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Summary Inheritance of mutationally altered oncogenes could predispose
mdivituals to the development of specific tumors and account for familial
tuma: phenotypes. Using adjacent DNA sequence polymorphisms as genetic
e hurkers, we have examined two oncogenes, the Kirsten ras2, isolated from a
& human colon cancer cell line, and the Harvey ras), isolated from a human
g bludder cancer cell line, for their role in the genetic etiology of inherited colon
£ cincer in Gardner syndrome. Both oncogene loti have been shown to be
unlinked to the Gardner syndrome locus and are, therefore, eliminated as
vundidates for the Gardner syndrome gene.

Introduction

The recent isolation of activated oncogenes from human tumor cell fines (Murray er
o 1981, Goldfarb er al., 1982; Pulciani er al., 1982; Shih & Weinberg, 1982). together
“1th the observation that such genes are normal components of the human genome.
fises the possibility that mutant alleles of oncogenes that predispose their carriers (o
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200 D. BARKER £7T AL, ONCOGE
specific tumors may exist in the human population. Knowledge of such allele
be tmportant as it might permit the identification of predisposed individuals ag Wt
mdicate a role for the oncogenc in the early steps of initiation of tumorig, 5 | ) .o
Families showing inherited predisposition to tumors, although rare, constifyis: § ) .
unigue opportunity to define the genes that are involved in the initial events lead

tumor development. _ LA s
A marked predisposition to colon cancer has been characterized in families caj
an allele for Gardner syndrome (Wennstrom er al., 1974). This syndrof R e
characterized by autosomal dominant inheritance of multiple adenomatous poim;ﬁr_ ' s
the colon accompanied by any of several benign extra-intestinal growths includiy,
epidermoid cysts, fibromas, osteomas and specific dental abnormalities {(Gardner gry B
1980). Since workers in several laboratories have been able to jsolate activaty § o
oncogenes from human colon cancer celf lines, it seemed possible that, in the Casgﬁi
Gardner syndrome, inheritance of an activated oncogene might predispose to miiltp) © 1 sbbreviated forn
adenomatous polyps, believed to be precursors of colon carcinoma (Morson, g4 v o 1951: Gardne
and thereby predispose 10 carcinoma of (he colon. sectptec drawing. Spouses
s Pnalected male ang
“eosandrome i living Kin
senrnttods polyposis and (w

cicnkdren. however, (6459,
et evtricolonic manifesta
Cbrone m expired kindred
whpesis vobi and the expect
sanch b eowell ds g detaile

Materials and methods

One of the most appealing aspects of this hypothesis is that it can be rigor
tested by the classical methods of genetics for each candidate oncogene. Cloned _ ‘ !
i _ . o =ewibo 1 heen published (C
segments define the oncogene loci by the method of Southern (1975) and pern sttt sty are indicated on
identification, using restriction enzymes, of adjacent polymorphic DNA SCQUEBAE . \llutrated pedigree are det:
These serve as genetic markers to track the segregation of putative oncogen
within pedigrees (Botstein ef al., 1980). Specifically, if an allele at the oncogene
an allele that causes Gardner syndrome, then the two loci should map to t
place in the human genome. Operationally, within a single pedigree segregating
Gardner syndrome allele, there should be extremely tight cosegregation of a
allele of the oncogene with the Gardner allele, whose presence is defined:
characteristic syndrome.

Two oncogene probes have been selected for this initidl study, one isolate
human colon carcinoma cell lines (Murray er al.. 1981) and found to be syno
with the Kirsten ras2 gene (c-Ki-ras2) (Der er al., 1982; McCoy et al., 1983; C
al., 1982; Shimizu e¢ al., 1983), and the other isolated from a human
carcinoma line (Pulciani er al., 1982; Shih & Weinberg, 1982) and found
synonymous with the Harvey ras| gene (c-Ha-rasl) (Chang ¢r al., 1982; Shimizu
1983; Parada er al, 1982).

Phe probes used to del
soned segments contain:
podi derived from a r
wineodT human e-Ki-
- PBRA2Y (M cCoy er al
sowcloned in pBR322. w
Loldtarh er af. 19821 1
e cKi-ras? probe  h:
shmorphisms in the vic.
“theach of several diffe
Bl 11 Kpnl, Pl Bg
Lees menomorphic b
e bed with p640. T
Cmle ST kbt segment
O hmorphism was obsen
Ame-recognition sequw
':.u".mgcnwnlx.

Results and discussion

Segregation of alleles at the oncogene loci has been examined in the original
from which Gardner syndrome was described (Gardner o al., 1980: Gardner,\- 98k
Gardner & Richards, 1953). Figure 1 is an abbreviated pedigree chart of the far

and indicates which individuals were sampled for DNA in this study. " \biy

fvLtong psed: kb, 109
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pigure - - abbreviated form and updated pedigree of a previousty described Gardner syndrome kindred.
yocrdner. 19510 Gardner & Richards, 1953). All affected members and their offspring are included in
pectiprec drawing. Spouscs of affected family members are represented wherever chiliren are present. ([}
<oy Vnaffected male and female, respectively: () and (@) the affected counterparts: T, dead. Presence
#wosendrome iniving kindred members has been determined in cach case by the finding of colonic
senstous pelyposis and two or more of the expected benign extra-intestinal arowths (sce the text). Three

ot hntdren, however, (6459, 109-V-34, 6489) are considered (o have the syndrome on the basis of multiple
el cvtracolonie manifestations, although proctoscopy has not yet been performed. Presence of the
wbione moexpired kindred members has been determined from medical records indicating colon cancer
f ;hposs colioand the expected extra-intestinal growths, A complete pedigree (ie. including unaffected
b tencd s well as a detailed summary of the extra-intestinal growths present in each involved family
wemb - been published (Gardner er of, 1980). Family members and spouses who were sampled for the
peosent -tadyoare indicated on the pedigree chart by a 4-digit faboratory number. Informative segments of
g i llustrated pedigree are detailed in the text and other Figures.

The probes used to define the oncogene loci in the present study were derived from
- Joned segments containing all or part of an oncogene coding sequence. The probe
podii. derived from a phage bearing a segment of DNA containing part of an
s human e-Ki-ras2 gene, is a 640 base-pair EcoRI-HindI11 fragment cloned
0 pRI32Y (MceCoy et al., 1983). The probe pTBB-2 is an 800 base-pair PsiI fragment.
ahacloned in pBR322, which contains part of the human c-Ha-rasl coding sequence
\Goldlarb er al., 1982). Each probe uniquely identifies its respective oncogene locus.
the ¢-Ki-ras? probe has been used to screen for restriction fragment length
atymorphisms in the vicinity of this gene. Nine different human DNAs were digested
mith cach of several different enzymes including Mbol, Mspl. Tagl, EcoRI, Hindl1l,
famibi] pnl, Pwull, Bglll, Psil, Hincll and Bell. With the exception of the Tagl
Gigess monomorphic band or set of bands was seen when transfers of these digests
ned with p640. The random human DNAs digested with Tagl revealed ecither
*ovmgle 57 kbt segment or both a 57kb and a 3-3 kb segment. The fact that
Plvmorphism was observed only with the restriction enzyme Tagl suggests that the

rme-recognition sequence is affected and that there are no detectable DNA
farringements.

wery

Ahbreviations used: kb, 16° base-pairs.
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The c-Ha-ras] probe has previously  been demonsirated (o reveg| -
potymorphism in human placental and tumor cell line DNAs digested with g
BamH1 (Goldfarb er o/, 1982). We have confirmed the observation with [ymph
DNAs isolated from individuals and have also probed DNAs digested wit
revealing at least eight different allelic fragments ranging in length from 2.3
44 kb. The Tugyl polymorphism is related (o that seen with BuniHI, since indivig
with larger 7agl fragment alleles also show the larger BamH] fragment alleles, i *
the polymorphisms revealed in Taql digests by the pTBB-2 and p640 probes
examined for Mendelian inheritance in several ruclear family units from un
[amilies (data not shown). The Tugl alleies revealed by the probe Ppo4l were €Xamj3’£
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TABLE 1

Uenatypes observed Jor the Taql alleles of the c-Ki-ras? locus and C-Ha-rasi loeys
individuals from Kindred 109 :

p640 pTBEB-2
alleles alleles it the Gard
22?; l]“z? g’g ot j() 10 30
6484 I: 1 g P dnrupting the
6507 1,2 6, 8 MeIsis. AASSU
6465 I, 2 3,6 princ:pic, two
gjgg ]I‘ g 6, 6 ssoctiated WIU
6453 1: I :g Hn\\icverj SI]’}C(
6512 1.2 q 6 atthin this Kin
6500 1.1 6. 6 Gardner mutat
6505 1,2 6. 6 aichic pattern ¢
6490 1,1 3.6 the two loct i
gj§§ ; é gg aample, indiv
6486 11 26 dlele ™ at the
6485 [.2 6. 6 Calcuiation of
6510 1 6. 8 eeonibination
6309 11 6. 6 whies of —17
6467 Lo 6, 8 wtween the G
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o 11 such units with 29 offspring. The allelic patterns seen in all 29 offspring were
_omistent with codominant Mendelian inheritance of alleles at the polymorphic locus.
4 ~imilar examination of the inheritance of the Tugl fragments revealed by the probe
L 138-2. within 14 nuclear family units with a total of 39 offspring, again showed the
;N\L,;«.;m patterns ol offspring to be consistent with codominant Mendelian inheritance
) disls

| (e genotypes obtained for the Tagl alleles of the c-Ki-ras2 locus among individuals
qom Kindred 109 are summarized in Table 1. Individuals affected with Gardner
androme are seen to be either heterozygous for the Tugl alleles or homozygous for
siele 1oosupgesting that if the Gardner and c-Ki-ras2 loci are tightly linked, the
¢urdner mutation must be associated with allele 1 at the ¢-Ki-ras2 locus. Two affected
adividuals with offspring, 6465 and 6452, are heterozygous at the ¢-Ki-ras2 locus and
qercfore their children are potentially informative for linkage. Since the Gardner
aueoen 18 rare and has been shown to be inherited as an autosomat dominant.
attes oo dividuals are assumed to be heterozygous for the mutation. Figure 2 shows
‘he mformative portion of the pedigree and the corresponding portion of the Southern
qensfer from which allelic assignments were determined.
: Il the Gardner mutation affects the c-Ki-ras2 gene, then it must be very tightly
‘‘‘‘‘ anhed Lo the polymorphism revealed by p640, since the polymorphic Tagl site is at
. most 20 to 30 kb distant from any site in the gene. We would expect recombination
dirupling the association to occur at a frequency less than 2x 107% 1o 3x 107 * per
melosis, aassuming a correspondence of one centimorgan per million base-pairs. In
prineple. two different haplotypes could exist, one in which the Gardner mutation is
assecialed with allele 1 and one in which the mutation is associated with allele 2.
Howcever, since affected individuals homozygous for allele 1 have been demonstrated
within this kindred (e.g. 6500 and 6490), allele 2 is not likely to be associated with the
Gardner mutation in this kindred and only one haplotype is possible. Inspection of the
allelic patiern shown in Figure 2 reveals that the assumption of tight linkage between
Ihe two locl is contradicted by the occurrence of four recombinant offspring. For
cvumple, individual 6454 must be a recombinant since this individual received both
silele 2 at the ¢-Ki-ras2 locus and the Gardner mutation from the affected parent.
Caicilation of the logarithm of the relative likelihood of linkage at a specific
reeomsbination fraction (r) to that of no linkage (LOD score), given this data set, gives
vdues of —13-6 at r=0-0001, —9-6 at 0-001 and —56 at r=001: tight hinkage
belween the Gardner locus and the c-Ki-ras2 locus is therefore extremely unlikely.
Including the possibility that the parental haplotypes might also represent association
ol the Gardner mutation with allele 2 changes these values only slightly. These data do
ntrule out the possibility of loose linkage of the ¢-Ki-ras2 locus to the disease but do
*rangly indicate that the locus is not the site of the mutation that causes the disease.
Ihe uenotypes obtained at the ¢-Ha-rast locus by examining Tagl digests of K109
s DNA samples with the pTBB-2 probe are presented in Table 1. Figure 3 shows
e informative portion of the pedigree and the corresponding section of the Southern
tanster from which allelic asstgnments were determined. Again the aflected parents
05 und 6452 are heterozygous, and their families are informative with respect to the
Powwble linkage of the c-Ha-rasl locus to the Gardner mutation. Although there are
ne different Tagl alleles present in the K109 pedigree, affected individuals carry in
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Figure 2. The alleies of the Tag
portion of Kindred 109,

High molecular weight DNA obtained from lymphocytes (except for individual V-34 where
fibroblasts were the DNA source) was digested with Tagl, clectrophoresed in a 0-8% 4garose ¢
transferred 10 Genatran™ (D&L Filter Corporation). The plasmid, po40, was tabeled by nick-1rangsiy
and hybridized to the filter for 24 h at 42°C in 50% formamide, 5% SSC. 1 x Denhardt's solution;if_;)}“
sodium phosphate bufler {pH 6-6), 100 ug deratured salman DNA/ml and 10% dextran sulfate. The il
then washed briefly in 2 x SSC (85C is 0-15 M-NaCl, 0-015 M-sodium citrate), 011% sodium dok
sulfate (SDS) at room lemperature and twice for 30 min each at 65°C in 01 x §SC. 0-1% SDS, endih
exposed to Kodzk XAR-5 film backed by a DuPont Lightning-Plus intensifier screen for 9 days. Th
and 3-3 kb fragment alleles are referred o in the text as allele | and allele 2, respectively. Frapmi 7
were determined by loading S pg of standard DNA fragments. which include homoiogy ta the vector g
of the p640 probe, onto one lane of the gel.

I polymorphism at the ¢-Ki-ras2 iocus in individuals from an inl
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dier svndrome Carry an ac
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common only the allele 6 (with one exception, individual 6459). Thus. if the G_';irdli‘l
mutation is tightly linked to the c-Ha-ras] locus, it is likely to be associated with
6 in this pedigree. Examination of the allelic patterns of the progeny again contfs

the hypothesis of close linkage. If association of the Gardner mutation with the alk# P sion to colon carci
1s assumed, then individuals 6508 and 6459 must be recombinants since they; ' §

inherit the disease but not allele 6. Individuals 6456 and 6458 must be recombitéh §

since they inherit the allele 6 bul not the disease, from the affected parent. Or

alternative hypothesis that allele 3 1s associated with the Gardner mutation in " g ,

parents, individuals 6467, 6454, 6455, 6457 and 109-V-34 must likewise rep:W he grtelutly acknowledge

recombination events. This high frequency of recombination is inconsistent with
occurrence of the Gardner mutation at (he ¢-Ha-ras! Tocus. Calculations of
scores give negative values comparable to those obtained for the o-Ki-ras? locu

The linkage test has established unequivocably that mutant alleles of ncithﬁ{j’k{
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dgore U T oo alieles of the c-Ha-ras] polymorphism revealed by Tagl in individuals from an informative
pertion £ Rondred 109, Eight different atlelic Tagl fragments are revealed at the Ha-rasl locus with the
peae pEBH-2 The 44, 3-7 and 31 kb alleles are referred to as alleles 1, 2 and 3, respectively. Alleles 4 and 5
s Y and 285 kb, respectively. These two alleles are rare and have not been observed in Kindred 109, Two
@tterent fragments of approximate tength 27 and 2:6 kb are distinguishable when run in adjacent lanes; as
Homdiaduals 6508 and 6452 shown here, however, owing 1o the difliculty of scoring these alleles accurately
o ditlerent transfers, these 2 fragment sizes were each scored as allele 6. Allele 8 is a 2-3 kb fragment.
&  duplicate filter of that described in the legend 10 Fig. 2 was prepared and hybridized with nick-
g tamsbited pTBB-2 plasmid, washed and exposed identically. To ensure that allele assignments in this critical
E rocon of the pedigree were correct, these 2 filters were subsequently stripped of radioactive DNA by treatment
i 048-NaOH  at 42°C for 30min and re-hybridized with the alternative probe. Every
bt howed the same ailelic pattern with each probe on beth filters.

« Mierus? nor ¢-Ha-ras] genes are responsible for Gardner syndrome in Kindred 109.
1w reasonable then to propose that if colon carcinoma cells from individuals with
ferdner syndrome carry an activated oncogene that is the same as one of those tested
=iy study, then the activation event is likely 1o be a somatic mutation occurring in
He progression to colon carcinoma.
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