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Summary

Background Juvenile polyposis and hereditary haemorrhagic
telangiectasia are autosomal dominant disorders with
distinct and non-overlapping clinical features. The former, an
inherited gastrointestinal malignancy predisposition, is
caused by mutations in MADH4 (encoding SMAD4) or
BMPR1A, and the latter is a vascular malformation disorder
caused by mutations in ENG (endoglin) or ACVRL1 (ALK1). All
four genes encode proteins involved in the transforming-
growth-factor-� signalling pathway. Although there are reports
of patients and families with phenotypes of both disorders
combined, the genetic aetiology of this association is
unknown.

Methods Blood samples were collected from seven unrelated
families segregating both phenotypes. DNA from the proband
of each family was sequenced for the ACVRL1, ENG, and
MADH4 genes. Mutations were examined for familial
cosegregation with phenotype and presence or absence in
population controls.

Findings No patient had mutations in the ENG or ACVRL1
genes; all had MADH4 mutations. Three cases of de-novo
MADH4 mutations were found. In one, the mutation was
passed on to a similarly affected child. Each mutation
cosegregated with the syndromic phenotype in other affected
family members.

Interpretation Mutations in MADH4 can cause a syndrome
consisting of both juvenile polyposis and hereditary
haemorrhagic telangiectasia phenotypes. Since patients with
these disorders are generally ascertained through distinct
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medical specialties, genetic testing is recommended for
patients presenting with either phenotype to identify those at
risk of this syndrome. Patients with juvenile polyposis who
have an MADH4 mutation should be screened for the
vascular lesions associated with hereditary haemorrhagic
telangiectasia, especially occult arteriovenous malformations
in visceral organs that may otherwise present suddenly with
serious medical consequences.
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Introduction
Juvenile polyposis is an autosomal dominant malignancy
predisposition affecting the gastrointestinal epithelium.
Classic juvenile polyps consist of stromal elements with a
normal epithelial layer and are distinct from both
adenomatous polyps and those of the Peutz-Jegher type.1

Although solitary juvenile polyps are common in children,
juvenile polyposis is marked by the presence of many
polyps either in the colon or throughout the
gastrointestinal tract. Patients with juvenile polyposis
typically present with rectal bleeding in the first decade of
life and have an increased risk of colon carcinomas later in
life. Although juvenile polyps are also a feature of other
genetic syndromes, juvenile polyposis is a distinct disorder
that is caused by mutations in either MADH4 or
BMPR1A.2,3

Hereditary haemorrhagic telangiectasia (Osler-Weber-
Rendu disease) is an autosomal dominant disorder of
vascular dysplasia that affects many organs. Characteristic
symptoms include skin and mucosal telangiectases,
pulmonary, cerebral, and hepatic arteriovenous
malformations, and haemorrhage associated with these
vascular lesions. Mutations in either ENG (endoglin) or
ACVRL1 (ALK1), encoding two endothelial-specific
receptors for transforming growth factor � (TGF-�),
cause this disorder.4,5

Although both of these inherited disorders are
uncommon, there are many reports of patients and
families with both disorders, or of patients with juvenile
polyposis who show some symptoms of hereditary
haemorrhagic telangiectasia.6–16 These associations have
led some researchers to propose that juvenile polyposis
with pulmonary arteriovenous malformations be judged a
distinct syndrome.6,7 The two disorders overlap genetically
as well as clinically. The four genes involved in their
pathologies encode members of the TGF-� SIGNALLING

PATHWAY. Endoglin and ACVRL1 (activin A receptor,
type II like 1) are endothelial-specific type III and type I
receptors for TGF-�, and BMPR1A is a type I receptor
for bone morphogenetic protein, another of the TGF-�
superfamily of ligands. SMAD4, encoded by MADH4, is
the only identified Co-SMAD in human beings. This
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polyposis or hereditary haemorrhagic telangiectasia. Chest
radiography, although not the most sensitive screening
method, showed no pulmonary arteriovenous mal-
formations for the three unaffected siblings and II-2.

Family 153 is a multi-generation white family. All three
affected members of this family have histories of rectal
bleeding, severe anaemia, digital clubbing, and polyps.
Although none had a history of epistaxis, each showed
other features of hereditary haemorrhagic telangiectasia
including arteriovenous malformations of the lung and
liver, capillary telangiectases of the brain, and oral
telangiectases. Chest radiography of IV-1 showed no
pulmonary arteriovenous malformations. III-2 had had an
intracranial bleed of unknown cause leading to loss of
vision in the upper right quadrant. III-2 has an unaffected
sibling and II-2 has three siblings who show no signs of
either disease. The parents of II-2 likewise show no signs
or symptoms of either juvenile polyposis or hereditary
haemorrhagic telangiectasia.

Family 211, a three-generation Hispanic family, 
has four affected members. I-2, II-3, and II-4 have
hereditary haemorrhagic telangiectasia with epistaxis 
and telangiectases. II-4 and III-1 have arteriovenous
malformations of the lung, and II-4 has hepatic
arteriovenous malformations and digital clubbing. 
The three older affected individuals have all had
gastrointestinal bleeding and have had polypectomies. 
III-1 is under 3 years old and has not been examined
endoscopically for polyps. All four of the affected patients
have undergone brain MRI, CT, or both, with normal
results. I-2 and II-3 have had normal chest radiography
and abdominal CT. II-2 died in early childhood from
meningitis. I-1 and II-1 have been examined and are free
of symptoms of hereditary haemorrhagic telangiectasia or
juvenile polyposis. I-2 has six siblings, none of whom
show signs of either disorder.

Family 230 has two generations with only one affected
individual. The proband, II-2, has many juvenile polyps in
the stomach and colon and a history of gastrointestinal
bleeding. This individual has telangiectases and a history
of epistaxis but has not been examined for arteriovenous
malformations. The parents and the two siblings of the
proband have been examined for signs of juvenile
polyposis and hereditary haemorrhagic telangiectasia and
all are negative for both.

Family 234 is a three-generation family with two
affected members. Both II-3 and III-1 are anaemic, have
many colonic juvenile polyps, multiple pulmonary
arteriovenous malformations, and digital clubbing.
Subtotal colectomy was done on both patients, II-3 at age
18 years and III-1 at age 5 years. II-3 was admitted to
hospital at age 35 years with intracranial bleeding of
unknown cause and right-sided hemiparesis. The proband
(II-3) has both cutaneous and visceral manifestations of
hereditary haemorrhagic telangiectasia and has been
described previously.8 III-1 had many pulmonary
arteriovenous malformations by age 5 years, but without
other features at this young age, must be classified as 
only highly probable for hereditary haemorrhagic
telangiectasia. Brain MRI and ultrasonography of the liver
did not indicate the presence of either cerebral or hepatic
arteriovenous malformations in III-1. The proband’s
parents (I-1, I-2) have been thoroughly examined 
for juvenile polyposis and hereditary haemorrhagic
telangiectasia and show no signs of either disorder. The
proband’s three siblings show no signs or symptoms of the
disorders.

Family 236 is a two-generation family with only one
affected member. At age 11 years, the proband (II-1) was
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protein is an integral downstream effector of the TGF-�
signal transduction pathway binding to R-SMADs and
transporting them to the cell nucleus to induce specific
transcriptional events.

We investigated the underlying genetic aetiology of this
syndrome. Seven unrelated families or individuals
displaying both juvenile polyposis and hereditary
haemorrhagic telangiectasia phenotypes were ascertained
and characterised clinically and molecularly.

Methods
Patients and families
Patients were enrolled in the study with approval from the
relevant institutional review boards and after giving
informed consent. Diagnosis of juvenile polyposis was
based on the accepted diagnostic criteria of the presence
of any one of the following: five or more colorectal
juvenile polyps; juvenile polyps throughout the
gastrointestinal tract; or any juvenile polyps in a patient
with a family history of juvenile polyposis.17 Diagnosis of
hereditary haemorrhagic telangiectasia was based on the
most recently established criteria.18 Patients and families
in this study were ascertained and collected from various
countries (Belgium, Canada, Chile, Surinam, and the
USA) and racial groups (Hispanic, Afro-Asian, and non-
Hispanic white). The pedigrees of the families are shown
in the figure and relevant clinical details of the individual
patients in table 1. All family members, both affected and
unaffected, who were able and willing to participate were
ascertained and included in the study.

Family 25 is a two-generation family of Afro-Asian
descent. The proband, II-2, meets diagnostic criteria for
both juvenile polyposis and hereditary haemorrhagic
telangiectasia. The affected parent (I-1) shows some signs
of juvenile polyposis and definite signs of hereditary
haemorrhagic telangiectasia. Although I-1 had no history
of anaemia or rectal bleeding, when colonoscopy was
done a tubular adenoma was found in the caecum. In
addition, this individual has telangiectases, epistaxis, both
pulmonary and hepatic arteriovenous malformations, and
a cerebellar cavernous haemangioma. Three unaffected
siblings and half-siblings of the proband have been
examined and show none of the signs of either juvenile

GLOSSARY

CONSENSUS SPLICE SEQUENCE MOTIFS

Conserved nucleotide sequences that flank the 5� and 3� ends of
exons to direct the splicing of mRNA transcripts.

DE-NOVO MUTATION

A spontaneous mutation occurring during gametogenesis that results
in a new mutation in the offspring, which was not present in either
parent.

MKK4/JNK PATHWAY

The mitogen-activated protein-kinase kinase (MKK) 4/c-Jun N-terminal
kinase (JNK) pathway is involved in differentiation-related cellular
processes.

MKK3/P38 PATHWAY

The mitogen-activated protein-kinase kinase (MKK) 3/p38 pathway is
stress-responsive and is involved in the appropriate regulation of
cellular survival.

TGF-� SIGNALLING PATHWAY

TGF-� is a multifunctional cytokine that mediates many biological
processes including cell-cycle control, embryogenesis, growth,
development, and differentiation of several cell types. The TGF-�
signalling pathway is composed of cell-surface receptors and
intracellular effectors (SMADs) that bring about changes in gene
expression, which mediate the biological effects of the cytokine.
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I

II

189 187
178 168
125 135
1612 1612
117 115
192 188

187 187
174 168
123 135
1612 1612
123 115
192 188

189 187
168 168
  -   -
1612 1612
117 115
188 188

185 189
178 168
123 127
1612 1612del14
125 119
194 188

187 189
168 168
135 127
1612 1612del14
115 119
188 188

Family 25

189 185
178 178
125 123
1054G 1054G
125 117
188 192

187 189
168 180
137 125
1054A 1054G
115 119
188 192

191 189
178 172
135 133
1054G 1054G
125 119
206 188

189 187
178 168
125 137
1054G 1054A
125 115
188 188

189 187
172 168
133 137
1054G 1054A
119 115
188 188

3

Family 153

I

II

III

IV

Unaffected

JP/HHT

Proband

1081C/C 1081C/C

1081C/G

Family 230

I

II

I

II

1598T/G

1598T/T 1598T/G 1598T/G

1598T/G

6

Family 211

187 189
172 178
137 137
1157G 1157G
123 115
188 192

185 187
178 168
123 135
1157G 1157G
125 107
206 188

187 185
172 178
137 123
1157A 1157G
123 125
188 206

187 197
172 172
137 123
1157A 1157G
123 115

206 192

Family 234

189 187
178 178
137 123
1157G 1157G
115 125
192 206

189 187
178 168
137 135
1157G 1157G
115 107
192 188

187 187
172 168
137 135
1157G 1157G
123 107
188 188

I

II

III

II

I

Family 236

187 187
172 172
135 137
1594G 1594G
115 119
206 192

187 191
168 172
137 123
1594G 1594G
115 117
192 190

187    187
172    168
135    137
1594delG   1594G
115    115
206    190

--- ---
172 168
135 137
1594G 1594G
115 115
206 192

--- ---
172 172
137 123
1594G 1594G
119 117
192 190

Family pedigrees
Chromosome haplotypes using microsatellite markers flanking MADH4 are shown (families 25, 153, 234, and 236) as well as the genotypes (in bold) of
the altered bases in MADH4 in each family. Haplotypes outlined with continuous lines represent the alleles with the mutations and the dotted lines mark
the unaffected parental allele in which the de-novo mutation occurred. The dashed lines mark the allele without the mutation inherited by an unaffected
sibling. De-novo MADH4 mutations are seen in families 230, 234, and 236. Order of markers (centromeric to telomeric): D18S460, D18S467, D18S474,
MADH4, D18S487, D18S64. Sizes are in bp.
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changes from the reference sequences were reamplified
and resequenced to confirm the changes.

Genotyping assays were created for putative missense
mutations and done on appropriate population controls.
The 1598T→G change alters a restriction endonuclease
site in MADH4 exon 11 (family 211), and was analysed in
99 North American and 89 Chilean control individuals.
The two changes in MADH4 exon 8 each destroy
restriction endonuclease sites. More than 100 North
American control individuals were assayed for each of
these restriction-site changes.

Role of the funding sources
The funding agencies had no role in study design;
collection, analysis, or interpretation of data; writing of
the paper; or the decision to submit it for publication.

Results
The coding exons and at least 50 bp of the flanking
intronic regions of the ENG and ACVRL1 genes were
sequenced from genomic DNA from representative
affected members from each family with the combined
juvenile polyposis and hereditary haemorrhagic
telangiectasia phenotype. Three exonic sequence changes
were identified but none altered the aminoacid sequence
of the respective protein (207G→A, L69L, and
1029C→T, T343T in ENG, both previously reported as
population polymorphisms, and 1131A→G, A377A in
ACVRL1). As expected, several intronic changes were
identified in these genes, most of which have also been
previously described by the hereditary haemorrhagic
telangiectasia sequencing consortium as population
polymorphisms. All of these ranged from 9 to 
70 nucleotides from the splice junction and none altered
known CONSENSUS SPLICE SEQUENCE MOTIFS.
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diagnosed with juvenile polyposis having many juvenile
polyps and persistent anaemia. Owing to the anaemia and
severe, recurrent epistaxis, II-1 underwent examination of
the ears, nose, and throat, which showed telangiectases in
the nasopharynx, anterior cavum nasi, lips, and buccal
mucosa. This individual has not been examined for
pulmonary arteriovenous malformations. Since only two
of the three necessary criteria for definite hereditary
haemorrhagic telangiectasia are met, this individual is
classified as probable for the disorder. The parents have
been examined for juvenile polyposis and hereditary
haemorrhagic telangiectasia and show no signs of either
disorder. The proband has two siblings, neither of whom
show signs of either disorder.

Patient 2616 has an extensive number of juvenile polyps
in the second portion of the duodenum and in the upper
gastrointestinal tract. A subtotal colectomy was done
years ago. Since then, polypectomies have yielded
hamartomatous as well as adenomatous polyps and one
high-grade dysplastic polyp. This person also had chronic
epistaxis, hepatic arteriovenous malformations, and digital
clubbing. One parent was reported to be affected with
juvenile polyposis and hereditary haemorrhagic
telangiectasia but is dead.

Procedures
Genomic DNA was extracted from blood samples by the
PureGene extraction protocol (Gentra Systems, Inc,
Minneapolis, MN, USA) or the S&S Isocode Stix DNA
extraction protocol (Schleicher & Schuell, Keene, NH,
USA).

Coding exons from ENG, ACVRL1, and MADH4 were
amplified from genomic DNA from patients. The primers
used were designed to include at least 50 bp of intronic
sequence flanking each exon. Any samples showing

Symptoms of juvenile polyposis Symptoms of hereditary haemorrhagic telangiectasia Other symptoms MADH4 mutation

Juvenile polyps Malignancy Anaemia AVM Telangiectasia Epistaxis Stroke DC Other

Location Age at Location Age at 
diagnosis diagnosis 
(years) (years)

Family 25
I-1 Caecum 41 + – Lung, liver 32 + + – – CCH 1612-25 del 14
II-2 Colon 8 – + None ·· + + – – None

Family 153
II-2 Colon 9 – + Lung 8 + – – + Pancytopenia, 1054G→A, G352R

CCT
III-2 Colon 5 + + Lung 7 – – + + IC bleed
IV-1 Colon 3 – + Liver 11 – – – + None

Family 211
I-2 Colon 15 – + None ·· + + – – None 1598T→G, L533R
II-3 Colon 14 – + None ·· + + – – None
II-4 Colon 3 – + Lung, liver 9 + + – + None
III-1 NE ·· NK + Lung 0·75 – – – – None

Family 230
II-2 Stomach, colon 14 – + NE ·· + + – – None 1081C→G, R361G*

Family 234
II-3† Colon, 10 + + Lung 15 + + + + IC bleed 1157G→A, G386D*

duodenum
III-1 Colon 4 – + Lung 5 – – – + Cyanotic

Family 236
II-1 Colon 11 – + NE ·· + + – – None 1594delG*

Individual 2616
Upper GI tract <10 + – Liver NK – + – + Seizures, mild 1600C→T, Q534X
especially mental delay
duodenum

AVM=arteriovenous malformations. DC=digital clubbing/osteoarthropathy. CCH=cerebellar cavernous haemangioma. CCT=cerebral capillary telangiectases.
IC=intracranial. NE=not examined. GI=gastrointestinal. NK=not known. *De-novo mutations described in this paper. †Patient originally described in Baert et al.8

Table 1: Clinical features of patients with MADH4 mutations
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By contrast, when the MADH4 gene was sequenced,
mutations were identified in all affected individuals with
the combined phenotype (table 1). This cohort had four
missense, one nonsense, and two frameshift mutations in
exons 8, 9, and 11 of MADH4. None of the missense
mutations was observed in the appropriate population
control cohort.

We found that the probands of three of the affected
families had DE-NOVO MUTATIONS in MADH4 (families
230, 234, and 236). Chromosome 18 haplotypes were
determined for all three families to confirm that each
proband was the biological child of the respective parents.
In family 234, the proband’s parents and three siblings
were clinically unaffected and all were homozygous for the
normal sequence (1157G) in MADH4. The mutation
(1157G→A, G386D) arose on one of the parental
gametes that was passed to the proband (figure). This
mutation was inherited by the proband’s child, who also
shows clinical manifestations of both disorders, including
multiple pulmonary arteriovenous malformations. The
same missense mutation (1157G→A, G386D) has been
previously identified as a de-novo mutation in a different
patient with juvenile polyposis,16 who also shows signs of
hereditary haemorrhagic telangiectasia, such as
pulmonary arteriovenous malformations, but was not
diagnosed as having that disorder. The second de-novo
mutation was identified in the proband of family 236, who
again shows both juvenile polyposis and hereditary
haemorrhagic telangiectasia phenotypes. The deletion
mutation (1594delG) was not seen in the clinically
unaffected parents or siblings. The third de-novo
mutation was found in family 230; the mutation
(1081C→G, R361G) was seen only in the proband who

has many colonic polyps and both telangiectases and
epistaxis. The mutation was not found in either
unaffected parent.

In each family with more than one affected member, the
MADH4 mutations cosegregated with the combined
syndromic phenotype of juvenile polyposis and hereditary
haemorrhagic telangiectasia. Each person with a MADH4
mutation shows phenotypes of both disorders, as 
would be expected in a mendelian syndrome with
autosomal dominant inheritance. If another unlinked gene
(eg,  ENG, ACVRL1, or BMPR1A) were involved,
independent segregation of the juvenile polyposis and
hereditary haemorrhagic telangiectasia phenotypes would
occur. The identification of three distinct de-novo
mutations in MADH4 shows that mutation of the
MADH4 gene alone is the cause of this combined
syndrome.

The symptoms of juvenile polyposis and hereditary
haemorrhagic telangiectasia in the 14 patients from seven
families are striking (table 1). The most consistent feature
of juvenile polyposis is the presence of many juvenile
polyps, which were diagnosed in 12 of 14 patients, 11 of
whom had colonic involvement. Seven of the 13 patients
with reported polyps were diagnosed within the first
decade of life, and five others by age 15 years.

All of the patients in this study also have definite
features of hereditary haemorrhagic telangiectasia. Nine
patients have mucocutaneous telangiectases, nine
epistaxis, and seven pulmonary arteriovenous malforma-
tions, one patient being diagnosed at age 9 months. One
patient has a cerebellar cavernous haemangioma, and two
had instances of intracranial bleeding, one resulting in
right-sided hemiparesis and the other in vision loss in the

Symptoms of juvenile polyposis Symptoms of hereditary haemorrhagic telangiectasia Other symptoms MADH4 mutation

Juvenile polyps Malignancy Anaemia AVM Telangiectasia Epistaxis DC Other

Location Age at Location Age at 
diagnosis diagnosis 
(years) (years)

Cox et al6

I-1 Upper/lower 12 – NS Lung 10 + NS + Cyanotic NT
GI tract

II-1 Colon 5 – + Lung 8 + NS + None NT

Conte et al7

I-1 Colon NS + NS Lung NS NS NS + None NT
II-1 Colon NS NS NS Lung, brain NS NS NS + SAH
II-2 Colon NS NS NS Lung NS NS NS + None NT

Baert et al8

Colon and <15 - NS Lung 15 NS NS + None 1157G→A, G386D*
duodenum

Prieto et al9

Colon (mixed 9 – NS Lung 6 + NS + None NT
juvenile and 
adenomatous)

Radin10

Duodenum, 16 + NS Lung, liver 32 – – + None NT
oesophagus

Desai et al12

+ NS NS NS Lung 34 + NS + Cyanotic NT

Inoue et al13

Colorectum 14 – + Lung, liver 18 + + NS None NT

Burger et al16

Colon with 11 NS + Lung 11 NS NS + None 1157G→A, G386D
adenomatous 
dysplastic 
changes

AVM=arteriovenous malformations. DC=digital clubbing/osteoarthropathy. GI=gastrointestinal. NS=not stated. NT=not tested. SAH=subarachnoid haemorrhage.
*Reported in this paper.

Table 2: Features of previously reported juvenile polyposis patients with associated hereditary haemorrhagic telangiectasia phenotypes
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misdiagnoses of these malformations has been stated
previously.10 Our results suggest that genetic screening
might identify individuals most at risk of these vascular
lesions. On the basis of the data from the seven families in
this study, the penetrance of at least some vascular
phenotype in MADH4 juvenile polyposis appears to be
nearly 100%. Aggressive screening protocols for visceral
arteriovenous malformations may be warranted for
individuals with MADH4 mutations.

Gastrointestinal bleeding in a patient with known
hereditary haemorrhagic telangiectasia may be attributed
to the presence of mucosal telangiectases, potentially
delaying the diagnosis of juvenile polyposis with its
associated risk of malignant disease. We suggest that
patients with hereditary haemorrhagic telangiectasia who
have early onset of arteriovenous malformations, severe
gastrointestinal bleeding, or digital clubbing should be
examined for juvenile polyposis to ensure proper clinical
management. Genetic testing of patients presenting with
either juvenile polyposis or hereditary haemorrhagic
telangiectasia phenotypes will reveal those at risk of this
combined syndrome due to MADH4 mutations.

How do mutations in MADH4 cause this combined
syndrome? TGF-� is involved in many biological
processes including cell-cycle control, embryogenesis,
growth, development, and differentiation of several cell
types. The diverse effects of TGF-� are mediated by
various cell-surface receptors and intracellular signalling
via distinct downstream effectors termed SMADs. A
recent model for hereditary haemorrhagic telangiectasia
suggests that the vascular phenotype results from an
imbalance of signalling via the TGF-� receptors ALK5
and ACVRL1.23,24 Disruption of endoglin or ACVRL1,
both expressed primarily in vascular endothelium, would
reduce the signalling through the ACVRL1 pathway,
tilting the balance towards the ALK5 pathway, thus
causing the vascular remodelling associated with
hereditary haemorrhagic telangiectasia. If this model is
correct, our genetic data could suggest that a decrease in
SMAD4 concentrations would also disrupt this delicate
balance regulating vascular remodelling and angiogenesis.
Cross-talk between the TGF-� and bone-morphogenetic-
protein signalling pathways could also contribute to this
syndrome. The existence of individuals with both juvenile
polyposis and hereditary haemorrhagic telangiectasia has
been predicted because SMAD4 is common to the TGF-
� and bone-morphogenetic-protein pathways.25 Our
clinical and genetic findings support this prediction.

The pathogenesis of this syndrome might be due to
different effects of lowered concentrations of SMAD4
within specific cell types.26 Disruption of the cellular
localisation of SMAD4 could result in insufficiency of this
signal transporter in the cytoplasm. This disequilibrium
can lead to an activation of alternative signalling pathways
by TGF-�, which would activate aberrant transcription of
downstream target genes. In endothelial cells, TGF-�
signals through the MKK4/JNK PATHWAY27 whereas in
epithelial cells it signals through the MKK3/P38

PATHWAY.26,28,29 The activation of these different pathways
by the same cytokine shows that molecular responses are
cell-type specific. The cell type and microenvironment
determine the cell’s response to individual proteins and,
presumably, to mutant proteins. Whereas ENG and
ACVRL1 are expressed primarily in vascular endothelium,
MADH4 is expressed in a broad range of cell types.30

MADH4 mutations in endothelial cells might lead to
vascular dysplasia, whereas the same mutation in colonic
mesenchymal or epithelial cells could lead to polyp
formation.
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upper right quadrant. Four patients have hepatic
arteriovenous malformations, one of whom was only 9
years old when diagnosed. These early ages of onset in
several of the patients with the combined syndrome
contrast with more typical ages of diagnosis for hereditary
haemorrhagic telangiectasia, especially for arteriovenous
malformations.19

The association of digital clubbing or osteoarthropathy
and juvenile polyposis has been previously
reported.6–9,12,16,20,21 Seven patients in this study have digital
clubbing or osteoarthropathy. The latter feature has been
attributed to the intrapulmonary shunting caused by
untreated pulmonary arteriovenous malformations.10,20 In
some of the patients in this study, the clubbing resolved
after embolisation of the pulmonary lesions. The
osteoarthropathy and digital clubbing previously reported
in juvenile polyposis could reflect an underlying hereditary
haemorrhagic telangiectasia phenotype of pulmonary
arteriovenous malformations.

There does not appear to be an association with sex for
this syndrome, because eight of the affected patients are
female and six are male. There are four cases of female-to-
female transmission of the phenotype and three of female-
to-male transmission. Two of the de-novo index cases are
male and one is female. There is no discernable difference
in severity of symptoms between the male and female
patients.

The range of symptoms found in previously reported
cases of juvenile polyposis with features resembling
hereditary haemorrhagic telangiectasia (table 2) appears
similar to those observed in this study. All 11 previously
reported patients had arteriovenous malformations in the
lungs, two in the liver, and one in the brain. All 11
patients had polyps, in most in the colon and duodenum.
Two of the patients had adenomatous changes and two
had malignant tumours. Digital clubbing was reported in
ten of the patients.

Discussion
Is this dual-disorder state in fact a distinct genetic
syndrome? All affected patients in this study showed
clinical features of both juvenile polyposis and hereditary
haemorrhagic telangiectasia (table 1) involving both the
gastrointestinal epithelium and the vascular endothelium.
This pattern of distinct primary malformations affecting
various tissues is caused by a single genetic defect, so it
meets the definition of a genetic syndrome. The
phenotypes of hereditary haemorrhagic telangiectasia in
our cohort are similar to those in other cohorts with this
disorder with ENG or ACVRL1 mutations, in which no
individual patient showed the whole range of features
associated with the disorder.19,22 Similarly, the juvenile
polyposis symptoms of our cohort range in age of
diagnosis, location of polyps, and severity of bleeding.

Most of the juvenile polyposis patients with reported
mutations in MADH4 have not been described as having
the vascular malformations or epistaxis associated with
hereditary haemorrhagic telangiectasia. The proportion, if
any, of these individuals who were specifically screened
for clinically silent vascular lesions is not clear. In light of
our findings, we suggest that juvenile polyposis 
patients with MADH4 mutations should be actively
screened for the vascular lesions associated with
hereditary haemorrhagic telangiectasia, especially occult
arteriovenous malformations in visceral organs that may
otherwise present acutely with serious consequences.

The importance of screening juvenile polyposis patients
for arteriovenous malformations of the lungs, brain, and
liver due to the potential for serious complications or
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The association of juvenile polyposis and hereditary
haemorrhagic telangiectasia might in fact be present only
in a subset of patients with MADH4 mutations. The
phenotype could be determined by environmental and
genetic modifiers that influence the effects of the mutation
on the vascular system. Alternatively, the site of the
mutation in MADH4 might determine the phenotype.
The three-dimensional structure of the carboxyl terminus
of SMAD4 has been examined in detail,31 and it is highly
conserved between many members of the SMAD family
in human beings and in divergent species. SMAD4 is
believed to form homo-oligomers, which then form
hetero-oligomers with phosphorylated R-SMADs and
other cofactors in the nucleus to transduce signals. These
specific interactions involve the carboxyl terminus of
SMAD4. The mutations in all of our patients are located
in that region of SMAD4. Mutations throughout the
MADH4 gene have been reported in other patients and
families with juvenile polyposis. Further clinical
information on these patients, specifically related to a
hereditary haemorrhagic telangiectasia phenotype, might
better define the apparent genotype–phenotype
correlation between the involvement of the carboxyl
terminus of SMAD4 and the juvenile polyposis and
hereditary haemorrhagic telangiectasia syndrome.

Diseases and syndromes caused by de-novo mutations
pose particular diagnostic challenges for physicians. These
cases can appear to be sporadic instances of a disease
rather than the inheritable germline mutation that they
are. In the past, many patients who had autosomal
dominant syndromes with severe symptoms died before
being able to reproduce, so the de-novo mutations were
not passed on to subsequent generations. With the
advances in clinical care now available, many of these
patients reach reproductive age, even though very ill, and
their children can inherit these mutations. “Sporadic”
cases have thus become “familial” with distinct
implications for the care and counselling of both patients
and their families.

On the basis of our genetic findings, the thorough
physical examinations of our study cohort, and similar
cases previously reported, our clinical recommendations
are as follows. First, patients with hereditary
haemorrhagic telangiectasia presenting in childhood with
arteriovenous malformations or gastrointestinal bleeding
should be screened for juvenile polyps and MADH4

mutations. Second, patients with juvenile polyposis
should be genetically tested for mutations in both the
MADH4 and BMPR1A genes. Third, those individuals
with juvenile polyposis due to MADH4 mutations should
be screened for the presence of visceral arteriovenous
malformations, which could present unexpectedly and
lead to serious complications. Systematic screening for
visceral manifestations of hereditary haemorrhagic
telangiectasia in all juvenile polyposis patients with
MADH4 mutations will reveal the true prevalence of this
combined syndrome.
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