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Abstract
Mutations of the APC gene cause familial
adenomatous polyposis (FAP) in humans
and multiple intestinal neoplasia (Min) in
laboratory mouse strains. A dominant
modifying gene (Moml), which partially
suppresses the min phenotype, has been
mapped to mouse chromosome 4. This
region is syntenic with human chro-
mosome lp35-p36. The phospholipase A2
(Pla2s) locus is an excellent candidate for
Moml and the equivalent human locus
PLA2G2A is found on chromosome lp35.
It does not necessarily follow, however,
than any modifier ofmouse polyposis also
influences human disease. In order to test
whether a locus on lp modifies FAP, sub-
jects from 28 FAP families have been typed
at microsatellite loci on this chromosome
arm. The severity oftheir duodenal polyp-
osis has also been assessed by endoscopy.
Pedigree (lod score) linkage analysis found
no evidence of a simple, dominant mod-
ifying gene, comparable with the action of
Moml in inbred mouse strains. Given the
more complex genetic and environmental
interactions likely to exist in outbred
human populations, it is probably more

appropriate to use tests which do not spe-

cify a mode of inheritance. Using these
methods of analysis, the data suggest that
a locus on chromosome lp35-p36 may in-
fluence the severity of duodenal FAP.
(J7Med Genet 1996;33:268-273)

Key words: familial adenomatous polyposis; APC; mod-
ifier; lp35-p36.

Familial adenomatous polyposis (FAP) is a

disease with autosomal dominant inheritance,
characterised by multiple colonic polyps, smal-
ler numbers of adenomas elsewhere in the gas-
trointestinal tract, and various extracolonic
features. Classical linkage analysis mapped the
human APC locus to chromosome 5q21-q22,1 2

a region that shows frequent loss of hetero-
zygosity in the tumours of FAP patients and in
sporadic colorectal cancers.34 The APC gene
was subsequently cloned56 and the mouse hom-

ologue was discovered serendipitously in the
C57-BIJ6 strain at about the same time.78
The phenotype of the Min (multiple intestinal
neoplasia) mouse differs from FAP in that ad-
enomatous polyps are fewer in number and
almost always confined to the small bowel.
Although mutant APC alleles show nearly

complete penetrance in mice and humans, the
progeny of crosses between BL/6-Min mice and
AKR mice had a reduced number of polyps9.
This observation led to the mapping of a dom-
inant, partial suppressor of Min, Moml, to
mouse chromosome 4. The position of the
Moml locus is syntenic with human chro-
mosome lp35-p36. This region shows frequent
allele loss in several human cancers, including
those of the colon.
A strong candidate for Moml was discovered

by MacPhee et al."0 Null secretory phos-
pholipase A2 (Pla2s) alleles were shown to
correlate completely with susceptibility to
greater numbers of polyps. Hence, wild type
Pla2s, involved in arachidonic acid production
and thus in cell signalling via prostaglandins
and leucotrienes, may suppress polyp form-
ation in the Min mouse. Pla2s maps to a mouse
region syntenic with human chromosome lp35
and the human homologue of Pla2s is located
there. " It remains possible, however, that an-
other locus close to Pla2s is actually Moml and
that alleles at the two loci are in strong linkage
disequilibrium in the mice studied.
Given the genetic mapping of Moml to the

equivalent of human chromosome lp35-p36,
this region has become a candidate for mod-
ifying the phenotype of human FAP. It does
not follow, however, that a mouse modifying
locus has any effect on the equivalent disease
in human. In order to determine whether there
is evidence for such an effect, it is possible to
search within the affected members of FAP
pedigrees for an association between the se-
verity of disease and the inheritance of marker
alleles on the short arm of chromosome 1. It
is preferable to study duodenal rather than
colonic FAP, for the following reasons: (1)
disease varies less with age; (2) disease varies
little, if at all, with site of APC mutation;
(3) disease is less affected by therapeutic and
preventative intervention, such as colectomy;
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FAP modifier may exist on chromosome lp35-p36

Table 1 The Spigelman classification of the severity of duodenal FAR Patients score
points according to the number ofpolyps found, their size, histological type, and degree of
dysplasia. Summing points scored allows severity of disease to be placed in one of the five
staging categories below

Feature Category Points scored

Polyp number 0 0
1-4 1
5-20 2
>20 3

Polyp size (max) 0 mm 0
1-4mm 1
5-10mm 2
>10mm 3

Histological type None 0
Tubular/hyperplasia/
inflammation 1
Tubulovillous 2
Villous 3

Dysplasia None 0
Mild 1
Moderate 2
Severe 3

Severity category Total points scored
0 0
1 1-4
2 5-6
3 7-8
4 9-12

(4) standardised, semiquantitative scoring of
the severity of duodenal disease according to
the Spigelman method'2 is available (table 1);
and (5) mouse polyposis predominately occurs
in the small bowel.
Twenty-seven simplex and multiplex FAP

families, comprising about 300 people in total,
have been studied. Some of the pedigrees are
shown in the figure, with summarised details
in table 2. The genotypes of about 150 patients
and other members of these pedigrees have
been determined at eight microsatellite loci
(table 3) extending 150 cM towards the cen-
tromere from the telomeric end ofchromosome
lp, including bands p35-p36. The severity of
the duodenal polyposis ofthe affected members
of the pedigree has been determined in-
dependently of the genotyping using oeso-
phagogastroduodenoscopy and scored on the
Spigelman scale between 0 and 4. Three hy-
potheses have been tested: (1) that a dominant
suppressor of duodenal polyposis on the short
arm of chromosome 1 is segregating in all, or
a proportion of, these families; (2) that a locus
on lp is involved in suppression of duodenal
polyposis, with unspecified mode ofinheritance
and penetrance; and (3) that the degree of
similarity between the phenotypes of sib pairs
correlates with the coinheritance of alleles on
lp.

Methods
GENOTYPING

Samples of genomic DNA from peripheral
blood, normal tissue, or archival material were
extracted using standard methods. PCR re-

actions were performed on each DNA using
the following conditions. A total of 50 to 250 ng
ofDNA was used as template in a final volume
of 50 p1 with reaction concentrations of 1 x

standard PCR buffer (Promega), 1.5 mmol/I
Mg"+, 0 5 mmol/I dNTPs, and 0-4 mmol/I of
each specific oligonucleotide primer; 1 unit of
Taq polymerase was added per reaction. An
amplification protocol of 940C (one minute)

x 1, 94°C (one minute)/55°C (one minute) x 35,
72°C (five minutes) x 113 was used. PCR prod-
ucts were heated to 90°C for five minutes and
electrophoresed on a 6% acrylamide sequenc-
ing gel (Sequagel) under denaturing conditions
for two to four hours. DNA was transferred by
blotting onto Hybond N+ membranes (Amer-
sham, UK) for four to 16 hours. PCR products
were detected by the enhanced chemi-
luminescence technique (Amersham, UK),
using a randomly elongated oligonucleotide
primer as a specific probe for each locus. Prod-
ucts were visualised by exposing membranes
to Hyperfilm (Amersham, UK) for one minute
to one hour.

SCORING OF DUODENAL FAP
Standard protocols were used for oesophago-
duodenoscopy. Where appropriate, polyps
were biopsied or removed and classified ac-
cording to accepted histopathological methods.
A Spigelman staging score of duodenal FAP
severity was accorded to each patient on the
basis of number of polyps, size, histological
type, and grade (table 1).

PEDIGREE LINKAGE (LOD SCORE) ANALYSIS
For the purposes of pedigree linkage analysis, a
dichotomy was introduced into the continuous
distribution of duodenal disease scores. On
clinical grounds, a distinction is best drawn
between scores of 2 and 3 (2-3 split). Hence,
in accordance with Momi, patients with disease
severity 2 or less were classed as affected (that
is, subject to suppression of the disease pheno-
type) and those with severity 3 or more were
classed as unaffected. In order to provide a
comparison, two other classifications were
used: (1) severity 1 or less as affected and
severity 2 or more as unaffected (1-2 split),
and (2) use of the 2-3 or 1-2 boundary as
appropriate in each family to maximise se-
gregation ("best" split). If a family showed
no evidence of segregation of the phenotype
(according to the particular definition of affec-
tion status being used), the family was not used
for the purpose of this analysis (or for those
below). Marker allele frequencies were es-
timated from those people marrying into the
pedigrees studied. The LINKAGE package'4
was used to determine two point lod scores
between each of the eight markers and affection
status (as defined in each of the three above
ways). Penetrance of 0 9 was assumed for the
dominant modifying (phenotype suppressing)
locus, with a penetrance of 0-1 for the recessive
non-suppressor (to take account of pheno-
copies). A modifying allele frequency of 0-1
was assumed. TheHOMOG program was used
to test whether a proportion of families showed
significant evidence of linkage to chromosome
lp.

AFFECTED PEDIGREE MEMBER (APM) LINKAGE
ANALYSIS
This method,'5 comparing the ibs (identity by
state) genotypes of affected pedigree members,

269

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.33.4.268 on 1 A
pril 1996. D

ow
nloaded from

 

http://jmg.bmj.com/


Tomlinson, Neale, Talbot, Spigelman, Williams, Phillips, Bodmer

4.3 4.4 4.5
1 2 3 3 3 4
1 2 2 3 2 3
1 2 2 2 2 3
1 2 2 2 2 3

4-48 4-43
3 5 5 6
4 5 2 5
2 4 3 3
2 4 2 5

bi 5-2 5-3 3.3 3-10

4.1 3 3 3 4 9 10 10 11
1 2 1 2 4 6 3 3

8 8 1 3 1 3 3 3 3 3

2 5 3 3 2 3 4 9 2 8
2 3
5 6

5.3
8 8
2 4
2 5
5 8

3.4 l4.20 4.21 3-6
6 8 _ 6 10 6 10 3 4

1 8 1 4 1 3
ti ts ~~~15 3.3 3.4 1 1 1 4 ,i3 3

10 11 3 3 3 5 6 12 2 6 2 8

4.1 4.2 6 7 6 7 4.18
6 8 6 11 1 4 1 4 3 4
1 4 4 7 2 5 2 3 3 6
1 6 1 5 1 3
10 10 2 10 1 2

Pedigrees informative forAPM analysis showing chromosome Ip genotypes ofpeople classed as "affected". Subjects shown are those whose allele sharing
was analysed by the APM method according to the 1-2 split or 2-3 split or "best" split or all of these, for defining affection status by Spigelman scores.

Spigelman scores in these pedigrees are shown as blocked in quadrants of the pedigree symbol. Hence, totally blocked in represents a score of 4 and 0 a
score of zero. Other subjects, whether without FAP or with FAP but not having had endoscopy, are denoted by a ?. For the sake of brevity, the pedigrees
do not show the full family structure or the genotypes of any subjects not classed as "affected" for the purposes ofAPM analysis, although these subjects
do provide useful information when calculating the APM statistic. Loci are shown in descending order: D1S243, DlS214, D1S228 and D1S199.

was used to search for non-random segregation severity of duodenal FAP were defined in the
of markers on chromosome lp in affected sub- same three ways as above, within the group of
jects. Affection statuses with respect to the FAP patients who had undergone endoscopy.

4-21
6 7
2 4
3 3
6 7

5-43
2 6
2 2
2 3
2 6
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Table 2 Summary of number ofFAP patients and their Spigelman scores in the families studied

Family No with No with OGD No. with Spigelman score
FAP & DNA

0 1 2 3 4

1 17 9 0 3 2 3 1
2 3 3 0 3 0 0 0
3 3 3 0 1 1 1 0
4 11 6 0 1 1 2 2
5 2 2 0 1 1 0 0
6 2 2 0 0 2 0 0
7 3 3 0 0 1 1 1
8 7 2 0 1 0 1 0
9 4 4 0 0 2 2 0
10 3 2 0 1 1 0 0
11 3 3 0 0 0 2 1
12 5 4 0 0 3 1 0
13 2 2 0 0 1 1 0
14 2 2 0 1 0 1 0
15 10 5 1 2 2 0 0
16 3 3 0 0 0 2 1
17 5 3 0 2 1 0 0
18 2 2 0 1 0 1 0
19 6 3 0 0 2 1 0
20 8 5 0 0 2 1 2
21 3 3 0 1 0 2 0
22 4 3 1 0 1 0 1
23 4 2 0 1 1 0 0
24 5 3 0 1 0 2 0
25 4 3 0 0 2 1 0
26 4 3 0 1 1 1 0
27 4 3 0 0 3 0 0
28 2 2 0 0 1 1 0

Table 3 The markers used in the study, their genetic map
positions, and their approximate cytogenetic map positions

Marker Cytogenetic
map positzon

tel
D1S243 lp36

17cM
DiS214 lp36

16cM
D1 S228 lp35

17cM
DIS199 lp34

20cM
D1S255 1p31

17cM
D 1 S200 lp31

27cM
D1S216 lp22

36cM
D1S248 lpl3

cen

Pedigrees with more than one affected member
(excluding parent-child pairs) were included
in the analysis. In practice, about 10 of the 27
families were included in the APM analysis.
This method has the advantage ofnot requiring
a specific mode of inheritance to be specified,
which may be advantageous when studying
modifier loci with uncertain penetrance and
mode of action. The single locusAPM program
was used, with the 1/v/p weighting function
favoured, as recommended. The SIM program
was used to provide simulated distributions of
the APM statistic for each marker. APM was

Table 4 Summary of maximum lod scores (Zmax) obtained from pedigree linkage
analysis at recombination fraction 0 under the three types of affected status classifications
used

Locus 1-2 split 2-3 split "Best" split

Zmax 0 Zmax 0 Zmax 0

DIS199 0.00 0 50 0-02 0-25 0 00 0 50
DIS200 0.00 0 50 0 04 0-28 0-02 0-35
DIS214 0 00 0.50 0.00 0 50 0 00 0 50
DIS216 000 0 50 000 0 50 0.00 0 50
D1S228 0 00 0 50 0 00 0 50 0.00 0 50
D1S243 0-06 0-15 0.00 0 50 0 05 0-22
D1S248 0 00 0 50 0.00 0 50 0 00 0 50
D1S255 0.00 0 50 0-82 0 00 0-08 0-22

used in preference to affected sib pair methods
of analysis, because the structure of the families
and the available blood/tissue samples meant
that few pairs of affected sibs could be studied,
but that several pairs of affected non-sib rel-
atives existed.

QUANTITATIVE SIB PAIR ANALYSIS
The Haseman-Elston method'6 was used to
determine the regression of phenotype differ-
ences on the number of alleles shared by pairs
of sibs. This method may help to minimise
confounding effects, such as environmental
differences, that may occur between more dis-
tantly related subjects. Affection status in this
method is not defined in the way used for the
pedigree linkage and APM methods; rather,
the Spigelman score is used as a quantitative
variable. In order to prevent the results of the
analysis from depending on a few outlying
data points, the absolute phenotypic difference
between sibs was used in preference to the
square of this difference in the regression cal-
culations. The families provided 38 pairs of
sibs and, where identity by descent was im-
possible to determine, expected allele sharing
ibs was calculated; t tests were used to deter-
mine the significance of any correlation ob-
tained (after correcting degrees of freedom for
the few multiple sibships in the data). A non-
parametric trend test was run alongside the
regression analysis as a check of consistency.

Results
The pedigree linkage (lod score) analysis pro-
vided no good evidence for the existence of a
dominant modifier (suppressor) of duodenal
FAP on the short arm of chromosome 1 (table
4). In one case (D1S255, 2-3 split), a max-
imum lod score of +0-82 was obtained at 0=
0*0, but inspection of haplotypes shows this to
result from low information of this marker
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Table S Results ofAPM analysis'5 corrected using the SIM program. Only statistically
significant results are shown (using a corrected threshold ofp<0 01 for statistical
significance). The 1/vp weightingfiunction is used, but results under the 1 and llp
weightings are very similar. SIM was run for 100 replicates

Split Locus APM statistic Probability

2-3 D1S228 4 50 <0 001
2-3 D1S243 3-92 <0-002
"Best" D1S228 4-65 <0-002
"Best" D1S243 3 30 <0 005
"Best" DlS199 2-39 <0 007

Table 6 Results of Haseman-Elston regression analysis on sib pairs. The regression
equation is shown for each locus, together with correlation coefficient p, and probability
value appertaining to the t statistic calculated from the regression analysis (degrees of
freedom = 35). In the equations, y= absolute phenotypic difference between sib values
(varies from 0 to 4) and x= allele sharing at chromosome Ip between those sibs (varies
from 0 to 2, corrected for ibs where appropriate)

Locus Regression equation p2 p

D1S243 y=1-56-0 41x 0-086 <0 075
DlS214 y=1-32-0 22x 0-029 <0-316
D1S228 y=1 19-0 12x 0 007 <0624
DlSl99 y= 1-06-000x 0 000 <0-981
D1S255 y=1-26-0 17x 0019 <0-421
DIS200 y= 1-03 +0 03x 0 001 <0-895
D1S216 y=0 94+010x 0-006 <0-654
D1S248 y=0-93+0-1lx 0 004 <0 724

in families were it would be expected not to
segregate with disease. Almost all other lod
scores reached a maximum value of barely
above 0 0, usually at 0=05. Even if non-

stringent significance thresholds (for example,
Zmax>2.0) are used to assess lod scores for
evidence of linkage, therefore, the results from
these families do not suggest that a gene with
an effect analogous to Moml acts in human
FAP families. However, under the parameters
used, no lod score falls below the - 2 0 required
to exclude genetic linkage of a FAP modifier
locus to chromosome lp. HOMOG analysis
provided no evidence in support of genetic
heterogeneity when testing the possibility that
some families were linked to chromosome lp
and others to an unknown locus elsewhere
(details not shown).

Results fromAPM analysis suggest, however,
that there is a tendency for non-random se-

gregation of alleles at certain of the loci studied
with respect to those affected (that is, with low
severity of disease). APM data are summarised
in table 5. Using a non-stringent threshold for
significance (p<0-01, table 4), alleles at loci
D15199 (1p34), D1S228 (lp35), and D1S243
(lp36) (table 2) were shared more often than
expected by affected pedigree members. This
sharing was strongest under the 2-3 severity
split, which is the most plausible biologically
for defining affection status, and under the
"best" split. The probability values obtained
were similar, irrespective oftheAPM weighting
function used (details not shown). For the
1-2 split, the same loci showed the strongest
evidence of allele sharing, but typically at a

level of significance a factor of 10 lower.
The Haseman-Elston quantitative sib pair

method showed a negative correlation between
the number of alleles shared and the absolute
difference between Spigelman scores at the
D1 S243, D1 S214, and D1S228 loci (table 6).
These correlations were not statistically sig-
nificant, although that at D1S243 approached

significance at the 5% level. The non-para-
metric trend tests were in agreement with the
regression analysis results in all cases (details
not shown). The Haseman-Elston results
therefore provide support, albeit limited, for
the results of the APM analysis and supply
further evidence for a modifier of FAP on
chromosome lp35-p36.

Discussion
There is evidence that a locus on chromosome
lp modifies the phenotype of duodenal FAP
in humans. Alleles at this locus probably do
not act as simple, dominant suppressors of
duodenal disease, since the lod scores derived
from pedigree linkage analysis are almost uni-
formly negative. Any human FAP modifier on
lp does not, therefore, act in the same way as
Moml in inbred mouse strains. This is un-
surprising, given the otherwise relatively uni-
form genetic background of these strains
compared with an outbred population of mice
or humans. A modifying effect on FAP of alleles
on ip is, however, suggested by the results
from APM analysis. These results are cor-
roborated to some extent by quantitative sib
pair analysis. There is no multipoint version of
the APM program, but results suggest that any
human FAP modifier is likely to map to band
lp35 or lp36. These bands are syntenic with
the location ofMoml and lp35, in particular, is
the corresponding position of pla2s, the Moml
candidate locus.
Some caution must be applied to the in-

terpretation ofthese results. Several tests, albeit
non-independent, have been performed on the
data and the stringency used in assessing pos-
sible linkage (p<OQ1) is lower than that used
for classical linkage analysis. The possibility of
false positive (type I) errors must therefore be
borne in mind. APM analysis, moreover, is
sensitive to allele frequencies and necessarily
only analyses a subset of families in this case,
since many families do not provide more than
one subject with mild duodenal disease, and
some of those that do only provide parent-
offspring pairs, which are of no value to APM.
Nevertheless, the consistency between APM
under different weighting functions and under
different definitions of affection status (1-2,
2-3, and "best" splits) both provide some con-
fidence that the results are evidence of a genuine
effect of a chromosome lp locus.

If, indeed, there exists a modifier of FAP
on chromosome lp35-p36, it remains to be
characterised. Clearly, the human PLA2G2A
(mouse Pla2s homologue) should be the first
candidate to be studied in duodenal FAP. It
would be especially interesting to determine
whether the colonic phenotype ofFAP patients
were influenced by PLA2G2A or another locus
on lp; for reasons given above, this would be
problematical, although not impossible. Given
that most FAP patients undergo prophylactic
colectomy for colorectal cancer, duodenal ad-
enomas and carcinomas remain one of the
main causes of mortality in these people. The
characterisation of a modifier of duodenal dis-
ease might therefore be of greater clinical sig-
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nificance than a modifier of colonic polyposis.
For similar reasons, the identification of a
locus affecting the formation of intra-abdominal
desmoids in FAP patients would also be im-
portant.
The significance of loss of heterozygosity

(LOH) on chromosome lp in sporadic human
colorectal carcinomas also remains to be in-
vestigated. MacPhee et al'0 suggested thatLOH
would not be expected at PLA2G2A, owing to
its non-cell autonomous action. Mapping of a
minimum region of allele loss would allow this
reasoning to be tested, ideally using poly-
morphisms yet to be identified within the
PLA2G2A gene. It is possible, like BRCA1,'7
thatLOH on chromosome lp affects a different
locus, even if a human Moml homologue does
exist there. The high frequency of LOH in
cancers other than those of the colon'819 is
consistent with this possibility.
The existence of modifier loci means that all

diseases are potentially "complex". The study
of truly complex human genetic disease, such
as diabetes mellitus, asthma, hypertension, and
rheumatoid arthritis, provides many problems,
but these diseases are quite common, at least,
and the supply of samples for study does not
provide an insurmountable challenge. By con-
trast, the study of modifier loci in rare men-
delian diseases is severely limited by the number
of families suitable for study. This is true even
for a relatively "common" rare disease such as
familial adenomatous polyposis. Mouse models
are one way of identifying candidate modifier
loci for human mendelian disease by over-
coming this problem. This study has provided
evidence to suggest that the mouse modifier of
the Min phenotype may have a human hom-
ologue that affects familial adenomatous polyp-
osis.

The authors are grateful to clinical staff of St Mark's Hospital
for assistance during endoscopy, to Cell Production Services,
Imperial Cancer Research Fund for processing some of the

DNA samples, and to Peter Sasieni of Medical Statistics and
Epidemiology, Imperial Cancer Research Fund for invaluable
statistical help.
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