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Abstract

The guanine nucleotide exchange factor C3G (RAPGEFI) regulates proliferation, migration, and differentiation of cells and is essential for mammalian
embryonic development. The molecular effectors of C3G dependent functions are poorly understood. Here we report that C3G functions as a
negative regulator of B-catenin, a major player in pathways known to be deregulated in human cancers. In mammalian cells, C3G is present in a
complex with cellular B-catenin. The proline rich Crk binding region of C3G and residues 90-525 of B-catenin are sufficient for the interaction.
Knockdown of cellular C3G stimulated, and its overexpression repressed, 3-catenin/TCF transcription activity. C3G acts by destabilizing 3-catenin
protein and inhibiting its nuclear accumulation. Nuclear extracts of C3G overexpressing cells showed reduced binding to TCF consensus oligos.
C3G exerts its effects independent of its function as an exchange factor. It also inhibits stability and activity of an N-terminal deletion construct of f3-
catenin that is not subject to GSK3f dependent phosphorylation, suggesting that C3G exerts its effect independent of GSK3p. $-catenin repression
by C3G was not significantly altered in the presence of proteasome inhibitors, MGI32 or lactacystin, suggesting that alternate mechanisms are
engaged by C3G to cause P-catenin turnover. C3G expression represses -catenin target gene expression, and stable clones of MCF-7 breast
cancer cells expressing C3G showed reduced migration. Activation of cellular 3-catenin or expression of constitutively active 3-catenin resulted in
reduced C3G expression, indicating that C3G gene expression is negatively regulated by -catenin. Our results identify a novel property of C3G in
functioning as a negative regulator of $-catenin signaling by promoting its degradation. In addition, we show that -catenin inhibits C3G expression,

forming a feedback loop.
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Introduction

By virtue of its function as a component of cell-cell junc-
tions and as a modulator of transcription, (-catenin is
involved in regulating a variety of cellular properties. The
pool of cytosolic B-catenin that is a component of the deg-
radation complex consisting of Axin, APC, and GSK3p is
under rapid turnover, being controlled by phosphorylation
and the ubiquitin proteasome system.' CK1 and GSK3f
phosphorylation sites, as well as ubiquitin sites targeted by
B-TrCP, are present in the N-terminal of B-catenin.” In
response to Wnt/TGF-f signaling or inactivation of the
kinase GSK3p, B-catenin is stabilized and activated by
nuclear translocation to regulate transcription of down-
stream targets by complexing with TCF/LEF. N-terminal
deletion of B-catenin makes it refractory to phosphorylation
and shows constitutive activity.” Major targets are genes
that regulate embryonic development, cell proliferation,
survival, and migration like cyclin D1, matrilysin, cMyc,
1d2, transferrin receptor (TfR), Akt, Cox2, and Survivin.*®
Therefore, aberrant -catenin activation is associated with
tumorigenesis and metastasis. Mutations in -catenin or
components of its degradation complex result in aberrant

overexpression of B-catenin seen in a large number of
human solid tumors.”

Regulation of gene expression by B-catenin has primar-
ily been associated with transcriptional activation, but a few
studies have shown that fB-catenin can also repress target
genes.®” P-catenin signaling is evolutionarily conserved
and regulates embryonic development. Knockout mice
show early embryonic lethality with embryos not develop-
ing beyond 6.5 to 7.5 days post coitum.'’ Transgenic mice
with constitutively active B-catenin and tissue specific acti-
vation of B-catenin show embryonic lethality, indicating
that maintaining optimal levels of B-catenin is essential for
proper cell fate determination.''> In adult cells, p-catenin
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regulates morphology, proliferation, and differentiation.
Proteins interacting with -catenin can modulate its stabil-
ity and function. Some molecules like 14-3-3C are activa-
tors, and others like ICAT, Dickkopf, Axin, and HIF-1a are
inhibitors."*"* B-catenin function can be repressed by sev-
eral mechanisms, such as decrease in protein stability, inhi-
bition of its nuclear translocation, inhibition of binding
to TCF, enabling engagement with repressive factors,
and exosome mediated release.'® Alternate mechanisms
of B-catenin degradation, independent of GSK3[ phosphor-
ylation, also have been described. The p53 target Siah-1,
which binds ubiquitin conjugating enzymes, has been
shown to cause P-catenin degradation independent of
GSK3p phosphorylation and B-TrCP mediated proteoly-
sis.!” Understanding B-catenin regulation by cellular pro-
teins belonging to various signaling pathways would help
in delineating its functions related to development, cell fate
determination, and tumor growth.

The guanine nucleotide exchange factor (GEF) C3G is
ubiquitously expressed and relays a variety of extracellular
signals to regulate functions like cytoskeletal remodeling,
adhesion, migration, proliferation, apoptosis, and transfor-
mation.'"® C3G is a multidomain protein and has functions
dependent on its catalytic domain and protein interaction
domains. It has been shown to function as an exchange fac-
tor for Ras family GTPases, Rapl, Rap2, R-Ras, and the
Rho family GTPase, TC10."® Proline rich sequences present
in its central domain are responsible for interaction with
SH3 domain containing proteins like Crk, Grb2, p130Cas,
Hck, and c-AbL.""* More recently, this domain has been
shown to interact with actin and TC-PTP, molecules lacking
SH3 domains.**** Sequences in the N-terminus are involved
in its interaction with E-cadherin,”® a molecule involved in
maintenance of cell junctions. Endogenous as well as over-
expressed C3G localizes primarily to the cytoplasm®’ and
shows membrane association upon receptor activation.”®* Its
association with endosomes has been shown in neuronal
cells.*® C3G function is regulated through protein-interaction,
phosphorylation, and actin cytoskeletal dynamics.'®

C3G is essential for mammalian embryonic develop-
ment as C3G knockout mice show early embryonic lethal-
ity.’! Lack of C3G appears to result in defects in multiple
systems during development.* C3G null fibroblasts are
defective in cell adhesion and migration.”’ C3G dependent
signaling has been shown to promote or inhibit cell prolif-
eration in a cell type dependent manner.**> Independent
of its catalytic function, C3G shows transformation sup-
pression properties that may be significant in the context
of cancer development.”’ Recent studies have shown
an association of deregulated C3G levels with certain
human cancers.*®** To understand the molecular effectors
and pathways engaged by C3G in signaling to inhibit cell
proliferation and migration, we examined its ability to mod-
ulate B-catenin signaling functions. We show that C3G
physically and functionally interacts with B-catenin and

plays a repressive role in its activation by enhancing degra-
dation, independent of GSK3f mediated phosphorylation.
In addition, we show that B-catenin activation results in
repression of C3G mRNA and protein levels, suggesting
reciprocal regulation between C3G and [3-catenin.

Results

C3G complexes with and inhibits transcriptional activity of
[B-catenin. A large number of cellular proteins that regulate
B-catenin activity form complexes with B-catenin. We
therefore investigated whether C3G could interact with cel-
lular B-catenin by examining its co-precipitation with C3G
from cell lysates. GFP-tagged full-length C3G and a dele-
tion variant having only its proline-rich central Crk binding
region (CBR) (Fig. 1a) were expressed in HEK 293T cells
and lysates used for immunoprecipitation, followed by
Western blotting. Cellular B-catenin co-precipitated with
both C3G and CBR, indicating that the central domain of
C3G was sufficient for the interaction (Fig. 1b). A higher
amount of B-catenin complexed with full-length C3G, sug-
gesting that other domains of C3G may also aid in complex
formation. Deletion constructs of B-catenin lacking the
N-terminal regulatory domain or C-terminal transactivation
domain could also form a complex with CBR, indicating that
interaction was not dependent on N-terminal or C-terminal
domains of B-catenin (Suppl. Fig. S1, b and d). The interac-
tion between C3G and B-catenin was examined in an in
vitro binding assay using purified recombinant GST-CBR
fusion protein and cell lysates expressing AN f-catenin or
AC 525 B-catenin. Both deletion proteins interacted with
GST-CBR but not with GST (Suppl. Fig. S1, ¢ and e).

To test the functional relevance of the interaction of C3G
with B-catenin, we examined the possibility of C3G affect-
ing P-catenin transcriptional activity. Assays using
B-catenin/TCF-responsive luciferase reporter constructs
were used, which is a well-established readout for B-catenin
activity. Cells were transfected with either control or C3G
plasmid along with reporter constructs and cellular
B-catenin activation induced by LiCl, an inhibitor of
GSK3B.* C3G expression caused a dose-dependent decrease
in TCF reporter activity (Fig. 1c). Knockdown of cellular
C3G levels using small hairpin RNA (ShRNA) enhanced
LiCl induced cellular B-catenin activation (Fig. 1d). These
results indicated that cellular C3G negatively regulates
B-catenin activity. Crk binding region of C3G, which was
sufficient for interaction with [-catenin, also showed
repression of LiCl induced TCF promoter activity (Fig. le).
An increase in endogenous f-catenin in response to LiCl
treatment was confirmed by Western blotting. These results
indicated that the effect of C3G on B-catenin activity was
independent of its exchange factor activity.

C3G reduces protein levels of B-catenin and its target genes.
The mechanism involved in C3G mediated reduction in
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Figure 1. C3G interacts with and downregulates transcription activity of 3-catenin/TCF. (a) Schematic shows domains of C3G in C3G-GFP and GFP-
CBR constructs. (b) Cellular B-catenin co-precipitates with C3G. Cell lysates of HEK 293T cells transfected with C3G-GFP or GFP-CBR were subjected
to immunoprecipitation with either GFP antibody or normal mouse IgG (Con), followed by Western blotting to detect the indicated proteins with the
corresponding antibodies. (c) Effect of C3G on transcription activity of B-catenin induced by GSK3p inhibition. Lysates of HEK 293T cells transfected
with reporter constructs along with pcDNA or C3G expression vector and treated with LiCl were used for luciferase assays. Relative luciferase activity
after normalization with -Gal is shown as mean £ SD. (d) Knockdown of endogenous C3G levels causes enhanced f3-catenin dependent promoter
activation. HEK 293T cells transfected with reporter constructs along with shRNA construct targeting C3G (ShC) or mutant shRNA (mShC) were either
left untreated or treated with LiCl. Cell lysates, made after 48 hours of expression, were used for luciferase assays and Western blotting to detect C3G
(right panel). Tubulin was used as a loading control. Relative luciferase activity after normalization with B-Gal is shown as mean + SD in the bar diagram.*P
< 0.01. (e) Crk binding region (CBR) of C3G is sufficient for repressing TCF activity. B-catenin dependent luciferase assay in HEK 293T cells expressing
GFP or GFP-CBR and treated with LiCl.Western blot was carried out using the lysates to confirm an increase in [3-catenin levels upon LiCl treatment.
Expression of GFP and GFP-CBR was detected by probing the corresponding regions of the blot with GFP antibody.

B-catenin activity was investigated by examining the effect ~ or GFP-CBR and 20 ng of GFP, and protein expression was
of C3G expression on B-catenin protein levels and turnover. examined. C3G as well as CBR caused a reduction in levels
Myc-B-catenin was co-expressed with pcDNA, C3G-GFP, of ectopically expressed -catenin (Fig. 2a). No effect was
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Figure 2. C3G reduces B-catenin protein and expression of $-catenin/TCF target genes. (a) Effect
of C3G on exogenously expressed -catenin protein levels. HEK 293T cells transfected with 200 ng
of B-catenin expression vector and 20 ng of GFP along with 200 ng of pcDNA, C3G-GFP, or GFP-
CBR expression vectors were lysed after 30 hours of expression and subjected to Western blotting
with the indicated antibodies. TR is a -catenin target gene. GFP and actin were used as transfection
and loading controls, respectively. Numbers indicate decrease in f-catenin and TfR levels in C3G
expressing cells relative to levels in control plasmid transfected cells. (b) Effect of C3G expression on
cellular B-catenin protein. MDA-MB-23 1 cells were transfected with 400 ng of C3G expression vector,
and cell lysates made after 48 hours of expression were subjected to Western blotting, along with
lysates from untransfected cells (UT), with the indicated antibodies. Numbers indicate quantitation
as in (a). () HEK 293T cells were transfected with 200 ng of B-catenin and 200 ng of pcDNA or
C3G and 20 ng of GFP vectors. Cells were treated with 40 pg/mL of cycloheximide after 10 hours
of expression for the indicated time periods. Cell lysates made at each time point were subject to
Western blotting with the indicated antibodies. Tubulin was used as loading control. (d) CBR domain
of C3G enhances turnover of endogenous f3-catenin. MDA-MB-231 cells transfected with 400 ng of
GFP or GFP-CBR were treated with 40 pug/mL of cycloheximide after 30 hours of expression for the
indicated time periods. Cell lysates made at each time point were subject to Western blotting with
the indicated antibodies.

C3G altered B-catenin protein stabil-
ity by analyzing [B-catenin protein
levels in the presence of cyclohexi-
mide (CHX), an inhibitor of protein
synthesis. Exogenously expressed
B-catenin showed enhanced degra-
dation in C3G expressing HEK 293T
cells compared with control plasmid
expressing cells (Fig. 2¢). C3G lev-
els were not significantly altered
during the course of CHX treatment.
C3G expression did not alter exoge-
nously expressed GFP levels, indi-
cating that the effect of C3G was
specific to P-catenin. Half-life of
overexpressed [-catenin calculated
from multiple experiments in C3G
expressing cells was 2.1 hours com-
pared with 4.9 hours seen in control
cells. Expression of CBR decreased
the stability of cellular B-catenin in
MDA-MB-231 cells, indicating that
C3G mediated its effect on 3-catenin
turnover independent of its catalytic
activity (Fig. 2d). These results also
indicated that C3G exerts its effects
on B-catenin through a post-transla-
tional mechanism.

C3G represses B-catenin indepen-
dent of GSK3p. C3G caused a repres-
sion in B-catenin activity induced by
LiCl, suggesting that C3G induced
effects on B-catenin were not medi-
ated through altering GSK3f activ-
ity. LiCl treatment resulted in an
increase in cellular B-catenin levels
(Fig. 3b). Expression of C3G in
HEK 293T cells reduced LiCl
induced [-catenin protein to an

seen on GFP or on cellular actin. C3G expression also
caused a reduction in cellular TfR levels, a target of
B-catenin that has a role in malignancy.*' To rule out the
possibility of variable B-catenin plasmid transfection, the
effect of C3G overexpression on endogenous 3-catenin was
examined in MDA-MB-231 breast cancer cells. C3G over-
expression resulted in a reduction in B-catenin and also a
concomitant decrease in its target, Akt (Fig. 2b). C3G
expression did not alter B-catenin transcript levels as exam-
ined by quantitative and semiquantitative RT-PCR (Suppl.
Fig. S2, a and b).

Cellular B-catenin protein is under constant turnover due
to proteasome-mediated degradation. We examined whether

extent similar to that seen in untreated cells (Fig. 3b). When
examined by indirect immunofluorescence, C3G express-
ing cells showed reduction in LiCl induced B-catenin stain-
ing in HEK 293T (Fig. 3c) as well as MCF-7 breast cancer
cells (Suppl. Fig. S2¢). C3G induced reduction in endoge-
nous B-catenin was seen in both nuclear and cytoplasmic
compartments. The effect of C3G on an N-terminal deletion
mutant of B-catenin (AN [-catenin) (Fig. 3a) that is refrac-
tory to GSK3p mediated regulation was examined. C3G
repressed TCF promoter activity induced by B-catenin as
well as AN B-catenin (Fig. 3e). A decrease in AN B-catenin
protein observed upon coexpression of CBR in HEK 293T
cells suggested that N-terminal regulatory domain of
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Figure 3. C3G represses [3-catenin independent of GSK3p. (a) A schematic showing full-length B-catenin and constitutively active AN f-catenin. Stars
indicate serine residues phosphorylated by CK| and GSK3p. (b) CBR represses exogenously expressed [3-catenin protein under conditions of GSK3f3
inhibition. Lysates of HEK 293T cells expressing myc tagged full-length B-catenin along with GFP or GFP-CBR and treated with LiCl were subject to
Western blotting to detect the indicated proteins with antibodies. (c¢) C3G overexpressing cells showed reduced staining for cellular 3-catenin induced
by LiCl treatment. HEK 293T cells transfected with pcDNA C3G were treated with 50 mM LiCl after 6 hours of expression and fixed after 30 hours
of expression followed by indirect immunofluorescence to detect C3G and B-catenin expression. Arrows indicate some C3G expressing cells. The C3G
antibody used does not detect endogenous C3G under the conditions of our experiment. Bar, 20 pm. (d) CBR domain of C3G represses [-catenin
protein lacking its N-terminal regulatory domain. AN B-catenin protein levels were examined in HEK 293T cells co-expressing pcDNA or GFP-CBR in
the presence or absence of LiCl. (e) C3G inhibits activity of AN B-catenin. Lysates of HEK 293T cells transfected with reporter constructs and 100 ng
of pcDNA or C3G along with 100 ng of B-catenin or AN B-catenin expression vectors were used for luciferase assays. Relative luciferase counts after
normalization with 3-Gal are shown as mean =+ SD in the bar diagram.

[-catenin is not necessary for C3G mediated destabilization
of B-catenin protein (Fig. 3d). As expected, LiCl treatment
had no effect on AN B-catenin levels, and CBR expression
resulted in reduced AN B-catenin levels even in the pres-
ence of LiCl. These results indicated that C3G exerts its
effects on B-catenin downstream of GSK3§.

It is known that many proteins that inhibit B-catenin
activity, like APC and Axin, do so by reducing its nuclear
levels.”” We examined whether C3G expression, in addition
to reducing p-catenin stability, has an effect on its

nucleocytoplasmic exchange. Cytoplasmic and nuclear
fractions of cells with or without C3G overexpression were
examined for co-expressed -catenin in untreated and LiCl
treated cells. LiCl causes nuclear translocation of 3-catenin
in addition to stabilization of the protein. C3G expression
reduced nuclear levels of B-catenin in both untreated and
LiCl treated cells (Fig. 4a). PARP and calnexin were used as
markers for nuclear and cytoplasmic fractions, respectively.
Endogenous levels of B-catenin protein in the nucleus
induced by LiCl treatment were also significantly reduced
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Figure 4. C3G reduces nuclear levels of B-catenin. (a) Effect of C3G expression on exogenously expressed B-catenin in nuclear and postnuclear
fractions (PNS). C3G was co-expressed with myc 3-catenin in HEK 293T cells and -catenin protein analyzed in whole cell lysate (WCL), nuclear (N), and
postnuclear fractions (PNS) in untreated or LiCl treated cells. Actin was used as loading control. Calnexin and PARP are used as markers for establishing
purity of postnuclear and nuclear fractions, respectively. Relative change in 3-catenin in subcellular fractions upon C3G expression is shown in bar diagram.
(b) Effect of C3G and CBR expression on endogenous nuclear f3-catenin levels in cells treated with LiCl. HEK 293T cells expressing GFP, C3G-GFP, or
GFP-CBR were treated with LiCl,and cellular B-catenin levels in nuclear and postnuclear fraction were examined by Western blotting. Calnexin and PARP
are used to ascertain the purity of PNS and N fractions, respectively. Relative change in -catenin in subcellular fractions upon C3G-GFP or GFP-CBR
expression is shown in bar diagram. (c) Nuclear extracts from C3G expressing cells show reduced binding to TCF binding consensus oligo. EMSA was
performed using nuclear extracts of untransfected or C3G transfected HEK 293T cells with or without LiCl treatment and TCF binding consensus (wild-
type) or mutant oligo. Specificity of the band is shown by using 100-fold molar ratio excess of unlabeled oligo (cold). Lanes | and 10 are devoid of nuclear
extracts. Numbers on the figure indicate relative change in band intensity upon C3G expression.
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(Fig. 4b). Quantitation showed that C3G induced overall
reduction in cellular B-catenin levels was primarily due to
reduction in nuclear levels.

Because C3G reduced [-catenin in the nucleus, we
examined whether it affected binding of B-catenin-TCF
complexes to target sequences. Electrophoretic mobility
shift assay (EMSA) was carried out using oligonucleotides
corresponding to TCF binding consensus sequence and
nuclear lysates from C3G expressing and nonexpressing
cells, with and without LiCl treatment. C3G expressing
nuclear lysates showed reduced binding to TCF target
sequence (Fig. 4c). Specificity of the interaction was shown
by competition with cold probe and using mutant oligos.

Proteasome inhibition does not significantly affect C3G medi-
ated B-catenin repression. Ubiquitin dependent proteasomal
degradation is the primary mechanism in regulating cellular
B-catenin levels. One possible mechanism by which C3G
enhances [-catenin turnover could be by increasing
B-catenin ubiquitination. This was tested by immunoblot-
ting P-catenin immunoprecipitates from MG132 treated
cells expressing B-catenin with or without C3G. Increased
levels of high molecular weight ubiquitin conjugates were
seen in B-catenin immunoprecipitates from cells expressing
C3G compared with those not expressing C3G (Fig. 5a).

We therefore examined whether C3G mediated B-catenin
turnover was mediated through proteasomal degradation.
Treatment of HEK 293T cells with 10 pM MG132 or 60
uM lactacystin for 8 hours resulted in enhanced B-catenin
protein levels (Fig. 5b). We observed that C3G expression
caused repression of exogenously expressed -catenin pro-
tein to a similar extent in the presence or absence of both
the proteasome inhibitors. Similar effect of CBR was seen
on AN B-catenin (Fig. 5c). Endogenous B-catenin levels
were also repressed by CBR in the presence of MG132
(Fig. 5¢ and Suppl. Fig. S3). A partial increase in endoge-
nous PB-catenin seen in MG132 treated C3G expressing cells
compared with untreated cells is attributed to the enhanced
B-catenin levels in cells that do not express C3G. Transfec-
tion efficiency under our experimental conditions is about
50% in HEK 293T and 20% in MDA-MB-231 cells. These
results suggest that C3G engaged proteasome independent
mechanisms to cause P-catenin degradation. It was also
seen that the effect of CBR on AN B-catenin was not altered
in the presence of lysosomal inhibitor NH4C1 (Fig. 5d).
Lysosomal inhibition did not rescue AN B-catenin activity
as seen by its effects on the expression of cellular TfR. As
expected, constitutive levels of TfR show an increase upon
lysosomal inhibition,” but no effect was seen on AN
B-catenin induced levels.

C3G expression reduces motility of breast cancer cells. The
consequence of C3G expression in regulating cellular

behavior was examined by generating stable clones of
MCF7 cells expressing GFP or C3G-GFP (Fig. 6a).
B-catenin levels were examined and found to be 85% of
those seen in GFP expressing clones (Fig. 6b). C3G expres-
sion resulted in reduced levels of B-catenin even under con-
ditions of LiCl stimulation. The consequence of C3G
expression was examined on cell migration, a property
dependent on -catenin activity, using wound healing assay.
C3G expressing cells showed a significantly lower rate of
wound healing compared with GFP expressing clones (Fig.
6¢). In the C3G-GFP clones, cells with high levels of
expression showed slower migration compared with weakly
expressing cells.

[-catenin activation causes reduction in cellular C3G levels.
Since C3G showed properties of negatively regulating
[-catenin function, we examined the consequence of acti-
vating B-catenin signaling on cellular C3G levels. B-catenin
signaling can be initiated either by GSK3p inhibition or by
expressing constitutively active B-catenin mutants. LiCl
treatment resulted in an increase in cellular B-catenin lev-
els and a decrease in C3G levels in both MCF-7 and MDA-
MB-231 cells (Fig. 7a). Reduction in C3G levels was also
observed upon treatment of MCF-7 cells with another
GSK38 inhibitor, BIO (Fig. 7b). C3G levels in both nuclear
and cytoplasmic compartments showed a decrease upon
LiCl treatment in MDA-MB-231 cells (Suppl. Fig. S4).
The decrease in C3G level was not due to proteasome
dependent degradation, as treatment with MG132 did not
reverse the effects of LiCl (Fig. 7¢). We therefore tested
whether LiCl effects on C3G were mediated at the tran-
scription level. C3G gene expression was examined by
semiquantitative RT-PCR in cells treated with or without
LiCl. C3G transcript levels showed a decrease upon LiCl
treatment in MCF7, MDA-MB-231, and HEK 293T cells
(Fig. 7d), indicating that cellular C3G levels are repressed
at the transcriptional level upon stimulation of B-catenin
signaling. To confirm that the effect on C3G transcription
was mediated through activation of -catenin, we exam-
ined cellular C3G levels upon expression of a constitu-
tively active variant of B-catenin, AN B-catenin. HEK 293T
cells expressing AN [-catenin showed a significant reduc-
tion in C3G protein levels, indicating that B-catenin nega-
tively regulates C3G (Fig. 7¢). We therefore hypothesized
that C3G expression would be repressed in cells that show
constitutively high B-catenin levels. For this purpose we
compared protein and mRNA expression in SW620 colon
cancer cells that possess APC mutation resulting in high
B-catenin activity.** C3G protein levels (Fig. 7f) as well as
transcript levels (Fig. 7g) were low in SW620 cells com-
pared with those in other cell types with moderate [3-catenin
expression, indicating that B-catenin functions to transcrip-
tionally repress C3G.
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Figure 5. C3G causes repression of B-catenin levels under conditions of proteasomal inhibition. (a) C3G co-expression enhances ubiquitination of f3-
catenin. HEK 293T cells transfected with myc tagged B-catenin along with pcDNA or C3G expression constructs were treated with MG 132 and subject
to immunoprecipitation using myc antibody or normal mouse IgG (Con) followed by Western blotting to detect the indicated proteins with antibodies.
(b) C3G represses co-expressed B-catenin protein independent of proteasomal degradation. HEK 293T cells were transfected with 200 ng of -catenin
and 200 ng of pcDNA or C3G expression constructs and were either left untreated (UT) or treated with MGI32 or lactacystin for 8 hours after 22
hours of expression. Cell lysates were subject to Western blotting to detect the indicated proteins.Actin was used as loading control. Bar diagram shows
relative change in -catenin levels due to C3G expression. (c) HEK 293T cells were transfected with 200 ng of AN B-catenin and 200 ng of pcDNA or
CBR-GFP along with 20 ng of GFP expression constructs and treated as in (b). Cell lysates were subject to Western blotting to detect the indicated
proteins.Arrow and arrowhead indicate endogenous [3-catenin and overexpressed AN -catenin, respectively. GFP was used as transfection control and
actin as loading control. Bar diagram shows densitometric analysis of relative change in endogenous f3-catenin and AN f-catenin levels due to GFP-CBR
expression. (d) CBR induced B-catenin repression is independent of lysosomal degradation. HEK 293T cells were transfected as in (c) and treated with 20
mM NH Cl after 6 hours of expression. Cell lysates made after 30 hours of expression were subject to Western blotting to detect the indicated proteins
with antibodies. Cellular TfR was examined to show effect of NH,Cl treatment.

Discussion been of key importance. Using ectopic expression and
Disruption of B-catenin signaling is a primary strategy for ~ knockdown strategies, we reveal a role for the guanine
prevention of carcinomas.* Therefore, understanding how  nucleotide exchange factor C3G as a negative regulator of
cellular B-catenin stability and function are regulated has p-catenin. There were 6 principle findings indicating



572

Genes & Cancer / vol 3 no 9-10 (2012)

()

Phase

C3G-GFP

GFP
GFP--

(©)

MCF-7 GFP
GFP phase merge

0 hr
12 hr
24 hr

©

C 12

>

o

= I —— GFP

B 0.8 -a- C3G-GFP

@©

9 0.6 -

(0]

o 04 -

>

= 0.2 4

KW

q) ° T T 1

x 0 10 20 30

Time (hours)

(b)

GFP  GFP-C3G

C3G | e e
b 1 218 0.85 1.64
GFP | = c— g
ACHn e s — —

LiCl + +

MCF-7 C3G-GFP

GFP merge

Figure 6. Stable expression of C3G inhibits motility of MCF-7 cells. (a) Live cell images of MCF-7 clones stably expressing GFP or C3G-GFP. Bar, 50 um.
(b) Endogenous B-catenin expression in MCF-7 clones. MCF-7 clones stably expressing GFP or C3G-GFP were either left untreated or treated with LiCl
and lysed after 24 hours of treatment. Cell lysates were subject to Western blotting to detect the indicated proteins with antibodies. (c) Effect of C3G
expression on cell motility. Wound healing assay was performed on MCF-7 clones stably expressing GFP or C3G-GFP. Live cell images were taken after
indicated time periods of making the wound. Graph shows relative wound area with respect to time averaged from 3 wounds each from 2 independent
experiments. Student t test was performed to test the significance of difference in wound area. Bar, 50 pm. *P < 0.05.

physical and functional interaction between C3G and
-catenin: (1) C3G and B-catenin co-precipitate from cell
lysates; (2) C3G overexpression represses and its knock-
down enhances P-catenin/TCF transcription activity; (3)
C3G induced inhibition of B-catenin activity correlates with

reduction in B-catenin/TCF target gene expression; (4) C3G
expression decreases stability of overexpressed as well as
endogenous [-catenin; (5) C3G expression decreases
nuclear levels of B-catenin; and (6) nuclear extracts from
C3G transfected cells show weaker interaction with TCF
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Figure 7. B-catenin activation reduces cellular C3G levels. () Increase in cellular B-catenin levels by GSK3p inhibition results in reduced C3G levels.
C3G and B-catenin levels determined by Western blotting in MCF-7 and MDA-MB-231 cells treated with LiCl. CDK2 was used as a loading control. (b)
C3G and B-catenin levels in MCF-7 cells treated with BIO, a specific inhibitor of GSK3f. UT, untreated. (c) 3-catenin activation induces reduction in C3G
levels independent of proteasomal degradation. C3G and B-catenin levels were examined under conditions of LiCl and MG 132 treatment in MCF-7 cells.
CDK2 was used as internal control. (d) Activation of B-catenin by LiCl treatment reduces C3G transcript levels. MCF-7, MDA-MB-231, and HEK 293T
cells were treated with 50 mM LiCl, and cells were lysed after 24 hours for RNA isolation. cDNA was prepared from RNA followed by semiquantitative
PCR using primers designed for GAPDH and C3G. (e) Expression of a constitutively active variant of $-catenin reduces cellular B-catenin protein levels.
Cell lysates of HEK 293T cells transfected with AN B-catenin for 48 hours were subject to Western blotting to detect C3G and [-catenin expression.
Actin was used as a loading control. UTr, untransfected. Bar diagram shows relative C3G levels as mean + SD from 3 experiments. (f) Comparative
C3G expression in cell lines. Cell lysates of MCF-7, MDA-MB-231, and SW620 cells were subject to Western blotting to detect the indicated proteins
with antibodies. SW620 cells show constitutively high 3-catenin activity due to APC mutation. (g) Semiquantitative PCR to detect C3G and GAPDH
transcripts in MCF-7, MDA-MB-23 |, HEK 293T, and SW620 cells.
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target sequences compared with untransfected extracts. As
increase in cell migration is an important property of
B-catenin, effects of C3G on P-catenin are reflected in the
reduced motility of stable clones of MCF-7 cells expressing
C3G.

Using immunoprecipitation assays, we show that cellu-
lar B-catenin forms a complex with C3G and that the central
proline rich Crk binding region of C3G is sufficient for the
interaction. The N-terminal regulatory sequences or C-ter-
minal transactivation domain of B-catenin and the catalytic
domain of C3G are not essential for the interaction. It there-
fore appears that the CBR domain of C3G can mediate
interactions with molecules lacking an SH3 domain. The
exact residues of B-catenin involved in the interaction are
yet to be deciphered, but we could conclude that residues
between 90 and 525 (which encompass ARM repeats 1 to
10) are sufficient. As a consequence of the interaction, C3G
functionally regulates [B-catenin dependent transcription
independent of its catalytic activity as a GEF. ShRNA medi-
ated knockdown of C3G resulted in enhanced LiCl induced
promoter activity, suggesting that endogenous C3G, which
shows predominant cytoplasmic localization similar to that
of overexpressed protein, also functions to repress tran-
scription activity of B-catenin.

Expression of C3G reduced cellular as well as overex-
pressed B-catenin protein without any effect on transcript
levels, indicating that regulation was mediated at a post-
translational level and not by affecting -catenin transcrip-
tion. C3G accelerates 3-catenin protein degradation as seen
by decreased half-life of exogenously expressed as well as
endogenous B-catenin in C3G expressing cells. In accor-
dance with its ability to interact with and affect B-catenin
transcription activity, the CBR domain was sufficient for
decreasing P-catenin stability. A role for C3G in limiting
proliferation of neural precursor cells in response to FGF2
has been described.”® Reduced C3G levels resulted in inhi-
bition of GSK3p, leading to enhanced B-catenin levels.
These events were shown to be dependent on Rap1 activa-
tion. It therefore appears that C3G can regulate B-catenin
activity by engaging mechanisms dependent on its catalytic
function as well as independent of its catalytic activity.

C3G mediated its effect on B-catenin independent of
GSK3p activity, as it was observed that C3G or CBR could
repress [-catenin protein as well as activity under condi-
tions of treatment with an inhibitor of GSK3[. This was
also evident from the fact that N-terminus of [B-catenin,
which enables its regulation by GSK3[3 and the proteasome,
was dispensable for the inhibitory effect of C3G on
B-catenin expression. Similar regulation has been shown
with respect to other inhibitor molecules like En-1, Psoria-
sin, and Nur77.*** Modification by ubiquitination of
lysines in the N-terminus of -catenin has been the major
mechanism involved in degradation of cellular B-catenin

through the proteasome.*” Coexpression of C3G enhanced
[-catenin ubiquitination, but it was seen that C3G could
cause f-catenin degradation even under conditions of pro-
teasome inhibition. C3G could decrease levels of AN
[-catenin, which lacks phosphorylation and ubiquitin sites
for B-TrCP mediated degradation. This degradation was not
rescued by proteasomal or lysosomal inhibitors, indicating
that alternate mechanisms may be engaged by C3G.
Although the proteases involved have not been defined,
ubiquitinated targets degraded by proteasome independent
pathways are known.”” As C3G primarily affected nuclear
levels of B-catenin, it is possible that C3G enhances its
nuclear export, or presently unknown mechanisms of pro-
tein degradation may be engaged by C3G in the nucleus. A
decrease in nuclear but not cytoplasmic B-catenin levels
upon curcumin treatment has been shown.”' Further work is
required to understand the mechanism involved in reduc-
tion of cellular B-catenin levels by C3G.

Many proteins in signaling pathways are often subject to
feedback regulation to either enhance or repress down-
stream effector functions. In our experiments, we observed
reduction in cellular C3G levels under conditions of
[-catenin activation and in cells that possess constitutively
high B-catenin activity. Although the C3G protein has been
studied extensively, its regulation at the transcriptional
level is poorly understood. Our results suggest that C3G
transcription is negatively regulated by -catenin. 3-catenin
mediated signaling primarily involves activation of genes
involved in cell proliferation and migration, but genes that
inhibit these processes like IGFBP-6, E-cadherin, and
15PGDH are repressed.™”** Several studies have shown
that in mammalian cells, C3G primarily functions to inhibit
cell proliferation and migration. An important role for C3G
in differentiation of various cell types has also been shown.'®
Activation of B-catenin signaling to achieve cell prolifera-
tion can therefore keep C3G levels repressed, thereby pre-
venting differentiation.

C3G can exert its effects as a negative regulator of cell
proliferation through MAPK as well as B-catenin signaling.
It can therefore be hypothesized that loss or downregulation
of C3G seen in certain human cancers may be associated
with deregulated B-catenin function. Although more work
is needed to elucidate the mechanism involved in C3G
mediated B-catenin degradation, our results suggest that
C3G’s role in embryonic development, migration, and dif-
ferentiation may be mediated through 3-catenin.

The present study therefore provides evidence for a
novel mechanism by which C3G can exert its effects as an
inhibitor of cell proliferation, migration, and oncogene
induced transformation independent of its catalytic activity.
C3G as well as B-catenin is essential for embryonic devel-
opment. Reciprocal regulation between them may aid in
suppression of unscheduled proliferation of cells required
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for tissue differentiation during development. The repres-
sion of cellular C3G levels upon GSK3f inhibition not only
will enable efficient accumulation of functional B-catenin
but also may lower the threshold of signals required for
activating the pathway, thereby aiding in sustained and
amplified signaling.

Materials and Methods

Cell culture, transfections, and treatments. HEK 293T,
MDA-MB-231, MCF-7, and SW620 were obtained from
American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured in DMEM containing 10% serum. Tran-
sient transfections were performed using Lipofectamine
Plus reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. Stable clones of MCF-7
cells expressing GFP or C3G-GFP were generated by selec-
tion of transiently transfected cells in 500 pg/mL G418 for
14 days. Clones were maintained in 100 pg/mL G418. Cells
were treated with LiCl (50 mM) or BIO (5 uM) (Calbio-
chem, San Diego, CA, USA) after 6 hours of transfections
for 24 hours. MG132 was from Calbiochem. Cyclohexi-
mide (Sigma, St.Louis, Missouri, USA) was used at 40 pg/
mL. Protease inhibitor cocktail was from (Roche, Basel,
Switzerland). Lactacystin (Calbiochem, San Diego, CA,
USA) was used at 60 uM for 8 hours.

Plasmids and antibodies. C3G, C3G-GFP, and myc tagged
full-length B-catenin have been described previously.’
Reporter constructs PGL3-OT having 3 copies of consen-
sus TCF binding sites upstream to luciferase and PGL3-OF
(having mutant sites) were a kind gift from Dr. Bert Vogel-
stein. pCMV sport B Gal construct was from (Gibco,
Carlsbad, CA, USA). AN B-catenin construct expressing
constitutively active B-catenin, lacking the first 89 resi-
dues, was a kind gift from Dr. Lynn Matrisian. Myc tagged
AC 525 B-catenin construct containing amino acids 1 to
525 was a kind gift from Dr. Marian Waterman. GFP-CBR,
which expresses the central Crk binding region of C3G
encompassing residues 281 to 648, was made by releasing
HindIII and Xhol fragment from pcDNA CBR and cloning
it into Sall and HindIII sites of EGFPC3. GST-CBR has
been described earlier.”’ ShC, expressing small hairpin
RNA targeting C3G and mShC (expressing ShRNA
mutant), has been described earlier.”® C3G (sc-869),
B-catenin, myc, a-tubulin, GFP, calnexin, and CDK2 anti-
bodies were from (Santa Cruz, California, USA). GAPDH
and actin antibodies were from (Millipore, San Diego, CA,
USA). Transferrin receptor, PARP, ubiquitin, and Akt anti-
bodies were from Invitrogen, Roche, Calbiochem, and
(Cell Signaling, Danvers, Massachusetts, USA), respec-
tively. Lamin B1 antibody was from(Abcam, Cambridge,
UK).

Western blotting, immunofluorescence, and imaging. Cell
lysates were made after 30 hours of transfections unless

mentioned otherwise. Immunofluorescence and Western
blotting methods have been described earlier.? Secondary
antibodies used were rabbit or mouse IgG tagged with
Alexa 488 (Invitrogen) and Cy3 (Amersham, Amersham,
UK). Quantitation of protein and RNA levels was deter-
mined by densitometric analysis of bands normalized with
the corresponding loading control. Images were taken using
Leica TCS SP-5 AOBS confocal microscope (Leica Micro-
systems, Mannheim, Germany) or Carl Zeiss Apotome with
Axioimager Z1 upright microscope and were analyzed by
Leica Application Suite or by Axiovision 4.4 (Carl Zeiss
Microscopy GmbH, Gottingen, Germany). For wound heal-
ing assay, confluent monolayer of cells was scratched with
a micropipette tip, and images of the wound were taken at
an interval of 12 hours using the 10x objective of a Carl
Zeiss Axiovert Live microscope. The average wound area
at various time points was determined from 2 independent
experiments conducted with at least 3 wounded areas.

Luciferase reporter assays. For luciferase reporter assay,
HEK 293T cells were transfected with 50 ng of pCMV-
SPORT-B-galactosidase, 150 ng of reporter construct
(PGL3-OT or PGL3-OF), and other expression constructs.
Reporter assay was performed using (Promega, Fitchburg,
Wisconsin, USA) luciferase assay kit following the manu-
facturer’s instructions. Luciferase reporter activity is shown
as mean = SD of results from at least 3 experiments after
normalization for corresponding [3-galactosidase activity.

Quantitative and semiquantitative RT PCR. RNA was made
using Trizol reagent (Sigma). cDNA was made using
Superscript first strand synthesis kit (Invitrogen). cDNA
was subjected to PCR for C3G and GAPDH using the same
master mix of template. Primers used for C3G were for-
ward, 5 TCCTCCTTCCGAGCCTAC 3’, and reverse, 5’
CCACCGCTTGGAGAAGTT 3'; those for GAPDH were
forward, 5' CACCAGGGCTGCTTTTAACTCT 3’, and
reverse, 5’ TTCCCGTTCTCAGCCTTGAC 3'. For quanti-
tative real-time PCR, the RNA was subjected to DNAse
treatment. Quantitative PCR for B-catenin and GAPDH
was performed. Primers used for (-catenin were forward,
5" CGGCTTTCAGTTGAGCTGAC 3', and reverse, 5'
CAAGGCATCCTGGCCATATC 3'.

Immunoprecipitation and cell fractionation. Nuclear and
postnuclear fractions of cells were prepared as described.”
HEK 293T cells transfected with the required plasmids
were lysed, and immunoprecipitation was carried out as
described.”!

GST pull-down assay. Escherichia coli BL-21 DE-3 cells
expressing GST or GST-CBR were induced by 1 mM IPTG
(Calbiochem) for 3 hours at 37°C. Preparation of cell
lysates and coupling of recombinant protein to glutathione-

agarose used for in vitro binding assay were performed as
described.”
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Electrophoretic mobility shift assay (EMSA). Nuclear
extracts of HEK 293T cells were made as described.’®
EMSA was performed as described®’ with some modifica-
tions. In the binding reaction buffer, 50 ng of poly dI-dC
and 2 ng of labeled oligo were used along with 3 pg of
nuclear extract. 100-fold molar excess of unlabeled oligos
were used for competition. The oligos, 5'-CCCTTT-
GATCTTACC (wild-type) having the consensus TCF bind-
ing site and 5'-CCCTTTGGCCTTACC (mutant) having
mutated binding site, were end-labeled in a poly nucleotide
kinase reaction using y"**ATP.
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