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Modulation of Elk-Dependent-Transcription by Gene33

Adam B. Keeton and Joseph L. Messina*

Department of Pathology, Division of Molecular and Cellular Pathology,
University of Alabama at Birmingham, Birmingham, Alabama, 35294-0019

Abstract Gene33 is a cytoplasmic protein expressed in many cell types, including those of renal and hepatic origin.
Its expression is regulated by a large number of mitogenic and stressful stimuli, both in cultured cells and in vivo. Gene33
protein possesses binding domains for ErbB receptors, 14-3-3 proteins, SH-3 domains, and GTP bound Cdc42, suggesting
that it may play a role in signal transduction. Indeed, these regions of Gene33 have been reported to modulate signaling
through the ERK, JNK, and NFxB pathways. In the present work, epitope-tagged full-length and truncation mutants, as well
as wild-type Gene33, were overexpressed in 293 cells. The expression of these proteins was compared to the level of
endogenous Gene33 by Western blot using a newly developed polyclonal antibody. As proxies for activity of the ERK and
JNK pathways, Elk- and c-Jun-dependent transcription were measured by a luciferase reporter gene. Moderate expression
levels of full-length Gene33 caused a twofold increase in Elk-dependent transcription, while at higher levels, c-Jun-
dependenttranscription was partially inhibited. The C-terminal half of Gene33 significantly increased both Elk- and c-Jun-
dependent transcription when expressed at approximately threefold above control levels. This effect on Elk-dependent
transcription was lost at higher levels of Gene33 expression. In contrast, higher levels of the C-terminal half of Gene33
caused a progressively greater effect on c-Jun-dependent transcription. These findings suggest that Gene33 may increase
ERK activity, and that the C-terminal half of Gene33 may act less specifically in the absence of the N-terminal half,

inducing JNK activity. J. Cell. Biochem. 94: 1190-1198, 2005. © 2005 Wiley-Liss, Inc.
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Gene33 was originally cloned from a cDNA
library prepared from liver of adrenalecto-
mized, hydrocortisone treated rats. It encodes
a protein of 459 amino acids with an apparent
molecular weight of 53 KDa [Lee et al., 1985]. At
the time it was cloned, Gene33 showed little
homology to any known proteins, and the only
clues to a possible function were several puta-
tive SH3 binding domains and consensus
sequences for phosphorylation by numerous
protein kinases. The human homolog of Gene33
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has been identified separately by three groups
and called alternately Mig-6 and RALT. The
human Gene33 (Mig-6) was cloned as a mito-
gen-inducible gene that is elevated in the G;
phase of the cell cycle [Wick et al., 1995], and
Gene33 (RALT) was identified by two groups
for its ability to associate with the intracel-
lular portion of members of the ErbB family of
tyrosine kinase receptors [Fiorentino et al,,
2000; Hackel et al., 2001]. Gene33 also exhibits
significant homology to the non-catalytic por-
tion of activated Cdc42 associated kinase (Ack
[Manser et al., 1995]).

Gene33 is widely, but not ubiquitously
expressed. It is found in the liver, kidney,
stomach, skeletal muscle, lung, brain, and in-
testine, but not in the spleen, heart, or bone
marrow [Mohn et al., 1990]. Its expression in
cultured cells is regulated by a wide array of
mitogenic stimuli including insulin, phorbol
esters, calcium ionophores, and ligands of
the epidermal growth factor receptor family
[Messina et al., 1987; Weinstock et al., 1992;
Hackel et al., 2001; Fiorini et al., 2002]. Gene33
is also induced by a variety of cellular stres-
ses, including partial hepatectomy, fulminant
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hepatic failure, isolation of hepatocytes, ex-
perimental diabetic nephropathy, mechanical
strain, and hypoxia [Haber et al., 1993; Varley
et al., 1999; Makkinje et al., 2000; Saarikoski
et al., 2002].

Recent studies have begun to address the
question of Gene33’s function. In 293 cells,
Gene33 binds to 14-3-3 proteins. It also binds
to, and functions cooperatively with, GTP-
Cdc42 to specifically increase JNK activity
[Makkinje et al., 2000]. Gene33 can increase
NF«B dependent transcription through bind-
ing of its CRIB domain to IxBa [Tsunoda
et al., 2002]. Gene33 is also able to bind both
the ErbB2 receptor and Grb2 via motifs
contained in its C-terminal region, resulting in
inhibition of EGF-induced ERK1/2 activation
[Fiorentino et al., 2000]. These findings were
extended by work in Cos-7 and Rat-1 cells
demonstrating the ability of Gene33 to bind
to the EGF receptor and block EGF induced
ERK1/2 activation and proliferation [Hackel
et al., 2001]. Gene33 is able to inhibit ERK1/2
activation by all the members of the ErbB family
of tyrosine kinases (ErbB1-4) via its ErbB-2
binding region (EBR) located between amino
acids 323 and 372 (Fig. 1A [Anastasi et al,,
2003]). Conversely, reduction of physiological
levels of Gene33 expression by microinjec-
tion of anti-Gene33 antibodies enhances EGF-
induced proliferation of fibroblasts [Fiorini
et al., 2002].

In the present work, we examine the effect of
exogenously expressed Gene33 on Elk-depen-
dent-, as well as c-Jun-dependent-transcription
in serum-starved 293 cells. We also report
that the C-terminal portion of the Gene33
molecule is capable of affecting transcriptional
regulation.

MATERIALS AND METHODS
Cell Culture

293HEK cells and Hep3B cells were main-
tained in subconfluent cultures in complete
medium: Dulbecco’s modification of Eagle’s
medium or Eagle’s minimum essential medium,
respectively, supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin
supplement, Mediatech/Cellgro, Herndon, VA.
Phorbol 12-myristate 13-acetate (PMA, 0.1 ug/
ml), insulin (I, 10 nM), and retinoic acid (RA,
1 pM) were obtained from Sigma-Aldrich
(St. Louis, MO) and added to cultures for 5 h.
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Fig. 1. Exogenous expression of Gene33. A: Schematic
showing the motifs presents in the Gene33 constructs. Included
are the Gene33 full length and deletion constructs with the
location of the epitope tag were present. B-D: 293 cells were
transfected with decreasing amounts of plasmid (40, 10, 4 ng, 1-
459FLAG; 400,100, 40 ng, all others) expressing the FLAG
tagged (FL) full-length (1-459), N-terminal (1-218), or C-
terminal (219-459) or non-tagged (WT) Gene33 expression
constructs as described in the Materials and Methods. Western
blots of whole cell lysates from serum-deprived 293 transfectants
were probed with anti-FLAG (B) or newly generated Gene33 (C,
D) antiserum as indicated. D: Endogenous expression of Gene33
in 293 cells (VC), and Hep3B cells (basal and insulin + retinoic
acid stimulated) is compared to overexpressed Gene33 in 293
cells (WT, 6.5-fold; FL, 14-fold).

Western Blot Analysis

Detergent (Igepal, Sigma-Aldrich, St. Louis,
MO) soluble cell lysates were resolved by
SDS—PAGE and transferred to Protran BA85
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Fig. 2. Regulation of Elk-dependent-transcription by Gene33
protein expression. 293 cells were transfected with the pGal4-
Elk and pGal4-Luc reporter constructs along with the (A)
Gene33WT, 1-459FLAG (WT or FL, respectively), or N17-Ras
expression constructs or (B) the 1-218FLAG or 219-459FLAG
constructs. The relative expression level of Gene33 protein
(derived from Western blot experiments) is indicated on the x-
axis. In (A), x-axis value 1 indicates no exogenous expression of
Gene33. PMA indicates treatment of VC cells with 0.1 pg/ml
PMAfor 5 h. In (B), vector control (VC) indicates no expression of
truncated proteins. Mean changes in luciferase activity com-
pared to empty vector controls (y-axis) from three or more
separate experiments is presented along with SEM. 5P < 0.05
versus vector control; %P <0.001 versus vector control (amount
of total plasmid held constant by varying amounts of empty
vector). In a typical experiment, values between 3-6 x 10° (A)
and 5-22 x 10° (B) RLU/ug were obtained.

membranes (Schleicher & Schuell, Keene, NH),
developed with ECL Plus (Amersham Bio-
sciences, Buckinghamshire, England), and visu-
alized by autoradiography [Reks et al., 1998;
Ji et al., 1999; Keeton et al., 2002]. FLAG
antiserum was obtained from Sigma-Aldrich,
as were luciferin and ATP (St. Louis, MO).
Polyclonal Gene33 antiserum was prepared as
previously described [Keeton et al., 2004].
Briefly, a polyhistidine-Gene33 fusion protein
was purified by metal affinity chromatography
and used as an antigen for the production of
polyclonal rabbit antiserum by Alpha Diagnos-
tics, Inc. (Houston, TX).

Statistical Analysis

ANOVA and Student’s ¢-test were performed
using the Instat version 3.0 software package
(Graphpad, Inc., San Diego, CA). Fold-changes
in luciferase activity were compared to vector
transfected control cultures.

Transient Transfections

The cationic lipid reagent Lipofectamine
(Invitrogen/Life Technologies, Carlsbad, CA)
was used according to the manufacturer’s sup-
plied protocol. Briefly, 24 h after cell seeding in
12-well plates, cells were transferred to serum-
free medium. Plasmid DNA was used at the
same total concentration (600 ng total plasmid
combined) for all treatments by varying the
ratio of empty vector to expression construct.
Plasmid DNA complexed with the Lipofecta-
mine reagent was incubated with cells for 5 h at
37°C in a 5% COg incubator, then removed by
media replacement. Serum was removed from
cultures 48 h after transfection. Experiments
were performed on transfected cells, 24 h after
serum withdrawal. Gene33WT was expressed
from the pCDNAS3.1 vector using concentra-
tions between 0 and 400 ng (Invitrogen Life
Technologies, Carlsbad, CA). The V12-Cdc42,
N17-Ras, and Gene33-FLAG tagged constructs
(1-218FLAG, 219-459FLAG, and 1-459FLAG)
were expressed from the pCMV-5 vector using
concentrations between 0 and 300 ng (graciously
provided by Dr. A. Makkinje). The Gal4-Elk,
Gal4-c-Jun, and Gal4-luciferase plasmids were
used at concentrations of 15, 15, and 150 ng,
respectively (generously provided by Dr. A. Lin).

Luciferase Activity Assay

Briefly, cells were lysed in non-ionic deter-
gent 24—48 h following transfection, and the
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soluble supernatants were collected for assay in
a luminometer (Autolumat 1L.B953, Berthold,
Bundoora, VIC, Australia). Relative light unit
(RLU) measurements were normalized to the
amount of protein and expressed as RLU per
microgram of protein [Brasier et al., 1989].
Comparisons to equivalent empty vector con-
trols are presented as fold-change in luciferase
activity.

RESULTS

The schematic in Figure 1A represents the
Gene33 overexpression constructs used in
transfection experiments in the present work.
As indicated, FLAG epitopes were fused to full-
length, as well as N-terminal (1-218FLAG) and
C-terminal (219-459FLAG) Gene33 truncation
mutants. Additionally, a Gene33WT construct
was used with no exogenous sequence added.
Also shown are the relative locations of se-
quence motifs in Gene33 that have been re-
ported to be necessary in Gene33 function,
such as the Cdc42 Rac Interactive Binding
(CRIB) domain [Makkinje et al., 2000; Tsunoda
et al.,, 2002], ErbB-2 Binding Region (EBR
[Anastasi et al., 2003]), internal PEST sequence
[Fiorini et al., 2002], 14-3-3 binding domain
[Makkinje et al., 2000], and SH3 binding
sequences [Fiorentino et al., 2000].

Transient transfection of 293 cells with vary-
ing ratios of empty vector and Gene33 expres-
sion constructs (to maintain equal amounts of
total plasmid DNA) were performed to produce
defined changes in cellular Gene33 protein
levels. Expression of each of the fusion proteins
was determined by Western blotting with FLAG
antiserum. Due to the different levels of expres-
sion of Gene33 protein from the various con-
structs, the amount of plasmid used for each
was varied (Fig. 1B). The 1-459FLAG protein
was expressed at high steady state levels, even
from modest amounts of plasmid (4—40 ng).
In contrast, a tenfold higher concentration of the
Gene33WT and 219-459 FLAG plasmid (40—400
ng) was required to achieve similar levels of the
expressed protein. Even the highest level of 1-
218FLAG plasmid used (400 ng) gave only
modest expression of the 1-218FLAG protein.

We have recently developed a polyclonal
Gene33 antiserum, which is useful in studying
endogenous Gene33 protein, as well as the level
of exogenously expressed Gene33. Using this
Gene33 antiserum, we examined levels of the

exogenously expressed Gene33WT by Western
blot (Fig. 1C). This protein was expressed at
levels similar to the 219-459FLAG protein, and
appeared significantly more abundant than
the 1-218FLAG protein. The Gene33 specific
antiserum also readily detected expression of
the 1-459FLAG full-length protein. However, as
observed with the FLAG antiserum, the level
of 1-218FLAG protein was noticeably lower as
measured with the Gene33 antiserum. These
experiments allowed us to compare relative
expression levels of transfected Gene33 pro-
teins directly, and quantitation of Western blots
have been used to estimate levels of Gene33 in
subsequent experiments. For reference, basal
and induced expression of endogenous Gene33
in a cell line of hepatic origin (Hep3B) was also
compared to the levels of endogenous and
overexpressed WT (6.5-fold) and FLAG-tagged
(14-fold) Gene33 in 293 cells (Fig. 1D).

Recent reports have described a role for the
human homolog of Gene33 (RALT/Mig-6) in
downregulating the activation of MEK-ERK
phosphorylation and MEK-ERK dependent
processes. In the present work, we sought to
understand the role of Gene33 in MAPK de-
pendent transcription in the absence of external
stimuli such as EGF. To eliminate the contribu-
tion of non-transfected cells, we have used a co-
transfection system taking advantage of an
exogenous promoter (yeast Gal4), which is not
bound/activated by mammalian transcription
factors. This Gal4-luciferase (Gal4-Luc) plas-
mid encodes the Gal4 promoter, which drives
expression of the firefly luciferase reporter only
when bound by ectopically expressed fusions of
the Gal4 transcription factor. A second plasmid
was co-transfected that encodes a fusion protein
composed of the activation domain of mamma-
lian ternary complex factor, Elk, and the DNA
binding domain of the yeast transcription factor
Gal4 (Gal4-Elk) [Sadowski and Ptashne, 1989;
Marais et al., 1993]. This fusion protein binds
only to the exogenous promoter of the Gal4
sequence encoded on the Gal4-Luc plasmid,
which drives expression of the firefly luciferase
gene [Lin et al., 1995]. Thus, luciferase activity
is correlated with (MEK-ERK associated) Elk-
dependent transcription in transfected cells
only. In the luciferase assay, luciferase activity
of untransfected cell extracts was not dif-
ferent (<10 RLU/ug) when compared to buffer
added alone in the absence of cell extract. As an
additional control, luciferase activity in cells
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transfected with only the Gal4-Luc vector was
less than 1% of co-transfection of Gal4-Luc and
Gal4-Elk, confirming the requirement for the
fusion protein transcription factor in this assay
(datanot shown). In these experiments, increas-
ing amounts of Gene33 plasmid were trans-
fected to yield overexpression of Gene33. These
experiments were performed with either the
non-tagged or FLAG-tagged Gene33 expression
constructs. Levels of Gene33 from approxi-
mately 4- to 7.5-fold above control resulted in a
2-fold increase in basal Elk-dependent tran-
scription (Fig. 2A). For comparison, the potent
inducer of the MEK-ERK pathway, PMA,
induced Elk-dependent transcription 4.7-fold
(Fig. 2A lower panel). In contrast, inhibition of
signaling via the MEK-ERK pathway by co-
transfection with the inactive N17-Ras mutant
resulted in a 62% inhibition of basal Elk-
dependent transcription (0.38-fold). Further
increases in Gene33 expression (greater than
14-fold above control) resulted in a return to a
level equal to or even below the basal level of
Elk-dependent transcription. Thus, there was a
biphasic effect of Gene33 expression on basal
Elk-dependent transcription.

In an attempt to identify the region(s) of
Gene33 responsible for alterations in Elk-
dependent transcription, co-transfections with
the N-terminal and C-terminal truncation
mutants were performed. Due to the low expres-
sion levels (or lability) of the 1-218FLAG pro-
tein, a maximum of threefold expression above
the endogenous level of full-length Gene33
(vector control) was all that could be obtained,
and this resulted in a significant decrease in
Elk-dependent transcription as did expression
of this truncated Gene33 at a level equivalent to
the endogenous full-length Gene33 (onefold;
Fig. 2B). A much higher level of 219-459FLAG
was obtained, reaching maximum levels of 12-
fold above the endogenous level of full-length
Gene33. Moderate levels of 219-459FLAG
overexpression (two- or threefold) resulted in
substantial (4.1- and 4.6-fold, respectively) in-
creases in Elk-dependent transcription, which
decreased towards the basal level at higher
levels of 219-459FLAG expression (greater or
equal to fivefold).

It has also been reported that Gene33 can
increase the activity of the related MAP Kinase,
JNK in 293 cells [Makkinje et al., 2000].
Thus, we asked whether Gene33 could modulate
JNK-dependent transcription. As with the

studies of Elk-dependent transcription, effects
of transfected Gene33 in the absence of external
stimuli were examined. A similar reporter co-
transfection system was used in these studies,
in which luciferase expression was driven by
a fusion protein consisting of the activation
domain of the mammalian c-Jun transcription
factor linked to the DNA binding domain of the
GALA4 transcription factor [Lin et al., 1995]. As
an additional control, luciferase activity in cells
transfected with only the Gal4-Luc vector was
less than 2% of co-transfection of Gal4-Luc and
Gal4-c-Jun, again confirming the requirement
for the fusion protein transcription factor in this
assay (data not shown). The present work also
indicates that there is no significant increase
of basal c-Jun-dependent transcription follow-
ing Gene33 co-transfection or PMA treatment
(Fig. 3A). Instead, at higher levels of Gene33
expression, 7.5- and 14-fold above control,
significant reductions in c-Jun dependent tran-
scription (27% and 45%, respectively) were
observed. At 33-fold increased Gene33 expres-
sion, there was a reduction of 20%. Although
this was similar to the reductions at 7.5- and
14-fold Gene33 expression, due to experimental
variability, it did not reach statistical signifi-
cance. Unlike the findings where PMA induced
Elk-dependent transcription (Fig. 2A), c-Jun
dependent transcription was not induced by
PMA (Fig. 3A, lower panel). Co-transfection
with the constitutively active form of Cdc42
(V12-Cdc42) resulted in a modest stimulation of
c-Jun dependent transcription.

In light of the lack of stimulatory effect of full-
length Gene33 on c-Jun dependent transcription,
our attempt to identify a portion of Gene33
responsible for alterations in c-Jun-dependent
transcription yielded somewhat unexpected
results. The modest overexpression of 1-
218FLAG that was achievable caused a modest
decreasein c-Jun-dependent transcription. How-
ever, expression 0f219-459FLAG atlevelsfrom 2-
fold to the maximum 12-fold above control level
yielded significant increases in c-Jun-dependent
transcription of 2.1- to 3.5-fold, respectively,
above empty vector controls (Fig. 3B).

DISCUSSION

In the present work, we have demonstrated
alterations in steady state levels of transfect-
ed, exogenously expressed Gene33. A specific
polyclonal antiserum was used to compare the
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Fig. 3. Regulation of c-Jun-dependent-transcription by Gene33
protein expression. 293 cells were transfected with the pGal4-c-
Jun and pGal4-Luc reporter constructs along with the (A)
Gene33WT, 1-459FLAG (WT or FL, respectively), or V12-
Cdc42 expression constructs or (B) the 1-218FLAG or 219-
459FLAG constructs. The relative expression level of Gene33
protein (derived from Western blot experiments) is indicated on
the x-axis. In (A), x-axis value 1 indicates no exogenous
expression of Gene33. PMA indicates treatment of VC cells with
0.1 pg/ml PMA for 5 h. In (B), vector control (VC) indicates no
expression of truncated proteins. Mean changes in luciferase
activity compared to empty vector controls (y-axis) from three or
more separate experiments is presented along with SEM.
$P < 0.05 versus vector control; ®P < 0.001 versus vector control
(amount of total plasmid held constant by varying amounts
of empty vector). In a typical experiment, values between
2-5x 10° (A) and 4-15 x 10° (B) RLU/uug were obtained.

levels of FLAG-tagged as well as non-tagged,
Gene33WT proteins to the endogenously ex-
pressed Gene33 protein. Further, comparisons
of the expression levels of FLAG-tagged trunca-
tion mutant constructs were made using anti-
FLAG serum.

The levels of exogenously expressed Gene33
protein observed in the present work are well
within the range of endogenous expression
levels of this gene. The most pronounced effects
were observed when the full-length Gene33
protein was expressed at levels 15-fold or less
compared to basal levels. In previous studies,
we have described changes in Gene33 mRNA of
roughly 10—15-fold in response to calcium iono-
phores, glucocorticoids, insulin, or retinoic acid
treatment of rat hepatoma cells, and combina-
tions of inducers can result in over a 50-fold
induction of Gene33 mRNA [Messina, 1989;
Weinstock et al., 1992; Kent et al., 1994].

The reporter assay system used in the present
studies allows for detection of subtle changes in
MAPK pathway activity, resulting in expres-
sion of the luciferase enzyme. In support of this,
Elk-dependent transcription was strongly acti-
vated by PMA, and inhibited by N17-Ras, cor-
responding with their well-established effects
on ERK activation [Li et al.,, 1998]. Recent
reports indicate that the human Gene33 homo-
log interacts with members of the ErbB family,
interfering with their capacity to activate
the MEK-ERK pathway in a ligand-dependent
fashion [Hackel et al., 2001; Fiorini et al., 2002].
Our novel finding that increased Gene33
expression resulted in increased basal Elk-
dependent transcription, in the absence of
ligand stimulation, therefore differs from pre-
vious works. This indicates that increased
levels of Gene33 result in an elevated basal
(unstimulated) level of activity of the MEK-
ERK pathway.

Previous studies in our laboratory have
demonstrated that in rat hepatoma cells, an
initial activation of the MEK-ERK pathway can
prime this pathway and enhance the effect of a
secondary cellular stimulation [Keeton et al.,
2002, 2003]. Since treatments, such as insulin,
glucocorticoids, or retinoic acid, can increase
endogenous Gene33 expression, this may sug-
gest that Gene33 plays a role in enhancing
MEK-ERK dependent effects of some stimuli. In
contrast, Gene33 limits MEK-ERK activation
by ligands of the ErbB family of receptors in
fibroblasts and human breast cancer cells
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[Hackel et al., 2001]. Future studies will need to
determine if Gene33 can affect the specificity of
MEK-ERK activation by different stimuli or can
alter MEK-ERK activation in a cell/tissue
specific manner.

Our results indicate that Gene33’s capacity to
induce Elk-dependent transcription resides in
the C-terminal domain, since the 219-459FLAG
construct also induced Elk-dependent tran-
scription. In contrast, expression of the N-
terminal 1-218FLAG construct caused a slight
reduction in Elk-dependent transcription. The
C-terminal portion of Gene33 encodes binding
domains for SH3 domain containing proteins
and the 14-3-3 protein [Fiorentino et al.,
2000; Makkinje et al., 2000]. We suspect that
the presence of these motifs may account for
Gene33’s activation of the MEK-ERK pathway.
Specifically, it has been reported that 14-3-3
proteins interact with Raf-1, an upstream
activator of the MEK-ERK pathway, stabilizing
an inactive (phosphorylated) form of the pro-
tein. Disruption of this Raf-1:14-3-3 interaction
exposes an inhibitory domain to dephosphoryla-
tion, in turn allowing full activation of the
kinase [Dhillon et al., 2002]. Thus, at moderate
levels, Gene33 may compete with Raf-1 to bind
14-3-3 proteins, allowing a greater proportion
of Raf-1 to be active, in turn increasing basal
MEK-ERK activity and Elk-dependent tran-
scription. However, when expression of either
full-length or the C-terminal portion of Gene33
is very high, the presence of an excess of SH3-
binding domains may interfere with productive
interactions of SH3 domain containing proteins
in the MEK-ERK cascade [Cohen et al., 1995].
Due to the lack of availability of antisera, there
has been little data published on the expression
level of the Gene33 protein. In certain circum-
stances (with multiple inducers of the gene),
Gene33 mRNA can be increased greater than
30-fold. Significantly, the more normal induc-
tion is 5- to 15-fold by a single hormone or
growth factor, in the range of changes in protein
being discussed in the present experiments
[Messina, 1994].

Makkinje et al. [2000] observed a significant
increase in activation of exogenously expressed
JNK when Gene33 was co-expressed. Our data
seem to contradict these findings, in that over-
expression of Gene33 at modest or even very
high physiologic levels did not increase c-Jun-
dependent transcription. In fact, in the present
work, intermediate Gene33 levels significantly

inhibit transcriptional output from this path-
way. This discrepancy may be due to the fact
that in the present work, levels of JNK were not
altered by exogenous expression, and therefore
suggest that relative levels of Gene33 may have
a different effect on endogenous JNK.

This finding is consistent with the observa-
tion that activities of the MEK-ERK and JNK
pathways may be reciprocally regulated by a
given stimulus [Robinson and Cobb, 1997]. For
example, withdrawal of trophic factors or ex-
pression of SHP-2 causes inhibition of the ERK
pathway and enhanced activity of the JNK and
p38 pathways [Xia et al., 1995; Shi et al., 1998].
Thus, our findings that expression of Gene33
resulted in different effects on processes down-
stream of ERK and JNK are consistent with the
hypothesis that alterations in the balance of
activity of the MAPK pathways determine ce-
llular responses to stimuli [Robinson and Cobb,
1997; Keeton et al., 2002].

The CRIB and SH3 binding domains present
in Gene33’s N-terminal domain imply that it
could activate signaling through the JNK path-
way. The CRIB domain containing N-terminal
portion of Gene33 then might function as a
dominant negative protein, reducing activation
of this pathway, because Gene33 has been pre-
viously demonstrated to bind small GTPases
[Makkinje et al., 2000]. However, our finding
that the N-terminal portion of Gene33 only
modestly altered c-Jun-dependent transcrip-
tion was consistent with a previous report in
which the N-terminal portion of Gene33 did
not activate JNK [Makkinje et al., 2000]. Thus,
the role, if any, of the CRIB domain containing
N-terminal portion of Gene33 in the JNK path-
way is not likely to be of great importance. In
contrast to the lack of stimulatory effects of
the full length or 1-218FLAG constructs, the C-
terminal 219-459FLAG protein induced signi-
ficant increases in c-Jun-dependent transcrip-
tion. This finding extends those in previous
work, which demonstrated that the C-terminal
portion of Gene33 is able to increase the activity
of JNK [Makkinje et al., 2000]. Thus, further
studies are required to clarify if the C-terminal
portion of Gene33 functions as a JNK activation
domain as previously proposed and how this
function is modified in the intact protein.

In summary, we have presented evidence
that alterations in Gene33 expression regulate
MEK-ERK pathway-directed Elk-dependent
transcription. This property of Gene33 appears
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to reside in its C-terminal region. Our results
further indicate that no such functional (tran-
scriptional) output is exerted by full-length
Gene33 on basal JNK-associated c-Jun-depen-
dent-transcription.
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