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Association of the APC Tumor Suppressor
Protein with Catenins

Li-Kuo Su, Bert Vogelstein, Kenneth W. Kinzler*

Mutations of APC appear to initiate sporadic and inherited forms of human colorectal
cancer. Although these mutations have been well characterized, little is known about the
function of the APC gene product. Two cellular proteins that associate with APC were
identified by nucleotide sequence analysis and peptide mapping as the E-cadherin—-
associated proteins a- and B-catenin. A 27-residue fragment of APC containing a 15—-amino
acid repeat was sufficient for the interaction with the cateniris. These results suggest an
important link between tumor initiation and cell adhesion.

Mutations in the APC tumor suppressor
gene lead to benign colorectal tumors in about
one-third of the population of the Western
world (1). If not surgically removed, 15 to
20% of these tumors will progress to cancer.
Understanding the mechanism by which
APC mutations lead to tumorigenesis there-
fore has substantial practical, as well as theo-
retical, importance.

The APC gene was originally identified
through positional cloning approaches and
encodes a protein of 2843 amino acids (2).
Somatic mutations in APC appear to initiate
colorectal tumor development in the general
population, whereas germline mutations re-
sult in familial adenomatous polyposis (FAP)
(3-5), an autosomal dominantly inherited
disease that predisposes individuals to colorec-
tal cancer. Mice with germline mutations of
APC manifest a phenotype similar to that of
FAP (6). To date, more than 120 different
germline and somatic mutations of APC have
been identified, almost all of which result in
COOQOH-terminal truncation of the gene prod-
uct (3-5).

Although APC is known to form homo-
oligomers (7), its predicted amino acid
sequence provides few clues to its mecha-
nism of action. To help elucidate the func-
tion of APC, we used immunoprecipitation
to identify cellular proteins that interact
with APC in vivo. We studied two human
colorectal cancer cell lines—SW480 cells,
which express an APC protein that is trun-
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cated at codon 1338 (3), and HCT116
cells, which express an apparently full-
length APC protein (7). A monoclonal
antibody (mAb) specific for the NH,-termi-
nus of APC (CF11) immunoprecipitates
APC from both SW480 and HCT116 cells,
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whereas a mAb specific for the COOH-
terminus (DB1) immunoprecipitates APC
only from HCT116 cells (7). Proteins asso-
ciated with APC should therefore be immu-
noprecipitated from HCT116 cells by both
CF11 and DBI, but should not be immu-
noprecipitated from SW480 cells by DB1.

We found that two proteins of 95 kD
(p95) and 100 kD (pl00) were readily
detectable in the immunoprecipitates when
SW480 cell lysates were treated with CF11.
In contrast, neither protein was detectable
in the DBl immunoprecipitates. When
HCT116 cell lysates were used, p95 and
p100 were immunoprecipitated by both an-
tibodies (Fig. 1A) (8). These results sug-
gested that p95 and pl00 associate with
APC and that the first 1337 amino acids of
APC are sufficient for this interaction. Pre-
sumably because of its slow turnover rate,
APC itself was not detectable in the immu-
noprecipitates by fluorography, but could be
detected by immunoblotting (7).

To map the regions of APC that interact
with p95 and p100, we examined the ability
of different APC fragments to bind to these
proteins in vitro. The APC fragments (Fig.
1C) were expressed in Escherichia coli as
glutathione-S-transferase  (GST) fusion
proteins and tested for their ability to bind
p95 and pl00 from metabolically labeled
SW480 cells (9, 10). Only GST-APC(B),
(G), and (H) bound to p95 and pl00,
indicating that the binding domain was

B

GST-APC(A)
GST-APC(B)
GST-APC(C)
GST-APC(D)
GST-APC(G)

CF11

Fig. 1. Identification of proteins
associated with APC. (A) Coim-
munoprecipitation of cellular pro-
teins with APC. Lysates were pre-
pared from metabolically labeled
SW480 or HCT116 cells. Immuno-
precipitations were performed
with pAb1801, a mAb specific for
4 p53 as a negative contral; CF11,
a mAb specific for the NH,-termi-
+ nus of APC (7); and DB1, a mAb
specific for the COOH-terminus of
APC (7). Positions of molecular
size markers (in kilodaltons) are
shown on the left. (B) Association
of cellular proteins with GST-
fused APC fragments. Lysates
3 were prepared from metabolically

labeled SW480 cells. Numbers
+ refer to APC codons.The CF11

74- = - -

Binding

G mMm m O O @ »

lane shows p95 and p100 coimmunoprecipitated with CF11 as a positive control. The other lanes
show the proteins that bound to the indicated GST-APC fragments. (C) Schematic of APC fragments
expressed in bacteria as GST fusion proteins and summary of their ability to bind p95 and p100.
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located between amino acids 1014 and
1210 of APC (Fig. 1, B and C).

To obtain ¢cDNA clones for these APC-
associated proteins, we screened a cDNA
library with radioactively labeled GST-
APC fusion proteins (11). GST-APC(G)
was used as the probe for both primary and
secondary screening. The three phage iso-
lates that contained positive clones after
the secondary screening were screened
again with labeled GST-APC(B) and GST-
APC(C) as positive and negative probes,
respectively. Positive clones from each of
these three phage isolates were plaque-
purified and converted to plasmids.

Nucleotide sequence analysis suggested
that all three clones represented the same
gene and contained the 3’ end, but proba-
bly not the 5’ end, of the coding region.
Additional cDNA clones covering the en-
tire coding region were then isolated and
sequenced (12). These cDNAs fell into
three classes, probably reflecting alternative
splicing within the 3’ untranslated region.
This speculation was supported by North-
emn blot analysis of RNA isolated from

SW480 and HCT116 cells, which revealed
two transcripts of 3.9 and 4.3 kb (13). The
cDNA sequences were highly similar to the
sequences of mouse and Xenopus B-catenin
cDNAs and were identical to an unpub-
lished human B-catenin sequence (14, 15).

The catenins are a family of cytoplasmic
proteins that were originally identified by
their association with the cell adhesion
molecule E-cadherin (16). To confirm that
B-catenin was capable of binding to APC,
we expressed one of the cDNA clones as a
GST fusion protein (GST-CTN) and tested
its ability to interact with APC (17). GST-
CTN bound to APC from SW480 and
HCT116 cells, whereas GST alone, GST-
APC(G), and a GST fusion protein con-
taining amino acids 536 to 781 of B-catenin
(GST-ACTN) did not bind APC (Fig.
2A). On the basis of the reported mobilities
of the catenins, we hypothesized that APC-
associated p95 was B-catenin and that p100
was a-catenin. To test this, we compared
the mobilities and one-dimehsional peptide
maps of these proteins. The p95 and p100
proteins were isolated by immunoprecipita-
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Fig. 2. Identification of APC-associated p100 and p95 as a- and B-catenin, respectively. (A)
Association of APC with GST-fused B-catenin. Lysates prepared from unlabeled SW480 or HCT116
cells were incubated with GST-CTN (containing B-catenin residues 75 to 781) or GST-ACTN
(containing B-catenin residues 536 to 781). Bound APC was detected by immunoblotting as in (22).
Unlabeled lanes contain total cell lysates. (B) Comigration of APC-associated p100 and p95 with a-
and B-catenin. Lysates were prepared from metabolically labeled SW480 or HCT116 cells and
immunoprecipitations were carried out with pAb1801, CF11, or HECD-1, a mAb specific for
E-cadherin. Comparative peptide mapping of p100 and a-catenin (C) and of p95 and B-catenin (D).
Proteins were isolated from metabolically labeled SW480 or HCT116 cells by immunoprecipitation
with antibody CF11, by binding to GST-APC(G), or by immunoprecipitation with HECD-1. Partial
proteolysis experiments were performed with V8 protease (29).
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tion with antibody CF11 or by binding to
GST-APC(G), and the catenins were iso-
lated by immunoprecipitation with HECD-
1, a mAb specific for E-cadherin (I8).
Analysis by SDS—polyacrylamide gel elec-
trophoresis (PAGE) showed that pl00
comigrated with a-catenin and that p95
comigrated with B-catenin (Fig. 2B). This
experiment also showed that E-cadherin
was expressed in HCT116, but not SW480,
cells (Fig. 2B). The co-identities of p100
and a-catenin and of p95 and B-catenin
were confirmed by partial proteolytic anal-
yses with V8 protease (Fig. 2, C and D).

To delineate the catenin-binding do-
main, we expressed the entire APC coding
region in vitro as five overlapping fragments
and tested their ability to bind GST-CTN
(5, 19). Only two fragments, containing
part of the overlapping region between
GST-APC(H) and GST-APC(G), bound
GST-CTN (F2 and F3, Fig. 3A). Accord-
ingly, two additional APC fragments were
tested and were also found to be associated
with GST-CTN (F2a and F2b, Fig. 3A)
(20). The minimal overlapping region
among the catenin-binding APC fragments
was 11 amino acids, suggesting either that
these 11 amino acids comprise the catenin-
binding domain or that there is more than
one catenin-binding domain between ami-
no acids 1014 and 1210 of APC. This
region contains three imperfect repeats of
15 amino acids each (Fig. 3B). To test
whether these repeats mediated APC inter-
action with catenins, we expressed APC
fragments containing the first repeat alone
(R1), the second and the third repeats
together (R2), or all three repeats (R3) as
GST fusion proteins (Fig. 3A) (21). Each
of these.fragments bound catenins, demon-
strating that even a single repeat was suffi-
cient for binding (Fig. 3C).

The association of APC with catenins is
consistent with the previous observation
that APC is localized in the detergent-
insoluble cytoskeleton (22). Although both
APC and cadherins associate with catenins,
these interactions are not identical. The
15—amino acid catenin-binding domain of
APC is not present in cadherin. Cadherins
appear to associate with similar amounts of
a- and B-catenins, as judged by the relative
band intensities on fluorographs (for exam-
ple, see 17, 18, and Fig. 2B), whereas APC
associates preferentially with B-catenin
(Fig. 1, A and B). This difference might
explain why we isolated cDNAs for B-cat-
enin but not for a-catenin. Alternatively,
it is possible that APC does not interact
directly with a-catenin but indirectly
through binding to B-catenin. The fact that
both E-cadherin and APC bind to catenins
suggests that cadherins and APC might
exist in one complex. However, we have
never detected any cadherin coimmunopre-
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Fig. 3. Identification of the catenin-binding domain of APC.

(A) Schematic of APC fragments used for mapping of the
catenin-binding domain. Fragments F2, F3, F2a, and F2b
were expressed in vitro and tested for binding to GST-CTN.
Fragments R1, R2, and R3 were expressed as GST fusion
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proteins and tested for binding to catenins from lysates of
metabolically labeled SW480 cells. G-H indicates the over-
lapping region between GST-APC(G) and GST-APC(H)
shown in Fig. 1C. The black boxes in G-H indicate the 15-amino acid repeats. (B) Sequence of the
three 15—amino acid repeats in APC, with the consensus sequence shown below. Numbers refer to
APC codons. Abbreviations for the amino acids are: D, Asp; E, Glu; |, lle; K, Lys; L, Leu; N, Asn; P,
Pro; R, Arg; S, Ser; T, Thr; and Y, Tyr. (C) Association of APC fragments containing the repeats with

the a- and B-catenins.

cipitated with APC or bound to APC fu-
sion proteins (for example, see Fig. 2B).
Nor could we detect APC by immunoblot-
ting after immunoprecipitation with an an-
tibody to E-cadherin (13).

Cadherins are cell surface molecules that
mediate calcium-dependent intercellular in-
teractions and are important for morphogen-
esis (23). Binding to catenins is essential for
cadherin function (24), and it has been sug-
gested that catenins anchor cadherins to the
cytoskeleton (25). One model consistent with
prior data is that APC modulates the interac-
tion between cadherins and catenins, thereby
affecting the pathway through which intercel-
lular interactions control cell growth and dif-
ferentiation.

A number of other observations have im-
plicated cadherin-catenin complexes in neo-
plasia. Protein—tyrosine kinase activities, in-
cluding those associated with Src and the
epidermal growth factor receptor, have been
localized to cellular junctions, where they can
inhibit assembly of cadherin-catenin com-
plexes (26). The predicted product of NF2, a
tumor suppressor gene responsible for neurofi-
bromatosis type 2, resembles ezrin and
moesin, two proteins thought to connect
membrane proteins to the cytoskeleton (27).
Finally, loss of cadherin functions through
diminished expression of E-cadherin or a-cat-
enin has been associated with increased inva-
sion and metastasis in several human and
experimental tumor types (28). These obser-
vations have suggested that the cadherin-
catenin complex is primarily involved in the
late stages of neoplasia. The results presented
here, however, suggest that interactions in-
volving these proteins may also be critical for
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the initiation of neoplasia. In combination,
the studies indicate that catenin-mediated
signals are critical for the control of epithelial
cell growth.
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Abnormal Chromosome Behavior in Neurospora
Mutants Defective in DNA Methylation

Henriette M. Foss, Christopher J. Roberts, Karen M. Claeys,*
Eric U. Selker}

The function and regulation of DNA methylation in eukaryotes remain unclear. Genes
affecting methylation were identified in the fungus Neurospora crassa. A mutation in one
gene, dim-2, resulted in the loss of all detectable DNA methylation. Abnormal segre-
gation of the methylation defects in crosses led to the discovery that the methylation
mutants frequently generate strains with extra chromosomes or chromosomal parts.
Starvation for S-adenosylmethionine, the presumed methyl group donor for DNA meth-
ylation, also produced aneuploidy. These results suggest that DNA methylation plays a
role in the normal control of chromosome behavior.

I the DNA of many organisms including
mammals, ‘plants, and various fungi, some
cytosines are modified by methylation at
position 5. DNA methylation in eukaryotes
has been correlated with reduced gene ac-
tivity, and evidence has accumulated that
methylation can inhibit gene expression
(1). In mice, an approximately 70% reduc-
tion in DNA methylation, resulting from a
mutation in the DNA methyltransferase
gene, leads to death during embryogenesis
(2). Although DNA methylation is re-
quired in mammals, it is not yet clear
whether its basic function has been identi-
fied. The consequences of undermethyla-
tion in eukaryotes may.be more apparent in
organisms that contain methylation but do
not require it.

In Neuwrospora crassa, about 1.5% of the
cytosines are methylated (3), but the bulk
of the genome appears devoid of methyl-
ation. Only three methylated regions have
been characterized in any detail: the tan-
demly arranged ribosomal RNA genes [ri-
bosomal DNA (rDNA)] on linkage group V
(4), the zeta-eta ({-m) region on linkage
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group I (5-7), and the psi-63 (i4;) region
on linkage group IV (8, 9). The latter two
regions are relics of RIP (repeat-induced
point mutation), a process associated with
the sexual phase of the life cycle of Neuro-
spora, in which duplicated sequences are
riddled with G:C to A:T mutations (10).
Treatment of Neurospora with 5-azacytidine
causes substantial reductions in methylation
without drastically reducing growth, which
suggests that DNA methylation is not essen-
tial in this organism (5). This observation
and the relative paucity of methylation in N.
crassa prompted us to hunt for Neurospora
mutants defective in DNA methylation.
To make the mutant hunt as broad as
possible, we screened for methylation de-
fects directly by Southern (DNA) hybrid-
ization. Reduced methylation in the s,
region may be recognized by increased di-
gestion of a Bam HI site that is normally
blocked by methylation (Fig. 1, A and B)
(11). A standard laboratory strain, N242,
was mutagenized under conditions that in-
duced mutations in a control gene, mtr, at a
frequency of 1 to 3 out of 1000 survivors
(12). Approximately 1250 survivors of the
mutagenesis were screened, and 25 strains
were identified in which methylation at the
Y53 Bam HI site had been reduced or elim-
inated. Thirteen of the putative” mutants
consistently showed the defects and could be
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propagated through crosses. Two strains are
illustrated (Fig. 1B). Complementation tests
performed on pairs of mutants grown as
forced heterokaryons revealed that our col-
lection includes mutations in at least three
genes important for DNA methylation. An
example of complementation between two
mutants, dim-2 and dim-3 (defective in DNA
methylation), is shown in Fig. 1C. The
dim-1 mutant was isolated in a separate
mutant screen (I13). None of the three
mutations could always be completely com-
plemented (Fig. 1C) even in control heter-
okaryons between mutant and wild-type
strains, which suggests that the defects are
partially dominant (14).

No eukaryotic mutants have been de-
scribed in which DNA methylation is com-
pletely abolished. The mouse mutation
generated by disruption of the DNA meth-
yltransferase gene (2) causes overall reduc-
tion, but not elimination, of methylation,
whereas a mutation in cultured CHO cells
appears to affect only a few sites (15).
Mutants isolated in Arabidopsis show re-
duced methylation at many, but not all,
chromosomal regions (16). To further char-
acterize our mutants, we assayed their ef-
fects on a second normally methylated re-
gion, {-n. All of the mutants showed a
methylation deficiency in this region. The
dim-3 mutant was typical in showing re-
duced methylation at both of the diagnostic
Bam HI sites in the {-n region (Fig. 1, A
and D). Another mutant, dim-2, appeared
devoid of methylation at ¥¢; and {-n (Fig.
1, A, B, and D) and was chosen for further
analysis. It showed no methylation at the
rDNA region (Fig. 1E) nor at six other
chromosomal regions that are methylated
in wild-type strains (17). The absence of
methylation detectable by Southern analy-
sis in a total of nine normally methylated
regions suggested that dim-2 abolishes
methylation throughout the genome and
distinguishes dim-2 from other known mu-
tations affecting methylation in eukaryotes.

To test whether the dim-2 mutation
abolishes methylation throughout the ge-
nome, we measured the total 5-methylcy-
tosine (5mC) content in DNA from dim-2
and wild-type strains by high-performance
liquid chromatography (HPLC) (Fig. 2).
Approximately 1.5% of the cytosines were
methylated in the wild-type strain, which is
consistent with previous determinations
(3). No 5mC was detected in DNA from
the dim-2 strain (Fig. 2). Analysis of deoxy-
nucleoside samples from dim-2 DNA mixed
with decreasing amounts of pure 5-meth-
yldeoxycytidine  indicated that 5mC
amounts corresponding to =5% of those
found in wild-type Neurospora would have
been detected. The apparent lack of DNA
methylation in dim-2 strains suggests that
DNA methylation is not essential for
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