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General introduction

1This chapter provides a brief overview of the historical aspects, pathophysiology, 
clinical characteristics and molecular genetics of Sanfilippo disease, in combination with 
information on the diagnostic strategies and potential future therapeutic approaches. 

HISTORY OF SANFILIPPO DISEASE (MUCOPOLYSACCHARIDOSIS III)
Sanfilippo disease (MPS III) was first recognized in 1963, and bears the name of the American 
pediatrician Sylvester J. Sanfilippo, who first described a patient with severe neurological 
dysfunction manifested by loss of learned abilities and deterioration of behavior 1. 
Kaplan (1969) reported the classification of Sanfilippo disease by identifying the urinary 
excretion of the glycosaminoglycan (GAG) heparan sulfate (HS) 2. During the following two 
decades, researchers elucidated four different enzyme deficiencies as the primary cause of 
Sanfilippo disease, resulting in the biochemical classification into the subtypes A, B, C, or 
D, respectively. In 1972, Kresse and Neufeld found a deficiency of heparan N-sulfatase in a 
subtype of Sanfilippo disease, later named Sanfilippo type A disease 3, and Von Figura and 
Kresse (1972) 4 and O’Brien (1972) 5 revealed a deficiency of alpha-N-acetylglucosaminidase, 
now recognized as  Sanfilippo type B disease. Klein et al (1978) 6 established a deficiency of 
acetyl CoA:alpha -glucosaminide acetyltransferase as the cause of what is now classified as 
Sanfilippo C disease, and finally Kresse et al. 1980 7 found a deficiency of N-acetylglucosamine 
6-sulfatase, delineating Sanfilippo type D disease. 

Unfortunately, no disease modifying treatment is yet available for Sanfilippo disease, and 
clinical management currently consists of supportive care, aimed at ameliorating symptoms 
and prevention of complications. Fortunately, several new disease-modifying therapies are 
being developed and some of them are now, or have already been, in first clinical trials.

GENERAL CLINICAL DESCRIPTION
Clinical signs and course of the disease in the different Sanfilippo subtypes are indistinguishable. 
Sanfilippo disease usually presents in early childhood, but there is a broad spectrum of severity 
with clinical detection from as early in the first year of life through to the fourth decade 8. 
In almost all patients there is an initial symptom free interval with an apparently normal 
psychomotor development, followed by slowing of the mental development and later by 
progressive cognitive decline. Behavioral problems mainly consisting of severe hyperactivity, 
aggressive or anxious behavior, fearlessness, and sleeping problems usually begin around 
the time of the cognitive decline. Loss of motor skills, combined with progressive spasticity 
follows the cognitive decline, and most children are wheelchair bound by their mid-teenage 
years. As the cognitive decline progresses, behavioral disturbances gradually diminish. Over 
50% of patients develop epilepsy before finally reaching a vegetative state. Other frequent 
clinical symptoms and signs are recurrent ear nose and throat infections, episodes of 
diarrhea or constipation, hepatomegaly, umbilical or inguinal hernias and (generally mild) 
coarse facial features. The median age at death In MPS IIIA patients is 18 years (range 6-59) 
and pneumonia is the most common cause of death 9.
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CHAPTER ONE

BIOCHEMICAL BASIS OF SANFILIPPO DISEASE
Sanfilippo disease is biochemically characterized by the storage of undegraded HS in lysosomes 
and the excretion of this polysaccharide, or fragments derived from it, in body fluids. HS is a 
negatively charged polysaccharide linked to various proteins both at the cell surface and in 
the extracellular matrix. HS chains are synthesized as a polysaccharide of alternating N-acetyl-
glucosamine (GlcNAc) and glucuronic acid residues (GlcUa). In the Golgi complex, several 
enzymatic reactions occur that replace the acetyl groups with sulfate groups, epimerize the 
glucuronic acid to iduronic acid (IdoUA) and add sulfate to the C-6 and C-3 hydroxyl groups of 
glucosamine and the C-2-hydroxyl groups of uronic acid residue (Figure 1) 10,11. 

HS degradation starts with the action of endoglycosidases (heparanases), resulting 
in formation of short chains of HS 12. HS is subsequently degraded stepwise, as shown 
schematically in Figure 1, by the action of three exoglycosidases, at least three sulfatases 
and an acetyltransferase. It has been suggested that these enzymes function cooperatively 
in a complex, allowing the product of one enzyme to be passed efficiently from one to the 
next enzyme in this pathway.

Three of these enzymes, α-L-iduronidase, iduronate sulfatase and β-glucuronidase, 
are also required for dermatan sulfate (DS) degradation and a deficiency of one of these 
enzymes results in the lysosomal storage disorders MPS I, II and VII, respectively. The 
other four enzymes are specific for

HS (Figure 1) and a deficiency in one of them leads to Sanfilippo disease. Sulfamidase 
(SGSH; heparan N-sulfatase), the enzyme deficient in MPS IIIA, releases sulfate groups linked 
to the amino group of glucosamine. N-acetyl-a-glucosaminidase (NAGLU) hydrolyses the α1→ 
4 linkage between N-acetylglucosamine and the neighbouring uronic acid and this enzyme is 
deficient in MPS IIIB. Acetyl CoA:a-glucosaminide N-acetyltransferase (HGSNAT) is deficient in 
MPS IIIC. It catalyses acetylation of the free amino groups of glucosamine that either already 
exist in HS the N-unsubstituted form or have been produced by sulfamidase. HGSNAT is a 
transmembrane protein is whose function is to acetylate the nonreducing, terminal alpha-
glucosamine residue of intralysosomal HS, converting it into a substrate for luminal alpha-N-
acetylglucosaminidase 13. Therefore, N-acetyltransferase catalyzes the only synthetic reaction 
known to occur in the lysosome. In order to achieve this synthetic reaction, the enzyme uses 
a cytosolic cofactor, acetyl-coenzyme A (acetyl-CoA). Thus, its substrate and cofactor are 
separated by the lysosomal membrane. The mechanism by which this problem is overcome 
has not been fully elucidated. One model suggests a ‘ping-pong’ mechanism involving an initial 
acetylation reaction of the enzyme in the cytosol, followed by a transfer of the acetyl group 
to the intralysosomal heparin-alpha-glucosamine residue 14. An alternative model suggests 
that the enzyme operates via a random-order ternary-complex mechanism; with no use of 
an acetylated enzyme intermediate 15.  N-acetylglucosamine 6-sulfatase (GNS) is required to 
remove sulfate from the C6-hydroxyl moiety of N-acetylglucosamine residues. This enzyme 
is deficient in MPS IIID. Moreover, an enzyme with glucuronate 2-sulfatase activity has been 
described 16. However, glucuronate 2-sulfatase deficiency, has not yet been detected. This may 
be because this assay is performed by only a few laboratories. Finally, glucosamine 3-O-sulfatase 
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1

is also involved in degradation of HS. It was recently discovered that the lysosomal arylsulfatase 
G (ARSG) is the long-sought glucosamine-3-O-sulfatase required to complete the degradation 
of HS. ARSG-deficient mice accumulate HS in visceral organs and the central nervous system 
and develop neuronal cell death and behavioral deficits. This accumulated HS exhibits unique 
non-reducing end structures with terminal N-sulfoglucosamine-3-O-sulfate residues, allowing 
diagnosis of the disorder and may be designated as MPS IIIE 17. 

INCIDENCE AND GENETICS
Sanfilippo disease is in most regions of the world the most prevalent type of the 
Mucopolysaccharidoses 18-22, with an estimated incidence of 1 per 50.000 in the Netherlands 21.  
Sanfilippo type A is the most common subtype in North West Europe, and type B is the most 
frequent type in South East Europe 19,21,23.  The subtypes C and D are much rarer.

Figure 1. Steps in the degradation of heparin sulfate (HS) that may be deficient in Sanfilippo disease. 
The four monosaccharides depicted form the repeating unit in HS. For the sake of simplicity only the 
structural formula of the terminal sulfated glucosamine residue is shown. The capital letters A to D 
indicate the steps deficient in Sanfilippo type A to D. GlcNAc = N-acetylglucosamine, IDU = L-iduronic 
acid, GLUCU = glucuronic acid. Valstar MJ, Ruijter GJ, van Diggelen OP, Poorthuis BJ, Wijburg FA 
Sanfilippo syndrome: a mini-review.J Inherit Metab Dis. 2008; 31:240-252.
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MPS IIIA
The gene encoding heparan N-sulfatase (SGSH) was identified in 1995 and is localized 
to chromosome 17q25.3 24. More than forty disease-causing mutations, as well as 
several polymorphisms, have been reported 9,25-29. Most of these mutations are missense 
mutations, and a few mutations consist of premature terminations and small deletions. 
The predominant mutations vary in different regions: the missense mutation p.R245H was 
found to be the most common among Australian, Dutch, and German patients 9,26,29, the 
p.R74C  and p.1091delC mutations among Polish and Spanish patients,  and the p.S66W 
among Italian patients 27. There is a wide phenotypic variability in patients, which partly 
correlate with the genotype 27,30,31. In particular, those with homozygous or compound 
heterozygous S298P mutant alleles had an attenuated phenotype, with a significantly 
longer preservation of psychomotor functions and a longer survival 9. The most frequent 
pathogenic mutations were R245H, Q380R, S66W, and 1080delC, all of which were 
associated with the classic severe phenotype.

MPS IIIB
The gene encoding alpha-N-acetylglucosaminidase (NAGLU) is localized on chromosome 
17q21 32.  Over 100 different mutations have been reported thus far and most of them are 
private 

Mutations 8,32-41. This indicates great molecular heterogeneity of this MPS III subtype. 
Valstar et al. reported a large variability in the course of the disease, with an unusual mild 
course in the majority of patients 8. As in MPS IIIA, prediction of genotype-phenotype 
relation in MPS IIIB is complicated by numerous polymorphisms potentially modifying 
disease severity 40. The p.F48L, p.G69S, p.S612G, p.E643K, p.L497V and p.R643C mutations 
in NAGLU appear to confer a milder phenotype of the Sanfilippo B phenotype 9,40.

MPS IIIC
The gene encoding the membrane bound lysosomal enzyme acetyl CoA:alpha-
glucosaminide acetyltransferase (HGSNAT) is localized on chromosome 8p.11.21 13,42

N-acetyltransferase catalyzes the only synthetic reaction known to occur in the 
lysosome.  More than 50 different mutations have been reported 13,42-44. Valstar et al. 
showed that MPS IIIC patients often show a milder disease course of the disease than 
generally assumed. Only a limited genotype-phenotype correlation could be established 
because of large variations in course and severity even within families 44.

MPS IIID
Robertson and colleagues assigned the glucosamine-6-sulfatase gene in 1988 , which they 
symbolized as G6S, to chromosome 12q14 45. Only in 2003 were the first GNS mutations 
identified in a patient homozygous for a deletion of a single nucleotide (c.1169delA) 46 and 
in a patient homozygous for the nonsense mutation p.R355X 47. Approximately twenty 
additional mutations have been reported since 48-50. In Sanfilippo type D a high proportion 
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1of the mutations that were found were large rearrangements, therefore quantitative 
techniques should be included in routine mutation screening of the GNS gene.

PATHOPHYSIOLOGY OF SANFILIPPO DISEASE
Over the past two decades progress has been made in understanding the mechanism 
responsible for storage of HS in lysosomes and the resulting pathological processes, and 
today it is evident that the cause of the clinical signs and symptoms is very complex and 
multi-factorial. The series of pathogenic events that cause severe neurodegeneration and 
ultimately death in Sanfilippo disease is still not fully understood.  The pathophysiological 
processes do involve consecutive reactions and other storage products.   Furthermore, 
multiple storage products are not the result of accumulation of substrate(s) for the 
different enzymes but represent secondary storage, separately to the primary protein 
defect, as is for instance the case with GM2 and GM3 co-accumulation. Accumulating 
gangliosides, particularly GM2, are considered to induce changes in dendritic and axonal 
morphology, and contribute to disease pathogenesis and neurological decline 51-53.

Over time, accumulation of excess HS can also influence many downstream events, 
since this GAG plays a major role in a number of critical processes in the body. HS is 
essential during development and adult life, where it has a role in the regulation of the 
complex signaling pathways that occur between cells , by interacting with molecules 
such as growth factors and morphogens, as well as being an important component of 
the extracellular matrix 54,55  In fact, more events are associated with neurodegeneration  
such as autophagy pathways 56, disruption of normal proteasomal function 57,58, and 
secondary cholesterol storage 59. HS is also known to induce inflammatory responses via 
innate pathways, and is probably one of the mediators of neuroinflammation, as global 
activation of microglial cells (macrophages) and astrogliosis in the brain 60-62.

DIAGNOSIS AND TREATMENT
The clinical phenotype alone is usually enough to distinguish Sanfilippo disease from 
the other MPS diseases. However, diagnosis based on clinical presentation alone could 
lead to missed or erroneous diagnoses, because of the variability of the phenotype and 
symptoms.  The initial diagnosis is generally made on quantitative and qualitative analysis 
of urinary GAGs. False-negative results have, however, been reported 8. Therefore enzyme 
analysis in leukocytes or fibroblasts, are necessary to provide a definitive diagnosis of 
MPS III, also allowing for subtyping of the disorder. Mutation analysis allows prediction of 
clinical severity in some patients, especially in type A and B patients 8,9.

During the last decade, several disease modifying treatment options have been studied 
for MPS III. Overcoming the blood-brain barrier remains one of the major challenges.  
Treatment options that have been studied in clinical studies include hematopoietic stem cell 
transplantation (HSCT) and substrate reduction therapy (SRT). HSCT seems not to be able to 
ameliorate the brain disease 63-65. However, as transplantations were usually performed after 
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the onset of neurological involvement, the outcome is difficult to interpret 66, but is certainly 
not very encouraging. Guffon et al. studied the efficacy of miglustat as SRT. The results of 
this study indicated that miglustat was not able to reduce the ganglioside storage and did 
not clinically improve cognitive function, sleep, and brain atrophy with magnetic resonance 
imaging in Sanfilippo patients 67.  SRT with the isoflavone derived genistein showed very 
promising results in the MPS IIIB mouse 60. Piotrowska 68 and Malinova 69 studied the efficacy 
of genistein in Sanfilippo patients at a dose of respectively 5mg/kg/day and 10-15 mg/kg/
day in a one year open-label study. A significant decrease in urinary excretion of GAGs with a 
improvement of neurocognitive functions was observed in both studies.  However, Delgadillo 
and coworkers 70 studied also the efficacy of genistein 5 mg/kg/day in a one-year open label 
study and observed no improvement in neurocognitive functions or GAG excretion. The open-
label design of these studies may have influenced the differences in the obtained results. 

However, therapy focused on only reducing HS accumulation might not be sufficient 
in most patients, at least not in those who already show significant symptoms of brain 
disease, as a cascade of secondary mechanisms may already have been initiated by the 
accumulating HS. Early initiation of treatment, before the onset of irreversible tissue 
damage, appears to be critical in obtaining optimal outcomes in MPS III. 

OUTLINE OF THE THESIS
This thesis comprises a number of studies, aimed to improve care and treatment in 
Sanfilippo patients, to gain more insight into the pathophysiology of Sanfilippo disease, 
and to summarize therapeutic options for Sanfilippo disease.

Chapter 2 provides an overview of the current insights in pathophsyiology and 
potential future treatment strategies in Sanfilippo disease. In chapter 3 the results of a 
randomized controlled cross-over trial with genistein in Sanfilippo patients, to determine 
the efficacy of this from of SRT, are reported. Furthermore, the availability of the presented 
and validated biomarkers may help physicians with establishing the diagnosis of Sanfilippo 
disease and may be used to monitor treatment efficacy. Chapter 4 reports a study on 
the diagnostic value of HS and DS levels in dried blood spots of newborn MPS I, II and III 
patients. This is essential as early initiation of therapy, before the onset of neurological 
disease, may be needed to obtain an optimal therapeutic response. The prognostic value 
of HS in plasma and urinary GAGs in Sanfilippo patients is described in chapter 5.  

To be able to optimize care in Sanfilippo patients it is fundamental to be aware of 
all potential clinical symptoms. Therefore, in chapter 6, in a cross-sectional study, we 
studied the prevalence of osteonecrosis of the femoral heads. Moreover, in chapter 7 the 
results of the growth patterns of Sanfilippo patients are described. In a general discussion, 
chapter 8, an overview of the management and diagnosis is presented and directions for 
potential future studies are outlined.
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