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Binding of APC to the Human Homolog
of the Drosophila Discs Large Tumor
Suppressor Protein

Akihiko Matsumine, Akiko Ogai, Takao Senda,
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The adenomatous polyposis coli gene (APC) is mutated in familial adenomatous polyposis
and in sporadic colorectal tumors, and its product binds to the adherens junction protein
B-catenin. Overexpression of APC blocks cell cycle progression. The APC—-B-catenin
complex was shown to bind to DLG, the human homolog of the Drosophila discs large
tumor suppressor protein. This interaction required the carboxyl-terminal region of APC
and the DLG homology repeat region of DLG. APC colocalized with DLG at the lateral
cytoplasm in rat colon epithelial cells and at the synapse in cultured hippocampal neurons.
These results suggest that the APC-DLG complex may participate in regulation of both

cell cycle progression and neuronal function.

The tumor suppressor gene APC is mutat-
ed in most cases of familial adenomatous
polyposis (FAP), a dominantly inherited
disease characterized by multiple adenoma-
tous polyps in the colon (I, 2). The APC
gene is also somatically mutated in the ma-
jority of sporadic colorectal tumors (2). Mu-
tation of APC is thought to be an early
event in tumorigenesis (3).

The product of APC is a 300-kD ho-
modimeric protein localized in the cyto-
plasm (4, 5). The APC protein interacts
with the adherens junction protein B-cate-
nin, which suggests that APC may be in-
volved in cell adhesion (6). APC also asso-
ciates with microtubules and with a protein
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of unknown function, EB1, in cells overex-
pressing transfected APC (7). Overexpres-
sion of APC blocks progression from the
Go-G; to the S phase of the cell cycle (8).

To identify other proteins that associate
with APC, we performed a two-hybrid
screen of a human brain cDNA library using
various regions of APC as “bait” (9). One
clone that scored positive for interaction
with the COOH-terminal region of APC
contained a portion of the cDNA encoding
DLG (amino acids 199 to 507), the human
homolog of the Drosophila discs large tumor
suppressor protein (10, 11). To confirm that
APC and DLG associate directly, we ex-
pressed each as a glutathione-S-transferase
(GST) fusion protein and examined its abil-
ity to interact with the other protein, pro-
duced by in vitro translation (Fig. 1). In
vitro—translated full-length DLG associated
specifically with the COOH-terminal do-
main of APC (amino acids 2475 to 2843,
APC-C369) fused to GST but not with GST
alone. Likewise, in vitro—translated APC-
C369 interacted with GST-DLG but not
with GST alone.

DLG contains three DLG homology re-
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Fig. 1. Association of APC with DLG in vitro (79);
N, NH,-terminal domain; R, DHR domain; GK,
guanylate kinase domain. (A) Left: In vitro-trans-
lated (IVT), 3°S-labeled DLG and APC and their
deletion derivatives containing the regions indicat-
ed in (D) were resolved by 15 to 25% gradient
SDS-PAGE and fluorography. Right: GST fusion
proteins purified by glutathione-Sepharose were
separated by SDS-PAGE and stained with Coo-
massie blue. GST-APC-C369, -C369A72, and
-C72 are GST-APC fragments containing amino
acids 2475 to 2843, 2475 to 2771, and 2772 to
2843, respectively. (B) Mapping of aregion in DLG
required for binding to APC. Left: In vitro—trans-
lated full-length DLG or truncated DLG was incu-
bated with GST- or GST-APC-C362—-Sepharose
and the absorbed proteins were separated by
SDS-PAGE. Right: Similar experiments were per-

formed with in vitro—translated APC-C369, GST, and GST-DLG derivatives.
(C) Mapping of a region in APC required for binding to DLG. In vitro—translated
full-length DLG was incubated with GST-APC derivatives. Addition of the
peptide corresponding to the COOH-terminal 15 amino acids of APC (C15)
abrogated coprecipitation of DLG with GST-APC derivatives. The lane labeled

peat (DHR) domains [characterized by the
conserved  sequence  Gly-Leu-Gly-Phe
(GLGF)], a Src homology 3 (SH3) domain,
and a domain homologous to guanylate ki-
nases (GK) (Fig. 1D) (10, 11). The clone
isolated by the two-hybrid system encoded a
region containing DHR-1, DHR-2, and a part
of DHR-3. We next used various GST fusion
and in vitro—translated proteins to delineate
the regions of DLG and APC that interact.
The NH,-terminal domain, the SH3 domain,
and the COOH-terminal GK domain did not
interact with APC, whereas a fragment con-
taining DHR-1, -2, and -3 associated with
GST-APC-C369 (Fig. 1, B and D). A frag-
ment containing DHR-2 alone and fragments
containing DHR-1 and -2 or DHR-2 and -3
interacted weakly with APC. However, nei-
ther DHR-1 nor DHR-3 alone showed sub-
stantial APC binding activity.

An APC derivative lacking the COOH-
terminal 72 amino acids (GST-APC-
C369A72) did not associate with DLG, but
a derivative containing these amino acids
(GST-APC-C72) did associate. This inter-
action was inhibited by a synthetic peptide
corresponding to the COOH-terminal 15
amino acids of APC (APC-C15) (Fig. 1C).
Furthermore, this synthetic peptide itself

GST-DLG-R123

e REPORTS

initial two-hybrid screen.

exhibited DLG binding activity, suggesting
that the COOH-terminal portion of APC is
sufficient for DLG binding.

We next examined whether APC binds
to DLG in vivo. We subjected a lysate from
embryonic mouse brain to immunoprecipi-
tation with antibodies against the NH,-
terminal region of APC (anti-APC-NH,)
and then immunoblotted the immunopre-
cipitate with antibodies raised against the
NH,-terminal region of DLG (anti-DLG-
NH,). A 140-kD DLG doublet was detected
(Fig. 2). Coprecipitation of APC and DLG
was inhibited by preincubation with the
APC fragment used for immunization. Im-
munoprecipitation of the lysate with anti—
DLG-NH, or anti-DLG antibodies against
the DHR domains (anti-DLG-DHR), with
subsequent immunoblotting with anti—
APC-NH,, also revealed an association be-
tween APC and DLG. In these experiments,
preincubation of the antibodies to DLG
with the antigenic DLG fragments prevent-
ed coprecipitation of DLG and APC. In
contrast, antibodies against the COOH-ter-
minal region of APC coprecipitated negligi-
ble amounts of DLG, presumably because
the region recognized by the antibodies
overlaps with that interacting with DLG.
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tide C15 that had been immobilized to Sepharose. (D) Schematic represen-
tation of DLG deletion mutants and corresponding APC binding activities. +
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Fig. 2. Association of APC with DLG and B-cate-
nin in vivo. Lysates prepared from embryonic
mouse brain were subjected to immunoprecipita-
tion with the indicated antibodies, fractionated by
5% SDS-PAGE, and immunoblotted with the in-
dicated antibodies (20). pep. + indicates that an-
tibodies were preincubated with antigen before
use in immunoprecipitation. Ippt, immunoprecipi-
tation; WB, immunoblotting.

Immunoblot analysis of the DLG immuno-
precipitates with antibodies to B-catenin re-
vealed that B-catenin also coprecipitates
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with DLG and APC. Because DLG does not
interact directly with B-catenin (12), these
findings suggest that APC, B-catenin, and
DLG are contained in the same complex in
vivo.

Both APC and DLG are highly ex-
pressed in the central nervous system, in-
cluding the hippocampus, olfactory bulb,
and cerebellum (11, 13). When cultured rat
hippocampal neurons were double-labeled
with anti-APC-COOH and an antibody

directed against synaptotagmin (14), a syn-

A Anti-APC-COOH

Anti-synaptotagmin

. =

aptic vesicle membrane protein, the two
exhibited identical distribution patterns,
concentrating at synaptic sites along den-
drites in addition to the cell bodies (Fig. 3,
A through C). Immunostaining patterns of
DLG also showed extensive overlap with
those of synaptotagmin (Fig. 3, D through
F), which is consistent with the observation
that DLG is localized in the presynaptic
nerve terminals (11). Both APC and DLG
were expressed in colon epithelial cells (Fig.
4, A through C). Double-labeling immuno-

Anti-APC-COOH + Ag

Anti-DLG-NH, Anti-DLG-NH, + Ag

Fig. 3. Colocalization of APC and DLG in cultured rat hippocampal neurons. Hippocampal neurons were
double-labeled with anti~APC-COOH (A) and anti-synaptotagmin (B) or with anti-DLG-NH, (D) and
anti-synaptotagmin (E) (27). Anti-DLG-NH,, recognizes the region specific for DLG and does not cross-
react with PSD-95. Control experiments were performed with anti~APC-COOH and anti-DLG-NH, that
had been preabsorbed with antigen (Ag) (C and F, respectively). White arrowheads indicate representa-

Anti-synaptotagmin

electron microscopy showed colocalization
of APC and DLG along the lateral plasma
membrane (Fig. 4, D through F).

In Drosophila, DLG is localized to the
septate junctions in imaginal disc epithelia,
and its mutation causes epithelial cells to
lose polarity and undergo neoplastic prolif-
eration (10). Drosophila DLG is also local-
ized at neuronal synaptic boutons and is
required for normal synaptic structure. In
mammalian cells, the postsynaptic density
protein PSD-95/SAP90 (15), which is very
closely related to DLG, has been shown to
interact with the COOH-terminal portion
of the N-methyl-D-aspartate (NMDA) re-
ceptor subunits through its DHR domain
(16). Subunits of the voltage-gated K*
channel have also been demonstrated to
associate with the DHR domains of PSD-95
and DLG (17). The DHR-2 domain was
shown to be important for the formation of
these complexes, which is consistent with
our present results. Furthermore, both the
NMDA receptor and the K* channel con-
tain a COOH-terminal S/TXV motif (S/T,
serine or threonine; X, any amino acid; V,
valine) that is essential for their interaction
with PSD-95 and DLG. The COOH-termi-
nus of APC also possesses a S/TXV motif,
namely TEV (E, glutamic acid). It is there-
fore possible that APC competes with the
NMDA receptor or the K* channel for bind-
ing to DLG-PSD-95 or is contained within
the same complex, and thus may play a role
in neuronal cell function as well as in epi-
thelial cell proliferation. Furthermore, be-
cause the DHR domain is contained in a

tive sites of double labeling.

Anti-DLG

A Anti-APC

Anti-APC + Ag Anti-DLG + Ag

Fig. 4. Colocalization of APC and DLG in rat colon epithelial sections.

through (D) show immunohistochemical localization of APC and DLG with the
use of anti-APC-COOH and anti-DLG-NH,, (22). (A) APC was localized mainly
in the cytoplasm of the epithelial cells. (B) DLG was localized along
lateral cell borders, with some cytoplasmic staining. Control experiments were
performed with anti-APC-COOH and anti-DLG-NH, that had been preab-
sorbed with antigen (G and D, respectively). (E) through (G) show double
labeling-immunoelectron microscopy of APC and DLG (23). (E and F) Close
association of 10-nm gold particles (APC) and 5-nm gold particles (DLG) was
observed along the lateral plasma membranes [arrows in (E) and (F); (E),
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number of proteins, including the tight junc-

F
Anti-DLG + anti-APC
(basal part)

Ami-DLG + anti-APC
(apical part)

Anti-DLG + non-
immune serum

apical part; (F), basal part]. (G) Only 5-nm gold particles were detected when
nonimmune rabbit serum was used in place of anti—FAPC-COOH. Also, only
10-nm particles were detected when nonimmune rabbit serum was used in
place of anti-DLG-NH, (24). No particles were detected when the control
rabbit serum was used for staining in place of anti-APC-COOH and anti-DLG-
NH,,. Scale bars in (A) through (D), 5 pm; in (E) through (G), 50 nm.
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tion proteins ZO-1 and ZO-2 and erythroid
p55 (18), it is possible that APC plays vari-
ous physiologic roles by forming complexes
with these DHR proteins.
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Binding of GSK3p to the APC—-3-Catenin
Complex and Regulation of Complex Assembly

Bonnee Rubinfeld, Iris Albert, Emilio Porfiri, Carol Fiol,
Susan Munemitsu, Paul Polakis*

The adenomatous polyposis coli gene (APC) is mutated in most colon cancers. The APC
protein binds to the cellular adhesion molecule 3-catenin, which is a mammalian homolog
of ARMADILLO, a component of the WINGLESS signaling pathway in Drosophila devel-
opment. Here it is shown that when B-catenin is present in excess, APC binds to another
component of the WINGLESS pathway, glycogen synthase kinase 33 (GSK3p), a mam-
malian homolog of Drosophila ZESTE WHITE 3. APC was a good substrate for GSK3p in
vitro, and the phosphorylation sites were mapped to the central region of APC. Binding
of B-catenin to this region was dependent on phosphorylation by GSK3p.

The APC tumor suppressor gene is mutated
in most human colon tumors and in the
germ line of individuals with familial adeno-
matous polyposis coli (I, 2). How APC dys-
function contributes to colon cancers is un-
known but may involve its ability to interact
with B-catenin. Both wild-type (WT) and
truncated mutant forms of APC associate
with B-catenin (3, 4), but only WT APC
down-regulates B-catenin when expressed
ectopically in colon cancer cells (5). B-Cate-
nin was originally identified as a cell adhe-
sion protein by virtue of its association with
cadherins (6). In addition, in both Drosophila
and Xenopus B-catenins have been implicat-
ed in cell fate determination through a
mechanism that is apparently independent
of their interaction with cadherins (7). In
both of these systems, interference with the
serine-threonine kinase GSK38 results in a
cell fate determination identical to that re-
sulting from overexpression of B-catenin (8,
9), which suggests that GSK3p is required
for B-catenin down-regulation. These obser-
vations prompted us to examine the relation
between GSK3B, APC, and B-catenin in

mammalian cells.
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To investigate whether GSK38 and the
APC—B-catenin complex interact, we
overexpressed Myc-tagged GSK3B in SW
480 colon cancer cells, immunoprecipi-
tated either Myc-GSK3B or B-catenin,
and then analyzed the precipitates for the
presence of APC, B-catenin, and Myc-
GSK3B. Both APC and B-catenin coim-
munoprecipitated with antibody specific
to the Myc epitope and, conversely, Myc-
GSK3p was detected in the B-catenin im-
munoprecipitates (Fig. 1). These associa-
tions were observed with WT but not with
kinase-dead Myc-GSK3B (a catalytically
inactive mutant of GSK). To examine this
association in the absence of ectopic
cDNA expression, we performed GSK as-
says on [-catenin immunoprecipitates
from four different cell lines. Specific GSK
activity was detected in the B-catenin im-
munocomplexes from COLO 205 and SW
480 human colon cancer cells, but not
from 293 human embryonic kidney cells or
AtT20 murine pituitary tumor cells (Fig.
2A). In addition, immunoprecipitates of
endogenous GSK3B contained B-catenin
and the truncated mutant APC (10) en-
dogenous to SW 480 cells (Fig. 2B). Sim-
ilar results were obtained with COLO 205
cells, also mutant for APC; but WT APC
could not be coimmunoprecipitated from
either 293 or AtT20 cell lysates by the
antibody to GSK3B (11). To verify that
GSK3B entered into a complex with
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