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SUMMARY

In the last decades two issues have significantly changed the management of pediatric patients
affected by inherited diseases. First, the discovery that metabolic disorders can present as multiple
malformation/mental retardation syndromes has brought innovative tools for the diagnostic work-
up, and has emphasized the pathogenic role of specific metabolic pathways derangement in
morphogenesis defects. Second, the development of the ‘genetic medicines’ techniques has
determined the feasibility of various innovative therapeutic approaches for a few genetic errors of
metabolism, based on enzyme replacement, enzyme enhancement, substrate reduction, RNA
modification and gene transfer. These two issues represent an exciting research field for
pediatricians with a special interest in clinical genetics.

This study is focused on the results of a four years Doctorate Research program developed at the
Department of Pediatrics of the University of Naples “Federico II”’, including two different projects.
The first project is focused on the characterization of specific clinical, biochemical, morphological
and molecular aspects of defects of cholesterol biosynthesis, which can be considered as typical
examples of multiple congenital anomalies/mental retardation syndromes with metabolic bases.

The second project is focused on the development of innovative therapeutic approaches to an
inherited disorder of glycogen metabolism named Pompe disease, including the results of a clinical
trial of enzyme replacement therapy and an “in vitro” study focused on an enzyme enhancement
approach. The implications of the research results for the development of future studies are also

discussed.



CHAPTER 1

GENERAL INTRODUCTION




In the last decades, two issues have significantly changed the management of genetic disorders.
Traditionally, clinical genetics has been considered to be divided in two clearly separated fields:
dysmorphology, dealing with multiple malformation syndromes, and metabolic medicine, dealing
with inborn errors of metabolism. In the last few years it has become clear that these two apparently
separated fields in fact significantly overlap. To date, various multiple malformation syndromes due
to metabolic defects have been characterized, emphasizing that metabolic derangements can play a
major role in the pathophysiology of morphogenesis defects (Jacken and Carchon, 2004; Martin,
2006; Porter, 2003; Wanders and Waterham, 2005).

The feasibility of innovative therapeutic approaches recently experimented for a few inherited
metabolic disorders, is another issue which has had a great impact on the management of genetic
disorders. The treatment of the more than 1,800 known monogenic hereditary disorders depends on
the ongoing development of ‘genetic medicines’, such as therapies that use the transfer of molecular
drugs to modify gene expression to correct or compensate for an abnormal phenotype (O’ Connor et
al., 2006). In particular, strategies include provision of the enzyme specifically lacking in the
disease, transferring the protein itself (enzyme replacement therapy), the gene encoding the lacking
enzyme (gene therapy), or cells producing the lacking protein (hematopoietic stem cell
transplantation), and, finally, RNA modification in order to suppress mRNA levels, or to correct or
add functions to the mRNA (Brady, 2006; Hodges and Cheng, 2006; O’Connor et al., 2006). Other
therapeutic strategies include the possibility of giving drugs enhancing the activity of mutated
proteins (enzyme enhancement therapy), or reducing the biosynthesis of substrates whose
accumulation results to be toxic (substrate reduction therapy) (Cox, 2006; Desnick, 2004; Hodges
and Cheng, 2006).

The study here reported is the result of a four years Doctorate Research program developed at the
Department of Pediatrics of the University of Naples “Federico II”” from November 2002 to October
2006. It is made of two main projects, dealing respectively with some specific aspects related to

metabolic morphogenesis and genetic medicine. These issues represent an exciting research field
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for pediatricians with a special interest in clinical genetics, who can play a major role in counseling
families in which there is a child affected by an inherited condition, and in treating genetic disorders
(Cunniff et al., 2004). The first project is focused on the characterization of specific clinical,
biochemical, molecular and histological issues of different defects of cholesterol biosynthesis,
which are a typical example of metabolic syndromes. The second project is aimed at developing
innovative therapeutic approaches for an inborn error of glycogen metabolism named Pompe
disease (glycogenosis type II). The implications of the research results for the development of

future studies are discussed.
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CHAPTER 2.

PROJECT 1: MORPHOGENESIS DEFECTS

WITH METABOLIC BASES: THE MODEL OF THE

DEFECTS OF CHOLESTEROL BIOSYNTHESIS
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2.1 Backgorund

2.1.1 Dysmorphic syndromes with metabolic bases.

A few inborn errors of metabolism can present as multiple congenital anomalies/mental retardation
syndromes (Fernandes et al., 2000; Gorlin et al., 2001; Leonard and Morris, 2006, Scriver et al.,
2001). In these disorders, a wide pattern of malformations can be recognized, including
craniofacial, renal, skeletal and gastrointestinal abnormalities, and central nervous system
involvement. These defects include the defects of cholesterol biosynthesis, peroxisomal disorders,
and congenital defects of glycosylation (Table 1; section 2.2.4). Lysosomal storage disorders are
generally characterized by a progressive onset of dysmorphic features rather than multiple
congenital anomalies. Amino acid disorders are generally not associated with multiple
malformations, with the exception of the defect of glutamine synthase, presenting severe brain
malformations, limb defects, and dysmorphic facies. Dysmorphic features associated with central
nervous system involvement can be noted in various other metabolic conditions (Table 1, section
2.2.4), including amino acid disorders, such as homocystinuria, respiratory chain disorders, and
molybdenum cofactor deficiency. Nevertheless, these disorders are generally not associated with
the presence of major malformations of internal organs. Finally, a few skeletal dysplasias, also
presenting with dysmorphic features, are caused by metabolic defects, such as the chondrodysplasia
punctata group, defects of bone mineralization and some lysosomal storage disorders (Hall, 2001).
The definition of the clinical and biochemical phenotypes of the metabolic syndromes, and the
characterization of their molecular bases, is crucial to increase the rate of diagnoses and to correlate

specific patterns of anomalies to the underlying pathogenic mechanisms.

2.1.2 Defects of cholesterol biosynthesis (DCB).

Defects of cholesterol biosynthesis (DCB) are a heterogeneous group of metabolic disorders

associated in the majority of cases with multiple malformations and mental retardation.
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Smith-Lemli-Opitz syndrome (SLOS) is the most frequent and better characterized DBC (Yu and
Patel, 2005). This condition is characterized by developmental delay, typical facial dysmorphisms,
limb anomalies, incomplete development of male genitalia and possible association with
malformations of internal organs. The clinical phenotype is extremely variable, ranging from
miscarried fetuses with multiple malformations including holoprosencephaly, to patients presenting
with mild developmental delay and no major malformations.

SLOS is due to the deficiency of the 7-dehydrocholesterol reductase (DHCR?7), the enzyme that
catalyzes the last step of cholesterol biosynthesis. SLOS patients typically have low levels of
cholesterol and high levels of its precursor 7-dehydrocholesterol (7-DHC) in the blood and other
tissues. The gene of the SLOS has been cloned (DHCR?) and to date more than 120 mutations have
been reported in the literature (Yu and Patel, 2005). The inheritance of the syndrome is autosomal
recessive and the overall incidence is estimated to be around 1:40000 live births. To date there is no
effective therapy for this condition. Patients can follow a high cholesterol diet (100-300mg/Kg/day
of pure cholesterol added to a normal diet). The rationale of this approach is to provide the lacking
metabolite, and to inhibit at the same time the endogenous biosynthesis of cholesterol and,
therefore, the production of 7-DHC. Nevertheless, unfortunately, this therapeutic approach does not
seem to have a significant effect on the neurological outcome (Yu and Patel, 2005). The other DCB

known to date are reported in Table 2 (section 2.2.4).

2.1.3 Diagnosis of SLOS and other DCB at the University of Naples Federico 11

Since 1994 the biochemical diagnosis of the SLOS has been performed at the Department of
Pediatrics by UV Spectrophotometry (UVS) qualitative analysis of the 7-DHC (Guzzetta et al.,
1996). The samples which resulted to be positive to the qualitative analysis by UVS, and negative
samples collected from patients with clinical features possibly suggesting DCB other than SLOS,
were analyzed also by quantitative Gas Chromatography/Mass Spectrometry (GC/MS) at the

Department of Biochemistry and Medical Biotechnology of our University (Corso et al., 2002;
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Guzzetta et al., 1996). Until November 2002, 132 biological samples had been analyzed, and 19
SLOS cases had been diagnosed. In 9 patients, molecular analysis of the DHCR7 gene was carried
out at the Department of Pediatrics, Federico II University (De Brasi et al., 1998).

Furthermore, in collaboration with Department of Biochemistry and Medical Biotechnology of this
University, and the Department of Pediatrics of the University of Modena and Reggio Emilia, Italy,
we described in 2002 the first patient affected by lathosterolosis (Brunetti-Pierri et al., 2002). This
rare DCB, due to the deficiency of 3-beta-hydroxysteroid-delta-5-desaturase (SCS5D), is
characterized by multiple malformations, mental retardation and liver involvement, associated with
high levels of the cholesterol precursor lathosterol in the biological fluids and tissues (Brunetti-
Pierri et al., 2002).

Since the year 2000, our Hospital has been recognized as a national referral centre for the diagnosis

of DCB.

2.2 EXPERIMENTAL WORK.

2.2.1 Outline of the Project

The overall aim of this project was the creation of a database of Italian patients affected by DCB in
order to characterize specific clinical, biochemical, molecular and morphological aspects, and
possible pathogenic mechanisms of DCB, and to promote international collaborative studies in this

field.

2.2.2 Patients and Methods

In the years 2002-2006, we collected 176 biological samples (blood, skin fibroblasts, pathological
samples) from patients presenting with clinical pictures compatible with DCB, as evaluated by
geneticists and pediatricians in Italy. Plasma and serum samples were collected and kept frozen at -
20°C protected from light until analysis. These samples were analyzed by UVS at the Department

of Pediatrics Federico II University and/or GC/MS at the Department of Biochemistry and Medical
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Biotechnology Federico II University. In three cases, skin fibroblasts were collected, cultivated in
delipidated medium for 7 days and analyzed by GC/MS for sterol profiling, as previously reported
(Brunetti-Pierri et al., 2002; Corso et al., 2002; Guzzetta et al., 1996). For one historical case
(multiple malformed fetus previously aborted), only pathological samples were available and sterol
analysis was therefore not possible. DNA was extracted from the pathological samples available,
and analyzed by molecular analysis of the SC5DL gene (Brunetti-Pierri et al., 2002) at the
Department of Pediatrics, Federico II University.

A Database for Italian DCB patients diagnosed at the Federico II University of Naples was set up.
The information collected included the main clinical features, sterol profile at diagnosis, and
molecular background when known. A clinical severity score was assessed according to previously
proposed standards (Kelley and Hennekam, 2000; Witsch-Baumgartner et al., 2000) for all SLOS

patients with clinical features available.

2.2.3 Results
During the research period, we diagnosed:

e A further patient with lathosterolosis by molecular analysis of the SC5DL gene, in a multiple
malformed fetus, sibling of the first case described. This patient is extensively described in
section 2.2.5.

e A npatient with chondrodysplasia punctata X-linked dominant (CDPX2, Conradi-
Hunermann-Happle), by sterol profiling of skin fibroblasts. To the best of our knowledge,
this is the first patient biochemically diagnosed in Italy.

e Six further SLOS patients.

Data from the newly diagnosed cases were pooled together with those of the patients previously
diagnosed at the Federico II University of Naples in the Database. The main clinical, biochemical,

molecular features of the diagnosed patients with DCB are summarized in Table 3 (section 2.2.4).
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A few studies were then performed on these patients, focusing on the following specific topics:
e Characterization of the phenotype of lathosterolosis, extensively reported in the “Specific
aim 17, and appendix 2.5.1 of this chapter.
e Characterization of liver involvement in DCB, extensively reported in the “Specific aim 2”
and appendix 2.5.2.
e Vitamin D status in patients affected by Smith-Lemli-Opitz syndrome, extensively reported
in the “Specific aim 3” and appendix 2.5.3.
These studies particularly focused on possible pathogenic mechanisms responsible for clinical and

biochemical abnormalities found in the DCB patients recruited.

Given the availability of the information collected in the Database of the Italian DCB patients, and
of the biological material collected for biochemical and molecular diagnosis, we could join an
international scientific collaborative study coordinated by Dr. M. Witsch-Baumgartner, Department
of Medical Genetics, Molecular and Clinical Pharmacology, Innsbruck, Austria. This study was
aimed at characterizing the genetic background of SLOS patients by molecular analysis of the
DHCR7 gene according to previous reports (Witsch-Baumgartner et al., 2000), in order to
investigate possible pathogenic mechanisms of the disease. More in details, these studies focused on
the following specific topics:

e Multicentric collaborative study on factors modifying the phenotypic severity in the Smith-

Lemli-Opitz syndrome, extensively reported in the “Specific aim 4” and appendix 2.5.4.
e Characterization of the DHCR7 mutational spectra in Spain and Italy, extensively reported

in the “Specific aim 4” and appendix 2.5.5.
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2.2.4 Tables 1-3.

Table 1

Examples of inborn errors of metabolism presenting with congenital anomalies and/or dysmorphic
features.

PRESENTING PHENOTYPES DISEASES

Multiple congenital anomalies/mental
retardation syndromes

Defects of cholesterol biosynthesis

Peroxisomal disorders

Congenital disorders of glycosylation

Glutaric aciduria type II (multiple acyl-Coa dehydrogenase
deficiency)

Carnitine palmitoyl-transferase-1I deficiency

Other very rare disorders (defect of glutamine synthase; beta-
hydroxyisobutyryl-CoA deacylase deficiency)

Dysmorphic features and/or central
nervous system abnormalities,
generally without major congenital
anomalies of internal organs

Pyruvate decarboxylase deficiency

Respiratory chain disorders, congenital lactic acidosis
Other organic acidurias (i.e., 3-hydroxyisobutyric aciduria)
Homocystinuria

Glycine encephalopathy

Molybdenum cofactor deficiency

Lysosomal storage disorders *

Predominant skeletal dysplasia

Chondrodysplasias Punctata (X-linked recessive; Peroxisomal
disorders; Defects of cholesterol biosynthesis)

Sulfate transport disorders (Diastrophic dysplasia group)
Dyplasia with defective mineralization (Hypophosphatasia;
Hypophosphatemic rickets)

Inborn errors of collagen

Lysosomal storage disorders *

* Generally characterized by a progressive development of dysmorphic features without major

congenital abnormalities
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Table 2.

Defects of cholesterol biosynthesis known to date.

OMIM Enzymatic defect Gene Inheritance Main phenotypic features
DBC
Mevalonic aciduria #610377 Mevalonate Kinase MVK Autosomal  Developmental delay, cerebellar ataxia, cataracts, dysmorphic facies,
recessive anemia, hepatosplenomegaly, diarrhea and malabsorption
Hyper IgD syndrome #260920 Mevalonate Kinase MVK Autosomal  Recurrent febrile crises, lymphadenopathy, splenomegaly, abdominal pain,
recessive diarrhea, vomiting, arthritis, rash, elevated polyclonal IgD
Smith-Lemli-Opitz syndrome  #270400 3-beta-hydroxysterol- DHCR7 Autosomal ~ Microcephaly, typical facies, mental retardation, limb defects including 2-3
delta-7-reductase recessive toe syndactyly and possible polydactyly, incomplete development of male
genitalia, midline defects, malformations possibly involving every organs
and systems
Desmosterolosis #602398 3-beta-hydroxysterol- DHCR24  Autosomal  Microcephaly or macrocephaly, facial dysmorphisms, gingival nodules,
delta-24-reductase recessive mental retardation, abnormal development of male and female genitalia,
heart defects, possible osteosclerosis and rhizomelic shortening
Lathosterolosis #607330 3-beta-hydroxysteroid ~ SC5DL Autosomal ~ Microcephaly, typical facies, mental retardation, skeletal defects including
-delta-5-desaturase recessive toe syndactyly and polydactyly, renal anomalies, incomplete development of
male genitalia, liver involvement
CHILD (Congenital #308050 NAD(P)H steroid NSDHL X-linked Hemilateral limb defects and ichthyosiform erythroderma, with ipsilateral
Hemidysplasia with dehydrogenase-like dominant brain hypoplasia and possible malformations of internal organs, scoliosis,
Ichthyosiform erythroderma protein heart defects, epiphyseal stippling
and Limb Defects) syndrome
CDPX2/Chondrodysplasia #302960 3-beta-hydroxyste- EBP X-linked Cataract, epiphyseal stippling, tracheal calcifications, scoliosis,
punctata X-linked dominant/ roid-delta(8),delta(7)- dominant hemivertebrae, congenital ichthyosiform erythroderma, follicular
Conradi-Hunermann-Happle isomerase/emopamil- atrophoderma, coarse, sparse hair, patchy areas of alopecia, Dandy-Walker
Syndrome binding protein malformation, ventriculomegaly
Pelger-Huet anomaly #169400 Lamin B receptor LBR Autosomal  Heterozygote: hypolobulated (bilobed or rod-like) granulocyte nuclei
dominant Homozygote: ovoid granulocyte nuclei, macrocephaly, dysmorphisms,
ventricular septal defect, polydactyly, short metacarpals, developmental
delay, seizures.
Greenberg dysplasia/ #215140 Lamin B receptor LBR Autosomal  Heterozygote: hypolobulated (bilobed or rod-like) granulocyte nuclei
Hydrops-Ectopic recessive Homozygous: large head, punctate calcifications, laryngeal and tracheal
Calcification-Moth-Eaten calcifications, platyspondyly with multiple extra ossification centers,
Skeletal Dysplasia rhizomelia, moth-eaten (fragmented) long bones, polydactyly,
extramedullary erythropoiesis, severe hydrops
Related disorder: Antley- #201750 Cytochrome P450 POR Autosomal  Craniosynostosis, choanal atresia or stenosis, proptosis, narrow chest,
Bixler Syndrome-Like oxidoreductase recessive ambiguous genitalia (males and females) , femoral bowing, fractures,

Phenotype with disordered
steroidogenesis

camptodactyly
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Table 3.

Database of the clinical, biochemical and molecular features of patients affected by defects of cholesterol
biosynthesis with clinical information available, diagnosed at the Federico Il University of Naples.

DIAGNOSIS
SLOS LS CDPX2
FEATURES (% of cases showing the (number of
feature) cases)
Gender 15M/10F 2F IF
Mental retardation + (100) + (1/1) -
Postnatal growth retardation + (96) + (1/1)
Microcrephaly + (88) + (2/2) -
Structural brain anomalies +(52) + (1/2) -
Facial dysmorphisms + (100) +(2/2) +
Cataract +(12) + (1/2) +
Cleft palate* + (56) - -
Congenital heart defect + (28) - -
Renal anomalies + (8) + (1/2) -
Male genital anomalies + (100) NA NA
2/3 toe syndactyly +(92) + (1/2) -
Polydactyly + (28) + (2/2) -
Vertebral midline defects - + (2/2) -
Pyloric stenosis + (36) - -
Colonic aganglionosis +(12) - -
Severity score (mean + SD) 5.4+2.8 NA NA
7-DHC qualitative analysis by Positive (100%) Negative (1/1) NA**
UV Spettrophotometry
Sterol profile at diagnosis Ch: 25,3 +14.9 mg/dl Ch: 89.9 mg/dl Ch: 60.5
analyzed by GC/MS (mean + 7DHC: 25 +22.8 mg/dl Lth: 6.69 mg/dl pg/mg/pr
SD) Zym: 13.3
pg/mg/pr*
DHCRY7 alleles identified in p-T93M (8) NA NA
15/25 SLOS patients (Number IVS8-1G>C (6)
of alleles identified) p.E448K (4)
p-H119L (2)
p-R352W (2)
p.IS8F (1)
p-W151X (1)
p-E288K (1)
p-R404C (1)
p-N407Y (1)
p-F239L/N240S (cis) (1)
(385-412 and IVS5+1-5)del (1)
SC5DL alleles identified in LS NA R29Q (2) NA
patients (siblings) (Number) G211D (2)

SLOS: Smith-Lemli-Opitz syndrome; LS: Lathosterolosis; CDPX2: Chondrodysplasia Punctata X-Linked
Dominant; GC/MS: Gas Chromatography/Mass Spectrometry; UVS: UV  Spettrophotometry; Ch:
cholesterol; 7DHC: 7-dehydrocholesterol; Lth: lathosterol; Zym: zymosterol; NA: not applicable; *
including cleft soft palate, submucous cleft and cleft uvula; ** the patient affected by CDPX2 was
diagnosed by sterol analysis of skin fibroblasts after 7 days of culture in delipidated medium by GC/MS.
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2.2.5 Specific Aim 1.

CHARACTERIZATION OF THE PHENOTYPE OF LATHOSTEROLOSIS.

Lathosterolosis is a rare DCB due to the deficiency of 3—B—hydroxysteroid—AS—desaturase. Only two
patients have been described to date, both presenting with multiple malformations, mental
retardation, and liver involvement. In addition in one of them pathological examination revealed
mucolipidosis-like inclusions on optic microscopy analysis, and peculiar lysosomal lamellar bodies
on electron microscopy analysis. This study is focused on a better characterization of the clinical
phenotype of LS.

We describe a further case in a fetus, sibling of the first patient reported, presenting with neural tube
defect, craniofacial and limb anomalies, and prenatal liver involvement. The fetal phenotype
suggests the possible occurrence of significant intrafamilial variability in LS, expands the
phenotypic spectrum of the disease, and suggests an important role of cholesterol biosynthesis
derangement in neural tube closure.

Histological examination of autoptic samples from the fetus and skin fibroblasts from the living
sibling suggested that the mucolipidosis-like picture previously reported is not a constant feature of
LS, being possibly associated with the most severe phenotypes, but confirmed the ultrastructural
finding of lamellar inclusions.

The LS phenotype appears to be characterized by the peculiar association of a recognizable pattern
of multiple malformations, involving particularly axial and appendicular skeleton, central nervous
and urogenital systems, and lyososmal storage. This condition shows a significant overlapping with
other DCB such as the Smith-Lemli-Opitz syndrome, and shares also similarities with defects of
cholesterol trafficking (Niemann-Pick type C disease), and defects of plant sterols metabolism
(Sitosterolemia), suggesting intriguing pathogenic links among these conditions.

This study if fully reported in appendix 2.5.1.

22



2.2.6 Specific Aim 2.

CHARACTERIZATION OF LIVER INVOLVEMENT IN DEFECTS OF CHOLESTEROL
BIOSYNTHESIS

Inborn defects of cholesterol biosynthesis are a group of metabolic disorders presenting with mental
retardation and multiple congenital anomalies (MCA/MR syndromes). Functional and structural
liver involvement has been reported as a rare (2.5-6%) complication of the Smith-Lemli-Opitz
syndrome (SLOS) and it has not been fully characterized.

In this study we report on a long-term follow-up study of 4 patients with SLOS, and 1 case with
lathosterolosis who presented with liver disease and underwent an extensive diagnostic work-up.
Reports of liver involvement in cholesterol biosynthesis defects are reviewed.

Two main different patterns of liver involvement emerged: progressive cholestasis, and stable
isolated hypertransaminasemia. In our series, the first pattern was found in 2 patients with SLOS
and 1 with lathosterolosis, and the second in 2 SLOS cases. Cholestasis was associated with early
lethality and normal serum y-glutamyl-transferase (GGT) levels in SLOS, while possible prolonged
survival and high GGT levels were seen in lathosterolosis. Hepatic fibrosis was present in both
conditions. Liver biopsy performed in one of our SLOS patients with isolated
hypertransaminasemia, showed only mild hydropic degeneration of the hepatocytes. The presence
of liver involvement in 16% of the SLOS patients diagnosed at our Center suggests that this
complication might have been underestimated in previously reported cases, possibly overshadowed
by the severity of multiple malformations. Fetal hepatopathy, cholestasis, and isolated
hypertransaminasemia can occur also in other disorders of cholesterol biosynthesis, such as
mevalonic aciduria, desmosterolosis, Conradi-Hiinermann syndrome, Greenberg dysplasia and
Pelger-Huét homozygosity syndrome. This group of inherited disorders should be considered in the
differential diagnosis of patients presenting with liver disease associated with developmental delay
and/or multiple malformations. Periodic liver function evaluations are recommended in these

patients. This study is fully reported in Appendix 2.5.2.
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2.2.7 Specific Aim 3.

VITAMIN D STATUS IN PATIENTS AFFECTED BY SMITH-LEMLI-OPITZ
SYNDROME.

Smith-Lemli-Opitz syndrome (SLOS) is an inborn error of cholesterol biosynthesis characterized by
developmental delay and multiple malformations. Some of the patients have skin photosensitivity
and therefore tend to avoid direct exposure to sunlight. SLOS patients typically have low levels of
cholesterol and abnormally high levels of its precursor 7-dehydrocholesterol (7-DHC) in biological
fluids and tissues. 7-DHC is also a precursor in the cutaneous synthesis of vitamin D. Sunlight
exposure plays a major role in this pathway and reactions transforming 7-DHC into vitamin D and
then into 25-hydroxy-vitamin D are known to be not specifically regulated. The aim of this study is
to evaluate vitamin D status in SLOS patients.

We measured 25-hydroxy-vitamin D and 1,25-dihydroxy-vitamin D serum levels and markers of
calcium metabolism in 5 SLOS patients.

Despite abnormally high levels of 7-DHC circulating levels of vitamin D metabolites were not
significantly different from appropriate controls matched for sex, age and season of blood
collection. The analysis of historical serum samples stored in our laboratory from the same cases
plus 10 other SLOS patients further supported these findings.

Our data suggest that SLOS patients have a peculiar vitamin D metabolism preventing them from
vitamin D intoxication. This appears to be due in most cases to decreased transformation of 7-DHC
into 25-hydroxy-vitamin D, perhaps depending on reduced sunlight exposure as a consequence of
photosensitivity. Speculations on possible alternative mechanisms are discussed.

This study is fully reported in Appendix 2.5.3.
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2.2.8 Specific aim 4

DATABASE OF ITALIAN PATIENTS WITH DCB AND INTERNATIONAL
COLLABORATIVE STUDIES.

The clinical information collected in the Database, and the availability of biological material
collected for biochemical or molecular diagnoses, made it possible to join the international
collaborative studies coordinated by the Department of Medical Genetics, Molecular and Clinical
Pharmacology Innsbruck, Austria on the characterization of specific molecular aspects of the
Smith-Lemli-Opitz syndrome. DNA was collected from six further SLOS patients and their parents
when available. In one case, DHCR7 molecular analysis was performed in our laboratory according
to previous report (De Brasi et al., 1998). In five SLOS cases, DHCR7 molecular analysis was
performed in Austria. DNA was collected from parents of SLOS patients and sent to Austria for

molecular study on SLOS heterozygouses. The following collaborative studies were performed.

Maternal apo E genotype is a modifier of the Smith-Lemli-Opitz syndrome

In the Smith-Lemli-Opitz syndrome, the growing affected embryos are dependent on exogenous
(maternal) sources of cholesterol. This study is focused on evaluating whether apolipoprotein E, a
major component of the cholesterol transport system in human beings, is a modifier of the clinical
severity of Smith-Lemli-Opitz syndrome.

Common apo E, DHCR7, and LDLR genotypes were determined in 137 biochemically
characterized European SLOS patients and 59 of their parents.

A significant correlation was found between patients’ clinical severity scores and maternal apo E
genotypes (p = 0.028) but not between severity scores and patients’ or paternal apo E genotypes. In
line with their effects on serum cholesterol levels, the maternal apo e2 genotypes were associated
with a severe Smith-Lemli-Opitz syndrome phenotype, whereas apo E genotypes without the e2

allele were associated with a milder phenotype. The correlation of maternal apo E genotype with
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disease severity persisted after stratification for DHCR7 genotype. There was no association of
Smith-Lemli-Opitz syndrome severity with LDLR gene variation.

These results suggest that the efficiency of cholesterol transport from the mother to the embryo is
affected by the maternal apo E genotype and extend the role of apo E and its disease associations to

modulation of embryonic development and malformations. This study is extensively reported in

Appendix 2.5.4.

Delineation of the DHCR7 Mutational Spectra in Spain and Italy

The DHCR7 mutational spectra differ significantly in different areas of Europe, and several
common putative founder mutations account for a substantial fraction of all mutations in some
ethnic groups. This study was focused on the molecular analysis of 47 SLOS patients of Ashkenazi
Jewish, Austrian, British, German, Italian, Irish, Polish, Portuguese, and Spanish origins. Fourteen
newly identified mutations were found in 18 SLOS patients. Half of the new mutations were in the
transmembrane domains of the protein. In addition, there were two null mutations, one mutation in
the 4th cytoplasmic loop, two mutations in the first and last codons, and three mutations in other
regions such as the second cytoplasmic loop and the first endoplasmic loop. The analysis included
20 Spanish and 12 Italian SLOS patients and revealed very different mutation spectra in these
patients compared to previously described patients from Czechoslovakia, Germany, Poland, and the
UK and implicated p.Thr93Met on the J haplotype as the most frequent Mediterranean founder

mutation. This study is extensively reported in Appendix 2.5.5.
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2.3  Conclusions

The setting up of a database of Italian patients affected by DCB allowed us to perform a few
research studies aimed at characterizing specific clinical, biochemical, morphological and molecular
aspects of SLOS and lathosterolosis, focusing particularly on the possible pathogenic mechanisms
of these diseases.

Given their clinical variability, the definition of the phenotypic spectrum of DCB is crucial to
increase the rate of diagnosis: our data suggest that patients presenting with a variable association of
multiple malformations including neural tube defects, developmental delay, and liver disease should
undergo plasma or tissue sterol analysis. The DCB clinical variability has been partially explained
by one of the molecular collaborative studies performed, which demonstrated that maternal ApoE
genotype can play a crucial role in modifying the SLOS phenotypic severity. Further studies are
necessary to evaluate the possible presence of phenotypic modifier also for other DCB. The other
collaborative molecular study confirmed our previous observation that the T93M mutation is
particularly frequent in SLOS patients coming from the Mediterranean area (De Brasi et al., 1998).
The pattern of malformations observed in DCB might suggest a correlation with specific underlying
pathogenic mechanisms. First, the axial and appendicular skeletal malformations observed in
lathosterolosis might be partially explained by a functional disruption in the hedgehog signaling
pathway, secondary to the primary defect in cholesterol biosynthesis. Furthermore, our data
suggested that various different factors might contribute to the pathogenesis of the liver
involvement observed in DCB, including insufficient cholesterol availability, a possible secondary
disruption in bile acid metabolism in SLOS, and a secondary disruption in plant sterol metabolism
in lathosterolosis. Finally, the lysosomal lamellar inclusions demonstrated in lathosterolosis and
SLOS, supported the existence a secondary disruption of the intracellular cholesterol trafficking at
least in these two diseases and, possibly, in other DBC.

Our data suggested that SLOS patients have a peculiar vitamin D metabolism, protecting them from

vitamin D intoxication. It has been hypothesized that the relatively high incidence of SLOS in some
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European ethnic groups, the relatively low percentage of patients reported to be born to
consanguineous parents, and the more severe enzymatic defects caused by the most common
mutations compared with the less common ones, are suggestive of a heterozygote advantage. An
increased vitamin D biosynthesis rate has been proposed as a possible heterozygote advantage
(Kelly and Hennekam, 2000): therefore, further studies are required to evaluate vitamin D

metabolism in SLOS carriers.
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ABSTRACT
Lathosterolosis (LS) is a defect of cholesterol biosynthesis (DCB) due to the deficiency of 3-B-
hydroxysteroid—AS—desaturase. Only two patients have been described to date, both presenting with
multiple malformations, mental retardation, and liver involvement. In addition in one of them
pathological examination revealed mucolipidosis-like inclusions on optic microscopy analysis, and
peculiar lysosomal lamellar bodies on electron microscopy analysis. This study is focused on a
better characterization of the clinical phenotype of LS.
We describe a further case in a fetus, sibling of the first patient reported, presenting with neural tube
defect, craniofacial and limb anomalies, and prenatal liver involvement. The fetal phenotype
suggests the possible occurrence of significant intrafamilial variability in LS, expands the
phenotypic spectrum of the disease, and suggests an important role of cholesterol biosynthesis
derangement in neural tube closure.
Histological examination of autoptic samples from the fetus and skin fibroblasts from the living
sibling suggested that the mucolipidosis-like picture previously reported is not a constant feature of
LS, being possibly associated with the most severe phenotypes, but confirmed the ultrastructural
finding of lamellar inclusions.
The LS phenotype appears to be characterized by the peculiar association of a recognizable pattern
of multiple malformations, involving particularly axial and appendicular skeleton, central nervous
and urogenital systems, and lyososmal storage. This condition shows a significant overlapping with
other DCB such as the Smith-Lemli-Opitz syndrome, and shares also similarities with defects of
cholesterol trafficking (Niemann-Pick type C disease), and defects of plant sterols metabolism

(Sitosterolemia), suggesting intriguing pathogenic links among these conditions.
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INTRODUCTION

Defects of cholesterol biosynthesis (DCB) are a group of inherited metabolic diseases
associated with multiple congenital anomalies and mental retardation (MCA/MR). Smith-Lemli-
Opitz syndrome (SLOS, OMIM: #270400), due to the deficiency of the enzyme 7-
dehydrocholesterol reductase (DHCR?7), is the most frequent and better characterized example of
DCB [Kelley and Hennekam, 2000; Porter et al., 2003]. SLOS patients present with typical facial
dysmorphisms, limb anomalies, incomplete development of male genitalia, and malformations
possibly involving all organs and systems. Lathosterolosis (LS, OMIM: #607330) is an additional
example of this group of metabolic syndromes [Brunetti-Pierri et al., 2002; Krakowiak et al., 2003;
Parnes et al., 1990; Rossi et al., 2005]. This disorder is due to the deficiency of 3-B-hydroxysteroid-
A’-desaturase  (SC5D), the enzyme immediately upstream DHCR7, which catalyzes the
transformation of lathosterol into 7-dehydrocholesterol. Inheritance is autosomal recessive. LS is
very rare: in fact after the characterization of the first case [Brunetti-Pierri et al., 2002], only
another LS patient has been diagnosed post-mortem [Krakowiak et al., 2003]. Interestingly the latter
case showed massive mucolipidosis-like inclusions [Krakowiak et al., 2003; Parnes et al., 1990], a
feature not evident on histological examination of a liver biopsy performed in the first case reported
[Rossi et al., 2005]. In this study, we describe a new LS case further expanding the clinical
spectrum of the disease, and we report updated clinical and morphological information about the
first patient diagnosed [Brunetti-Pierri et al., 2002; Rossi et al, 2005]. We also compare the
phenotypic features observed in LS with those reported in the SLOS, and other defects of sterol

metabolism. The aim of this study is a better characterization of the clinical phenotype of LS.
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CLINICAL REPORTS
PATIENT 1
Clinical features. The first sibling of the living girl with LS [Brunetti-Pierri et al., 2002, Rossi et
al, 2005], was a historical fetal case, aborted at 21 weeks gestation, after a routine ultrasound scan
revealed multiple malformations. Neither maternal diabetes, nor teratogenic exposure was reported.
Around conceiving the mother was on adequate folate supplementation. Clinical features were
reviewed after a diagnosis of LS was made in the living sister. On macroscopic examination, weight
and length appeared to be appropriate for gestational age (290 g and 21 cm respectively). Post-
mortem findings included multiple congenital anomalies such as Type II Arnold Chiari
malformation, microcephaly, postaxial hexadactyly of upper and lower limbs, bilateral clubfeet and
lumbosacral meningocele (1.5 x 1 cm). No malformations were reported in other organs.
Unfortunately neither photos nor radiographs were available. Chromosome analysis showed a
normal female karyotype. A diagnosis of LS was suspected on the bases of the pattern of limb and
craniofacial anomalies. Molecular analysis of the SC5DL gene, performed as previously described
[Brunetti-Pierri et al., 2002] in DNA samples obtained from stored pathological specimens,
revealed the same two mutations found in the living sister (R29Q/86G—A in exon 1, and

G211D/632G—A in exon 4), thus confirming the diagnosis.

Histological features. Histological examination of fetal samples from thymus, spleen, pancreas,
liver, kidneys, adrenals, uterus, ovaries, heart, lungs, spinal cord and brain was carried out by optic
microscopy using the following stains: hematoxylin-eosin; special histochemical stains like PAS
and PAS after diastase digestion, Hale’s dialyzed colloidal iron for acid MPS; immunostaining for
HepParl1 in liver histology. In none of the histological specimens examined, cells with storage or
foamy material were noted. In particular, liver tissue showed normal portal tracts, and marked
extramedullary hematopoiesis leading to atrophy of hepatocytic laminae (Fig.1). Hemosiderinic

pigment within periportal hepatocytes and Kupffer cells were also present (Fig.1 detail). Hypoxic

35



changes were noted in cerebral cortex and white matter, likely due to abortion procedures. No

significant histological changes were noted in the other organs.

PATIENT 2

Clinical features. This girl with LS, presented with developmental delay, craniofacial anomalies,
post-axial polydactyly of the left foot, syndactyly of toes, horseshoe kidneys, bilobate gallbladder
and progressive intra-hepatic cholestasis [Brunetti-Pierri et al., 2002; Rossi et al., 2005]. She was
reviewed at the age of 7 years. During follow-up, her gestaltic facial appearance had significantly
changed. In the neonatal period the girl showed a striking microcephaly, with receding forehead,
eyelid ptosis, prominent nose with bulbous nasal tip and micrognathia with protruding upper lip
(Fig.2A). In the following years, physical examination revealed microcephaly with bitemporal
narrowing, epicanthic folds, eyelid ptosis, a small nose with anteverted nares, a small chin, puffy
cheeks, and a long philtrum (Fig.2B-C). At 6 years of age, small bilateral lens opacities became
evident on ophthalmological examinations, which subsequently evolved in total cataracts of the
right eye, requiring surgery. The cholestasis severity was progressive with persistently elevated
serum levels of transaminases, bilirubin and ammonia as previously described [Rossi et al., 2005],
and portal hypertension was noted on abdominal Doppler ultrasound at 7 years of age. In spite of
multi-vitamin supplementation, low levels of vitamin A and E were repeatedly detected, as well as
abnormal clotting tests. The girl experienced two pathological fractures and DEXA scan performed
at 7.5 years of age, revealed severe generalized osteoporosis (Z-score: - 4.9). She also developed a
peculiar feeding behavior showing frequent vomiting and a striking fishy body odor after tasting
particular foods, such as fish, cow meet, milk and derivatives, which she tended to avoid
spontaneously: urine trimethylamine analysis by Protonic Nuclear Magnetic Resonance resulted to
be negative [Maschke et al., 1997], and no clear explanation was found for this phenomenon.

Blood films revealed the presence of abnormally shaped red cells with anisopoikilocytosis

(MCV: 89.3fl; normal values: 82-98; RDW: 18.4%; normal values 11-14), acanthocytes,
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schistocytes, and large platelet (mean platelet volume: 12.4 fl; normal range: 9.1-12.3); vacuolated
monocytes were also noted (Fig. 3). Full blood count repeatedly showed normal hemoglobin levels
(range: 12.2-13.2 g/dl) and low to normal platelet count (range: 121-219 x 103/|,11; normal range:
150-400 x 10°/p).

At 7 years of age, plasma sterol profile by Gas-Chromatography-Mass Spectrometry showed
normal levels of cholesterol (155 mg/dl), persistently high levels of lathosterol (17 mg/dl), and
abnormally high levels of other methylated sterols, such as in the previously performed
determinations [Brunetti-Pierri et al., 2002]: these metabolites were subsequently identified as the
plant sterols sitosterol (0.7mg/dl), campesterol (0.5mg/dl) and stigmasterol (0.2mg/dl) (total plant
sterols: 0.8% of total sterols detected; control range: 0.36 + 0.08) (Pianese and Corso, personal

communication).

Radiological features. A skeletal survey, performed at 11 months of age, showed sagittal clefting
of the eight thoracic vertebra (“butterfly” shaped) (Fig. 4A), as previously mentioned [Brunetti-
Pierri et al., 2002]. In addition, the left foot showed postaxial polydactyly characterized by
ossification of a proximal phalanx, and an abnormal widening of the fifth metatarsal representing an
attempt at duplication. Radiologically, postaxial polydactyly was evident also in the right foot, as
shown by the abnormally wide fifth metatarsal, with no phalangeal ossification (Fig. 4B).

A comparison was made between the limb radiological anomalies noted in patient 2 and
those found in six unrelated SLOS cases diagnosed at the Department of Pediatrics, Federico II
University of Naples with available skeletal surveys. These patients showed significant similarities,
such as toe syndactyly (6/6), and a polydactyly pattern including either post-axial (4/6) or

interdigital (1/6) extra-digits (Fig.4 C).

Histological features. Skin fibroblasts from patient 2 were propagated in DMEM supplemented

with 10% fetal bovine serum. Cells were harvested at TO and after 3 and 7 days of culture in
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delipidated medium, as previously described [Brunetti-Pierri et al., 2002]. Subsequently, fibroblasts
were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer, postfixed in 1% osmium tetroxide
and dehydrated through graded alcohols for Epon embedding; sections were stained doubly with
uranyl acetate and lead citrate and examined by a Zeiss EM-109 electron microscope.

These cells were compared with skin fibroblasts from two non related SLOS patients diagnosed at
the Department of Pediatrics Federico II University, and one control, cultured in the same
conditions.

The LS cells showed lamellar lysosomal inclusion bodies at TO (Fig.5A). Fibroblasts from
two SLOS patients also showed almost indistinguishable lamellar inclusions (Fig.5C). In both cases
the lamellar vacuoles appeared to be progressively degradated within the lysosomes after three and,
more extensively, after seven days of culture in delipidated medium (Fig.5B). Control cells did not

show any sign of storage (Fig.5D).

DISCUSSION

Cholesterol plays a crucial role in several biological pathways including steroid hormone
biosynthesis, embryonic development, and the definition of cellular membrane functional
microdomains interacting with various signaling pathways [Kelley and Herman, 2001; Gondré-
Lewis et al., 2006]. As a consequence of this biological pleiotropy, a disruption in cholesterol
biosynthesis can lead to a wide range of congenital anomalies with significant clinical variability
[Kelley and Herman, 2001]. This is well exemplified by the desmosterolosis, a DCB due to the
deficiency of 3-B-hydroxysterol-A**-reductase (OMIM: #602398): the two patients described to date
showed striking differences in their clinical pictures, including micro- and macrocephaly and very
different patterns of bone mineralization [FitzPatrick et al., 1998; Andersson et al., 2002]. The
definition of the clinical phenotypes of DCB is crucial to increase the rate of diagnoses and to
correlate specific patterns of anomalies to the underlying pathogenic mechanisms. LS represents a

further example of a rare DCB showing significant phenotypic variability even within the same
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family, as demonstrated by the new case here described. Nevertheless, based on the very few
patients reported to date, the phenotype of LS appears to be characterized by a recognizable pattern
of multiple malformations, involving particularly axial and appendicular skeleton, central nervous

and urogenital systems, partially overlapping with SLOS (Table I).

Facial dysmorphisms
The neonatal cranio-facial phenotype of our patient 2 is characterized by a marked
microcephaly (Fig. 2), and shows remarkable similarity to the non related previously described case
[Parnes et al., 1990]. Figure 2 clearly shows the significant change in her facial appearance occurred

in the following years, with a gestalt progressively becoming more similar to the SLOS facies.

Axial skeleton

Patient 1 presented with lumbar meningocele. Neural tube defects (NTD) are a group of
congenital anomalies ranging from anencephaly, resulting from failure of fusion of the cranial
neural tube, to spina bifida, resulting from a failure of the vertebral laminae to fuse to complete the
neural arch, with an overall incidence of approximately 1/1000 [Merbs, 2004; Mitchell, 2005].
These malformations have been reported either in MCA/MR syndromes due to chromosomal
abnormalities (e.g. trisomy 13, 18, and 21), single gene defects (e.g. Meckel-Gruber syndrome,
OMIM: #249000), and teratogenic exposures (e.g. maternal diabetes), or as isolated defects
[Mitchell, 2005]. The vast majority of isolated cases are multifactorial and periconceptional folate
supplementation to the mother has been proved to significantly reduce the incidence of these
developmental defects [Mitchell, 2005]. Although theoretically there is no definite evidence that the
occurrence of NTD in the case here described is surely related to the underlying metabolic disease
and the disruption in cholesterol metabolism, a few clinical and experimental observations might
support this hypothesis. First, although to the best of our knowledge NTD have never been reported

to date in biochemically confirmed patients with DCB [Porter, 2003; Kelley and Hennekam, 2000],
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lumbar meningomyelocele has been described in a case with a clinical diagnosis of CHILD
syndrome (OMIM: #308050) [Hebert et al., 1987]. Secondly, mice lacking squalene synthase, an
enzyme involved upstream in cholesterol biosythesis, whose deficiency has not been reported in
association with human phenotypes until now, do show severe neural tube defects [Tozawa et al.,
1999]. In addition, although studies evaluating apoE and apoB genotypes in patients with NTD
have failed to find a significant association [Volcik et al., 2002], NTD have been unexpectedly
described in mice homozygous or heterozygous for mutations of the apoB gene, which plays a key
role in cholesterol transport [Huang et al., 1995; Homanics et al., 1995].

Patient 2 presented with an eight thoracic “butterfly” vertebra. Sagittal clefting is a rare
anatomical defect which has been reported as a part of multiple malformation syndromes, such as
Alagille syndrome (OMIM: #118450), or as an isolated anomaly [Sonel et al., 2001]. This is the
result of a developmental error involving the cartilaginous precursor of the vertebral centrum,
associated with a failure of the notochord to recede [Kjaer et al 1994; Merbs, 2004]. It has been
demonstrated that DCB are associated with a functional disruption in different steps of the Sonic
Hedgehog (Shh) pathway, which is essential for embryogenesis and, particularly, for normal
midline development [Porter, 2003; Hennekam, 2005]. In particular, Shh is expressed in the floor
plate and the notochord, is required for the specification of the ventral spinal cord [Gofflot et al.,
1999; Lupo et al., 2006], and represents one of the major factors from the notochord and floor plate
promoting and controlling the formation of the sclerotome, which is the primary origin of the axial
skeleton [Kornak and Mundlos, 2003]. Therefore, it might be possible to hypothesize that an
impairment of the Shh pathway, secondary to the defective cholesterol biosynthesis, is responsible
of the observed vertebral midline defect.

There is some evidence suggesting that the Shh pathway closely interacts with Zic2 [Brown
et al., 2003], a zinc-finger transcription factor whose deficiency has been associated in humans with

either severe midline defects (holoprosencephaly) or NTD [Grinberg and Millen, 2005]. This might
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suggest a possible pathogenic mechanism explaining the occurrence of either NTD or vertebral

sagittal defect in LS.

Appendicular skeleton

The two LS patients here described, presented with postaxial polydactyly associated, in
patient 2, with toe syndactyly. Both these features were also shown by the non related previously
reported case, showing hexadactyly with complete metatarsus and phalanges in the left foot, and
fused fifth and sixth metatarsal bones on the right, associated with bilateral 2-3 toe syndactyly
[Parnes et al, 1990]. The LS mouse model shows postaxial polydactyly and, in addition, interdigital
defects with bifurcation of the fourth medial phalanges [Krakowiak et al., 2003]. We compared the
limb anomalies observed in LS with those found in the SLOS, reviewing the radiological features
noted in six unrelated SLOS patients, and the findings previously reported in the literature. It is very
well known that SLOS patients generally present with toe syndactyly, frequently involving the
second and third toe with a distinctive “Y-shape”, and can have postaxial polydactyly [Ryan et al.,
1998; Kelley and Hennekam, 2000]: in addition, we observed the presence of the less common
interdigital polydactyly (Fig. 4C). Postaxial polydactyly has been reported also in some of the other
DCB, such as Greenberg dysplasia (OMIM #215140) and Pelger-Huét homozygosity syndrome
(OMIM #169400), both of them caused by mutation in the LBR gene [Oosterwijk et al., 2003], and
X-linked dominant chondrodysplasia punctata (CDPX2, OMIM #302960), due to the deficiency of
the enzyme A®-A'-sterol isomerase emopamil-binding protein [Kelley and Herman, 2001].
Therefore, the spectrum of limb anomalies, including both postaxial and interdigital polydactyly
possibly involving the four limbs, and toe syndactyly, appears to be a significant common pattern of

abnormalities of the appendicular skeleton in DCB.
Both Sonic and Indian hedgehog are expressed in limbs during embryogenesis, playing a

central role in regulating the anteroposterior patterning of the limb bud, and the chondrocyte
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proliferation and hypertrophy, respectively [Kornak and Mundlos, 2003]. Therefore, a functional
disruption in the hedgehog pathway might well explain the pathogenesis of the DCB common
pattern of limb anomalies.

Condrodysplasia punctata was not noted on skeletal surveys performed in infancy in two LS
patients [patient 2; Parnes et al., 1990]. Although this is a major feature of some of the DCB such as
CDPX2, Greenberg dysplasia, and CHILD syndrome, to the best of our knowledge it has been
reported in only one biochemically confirmed SLOS case, who had also a chromosomal
translocation [Kelley and Hennekam, 2000], and has not been associated to other DCB, such as

desmosterolosis, and mevalonic aciduria (OMIM: #610377).

Other congenital anomalies

Both our patient 2 and the non related case previously reported [Parnes et al, 1990;
Krakowiak et al., 2003] developed bilateral cataracts. Cataract has been reported in some of the
other DCB such as SLOS, mevalonic aciduria, and CDPX2 and in animal models of DCB such as
rats treated with the DHCR7 inhibitor AY9944 [Sakuragawa, 1976]. It has been hypothesized that
the accumulation of abnormal cholesterol precursors might significantly affect lens metabolism and
that cataract might be considered as a storage disease-like manifestation at least in the SLOS
[Cenedella, 1996; Elias et al., 1997]. On the other hand, the recent characterization of a rat model
of hereditary cataract due to the deficiency of another enzyme involved in cholesterol biosynthesis
named lanosterol synthase, and characterized by reduced cholesterol levels without significant
precursors accumulations within the lens, has suggested that cholesterol deficiency might itself
contribute to cataractogenesis too [Mori et al., 2006]. Other ocular findings associated with LS are
eyelid ptosis, downslanting palpebral fissures, microcorneae and corneal clouding, the latter
possibly representing another example of storage disease-like manifestations. As in the SLOS, the
development of male genitalia can be affected in LS [Parnes et al., 1990], while female genitalia

appeared to be normal in both cases here described. The two patients described post-natally had
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very severe developmental delay [patient 2; Parnes et al., 1990], in one case associated with
seizures [Parnes et al., 1990]. The neurological structural abnormalities reported include Type II
Arnold Chiari malformation, brain atrophy (hydrocephalus ‘“ex vacuo”), demyelination and
dystrophic calcification: further clinical reports are required to understand whether there is a
definite pattern of central nervous system malformations in this condition.

It has been recently reported that LS and SLOS mice models show a marked decrease in the
number of secretory granules, and an increase of morphologically aberrant granules in exocrine and
endocrine glands [Gondré-Lewis et al., 2006]. This seems to be the result of the abnormally high
levels of cholesterol precursors, which significantly affect cell membrane functional microdomains
playing a key role in granule budding. Further studies are required to clarify whether these
functional and morphological anomalies are detectable also in LS and SLOS patients, and their

clinical relevance.

Signs of storage

An intriguing finding, reported in the non related LS case previously described, was a
widespread storage of mucopolysaccharides and lipids within histiocytes and the white matter,
strikingly sparing the neurons, and evident as massive inclusions on optic microscopy; these
findings were initially misleading, and mucolipidoses were considered in the differential diagnosis
[Parnes et al., 1990]. No signs of storage were visible on histological examination by optic
microscopy of either a liver biopsy from patient 2 [Rossi et al., 2005], or various tissues from our
patient 1, or tissues from LS mouse model [Krakowiak et al., 2003], suggesting that the widespread
mucolipidosis-like picture previously described does not appear to be a constant feature of LS.
Since the patient described by Parnes et al. [1990] showed a biochemical defect more severe than
our patient 2 [Krakowiak et al., 2003], it might be possible to hypothesize that the mucolipidosis-

like picture is associated only with the most severe phenotypes. In this respect, the lack of overt
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lysosomal storage in both our patient 1 and the LS mouse model might be explained by their pre- or
peri-natal lethality [Krakowiak et al., 2003].

On the other hand, vacuolated monocytes were noted on blood film examination of patient
2, a feature not investigated in the unrelated described patient [Parnes et al., 1990]. Moreover,
electron microscopy examination of fibroblasts from our patient 2 revealed the presence of
lysosomal vacuoles with concentric lamellar inclusion, as observed in the non related previously
reported LS case and in the LS mouse model [Parnes et al., 1990; Krakowiak et al., 2003]. We
found similar lamellar inclusions also in fibroblasts from SLOS patients (Fig.5C) according to a
previous observation [Wassif et al., 2002]. These findings share striking morphological similarities
with the typical lysosomal vacuoles visible in fibroblasts from patients affected by Niemann-Pick
type C disease (NPC, OMIM: #257220, #607625) [Patterson et al., 2001; Wassif et al., 2002;
Krakowiak et al., 2003], a lysosomal storage disorder due to mutations of the NPCI or NPC2 genes,
and characterized by a defect in cholesterol trafficking. This morphological overlapping has been
partially explained. In the SLOS, it has been shown that 7-dehydrocholesterol impairs low density
lipoproteins (LDL) intracellular trafficking and degradation, probably interacting with the NPC1
protein through its sterol sensitive domain. This results in an accumulation of LDL-derived
unesterified cholesterol, which can be demonstrated as an increased filipin staining [Wassif et al.,
2002]. A similar effect has been postulated also for lathosterol in LS [Krakowiak et al., 2003].
Interestingly the same inclusions can be found also in either a rat model treated with the DHCR7
inhibitor AY9944 [Sakuragawa, 1976], or in a cell model treated with class 2 amphiphiles, a various
group of compounds disrupting intracellular lipid trafficking possibly through an inhibition of the
NPCI1 protein function [Lange et al., 2000; Wassif et al., 2002]. In fact, the lamellar bodies might
be considered the morphological expression of a disruption in intracellular cholesterol trafficking,

which is the primary defect in NPC, and a secondary defect in LS and SLOS.
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Similar inclusions have been described also in dermal cells from a case with CHILD
syndrome [Hashimoto et al., 1998], supporting the hypothesis that disruptions in various steps of
cholesterol biosynthesis might be associated with an abnormal intracellular lipid trafficking.

The NPC clinical phenotype shares some similarities with LS, such as developmental delay
and intrahepatic cholestatic liver disease with high levels of gamma-glutamyl transferase
[Yerushalmi et al., 2002; Rossi et al., 2005]. Although the presence of lysosomal lamellar
inclusions on electron microscopy examination and increased filipin staining in skin fibroblasts is
generally considered pathognomonic of NPC [Patterson et al., 2001], these morphological findings
can be demonstrated also in LS [Krakowiak et al., 2003]. The lack of multiple malformations, and
the presence of specific neurological signs such as ataxia or the typical vertical supranuclear
ophthalmoplegia can clearly differentiate NPC from LS, and in selected cases, tissue sterol profiling
or molecular analysis of NPCI and NPC2 genes can be performed for a definite differential

diagnosis.

Hematology

Patient 2 showed large platelets, inconstantly low platelet count, and abnormally shaped red
cells (Fig. 3). Unfortunately no information is available on platelet size and erythrocyte shape for
the unrelated reported patient [Parnes et al., 1990]. Several factors might contribute to the red cells
shape abnormalities noted in our patient, such as malabsorption secondary to the severe hepatic
disease, and abnormal erythrocyte membrane fluidity secondary to the abnormal sterol metabolism
[Stevenson and Hardie, 2001]. In this respect, it might be interested to notice that achantocytosis is
also found in disorders of cholesterol transport, such as abetalipoproteinemia (OMIM: #200100)
and hypobetalipoproteinemia (OMIM: +107730).

On the other hand, large platelets possibly associated with thrombocytopenia, and
abnormally shaped red cells (stomatocytes) have been described in Sitosterolemia (OMIM:

#210250) as part of a complex clinical phenotype including hemolysis, xanthomas, arthritis,
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accelerated atherosclerosis, and normal psychomotor development. This condition is due to
mutations in the ABCG5 or ABCG8 genes, which cause an increased intestinal absorption and
impaired bile excretion of plant sterols and cholesterol, leading to abnormally high plasma levels of
these compounds. Interestingly our patient 2 repeatedly showed normal to high plasma levels of
cholesterol in spite of the its biosynthetic defect [Brunetti-Pierri et al., 2002; Rossi et al., 2005], and
abnormally high levels of plant sterols, even if at lower concentrations comparing with
Sitosterolemia, this suggesting the presence of a secondary disruption in the metabolism of these
compounds. The intestinal absorption of cholesterol and plant sterols is regulated by a protein
named NPCILI due to its significant homology to the protein mutated in NPC disease [Davies et
al., 2000]. Comparing with its homologous, NPCIL1 shows a similar putative sterol sensing
domain but interacts with different intracellular targeting signals [Davies et al., 2000; Davis et al.,
2004]; therefore it might be possible to speculate that abnormally high levels of lathosterol could
interfere also with the NPCIL1 function, determining a secondary disruption in sterols intestinal
absorption, which could explain the abnormally high plasma levels of plant sterols, the normal to

high levels of cholesterol, and the platelet abnormalities found in LS patient 2.

Liver involvement

The liver involvement in patient 2 has been previously extensively described [Rossi et al.,
2005]. Concerning patient 1, some of the hepatic histological abnormalities noted have been
previously reported among non specific signs of prenatal liver disease in other DBC, such as
desmosterolosis and Greenberg dysplasia [Clayton, 2003]. Our data suggest that liver involvement
in LS may range from prenatal hepatopathy to postnatal severe progressive intrahepatic cholestasis.

A few observations might suggest a possible link between the abnormal plant sterol
metabolism observed and liver involvement in LS. Mildly high levels of sitosterol have been
reported in patients with advanced liver diseases such as primary biliary cirrhosis, in association

with markedly increased levels of cholestanol [Nikkila et al., 2005]; the lack of the latter
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biochemical abnormality in our patient 2 seems against the possibility that the high levels of plant
sterols detected are the consequence of her liver disease (Pianese and Corso, personal
communication). On the other hand, patients affected by Sitosterolemia can present with abnormal
liver function, cholestatic liver disease and cirrhosis [Miettinen et al., 2006], and it has been
demonstrated that abnormally high levels of plant sterols can specifically determine cholestasis with
high levels of GGT in patients on total parenteral nutrition [Clayton et al., 1993; Clayton et al.,
1998]. These observations might suggest that the high levels of plant sterols observed in the LS
patients, even if at lower concentrations comparing with Sitosterolemia, might contribute to the
pathogenesis of her liver damage: further studies are necessary to clarify this point and to evaluate

the possible therapeutic effects of a decreased plant sterol intake on liver function in LS.

Conclusion
In conclusion, we report a further case of LS, contributing to the delineation of the clinical
phenotype of this condition, which is characterized by the peculiar association of a recognizable
pattern of multiple malformations and signs of lysosomal storage. Our observation supports a role
of cholesterol biosynthesis derangement in neural tube closure: patients presenting with a variable
associations of multiple malformations including NTD, developmental delay, and liver disease
should undergo plasma or tissue sterol analysis, or molecular analysis of the SC5DL gene. The
clinical phenotype of LS shows a significant overlapping with other DCB such as the SLOS, and
shares also similarities with defects of cholesterol trafficking (NPC), and defects of plant sterol

metabolism (Sitosterolemia), suggesting intriguing pathogenic links among these conditions.
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TABLE I. Phenotype of lathosterolosis, and comparison with the Smith-Lemli-Opitz syndrome.

IA. Congenital anomalies.

CLINICAL FEATURES LS SLOS
Patients LS mouse (frequency %,
(n. of reports) model if known)
Gender 2 female,1 male NA NA
Growth delay + (2/3) + +
Intrauterine growth retardation +(1/3) + + (16)
Postnatal growth retardation +(2/2) NA* + (82-88)
Facial dysmorphisms + (3/3) + + (100)
Microcephaly + (3/3) - + (80-84)
Prominent metopic suture + (1/3) - +
Eyelid ptosis +(2/3) NA + (59-70)
Downslanting palpebral fissures + (1/3) NA +
Cataract +(2/2) - + (12-22)
Corneal clouding/Microcorneae + (1/3) - +
Short nose +(2/3) + +
Anteverted nares + (1/3) NA + (69-78)
Micrognathia +(2/3) + + (67)
Downturned mouth + (2/3) NA +
High arched palate + (2/3) - +(29)
Cleft palate - (0/3) + + (37-47)
Gingival hypertrophy + (1/3) NA +@37)
Appendicular skeleton anomalies + (3/3) + +
Postaxial polydactyly + (3/3) + + (48-49)
Interdigital defects (complete - (0/3) + +
polydactyly, bifurcated phalanges)
Toe syndactyly + (2/3) - + (90-97)
Clubfeet + (1/3) NA +(27)
Axial skeleton anomalies +(2/3) - +
Vertebral clefting + (1/3) - -
Neural tube defect + (1/3) - -
Brain structural anomalies + (2/3) - + (21-37)
Type II Arnold Chiari malformation + (1/3) NA -
Hydrocephalus “ex vacuo”, + (1/3) - +
demyelination, dystrophic
calcification
Developmental delay + (2/2) NA +(92-95)
Seizures +(1/2) - + (<5)
Hearing loss/ abnormal auditory + (1/2%%) NA + (10)
evoked potentials
Renal malformations + (1/3) - + (29-43)
Male genital anomalies + (1/1) - + (65-91)
Liver involvement*** +(3/3) + +(2.5-16)
Platelet/red cell abnormalities + (1/1) NA -
References Our patients; [Brunetti-Pierri [Krakowiak  Our patients; [Kelley
et al, 2002; Krakowiak et al, et al, 2003] and Hennekam 2000;

2003; Parnes et al, 1990;
Rossi et al, 2005]

Rossi et al, 2005;
Ryan et al,1998]
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IB. Signs of storage.

STORAGE LS SLOS
Patients LS mouse
(n. of reports) model

Lamellar inclusions (EM) + (2/2) + +
Mucolipidosis-like inclusions (OM) + (1/3) - -
Vacuolated monocytes (blood film, OM) + (1/1) NA -
Fundus oculi cherry red spot - (0/2) NA -
Urine mucopolysaccharides and - (0/2) NA -
oligosaccharides
References Our patients; [Krakowiak et [Krakowiak  Our patients;

al., 2003; Parnes et al., 1990] et al, 2003] [Wassif et al.,

2002]

LS: Lathosterolosis; SLOS: Smith-Lemli-Opitz syndrome; n.: number.

+: reported; - not reported; OM: Optic microscopy; EM: electron microscopy; NA: not applicable.

*: early lethality; **: the patient reported by Parnes et al. [1990] had abnormal brainstem auditory evoked
potentials; our patient 2 had only transient conductive hearing loss; ***ranging from mild prenatal
involvement to postnatal severe progressive intra-hepatic cholestasis.

57



Figure 1
Patient 1: liver histology showing normal portal tracts with marked extramedullary hematopoiesis
leading to atrophy of hepatocytic laminae. Haemosiderinic pigment within periportal hepatocytes

and Kupffer cells was also noted (detail) (H&E, X200; detail: HepPar, X400).
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Figure 2
Patient 2: evolution of facial appearance at different ages.

2A. Neonatal period: note microcephaly, receding forehead, prominent nose with bulbous nasal tip

and micrognathia with protruding upper lip.
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2B. At two years of age; note a significant change in gestalt appearance comparing with the

neonatal age.
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2C. At 7 years of age: note microcephaly, epicanthic folds, eyelid ptosis, a small nose with

anteverted nares, a small chin, and a long philtrum.
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Figure 3

Patient 2: hematological features: mp: macroplatelets; aca: acanthocytes; sch: schistocytes; vm:

vacuolated monocytes (detail) (May-Grunwald Giemsa).
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Figure 4

Details from a skeletal survey performed in patient 2 at 11 months of age, and comparison with an
unrelated patient affected by Smith-Lemli-Opitz syndrome.

4A. Patient 2: detail of spine radiograph, showing the sagittal clefting of the eight thoracic vertebra,

“butterfly” shaped (white arrow).
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4B. Patient 2: detail of feet showing bilateral postaxial polydactyly characterized on the left side by
an ossified proximal phalanx and abnormal widening of the 5" metatarsal representing an attempt at

duplication, and, on the right side, abnormally wide fifth metatarsal, with no phalangeal

ossification.

64



4C. Unrelated SLOS patient: detail of feet. The left foot shows soft tissue syndactyly and
interdigital polydactyly, with a small extra proximal phalanx in the third and forth web space. In the

right foot there is postaxial polydactyly with fusion at the base of the fifth and sixth metatarsals.
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Figure 5
Electron microscopy examination.

5A. Skin fibroblasts from patient 2, at baseline, 16000X. Note the lamellar inclusions (white

arrows).
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5B. Skin fibroblasts from patient 2, after 7 days of culture in delipidated medium, 40000X. The

lamellar vacuoles appear to be progressively degradated within the lysosomes (white arrows).
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SC. Skin fibroblasts from an unrelated Smith-Lemli-Opitz patient at baseline, 13000X, showing

almost indistinguishable lamellar inclusion bodies (white arrows).
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5D. Skin fibroblasts from a control, after 7 days of culture in delipidated medium, 12000X, showing

no sign of storage.
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Inbomn defects of cholesterol hissymthesis are o
group of metabolic disorders presenting with
menatal retardation and mualtiple  congenital
anomalies (MCAMHR syndromes). Funelional and
stroctural liver involvement has been reported as
a rare (LG6-6%) complication of the Smdth-Lemli-
Opite syndrome (SLOE) (OMIM: #270400) and it
has wot been fully characterized. Hore, we report
on n long-term followeup study of four patients
with BLOS, amd one case with Jathosterolosis
(OMIM: #607330) who presented with liver disemase
and underwent an extensive dingnostic workap.
Reports of liver involvement in cholesterol bio-
mynthesis defects aro reviewed. Two main differ-
ent patterns of liver invelvement emerged:
ymmmh'u cholestrsis, and stable isolated hyper:
transaminasemia, In oor aﬁ.—im. the first pattern
wins found in fwo patients with SL0S and one with
lathosterolosis, and the second in two SLOE cases.
Cholestasis was associated with early lethality
and normal serum y-glatamyl-transferase (GGT)
levels in LS, while possible p survival
and high GOT levels were seen in lathosterolosls.
Hepatic fibrosis wias present in both conditions.
MMﬂmmrﬁm‘m&d in one of our SLOS
patients with iscolated hypertr

showred only mild hydropic degeneration of T.'hn
hepatocyles. The presence of liver invelvement in
16% of the SLOS patients diagnoesed at our Conter
this somplication might have beean

s

and isolated hypertransaminasemia can occur
also inother disorders of cholesterol biosynthesis,
such as mevalonic sclduris (OMIM: 251170},
desmosterolosis  (OMIM:  #602198), Conradi-
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Hiinermann symdrome (OMIM: 23020600, Green-
berg dysplasia (OMIM: #215140), and Pelger-Huét
homorygosity syndreome (#168400). This groop of
mherited disorders should be considered in the
differentinl diagnosis of patients presenting with
Trwer disease associated with developmental delay
and'or multiple malformations. Periodic liver
function evahaations are recommended in these

patients.  © 2004 Wiksy-Liss, Ine.
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INTRODUCTION

Inbarn deficts of choleatorsl biosynthests are o group of
metabolic disoprders presenting variably with mental retarda-
thom, maltiple congenital anomalies, and ahnormal bone calei-
fication, ie, as MCAME smdromes [Kelley and Herman,
0], The Smith-Lemli-Opitz gyndrome {SLOE) (OMIM:
2704001, due to T-dehypdrochalestere] reductase (DHERT) de-
fieiemey, 18 the most frequent amd bast characterized condition
in this group of di with an incid af approximately
1 in 40,000 liveborn infants. In this condition developmantal
ahnormalithes may affect virtoally all organs and gystems, in
Tliﬁim'tnm with a svere impact on progmosis and quality
ol Liffe.

Lathosterolosis (0MIM: #607330, doa to the deficiency of 3-
[-hydrocysternid-A" desaturase (S0500, the enzyme involved
in the metabalic step immediately upstream of DHCRT, was
recently dentified by our group [Bronettl-Pleed of al., 2002],
and is also @ MOAME syndrome. Only a single living patient
affected by this diserder is known; a second malbe patient was
dimgnosed post-mortem [Fornes et al., 1900; Krakowink ot ol.,
g

Functional and structural bver imrolvement is o known
manifestation of BLOSE [Kelley and Hennelam, H000] although
it has not been fully charneterized. 1t is possible that variahle
liver invobrement may be overshadowed by the severity of
malfisrmations in SLOE and, posaibly, sther related disorders.
The wim of this study is to better characterize liver invobrment
in defects of choleatersl biogynthesis, Heve, wi report on a long-
torm fallvw-up of foar SLOS patients and the living patient
with lathosterobosis, all pressnting with signa of liver disease.
We also reviewed the liberpture nhout liver iovalvement in
dafects of cholosterol hicgynthesia, The presence of hepatic
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invalvement in different defocts of this pathway suggests a Tole
of chodesterol metabolism in e pathogeneais of liver diseases.

PATIENTS

Fiva pﬂmnm with defects of cholestoral biccymthesis
presented with abnormal liver function. Among 24 SLOS
patients disgmaosed in the Dy of Pesdiatrics, Federieo 11
University, Maples, Italy in the Last 10 years, clinieally overt or
sub-climical liver disense ware obssrved in 4, In all patients the
diagnoais of BLOEB was suspected on the bases of the association
o typical facipl features, limb anomalies including 2-3 foe
ayndactyly, and multiple malformations, and it was confirmed
L Em; l:hrmwm'nph:r;:;nw spwtr'%'r?:gry phm u.tm'a}
pra showing increased amoumts of T-dehydrochslestor
[T.d:E"I&.L Muolerulnr analbysis of the DHCRT gene wos per.
formed only in patient 4, whe was a genetic compound for the
RAGEIW and IVSE-10G > O mutations [patient B in De Brosi
ot al., 1594], A clinical severity seore was assessed by previoas
standnrds | Kelley and Hennekam, 2000; Witsch-Baumgartner
et al,, B000].

The paticnt with |nthosterndosis (case 5) was identified by
gns chromatograpkhy —mass spectrometry plasms and fibro-
blast sterol profiling, showing inereased amounts of lathoaterol
ITahle LA, The dingnosiz of lathesteralosis was confirmexd by
BCAD assay in fibroblasts ealtunsd in cholesdarol -fres mediom,
and by matational analysis of the SCID gene [Bronetti-Fierri
of al., 2002].

Pationts were followed cither at the Department of Pedia-
trics, Federioo I University of Naples, ar in collaboration with
loenl hospitels with periodic dinical assessment, routine blood
te=ts incloding liver funetion tests, lver ultrasound and
biopsy when spproprinte, with Enlln‘w-up periods ranging from
2.5 months to B years (Table IB)

MNoneof the patients wns ohese at the time of presentation of
Hver involwement. In none of them druge, poesibly cansing
hepatotoieity, were used. All SLOS patients had bow plasma
cholestorol levels. Coses 1 and 4 were supplemented with oral
chideaterol (B5—300 mgkg'day of pure cholesterol added to a
normal diet for age:.

Liver function tests, imaging and histalogieal findings are
summarized in Table IB,

Case 1

This girl with SLOS, presented at birth with malformations
(Table LA and necmatal jaandice, treated with phototherapy,
Resmlts of maternal sereening teals for infectious discases,
including hepatitis B, were negative. At 2 woeks, aspartate
wming Eranslerass GAOST and alanine aminoe Dransferass: (ALTH
wara normal (40 and 13 U/L, respactively . Persistent jaondice
atud pale stools wers reported during the first months and, at

that time, exnmination showed n hord enlarged
liver, mild splemomagaly, and undernourishment. Sinee the
nge af 2 manths, hlnod chemistry tests showed raised levels of

AST ranging from 318 to 1,007 UL, ALT (147621 UL, total
wnd conjugnted bilimbin (9080-8.70 mgdl; 4.70-7.57 mg'
dl, reepectivelyl, alkaline (alP (1,162 ULy,
wheseas p-glutamyl-tranalerase (GGT) was normal (12 U/L)
(Table I&1. Alpha-fetaprobein was gronthy eborabed (2 100,000 ng'
ml; normal range: <10k Raised white cell count (21,20d0-
A2 B0 neutrophils: 10,220 19 980603, platelets (470,000
1,002 000l and markers of inflammation were also detected,
a5 wall ns mild transient anemia at the age of 4 months
(hemoglobin lowest level 8.6 gidll. Sertal blood culbures, sere-
bngy fir toxoplasma, rubelln, oytomegelovines, herpes simplex,
urinary cytomegalovirus, a:-l.-a.'l'ltl‘[j"pﬂi:l‘t immumoglobaling,
bymphocyte subtyping,

negative or normal. Creatine kinese (CK) was normal, maling
vl muscle-derived hypertransaminasemia,

Ultrasonography of liver showed an enlarged bright lover
with no other anomalies. Laparatomy showed a cirrhaotic liver
and intraoperative cholangiography demamstrated o normal
hiliary tract.

Histologie studies showed o distorted hepatic architecture
with marked portal, periportal and pericellular fibrosis,
bridging and nodular features, ductalar proliferation, diffuse
giant call transformation, hilinry pigment within hepatocytes,
canaliculi and Hupller cells, and hemosiderin granales in
KupfFer calls (Fig, 10,

U rsdeneycholie acid supplementation (30 mgke'day), high
cholestaral diet (BS mgkgday) and wide-spectrum antibiotic
therapy were abarbed wf the age of 2 months Despite lowering
of total amd direct bilimahin (3.9 mgdl; 2.6 mgdl, respectively],
and amine transferases sorom levels (AST: 185 U/L; ALT
111 LYL) (Table IE), in the following weeks the patient's
general conditions worsened progressively and she eventually
died in anather hospital at age 5 months.

Cnse 2

This girl with SLOE, was born at 36 weaks of gostation,
Asphyxia and multiple severs malformations were noted
(Table LA), ms well ns neonotal jaundice since the 2nd day of
lifie dtaotal bilirabin: 14.% metdl in the 3rd dey of Lifel, treated
with phototherapy. In the following weeks, results of lover
funetion teets were found to be abnormal (ST 136417 UL,
ALT: 198-39T7 U/L; total hilirubin: 7.98-8.58 mgidl; conju-
Emed bilirubin: 2.6- 3.6 mg'dl;, ALP: 449-1300 U/L), except

GT bevela é“ YLy i Table IB). Transient thrombosytopenta
(22 00mm ™1 and anemin hemaglobin 6.8 g'dl) were noted. A
sepais was diagnosed and treated with antibioties. An abde-
minal ultrasnnd sean was normal at 11 days of Lifie,

Drrring the following month, a hard and edlarged lver was
nated an chinical examination and abnormalities of Tiver
Tumetion tests persisbed Blood cultures, stapdard
were negative or normal. Due to persistent vomiting nnd
feeding difficultios, parenteral matrition wes veeded intermit-
tently. Mo further mvestigntions on liver involrement wers
pmhm&dm.dmmthwmcﬂnicﬂwndtmwthe
patients, parents refused liver binpsy and a regular followap.
The patient died at age 2.5 months.

Case 3

This girl with SLOS, presented with eongenital anomalies
including severe heart malformations (atricventricular canal,
palent duclus arteriosus, hypoplastic pulmonary troncws)
(Tahbe L. Meonatally amino tronsferases bevals wore normal
for age (AST- 30 U/L; ALT- 76 U/L). From the age of 1.5 months,
o persistent incrense of AST (B8 180 L/L) ALT10B 880
wia oted (Tahle 1B Dae to heart malfirmation and general-
ized seizures she wos treated with dipyridamale and nalbti-
drug anticomvalsant therapy (phenobarkital, clonazepam,
Ethum:mi&e?.ﬂimfhe beginning of this therapeutic regimen

tincrease of GOT and ALF was noted (35— 178 and 418—

IL, reapectively ) with normal todal bilirobin Jevels (003—
I:I 4 mig(dlk Thess ahnormalities were comsidered the result of
the anticonvubsant therapy.

Sinea the age of 3 yenrs liver ultrasonography showed
hepatomegaly. Bereening tests for commaon infeetions dissases,
including hepatitis A, B, and C, Epstain-Barr virus, tomplas-
mi, rubella virus, and cytomegalovirus, were negative. Boreen-
ing tests for inborn metabolic disorders woere also negative,
].rwer higtelogy was normal, apart from elight hydrepic

thyroid function tests, cho
analysis, and sereenings for commson metabaolic disorders were

atinn of sume hepatocytes (Fig. 2). The patient died ot
a.paﬁymaolhmﬂhﬂum
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Fig. LprEImI _ Gorgi vl liver biopsy. &: Ponial. periporial sod periceliular Shrosis widk porieepertal hridgimg 0CAB, = 105 B: Giand oelle. porial broct wish

tustulsr 1CAR, w2000,

Case 4

This bey with SLOS, presented with multiple anomalies and
developmental delay (Tahle LA Mildly increasad serum aming
tranaferasss hevels were noted sinoe the age of 5 years, on
fllow-up lehoratory evaluation (AST: 35-91 LIL; ALT: f4-
158 /L) On exnminatbon liver size was normal,
Berum markers of cholestosis were within the normal range
(Tahla [}, Teste for comneen Giuses EEIEN
inclwding serobogic tests for infectious disenses | msma,
cytomegalovirus, Epstein—Barr viros, hepatitis A, B, and ),
sereening tests for celine disease, serum copper and o

Lagmin, -1 , antil-nueleus, anti- micTo-
e b S e T
hmmhmuna were negative. Sinee the af T years,
abdominal umamundmaa}mmﬂnﬂdua:ﬁh:ﬂm'ﬂu
normal (45 UL and ALT was only slightly elevated (88 LUL).
The patient was on a very high cholesterol supplementation
(up to B0 mgkg'day}

Fig. 2. Case 3 Nosdle liver biopey. Hepatic tisess withoat any ovident
|eaione, apast from slight hydropie degeneroiin of mme hepsioosies (HEE,

i

Case 5

This patient with lathasternlosis pmnhd with multiple
congenital anomalies including minor factal apomalbes, lmb
Ewelum‘:fltaldalay Tnb]hd[mﬁ.} [Brunetti- Pim:'j a]miﬂ?;]d

1 -} al
Maternal serolagy, przgnlnqr, ruled out

um?anj cytomegal toxoplasmma, leepatitis B
and C, HIV, nnd syphilis. Neonatal jeun Ko

dice was trenbed with
 Abmaormal liver function was firet decumented
at 12 months on a follow-up laboratory eveluation, showing
raised bevelsof amino transferases (AST: 262 U/L ALT: 188 L/
Ly, ALP 41,781 WL, GOT {558 U/L), and tofal hile acids
(52 pmol/L; normal range <16 pmal/LE; at that time elotting
test linternational normalized ratbo, INE) was normal (1.13;
marmal range: §.84— 1,206 (Table 1B, Total and direct bilirukin
levels were normal (097 and =03 mgdl, respectivelyt
(Tahle I3 as well as cholesteral Tevels (Takle 1AL
Results of sereening teata for hepatitis B and ©, Epatein-
Barr viras, and Adenerirus were negative, Cyomegnlovinas
infection, initially haged on a v UTinary yvto-
muegalovinos nt the age of 8 mon wis not confirmed
PCR analysis (performed af the of 13 montha and
Eh:tq)c:hwhrm o neonxtal Gutl:ri:a‘;:dl, negative plosma
eytomregalvinie antigen and ifie: . Total immumoglo-
hﬁmnndhmﬂnqhﬂbqﬁcgnﬁmnmﬂ,uwdl n=
screening for other pessible causes of chronic liver disenss
inehuding cyatic fbroeds, coliae disease, and common metabolic
disorders. An ahdominal ultrassund scan showed normal livar
aize and structun: and a bilobed gallbladder with regular walls
and no gallstones,
A liver nesdls biopay, performed at the age of 14 months,

showed hile stasis, severe portal fibrosis, proliferation of hile
duetz, which were irregnalar and abmor dizsplaced aroand
hlood vessels resembling o ductal plate tinn; granu-

was naoted in the parenchymn T Periportal

Tead diffuee expression of hili CKT.

Mo viral inclusions or gs suggestive intracellolar lipid
storage were noted,

Thernpy with ursodenxychalic acid (20 mgkgiday) wos
m.mtlutuwmuﬂbmmﬂn Nevertheless, in the following
years, chilestasks and Liver function worsened progressively; at
thaz age: of 5 years ART levels were 400 LI/L, ALT 157 1L, ALP
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Fig. 3 Casi 5. Newdke lvor bopsy. A: Theeo portal traets with severe heosis (CAR, <300k B: Portal Bbrosls with decvalor proliforatkn and mied

infammatory imflirme R <3000

2704 U/L, GGT 917 U/L; total and dirsct bilirobin were 1160
and 1040 mg'd], respectively; tatal bile acids ware =200 pmal!
L; INE was 1.71; at that time plasma cholesterol and
lathosterol Jevels {analyzed by gns chromatography—mass
spetrometry) were 250 and 25 mgidl, respectively (Table IB).

DISCUSSION

Wi report a long-term follew-up of five unrelated pationts
with BL0OS and lathosterolosis, two different defects of
cholesterol hiosynthesis, These metaholie disorders are char-
acterized hy disturbed morphogenesis affecting central ner-
vous aystem, limbe, genitalia, and virtually all internal organs
Liver disease has beet roported infreqgaently. Mevertheloss,
the severity of malformations may overshadow a liver invohre-
ment, A review showed that in a few studies of BLOE patients
[Bialer et al., 1987; Curry ot al, 1967, Pierquin ef al., 1995
Cunnill et al ., 1897, Ness ot al |, 1897, Nwokoro and Mulvihill,
1957; Ryan et al., 1998; Herman, 2003 (Tahle I in which liver
dipease was roported, the ney of this manifestation

appeared low, with estimates of 2.6% [Conniff et al., 1997], 5%
lI-la‘rmm. M‘.‘IEL amd 6% [Ryan et al., 1994] Nwaﬂhﬂe-a-a;
MNwnkoro and Mubrihill [1957] r\epu'rtud n higher frequency,
with thres patients out of gix examined Bhu-wmg mild amd
transient hypertranseminnsemin. Liver histologicn] nhnorm-
alities wore documented in a mr'.]}‘n;ﬁndm with normal liver
funetion [Plerquin et al., 1995] ¢ I1A} In our study we
found 4 SLOS patients with abnormal Tiver funetion tests
amang 24 SLOE cases diagnoaed at our Center; the frequency
af liver inyolvement in our SLOS population appeared thera-
T bo be approximately 16%.

We also found liver disease in a patient with lathosterolosiz.
Lathesterolosiz 18 a rare disorder that wag identified recently
[Branetti-Pierri ot ol, 2002, To dote, only @ second male
pationt has been roportod [Parmes ot al., 1990; Krakowiak et al.,
2003] and, therefiore, it isnot passible to estimate the frequency
of liver invelvement in thie condition. Anyway, this

with & more severe phenotype ns comp,
5, did show signe suggesting cholestatic liver diseass, in
addition to multiple facial, g:nll‘.ll andd limb mullurnu]'.um.l,
catarnet, severe neurclogicnl signs and early daeath, Liver
histalogy showed fibrosis in portal and periportal areas, and
large inchasions of lipids and mucopolysaecharides [Parnes
el al., 1000; Krakowlak et al.. 2003). Intereastingly, lathoster-

to oome

obosis mice have enlarged bver and multiples malformations
[Krakowialk et al., 2000].

The degres of hepatic invelvement in our patients was
variable, ranging from sovere cholestasis (eases 1 and 2,
atmuh.l.lnil‘t-r B of the BLOB patients, and case 5 with

sisl, to n mild/moderate increase of serum amino
transferases (casoes & and 4; 8% of the BLOS patients), Severs
progressive cholestosis wos striking and commen in both BLOS
and lathosterologia and, among SLOS patients, seemed more
Frequently associnted with severe phenotypes, as defined by a
validated severity soore [Eelloy and Hennokam, 2000; Witach-
Buumgnriner et al., 2000}, while isolated hypertransaminase-
mip was assncinted with milder phanotypes

GOT serum bevels were normal in our twe SLOS cases with
wivere cholestatic liver disense and increnased in the lathoster-
obosis patbent; thess findings might be an interesting cue to
differential dingnosis hetwesn these disorders, which show a
significant clinjeal wverkap,

Adthough progressive cholestasis has boen owmomllr
reparbed as o posathle severs, er—thmm!nf]
SLOS, to the best of our knowledge, o ful h:puh:hulbu
logieal description has been published to date in only one
binchemically confirmed SLOS cose [Ness ef al., 1997). In
aur patients, histologic & 6howeed fibrosis in hoth SLOS
and Inthesterolasis with lestasis, fitting with previous
obsarvations [Parnes of al., 1990; Ness et al., 1997]; it involved
both portal spacess and the parenchyma in the former
condition, and particularly poréal tracts in the Iattar, On the
ather hand, this is the first deseription of a liver biopsy in a
patient with SLOS and iselated hypertransaminasemia,
showing mild hydrogie degeneration of the hepatocytes with-
aut fikrosis.

Common causea of liver disease or {solated hypertcansami-
nazemin were mabad out in our patients, hased on their
hinchemibeal and immunologieal profile, Purtbm]ar];r 1n1:na.tiant
% cholestasis associated with nsphyxia end parenteral ootri-
tiom was excluded a= theee forms are wsually characterized by
raised GGT serum bevels [Wajro et al., 1087; Forchizlli and
‘Walker, 20043]. and we found normal GOT in case 2.

Twao patients with SLOE were on oral cholesterol sapple-
mentation; although we noticed a docrease of liver enzymes
sarum levels after the start of therapy especially in case 1,
wvarall this therapeutic regimen did not improve significantly
this patient’s proghoais
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A variahle functional invalvement of the liver was found in
other diserders of cholestero] biogynthesis, It b very well
known that isolated hypertransaminasemin ond hepatome-

galy mwtutthaphenmmulmﬂa]mﬂcmg (OBIM:
+2511701, due to meval , together with
munan.tl'm.wplmmwphr mdg'mimenumlmp‘tma
[Hoffmann et nl., 198]. Bevere progressive cholestesis has
hewn reported as well [Hinson et al, 1938] (Table AL
Hepatomegaly or Liver dysfunction with post-natal or even
pre-natal onset was reported in desmosterolosis (OBIIM:
BEIZE08) due to Zd-dehydrocholesters] reductase deficlency,
Comiendi - Hanermamn gymedrame (ORMIM: #2020600 due to J-{-

rold-AR AT-Bomerase deficiency, Greenberg dya-
plosia (OMIM: #2151400 and the Pelger—Hodt homozymeity
sytidroene (F1ERMO0 bath af them dae temiotations in the lamin
Breceptor gene (Table ILA B [Fitzpatrick et al., 1996, Clayton,
200d; Doesterwijk ot al

The pathogenesis af Liver du.mu.ge in SLOS nnd lathoster.
olosis is unebesr. In SLOS, insufficiont cholesteral availability
for cell membranes mxy cause cellular dysfunction and mults-
argan failare inchiding liver diseaso, Alternatively, very poung

affected S.L.&i children may produce and secrete
inadequate quantities of normal bile acdes, resalting in severs
cholestasis nnd reduced intestinal chobesters] nhsorptinn.

The differential dingmosis of cholestasis with normal GOT and
ghant cells an histobogienl Lver ecamination, incdudes the ARC
symdrome ((IM: #B080EE due to mutations of the VPSEIE
gene, defects of bile adds transport, swch as progressive familial
intra-hepatic chadestasis (PFICT 1 and 2 due fo natations of the
ATPEE] and ABCEIT genes, respectively (0MIM: #211600 and
WE01847, mq)cchwdjb, and & few conditions charncterized by
abmermal bile acids metabolisn soch a8 primary defects of bila
nrids hicenthesis (PFIC 4, doe to 3-f-hydrooeA-5.02 Tsberoid
oxidoreductase deficlency, OMIM: #E0TTES) and
defiects of perxisomnd hiogenesis [Bove ot al, 2000; Eerink,
20058 Cis=on of al, 2004], Our casea 1 and & doring follow-up
developed high levels af total serum bile neids, likely secondary to
hile stasis (Table I8 It might heinteresting toemphasize thet an
abnarmal hile acid b s and metabolim has been
demonstrated in a rat model of severe SLOS [Honda et al.,
1608], and ahmormal bile acid species have boen demonsdrabed in
BLOE patients [Natowiez and Evans, 1994; Bteiner ot al., 2000]. 1t
has been hypothesized in the past that these metabolites, even in
small eoncentrations, may contribade to liver dysfundion in
BL0E patients [Honda et al., 1098%].

Ower time, the patient with lathosterolosis developed high
lewels of serum cholesterol, s reported in other congenital
cholestasis conditions with high GGT levels, such as PFIC3
(OMIM: 26023471, due te ABCE4 mutations, and Alagille
syndrome (OMIM: #11E4500, due o Jagwed 1 muotations
[Elferink, 2003], It might he interesting to emphasize some
clinical similarities between our patient with Lathosteroloais
and Alagrlle syndrome, i, chelestatic liver disease and s
“butterfly” vertebra. Moreover, although bile duct pavcity i
the typical histological picture found in Alagille syndroma,
duet proliferation has besn reported as well [Deutsch ef al.,
2001], Finally, the Sonic Hedgehog (SHH) protein miml
transduction pathway, which s impaired in cholesterol
hinsynthesis defects [Kelley and Herman, 2001], is linked fo
the MOTCHMagzed signaling pathway [Frizal, 1998, Lope:
et al, 2003]. These ohservations suggest a possible pathogenic
link for Heer involvement in these conditions, Henes, further
studies are to elarify the pathogenic mechanisms of
liwer direases in cholesterol bicsynthesia dofects,
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Sammary; Smith-Lemli-Opitz syndrome (SLOS) is an inborn error of
cholesterol brosynthesis characterized by developmental delay and multiple
malformations. Some of the patients have skin photosensitivity and therefore
tend to avoid direct exposure to sunlight. SLOS patents typacally have low con-
centrations of cholesterol and abnormally high concentrations of it precursoer
T-dehydrocholesterol (7-DHC) in biological Auids and tissues, 7-DHC is also
4 precursor in the cutaneous synthesis of vitamin 0. Sunlight exposure plays
a major role in this pathway and reactions transfoming 7-DDHC into vitamin
D and then intoe 23-hydrosyvitamin D are known not Lo be specifically regulated,
The aim of this study was 1o evaluate vitamin D status in SLOS patients. We
measured 25-hydroxyvitamin I and 1 25-dihydroxyvitamin D serum concen-
trations and markers of calcium metabolism in five SLOS patients. Despite
abnormally high concentrations of 7-DHC, circulating concentrations of vit-
amin I metabolites were not significantly different from appropriate controls
matched for sex, age and season of blood collection. The analysis of historical
serurm samples stored in our laboratory from the same cases plus 10 other SLOS
patients further supported these findimgs. Our data suggest that SLOS patients
have a peouliar vitamin D metabolism that protects them from vitamin D
intoxication. This appears to be due in most cases (o decreased transformation
of 7-DHC inte 25-hydroxyvitamin D, perhaps depending on reduced sunlight
exposure as & consequence of photosensitivity. Possible alternative mechanisms
are discussed.
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Smith-Lemli-Opitz syndrome (SLOS) iMcKusick 2704000 was first described as a
syndrome of multiple congenital anomabes/ mental retardation (MCA MR ) charae-
terized by developmental delay, craniofacial and limb anomalies. incomplete devel-
optaent of male genitalia and possible association with internal malformations
(Stnith et al 1964). Some of the patients have skin photosensitivity {Anstey 2000}
and therefore tend 1o avoid direct exposure 1o sunlight. In 1993, Trons and col-
leagues demonsteated that SLOS is due to the deficiency of T-dehydrocholestersl
reductase (T-DHCR) {McKusick 802858, the enzyme that catalvses the lasi steps
of cholesiero] biosynihesis. In 1998, the T-DHCR gene was cloned (Moebius
ci al 1998; Wassil o1 al 1998; Waterham et al 1998} and to daiec more than 90
mutations have been described in SLOS paticnts (Jira et al 2003). The frequency
of the syndrome has been estimated as ranging between 1OIO000 and 1760 000
(Nwokoro et al 2001). Owing to the biochemical defect, SLOS patients have
abnormally high concentrations of T-dehydrocholesteral {7-DHC) in the biological
Auids and tissues, vswally associated with low levels of cholesterol (Mwokoro et al
2001}.

T-DHC is also a precursor of vitamin D, Although normal valoes of
nenhvdroxyvlated vitamin I have occasionally been reported in SLOS paticnis
{Nwokore and Mulvihill 19971, 1o the best of our knewledge no studies have been
performed to date evaluating vitamin I status in this condition.

Note: Some preliminary results of the present study were presented in 1997 at the
Annual Symposium of the Society for the Study of Inborn Errors of Metabaolism
(patients 1, 2, 3, 13 and 14 are respectively patients 5. 1, 2, 4 and 2 of Guzzetia
et al 1997}

SUBJECTS AND METHODS

Patients:  Westudicd 3 SLOS paticnts (paticnts | to 5; age 0.7-18 years, median 6.7
years) to assess circulating serum concentrations of 25-hydroxyvitamin D and
I.25-dihydroxyvitumin 1 and markers of calcium metabolism including serum
calcium, phosphate, creatinine, alkaline phosphataze, albumin and parathyroid
hormone (PTH) together with urinary excretion of caleium and phosphate. Patients
I 1o 5§ were on a high<holesterol diet (50-100mg/ kg per day of pure cholesterol
added o a normal diet for age) amd have been followed by our department in col-
laboration with local hospitals for 1-10 years, Periodic clinical assessment and rou-
ting blood tests have never shown significant anomalies in calcium metaholism
in any af the patients bul one. In the first vear of life, patient | was reported 10
have reduced bone detsity on skeletal radiography, associated with high serum kevels
of alkaline phosphatase (TO2-830mLI ml), serum calcium at the lower limit
(8.3-8Tmg/dl), and normal serum phosphate (4.9-53.9mg/dl), wrinary calcium
{044 mg kg per day) and tubular phosphate reabgorption (TPR ) {E8%:). At that time
sghe was treated with a single dosc of 30000010 of vitamin [, followed by
imtermittent supplementation with 400 IU daily. DEXA scan of the lumbar spine
performed at 18 vears of age showed & normal bone density {BMD 1.033 g/cm;
z-geore +0.17; T-score —0.12).

& Irberil, Metab, s 28 (2005)
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In the & weeks preceding the present study, all patients but one were not on vitamin
D or other medications that might have affected circulating concentrations of
vitamin [} metabolites {as sterowds, antwonvulsants, bile acids or statins); only
patient 4 was on vitatnin [ (300 TUV dayh and ursodeosycholic acid (dmgkg per
day) when his Mood sample was collected.

Patiett | had marked photosensitivity so that she needed to limit sunlight
exposure; patients I and 3 showed a mild photosensitivity, patients 4 and 5 did
net have skin problems. Mean exposure to sunlight was <1, |, 3, <1 and 2 hours
per day for paiients 1, 2, 3, 4 and 5, respectively, All patienis | 10 5 came from
southern Naly and blood samples were collected in the period from May to July
from all patients except case 4, whose sample was collected in Movember; no patienis
were reported to use sunsereens. No patienis had either liver or kidney problems that
could possibly affect vitamin I hydroxylation or clinical or biochemical fndings
suggestive of generalized intestinal malabsorpiion,

We also measured vitamin I metabolite concentrations in historical samples pre-

viously collected for 7-DHC analysis and stored 1n our laboratory from patienis
L. 2 3and 5 and from 10 additional SLOS paiicnis (paticnis & to 15, ages ranging
from 0 1o 14 vears, median 2 years). Although detailed clinical data were not avail-
abkle for them, no anomalies of calcium metabolism had ever been reported in their
medical history.
Contreds: Binee 25-hydroxyvitamin I circulating concentrations vary depending
on the season, and 1,25-dibydroxyvitamin I} concentrations vary at different ages
{Berielloni et al 1993; Saggese et al 1986), we compared patienis’ circulating con-
centrutions of vitamin D metabolites with these of 14 normal controls matched
for sex, age and season of bleod collection.

Methods:  Immediately alter blood collection, serum was separated, protecied {rom
light and stored at —20°C until assayed as previously described (Lissmer ot al 1981
Sagpese ot al 1986). SLOS was confirmed in all cases by demonstration of abnormally
high serum levels of 7-DHC by gas chromatography—mass spectrometry analysis
performed as previously reported (Corso et al 2002; Guzzetta et al 1996), 7-DHC
analyzs was performed in all specimens, either new or historical, within one week
from blood collkection.

Serum 25-hydroxyvitamin D and 1.23-dihydroxyvitamin D concentritions were
detected by radioreceptor asay, as previously described (Bertellom et al 1993,
Saggese et al 1985). Our X5-hyvdroxyvitamin D normal reference values were
45,7 % 12.60g/ ml (winter, 41,6 & 3.3 ng/ml; summer, 535.4 £ 6.8 ng/mi); normal ref-
eretice values for 1,25-dixvdroxyvitamin D were: <20 days of lifi, 19.8 & 3 pg/mi;
20 davs 10 23 months, 86,54 Edpgiml; 2 vears to 10.7 vears, 38.3 7.2 pg/ml;
=] 1years, 74647 1 pg/ml (Bertelloni et al 1993 Saggese et al 1933, 1986). For
all measurements, inter-assay variability was less than 9% and intra-aseay variability
was less than ™%, Historical serum samples, initially collected for 7-IDHC analysis,
were stored protected from light, frozen at —20°C, until vitamin I metabolites were
assayved {storage time 3.24£0.75 years; range 1-7 vears). Concerning vitamin [
metabolite stability, in our laboratory we observed a loss of =53%/year of

& inkeril. Metab, INe 28 {2005)
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25-hydroayvitamin D and 125-dibydroxyvtamin D concentrations in serum
samples stored as deseribed, when assayed wvearly over 4 years (data not shown).

Serum intact PTH levels were determined mmmediately alter Blood collection by
immutochemiluminescent assay for the biologically intact sequence of the hormone
(PTH Intact, Diagnostic Products Corporation, Los Angeles, CA, USA). Serum
levels of caleium, phosphate, creatinine, albumin, and alkaline phosphatase, as well
as wrinary excretion of calcium, phosphate and creatinine were measured by stan-
dard laboratory methods on samples collected at the same time as those for vitamin
¥ metabolites, TPR was caleulated vsing the formula {[1 — (urine phosphorus =
serum creatining)/(serum  phosphorus « urine creatinine)] = 100}, A renal
ultrasound was performed in all cases | to 5. We used the Student -test and lingar
regression analysis for statistical analysis. Resulis are expressed asmean + standard
crror of mean (siatistical significance: p= (LO5).

RESULTS

e resulis are summarized in Figure | and Table 1. In cases | 1o 5, vilamin D
metabalite concentrations were nat significantly different from those in appropri-
ately matched controls, in spite of abnormally high concentrations of 7-DHC
(41,2 £9.2mg/dl; normal values;, =0.27) (Figure 1A B), Serum concentrations of
25-hydroxyvitamin D were 45 8 £9.6ng/ /'ml in cases and 544+ 3. 7Tng/ml in con-
trols (not significant, WS). Circulating concentrations of 1,25-dihydroxyvitamin
D were 558+ 11.9pe/ml in cases and 37.4 £ 7. Epa/ml in matched controls (MS).
HRatios between 25-hydroxyvitamin [ and 1,25-dihydroxyvitamin D concentrations
{expressed as pgiml) were 10194+ 272.2 in cases and 1035.6+ 182.2 in matched
controls (M5). In particular, serum 25-hydroxyvitamin I concentrations were
reduced in patient 1 and within the normal range in patients 2 o 4; case 5 had slightly
imcreased concentrations of 25-hydroxyvitamin D on only one occasion (Figure 1A).
Blood 1.25-dihydroxyvitamin D was reduced 1n patient 1, normal in paticnts 4 and 5
and increased in patients 2 and 3, compared with normal values for age (Figure 1B).

Murkers of calcium metabolism were not diagnostic of a specific disturbance
(Table 1), A shght increase in serum alkaline phosphatase (ALP) was noted,
Circulating FTH was assaved 10 4 out of 5 cases: condentrations were i the high
normal ranges in patient 3, in the normal moge in patients 1 and 5, and redvced
in patient 4 (Tahble 13, Patient 3 had normocaleacmic hypercalciuna with no other
anomalies {Table 1), Renal ultrasonography was normal in all cases, without evi-
dence of renal stones or nephrocalcinesis, In patients | 1o 3 we found 2 mdld linear
correlation between T-DHC and 25-hydroayvitamin D concentrations (8% =10.44)
and mo correlation between 23-hvdroxyvitamin [ and 1.25-dilydroxyvitamin [
concentrations (R m0.08),

Concerning the histerical samples, again in spite of abaormally high concen-
trations of 7-DHC (20,543 7Tmg/dl; normal values =0.27), circulating concen-
trations of vitamin [ metabolites were not significantly different from those in
the control group ( Figure 1C, D). Circulating concentrations of 25-hydroxyvitarmin
D were 48629 9ng/ml in historical samples and 46.7 4.5 ng/ml in controls

& Irberil, Metab, s 28 (2005)
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Figure 1 Circulating levels of vitamin I} metabolites in oor patients compared with normal
controds, expressed as single values and mean =+ standard error of mean (barsk (A)
25-Hydroxyvitnmin I serum concentrations (ng/mib in cases | to 5 and matched controls,
(0] 1,25-Dihydroxyvitamin [ serum concentrations (pg/ml) in cases | to § and maiched con-
trals () 25-Hydr oxyvitamin D serom concentrations (og ml) in historical samples compansd
with matched controds. (D 1,25-Dibydraryvitaman I serum concentrations (pglmi) in his-
torical sxmples compared with matched controls. Pi, patients; Os, eontrols; b, histarseal:
O, PL{hy: X, P2hy: &. P3h): &, P4 W PS5k [0, Pab: e PTh: 5§, PSh: = Pl 0, Plh:
&, P11, P12k =, P13k A, Plak: +, P15k @Cs

& inkeril. Metab, INe 28 {2005)
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Figure 1 Comntinwed

(MS) 1. 25-dihydroxyvitamin D serum concentrations were S8 E=11.5pg/ml
cases and 55.1 £5.9pe/ml in controls (NS). Ratios between 25-hydroxyvitamin [
and | 25-dibydroxyvitamin D concentrations {pg/ml) were not significant ly different
(cases 1557, 2672 1; controls 9752 £ 138.2; NS). In particular, conceming paticnts
6 1o 15, serum 25-hydeoxyvitamin D concentrations were reduced or at the lower
niortmal limit in 4/ 10 cases (6 1o 9), in the normal range in 4/ 10 cases (10 1o 13),
and higher than normal in 2/ 10 patients (14, 13) (Figare 1C). Circulating concen-
trations of 1,25-dihydroxvvitamin [ were lower than normal or at the low-mormal
limit in 3/% cases (8, 11 and 13), normal in 3/9 case (7, 10, 12) and higher than
normal in 379 patients 06, 9 and 14) (Figure 11, Although we could not correlate
T-DHC and vitamin I metabolite concentrations because we did not have encugh
clinical information to rule out with certainty vitamin D supplementation in all
cases, historical samples clearly confirmed that the majority of patients did not have

& Irberil, Metab, s 28 (2005)

85



Fitamin D status in S5O syndrome 15

160
1
A
T2 -
Ty 4
o .
L]
“n.
= .
.
Gk *
A ™
™
b I
L ]
0 g L
]
D) Fs Cs

Figure 1 Continwed

high concentrations of 25-hvdroxyvitamin [ despite abnormally high concen-
trations of T-DHC (Figure 1),

DISCUSSION

The aim of this study was to evaluate vitimin [ status i SLOS patents. Humans
can ohiain vitamin 1} either from endogenows synthesis (vitamin Dy or
cholecalciferol) or from diet (cholecaleiferol and ergocalciferol or vitamin Ds,
derived from plants and fungi). Both vitamin D; and vitamin Dy have the same
metabolistn and actions in human beings {Liberman and Marx 2001 ).

In hwmans cholecalciferal i3 mainly synthesized in the skin: during exposure 1o
sunlight, U¥E photons penetrate the epidecmiz and photolvse T-DHC (provitamin
D) to previtamin Dy once formed, previtamin Dy undergoes a thermally induced
imometization o vitamin Dy {Holick, 2003), Alternatively, this thermally labile prod-
uct can isomerize 1o bislogically inert compounds such as lumisterol and tachysterol
(Bringhurst et al 2003; Liberman and Marx 2001}, Cotaneous production of vitamin
I3 from 7-DHC is known not to be specifically regulated, depending mainly on
sunlight cxposure {Holick 2003). Circulating vitamin I3 is hydroxylated at position
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25 and le in liver and kidney, respectively, 25-Hydroxylation 15 known not to be
specifically regulated {Bringhurst et al 2003; Liberman and Marx 2001); accordingly
an excessive intake of nonhydroxylated vitamin Drecan lead to abnormally high levels
of 25-hydroxyvitarmin I and vitamin D intexication (Bringhusst et al 2003; Heird
2003y, 25-Hydroxyvitamin [} is the major circulating metabolite and is considered
the most senzitive index of vitamin [¥ statos (Bringhuerst et al 20033, 1-Hydroxylation
is ktiown 1o be strictly regulated, 1,235-dihydroxyvitamin D being the main active
metabolite (Bringhurst et al 2003; Holick 2003},

In 1987 Bonpour and colleagues sindied the effects of an inhibitor of 7-DHCR in
a rat model and demonstrated that raised concentrations of skin 7-DHC indweed
a4 significant increase in plasma  concentrations of 25-hydroayvitamin D
Furthermore, it has been demonstrated that the administration of an inhibitor
of T-DHCR is uble to reverse incfective vitamin I hiosynihesis in cats, increasing
T-DHC and 25-hydroxyvitamin D concentrations (Morris, 1998). 1t was therefore
reasonahble to hypothesize abnormally high concentrations of 25-hydroxyvitamin
D alse in SLOS patients, as a consequence of the abnormally high concentrations
of 7-DHC in biclogical Auds and tissues. Our dain demonstraie that this is
net a frequent finding in SLOS patients, even il on vitamin D supplementation
{cnse 41

A minority of cases (patients 5, 14 and 15} did show increased 25-hydroxyvitamin
¥ concentrations; it 15 worth emphasizing that vitamin D supplementation could be
surely ruled out in case 3 and 14, although we did not have detailed clinical infor-
mation about patients 15, To explain these fndings, it might be hypothesized that
an inereased amount of T-DHC forees the eutaneous synthesis of vilamin D, as
observed in the experimental rat and cat moedels {Boojour e al 1987; Morris 1998),
Mone the less, if this assumpiion is correct, the regulation of vitamin I} metabolism
should be quite helerogensous in SLOS patients.

Moge than 30% of ouwr patienis shewed reduced concemtrations of
25-hydroxyvitamin [}, which was within the normal range in more than 3r4% of cases,
These findings might be explained by a reduced exposure 1o sunlight, 1t has been
reporied that about 57% of patienis with SLOS have severe photosensitivity, so that
they emd 1o avoid sunlight exposure (Ansiey 20017, It has been demonsirated that
inaufficient sunlight exposure is associated with reduced vitamin I biosynthesis
(Haolick 2003). Our findings appear 1o fil with these observations: 3 out of 5 paticnts
(cases | o 3} had phovosensitivity, which was marked in patient 1 who had low
vitamin I metabolites concentrations. Other speculations are possible. Inter-
catingly, it has been reported that the conversion of previtamin D into vitamin
D is enhanced in the skin of poikilothermic animals and pessibly of warm-blooded
verichrates too. including humans (Holick et al 19%93). This scems to be because
the membrane phospholipid bilayer stabilizes previtamin I into a cis conformation
required for its transformation inte vitkamin I (Holick e1 al 1995). It has been dem-
onstrated that increased concentrations of 7-DHC are likely to determine an abnor-
mal formation of membrane domains (raflts) deh in sterols and sphingoelipids,
closzly interacting with phosphelipid domains (Xu et al 20010}, One might therefore
speculate that, owing w the aboermal cell membrane lipid composition, SLOS
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patients might have a limited number of vitamin [ blosynthesis-enhaneing sites,
with 2 reduced transformation rate of T-DHC inte cholecalaiferol. Other factors
affecting vitamin D metabolism might also be hypothesed, such as unknown see-
ondary metabolic pathways that piay a major role in removing exeessive amounis
of peevitatnin [ or vitamin D metabolites in SLOS patients, Finally, the possibility
of a feedback effect of the vitamin [ metabolites on sterol biosynthesis cannot
be ruled out, although it has been excluded in a mouse model {Feingold e1 al 1987),

Patienis showing high concentrations of 25-hvdroxyvitamin [¥ had low (case 15),
norrnal (case 5) or high (case 14} 1,25-dibydrosyvitamin [} concenirations; patienis
ghowing normal concentrations of 25-hydroxyvitamin I had normal {cases 4, 10
to 12) or elevated 1,25-dihydroxyvitamin I {cases 2 and 3). This lack of correlation
between 25-hydroxy- and 1.25-dihydroxyvitamin D concentrations has also been
reported in other conditions. It is interesting to note that in vitamin I intoxication
generally associated with abnormally high concentrations of 25-hydroxyvitamin
D, mildly elevaied, normal or even low concentrations of 1,25-dihydroxyvitamin
D have been described (Bringhurst et al 2003}, Although markers of caleium
metabolism in patients 1 te 5 showed mild anomalics such as slight increase of
ALP (5/5). 1solated normocalcaemic hyvpercalciuria (1/5) and different levels of
PTH (Table 1), it is worth emphasizing that none of the patients with increased
serum concenirations of 1.25-dihydroxyvitamin I had hyvpercalcaemia, not cven
those with abnormally high 25-hydroxyvitamin ¥ blood concentrations, This
fits with the observation that vitamin D intexication has never been reported in
SLOS (Jira et al 2003, Kelley and Hennekam 2000, Nwokoro et al 2001; Waterham,
2002y,

Drespite abnormally high concentrations of 7-DHC, four patients showed
25-hydroxyvitamin I} concentrations below or ai the lower limit of normal range
{cases |, 6, 7 and %), We did noi have clinical information, including possible vitamin
I supplementation, aboul patienis &, 7 and @, that would explain the high concen-
trations of |, 23-dihvdroxyvitamin I found, It is in any case interesiing to note that
either low, normal or increased serum concentrations of 1,25-dihvdroxyvitamin
I have been reponed in vitamin I3 deficiency rickets, depending on the particular
phase of the disease (Liberman and Marx, 20013,

It has been hypothesized that the relatively high incidence of SLOS in some
European ethnic groups, the relatively low percentage of patients reporied to be
barn te consanguineous parents, and the more severe cngymatic defects caused
by the most common mutations compared with the less common ones, are suggestive
of a hewerozygote advantage (Kelley and Hennekarn 2000}, An increased vitamin D
biesynihesis rate has been proposed as a possible heterozvgote advaniage, since
there is evidence suggesting that rickets was a common pacdiatric disease in ancient
times (Kelley and Hennekam 20060, We found increased vitamin D metabolites
only in a4 few patients. but normal or even low concentrations of vitamin I» metah-
olites in the majority of cases: further studies are required to evaluate vitamin Db
metabolism in SLOS carriers,

In conclusion, this is the ficst study evaluating vitamin I status in SLOS patienis,
Dur data suggest that despite abnormally high concentrations of 7-DHC, SLOS
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patents have a pecubar vitamen O metabolism protecting them from vitamm D
intoxication, A reduced transformation of 7-DHC into 25-hydroxyvitamin D s
likely, perhaps depending on reduced sunlight exposure or, possibly, ether unknown
mechanisms. A minority of patients did have abnormally high concentrations of
vitamin [ metabolites without a clinical picture of vitamin D) intoxication, Further
studies are required to explain these findings.
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Maternal apo E genotype is a modifier of the Smith-Lemli-

Opitz syndrome

, M Gruber, H G Kroft, M Rossi, P Clayton, M Giros, D Haas, R | Kelley,
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Backgraund: Smith-Lemli-Opitz syndrome (Ml 270400} is on autgsomal recessive malormation ond
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gm = 0,028} but not bstwean severity scores and pafiants’ or patarnal apo E genctypes, In lina
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'\'\"l;schkmpgmﬁ:nurﬁ thd'l-llﬂi -Opitz syndrome phenotype, whereos opo E genatypes

phenctype. The comelation of malermal ope E genatyps with disease severity persisted after

siratification for DHCRT genabype. There

warg deterrningd in 137 bischemically
parents.
betwesn patienb’ clinical severity scores and maternal ape E

wers masocinled with o severs
the 2 allele were ossocioied

was o associohion of

; Conclusions: These results suggest that the efficiency of cholasteral transpart fram the mothar fo the embryo
Aeupind o e e ekl by il s e el ki s ks of g Bl B dubism paticboahn

malformation syndrome characierised by microcephaly,

structural brain anomalies. deft palate, a characteristic
lacial appearance, syndactyly of toes @ amd 3, polvdacivly,
structural anomalies of the hean and kidney, ambigaoas
genialia imomales, falhure to thebve, aml mental rerardation
Subsequent studies revealed a wide range I the phenonypic
appearance of patients with Smith-Lemli-Oplz syndrome
[Online Memdellan Inheritance in Man, sy nchlndh, gowt
Caning' (MM 2704007}, from minimal dysmoophim aml
ikl mental inypairment 1 severs malfonnations resuling in
intranserine lethalivg.

The basic defect cansing Smi th-Lemli-Opitz symidrome is a
deficiency i the last siep of the Kandutsch-Russell pathway
al chalesterod Biosynthesis' * cansed by mutations in the
endloplaznic retiouham eneyme, AT-sterol reductase (XHCRY;
EC 131,211 7 As a resaln, the concentraton of cholesieral is
low, while the concentratons o preoursors  T-dehnadro-
cholesteral and &-dehydrocholesterol {DHC) are elevared In
blood amd rissaes of pazients. It is presently unclear hosw this
metabalic disturbance results in the dinical phenotype, bat
desnirbance of te chalesterol dependent SHH patlvay s a
likely mechanism. The clmical phenotype, especially mental
relardation, may also result from the absence of cholesteral
during synapiogenesis. It was suggested that glia-decived
cholesteral Is imporied in ape B containing lipoproseins by
the nenwmes f fnn synaplic connections” " Only a small
fraciion of the large phenoiypic variahility of the Smish-
Lembi-Opitz symdroane is explained by allelic heterageneiy at
the DHCRT locus.”

Cholesterol supply during embryogenesis is Tikely 1o be the
most important  factor  affecting  the  Smith-Lensli-Cpirz

In 1964 Sinith, Lemli and Opite' described a multiple

modulofion of embryonic development ond motfermations.

syndrome. phenotype.™ Cholesterol supply o the growing
embryr & through endogenous synthess (which is defective
in  Smith:Lemli-Opitz  syndrome) and  om  exogenous
spuroes—ihat B, transport of lipeproteins from twe mother.™
Genetic differences in e mother's as well a5 the embryo's
arerol ransport system oy terelore modify the Smith-
Lembi-Opliz synerame plenorype. Linke is presently known
about the mechanians of cholbesterol mranspor [rotn the
mther o the embrve of Berus in bumans.  However,
lipogroteins containing apolipeprotein. japa) B oand lpeoe-
protein receprars may play a role, as B evident In smudies n
knockout mice,

Apalipopratein E, whicl 5 a4 comstinient of Ipoproteins in
pasoea and body fakds, 15 one possible component of the
marernal-embryonal cholesterol ranspon system, llusirated
in fig 1. A genetic polymorphism of apo E is characterised by
theee commeon alleles 62, e3, ed, which difler by base
substinitions In two codons of the apo E gene' * resulting
in amino add replacements in positions 112 (Cys o Arg) amd
158 (Arg to Cys) of the apo E protein, Apolipoproteln E is a
lgand imveheed In the transport aml receptor mediated
uprake of Upoprotelns by varbous cefl rypes and sksswes and
@ paricipant in processes as distno as ymphacyte activa-
v, chalesterol homeostasts in maorophages, and neuronal
plasibdry,™ ™ " apo B lsofoems dilfer In thelr binding
alflniiies 10 Hpoprotetn receptors and have profound efleos
an plasma cholesterol concenirations. ' In particzlar apo B2 Is

, apelipeprokes; DHC, lltml:
BHCi? ﬁ?— mchmx, SHH. sonic homologue;
Sl melalions; 41, mulatiess kecaked in the -thyiuplu-mlwp, T,
mutations locoted in the C kerminal region of the profein; TM, mulatians
becebed in Iranwmembreng domcio

wrel jmedgenet cam
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defective n binding 10 the LDL recepior and total plasma
cholesterol ix very low in most apo B2 bomooegotes with
smne  developing type 1 hypedipoprofemaemia.  These
diverse unctions may explain the association of ape E with
several diseases, including dyslipidamnia," atherosdersiic
vascular disease,™ and Aldhelmer's disease” ™ We have
investigated whether or not apa E geme variation also
mendifies the cinical severity of Smith-Lemli-Opite syndrame.
For a control, we analysed commoon variations in the LR
gene, which has no known effect on plasma lipld levels amd
which B oo expecied eaflen the severly of the Smith-
Lembl-Opliz symdrnorme

SUBJECTS AND METHODS

Patients

The study population incuded 137 unrclaced white patients
whh Smith-Lemll-Opliz syndrome of  abmost  exchisbeely
Euwropean descent from the United Stases [58), Genmany
125), Folamd {247, the TE (13), Daly (%), and Spain (8. All
DNA samples were obtained alter informed consent. In all
patients sterols were guantified by pas chromatography aml
hass speciromenry.” Patients were Turther charsclerised by
the same scoding system with swicly defined criteria
ensure the comparability of scoring resalts, where malfemma-
s ina minimum of 5 out of 10 embryalogically distinet
areas were scored as either “0F, “1”, or 2" bor absent, nouild,
ar maderate 10 severe, respectively, and the sum owas
narmalised 1o [H, which yielded a score between 5 amil
100 with an average of 39 for all bischemically identified
patienis with Smith-Lemli-Opitz synedrame.” DNA was avail-
able from 59 meothers and 49 fathers of our patients. The sex
af e patlenis was knoewn n 52 Cases | 16 wommen, 36 men).
Chabesteral, T-dehydrocholesierol, &-dehwlrocholesteral, aml

‘Witsch-Boumgoriner, Gruber, Kroft, et al

debipdroclabesterol fraction wese obilained B 105, 113, 98
aml 93 patients respectively. Severity scoves were caboulared
im 131 cases of Smith-Lemli-Opice syndrome,

HMutation analysis and goenotypes

DMA was isolated feom peripheral Blood lencooyies, sooond-
ing w & stondard prorocol. Mutations in exons 1-8 of the
DHCET gene were detected by a stepavlse procedure of 55CP
amd PCR fallowed by sequencing on the ABI Genetle Analyzer
30" Genotypes were categortsed Imto groups as outlined
previnsly.'

Apo E genodyping was performed with the APD E detection
kit fior the ROCHE light opcler and with Taghan probes (F2:
larward peimer, 5'TOCGUGATGOCGATGY) reverse primer,
SCOGOOCTGTTICCACCAY, speclilc wild-type probe, 5'TGCA
GAAGOGOCTI' specific mutated probe, 5 GCAGAAGH
GUOTGY B4 Tarward primner, $'GAGACGOGGGUACGGE,
reverse primer. STCCTCGGTGUTCTGGOCS ) specific wild-
ivpe probe, 5 AGGACGTGTGOGGCY" specific mated prabe,
F GAGUACGTGOGCGH' ) for the ARL 7000 5115, Frabes and
primers were designed using the sofiware Primer Express™
1.5a from Applied Biosvstems. LR RE471 single nucleotide
polvmarphizm genotyping was also performed with Taghan
probes (LR R47L: dorward primer, 5'GCGTCTCTTCCTA
TRACACOGE, reverse primer,  F'GGCTGGETGTGLACTG
GATY; specific wibd-type probe, 5 CAGCAGAGACATCCI
apecilic mutated probe: 5'CAGCAGEGACATC 371

Statistical anabysis

Speanman’s correlation coellicients {n) and partial correla-
tion cocfllcenmts (re, .1 were calculared using Supsrior
Performance  Soltware System  5P5S  [release 110 for
windows), The Kruskal-Wallls 1est amd the Mann-Whimey

.-mdﬁnﬁm
", l#pa EZ, 3, 4]

94



Downlogded from jmg bmijocurnals.com on 20 Ccober 2006

Maoternal ope E os o medifier in Smith-Lemli-Opitz 5 e

17 test were applied as non-parametr 1ests, as Indboated.
Aler bogarlthmic cransformanton, 1he dwlesierd concentra-
thons and severlty scores became normally discribnated, amd
additional tests could thenm be applicd (ANDVA, unlvarlare
variance - analysis, multinomial bogistic regression}, The
proldemn of mukiiple testing was accoumted for by applying
the Banferrani comrection.

RESULTS
Characterization of patients with Smith-Lemli-Opitz
ndrame
The diagnosis of Smith-Lemli-0pitz syndromne in the patients
wias established biochemically by quamiification of sterols
using gas  chromategraply  and  mass  spectrsmerry
Clinically, all patients were further characterised by a scoring
system,’ Mot all concentrathons of relevant metabollies
[chobesterod,  T-dehydrocholesterol. amd  8-delwdrochobes-
teral} were avalable for all patlents, therefore the n values
varled. The severity scores of the Smith-Lembl-Opliz syn-
drome patients correlased significantly with their plasma
cholesteral levels (o= I r,= —0.352, p<(L0E), T-dehy-
drochalesternd levels [n = [06; r, = 440, p=0,001), and the
dehydrochalestersd fracsion {the sum of 7-dehydrocholesteral
amdl B-dehydrocholesteral expressed as the fraction of tatal
sterods {n= 89 r,= 0.6, p0Ad0]}.

DHCRT mutations were identified in all of the patents
using a standand protocol.” The severity scores also orrelated
significantly with DHCRT genotvpic dass as defined in
witsch-Raumgartner et al"  [(n=128 r,= =0.303,
P00 (fk 24}, Tecaiwse DHCRT penorvpes, which were
classifbed  from  severe genotypes ibcloding  wo ol
renstarions 1o mild genorypes with o mustarions correspond-
g o the O renminal reglon of the prorein (000 — 4141, —
ALAF = INTM — OTM — TMTM — TRLTT — CT/CT), also
correlated  significantly  with  cholesterol bevels (o= 101,
o= e, sl (i) amed with the debwdrocholesteral frac-
1fon [0 = %0 r, = —0488, p=0001) {fg 2B), this geneype-
phenoiype comelation prohably reflects  differemt residual
activithes of DHCR?. These mesults confimm and - extend
previously published data™ ami are summarised in tahle 1.

Apo E allele and genotype frequencies

The unrelated white patients with Smith-Lemnli-Opitz sym-
dromme {n=137] aml their fathers (n=4%) and morhers
0= 58 were genotyped for the comtnon apo B allebes 62, &3,

Sevarily s
5

N‘. n. :u |..l .I I..\, I-l I.< 1
4 Q4L oI TSET
LML AT ST ST

DHCRE? ganctypas

m B plel chimenalvaben; the ecerdelien of DHCRT gunsly
ad?kh&ndmwvnﬂcn.mwmduﬁd

579

aml ed: The frequency diswiburion of ape E alleles from:
patbenis (eX=0.06, e3=060 amwl ed=014), mothers
(E2=lie,  eB3=0T78 and ed=013) and fathers
[E2 = 0051, &3 = 086, and ed = 0.09] were nol s1atisically
differem  from white  population  samples  [Germsans
€2=0.077: 3 =077% e =015 (P = 0.998,
Prosers ™= 0908, P = DORT). The gemolype Irequencies
of apo E in patbents with Smith-Lemll-Opiiz syndrone amd
their parents (lable 2) show oo significant deviation fron:
Hardy-Weinberg  equilibtinm (s = 0569, Prype =
0976, Prosers = LIS

Correlation of ape E genciypes with Smith-Lemli-
Oplix syndrame severity and Smith-Lemli-Opitz
syndrome patients’ cholesterol levels
Because the severfty scores amd cholesieral comoenirations are
mor distribured mormzally, e data were (it amalysed by non-
parametric tesis. Mo overall genonype effect was oboerved
when severiny soares were correlated with ape E genotypes ol
patbents with Soxith-Lemli-Opitz syndrome amd their mothers
aml lathers by Spearman rank corelation  coelficiens
[Ppasenrs = 0252, Progppers = WO, Praer, = 0767}, Hovever
significant differences reganiing severily scores and sterol
parameters were observed between maternal apo E genotypes
when the Krsskal-Wallis tes was applied | for severity soores,
=007 for cholesteral, pe= 00, see table 31 An
incriguing difference of the severity scores between the apo
E penotypes containing the e2 allele and those that did net
becanee obvious. The difference between matemal apo E
genpdypes  EXET and EWEY  was  highly  skgnificam
(= 0.002, Mann-Whitmey [F testh. Therefore the data were
re-analysed for an effece af the e2 allele. Comparing two
groaips- EX(+p amal EX(=} of ape E genotypes, the (st
including genorypes with he &2 allele [ER(#):e22, <32,
edixh, and the secomd withowr €2 alleles (E2(=): &3,
ad3, edfdh, tsere was & highly significam difference in the
severily scores [po= 0,029, Mann-Whitey U est fig 30,
tabbe 4). There was alse a highly significant difference
benween maternal apo B genotype groups with regard o
cholesterol {p=0.006, Mann-Whitney U vest, Ogure 34,
1abbe 41, When compared both within and berween maternal
apo B genotype groups F3(+) and E2(=}, the cholesierol
levels are significantly more simBar within apo B groups than
benween themn. Therefore the variance of cholesteral is also
dependant on apo E allekes {ANOVA p=0.015).

00 - — —

[ Cholosiaml
| (=2 7mHe
130+

l‘...l 1 55 |||| a g-:|| 3 13k 00
o 0T, |
T M ™ o
DHCRT goeno byt
with tha hlh-hml'rﬂp-ls tyrdm o [weith () sinirdty acare [B)
presicusly de rnclpl':;g-: reazxang Daglu m"‘f
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Table 1 Spearmen ronk correlation cosflicients betwaan svarity scores, DHCRZ
ganchypas and sheral concanirotions

DPHOET genotyps
dhalasrend TOHE DHE fraction  dloss
saverly soale I asar 0.40m G410 aaga—
] Q000 e e} [Hlae o] Qo
' 190 e L k]
DHOET genotype s 1, Qa4 0182 apmer
] Q000 Ty [l e o]
- 1 nog 70

Sooerelobon b aigniioon of e 001 bl
*eomrefios is sgaikoont o the .05 el [Em

E&mfl wm p= mn\:ﬂ, n=number of persons nnokesd, DHE, dehpdmcholess]

The apo E genorypes of patlents with Smith-Lemli-Opitz
syndrome and their fathers were similady divided inis
groups E2(+) amd E2(-) and statistically compared, as
desiribed for the moshers, However, for both patienss aml
fathers, the differences between the o groups concerning
severity scores amid cholesteral were not signdficant (1akée 4).
Om average, patlenss with Smlth-Lemll-Opiz - syndrome
whise mothers had &2 alleles had the highest severity soores
aml the kewest cholestered concentrations aml those with
mnihers having ¢35 or 4 alleles had the lowest severity soores
aml highest cholesterol congen irations.

Partial coarelation analysis was performed to disciminate
the effects of cholesterol, DHCRT genotype, and matemal ape
E penorype on Smbih-Lemll-Opliz - syndrome  severly.
Spearean’s rank correlations revealed an effect of the
DHCR? genotype on the TOHC level {(p=0405%4). on the

dehydrocholesteral  lraction  (p<0001), oo dolesterol
[p=ii]), and on the dinical severity soore (p=0.001]. In
aililitiom, Spearman'’s rank comelation applied 10 maternal
apa E genatyple groups instead of o several ape B genotypes
showed an effect of the matemal ape E genotypic groups
E2{+) against EX{ —} on patkenis’ dholestersd [p=0.006) and
an the severliy scores [p=0.029). There was mo signi-
ficant effect of the maternal aps B genolypic growps on e
level aof 7-debjdrochodesteral and the debydrocholesterol
Fractivn.

The effect of DHCRY genoiype on Smith- Lemli-Opitz
syndrome severity dbd pon perskst alter srasificatlon for
cholesteral (p = 0.292), and also the significant effent af the
maternal apo E oprowps disappeared with stranilication for
cholesterol {p=0.78). Imerestingly, when the DHCR7
geootype was ireated as a posible [acior determining the

Toble 2 Ganatypes of patients with Smith-Lemli-Opitz syndroma and #hair parants
[Fraquenzim Expacted nembar of
; pasen oording

DHORT e & 45 =
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afdl 4 aw -
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TR > 121 -
TRUET 12 L) =
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aum 134 100 =
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E3/EA 13 k) ia
EdfEd 1 r 2953
wm 5
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Toble 3 Asseciction of moernal apo mmaﬁmm
[madians] of patients with Sr-rl'rL-nh-Dpnz symdrames | Wil s

[r—— Suvarity Gl BHC 7oHE

| genatepe ] Imafdl bodion  mg/dl  jmg/d}
a= iR a=dl Al a2 wmdd

EER 1¥(a=1] s a3 288

EXES 35 158 0.5 &8 as

ENED 25 .| e ag &1d

E)EL 25 34 0538 162 1l

EAJEL 10 nal] &53 ke 3 3z og

Dwnarnll L M 37 54 I

P (Mrukel Wallis] .00 0034 (alri ] 0267 0325

PHC, debydrocholesiencl

significant correlation between maternal ape E genolvpe
group amwd SmitheLemdi«Opitz symdrome severity, this effect
stayed significant (p = 0L038). Ilicating thar DHCRT amd
apo B effects are independent.

Maternal apo E effect on the Smith-Lemli-

syndrome severily score in the subgroup of DHCRT
genalypes 0/TM

Shwce DHCR? gemodype correlates with Smith-Lemli-Crpirz
syndrome severiny soores, this may confonnd the associarion
berween maternal apo B ogenotype aml Smifth-Lemnli-Opitz
syndrome severity, Therefore we nexn analysed the severlty
soores between dilferent matemal ape B genotypes o the
largest DHCRT genotype class {DVTM: n=37) which
Includes compound heterazypotes with ane Funciional mull
allele and a secand hypamarphic allele with a mutasian in the
ransmembrane domain (TM)" In this sebgroup of func
tonally similar DHCET genotypes,' the severity soore also
depemled on the presence of an apa €2 allele I the mother.
The difference between maternal apo E genotype groups with
aml without 2 was of bordedine significance (n= 37,
=000, Mann-Whitney & test), which probably reflects
the smaller sample size. Again however the difference
berween e matermal genotypes E1E3 aml F3ER s1aped
significant {n= 29, p= 0.007, Mann-Whitney 7 1est).

Wariance and regression analysis
The variance of In cholesterol conoenirations vwas analysed by
univariate variance analysis (ANOVA) regarding the DHCRT

A
200 -
i
§ nod |
=
IE‘.- = .3. =
E2|+] E2H
Mot opa E genohypes

geoptype of the pattenis and the maternal apo E genoltype
groups BX+] and E2{—). Far the DHCEY genotype a
significant difference was found (p=<0.001}), Regression
analysis reveabed that 20% of the varlance in I cholestenl
is explained by the DHCRT penotype. Conceming e
materieal apo E genorypes the 1o cholesterol concentrations
were also signilicantly different (p = 0:015}). In this case 12%
af the In chalesteral variance In the patkents was cxplained by
1he: maternal apo E genotype. By combining DHCRT and apa
E penotypes. the povalues became 0016 and  0-005,
respectively, and the © was 0383 Joorrected 1 =10.375),
The significance for both DHCRT and apo B gensiypes
tagether in the combined model was not significant because
their effect is independent of each other

Further, the effeci of the DHCRT gemotypes and the
matermal ape. B genotypic groups on the disease severdly
were analysed alter logarithmic transformation of the patient
severity  scores. Por the DHCRT genotype, a significamt
difference was found (p<0001); abous 20% of the variance
of Smiith- Legndi-Opite syndrome severiny was explained by the
DHCR? genoiype. Mo significant effect of the nsacernal
apo B ogemaypic groups on the severity scores could be
demronstrated, wikidy s probally becanse ol e limis of the
applicatdlity of variance analysks in this scemarlo,

Multinomial logistic regression

This amalysis was applied 1o tesi the likelihood of a dinical
outtome knowing the maternal ape E genotype and ITHCRT
genptype of the child with Smith-Lemli-Opitz syndrore. The

5 _ =

o 42
Edid E2H
Ml opo E genciypes

The B34} group includes individuals with gesotype ope £2/E3 and wih genclyps E2/E4
Thes E3H) group includes individuals with genatype ape E3/E4 and with genctyps E4/E4

Tirre! B pliok rﬁ:ﬂmﬂﬂmnﬂﬂmﬂﬂimﬂnﬁrﬂmﬂEmlﬂmmn&meﬁdﬂmﬂh&Nmﬂmm
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with Smith-Lasnl-Cpits syndrema,
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Table 4 Associafion of plesma concentrafions [ma/dl} and severity scones of palient with apo E genatypes in
pﬂ-ﬂ:wﬁﬁnﬂh—l—ﬂrﬂplh m}&omt, and thair mothers and fall valuas ors madians]

Eat LI n P (Mann-Whimey)
Chalesorol P E cutoiypa 453 34 498 1m eF 1)
mﬁ!m 8.8 Il.ﬂu !19‘{:?&:]1 A8 0.004
el apa £ genohpe 1089 [100.7 A4 4 (14T » (e .1 F
Sevarity scores potiens’ opa E cpeonpe T4 I3 [0 122 QdlB
miskemel aps £ penelpe 402 |19 4| 49 o029
pteel apa £ genohype T4 bR nsfA i el

mndel festing the effeci of DHCRT genoiype and maternal
apo B genosype group on o Smith-Lemli-Opite - symdrome
severily was significant {p=041%). When the patients’
severily scores were grouped as mildhe [5—25), moderately
[26—50), andd severely (31—100) affected. the analysis
showed that, for example, the probability for a child with
DHCRT genorype TV to be nuildly affecred is 15% 6 the
modher has an 62 aflele aml 74% 56 e modher has oo e2
allede. The child's chance of being moderately affected is 72%
when the mother has an €2 allele and 17% when she has ao
€2 allele, The probabilly of being severely affecied b5 12%
when the mather has an €2 allele, and 8% when she has o 2
alleke,

Association of oral malformations and cholestersl
uptake

The finding that maternal ape E genatype was correlated
with the patlenis’ cholesierol concentrations was mizzling.
Ume possible explanation is that patients with more severe
pheootypes alse have more beeding  problems, perhaps
because of oral malfrmations. Therefore the presence or
alsence of vral mallormations in patients with Smith-Lemli-
Opitz syndrome was analysed with regard 1o the matemal
apo E genotypes. There were significantly more Smith-Lemlli-
Opitz spmdrome  patbents  with oral malformations  [for
exammple, clel 15 or palate) o the group with neaternal £2
alleles {p=0.044, 3™). The patients with oral malfonmazions
also had lower cholesterod levels than patkents without oral
malfonmations (n=44, p= (0047, Maon-Whimey 7 test)
The median cholesterol concentratbons I the group with oral
matformations and in the group without oral malformasions
were 240 mgidl and 34.6 mgadl respectively. For a consral,
the presence versus ahsence of genital mallormations was
analysed, Mo difference was  found  between  differen

matcrnal ape E genotype groups (p= 00643, Mann-Whitney
[ test).

Effect of LDLR SMP on Smith-Lemli-Opitz syndrome
saverity

For a contred we performed genotyping of the LDLR SNP
RA71 in patients with Smith-Lensdi-Opitz syodrome {n= 117)
amnl it msothers (o= 54). Mo association or cornelation of
LDLE genotype with the severity of the Smith-Lemli-Opitz
syndrome or cholesteral concentratlons was noted [data not
shown,

DISCUSSION

Soith-Lemli-Opinz syrsdromme is cavsed by mutations in IHCRT,
which caralyses the last step In cholesterol beosymilsests,
The severity of 1he Smith-Lemli-Opitz  symiromse  varies
extrernely  between  affected  individuals, ranging  Trom
severe mnalfonmations and Imrauterine death to very mild
forms which may easily escape cotrect diagnosis.™ Only part
of 1his varlatkon s explakned by variaton of the DHCRT
locus," suggesiing that modifier genes may operate. Recenily,
soane madifier genes for human monogend: diseases have

ey jmedigenal.oom

been Identllied or suggested ® We demonsitate hete that
variation at the genetc koo Br apolipoprotein. E s a
musdifier of the phenotvpéc severity of Smith-Lemli-Opitz
syndrome, a condithon in which endogensus symihesls of
cholesterol is deflective by exogenows supply Irom the
muther should be unanpaired. It should be oeentioned that
the statistical assocation we found could be ohtaimed by
chanee (for example, tvpe 1 ermor), but the resolis wene
always significant, whatever test we wsed. Moreover the
association described here 1s biologically plawsihbe. Previous
stuifies have demonsmated the importance of components of
e aystems taar transpsort cholesteral in plasima aned defiver it
1o cells during embryonic devddopment * Targeted disruption
of the megalindgp 330 gene In mice resulis in holoprosence-
phaly.” which Is abo a frequent brain anomaly in Smith-
Lemll-Ophiz symdrome, amd dedetlon of apo B oresults In
lethality in mice having some features of hoboprosence-
phaly,™ Haloprosencephaly Is also caused by manations in
sanic fedgrehiag in mice amd Tumans heings, linking chalesteral
metabolism 10 sovk hedgefiog mediated signalling in embry-
agenesis,™ ™ The potential rale of apa E for the dranspon of
cholesterol from the mother to the embryo and the link of
receptor mediated chalesterol uptake to sanic bedgehog
depenident development are demonstrated in the diagram
in fig L. Nolably apo & genetic variation, including apoe E
deficiency alone, B8 not assodated with mallsrmation En
rodents or in naman beings. However, in the coniext of
limzited  encogenous dwlestersl blosyntlsesis, apo E may
becoine a oritical component b embryonal - dholesterol
supply and homeosiasts, Given thar sieady state cholesterol
levels are an average 15 mgidl befow the population mean in
€2 heterozygotes and 5— 00 mgdl above the average In €4
heterozygores,” = 11 is concetvable that apo E type may have a
majar effect on cholesteral delivery to the embryo and fetus.
A mle for apo E in the iransport of exogenous chalesterol
from the mother o the embryo and, in particulas, o the
developing brain, s suggested by the morease in ape E mRENA
during pregnancy, the presence of apo E mREMA in choriondic
villi and placenta, and the presence of receptors known 2o
hind apo E in placenta amd nearoepithelial cells,™ * ™ in the
light of these observations, it is intriguing that the ape E
genoiypes of the patiens with Smith-Lemli-Opiz symlmonse
Tuad o effect one e plenorype. Howeser, this i3 consisient
witly the linding thar there B no difference in cholesterl
concentrations of cord Bload Irom pewhoms with different
apo B genoaypes” suggesing that the embryo's apo E
genoiype does mod skgnificantly modulace Bpoprotein - con-
centrations prenatably.

Howeser maternal chobesterol tumaver oF conoeniration
may be an important facior that determines chalesteral
supply 10 the embryo. This view s supported by antmal
stunfles, For example, differences In the matemal high
denshiy Hpoprotein cholesterol concentration or compositlon
can affec the skee of the ferus Inthe maouse" and in the
Golden Syrlan hamster, sterol homeostasls n the ferus s
affected by maternal plasma chalesterdd concentration ina
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gradient fashion, indicatimg sar sverol metabolism in the
leus 13 depemdent on steral honveostasis in e yolk sac or
plaoenia® The cearance of matemmal lipoproteins by the
placemia, volk sar, and decidua is mediated by receptor
meeliated processes.™ which may invalve apo E. The strongest
association of the severity of the Smith-Lenli-Opitz syn.
drame is with posiparial chalesternd kevels,™ Since posipartal
cholesteral levels da mat affect prenatal developmend and the
oramende af malformation, they probahbly reflect prematal
chiolesteral metabalism in the embryo-maternal system. In
this comext one puzzling flnding of our soedy 15 that
maternal apo E genotype is not only assodated with discase
severity ban also with the Smith-Lemli-Oplz  syndrome
patbemis chiolesteral devel 0t s diffloult 10 see how maternal
apo E genotypes coudif affect posmanal cholesterol levels in
patbents with Smiith-Lemli-Opitz syonlronse. One  possible
scemario that could explain the findings is thar the presence
af matermnal apo E genotypes which result in a low cholesteral
supply o the embryo will also result In owre severe
malformatione Patiemits with Smith-Lemnli-Opitz  symdrome
aml miditional oral malformations will have more feeding
problems and cholesteral intake, which is the major
determinant of cholesteral conweniration in Blood in hizman
beings, will be bwwver. Embrpos with Smith.Lemli-Opite
syndromne wha receive less cholesieral Tram the mother will
be mawe severely affeced, which In mrn resulis in lower
pestnatal chalesterod levels. This s a vicious circle, which may
finally result i the strang assodation of posinatal cholesteral
concentrations with Smith-Lembi-Opliz syndrome severlny.
Our sindy was underaken under the hypothesls that the
maihers' or the patkents” apo E genotypes nfuence discase
severity but that nelther the paternal apo B genotype nor 1he
LDLE genotyps of either parent or affecved chibd have an
effect on disease severity. It was peassiring that, indeed,
neither correlation of paternal apo B genolype nor LDLR
variation In any of e studied groups lesd a measurable
elfect on disease severfly.

Motably, the effect of apo E variation on the phenotvpe
abserved here coulkd not have been detecied by a linkage
approach  (inchuding TDT tests or sibling pair linkage
approaches]. No difference in transmitted apo B alleles or
allele frequencies In siblings s expected In 8 soemarlo where
cxclusively the matemal genotype is a determinant of discase
varlabiliy In the offspring. In comduston. sur resulis expamd
the rode of apo B amd b5 disease assoclatlons o ndwde
ety developrnent and malformarhon and have bmplica-
thons for disease gene Identliication strateghes In siruatlons
where parenial genosypes determine e phenotype ol

allspring.
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The Smith-Lemli-Opite  synelrome  (SLOS) s a0 phenotypically  vartable  metabadic
mulformation and menial retardation syndrome for which mere than 80 mutations in the
DHOCRT dll}ﬁtﬂm-lﬂllllllﬂ!_" gene have heen deseribed, The DHOCRT muoiatienal specira diller
signilicantly in dilferent areas of Ewrspe, and several common putative founder mutations
aecount Tor o substantial fraction of all muiations in some eihnic groups. Here we have
analvsed 47 SLOS patients and deseribe 14 newly identified muotations in 18 SLOS putienis
of Ashkenari Jewish, Auwsirion, British, German, Ialian, Irish, Polish, Porioguese, and
Spanish origins,  Hall of the new mutations are in the iransmembrane domains of the
ridein,  Im addition, there were two null mutaiions, one mutaiion in the dih l.'l1|lu|;||usm|':
g, Pwo mtations o the fest and Bist codens, and three mutations in olber regions such as
the secand |.'3l1|- lasmie loop and the Nrst endoplasmic |m|||. ' b amﬂ;sﬂ's inchuded 20
Spanish amd 12 lafian ﬂl.(}fsl albents wnald n,'\':-nlrl,li very different mutation specira in these
paticnis i:lrmlmrgﬂ to previvusly described patients fram Ceechoslovakin, Germany, Poland,
antd the Uk samd '|r|1|||i1:.ul#d Ir.'|'|1r9?-'|r'|¢[ sn the J |1;1|1h|[:|.'p-l.' ws The most l'n.-qur:rll
Mediterramenn fonnder mutation. © 20085 Wilew-Liss, Ine

EEY W{HRIYS: Smath- LomlyCipitz symdrome; DHCRT; sterol reduciase, AT: cholestercd; Spaine Tialy
INTRODCTION

The Smith-Lemli-Opite syndrome (5LOS [MIMS 27040005 is an sutosomal recessivie metbolic disorder
churacterized by wariable congenital defects, characteristic facial dysmorphism, failure 10 thrive, and mental
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retardation. The most chamctenstic mulfonmations include miceocephaly, cleft patate. smdaceyby of wes 23,
polvdactyly, visceral malformations. variable anomalies of the heart and kidoeys, and ambigous genitalia in males.
The chiowal presentation ranges from mild dysmorphizm with modenite or even no mental impairment 1o multple
malformations and intrauterine death (Opitz, 1994, Cannilf et al, 1997, Kelley, 1997, Kelley and Hennekam,
i, Lingius ¢t al,, 20031 The basic defec of the disorder 15 the kst step of the Kandussch-RBussell pathway of
chaolesterol biosynthesis, which s catalysed by the A7-sterol reductase (DHCORT, E.C.1.3.1.21) {Irons et al., 1993,
Kelley, 19951, This deficiency resulis in the biochemical hallmarks of the disorder, namely, low plasma and tissue
lewels of cholesterol and elevated levels of 7-{TDHL} and B-dehydrocholesteral (STHIC).

The cDNA for the human IYHURT was first cloned by Mochius et al. (1998), and mutations in the DIAFCRT pene
(MIM# 602858) were soon identified as the cause of the SLOS independently by three groups (Fitzky ot al 100K,
Wassif ed al., 1998, Waterham et al., 1994, To date, more than 80 mutations hawe been described in SLOS patienis
(Fiteky et al.. 1998, Wassif el al., 1998, Waterham et al., 1995, Wilsch-Baumgariner ef al_, 200Ha, Yo et al., 2000,
DheBrasi ef al., 2K, Neklpson ed al., 1%, Although there exisis a clear correlation of DHCRT genotvpe with the
severity of the SLOS phenotvpe (Witsch-Baumgartner el al., 2000}, severity is also affecied by the apo E genotype
of the mothers of the SLOS patients {Witsch-Baumgariner et al., 2004}, The mutational specira of DHCRT have
been described in several populations of Furopean origin. The frequently occwrming mutations o %64-10G=C ( fonmer
nemenclaure: [VEE-1G=0) and p Trpl 51X, show decreasing freguency pradients in SLOS patients frem Western
1o Eastern Burope and vice versu, respectively (Witsch-Baumgartner ef al 2001k}

Here we report on 14 previously undeseribed SLOS-causing IWCET mutations together with their phenotypes
and associated haplotypes. The analysis of 20 Spanish SLOS patients (40 alleles) and 12 ltalian SLOS patients (240
alleles, because four patients have parents of non-Italian origin} also allowed us 1o describe the Spanish and the
lalian OMCRT mutational specira.

MATERIALS AN METTIODS

Patienis

A tedal of 47 SLOS patemz of various Puropesn ongms were exanined o the present stody, moheding 20
patients from Spain and 12 patients from Daly, In 15 oot of 13 patients the diagnosis of SLOS had been previously
confirmed by increasid concentrations of 7-DHC and 8-DHE by gas-<chromatopraphy/mass spectrometry (GO-MS)
(Relley 19955, which was performed before any treatment, Climeal syomplomns of patients were scored by a system
(Belley & Hennckam, 2000, that clagsifies SLOS patents mbo mibd (% - 150, moderate {20 - 50) and severe (= 50)
phenotypes. Afer obtaming mformed consent, IINA was extracted according e standard procedures. Mutations
and thedr Mendelian inberitamce were confirmed by analysis of the parents when DNA samples were available for
mudecubar anadysis, For the 18 SLOS patienis with new onstaions, the disgnoss of SLOS was made between age
wir days and 35 vears (Table 1), The ex proportion was 2:1 males:Remabes. The seventy seores ranged from 2 1o
&6, Cholesterol comcenirations were close 1o the pommal range in oll patients, bt 7- and 8-DHC were markedly
wbevated,

Mutation Analysis by Direct Segquencing

High-melecular-weight DRA of the probands was selated frem peripheral bload leukocytes or fibroblasis with
established procedures, Exens 3 — 9 and their flanking sequences were amplified using the pelymerase chain
reaction (Saiki et al, 1985, The amplification primers and the PUR conditions were deseribed previously (Fitky
Bt al., 19985 The amplified DNA was subjected w agarose gel electrophoreses, then the excised fragmenis were
purified with Chdagen KIT and sequenced with Perkin Elmer Big Dye sequencing reaction on the ABI Crenetic
Analymers 310 and 3100, Bodh strands {Forvard and reverse) were sequenced for each fragment. The SWCRT
cDNA seguence (GenBank ace.no. AFD34544. 1) was used as a reference sequence where the A of ATG translation
initiation stans represents nucleetide +1 (e 1)

RESULTS AN DISCUSSION

W here have amalyead the DHCRT gene from 47 previously undescribed SLOS patients and present founeen
ned et deseribed mutations in 18 of these SLOS patiems which were from 17 unrelated families of various
Furapean ongins wgether with phenstypic descriptions, ethnic omgins, and SNP haploypes, We compared the

103



Novel Mutations im the DECRT Gene 3

novel mutations, the resulting gensdypes, and the padenis” phenolypes with previous findings concernimg the
phenotypic specirum of SLOS. In addition, we present here the olational spectra of Spanish and Iadisn SLOS
patientz, Alliopether we have now analysed 218 SLOS DNA sumples from different origin and identified a toal of
K2 different PHCRT mutations, 68 of which had been described previoasty ¢ Yu et al., 2000; Waterham e ol , 2000;
Jira et al., 2001; Witsch-Baumgariner o al,, 2 1a).

Table 1. Clinical Features of S1LOS Patients with Newly Tdentified Muiations

Putient Eihnic  Ape  Sex Severity Severity. Chelesteral 7DHC BDHC DHU Genotype

[1%] ariginal dx seote  class el mgedl — mgdl fraetion

' Ashk), 2d 9 mitd 15 028 0894 0000 eMal a1

P2 AT Smi M 25 moderate 4 0.3 - Pehlad i il G

I3 PL 2By M 1 mld 1494 196 189 0 pLewsEProp ValdZbAng

Pa* PL 25v M 10 mild 1232 102 122 0153 plesalPropValileArg

(] UKPT 2% F nodaw noedsa oo data no datn e clnta G T p Thee 3 Ml

i DE 53y M nodaa mild 151 154 20,1 014 pGlntE X nd.

7 ik fenl REVere i il nodain  podata Té!::—ii“kxﬂ 5

(] e v ™ 30 moderaie 262 u3ir - Ik 1TEPhe pAn242His

[ M Smo Fo4 mild 96 nx L3 Mns  plleiTEMhen Tsl 51X

Pl BS Iy F 22 moderate 202 1.7 113 0444 pTpldlen’p G2 2Lys

Bl [ T M 20 moderate 17,1 1232 97 11,45 AT T Thir bt

P12 1IE sy F 15 mild no data Ty e ik - Ser 192 Mhe/p, Thrad el
I

P13 TR 3y F 1 mild 10 2?EJ1 201 025 YR TG p T 320

P14 11K Tme M 33 maderate no data 026  we paly 54752 p Ipd 51X

daln

P15 PL lms F £l SEVETE 14 273 18,7 575 p-LendéiiProip TpE5 1Y

Pl FL lime 3 nodaca o daia nodaln  pedai plemtaninep Val 3dEArg

P17 DE fmo F 2 mild e 131 158 046 pTyrd 320yl D |G

Mg IT (1" 1 mild 1149 14 23 0243 Pt Sere a1 G

® bradher of 3
T DHC -~ Talehydnscholesiemnl
BIDHEC - Badehydrechnlesiern)

Novel mulatioms

Climgal details of the [8 SLOS patents are given i Table 1. As noted before (W isch- Baamgarner ¢ al.,
O, b smn of T- and B-DHC expressed s o fracnon of total sterols in plasma (DOHC fractiont appears (6 have
ihe best predictive value For clomcal sevesity of patients, Mildiy affected patients exhabu D Fractions = 0.4 while
moderately and severely affected pattents have IHC fractions ranging from (144 to 1575, with fhe exception of
patiant P17 who is nubdly affected with w DHC fraction of .46 { Tablel ).

Table 2 provides molecular data for all nevel musations. meloding ooelestide change, affected exon, effect on
ihe coding sequence, occurence al conserved wmino acid or ned, protemn domain mvolved, and the muotation-bearing
haplotype. These new mutations were oot detected i 100 wild type alleles (data not shown ). Do all bt two patients
where mo parental DNA was available, inheritence in trans was revealed For all mutations,

Mutition pMet]Val changes the first codon m exen | from ATG to GTO. P.MetIVal might canse reduced or
absent transtation of the protein, bot the acial consequences are oot completely clear. Although patient F1 owith
p-Met1Val carrsed o “muall™ {0F mutation on his efber alkele, e was ondy mildly affected. This suggests tat p MY
despibe changing the ATG start codon 18 not a severs mutation, fndesd the first pattem desenibed with 2 mutation in
codon 1 p.bMetl e (Waterham & Wanders, 20000 was also very mildly affected. The reason may be that GTG in
ihis position also may function is a start codon, a8 deseribed by Kewak ¢ 1997), Funther, a second A TG at codon 59
might be wsed a2 a teanslanon sart codon. The secomd ATG 15 a closer match than the ficst to the Kozmk sequence
(Rmmk M., 1997} thae facilitates translatien mitiation. Henee, of seems possible that both ATGs are used as
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indteation sibes. ndeed. Wassif et al, (1998} demonstrated that o cDNA clone encoding a 417 -amine-acid open
reading frame with a deletion of 58 amino acids at the 5"emd cesulied o fully active eneyie when expressed in
vitree, 10 has however never been ascertaimed whether or nod both forms of the protein exast fo vive,

[ the cohort of 18 SLOS patenes with new mutations, mild phenolypes (corresponding 10 sevenity scores i
between 2 oand 15) were found associated with genotypes pMetiValid, pLeutB8ProTM, pllelT8Phet,
PSer 92 Phe TM, pTyrd 320y, and pPhedT58en0, The 2 mutation i the mildhy affected SLOS patient (P18}
corrving the p PhedT55er mutidion was a 0 mutation. The mutation in te last codon affects the lasi amino acid
believedd o locate in the lumen of the endoplozmic repeulum (ERY. Another muptation also lecated in the terminal
part of the e and associmied with mild phenotype i the pTyrd 3205, alze found in combination with a &
mmtaiion (175, Muliple other maiations in the ER domain of the protein bad already been wdentified, and all of
them wene Tound associsied with mild phenotypes (Mezami e al, 2002, Wiksch-Boumgartnes o al., 2000,
Therefore, the descrbed mutafions m the terminal part of the eneyine stuated an the lumen of e ER all seem i
retin some DHCRT eneymatic activity.

Table 2. Novel Muotadions in 51005 Patienis

ot substtmtion”  exon s exchange Conservad  Mutstion  Proten Haplotype Bemarks

aa tipe domuin® I

e la=h £} et Val iy missense  NT i 1 pamenits gvaskabbe, iT A fior
IVEE1G=C

e AT 4 rAdaSkAsp Fin missense TR | B

¢ 03T=C 4 pLeutBPro s missense.  1LEL A 2 et pratwenils

& 2030C>T 4 GlEaEX i) stap Th 2 K nr:"'p:;mu.w mvaidable, af | for

ER TS 5 PHUSEXS  no frame  TM2

shifi

e S32A=T i Pkl TP (1] mizzense  Th 34 K 2 unrwkatid patweniz

B TG=A 7 plila2Zdlys o missense 2. CL A

cRICET 7 PATRIZET e missense 2. CL i

cSTS0T i pSerl¥2Phe no missense  Th4 n.i- famely haplotype data not
indommabne

RIAT=G 7 pVAlZTIGlY s migsense  TMA A

o 10300 0 pllviaTser T missense TRE A

e 07T L] Tr.!_;cll.lvﬁﬂl’m ("] assensE 4, (L A 2 unrelared palssis

| ZRYA LS ] pTyrd3208 e missense T F 2 unrelated palsenls

o | 42X T= 0 p-PhedT58er F1H) miszense O A

L] NT - N tznmmus, TM - tmansmesnbomne, |LEL — first ﬂuinplamni: Inn]1: 2.4, (1. - secondd Foarth c_-.'lﬂplusrnin: hnp\

T - renninus
B ges BTG 9:45-50, haplotype Jim MG L. K- o 180G, . 20TT . e 3300, e d38T, ¢ 0600, ¢ L1587, ¢ 13720
* s - Framezshifi
# | is+1 Fromthe ATG (acoonting 0 GenBank ace.mo. AFQ34544.1)

The phenotypic evalumion of pLeas8Pro and pSerl92Phe 5 more difficelr because these mutations werg
found in mildly affected SLOS patients (P3, P4, PL2) 0 assectation with the transmenibrang (TM) mutations
pNali2elen and p.ThridMer respectively. Homogzyrous or compound heterozypous presence of these kater
mutiions generally beads to moderate phenotvpes as shown previeusly. (Witsch-Baumpanner e al, 20K,
Therefore pLeutdPro amd p.Serl92Phe presumeably are less severe than p The93ber and pVali2aleu,
PLewsBPre is located in the 1 endaplasmic beop, not hithena shown to carry SLOS cansing mutations, Aliough
the pageity of mutations in this domasin may be a chaoee finding, an alernaive explataton i that rgtations in this
I are ml particularly deleterious, pSerl92Fhe is ana predicied ransmembrane region where DECRT mutations
are assoctated with mild to moderate severity,

The TW mueation plle 178Phe i cormbination with a & mutation was found in @ mildly affected SLOS patiem
(P with only slightly increased 7- and 8- dehwdrecholestersl levels in plasma,  Biochemical analysis of
chiolgsterols iy lhsoblast culture showed the typical increase in 7-DHC as o fraction of wtal sierols, In combination
with pArg242His, however, plle [ T8Phe caused a moderate phenotype in patient P8, This discrepancy between the
chimical and mutaion severity probably reflects e presence of unknewn modifving Fctess,
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Tl omstations p_AlaSthAsp and pGlv34750r in combination with O matations were fouod 1o be associated with
moderate severity {scores from 20 - 33) i rwo pattents (P2, P14). Both mutations are 1o TM domains af the
protein. Mutations in these regions combined with O mutations wsually Boad w moderte phenotypes.

Tl pew navatons pGludddys, and pArg228 Trp, in combimation with fransmembrane muiation p.lrpl 82Leu
and p TheidMer, respectively, also couse moderate diseuse seventy (IO, PIT). Both are located in the 2™
eyvtoplasmic loop { Table 35, which has mot been found 1o be affected by matations in previous studies.

Severe phenotypes resulied from a 0 oaiation in combmation with the newly identified mutation p Leu3&80Pro
P15 and with the frame shift mutation pHis] 19558 in patient PT. P.Leu360Pro is located in the 4% cytoplasmic
loop. Previcuzly described mutations in s domain, such as p Argd04Cys and p.Ghyd E0Ser, lead also 10 sewere
phenotypes. Thesefore the phenatype found m patient P15 with the p. Len360Pro mutation is consistent with the
severe effict expected of mutations in the 8" cvtoplusmic loop. The p Hisl 19X chanpe teads 10 a truncated
erzyme that 15 predicted o be non-fusctional. This is comparable o the effect of the stop muatation, plrpl STX.

and explains the severe phenotype. An analvais of pensdype - pheiotype correlations o moch larger mumiber of

SLOKS patents mught answer questions about the mmporianee and husctions of mdivedual protein domains m the
erEyTne,

Yimintinen associaied Im]'r'lrrl.]'pﬂ

Many of the novel muiations {p.Leut8Pro, po Glu224Lys, pVal2?3Gly, p. Gly3d78er, p. Lend&0Pro, .
Phed 75 Ser) are associnied with the common haplotype A. These mutations originated on A alleles from Poland,
Spain, United Kingdom, Laly, and Turkey. The mutations, pbet1'Val and p Ala30Asp, were found associated with
haplotype B, which differs from A only wl one postien (e 189A50G), Two mutations p His] 196X8 and
p.Tyrd320ys were found on haplotype F oin two German SLOS patienis (P7, P17), F is the third among the
common haplotypes in Ewropeans, The migsense mutation pArg2 28T was found associated with the 1 haplotpe
in a Spanigh patent (P The K hapletype was found associated with the newly described mutations p e |78 Phe
i a Gesrran patient (P2), and pGIn%EX In o German patient (P6) and a patient of British and Portugeese origins
(P50 K ds a rare haplotype not detected tn 30 other Buropean alleles (M. Wisch-Baumgartner, unpublished), The
emerging of pGIndEX and plle] TEPhe with this rare haplotype K might he by chanee and likewise the association
of the B haplotype with p.Metl1Val and p AlaS(Asp, In patients P9 and PL2 the SNP data were not informative,
and therefore oo haplatvpes could be constructed.

Tahbe 3. Belative Frequencies of Common JHTCET Mutations in Caseasian Popebstkns
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a Witsch-Baumgariner b, o1 al., 2001
b Kowak L.oetal, 2000

S1LAES mutstiowal specira in Spaim wnd Naky

[ 200 SLOV patients of Spanish origin, we analysed the DHCRT mutations o determine the spectrum of SLOS-
causing mutations (Table 3} in that population. 3% of these Spanish alleles carry the most common 510FS-
causing mutation, ¢ 961G, always associated with the A haplotype. The p ThrdiMet mutation: aceoums for
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nearly 23% of alleles and s associated most often with the T haplotype, Ooly one p Thro3Med allele was found
associited with the ' haplotype. The pBhed02Len matation i the third common OFCR T mutstion m Spanish
SLOS alkeles. This mutation was always detected on the F haplotype. pGlyd 1080 and poArpd460in, both Joced
om bapledype A alledes, were cach detected in 7.5% of Spanish SLOS-causing alleles. Ten mutations appeared only
once, and several of these were detected only in the Spamish SLOS patients: plle145The, p.Trpl82Leu,
pGlu224 s, pArpg PR Trp and p Asp3lisn,

Pwelve Dabian patients carried 20 different SLOS alleles (foor alleles were oot of lalian onging, The
pThedaMet muation was found b be the most conmon (45%) (Table 33 Apart from one cose with the F
haplotype, this mutation was always found associvted with the | haplotype (Table 4}, 208 of alleles cammy the
¢ 9100 mation, abways associated with the A hoplotvpe. The remning alleles camy each different
mukaiions from which some were only delecied among the lulian alleles; p.Cys3B0Are, pAsodlTFyr amd
p-Phed 758

I Spadsh and Ttalean motational spectr oblamed here are different brom those seen m patients from
Clermanry, Polind. Crechoslovakin and the UK {(Korak et al, 2000: Wisch-Baumpariner et al., 20016} ¢ Table 3.
Although o Spanish SLOS patents, o 0 those from Germany and the UK, the oyt common mutition 12 ihe
¢ 961G splice site mmtation, the second and third most cormimon rmutations ane p, The?3Met and pPhe302 Len.

[ comteast to Spunizh patients, the most common mutation Founsd in e patients was pThrd3Me (45% of

alleles), while ¢ 964-1G>C waz only the second most frequent.  Other mutations were aoky found onee. Taking
inbo pecount previous frequency data for the splice ite mutation ¢ 964-1G>C o appears that there 13 o decressing
fregquency pradient for this mutation from the Brinsh 131es 1o the Soothern and Eastern parts of Europe (Witsch-
Buwmgariner et al., 2000b; Keeak et al., 2000, The p ThedAMet, which is an omporang mutation in Spain and
[raky. 18 less common in the UK and rare m German, Crech and Polish SLOS patiens, Hence, this nuotation might
ber u msediberranean founder mutation. [y nearly all poteents from Spain and aly poThrdahde 12 found assected
with the J haplobyps, supporting the notion of o founder effect, which was already proposed by Novaceyk et al.,
(2004} baged on the analysis of SLOS patients of Spamsh origin from Cannda and Cuba. o two cases, one from
Spain amed one from [aly, the mutation appears on the ' baplotvpe. ' oand ) baplotvpes differs only at positien
¢ 231, Therefore ether the p. ThréShet occumed at least twice and ence 1= 0 recorrent matation, or the otation is
old and occurred ooginglly on a ) hapletype that subsequently changed 10 g F haplotype by mawtation or gene
conversion. The British p Thr3Mer alleles are associated with baplotvpe A (Witsch-Bawmgroer, unpublished).
and a SLOS patsent of Dkraiman/fish ancestiry camied the po Thrd et muotation on a & haplotype (Rovacevk et
al., 20041, These observations and the Gact that the mutation occurs ot o CpGomight be an evidence for a recurrem
origin of this rmlation.

Ammong the Spanish SLOS alleles, the p Phedd2Leu mmation 15 rélatively freguent and 15 abways assocuted
with haplotype F. o contrest, p Ple 302w 15 @ very rare mutadion in other populations, we observed i anly in one
Britesh SLOS patient so for, Therefore also this mutation might be a Spash founder mutation.

Furtbier imvestipations of mutational spectra and haplotype asocrations in diferent ethuic popolations muy give
insights ot the eriging and propagation of OFCRT mwatons and perhaps answer the guestion why the SLOS
appears to be omoch less frequent o non-Cavcasian thon i Caveasian populaiions and why somse D8CKT
mttions have reached relatively high frequencies,
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CHAPTER 3.

PROJECT 2: INNOVATIVE THERAPEUTIC

APPROACHES FOR INHERITED DISORDERS:

THE MODEL OF POMPE DISEASE
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3.1 Background

3.1.1 Pompe disease (Glycogenosis type II).

Pompe disease, also known as glycogenosis type II, is an autosomal recessive progressive metabolic
myopathy with an estimated incidence of 1:40,000 live births (Hirschhorn and Reuser, 2001;
Kishnani and Howell, 2004). This condition is due to mutations of the acid a-glucosidase gene,
(GAA) encoding the lysosomal hydrolase a-glucosidase (acid maltase, GAA), which is synthesized
as a 110 kDa precursor and is processed into the active polypeptides of 76 and 70 kDa, through an
intermediate molecular form of 95 kDa (Hirschhorn and Reuser, 2001; Kishnani and Howell, 2004).
The biochemical defect determines tissue glycogen accumulation and secondary muscle destruction.
Different mutations of the GAA gene result in a wide phenotypic variability, spanning a continuum
range. The severe classic infantile form is characterized by early onset, severe hypertrophic
cardiomyopathy, marked hypotonia, macroglossia, hepatomegaly, and invariably fatal outcome by
one year of age. The late onset (childhood, juvenile or adult) form is characterized by skeletal
myopathy, possible respiratory failure and absence of significant cardiac disease. Current
classifications identify intermediate phenotypes, such as the non-classic infantile form, presenting
within the first two years of life, with less severe heart involvement and absence of left ventricular
outflow obstruction (Hirschhorn and Reuser, Kishnani and Howell, 2004; 2001; Slonim et al.,
2000). It has been shown that an inverse correlation generally exists between degrees of clinical
severity and different ranges of residual enzymatic activity (Hirschhorn and Reuser, 2001; Kishnani
and Howell, 2004).

Enzyme replacement therapy (ERT) with recombinant human alpha-glucosidase derived from either
rabbit milk or Chinese Hamster Ovary cells, has been recently introduced and is currently under
evaluation (Amalfitano et al., 2001; Van den Hout et al., 2000; Winkel et al., 2004). Although some
promising experimental data on gene therapy have been reported in animal models (Sun et al.,

2005), to date no therapeutic approaches are available for Pompe patients, other than ERT.
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3.2 Experimental work

3.2.1 Outline of the project

The overall aim of this project was to develop innovative therapeutic approaches for Pompe disease.
The different steps of the project specific aims are summarized hereafter, and the clinical,
biochemical and molecular results of this studies are reported “in extenso” in the appendices 3.5.1,

3.5.2, and 3.5.3 of this chapter.

3.2.2 Patients

We collected eight Pompe patients followed up by our Department or other local hospitals: their
clinical features are summarized in Table 1 (section 3.2.3). In all cases the diagnosis was confirmed
by GAA enzymatic assay in cultured skin fibroblasts or muscle biopsy, carried out as previously
described (Hirschhorn and Reuser, 2001). The patients were characterized also by molecular
analysis of the GAA gene performed in collaboration with Dr. Pittis and Dr. Bembi, Unita di
Malattie Metaboliche, [.LR.C.C.S. Burlo Garofolo, Trieste, Italy, and Dr. Filocamo, Laboratorio di
Diagnosi Pre e Postnatale Malattie Metaboliche, I.LR.C.C.S. G. Gaslini, Genoa, Italy: some of the
molecular results were included in an Italian multicenter collaborative study, enclosed in appendix
3.5.3 (patients BAP, VPO, DPF are respectively patients 6, 40 and 1 in the paper by Montalvo et al.,

2006).
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3.2.3. Table 1.

Pompe patients recruited for our research project 2.

Patients Age at Main clinical features at diagnosis
diagnosis
DCME  Classic infantile 5m Muscle hypotonia, severe cardiomyopathy,

pneumonias, raised serum muscle enzymes

RGG Classic infantile 6y Muscle hypotonia, severe cardiomyopathy,
pneumonias, raised serum muscle enzymes

RP Infantile onset 1y Hypotonia, motor delay, pneumonias, raised serum
non-classic muscle enzymes

GM Infantile onset 11m Motor delay, frequent vomiting and failure to thrive,
non-classic raised serum muscle enzymes

BAP Childhood- 4y Muscle weakness, raised serum muscle enzymes
onset

PP Juvenile 11y Muscle weakness, scoliosis, low respiratory tract

infections, raised serum muscle enzymes

VPO Juvenile 2y2m Motor delay, hepatomegaly, raised serum muscle
enzymes
DPF Juvenile 3y Hypotonia, raised serum muscle enzymes

Note: m: months; y: years.
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3.2.4 Specific aim 1.

EVALUATION OF THE LONG TERM EFFECTS OF ENZYME REPLACEMENT
THERAPY OF POMPE DISEASE WITH RECOMBINANT HUMAN ALPHA-
GLUCOSIDASE (DERIVED FROM CHINESE HAMSTER OVARY CELLS).

We studied the long term safety and efficacy of ERT with recombinant human alpha-glucosidase
derived from Chinese Hamster Ovary cells on three of the Pompe cases recruited (GM, RP and
VPO), all of whom presenting without cardiomyopathy. The patients were treated at dose regimens
of 20-40mg/Kg/every other week. Follow-up length ranged from 20 weeks to 140 weeks of therapy.
The first patient (GM), who underwent enzyme replacement therapy earlier and in better baseline
conditions, showed motor improvement and no respiratory failure. The second case (RP) who
started the therapy early, in severe general conditions, showed improvement in motor function and
degree of disability, but not in muscle strength. Significant respiratory improvement was also noted:
following enzyme replacement therapy, the frequency of low airway infections markedly decreased
and the patient, who was ventilator-dependent at baseline, became steadily ventilator-free for short
periods. The third case (VPO), who started the therapy at a terminal stage of a long lasting disease,
died shortly after. Our study suggests that enzyme replacement therapy can lead to significant motor
and respiratory improvement in the subgroup of patients who start the therapy before extensive
muscle damage has occurred. The recombinant enzyme derived from Chinese Hamster Ovary cells,
administered at doses significantly higher than previously reported, appears to have the same safety

as the rabbit milk derived drug. This study is fully reported in appendix 3.5.1.
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3.2.5 Specific aim 2.

EVALUATION OF THE EFFECTS OF IMINO SUGARS ON MUTATED ALPHA-
GLUCOSIDASE ACTIVITY IN FIBROBLASTS FROM PATIENTS WITH POMPE
DISEASE

In this study, we tried to evaluate the feasibility of an alternative therapeutic approach in an “in
vitro” model of Pompe disease. Our aim was to provide the proof of principle for developing an
enzyme enhancement therapy using pharmacological chaperones. We studied the effects of two
imino sugars, deoxinojirimycin (DNJ) and N-butyldeoxynojirimycin (NB-DNJ), on residual GAA
activity in fibroblasts from the 8 patients recruited, presenting with different forms of Pompe
disease (2 classic infantile, 2 non-classic infantile onset, 4 late onset forms), and with different
mutations of the GAA gene. We demonstrated a significant increase of GAA activity (1.3 to 7.5-
fold) after imino sugar treatment in fibroblasts from patients carrying the mutations L552P (3
patients) and G549R (1 patient). GAA enhancement was confirmed in HEK293T cells where the
same mutations were overexpressed. No increase of GAA activity was observed for the other
mutations. Western blot analysis showed that imino sugars increase the amount of mature GAA
molecular forms. Immunofluorescence studies in HEK293T cells overexpressing the L552P
mutation showed an improved trafficking of the mutatnt enzyme to lysosomes after imino sugar
treatment. These results provide a rationale for an alternative treatment, other than enzyme

replacement, to Pompe disease. This study is fully reported in appendix 3.5.2.
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3.3  Conclusions

In this study we evaluated the effects of two experimental innovative therapeutic strategies for
Pompe disease. Our data suggested that ERT has controversial results on Pompe patients: in fact
this treatment appears to prevent motor regression and lead to motor and respiratory improvement
in Pompe patients who start the therapy before a significant muscle damage has occurred.
Nevertheless, the lack of significant effects of the treatment on severely compromised skeletal
muscle, supports the need of alternative therapeutic approaches. The results of the “in vitro” study
evaluating the use of small molecules with “chaperone” effect on Pompe cells can provide the
rationale for an alternative therapy. Future studies might be focused on evaluating the “in vitro”
effects of the combination of enzyme enhancement therapy and ERT and, ultimately, on the

feasibility of clinical trials based on this innovative therapeutic approach.
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ABSTRACT

Pompe disease is a rare autosomal recessive myopathy due to the deficiency of lysosomal acid
alpha-glucosidase. Clinical phenotypes range from the severe classic infantile form, characterized
by hypotonia and hypertrophic cardiomyopathy, to the childhood, juvenile and adult forms
characterized by skeletal myopathy and absence of significant heart involvement. Enzyme
replacement therapy with recombinant human alpha-glucosidase derived from either rabbit milk or
Chinese Hamster Ovary cells, has been recently introduced and employed in still ongoing clinical
trials. We report on a long term follow-up of three Pompe cases presenting without
cardiomyopathy, treated with recombinant human alpha-glucosidase derived from Chinese Hamster
Ovary cells at dose regimens of 20-40mg/Kg/every other week. The first patient, who underwent
enzyme replacement therapy earlier and in better baseline conditions, showed motor improvement
and no respiratory failure. The second case who started the therapy early, in severe general
conditions, showed improvement in motor function and degree of disability, but not in muscle
strength. Significant respiratory improvement was also noted: following enzyme replacement
therapy, the frequency of low airway infections markedly decreased and the patient, who was
ventilator-dependent at baseline, became steadily ventilator-free for short periods. The third case,
who started the therapy at a terminal stage of a long lasting disease, died shortly after. Our study
suggests that enzyme replacement therapy can lead to significant motor and respiratory
improvement in the subgroup of patients who start the therapy before extensive muscle damage has
occurred. The recombinant enzyme derived from Chinese Hamster Ovary cells, administered at
doses significantly higher than previously reported, appears to have the same safety as the rabbit

milk derived drug.
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INTRODUCTION

Pompe disease, also known as glycogenosis type 11, is an autosomal recessive progressive metabolic
myopathy with an overall incidence of 1:40000 live births. "2 This condition is due to the deficiency
of the lysosomal enzyme alpha-glucosidase, leading to tissue glycogen accumulation and secondary
muscle destruction. * The phenotype of the disease is characterized by clinical variability, spanning
a continuum range. The severe classic infantile form is characterized by early onset, severe
hypertrophic cardiomyopathy, marked hypotonia, macroglossia, hepatomegaly, and invariably fatal
outcome by one year of age. ? The late onset (childhood, juvenile or adult) form is characterized by
skeletal myopathy, possible respiratory failure and absence of cardiac disease. +5 Current
classifications identify intermediate phenotypes, such as the non-classic infantile form, presenting
within the first two years of life, with less severe heart involvement and absence of left ventricular
outflow obstruction. "**® It has been shown that an inverse correlation generally exists between
degrees of clinical severity and different ranges of residual enzymatic activity. 2

Enzyme replacement therapy with recombinant human alpha-glucosidase derived from either rabbit
milk or Chinese Hamster Ovary cells, has been recently introduced and is currently under
evaluation. To date the results of only four trials have been published, enrolling a total of nine cases

. .. . . . 7,89,10,11,12,13
with classic infantile form and three cases with late onset Pompe disease; "™ '~

in particular,
information about treatment with the recombinant alpha-glucosidase derived from Chinese Hamster
Ovary cells is to date available only for three patients presenting with significant cardiomyopathy
(classic infantile Pompe disease), and followed up for one year. ’

Given the phenotypic variability of this condition, the limited number of patients on treatment, the
different sources of recombinant human alpha-glucosidase and the various dosages used for enzyme
replacement therapy in the few published studies, even single observations may provide useful

information on either the clinical course or the therapeutic outcome. We report on three Pompe

patients presenting without significant cardiac involvement, treated with recombinant human alpha-

121



glucosidase derived from Chinese Hamster Ovary cells, who provide additional information on the

effects of this experimental therapeutic approach.

PATIENTS AND METHODS

Three patients with Pompe disease were recruited in an observational study; their clinical and
biochemical features are summarized in Table 1. Written informed consent was obtained from
either patients and/or parents, and the therapy was approved by the local ethical committee. The
drug was provided by Genzyme Corporation (Myozyme ®). Case 1 was enrolled in the expanded
access protocol for infantile onset Pompe disease (AGLU 02203); case 2 received the drug for
compassionate use; case 3 was enrolled in the protocol for severely affected cases with late onset
Pompe disease (AGLU 02503).

Cases 1, 2 and 3 started the enzyme replacement therapy at 3 years and 8 months, 2 years and 8
months, and 19 years and 9 months of age respectively. Case 1 and 3 were on 20mg/Kg/every other
week (qow); case 2 started the therapy at the dosage of 10mg/Kg/week, which was gradually
increased to 40mg/Kg/qow (Table 1). Periodic clinical assessments included physical examinations,
and neuro-developmental assessments performed by a pediatric neurologist and psychologist.
Muscle function was evaluated with the Gross Motor Function Measure. This scoring system
evaluates the patients’ skills on the bases of the following five different dimensions: “lying and
rolling”; “sitting”; “crawling and kneeling”; “standing”; “walking, running and jumping”. The
calculated scores for each dimension are the result of the percentage of performance items reached
by the patient. After the age of 4 years, muscle functional impairment was also measured according
to the Walton and Gardner-Medwin scale, an 11-points ordinal scale ranging from grade O (patient
performing all activities) to grade 10 (patient confined to bed and requiring help for all activities).
Manual Muscle Testing according to the Medical Research Council score '* was used to assess
specifically muscle strength after the age of 4 years. The following muscles were evaluated,

separately for each side of the body when appropriate: neck flexors and extensors, deltoids, biceps,
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triceps, wrists flexors and extensors, hip flexors and abductors, knee flexors and extensors, foot
dorsal and plantar flexors. Scores were given to each muscle (scores ranging from 0: no movement,
to 5: normal strength) and were added to obtain a total muscle score for upper body (maximum
score: 50), lower body (maximum: 60) and total body (maximum: 110). Mental and cognitive status
was evaluated by Bayley Scales of Infant Development II and WPPSI tests, according to the age
and general conditions of the patients. In all cases, the degree of disability was evaluated using the
Pediatric Evaluation of Disability Inventory: "> the Normative Standard Score, expressed as a
percentile (mean + 2 standard deviations corresponding to a score of 50 + 20), was evaluated to
measure the child overall functional performance relative to peers; the Scaled Score provided an
estimate, regardless of age, of the child’s functional performance along a continuum of items scored
from O to 100.

Audiometry was performed every 6 months. Biochemical analyses included full blood count, serum
levels of alanine transaminase, aspartate transaminase, lactate dehydrogenase, creatine kinase,
bilirubin, alkaline phosphatase, electrolytes, glucose, creatinine, urea, uric acid, bicarbonate,
protein, albumin, and urine analysis. Anti-recombinant human alpha-glucosidase antibodies were
analyzed by enzyme-linked immunosorbent and radioimmunoprecipitation assays by Genzyme
Corporation. Muscle biopsy was repeated during enzyme replacement therapy at week 12 and week

77 only in case 2.

RESULTS

Growth parameters and general conditions

A total of 153 infusions were performed during the observational period. Our three cases underwent
enzyme replacement therapy with variable degrees of muscular damage and general conditions
severity (Table 1).

Case 1, who started the therapy before a significant muscular damage occurred, remained in good

conditions during the whole observational period. Comparing baseline with week 70, weight
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improved from the 5™ to the 10-25" centile, while stature and head circumference remained
between the 10™ and the 25™ centile, and between mean and -2 standard deviations, respectively.

In case 2 baseline weight, length and head circumference were all below the 5" centile (Kg 10.220,
cm 85 and cm 47 respectively, at 32 months of age). During enzyme replacement therapy, a gradual
improvement in growth parameters was noted and, at week 135, her weight was Kg 20 (75™), length
cm 108 (25™) and head circumference cm 51 (between mean and +2 standard deviations). Her
general conditions, which were critical at baseline due to significant motor impairment and
respiratory failure, slowly improved. After a 57 weeks admission in a Pediatric Intensive Care Unit
(37 weeks of enzyme replacement therapy) she was allowed to go home for a few hours-days/week
and, at week 124, she eventually became an outpatient.

At baseline, case 3 was already at a terminal stage of the disease and had a very wasted build
(weight: Kg 26). It was not possible to measure stature, because of the severe kypho-scoliosis and
multiple joint contractures.

Motor assessment

Case 1, who had only a mild motor impairment at baseline, showed a significant improvement of
muscular function during follow-up, and no regression. The “walking, running and jumping”
dimension of the Gross Motor Function Measure score was 86% at baseline, 93% at week 12, and
steadily 100% since week 26; the other dimensions were steadily 100% (Figure 1A). Walton and
Gardner-Medwin scale grade and Manual Muscle Testing scores were always normal.

Case 2, who had been able to stand at 2 years of age, at baseline could not hold her head, but was
only able to lift her arms for a short time, with her lower limbs laying down in a frog-like position.
After enzyme replacement therapy was started, she stopped losing motor skills, and re-achieved
some major motor milestones: at week 70, the patient was able again to sit unsupported and to
manipulate objects, but she could stand only with multiple orthopedic devices. Although this girl
was not able to speak properly, partly due to the prolonged use of invasive respiratory support, she

could efficiently communicate with gestures. The dose of the recombinant enzyme was gradually
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increased up to a maximum of two times the initial dosage, and motor function evaluated by Gross
Motor Function Measure showed a significant improvement. In the first year of therapy, the scores
for the “lying and rolling” and “sitting” dimensions gradually improved from 9.8% to 37.3%, and
from 0% to 43.3% respectively (Figure 1B); nevertheless, after two years of therapy, the girl
reached a plateau score (52.9% and 55% respectively) and subsequently did not further improve,
despite continuous physiotherapy (Figure 1B). The other Gross Motor Function Measure
dimensions were steadily 0% during follow-up. The Walton and Gardner-Medwin scale grade,
evaluated from week 70, confirmed the impression of a steady state, being constantly 8. Muscle
strength, evaluated from week 70 with Manual Muscle Testing, initially improved but subsequently
declined in spite of the drug dose increase (Figure 2).

Case 3 underwent enzyme replacement therapy with a baseline skeletal muscle function very
severely compromised by the long lasting disease (Table 1) (Manual Muscle Testing total scores for
upper body: 23, lower body 11, total body: 34).

In all three cases cognitive and intellectual skills were not impaired (data not shown).

Orthopedic complications

Case 1, who underwent enzyme replacement therapy with a very mild impairment of muscle
function, never experienced orthopedic complications.

Case 2, who underwent enzyme replacement therapy with a significant degree of muscular damage,
experienced a few orthopedic complications. Despite continuous physiotherapy, she developed joint
contractures at lower limbs from week 27: at week 77 she underwent surgical operation for clubfeet.
At week 84, a pathologic fracture of the left femoral neck occurred, requiring surgical reduction,
immobilization for 19 weeks and vitamin D supplementation for a complete recovery. Total body
DEXA scan performed at week 124 did not show generalized osteoporosis (Z score: -0.1, normal
values for age >-2.5), although it was not possible to rule out the presence of localized areas of
osteopenia secondary to immobility. Bilateral hip dislocation and scoliosis of the thoracic and

lumbar tract were noted at week 88 and 130 respectively.
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Case 3 had severe contractures of knees and ankles and a very marked kypho-scoliosis from
baseline.

Disability evaluation

Case 1 had a Pediatric Evaluation of Disability Inventory score within normal range through the
whole follow-up period, without any significant decrease. Case 2 showed a significant increase
particularly in the social function and self care domains (Figure 3), although the mobility domain
scores remained steadily below the 10™ centile, as compared with peers. Case 3 showed a
significant degree of disability (baseline Functional Skills Scaled Score: Self care: 30.7; Mobility:
11.4; Social function: 52).

Respiratory function

During the follow-up period, case 1 had recurrent upper airway infections and otitis, but he neither
experienced pneumonia nor developed respiratory failure.

At baseline case 2 was on intermittent mandatory ventilation with 20-25 breaths/min, and oxygen
supplementation (FiO2: 0.6-0.7) (Figure 4). In the following weeks, she had several lung infections
(Figure 4) causing left lung atelectasia. A tracheostomy was performed at week 12. During
treatment, the frequency of respiratory infections progressively decreased and a gradual
improvement in respiratory function was observed. She was gradually weaned from intermittent
mandatory ventilation and, since week 25, she was on continuous positive airway pressure only
(Figure 4). From week 37, the patient could stay without any respiratory support, initially for a few
hours during the day and then, gradually, for a few days (up to 8 days between weeks 56 and 57).
At week 58, continuous permanent continuous positive airway pressure was required after another
episode of low respiratory tract infection and, since week 61, she was on a pressure support
ventilation, with no need of active ventilation (positive end-expiratory pressure: 0-4 cmH2O;
pressure support: 10 cmH20); since week 68, she was again steadily able to stay without respiratory

support for 1-2 hours/day (Figure 4)
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During the whole follow-up period, case 3 was on continuous intermittent mandatory ventilation
through tracheostomy, with oxygen supplementation during most of the nights for about 8
hours/night, and daytime only during upper respiratory tract infections.

Cardiac status

Electrocardiogram and echocardiography, scheduled every 3 months for infantile Pompe patients
and every 6 months for the late onset case, did not show signs of hypertrophic cardiomyopathy.
Hearing assessment

Case 1 had recurrent otitis but no significant hearing problems. Conductive hearing loss due to
recurrent otitis was demonstrated in case 2 since week 36, and at week 134 grommets were inserted.
Mild mixed hearing loss was detected in case 3 by audiometry at week 9.

Global outcome

While a significant improvement was noted in case 1 and 2, case 3 unfortunately suddenly died
after only 20 weeks of enzyme replacement therapy; it was not possible to perform autopsy, and the
death was considered to be likely related to the severe pre-therapy general conditions.

Laboratory tests

In all cases, creatine kinase serum levels tended to increase, transaminases levels tended to decrease
and lactate dehydrogenase levels were variable over time with no definite trend: these variations
were statistically significant for alanine transaminase serum levels in case 1 (R2: 0,7802) and
creatine kinase serum levels in case 2 (R2: 0.3054) (Figure 5).

For case 3, creatine kinase and aspartate transaminase levels were respectively 302 and 92 TU/L at
baseline and 395 and 89 IU/L at week 20.

Repeated muscle biopsies, performed only in case 2 at weeks 12 and 77 during surgical procedures,
did not show major histological changes as compared to the sample obtained at diagnosis.

Safety evaluation

In all cases, blood pressure and heart rate showed only minor changes during the infusions.
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Case 2 experienced a few adverse events from week 2, consisting of transient abdominal pain,
accumulation of secretions in the upper airways, irritability, fatigue, transient hypoxia and moderate
fever (up to 38.5°C), easily managed with administration of paracetamol, reduction of the infusion
rate and occasional pre-medication with prometazine and paracetamol. Anti-recombinant human
alpha-glucosidase IgG were positive since week 6 with increasing titers (at week 6: 6400; at week
7:3200; at weeks 10 and 13: 25600; at weeks 17, 70, 76, 114, 124 and 140: steadily 12800).

Case 1 and 3 never experienced infusion related adverse events. In case 1, the anti-drug IgG were
negative until week 20, and then became positive at variable titers (at weeks 20, 26, 38, 52, and 64:
200, 400, 800, 800, 400 respectively). Concerning case 3, anti-drug IgG were negative until week
12 and then became positive at increasing titers (at weeks 12, 16 and 20: 400, 400, 800
respectively).

Repeated urine analyses were normal and, in particular, did not show proteinuria.

DISCUSSION

This observational study reports on the use of recombinant human alpha-glucosidase derived from
Chinese Hamster Ovary cells in Pompe patients presenting with no cardiac involvement, focusing
particularly on long term safety and efficacy. Little information about the effects of this drug is
currently available in the literature: the only published study described the drug effects observed in
classic infantile Pompe patients during a yearly follow-up at a dose regimen of 5mg/Kg/twice
weekly. ? Subsequently it has been suggested that the administration of a higher quantity of
recombinant enzyme, less frequently might be more effective. "' In the present study, the drug was
administered at a dose of 20mg/Kg/qow in 2 cases. Moreover, case 2 was treated with increasing
doses of recombinant enzyme, up to a maximum of 40mg/Kg/qow, and was followed for up to three
years. Our data confirm that enzyme replacement therapy with recombinant human alpha-
glucosidase derived from Chinese Hamster Ovary cells, performed at doses significantly higher

(two times) than previously reported, has the same safety as the rabbit milk derived drug.
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Only a single trial has been reported to date, enrolling Pompe patients presenting with no heart
involvement: " in this study, three juvenile Pompe cases were treated with the rabbit milk derived
recombinant enzyme and showed motor improvement and stabilization of pulmonary function. =
Our observation suggests that the recombinant enzyme derived from Chinese Hamster Ovary cells
has a similar efficacy in childhood Pompe disease. In particular, concerning respiratory status, our
case 2 showed a remarkable decrease of the frequency of lung infections and a significant reduction
in the need of respiratory support after the therapy was started (Figure 4). Ventilator dependency
has been considered an exclusion criterion in studies on classic infantile Pompe patients. 10 Two
previously described late onset patients, who were ventilated and showed severe scoliosis at the
start of therapy, did not show significant improvement in pulmonary function. " This is the first
description of a Pompe patient who was ventilator-dependent at baseline and, following enzyme
replacement therapy, eventually became steadily ventilator-free for short periods. Our observation
suggests that improvement in respiratory function is possible in baseline ventilated patients, if the
therapy is started before the occurrence of significant muscle destruction and/or significant
scoliosis.

Concerning motor status, case 1 showed no regression and a complete normalization of his motor
skills. On increasing drug doses, case 2 showed controversial results. She had a gradual
improvement in muscle function, stopping losing motor skills and progressing significantly in
motor development. Nevertheless, she reached a plateau at around week 114 and neither major
improvement nor decline was subsequently noted (Figure 1). The degree of motor disability
improved significantly (Figure 3). On the other hand, after week 70, muscle strength initially
slightly improved and subsequently showed a mild decline (Figure 2).

A few different factors might explain the different outcome of the observed cases. The phenotypic
clinical variability of the disease is likely to affect the global outcome of the patients. Before
starting enzyme replacement therapy, case 2 had a significantly worse clinical course than case 1, in

spite of an early presentation in both cases; this might fit with the previous observation that, among
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patients presenting before the age of 15 years, there is a subgroup with a more severe and rapid
course of the disease. '® It has been suggested that glycogen clearance by enzyme replacement
therapy is likely to lead to a more significant clinical improvement, the earlier the therapy is started,
and the less skeletal muscle fibers have been damaged to an irreversible degree. * It is possible to
hypothesize that the lack of significant effects of enzyme replacement therapy on muscle strength
and the occurrence of orthopedic complications in case 2, might be due to the severe muscle
destruction already established at baseline, and not further amenable to treatment. In this respect,
the higher baseline degree of clinical severity associated with the longer disease duration 1o may
well explain the very poor global outcome of case 3.

Although to the best of our knowledge pathological fractures and hip dislocations have not been
reported in the previously published trials, we believe that Pompe patients should be strictly
monitored for these events, which are very likely to be secondary to reduced mobility.

We did not observe significant changes in muscular histology after one year and a half of therapy in
case 2; this is in agreement with previous observations suggesting a possible little of even absent
histological change in Pompe patients on enzyme replacement therapy, "'° and emphasizing that
muscle pathology can vary significantly between different muscle bundles examined. "'

During enzyme replacement therapy, we observed an increasing trend for creatine kinase levels and
a decreasing trend for transaminases. While muscle enzymes have been reported to be useful
biochemical diagnostic tools for Pompe disease, > their significance in the follow-up of Pompe
patients is currently a matter of debate. Lactate dehydrogenase and transaminases have been
proposed to be better markers of disease progression in the natural history of classic infantile
Pompe disease, as compared with creatine kinase; 3 on the other hand creatine kinase levels have
been considered to be the best serologic marker of enzyme replacement therapy efficacy in late
onset Pompe disease. ' It might be reasonable to hypothesize that both muscle and liver contribute
to the abnormally high levels of transaminases found in Pompe patients. The discrepancy between

decreasing transaminases serum levels and increasing values of creatine kinase might suggest that
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enzyme replacement therapy is more effective on liver than muscle, probably because the drug is
up-taken more efficiently by the hepatocytes compared with skeletal muscle fibers. 17 Comparing
the increasing creatine kinase levels found in our patients treated with the Chinese Hamster Ovary
cells derived drug, with the decreasing creatine kinase levels previously reported in three cases
treated with the rabbit-milk derived recombinant drug, '’ one might hypothesize a more significant
effect on skeletal muscle of the latter drug. No studies have been reported to date systematically
comparing the effects of the two drugs available. Nevertheless, in the very few observational studies
published to date, the efficacy of both alternative drugs on motor status seems to be variable and
overall comparable. '®

The presence of anti-drug antibodies in our cases was difficult to interpret. Case 2 developed anti-
drug antibodies at increasing titers in the first months of treatment, when she showed significant
clinical improvement. On the other hand, when she subsequently stopped improving in muscular
function and showed a slight decline in muscular strength, she had stable anti-drug serum levels.
Case 1 and 3, who developed anti-drug antibodies at lower and comparable levels, had a very
different outcome. On the basis of our findings and the previously reported observations, the
clinical relevance of the anti-drug antibodies appears unclear and requires further investigation. ''
Our case 3 started enzyme replacement therapy in very poor general conditions and died after only
20 weeks of treatment. We think that positive results are more likely to be submitted for publication
than the negative ones. This might explain the fact that, among a total of twelve Pompe patients
reported in the literature on enzyme replacement therapy, there is only one death report. ' Further
descriptions of cases with poor outcome might contribute to the identification of the subgroup of
patients who might be more likely to improve on enzyme replacement therapy.

The lack of significant effects of the treatment on severely compromised skeletal muscle, suggests
the need of alternative therapeutic approaches: experimental data about gene therapy in animal
models, ' and preliminary data on the effects of small molecules with chaperone effect in “in-vitro”

. 20 ..
models of Pompe disease, ~ seem to be promising.
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In conclusion, our observations provide additional information on the efficacy and safety of enzyme
replacement therapy with recombinant human alpha-glucosidase derived from Chinese Hamster
Ovary cells, suggesting that this experimental therapeutic approach can prevent motor regression
and lead to motor and respiratory improvement in Pompe patients who start the therapy before

significant muscle damage has occurred.
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FIGURE LEGENDS

Figure 1

Cases 1 and 2: effects of the enzyme replacement therapy on muscle function measured by the

Gross Motor Function Measure. For details of the scoring system: see text.

1A: Case 1. The scores for the “lying and rolling”, “sitting”, “crawling and kneeling” and

“standing” dimensions were steadily 100% (not shown).

1B: Case 2. The scores for the “standing” and “walking, running and jumping” dimensions were

steadily O (not shown).
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Figure 2

Case 2: Manual Muscle Test total scores, evaluated during treatment from week 70 according to the
Medical Research Council, for upper body (circles), lower body (squares), and total body
(triangles).

For details about the test: see the text.
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Figure 3

Case 2: degree of disability assessed during enzyme replacement therapy using the Pediatric
Evaluation of Disability Inventory. For details about the test: see text.

3A: Normative Standard Scores. Normal range: 30-70. Mobility domain (both functional skills and

caregiver assistance): always <10™ centile (data not shown).
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3B: Scaled Score.
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Figure 4

Case 2: infectious episodes and respiratory support. After enzyme replacement therapy was started,
the frequency of lung infections (black arrows) decreased over time and respiratory function
gradually improved.

Note: white arrows: start of enzyme replacement therapy, and subsequent changes in the drug dose;
gow: every other week.

Respiratory support:

A: Continuous intermittent mandatory ventilation (at baseline: 20-25 breaths/min; in the following
weeks: 5-25 breath/min depending on patient’s conditions) and continuous oxygen supplementation
(Fi02 0.5-0.7).

B: Intermittent mandatory ventilation during nighttime or infectious episodes (5-15 breaths/min
depending on patient’s conditions); continuous positive airway pressure during daytime in
infection-free periods. Intermittent oxygen supplementation (FiO2 0.21-0.7).

C: Continuous positive airway pressure; no oxygen.

D: Continuous positive airway pressure/no oxygen/no respiratory support for short periods (few
hours/few days)

E: Continuous pressure support ventilation; no oxygen. F: Pressure support ventilation/no

oxygen/no respiratory support for short periods (few hours).
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Figure 5

Cases 1 and 2: effects of the enzyme replacement therapy on serum levels of creatine kinase
(circles), aspartate transaminase (triangles), and alanine transaminase (squares).

Note: IU: International Units; L: Liter

5A: Case 1.

5B: Case 2.
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Table 1.

Features of the three Pompe patients. m: months; y: years; qow: every other week.

Patients (Gender, patient’s initials) 1 (Male, GM) 2 (Female, RP) 3 (Male, VPO)
Onset 4m 6m 2y
Age of diagnosis I11m ly 2y2m
Presenting symptoms/signs
Hypotonia - + -
Motor delay + + +
Frequent vomiting, failure to thrive + - -
Hepatomegaly - - +
Hypertrophic cardiomyopathy - - -
Raised serum muscle enzymes + +
Enzymatic activity at diagnosis (% of lower limit of normal range)
Muscle 0.46 3 -
Fibroblasts 1.8 4 24
Lymphocytes - 8 3.3
Baseline conditions
Skeletal muscle involvement + + +
Motor regression - + +
Severe hypotonia - + +
Wheelchair bound - + +
Severe scoliosis - - +
Joint contractures - - +
Pathologic fractures - - +
History of pneumonias - + +
Respiratory failure - + +
Invasive ventilation - + +
ERT
Age at the start 3y8m 2y8m 19y9m
Follow-up duration (weeks) 70 140 20
Dose (weeks) 20mg/Kg/qow (0-70)  10mg/Kg/week (0-69);  20mg/Kg/qow
20mg/Kg/qow (70-85); (0-20)
30mg/Kg/qow (86-95);
40mg/Kg/qow (96-140)
Global outcome Improvement Improvement Death
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ABSTRACT
We investigated the use of pharmacological chaperones for the therapy of Pompe disease, a
metabolic myopathy due to mutations of the gene encoding the lysosomal hydrolase a-glucosidase
(GAA) and characterized by generalized glycogen storage in cardiac and skeletal muscle. We
studied the effects of two imino sugars, deoxinojirimycin (DNJ) and N-butyldeoxynojirimycin (NB-
DNJ), on residual GAA activity in fibroblasts from 8 patients with different forms of Pompe disease
(2 classic infantile, 2 non-classic infantile onset, 4 late onset forms), and with different mutations of
the GAA gene. We demonstrated a significant increase of GAA activity (1.3 to 7.5-fold) after imino
sugar treatment in fibroblasts from patients carrying the mutations L552P (3 patients) and G549R (1
patient). GAA enhancement was confirmed in HEK293T cells where the same mutations were
overexpressed. No increase of GAA activity was observed for the other mutations. Western blot
analysis showed that imino sugars increase the amount of mature GAA molecular forms.
Immunofluorescence studies in HEK293T cells overexpressing the L552P mutation showed an
improved trafficking of the mutatnt enzyme to lysosomes after imino sugar treatment. These results

provide a rationale for an alternative treatment, other than enzyme replacement, to Pompe disease.

Key words

Pompe disease, glycogen storage disease, O-glucosidase, imino sugar, deoxynojirimycin, N-

butyldeoxynojirimycin, enzyme enhancement, pharmacological chaperone
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INTRODUCTION

Pompe disease (PD, glycogenosis type 11, OMIM 232300) is an autosomal recessive disease with an
estimated incidence of 1:40,000 live births [1]. PD is due to mutations of the acid a-glucosidase
(GAA) gene, encoding the lysosomal hydrolase o-glucosidase (acid maltase, GAA, E.C.3.2.1.20),
which is synthesized as a 110 kDa precursor and is processed into the active polypeptides of 76 and
70 kDa, through an intermediate molecular form of 95 kDa [1, 2].

o-Glucosidase deficiency results in generalized tissue glycogen accumulation and secondary
cardiac and skeletal muscle destruction [3]. Different mutations of the GAA gene result in a wide
phenotypic variability, ranging from the devastating classic infantile form, characterized by early
onset, severe hypertrophic cardiomyopathy, marked hypotonia, hepatomegaly, and invariably fatal
outcome by one year of age, to the late onset childhood, juvenile or adult forms, characterized by
skeletal myopathy, in the absence of cardiac disease [3]. Infantile onset non-classic phenotypes
have been described, presenting within the first two years of life, with milder or absent heart
involvement [3, 4].

Enzyme replacement therapy (ERT) with recombinant human GAA (thGAA) derived from either
rabbit milk or Chinese Hamster Ovary (CHO) cells has been recently introduced in the treatment of
PD patients [5,6]. The results of the published trials, enrolling more than thirty cases with variable
phenotypes, support the effectiveness of ERT on cardiomyopathy and motor function in the classic
infantile PD patients, whereas the effects of ERT on skeletal myopathy in the late-onset patients
were variable [7]. Concern about the efficacy of ERT on skeletal muscle manifestations also derives
from a number of studies performed in animal models, showing preferential targeting of rhGAA to
liver, rather than to muscle [8], little or no clearing of glycogen stores from muscle cells in
advanced stage skeletal muscle involvement [8, 9], selective resistance of type II muscle fibers to
ERT with thGAA [10]. These observations suggest that a search for alternative therapeutic
approaches to PD, other than ERT, is warranted, particularly for patients with late-onset forms and

prominent skeletal muscle disease.
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Recently, the use of pharmacological chaperones to enhance the activity of mutated lysosomal
enzymes has attracted considerable interest. It has been shown that specific drugs, mostly imino
sugars and their alkylated derivatives, are able to rescue the deleterious effects of missense
mutations on the folding and activity of several lysosomal hydrolases, including [-
glucocerebrosidase [11], a-galactosidase [12,13], B-galactosidase [14] and B-hexosaminidase [15].
It has been proposed that the enhancing effect of these compounds may have applications in the
treatment of lysosomal storage disorders due to the deficiency of these enzymes.

In this study we have explored the possibility of using this approach in PD. We have investigated
the effects of two imino sugars, deoxynojirimycin (DNJ) and N-butyldeoxynojirimycin (NB-DNJ),

on GAA activity in fibroblasts from PD patients carrying different mutations of the GAA gene.
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RESULTS

Molecular characterization of patients

Seven out of 8 patients included in the study were characterized on the molecular ground. The
results of the molecular analysis of patients are reported in Table 1. The mutation L552P was found
in three unrelated patients (28% of the alleles studied) coming from different Regions of Italy.
Patients 1 was homozygous for this mutation, whereas patients 2 and 3 were heterozygotes, both
carrying the L552P mutation together with a splicing mutation c.-35C>A and the A445P mutation,
respectively. Patient 4 was a compound for the mutation G549R and a splicing mutation. Patients 5
and 7 were homozygous for two missense mutations (L355P and R375L, respectively). In patient 6
only a single allele, carrying a c.-45T>G mutation, commonly associated with juvenile phenotypes,
was identified. Patient 8 died before the molecular analysis was performed and her parents could

not be traced back to provide a parental consent to mutational analysis.

Effects of imino sugars on GAA activity in PD fibroblasts

We studied the effects on GAA activity of the imino sugar DNJ and its alkylated derivative NB-
DNIJ in fibroblasts from the PD patients included in the study. Treatment for 9 days with both
compounds was effective in enhancing GAA activity in fibroblasts from patients 1-4 (Fig. 1). A 1.8
to 5.6-fold increase of residual GAA activity after treatment with NB-DNJ was observed in
fibroblasts from patients 1, 2 and 3, carrying at least one allele with the L552P mutation and from
patient 4, carrying the missense mutation G549R and a splicing mutation on the second allele.
Similar results (1.3 to 7.5-fold increase in GAA residual activity) were obtained after culturing the
same fibroblast cell lines in the presence of DNJ. In all cases GAA increases from baseline were

statistically significant with values of p ranging from <0.001 to 0.019.
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The maximum increase of GAA activity reached approximately 10% of the low normal range in
control fibroblasts. No increase was found in cells from patients 5-8. No effect on GAA activity was
observed in control fibroblasts after imino sugar treatment.

NB-DNJ concentrations as low as 10 uM were sufficient to enhance GAA activity, reaching a
plateau between 10 and 80 uM (Fig. 2A). The enhancing effect was already observed after 3 days of
incubation and continued up tol5 days (Fig. 2B).

No increase of GAA activity was observed when PD fibroblasts were cultured in the presence of 20
UM concentrations of different imino sugars (deoxygalactonojirimycin and mannojirimycin)

suggesting a specific effect of DNJ and NB-DNJ on GAA (not shown).

Effects of imino sugar treatment on single mutations expressed in HEK293T cells

To study the effects of imino sugar treatment on single alleles, each of the missense mutations
found in responsive patients was transiently expressed in HEK293T cells. According to the studies
on the time course of imino sugar enhancement in fibroblasts a treatment period of 3 days is
sufficient to obtain a detectable effect on GAA catalytic activity.

GAA activity was measured in homogenates from NB-DNJ treated and untreated transfected cells
and the results were compared (Fig. 3). Imino sugar treatment of HEK293T cells transfected with
constructs carrying the mutations L552P and G549R, resulted in an increased GAA activity. These
results are consistent with those obtained in fibroblasts. No increase was found when the mutation
A445P was expressed. This suggests that in patient 3, who is a compound for the mutation L552P
and the A445P, the contribution of the latter mutation to GAA enhancement is negligible. In the
HEK?293T cells expressing the mutation R375L no enhancement by imino sugar treatment was
observed, confirming the results obtained in fibroblasts from patient 7 (homozygous for this

mutation).
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Expression of GAA mRNA and protein

To investigate the mechanism involved in the enhancement of GAA activity, mRNA transcription
and protein expression were studied in PD fibroblasts and in transfected HEK293T cells.

Real time PCR was performed on the cDNA prepared from imino sugar-treated and untreated
fibroblasts from patient 1 (homozygous for the responsive mutation, L552P), patient 7
(homozygous for the unresponsive mutation R375L) and a normal control. Imino sugar treatment
did not influence the expression of GAA mRNA in all cell lines studied (not shown).

Western blot analysis of GAA peptides was performed in imino sugars responsive and in non
responsive fibroblasts. In the fibroblasts showing enhancement of GAA activity, imino sugar
treatment resulted in an appreciable increase of mature GAA polypeptides. Figure 4 shows the
results obtained in fibroblasts from patient 1, homozygous for the L552P mutation, and showing the
highest GAA increase, and from patient 4, carrying the other imino sugar responsive mutation
G549R on one allele.

The 110 kDa precursor is detectable in all untreated cells. In fibroblasts from patient 1 after NB-
DNJ treatment the amount of precursor is unchanged and the 70-76 kDa peptides are faint but
clearly appreciable. In fibroblasts from patient 4, a compound for the responsive G549R mutation
and a splicing mutation, a reduced amount of the mature 70-76 kDa peptides is already detectable
under basal conditions and remains unchanged after imino sugar treatment. In both cases the
amount of mature GAA polypeptide is low, as compared to that observed in controls, consistent
with increases of enzyme activity of no more than 10% of normal values. Imino sugar treatment
resulted in an increased amount of mature GAA peptides also in fibroblasts from patient 7, in which
no enzyme activity enhancement had been observed. It is likely that the R375L mutation, detected
in the unresponsive patient, has a severe impact on GAA catalytic activity, thus explaining the lack
of enzyme enhancement by imino sugars.

Western blot analysis was also performed in NB-DNIJ treated and untreated transfected HEK293T

cells (Fig. 5). In all cells, expressing each of the missense mutations studied, imino sugar treatment
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resulted in increased amounts of both the 95 kDa intermediate and the mature GAA 70-76 kDa
polypeptides, confirming the results obtained in fibroblasts. The observation of an increased amount
of mature GAA in cells expressing the non-responsive mutations A445P and R375L, further
supports the idea that specific mutations impact severely on the functional domains of the enzyme
and that in these mutants GAA activity cannot be rescued by pharmacological chaperones, even if

the maturation of the protein is improved.

Immunolocalization of mutant GAA in HEK293T cells

To investigate whether imino sugar improve the trafficking of GAA to the lysosomal compartment
immunofluorescence studies were performed in HEK293T cells overexpressing the mutation
L552P. In the cells expressing mutated GAA imino sugar treatment resulted in a punctate staining
typical of lysosomal localization and comparable to that obtained in the same cells expressing the
wild type enzyme (Fig. 6). The GAA fluorescence partly co-localized with a lysosomal protein

(LAMP?2), thus confirming an improved delivery of GAA to lysosomes.

DISCUSSION

We have shown that treatment with the imino sugars DNJ and NB-DNIJ enhances the activity of
GAA in fibroblasts from patients with specific mutations of the GAA gene.

DNIJ and NB-DNIJ are known inhibitors of glycosidases, including GAA, and ceramide-specific
glucosyltransferases [16] and were initially proposed for clinical use as anti-HIV drugs [17]. NB-
DNI is presently approved for the treatment of Gaucher disease in humans, as a substrate-reducing
agent, and is commercially available. In principle, the same inhibitory effect on the synthesis of
glucosphingolipids may be useful for the treatment of other disorders, including Gy and G

gangliosidoses and Niemann-Pick disease type C.
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It has recently been shown that, in addition to the effect on substrate synthesis, NB-DNIJ is able to
perform as a pharmacological chaperone on 3-glucocerebrosidase, and that it can rescue the effects
of specific mutations of this enzyme (including the common N370S associated with Gaucher
disease type 1) [11]. The concept of pharmacological chaperones that can rescue misfolded,
unstable and non-functional proteins is a growing field of investigation and the possible
applications in human therapy are currently under investigation [18-20]. The use of specific
chemical chaperones has been proposed also in other lysosomal storage diseases, such as Fabry
disease [12, 13], Gmi [14] and Gy, gangliosidoses [15]. In Fabry disease this approach had a
clinical application [21] and proved to be effective in reducing cardiac hypertrophy in a patient with
the cardiac variant of the disease.

We demonstrated a similar effect of imino sugars DNJ and NB-DNIJ on residual GAA activity in
fibroblasts from PD patients with different genetic backgrounds and different phenotypic
presentations.

Since some patients were genetic compounds for different GAA gene mutations, the enhancing
effects of imino sugars were studied in human kidney cells expressing single mutant alleles. This
allowed to clarify that two of the mutations studied were responsive to imino sugar treatment. The
L552P mutation results in the change of a lysine into a proline residue, which may induce a turn in
the protein tertiary structure and can be implicated in protein misfolding. Although most missense
mutations of the GAA gene are rare or private mutations, the L552P mutation appeared to be
relatively frequent in our series of patients (28% of the alleles). The other responsive mutation
changes a glycine into an arginine (G549R). Both the L552P and the G549R mutations are localized
close to the GAA catalytic domain, where it is likely that interactions with DNJ and NB-DNJ occur,
while the unresponsive mutations (A445P, L355P and R375L) are localized in different domains of
the protein. Studies on the tertiary structure of GAA will probably provide an important tool to
better understand the mechanisms leading to GAA enzyme enhancement by pharmacological

chaperones and to identify other responsive mutations.
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To study the mechanisms implicated in enzyme enhancement the effects of imino sugars on GAA
mRNA transcription and protein maturation were analyzed in cultured fibroblasts from responsive
patients, and compared to the results obtained in a non-responsive cell line and in controls.

Imino sugars had no significant effect on mRNA levels, that remained unchanged in all cell lines
studied. Western blot analysis of fibroblasts and HEK293T cells expressing single GAA gene
mutations showed the presence of substantial amounts of the mature and active 76-70 kDa GAA
molecular forms after treatment with imino sugars. This indicates that enzyme enhancement is
mediated through an improved maturation and/or stability of the enzyme. Increased amounts of
GAA polypeptides was observed in all cell lines studied, also in the absence of enzyme activity
enhancement. This indicates that, although imino sugars are generally effective in increasing the
amount of mature GAA, in the presence of specific GAA gene mutations GAA catalytic activity
cannot be rescued.

Immunofluorescence studies in cells overexpressing the L552P mutation showed that imino sugars
enhance the trafficking and delivery of mutated GAA to lysosomes.

An important issue to be addressed is whether the enhancing effect of DNJ and NB-DNJ in vitro
has potential relevance for therapeutic applications. In this respect, although it appears paradoxical
that the same molecule that inhibits a lysosomal enzyme is able to enhance its activity by improving
protein folding and stability, a number of observations suggest that the use of pharmacological
chaperones may not affect the enzyme catalytic activity within the lysosomal compartment, and
therefore might be beneficial for patients.

First, it has been shown that NB-DNIJ does not increase muscle glycogen content in mice at plasma
concentrations comparable to those reached in human therapy (between 2 and 30 uM), and that
glycogen storage in muscle is observed only when high doses of drug (2400 mg/kg/day) are
administered to the animals [22]. In our study we found that an enhancing effect of imino sugars on
GAA is already detectable at concentrations of 10-20 uM, therefore lower than those potentially
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causing glycogen accumulation.

Second, it has been suggested that imino sugars concentrations attained in lysosomes are lower that
those in the endoplasmic reticulum [22] and that the interactions between imino sugars and the
catalytic site of the enzymes are pH dependent and do not occur at acidic pH [12].

Also, it can be speculated that imino sugars are displaced from the catalytic site of the enzyme by
the excess of natural substrate, such as glycogen, accumulated in the lysosomes.

During the preparation of our manuscript, an in vitro study was published showing a stabilizing
effect on GAA of high concentrations of glucose in the culture medium of CHO-KI cells
expressing wild-type GAA [23]. In the same study an enhancing effect on GAA activity by glucose
was described in adult onset PD fibroblasts, although no information on the molecular background
of the patients was provided. Although these data are consistent with our findings on GAA enzyme
enhancement in PD, high levels of glucose would not be appropriate for human therapy, due to
possible deleterious metabolic effects.

Our results appear promising in terms of possible clinical applications of imino sugars for the
treatment of PD. One of the drugs tested in our study, NB-DNJ, has been used for treatment of
Gaucher disease for more than 5 years [16] and wide clinical experience on the use of this drug is
already available. In our study we obtained a significant increase of GAA activity in fibroblasts
from patients with responsive mutations, up to approximately 10% of the low normal GAA activity
in fibroblasts. The GAA specific activity obtained in fibroblasts treated with imino sugars is
comparable to the activity detected in muscle from GAA knock-out mice treated with high doses
(100 mg/kg/week) enzyme replacement therapy [8]. Such an increase may impact on patients’
phenotypes and clinical course. For several lysosomal diseases a threshold effect has been
demonstrated, and it has been shown that even low residual enzyme activities are sufficient to
prevent substrate accumulation. In PD a clear correlation between enzyme activity and the severity
of the phenotype has been observed, with undetectable GAA in the severe forms of the disease and

substantial residual activity in milder and late onset forms [1].
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In conclusion, our results indicate an alternative therapeutic strategy based on the stimulation of
endogenous residual GAA, at least in some patients with PD. An in vitro evaluation of imino
sugars effect may be a preliminary step in recognizing individual patients in whom an enzyme

enhancement-based approach could be beneficial.

PATIENTS AND METHODS

Patients

Patients 1 and 2 (Table 1) with the non-classic infantile onset form of the disease presented with
generalized hypotonia and myopathy within the first year of life. They did not show cardiac
involvement and are presently alive at ages of 6 and 5 years, respectively. Patient 1 is presently
wheel chair-bound and needs respiratory support. Patients 3 presented at 3 years of age with
respiratory infections, hypertransaminasemia and progressive motor regression. She is presently
wheel chair-bound at the age of 20 years. Mild cardiac involvement is also present. Patient 4
presented at the age of 4 years with mild generalized weakness and hypertransaminasemia, without
signs of cardiac disease, and is presently alive at the age of 11 years. Patient 5 presented in the third
year of life with hepatomegaly and muscular weakness, progressively leading to respiratory
insufficiency and death at the age of 20 years. Patient 6 presented in the third year of age with lower
limb hypotonia and hypertransaminasemia. He is presently 13 years old and shows generalized
weakness, without cardiac involvement. Patients 7 and 8 presented with severe cardiomyopathy and
generalized hypotonia. In both cases their phenotype was typical of the classic infantile PD. They
died at ages of 13 and 14 months, respectively. Patients 1-6 were on enzyme replacement therapy

for variable periods.

Reagents and chemicals
Unless otherwise stated all reagents were purchased from Sigma-Aldrich (St Louis, MO, USA). A

polyclonal antiserum against human GAA developed in rabbit was available in our laboratory. DNJ
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and NB-DNIJ were dissolved in DMSO at a concentration of 4.5 mM; appropriate amounts of this
stock solution were added to cell culture media to obtain the required final concentrations in the

different experiments. Glucose concentration in the medium was 4500 mg/L.

Cell cultures

Fibroblasts cell lines were cultured from skin biopsies, after obtaining an informed consent by the
patients’ parents. Both fibroblasts and human kidney embryonic cells HEK293T were grown in
DMEM, supplemented with antibiotics and glutamine. Glucose concentration in the medium was

4500 mg/L.

Molecular characterization of patients

The mutational analysis of the GAA gene was performed according to reference [24] after obtaining
an informed consent from the patients’ parents. Genomic DNA from the patients was obtained from
peripheral blood, using commercial kits, according to standard procedures. Oligonucleotides
corresponding to intronic sequences flanking all GAA exons were used as primers to amplify single
exons by PCR. Cycle sequencing was performed in the forward and reverse directions with the ABI
Prism Big Dye Terminator Cycle Sequencing kit (Applied Biosystem, Warrington, UK). Sequence

analysis was performed on an automated ABI Prism 3700 sequencing apparatus.

Treatment of fibroblasts with imino sugars

Fibroblasts from each patient were incubated for 9 days with 20 pM DNJ and 20 uM NB-DNJ,
respectively. The same cell lines were cultured in parallel in the absence of imino sugars for
comparison. The optimal concentrations of imino sugars to be used and the time course of GAA
enzyme enhancement were determined in fibroblasts from patient 1 that were cultured for variable
times (0, 3, 6, 9, 15 days) in the presence of different concentrations (0, 10, 20, 50, 80 uM) of NB-
DNIJ. After each experiment the cells were harvested and cell extracts were used for the assay of
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GAA activity and for Western blot analysis. To test the specificity of different imino sugars,
fibroblasts were also cultured for 9 days in the presence of 20 UM concentrations of deoxy-

galactonojirimycin and mannojirimycin.

Expression of GAA mRNA in PD fibroblasts

Total RNA was extracted from treated and untreated cell cultures using RNeasy mini kit protocols
(Qiagen). RNA concentrations were determined using Cary 50 Bio Spectrophotometer (Varian).
The SuperScript First Strand Synthesis System for RT-PCR (Invitrogen) was used to generate
cDNA for PCR from 1 pg of total RNA. Real time RT-PCR was performed using I cycler 1Q
Detector System (BioRad). GAA cDNA was amplified using a forward primer in GAA exon 1 (5’
TCTGAAATGGGCTACACGGC 3’) and a reverse primer in GAA exon 2 (5
CGCTGTTAGCTGGATTG 3’). The relative amount of transcripts was calculated by using the
threshold cycle (Ct) methods, according to the manufacturer’s instructions, comparing GAA versus

Beta-Actin transcripts. Real time PCR reactions of each sample were performed in triplicate and

experiments were repeated at least three times.

Site directed mutagenesis and expression of mutated GAA in mammalian cells

GAA cDNA was obtained as described [24]. The mutations identified in patients were introduced in
the wild type GAA gene by site-directed mutagenesis, using commercially available kits (Quick-
Change, Stratagene), according to the manufacturer’s instructions and using primers carrying the
mutations identified in patients. The cDNAs were subcloned in pCDNA3 and human embryonic
kidney cells HEK293T were transiently transfected with 2 pug wild type and mutant cDNAs by
commercially available kits (PolyFect, Quiagen), according to the manufacturer’s instructions.
Immediately after transfection the cells were incubated in the presence of 20 uM NB-DNJ. Seventy-

two hours after transfection the cells were harvested and cell homogenates were used for the assay
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of GAA activity and for Western blot analysis.

GAA enzyme assay

Fibroblasts and HEK293T cells were harvested by trypsinization and disrupted by freezing and
thawing (3x). Cell homogenates (30-40 pg of protein) were incubated at 37° for 60 minutes with 2
mM 4-methylumbelliferyl a-D-glucopyranoside as substrate in a 0.2 acetate buffer buffer pH 4.0 in
an incubation mixture of 100 ul. Reactions were stopped with 1.9 ml glycine carbonate buffer pH
10.7 and fluorescence was read on a Turner biosystems fluorometer Modulus 9200 (360 nm
excitation, 450 nm emission). Protein concentration in cell homogenates was measured according

to reference [25].

Western blot analysis

Equal amounts (20 pg protein) of fibroblast or HEK293T cell homogenates were subjected to SDS-
PAGE electrophoresis and Western blotting. To detect the GAA polypeptides a polyclonal anti-
GAA antiserum raised in rabbit was used as primary antiserum. The different GAA polypeptides
were visualized using an alkaline phosphatase-conjugated goat anti-rabbit secondary antiserum. To
detect B-actin polypeptides a monoclonal anti B-actin antibody developed in mouse was used as
primary antibody and the filters were developed by ECL, according to standard procedures. Extracts

from untreated cells and control fibroblasts were run in parallel for comparison.

Immunolocalization of mutant GAA in HEK293T cells

Immunofluorescence studies were performed according to ref [24], using a rabbit polyclonal anti-
GAA antiserum as a primary antibody and a FITC-conjugated anti-rabbit IgG (DAKO, Glostrup,
Denmark). For co-localization studies a monoclonal anti-LAMP2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was used as a primary antibody and a TRITC-conjugated

anti-mouse antiserum as a secondary antibody (DAKO, Glostrup, Denmark).
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Statistical analysis
The statistical significance of the effects of imino sugar on GAA activity in fibroblasts was
evaluated by Mann-Whitney test. The variation of RNA expression in treated and untreated

fibroblasts levels was analyzed statistically by a T-test.
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Figure 1

Effects of imino sugars treatment in Pompe fibroblasts.

Treatment with NB-DNJ and DNJ resulted in increased GAA activity in patients 1-4. Mean,
standard deviations and statistical significance, derived from 4-10 independent experiments for each
patient are indicated.

No increase was found in fibroblasts from patients 5-8.

NCI = non classic infantile. J = juvenile. CI = classic infantile.

GAA activity in control fibroblasts was 58.5 +/- 28.1 nmoles 4-methylumbelliferone liberated/mg

protein/hour.
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Figure 2

Effects of different imino sugar concentrations (A) and time course of GAA enhancement (B)

in fibroblasts from patient 1.

Enhancement of GAA activity was observed at NB-DNIJ concentrations between 10 and 80 pM.

The enhancing effect of 20 UM NB-DNJ was already observed after 3 days of incubation and

continued up tol5 days.

Each point is mean of 2 different experiments.

E

o

Es

£

E 4 O

23 —O

>

H 2

@

g 1

(L) ] ] ] ] ] ] ] ] ] | I | |
0 10 20 30 50 80 6 9 13 15
NB-DNJ concentration (uM) Time (days)

166



Figure 3

Effects of NB-DNJ in HEK293T cells expressing wild-type and mutated GAA.

Increase of GAA activity after NB-DNIJ treatment was observed in HEK293T cells expressing the
mutations L552P and G549R. No increase was observed in the cells expressing the mutations
A445P and R375L. The specific activities indicated at the top of each bar are the mean of three

independent experiments. The activities are expressed as nmoles 4-MU liberated/mg protein/hour.
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Figure 4

Western blot analysis of fibroblast.

The figure shows the results obtained in fibroblasts from patients 1, 4 (imino sugar responsive), 7
(non responsive) and from an untreated control cell line. The cells were cultured for 9 days with (+)
and without (-) 20 uM NB-DNIJ. The arrows indicate the bands corresponding to a precursor
peptide of approximately 110 kDa and the mature active molecular forms (76-70 kDa).

In all cell lines an increase of the mature 70-76 kDa GAA molecular forms was observed. The

results of Western blot analysis were consistent and reproducible in four independent experiments.
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Figure 5

Western blot analysis of HEK293T cell extracts expressing single mutations of the GAA gene.
After transfection the cells were cultured for 72 hours with (+) and without (-) 20 uM NB-DNJ. The
arrows indicate the bands corresponding to a precursor peptide of approximately 110 kDa, the
intermediate 95 kDa and the mature active molecular forms (76-70 kDa). In treated cells an increase

of the mature 70-76 kDa GAA molecular forms was observed.
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Figure 6

Confocal analysis of immunolocalization of GAA in HEK293T expressing L552P mutated
GAA in the absence and in the presence of NB-DNJ and in cells expressing wild type GAA.

In the cells expressing the L552P mutation in the absence of imino sugar treatment negligible
immunofluorescent labelling for GAA was observed (a). NB-DNJ treatment of the cells resulted in
an enhancement of immunofluorescent labelling for GAA with a punctate staining typical of
lysosomal localization (b). This pattern is comparable to that observed in the same cells expressing
the wild type enzyme (c).

The same cells were stained for an endogenous lysosomal marker (LAMP2) (d, e, f). In cells
overexpressing the L552P mutated GAA in the presence of NB-DNJ, and in cells overexpressing
the wild type enzyme, the fluorescent labelling for GAA partly co-localized (h, i), thus confirming

an improved delivery of GAA to lysosomes.
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Table 1.

Phenotype and genotype of PD patients

Patient Genotype
(initials) cDNA mutation Protein mutation
1 (RP) Infantile onset 1655T>C L552P
non-classic 1655T>C L552P
2 (GM) Infantile onset 1655T>C L552P
non-classic c.-35C>A abnormal splicing
3 (PP) Juvenile 1655T>C L552P
1333G>C A445P
4 (BAP) |Childhood-onset |1645G>C G549R
c.692+1G>C abnormal splicing
5 (VPO) |Juvenile 1064T>C L355P
1064T>C L355P
6 (DPF) Juvenile c.-45T>G abnormal
splicing
unknown
7 (DCME) | Classic infantile |1124G>T R375L
1124G>T R375L
8 (RGG) |Classic infantile |n.a. n.a.
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Commumicated by Elzabeth Megekl

Glycogen stomage disease type I1 (GSDI) s a recessively inherited disorder due 1w the deficiency of acid
a-plucosidase (GAA)} that results in impaired ghroogen degradation and its accumulation in the hsosomes,
Wi piport bite the complete mobocular analysis of the GAA pene performed on 40 Talian patients with late
ot GEDIL Twelve nowel alleles have bewn identifed: missemae mutations were functionally charseterized by
enzvme activity and protein processing s human GAA-deficient cell Bne while splicing mutations were
sudied by BT-PCR and in silico analysis, A complex allele was also identified carrying three different alierations
in cia, The ¢-32-13T =G was the most frequent mutation, present as compoind heterozygote in 85% of the
patients (alkele frogquency 42.3%), as described i other Tae omset GEDI Cancasian pogralations. Inerestingly,
the ¢.-32-13T =0 was sssoctaved with the ¢ F23TG=A (pWT46K) | nine of the #0 patiens,
Genotype—phenotype correlations are discussed with particular emphasis on the swbgroup carrying the ¢.-32-
13T = Gie 223706 > A genotype. Hum Mutat 27(10), 9991006, 2006.  © 2006 Wiley-Liss, Inc.

KEY woald: glycogen stomge disesse type [ Pompe disease; Inte onser; GAA; acid a-glocosidase; ncid maltuse

INTRODUCTION

Ghoogen  stoeage disesse type 11 (GSDIL, Fompe  disease,
acid maltase deficiency; MIME 2323000 {& an autosomal recessive
inherited disorder due to the deficiency of acid 2-glucosidase
(0AA; EC3.2.1.000 that results i impaired glycogen degradation
that sccumulares  within rthe lysosomes. The GA4 gene
(MIME 8068001 has been localized o human chromosome
17g25.2-q25.3%;  the enzyme s synthesised a8 an nactive
precursor of 110 kD which is transparted to the pre-lysceomal
and hsosomal companment vin the  manoose-A.phosphare
recepror where i 5 processed i the 95-kD inrermediace
and the fully aceive TO-kD and 76D forms [Hoefiloor e al.,
19%0a.h; Martiniok et 2l 1991; Hinchhom and Rewser 20015
horeland er al., 2005].

Clinically, GSIMI ercompasses & continuous  spectrum  of
phenotypes, om s tapldly progressive infnrile form lesding o
deah within the first vear of Tife, v a slondy progressive late onset
form of the dissse that affecs mobiliry and resplratory fumerion,
Clhsdc  infontile GSDI  manifests soom  after bith and s
characterized by shsent or neary alment enzyme activity, severe
misscle weakness, cardiomepalyicardiomyoparky, and respirarony
Insunfficiency, which rypbcally beads vo desth within the firs year
of life [Himchhorn and RBewser, 2000; Raben et al,, 208 van den
Houe ot al., 2303%; Kishnani and Howell, EIIH-! Some infantile
patients have bess severe cardiac mvolvement withour left cardine
cairpait ohstrsction, survive booger, and die becase of pulmonary

3 2006 WILEY-LESS, INC,

Infiections with secondary veneilatory menfficlency |Slomdm er al.,
2000; Winkel et o, 1005].

Late onset GSD1] comprises all milder subtypes partial enzyme
deficiency mamilests in children and adults as skenely progressive
skeletal muscde weakess without cardine involvement. Respir-
oy mnusche weaknese, pamicularly of the diapleagm, 16 tee leading
case of desth in the bae onset cases [Hitschhorn amd Baniser,
20011; Raben ex al, 2002; Eishoond and Howell, 2004; Hapemans
et al., 2004, 200%a L],

Iore than 200 mutaeions in the GAA gene have been described
ugp o date [wwwl evrnbipgichl/pompe) ol reviewed by Raben
et al. [2002], Huie er al [E2002], Lao e al. [2003], Pipo e al,
12803], Paris e al. |2003], Heemans ex al, [ 2004, Momtalvo ee al,
[2004]. and Anneser er al. [I005]. The leaky c-32-13T=G
(rracticicmedly IS 1-13T 2 G ks the st fequent nwrarion armg
the Cancasian ke cnser DI parenes [Hirschbom and Reuser,
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2001]. The c.-32-13T =G mutation gives tise to altematively
spliced transcripes with deletion of the frst coding exon bat sill
procloces o low amount of wonmally processed mBERAL In this
wonk, we report the molecular omalysis of 40 lalian patients
affected by ke cneer GSDILL Twelve povel GAA alleles have been
Iddentified: missense morations were faoctionally charcterized by
elzyme activiry and protein processng i a human GAA-deficient
cell line, while eplicing imutations wene mndied by RT-PCR and in
sibivo analysie

MATERIALS AND METHODS
Patients

We smidied 40 pavents with late onser GSDON coming from
differene pares of [raly {16 females and 24 madesh, ome of whom is of
Romanion origin (Parient 3%, Among this group, 35 ane unneled
while Parients 18 and 19 are sibdings. The dlagnosls was based on
climical datn and  confimoed by reduced GAA activity in
lymphecytes or muscle. The memn age at disgnosis was 23,2 4 15,
ranging fron: 2 o &8 years. Almost all the patents umdenvent o
program. of physictherupy, high protein diet, and respiratoey
management in their reference centers. Most of the patients have
had milkd muscular symptoms sinee childheod. Fist complaines
wenE rn.leth- relted o rnul:i.ﬁl:r pl1.i:l|=|m. wcﬂlm:u. and El.tigue.
Patients 5, 6§, and 35 were diagnosed at o presymptomatic stage due
tiv elevated bevels of crestime kinme (CE) and tronssminases

GAA Mutatien Analysis

Genomde DA wae exacred from pedphesal Blood eukocyres
of the affected mdbdadioals with QlAamp DNA blood Mind it

{(agen GmbH, Hilden, Germany). All 19 codimg GAA exons and
their flanking regions were PCR amglified a5 described elsewhere
Ko e al., 1998]. Cycle sequencing was performed in the foranrd
arl rewerse directiom with the ABI PRISM Big Dye Terminator
Cyele Sequencing Eie (Applied Bioeyetems, Wardngron, UK}
folloswdng thee mardacnsmers instructions and sequeos wete
apalyzed o the ABI PRISM 3700 DNA Analyzer {Apmpliad
Biosystemsd. Mutations were confirmed by sequencing duplicate
PCR proclets and confirmed by the aivalysls of DMNA sequence
thir parents and otler Family membsers whenesver possible,

RT-PCR Analysis

Toaal BMNA was isclaed from cultured Abeobbss using Tiiaol Reagent
(Gl Paisley, UK) according vo the marnidactiener's insruceions,
For RT-PCR anabysis the fiese strand cDMA was synthesized osing
rarkdonn hexaner primers, and subsequent amplification wae dove
I e werlappng fragrments as deseribed by Hermans eval, [1997],

Site-Directed Mutagenesis

Site-dlirected mutagenesis was carried oot wing the Cheik-
change Sive-Direcred Muragenesis Kir (Sreacagens, Cedar Crek,
T} sccording to the manufsomrers mstroctons, Bach clone was
entirely sequencsd w0 confitm thar no cther doutations were
Inepediced by the PCR-baged moitasenesis procedisne.

Cell Culture and Transient Transfection

Fatient fibrohblasts obtnined fom skin hicpsies were cultured
I BPML 1640 supplensinved with 10% feral calf semam, 3 mbd
L-pluraindne and 30 mgfnl. penicillinfanepromycin (Gila),

TABLE 1 Mutation Profile of the GAA Gene in Uhe lalian Late Onset GSDH Papulation

Albale
Location cDNA mutation” Muatation effect References frequeenecy
Intron 1 e -AE-1AT =G Lealy splice Hiusia at al. j1994h] 42:3%
Exon 2 c.258dupl . METCHeX 9 Baeshoy at al. [19948) L3%
Exon 2 55l T p-EITGREN 4G Hermans et al. [1994] A.8%
Introm 3 BT e Presant study 245%
Exon & cOFG A pGINOR Kroos et al, [1998] La%
Exon 6 c.IGd T==C p.L355P Montalva ot al. [200d4] 206%
Intron & cJ076-16--C r.1076-7%_1198 +8%ins Present study 13%
Exon 7 c.ME2C =T p.P3&1L Lam et al. [2003] L3%
Imtrom 7 c 1194 +2T =-A rapl? Present study Li%
Exom % clE3GC p.Add5P Fresent study 1Li%
Exon 10 e 465G - A p.DABON Present study 246%
Intron B0 c.15651 +1G=C pA4E0_1517dad Hude ot al. [1994b) Li%
Exom 11 cIG626C = G r.spl? Present study 246%
Exon 12 e 165G = C p.G5TR Present study 1.3%
Exon 12 cleE5ST =C p:L352P Bodamer et al. [2002} 246%
Exon 13 o 1776del G p T 593 HEXS Present study L3%
Exon 13 Jc.1833_183%del; p=-HE1Z_DE16delinsRGI Present studsy 1%
cIBIGG =T
1847 _1848insT]
Exon 13 clB36C =G p-HE120) Present studsy 13%
Exon 14 clMTG =~ A p.GEIER Hermans et al. [1993] Li%
Exon 14 c20C =T p. RET2W Hiie ot al. [1998] 26%
Exon 15 20 =T pRIRC Mondalvo ot al, [2004] 1.3%
Exon 16 e 2219 _FZI0delTG pATAOGIX 55 Prosent study 13%
Exom 16 e 2ERTG A pW TGN Beesley et al. [1998] 3%
Exon 16 c.2B2dapG p.ETBGHNAE Bewshey ef al, [1998]; 13%
Hiusie et al, [1998]
Inbmng:llﬂ e +102- 2646 + de] pGE2E_ NBEDde Hisie ot al, [1994a] 26%
fimtron 18 e 2646_2646 + 1delTG rapl? Present study 1.3%
“MWew nusinBons s indiceted in bold cDNA refererce sequence YOEIL, For cONA rumbsering 1 cormsponds io the A of the Gret ATG translstion
ipstiation codom,

Fhimsan. Msctarives DO 1001000 home:
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TABLE 2 Genotype Enconmtered in the 40 Halian Patients Stodied

Genotype”
e at

Patient 3 [=ex) diagnosiz (years) Kllele 1 Allele
1 {male)® 2 £.-32-13T =G (leahy splice) Unknown (10}
2 {female)®™ 14 c.-32-13T =G (leaky splice) 22370 = A (pWHEXN)
3 (female)® 2 £.-32-13T =G (leahy splice) 22376 = A (pWTEX)
4 {Female} 30 c.-32-13T =G {leaky splice] wlBIGC -G (p.HGIZ0)
5 {male)® 26 w1656 = A (p.D1BIN) e 2MAC =T [ RETZW)
& {female)”™ 4 wl645G =~ C (p.G519R) o692 16 - C (r0y
7 tlemals)™ 17 £.-32-13T = G {beahy splice) It.l‘r;iﬁ = .l..‘_I

LN | =T _ml

(. HG12_DE16delinsRG1)
8 {lemale} an £.-22- 13T =G {leaky splice) 22T G = A (pWTHEN)
9 [male)® 38 €.-32-13T = G (leahy splice) 14656 - A (p.DIEIN)
10 {bemale} 26 £ -A2- 15T = G {leahy splice) 69216 - C (n0)
11 frabe) x .- 32-13T =G {leahy splhce) e 2EITG = A (pWIHEN)
12 {(male}” 25 16260 -G (repl?) e 16260 -G (r.epl?)
13 {farnale )™ 52 c.-32-13T = G (leahy splica) e 22376 = A (pWTHEX)
14 {female) 52 c.-32-13T = G (leahy splica) Unknown
15 (lemnala) 43 c.-32-13T =G {Jeahy splica) e ERG - A [GANIR)
16 {mabe)” 13 c.-32-13T = G (leahy splica) e 20040 =T (p RETZW)
17 (enale) E] c.-32-13T =G (leaky splica) e 14656 - A (p.D1SIN)
18 {mabe)™ A c.-32-13T = G (leahy splica) e 22376 = A (pWTHEX)
19 {imaba)™ s c-32-13T = G (leaky splica) e 22176 = A (pWHEX])
20 (male} & c.-32:13T =G (leaky splice) c.Z2219_2220dellG (pVT10GHEXIE)
21 (fasmale) 29 e.-32-13T = G (leahy splica) e J66ST = C (p LE52P)
22 (male} kG c.-32-13T = G (leaky splice) c.248] +102_ 2646+ 31de| (p.GEZE_NBE2del)
2% (femuala)” 15 £.«32.13T = G {laahy splica) c.EZ5delT {p. EIMGREN A5}
24 (female)” 20 c.=32:13T G (leaky splice) c.525delT {p. EI?6 RN 45)
25 {male} 40 c.+32:13T = G {leahy splice) c. 1776del G (pT593HEX5)
26 (male}™ 3 c.=32:13T =G (Beaky splice) c.2481 +102_ 2646+ 31de] {p.GE2E_NBE2del)
27 [male] 23 c.«32:13T = G {leahy splice) c.2242dupG (p. EMBGEX 18}
28 (male}” 68 c.=32:13T =G (Beahy splice) 107616 C (r.1076-79_1195 +8%ins)
29 {male}" 2 c.=32:13T =G (leaky splice) 22376 - A (pWHEN)
a3n tmh}‘* L] c.:32-13T =G (keahy splice) o194 2T = A (replT)
31 {male)" 42 c.»32-13T > G {leahy splice) c.258 dupC {p. NET (=X 9}
32 {femiabe) 3 c 1551 416G =C (pN480_1517del) cI0B2C =T (pP361L)
33 (female} 1 c.-32-13T =G (leaky splice) cl19Z7G = A (p.GEI3R)
34 (female) 1 c1655T =C [p.L552P) 13336 = C (p-AMSP)
35 [male)}™ 1 c.»32-13T > G {leahy splice) c.2237G = A (pWTEX)
36 (male}® 45 c.=32-13T =G {leaky splice) c.2646_2646 + 1dellG (r.epl T}
37 {male)” 28 c.-32-13T = G {leahy splice) c.5E5delT {p. EIFG R 45)
38 (male)™ 4 .- 32-13T = G {leahy splice) Unkmnown
39 (male} 3 c.-32-13T = G {leahy splice) 214 =T (p RTO2C)
40 (malke)™ 2 c.106d T =L (pLI55P) c. 1064 T=C (p.L355F)
“Mew musinsons smw indicated in bold; cDAA refarerce sequence YIS FDE, For cDNA numberipsg 1 cormesponds to the & of the Gret ATG tramsdation
imttintinm codon

on i

"enabype wws confirmed by the DA srsbysis in p anlfar ndhar relntrs,
“Cnrmangueinemn e,

Far i vitro  expression assays we wsed the  AdS.5V40
immortslized human GAA-deficiene fibroblest cell line [obtamed
fraom D F Martiniuk). CGAA-deficient Akeoblases were grown on
monolavers in BPMI 1640 medium supplemented with 10% fetal
calf seram and 3mgfal. penicillingstreptomycin {Giboo). GAA-
deficient cells were tansfected  with wild-type and mutant
constructs with a standard cabciumiphosphate wsing 4 gg of wtal
piasmid DA Endabree pq.lri.ﬁ::i [511;11;. St Lomis, MO !'uls.-wi.ng
the manufactarer's instructions, Cells were harvested after 48 he
and assvyed for GAA activity and Westemn blot,

Enzyme Activity Assay

Alpha-plucesidase activity was measuned wsing the Auorogenic
suhagrate  4-methylumbelliferyl- ghecopyraicside  (Signea)
|Heemnans e al, [991]. Protein concentration of e samples
was determined by the Lowry wethod, Ensymaric activire was
exphessed a8 panomoles of substrare hpdrolyzed per eilligram

of total pracein per heue Al assays were done in triplicate from
at least three separate transfecticns.

Western Immunoblot Analysis

Cell hesates (15 pg of proweinfase) were resolved on 10%
SDG-PAGE gels, wramsferred oneo a nierocellulose membeane
(Bactad, Hercubes, CAY Blotted roembranes wene probed with an
antiserum against o-glucasidise o described chewhere [Monralve
er al.. 2004]. A anei-mbbise HEP compugnted antibody {TRED,
Celosrnap, Dermeark) was used as o secomd antibody and devebaping
wis perfaned by enhanced chemibluminescence [ECL Amersham
Bioscleres, Buckinghamshire, UKY. The anribody recognized all
the forms of zeghaosidase: che 110D precursor, o 95.kD
processng intermediate, and dhe 76-kD and 70-kD mature forms,

Mutation Nomenclature

All mutations are described sccording w mstation momencla-
b, comgdening nucleotide + 1 the A of the fitse ATG wanskation

Hurriazsn Mlugatin DO L0002 b
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imitivtion. codom [dem Dumen snd  Antonarakis, 2000; dem
Dunnen and Paalman, 2003 {(wwwhgvs.org/mutnomen). Nucleo-
tide mumbers wre derived from cDMA GAA sequence {RefSeq
cDNA YO0R30.1).

RESULTS AND DISCLSSHN
Mutation Analysis and Functional Characterization
of Novel Alleles

Dix this work, we analyzed the complete mutation peofibe of e
GAA gene in 40 padents presentng the lae omet foon of
the disease. As shown in Table 1, we idenrified 26 different alleles:
17 of rhem are rovel including a complex allele thar carried three
different alrerarions m <s. Tabde I repoms the  genotpe
enemmiterad i the 42 ke onser GSDI patents. The GAA
profil: was charscrerized by mutatkms spremd all over the
seaquence, ncloding polne mutations, both small and large
dederions, small insermions, and splicing aberrations. The frequent
c.-3218T =0 muention, correlated to Inte. onzer GSDI, was
present in heterozygrairy in 34 our of 40 of the parients studied.
Three alleles remained unknoam {Cases 1, 14, and 38). However,
based on gencmic DNA sequencing, Patent 1 was compound
heteromppote: bur cDMA sequencing demenstrated that only che
allele carrpimg the ©.32.13T %0 mutation, inherited from his
father, was expressed. Then we assumed thae the unknown allele
may harbor an onidentified mutatiom i the non-coding regions
of the GAA gene that prevent the ommation of a stable mEMA,

Four  movel  singlecbase  substitutions were identified:
clidG=C, cl465G=A, clf450G=C, and clB3EC =G
{p A44SR pDMBON, pGS4OR, and pHALZD). Interestingly o
G A substitution at meclectide position 1645 has been previously
teported im 4 Duech  Juvenibe omser G50 11 potient; this
subetitution alse resolted in s pGS4IR mutaton |Hermans
et al, I004]. To charecrerize the debetemions effect of the
c 335G C, o 463G = A, o 164506 > O, and o, 18360 = G mura-
toms, the wild-rype GAA cDNA and mutane covstrict: were
tratalently mransfectad in the AdS-SVAY immoetabized human
GAA-deficient fibtoblase cell Bine. The mean wild-gype GAA
scrivity was 221 + 18 ronadfmain, dhe lack of endogenous scriviy
im vhe GAA-deficienr fibroblasts was confimmed i mock-
transfected <ells with pCTHNAS-ALDP  (adrencleukodysmophy
proteind, & peroadsomal mansmembrane protein nor comelated
with G

As shoam in Flpume DAL o 14650 A and ¢ 18360 5 G murants
remained s the GAA Insctive precursor of 110 kT, and
comsequently they did not express residual enzyme activiey. The
combination of these severs mutations with milder mueations may
explain the bte onset disense in Patienes 4, 5, 9, and 17 [Huie
et al, 1998; Hischhom and Reuser, II:IEI]]. Mo immunoresctive
pratein, and consequently no activiry, was detected in the
e 133306 C consroct. However, o faimnt [10WED band was
detected when a higher amount of protein was kaded oneo the
gel, supgesting thae the protein is highly unstable or it is poady
expressed, The cl6d45G=C and 1645024, induded for
comparative annbpsis, did not express enspme activity, Previoushy,
a partial boss of activity was reported for the 16456 = A mutation
::q:'r\ﬂ.!ml in G051 cells [Hermans et al., 2004]. ]rl.l:r:s:ﬁ.nd}'.
c. 16455 = A was comrectly processed while ¢ 16456 = C sccumu-
lares prechuninantly as the §10-kD and Ta-ED foeme. Wesvern blor
analysis of Parlent & fWbroblases {06456 = C R0b demonerated
i bowe vy expression, but el 110 85, and T6-KTF forms can
b recopgnisad (Fig. 1B) Fibeoblas vesichial activiey was 23% of
teemnal valises,

Fhimsan. haeamivss DOT 1001000 homas

W i

meuEs 1, Western blod analvsis, A God-delicient filroblasis
transiently tramsfected with wild-type pCDNAI-GAA and mutant
canstriscts. All the fosms of GAA can be detocted in the wild-type
transdected calls (WT), while no GAA s detected in the mock
transfected cells (ALDP). Almost all the protein obtained from
the c. 465G = A and cl836C =G constructs mmained as the
GAA Inactive precursor of 110 KDL The ¢ 645G > A mutant was

cotrectly processed while ¢ 645G >C accamualates prodomi-
manthy as the TI0-KD and 76-K0D forme. For the ¢ 13336 = C con-
struct, a faint band of 110 kD was detected when a higher amsount
of protein was loaded onto the gel, suggesting that the proteinis

highly unstable and it is rapidhy degradoed. B: Fibroblast hsates
from a healthy subject (lane 1), Patlent & camying the
e 645G = C/r0 genotype {lane 2}, and an imfamtile patient
homorygous for the c1665T = C that results in accumulation of
tha inactive 1M0-kD precursor (lane 3).

Patient 12 carried a novel single-bose substinrion in hommo-
myposity, c [ED60C = G, which did nor distugpe the reading frame and
coddon wsage and whicl ey be considensd & neureal pobymorpls-
Lo Howeves, none of te 100 conerol alleles anabpoad cantied this
alteratbon, soggesting it ooukd be o disease-causing mstation. Mo
BMA was avallable from Palent 12, Therefone, w darify the
potenttal signdficance of this change, we used several splice-
prediction programs based om the search for porenrial B binding
sequences i the case of ESEfimder [Cartegni et al., 2003], peneral
enbmeer gequences o the case of RESCUE-ESE [Fairbrorher
et all, F004], or progranss soch as MNSPLICE [Reese et al., 1997],
heaxEnrscan [Yeo and Burge, 20041, and Spliceview [Rogogin and
Wilanesi, 1997] thar evaluate sphice siee signal srrengrhs. As shown
in Table 3, all splice site consensus peograms clearly indicazed
the creation of o novel domor site for the 1626000 The
preferential usyge of this new splice site would cause the exchision
of 11 bp of exon 11.

The two small  debletsons detected o 1776deld  and
c.2119_1220del TG} canse o shift in the reading frame mtroducing
premature  stop codoms  that lead o toncated  proteins
{p TH9HENS and pY TH0GENS5).

A sheswn in Table 2, 0 complex allele was identified in Patiene 7
due to the comcomitant presence in cis of three novel mutations:
(e B33 1859 e]; o 1846G =T and o 1847_1848insT) (Fig. 14).
As a result, residues from 612 w0 616 (HWTGD) are qula.::ﬂ Ty
RBGl—p HA LY D1 fdelinsRGI, indicating chat this allele sheuld
b comsidened a pevere mutation. The sequence analyeis revealed
the presense of @ 3-m repeat, TGO, which b included i the 7-bp
deletion, amd & second tepear o the deletion junction {Fig IB),
This second repeat shows up ot patient soquerce due 1o the
prepence of the ¢ 1830 =T polmorphisn on the same albede,
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delstion junction: "
B-acgeTGG

S-acgeTGE

acggogtat-3'

1833_1630 ool 7 it
cm-:%ac\ggwtatvﬂ'

FIGURE & Detection of a novel complex allele dus to the concemitant presence in cis of theee move] mutations (o 1833 LEI9da;
c IBGG T, amd c 1847 _1E48ineT). A Sequence |Mlyﬂs of the pGEM-cloned PCR products obtained from a nosmal dosor and

Patient T. The ¢ 1633 _1830dal is bowed in the

and the delets Junctis

is Indicated by an arrow in the patient

sequance. The astarish indicates the prasance of the e 1EI0C T palyreorphism an the same allele. This mmplnul'hhlm to thie re-

placasment of residues from 612 to 616 (HWTGD) by RGE p HE1E_DéladalinsRGL B: Daletion g baky 3 ot ep

thee patigat DNA sequence. Mot that the second 3-nf repeeat turme up

The two tndem repeats are chamctenstic elements that are
frequently associated with debetion generation and have been

e TG in

du to the presance of the ¢ 1830 € = T polymarphiss ],

TABLE A Predicted Effects of the cl626C=~0 Mulation

previcusly reported i other delethons affecring the GAA pene
| Pieds et al, 2003,

Finally, foer novel mBNA splicing alteragions wene devected:
cARZHIG>C, el IM4+IT=A, <2646 2646+ 1dedTG,  and
c 07615, The firse theee mutatkors affecred the consensas
GT sequence in che donor sphice sire. The delerenious effecr was
confirmed for c.692 + 10 = RT-PCR smalysts perfoamoed in culnared
fitwablasts from Parient 6 showed the lack of the comespeniding
mrant eansenpe. Insread, the . 1076-00 = O murasion affected
the: acoepror splice sire sequence. KTPCR demonstrated the inchision
of ivmomy 6 (79 bpd and dneron 7 689 bpd meo the transcnibed gene
cDMA. Unibormomarely, re BNA anefor cells were avnilable 1o
shidy nberrant RMNA species in the other two cases.

Genotype-Phenotype Correlation

The pnitation profide of e GAA gene in [alian boe onser
GEDIL patien: was quire heteropeness, similar to what has

in Gty Excom 11
16360 - G mutation
Prediction program {Pationt 12}
ESEfinder Mo effect
RESCUE-ESE No effect
MWMsplice MNew 5'ss (BTTF"
Wild-type 5'ss not recogized
MaxEntscan
MAXENT New 5'ss (BB}
MDD Wil 5'as (3.B5)
MNew 5'ss (1048)°
Wild-type 5'ss (9.2E)
MM New §'ss l.'g'igll )
WMM New 5'ss (4.58)"
Wild-fype 5'ss -
Spliceview Mew 5a (771
s (B°

*Irsdividusl sromex obiniced from sach predhction program are withm
pamentheses,

Huornss Mutaton DO 1000 amm
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raiLE 4 Chinlcal Data of Late Onset GSDI Patlents Carmying the o - 32= 13T =G/c. 2237 G - A Genotype
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Respiratorny follos-up

Mobility status
Fallow-up”
With help Reduction of pulmonary function

At diagnosis

Follow-up

(waars)

T periad

% Resbdual
activity

First sympioans noted
Elevated CH, AST, ALT;

Age {years)
Ongsat  Diagosks

Patisnt
# [men)

18 (M)

14

13

2 (female)

lowar b weakness, fatigus

noninvasive ventilation

Supplemental oxygen

Resplratory distress

Respiratory suppart by
Reduction of pulmonary function
Reduction of pulmonary function
Respiratory support by

HMormal

s 3 gi

E% 3 1sel
R EEE

:

:

I

33

s § merg
53 § J52f

i
k-

= Ewﬂgééﬁ
M HIE
sE3eisiiE
il
Ea*ag‘%ssa
Ny R OBEAN
g = REE-
LR
mE o mme
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noninvasive veniilation
Tormal

muscular weskness
Ehevated CK, AST, ALT

002 (M}

1k

“Follow-up period Indica tes years after confirmed disgnosis,
"Patient died a1 the sge of #0 years.

35 (male)

L, hampho optes; M, muscle; N&, not available,

been previowly described in the French late onset GSDHI
population [Laferet et al, 20000 The c.-32-13T =G, which is
the most frequent mutstion ameng the Caucasian bve onset
GEDOH populstion, was alm the most common  metation in
cat groig (allebe frequency 45.3%) (reviewed by Baben et al,
1200213,

Interearingly, the ¢-32-13T=G was associared  with the
c 223G A {p WTHEK) in ndme of the 4 podents studied,

Table 4 sommarizes dinical daea in this subgroup, Despite rhe
compa genotype, patients presented with o wide sariabdicy
I mesddual eneynee sctivity, age of appeatance of dlinical siges, and
rare of disease progression. The first complaines samed at 3 mean
ape of 17+ 14 vears (range 1-38 vears). Four parlents waleed 9
tr 2ok years for & final diagnosis, despite the presence of clinical snd
laboratory signs delevared mansaminazes and CKL Ar disgrwsis,
misubar weakness was present i all the parents except rwo
{Parlenrs 3 and 35} in whom the disesse had been snspecred duoe
to e formubtons derecriom of high transsminases during & clindeal
contred in the first year of life. They are also the only reo patierts
whe did ot show movement and/or respiratory impairmeent during
the folloa.ap.

Patient ¥ camied the new 13330 =C in association with
c.1638 T At the age of 3 years, she presented with frequent
palmonary indecticns and hypertmnsamineming G5O diogooss
wis confirmed at the age of 10 years. Musdle weakness progressed
severely; at the age of 16 yeurs, she wus wing a wheelchain,
trachesstomy was performed, and since then she has received
ventilabory assistance, The ¢ 1635 T = C mutstion was previowly
reported in a non-clussic infantle GS00 mabe [Bodamer et al.,
2002). Muscle GAA activity was miklly redweed, while in vitre
expressiva of the c. 1655 T=C resulted in litthe vesidual enzyine
activity, Moresver, the @l63% T=C mueation was foord in
Lencayvgosiy i another lare infantibe GSDI pationt {engublished
datal i whom sgnificant residual G aceiviey (3-8% of norial
valbuee) wis detected in all the teses teeged {muscle, fibmoblaas,
arwl by loeyresh, Then, e o vivo resicual ¢, 1635 T =10 aceiviey
e liksely v expdain the lave onser GSDIT in Pagient 34 (hnploeyre
GAA acriviy = B 1% of noomal valwes).

Pavient 6 carried the c1f45G>Chd genotype, presiously
reported in juvenile onser GSON [Hermans ot al., 2004]. She was
diagnased ot the age of 4 years after detection of high
rrargamdreees and CK levels and after B wears she 15 sill
asympromatic. In vivo enzyme scnvity was consistent wich clindeal
phenorype desprire funedonal in viem analysts.

Patient 40, who presentedd with the most severe course of the
disease among the group of patients studied, camied the
clOBET = O muation in homozygosiey. Intecestingly, the same
penatype was previously found in a 2oyear-old infuneile non-classic
B0 patient, with marked generolized  bypotonda, respiratocy
insufficiercy, and moderate left ventricular bypererophy | Bembi
et al, 2% Mantabo et al, 2004]. Disgnasis in Patient 40 was
also done ot the age of 2 years due to moscular weakness and mild
orgunomegaly,  Subseguently, he presented  with severe and
progressive respiratery history including macnogleesia, weakness
of respiratory muscles, respinstary Gilere, dhnonic lypesda, and
lypercapnia beading to pulmonary bypertension, Tracheostomy
was performed at the age of § years and since then he has received
imasive ventidutory assistance < 24 ht/day, Generalimed hypotonia
prognessedd and his growth was poor and presented with very severe
prognessive kyphoscoliosie. He suffered thiree potholegic fracenres
at the bower limbs, and biaveral-Achilles-tenden ineraantion
fior goimes contracoures was petfomed when he was 8 years old,
Anvhislation was progressively bost and ae the age of 15 wears be
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was wing a wheelchair. He received erzyme replacement therapy
when he was 19 years old and died at the age of 20 years,

In this work we anshoed the mutation GAA profile n 40
patients with late onset GSD, which represents the langest study
of GEDIT conchweted in Draly eo dage. In viteo expression. ansdysis
tesulred & a wseful ool In disceiminating disesse- cansing
mutations and evalusting their effect on the normal ensyme
fuction. Tt owas bess powerful o the  genoype—plenonpe
discussion, as previossly reported [Hube et al, 1998 Moaralvo
et al, 20041, Our data comfirmed dhe wide spectrun of clindcal
manifestations observed in GSDI and che phenongle variabdliey
AWNE patients, even those carrying the same pematype. Mareover,
conrinped mrarional analysis will conmibire o the understanding
of gematype-phenoype comelarions and this may be nseful m che
evaluation of emerging ERT efficicy.
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