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Summary

Familial adenomatous polyposis (FAP), a Mendelian disorder that includes familial polyposis coli (FPC)
and Gardner syndrome (GS), has an autosomal dominant mode of inheritance. It is characterized by
hundreds to thousands of adenomatous polyps that can progress to carcinoma of the colon, suggesting
that the gene that harbors the FAP germ-line mutation may play an important role in the somatic genetic
pathway to colon cancer. The defect responsible for FAP was recently mapped to the long arm of chromo-
some 5 by linkage between the FPC phenotype and a locus defined by DNA probe pCl1pll (D5S71), lo-
cated at 5q21-22. Because an important next step in the paradigm for identification of a disease gene is to
obtain a more precise localization, we isolated and mapped by linkage six additional polymorphic DNA
markers in the FAP region. Subsequent linkage analysis in six pedigrees, three having the FPC phenotype
and three segregating GS, placed the FAP locus very close to a new marker, YN5.48 (D5S81), that is ap-
proximately 17 centimorgans distal to C11p1l on the genetic map. The analysis revealed no evidence of
genetic heterogeneity between the two phenotypes, a question that had not been clearly resolved by the
earlier studies. The new set of markers in the near vicinity of the FAP locus represents a further step to-
ward isolation of the genetic defect and provides the opportunity for preclinical diagnosis of risk status for
colon cancer among individuals in families that are segregating adenomatous polyposis.

Introduction

Colon cancer is a good model for investigations of on-
cogenesis. It is one of the most common cancers in
North America (140,000 new patients/year), and a
precancerous stage, the adenomatous polyp, is present
for study. Moreover, a familial syndrome of colon can-
cer exists: familial adenomatous polyposis (FAP), a
highly penetrant, autosomal dominant genetic defect.
FAP is characterized by hundreds to thousands of polyps
in the colon; the chance is nearly 100% that one or
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more of the polyps will become malignant. By analogy
to the paradigm of carcinogenesis in retinoblastoma,
the mutant gene in the germ-line cells of affected indi-
viduals may be the same as the gene that converts a
normal cell to an adenoma or cancer cell following so-
matic mutation. For all these reasons, isolation of the
gene responsible for FAP should be a significant step
toward an understanding of the mechanism of carcino-
genesis.

In 1986, a partial deletion of the long arm of chro-
mosome 5 (q13-15 or q15-22) in lymphocytes of a pa-
tient with Gardner syndrome (GS) and mental retarda-
tion was reported (Herrera et al. 1986). Following this
finding, two groups (Bodmer et al. 1987; Leppert et
al. 1987) mapped the gene responsible for FAP to chro-
mosome 5 when significant linkage was observed be-
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tween the familial polyposis coli (FPC) phenotype and
a DNA marker, pClipll (D5571), that had been mapped
by physical methods to chromosome 5q21-22. A num-
ber of genetic diseases have now been mapped by link-
age analysis, and for two of them — Duchenne muscu-
lar dystrophy and chronic granulomatous disease — the
genes harboring the mutation have subsequently been
isolated (Monaco et al. 1986; Royer-Pokora et al. 1986).
Identifying markers closer to a mutant locus after the
first evidence of linkage has been detected is a labori-
ous but vital step toward identification of the gene.

FAP is divided on clinical grounds into two types,
FPC and GS. GS exhibits extracolonic manifestations
in addition to polyposis in the colon: benign tumors
such as multiple osteomas, often in mandibular bone
or skull; fibrous desmoid or epidermoid cysts; and con-
genital hypertrophy of retinal pigment epithelium. The
initial linkage reports cited above yielded no definitive
information about possible genetic heterogeneity be-
tween FPC and GS.

To establish a map with relatively high resolution for
locating the FAP gene(s) more precisely and to address
the question of heterogeneity, we isolated six new DNA
probes that define loci close to Cl1pll. These markers
were ordered into a genetic map of a small region of
chromosome 5q, by linkage analysis in a panel of 59
3-generation pedigrees. By further linkage analysis in
six families segregating FAP, we found that the FAP lo-
cus was tightly linked to a new DNA marker approxi-
mately 17 centimorgans (cM) distal to Cl1p11, with no
evidence of genetic heterogeneity between FPC and GS.

Material and Methods

Cosmid Library

High-molecular-weight DNA was isolated from so-
matic hybrid cell line HHW141, in which the human
component consists of approximately 40% of the long
arm of chromosome 5 (Cirullo et al. 1983), according
to methods published elsewhere (Barker et al. 1984).
DNA was partially digested with Sau3 Al and fraction-
ated by centrifugation in a 10%-38% sucrose density
gradient at 22,000 rpm for 16 h, with a SW50 rotor
(Beckman Co., Ltd.). DNA fractions of 35-45 kb mean
size were collected. Cosmid vector pWE1S5 (Stratagene)
was digested with BamHI and treated with calf intes-
tinal phosphatase. Genomic DNA (1 pug) and vec-
tor DNA (600 ng) were ligated at room temperature
for 2 h (Hayashi et al. 1986). One-fourth of the liga-
tion mixture was packaged using Gigapak gold™ (Strata-
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gene), and after transformation 20 genome equivalents
(1,500,000 kb) of independent clones were obtained.

Screening for RFLPs

Cosmid clones with human DNA inserts were selected
by colony hybridization with 32P-labeled human lym-
phocyte DNA. Cosmid DNAs were isolated from 5 ml
of overnight culture at 37 C. Bacteria containing cos-
mid were precipitated and resuspended in 500 pl of 8%
sucrose, 5% Triton-X, 50 mM EDTA, and 50 mM Tris-
HC1 (pH 8.0). After addition of 50 pl of lysozyme (10
mg/ml), samples were put into boiled water for 3 min
and centrifuged at 15,000 rpm for 10 min. Superna-
tants were treated twice with phenol-chloroform-
isoamyl alcohol, and DNA was recovered by ethanol
precipitation. Under these conditions we were usually
able to prepare 3-10 ug of cosmid DNA from 5 ml of
culture.

For screening RFLPs, we digested DNAs from six un-
related individuals with Mspl, Tagl, Rsal, Bglll, Pvull,
or Pstl. DNA probes were labeled with [32P]-dCTP
(Amersham) by random hexanucleotide priming (Fein-
berg and Vogelstein 1984). To eliminate the background
of repetitive sequences, we added 125 pg of human
placental DNA to prehybridization solution (50% for-
mamide, 50 mM NaPOg at pH 6.8, 10 x Denhardt’s
solution, 5 x NaCl/citrate [1 x = 0.15 M NaCl/15
mM sodium citrate] and 0.1% SDS) and hybridization
solution (50% formamide, 50 mM NaPOj4 at pH 6.8,
1 x Denhardt’s solution, 5 x NaCl/citrate, 0.1% SDS,
and 10% dextran sulfate). Additionally, before add-
ing membranes we preincubated [32P]-labeled cosmid
DNA in hybridization solution at 42 C for 1 h.

Genotyping

For genotyping with DNA markers, 5 pg of each
DNA was digested. Southern blottings were done ac-
cording to a method described elsewhere (Barker et al.
1984). Prehybridization and hybridization were the same
as above. The filters were washed once at room temper-
ature with 2 x NaCl/citrate, 0.5% SDS and twice for
15 min with 0.1 x NaCl/citrate, 0.5% SDS at 65 C.
Autoradiography was done at —80 C, using Kodak
XAR-5 film and intensifying screens, for 24-72 h.

Linkage Analysis

Linkage analysis was performed with the LINKAGE
program package (Lathrop et al. 1985). The genetic
map was constructed from genotype information ob-
tained in 59 3-generation reference families (40 of which
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belong to the Centre d’Etude du Polymorphisme Hu-
main panel), by using the GMS (Gene Mapping Sys-
tem) algorithm, as described elsewhere (Lathrop et al.
1988). Sex-specific differences in recombination esti-
mates were investigated by comparing the likelihoods
of two different models: (1) a model assuming equal
male and female recombination estimates and (2) a
model assuming a constant ratio of female/male genetic
distance throughout the chromosome region spanned
by the marker loci.

Results

New RFLP Markers

When we tested 120 cosmid clones containing hu-
man DNA inserts for RFLPs, 48 clones revealed poly-
morphism with one or more enzymes; two RFLPs were
of the type that reflect a variable number of tandem
repeats (VNTRs) (data not shown). Of 30 polymorphic
clones tested in 59 3-generation families, six showed
close linkage to locus Cl1pl1l (recombination fraction
<.20).

Four of the six new cosmids showed RFLPs with two
enzymes (table 1). Table 2 summaries the results of pair-

Table |

New RFLPs Mapped near the FAP Locus
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wise tests between Cl1pl1 and each of the new loci in
the reference families. From these data we constructed
a genetic linkage map in the vicinity of Cl1pl1 (fig. 1)
with the GMS program (Lathrop et al. 1988). The best-
supported gene order was YN5.120 (D5S83)-Cl1pl1-
KKS5.33(D5S85)-YNS5.64(D5S82)-YNS5.48(D5S81)-
MC5.61(D5S84)-EWS5.5(D5S86), although the odds
against two alternative orders for the first four markers
are <50:1. All other tested alternatives could be rejected
with odds of at least 100:1. As no evidence of differ-
ences in recombination rates between males and females
was found within this portion of chromosome 5 (37 =
0.67), equal recombination distances in the two sexes
were assumed in subsequent analyses.

Linkage of New Markers to FAP in Affected
Families (Table 3)

Affected individuals in K109, K1498, and K1507 ex-
hibit typical GS, with extracolonic tumors such as jaw
osteoma, desmoid tumors, and/or epidermoid cysts.
K415, K1441, and K1452 show classical familial poly-
posis without extracolonal disorders. For the haplo-
types of Mspl and Tagql polymorphisms from MC5.61
the combined lod score in all six families was 8.05 at

Allele Size

Probe (Locus) Restriction Enzyme (kb) Allele Frequency
cYNS5.48 (D5S81) ...... Tagql 6.0 .50
3.6 .50
cYNS.64 (D5S82) ...... Pstl 5.2 .61
5.1 .39
Tagql 8.0 - )
6.0 .85
cYNS5.120 (D5S83) ..... Mspl 9.0 .40
8.0 .60
cMC5.61 (D5S84) ...... Mspl 5.5 .49
5.0 .51
Tagql 20.0 .54
18.0 .46
cKK5.33 (D5S8S) ...... Tagl 9.0 43
8.0 .57
Pstl 6.0 .23
8.0 77
cEWS5.5 (D5S86) ....... Mspl 5.0 .28
4.5 72
Tagql 6.0 .30

8.0 .70
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Table 2
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Two-Locus Lod Scores (below Diagonal) and Recombination Estimates (above Diagonal)
between Marker Loci Typed in Reference Families

Clipll  YNS5.48 YNS.64 YNS5.120 MCS5.61 KK5.33 EWS.S

Clipll ...... .08 .08 .04 .07 .05 .19
YNS.48 ...... 9.7 11 .03 .04 .09 .05
YNS.64 ...... 11.7 12.2 .10 13 .06 11
YNS5.120 ..... 12.5 11.2 7.8 .06 .07 .19
MCSs.61...... 12.0 18.8 9.9 7.4 .10 .02
KKS.33 ...... 13.3 11.5 34.1 8.2 12.8 .20
EWS.S ....... 5.9 15.5 16.2 2.8 19.9 5.2

0 = .04; the haplotypes of YN5.64 at ® = .06. The
haplotypes of two enzymes from KKS$.33, which is
about 3.0 cM from Cl1pl1, showed linkage to FAP with
7% recombination (maximum lod score 7.80 at 6 =
.07); these recombinants were not informative with
Cl1pll. EWS5.5 and YNS5.120, at the end of the map
in figure 1, show greater than 10% recombination with
FAP (lod scores <3).

MCS.61 and KK5.33 showed significant lod scores
for FPC and GS separately, with some recombinants.
YNS5.48, which is flanked by YN5.64 and MCS5.61,
showed no recombination with FAP (total lod score
8.25). Table 4 lists lod scores for YN5.48 with each
pedigree listed separately; combined lod scores in the
three FPC families (3.50) or in the three GS families
(4.75) indicated significant linkage to this locus for both
forms of FAP.

Location Score of the Gene for FAP

The location-score method was used to estimate the
location of the gene responsible for FAP with respect
to the six new markers and Cl1pl1. To reduce the com-
putation times required for multilocus analysis in such
extended pedigrees, we initially considered a reduced
map that included only Cl1p11-KK5.33-YNS5.64-YNS5.48.

As figure 2 shows, FAP has a maximum-likelihood po-
sition at the location of YNS5.48. Although no recom-
binants are observed between FAP and Cl1pll in our
data, the latter is a relatively uninformative locus with
low heterozygosity; the odds against the placement of
FAP at the Cl1pl11 locus in the reduced map are 43,000:1.
With the addition of YNS5.120 to the map, the odds
against the placement of FAP at Cl1pl1 versus its place-
ment at YN5.48 are 10°:1. Additional calculations
were made with another reduced map, YNS5.64-
YNS5.48-MC5.61-EWS.5; this also gave a maximum
location score for FAP at YNS5.48 (figure 2, dashed
curve). In both reduced maps, all locations of FAP out-
side the interval spanned by YN5.64-YN5.48-MC5.61
are rejected with odds >10,000:1. The 1-lod-unit
confidence interval calculated from the second reduced
map gives an upper bound of .03 for recombination
between FAP and YN5.48, with FAP either in the inter-
val YNS5.64-YNS5.48 or in the interval YN5.48-MCS5.61.

Discussion

We have constructed a high-resolution map of DNA
markers in the vicinity of the gene for FAP on chromo-
some $, to define the location of the deleterious muta-
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(YNS5.64--KK5.33--C11p11--YN5.120)
Figure |

Map of markers on a short region of chromosome 5. Odds against inversion of adjacent loci are indicated in brackets. Odds

are 12,540:1 against reversing the orientation of the subgroup containing the proximal four loci.
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Table 3

Lod-Score Tables of Markers with FAP

Nakamura et al.

RECOMBINATION FRACTION

Locus .00 .05 .10 15 .20 .30 .40 0 Zmax
Clipll ...... 3.32 2.99 2.64 2.27 1.88 1.10 37 .00 3.32
YNS.48 ...... 8.25 7.41 6.55 5.67 4.75 2.83 1.03 .00 8.25
YNS.64 ...... - 5.61 5.53 5.13 4.57 3.15 1.45 .06 5.64
YNS.120 .. ... — 1.69 2.00 1.96 1.74 1.08 .40 11 2.01
MCs.61...... - 8.03 7.59 6.83 5.91 3.79 1.55 .04 8.05
KKS.33 ...... - 7.66 7.69 7.16 6.36 4.26 1.84 .07 7.80
EWSs.S ....... - 1.92 2.27 2.21 1.98 1.2§ .47 1 2.28

NoOTE.—A dash (—) = significantly negative.

tion FAP more precisely: seven markers have been
mapped within a region about 29 cM long. Although
the order of three of the marker loci (YN5.120, Cl1pi1,
and KK5.33) is not yet certain, multipoint analysis in
FAP-segregating families has strongly supported local-
ization of the gene involved in FAP near the marker
YNS5.48, which is likely to be 17 ¢cM distal to C11P11.

This result is consistent with linkage data on differ-
ent families, presented by Bodmer et al. (1987), in which
amaximum lod score of 3.36 between FAP and Cl1pl1
was found at 8 = 0, with 1-lod-unit upper bound on
recombination of about .15. Although our data also
show no recombination with Cl1pl1, several FAP recom-
binants are found for a new marker (KKS5.33) that is
approximately 3 cM from Cl1pll, in families that are
not informative for the latter marker. Moreover, both
YNS5.48 and MC5.61, which we estimate to be >10 cM

Table 4

distal to Cl1pl1, have shown strong evidence of linkage
to FAP. The odds are >40,000:1 in favor of the region
near YNS5.48, rather than the region near Cl1pll, be-
ing the most likely location of the genetic defect respon-
sible for FAP.

We can indirectly estimate a physical distance of
<3,000 kb between the closest DN A marker (YN5.48)
and the FAP locus. The map of new markers presented
here therefore delimits and significantly narrows the tar-
get region for efforts to isolate the gene or genes in-
volved in FAP. For some diseases that have been linked
to genetic markers, identification of closer markers has
been the labor of several years; in other cases no other
markers have been identified. The present study has
demonstrated the efficiency that can be achieved in high-
resolution mapping when a hybrid cell line with an ap-
propriate human component is available.

Lod Scores in Families Informative for Locus YN5.48

RECOMBINATION FRACTION

FamiLy .00 .05 .10 15 .20 .30 .40

FPC:
415 .. .54 .50 .46 42 .37 .27 15
1452 ... 1.29 1.14 .97 .81 .64 .32 .08
1441 ................ .. 1.67 1.48 1.31 1.14 .95 .56 .22
Total ................ 3.50 3.12 2.74 2.37 1.96 1.15 45

GS:

1498 ... ... 1.11 1.00 .89 77 .65 .38 13
1507 ... .90 .81 .72 .62 51 .30 .09
109 ... 2.74 2.47 2.20 1.92 1.62 .99 .36
Total ................ 4.75 4.28 3.81 3.31 2.78 1.67 .58
Combined total ...... 8.25 7.40 6.55 5.68 4.74 2.82 1.03
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Figure 2 Location score for the FAP gene on the map in fig.

1. The solid line indicates location score with respect to the subset
of loci C11p11, KK5.33, YNS5.64, and YNS5.48; the dashed line indi-
cates location score calculated with respect to the subset YNS5.64,
YNS5.48, MCS5.61, and EWS.5. Both curves indicate that the most
likely location of FAP is very close to the YNS5.48 locus.

The two reports on linkage of FPC and C11p11 cited
above (Bodmer et al. 1987; Leppert et al. 1987) did
not resolve the question of possible genetic heterogene-
ity between FPC and GS. The present study showed
asignificant lod score (>3.0 at = 0) between YN5.48
and either FPC or GS. Although we cannot eliminate
the possibility that two different defective genes lie very
close together, the simplest interpretation is that sepa-
rate mutations within the same gene are generating the
differences between the phenotypes.

Several genetic alterations associated with colon can-
cer have been reported recently. Frequent mutation in
the K-ras gene has been identified by two groups (Bos
et al. 1987; Forrester et al. 1987). Loss of heterozygos-
ity has been observed on chromosomes 5, 17p, and 22
(Fearon et al. 1987; Solomon et al. 1987; Okamoto
et al. 1988). Carcinogenesis of colon cancer therefore
seems to require multiple mutations. A genetic defect
that confers predisposition to FAP probably operates
at the stage of conversion of normal mucosal cells to
adenomatous polyps, because the presence of hundreds
to thousands of colonic polyps is the most characteris-
tic symptom in FAP patients; later development from
adenomatous polyp to colon cancer is seen not only
in FAP patients but also in patients with no family his-
tory of polyposis. In sporadic cases, somatic mutation
at the FAP locus could play an important role in gener-
ating adenomatous polyps. The elevated risk for colon
cancer in FAP patients may simply reflect the extremely
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high number of adenomatous polyps; in such a sce-
nario the risk in FAP patients would be up to several
thousand times that in a patient with only one adenoma-
tous polyp. Additional events, such as K-ras point mu-
tations and deletions in some chromosomes following
somatic mutations, may change an adenoma cell to a
cancer cell. Isolation of the gene for FAP and elucida-
tion of its function could yield many answers to ques-
tions about oncogenesis.

In the meantime, because a set of DNA markers is
now available for preclinical diagnosis of risk status
for individuals in FAP families, unaffected family mem-
bers with no elevated risk for colon cancer can be reas-
sured, while affected members can be identified for med-
ical intervention.
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