American Journal of Pathology, Vol. 159, No. 4, October 2001
Copyright © American Society for Investigative Pathology

Comprehensive Analysis of SMAD4 Mutations and
Protein Expression in Juvenile Polyposis

Evidence for a Distinct Genetic Pathway and Polyp
Morphology in SMAD4 Mutation Carriers

Kelly L. Woodford-Richens,* Andrew J. Rowan,*
Richard Poulsom,’ Stephen Bevan,*

Reijo Salovaara,® Lauri A. Aaltonen,®

Richard S. Houlston,* Nicholas A. Wright,” and
lan P. M. Tomlinson*

From the Molecular and Population Genetics Laboratory* and
the Histopathology Laboratory," Imperial Cancer Research Fund,
London, United Kingdom; the Section of Cancer Genetics,
Institute of Cancer Research, Sutton, Surrey, United Kingdom;
and the Departments of Medical Genetics and Pathology,’
Haartman Institute, University of Helsinki, Finland

Juvenile polyposis syndrome (JPS; OMIM 174900) is a
rare disorder which is characterized by the presence
of hamartomatous polyps throughout the gastrointes-
tinal tract and an increased risk of gastrointestinal
malignancy. Mutations of the SMAD4 gene on chro-
mosome 18q21.1 have been shown to cause a subset
of JPS cases, with estimates ranging from 20% to
>50%. Characterization of the genes that cause the
remainder of JPS cases relies on the certainty that
SMAD4 is not the causative gene. We have undertaken
a comprehensive analysis of germline SMAD4 muta-
tions in a cohort of JPS patients to define the spec-
trum of mutations that cause JPS. We have analyzed a
series of polyps from these patients for SMAD4 pro-
tein expression. We have also performed a blinded
assessment of polyp material to look for morpholog-
ical differences between polyps from patients with
and without a germline SMAD4 mutation. The results
indicate that almost all germline SMAD4 mutations
are readily detectable by screening genomic DNA us-
ing polymerase chain reaction-based methods;
SMAD4 can be excluded as the causative gene in the
majority of our JPS cohort. Loss of SMAD4 expression
occurs in most polyps from SMAD4 mutation carriers,
even those with missense germline mutations. SMAD4
loss in polyps is, however, not a feature of cases that
are not caused by SMAD4 mutations, indicating that
these polyps develop along a SMAD4-independent
pathway. The morphology of polyps from SMAD4 mu-
tation carriers is subtly different from other JPS pol-

yps, notably including a more prominent epithelial
component in the former. (Am J Pathol 2001,
159:1293-1300)

Juvenile polyposis syndrome (JPS; MIM 174900) is a
genetically heterogeneous disorder with a proportion of
cases accounted for by mutations in the SMAD4/DPC4
gene on chromosome 18g21.1."2 The main features of
JPS are characteristic hamartomatous polyps throughout
the gastrointestinal tract, and an increased risk of devel-
oping a gastrointestinal malignancy. Juvenile polyps
range from a few millimeters to a few centimeters in size
and are classically described as rounded with a hyper-
cellular stroma, large mucin-filled cysts, lack of a smooth
muscle core, and a flattened epithelium with no sign of
hyperplasia.® Juvenile polyps also occur as part of other
diseases such as Cowden, Bannayan-Zonana, and Gor-
lin syndromes, in which they occur with other syndrome-
specific features. The gene that causes Cowden and
Bannayan-Zonana syndromes has been shown to be
PTEN (10g23.3), and germline PTCH (9931) mutations
cause Gorlin syndrome. PTEN and PTCH mutations have
been excluded as the causative mutations in almost all
JPS patients.*®

The SMAD4 gene has been shown to act as a tumor
suppressor in JPS cases in which a germline mutation of
SMAD4 has previously been demonstrated, with loss of
the second copy leading to growth of the polyp.® Muta-
tions and homozygous deletions of SMAD4, as well as
allelic loss around 18g21.1, have been shown in sporadic
cancers of the pancreas and colon, indicating the gene’s
importance in the development of these tumors.”® The
SMAD4 protein acts as a cytoplasmic mediator in the
transforming growth factor-g signaling pathway, by form-
ing complexes with the phosphorylated receptor-regu-
lated SMADs (SMAD2 and SMADS3). These complexes
translocate from the cytoplasm to the nucleus, where
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association with DNA-binding proteins helps to regulate
the transcription of genes involved in cell cycle and tran-
scriptional regulation.® Despite being good candidates
as they too are involved in the transforming growth fac-
tor-B signaling pathway, mutations in the other SMAD
family members have not been found.™®

Trying to identify the genes which cause the remaining
JPS cases unexplained by the SMAD4 gene relies on the
certainty that it is indeed not the causative gene. Previ-
ously, an exon-by-exon mutation screen of SMAD4 in our
JPS cohort has been performed using conformation-spe-
cific gel electrophoresis (CSGE) with 5 of 21 cases shown
to have a SMAD4 mutation.>® Such a technique, how-
ever, may only be at best 90% sensitive for base substi-
tutions and small frameshifting changes, and would not
detect large deletions. In addition, linkage analysis of 18q
markers in informative pedigrees found four of eight fam-
ilies who provided good evidence against linkage, but
four of eight families in whom linkage could not be ex-
cluded.?

We have therefore undertaken a comprehensive anal-
ysis of the SMAD4 gene in our cohort of 26 familial and 18
sporadic JPS cases using a variety of techniques. In
addition to the previously used methods, we have used
several extra techniques. We have screened for germline
deletions of whole or part of the SMAD4 gene by Southern
blotting. Reverse transcriptase-polymerase chain reac-
tion has been performed and used in the protein trunca-
tion test (PTT) that identifies nonsense germline muta-
tions potentially missed by CSGE. F-SSCP (fluorescent
single-stranded conformational polymorphism) analysis
has been used to screen polymerase chain reaction
products of all exons of SMAD4. We have used Western
blotting to search for altered or reduced protein in the
germline of those cases in which a lymphoblastoid cell
line was available. Immunohistochemistry has been per-
formed on all polyp and cancer material available from
our cohort using a SMAD4 antibody in which detection
levels have been shown to accurately mirror mutation
status in pancreatic carcinomas.’' Finally, to try and seg-
regate the polyps by morphology according to SMAD4
mutation status, we performed a blinded analysis of he-
matoxylin and eosin (H&E)-stained sections from all avail-
able polyps and cancers.

The results of this study define the spectrum of germ-
line changes in SMAD4 associated with juvenile polypo-
sis, analyze their effects on protein expression in juvenile
polyps and associated tumors, and demonstrate that
juvenile polyps in SMAD4 mutation carriers have different
features from those in JPS caused by other, unknown
genes.

Materials and Methods

Patients from 26 different JPS families, and 18 sporadic
cases were selected (families: 1, 5, 6, 10, 12, 14, 15, 16,
17,18, 19, 20, 21, 22, MD, FT, KS, YC, GP, DM, WN, WH,
JP1, JP2, JP7, and JP8; sporadics: BN, CV, 1204, CN,
1868, SM106, HG, SM397, MTW, SM524, 1262, BW, RV,
1469, LB, CR1, FD, and HR). Patients had five or more

juvenile polyps, or any number of juvenile polyps and a
known family history, and none had any phenotypic fea-
tures of Cowden syndrome, Bannayan-Zonana syn-
drome, or Gorlin syndrome. Germline PTEN and PTCH
mutations had been excluded from all patients. Periph-
eral blood samples were used to provide a source of
DNA and, in a subset of cases, permanent lymphoblas-
toid cell lines were made or snap-frozen normal tissue
was available. DNA was extracted from peripheral blood
lymphocytes and cell lines using standard methods. Ar-
chival, paraffin-embedded tissue from polyps and/or
cancers was obtained from as many cases as possible.
Twenty-one patients had previously been screened for
germline SMAD4 mutations by CSGE,'? with mutations
found in families 17, 20, AC/CF, and BL and sporadic SV
(the latter three not rescreened in this study except for
AC/CF which was included in the immunohistochemistry
and morphological review).

For F-SSCP, exon-by-exon amplification of SMAD4,
covering all coding sequence and intron/exon bound-
aries, was performed using previously reported primers®
with added fluorescent 5’ and 3’ labels (FAM, HEX, or
TET). Polymerase chain reactions were then diluted 1:50
with distilled water and combined with an internal size
standard (Tamra 500; PE Applied Biosystems, War-
rington, UK) and formamide. F-SSCP analysis at 20°C
was performed using an ABI310 sequencer (PE Applied
Biosystems). Fragments showing aberrant migration
were re-amplified alongside normal samples using non-
fluorescently labeled primers, purified using Qiaquick
columns (Qiagen, Hilden, Germany) and then sequenced
in both forward and reverse orientations using the ABI Big
Dye terminator kit (PE Applied Biosystems).

For the PTT, RNA was extracted from fresh-frozen tis-
sue using Tri-reagent (Sigma, Poole, UK) and from lym-
phoblastoid cell lines using either Tri-reagent or Fast-
track RNA extraction kit (Invitrogen, Grodingen, The
Netherlands). cDNA was synthesized using the First
Strand Synthesis kit (Promega, Madison, WI) and poly-
merase chain reactions performed using the iF/iiiR or
iF/VR primer pairs used for the Southern analysis, with the
forward primer tagged with a T7 RNA-polymerase bind-
ing site and an in-frame start codon. In vitro coupled
transcription-translation was performed on the tagged
polymerase chain reaction products using the TNT rabbit
reticulocyte lysate kit (Promega) incorporating o>>°S me-
thionine and the resulting proteins separated according
to size on a 12.5% polyacrylamide resolving gel. Once
fixed and dried, gels were exposed to film overnight and
developed.

Southern blotting was performed using standard pro-
tocols. Briefly, overlapping cDNA probes were designed
to cover the SMAD4 gene (GenBank accession number
U44378) using Primer3 (http://www-genome.wi.mit.edu/
cgi-bin/primer/primer3_www.cgi). Primer sequences are
shown in Table 1. The probes were gel-purified from a
low-melting point gel using Geneclean 1l (Bio101,
Anachem, UK), and labeled for the Southern blotting
using «*?>-dCTP and Ready to Go beads (Amersham,
UK). Ten ung of DNA was digested using the restriction
enzymes Hindlll, EcoRV (both four base cutters) and



Table 1. Primers and Nucleotide Positions (Based on
Genbank U44378 Sequence) Used for Southern
Blotting and PTT

Primer Position Sequence 5'-3'

if 1 atggacaatatgtctattacga
iR 317 ttgtgaagatcaggccacct
i F 256 ggtcggaaaggatttcctca
iR 601 acagagctggggtgctgtat
i F 547 cagcatccaccaagtaatcg
iR 931 ggaatgcaagctcattgtga
ivf 895 ggacattactggcctgttca
ivR 1260 acgccagcttctctgtcta

vF 1207 agtgaccacgcggtctttg
vR 1659 aaggttgtgggtctgcaatc

Sau3A1 (six base cutter), run on a 1% agarose gel for 18
to 20 hours and transferred to Hybond (Amersham, UK)
membrane. Hybridization and subsequent washes were
performed at 65°C.

For Western blotting, lymphoblastoid cell line pellets
were lysed in 0.1 mol/L dithiothreitol/bromophenol blue
and separated on a 15% resolving gel. After transfer to
the polyvinylidene difluoride membrane (Millipore, Milton
Keynes, UK) and blocking in 5% Marvel (Premier Brands,
Stafford, UK), the primary antibodies were exposed to the
membrane for 2 hours at room temperature. The anti-
SMAD4 mouse monoclonal antibody (B8; Santa Cruz
Biotechnology, Santa Cruz, CA) was diluted 1/100, and
the control anti-B-actin mouse monoclonal antibody (Sig-
ma) was diluted 1/1000, and exposed to the membrane
both simultaneously and separately. A further control,
anti-MLH1 (MLH1AB1; CN Biosciences, Luton, UK), was
also used (there being no evidence of any changes in
MLH1 expression in the normal tissues of any JPS pa-
tient). After detection of the proteins with enhanced
chemiluminescence reagents (Amersham, UK) accord-
ing to manufacturer’s instructions, the membrane was
exposed to film for 1 and 5 minutes.

Immunohistochemistry was performed on 5-um sec-
tions from all polyp and cancer tissue using the B8 nu-
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clear staining antibody at 1/100 dilution, after baking of
the sections for 20 minutes. After counterstaining with
hematoxylin, the slides were examined for SMAD4 ex-
pression, with scoring of absent, weak, or strong.

In the morphological review, 6-um paraffin sections of
all polyps and cancers were H&E stained and examined
by a histopathologist (NAW) with no previous knowledge
of the SMAD4 mutation status of the material. The slides
were scored for several categories including: 1) whether
they resembled the classic juvenile polyp, particularly the
predominance of epithelium or stroma; 2) the amount of
inflammation; 3) whether dysplastic features (for exam-
ple, adenomatous regions) or hyperplastic features were
present in any region; 4) site of the polyp; and 5) any
extra features such as colitis or cryptitis.

For statistical tests of association, Fisher’'s exact and
two-tailed t-tests were used.

Results

A summary of the germline SMAD4 mutations detected
and the method used is shown in Table 2. Only those
cases in which a mutation was found or where polyps
were assessed by immunohistochemistry are included in
Table 2. In addition to the mutations previously detected
by CSGE, two further germline changes were found, both
in patients previously analyzed. DNAs from all 26 families
and 18 sporadic cases were used for the F-SSCP. In
family 21, a G to A heterozygous change at the +1 splice
donor site of intron 2 was found (Figure 1). This mutation
is predicted to abrogate the correct splicing of exons 2
and 3 of SMAD4 (although no mRNA was available to
determine the precise effects). The mutation was seen in
two affected sisters and their affected maternal aunt, but
not in their unaffected father or 50 controls. The PTT was
performed on 19 JPS individuals from whom cDNA was
available (families 5, 6, 19, 22, MD, FT, GP, WN, JP1, JP2,
JP7, and JP8; and sporadic cases CV, 1204, 1868, MTW,
1262, 1469, and HR), plus controls. No sample that had

Summary of Germline SMAD4 Mutations and Immunohistochemistry

Family/ID F.S Mutation (Nucleotide no.) Predicted effect Method SMAD4 expression
20 f 189-197dellins44" stop codon 70 CSGE* 0/16 polyps

17 f 1564-1565del stop codon 525 CSGE* 0/37 polyps

SV# s 516-527del stop codon 187 CSGE* —

BL* s ¢ —a 1333 R445X CSGE* -

AC/AF* f c — 11083 R361C CSGE* 1/6 polyps, 0/1 cancer
21 f +1 splice donor intron 2 g — a Abrogation of splicing F-SSCP 0/5 polyps

MTW S c —t 541 Q180X PTT -

MD f No 3/3 polyps

LB s No 7/8 polyps

12 f No 3/3 polyps, 6/7 cancers
15 f No 19/19 polyps

6 f No 2/2 polyps 2/2 cancers
Wh f No 3/3 polyps

F,S denotes familial or sporadic case.

*Mutation previously reported®® and confirmed in this study.
TMutation previously reported as 189-197 deletion only.?3
*Mutation previously reported®? and not reanalyzed in this study.

Those families not shown had both no mutation detected and no tumours analysed by immunohistochemistry.

—, not done.

Association between loss of SMAD4 expression and SMAD4 mutation is highly significant (Fisher’s exact test, P ~ 0.0).
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Figure 1. Sequence changes in patients 21 (a) and MTW (b). a: SMAD4 exon
2 reverse sequence of family 21 is shown with the +1 splice donor intron 2
c->t (g->a in forward) change arrowed. b: SMAD4 exon 4 reverse sequence
of MTW is shown with the change arrowed, g->a (c->t in forward).

a known SMAD4 mutation was included in the PTT. One
patient (MTW) had an extra PTT band corresponding to a
truncated protein (Figure 2). Sequencing of new products
of MTW from exons 1 to 7 revealed a nonsense change
Q180X in exon 4 (Figure 1).

We reclassified one mutation previously detected us-
ing CSGE. The mutation of family 20 has been previously
reported as 189-197del, an in-frame deletion of nine
bases in exon 1.'2 This mutation has been further char-
acterized as a most unusual and complex change, which
comprises a net 1-bp deletion and 44-bp insertion, re-
sulting in a stop at codon 70 (Figure 3).

In an attempt to detect large germline changes, South-
ern blotting was performed on 24 individuals from whom
sufficient DNA was available (families: 1, 5, 6, 10, 12, 14,
16, 17, 19, 21, 22, MD, FT, KS, DM, and WN; sporadics:
BN, CV, SM106, HG, MTW, SM524, 1469, and HR). Only
one aberrant band was observed in one individual, under
Hindlll digestion using probe iv (details not shown). This
change was not observed with any other restriction en-
donuclease or in the patient’s affected brother and is
therefore most unlikely to be pathogenic, but may be a
polymorphism changing a restriction site.

Western analysis was used as a further method of
detecting truncating germline SMAD4 mutations. Previ-
ous analyses had demonstrated the anti-SMAD4 B8 an-

Figure 2. Protein truncation test. Shown are the PTT results using primers iF
and iiiR (Table 1) covering exons 1 to 7 from seven patients. The truncated
protein in patient MTW is shown by an asterisk.

tibody used to recognize an epitope in exon 5 (codons 68
to 108) (data not shown). A total of 12 lymphoblastoid cell
lines from JPS patients were available for Western blot-
ting (from families 19, 22, MD, FT, WN, JP1, JP2, JP7, and
JP8; and sporadics CV, MTW, and HR). Detection of
SMAD4 (64 kd) and B-actin (42 kd) was performed both
simultaneously and separately. No bands of aberrant size
were seen.

A total of 102 polyps and 10 cancers (from families 17,
20, 21, AC/CF, MD, 6, 12, and 15; and sporadics LB and
Wh) were assessed for SMAD4 expression using immu-
nohistochemistry with the B8 antibody. The results of the
immunohistochemistry are summarized in Table 2. In to-
tal, 37 of 38 juvenile polyps and 8 of 9 cancers from six
SMAD4 wild-type families were positive for B8 staining,
reflecting retention of SMAD4 expression. In stark con-
trast, only 1 of 64 polyps and 0 of 1 cancers from four
SMAD4-mutant families were positive for B8, reflecting
loss of SMAD4 expression in the great majority of tumors
(Figure 4). Thus, there was excellent concordance be-
tween our mutation screening and the immunohistochem-
istry. The results strongly suggest that disease in families
without SMAD4 mutations develops along a SMAD4-in-
dependent pathway, whereas the families who have a
SMAD4 germline mutation have lost the second copy of
SMAD4, leading to growth of the polyp. These data cor-
roborate results showing that SMAD4 acts as a tumor
suppressor gene in JPS® and suggest that even mis-
sense changes are associated with loss of protein ex-
pression.

A total of 101 H&E-stained polyp sections were re-
viewed to look for potential differences between polyps
derived from patients who possess a germline SMAD4
mutation and polyps from patients who do not harbor
SMAD4 mutations. A summary of the findings is shown in
Table 3. Polyps from patients without SMAD4 mutations
were generally of the classical morphology, with ex-
panded cysts, predominant stroma, and large numbers
of inflammatory cells.’™® Although many polyps from
SMAD4 mutation carriers had features of juvenile polyps,
that is, expanded cysts and high levels of inflammation,
polyps from mutation carriers were much more epithelial/
nonclassical, with many long elongated crypts replacing
the round cysts (Figure 5). Polyps from both mutation
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Figure 3. Details of sequence change in germline of patient 20. Wild-type cDNA sequence is shown above and the mutant below (based on GenBank U44378).
The insertion is underlined. The sequence in bold shows deletion of the A. The boxed sequences show a region duplicated in the mutant. The flanking
sequences of the insertion are shown in italics and have no known similarity to any gene or Alu sequence.

carriers and nonmutation carriers had similar frequencies
of hyperplasia/dysplasia (Table 3). It was evident that
there are morphological differences between polyps aris-
ing as a result of SMAD4 loss, and those arising via a
SMAD4-independent pathway, making it possible to seg-
regate tumors according to SMAD4 mutation status, as
long as a large enough sample set from any family was
available.

Discussion

We have performed a comprehensive analysis of SMAD4
mutation and expression in juvenile polyposis. Germline
SMAD4 mutations undoubtedly account for a minority of
JPS cases. Most germline mutations are detectable by
F-SSCP analysis or CSGE, and sequencing. After an
initial screen with CSGE detected five mutations, we used
F-SSCP and detected one extra change, a novel splice
site mutation at the +1 donor site of intron 2. One addi-
tional germline SMAD4 mutation, not detected by CSGE
or F-SSCP under the conditions we used, was found
using PTT. Southern analysis detected no large-scale
mutations. Western analysis found no evidence of trun-
cated proteins. None of our patients with known truncat-
ing germline mutations C-terminal to the B8 antibody
epitope was analyzed by this technique.

Nevertheless, our results using immunohistochemistry
suggest that cryptic SMAD4 mutations are very rare. Just
1 of 38 polyps from patients without a germline SMAD4

mutation showed loss of protein expression, confirming
the results of our mutation detection and showing that
these tumors grow along a genetic pathway that does not
involve SMAD4, at least in the early stages. By contrast,
almost all polyps and cancers from our known SMAD4
mutation carriers had absent protein expression. It
seems, therefore, that if the wild-type SMAD4 allele is
generally deleted®'® as the second hit that initiates the
growth of JPS polyps, the remaining mutant protein is
unstable. Although not unexpected for truncated pro-
teins, it seems that even if the germline change is of a
missense type, protein instability generally results.

A previous study'' had found a strong association
between SMAD4/DPC4 changes and absent protein ex-
pression in pancreatic cancer. However, the great ma-
jority of tumors studied had homozygous deletions of
SMAD4; only three tumors with SMAD4 loss had small-
scale mutations, and it was not clear whether these were
of missense or truncating types. Our patient with a germ-
line missense mutation carried an R361C change. This
mutation maps to the loop/helix domain in the C-terminal
of SMAD4 and has also been found in a sporadic colo-
rectal.® The functional effects of R361C have been well
evaluated™ and it prevents both hetero- and homo-oli-
gomerization of SMAD4. Our results also suggest that
SMAD4 protein, such as R361C, which is not bound into
a complex, is degraded or unstable in vivo. This is upheld
by data showing that missense mutations in the N-termi-

Figure 4. Immunohistochemistry for SMAD4 using B8 antibody. Areas of expression of SMAD4 are brown and loss of SMAD4 expression areas are blue. Left:
A juvenile polyp (original magnification, X5) from a SMAD4 germline mutation carrier (family 20). Note the absence of staining in the polyp (a), and the border
between the normal/polyp tissue where loss of expression begins (b). Right: A juvenile polyp (original magnification, X20) from the SMAD4 mutation-negative
family 12. Note the strong expression of SMAD4 indicated by brown staining (c).
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Table 3. Summary of Morphology Results
SMAD4 Classical Hyperplastic/dysplastic/ Nonclassical Hyperplastic/dysplastic/
Patient  mutation?  JP polyps adenomatous areas JP polyps adenomatous areas Notes
AF/CF Yes 3/6 All 3 with dysplasia and 3/6 2 with hyperplasia, 1 without  Cryptitis in 3. All very epithelial.
hyperplasia
20 Yes 5/14 All 5 with areas of hyperplasia 9/14 All complex. 7/9 very Very elongated, dense crypts.
dysplastic and/or Larger polyps very epithelial.
adenomatous, 4/9 Smooth muscle in 7.
hyperplastic (inc. 2 which
were not dysplastic)
17 Yes 6/37 All 6 with hyperplasia 31/37 All very hyperplastic. 12/31 Very elongated, dense crypts.
with dysplasia Larger polyps very epithelial
21 Yes 5/5 4/5 classical with hyperplasia; N/A Small
1 with dysplasia and
adenomatous region.
MD No 3/3 2/3 had region of hyperplasia, N/A Very inflamed, prominent stroma
one of these with small
adenomatous region
LB No 6/8 5/6 with region of hyperplasia, Note: both small bowel. 2/2 Very inflamed, prominent
2/6 with region of dysplasia with region of hyperplasia stroma, large cysts. Smooth
muscle in 4.
WN No 6/6 2 with hyperplasia and N/A Very inflamed, prominent
dysplasia, 3 with stroma, large cysts.
hyperplasia Granuloma in 2
12 No 10/10 Some regions hyperplastic-like N/A Very inflamed, prominent
6/10 with dysplasia stroma, large cysts.
15 No 17/19 11 with region of hyperplasia, 2/19 Very small polyps Very inflamed, prominent stroma
2 with dysplasia with large cysts.
6 No 2/2 No hyperplasia N/A Very inflamed, prominent
stroma, large cysts
Wh No 3/3 No hyperplasia N/A Very inflamed, prominent

stroma, large cysts

All polyps were from colorectum unless stated otherwise. The overall epithelial content was far more pronounced in the polyps of SMAD4 mutation
carriers than those without mutations, and consequently the number of classical juvenile polyps was significantly lower in the mutation carriers than in
the nonmutation carriers (Fisher's exact test, P < 1 X 107 '0). The size of polyps was significantly greater in SMAD4 mutation carriers versus
noncarriers (mean 15.96 mm versus 9.83 mm, t = 4.98, v = 102, P < 0.001). There was only a borderline difference between the frequency of
hyperplasia/dysplasia in polyps from mutation carriers and noncarriers (Fisher's exact test, P = 0.06), although the spatial extent of hyperplasia and

dysplasia appeared to be greater in SMAD4 mutation carriers.

nal MH1 region of SMAD4 cause rapid degradation of the
protein in vitro.®1”

Previous studies have found germline SMAD4 muta-
tions in ~25 to 60% of JPS cases, but one common
mutation (4-bp deletion, codons 414 to 416, stop at
codon 434) accounts for many patients in some studies.
Howe and colleagues’ used SSCP analysis and se-

quencing to find mutations in five of nine patients studied.
All of these were frameshift changes, including three
examples of the 4-bp deletion and two other mutations
producing stop codons at 235 and 350. Friedl and col-
leagues'® used direct sequencing in 11 cases to detect
the common 4-bp deletion in two patients and a codon
277 frameshift in one another. Roth and colleagues'

&P

Figure 5. H&E-stained slides of juvenile polyps. Left: A juvenile polyp (original magnification, X2.5) from a SMAD4 mutation carrier (family 20). Note areas that
look hyperplastic (a) and areas of classical juvenile polyp morphology, with expanded cysts and normal epithelium (b). Right: A classical juvenile polyp (original
magnification, X2.5) from a SMAD4 mutation-negative patient (family MD) with morphology of type (b).



used direct sequencing in seven JPS cases to find one
missense change (codon 353), one nonsense mutation
(codon 177), and one patient with the common 4-bp
deletion. Kim and colleagues®° found three SMAD4 mu-
tations in five patients using SSCP analysis, comprising a
nonsense change at codon 388 and two missense
changes at codons 390 and 361. We ourselves have
found 7 mutations in 44 cases (summarized in Table 2).
Thus, germline SMAD4 mutations seem to occur most
commonly, but not exclusively, after codon 200, affecting
the C-terminal of the gene that is involved in trimerization
of the SMAD4 protein. Nonsense and frameshift changes
predominate, but pathogenic missense mutations and
splice variants can occur. These data from JPS are con-
sistent with the spectrum of somatic mutations found in
colorectal and pancreatic cancers, with the exception of
the higher frequency of homozygous deletions found in
the sporadic tumors.”

Apart from the distinct phenotype of Cowden syn-
drome, in which JPS polyps occur, genotype-phenotype
associations are difficult to analyze in JPS, because the
number of families is relatively small. Juvenile polyps in
Cowden syndrome are said to be indistinguishable from
those in classical JPS, although no formal assessment
has been made. We wondered whether the morphology
of JPS polyps might be different in patients with and
without germline SMAD4 mutations and found that this
was indeed the case. All families had polyps with some
dysplasia or hyperplasia, consistent with the juvenile
polyp in JPS being a premalignant lesion. However,
SMAD4 mutation carriers’ polyps had less prominent
stroma and a richer epithelial component than the clas-
sical juvenile polyps of those patients without SMAD4
mutations. These results are consistent with suggestions
that some carriers of SMAD4 mutations may have higher
cancer risk than patients without SMAD4 mutations.’
Polyp morphology is, however, variable within the same
individual and between patients from the same family, so
that it cannot be used reliably for any one polyp as an
indicator of the likelihood of a germline SMAD4 mutation.

Finally, our data show that with the confident exclusion
of SMAD4 as the causative gene, with the aid of mutation
screening, linkage analysis, and immunohistochemistry,
the SMAD4 mutation-negative cohort is as homogenous
as possible. Without these false-negatives the identifica-
tion of new JPS genes will be facilitated. A combination of
mutation screening, immunohistochemistry, and morpho-
logical assessment is reliable for eliminating families with
SMAD4 mutations from the analysis. Moreover, families
and individuals may be selected for SMAD4 mutation
detection in the diagnostic molecular pathology labora-
tory using immunohistochemistry as an initial screen.
With the recent discovery of BMPRIA/ALK3 mutations in
some JPS patients,?" this becomes even more important.
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