
J. Delbaere, L. A. Rauer, J .  .MU/. Bwl. 144.43 f 1980); 
\V. A. Hendnckron a id  LM. M. Teeter, .Yotiin 290, 107 
(1981); J. U'dter rt al., .-lita Cryitallqr. B38, 1462 
(1982), T. A. Jones and S. Thlrup. E.MBO J. 5, 819 
I 1986) 

21. J S R~chardson, Adv. Pr~~rrrri Ciicm. 34,  167 
(1981);  G. E .  S c h u l ~  and K. H .  Schlrmer, I 'n~i~rplcs  
q/- P r r l t ~ i ~ ~  Strtiitiirt* (Springer-Vcrlag. NCM. Yurk, 
1979).  

22. C .  Chorh~a and A V.  F~nkelsteln, ..lririii. Rci, .  
Bioiiierrr. 59. 1007 ( 1990). 

23. 1). F.~\enberg and A 1). XIcI.achlan, Vattirt* 319, 
199 (1986).  

24. L. Cliche. L. XI. Grcgorct F. E ( i ~ h c n ,  1'. A. Ko1lm.111. 
Proi. Sai l .  .+ad. Scr. 1 . S . A .  87. 3240 11990). 

25. S .  Fahncstock, pcrconal communlcarlon 
26. Ahhre\iano~fi for the milno acld rtl\ldun are: A. Ala: 

C, Cys; 1). Asp; E. Glu; F. Phe; G, Gly; H ,  His: I, Ile: 
K. L.yr: L, Leu: M, Met; N, .&n; P, Pn): Q. Gln; R, 
Arg; S, Ser; T, Thr: V, Vd; M', Trp; and Y, T!T. 

27. J. J .  L.lngone, .4dv. I t~i t~iunol .  32,  157 (1982);  J 
I>e~~enh(~fcr ,  Rioii~rrnrsrry 20. 2361 (1981 1 ;  R. Nil*- 
\on et a l . ,  P r v f e i ~ ~  E1iLq. 1,  107 1 1987). 

28. R. R. Bnx~ks a1 , J .  ~ . ~ ~ ~ l l i p l l ~ .  (71011. 4, 187 I 1983). 
29. Supported by thc AIDS Targetcd Antl-Viral Pro- 

gram of the Ofice of thc 1)lrector uf the National 
In~tl tutc\  of Hc.11th ( G  ,M.C:., A.M.(;., and P.T.LV. ) .  

Ll'c thank J Rlchardwn .uid R. Feldman fur helpful 
discussions 

22 March 1991, accepted 10 ,May 1991 

Identification of FAP Locus Genes from 
Chromosome 5q21 

Recent studies suggest that one or more genes on chromosome 5q21 are important for 
the development of colorectal cancers, particularly those associated with familial 
adenomatous polyposis (FAP). To facilitate the identification of genes from this locus, 
a portion of the region that is tightly linked to FAP was cloned. Six contiguous 
stretches of sequence (contigs) containing approximately 5.5 Mb of DNA were 
isolated. Subclones from these contigs were used to identify and position six genes, all 
of which were expressed in normal colonic mucosa. Two of these genes (APC and 
MCC) are likely to contribute to colorectal tumorigenesis. The MCC gene had 
previously been identified by virtue of its mutation in human colorectal tumors. The 
APC gene was identified in a contig initiated from the MCC gene and was found to 
encode an unusually large protein. These two closely spaced genes encode proteins 
predicted to contain coiled-coil regions. Both genes were also expressed in a wide 
variety of tissues. Further studies of MCC and APC and their potential interaction 
should prove useful for understanding colorectal neoplasia. 

F AhllLIAL A l > b . N O h l A ' I O U  POL.Yl'OSIS 
(FAP) is one of the most common 
autosomal dominant diseases leading 

to cancer predisposition, affecting nearly 
0.01% of the American, British, and Japa- 
nese populations (1).  Affected patients usu- 
ally develop numerous benign colorectal tu- 
mors (polyps) that can progress to  
malignant forms. The first clue to the loca- 
tion of the gene responsible for FAP was 
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provided by Herrcra and colleagues, who 
demonstrated a constitutional deletion of 
chromosomal band 5q21 in an FXP patient 
(2). This cytogenetic obsenation stimulated 
linkage anal!kes that demonstrated that 
5q21 chromosome markers were tightly 
linked to the de\dopment of polyps in 
numerous FAP kindreds (3-5). Other stud- 
ies suggest that genes from the same region 
may be involved in tumorigenesis in kin- 
drcds with unusual forms of FAI' ( I ,  h), as 
well as in patients with "sporadic" colorectal 
cancer (7-9). T o  facilitate the identification 
of the 5q21 gene or genes responsible for 
FAl' and related disorders, we have cloned a 
relatively large region from 5q21 and iden- 
tified several genes from within this region 
that are expressed in colorectal epithelium. 

The cosmid markers YN5.64 and YN5.48 
have previously been chou~n to delimit an 
8-cM region containing the locus for FAP 
(5). Further linkage and pulse-field gel elec- 

*To u h i ~ m  correspondcnic \hould be addrcsscd. trophoresis (PFGE) analcsis with additional 
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markers has shown that the FAP locus is 
contained within a 4-cM region bordered by 
cosmids EF5.44 and L5.99 (10). To  isolate 
clones representing a significant portion of 
this locus, a yeast artificial chromosome 
(YAC) library was screened with 5q21 
markers. Twenty-one YAC clones, distribut- 
ed within six cJntigs and including 5.5 M b  
from the region between YN5.64 and 
YN5.48, were obtained (Fig. ]A) .  

r .  lhrce contigs encompassing approxi- 
mately 4 M b  were contained within the 
central portion of this region (Fig. 1R). T o  
initiate constn~ction of each contig, the sc- 
quence of a genomlc marker cloned from 
chromosome 5q21 was determined and 
used to design primers for amplification by 
the polyrncrasc chain reaction (I'CR) (1 1).  
PCK was then carried out on pools of YAC 
clones distributed in microtitcr trays as dc- 
scribed 112). Individual YAC clones from 
the posi t~\~c pools were ~dent~ficd by fi~rther 
I'CK or hvbr id~za t ion-bad  assays, and the 
YAC sizes werc determlncd bv PkGE T o  
extend the areas covered by the original 
YAC clones, "chromosomal walking" was 
done. YAC termini were isolated by a PCR- 
based method and sequenced ( 1 . 3 ) .  I'CK 
primers based on these sequences werc then 
used to rescreen the YAC library. Mul- 
tipoint linkage analysis with the \~arious 
markers used to define the contigs, com- 
bined with PFGE analysis, showed that con- 
tigs 1 and 2 were centromeric to  contig 3. 

Contig 1 contained the FEK gene, which 
had previously been identified on the basis of 
its sequence similarity to the oncogene ABL 
(14). Linkage analysis and physical mapping 
with the YAC clones indicated that E'EK was 
tightly lirked to previously defined p l y n o r -  
pluc markers for the FAP IOCLL~ ( 1 5 ) .  However, 
further analysis (16) did not indicate any FAP- 
spccific mutations in this gene. 

A cross-hybridization approach was used 
to identi@ TB1 in contig 2; in this proce- 
dure, potential exon sequences arc identified 
by cross-hybridization between human and 
rodent DNAs (17-19). Subclones of all the 
cosmids shown in Fig. 1 were used to screen 
Southern blots containing rodent DNA 
samples. A subclone of cosnlid N5.66 was 
shown to strongly hybridize to rodent 
DNA, and this clone was used to screen 
cDNA libraries derived from normal adult 
colon and fetal liver. The ends of the initial 
cL)NA clones obtained in this screen were 
then used to extend the cDNA sequence. 
Sequence analysis of 11 overlapping cl)NA 
clones revealed an open reading frame 
(ORF) that extended for 1303 bp starting 
from the most 5' sequence data obtained 
(GenBank accession number M74089). The 
predicted product of this gene (TK 1 j con- 
tained two significant local similarities to a 
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family of ADP, ATP carrier/translocator pro­
teins (20, 21). Other than its localization to the 
FAP region (Fig. 1), we found no other evi­
dence linking TBI to colorectal tumorigenesis 
in either sporadic or familial cases (16). 

The MCC gene, which had also been 
discovered through a cross-hybridization 
approach, was considered a candidate for 
causing FAP by virtue of its tight genetic 
linkage to FAP susceptibility and its somatic 
mutation in sporadic colorectal carcinomas 
(9). However, mapping experiments sug­
gested that the coding region of MCC was 
approximately 50 kb proximal to the centro-
meric end of a 200-kb deletion found in an 
FAP patient (22). MCC cDNA probes de­
tected a major 10-kb mRNA transcript on 

Fig. 1. (A) Overview of 
YAC contigs. Genetic dis­
tances between selected 
RFLP markers from with­
in the contigs are shown in 
centiMorgans. (B) De­
tailed map of the three 
central contigs. The YAC 
contigs were obtained as 
described in the text, by 
means of the indicated 
markers. The positions of 
the six identified genes 
from within the FAP re­
gion are shown; the 5' and 
3' ends of the transcripts 
from these genes have, in 
general, not yet been ex­
actly determined, as indi­
cated by the string of dots 
surrounding the bars de­
noting the gene positions. 
Contigs 1, 2, and 3 were 
initiated from sequences 
derived from FER, cosmid 
N5.66, and MCC, respec­
tively. The markers indi­
cated by RHE and LHE 
were derived from YAC 
termini, as described (12). 
The other markers were 
derived from sequencing 
cosmid subclones, except 
for MC4 and FE3, which 
were derived from genom­
ic phage subclones of the 
MCC and FER genes, re­
spectively (11). Linkage 
and PFGE analysis dem­
onstrated that contig 3 
was telomeric to contigs 1 
and 2 and that contig 3 
was oriented with its left 
and right ends (as drawn) 
closest to the centromere 
and telomere of chromo­
some 5, respectively. The 
relative orientations of 
contigs 1 and 2 with re­
spect to each other and to 

Northern blot analysis (Fig. 2), of which 
4151 bp, including the entire ORF, have been 
cloned (9, 10). Although the 3' non-translated 
portion or an alternatively spliced form of 
MCC might have extended into this deletion, it 
was possible that the deletion did not affect the 
MCC gene product. We therefore used MCC 
sequences to initiate a YAC contig, and subse-
quentiy used the YAC clones to identify genes 
50 to 250 kb distal to MCC that might be 
contained within the deletion. 

In a first approach, the insert from YAC 
24ED6 (contig 3, Fig. IB) was radioactively 
labeled and hybridized to a cDNA library 
from normal colon (23). One of the cDNA 
clones (YS39) identified in this manner de­
tected a 3.1-kb mRNA transcript when used 
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the centromere and telomere could not be determined with certainty, as indicated by question marks. 
In contig 2, the four cosmid markers L5.62, N5.66, L5.43, and L5.99 were shown by cross-
hybridization to lie within 100 kb of one another; however, the illustrated order of these four cosmids 
and the position of the three contig 2 YACs with respect to them is only approximate. B, Bss H2; S, 
Sst II; M, Mlu I; N, Nru I. 

as a probe for Northern blot hybridization 
(Fig. 2). Sequence analysis of YS39 and 
eight overlapping cDNA clones revealed 
that they encompassed 2322 nucleotides 
and contained an ORF that extended for 
593 bp from the most 5' sequence data 
obtained (GenBank accession number 
M74090). If the entire ORF were translat­
ed, it would encode 197 amino acids. 
Searches of nucleotide and protein databases 
revealed that the gene detected by YS39, 
TB2, was not identical to any previously 
reported sequences nor were there any strik­
ing similarities (20). In contrast to MCC, we 
found no evidence linking TB2 to colorectal 
tumorigenesis (16). 

Another clone (YS11), identified through 
the YAC 24ED6 screen, appeared to contain 
portions of two distinct genes. Sequences 
from one end of YS11 were identical to at 
least 180 bp of the signal recognition parti­
cle protein SRP19 (24). A second ORF, 
from the opposite end of clone YS11, 
proved to be identical to 78 bp of a gene 
that was independentiy identified by a sec­
ond YAC-based approach. For the latter, 
DNA from yeast cells containing YAC 
14FH1 (Fig. IB) was digested with Eco RI 
and subcloned into a plasmid vector. Plas-
mids that contained human DNA fragments 
were selected by colony hybridization with 
total human DNA as a probe. These clones 
were then used to search for cross-hybridiz­
ing sequences, and the cross-hybridizing 
clones were subsequentiy used to screen 
cDNA libraries. One of the cDNA clones 
discovered in this way (FH38) contained a 
long ORF (2496 bp), 78 bp of which were 
identical to sequences in YS11 (25). The 
ends of the FH38 cDNA clone were then 
used to initiate cDNA walking to extend the 
sequence. Eventually, 112 cDNA clones 
were isolated from normal colon, brain, and 
liver cDNA libraries and found to encom­
pass 8972 nucleotides of contiguous tran-

MCC TB2 APC 

•9.5 
'7,5 

«4.4 

«2.4 

Fig. 2. Northern blot analysis of contig 3 genes. 
Total RNA (10 y,g) was separated by electropho­
resis through a denaturing gel and transferred to 
nylon membranes. The RNA on the Northern 
blots was then hybridized with cDNA probes for 
the indicated genes (42). The sizes of the transcripts 
identified were determined by the position of co-
electrophoresed markers (arrowheads; kilobases). 
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script (GenBank accession number M74088). 
As iemonstrated in the accompanying paper 
(16), mutations of the gene corresponding 
to this transcript, APC (adenomatous polv- - .  
posis coli), were found in the germ line of 
FAP patients as well as in sporadic colorectal 
cancers. When used as probes for Northern 
blot analysis, APC cDNA clones hybridized 
to a single transcript of approximately 9.5 
kb (Fig. 2), suggesting that the great major- 
ity of the gene product was represented in 
the cDNA clones obtained. Sequences from 
the 5 '  end of the APC gene were found in 
YAC 37HG4 but not in YAC 14FH1. 
However, the 3'  end of the APC gene was 
found in both YACs. Analogously, the 5'  
end of the MCC coding region was found in 
YAC clones 19AA9 and 26GC3 but not in 
YAC clones 24ED6 or 14FH1, while the 3'  
end displayed the opposite pattern. Thus, 
IMCC and APC transcription units point in 
opposite directions, with the direction of - - 
transcription going from centromeric to  te- 
lomeric in the case of MCC and telomeric to 
centromeric in the case of APC. PFGE 
analysis of YAC DNA digested with various 
restriction endonuc~ease~ showed that TB2 
and SRP were between LMCC and APC, and 
that the 3 '  ends of the coding regions of 
MCC and APC were separated by approxi- 
mately 150 kb (Fig. 1B). 

Sequence analysis of the APC cDNA 
clones revealed an O M  of 8538 nucleotides. 
The 5'  end of the O R F  contained a methio- 
nine codon (codon 1) that was preceded by 
an in-frame stop codon 9 bp upstream, and 

Fig. 3. Predicted amino acid se- 
quence of the APC gene. The 
cDNA sequence was determined 
through the analysis of 112 cDNA 
clones derived from colon, liver, 
and brain. A total of 8972 bp  were 
contained within overlapp~ng 
cDNA clones, defining an ORF of 
2843 amino acids. The nucleotide 
sequence has been deposited w ~ t h  
GenBmk accession number 
iM74088. 

the 3'  end was followed by several in-frame 
stop codons. The protein produced by initi- 
ation at codon 1 would contain 2843 amino 
acids (Fig. 3). The results of database searches 
(20) with the APC gene product were quite 
complex because of the presence of large 
segments with locally biased amino acid com- 
positions. In spite of this, APC could be 
roughly divided into two domains. The 
NH,-terminal25% of the protein had a high 
content of leucine residues (12%) and 
showed local sequence similarities to  mvo- 
sins, intermediate filament proteins (such as 
desmin, vimentin, and neurofilaments) and 
Drosophila armadillo protein (human plako- 
globin) (26, 27). The COOH-terminal 75% 
of APC (residues 731 to 2832) was 17% 
serine by composition with serine residues 
more or less uniformly distributed. This large 
domain also contains local concentrations of 
charged (mostly acidic) and proline residues 
(28). There was no indication of potential 
signal peptides, transmembrane regions, or 
nuclear targeting signals in APC, which sug- 
gests a cytoplasmic localization. 

T o  detect short similarities to  APC, a 
database search was done with the PAM-40 
matrix (29). Potentially interesting matches 
to several proteins were found (30). The 
most suggestive of these involved the ral2 
gene product of yeast, which is implicated in 
the regulation of ras activity (31); the local 
alignment is shown in ~ i g .  4A. Little is 
known about how ra12 might interact with 
ras but the positively charged character of 
this region is interesting in the context of the 
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Fig. 4. (A) Local similarity between APC and 
ra12. (B) 1,ocal similariy among the AI'C and 
MCC genes and the m3 mAChR. The connecting 
lines indicate identitie\; dots indicate I-elated ami- 
no acid residues. 
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Fig. 5. Probabilities of forming coiled-coils in 
LMCC and APC gene products. The program of 
Lupas and colleagues (39) with a window of 28 
reriduer was used to calculate the probabilities of 
coiled-coil conformation. Values on thc Y and X 
axes represent probabilities and codon numbers, 
respectively. The predicted MCC gene product ir 
depicted in (A) and that of the APC gene product 
in (B). 

negatively charged GAP interaction region 
of ras (32, 33). 

Because of the proximity of the MCC and 
APC genes, and the fact that both were 
implicated in colorectal tumorigenesis (9, 
16), we searched for similarities between the 
two predicted proteins. MCC shares a short 
similarity with the region of the m3 musca- 
rinic acetylcholine receptor (mAChR) 
known to regulate specificity of G protein 
coupling (9, 34). The APC gene also con- 
tained local similarity to  the region of the 
m3 mAChR that overlapped with the MCC 
similarity (Fig. 4B). Although the imilari- 
ties to  ral2 and m3 mAChR were not statis- 
tically significant, they were intriguing in 
light of previous observations relating G 
proteins to  neoplasia (35-37). Additionally, 
MCC has the potential to  form a-helical 
coiled-coils (38). We used a program that 
predicts coiled-coil potential from primary 



Fig. 6. Exon connection analysis of the APC 
gene. For each RNA sample, cDNA synthesis was 
performed in the presence (+) or absence (-) of 
reverse transcriptase (41). The cDNA was gener- 
ated from normal colon (lanes 1); several colorec- 
tal cancer (CRC) cell lines (43) (lanes 2, Difi; 
lanes 3, SW948; lanes 4, LoVo; lanes 5, HT29; 
lanes 6, HCT116; lanes 7, SW480); the Hut 82 
lung tumor cell line (lanes 8) and the SV-HUC 
bladder tumor cell line (44) (lanes 9). The PCR 
products were separated by nondenaturing poly- 
acrylamide gel electrophoresis and stained with 
ethidium bromide. Size is shown in bases pairs. 

sequence data (39) to analyze both MCC 
and APC. Analysis of MCC indicated a 
discontinuous pattern of coiled-coil do- 
mains separated by putative "hinge" or 
"spacer" regions similar to those seen in 
laminin and other intermediate filament (IF) 
proteins (Fig. 5A). Analysis of the APC 
sequence revealed two regions in the NH,- 
terminal domain that had strong coiled-coil 
potential (Fig. 5B), and these regions corre- 
sponded to those that showed local similar- 
ities with myosin and IF proteins on data- 
base searching In addition, one other 
putative coiled-coil region was identified in 
the central portion of APC (Fig. 5B). The 
potential for both APC and MCC to form 
coiled-coils is interesting in that such struc- 
tures often mediate homo- and hetero-oli- 
gomerization (40). 

Each of the six genes described above was 
expressed in normal colon, as indicated by 
their representation in colon cDNA librar- 
ies. The MCC gene has already been shown 
to be expressed in a variety of tissue types 
(9). Reverse transcription-polymerase chain 
reaction (RT-PCR) assays (41) were used to 
demonstrate that APC was expressed in 
normal colon mucosa, in eight cell lines 
derived from sporadic colorectal cancer pa- 
tients, and in two FAP coloreaal cancer cell 
lines (examples in Fig. 6). Similarly, APC 
was found to be expressed in human fetal 
muscle, liver, and skin; in adult peripheral 
white blood cells; lymphoblasts immortal- 
ized by Epstein-Barr virus, and SV40-im- 
mortalized glial cells; and in cell lines de- 
rived from normal fibroblasts (WI38), a 
myeloid leukemia (HL60), an osteosarcoma 
(HOS), a fibrosarcoma (HT1080), a terato- 
carcinoma (Tera-2), a lung carcinoma 
(H82), a bladder carcinoma (SV-HUC), 
and a thyroid carcinoma ('IT) (examples in 
Fig. 6). 

In summary, we have cloned a small part 
of the human genome corresponding to the 
locus linked to FAP. Concurrently, we iden- 

tified several genes that map within this 
region and showed them to be expressed in 
normal colon. The hypothesis ;nderlying 
these cloning, mapping, and expression 
studies was that one or more of these genes 
would be responsible for the inheritance of 
FAP and other conditions associated with 
the predisposition to colorectal neoplasia. 
The identification of these genes allowed 
testing of this hypothesis, as described in the 
accompanying paper (16). 
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Mutations of Chromosome 5q21 Genes in FAP and 
Colorectal Cancer Patients 
ISAMU N I S H I S H O , Y U S U K E N A K A M U R A , * YASUO M I Y O S H I , Y O S H I O M I K I , 

H I R O S H I A N D O , A K I R A H O R I I , K U M I K O KOYAMA, J O J I U T S U N O M I Y A , 

S H O Z O BABA, P H I L I P H E D G E , A L E X M A R K H A M , A N N E J. K R U S H , 

G L O R I A P E T E R S E N , STANLEY R. H A M I L T O N , M E F C. N I L B E R T , 

D A N I E L B. LEVY, T R A C Y M. BRYAN, A N T O N E T T E C. P R E I S I N G E R , 

KELLY J. S M I T H , L I - K U O S U , K E N N E T H W. K I N Z L E R , B E R T V O G E L S T E I N 

Previous studies suggested that one or more genes on chromosome 5q21 are 
responsible for the inheritance of familial adenomatous polyposis (FAP) and Gardner's 
syndrome (GS), and contribute to tumor development in patients with noninherited 
forms of colorectal cancer. Two genes on 5q21 that are tightly linked to FAP (MCC 
and APC) were found to be somatically altered in tumors from sporadic colorectal 
cancer patients. One of the genes (APC) was also found to be altered by point mutation 
in the germ line of FAP and GS patients. These data suggest that more than one gene 
on chromosome 5q21 may contribute to colorectal neoplasia, and that mutations of 
the APC gene can cause both FAP and GS. The identification of these genes should aid 
in understanding the pathogenesis of colorectal neoplasia and in the diagnosis and 
counseling of patients with inherited predispositions to colorectal cancer. 

tal neoplasms, present in adenomas as small 
as 5 mm in diameter (9). Such losses are 
generally thought to indicate the presence of 
a tumor suppressor gene in the deleted 
region (10, 11). 

We have used probes from within the 
region tightly linked to FAP as tools to 
search for genes expressed in normal colonic 
mucosa. As described in the accompanying 
paper (72), six such genes were identified by 
means of cosmid and YAC clones. We con­
sidered the gene FER as a candidate because 
of its proximity to the FAP locus as judged 
by physical and genetic criteria (12, 13), and 
its homology to known tyrosine kinases 
with oncogenic potential (14). Primers were 
designed to amplify the complete coding 
sequence of FER from the RNA of two 
colorectal cancer cell lines derived from FAP 
patients (15). The resultant 2554-bp frag­
ments were cloned and sequenced in their 
entirety (16). Only a single conservative 
amino acid change (GTG —» CTG, creating 
a valine to leucine substitution at codon 
439) was observed. The region surrounding 
this codon was then amplified from the 
DNA of individuals without FAP and this 
substitution was found to be a common 
polymorphism, not specifically associated 
with FAP (17). On the basis of these results, 
we considered it unlikely (though still pos­
sible) that the FER gene was responsible for 
FAP. 

We next turned to the analysis of the four 
genes (MCC, TB2, SRP, and APC) in con-
tig 3 (12). These genes were considered as 

R ECENT STUDIES HAVE REVEALED 

that the accumulation of several ge­
netic changes is associated with col­

orectal tumorigenesis (1). Because most col­
orectal cancers (CRCs) arise from benign 
adenomatous polyps (2), it is of great im­
portance to identify the genes responsible 
for adenoma formation. Familial adenoma-
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tous polyposis (FAP) is one of the most 
common autosomal-dominant diseases lead­
ing to cancer predisposition, affecting 1 in 
5,000 and 1 in 17,000 of the American and 
Japanese populations, respectively (3). Af­
fected individuals usually develop hundreds 
to thousands of adenomatous polyps of the 
colon and rectum, a small fraction of which 
will progress to carcinoma if not surgically 
treated. Gardner's syndrome (GS) is a vari­
ant of FAP in which desmoid tumors, os­
teomas, and other neoplasms occur together 
with multiple adenomas of the colon and 
rectum. 

The gene (or genes) responsible for FAP 
has been assigned to chromosome 5q21 by 
cytogenetic and linkage analysis (4-7). Al­
though FAP is a relatively rare cause of 
colorectal cancer (3), the importance of 
5q21 genes has been accentuated by the 
finding that 5q21 alleles are often lost from 
the tumors of sporadic colorectal cancer 
patients (that is, those without obvious in­
herited predispositions) (1, 8). Moreover, 
losses of 5q21 alleles are the earliest genetic 
alterations yet identified in sporadic colorec-
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Fig. 1. PCR and RNase protection analysis of the 
APC gene in FAP patients. RNase protection 
analysis was performed on PCR products as de­
scribed (21) and the resulting cleavage products 
separated by denaturing gel electrophoresis. The 
amplified genomic fragments containing APC 
exon nt 835 to 933 were 215 bp in length and 
contained codons 278 to 311. Lanes 1 to 10 show 
the results obtained from constitutional DNA of 
ten FAP patients. Lanes 3 (P24) and 8 (P93) show 
abnormal RNase cleavage products (arrowheads). 
Subsequent sequence analysis revealed that the 
abnormal patterns resulted from a C to T transition 
in P24 and a C to G transition in P93 (Table 1). 
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