 -

O

o

L 200 -

=

R I T L
\&‘ \§$$*$ (\*@"‘-x&\(’f ?;\\z&*{'\tﬁ

AW

FIG. 7. EGF-induced gene transcription from a MEF2-dependent
promoter is regulated by Src kinases, Lad, and the MEKK2/MEKS/
ERKS/MEF2C cascade, but it is independent of the JNK pathway.
Transcriptional activation was shown as relative firefly or Renilla lu-
ciferase light units (mean * standard deviation of triplicate determi-
nations).

stimulation to MEF2-dependent gene expression. A well-es-
tablished ERKS target are the MEF2 transcription factors
(19), which are essential for differentiation of muscle lineages
as well as expression of many other non-muscle-specific genes,
including the proto-oncogene c-jun (5, 16, 34). Expression
from a MEF2-dependent luciferase reporter gene was aug-
mented approximately 12-fold by EGF treatment of cells (Fig.
7). This response was inhibited by dominant negative mutants
of Src, MEKK2, MEKS, and ERKS but unaffected by dn-
MKK?7, showing that the JNK pathway was not involved. Fur-
ther substantiating the specificity of the reporter gene assay
was the fact that EGF-stimulated luciferase activity was essen-
tially eliminated by dn-MEF2C but was moderately enhanced
by expression of wild-type MEF2C. Expression of IMEKK?2 but
not iIMEKK3 also inhibited EGF activation of the reporter
gene. The partial inhibition with iMEKK?2 in blocking MEF2-
driven transcription compared to ERKS activation was proba-
bly a result of a weak p38 MAPK activation in response to
EGF that is able to regulate MEF2 activation (16, 28, 59, 60).

DISCUSSION

The present study for the first time demonstrates (i) Src
kinase activity is required for ERKS activation in response to
EGF, (ii) MEKK2 expression is required for ERKS activation
by Src, (iii) Lad and MEKK?2 association is required for Src
activation of ERKS, and (iv) EGF and Src stimulation of
MEF2-dependent promoter activity requires a functional Lad-
MEKK?2 signaling complex. Three independent experimental
approaches define the function of MEKK?2 in EGF and Src
kinase regulation of ERKS activation. Two approaches in-
volved inhibition of protein expression by using MEKK2 gene
knockout and Lad AS RNA interference. Loss of MEKK2
expression and inhibition of Lad by AS RNA interference
abolished or substantially reduced ERKS activation not only in
response to growth factors but also oxidative stress and hyper-
osmolarity. The third independent approach involved uncou-
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pling Lad-MEKK?2 association by expression of a Lad-binding
MEKK?2 fragment. Expression of the iMEKK2 peptide
strongly diminished MEKK2 and ERKS activation and also
resulted in a significant inhibition of EGF-induced JNK activ-
ity. These effects are specific, as iIMEKK2 disruption of
MEKK?2 binding to Lad has little or no effect on ERK1/2 or
H,O, activation of JNK. It is not surprising that JNK is acti-
vated by pathways independent of Lad-MEKK?2 association,
given that the many proteins and lipids that are oxidized in
cells in response to H,O, could activate other MEKKs in the
JNK pathway. Cumulatively, these three independent ap-
proaches defined a pathway of Src/Lad/MEKK2/MEKS/ERKS
for the regulation of MEF2-activated gene expression.

Lad encodes several well-defined protein interaction mod-
ules (11). The SH2 domain of Lad associates with the kinase
insert domains of the PDGF and VEGF receptors upon re-
ceptor activation and tyrosine phosphorylation (41, 58), and
Lad subsequently undergoes tyrosine phosphorylation, which
provides binding sites for interaction with the SH2 or phos-
photyrosine-binding domains of other proteins such as Src
kinases and Grb2 (3, 11, 41). Lad can also bind the SH3
domain-containing enzymes phosphatidylinositol 3-kinase and
PLC-v, probably via interaction with the proline-rich region of
the adaptor proteins (58). Thus, there are potentially many
proteins through which the Lad-MEKK2 complex can interact
within receptor signaling networks for the regulation of ERKS.
MEKK?2 may also regulate the activity of other proteins in this
complex (49). Of note, MEKK2 can also bind PRK2, a Nck-
binding PKC-related kinase that is an effector for the small
GTPases Rho and Rac (50). The multiple interactions that are
possible suggest a signaling module of which Lad-MEKK2 is a
part for the integrated regulation of ERKS and JNK.

In addition to growth factors, Lad-MEKK?2 interaction is
also required for ERKS responses to stress stimuli such as
hyperosmolarity and oxidants. In the budding yeast S. cerevi-
siae, osmotic imbalances in the environment are detected by
two sensor systems, the histidine kinase receptor Slnl and the
four-pass transmembrane receptor Sholp (27, 39). Much less is
known about osmotic signaling in mammalian cells, but there is
evidence that the osmotic stress responses utilize specific
growth factor and cytokine receptors (40, 44). Similarly, oxi-
dative stress responses are known to involve the activation of
Src kinases and the EGFR (10, 14, 24, 31, 52, 55). Thus, stress
activation of ERK5 may involve pathways regulated by the
EGFR and Src kinases through Lad regulation of MEKK2.

Lad and MEKK2 are clearly tyrosine phosphorylated by a
Src-dependent mechanism. MEKK?2 has also been shown to be
tyrosine phosphorylated in T cells stimulated with anti-CD3
antibody (48). Similarly, Lad is phosphorylated by Lck in T
cells (11, 43). Src kinases also phosphorylate additional pro-
teins that are involved in binding Lad, including receptor ty-
rosine kinases (22, 26, 47), PLC-y (35, 37, 54, 57), and Shc (30).
Our studies have not yet defined how Src activates MEKK2.
Our preliminary studies have found that MEKK?2 is phosphor-
ylated on one and possibly two threonines in the activation
loop sequence ***ASKRLQTICLSGTGMKSVTGTPYWM?>*®
that is between kinase subdomains VII and VIII (unpublished
studies). We currently have no evidence that the single ty-
rosine, Y2, within the kinase subdomain VIII sequence ***T
PYWMSPE>*' is phosphorylated. There are no other tyrosines
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within the activation loop of the MEKK? kinase domain. Our
prediction is that Src-dependent tyrosine phosphorylation of
Lad and MEKK2 is involved in formation of a protein complex
that regulates MEKK?2 activation.

Finally, the use of the iMEKK2 peptide strongly corrobo-
rates the antisense Lad and MEKK?2 knockout experiments
that define the Lad/MEKK2/MEKS/ERKS signaling pathway
regulated by Src. Based on the following considerations, the
iIMEKK?2 effect on MAPK signaling is a specific consequence
resulting from disruption of the Lad-MEKK?2 interaction: (i)
no inhibitory effect was caused by iMEKK3, which is 82%
conserved with iMEKK?2 but incapable of binding Lad. (ii)
iIMEKK?2 does not bind MEKS or ERKS and hence does not
directly interfere with the MEKK2/MEKS/ERKS module. (iii)
iMEKK?2 inhibition of ERKS could be reversed by moderate
expression of Lad or a high concentration of sorbitol, showing
the intactness of the MEKK2/MEKS/ERKS module and the
requirement of Lad for its signaling. (iv) The effect of IMEKK2
was stimulus and pathway specific. It did not hamper ERK1/2
activation and was required for EGF but not H,O, activation
of JNK. (v) iMEKK?2 suppressed MEF2-dependent gene ex-
pression independent of JNK, consistent with Lad regulation
of ERKS through MEKK2. (vi) Two-hybrid and three-hybrid
analyses defined the specificity of iIMEKK?2 disruption of Lad-
MEKK? interactions. The use of a selective inhibitor of pro-
tein-protein interactions is a powerful tool to define specific
functions of two proteins that interact but have additional
domains and protein interactions. Using such an approach
combined with gene knockouts and antisense analysis defined
the requirement of an interaction between Lad and MEKK2
when the expression of neither protein was altered. We pro-
pose that such an approach should be used in combination with
knockdown experiments such as RNA interference, antisense,
and knockouts to define the specificity of signal transduction
pathways.
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