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CHAPTER 2.
INTRODUCTION

Genetics in gastroenterology and clinical application.

Throughout clinical medicine, recent progress in molecular
genetics has provided critical insight into disease pathogenesis,
guiding basic research into previously unforeseen areas.

To better understand the relevance of genetic study in
gastroenterology, first of all, we have to clarify the difference between
monogenic disorders and complex diseases. The monogenic disorders
are disease with mendelian inheritance,

Complex diseases are those with polygenic factors involved in
their pathogenesis, such as Chron and celiac disease.

The analysis of monogenic disorders are most successful than
complex disease. Possible strategies to identify candidate gene for
monogenic gastrointestinal disorders could be based on functional or
positional cloning. The first strategy starts from protein defect, the
second one is based on the mapping of the gene in the genome and

then in the identification of gene’s function (Figure 1).
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Figure 1. Possible strategies to identify gastrointestinal disease genes.

The identification of genes causing gastrointestinal disorders
contribute to the understanding of disease’s pathogenesis, the rule and
the interaction between proteins, and to better classify diseases.
Otherwise, such discoveries have raised physicians’ and
patients’expectations, particularly with respect to molecular genetic
testing, but translating scientific progress to patient care needs careful
evaluation. In specialist clinical genetics, protocols have been
developed to ensure responsible molecular testing and detailed genetic
counseling in fully penetrant single-gene disorders, however
specialists in other disciplines, such as gastroenterology, perhaps
remain less familiar with all of the complex issues surrounding genetic

testing (Figure 2).
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Figure 2. Impact of genomics in medical practice

Several criteria must be satisfied for any genetic test before its
application in clinical medicine. The test should ideally address a
reversible risk, and thereby lead to clinically useful outcome; be
socially and ethically acceptable to the individuals undergoing testing;
have sufficient sensitivity and specificity; and be implementable and
cost effective.

In HNPCC and familial adenomatous polyposis (FAP), genetic
testing not only carries the potential for identifying individuals or
family members at risk, but also for directing the appropriate
application of further intervention.

Finally, genetic discoveries could be relevant to address future

treatment, such as gene therapy or drug therapy.
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Aim of this thesis was to explore the genetic component of some
gastrointestinal disorders, such as dismotility disorders (Hirschsprung
disease, esophageal achalasia and congenital intestinal pseudo-
obstruction) and intestinal polyposis, either by clinical study or by
sequencing of candidate genes. Furthermore, my effort was addressed
to develop a new strategy to stable trasduce intestine for future
application such as gene therapy of gastrointestinal and no

gastrointestional disorders.



Genetics of gastrointestinal diseases

CHAPTER 3.
GENETICS OF DISMOTILITY DISORDERS.

The enteric nervous system (ENS) is a collection of neurons in the wall
of the entire gastrointestinal tract. It modulates and integrates the
motility (1),  microcirculation  (2), secretion  (3), and
immune/inflammatory response (4). It consists in two major plexuses,
the myenteric (Auerbach) and the submucosal (Meissner), otherwise
associated neural elements connecting the ganglia and projecting to
effector systems (muscles, interstitial cell of Cajal, glands, blood
vessels and immune cells). The human ENS contains approximately as
many neurons as the spinal cord (about 100 million) and is a
specialized branch of the peripheral nervous system that can function
independently from the central nervous system. The ENS is derived
from specific axial levels of the neural crest (NC). Vagal, truncal and
sacral NC cells colonize the gut in a rostral-to caudal progression
during embryonic development. Truncal NC gives rise to ganglia in the
esophagus and the proximal stomach, whereas the vagal NC gives rise
to ganglia throughout the length of the gut. The entire colonization
process is complete by approximately 13 week of gestation in humans.
By the 24 weeks’ gestation, infants seem to have a full complement of
the ENS neurotrasmitters, and at least partial ENS function is

established. However, new enteric nerve cells continue to differentiate
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at least throughout the first couple of years of life, suggesting that the
young ENS continues to develop and change. Normal ENS
development requires survival of NC derived cells and their
coordinated proliferation, movement and differentiation into neurons
and glias. All of these processes are influenced by the
microenvironment of the developing gut. Defects in the NC derived
cells themselves or alterations in the gut microenvironment may result
in abnormal development of the ENS, such as Hirschsprung’s disease
(HSCR), chronic intestinal pseudo-obstruction (CIP) and esophageal
achalasia (EA). Although not yet fully elucidated, mutations in genes
involved in these processes may also explain phenotypic variants of
different motor disorder of the intestine, as those mentioned before,

objects of this thesis.
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3.1 HIRSCHSPRUNG’S DISEASE.

3.1.1 Definition, epidemiology, pathophysiology and clinics.
Hirschsprung's disease (OMIM 142623) is a heterogeneous genetic
disorder, resulting from an anomaly of the enteric nervous system of
neural crest cells origin, characterised by the absence of
parasympathetic intrinsic ganglion cells in the submucosal and
myenteric plexuses. It is regarded as the consequence of the
premature arrest of the craniocaudal migration of vagal neural crest
cells in the hindgut, between the fifth and twelfth week of gestation, to
form the enteric nervous system and is therefore regarded as a
neurocristopathy (5).
Hirschsprung’s disease occurs in approximately 1 of each 5000 live
births and with a male predominance of 4:1. It is generally sporadic,
although in 3-7% of cases a genetic trasmission has been reported (5).
The risk for short segment disease is 5% in brothers and 1% in sisters
of index cases; for long segment disease the risk is 10%, regardless of
sex. (6)

The embryonic disorder is a lack of the craniocaudal migration,
differentiation and maturation of neuroblasts from the neural crests, the

earlier the migration ceases, the longer the aganglionic segment will
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be. The aganglionic segment is permanently contracted, causing
dilatation proximal to it (7).

Hirschsprung’s disease may be classified according to the lenght of the
aganglionic segment: the classic form (short segment 70-75% of cases)
is limited to the rectum and sigmoid colon; the long segment, or
subtotal colonic disease (10-15%), generally involves the bowel up to
the splenic flexure; total colonic aganglionosis (TCA: 3-6%) may
extend to involve a variable amount of the short bowel. Total intestinal
aganglionosis sometimes is associated with intestinal malrotation or
volvulus (8). Ultrashort segment aganglionosis is considered a
functional alteration, without any detectable histological finding.
Although longer aganglionic segments tend to produce more
drammatic symptoms, some patients with even short segment disease
deteriorate rapidly (9).

The hallmark of diagnosis is the absence of ganglion cells from the
myenteric and submucosal plexuses, as seen on a full-tickness or
suction (mucosal-submucosal) biopsy of the rectum.  Proximal
contents fail to enter the unrelaxed, aganglionic segment. The lack of
non-adrenergic-non cholinergic inhibitory innervation is responsible
for a tonic contraction of the affected segment, with absence of

peristalsis and dilatation of the gut proximally. (10)
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Morphologically, ganglion cells are absent from the narrowed segment
and for some distance (1 to 5 cm usually) into the dilated segment.
The pattern of nerve fibers is abnormal also; they are hypertrophic with
abundant, tickned bundles. Specific stains for acetylcholinesterase are
used to highlight the abnormal morphology (11, 12).

In the last years new insights in the pathophysiology of Hirschsprung's
disease have been given. There is a growing and emerging body of
evidence that suggests that the disease can be the expression of a
genetic alteration, as reported later on.

In the newborn, symptoms may appear during the first hours of life
with failure to pass meconium, or in the first week with a picture of
functional intestinal obstruction. However, the delay in the passage of
meconium does not always occur and a percentage of children still
present late or with complications despite a history of complications
since birth. Enterocolitis, the commonest complication, is always
severe and is an important cause of mortality in these young patients.
In infants and children the presentation is often less drammatic and
may not mimic acute intestinal obstruction. Severe constipation and
recurrent fecal impaction are more common. Physical examination
reveals a distended abdomen and a contracted anal sphincter and
rectum in most children. The rectum is devoid of stool except in cases

of short-segment aganglionosis. As the finger is withdrawn, there may
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be an explosive discharge of foul-smelling liquid stools, with

decompression of the proximal normal bowel.

Abdominal radiographs show intestinal “cut-off” sign in rectosigmoid
region with absence of air distally. Other common findings are small
bowel dilatation in 74% and multiple air-fluid levels. (13) . Because of
the risk of perforation, contrast enema should not be performed in the
presence of clinical enterocolitis.

Rectal washouts should be the initial approach in the care of a child,
regardless of age, who presents with enterocolitis. Along with
washouts, intravenous antibiotics or oral metronidazole (in mild cases)
should be used. Should the disease process fail to improve or the
infants’s condition deteriorate, the performance of a leveling
colostomy should be considered (14,15).

When the history (early onset of constipation, absence of faecal
soiling) and/or the physical examination (empty rectal ampulla)
suggest an organic cause, anorectal manometry should be performed.
Anorectal manometry evaluates the response of the internal anal
sphincter to inflation of a ballon in rectal ampulla (16). When the
rectal ballon is inflated, there is normally a reflex relaxation of the
sphincter. The rectoanal inhibitory reflex is absent in patients with

Hirschsprung’s disease; there is no relaxation, or there are may even be
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paradoxical contraction of the internal anal sphincter. The anorectal
manometry is particulary useful when the aganglionic segment is short
and results of radiologic or pathologic studies are equivocal.
Barium enema is helpful in the assessment of a transition zone
between aganglionic and ganglionic bowel and in giving an estimation
of the lenght of an aganglionic segment. Demonstration of the
transition zone is easier if no effort is made to clearance the bowel. In
the newborn, dilatation of the proximal ganglionic bowel may not have
developed and radiological diagnosis may be more difficult. The
sensivity and specifity for recognition of a transition zone have been
reported to be 80% and 76%, respectively (17). The barium enema may
not show a transition zone in cases of total colonic Hirschsprung’s
disease, or may be indistinguishable from cases of functional
constipation when ultra-short-segment Hirschsprung’s disease is
present.
Nevertheless, the diagnosis is based on histological evidence. Since
the mid 1970s, demonstration of acetylcholinestease activity in
mucosal biopsies has allowed the non invasive suction rectal biopsy
thecnique to become the most reliable diagnostic method for
aganglionosis (11,12).

The treatment of Hirschsprung’s disease is to resect the

aganglionic segment of the rectum and colon, pull down normally
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innervated bowel, and anastomose this bowel at the anorectal region,
while preserving the sphincter muscle. Recently minimally invasive
approaches to the 1-stage pull-through have became popular. The one-
stage approach, even in the newborn period, either by laparotomy or by
combined laparoscopy and transanal dissection, has been advocated.
Some patients with Hirschsprung’s disease continue to have
problems postoperatively, this may be because of residual disease or
association with neuronal dysplasia. If the definitive operation fails
because of an impassable stricture, disruption or residual disease,
further secondary surgery may be necessary and a different operation

may then lead to a reasonable result.

3.1.2 Genetics of Hirschsprung’s disease.

HSCR occurs as an isolated trait in 70% of patients, is associated
with chromosomal abnormality in 12% of cases, trisomy 21 being by
far the most frequent (>90%). Additional congenital anomalies are
found in 18% of cases, including gastrointestinal malformation, cleft
palate, polydactyly, cardiac septal defects and craniofacial anomalies.
The higher rate of associated anomalies in familial cases than in
isolated cases (39% vs 21%) strongly suggests syndromes with
Mendelian inheritance (18). Isolated HSCR appears to be a

multifactorial malformation with low, sex dependent penetrance,
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variable expression according to the length of the aganglionic segment,
and suggesting the involvement of one or more gene(s) with low
penetrance (19). These parameters must be taken into account for
accurate evaluation of the recurrence risk in relatives. Segregation
analyses suggested an oligogenic mode of inheritance in isolated
HSCR. With a relative risk of recurrence as high as 200, HSCR is an
excellent model for the approach to common multifactorial diseases.

A large number of chromosomal anomalies have been described in
HSCR patients. Free trisomy 21 (Down syndrome) is by far the most
frequent, involving 2-10% of ascertained HSCR cases. Syndromes
associated with HSCR can be classified as: (1) pleiotropic
neurocristopathies, (2) syndromes with HSCR as a mandatory feature,
(3) occasional association with recognisable syndromes.

The neural crest is a transient and multipotent embryonic structure
that gives rise to neuronal, endocrine and paraendocrine, craniofacial,
conotruncal heart, and pigmentary tissues. Neurocristopathies
encompass tumours, malformations, and single or multifocal
abnormalities of tissues mentioned above in various combinations.
Multiple endocrine neoplasia type 2 (MEN 2), and Waardenburg
syndrome are the most frequent neurocristopathies associated with

HSCR (20).
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Waardenburg syndrome (WS), an autosomal recessive condition, is by
far the most frequent condition combining pigmentary anomalies and
sensorineural deafness, resulting from the absence of melanocytes of
the skin and the stria vascularis of the cochlea. The combination of
HSCR with WS defines the WS4 type (Shah-Waardenburg syndrome).
Indeed, mutations of the endothelin pathway and SOX/0 mutations
have been identified in WS4 patients with CNS involvement including
seizures, ataxia, and demyelinating peripheral and central neuropathies
(21).

Eight genes are known to be involved in HSCR in humans, those
encoding for the proto-oncogene RET (RET), glial cell line derived
neurotrophic factor (GDNF), neurturin (NTN), endothelin B receptor
(EDNRB), endothelin 3 (EDN3), endothelin converting enzyme
1 (ECEI), SOXI10, and SIPI genes. RET and EDNRB signalling
pathways were considered biochemically independent. However, an
HSCR patient heterozygous for weak hypomorphic mutations in both
RET and EDNRB has recently been reported (22). Each mutation was
inherited from a healthy parent. SOX 10, otherwise, is involved in cell
lineage determination and could be responsible of the reduced
expression of EDNRB in the dom mouse.

The last de novo mouse model for the human WS4 is dominant

megalon (Dom). The Dom gene is Sox10, a member of the SRY (sex
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determining factor)-like, high mobility group (HMG) DNA binding
proteins. Subsequently, heterozygous SOXI0 mutations have been
identified in familial and isolated patients with WS4 (including de

novo mutation) with high penetrance (23).

3.1.3 Aim of the project.

Aim of our study was first of all to clinically characterize the
Hirschsprung disease in children trying to identify new syndromic
phenotype associated with HSCR; secondly to make a mutational
analysis of some genes (SOX10 and ZFX1B) already involved in
syndromic HSCR and to make a possible phenotype-genotype
correlation. My personal contribution was on clinical examination of

HSCR patients.

3.1.4 Paper in submission.
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Clinical and genetic characterization of syndromic HSCR.

Renata Auricchiol, Lucia Quagliettal, Daniela Melisl, Erasmo Mielel, Chiara Migliorel,
Immacolata Marescal, Eleonora Giannettil, Antonino Tramontanoz, Gianfranco Sebastiol,

Annamaria Staiano’

1Department of Pediatrics, University “Federico II”, Naples.

2Ospedale Santobono

Introduction.

Hirschsprung disease (HSCR) is a congenital malformation characterized by the absence of neurons
in the distal colon with symptoms ranging from neonatal intestinal obstruction to chronic
constipation'. HSCR is attributed to the failure of neural crest cells to completely colonize the
intestinal tract during the 4™ to 12" weeks of gestation, and hence is termed a neurocristopathy”.
The absence of the intramural ganglion cells is at level of both the myenteric and submucosal
plexuses . Patients can be classified as rectosigmoid HSCR (RS, 78% cases) when the aganglionic
segment does not extend beyond the upper sigmoid, long segment HSCR (LS, 32% of cases), when
aganglionosis extends proximal to the sigmoid and total colonic aganglionosis (TCA, 3-8% of
cases), when aganglionosis extends within 30 cm proximal to the terminal ileum’. In most cases, the
diagnosis of HSCR is made in the newborn period owing to intestinal obstruction, such as failure to
pass meconium within the first 48 hr of life, abdominal distension, vomiting" >. Some patients are
diagnosed later with severe constipation and/or diarrhea, chronic abdominal distension, vomiting,

and failure to thrive®. The diagnosis of HSCR is based on the absence of relaxation of internal anal
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sphincter, after the 12" day of life, revealed by the anorectal manometry®. Suction rectal biopsy
confirms the diagnosis in most cases, but a full thickness rectal biopsy is needed for diagnosis of
HSCR’. The following criteria, obtained on suction rectal biopsy specimens, represent the gold
standard of the diagnosis of HSCR: the absence of ganglion cell, replaced by hypertrophic nerves
with no network. These hypertrophic nerves are responsible for increased acelylcholinesterase in
the aganglionic bowel® ?. The incidence of HSCR is estimated at 1/5000 live births with a 4:1 male
predominancelo. HSCR occurs as an isolated trait in 70% of cases''. A chromosomal abnormality is
associated with it in 12% of cases, trisomy 21 being far the most frequent (>90%)"". Associated
congenital anomalies have been found in 18% of HSCR patients''. In many cases of HSCR
associations, neurocristopathies and syndromes, the underlying genetic links are already known or
suspected.

Because it is generally accepted that the pattern of associated lesions may throw some light on

213 "aim of our study was to clinically characterize the

possible genetic associations of the disease
Hirschsprung’s disease in children, to make a mutational analysis of some genes (SOX10 and

ZFX1B) already involved in syndromic HSCR and to correlate phenotype to genotype.

Patients and methods.

Patients and clinical evaluation.

From January 2004 and June 2005 we have enrolled 48 HSCR patients (mean age....... ), diagnosed
by the absence of the anorectal inhibitory reflex revealed by the manometry and by the presence of
the two histological criteria, absence of ganglion cells and presence of acetilcholinesterase fibers,
on a suction rectal biopsies. A complete clinical evaluation was performed by using a specific
questionnaire for the anamnesis, collecting data on time of beginning of symptoms, type of
symptomatology, length of the aganglionic segment, familial anamnesis, symptoms associated. To

get a better clinical characterization all the patients underwent an oculistic, audiometric, orthopedic
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and neurological examination and, after parental consens, a blood sample was obtained for

karyotype and DNA extraction for genetic analysis.

Anorectal manometry.

This test was carried out without sedation and after complete clearance of the lower bowel. A Dent
sleeve catheter with at least three silicon lumens with side holes (outside diameter, approximately
2.0 mm), perfused with a low compliance pneumohydraulic system at a rate of 0.5 ml/min, was
used. A latex balloon (2.5 cm x 3.0 cm) was attached to the end of a thin silicon lumen and tied to
the tip of the motility probe, 5 cm above the distal transducer. Pressures from the latex balloon and
from the side holes were transmitted via the silicon tubes to pressure transducers. The outputs for all
transducers were fed into a poligraph (MMS UPS-2020 Medical measurement system for
investigation of gastrointestinal motility) and graphed on running paper. The anorectal pressure
profile and the effect of rectal distention were evaluated. The response of the anal canal to rectal
distention was evaluated with the base of the distending balloon 11 cm above the anal verge, one
pressure transducer in the rectum 6 cm above the anal verge, and another in the anal canal 1 cm
above the anal verge. With sudden rectal distention, in normal children, the external sphincter
contracts and the internal anal sphincter relaxes. This relaxation of the internal sphincter results in
reduced anal pressure. This phenomenon is referred to as anorectal inhibitory reflex, and it is absent

in HSCR.

Suction rectal biopsy.

In all patients, diagnosis of HSCR was based on both hematoxylin-eosin (H&E) and histochemical
acetylcolinesterase (AchE) staining on two suction rectal biopsies performed by Noblett capsule.
Suction rectal biopsies were taken at least 2 cm above the pectinate line and were kept moist on
saline-soaked filter paper in a small Petri dish. One biopsy was embedded in O.C.T. (Bio-Optica),

snap frozen for cryostat sectioning in a plane perpendicular to the mucosal surface, and stored at -
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80°C. Ten micrometer-thick sections, oriented to obtain longitudinal sections, were cut at -23°C
with a cryostat microtome (Cryostat HM560MU), until submucosa was visible, then mounted on
slides and stained with H&E and AchE stainings. In the AChE staining iso-OMPA was used instead
of OMPA. The other biopsy, kept in formalin, was wax-embedded, cut and stained with H&E.
Histochemical criteria to establish HSCR diagnosis include: absence of ganglion cells in sub-
mucosa, presence of nerve trunks in sub-mucosa, increased AChE-positive fibers in muscularis

mucosae and sub-mucosa.

Analysis of sequences of the genes SOX10, ZFXIB (fare correggere a Sebastio)

Specific primers for SOX10 not available from the literature, were designed in the intronic regions
in order to amplify, by PCR on genomic DNA, both the coding regions and the intron-exon
junctions. These primers were designed by the analysis of the genomic sequences of the two genes
deposited in Genbank and optimized for a single condition of amplification. Briefly: denaturation
for 1 min at 94°C, hybridization for 1 min. at 52°C, elongation for 1 min. at 72°C. The primers for
the amplification of the exonic regions and of the intron-exon junctions of ZFX1B were already
reported'” . The PCR products were purified and direct sequenced, on both directions, using an
ABI PRISM Dye Terminator Cycle DNA sequencing Kit and an automatic sequencer (ABI PRISM

377, Applied Biosystems). Primers used for the amplification are available on request.

Results.

We included in our study patients, who received the diagnosis of HSCR based on absence of the
anorectal inhibitory reflex revealed by the manometry and on the presence of the two histological
criteria, absence of ganglion cells and presence of acetilcholinesterase fibers, on a suction rectal
biopsies. From January 2004 to June 2005 we enrolled 48 HSCR patients. The oculistic
examination was performed in 43/48 patients, the audiometric exam in 37/48 patients. The

orthopaedic evaluation was done in twelve patients and the neurologic visit in only patient. The
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karyotype analysis was performed in 39/48 patients, the DNA was extracted by 46/48 patients and
from 6 pairs of parents in the familiar and syndromic cases. We found in our population 10 cases of
familial HSCR (20.8%) in 5 different families. One of these families have 3 subjects affected by
Shah-Waandenburg’s syndrome. In the remaining patients, 21 were sporadic HSCR (43.75%), 3
(6.25%) are Down’s patients and 15 (31.25%) had one or more anomalies associated with HSCR. In
particular, skeletal-muscle-limb anomalies were found in 20.3%, dysmorphysms in 25%, skin and
integumentary and urogenital anomalies in 6.25%, RPSM, cardiac and gastrointestinal anomalies in
4.1% and ophthalmic and hearing problems in 2.08%, (Fig.1). We have also found that the longest
traits of aganglionic colon have been found in patients with HSCR associated with other anomalies
more frequently than in simple sporadic HSCR (39% vs 6%) (Fig.2, panel A and panel B). Five
patients on 15 with HSCR with associated anomalies have an affected familiar (33%), as already
reported in the literature. This means that the mendelian transmission is confirmed. Sequencing of
the coding regions and the exon-intron boundaries of ZFX1B did not show nucleotidic changes,
whereas analysis of the SOX10 gene revealed 2 polymorphisms, C566A in exon 3 (Gly188GLy),
T1205C in exon 5 (His401His), respectively, and a nucleotide substitution G2154A in the 3’

untranslated region.

Discussion.

Associated congenital anomalies occur in at least 5-32% of HSCR patients. These associations are
of significance due to at least two reasons: firstly, the majority may be attributed to abnormal
genetic development signalling, yielding clues as to the genetic background of HSCR and its
pathogenesis and, secondly, the influence of associated anomalies on the long-term prognosis.
Essentially, HSCR is caused by defects at a molecular level of normal signalling during enteric
nervous system’s development. As a consequence, the cues controlling the migration of the neural
crest cells go awry resulting in aganglionosis of the distal bowel. The disorder is complex, as is

shown by the number of genes implicated in its pathogenesis (at least 11). The pattern of conditions
23



Genetics of gastrointestinal diseases

associated with HSCR have already been of great value in revealing many of the genetic
associations of the disease (Spounge, 1985) with known genetic variations being identified in at
least 12% of HSCR cases (Bolk S 2000, Carrasquillo MM 2002) which is higher than what is
expected in the normal population. In addition, these genetic variations are associated with more
than 50% of the observed abnormalities associated with HSCR. On the other hand, it must be borne
in mind that certain observed associations may not be higher in HSCR than in general population
and may have little to do with HSCR per se. By looking at associated birth defects of a genetic
condition, information can be gleaned not only on how the genes control development work but also
on how they interact and crosstalk through gene-gene interaction whilst remaining genetically
distinct. The incidence of associated congenital anomalies has been noted to be relatively low in a
number of series and are interestingly enough, not frequently associated with familial transmission
(Moore SW 1991, Brown RA 2000).

In our study, the associated physical anomalies were less frequent in the familial than in the
sporadic HSCR (33% vs 67%). Individual anomalies vary in incidence from 2.08% to 25% (Fig.1),
the most frequent being dysmorphysms and skeletal-muscle-limb anomalies (25 and 20.3%,
respectively). Less frequent are genitourinary and skin anomalies (6.25%) closely followed by those
related to heart, central nervous system and bowel (4.1%). Although ocular and hearing
abnormalities are important, they represent only the 2.08%.

Possible genetic associations for HSCR disease could be hypothesized considering that major RET
mutations may give rise to HSCR by haploinsufficiency (20-25% of cases), the majority of HSCR
probably arise from the multiplicative combined effects of other susceptibility genes and mutations
(11) and the final phenotypic expression seems to depend on the combined cumulative effects of the
susceptibility loci at critical genes that control the mechanisms of cell proliferation, differentiation
and maturation (Mc Callion AM, 2003). Study of known critical sites should include the potential
modifying role of significant genes flanking the critical areas which may affect the final phenotypic

expression of HSCR. Our study on the anomalies associated with HSCR can contribute much
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towards the identification of candidate genes and the underlying of complex mechanisms of cell

proliferation, differentiation and maturation of enteric neuroblasts and of the pathogenesis of

HSCR.

As an important consequence, assessment of all HSCR patients should include a careful clinical and

genetic evaluation.
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3.2 CONGENITAL INTESTINAL PSEUDO-OBSTRUCTION.

3.2.1 Definition, epidemiology and clinics.

The term chronic intestinal pseudo-obstruction (CIP) describes a
disorder of gastrointestinal motility characterized by failure of the
intestine to propel its contents through an unobstructed lumen (24). It
has been estimated that approximately 100 infants with congenital CIP
are born each year (24). Symptoms include persistent nausea,
vomiting, abdominal distention, weight loss and constipation (25,26).
Diarrhea caused by either bacterial overgrowth or a hypersecretory
state may also occur (27). Symptoms may be intermittent or
continuous and in the most severe forms often there are signs of an
intestinal obstruction (such as dilated bowel loops or air-fluid levels)
in the absence of a fixed lumen-occluding obstruction (28). In most
cases, CIP results in a irreversible disorder of intestinal motor
function, with the management consisting of nutritional support, use of
prokinetics agents and prevention and treatment of bacterial
overgrowth. Gastrostomies and jejunostomies may also be used for
slow administration of enteral formulas. Referral for intestinal
transplantation should be considered in the presence of frequent septic
episodes, limited intravenous access for nutritional support and

impending liver failure (29).
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3.2.2 Pathogenesis and genetics of CIP

There is no single pathogenic cause for CIP in children. It is
classified in primary and secondary CIP. Based on histopathology or
manometric findings, patients with primary form have traditionally
been subdivided into neuropathic (affecting primarily the nerves in the
intestinal tract or demonstrating a disorganized pattern of intestinal
motility) and myopathic form (affecting primarily the muscle of the
intestinal tract or demonstrating diminished amplitude of coordinated
contractions) (30). But the list of conditions and possible causes that
have been associated with symptoms of CIP continues to expand

(Tab.1)

Primary forms
e Visceral neuropathy: sporadic or familial
¢ Visceral myopathy: sporadic or familial

Secondary forms

® Muscular dystrophy
Scleroderma and other connective tissue disease
Postischemic neuropathy
Postviral neuropathy
Hypothyroidism
Diabetic neuropathy
Severe IBD
Organ Transplantation
Amyloidosis
Chagas’ disease
Prenatal alcohol exposure
Chromosomal abnormalities
Multiple endocrine neoplasia I1B

Radiation enteritis
Tab 1. Classification of CIP
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A genetic basis is suggested by some family clustering of CIP. Tanner
reported one genetic form of CIP resulting from qualitative
abnormalities of the enteric ganglia and nerve fibers. This histological
phenotype suggests the presence of a differentiation defect. An
autosomal recessive inheritance was supposed for this type of CIP
occurring as a syndrome presenting with short small bowel,
malrotation and pyloric hypertrophy associated with morphologic
defects of argyrophil neurons in the myenteric plexus (31).

In 1996, it was described a family in which the chronic idiophatic
intestinal pseudo-obstruction appeared to be segregating as an X
linked recessive trait (CIIPX- OMIM 300048) and in which the
disease locus was mapped to Xq28. The microsatellite markers,
located in the distal part of Xq28, showed no recombination with a
maximum lod score of 2.32. On the analysis of recombinants, the
authors concluded that the critical region for the disease gene was
limited by DXS15 toward the centromere and by DXYS154, the
pseudoautosomal boundary toward the telomere (32). One year later, it
was described another family with two brothers and a maternal uncle
affected with CIP. All three had a patent duct arteriuos and chronic
thrombocytopenia (33). One of the brothers and maternal uncle had
gut malrotation, already described in the Italian family by Auricchio,

suggested that gut malrotation may be a useful phenotypic marker for
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an X-linked form of CIP. DNA analysis of this pedigree demonstrated
cosegregation of the maternal grandamother Xq28 haplotype with the

disease, confirming Auricchio’s results.

3.2.3 Aim of the project

Aim of this part of the project has been the identification of the gene

mutated in CIIPX and located in the CIIPX critical region in Xq28.

4.2.4. Paper published.
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ARTICLE

Filamin A Is Mutated in X-Linked Chronic Idiopathic Intestinal
Pseudo-Obstruction with Central Nervous System Involvement

Annagiusi Gargiulo,” Renata Auricchio,” Maria Vittoria Barone, Gabriella Cotugno, William Reardon,
Peter J. Milla, Andrea Ballabio, Alfredo Ciccodicola, and Alberto Auricchio

We have previously reported that an X-linked recessive form of chronic idiopathic intestinal pseudo-obstruction (CIIPX)
maps to Xq28. To select candidate genes for the disease, we analyzed the expression in murine fetal brain and intestine
of 56 genes from the critical region. We selected and sequenced seven genes and found that one affected male from a
large ClIPX-affected kindred bears a 2-bp deletion in exon 2 of the FLNA gene that is present at the heterozygous state
in the carrier females of the family. The frameshift mutation is located between two close methionines at the filamin N
terminus and is predicted to produce a protein truncated shortly after the first predicted methionine. Loss-of-function
FLNA mutations have been associated with X-linked dominant nodular ventricular heterotopia (PVNH), a central nervous
system (CNS) migration defect that presents with seizures in females and lethality in males. Notably, the affected male
bearing the FLNA deletion had signs of CNS involvement and potentially has PVNH. To understand how the severe
frameshift mutation we found can explain the CIIPX phenotype and its X-linked recessive inheritance, we transiently
expressed both the wild- type and mutant filamin in cell culture and found that filamin translation can start from either
of the two initial methionines in these conditions. Therefore, translation of a normal shorter filamin can occur in vitro
from the second methionine downstream of the 2-bp insertion we found. We confirmed this, demonstrating that the
filamin protein is present in the patient’s lymphoblastoid cell line that shows abnormal cytoskeletal actin organization
compared with normal lymphoblasts. We conclude that the filamin N terminal region between the initial two methionines

is crucial for proper enteric neuron development.

Chronic idiopathic intestinal pseudo-obstruction (CIIP
[MIM %300048]) is a clinical syndrome caused by a het-
erogeneous group of enteric neuromuscular diseases that
result in a severe abnormality of gastrointestinal motility."
CIIP may present at any age and is diagnosed by radio-
logical, surgical, or manometric evidence of abnormal
bowel motility causing intestinal obstruction in the ab-
sence of any mechanical occlusion.! CIIP is an uncom-
mon, often fatal, syndrome in infancy, which may occur
because of primary intrinsic visceral neuromuscular dis-
orders or secondary to a variety of conditions, such as drug
toxicity, ischemia, inflammatory or autoimmune diseases,
myopathies, or viral infections (e.g., Epstein-Barr or cyto-
megalovirus [CMV]).! Primary forms of CIIP are neuro-
genic (28%), myopathic (36%), or unclassifiable (36%).>
Neuropathic abnormalities of enteric innervation cause
neurogenic CIIP and may be quantitative (hypo-, hyper-,
and aganglionosis) or qualitative in nature.” In Hirsch-
sprung disease (HSCR [MIM #142623]), the most common
neuronal CIIP, lack of migration of enteric ganglion cells
during development results in aganglionosis along gastro-
intestinal segments of variable length.? In other cases, mi-
gration of enteric neurons is not affected, but enteric gan-
glia and nerve fibers show qualitative abnormalities, sug-
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gesting the presence of a differentiation defect. This may
be the case for the patients described by Tanner*—affected
by a short intestine, malrotation, and hypertrophic pyloric
stenosis—who were reported to have absence of argyro-
philic neurons in the myenteric plexus.* The condition
was thought to be inherited as an autosomal recessive
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10 affected males in 4 generations, all related through
healthy females; of the 10, 9 died in the first months of
life. Two affected subjects (IV-1 and IV-3) in the last gen-
eration (fig. 14) had severe CIIP associated with a short
small intestine, malrotation, and hypertrophic pyloric ste-
nosis.* Subject IV-1 survived repeated surgery and is still
alive. Histological analysis of full-thickness ileal and co-
lonic biopsies of samples from the two subjects evidenced
abnormal neurons in the myenteric and submucosal plex-
uses.* Like the patients described by Tanner et al.,® there
were abnormalities of argyrophilic neurons. In our study
family, the condition appeared to be inherited with a clear
X-linked recessive pattern—that is, X-linked chronic id-
iopathic intestinal pseudo-obstruction (CIIPX)—and we
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Figure 1. A, Pedigree of the CIIPX-affected family. 8, Chromatogram showing FLNA exon 2 sequence around c.65-66delAC. Top, Sequence
of the obligate carriers (I-1, II-1, I1I-5, I1I-2, and I1I-6,). Middle, Sequence of healthy male (III-1). Bottom, Sequence of the affected

male (IV-1). The arrow indicates c.65-66delAC.

and large platelet thrombocytopenia, apparently inherited
in an X-linked recessive manner. By April 2003, 63 genes
were annotated in the CIIPX critical region (Human Ge-
nome Browser Gateway). We analyzed their expression in
fetal murine gut and brain, to select candidate CIIPX
genes, and we found a frameshift mutation in the filamin
A gene (FLNA [MIM +300017]) that was associated with
CIIPX in the Italian kindred.

Material and Methods
Clinical History

The index patient (IV-1), second cousin to subject IV-5, is a male
and the first offspring of healthy, nonconsanguineous parents
(fig. 14). He was born at term after an uneventful pregnancy. On
the 3rd d of life, he presented with bilious vomiting, and lapar-
atomy showed a short small bowel with intestinal malrotation,
pyloric hypertrophy, and an ileal volvulus. Fifteen days later, he
required additional surgery for intestinal obstruction, and an il-
eostomy was raised. Histological examination of full-thickness
ileal and colonic biopsies showed abnormal argyrophilic neurons
in the myenteric plexus, as well as nerve fibers in the lamina
propria in the colon.” Findings similar to the myenteric plexus
were present in the submucosal plexus. At age 3 mo, continuity
of his bowel was restored with an ileoileal anastomosis, but the
bowel once again became obstructed. Manometric studies sug-
gested a neuropathic disorder of his gut. A further ileostomy was
raised, and full-thickness material was taken for further histology.
At age 3 years, a Lester-type ileorectal anastomosis was performed
to restore bowel continuity. In addition to the severe CIIP, by age
7 years, an asymmetrical spastic diplegia with impairment of fine
finger movements also became apparent. Magnetic resonance im-
aging (MRI) of his brain showed an abnormal intermediate signal
in the peritrigonal white matter. The patient and two carrier fe-
males in the family declined to undergo additional brain MRI
after the identification of the FLNA mutation. The patient re-
quired lengthening operations for both Achilles tendons. He also
had seizures: the first time after surgery during his 1st mo of life,
then again at ages 8 and 18 years. Since the last episode, he has
received carbamazepine treatment. He continues to require sup-
plemental parenteral nutrition to maintain good health.

The second patient (IV-5) was a male, the third offspring of
healthy, unrelated parents (fig. 14). His older brother and sister
have no gastrointestinal disorders and are completely well. He
was born at term, weighed 4.2 kg, and measured 52 cm in length.
On his 1st d of life, he had abdominal distension and bilious
vomiting. Laparotomy demonstrated a small-intestinal malrota-
tion with CIIP. Because of ongoing subocclusive symptoms, two
intestinal resections were performed during the following weeks.
He required total parenteral nutrition and an additional operation
with ileoileal anastomosis. Intestinal histology of the ileum showed
abnormalities of the myenteric and submucosal neurons similar
to those of subject 1V-1. Subject 1V-5 died shortly after surgery,
at age 8 mo.

Genomic DNA Extraction and PCR Amplification
and Sequencing

Genomic DNA was isolated from peripheral-whole-blood lym-
phocytes and from paraffin-embedded sections by use of stan-
dard protocols (Qiagen Italy) or as described elsewhere.* The com-
plete coding sequence of seven genes selected for direct sequenc-
ing, including the exon-intron boundaries, was amplified by PCR
with Tag Gold DNA Polymerase (Roche). These genes are (from
X chromosome centromere to telomere): ZNF275, ATP2B3 (MIM
*300014), DUSP9 (MIM *300134), SLC6A8 (MIM *300036),
ABCD1 (MIM *300371), LICAM (MIM *308840), and FLNA. PCR
was performed as follows: 35 cycles with 50 ng of genomic DNA
at 94°C for 1 min, at the appropriate primer annealing temper-
ature for 1 min, and at 72°C for 1 min. Primers and reaction
conditions for PCR amplification are available on request.

Amplicons were screened for mutations by direct sequencing
with an ABI PRISM Big Dye terminator cycle sequencing kit, and
the reactions were analyzed with an ABI PRISM 3100 genetic an-
alyzer (Applied Biosystems). The sequenced exon and intron-
exon boundaries were compared with consensus sequences ob-
tained from the National Center for Biotechnology Information
Database with use of standard software for DNA sequencing anal-
ysis (Autoassembler v. 2.1 [Applied Biosystems]). Sixty-six females
and 32 males from the general Italian population were used as
controls, for a total of 164 X chromosomes.
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Figure 2. Effect of c.65-66delAC on filamin A translation. A, Sequence of the filamin A NH, terminus. Black letters indicate wild-type
protein sequence; gray letters indicate predicted amino acid changes caused by c.65-66delAC; the asterisk (*) indicates a stop codon;
“Met1” and “Met2” indicate the first and second filamin A methionines, respectively. B, Schematic representation of plasmids 1 and 2
expressing filamin A NH, terminus (amino acid residues 1-124) fused to the HA under the control of the CMV promoter. The line between
Metl and Met2 in plasmid 2 indicates the position of c.65-66delAC. C, Western blot analysis of FLNA expression in HEK 293 cells
transfected with plasmids 1 and 2 and in an untransfected control. Protein molecular weight is shown on the left. The primary antibodies
used are shown on the right.

RT-PCR Analysis of Gene Expression from the CIIPX Critical — Generation of the Plasmid Constructs Expressing Filamin A
Region NH, Terminus

Total RNA from C57BL/6 mice (Harlan Italy), from embryonic

day-18 (E18) mouse brain or gut, from 5-wk-old mouse gut, and We generated two plasmids that express the first N-terminal 124
from V-1 individual lymphoblastoid cells was extracted using the ~ aa of FLNA by fusing to a hemoagglutinin tag (HA) under the
Trizol reagent (Invitrogen Italy) according to the manufacturer’s  transcriptional control of the ubiquitous CMV promoter. In plas-
instructions. After DNAse treatment, 5 ug of total RNA was used ~ mid 1, the wild-type FLNA sequence was included, whereas, in
as a template for cDNA synthesis, with use of random primers  plasmid 2, the FLNA sequence corresponding to ¢.65-66delAC was
and SuperScript 111 (Invitrogen Italy). Subsequently, PCR ampli- introduced. To do so, FLNA exon 2 sequence from the initial ATG
fication was performed using oligonucleotides specific for each ~ codon to genome position 3688 was amplified from control and
of the 63 genes included in the CIIPX critical region and was  the patient’s genomic DNA, with use of primers Notl, 5-ATG AGT
designed in the region of homology between human and murine ~ AGC TCC CAC TCT CGG GCG GGC CAG-3, and BamHI-TTA-
RNAs with use of the Oligo 4.0 software (National Biosciences). ~ HA epitope tag, 5-GAT GGA CAC CAG TTT GAT GCT CTC GCG
PCR was performed using Taq Gold DNA polymerase (Roche),  GT-3'. The amplification was performed with Pfu DNA Polymerase
with 35 cycles at 94°C for 1 min, at the appropriate primer an-  (Promega Italy). The PCR product was inserted into PCR 2.1-
nealing temperature for 1 min, and at 72°C for 1 min. Primer ~ TOPO plasmid (Invitrogen) and then was digested with Notl and
sequences and reaction conditions for each gene are availableon  BamHI restriction enzymes. The corresponding fragments from
request. control and patient were then cloned into pAAV2.1-CMV-EGFP®

www.ajhg.org The American Journal of Human Genetics Volume 80  April 2007 753
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Figure 3. Western blot analysis of filamin A expression in patient
IV-1 lymphoblasts. The amount of total protein loaded for each
individual is shown above the lanes. Protein molecular weight is
shown on the left. The primary antibodies used are shown on the
right.

by removing the EGFP-coding sequence, to obtain plasmid 1 and
plasmid 2, respectively.

Transfection of HEK 293 Cells with Constructs Expressing
Filamin A and Western Blot Analysis

Human embryonic kidney (HEK) 293 cells were plated in 6-well
plates containing 3 x 10° cells/well. After 24 h, the cells were
separately transfected with 2 pg/well of plasmid 1 and plasmid 2
with use of FUGENE 6 (Roche), according to the manufacturer’s
instruction. Transfection with pAAV2.1-CMV-EGFP was used as a
control. After 48 h, proteins from transfected cells were extracted
with Lysis buffer (50 mM NaCl, 25 mM Tris [pH 8.0], 0.5% NP40,
0.1% SDS, 1 mM protease inhibitors [Roche], and 1 mM phenyl-
methylsulphonyl fluoride) and were kept on ice for 20 min. Sam-
ples were spun at 13,000 rpm for 20 min, and supernatants were
collected. Protein concentrations were determined with the Bio-
Rad dye protein assay. The proteins were denatured by heating
at 98°C for 3 min and were separated on a 16% SDS-polyacryl-
amide gel electrophoresis with 4% stacking gel in 1 x Tris-glycine
buffer (0.025 M Tris, 0.192 M glycine, and 0.1% SDS [pH 8.3]) in
a miniprotean cell (Bio-Rad) at 130 volts for 2 h. The separated
proteins were electrotransferred onto a polyvinylidene fluoride
(PVDF) membrane with transfer buffer (25 mM Tris base, 0.2 M
glycine, and 20% methanol [pH 8.5]) in a minitransfer cell (Bio-
Rad) at 100 volts at 4°C for 1 h. Membranes were incubated at
room temperature for 1.5 h in blocking buffer containing 1 x TBS
and 0.05% Tween 20 with 5% dried nonfat milk and then were
probed with an anti-HA antibody (Sigma-Aldrich) for 2 h at room
temperature. This was followed by incubation with a peroxidase-
conjugated secondary anti-rabbit IgG for 1 h at room temperature.
Signals were detected by chemoluminescence with the Pico En-
hanced Chemiluminescence Kit (Pierce Chemical).-A prestained
molecular-weight ladder (Fermentas) was used to determine pro-
tein size.

Western Blot Analysis of Filamin A Expression in Patient
Lymphoblasts

Lymphoblasts from patient IV-1 and from two control individuals
were grown in Roswell Park Memorial Institute PMI 1640 plus

medium with 20% fetal bovine serum (FBS) in 5% CO, at 37°C,
were harvested, precipitated, and lysed with Lysis buffer (50 mM
NacCl, 25 mM Tris [pH 8.0], 0.5% NP40, 0.1% SDS, 1 mM protease
inhibitors [Roche], and 1 mM PMSF) on ice for 20 min. Samples
were spun at 13,000 rpm for 20 min, and supernatants were col-
lected. Protein concentrations were determined with the Bio-Rad
dye protein assay. The proteins were denatured by heating to 98°C
for 3 min and then were separated on a 7% SDS-polyacrylamide
gel electrophoresis with 4% stacking gel in 1 x Tris-glycine buffer
(0.025 M Tris, 0.192 M glycine, and 0.1% SDS [pH 8.3]) in a
miniprotean cell (Bio-Rad). The separated proteins were electro-
transferred onto PVDF membrane with a transfer buffer (25 mM
Tris base, 0.2 M glycine, and 20% methanol [pH 8.5]) in a mini-
transfer cell (Bio-Rad) at 4°C for 1 h. Membranes were incubated
overnight in blocking buffer containing 1 x TBS and 0.1% Tween
20 with §% dried nonfat milk and then were probed with anti-
filamin A antibody (Cell Signaling) for 3 h at room temperature.
This was followed by incubation with the peroxidase-conjugated
secondary anti-rabbit IgG for 1 h at room temperature. Signals
were detected by chemoluminescence through use of the Pico En-
hanced Chemiluminescence Kit (Pierce Chemical). A prestained
molecular-weight ladder (Fermentas) was used to determine pro-
tein size.

Immunofluorescence Analyses

Lymphoblasts were obtained from two unaffected subjects and
from patient IV-1. Cells were cultured in serum-free RPMI 1640
medium plus 20% FBS (Invitrogen). Cells (~3,000) were centri-
fuged with Cytospin Centrifuge for Cells Suspensions (Shandon
Cytospin 3 Cytocentrifuge [Global Medical Instrumentation]) at
800 rpm for 3 min and were transferred to the corresponding
glass slides. Cells were fixed with 3% paraformaldehyde (Sigma)
for 10 min at room temperature. After one wash with 1x PBS
(Invitrogen), Triton 0.2% (Bio-Rad) was applied to the slides,
which were then incubated at room temperature for 5 min. After
another wash with 1 x PBS, slides were incubated for 45 min in
the dark with phalloidin-Texred (Sigma) (diluted 1:500 in 1x
PBS), with mouse antibodies directed to y-tubulin (Sigma) (di-
luted 1:50 in 1 x PBS), or with rabbit antibodies to filamin A (Cell
Signalling) (diluted 1:250in 1 x PBS). Fluorochromes can directly
bind the phalloidin, which in turn links F-actin, revealing F-actin
without antibodies. Secondary anti-mouse and anti-rabbit anti-
bodies (Invitrogen) conjugated to rhodamine were used at con-
centrations of 1:1000 and 1:200 dilutions, respectively, in 1 x
PBS. Slides were covered with Mowiol gel (Calbiochem) and then
were analyzed by fluorescence microscopy (Laser Scanner Mi-
croscopy 510 Zeiss).

Results
Mutation of FLNA in CIIPX

To identify the gene mutated in CIIPX, we analyzed, by
reverse transcriptase, the expression pattern of the genes
from the CIIPX critical region on Xq28 in ¢57/BL6 fetal
(E18) brain and gut. Of the 63 genes located in the CIIPX
critical region, 56 are homologous in mouse and human
and therefore were analyzed. We found that 7 of 56 genes
are expressed only in intestine, 13 are expressed only in
brain, and 28 are expressed in both intestine and brain.
Eight genes are not expressed in either tissue but are ex-
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Figure 4. Actin organization and y-tubulin distribution in patient IV-1 lymphoblasts. A, Actin immunofluorescence with phalloidin-
Texred in patient IV-1 and control lymphoblasts. The white arrows indicate the phalloidin spots, which are more abundant in patient
IV-1 than in control lymphoblasts. B, Staining for actin with phalloidin-Texred (green staining) and for y-tubulin (red staining) in patient
IV-1 and control lymphoblasts. The merged image on the right shows that the phalloidin spots are on the centrosomal side of patient

IV-1 lymphoblasts.

pressed in lymphoblastoid cell lines (data not shown). We
selected seven genes (ZNF275, ATP2B3, DUSP9, SLC6AS,
ABCD1, LICAM, and FLNA) from those expressed in both
tissues for direct sequencing analysis of exon and intron-
exon boundaries. ABCD1, LICAM, SLC6AS, and FLNA
were selected as candidate genes because of their involve-
ment in already-known inherited disorders of the nervous
system’'%; ATP2B3 is a plasma-membrane protein possibly
involved in the regulation of physiological ions homeo-
stasis''; DUSP9 was selected because of its protein’s inter-
actions with members of the extracellular signal-regulated
kinase family of mitogen-activated protein kinases, its pos-
sible involvement in regulation of gene expression in neu-
rons of neuroenteric system, and its contribution to pain
caused by inflammation'?; finally, ZNF275, because of its
protein’s high similarity to a Zinc-finger protein, was se-

lected as a possible uncharacterized novel putative tran-
scriptional activator."

We found that the index patient (IV-1) bears a 2-bp
deletion in exon 2 of FLNA (c.65-66delAC). Segregation
analysis of the FLNA mutation confirms that all obligate
carriers, by pedigree or established by linkage analysis,*
are heterozygous for the 2-bp deletion (fig. 1B). The mu-
tation is absent in 164 control X chromosomes.

Recently, a wide spectrum of developmental anomalies
has been shown to be caused by mutations in FLNA." Null
mutations in the FLNA gene result in bilateral periventri-
cular nodular heterotopia (PVNH [MIM #300049]), an X-
linked dominant neuronal migration disorder clinically
characterized by seizures.'* The association between a po-
tential severe loss-of-function FLNA mutation and an X-
linked recessive disease involving enteric neuron develop-
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Figure 5. Actin organization and filamin A distribution in patient IV-1 lymphoblasts. Staining for actin with phalloidin-Texred (green
staining) and for filamin A (red staining) in patient IV-1 and control lymphoblasts. The merged image on the right shows that the actin

organization and filamin A distribution in the cells are similar.

ment prompted us to investigate the effect of FLNA ¢.65-
66delAC at the protein level.

ATG Downstream of FLNA ¢.65-66delAC Allows Production
of a Shorter Filamin A Form

The ¢.65-66delAC deletion found in patients with CIIPX
is predicted to cause a frameshift and a premature stop
codon at filamin A amino acid position 103 (fig. 2A4). The
predicted mutant protein retains the initial 22 aa identical
to wild-type filamin A, followed by 81 different aa before
a premature stop codon. This is the most severe FLNA loss-
of-function mutation described to date,'® predicted to
cause lethality in males and PVNH phenotypes in females.
Interestingly, the ¢.65-66delAC deletion is located 22 co-
dons downstream of the initial FLNA ATG (Met1) (fig. 24)
and § codons upstream of a second ATG (Met2) (fig. 2A).
If filamin A translation occurs from either methionine and
results in the synthesis of two proteins differing in 27 aa
at the NH, terminus, the ¢.65-66delAC deletion would
affect only the translation of the longer form of filamin
A. To determine whether this is the case, we transiently
transfected HEK 293 cells with two different eukaryotic ex-
pression plasmids containing the CMV promoter, as shown
in figure 2B. In both plasmids, the FLNA-coding sequence
from the first methionine to amino acid residue 124 (cor-
responding to the end of exon 2) was fused to an HA
peptide at its 3’ end, resulting in peptides of 124 aa of
predicted length if translation occurs from Met1 or of 96
aa if it occurs from Met2. Whereas the wild-type FLNA

sequence was included in plasmid 1, that bearing the c.65-
66delAC deletion was present in plasmid 2. As shown in
figure 2C, cells transfected with plasmid 1 express both
filamin A forms, whereas those transfected with plasmid
2 express only the shorter form of the protein, albeit at
lower levels, possibly because of nonsense-mediated de-
cay. This suggests that (1) filamin A translation can start
from either of its two initial methionines, (2) translation
of the shorter filamin A form alone occurs because of
the ¢.65-66delAC deletion. To confirm this, we analyzed
endogenous filamin A expression in control and patient
IV-1 lymphoblasts. Western blot with anti-filamin A an-
tibodies shows that filamin A expression in the patient’s
lymphoblasts is similar to expression in control lympho-
blasts (fig. 3A). Although, because of filamin A’s high mo-
lecular weight (280 kDa), we cannot discriminate whether
the protein present in the patient’s lymphoblasts is of
lower molecular weight than that in control lymphoblasts,
these data confirm that ¢.65-66delAC results in filamin A
translation despite the early frameshift. Finally, we inves-
tigated the impact of ¢.65-66delAC on cytoskeletal orga-
nization in the patient’s lymphoblasts. Whereas actin im-
munofluorescence staining with phalloidin-Texred is pre-
dominantly diffused in the cytoplasm in lymphoblasts
from healthy control individuals, in the cells derived from
the patient, actin appears mainly concentrated in large
dots localized on the centrosome side of the cells (fig. 4;
the percentage of cells containing phalloidin dots in pa-
tient vs. control lymphoblasts was 78% vs. 9.4%). We con-
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firmed, by immunofluorescence, the presence of filamin
A in the patient’s lymphoblasts and that it has a distri-
bution similar to that of actin (fig. 5).

We additionally screened a series for but did not find
any FLNA mutations in 12 individuals (8 unrelated spo-
radic and 4 familial cases, 8 males and 4 females, including
1 of the affected males described by FitzPatrick et al.’)
affected with isolated non-HSCR CIIPX. In addition, the
observed higher penetrance of HSCR in males than in
females'” prompted us to hypothesize that CIIPX might
represent an additional susceptibility locus for HSCR. We
therefore sequenced the FLNA region containing the two
adjacent ATG codons in 37 unrelated patients affected
with HSCR (27 males and 10 females), but we did not find
any sequence variants.

Discussion

In this article, we show that CIIPX with CNS involvement
is associated with a 2-bp deletion in the FLNA gene. This
expands the wide spectrum of developmental anomalies
caused by FLNA mutations. The FLNA loss-of-function mu-
tations found in PVNH are embryonic lethal in males,'®
although there are reports of males with PVNH who har-
bor hypomorphic FLNA mutations.'® FLNA-targeted dis-
ruption in mice causes male embryonic lethality, cardiac
malformation, and midline skeletal defects.'® Interestingly,
Hehr et al.*” described a male with PVNH without epilepsy
but with severe constipation and facial dysmorphisms
who bears an FLNA splice-site mutation resulting in the
generation of both normal and aberrant FLNA mRNA. The
male patient in our CIIPX-affected family had seizures and
potentially has PVNH. Different from the male with PVNH
and constipation described by Hehr and colleagues,® the
CIIPX phenotype in our family is most distinguished by
severe CIIP, present at birth, that is lethal unless promptly
corrected by surgery.

FLNA encodes for a large cytoskeletal protein (2,639 aa)
that cross-links the actin cytoskeleton into orthogonal net-
works and modulates the cellular response to chemical and
mechanical environmental factors by regulating changes in
their shape and motility.*' In mammals, there are three
highly homologous filamins: filamin A, B, and C. An actin-
binding domain is located at the NH, terminus of these
proteins and is composed of two calponin homology do-
mains: CH1 and CH2. The remainder of the filamin mol-
ecule is composed of 24 filamin repeats that are predicted
to adopt structurally homologous $-sheet configurations
despite significant divergence at the protein level.* The
chain of repeats is interrupted by two hinge regions that
are proposed to confer flexibility to the Y-shaped filamin
dimer. Homodimerization is mediated by the most C-ter-
minal repeat 24 and possibly by other protein domains.
We show that, rather than causing a early frameshift, the
€.65-66delAC deletion found in the CIIPX-affected patient
results in translation of a shorter filamin A from the sec-

ond ATG. We initially observed this after western blot
analysis of lysates from cells transfected with plasmids
expressing either the wild-type or the ¢.65-66delAC cDNA,
and we then confirmed the presence of detectable filamin
A in the patient’s lymphoblasts by both western blot and
immunofluorescence analyses. Interestingly, the presence
of the mutant filamin A results in peculiar cytoskeletal
organization, reflected by a larger amount of phalloidin
dots in the patient’s than in the control lymphoblasts,
which are located on the centrosomal side of the cells.
Others have described this large actin dots as “constriction
rings.”** Since cell motility is based on the periodic oscil-
latory activity of the actin system in association with ring
formation and movement across the cell, this ring can
contribute to an abnormally polarized cell-surface motility.

This partial FLNA loss of function may explain the re-
cessive CIIPX inheritance in our family. What remains to
be elucidated is why this is associated with severe CIIP
rather than with a classic PVNH phenotype. In CIIPX,
abnormal neurons are present in the myenteric and sub-
mucosal plexuses, whereas, in classic PVNH, normally dif-
ferentiated cortical neurons fail to migrate properly. The
association between frameshift and missense heterozygous
FLNA mutations with PVNH but not with CIIP may sug-
gest that filamin A dose impacts more severely on cortical
neuron migration than on enteric-neuron development.
Conversely, since we show that FLNA ¢.65-66delAC is as-
sociated with CIIPX, it is possible that the first 27 FLNA
aa residues between Metl and Met2, adjacent to filamin
A actin-binding site*' and absent in filamin A shorter
form, are crucial for proper enteric neuron structure and
function.

In conclusion, we show that FLNA ¢.65-66delAC causes
CIIPX with CNS involvement in our family and results in
the synthesis of a shorter filamin A form responsible for
cytoskeletal abnormalities, which suggests a crucial role
for FLNA in enteric-neuron structure and function.
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3.3 ESOPHAGEAL ACHALASIA

3.3.1 Definition, epidemiology and clinics.

The esophageal achalasia is the most recognized motor disorder of the
esophagus . The disorder is characterized by the partial or complete
loss of lower esophageal sphincter (LES) relaxation after
physiological stimulus and loss of esophageal peristalsis. An increase
in LES resting pressure may also be present (34). This disease
produces characteristic manometric and radiographic features (35,36).

Achalasia remains an uncommon but worldwide disorder. The
incidence of the disease is about 1/200000 per year and it has an equal
frequency in men and women in all age groups; however, fewer than
5% of all patients with achalasia manifest symptoms, such as
disphagia, before the age of 15 years (0.11 case per 100000

children)(37).

3.3.2 Pathogenesis and genetics of esophageal achalasia.

Numerous theories exist regarding pathogenesis, but a
degenerative lesion involving intramural nitric oxide-containing
inhibitory neurons in the distal esophagus and LES appears to be

central to the disease. Lack of the inhibitory influence prevents the
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normal sequencing of the distal contractions (resulting in aperistalsis)
and normal relaxation of the LES with swallowing (38).

Pharmacological and histological studies have shown that neuron
degeneration is due to inflammatory and fibrotic process (39). The
etiology of these phenomena remains unknown, but both genetic and
immunologic factors presumably are relevant. Some data support an
immunological basis for achalasia. Infact, early achalasia patients and
end-stage achalasia patients, who underwent esophagomyotomy and
esophageal resection respectively, showed a myenteric inflammation
resulting from an immunologic process as the major cause of the
myenteric neuronal degeneration (40). The majority of myenteric
inflammatory cells in patients with achalasia are CD3-positive T cells,
most of which are also CD8-positive, although the relative percentage
of such cells appears to decrease with disease progression.
Furthermore, many of the CD3-positive/CD8-positive myenteric
lymphocytes also express activation markers, suggesting they are
resting or activated cytotoxic T cells. The immunohistochemical
demonstration of the granzyme B in a subpopulation of these cells
supports the contention that achalasia is an immune-mediated disease,
although the inciting antigen remains an enigma (40). Also, in animal
models with megaesophagus it has been shown that the muscolar layer

of the dilated portions shows a focal inflammation and single fiber
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necrosis (41). The stimulus for this inflammatory reaction is still not
completely understood but may be driven by autoimmune factors.
Presumably participating in the process, autoantibodies against M2
muscarinic acetylcholine receptors have been found in patients with
achalasia. These antibodies increase the contractile activity of the LES
through specific activation of the receptors (42).

In many cases, the achalasia have a clear genetic component, for
example in early diagnosis case (before 6 months of age) and in
familial cases, in which autosomal recessive inheritance is suggested
(OMIM 200400). In literature, it has been described about 8 families
with 21 affected members, in the majority they were pediatric patients
with achalasia diagnosis before the age of 10. Four of these patients
were also syndromic (43-49). In the same families, there were also
some relatives with esophageal symptoms without a clear achalasia
diagnosis (50).

An achalasia-like picture also accompanies a variety of genetically
based syndromes, where in the pathophysiologic mechanisms
responsible for the esophageal manifestations may vary but reveal a
genetic basis. For example, achalasia is associated with the
autoimmune  poliendocrine  syndrome  (APS1) (51), the
megaduodenum (52,53), the multiple endocrine neoplasia (MEN2B)

(54), the peripheric motor neuropathy with disautomomy (55), the
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vulvar leiomiosis with or without nefropathy(56), the Down's
syndrome, the Sjogren's syndrome, the Allgrove's syndrome
(achalasia, alacrima, adrenal insufficiency). Maybe, these last two
syndrome might be caused by the same genetic mutation in the aladin
gene, located on chromosome 12q13 (57-59).

One important genetic factor for the pathogenis of achalsia is the
HLA-DQ, in particular alleles DQA1-0103 and DQB1-0603 (60-62).
Furthermore, in those patients with this HLA alleles it has been found
a greater prevalence of the myentric anti-plexus antibodies (42).
Recently, it has been shown that collagenous networks play a critical
role in the morphogenesis of the embryo and in the maintenance of the
tissue architecture of adult tissues. The 19 genetically distinct types of
collagen molecules are expressed in developmental and tissue-specific
manners (63-66). In particular, type XIX collagen is a poorly
characterised extracellular matrix component thought to be involved in
the formation of specialized basement membrane zones (vessels,
nerves and mesenchima). XIX collagen is important for the cell-to-cell
interaction, the communication between cells and the local
concentration of signalling molecules. This gene expression was for
the first time studied in the mouse (Coll19al) and it was demonstrated
the transient expression quite only in the embryonic muscle (67). Like

the myogenic regulatory factor myf-5, Col19al transcription gradually
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decrease in differentiating skeletal muscle progenitors and
concomitantly to increased myogenin gene expression (68). This
results show that Coll9al could be involved in the muscle
differentiation and function. The transient expression of Coll9al in
muscular tissue is confined to a few sites of the developing embryo,
such limbs, tongue and smooth muscle layer of the stomach and
esophagus, but also in skin and cerebral cortex and hippocampus of
the new born brain. Unlike all other tissues, expression of Coll19al in

the central nervous system gradually increases after birth (68).

3.3.3 Animal models for esophageal achalasia.

More recently, two animal models have been created, one harbouring
null and the second structural mutations of Coll9al, to reveal the
critical contribution of this matrix protein to muscle physiology and
differentiation(69). The null mice died in the majority after 3 week of
postnatal life, showing signs of malnourishment. The few mice that
survived past weaning stage revealed a dilated esophagus
(megaesophagus) with retention of ingesta, immediately above the
diaphragm level. The embryonic Col19al expression coincided with
the formation and growth of the gastroesophageal junction.
Specifically, in situ hybridizations revealed high Col19al expression

in the lower-third portion of the embryonic esophagus destined to
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become the abdominal segment; thereafter Col19al activity becomes
gradually restricted to the mature LES, while decreasing in the muscle
layer of the proximal stomach. Furthermore, intraluminal pressure
recorded at the LES level of adult Coll19al null mice showed
significantly higher basal tone (three to eightfold) than wild-type mice.
It also documented severely impaired or absent relaxation upon
swallowing; even when present, relaxation was abnormally brief. The
results of the manometric tests were remarkably similar to those
reported for achalasic patients. The phenotype includes also an
impaired nitric oxide-dependent relaxation of the sphinteric muscle,
correlated with a disorganizied matrix and a normal complement of
the enteric neurons and interstitial cells of Cajal. Null mice showed
also an impaired smooth-to-skeletal muscle cell conversion in the
abdominal segment of the esophagus, accounted for by failed
activation of myogenic regulatory factors that normally drive
esophageal muscle transdifferentation. In conclusion, all the data
demonstrate that COLI9A1 is an important gene for the LES
development and function, and for this reason it could be involved in

the pathogenesis of esophageal achalasia in men.
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3.3.4 Aim of the project.
Aim of this part of the project was to analyze the potential
involvement of mutation at the COL19A1 locus in the pathogenesis of

esophageal achalasia.

Patients and Methods.

Patients.

44 adult patients (mean age: 27 years) and one pediatric patient (9
years old) affected by sporadic esophageal achalasia and one adult
patient with a familial form of EA (also the father was affected by
EA) have been enrolled in this study. Diagnosis have been made by
clinical and manometric criteria. A blood sample was collected from
each patient for genetic analysis. In two cases, in which mutation
analysis have been successufully concluded, a blood sample was

obtained from relatives (Fig. 3, Panel A and Panel B).
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Fig.3 Pedigrees of the two patients carriers of COL19A1 mutations
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Sequencing of COL19A1 gene.

First, we have performed genomic DNA extraction from peripheral
blood collected from all patients affected by EA using standard
protocol. Specific primers for COL19A1, not available from the
literature, have been designed in the intronic regions in order to
amplify, by the PCR, both the coding regions and of the intron-exon
junctions (Tab.2). These primers have been designed by the analysis
of the genomic sequences of the gene deposited in the GenBank and
optimized for a single condition of amplification and to produce
fragments of about 500 bp. Briefly, the PCR protocol will be:
denaturation for 1 min at 94°C, hybridation for 1 min at 54°C,
elongation for 1 min at 72°C. The PCR products have been direct
sequenced using an automatic sequencer (ABI PRISM 377, Applied
Biosystem). The sequences have been analyzed by Autoassembler 4.1

or SeqMan programs.

51



Genetics of gastrointestinal diseases

Primers Lung. | T, Tm
Fragment Exon Fram. | calc. | eff.
COLg1 1 5 TGCATCCAACCGTCATTTTATC 350 | 62/62 | 58
3’ GAACACGAGCAGATGACATAG
COLg2 2 5 CGTTGATTGGTTTTGCTTTGGT 287 | 62/62 | 58
3 CTATGGCCTTTTCAATCTTAAC
COLg3 3 5 AAGTAACCACATGTAACCCTCA 342 | 62/60 | 58
FGCTATGATCTTAAATTGCAGTAT
COLg4 4 5 GTTTCTCAATAGCATCATCCTC 309 | 64/62 | 62
3’ CACTGTAGAGCCAAGATTAGATT
COLg5 5 5 TTTCTTGCAATCTCCAGTTTCC 319 | 62/62 | 58
3 CCATCCTAACTACGAGAATACT
COLg6 6 5 TTTTGTAGTGGTGTTTGCTGTT 462 | 60/60 | 58
3 CTCTTTCACAACTAACATCACA
COLg7 7 5’ TCCACAAAACAATGAATCCTAC 348 | 60/62 | 54
3’ AATTACCCACCTGGCTTCAAC
COLg8 8 5 GGAAAGTGCAAAAGTGTGATAA 380 | 60/62 | 58
3’ AAACACTGAATGGCAAGACACA
COLg9 9 5’ CCAGCTTCACATTTATAAACCA 325 | 60/62 | 58
3’ ACACCAGCCTACCAATATGAAT
COLg10 10 5 GAGAAATAAGGAACAGATGGAA 382 | 60/62 | 58
3 TGTGATAAAGCTTCCTCCTAGA
COLg11 11 5 GGTTTAGAGCTTACATGTTAGA 252 | 60/62 | 58
3 AGGGAATGCACAAAACAAGTTAA
COLg12 12 5 TTGGTTTTACGACTCAGGATTG 365 | 62/62 | 58
3 AAACTAAAAACACTGGGCCTCT
COLg13 13 5 TTATCATTTTAGTGCCAGTTGT 293 | 58/56 | 58
3 TTTAGAATGCTTTTAGGAGATA
COLg14 14 5’ GAAAGCTAAAAGGGACATGATA 248 | 60/58 | 58
3 TGGATAATAAACAGAATAATGGA
COLg15 15 5’ CAAAGAAGCCAGTCAAAGAAGG 324 | 64/64 | 62
3’ ATATGCCCATCTGCTTGCTCTA
COLg16 16 5 TTTAAAAGTCATGTGGAATTGG 300 | 58/58 | 52
3’ AAACCAGTCATTCTAAACAGTA
COLg17 17 5 ATATTTGTCTTTGATTTGTTTA 254 | 52/54 | 52
3 ACTGAACAGAATACTTTTTTTA
COLg18 18 5 ACTTGAGAATAGGGAGAGCAGAT 489 | 66/66 | 66
3 TTATAGTGAGCCAAGATTGTGCC
COLg19 19 5 AGTTAGCAGGAGAGCAAGCAAT 397 | 64/62 | 58
3’ AACCTCTTTATGCCTTACTTTCA
COLg20 20 5 TGGGTATTTTTGGAGGTCTGTT 376 | 62/60 | 58
3 CAATGTATTAGAAAACTCAAACC
COLg21 21-22 5 ATGAACTCTCCTTGATTTTATTG 490 | 60/62 | 58
3' CCAAAAGACAGTTACTATGCGT
COLg22 23 5 GATAAAGTGGGAAAGTGGGATG 319 | 64/62 | 58
3 TTAGGTATGATCAGTTTTTGTGG
COLg23 24 5 AAACAACAAACCACGTAGAATCA 219 | 62/64 | 58
3 TCTCTTCCTCCTATCTACTTAAC
COLg24 25 5 AATGTAAATGGCACCCCCTAGA 463 | 64/62 | 62
3’ GCAGACCTAAACTTATTCCCAT
COLg25 26 5 CTCCCCGTTCCTTATTCTTTTAT 438 | 64/62 | 58

3 CCTTTCTATTCTTTTCTCCTTGT

Tab. 2. COL19A1 PCR primers used.
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4.3.4 Results.

We have found two mutations (changing in DNA sequence, absent in
control chromosomes) and five polymorphisms (changing in DNA
sequence that doesn’t modify the aminoacidic sequence or is present
also in control chromosome), as shown in tab. 3. The first mutation,
found in patient II-2 of the first pedigree (Fig.3, panel A) is located in
exon 10 and is a substitution of a glicine with a proline (A320P) in a

repeated domain of the protein (Fig.4).

COL19A1 TGGTTTACATGGTGCTCCAGGATTCC

il

TV N

1 / \ () R | ) | s
ATGGTTTACATGGTGCTCCAGGATTCC

,,8 il

ATGGTTTACATGGTNCTCCAGGATTCC

|

Ala — Pro 320

Control I

Fig. 4. Mutation in exon 10 found in one patient affected by esophageal achalasia

The sequencing of COLI9A1 in the pedigree didn’t show any

mutation in the relatives (Fig. 3, panel A).
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The second mutation, found in patient II-2 (Fig.3, panel B) is a

deletion of three nucleotides, that cause the deletion of a glutamine at

position 712 of the protein (Fig.5).

COL19A1 GGAGAAGAAGGAGGTGCTGGTGAGCCI

1 [
Controllo /\/\ WA
AGGAGAAGAAGGAGGTGCTGGTGAGCCT

f

ol

AGGAGAAGNAGGNGNTGC

|

Three bases delection (GAA) causing a glutamine
loss in pos.712 (GEEGGA—GEGGA).

FUAA A N

Pz p31
TGNNNCNCCT

Fig. 5. Mutation in exon 32 found in one patient affected by esophageal
achalasia and his homozygous twin.

In this second pedigree, nobody carried the mutation found except

for subject (II-2), monozygous twin of our patient, but he wasn’t

apparently affected by EA (Fig.3, panel B). He will soon undergo an

esophageal manometry to exclude any functional anomaly.

Both the mutations found have been tested in 400 control

chromosome and no one was revealed.
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Fragment Exon Results

10 10 One patient (II-2, Fig.3, panel A): with an heterozygous
nucleotide substitution G>C (G958C)
p.A320P
(1 °mutation)

12 12 Seven patients  with an heterozygous nucleotide
substitution C>G (C1055G) also present in the control
chromosome
p.G355A
(polymorphism)

15 15 One patient with a double substitution in heterozygous
GC>CT inintron 15 (ISV15+10-11GC>CT)

24 25 Five patients with an heterozygous nucleotide
substitution G>A (G1689A)
p.P563P
(polymorphism)

Eleven patients with an homozygous thymine insertion in
position 279482 in intron 25 (ISV25+29insT)

28 32-33-34 One patient (ll-2, Fig.3, panel B) with a three base
deletion (AGA) in exon 32 (2136-2138delAGA)
p.E712del
(2 mutation)

The same patient carries an heterozygous nucleotide
substitution in exon 34 C>T (C2289T) present also in
control chromosome.

p.G762G,

(polymorphism)

39 49 Three patients with a thymine deletion in intron 48
(ISV48-50delT).

40 50-51 One patient with a thymine deletion in intron 50 (ISV50-
12delT)

Tab.3. Polymorphisms and mutations found in COL19A1
gene in patients affected by EA.
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Although, two aminoacidic changes found in the patients are absent
in 400 normal chromosome, the involvement of COL19A1 in the
pathogenesis of EA in humans still remains to be demonstrated. To
this end, it will be necessary to increase number of patient screened
and to analize the in vitro effects of our mutations maybe by using a

knock-in animal model.
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S. INHERITED POLYPOSIS SYNDROMES.

Clinical and genetics of polyposis in children.

The inherited polyposis syndromes are a group of conditions in

which multiple gastrointestinal polyps occur in the lumen of the

gastrointestinal tract. (Tab.4)

Familial adenomatous polyposis

Hamartomatous syndrome

Gardner syndrome
Turcot syndrome
FAP

Familial juvenile polyposis

Peutz-Jeghers syndrome

Codwen syndrome

Others (MEN2B, neurofibromatosis, basal cell nevus)

Tab. 4 Classification of inherited polyposis syndromes

These conditions have an autosomal pattern of inheritance and

exhibit an increased risk of colon cancer , otherwise benign and

malignant extraintestinal tumors might be observed. In childhood,

gastrointestinal polyps are common and are almost always isolated

benign lesion, but it is very important to make an accurate

diffential diagnosis between these form and the inherited ones.
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A fundamental property of normal cellular growth regulation is the
delicate counterbalance of growth promotion and growth
inhibition. In the broadest sense, a gastrointestinal polyp results
from a defect in this highly regulated process. This may occur by
either aberrant ‘“gain-of-function” in a growth-promoting protein
(oncogene) or “loss-of-function” in a growth-inhibitory protein
(tumor suppressor gene). Oncogene are most often activated and
tumor suppressor gene are most often inactivated, although
additional molecular and cellular mechanisms favoring polyp
formation may occur. The genetic gastrointestinal polyposis
syndromes most often result from a germline (inherited)
inactivating mutation of a tumor suppressor gene. Eventual somatic
mutation of the normal remaining allele results in loss of normal
growth constraint and creates a selective growth advantage,
unchecked growth and polyp formation. Progression of a polyp to
a gastrointestinal cancer requires the sequential acquisition of
additional genetic defects (fig.6). Recognition of this “adenoma-to-
carcinoma” sequences has been a major advance in the biology of

gastrointestinal neoplasia (70).
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Multi-Step Carcinogenesis

Activation Loss of Loss of Other
of K-ras 18q TP53  alterations

Normal H_yper . Early Inte_r Late .
. i proliferative mediate Carcinoma
epithelium " . adenoma adenoma
epithelium adenoma

Adapted from Fearon ER. Cell61:759, 1990

Fig. 6. Multi-step carcinogenesis hypothesis

Familial adenomatous polyposis (FAP, OMIM 175100) is
the most common genetic polyposis syndrome. Inheritance is
autosomal dominant, although spontaneous mutations account for
approximately 30% of cases. The average age at the onset is 16
years. The occurrence of upper gastrointestinal adenomas confers
a statically increased risk of duodenal and periampullary
carcinomas. Progression to neoplasia is considered inevitable by
the fifth decde in patients with FAP.

Extra-intestinal manifestations of FAP include desmoids

tumors, epidermoid cysts, osteomas, congenital hypertrophy of
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retinal pigment epithelium, fibromas and lipomas, all of which are
benign, but may signal the presence of FAP in at-risk patients.

The genetic abnormality in FAP is germline defect in APC,
a tumor suppressor gene that maps to chromosome 5q21 (71).
APC is a cytoplasmic protein that binds and regulates the
degradation of [-catenin, a protein with multiple functions,
including regulation of cytoskeletal organization, organization of
tissue architecture, cell migration and adhesion, intracellular

signaling and gene transcription (72) (Fig. 7).

E-cadherin

a—catenin

B—catenin
», accumulation

wild-type,
APC

0 . B—catenin

degradation

Fig. 7. Regolazione delle B-catenine da parte di APC normale e mutato

Although more than 400 APC mutations have been found, most
occur in a mutation cluster region located upstream of domains
responsible for B-catenin degradation. Thus the accumulation of 3-

catenin is the likely cellular event leading to tumor development.
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Correlation exist between the location of mutation in the APC gene
and the clinical presentation of FAP, as shown in the picture

(Fig.8).

Some FAP Manifestations Correlate
With Specific APC Gene Regions

NI —h——

Il Attenuated FAP
Classic FAP
CHRPE

Fig. 8. Genotype-Phenotype correlation in FAP.

APC mutations can be directly detected in peripheral blood
lymphocytes by the commercially available in vitro protein
truncation assays (sensitivity and specificity 80-90%).
Identification of an APC mutation merits genetic counseling and
testing of first-degree relatives. Annual flexible sigmoidoscopy
should be performed in person with a mutant allele. Individuals
with negative test results but a family member with identified APC

mutation can be relieved of the burden of annual examinations,
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because of a cancer risk equivalent to that of the general
population. Screening of at-risk children should occur at

approximately age 8 to 10 years.

5.2  Case report published.
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Letter to the Editor
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CLINICAL GENETICS
doi: 10.1111/j.1399-0004.2004.00381.x

A dramatic case of early-onset familial
adenomatous polyposis

To the Editor:

Familial adenomatous polyposis (FAP) is an inherited
predisposition to the development of hundreds to thou-
sands of adenomatous polyps in the colon. Symptoms
usually arise in the third decade of life, and the median
age for the diagnosis of colon cancer is 35-40 years (1).

FAP is caused by an autosomal dominant muta-
tion in the adenomatosis polyposis coli (4PC)
gene, located on the long arm of chromosome 5
(5g21). More than 730 germline mutations have
been identified; most of these are nonsense or fra-
meshift mutations that result in a premature stop
codon, thus producing a truncated, inactive APC
protein (2). The preferred genetic test for FAP is
the protein truncation test (PTT), a test that can
detect more than 80% of all germline mutations.

Symptomatic young patients have been
described previously, but always in the context
of a positive family history (3, 4). We report a
severe case of FAP with onset in the toddler
years, which represents a de novo mutation.

A 10-year-old female was evaluated for anemia
and an 8-year-long history of recurrent hemato-
chezia. Family history was negative for FAP, other
polyposis syndromes, or colon cancer. The result
of physical examination was normal. Laboratory
evaluation revealed a hemoglobin level of 10.9 /1,
MCYV of 68, and ferritin of 8 mg/dl.

Total colonoscopy revealed hundreds of sessile
polyps measuring up to 1.0cm, with pancolonic
involvement. Histology confirmed classic adenoma-
tous polyps, with an evidence of moderate dysplasia
in some biopsies. Esophagogastroduodenoscopy
(EGD) revealed polyps in the gastric fundus and
duodenum, and histological examination showed
adenomatous polyps without extension beyond
the muscularis mucosae. Because of dysplasia in
some of the colonic biopsies, the patient was
referred for total proctocolectomy and ileoanal
anastomosis with mucosectomy. She has remained
well since then, with the ongoing EGD surveillance
of the upper gastrointestinal mucosa.

Mutation analysis was performed in the pro-
band and both parents, with the APC PTT,
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single-strand  conformational  polymorphism
(SSCP) and direct sequencing of amplified
fragments of the gene, according to previously
reported methods (4-6) (Fig. 1). With this method,
we identified the causative mutation in the proband,
ie. a 5-bp deletion at nucleotides 3927-3931
(AAAGA) called 3927-3931delAAAGA’ and
previously described by Miyoshi et al. (7), which
resulted in a premature stop after codon 1309. As
shown in the Fig. 2, PTT of the 4APC gene (exon 15,
fragment 15ET7-15J, including nucleotides from
3085 to 5103) showed an expected normal poly-
peptide of about 74kDa, as well as a truncated
polypeptide of about 31kDa. SSCP analysis
showed a variant conformer of exon 15 (fragment
G), and direct sequencing of this fragment
confirmed the AAAGA deletion at nucleotides
3927-3931 (Fig.3). Molecular diagnosis of both
parents showed that they were not carriers of the
mutation. Therefore, the APC mutation in the pro-
band is a de novo mutation. In fact, microsatellite
analysis of 15 markers (D8S1179, D21S11, D7S820,
CSF1PO, D3S1358, THOI, DI13S317, D16S539,
D2S1338, DI19S433, vWA, TPOX, DIBS51,
D5S818, and FGA) and the amelogenina locus,
performed on DNA from the parents and proband,
excludes the possibility of a non-paternity case.
We have described a patient with severe FAP,
caused by a deletion of bases AAAGA from sites
3927 to 3931 on the APC gene. Twenty percent
of all FAP pedigrees are associated with
this mutation, which typically results in severe
and early-onset disease, often associated with
congenital hypertrophy of the retinal pigment

-1

Fig. 1. Molecular diagnosis of familial adenomatous
polyposis: Pedigree of the family.
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I-11-11-2C

Fig.2. Protein truncation test analysis of the adenomatosis
polyposis coli gene (exon 15). The arrow indicates the
truncated polypeptide present in the proband (II-1) and
absent in her parents (I-1 and I-2) and normal control (C).

epithelium (CHRPE) (8). The development of
polyps with dysplasia is rare in the first decade of
life, but when it occurs, it is usually associated with
the 3927-3931de] AAAGA mutation (Fig. 4).

Distante et al. (3) reported an affected family in
which a 5-year-old girl presented with hemato-
chezia due to extensive colonic polyposis; her
father had required colectomy for FAP at the
young age of 23 years.

Phenotype is clearly dependent on genotype in
FAP, in regard to both severity and extracolonic
manifestations of the disease, commonly referred
to as Gardner syndrome. However, the APC
mutation site cannot explain observed differences
in phenotype within families or between unrelated
FAP patients with identical mutations. Although
changes in environment and clinical practice
probably account for some phenotypic variation,
it is tempting to believe that the action of some
modifier gene affects phenotype as well (9).

Genetic testing for FAP has become an import-
ant clinical tool in the past decade; indeed,

I-11-11-2 C
|

HAErI

. B

e

— b
— b

e
Fig. 3. Single-strand conformational polymorphism analysis of
the adenomatosis polyposis coli gene (exon 15 fragment G). The

arrows indicate the alterated conformers present in the proband
(TI-1)and absentin her parents (I- 1 and I-2) and normal control (C).

Letter to the Editor

GCAGAAATAAAGAAAAGATTGGAACTA

TTGGAACTAGGTCA

I Voal N LA
N WA WY W A "/\\1‘\1\/\[{*/‘&

Fig.4. Sequence analysis of the proband’s amplified DNA
(adenomatosis polyposis coli gene, exon 15 fragment G)
reveals the presence of the 3927-3931delAAAGA mutation.

because of the risk of early-onset disease and
precocious colorectal cancer, testing of family
members is now the standard of care. When
used appropriately, the APC-truncated protein
product test can identify more than 80% of
affected individuals; however, there are false-
negative results, and most experts recommend
genetic counseling to go along with the testing.
Giardiello et al. (10) evaluated the appropriate-
ness of APC gene testing, as well as the use of
informed consent and genetic counseling prior to
testing, and found that most testing was done for
appropriate indications (clinical features of FAP
or at risk of the disease due to affected first-
degree relatives), but that informed consent or
genetic counseling was rarely provided (<20%
of patients). Even more concerning was the fact
that more than 30% of the test results were incor-
rectly interpreted by the ordering physician.

The novelty of the present case report lies in the
very young age at initial presentation (age of 2 years),
as well as the fact that there was no family history of
FAP, thus delaying the diagnosis for many years.

Therefore, it is important that a child with iron-
deficiency anemia and a long history of rectal
bleeding has an early and adequate endoscopic
investigation in spite of a family history of FAP.

The severity of our patient’s colonic disease,
including the presence of dysplasia in the biopsy
specimens, should prompt pediatricians to have a
higher index of suspicion for FAP in children,
even in the absence of family history.

All pediatric patients with FAP warrant upper
gastrointestinal screening and surveillance endo-
scopy from the time of initial colonoscopy
irrespective of referable symptoms. Patients with
APC mutation between codons 1225 and 1694
may be more susceptible to aggressive gastroduo-
denal involvement in FAP (11).

R Auricchio

M De Rosa

L Quaglietta
E Miele

G Boccia

A Staiano

P Izzo
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6. GENE THERAPY IN THE GUT

Gene therapy is an experimental approach to treat human diseases
based on the transfer of genetic material to the cells. The transferred
genetic material can be DNA or RNA. Most commonly it is a
natural gene but it can also be a chimeric gene or a gene encoding
for a regulatory RNA. A cell is said to be transduced when it has
incorporated and expresses a foreign gene (73) To facilitate cell
transduction, the genetic material is packaged into molecular
constructs named vectors, which can be of viral (74) and non-viral
nature(75).

For a gene to be expressed inside a cell its coding DNA sequence
should be linked to appropriate regulatory DNA sequences. Gene
promoters (and other regulatory elements) may allow transgene
expression in every transduced cell (universal promoters) (76) or,
alternatively, only in selected cells containing transcription factors
able to interact specifically with the promoter (as in the case of
tissue specific promoters)(77) On the other hand, promoters may
determine a continuous and fixed expression of the transgene in the
transduced cell or, alternatively, promoter activity can be sensitive
to certain drugs that when given to the patient can modulate
promoter function, permitting regulatable expression of the

transgene (78) The most challenging issues for a successful
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application of gene therapy to treat human diseases concern the
choice of the relevant therapeutic gene, of appropriate promoter and
regulatory sequences and of an effective vector for delivering the
transgene or trangenes into target cells. Thus gene therapy is a
matter of genes, vectors, promoters, and regulatory elements.
Promoter and vector features determine transduction efficacy and
specificity, duration of transgene expression, and eventually
appearance of side effects.

Viral vectors are the most efficient vehicles for gene
transfer. Different viruses have served to construct gene therapy
vectors, including adenoviruses(79), retroviruses (80) (including
lentivirus), AAV(81), herpesvirus (82), baculovirus(83), SV40
virus (84), vacciniavirus(85) and others. The list of viral vectors is
still expanding and modifications of already existing systems will
increase the number of potential applications of gene therapy.

Murine retroviruses are single stranded RNA viruses, which after
interaction with a retrovirus receptor can integrate in the genome of
a dividing cell. Cells that do not proliferate actively under
physiological conditions, such as hepatocytes, are difficult to
transduce with retroviral vectors. Furthermore, transduction
efficacy is limited by the low titre of virus obtained with the

production procedures currently used (80). The recent development
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of human lentiviral (human immunodeficiency virus) based vectors
offers promising perspectives for gene transfer into non-dividing
cells

AAV are non-pathogenic human parvoviruses that, after deletion of
all viral genes except ITR, have been used successfully as gene
therapy vectors. AAV vectors do not induce significant immune
response in animal models and are able to transduce dividing and
non-dividing cells. The AAV genome persists mainly as episome in
the target cell nucleus, although a minority of it can integrate in the
host chromosome (86). After systemic injection AAV demonstrate
significant liver tropism(87).

Why could be important to find a strategy to trasduce stably the
gut? First of all there are a number of disorders of the intestinal
epithelium that could be amenable to gene therapy. In addition, the
intestine could be used as an alternative site for the production of
proteins that need to be secreted to the blood for the correction of
disorders such as haemophilia.

The intestinal tract has many features that make it an attractive
target for therapeutic gene transfer: (a) easy accessibility via the
intestinal lumen; (b) large surface area of the epithelium; (c) the

possibility of in situ gene transfer by endoscopy; (d) known location
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of stem cells within the intestinal crypt, (e) intestinal cells can
secrete foreign protein into the circulation.

As the epithelium turns over rapidly (two to four days), the ideal
targets for a stable gene transfer would be the intestinal stem cells.
Permanent gene transfer is conceivable if the gene of interest can be
integrated into intestinal stem cells. Accessibility of these cells to
vectors delivered into the intestinal lumen is limited by their deep
location and by the mucus that lines the epithelium. In vitro
experiments have shown that intestinal mucus can be solubilised by
a variety of agents including proteases, detergents, and sulfhydryl
compounds (88).

Several methods of gene transfer to the GI tract have been used.
Most of the techniques target the epithelium but a submucosal
approach may transduce cells of the muscularis mucosae(89). It has
been demonstrated in vivo gene transfer to various locations of the
gastrointestinal tract such as oesophagus, stomach, and colon using
cationic liposomes.(90,91). Gene transfer was achieved by luminal
instillation using catheter infusion. A high efficiency of transfection
was observed in colonic epithelium, with near 100% of epithelial
cells expressing the transgene. Transgene expression was transient
and did not persist beyond four days, a finding that is consistent

with the normal turnover time of gut epithelium.
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Genes can be transferred into the intestinal epithelium using
retroviral vectors introduced intraluminally (92). Given the
continual proliferation of this tissue, these vectors would be an
appropriate choice because of their ability to transduce dividing
cells. However, transduction efficiency is comparatively low in the
intestine of rat and mice and thus retroviral vectors would not
satisfy the requirements of gene therapy in humans.

Adenoviral vectors have been shown to transduce intestinal cells in
vivo when administered through an oral-duodenal tube (93). The
considerable transduction efficiency of adenoviruses most probably
reflects the fact that the intestine is a normal site of infection for
this virus. Transfer of genetic material with adenoviruses is more
successful in the small intestine as compared with the colon.
Interestingly, single or repeated challenge with adenoviral vector
did not cause increased host immune responses to this virus,
suggesting that this type of vectors could be a good candidate for
gene therapy of intestinal diseases (93). Also it has been
demonstrated that adenovirus mediated gene transfer to intestinal
epithelial cells can effectively deliver proteins to the circulation
indicating that intestinal cells have the potential to be used as
heterotopic sites for production of peptidic hormones, cytokines,

and proteins that should function in plasma (94).
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Another promising vector for gene transfer to the gut is the one
based on AAV. It has been demonstrated that an orally
administered AAV vector leads to persistent expression of a [-
galactosidase transgene in both gut epithelial and lamina propria
cells, and that this approach results in long term phenotypic
recovery in an animal model of lactose intolerance (95). These data
were not confirmed by , but considering the hundred different AAV
serotype today known, with different tropism, we can suppose that
some of them could have an intestinal tropism and could be useful
for intestinal gene therapy.

Another singularity that makes AAV especially suitable as an orally
delivered vector is its hardiness being very resistant to changes in
pH and temperature and to solvents. The persistent and stable gene
expression for almost six months is also another interesting feature.
As enterocyte turnover is three to five days, this prolonged
expression indicates that progenitor cells lying within the crypts can
be transduced by AAV vectors.

All these features make AAV an attractive vector for GI gene
transfer with potential application for vaccination purposes and for
maintained protein replacement, particularly when the release of the

protein into the portal circulation is a desired goal.
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6.1 Our experience.

To trasduce in a stable way the intestinal ephitelium, we performed
two different strategies: the first was to use serotype of AAV
different from that already described in the literature (AAV 2/2),
particularly we used AAV 2/1, 2/5, 2/7, 2/8; the second one
consisted in the injection of a modified lentivirus, with a Spike
envelope, that showed a high intestinal tropism when parenteral
injected.

In the AAV experiments, we performed a intraduodenal injection of
of 50-100 x 10° particelles of viral vectors, carring EGFP, in
C57/BL6 mice at 4 week of life. We sacrificed the animals 4 week
after the injection and then we analized the expression of EGFP in
the intestine (duodenum and colon). No differences in the protein
expression was observed between animals injected with viral vector
and PBS.

In the second type of experiments, we used the modified lentivirus
vector expressing the LAC-Z protein. We performed again a
intraduodenal injection (50-100 x 10° particelles) in the same
condition of the first experiments and then we sacrified the animals
at 3 , 21" and 28" days from the injection. We collected
duodenum, ascendant colon and rectum from each animal to X-Gal

detection.
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At 3" day in the duodenum and at 21™ day in the rectum we
observed an increased activity of X-Gal , but we were not able to
reproduce these results in a second series of experiments, using
EGFP modified lentivirus vector.

The most relevant difficulties for the viral vector to trasduce the
intestinal has probably been the location of the undifferentiated cell,
located in the deepest part of the crypts, and maybe the low
intestinal tropism  of the CMV promoter. So, we are now
hypnotizing to reduce intestinal obstacles using some molecules
that can increase intestinal permeability (AT-100) or reduce the
intestinal mucus. Another aim of our future work will be to create a
new AAV expressing a different promoter with an higher intestinal
tropism, such as intestinal fatty acid binding protein (IFABP), that

is expressed in the intestinal crypts.
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Fig. 9. Duodenum from C57/B6 mouse after 3 days of injection of modified
lentivirus vector expressing LacZ (left) and injected of PBS (right).

Fig. 10. Rectum from C57/B6 mice after 21 days of injection of modified
lentivirus vector expressing LacZ (left) and injected of PBS (right).
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7. CONCLUSION.

In this thesis we investigated about the clinical and genetic aspects
of some intestinal dismotility disorders and of inherited poliposis
syndromes. We have demonstrated the involvement of FLNA gene
in the pathogenesis of an X-linked form of intestinal pseudo-
obstruction. We have also hypnotized a possible rule of COL19A1
gene in the some form of esophageal achalasia. In the future, we
would like to create animal models for the mutations found to
elucidate more in details the involvement of these genes in the
pathogenesis of the studied disorders.

Furthermore, we have described the clinical phenotype of HSCR
pediatric patients and we performed the genetic screening of
SOX10 and ZFX1B in these patients.

In the last part of the work, we tried to stably trasduce the intestinal
epithelium using AAV and lentivirus vectors. We would like to
perform future experiments using substances that are able to
increase intestinal permeability and to reduce intestinal mucus, so
that viral vector can easily arrive at the undifferentiated cell in the
crypts. Otherwise, we will create new AAV vector with a promoter

(IFABP) with an higher intestinal tropism.
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