
stimuli, leading to uncontrolled transcrip- 
tion of the hTcf-4 target genes. The appar- 
ent de novo expression of other members of 
the Tcf family in some colon carcinoma cell 
lines might lead to a further dereeulation of " " 

Tc f  target gene expression by the same 
mechanism. The control of P-catenin-Tcf 
signaling is likely to be an important part of 
the gatekeeper function of APC (1 9), and 
its disruption may be an early step in ma- 
lignant transformation. 
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Activation of P-Catenin-Tcf Signaling in Colon 
Cancer by Mutations in p-Catenin or APC 
Patrice J. Morin,* Andrew B. Sparks,* Vladimir Korinek, 

Nick Barker, Hans Clevers, Bert Vogelstein, 
Kenneth W. Kinzlerf- 

Inactivation of the adenomatous polyposis coli (APC) tumor suppressor gene initiates 
colorectal neoplasia. One of the biochemical activities associated with the APC protein 
is down-regulation of transcriptional activation mediated by p-catenin and T cell tran- 
scription factor4 (Tcf-4). The protein products of mutant APC genes present in colorectal 
tumors were found to be defective in this activity. Furthermore, colorectal tumors with 
intact APC genes were found to contain activating mutations of p-catenin that altered 
functionally significant phosphorylation sites. These results indicate that regulation of 
p-catenin is critical to APC's tumor suppressive effect and that this regulation can be 
circumvented by mutations in either APC or p-catenin. 

Mutations of the APC gene are the most 
common disease-causing eenetic events in - "  
humans; about 50% of the population will 
develop colorectal polyps initiated by such 
mutations during a normal life-span (1 ). In- 
dividuals who inherit APC mutations devel- 
on thousands of colorectal tumors, consistent 
with the tumor suppressor or "gatekeeping" 
role of APC protein in colorectal tumorigen- 
esis (2, 3) .  APC homodimerizes through its 
NH,-terminus (4) and interacts with at least 
six other proteins: p-catenin (5), y-catenin 
(plakoglobin) (6), tubulin (7) ,  EB1 (a),  
hDLG, a homoloe of the Drosobhila Discs " 

Large tumor suppressor protein (9), and gly- 
cogen synthase kinase-3P (GSK-3P) (1 O), a 
mammalian homolog of ZW3 kinase. 
Whether any of these interacting proteins 
communicate APC erowth-controlling sig- " 

nals is unknown. Here, we used a genetic 
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approach to investigate the role of p-catenin 
in APC's tumor suvuressor function. 

& .  

Although p-catenin was originally dis- 
covered as a cadherin-binding protein, it 
has recently been shown to function as a 
transcriptional activator when complexed 
with members of the Tcf familv of DNA 
binding proteins ( 1  1 ). One family member, 
hTcf-4, is expressed in normal and neoplas- 
tic colorectal epithelium, and wild-type 
(WT) APC can suppress signaling by the 
6-catenin-Tcf complex (12). If this inhib- 
itory activity is critical for APC's tumor 
suppressor f~mction, then mutant APC pro- 
teins should be defective in this activity. 

To evaluate this hypothesis, we tested 
four APC mutants (Fig. 1A) for their ability 
to inhibit P-catenin-Tcf-regulated tran- 
scription (CRT) in transfection assays. The 
first mutant, APC331h, represents a type of 
mutation commonly found in the germ line 
of familial adenomatous polyposis patients 
as well as in sporadic tumors (2). The 
APC33 1 h protein is truncated at codon 
331, NH2-terminal to the three 15-amino 
acid (aa) P-catenin-binding repeats be- 
tween codons 1020 and 1169. The second 
mutant, APC1309A, is the most common 
germline APC mutation (Z), a 5-base pair 
(bp) deletion that produces a frameshift at 
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codon 1309 and truncation of,the protein. 
The APC1309A protein retains the 15-aa 
P-catenin-binding repeats but lacks the 
seven 20-aa repeats between codons 1323 
and 2075 that have been implicated in 
binding and degradation of p-catenin (5). 
The third mutant, APC1941A, represents 
one of the most distal somatic mutations 
observed in colorectal tumors (13). The 
APC1941A protein is truncated at codon 
1941 and therefore contains the 15-aa re- 
peats and all but the last two 20-aa repeats. 
Finally, APC2644A represents a germline 
mutation resulting from a 4-bp deletion in 
codon 2644. Patients with this type of un- 
usual COOH-terminal mutation develop 
few polyps (attenuated polyposis) but have 
pronounced extracolonic disease, particu- 
larly desmoid tumors (14). 

Each of the APC mutants was cotrans- 
fected with a CRT reporter into the SW480 
colorectal cancer cell line. SW480 cells 
have truncated APC and constitutively ac- 
tive CRT, which can be suppressed by ex- 
ogenous WT APC (12). Although all four 
mutants produced comparable amounts of 
APC protein after transfection (15), they 
varied in their CRT inhibitory activity. The 
three mutants found in patients with typical 
polyposis or cancer were markedly deficient 
in inhibition of CRT (Fig. 1B). The re- 
duced activity of APC1309A and 
APC1941A suggests that p-catenin binding 
is not sufficient for APC-mediated inhibi- 
tion of CRT and that the complete set of 
20-aa repeats is required. The inhibitory 
activity of the APC2644A mutant associat- 
ed with attenuated polyposis was compara- 
ble with that of WT APC (Fig. lB), sug- 
gesting that the DLG-binding domain at 
the COOH-terminus of APC is not re- 
quired for down-regulation of CRT. 

If APC's inhibition of CRT is critical to 
suppression of colorectal tumorigenesis, 
cancers with WT APC must escape this 
inhibition through alternative mechanisms. 
To investigate this possibility, we evaluated 
CRT in two colorectal tumor cell lines 
(HCT116 and SW48) that express full- 
length APC (Fig. 2A). Both HCT116 and 
SW-48 displa~ed~constitutively active CRT 
and, in contrast to cell lines with truncated 
APC (DLD1 and SW480), this activity was 
not inhibited by exogenous WT APC (Figs. 
1B and 2B). Other (noncolorectal cancer) 
cell lines expressing WT APC do not dis- 
play constitutive CRT activity (12). 

These transfection results suggested that 
the constitutive CRT in HCT116 and 
SW48 might be due to an altered down- 
stream component of the APC tumor sup- 
pressor pathway. We therefore evaluated the 
status of a likely candidate, p-catenin, in the 
same four lines. All four lines ex~ressed sim- 
ilar amounts of apparently intact p-catenin, 
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as assessed by immunoblots (Fig. 3A). How- 
ever, sequence analysis revealed that both 
HCT116 and SW48 harbored mutations in 
the p-catenin gene (CTNNBI) (Fig. 3B). 
HCT116 had a 3-bp deletion that removed 
one amino acid (Ser4') and SW48 had a 
C-to-A missense mutation that changed 
SeP3 to Tyr. Analysis of paraffin-embedded 
archival tissue from the HCT116 patient 
confirmed the somatic nature of this muta- 
tion and its presence in the primary tumor 
before culture (16). Both mutations affect 
serines that have been implicated in the 
down-regulation of p-catenin through phos- 
phorylation by the GSK3p kinase in Xeno- 
pus embryos (Fig. 3C) (1 7, 18). 

To test the generality of this mutational 
mechanism, we evaluated five primary colo- 

rectal cancers in which sequencing of the 
entire coding region of APC had revealed no 
mutations (13). Three of these five tumors 
were found to contain CTNNBI mutations 
(S45F, S45F, and T44A) that altered poten- 
tial GSK-3 P phosphorylation sites (1 9) (Fig. 
3C). Each mutation was somatic and appeared 
to affect only one of the two CTNNBl alleles. 

Because the P-catenin mutations were 
heterozygous, we hypothesized that the mu- 
tations might exert a dominant effect, ren- 
dering a fraction of cellular p-catenin in- 
sensitive to APC-mediated down-regula- 
tion. To test this notion, we performed gel 
shift analyses with nuclear extracts from 
untransfected HCT116 cells. In contrast to 
noncolorectal cancer cell lines with intact 
APC, HCT116 cells contained a p-cate- 

APClWA I r 
APC1941A I I 
APC2644A I I - m  
APC(WT) I - I 

-G v ' 7 7 A 
Sequence Heptadn 15-aa repeats hmie& m S k W b n  Tmam 
features - - 

Catentn-bindtng repeats 

1 1Wa 1500 2000 2500 2843 
Amtno aads I I I I I I 

Fig. 1. Effects of APC mutations on CRT. (A) 
Schematic of wild-type (WT) and mutant APC. 1.2 

B 

APC is a 2843-aa protein (23) that contains Anna- - , .o - 
dillo (ARM) repeats in the NH,-terminus (24), 15- 9 
and 20-aa p-cateniwbinding repeats in the cen- 0.8 - 
tral regan (5.6). and a basic region in the CO0t-l- 

OB terminus (23). The COOH-terminus also contains 
a TXV sequence. which mediates DLG binding 4 0.4. 
(9). (8) Effects of WT and mutant APC on CRT. 
SW480 cells containing endogemus mutant APC ' 0.2 - 

were transfected with the APC expression vectors 
shown in (A) and CRT was measured (25). Cells 

0 - 

were transfected with increasing amounts of WT 
aQ 

A= m 
APC (0, 0.15, and 0.5 pg, indicated by the black 
wedge) or 0.5 pg of mutant A X .  CRT reporter u 
activities are expressed relative to assays contain- 
ing no WT APC and are the means of three replicates. Error bars represent standard deviations. 

Fig. 2. Evaluation of CRT A 
in colorectal cancer cell 8 $ lineswithWTAPC.(A) ~ Q g f  lmmunoblot of endoge- ~l I , 
nous APC in the ~ ~ 4 8 0 ,  
DLDl , HCTI 16, SW48, 
and 293 cell lines, devel- 
oped with APC mono- 
clonal antibodv FE9 Pa. 
(8) Effects of ;xoaeno"s WT APC on CRT in cell lines with 
endogenous mutated or WT APC. Cells were transfected 5 5 5 --- 
with increasing amounts (0, 0.15, and 0.5 pg for DLDI and DLDI ~ ~ ~ 1 1 6  SWM 
SW48; 0, 0.5, and 5 bg for HCTll6) of WT APC or 
APC1309A mutant (0.5 kg for DLDl and SW48; 5 pg for HCTl16), and CRT was assessed as in Fig. 
1. CRT reporter activities are expressed relative to activity in extracts without exogenous APC and are 
the means of three replicates. Error bars represent standard deviations. 
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nin-Tcf complex that gel-shifted an opti- 
mized Tcf-binding oligonucleotide, and this 
complex supershifted with antibody to 
p-catenin (Fig. 4A). We also constructed 
P-catenin expression vectors and compared 
the biologic activity of the mutant p-cate- 
nin from HCT116 (P-Cat A45) and SW48 
(P-Cat S33Y) with that of their WT coun- 
terpart. For these experiments, we used the 
293 kidney epithelial cell line because it is 
highly transfectable, exhibits low endoge- 
nous CRT, and contains a large amount of 
endogenous APC (Fig. 2A). In the presence 
of endogenous APC, both mutant 
p-catenins were at least six times as active 
as the WT protein, and this activity was 

inhibited by dominant-negative hTcf-4 
(Fig. 4B). 

Together, these results indicate that dis- 
ruption of APC-mediated regulation of CRT 
is critical for colorectal tumorigenesis. This is 
most commonly achieved by recessive inac- 
tivating mutations of both APC alleles but, 
as shown here, can also be achieved by dom- 
inant mutations of CTNNBl that render 
CRT insensitive to the effects of WT APC. 
Our results suggest that APC inhibition of 
CRT requires phosphorylation of p-catenin 
at multiple sites. These potential phospho- 
rylation sites are consistent with the known 
specificity of GSK3P (20), a serinelthreo- 
nine kinase that negatively regulates p-cate- 

nin in Xenopus and Drosophila cells (1 7) and 
that interacts with APC and P-catenin in 
mammalian cells (10). Our results also sug- 
gest a functional basis for the occasional 
CTNNBl mutations observed in other tu- 
mor types (21) and illustrate how a critical 
pathway in human disease can be illuminat- 
ed by the discovery of mutations in different 
components of the pathway. The next step 
in understanding APC function will be the 
identification of the genes that are activated 
by hTcf-4-P-catenin complexes and inhib- 
ited by WT APC. These genes are likely to 
be related to APC's ability to induce apopto- 
sis in colorectal cancer cells (22). 
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contained a mutated site that does not b ~ n d  Tcf 

(12). The amount of DNA In each transfect~on was 
kept constant by the addit~on of an appropr~ate 
amount of empty expresslon vector (pCEP4). Lu- 
cferase and p-galactosidase ac t v~ t~es  were deter- 
mined 16 hours after transfection. Luc ferase activ- 
~ t y  was corrected for transfecton effic~ency (by us- 
Ing the control p-gaactosdase actvlty) and non- 
specf~c transcrption (by usng the pFOPFLASH 
control). 

26. K. J. Smth etal . ,  Proc. Natl. Acad. Sci. U.S.A. 90, 
2846 (1 993). 

27. Overlapping segments const~tutlng the entlre 
CTNAU31 were ampiifled by reverse transcriptase 
(RT)-PCR from SW480. DLDI , HCTl16, and SW48 
cells and sequenced directly v~i th ThermoSeque- 
nase (Amersham). In the case of HCTI 16, a PCR 
product conta~ning the deleted regton was also 
cloned into pCl-neo (Promega, Madison, Wl), and 
mult~ple clones corresponding to each allele were 
ndividualy sequenced. Sequences of the PCR and 
sequencing primers used are available on request. 

28, p-Catenin expression constructs were prepared as 
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Signal transduction by p-catenin involves its posttranslational stabilization and down- 
stream coupling to the Lef and Tcf transcription factors. Abnormally high amounts of 
p-catenin were detected in 7 of 26 human melanoma cell lines. Unusual messenger RNA 
splicing and missense mutations in the p-catenin gene (CTNNB1) that result in stabili- 
zation of the protein were identified in six of the lines, and the adenomatous polyposis 
coli tumor suppressor protein (APC) was altered or missing in two others. In the APC- 
deficient cells, ectopic expression of wild-type APC eliminated the excess p-catenin. 
Cells with stabilized p-catenin contained a constitutive p-catenin-Lef-1 complex. Thus, 
genetic defects that result in up-regulation of p-catenin may play a role in melanoma 
progression. 

T h e  protein p-catenin is an important sig- 
naling protein in both Xenopus hevis and 
Drosophih mehno~aster development (1 ) . 
The proposed pathway, which isinitiated by 
the wnt-l/wingless receptors, involves the 
posttranslational stabilization of p-catenin, 
leading to its accumulation in the cytoplasm 
and nucleus. In the nucleus, p-catenin is 
thought to interact with the Lef and Tcf " 
families of transcription factors and thus di- 
rectly regulates expression of target genes 
( 2 ) .  The wnt-l proto-oncogene also stabiliz- 
es p-catenin in mammalian cell culture and 
Dromotes tulnor formation when ex~ressed 
in mouse mammary tissue (3).  The potential 
role of p-catenin signaling in cancer is sup- 
ported by the observation that the APC 
tulnor suppressor protein down-regulates ex- 
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cess intracellular p-catenin when it is ectopi- 
cally expressed in colon cancer cells contain- 
ing defective APC (4).  The regulatory 
mechanism for B-catenin t~ rno \~e r  renuires 
the NH,-terminal region of the protein: De- 
letion of this sequence, or mutation of four 
serine or threonine residues therein. result in 
the accumulation of p-catenin and thus ac- 
tivate its role in signaling (5-7). Conceiv- 
ably then, mutations that stabilize p-catenin 
may contribute to loss of cell growth control 
in tumorigenesis. 

Previously, a mutant form of p-catenin, 
containing a Ser37 + Phe37 (S37F) substitu- 
tion, was identified in the 888 me1 cell line 
as a melanoma-specific antigen recognized 
by tumor-infiltrating lymphocytes (8). Be- 
cause it was possible that this mutation in- 
creased the stability of p-catenin, we deter- 
mined p-catenin concentrations in these 
cells and in 25 other melanoma cell lines. 
Seven of the lines, including the 888 inel 
cell, contained elevated amounts of p-cate- 
nin relative to normal human neonatal me- 
lanocytes (NHEM) (Fig. 1A). Two of the 
seven appeared to have APC alterations as 

follov~s. WT CTNNB1 was a m p f e d  by RT-PCR from 
SW480 cells and cloned Into the mammalan expres- 
slon vector pC-neo (Promega) to produce pC-neo- 
p-cat. The pCl-neo-p-cat A45 and S33Y mutants 
were generated by repacng codons 1 to 89 In p C -  
neo-p-cat w ~ t h  a PCR product encod~ng the equiv- 
alent regon from HCTl16 or SW48 cDNA, respec- 
tvey .  The structures of a constructs were verifed 
by sequence analys~s. Deta~ls concerning the con- 
structs and the prlmer sequences are ava~lable on 
request. Lpofectamne was used to cotransfect 293 
cells v~i th an Internal control (0.1 pg  of CMV-pgal), a 
reporter (0.5 p g  of pTOPFLASH or pFOPFLASH), a 
Tcf-4 expresslon vector (0,s p g  of pCDNA-TCF4), 
and p-catenin (0.5 pg) or dom nant-negative hTcf-4 
(1.0 pg) (12) expresslon vectors. CRT was deter- 
mined as In (25). 
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well: the 1335 inel cells contained a truncat- 
ed APC and the 928 me1 cells had no de- 
tectable APC. The truncated APC was not 
imlnunoprecipitated by antibody specific to 
the COOH-terminal sequence of APC, sug- 
gesting it was a COOH-terminal truncation 
similar to that observed in colon cancers 
(Fig. IB). 

A substantial amount of p-catenin was 
coiminunoprecipitated with wild-type 
(WT) APC from five other lines with high 
levels of p-catenin. The accumulation of 
p-catenin on WT APC is characteristic of 
p-catenin stabilization, as has been ob- 
served in particular with NH2-terminal de- 
letion mutants of p-catenin (5). The 1088 
lnel cell ameared to contain a truncated 
p-catenin that accumulated on the APC 
protein. Another characteristic of stabilized 
p-catenin is its migration in a monomeric 
pool upon size fractionation chromatogra- 
phy (5, 9, 10). All of the melanoma cells 
with elevated amounts of p-catenin exhib- 
ited a substantial pool of monomeric 
p-catenin (Fig. IC).  In addition, two of the 
cell lines with normal atnounts of p-cate- 
nin, the 1280 and 1300 inel, also contained 
some lnonoineric p-catenin. 

Up-regulation of p-catenin in the 928 
and 1335 me1 cell lines may have resulted 
from loss of FIT APC, as has been proposed 
for colon cancer cells (4) .  To test this hy- 
pothesis, we transiently expressed WT APC 
in the 928 me1 cells and costained them with 
antibodies specific to APC and p-catenin. 
The 928 me1 cells that were positive for 
ectopically expressed APC contained low 
concentrations of p-catenin relative to non- 
transfected cells, which exhibited excessive 
nuclear and cytoplasmic staining (Fig. 2). 
The ability of APC to down-regulate p-cate- 
nin in the 928 me1 cells suggests that they 
contain WT p-catenin. In contrast, ectopic 
ex~ression of WT APC in the 888 me1 cells 
did not down-regulate the endogenous mu- 
tant p-catenin, but instead resulted in its 
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