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ABSTRACT

The mutation cluster region in the APC gene defines a region of
approximately 660 bp, in which the vast majority of its somatic mutations
are found. These mutations disrupt the polypeptide chain, typically elim
inating five of the seven repeated sequences of 20 amino acids (aa) each in
the central region of the APC protein. To examine the relationship be
tween loss of this structure and loss of function, we constructed APC
deletion mutants that progressively truncated the protein across the mu
tation cluster region. The mutants were tested for their association with
ÃŸ-cateninand their ability to down-regulate it in SW480 cells. The binding
of /Â¡-rafriim to APC fragments required the inclusion of only a single
20-aa repeat sequence, whereas down-regulation required the presence of

at least three of these repeat sequences, and those including the second
repeat exhibited the highest activity. The mutation of three conserved
serine residues in the second repeat greatly reduced the activity of an
otherwise highly active APC fragment. Thus, the repeated 20-aa sequence
is directly implicated in ÃŸ-cateninturnover. The elimination of at least five

of these seven repeats due to somatic mutations suggests that loss of
/Â¡-raU'iiiii regulation by APC is selected for during tumor progression.

INTRODUCTION

Mutations in the APC tumor suppressor gene are responsible for the
early progression of most cancers in the large intestine (1-5). This

includes both tumors that arise sporadically and those that contain an
inherited mutation in APC, as is the case for FAP.3 At an early age,

FAP patients develop numerous colonie polyps, of which a subset
ultimately progress to malignant cancers if left untreated. Malignant
tumors resected from FAP patients frequently exhibit loss of heterozy-

gosity at the APC locus, and both copies of APC have also been found
mutated in sporadic colon cancers (5, 6). That both copies of APC are
affected suggests that it possesses a suppressor function that must be
dispensed with for tumor progression to ensue.

Mutations in APC are nearly always of the polypeptide chain-

terminating variety, giving rise to proteins lacking significant amounts
of COOH-terminal structure (reviewed in Ref. 7). Although the germ-
line mutations are scattered throughout the 5' half of the coding

sequence, the majority of the somatic mutations are concentrated in a
centrally localized area referred to as the MCR (6, 8). Strikingly, 95%
of the somatic APC mutations that have been identified in tumors
from FAP patients are confined to the MCR (6). Moreover, FAP
patients inheriting a mutation in the MCR have a generally poorer
prognosis than those with mutations elsewhere in the gene (9, 10). The
3' boundary of the MCR lies approximately at codon 1500, and the

proteins predicted to be encoded by these mutant genes will lack the
native structure that is COOH-terminal to the site of the mutation.

Accordingly, APC proteins corresponding in size to those predicted
by truncation in MCR are frequently found in cell lines derived from
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colonie tumors (11, 12). It is not clear whether retention of a truncated
mutant APC protein is selected for in cancer progression, but these
proteins retain ÃŸ-cateninbinding and homo-oligomerization. suggest

ing they could influence cell growth.
The loss of specific COOH-terminal structure, the boundary of

which is defined by the 3' end of the MCR. suggests that, in tumor

progression, there is a selective pressure to eliminate an activity or
activities that are associated with this region of the APC protein. We
have previously reported that expression of wild-type APC in colon

cancer and melanoma cell lines containing only mutant APC resulted
in the elimination of excess ÃŸ-catenin(13, 14). ÃŸ-Cateninis normally
localized to cell-cell junctions, but in some cancer cells and tumors,
the levels of ÃŸ-cateninare elevated, and the protein is localized to the
cytoplasm and nucleus. Reintroduction of wild-type APC to these
cells restored the normal cell-cell contact staining pattern and lowered
the levels of ÃŸ-catenin(13, 14). This activity was localized to the

central region of APC, which contains a series of seven tandemly
repeated aa sequences of 20 residues each. Mutants of APC identified
in cancer cells frequently retain one or two of these 20-aa motifs, in
addition to all three of the more NH-,-terminal 15-aa ÃŸ-catenin-
binding sites (15). Therefore, despite their inability to regulate ÃŸ-
catenin levels. APC mutants typically retain ÃŸ-cateninbinding. Be
cause ÃŸ-cateninhas been implicated in cellular transformation (14,
16-18), we sought to correlate the ability of APC to regulate ÃŸ-

catenin levels with the loss of protein structure predicted from muta
tions in the MCR. The data show that truncation of APC in the
MCR-encoded region ablates its ability to regulate ÃŸ-catenin.

MATERIALS AND METHODS

Construction and Expression of cDNAs. For transient transfection of
SW480 colorectal cancer cells, cDNAs were subcloned into either the pcDNA/
AMP or pcDNA3 vectors (Invitrogen). The cloning of full-length APC cDNA

and the generation of the larger APC fragments denoted APC1. APC2. and
APC25 (also known as f2-7) have been described previously (19). Site-

directed mutagenesis was performed using either the APC2 or APC25 (also
known as f2-7) parent cDNA constructs to introduce a stop codon followed by
a BamHl site at the 3'-terminal positions indicated in Fig. 1 for each of the

constructs. Site-directed mutagenesis was also used to generate the F2-7SA
mutanl containing three serine-to-alanine substitutions at positions 1385. 1389.
and 1391. For constructs that retained the 3' end of the APC25 fragment but
were deleted at the 5' end, the introduced BamH\ site was used to generate the
new 5' end. All of the APC constructs were engineered to encode the Glu-Glu

epitope tag (20) at the extreme NH, terminus of each protein product. Trans
fection of SW480 cells was performed using the Lipofectumine (Life Tech
nologies, Inc.) procedure as described previously (13). and cells were har
vested 48 h posttransfection. The calculated A/rs of the APC proteins are as
follows: APC2, 120,500: fBCl. 24.200; fBC2, 48.600; fBCl-3, 57.300:
fBCl-4. 72,900; fl, 13,700; f2-7, 80,200; f2. 14.100; f2.3. 22,800; f2-4.
38.400; f2-5, 59.600; f2-6, 70.000; D-7. 65,600: f4-7, 56.700; Ã•5-7,41,400;

f6.7, 20.200; f7, 9.700; and fABC. 29.100.
Quantitative Analysis of ÃŸ-Catenin Protein. At 48 h posttransfection.

SW480 cells were washed once with cold PBS and then lysed on the dish with
0.4 ml of Triton lysis buffer [20 mM Tris-HCl (pH 8.0), 1.0% Triton X-100,

140 mM NaCl, 10% glycerol, 1 HIMEGTA. 1.5 mM MgCl,, 1 mM DTT. 1 mM
sodium vanadate. 50 mM NaF, 1 mM Pefabloc, and 10 p.g/ml each aprotinin.
pepstatin, and leupeptin) per 35-mm well of confluent cells. The lysates were
clarified by centrifugation. and 20 /il of each were subjected to SDS-PAGE on
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Fig. 1. ARC constructs. A linear representation of the
2843-aa poly pepi ide chain of ARC showing scaled posi
tions of tandemly repeated sequences of 15 aa (A. fi. and
O and 20 aa (1-7). MCR, region in which the polypeptidc
is terminated due to common somatic mutations. The
oligomeri/alion domain (align.) mediates APC homo-
oligomeri/ation, the seven armadillo repeats (arm.) have
no known function, the basic domain (basic) mediates the
interaction with microtuhules, and dig is the human disc-

large protein-binding site. Ctnlon numbers that define each
construct are indicated at their opposing ends, and a ref
erence name for each is indicated in parentheses at their
COOH-terminal ends. Each of the constructs contains a
Glu-Glu epitope tag at its NH2 terminus.

oligo. arm.

15-a.a.
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8% polyacrylamide-SDS gels and then electroblotted to polyvinylidene diflu-
oride filter membranes. Blots were developed with a mixture of affinity-
purified polyclonal antibodies to ÃŸ-catenin and pl2()rasGAP. and detection
was performed using '"^l-labeled protein A at 0.5 Â¿iCi/ml(Amersham) for I h

at room temperature. Relative amounts of ÃŸ-cateninand rasGAP were esti
mated by ÃŸ-scanningon an Ambis 4000 ÃŸ-scanner.and the ratio of ÃŸ-catenin

to rasGAP was determined for each sample.
Immunologie ;il Procedures. Affinity-purified polyclonal antibodies to

APC (12), ÃŸ-catenin(21), rasGAP (22), and the monoclonal antibody to the
Glu-Glu epitope (20) have been described previously. Immunoprecipitations
with the Glu-Glu antibody were carried out using 300 /il of SW480 cell lysate
(â€”0.7mg/ml total protein) and 10 /Â¿Iof protein G-Sepharose beads covalcntly
coupled to the Glu-ulu antibody. Following a 2-h incubation with rocking at
4Â°C,the beads were washed three times with buffer B |20 mM Tris-HCI (pH

8.0), 150 mM NaCI, and 0.5% Nonidet P-40] for analysis by SDS-PAGE or

immunoblotting. All Western blotting was performed using precast Novex
SDS-polyacrylamide gels (Novex, San Diego, CA), and electrophoretic trans

fer to polyvinylidene difluoride membranes was performed in 25 mM Tris. 192
mM glycine, and 20% methanol for 1.5 h at 0.3 A per gel. Blots were blocked
with powdered milk solution, and antibody incubations were performed over
night at 4Â°Cin Tris-buffered saline containing 0.05% Tween 20 and 0.2 /xg/ml

(final concentration) affinity-purified antibody. Blots were developed using the

ECL system (Amersham). except where noted. Immunofluorescent detection
of ÃŸ-cateninin fixed whole cells was carried out as described previously (13).

Yeast Two-Hybrid Analysis. The indicated APC cDNAs for yeast expres

sion were subcloncd into the pGBT8 plasmid containing the Trpl gene and a
strong ADHI promoter encoding the GAL4 DNA-binding domain (aa 1-147),
followed by a multiple cloning site for the in-frame generation of fusion
proteins with a nuclear localization signal (23). The ÃŸ-cateninand bcl2 genes

were subcloned into either the pGAD424 or pGADGH plasmid containing the

Leu2 gene and a strong ADH 1 promoter encoding the activation domain (aa
768-881), followed by a multiple cloning site for the in-frame generation of

fusion proteins with a nuclear localization signal. All constructs were con
firmed by direct DNA sequencing. Yeast were cotransformed with plasmids
expressing the indicated APC fragment fused to the DNA binding domain and
either the ÃŸ-cateninor bcl2 gene fused to the transactivation domain. Trans

formation and growth of yeast cultures were performed essentially as described
elsewhere (24). Brietly. the yeast strain was cotransformed with the indicated
plasmids and then three transformants from each were patched onto both
synthetic complete â€”¿�trp, â€”¿�leuand synthetic complete â€”¿�tip,â€”leu,â€”his plates

and then analyzed for ÃŸ-galactosidase activity. ÃŸ-Galactosidase activity was
determined using a filter assay with 5-bromo-4-chloro-3-indolyl-ÃŸ-D-galacto-

pyranoside as a substrate.

RESULTS

We have previously reported that the ectopie expression of wild-

type APC in the colorectal cancer cell line SW480 resulted in the
elimination of cytoplasmic ÃŸ-catenin,as detected by Â¡mmunofluores-
cent staining (13). This loss of ÃŸ-cateninis the result of an increase in

the rate of protein turnover and can also be detected by quantitative
immunoblotting of whole-cell lysates from cells transfected with
wild-type APC. This activity was localized to the central region of

APC, as shown by the ability of an APC fragment containing aa
1342-2075 to independently down-regulate ÃŸ-cateninlevels. Given

the rough correlation between the localization of this activity to the
central region of APC and the position of the MCR (3, 7), we sought
to refine the localization of the activity using stepwise deletion mu-

4625

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/20/4624/2464799/cr0570204624.pdf by guest on 19 M

ay 2023



DELETIONAL ANALYSIS OF APC PROTEIN FUNCTION

tants. The position of the MCR was used as a reference to generate a
number of APC deletion constructs designed to define the minimal
structure required for the down-regulation of ÃŸ-catenin. Because
wild-type activity toward ÃŸ-cateninwas exhibited by the APC2 frag
ment containing aa 1034-2130 (13), this was chosen as one frame

work upon which stepwise deletion mutants were based (Fig. 1). The
deletions were designed to incrementally exclude the tandemly re
peated sequences of 20 aa each contained in the central region of
APC. These repeats are denoted 1-7. and the three 15-aa motifs,
previously identified as ÃŸ-cateninbinding sites (15), are denoted A, B,

and C. A second set of deletion mutants, based on the APC25
fragment (Ref. 19; here denoted f2-7) containing repeats 2-7. ex

plores the incremental elimination of these repeats from both the
COOH and NH2 terminii.

Transient transfection of SW480 cells occurs with high efficiency,
resulting in over 50% of the cells expressing the introduced cDNAs
(13). All of the APC cDNAs have the Glu-Glu epitope tag engineered
at their 5' ends, allowing recovery of the protein products by immu-

noprecipitation with anti-Glu-Glu antibody. The APC cDNA con
structs produced stable Glu-Glu-tagged proteins in the SW480 cells,
as determined by immunoblotting anti-Glu-Glu immunoprecipitates
with anti-APC2, which was raised against the central region of the

APC protein. Protein products were detected for most of the expressed
APC constructs, although the APC fragments containing primarily
COOH-terminal regions of the APC2 segment produced weak signals

(Fig. 2). This is because the polyclonal APC antibody reacts mainly
with epitopes contained in the NH^-terminal region of the APC2

antigen. Therefore, the amount of protein expressed by each construct
can only be judged qualitatively from these blots. The effect of ectopie
APC expression on ÃŸ-cateninlevels was examined using direct quan
titative immunoblotting for ÃŸ-catenin in total cell lysates. As an
internal control, the rasGAP protein from each lysate was also quan-
titated, and the histogram presented displays the amount of ÃŸ-catenin

divided by the amount of rasGAP measured in each sample. As
previously reported, expression of the APC2 construct resulted in an
approximate 50% reduction in ÃŸ-cateninlevels, which is comparable
to the activity observed with full-length APC (Fig. 3; Ref. 13). The

APC constructs fBC 1 and fBC 1,2 exhibited little significant effect on
ÃŸ-cateninlevels, whereas a partial effect was observed with fBC 1-3.
An effect comparable to the full APC2 fragment (i.e., fBCl-7) was
seen with fBC 1-4. As a second analysis, ÃŸ-cateninimmunofluores-

cent staining was performed on fixed cells transfected with some of
the APC fragments. These results reflected those obtained by immu
noblotting, in that the same APC fragments promoted the loss of
ÃŸ-cateninimmunofluorescent reactivity (Fig. 4).

Immunoprecipitate: anti-Glu-Glu

GAP -

18 -

Immunoblot: anti-APC2
Fig. 2. Expression of APC cDNAs in SW480 cells. Lysates from SW480 cells

transfected with the indicated plasmids were subjected to immunoprecipitation with
Glu-Glu antibody, and the immunoprecipitates were analyzed by SDS-PAGE and immu

noblotting. The blots were developed with polyclonal antibody raised against the APC2
fragment. Left, values for relative positions and molecular weights (X 10~') of standard

protein markers.

U-cat -

2: o o u

Fig. 3. Effect of APC fragments on total ÃŸ-cateninlevels. The indicated APC frag
ments or the cytoplasmic domain of E-cadherin were expressed in SW480 cells, and the
level of j3-catenin present in the lysates was estimated by quantitative immunohlotting.
The blots were incubated with antibodies to rasGAP and ÃŸ-catenin. thus providing an
internal control (i.e.. rasGAP) for total protein in each lane. Blots were developed with
'-5I-labeled protein A and an autoradiogram is presented (lop). Bitttum. histogram rep

resenting ratio of ÃŸ-cateninto rasGAP in each sample as determined by quantitative
ÃŸ-scanningof the same blot used to generate the autoradiogram.

A second set of constructs, based on the APC fragment containing
repeats 2-7 (f2-7), was also analyzed. Fragments f2-5 and f2-6 were
comparable in activity to f2-7, but f2-4 was less potent and the

smaller fragments f2 and f2,3. containing only one or two repeats,
respectively, had no effect on ÃŸ-cateninlevels (Figs. 3 and 4). When

sequence was eliminated progressively from the NH2 terminus of
f2-7, again it was found that at least three of the repeats were needed
for the down-regulation of ÃŸ-catenin.The fragments f6 and f6,7 had
no effect, whereas f3-7, f4-7, and f5-7 exhibited comparable activ

ities, although considerably weaker than that seen with fragments
containing the more NH2-terminal repeats such as f2-5. Direct anal
ysis of intracellular ÃŸ-cateninby immunofluorescence was in accord

ance with these results (Fig. 4). These results indicate that a critical
number of the 20-aa repeat sequences are needed for the down-
regulation of ÃŸ-cateninby APC. However, there may also be some

preference for specific repeat sequences; in particular, inclusion of
repeat number 2 appeared critical for robust activity.

The observation that APC promotes the down-regulation of ÃŸ-

catenin suggests that this may occur through a direct interaction
between these two proteins. We, therefore, examined the APC frag
ments for binding to ÃŸ-catenin.Three sites for binding of ÃŸ-catenin
have previously been mapped to a repeated 15-aa motif located
NH,-terminal to the 20-aa repeat sequences in APC (Ref. 15; Fig. 1).

Here, we refer to these sites as A. B. and C. In addition, we have
demonstrated high affinity binding of ÃŸ-cateninto a region of APC

not including the A, B, and C repeats but including the first of the
seven repeat sequences of 20 aa each (19). Immunoprecipitation of
APC fragments from SW480 cells revealed that all fragments con
taining the B and C repeats were associated with ÃŸ-catenin(Fig. 5A).

Fragments lacking the BC repeats, but including various numbers of
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vec. fBC1,2 f BC1-3 f BC1-4 APC2

Fig. 4. Effect of APC fragments on intracellular
0-catenin. SW480 cells that were transfecled with
the indicated APC cDNAs were fixed, and ÃŸ-cale-

nin was detected by immunofluorescence. Frames.
fields of 210 X 150 um.

Ã•2.3 f2-4 f2-5 Ã•2-6

the 20-aa repeat sequences, also all associated with ÃŸ-cateninwith the
exception of the fragment f2. The highest levels of ÃŸ-cateninwere

associated with fragments extending through repeat 7, and a fragment
containing only repeat 7 was also capable of binding ÃŸ-catenin.These
fragments bound as much ÃŸ-cateninas did the E-cadherin cytoplasmic
domain, which was used as a positive control. To confirm the ÃŸ-
catenin binding results, we used the yeast two-hybrid system to test

some of the interactions. Again, all fragments that were tested scored
positive for ÃŸ-cateninbinding, except for the fragment f2 (Fig. 5ÃŸ).

These results demonstrate that all of the APC fragments capable of
down-regulating ÃŸ-cateninalso associated with ÃŸ-catenin.However,
binding alone does not promote the down-regulation because many of

the APC fragments, as well as the cadherin cytoplasmic domain,
associate with ÃŸ-cateninbut lack this activity.

Although the APC fragments that down-regulate ÃŸ-catenincontain
the 20-aa motif, it was possible that intervening sequences actually
mediated this activity. To directly implicate the 20-aa repeat se
quence, we sought to inactivate the ability of APC to down-regulate
ÃŸ-cateninby introducing aa substitutions into the repeat sequence.
The 20-aa motif in APC contains three conserved serine residues (1),
suggesting they may be essential for function. Site-directed mutagen-

esis was performed to substitute alanine residues for the three serines,
Ser-1385, Ser-1389, and Ser-1391, contained in the second 20-aa
repeat of fragment f2-7 (Fig. 6A). The resulting mutant, f2-7SA, was
transiently transfected into SW480 cells, and its ability to down-
regulate ÃŸ-cateninwas compared to that of the normal f2-7 fragment.
Despite comparable expression of the two constructs, the O-7SA
fragment was strongly impaired in its ability to down-regulate ÃŸ-
catenin levels (Fig. 6fl). The weak activity of f2-7SA was similar to
that of f3-7 (Fig. 3), suggesting that the second repeat in Ã•2-7SAwas
not participating in the down-regulation of ÃŸ-catenin.As determined
by the amount of ÃŸ-catenindetected on immunoblotting of anti-Glu-

Glu Â¡mmunoprecipitates, the mutation did not affect the ability of the
Ã•2-7SAfragment to bind ÃŸ-catenin.In fact, slightly higher amounts of
ÃŸ-cateninwere consistently found to associated with this fragment,
relative to f2-7 (Fig. 6C). Also, as we have shown previously for the
f2-7 fragment, treatment of the f2-7SA fragment with phosphatases
increased its mobility on SDS-polyacrylamide gels (data not shown),

suggesting that it was phosphorylated. The results indicate that the

serine residues conserved in the 20-aa repeat sequences are critical for
APC in down-regulating ÃŸ-catenin.

DISCUSSION

The observation that tumors of the colon consistently contain
polypeptide chain-terminating mutations in a defined region of the

APC gene suggest that tumor progression is dependent upon the
elimination of a specific APC protein structure. Schematic superim
position of the APC protein over the mutational histogram suggests
that this elimination of structure maps to the region of APC containing
the repeat sequences of 20 aa each (7). Five or more of these seven
repeats are typically deleted in cancers, leaving only two or fewer in
the remaining truncated protein. Here, we have found that at least
three of these repeats are required to partially promote the down-
regulation of ÃŸ-cateninby APC in vivo, and four or more are needed

for a complete effect. Although it is clear that extensive APC structure
in addition to the 20-aa repeat sequences are also deleted in tumors,

our results suggest that, for tumor formation to ensue, the truncation
must either cripple or entirely eliminate the ability of APC to down-
regulate ÃŸ-catenin.It is unclear how the consequent deregulation of
ÃŸ-cateninlevels contributes to the progression of cancer, but several
lines of evidence indicate a role for ÃŸ-cateninin signaling pathways

controlling cell growth and differentiation. One outcome of stimula
tion of cells by the proto-oncogene wnt-1 is the stabilization of ÃŸ-and
â€¢¿�y-cateninproteins and their accumulation in cadherin-independent

pools (25-27). ÃŸ-Cateninhas also been implicated in the determina

tion of cell fate during development in both Xenopux and Droxophila
in a manner that does not involve its interaction at the adherens
junction (28-30). Also, ÃŸ-cateninlacking the NH-,-terminal structure

is known to be stabilized in mammalian cells (21), and such mutants
have been implicated in cell transformation (16-18). Finally, certain

melanoma and colon cancer lines that are wild type for APC contain
point mutations in the ÃŸ-cateningene that result in their stabilization

and persistent signaling (14, 31). Therefore, the accumulation of
ÃŸ-cateninin a stable form may result in its persistent interaction with

potential effector targets that potentiate cell growth. These putative
targets include the LEF/TCF family of transcriptional enhancers,
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Immunoprecipitate:

A A A'

anti-Glu-Glu

0- ?> >*

ÃŸ-cat. -

Fig. 5. Binding of ÃŸ-cateninto APC fragments.
A. coimmunoprecipitation. APC fragments from
transfected SW480 cells were immunoprecipitated
by anti-Glu-Glu. and the immunoprecipitates were
analyzed for associated ÃŸ-catenin.E-cad., cytoplas-
mic domain of E-cadherin. B. yeast two-hybrid
analysis. Yeast were cotransformed with a plasmid
expressing the indicated APC fragment fused to the
GAL4 DNA-binding domain and a plasmid
expressing ÃŸ-cateninfused to the GAL4 trans-
activation domain (pGAD). A positive inter
action between APC and ÃŸ-cateninproduced ÃŸ-
galactosidase. which was detected by a color
development assay. pGADbcl2 was used as a
negative control.

â€¢¿�Â»â€¢

Immunoblot: anti-ÃŸ-catenin

Immunoprecipitate: anti-Glu-Glu

l ^

ÃŸ-cat. -

ÃŸ-cat.-

Immunoblot: anti-ÃŸ-catenin
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15-a.a
repeats

20-a.a.
repeats

1 LDTPINYSLKYSDEQ

2 DDKPTNYSERYSEEE

3 EERPTNYSIKYNEEK

1 EDTPICFSRCSSLSSLSSAE

2 Q E T P L M F[S|R C TJTJvjTJs L D S F E

3 ESTPDGFSCSSSLSALSLEE

4 EGTPINFSTATSLSDLTIEE

5 EGTPYCFSRNDSLSSLDFDD

6 ENTPVCFSHNSSLSSLSDID

7 EDTPVCFSRNSSLSSLSIDS

B

rasGAP 205-

-)i-cat.

l 16-

V

k

III

APC25

|-U-cat.

80-

Fig. 6. Effect of serine mutations on the down-regulation of ÃŸ-cateninby APC. A,
sequences of the 15- and 20-aa repeats are presented with the triple serine mutation (D).
SW480 cells were transfected with empty vector or plasmids expressing either Ã•2-7
(APC25) or Ã•2-7SA(APC25 S3XA). B. cells were lysed. and the levels of j3-catenin and
rasGAP were determined by quantitative immunoblotting and are presented as a ratio in
the histogram. C. cell lysates were also subjected to immunoprecipitation by an antibody
specific to the Glu-Glu epitope tag fused to the APC fragments, and the expressions of the
APCs and the ÃŸ-cateninassociated with them were examined by SDS-PAGE and immu
noblotting.

which have been shown to interact with ÃŸ-cateninin a functionally

relevant manner (32, 33).
The mechanism by which APC promotes the turnover of ÃŸ-catenin

in vivo has not been established. Our results demonstrate that the
region of APC that possesses this activity corresponds to a region that
also directly associates with ÃŸ-catenin.Our previous results demon

strated that this region of APC also required phosphorylation by
GSK3 to bind ÃŸ-catenin(34). This may be relevant to the reduction in
APC's ability to down-regulate ÃŸ-cateninfollowing the mutation of

conserved serine residues in the 20-aa repeat sequence. Because
GSK3 has also been implicated in the regulation of ÃŸ-cateninlevels in
both Xenopus and Drosophila (35-38), this suggests that the involve
ment of APC in ÃŸ-catenin turnover is through a direct physical

interaction. We propose that this interaction requires more than a
simple binding event because fragments of APC that bind tightly to
ÃŸ-catenindo not promote its down-regulation. The down-regulation of
ÃŸ-cateninrequired at least three of the 20-aa motifs repeated in APC.
These 20-aa motifs are putative binding sites for ÃŸ-catenin.They
exhibit homology to the 15-aa ÃŸ-catenin-binding sites (19) and also to
sequences in the ÃŸ-cateninbinding regions of cadherins (12). More
over, small APC fragments containing only a single 20-aa motif bind
ÃŸ-catenin.The requirement for at least three of these repeat sequences

in the down-regulation of ÃŸ-cateninsuggests that multiple contacts
must be made between APC and ÃŸ-cateninfor this event to occur.
This could provide for conformational strain on the ÃŸ-cateninprotein,

which might predispose it to the initiating events required for its
turnover. Alternatively, there may be a requirement for multiple
ÃŸ-cateninsto bind a single APC molecule to initiate protein turnover.

Here, we attempted to correlate the loss of specific APC function
with the deletion of protein structure predicted from mutations in the
MCR. Down-regulation of ÃŸ-cateninwas compromised by deletion of

structure predicted from mutations in the MCR. Although additional
functions such as microtubule binding (24, 39) and association with
the human disc large protein (40) have been ascribed to COOH-

terminal APC structure, mutations in cancer predicted to delete only
these structures are extremely rare (7). We propose that the mutation
in APC must be severe enough such that the truncated protein product
can no longer sufficiently regulate ÃŸ-cateninlevels in the cell.
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