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Identification of FAP Locus Genes from

Chromosome 5q21

KeENNETH W. KINZLER, MEF C. NILBERT, L1-Kuo Su,

BERT VOGELSTEIN,* TRACY M. BRyaN, DaNIEL B. LEvy, KELLY J. SMITH,
ANTONETTE C. PREISINGER, PHILIP HEDGE, DouGLas MCKECHNIE,
RACHEL FINNIEAR, ALEX MARKHAM, JOHN GROFFEN, MARK S. BOGUSKI,
STEPHEN F. ALTsCHUL, AKIRA HORII, HIROSHI ANDO, YASUO MIYOSHI,
YosH10 Mik1, IsaMU NisHISHO, YUSUKE NAKAMURA

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.

AMILIAL ADENOMATOUS POLYPOSIS

(FAP) is onc of the most common

autosomal dominant diseases leading
to cancer predisposition, affecting nearly
0.01% of the American, British, and Japa-
nese populations (7). 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 Herrera and colleagues, who
demonstrated a constitutional deletion of
chromosomal band 5921 in an FAP patient
(2). This cytogenetic observation stimulated
linkage analyses that demonstrated that
5921 chromosome markers were tightly
linked to the development 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-
dreds with unusual forms of FAP (1, 6), as
well as in patients with “sporadic” colorectal
cancer (7-9). To facilitate the identification
of the 5q21 gene or genes responsible for
FAP 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 shown to delimit an
8-cM region containing the locus for FAP
(5). Further linkage and pulse-field gel elec-
trophoresis (PFGE) analysis with additional

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 contigs and including 5.5 Mb
from the region between YN5.64 and
YN5.48, were obtained (Fig. 1A).

Three contigs encompassing approxi-
mately 4 Mb were contained within the
central portion of this region (Fig. 1B). To
initiate construction of each contig, the se-
quence of a genomic marker cloned from
chromosome 5q21 was determined and
used to design primers for amplification by
the polymerase chain reaction (PCR) (11).
PCR was then carried out on pools of YAC
clones distributed in microtiter trays as de-
scribed (12). Individual YAC clones from
the positive pools were identified by further
PCR or hybridization-based assays, and the
YAC sizes were determined by PFGE. To
extend the areas covered by the original
YAC clones, “chromosomal walking” was
done. YAC termini were isolated by a PCR-
based method and scquenced (13). PCR
primers based on these sequences were then
used to rescreen the YAC library. Mul-
tipoint linkage analysis with the various
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 FER 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 FER was
tightly linked to previously defined polymor-
phic markers for the FAP locus (15). However,
further analysis (16) did not indicate any FAP-
specific mutations in this gene.

A cross-hybridization approach was used
to identify TB1 in contig 2; in this proce-
dure, potential exon sequences are 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 cosmid N5.66 was
shown to strongly hybridize to rodent
DNA, and this clone was used to screen
c¢DNA libraries derived from normal adult
colon and fetal liver. The ends of the initial
cDNA clones obtained in this screcn were
then used to extend the cDNA sequence.
Sequence analysis of 11 overlapping cDNA
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 (TBI) con-
tained two significant local similaritics 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 TB1 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

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-
quently 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. 1B) 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

Fig. 1. (A) Overview of A
YAC contigs. Genetic dis- { 8cM I
tances between selected 4cM

. S SAS I5.48
RFLP markers from with- . =% e 51+
in the contigs are shown in T Tomgrr 292 o el ot T
centiMorgans. (B) De- Contig 4 Conigs

tailed map of the three

central contigs. The YAC
contigs were obtained as B
described in the text, by
means of the indicated
markers. The positions of

izl ol

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-
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for MC4 and FE3, which
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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.
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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 YSI11,
proved to be identical to 78 bp of a gene
that was independently identified by a sec-
ond YAC-based approach. For the latter,
DNA from vyeast cells containing YAC
14FH1 (Fig. 1B) 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 subsequently 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
~ ey <95
75
»
<44
:' - - 24

.

Fig. 2. Northern blot analysis of contig 3 genes.
Total RNA (10 pg) 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
idendfied were determined by the position of co-
electrophoresed markers (arrowheads; kilobases).
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MAAASYDQLL KQVEALKMEN SNLROELEDN SNHLTKLETE ASNMKEVLKQ LOGSIEDEAM
ASSGQIDLLE RLKELNLDSS NFPGVKLRSK MSLRSYGSRE GSVSSRSGEC SPVPMGSFPR
RGFVNGSRES TGYLEELEKE RSLLLADLDK EEKEKDWYYA OLONLTKRID SLPLTENFSL
QTDMTRROLE YEARQIRVAM EEQLGTCODM EKRAQRRIAR IQQIEKDILR IROLLOSQAT
EAERSSONKH ETGSHDAERQ NEGOGVGEIN MATSGNGQGS TTRMDHETAS VLSSSSTHSA
PRRLTSHLET KVEMVYSLLS MLGTHDKDDM SRTLLAMSSS ODSCISMRQS 6CLPLLIOLL
HGNDKDSVLL GNSRGSKEAR ARASAALHNI IHSQPDDKRG RREIRVLHLL EQIRAYCETC
WEWQEAHEPG MDQDKNPMPA PVEHQICPAV CVLMKLSFDE EHRHAMNELG GLOAIAELLQ
VDCEMYGLTN DHYSITLRRY AGMALTNLTF GDVANKATLC SMKGCMRALV AQLKSESEDL
QQVIASVLRN LSWRADVNSK KTLREVGSVK ALMECALEVK KESTLKSVLS ALWNLSAHCT
ENKADICAVD GALAFLVGTL TYRSQTNTLA IIESGGGILR NVSSLIATNE DHRQILRENN
CLQTLLOHLK SHSLTIVSNA CGTLWNLSAR NPKDQEALWD MGAVSMLKNL IHSKHKMIAM
GSAAALRNLM ANRPAKYKDA NIMSPGSSLP SLHVRKOKAL EAELDAQHLS ETFDNIDNLS
PKASHRSKQR HKQSLYGDYV FDTNRHDDNR SDNFNTGNMT VLSPYLNTTV LPSSSSSRGS
LDSSRSEKDR SLERERGIGL GNYHPATENP GTSSKRGLQI STTAAQIAKV MEEVSAIHTS
QEDRSSGSTT ELHCVTDERN ALRRSSAAHT HSNTYNFTKS ENSNRTCSMP YAKLEYKRSS
NDSLNSVSSS DGYGKRGAMK PSIESYSEDD ESKFCSYGQY PADLAHKIHS ANHMDDNDGE
LDTPINYSLK YSDEQLNSGR QSPSONERWA RPKHIIEDEI KQSEQORQSRN QSTTYPVYTE
STDDKHLKFQ PHFGOQECVS PYRSRGANGS ETNRVGSNHG INONVSQSLC QEDDYEDDKP
TNYSERYSEE EQHEEEERPT NYSIKYNEEK RHVDQPIDYS LKYATDIPSS QKQSFSFSKS
SSGOSSKTEH MSSSSENTST PSSNAKRONQ LHPSSAQSRS GOPOXAATCK VSSINQETIQ
TYCVEDTPIC FSRCSSLSSL SSAEDEIGCN QTTQEADSAN TLQIAEIKEK IGTRSAEDPV
SEVPAVSQHP RTKSSRLOGS SLSSESARHK AVEFSSGAKS PSKSGAQTPK SPPEHYVQET
PLMFSRCTSV SSLDSFESRS IASSVQSEPC SGMVSGIISP SDLPDSPGQT MPPSRSKTPP
PPPQTAQTKR EVPKNKAPTA EKRESGPKOA AVNAAVORVQ VLPDADTLLH FATESTPDGF
SCSSSLSALS LDEPFIQKDV ELRIMPPVOE NDNGNETESE QPKESNENQE KEAEKTIDSE
KDLLDDSDDD DIEILEECII SAMPTKSSRK AKKPAQTASK LPPPVARKPS QLPVYKLLPS
QNRLQPOXHV SFTPGDDMPR VYCVEGTPIN FSTATSLSDL TIESPPNELA AGEGVRGGAQ
SGEFEKRDTI PTEGRSTDEA QGGKTSSVTI PELDDNKAEE GDILAECINS AMPKGKSHKP
FRVKKIMDQV QOASASSSAP NKNOLDGKKK KPTSPVKPIP ONTEYRTRVR KNADSKNNLN
AERVFSDNKD SKKQNLKNNS KDFNDKLPNN EDRVRGSFAF DSPHHYTPIE GTPYCFSRND

Fig. 3. Predicted amino acid se-
quence of the APC gene. The
c¢DNA sequence was determined
through the analysis of 112 cDNA
clones derived from colon, liver,
and brain. A total of 8972 bp were
contained  within  overlapping
c¢DNA clones, defining an ORF of
2843 amino acids. The nucleotide
sequence has been deposited with
GenBank accession number
M74088.

SLSSLDFDDD DVDLSREKAE LRKAKENKES EAKVTSHTEL TSNQOSANKT QAIAKQPINR
GQPKPILOKQ STFPQSSKDI PDRGAATDEK LONFAIENTP VCFSHNSSLS SLSDIDQENN
NKENEPIKET EPPDSQGEPS KPQASGYAPK SFHVEDTPVC FSRNSSLSSL SIDSEDDLLQ
ECISSAMPKK KKPSRLKGDN EKHSPRNMG6 ILGEDLTLDL KDIQRPDSEH GLSPDSENFD
WKAIQEGANS IVSSLHOAAA AACLSROASS DSDSILSLKS GISLGSPFHL TPDQEEKPFT
SNKGPRILKP GEKSTLETKK IESESKGIKG GKKVYKSLIT GKVRSNSEIS GOMKQPLQAN
MPSISRGRTM IHIPGVRNSS SSTSPVSKKG PPLKTPASKS PSEGQTATTS PRGAKPSVKS
ELSPVARQTS QIGGSSKAPS RSGSRDSTPS RPAQQPLSRP IQSPGRNSIS PGRNGISPPN
KLSQLPRTSS PSTASTKSSG SGKMSYTSPG RQMSQONLTK QTGLSKNASS IPRSESASKG
LNOMNNGNGA NKKVELSRMS STKSSGSESD RSERPVLVRQ STFIKEAPSP TLRRKLEESA
SFESLSPSSR PASPTRSQAQ TPVLSPSLPD MSLSTHSSVQ AGGWRKLPPN LSPTIEYNDG
RPAKRHDIAR SHSESPSRLP INRSGTWKRE HSKHSSSLPR VSTWRRTGSS SSILSASSES
SEKAKSEDEK HVNSISGTKQ SKENQVSAKG TWRKIKENEF SPTNSTSQTV SSGATNGAES
KTLIYOMAPA VSKTEDVWVR IEDCPINNPR SGRSPTGNTP PVIDSVSEKA NPNIKDSKDN
QAKQONVGNGS VPMRTVGLEN RLNSFIQVDA PDOXGTEIKP GONNPVPVSE TNESSIVERT
PFSSSSSSKH SSPSGTVAAR VTPFNYNPSP RKSSADSTSA RPSQIPTPVN NNTKKRDSKT

DSTESSGTQS PKRHSGSYLV TSV

script (GenBank accession number M74088).
As demonstrated in the accompanying paper
(16), mutations of the gene corresponding
to this transcript, APC (adenomatous poly-
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 14FHI1.
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,
MCC 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 endonucleases showed that TB2
and SRP were between MCC 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 ORF of 8538 nucleotides.
The 5’ end of the ORF contained a methio-
nine codon (codon 1) that was preceded by
an in-frame stop codon 9 bp upstream, and
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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
NHS,-terminal 25% of the protein had a high
content of leucine residues (12%) and
showed local sequence similarities to myo-
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.

To 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 Fig. 4A. Little is
known about how ral2 might interact with
ras but the positively charged character of
this region is interesting in the context of the

:’C 204 LGTCODMEKRAORRIARIQOIEKDILRIROL 234
RAL2 576 II.TGAKGI.:&LRAL:UIUIIAII&:E(IJGGTA]IISPTSPII. 606
B

APC 454 MKLSFDEEHRHAMNELGGLOATAELLQVD 482
M3 MACHR 249 LYHRIVKIETEKRTKEII.A(!il(uSGTEAETE 277
MCC 220 HPNI:.AEIERSI;HEAEIIA(RREENESLTM 248
APC 454 l:leSF Déél:ml:iMNéll.é(Iill.OAIAéLll.OVD 482

Fig. 4. (A) Local similarity between APC and
ral2. (B) Local similarity among the APC and
MCC genes and the m3 mAChR. The connecting
lines indicate identities; dots indicate related ami-
no acid residucs.
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Fig. 5. Probabilities of forming coiled-coils in
MCC and APC gene products. The program of
Lupas and colleagues (39) with a window of 28
residues was used to calculate the probabilities of
coiled-coil conformation. Values on the Y and X
axes represent probabilities and codon numbers,
respectively. The predicted MCC gene product is
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 similari-
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
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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 colorectal 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 (TT) (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-

664

tified several genes that map within this
region and showed them to be expressed in
normal colon. The hypothesis underlying
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
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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 521 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.

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
5921 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-

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 (12), 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
FAPD.

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
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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 (27) 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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