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...By 1955, our results were sufficiently advanced to allow us to propose with a 

certain measure of assurance the existence of a new group ofparticles with lytic properties, 

the lysosomes ... 

Prof. Christian de Duve 

Nobel lecture - Exploring Cells with a Centrifuge 

December 12, 1974 

... Nevertheless, the identification of the lysosomal N-acetyltransferase gene marks 

the end of the gene-discovery phase for lysosomal genetic enzymopathies. 

Hřebíček et al - Am J Hum Genet, 79, 2006 
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1 Introduction 

Christian de Duve and his colleagues proposed the existence of a novel type of 

membrane endowed intracellular granules rich in hydrolytic enzymes, and designated them as 

lysosomes, in the year 19553. Information about this cellular compartment, present in every 

eukaryotic cell, has increased immensely since that year. Despite the prevailing perception of 

lysosomes as degradative cellular compartment, lysosomal functions should be considered as 

complex in cellular biology. 

1.1 Lysosomes - 2007, overview 

Lysosomes represent an integral part of membranous endosomal - lysosomal system 

that is defined by progressive intraluminal pH decrease realized by the action of vacuolar H+ 

ATPase. Functional and spatial stratification of endosomal - lysosomal compartment is very 

complex. The tendency to subdivide the system, whose inherent function is continuous 

multidirectional flow of membranous constituents and luminal cargo molecules, sometimes 

results in unwanted simplifications. Generally accepted concept of distinct vesicular 

populations (early, recycling, late endosomes and lysosomes) with their specified molecular 

markers should be considered cautiously. The intimate functional connection between late 

endosomes (mannose-6-phosphate receptor - M-6-PR positive) and lysosomes (M-6-PR 

negative) resulted in compound designation: late endosomal-lysosomal (term also used in this 

thesis)4. 

As stated above, endosomal - lysosomal system represents extremely dynamic 

compartment with widespread contacts in the cell. Spatial coordination of membrane and 

luminal contents shuttling is vast and in majority of aspects not fully understood. The proper 

cellular targeting and homeostasis of either endocytosed or redistributed material (protein, 

carbohydrate or lipidic moieties) is essential for proper cellular functioning. Many of these 

processes require complex molecular interactions of protein-protein or protein-lipid phases 

(some of them are described in more detail in sections 1.2 and 3). Late endosomal-lysosomal 

compartment exerts extensive contacts with other cellular compartments (Golgi apparatus, 

endoplasmic reticulum, mitochondria or cytoplasmic membrane). The system is further 

functionally and spatially stratified. NPC1 positive compartment5 (see 3.2.8.3.1) or chaperon 

mediated autophagy (CMA, see below от 1.2) competent lysosomal sub-compartments6,7 are 
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just two examples. To further demonstrate lysosomal diversity, it should be noted that certain 

cellular types have lysosomes with exocytic potential (lysosome related organelles) . 

Christian de Duve defined lysosomes on the basis of the association of their flotation 

properties with five different hydrolytic enzymatic activities3. Current knowledge about 

lysosomal proteomics assigns nearly ten (or more) times more proteins to reside and function 

in this cellular compartment. The original criterion of hydrolytic activity is not valid anymore; 

although hydrolases predominate in the lysosomal proteome. Lysosomal proteins, in the most 

general sense, are either luminal or integral membrane proteins. As many substrate molecules 

are hydrophobic by nature and are distributed in layered membrane sheets, considerable 

proportion of luminal proteins functions in intimate membrane association and displays 

membrane perturbation potential (for further details see section 3). Common denominator of 

the two protein groups (lysosomal hydrolases and structural non-enzymatic proteins) is their 

acidic pH functional optimum. Substrate characteristics of otherwise selectively functioning 

hydrolases are diverse, and their list exceeds this text. 

Lysosomal membrane and its proteome are intensively studied at the present time9,10. 

Historical paradigm claiming that lysosomal membrane serves only as a passive barrier 

protecting cytosolic contents against aggressive lysosomal hydrolases, has been rejected. 

Growing number of lysosomal membrane proteins as well as diversity of their functions are 

striking. Latest advances including characterization of the gene coding for lysosomal 

membrane protein acetyl-coenzyme A:a-glucosaminide N-acetyltransferase11'12 (HGSNAT, 

section 4) or the issue of detergent-resistant microdomains (DRMs)7,13 and their participation 

in chaperon mediated autophagy are discussed later (sections 1.2 and 4). Lipid properties and 

constitution of the lysosomal membrane are as important as the proteomic context of the 

membrane. The composition, homeostasis, recycling and remodelling of the lysosomal 

membrane bilayer is a cornerstone of lysosomal function with implications for human 

pathology states14. 

The fundamental quality of lysosomal apparatus as ordered intracellular system is, 

besides others, maintained by energy dependent selective delivery of lysosomal proteins. 

There are at least five different protein targeting mechanisms serving this purpose. Mannose-

6-phosphate (M-6-P) recognition targeting of luminal hydrolases is probably the most 

thoroughly explored pathway15,16. In addition to this direct (Golgi apparatus > late endosome 

> lysosome) compartmental succession, indirect mannose receptor (MR) dependent 

cytoplasmic membrane recycling pathway is used by some proteins (e.g. p-

glucocerebrosidase)17,18. Recent reports suggested additional sorting mechanism for saposin-
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like lysosomal proteins employing sortillin protein as a receptor and carrier19 (see 3.1.1 and 

3.2.1.1). These three receptor mediated pathways depend on the potential of the carrier 

molecules to recognize 3D signal patches on the secondary structure of the transported 

proteins. Two additional mechanisms of selective protein delivery to lysosomes employ 

conserved targeting sequences in the primary protein structure. Lysosomal membrane proteins 

are delivered on the basis of the presence of either tyrosin or dileucin motifs20. Recently 

described mechanism of direct selective import of certain cytosolic proteins into the 

lysosomal lumen is the basis of CMA mediated by LAMP 2a (lysosomal associated 

membrane protein) isoform and hsc-73 co-chaperon21"23. 

Substrate entry into the late endosomal-lysosomal compartment is principally realized 

by three distinct pathways: endocytosis, phagocytosis and autophagy4. Proportional 

contribution of each of these delivery pathways is substrate, cell and tissue type specific, and 

is difficult to estimate, universally. Each of these three mechanisms, on its own, is an 

extensive topic to discuss. With respect to the following text only autophagy will be briefly 

discussed, as it represents very dynamic subject with immense implications for lysosomal 

biology and pathology. Autophagy is an evolutionary conserved mechanism used for 

degradation of inherent cellular contents and lysosomal compartment is a key player in this 

complex pathway. Current concept of autophagy recognizes three basic variants: 

macroautophagy (degradation of complete cytosolic regions with prior generation of 

autophagosomal membrane), microautophagy (degradation of cytosolic regions with direct 

engulfinent by lysosomal membrane) and chaperon mediated autophagy (CMA, selective 

protein degradation pathway employing protein sequence tags)24,25. Latest advances have 

especially disclosed molecular background of macroautophagy and CMA. In case of 

macroautophagy, it was the delineation of autophagosomal membrane constituting machinery 

of ubiquitin-like proteins including critical LC3 component26,27. For CMA, it was the 

characterization of the selectivity of lysosomal targeting of certain cytosolic proteins with 

KFERQ-like signal sequences, description of the critical protein recognition and trans-

lysosomal membrane transfer and roles of DRMs in the whole process7'21,23. Autophagy 

represents one of the three basic mechanisms of protein elimination in eukaiyotic cell (other 

two are cytosolic proteases and ubiquitin - proteasomal pathways). Latest reports have 

directly demonstrated concerted action of these pathways and their partial functional overlap 

and substitutability28"30. It was shown that autophagy (both macro- and CMA variants) 

represents a constitutively active and continuous process, which is absolutely indispensable 

for proper cellular protein clearance31'35. The issues of cellular protein elimination or 
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autophagy related programmed cell death (PCD II) should thus be considered integral part of 

lysosomal function36. Molecular defects in these pathways represent fundamental part of cell 

pathology in protein folding-clearance disorders but also in some lysosomal storage disorders 

(sections 1.2 and 3.1). 

1.2 Lysosomal storage disorders - 2007, overview 

The history of lysosomal storage disorders (LSDs)37 dates back to the original clinical 

observations by Tay, Sachs or Gaucher in the second half of 19th century. The identification 

of acid a-glucosidase enzymatic deficiency in Pompe disease in the year 1963 by Hers et al. 

and sulfatase deficiency in metachromatic leukodystrophy by Austin et al.39'40, one year later, 

virtually starts the molecular defect characterization phase in LSDs. At the present time (year 

2007) LSDs represent a group of 48 entities41 that are defined on the molecular level (DNA) 

and are inherited as recessive Mendelian monogenic traits (overall incidence of 1:6000 

newborns)42. Common denominator in this heterogenous group of molecular defects is the 

expansion of lysosomal compartment of affected cell types with foamy transformation of the 

cytoplasm. 

Majority of LSDs (30 out of 48 entitities) are single lysosomal enzymatic deficiencies 

(29 hydrolases and 1 acetyl-transferase). Summarizing list provides the following: ten 

mucopolysaccharidoses (MPS), seven glycoproteinoses, nine lipidoses, one glycogen storage 

disease, and three neuronal ceroid lipofuscinoses (NCLs) due to enzymatic deficiency. It 

must be noted that the gene discovery period of biochemically defined LSDs was closed by 

the characterization of the critical gene in the pathogenesis of MPS type IIIc (heparin acetyl-

coenzyme A:a-glucosaminide N-acetyltransferase deficiency). This lysosomal membrane 

protein resides most probably in DRMs of a sub-population of lysosomes13. MPS IIIc thus 

represents the only deficiency of synthetic lysosomal enzyme (for details see section 4) in the 

group of otherwise hydrolytic deficiencies12. 

Another eight LSDs result from enzymatic deficiency due to either malfunction of co-

or post-translation protein processing (multi sulphatase deficiency, mucolipidosis II/III), lack 

of enzymatic protection by protective protein/cathepsin A (PPCA, galactosialidosis), or from 

enzyme activator deficiency (GMi activator deficiency, saposin and prosaposin deficiencies, 

extensively discussed in section 3.1). Overall, all these thirty eight entities are directly or 
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indirectly related to enzymatic deficiency, and as such, changes on the cellular level are due to 

the accumulation of undigested substrate molecules in the lysosomes. 

Rest of lysosomal storage disorders (ten) result from molecular defects in lysosomal 

membrane proteins. Two of these are trans-membrane transporter defects (cystinosis, sialic 

acid storage disease), and the cellular phenotype thus originates from deficient lysosomal 

export of the critical moiety. Remaining eight disorders are difficult to characterize on the 

basis of their common molecular pathogenesis. These defects (NCL 3, 5, 6 and 8, 

mucolipidosis type IV, Danon disease, Niemann-Pick disease type CI) are caused by 

affection of lysosomal membrane proteins with diverse functions (e.g. Ca2+ sensing, 

cholesterol homeostasis, autophagosome formation or autophagosome-lysosome fusion). 

Some of these issues are discussed later (sections 1.2.1, 3.1.3, 3.1.4 and 3.2.8.3.1). Cellular 

phenotype of these last eight disorders (i.e. lysosomal storage), in a very simplified way, 

originates from defective membrane content handling (shuttling, targeting or redistribution) or 

from inability of lysosomal compartment to perform some of its principal goals, such as 

participation in autophagy. 

As was demonstrated above, all of the historical LSDs were defined on the molecular 

level during the last 40 years. This period of discovery of LSDs can be considered as devoted 

to biochemical and genetic (in the monogenic sense of the word) description of these 

pathology states with immense impact especially on diagnostics. It is tempting to speculate 

whether other, so far, unrecognized defects with "lysosomal" phenotype will be characterized 

in the future. With respect to the complexity of the endosomal-lysosomal proteome, the 

probability that such entities will appear is high, especially in this post-genomic millennium 

with its not hypothesis- but curiosity driven approaches. Primary causes in the known LSDs 

were defined; present and near future time must represent a renaissance of intensified cell 

biological studies in order to generate integrative data about cellular and tissue pathogenesis 

of LSDs. 

1.2.1 Cellular consequences of lysosomal storage - complex mosaic 

Data about functional cellular consequences, in other words about cellular 

pathophysiology and pathology, of lysosomal storage are voluminous, but unfortunately 

predominantly descriptive. LSDs represent heterogenous group of disorders, each of them 

described in different depth. The characteristics (morphological, biochemical) of cellular and 

tissue storage patterns differ considerably among individual disorders. Complex and 

11 



summarizing review of current atomized data in the field of LSD cellular pathology exceeds 

the format of this text, so only brief overview of recently released data will be provided. 

The process of lysosomal storage due to accumulation of whatever material remains 

substantially enigmatic in the following areas: (i) functionality and turnover of the storage 

lysosomes; (ii) compensatory mechanisms in lysosomal biogenesis and lysosomal proteomics; 

(iii) recycling and redistribution of accumulated material; (iv) impact of storage process on 

partner cellular compartments and fundamental cellular regulations including protein 

clearance and cell death induction; (v) cell and tissue specific consequences of lysosomal 

storage; (vi) extralysosomal roles of both deficient proteins and accumulated moieties. 

Following paragraphs represent just few pieces from the incomplete mosaic of LSD 

pathogenesis. 

Impacts of lysosomal storage on the lysosomal biogenesis might be quite diverse, 

sometimes very pronounced, and were demonstrated on RNA and protein levels43. Available 

data support connection between transcriptional regulation of certain lysomal (both luminal 

and membrane) proteins and storage induction. In addition to overall up regulation of 

lysosomal related protein machinery due to lysosomal storage, cellular protein mistargeting 

was also observed. The molecular machinery involved and mechanisms of some of these 

phenomena are hypothetical, common transcription regulation of GC rich TAATA less 

promoters of lysosomal related genes included. Spatial coordination of distribution of 

lysosomal storage compartment and functionality of both ordered membrane structures and 

lysosomal matrix is also more or less unknown. Heterogeneity of late endosomal - lysosomal 

sub-compartmental spatial distribution may play important roles especially in polarized cells 

(e.g. axonal dystrophy in Niemann-Pick disease type C, see 3.2.8.3.1). 

Redistribution of undegraded substrate molecules in the affected cells and their 

extralysosomal effects might be also very important in the pathogenesis of lysosomal storage. 

It is especially the issue of glycolipid recycling and genesis of toxic moieties that is currently 

in focus. It seems that this mechanism of extralysosomal shuttling into membrane sheets may 

provide clues for many diverse and so far not understood observations. Gaucher but also 

Krabbe or Niemann-Pick disease types A and В may serve as examples14. 

Direct involvement in fundamental cellular regulatory pathways and non-lysosomal 

functions of proteins deficient in LSDs and their target molecules represent further 

contributory factors to LSD pathogenesis. Prosaposin or acid sphingomyelinase that are 

discussed in detail in sections 3.1 and 3.2 may serve as prototypic examples. 
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Last but not least, the issue of induced cell death must be mentioned in the context of 

LSDs. Lysosomal roles in programmed cell death (PCD) of either caspase mediated (type I) 

or autophagic (type II) are a subject of numerous review articles24,35. Participation of these 

processes under the conditions of lysosomal storage was announced just lately. Direct 

involvement of certain glycolipids or ceramide in apoptosis regulation or induction is 

generally accepted fact of immense importance (for details see section 3.2). Nevertheless, it 

seems more and more probable that combination of these phenomena (PCD type I and II) is 

the reality in LSDs. Just to demonstrate autophagy patricipation in LSD pathogenesis several 

examples are given. Lysosomal accumulation of subunit С of mitochondrial ATP synthase 

(SCMAS) is a phenomenon attributable to autophagy deregulation in NCLs, especially when 

battenin (variant in NCL3) has been shown to directly mediate autophagosomal-lysosomal 

fusions in mice44"47. Malfunction of lysosomal system and associated build-up of 

autophagosomal compartment is the basis of Pompe disease due acid a-glucosidase 

deficiency in skeletal muscle48. In addition, it has been postulated that a-glucosidase deficient 

cells suffer from endocytosis sorting defects further aggravating autophagy defects49. Similar 

mechanisms of autophagy deregulation are involved in LAMP 2 deficiency (Danon 

disease)50'51. Protective protein/Cathepsine A deficiency (galactosialidosis) is also most 

probably going to attain some of its pathology from increased rates of CMA, due to its 

upregulation52. If one considers the extent of regulation of CMA (see 1.1) and extensive 

consequences of its deficiency, protein clearance in LSDs is another issue contributing to 

cellular pathology7. 

As mentioned at the beginning the mosaic is still incomplete, with many data not 

mentioned. Cellular pathology in LSDs should definitely be the primary objective of present 

research. 
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2 Summarized aims of the studies 

The exact aims of the studies are listed and defined in the particular sections of the 

following text and in the appended publications. This part of the thesis serves as an overview 

and a general concept of the studies. 

Saposin-like proteins in lysosomal biology and pathology: prosaposin, saposins and acid 

sphingomyelinase 

• To evaluate neuropathology changes in the available cases of pSap deficiency with 

special emphasis on the differences between neurolysosomal and non-neurolysosomal 

populations 

• To evaluate roles of protein clearance mechanisms (ubiquitin-proteasome) in the pSap 

pathology and compare the findings with other selected LSDs 

• To evaluate origins of massive postnatal loss of cortical neurons with respect to 

potential roles PCD type II in this process 

• To perform genotype-phenotype correlation studies in the selected populations of acid 

sphingomyelinase deficient patients (Niemann-Pick disease type A and B) with 

emphasis on the phenotypic diversity 

Bioinformatic study of HGSNAT protein, critical protein in MPSIIIc pathogenesis 

• To perform detailed predictive study of the evolutionary and functional traits of the 

newly defined HGSNAT protein involved in MPSIIIc pathogenesis. Special emphasis 

given to interspecies synteny conservation, transmembrane protein domains and 

potential sites of posttranslation modifications 

Caenorhabditis elegans as a model organism for selected lysosomal storage disorders 

• To perform bioinformatic, biochemical and cell biological characterization of the 

single C. elegans ortholog of mammalian acid a-galactosidase and a-N-

acetylgalactosaminidase with special emphasis on evolutionary clustering and 

diversification of these catalytic functions 
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3 Saposin-like proteins in lysosomai biology and pathology -
prosaposin, saposins and acid sphingomyelinase 

Saposin like proteins (SAPLIPs) are membrane interacting proteins of diverse 

biochemical and cellular functions. The unifying and characterizing feature of these proteins 

is the presence of either confirmed or predicted saposin-like domain in their secondary protein 

structure53,54. The definition of this type of protein domain is complicated by the fact that the 

conservation of the primary sequence is usually low and can be missed by generally employed 

algorithms using sequence similarity thresholds. The secondary structure of saposin-like 

domain includes hydrophobic protein core with six invariable cysteine residues forming three 

disulphide bridges and a common position of four to five a-helices. Another common feature 

of SAPLIPs, true at least for saposins (Sap), is their overall negative surface charge without 

considerable presence of positively charged surface patches, feature accounting for the acidic 

pH dependence of the activator function (see 3.1). Some experimental structural data are 

available for SAPLIPs (Sap A and С included)55"57. 

The phylogenetic origins of SAPLIPs are diverse and include proteins from eukaryotic 

and prokaryotic organisms and even from plants54. SAPLIPs secondary structure organization 

might comprise small single saposin-like domain proteins (e.g. Saps) or multidomain proteins 

in which the saposin-like domain represents a part of the protein. There are at least seven 

different genes in the human genome coding for eleven different proteins that can be included 

among SAPLIPs. Human SAPLIPs are, for example, prosaposin (pSap) and deriving Saps 

(see 3.1), acid sphingomyelinase (ASM, see 3.2.1.1), acyloxy acylase, surfactant protein В or 

granulysin, for overview see Bruhn (2005)54. 

SAPLIP properties related to membrane (lipid) interactions can be clustered into three 

general areas sharing specific common features: (i) membrane association with local 

disordering of the bilayer structure (e.g. ASM58'59); (ii) fundamental membrane perturbation 

without direct permeabilization for the purposes of antigen presentation or enzymatic activity 

(e.g. Saps); and (iii) membrane permeabilization for defensive mechanisms (e.g. granulysin). 

It should be noted that SAPLIPs are directly involved in other cellular signaling pathways 

besides the direct membrane (lipid) interactions (see 3.1.2 and 3.1.4.1). Certain SAPLIPs (e.g. 

pSap or J3 crystallin) were documented to function as molecular scaffold proteins in multi 

protein complexes60. The topic of SAPLIP biology is very broad and this text will concentrate 

on the issues directly related to lysosomal biology. Primarily, pSap (Saps) and ASM will be 

discussed. 
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3.1 Prosaposin deficiency - enzyme activator precursor versus 
neurotrophic factor 

3.1.1 Prosaposin - gene, cellular trafficking and posttranslational 
modifications 

Human prosaposin gene (PSAP) is located on the chromosome 10 (10q22.1)61. PSAP 

gene mRNA encodes for a polypeptide (-53 kDa, pSap) that contains signal peptide and four 

distinct but homologous sphingolipid (sphingolipidhydrolase) activating proteins (Sap A-D)62. 

Human PSAP gene structure was determined to result from two rounds of tandem duplication 

events63. Such a structure of the gene is conserved in several higher organisms including 

mice. The promoter of PSAP gene has been thoroughly defined including core regulatory 

promoter sequence and tissue specific (neuronal and visceral) regulatory elements64"66. 

Complex ontogenetic temporo-spatial expression patterns were determined for PSAP gene67. 

Exon 8 (3 amino acid residues in Sap С domain) of PSAP gene is a subject of alternative 

splicing resulting in three different pSap mRNA variants (524, 526, and 527 amino acids) 

with specific ratios of tissue and ontogenetic stage abundance68. The intracellular transport of 

pSap was determined to depend on the specific splicing variant. No substantial impact of the 

mRNA splicing on the pSap functionality was reported for PSAP gene69. Studies undertaken 

to evaluate phylogenetic conservation of splicing patterns including their tissue distribution 

showed evolutionary conservation of this phenomenon and demonstrated dispensability of 

exon 8 sequence for developmental, secretory and lysosomal roles of pSap70. 

Translated pSap (53 kDa) is posttranslationally processed by a succession of 

modifications. pSap is modified to 65 kDa form which is further glycosylated to 70 kDa 

secretory molecule. The 65 kDa molecule is associated with Golgi apparatus membranes and 

is destined to lysosomes for further proteolytic processing. The sorting step discriminating the 

secretory and lysosomal forms is only partially elucidated62. It was demonstrated that 

Golgi/lysosomal sorting mechanism does not employ mannose-6-phosphate (M6P) receptor 

but is dependent on pSap's interaction with sphingolipids (i.e. sphingomyelin)71 and sortilin 

receptor protein. pSap sortilin interaction is mediated via an adaptor protein GGA and 

requires a specific stretch of C-terminal pSap sequence that includes a-helix stabilized by 

disulfide bridges (a general property of saposin-like domain)19,72. Similar mechanism of 

Golgi/lysosomal targeting was documented for acid sphingomyelinase73 (see 3.2.1.1) and 
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GM2 activator protein72, the molecular basics of these protein interactions with sortilin are 

very similar to those employed by pSap/sortilin protein pair. 

Proteolytic processing of pSap to four Saps in the late endosome-lysosome occurs via 

cleavage by hydrolytic proteases, especially by cathepsin D74. The lysosomal targeting of 

procathepsin D was documented, under certain conditions, to be directly linked to pSap 

lysosomal transport. Sap-like domain in this case functions as a molecular scaffold for 

procathepsin D that in autocatalytic manner cleaves 10,5-11,5 kDa Saps from the precursor 

pSap molecule in the acidic environment of lysosomes60'75"77. 

Secretory targeting of pSap is present in a number of cell types and pSap was detected 

in numerous body fluids (e.g. milk, semen, cerebro-spinal fluid, pancreatic juice or bile). 

Functions of secreted pSap are diverse in different tissues78 (some of them are discussed in 

sections 3.1.2 and 3.1.4.1). The endocytosis of pSap was demonstrated to be mediated by 

lipoprotein like receptor (LRP)79. Uptake of pSap by M6P receptor or mannose receptor from 

cellular surface is also possible77. Some of the downstream cellular signaling exerted by pSap 

is mediated by its interaction with incompletely defined G0-protein associated receptor80 (see 

3.1.2). 

3.1.2 Saposins and prosaposin, versatile proteins with diverse functions 

Human Saps (A-D) function as membrane glycosphingolipid mobilizing agents53. The 

unique quality of Saps to interact with membranes is related to their secondary protein 

structure (conserved hydrophobic protein core, with three conserved disulfide bridges and 

conserved a-helices), which has been evaluated by several NMR structural analyses57. 

Tertiary and quartenary protein structure has not been unequivocally solved yet, but Sap B, 

for example, most probably functions as homodimer81. Sap interaction with 

glycosphingolipid or phospholipid membrane sheets intensifies with lower pH and is directly 

related to overall negative surface charge of Sap molecules53'54. Atomic force microscopy and 

high resolution optical microscopy rendered data documenting direct interaction of Sap 

molecules with membrane lipids resulting in extensive bilayer remodeling82. Critical amino 

acid residues mediating the protein-lipid interactions were suggested in Sap C81. Overall, Saps 

mediate intermembrane transport of gangliosides and glycosphingolipids, reorganization and 

destabilization of phopholipid membrane sheets, and fusion of acidic phospholipid vesicles. 
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One additional biological function of Saps is their role in trimming and presenting of CD1-

related lipid antigens83. 

Four homologous human Saps (A-D) are substantially different from each other in 

many aspects. Their substrate specificities as lysosomal hydrolase activators may overlap, the 

majority of these data originating from in vitro studies78. The following overview is in many 

aspects simplified for the purposes of further understanding of pSap and Sap deficiencies. Sap 

activator potential is directly linked to their membrane perturbation potential. Saposins A-D 

act as activators of the following lysosomal hydrolases - galactocebrosidase, arylsulphatase 

A, glucocerebrosidase and ceramidase, respectively. Sap B, in addition, functions as 

lysosomal acid a-galactosidase activator in degradation of globotriaosylceramide. Lactosyl 

ceramide hydrolysis by p-galactosylceramidase and p-galactosidase is associated with Sap A 

and В activation, respectively84,85. Controversy prevails over the issue of Sap activation of 

another SAPLIP protein - lysosomal acid sphingomyelinase. As described in more detail in 

section 3.2.1.1, SAP-like domain of acid sphingomyelinase most probably substitutes 

utilization of Sap activator for sphingomyelin hydrolysis. 

Prosaposin precursor molecule has diverse functions that are, similarly to Saps, linked 

to its lipid interaction characteristics86'87. Its glycosphingolipid and phospholipid binding 

affinity underlies pSap roles in transport of these moieties; it may also facilitate membrane 

fusions and remodeling. In addition, pSap was lately defined as important extracellular 

regulator with anti-apoptotic and cell cycle promoting functions88'89. pSap was demonstrated 

to interact with GO protein coupled receptor in different tissues and trigger MAP kinase and 

other signaling pathways directly associated with S phase promotion and apoptosis down 

regulation80,90. Trophic effects of secreted pSap on male reproductive system have been 

demonstrated in pSap deficient mice91"93. Direct connection was established between pSap 

anti-apoptotic effect and prostate cancer progression88'94,95, similar pSap mediated anti-

apoptotic regulation was documented in monocytic cell lines96. Prosaposin's neurotrophic and 

neuroprotective effects that are exerted by similar mechanisms of signalling, are discussed in 

section 3.1.4.1. 

It should be stressed out that this janusian-like duality of pSap function has direct 

consequences in the molecular pathology of pSap deficiency (see 3.1.4). 

3.1.3 Prosaposin deficiency and isolated deficiencies of saposins, overview 
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Prosaposin deficiency is a rapidly progressive fatal infantile neurovisceral lysosomal 

storage disorder. Molecular a biochemical pathogenesis of pSap deficiency reflects both the 

absence of pSap as well as its four deriving Saps. The consequences must be attributed to the 

biochemical enzymatic deficiencies due to the lack of activator functions of Saps and its other 

inherent functions of pSap (see 3.1.2). pSap deficiency represents very complex biological 
*7Q QA Q C 0 " 7 О С 

and pathogenic problem with many different aspects to consider ' ' ' ' , this text provides 

only a brief overview. 

Up to now, six patients with pSap deficiency from five different families were 

reported worldwide, the seventh patient is under evaluation. The original assumption that 

pSap deficiency is an extremely rare lysosomal storage disorder had to be reconsidered with 

the growing number of diagnosed patients. Molecular basis of pSap deficiency lies in the 

complete absence of pSap and all four deriving Saps (A-D) in the cells and tissues78 due to 

specific pathogenic variations in PSAP gene that interfere either with functional mRNA 

transcription (degraded by nuclear non-sense mediated decay) or with pSap protein translation ftd RS 08 • 
initiation ' ' . Survival of pSap deficient patients ranges from weeks to months. The 

morphological (optical and electron microscopic) and biochemical (accumulated lipid spectra, 

cellular lipid turnover) alterations can be assigned to the enzymatic deficiency of 5 different 

lysosomal hydrolases associated with activator functions of Saps. In a very simplified manner, 

morphological and biochemical consequences of pSap deficiency can be attributed to a 

combination of changes found in five different and defined single lysosomal hydrolase 

deficiencies (metachromatic leukodystrophy, Farber, Fabry, Krabbe and Gaucher diseases). 

At this point it must be noted that a substantial difference exists between the lysosomal 

storage in non-neuronal cells and neurons (see 3.1.4)M*5'99. This difference is related to 

predominant functionality of pSap protein in the particular cell type - neuronal (neurotrophic 

effect of pSap) or non-neuronal (enzyme activation by Saps). 

General morphological changes in non-neuronal cells (various types of epithelia or 

histiocytes) represent foamy cytoplasmic transformation by lysosomal storage. Storage 

macrophages may include Gaucher-like bodies. Electron microscopic findings include 

mixture of pleomorphic, sometimes oligolamellar lysosomal deposits, which might display 

some typical ultrastructural characteristics of the above mentioned isolated deficiencies. The 

lysosomal storage compartment in pSap deficiency is devoid of lipopigment. Biochemical 

spectra of accumulated lipids are complex and some display tissue specific characteristics. 

Lysosomal accumulation of multiple sphingolipids without contribution of either 

sphingomyelin or cholesterol is the predominant feature; lactosyl-ceramide is universally 
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stored. Ceramide, glucosylceramide, galactosylceramide, globotriaosylceramide, sulphatide 

and GMI-З gangliosides are accumulated in tissue dependent manner. Some of these moieties 

also display reduced turnover in cultured pSap deficient fibroblasts. The glycosphingolipid/ 

sphingomyelin ratio or certain tissue specific storage patterns (e.g. adrenal cortex storage) 

might serve as very efficient tools to discriminate pSap deficiency from acid 

sphingomyelinase deficiency (Niemann-Pick disease type A and B) or Niemann-Pick type С 

or Wolman diseases84,85. 

In addition to pSap deficiency, isolated Sap deficiencies (А, В, C)78 were reported and 

described. The molecular pathogenesis of these fatal lysosomal storage disorders, mimicking 

the particular activated hydrolase deficiency - Krabbe disease, metachromatic leukodystrophy 

and Gaucher disease type 3, is a result of pathogenic variations in the critical Sap domain of 

PSAP gene. Not a single case of isolated Sap D deficiency has been described yet. Single 

report describes a compound-heterozygous patient with Sap С and Sap D variations, but with 
1ПП 

Gaucher disease phenotype 

Important clues for pSap and isolated Sap deficiencies can be deduced from the studies 

of murine knockout models (pSap deficiency and Sap A and D deficiencies)101"104. 

3.1.4 Comments and discussion to the appended publication #1 - Sikora et al. 
(2007) 

Publication by Sikora et al. (2007) documents neuronal specific characteristics of pSap 

deficiency which are substantially different from the lysosomal storage process in non-

neuronal tissues and cells. This work demonstrates different (additional) roles of pSap in 

human neurons and suggests extensive lysosomal sequestration of ubiquitin-tagged proteins 

most probably due to massive autophagy. In addition, it describes immense sensitivity of 

cortical neurons to pSap deficiency resulting in their death in the relatively short postnatal 

time period. 

The work utilizes formaldehyde fixed paraffin embedded (FFPE) biological material 

from three previously described pSap-deficient infants84,85,97. The fact that the three affected 

children deceased at different postnatal time points (day 27, day 89, and day 119) allowed 

evaluation of the temporal course of the neuropathologic process. 

Our study represents detailed analysis of neural tissues in pSap deficiency employing 

optical and electron microscopic approaches. The optical microscopic analyses use extensive 
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set of antibodies with either histochemical or fluorescence secondary detection including 

multiple fluorescence labeling (for methodological details see appended publication #1). 

A general comment (also given in the publication) must be made at this point to 

prevent any conceptual ambiguities. The term neurolysosomal describes lysosomal 

compartment in the neurons. 

3.1.4.1 Specific features of neuronal affection in pSap deficiency 

This commentary will concentrate on the previously unreported features of 

neurolysosomal storage process in pSap deficiency, for the overall description of 

neuropathologic findings in the analyzed patients the reader should refer to appropriate 

publications84'85'97. 

Neurons in all analyzed cases of pSap deficiency displayed cytoplasmic distension by 

fine eosinofilic granules, the changes attained granulovacuolar appearance in the oldest 

deceased patient (day 119). The granular/granulovacuolar appearance contrasted with foamy 

cytoplasmic transformation in the non-neuronal cells. The granules were not autofluorescent 

and were not stainable by any routine histological technique. There was no evidence of 

birefringent moieties, nor significant presence of glycolipids or sphingolipids. Glial elements 

(astrocytes and oligodendrocytes) displayed considerably milder morphological changes, 

microglial phagocytes are discussed later. Neuronal ultrastructural changes were featured by 

numerous vacuoles (0.5-1 ц т in diameter, depending on the particular case) containing 

variably dense material with amorphous or coarse membranous substructure. This degraded 

material was reminiscent of degraded organelles (especially mitochondria), some of the 

vacuoles seemed to be endowed by double membrane. These changes were found both in the 

neuronal perikarya and in dystrophic axons, and there was no substantial difference between 

central and peripheral neurons either on the optical or electron microscopic levels of 

observation. 

When summarized, observed changes were fundamentally different from the changes 

seen in non-neuronal cells in pSap deficiency or from changes observed in other lysosomal 

storage disorders characterized by membranous lipid deposits. The true origin of the granular 

transformation of neurons in pSap deficiency must have been addressed, if directly related to 

the lipid lysosomal storage due to enzymatic activator deficiency of Saps. 
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Immunophenotype of the neuronal granules was determined as late endosomal-

lysosomal (LAMP 1, 2 and cathepsin D positive). Neurons in pSap deficiency displayed 

variable, but significant, immunohistochemical positivity of subunit С of mitochondrial ATP 

synthase (SCMAS). SCMAS represents an epitope that can be considered a marker of 

mitochondrial intralysosomal degradation45"47. 

A completely novel and suprising finding in pSap deficiency was the uniform and 

strong granular immunopositivity of ubiquitin in the whole neuronal population including 

axonal spheroids. Such an extent of ubiquitination was not observed in non-neuronal cells 

affected by pSap deficiency. Noteworthy is the fact that we evaluated not only the overall 

cellular ubiquitin (free and bound) but also ubiquitin protein conjugates (mono- and 

polyubiquitinated)105, which were also considerably enhanced in presence. In order to exclude 

hypothetical dominant contribution of aggresomal protein sequestration, p62106 (aggresomal 

protein component) immunohistochemical detection was performed, and was negative. 

Unfortunately, ubiquitin+1 forms107"109 were not evaluated at the time of publication, and thus 

contribution of molecular mRNA misreading in pSap deficiency was not addressed. Critically 

addressing other findings and available data on mRNA misreading in neuropathology, 

massive involvement of ubiquitin+1 is, in our opinion, not probable in pSap deficiency. 

Because data regarding ubiquitination in lysosomal storage disorders are limited110, 

comparative immunistochemical study in other (selected) lysosomal storage disorders was 

performed and results were included into the publication. We were not able to demonstrate 

comparably extensive and neuronally selective ubiquitination in any other lysosomal storage 

disease besides some very specific situations (neurofibrillary tangles in Niemann-Pick disease 

type С or axonal spheroids). 

Because the immunohistochemical staining patterns of ubiquitin were suggestive of its 

association with the lysosomal compartment and electron microscopy observations displayed 

changes reminiscent of autophagy, we resorted to immunoflurescence multiple labeling in 

order to address these issues. The experimental setup employed laser scanning confocal 

microscopy (LSCM) with additional image restoration based on deconvolution algorithms to 

improve the effective image resolution111'112. The successive colocalization analysis was 

based on Pearson's coefficient cross-correlation function (CCF) analysis of dual channel 

images113,114, which will be discussed briefly in this commentary. 

Evaluation of signal colocalization patterns in fluorescence microcopy represents very 

valuable source of data in cell biology. Unfortunately, it also represents one of the most 

controversial issues in the optical microscopy, as considerable amount of published data are 
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biased by methodological mistakes. It should be noted that no universally accepted 

colocalization evaluation method is available at the moment115. We resorted to the use of CCF 

method because of the following reasons114: (i) it provides an overall estimate of signal 

correlation evaluated by defined statistical coefficient; (ii) it does not implement image 

segmentation based on subjective estimate; (iii) it possesses the unique advantage of internal 

control; (iv) it clearly discriminates between colocalizing, randomly distributed and non-

colocalizing (excluding) signals; (v) our staining patterns fulfilled the criteria necessary for 

CCF analysis. Details about the CCF methodology and interpretation as well as combinations 

of antibodies used for the colocalization studies are listed in the appended publication #1. 

CCF analysis showed unambiguous colocalization (positive correlation) of ubiquitin 

signal with late endosomal-lysosomal markers. Unfortunately, we were not able to distinguish 

the prevalence of either of the two phenomena - ubiquitination of membranes or contents of 

the late endosomal-lysosomal compartment, most probably due to sub-resolution size of the 

evaluated objects. The issue of direct demonstration of autophagy events by observing the 

organellar entrapment in lysosomal lumen, which would clearly complement electron 

miscroscopy, remained unaswered, most probably due to advanced stage of the intralysosomal 

epitope degradation. 

Other important finding in pSap deficiency was the massive loss of cortical neuronal 

population in the early postnatal life as was demonstrated by comparison of the findings in the 

youngest deceased patient (day 27) and two other cases (days 89 and 119). This phenomenon 

does not seem to be related to improper functioning of subependymal germinal zone, neuronal 

migration or cortex remodeling, and it does not seem to be mediated via caspase dependent 

(apoptotic) cell death. As a consequence of such an extensive cellular loss, replacement of the 

neuronal cortical population by dense population of microglial phagocytes (CD 68 positive) 

and GFAP positive astrocytes occurred. 

This massive, ontogenetic stage dependent neuronal loss, most probably caused by the 

absence of pSap, occurs within a time period of 60-80 days in the early postnatal period. 

There is virtually no comparable phenomenon in the human neuropathology; the only other 

process resembling such an immense neuronal loss can be attributed to hereditary cathepsin D 

deficiency and consequent congenital neuronal ceroid lipofuscinosis116. Neuronal loss in case 

of cathepsin D deficiency is gradual, most probably starting in utero and continuing in the 

postnatal period. With respect to the extent and relative abruptness of the neuronal loss in 

pSap deficiency, and in order to express the limited potential of normally evolving neurons to 

survive, we designated it cortical neuronal survival crisis. This phenomenon of massive cell 
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death represents an important difference to otherwise very similar neuropathological changes 

observed in murine model of pSap deficiency104. 

As mentioned above, neuronal affection in pSap deficiency displayed several 

fundamental characteristics that cannot be directly assigned to biochemical consequences of 

combined Saps activator deficiency despite increased levels of certain lipid moieties in the 

brain tissue. The true origin of these changes (massive ubiquitination, signs of autophagy and 

cortical neuronal survival crisis) is, in our opinion, reflection of the absence of pSap's trophic 

and neuroprotective functions. These activities of secreted pSap, which have been 

documented both in in vivo and in vitro studies117"126, represent a platform for the growing 

number of reports on pSap trophic and cell-cycle promoting functions (for details see section 

3.1.2). Molecular basis of these properties of pSap molecule has been assigned to N-terminal 
1 ")7 1 TO 

sequence stretch in Sap С domain of pSap " . It has been further documented that the 

neurotrophic signal patch (9 amino acid residues) is spatially segregated from activator 

properties of Sap C130. 

The true sequel of changes, as observed in pSap deficient neurons, is a matter of 

hypothetical deduction comparable to jigsaw puzzle. The massive segregation of ubiquitin 

tagged proteins and observed ultrastructural changes can be compared to other processes 

previously described to result from macroautophagy131"133. SCMAS detectability and 

ubiquitin-lysosomal colocalization further support autophagic origin of the changes47. In 

addition, massive ubiquitination has been suggested to trigger autophagy under specific 

conditions31. Despite the existence of respectable data about the link of pSap to apoptosis 

down regulation we were not able to assign the neuronal cortical crisis to caspase mediated 

cell death. We thus speculate that the impact of pSap deficiency and depletion of neuronal 

postnatal stimulation triggers massive protein ubiquitination and sequential enhanced 

autophagy, while lipid storage is of minor importance at this time point. Cortical neurons, 

probably the most vulnerable neuronal population to pSap deficiency, abruptly and 

systematically succumb to cell death that displays characteristics of autophagy executed 

process (programmed cell death type II)35. These processes (protein clearance by ubiquitin-

proteasome system and constitutive autophagy) are tightly linked32'33 and regulated (for more 

details see section 1.1) and according to the presented data they seem to converge in 

pathology of pSap deficiency. 
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Abstract A neuropathologic study of three cases of 
prosaposin (pSap) deficiency (ages at death 27, 89 and 
119 days), carried out in the standard autopsy tissues, 
revealed a neurolysosomal pathology different from 
that in the non-neuronal cells. Non-neuronal storage 
is represented by massive lysosomal accumulation of 
glycosphingolipids (glucosyl-, galactosyl-, lactosyl-, 
globotriaosylceramides, sulphatide, and ceramide). 
The lysosomes in the central and peripheral neurons 
were distended by pleomorphic non-lipid aggregates 
lacking specific staining and autofluorescence. Lipid 
storage was borderline in case 1, and at a low level in 
the other cases. Neurolysosomal storage was associ-
ated with massive ubiquitination, which was absent in 
the non-neuronal cells and which did not display any 
immunohistochemical aggresomal properties. Confocal 
microscopy and cross-correlation function analyses 
revealed a positive correlation between the ubiquitin 
signal and the late endosomal/lysosomal markers. We 
suppose that the neuropathology most probably refl-
ects excessive influx of non-lipid material (either in 
bulk or as individual molecules) into the neurolyso-
somes. The cortical neurons appeared to be uniquely 
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vulnerable to pSap deficiency. Whereas in case 1 they 
populated the cortex, in cases 2 and 3 they had been 
replaced by dense populations of both phagocytic micro-
glia and astrocytes. We suggest that this massive neuronal 
loss reflects a cortical neuronal survival crisis precipi-
tated by the lack of pSap. The results of our study may 
extend the knowledge of the neurotrophic function of 
pSap, which should be considered essential for the 
survival and maintenance of human cortical neurons. 

Keywords Prosaposin deficiency • Neurolysosomal 
disorder • Ubiquitination • Cross-correlation function • 
Cortical neuronal survival crisis 

Introduction 

Prosaposin (pSap) deficiency is a rapidly progressive 
fatal neurovisceral lysosomal storage disorder caused 
by mutations in the PSAP gene which leads to the 
blockage of pSap protein translation or to the prema-
ture (intranuclear) nonsense-mediated decay of pSap 
m R N A [13, 25, 43, 54]. The proven genotypes result in 
the absence of pSap and the products of pSap proteo-
lytic processing. These polypeptide products, called 
saposins (Saps, sphingolipidhydrolase activating pro-
teins), are essential for activating a set of lysosomal 
sphingolipid hydrolases [54]. In the absence of Saps, 
the sphingolipid substrates remain undegraded. The 
accumulated substrates, in visceral cell types, cause the 
lysosomes to become distended, giving them a foamy 
appearance and the process ultimately ends in organ 
failure, similar to full blown classic lipid storage disor-
ders [3,13,25]. In this study, we show that in pSap defi-
ciency the neurolysosomes of both the peripheral and 
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3.2 Acid sphingomyelinase - Niemann-Pick disease type A/B - acid 
sphingomyelinase deficiency - model lysosomal enzymopathy -
molecular studies 

Niemann-Pick disease type A and В (NPD A/B, acid sphingomyelinase deficiency) 

represents a classical, prototypic lysosomal storage disorder caused by the deficiency of a 

single lysosomal hydrolase with SAPLIP characteristics - acid sphingomyelinase (ASM, MIM 

257200 and 607616)134. The history of the study of this disorder is more than 90 years old, 

starting with the initial description of the first case by Niemann135. The milestones of studies 

of NPD A/B (identification of stored material, biochemical description and isolation of the 

deficient enzyme, identification of the critical coding gene, description of pathogenic 

sequence variations, genotype-phenotype correlation studies, biochemical and cellular 

consequences of the storage process, and search for causal therapeutic agents)134 are logical 

and could be, with minor differences, applied to all other lysosomal storage disorders 

resulting from a single lysosomal hydrolase deficiency. 

With respect to the recently opened debate on the issue of ASM deficiency 

classification, the use of abbreviations NPD A/B should be understood as referring to ASM 

deficiency in the most general sense of cellular pathology or phenotypic presentation, if not 

stated otherwise. Abbreviations NPD A/B and ASM deficiency should be considered 

equivalent in meaning. 

3.2.1 Sphingomyelin and sphingomyelinases 

Sphingomyelin is a phospholipid composed of sphingenine, long chain fatty acid 

(together ceramide) and phosphorylcholine. The composition of the sphingomyelin molecule 

varies between different tissues and organs, the most variable part being the long chain fatty 

acid residue. Sphingomyelin comprises 5-20 % of the cellular phospholipids and is the 

essential constituent of the biological membranes, predominantly located in the outer bilayer 

leaflet. Its main synthetic pathway includes direct condensation of ceramide and 

phosphocholine catalyzed by phosphocholin-ceramide transferase134. 

Sphingomyelinases catalyze the hydrolysis of sphingomyelin into ceramide and 

phosphorylcholine134. The classification proposed by Samet and Barenholz136 includes 

following mammalian enzymes: acid sphingomyelinase (ASM, E.C. 3.1.4.12) and its 

secretory Zn2+ activated variant (products of a single gene), neutral Mg2+ dependent 
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sphingomyelinase, Mg2+ independent neutral sphingomyelinase and alkaline 

sphingomyelinase from the intestinal tract. In addition to this classification, at least two other 

enzymes related to sphingomyelin degradation should be mentioned - a toxin of C. 

perfringens137 and product of the plcB gene from L. monocytogenes138, both functioning as 

sphingomyelinase- phospholipase C. 

Sphingomyelinases, in general, act as soluble membrane associated proteins139, with 

the exception of mammalian neutral Mg2+ dependent sphingomyelinase, which is an integral 

membrane protein140. The ezyme protein-lipid bilayer interaction is essential for the proper 

sphingomyelinase function54'139'141. Sphingomyelinases carry out the catalysis on the surface 

of the lipid membrane bilayer and therefore, only the head group of sphingomyelin is 

predicted to be available for the substrate recognition (see 3.2.1.1). It has been demonstrated, 

that not only the spectrum of membrane lipids, but also physical membrane curvature directly 

influences sphingomyelinase function. On the other hand, ceramide release by 

sphingomyelinase might exert substantial influence on either membrane permeability or 

membrane aggregation/fusion potential due to regulation of membrane bending. Membrane 

permeability can be influenced by symmetric lateral segregation of ceramide residues into 

ordered ceramide rich platforms. Membrane bending, in the opposite fashion, results from 

asymmetric lateral segregation of ceramide. It is especially the formation of ceramide 

enriched membrane phases that seems to play crucial role in regulated receptor clustering or 

other forms of internal membrane organization and successive downstream signaling139,142,143. 

Despite the fact that sphingomyelinases have been known for a long time, recent 

renewed interest in these enzymes and sphingomyelin/ceramide biology is related to the 

discoveries of much broader biological roles of these moieties. Sphingomyelinases play 

crucial roles in the pathogenesis of some bacterial and viral infections (N. gonorrhoae, P. 

aeruginosa) and have substantial implications to the apoptosis triggering by some natural or 

artificial cytotoxic agents or ionizing radiation142. Ceramide, a product of sphingomyelin 

hydrolysis, functions as a secondary messenger in a number of regulatory pathways including 

apoptosis, cell differentiation or proliferation. Therapeutic influence of ceramide release 

represents a very challenging field of anticancer drug research143. The unraveling of 

sphingomyelinase and ceramide related regulation of complex cellular processes represents a 

task for additional and extensive investigation and should supplement already available data, 

mostly centered around the issue of ASM deficiency and related NPD A/B pathology. 
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3.2.1.1 Human ASM (E.C. 3.1.4.12) 

ASM is a soluble metal ion (Zn2+) dependent, membrane associated SAPLIP 

glycoprotein with a pH optimum of ~ 4.5-5.5. Two forms of ASM have been described, one 

intracellular (lysosomal) and the other extracellular (secreted). Both protein forms are 

products of a single gene (SMPD1, see 3.2.2) differing by intracellular trafficking and pH 

optimum144. The first (intracellular) form is targeted to lysosomes by means of sortilin 

receptor patway or mannose-6-phosphate receptor mediated transport and possesses acidic pH 

optimum of 4.5-5.073. The proportional contribution of these two transport mechanisms is 

undetermined, but sortilin pathway seems to prevail (see 1.1 and 3.1.1). The extracellular 

(secreted) form bypasses N-acetylglucosamine-1-phosphotransferase step in the mannose-6-

phosphate lysosomal targeting pathway and is secreted from the cell via Golgi apparatus and 

cytoplasmic membrane (default secretory pathway), its pH optimum is broader as it may also 

function at neutral pH. Both forms of ASM are Zn2+ dependent, despite the differences in 

temporo-spatial coordination of the enzyme's Zn2+ activation144. 

Molecular weight of the mature, active monomelic ASM protein is predicted to be 72-

74 kD, and is based on the cDNA expression experiments performed in prokaryotic and 

eukaryotic systems134'145. The initial translated protein encoded by SMPD1 gene has 629 

amino acid residues and consists of a signal peptide, predicted saposin domain, 

phosphoesterase domain containing predicted dimetal center, and carboxy terminal part. 

Crystallographic or other experimental structural data on ASM protein are not 

available at the present time. Fortunately, bioinformatic methods employing homology 

modeling based on structurally related mammalian purple acid phosphatase rendered a 

representative model of phosphoesterase domain of ASM. This model, whose root mean 

square deviation (RMSD) from the template molecule is 0.78 Á, comprises residues 201-472 

of ASM and thus may provide valuable insights into the structure of this key ASM domain141. 

It is suggested to have dimetal-containing phosphoesterase properties with twofold symmetry 

axis, each half containing рарсф structural motif (see Figure 1). The model, prepared with 

Zn2+ in the dimetal center, identifies five potential metal coordinating sequence motifs with 

RMSD of 0.5 A for the critical residues Asp 206, Asp 278, Asn318, His 425 and His 457. It 

further suggests structural model of phosphorylcholine head group recognition site and 

establishes sound basis for the catalytic mechanism of ASM mediated sphingomyelin 

hydrolysis, assigning the critical function of proton donation to His319 residue. Despite the 

fact that the structural data are based on homology modeling and not on direct experimental 
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data, they might be employed for relevant predictions of the impact of SMPD1 gene (see 

sections 3.2.5, 3.2.8.1 and 3.2.8.2) pathogenic variations on the ASM structure and function. 

ASM, unlike some other acid lysosomal hydrolases, has no clearly defined activator 

needed for its enzymatic function. The substantial necessity of saposins (see 3.1.2) for 

sphingomyelin hydrolysis by ASM has not, so far, been unequivocally demonstrated. 

Considering the potential role of saposin related activation of ASM, the role of the saposin-

like domain (see section 3) present in the ASM protein sequence (amino acid residues 89-

165), must be mentioned58. Based on the available data, this domain might function in the 

mobilization of the substrate by disturbing the target membrane structure, as well as, by 

maintaining the folding stability of the whole enzyme59. Impaired function of this domain 

could not be fully supplemented by the presence of saposins, suggesting its critical 

importance in the protein structure. 

3.2.1.2 Sphingomyelinases with neutral pH optimum 

Neutral sphingomyelinases (see 3.2.1) represent, in all aspects, less characterized 

group of proteins, compared to ASM140. The most important of the mammalian (human) 

enzymes is Mg2+ dependent neutral sphingomyelinase. Unfortunately, the data regarding the 

biochemical properties of the protein, its cellular localization, function and especially the 

critical genomic background are still contradictory. For the purpose of this overview, it must 

be noted that considerable care must be taken for the presence of contaminating activity while 

performing and evaluating ASM activity assays (see 3.2.6). 

3.2.2 Molecular genetics of ASM (SMPD1 gene) 

ASM is coded by SMPD1 (sphingomyelin phosphodiesterase) gene, which is located 

on the short arm of chromosome 11 (1 Ipl5.1-pl5.4)146"148. SMPD1 gene is considered to be 

expressed in a housekeeping manner (constitutively). The overall size of the SMPD1 gene is 

~5kb including 5' and 3' untranslated regions, it has six exons (sized 77-773 bp) and five 

introns (sized 153-1059 bp). There is one Alu I repetitive element in reverse orientation 

located in intron 2. Three distinct SMPD1 transcripts resulting from alternative splicing were 

isolated and expressed in eukaryotic cells. Only the full length (2347bp) mRNA encodes 
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catalytically active enzyme. The open reading frame of this full length mRNA is 1890 bp long 

and codes for 629 amino acids-long protein. 

There are several polymorphisms present in the primary sequence of SMPD1 gene -

Thr322Ile, Gly506Arg and variable number (3-5) of hexanucleotide repeats in exon 1149 (see 

3.2.8.1). 

SMPD1 gene proximal promoter region is GC rich and lacks TAATA and CAAT 

elements. The closest TAATA and CAAT elements relative to the translation initiation site of 

SMPD1 gene are located between -704 bp to -898 bp, their functionality has never been 

demonstrated. The functional analysis of SMPD1 promoter defined the core promoter 

spanning the sequence of-219 to +119, with several predicted Spl transcription factor 

binding sites. Additional experimental findings showed active role of Sp-1 and Ap-2 

transcription factors in the basal and regulated promoter activity of SMPD1 gene150. These 

data are in agreement with general concepts of the function of TATA-less promoters. 

Only recently, results of the studies on Beckwith-Wiedemann syndrome (BWS), in 

20% of cases caused by uniparental disomy of paternal chromosomal region 1 lpl 5 (over 5 

Mb in length), suggested a possibility of genomic imprinting of the SMPD1 locus151. Detailed 

analysis of the SMPD1 promoter region confirmed this hypothesis. These recent findings shed 

new light onto the previously described phenotypic variability of otherwise genotypically 

identical heteroallelic individuals with NPD A/B or possible phenotypic affection of NPD 

A/B carriers152 (see also 3.2.8.2.1). 

3.2.3 Cellular and organ pathology of ASM deficiency, consequences of the 
storage process 

Basic morphological change characterizing the lysosomal storage process on the 

optical and electron microscopic levels is gradual and three dimensional distension of the 

cellular lysosomal compartment134,145,153. In other words, every cell affected by considerable 

lysosomal storage becomes vacuolated. The final stage of this process could be described as 

foamy transformation of the cell. This kind of morphological change is most evident in cell 

types that are naturally spiny in shape (e.g. neurons or macrophages). Historically, such 

morphological changes were considered as specific for NPD, and as such, the storage cell was 

designated - Niemann-Pick (NP) cell. Current state of knowledge considers this kind of 

morphological transformation completely unspecific, in comparison to the presence of 

diagnostically specific sphingomyelin liquid crystals in the cells affected by storage. The 
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overall microscopic appearance might be modified by the presence of autofluorescent 

lipopigments, again without any diagnostic significance. 

Lysosomal storage caused by ASM deficiency (NPD A/B) is generalized, multi 

cellular type affection. ASM deficiency is, in other words, generalized sphingomyelinosis. 

Total sphingomyelin content in the tissues of individuals affected by ASM deficiency can be 

increased 50 fold. The cholesterol content is also increased (3-10 fold). 

Monoacylglycerobisphophates, glucocerebroside, Gm2 and Gm3 gangliosides, 

lactosylceramide, Gb3 and Gb4 ceramides are increased comparably less. 

The massive and generalized accumulation of sphingomyelin distinguishes NPD A/B 

from NPD type С (disorder with a completely different molecular basis, see 3.2.8.3.1), that is 

characterized by sphingomyelin accumulation in histiocytic elements; all other cell types in 

NPD type С accumulate a mixture of lipids, predominantly glycosphingolipids and 

cholesterol154. 

The consequences of the lysosomal storage process on the normal cellular functions 

are still controversial (see section 1.2.1). Lysosomal storage process due to ASM deficiency 

might, in some cell types, even result in cell death. Unfortunately, the fundamental questions 

regarding the dynamics and turnover of the storage compartment and accumulated substrate 

remain unanswered. 

Tissue and organ distribution of the lysosomal storage process in NPD A/B can be 

perceived from different angles (historical, ontogenetic, clinical, and pharmacokinetic). 

Whatever point of view taken, the cardinal quality is the presence of the sphingomyelin 

lysosomal storage either in neuronal or visceral (non-neuronal) tissues. The evaluation of 

tissue distribution of lysosomal storage in a particular affected individual poses a general 

problem of bioptic sample inaccessibility, thus the bulk of information originates from post-

mortem autoptic studies. A reliable and easily detectable intravital indicator of the neuronal 

storage process in NPD A/B has not yet been found, event though repetitive attempts were 

made. 

3.2.3.1 Neuronal storage compartment 

The extent of neuropathological affection can be quite variable and includes both 

central and peripheral nervous system. Affected neurons have distended foamy cytoplasm 
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with detectable sphingomyelin birefringent crystals. The general tendency to atrophy and 

gliosis is a result of neuronal depopulation due to lysosomal storage and parallel proliferation 

of astroglia. Cerebellum is usually the most affected part of the brain, with extensive 

involvement of Purkinje cells and their dendrites in molecular zone. Similar changes might be 

detected in the spinal cord, sympathetic ganglion cells or in adrenal medulla. There is 

sometimes detectable peripheral demyelinization with lysosomal storage in Schwann cells. 

3.2.3.1.1 Retina - a window into the brain? 

Retina is a complex histological structure with extensive neuronal population. It is 

easily accessible to noninvasive fundoscopic evaluation, and as such, retinal changes are 

considered important155'156 for the evaluation of neuronal lysosomal storage, not only in ASM 

deficiency. The cellular types affected by lysosomal storage in retina, however, have not yet 

been clearly defined. Ganglion cells are expected to be highly susceptible to lysosomal 

storage; besides that, some authors suggest affection of sessile retinal macrophagic cells157. 

The concentration of ganglion cells is highest in the perifoveolar region, fovea is free of this 

cell type. Grey-yellowish haze of retina appears when lipid deposits accumulate in the somata 

of ganglion cells. Fovea, under the conditions of lysosomal storage, contrasts in red with the 

surrounding yellowish retina. 

Two descriptive terms are used for these fundoscopic findings - macular halo or cherry 

red macula. Macular halo is used to describe fundi in which the total diameter of the ring of 

pale, opaque retinal tissue is no more than 3 times the diameter of fovea. Macular halo is 

defined by sharp demarcation of its borders and granular interior. Larger zones of retinal 

whitening than those of macular halo, are considered cherry red maculae158. 

3.2.3.2 Visceral storage compartment 

Spleen is the most affected organ in ASM deficiency. Splenomegaly may be very 

variable, but 10 fold increases in overall size is not exceptional. Splenic architecture is 

considerably abnormal with the storage present especially in the histiocytes of both pulps, if 

white pulp is preserved159. The storage process is always present in the lining cells of 

sinusoids. 

The hepatic lobule, with all its constituents, is a dynamic structure and its affection by the 

lysosomal storage process in ASM deficiency may be very variable. Generally, the intensity 
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of the storage process in the hepatic lobule exhibits porto-central vectorial increase. In some 

very mild cases lysosomal distension in the hepatocytes can be hardly discernible on the 

optical microscopy level. Sessile liver histiocytes (Kupffer cells) are always affected, even 

though to variable extent, suggesting their higher sphingomyelin turnover. Protracted storage 

process might also result in deposition of autofluorescent ceroid. Correlation between the 

extent of enzymatic ASM deficiency and histological tissue affection exists, but only to a 

limited extent160. There is always some degree of hepatomegaly present, and there are reports 

showing reactive fibrosis and cirrhosis due to lysosomal storage161. 

Bone marrow and lymphatic nodes display variable admixture of foamy macrophages, 

sometimes with considerable amount of ceroid (sea-blue histiocytes) in protracted cases. 

Pulmonary parenchyma (alveolar septa, alveolar space) can be infiltrated by foamy cells of 

macrophagic origin, especially in visceral storage limited cases. Adrenal glands (especially 

cortex - epithelial cells and infiltrating macrophages) and thymus are enlarged. Other organs 

i.e. gonads, thyroid gland, hypophysis, pancreas or salivary glands may exhibit mild storage 

changes but usually no substantial functional impairment. Foamy histiocytes can be found in 

the wall of all portions of gastrointestinal tract. 

3.2.4 Clinical classification of ASM deficiency, phenotypic heterogeneity 
versus historical perspective 

The history of classification of Niemann-Pick disease reflects the general problems of 

disease initially described by morphological measures without the knowledge of the 

pathogenic basis of the process134. The initial classification scheme of Niemann-Pick disease 

included unrelated entities that shared similar morphological qualities. The first step in re-

classification was taken, when type С of NPD was declared a separate pathogenic entity, not 

related to ASM deficiency162 (see 3.2.8.3. J). Ever since, NPD due to ASM deficiency is 

described as having two distinct phenotypic variants - types A and B. 

The neurovisceral storage associated form, type A, is characterized as rapid and fatal 

clinical phenotype with progressive neurodegeneration and death within the first three years 

of life163. Type В is, on the other hand, characterized by visceral-only (non-neuronal) 

affection with mild, slowly progressive clinical course and survival till adulthood164. 

Sphingomyelin lysosomal storage is, so far, the only accepted cause of clinical 

symptomatology, neuronal lysosomal storage resulting in neurological affection and non-

neuronal storage resulting in visceral symptomatology. The principal difference of these two 
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phenotypic variants (lack of neuronal affection by lysosomal storage) was demonstrated in 

several typical NPD type В patients by post mortem evaluation of brain sphingomyelin 

content165. 

During the last thirty years a number of reports accumulated, including larger cohorts 

of patients affected by intermediate phenotypic variants of ASM deficiency (especially slowly 

progressive neurological affection associated with longer survival), which did not fulfill the 

accepted classification criteria160,166'169. It became apparent that ASM deficiency displays 

wide phenotypic variability both in the neurological and visceral symptomatology, and 

typically affected patients (A or В phenotypes as defined) might represent a minor fraction of 

all ASM deficient patients. 

Neurological affection ranges from overt perinatal crises, severe psychomotor 

retardation, severe muscle dysfunction or irritability to milder presentations such as peripheral 

neuropathy, mild mental retardation with learning disabilities, or only macular halo syndrome 

without additional abnormal neurological findings. Extensive effort is made to elucidate the 

issue of affection of retina in ASM deficiency. Fundoscopic changes (cherry red macula or 

macular halo) might serve, to a limited extent, as direct and easily accessible indicators of 

neurolysosomal storage (see 3.2.3.7.7)158,160,167. Special care must be taken to differentiate 

neurological or psychiatric epiphenomena that are not directly related to the lysosomal 

storage, but that were reported in several ASM deficient patients160. 

Visceral affection was also repeatedly demonstrated as very variable. Liver failure due 

to massive hepatocellular storage in early years of life, or extensive pulmonary infiltration by 

storage laden macrophages contrast with cases featured by minute lysosomal storage in sessile 

tissue histiocytes and minimal organ dysfunction160,161. 

Another factor complicating the ambiguity of the current classification is the absence 

of clearly defined and easily assessable classification criteria, other than clinical phenotype. It 

is obvious that residual enzymatic activity or genotype information will not, universally, serve 

this purpose, especially when prediction of neurological affection and thus neuronal storage is 

so critically needed. Under certain circumstances, sphingomyelin loading test might have 

predictive value of the protracted neurovisceral course or accelerated visceral storage160 (for 

discussion see 3.2.6 and 3.2.8.2). 

It seems to be clear that clinical course (temporal and tissue related) and storage 

intensity are definitely not classical type (A or B) specific, and as such, the accepted 

classification scheme oversimplifies the biological problem of ASM deficiency. It is a task for 

near future to reconsider this issue, because it might soon result in indicative controversies 
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over the newly introduced enzyme replacement therapy (see also 3.2.7 and 3.2.8.2). Several 

proposals of ASM deficiency reclassification have appeared but none of them received 

general acceptance in the medical community160'168. Whatever modification of the current 

classification scheme is going to be achieved, it must reflect the immense variability of the 

clinical phenotype, and should result in increased alert about sub-clinical neurological 

affection in a considerable fraction of patients. 

3.2.5 Molecular pathology of the SMPD1 gene, population genetics, genotype-
phenotype correlations, implications of SMPD1 gene variations for ASM 
protein malfunction 

NPD A/B is inherited as an autosomal recessive trait134. The first pathogenic variation 

in the SMPD1 gene was reported in the year 1991170 There are, at least, 99 different 

pathogenic sequence variations reported in the SMPDJ gene171. These variations comprise 81 

missense or nonsense variations, 1 splicing intronic variation and 17 small deletions or 

insertions. The pathogenic variations are distributed over the whole SMPD1 gene, the highest 

number of them is in exon 2 (44% of the SMPD1 protein coding sequence). There are no 

reports demonstrating large scale rearrangements in the SMPDJ gene, but it should be 

repeated that the chromosomal region 1 lpl5 can be a subject of imprinting151. 

ASM deficiency, in all its phenotypic variants, should be regarded as a truly panethnic 

disorder with global distribution. Despite that, it must be noted, that certain ethnic groups with 

tendency to socio-economic clustering and higher rates of consanguineous marriages show 
1 lO 1 

higher incidence of ASM deficiency (Ashkenazi Jews , Israeli Arabs or Arabic population 

of North African region of Maghreb174) compared to "general" population. With respect to 

historical aspects of NPD A/B description, the best studied ethnic group are Ashkenazi Jews, 

with the estimated incidence of classical NPD type A 1:40 000 and classical NPD type В 1:80 

ООО175. The panethnic (global) population frequency of NPD A/B including heterozygote 

carriers is not available despite the existence of demographically very heterogeneous series of 

genotyped patients164. Correct estimates of the incidence values (applicable to all LSDs) are 

hampered by ethnically selective patient collection, which is directly related to the diagnostic 

potential of each single national health system (usually favoring less affected patients for 

proper diagnosis). Caucasian patients predominate in all the reported cohorts. 

Last fifteen years represent time of intensive genotype-phenotype correlation studies 

in the field of lysosomal storage disorders. General limitations of these studies (compound 
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heterozygosity, heterogeneous phenotype and phenotypic overlaps, quality and relevance of 

evaluated phenotypic traits) can also be applied to NPD A/B. 

Despite these drawbacks several pathogenic variations were clearly correlated with 

certain phenotypic variants of ASM deficiency (R496L, L302P and fsP330 are classical NPD 

type A170,172,176 pathogenic variations with prevalence in Ashkenazi Jewish population, 

delR608 is panethnic classical type В associated variation even in compound 

heterozygotes164,174,177). Less affected patients (NPD type B), are predominantly diagnosed in 

global scale, and as such numerous pathogenic variations were declared as classical type В 

variations in different ethnic and national populations. With respect to the above mentioned 

ongoing discussion on the matter of ASM deficiency phenotypic classification and relative 

paucity of classical NPD phenotypes (A and B) among affected patients, pathogenic variation 

Q292K160'166'168 associated with slowly progressive neurovisceral affection must be noted (for 

detailed discussion see 3.2.8.2). 

Majority of reported SMPD1 variations are private, thus resulting in the necessity of 

individualized molecular genetic diagnostics and counseling in the affected families. 

The impact of SMPD1 pathogenic variations on the ASM protein structure and function, 

evaluated by means of its residual activity, is variable. In certain aspects, residual ASM 

degradation capacity attained by loading the cells with labeled sphingomyelin substrate may 

be more informative than the expressed or natural residual activity measurements (see section 

3.2.8.2). The values of residual enzymatic activity are still considered as very important for 

phenotypic correlations; nevertheless, these values should not be overestimated without 

complex and critical assessment. Historical concept associating massive visceral storage with 

severe neuronal damage and low residual ASM activity does not seem to be universally valid 

(for details see 3.2.8.2). 

Limited information is available about the impact of SMPD1 gene nonsense 

pathogenic variations and subsequent nonsense mRNA mediated decay or physical instability 

of the truncated ASM protein molecules. No report has ever clearly demonstrated protein 

misfolding or enhanced proteasome degradation as a consequence of any of SMPD1 

pathogenic variations, even though this mechanism of protein degradation can be expected. 

The impact of SMPD1 pathogenic variations has been, so far, evaluated by their expression in 

ASM deficient eukaryotic cell lines and by subsequent residual enzymatic activity 
160 172 178 

measurements ' » . This approach of single allelic expression overcomes the influence of 

second interacting allelic product, as happens in compound heterozygotes. It must be noted 
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that information about tertiary ASM protein interactions is limited and thus purely 

speculative. 

As mentioned in section 3.2.1.1, the structural model of ASM protein based on 

experimental data is not available; nevertheless, model of ASM phosphoesterase domain 

based on homology modeling provides very interesting platform to hypothesize about the 

impact of pathogenic variations on the ASM protein structure and function141. Based on this 

premise, pathogenic variations M382I and N383S interfere with substrate recognition, L302P 

might result in kinking of one of the a helices and thus decrease protein stability, and W391G 

variation may destabilize the protein by disrupting important hydrophobic interactions. It 

should be noted that only one of SMPD1 gene variations (D278A, see also 3.2.8.2) occurs in 

the predicted metal coordinating residues. It is highly probable that a homozygous presence of 

alteration of any of these residues (Asp 206, Asp 278, Asn318, His 425 and His 457) would 

result in a prenatal death or very severe phenotype. The impact of pathogenic variations 

Q292K, H319Y and P371S on the predicted protein structure as well as consequences of 

variations in the saposin-like domain is discussed in sections 3.2.8.1.1 and 3.2.8.1.2. 

3.2.6 NPD A/B diagnostics - histopathoiogy, enzyme biochemistry, molecular 
genetics, differential diagnosis 

The diagnostics of lysosomal storage disorders, and NPD A/B is not an exception, are 

a complex and multilevel process which should be performed and evaluated in specialized 

centers, as lysosomal storage disorders represent more than a biomedical problem. Efficient 

diagnostic process can be achieved only by the coordinated action of trained specialists. 

The identification of the lysosomal storage of sphingomyelin can be usually performed 

by histochemical detection of sphingomyelin liquid crystals or additional ceroid admixture in 

the foamy cells. The bioptic tissue used is most usually bone marrow aspirate or skin biopsy. 

The measurement of activity of ASM is very efficient method to detect ASM 

deficiency; it also serves as a potent differential diagnostic tool to exclude other lysosomal 

storage disorders. Residual ASM activity is measured in the cell homogenate (either leukocyte 

or fibroblast pellet). There are several methods for ASM estimation, differing in the substrate 

used for the analysis. It is possible to employ natural radiolabeled N-methyl-14C 

sphingomyelin179, which must be handled according to the limitations of radioactive material 

use, thus making this assay less convenient for general practice. Other possibility is the use of 
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artificial substrates with conjugated chromogenic or fluorogenic labels. There are at least two 

substrates of this type available at the moment: 2-N-(hexadecanoyl)-amino-4-nitrophenyl 

phosphorylcholine (HNP-PC)168 or 6-hexadecanoylamino-4-methylumbelliferyl-

phosphorylcholine (HMU-PC)180. Unfortunately, ASM assay employing HNP-PC substrate 

rendered pseudo-normal ASM activities in NPD A/B patients with one of the pathogenic 

variations (Q292K)168. This phenomenon most probably results from abnormal affinity of the 

variant protein to the artificial substrate as compared to the natural substrate (see also 3.2.8.2). 

The use of HMU-PC with parallel addition of natural substrate as competitor overcame the 

limitations of HNP-PC in detection of pseudo-normal ASM values for Q292K variation, and 

as such, this assay setup was recently demonstrated as reliable for diagnostic use180. 

The values of residual ASM activity in affected individuals, heterozygotes or healthy 

individuals are not strictly separated. Classical NPD type A patients do not express more than 

2 % of normal ASM activity. Classical NPD type В patients usually exhibit values of 5-10 % 

of normal ASM activity134. It must be noted that values reaching 20 % of normal were 

measured in some very mild NPD type В patients. Strictly defined, values for heterozygotes 

are missing. Inconclusive grey-zone values of ASM residual activity must be interpreted very 

cautiously and with regard to additional findings, including molecular genetic testing. 

Additional method of evaluation of ASM degradative capacity is the use of LDL or liposome 

mediated sphingomyelin loading test in the cell culture with consecutive sphingomyelin 

degradation products determination160. This type of assay setup might, in certain aspects, 

characterize the residual sphingomyelin degradative capacity of the lysosomal apparatus in a 

more "biological" way than the values of residual ASM activity obtained from cell 

homogenates. Potential drawback of this assay is the cellular type evaluated (fibroblast). 

Cultured skin fibroblasts are not prototypic cells affected by lysosomal storage in NPD A/B. 

The ultimate diagnostic tool of NPD A/B is the molecular genetic evaluation of the 

SMPD1 DNA sequence. Methods of pathogenic variation detection are variable, ranging from 

PCR/RFLP detection of prevalent variations to global SMPD1 coding sequence analyses. 

Analysis of RNA may be useful in certain special cases (i.e. nonsense variations, intronic 

variations affecting consensus splicing factors binding sites etc.). Epigenetic modifications 

(i.e. imprinting of the SMPD1 locus) should not be ignored. Molecular genetic counseling in 

individual affected families should always result in complete disclosure of the molecular 

pathology on the level of genotype. Molecular genetic examination must be perceived as 

integral and standard part of the diagnostic considerations. 
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The differential diagnostics of NPD A/B require broad clinical, histopathological and 

laboratory considerations. The complexity of the problem is demonstrated in the appended 

publication #4, which deals with description of atypical case of NPD type C, initially 

misdiagnosed as Gaucher disease. 

3.2.7 NPD A/B therapy (bone marrow transplantation, enzyme replacement 
therapy, gene therapy) 

Therapeutic interventions available for lysosomal storage disorders, albeit limited are 

intensively studied. There is no causal, efficient therapy available for NPD A/B at the 

moment. The goal of principal correction of the enzymatic deficiency has not yet been 

achieved. Therapeutic modalities being considered are: enzyme replacement therapy (ERT) or 

substrate reduction therapy, bone marrow transplantation or other means of stem cells therapy 

in conjunction with gene therapy. Other types of therapeutic interventions (e.g. splenectomy) 

must be perceived as supplementary. 

Each of the above mentioned therapeutic approaches to ASM deficiency is facing 

multiple biological obstacles - generalized character of affection, relative pharmacokinetic 

inaccessibility of certain tissue compartments (especially central nervous system), phenotypic 

variability hampering efficient indication protocols, and economic demands for health care 

systems. 

Bone marrow transplantation134 was performed in several patients with classical NPD 

type A phenotype, unfortunately without any significant success. Neurological deficits in the 

patients did not improve and the transplanted children succumbed shortly after the 

intervention. One transplanted NPD type В patient showed decrease of the sphingomyelin 

content in the liver, bone marrow and lungs, but also this patient died within months after the 

transplantation. 

ASM deficiency is one of the candidates for enzyme replacement therapy. 

Recombinant acid sphingomyelinase has already entered advanced stages of clinical testing 

and should be available to NPD type В patients in a short time. ERT, as an established 

therapeutical approach, is successfully used in therapy of Gaucher, Fabry, Pompe and Hurler 

(muccopolysaccharodisos - MPS type I) diseases, and is planned in near future for MPS type 

II and MPS type VI181. Despite very respectable results of ERT on the level of clinical trials 

and other clinical evaluation studies, data on the direct impact of ERT on the lysosomal 

storage compartment on the cellular level are still limited. Cell biological and treatment 
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related bioptic and autoptic evaluation studies are under way, and some important results have 

already been published182. Unfortunately, the volume of ERT related samples (bioptic and 

autoptic) available to the academic community is limited, as ERT clinical applications tend to 

be very closely coordinated by commercial suppliers. 

The impressive results of ERT have not resulted in loss of interest in gene therapy of 

NPD A/B, because it represents the fundamental approach to deal with the molecular defect. 

General limitations of gene transfer therapy (i.e. transgenic vector selection, transgene 

expression regulation, transgene tissue targeting, immune reactions, etc.) can be applied to 

ASM deficiency. Research in this field focuses on ASM knock-out murine model. For recent 
183 

summarizing review on gene therapy of LSDs see Hodges and Cheng (2006) . 

Several retroviral adeno-associated viruses (AAV) were tested for their efficiency in 

the ASM transgene transfer184. Non-neuronal (visceral) storage was significantly reduced in 

ASM knock-out mice when transplanted with ASM overexpressing haematopoietic stem cells. 

Nevertehless, neuronal lysosomal storage was influenced in this therapeutic setup to a 

comparably lesser extent185. Stereotactic intracerebral application of the ASM bearing vector 

(either directly or via transformed neural progenitory or mesenchymal stem cells) rendered 

very promising results in reduction of lysosomal storage process and successful propagation 

of the transgene in the brains of the experimental animals186,187. 

3.2.8 Comments and discussion to the appended publications # 2 - 4 

3.2.8.1 Sikora et al. (2003) 

Publication by Sikora et al. (2003, appended publication #2) describes a molecular 

study oiSMPDl pathogenic variations in a cohort of 7 NPD A/B patients provided by a 

cooperating Dutch center involved in diagnostics of inherited metabolic disorders. The goal 

of the study was to evaluate genotype-phenotype correlations in this patient group, which 

represented, at that time, the first molecular study performed among the Dutch residents 

affected by ASM deficiency. 

We analyzed seven non-related NPD A/B patients (out of 27 diagnosed in the 

Netherlands in the years 1970-1999), whose diagnosis of ASM deficiency was based on 

previous ASM activity measurements using N-methyl-14C sphingomyelin substrate. Three of 

the patients were of Dutch ethnic origin, the remaining four patients, even though Dutch 
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residents were of Turkish origin. The clinical phenotype corresponded with the classical type 

A of NPD in three patients, one patient was described as slower but progressive type A patient 

(died at 5 years of age), and the remaining three patients were affected by typical type В 

phenotype of NPD. Detailed clinical description of the studied subjects is provided in the 

appended publication #2. 

The overall evaluation of the coding region (including previously described 

polymorphisms) of SMPD1 gene was performed by direct sequencing of the PCR products 

and rendered quite surprising results. The analysis of fourteen alleles disclosed eight different 

pathogenic variations, seven (G29fsX74, S248R, H319Y, P371S, F463S, P475L, and Y537H) 

of these variations were novel, at that time. In addition, we found one synonymous 

heterozygous variation in one of the patients. All of the found sequence variations were 

confirmed by an independent method, in this case either by PCR/RFLP or ARMS 

(amplification refractory mutation system). Novel pathogenic variations were assessed in 

additional 100 wild type SMPD1 alleles to exclude the possibility that they represent common 

genetic polymorphisms. None of these seven variations was found on any of the evaluated 

wild type alleles. All the novel pathogenic variations were submitted to the public sequence 

variations databases171. Unfortunately, no conclusion regarding prevalent pathogenic variation 

in Dutch NPD A/B population could have been drawn, both due to the ethnic heterogeneity of 

the patient group and relatively small number of evaluated subjects. 

The fundamental question regarding the pathogenic potential of the novel variations 

was based on the following premises: (i) no other nucleotide change, besides the common 

polymophisms, was found in the SMPD1 coding sequence; (ii) all of the variations result in a 

non-conservative amino-acid exchange, except for P475L; (iii) one of the variations 

(G29fsX74) is a micro deletion with a reading frame shift resulting in a premature stop codon 

in the ASM ORF (open reading frame); (iv) all of the affected amino acid residues display 

broader evolutionary conservation; (v) found variations are not common polymorphisms; (vi) 

extensive searches in EST (expressed sequence tags) databases did not render a single positive 

hit when searched for these variant sequences. 

Out of seven evaluated individuals five were homozygotes (all four Turkish patients 

and one Dutch patient) for respective pathogenic variations - H319Y, P371S, Y537H and 

delR608. This finding was rather unexpected, with respect to high proportion of compound 

heterozygotes among NPD A/B patients worldwide, and suggested possible contribution of 

socio-economic clustering in the affected families. On the other hand, this higher proportion 

of homozygotes allowed more representative estimates of genotype-phenotype correlations 
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because of the equal allelic contribution to the phenotypic presentation. H319Y and Y537H 

associated with NPD type A and P371S associated with NPD type В (see below). Variation 

delR608 represents the most frequently occurring SMPD1 variation worldwide among NPD 

type В patients164,174'177. It is an in-frame single codon deletion in the C-terminal portion of 

ASM protein. It is usually this position of the deletion in the ASM protein that is given as a 

molecular basis of the high residual activity of the variant ASM. delR608 was always 

associated with very mild type В phenotype without any neurological affection, including any 

detectable retinal lesions. At the time of publication (year 2003), delR608 was considered to 

be prevalent pathogenic variation among the Arabic NPD type В population of North African 

region of Maghreb. The appended publication was one of the first suggesting that delR608 

occurrence is panethnic, this suggestion was later confirmed by additional studies in the 

ethnically heterogeneous NPD type В patient cohorts164. The genotype-phenotype correlation 

between delR608 and mild NPD type В phenotype without any neurological affection is an 

accepted fact of immense significance. With respect to the planned introduction of ERT into 

the therapy of ASM deficiency, genotype-based indication criterion (delR608 positivity) 

seems to be valid for inclusion of the affected pathogenic variation carrier into the therapeutic 

protocol. 

One of the pathogenic variations among the evaluated patients was a microdeletion 

with additional shift of predicted mRNA reading frame (G29fsX74) and premature novel stop 

codon occurring on the residue 74. Several mechanisms might be expected in the process of 

elimination of such a truncated RNA or protein molecule. One of these is non-sense mediated 

decay of the compromised mRNA molecule; the other would be efficient elimination of the 

truncated protein, most probably by misfolded protein degradation pathways. In general, 

mechanisms of incompetent RNA or protein molecules elimination are accepted as 

extensively employed and represent an important contribution to molecular pathogenesis of 

monogenic disorders. RNA and protein instability in ASM deficiency are objectives for near 

future and are directly dependent on the release of the ASM crystallographic data. 

As was mentioned in the introductory part, no experimentally based structural data on 

ASM protein are available at the moment. Fortunately, this gap in the knowledge about 

sphingomyelin metabolism related to ASM function was partly filled by the release of the 

structural model of phosphoesterase domain of ASM constructed using homology modeling 

approaches (see 3.2.l.l)141. This model suggested a molecular mechanism for shingomyelin 

hydrolysis including the following consecutive steps: (i) substrate recognition and binding; 

(ii) phosphorus atom of the substrate molecule is attacked by a hydroxide ion bound to the 
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dimetal center forming a pentacoordinate phosphate transition state; (iii) proton is donated by 

the enzyme protein to the oxygen atom bridging the phosphorus atom and alcohol, which 

results in the hydrolysis of the phosphorus/oxygen bond; (iv) release of ceramide and 

phosphorylcholine. The critical residue donating the proton for the hydrolytic step of the 

reaction was suggested to be H319. One of the supportive arguments provided for this 

hypothesis of ASM catalytic site composition is the homozygous occurrence of H319Y in one 

of the above described NPD type A patients. On the contrary, P371S variation found in one of 

the NPD type В patients is predicted to be situated at the end of a p-strand between the two 

central p-sheets, but is not in the close vicinity of the catalytic center. Variant serine at this 

position might result in the slight change of the two sub-domains spatial orientation and 

thereby affect the enzyme's catalytic activity. Topology of the global phosphoesterase domain 

of ASM with the discussed residues is depicted on Figure 1. 

The expanding data on the protein structure and function start to efficiently 

complement the genomic data in many monogenic disorders, and ASM deficiency is a very 

nice example of this genomic-proteomic conjunction. The knowledge, if only of a 

bioinformatic, but highly representative protein structural prediction, remarkably extends the 

potential to reasonably hypothesize about the pathogenic variation impact on the protein 

structure and function. In the same logic, the information about pathogenic variation primarily 

generated for medical purposes might provide important clues for protein catalytic function. 
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Seven Novel Acid Sphingomyelinase Gene Mutations 
in Niemann-Pick Type A and В Patients 
J. Sikora1*, H. Pavlu-Pereira', M. Elleder1, H. Roelofs2 and R. A. Wevers2 

11nstitute of Inherited Metabolic Disorders, Charles University, 1st Faculty of Medicine, Prague, Czech Republic 
2Laboratory of Pediatrics and Neurology, University Medical Center Nijmegen, Nijmegen, The Netherlands 

Summary 
We have analyzed acid sphingomyelinase (SMPDV, E.C. 3.1.4.12) gene mutations in four Niemann-Pick disease 
(NPD) type A and В patients of Turkish ancestry and in three patients of Dutch origin. 

Among four NPD type A patients we found two homozygotes for the g.l421C > T (H319Y) and g.3714T > 
С (Y537H) mutations and two compound heterozygotes, one for the g.3337T > С (F463S) and g.3373C > T 
(P475L) mutations and the other for the g.84delC (G296X74) and g.l208A > С (S248R) mutations. 

One of the type В patients was homozygous for the g.2629C>T (P371S) mutation. The last two type В patients 
were homozygotes for the common g.3927_3929delCGC (R608del) mutation. 

The G29&X74, S248R, H319Y, P371S, F463S, P475L and Y537H SMPDÍ mutations are all novel and were 
verified by PCR/RFLP and/or ARMS. All of the identified mutations are likely to be rare or private, with the 
exception of R608del which is prevalent among NPD type В patients from the North-African Maghreb region. 
Geographical and/or social isolation of the affected families are likely contributing factors for the high number of 
homozygotes in our group. 

Introduction 
Niemann-Pick disease is an autosomal recessive sphin-
golipidosis caused by the deficiency of lysosomal acid 
sphingomyelinase (ASM, E.C. 3.1.4.12) resulting in 
lysosomal accumulation of sphingomyelin. At the ex-
tremes of the phenotype spectrum lie two common pre-
sentations: infantile neurovisceral fatal type A, and type 
B, characterized by purely visceral involvement and by 
survival till adulthood (Elleder, 1989; Kolodny, 2000; 
Schuchman & Desnick, 2001; Vanier & Suzuki, 1996). 
Patients with intermediate phenotypes have been re-
ported (Elleder & Cihula, 1983; Elleder et al. 1986; 
Sperl et al. 1994; Takada et al. 1987). Both type A 
and В variants have higher prevalence in the Ashkenazi 
Jewish population, reaching 1:40 000 for NPD type A 

•"Correspondence: Dr. Jakub Sikora, Institute of Inherited 
Metabolic Disorders, Div. В, Ke Karlovu 2, 128 08, Praha 
2, Czech Republic. Fax: + 420/2/2491 9392. E-mail: jakub. 
sikora@lfl .cuni.cz 

(Goodman, 1979); NPD type В incidence is esti-
mated to be significantly less than that of NPD type A 
(Schuchman & Desnick, 2001) in this population. Lit-
tle is known about the frequency of NPD types A and 
В in non-Jewish populations. Individual reports on the 
number of NPD type A and В patients and estimated 
birth prevalence data are available from several Euro-
pean countries, and Australia (Czartoryska et al. 1994; 
Krasnopolskaya et al. 1993; Meikle et al. 1999; Ozand 
et al. 1990; Poorthuis et al. 1999). 

The SMPD1 gene is 5kb long, consists of six 
exons (Schuchman et al. 1992; Schuchman et al. 
1991), and is located on chromosome I l p l 5 . 1 - l l p l 5 . 4 
(Da Veiga Pereira et al. 1991). More than 20 mutations 
associated with both types of NPD in Ashkenazi and 
non-Ashkenazi patients have been published. Most of 
the mutations are single base substitutions and small 
deletions with or without a frameshift. Three mutations, 
g.3592G > T (R496L) (Levran etal. 1991a), g.l372T > 
С (L302P) (Levran et al. 1992) and a single nucleotide 
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3.2.8.2 Pavlů-Perreira et al. (2005) 

Publication by Pavlů-Perreira et al. (2005, appended publication #3) represents an 

extensive multi parameter study of 25 NPD A/B patients from the region of former 

Czechoslovakia. This respectable cohort of patients was evaluated from different perspectives 

(clinical with special emphasis on the neurological and ophthalmologic affections, 

histopathological concentrating on the neuropathology and liver presentation of ASM 

deficiency, biochemical including sphingomyelin degradation capacity in cell-loading assays, 

and molecular genetic analysis of SMPD1 gene sequence). The complexity of the gathered 

data allowed extensive conclusions towards the genotype-phenotype correlations. The 

robustness of the studied patient cohort also provided sound basis to critically address the 

current classification of ASM deficiency134. It can be stated that this publication together with 

a similar patient cohort from Germany 168(published in parallel) renewed debate about the 

phenotypic heterogeneity of ASM deficiency that was previously limited to several isolated 

case observations of, so called, intermediate phenotype169. This discussion, more or less 

fruitfully, continues to the present time, and at a certain time point will definitely result in 

some classification scheme change of ASM deficiency. Only several of the topics raised in 

this publication are discussed in this text (for further details refer to the appended publication 

3.2.8.2.1 ASM deficiency phenotypic variability and related implications 

Cardinal observation in this work is related to the fact that classical NPD phenotypes 

comprised minor proportion of all evaluated patients (9 of 25 cases, 36%); rest of the patients 

(16 of 25 cases, 64%) displayed clinically variable phenotype that could not have been 

classified according to the currently accepted criteria. This phenotypic variability can be 

perceived as continuous spectra of severity of neurological or visceral symptomatology (or 

their overlaps) due to sphingomyelin lysosomal storage. The fundamental necessity to 

discriminate between neuronal and non-neuronal cell pools and their affection by lysosomal 

storage was mentioned in section 3.2.3. 

It is especially the high proportion of patients with variable protracted but progressive 

neurological affection and associated visceral storage that makes this cohort unique. It must 

be noted that not only the neurological affection, but also the visceral affection displayed 

variant phenotypes among the evaluated patients. The publication describes three patients 
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with accelerated visceral course with rudimentary neurological lesions, who suffered from 

progressive visceral storage and organ failure, liver and/or lungs in particular. 

The conclusion that can be drawn in relation to such an extent of clinical variability is that a 

considerable care must be taken during neurological evaluation of ASM deficient patients. 

Neurological affection can be protracted, sub-clinical and easily missed. A battery of tests, 

including EEG, evoked potentials and nerve conductance tests, should be performed to 

exclude such minute clinical lesions. Neurological examinations should also be repetitive to 

disclose slow progression. 

Separate note must be given to ophthalmologic findings (for introductory note see 

3.2.3.1.1), an area that represents a truly controversial issue. According to the point taken in 

the paper, retinal lesions without any additional neurological affection may be considered as 

the most benign feature of neuronal lysosomal storage in ASM deficiency. Even though most 

benign feature, it is still a sign of neuronal lysosomal storage. On the contrary, several recent 

publications evaluating larger cohorts of NPD type В patients treat retinal lesions in a rather 

ambiguous manner, arguing in favor of sensitivity but not specificity of these lesions for 

neurological affection158,167. This controversy clearly demonstrates that phenotypic features 

cannot overcome biological basis of the disease entity and strict adherence to the current 

classification scheme might result in questionable conclusions. 

In addition to general phenotypic variability of ASM deficiency in the studied patients, 

we were able to demonstrate a situation of substantial phenotypic variability in three, 

otherwise genotypically identical, siblings. Such a phenomenon has been previously reported, 

together with rare cases of affection of heterozygote carriers151,152. The hypothesis of 

epigenetic factors (methylation mediated promoter inactivation) is tested at the present time. 

Results suggesting role of such a modifying epigenetic influence would supplement already 

available data, and would most probably result in a necessity to reevaluate genetic counseling 

strategies in the affected families and to accept the possibility of pseudo dominance in 

SMPD1 heterozygote carriers. 

3.2.8.2.2 SMPD1 genotype in central Europe, implications for ASM enzymatic activity 
assays 

In comparison to the publication by Sikora et al. (2003), genotype evaluation of the 

ASM deficient patients from former Czechoslovakia revealed one prevalent pathogenic 

variation - Q292K. This variation was demonstrated to clearly associate with slowly 
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progressive neuronopathic phenotype of ASM deficiency when present on both SMPD1 

alleles in one patient. Phenotypic presentation of Q292 К compound heterozygotes relies on 

the second contributing allelic variant. Data from Germany168, released nearly in parallel with 

the Czech-Slovak patient series, suggested central European prevalence of Q292K 

pathogenic variation. But as with other variations, the geographic distribution of Q292K 

variation was later demonstrated to be broader164. Additional six pathogenic variations in our 

cohort of patients were reported as novel at the time of publication. 

Evaluation of the position of Q292 residue in the proposed structural model of 

phosphoesterase ASM domain demonstrates its location in one of the peripheral a-helices. 

The impact of the substitution can be assumed in a very limited way. The Q292 variation is 

not in close vicinity of the proposed catalytic site or substrate recognition loop (Figure 1). The 

role of the critical a-helix is not easily predictable, and consequences of its kinking by 

introduction of Lys residue are unclear. The issue of Q292 impact on the protein structure and 

function becomes even more enigmatic, when one considers the above mentioned "pseudo-

normal" ASM activity values of the Q292K variant enzyme when measured with one of the 

artificial substrates (HNP-PC)168. The hypothesis of higher affinity of the substrate molecule 

to the variant ASM molecule becomes less probable due to the mentioned structural position 

of Q292 residue. Whatever is the explanation, care must be taken during substrate selection in 

ASM activity assays. Preferential use of HMU-PC or natural substrate is advantageous180. 

3.2.8.2.3 Proposals to the classification of ASM deficiency 

Considering the phenotypic variability in the evaluated group of patients, the current 

classification of ASM deficiency is biologically restrictive. Other authors share this opinion, 

and based on very similar findings, proposed their own modifications of classification 

scheme168. Dramatic change in the phenotypic perception of the ASM deficiency cannot be 

expected, especially when considerable number of authors in the field tends to adhere to 

historical connotations167. 

The proposal raised in the paper suggests inclusion of all variant phenotypes of ASM 

deficiency (neuronopathic and non-neuronopathic) into a category of "intermediate 

phenotype". This is definitely a formal association. More importantly, the publication tried to 

express the necessity to perceive the existence of broad phenotypic variability of ASM 

deficiency by declaring that both the speed of the clinical course and storage intensity are not 

classic type specific. Importance of concise ASM classification for ERT therapy has been 
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stressed out repeatedly throughout this text. In addition, it was demonstrated that 

sphingomyelin degradation capacity, when evaluated by cell-loading assays may discriminate 

between the classical types (A and B) and "intermediate" type of affection, especially in 

Q292K homozygotes. 
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Figure 1 

Structural model of ASM phosphoesterase domain 
A - Global representation of the predicted crystal structure of ASM phosphoesterase domain with twofold 

symmetry, each half containing p « p a p structural motif (а-helices in red, P-sheets in green, loops in grey). Two Zn~ ions arc 

shown in violet; phosphorylcholine (substrate) is superposed into the protein model in orange. Dimetal coordinating residues 

(206, 278, 318, 425, and 457) are displayed in light pink. Predicted disulfide bond formed by Cys 385 and 431 (deep red) is 

in direct contact with the substrate recognition loop. Calculated molecular surface of the residues (382-390, light blue) 

involved in substrate recognition was rendered in transparent green color. Three discussed variant residues (Q292, H319, and 

P371) are presented in yellow. Residue Q292 lies outside of the predicted catalytic site of ASM phosphoesterase domain in 

one of the predicted short peripheral а-helices. Residue P371 is located at the C-terminal end of one of the central p-sheets; 

the potential impact to the protein structure is discussed in the text. 

В - Detailed view of the catalytic site and substrate recognition loop. Coloring is identical to part A of this Figure. 

Arrow signifies the calculated H-bond between the proton donating H319 (yellow) and phosphorylcholine substrate (orange). 

Residue H319 is the predicted active residue in the catalytic site of ASM. 

The presented structure was downloaded from (PDB protein crystal structure database1"1*) and corresponds to the original 

1X90 .pdb file141. The images were rendered in DeepView/Swiss PDB Viewer software. Image pairs represent stereo views 

with rotation angle of +/- 2° from the central axis. 
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Acid sphingomyelinase deficiency. Phenotype 
variability with prevalence of intermediate 
phenotype in a series of twenty-five Czech 
and Slovak patients. A multi-approach study 
H. PAVLŮ-PEREIRA 1 , B . A S F A W 1 , H . POUPĚTOVÁ 1, J . LEDVINOVÁ 1 , J . S IKORA 1 , 

M . T . VANIER 3 , K . SANDHOFF4, J . ZEMAN 2 , Z . NOVOTNÁ 1 , D . CHUDOBA5 a n d 
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1Institute of Inherited Metabolic Disorders; 2Department of Pediatrics, Charles 
University Is' Faculty of Medicine and University Hospital, Prague, Czech Republic; 
3INSERM U189, Lyon-Sud Medical School, and Laboratoire Fondation Gillet 
Mérieux, Lyon-Sud Hospital, Pierre-Bénite, France;л Institute of Organic Chemistry 
and Biochemistry, University of Bonn, Germany; 5Institute of Biology and Medical 
Genetics, Charles University 2ndFaculty of Medicine and University Hospital Motol, 
Prague, Czech Republic 

'Correspondence: Institute of Inherited Metabolic Disorders, Division B, Bldg. D, Ke 
Karlovu 2, 128 08 Prague 2, Czech Republic. E-mail: melleder@beba.cesnet.cz 

Summary: A multi-approach study in a series of 25 Czech and Slovak patients 
with acid sphingomyelinase deficiency revealed a broad phenotypic variability 
within Niemann-Pick disease types A and B. The clinical manifestation of only 
9 patients fulfilled the historical classification: 5 with the rapidly progressive 
neurovisceral infantile type A and 4 with a slowly progressive visceral type B. 
Sixteen patients (64%) represented a hitherto scarcely documented 'intermediate 
type' (IT). Twelve patients showed a protracted neurovisceral course with overt 
or mild neurological symptoms, three a rapidly progressing fatal visceral affection 
with rudimentary neurological lesion. One patient died early from a severe visceral 
disease. The genotype in our patients was represented by 4 frameshift and 14 
missense mutations. Six were novel (G166R, R228H, A241V, D251E, D278A, 
A595fsX601). The Q292K mutation (homoallelic, heteroallelic) was strongly 
associated with a protracted neurovisceral phenotype (10 of 12 cases). The 
sphingomyelin loading test in living fibroblasts resulted in total degradation from 
less than 2% in classical type A to 70-80% in classical type B. In the IT group 
it ranged from 5% to 49% in a 24 h chase. The liver storage showed three patterns: 
diffuse, zonal (centrolobular), and discrete submicroscopic. Our series showed a 
notable variability in both the neurological and visceral lesions as well as in their 
proportionality and synchrony, and demonstrates a continuum between the his-
torical 'A' and 'B' phenotypes of ASM deficiency. This points to a broad 

203 

mailto:melleder@beba.cesnet.cz


3.2.8.3 Dvořáková et al. (2006) 

Differential diagnostic pitfalls of a slowly progressive lysosomal storage disorder with 

minute histological changes are demonstrated in the publication by Dvořáková et al. (2006, 

appended publication #4). This report shows crucial role of implementation of molecular 

methods into the diagnostic work-up. It also provides new insights into the phenotypic 

variability of Niemann-Pick disease type C. The discussion related to this article deals 

primarily with variant adult Niemann-Pick disease type С and its differentiation from ASM 

deficiency. 

The report describes a 53-year-old female patient without significant medical history, 

who succumbed to cardiorespiratory failure after encountering an attack of pulmonary 

embolism. The autopsy disclosed previously asymptomatic hepatosplenomegaly and 

lymphadenopathy. The initial diagnosis proposed by histopathologist was Gaucher disease, 

and as such, was the case consulted with the Institute of Inherited Metabolic Disorders. The 

available formaldehyde fixed paraffin embedded (FFPE) tissues were also submitted for 

further analysis. 

The microscopic affection was dominated by the presence of histiocytic foam cells, 

containing considerable amount of ceroid pigment. Maximum of these cells was found in the 

lymph nodes and in the liver. The lysosomal system seemed to be morphologically activated 

(distended) in hepatocytes and neurons, but lysosomal storage was on the verge of detection 

resolution by means of optical microscopy. The initial diagnostic suggestion of Gaucher 

disease was rejected on the basis of histopathological changes, i.e. on the basis of absence of 

Gaucher cells (storage histiocytes with typical cytology). The described changes seemed to 

correlate with the findings in slowly progressive ASM deficiency (classical NPD type B, see 

section 3.2). Unfortunately, FFPE tissues available for analysis hampered in-situ detection of 

sphingomyelin liquid crystals. 

Additional diagnostic step to confirm ASM deficiency would have been the residual 

activity measurements in the affected proband, but again, no suitable material (leukocyte or 

fibroblast pellet) was available. ASM activity values assessed in obligate heterozygotes 

(mother and two children of the proband) were inconclusive. At this point, the only possibility 

to exclude or confirm ASM deficiency in the proband was to perform DNA analysis of the 

sequence of the SMPD1 gene. The sequence analyses were started with high quality DNA 

obtained from expected obligatory heterozygotes, but rendered wild type SMPD1 coding 
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sequence. The analysis of the proband's DNA isolated from FFPE tissues was not undertaken. 

At this stage, diagnostic considerations shifted into the category of wishful thinking and to 

previously rejected explanation of the findings by assigning them to extremely rare variant of 

adult onset visceral form of Niemann-Pick disease type С (NPC). 

3.2.8.3.1 Niemann-Pick disease type С (lysosomal storage disorder due to defective 
intracellular lipid trafficking) 

Niemann-Pick disease type С was delineated in the moment when it became obvious 

that despite phenotypic similarity, complex of changes characterizing this entity does not 

result from ASM deficiency162. In other words, it was demonstrated that lysosomal storage in 

NPC does not represent generalized sphingomyelinosis (ASM deficiency) even though 

sphingomyelin is partly accumulated. The lysosomal storage in NPC has specific 

characteristics in different tissues and cell types, the most extensively affected cell types are 

monocytes/macrophages and neurons. Spleen and liver (mostly macrophages) accumulate 

predominantly unesterified cholesterol and sphingomyelin, and a comparably smaller 

proportion of bis(monoacylglycero) phosphate, and glycolipids (glucosylceramide, 

lactosylceamide, and GM3 ganliosides). In neurons, the ratio is reversed with predominance of 

glycolipids and minute accumulation of unesterified cholesterol and sphingomyelin154. 

The molecular basis for the accumulation of such a mixture of lipid moieties in the late 

endosomal-lysosomal system represented for a long time a disturbing enigma, especially, 

when no enzymatic activity deficiency associated with the phenotype. The search for the 

fundamental molecular defect in NPC culminated in its causative association with one 

particular gene ( N P C l ) m . Soon after the discovery of NPC1 gene, it became clear that there 

exists another complementation group in NPC phenotype, resulting in discovery of the second 

critical gene (NPC2)m. Despite minor phenotypic differences that surpass the extent of this 

text, NPC phenotype can be assigned to two functionally complementing critical genes (NPC1 

and NPC2) and the deriving proteins154,191. The overall ratio of these two complementation 

groups, perceived by the percentage of variant alleles in NPC patient population, is 95% 

(NPC1) and 5% (NPC2). NPC1 genetic defects thus overwhelmingly predominate. 

The discovery of critical genes involved in the pathogenesis of NPC accelerated the 

understanding of molecular mechanisms involved in pathogenesis of NPC storage phenotype. 

Findings that both protein products (NPC1 and NPC2) are directly involved in intracellular 

lipid (especially cholesterol) trafficking and homeostasis provided sound basis for the 

49 



previous hypotheses proposed at time of NPC exclusion from ASM deficiency 

phenotype192'193. NPC1 is a multi-transmembrane protein residing in the membranes of a 

specialized subset of late endosomal-lysosomal compartment (NPC1+/LAMP2+/M6PR-)5'194. 

This specific membrane endowed subcompartment represents extremely dynamic intracellular 

structure that lively communicates with its cellular partners (especially Golgi apparatus and 

other constituents of endosomal-lysosomal compartment). NPC1 protein possesses a predicted 

sterol sensing domain on one of its extra membranous loops193. Oversimplified interpretation 

of the current understanding of the functions of NPC 1 protein and NPC1 positive cellular 

compartment is the regulation of intracellular lipid sorting, trafficking, and targeting. It is not 

only cholesterol, but also other lipid moieties (e.g. glycolipids) that are regulated by NPC1194. 

NPC1 positive tubulo-vesicular compartment seems to be internally organized in a very 

complex manner, both temporally and spatially. Neurons, as highly polarized cells, might be 

given as a good example. Intra axonal NPC1+ system is most probably functioning differently 

than perinuclear NPC1+ compartment195"198. 

NPC2 protein is, unlike NPC1 gene, soluble late endosomal-lysosomal luminal 

protein, functioning in cholesterol binding192. The fundamental principle of its function, 

similar to NPC1 protein, has not yet been fully elucidated. Despite that, it can be postulated 

that NPC1 and NPC2 proteins function in a non-redundant functional coordination, whether 

by direct interaction or successive action199 is not known. 

Phenotypic presentation of Niemann-Pick disease type С is very variable. The 

phenotype almost always includes hepatosplenomegaly and neurological impairment154,200. 

Both these affections vary in intensity. Phenotypic presentations can be subdivided into 

perinatal (dominated by overt hepatal failure with cholestasis), infantile, classical juvenile and 

adult forms. For simplification, it is especially the nearly omnipresent neurological affection 

that adopts extreme phenotypic variability from severe psychomotor retardation in infantile 

forms to presentation by psychiatric symptoms (e.g. bipolar psychosis) in adult NPC variants. 

Up to date, only two patients with visceral only NPC without neurological affection, 

presenting by isolated hepatosplenomegaly in their fourth and sixth decades, were 

reported201'202. 

The diagnostics of NPC are, in principal, similar to ASM deficiency. 

Histopathological evaluation might provide initial suspicion by affection of bone marrow 

macrophages; special emphasis should always be given to the non-generalized sphingomyelin 

storage and about the histological distribution of accumulated cholesterol. The basis of NPC 

diagnostics is filipin staining test (increased in NPC) in cultured fibroblasts, and evaluation of 
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the rate of LDL-derived cholesterol esterification (decreased in NPC)154. Delineation of the 

variant genotype on the DNA sequence level is the final step in the diagnostics. The fact that 

NPC represents two complementation groups should not be overlooked, despite increased 

methodological demands. Since the discovery of NPC1 and NPC2 genes, considerable 

amount of data accumulated about different pathogenic variations and genotype-phenotype 

associations. Genetic counseling and prenatal molecular diagnostics are as important in NPC 

as in the rest of lysosomal storage diseases. 

In order to test the hypothesis that our patient represented third case of the extremely 

rare visceral only NPC affection in adult age, we resorted to DNA sequence evaluation in the 

obligate heterozygote relatives. Both NPC1 and NPC2 genes were evaluated. Unfortunately, 

we were not able to perform filipin staining test or characterize the storage pattern in the 

affected cells. All three evaluated relatives were found to be heterozygous for either 

previously reported NPC J pathogenic variation (S666N) or novel pathogenic variation 

(N961S). The pathogenity of the novel variation was based on similar premises as described 

for SMPD1 variations (see section 3.2.8.1). Both variations were also found in the proband's 

NPC1 DNA sequence isolated from FFPE tissues. Methodological details are described in the 

appended publication #4. 

These results allowed us to conclude that this patient suffered from visceral only NPC 

without manifest neurological affection at the age of 53 years. Neuropathologic evaluation 

demonstrated neither the lysosomal storage changes nor other neuropathologic epiphenomena 

characteristic for NPC (neurofibrillary tangles, neuroaxonal dystrophy)154. We can only 

hypothesize about the possibility of later appearance of neurological affection in this patient. 

The report points to the fact that such minute NPC affection in adults might be easily missed 

and similar cases may be under- or misdiagnosed. As new therapeutic approaches (e.g. 

glycolipid deprivation by N-butyldeoxynojirimycin)203 are entering therapeutic practice, 

improper diagnosis might result in patient maltreatment. 
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Summary We present the third case of Niemann-Pick dis-
ease type С without neurological symptoms. The patient was 
a 53-year-old woman without significant prior health prob-
lems who died of acute pulmonary embolism. Autopsy find-
ings of hepatosplenomegaly, lymphadenopathy and ceroid-
rich foam cells raised the suspicion of the visceral form of 
acid sphingomyelinase deficiency (Niemann-Pick disease 
type B; NPB) or a much rarer disorder, variant adult visceral 
form of Niemann-Pick disease type С (NPC). To verify the 
histopathological findings, SMPD1, NPC1 and NPC2 genes 
were analysed. Two novel sequence variants, c . l997G> A 
(S666N) and C.2882A > G (N96IS) were detected in the 
NPCl gene. No pathogenic sequence variants were found 
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either in the SMPD1 gene mutated in NPB or in NPC2 gene. 
The pathogenicity of both NPCl variants was supported by 
their location in regions important for the protein function. 
Both variations were not found in more than 300 control al-
leles. Identified sequence variations confirm the diagnosis 
of the extremely rare adult visceral form of Niemann-Pick 
disease type C, which is otherwise dominated by neurovis-
ceral symptoms. Although only three patients have been re-
ported, this (most probably underdiagnosed) form of NPC 
should be considered in differential diagnosis of isolated hep-
atosplenomegaly with foam cells in adulthood. 

Abbreviations 
FFPE formalin fixed paraffin-embedded 
LDL low-density lipoprotein 
NP A/B Niemann-Pick disease type A/B 
NPB Niemann-Pick disease type В 
NPC Niemann-Pick disease type С 
PCR polymerase chain reaction 
RFLP restriction fragment length polymorphism 
SSD sterol sensing domain 

Introduction 

Niemann-Pick disease type С (NPC; OMIM 257220, 
607625) is an autosomal recessive lysosomal disorder caused 
by deregulation of the cellular lipid trafficking due to 
the molecular defects in either of the two late endoso-
mal/lysosomal proteins (NPCl and NPC2). NPCl, a trans-
membrane protein localized in a subset of late endosomes, 
is endowed with a sterol sensing domain exerting control of 
cholesterol content of late endosomal membranes (Liscum 
and Sturley cholesterol is translocated for 
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4 Bioinformatic predictive study of acetyl-coenzyme A:a-
glucosaminide N-acetyltransferase - appended publication 
#5-Hřebíček et al. (2006) 

Publication by Hřebíček et al. (2006, appended publication #5) describes a genetic 

linkage analysis performed in several families affected by mucopolysaccharidosis type IIIc 

(Sanfilippo type С syndrome, MPS IIIc, for introductory notes see sections 1.1 and 1.2). The 

main conclusion of the study is that MPS IIIc results from pathogenic variations in the gene 

designated TMEM 76, located in the pericentric region of chromosome 8. The study employed 

genetic linkage disequilibrium estimate employing LOD scores for the critical chromosomal 

regions assignments (for details see appended publication #5). Noteworthy is the fact that in 

parallel with the release of these results another group published identical data, which were 

achieved by completely different methods based on proteomic analysis11. This publication 

denoted the critical TMEM 76 gene as HGSNAT (heparin acetyl-coenzyme A:a-

glucosaminide N-acetyltransferase), this designation is an official gene name. Assignment of 

a coding gene to the previously described enzymatic deficiency in case of MPSIIIc finished 

the gene discovery phase among defined lysosomal enzymopathies. 

The HGSNAT protein (663 amino acids, 73 kD), which displays considerable degree 

of instability under in-vitro conditions, was previously demonstrated to reside in the DRMs of 

lysosomal membranes' . HGSNAT primary function is to transfer acetyl moiety to heparan 

sulfate and render it available for consecutive intralysosomal degradation by a-N-acetyl 

glucosaminidase. Deficiency in this, otherwise synthetic, step (acetylation) results in the 

accumulation of heparan sulfate in the lysosomal compartment. The molecular mechanisms of 

HGSNAT catalytic function are still not understood, as their explanation was hampered by the 

absence of knowledge of HGSNAT primary structure. Two different hypotheses exist about 

the issue of transmembrane transfer of acetyl-CoA with additional acetylation of heparan 

sulfate inside the lysosomes. One of the hypotheses suggests a ping-pong mechanism204, by 

which the acetylation of the HGSNAT protein results in the conformation change and 

transmembrane transfer of acetyl-CoA intralysosomally with consecutive transfer to heparan 

sulfate. The other hypothesis suggests a formation of a transient tertiary complex formed by 

the HGSNAT protein, acetyl-CoA and heparan sulfate205. 

The immense growth of the genomic information in the last decades due to availability 

of efficient and high throughput methods of nucleic acids analyses, which was not paralleled 
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by a comparable rate of acquisition of proteomic or cell biological data, resulted in the 

expansion of bioinformatic tools employing the "sequence domain" to predict protein 

properties and their cellular functions206. Some of these methods were used for HGSNAT 

protein in the mentioned publication and shall be discussed in this text. 

Computational algorithms generally used to disclose evolutionary relations among 

sequences (e.g. BLASTN or BLASTP) provided very surprising results. The only confirmed 

protein (both by genomic and proteomic means) present in the available public databases was 

murine ortholog of human HGSNAT. No other confirmed othologous protein or cDNA 

sequence is available at the moment, although HGSNAT is predicted in nearly all available 

animal genomes. The only other proteins homologous to HGSNAT belong to COG4299 

bacterial protein family (uncharacterized), a cohort of protein predictions from a broad range 

of bacteria. Functions of these proteins are only inferred, but their roles in transmembrane 

acetylation and glycosaminoglycans metabolism cannot be excluded. The issue of complex 

polysaccharide acetylation of prokaryotic cell walls is tempting and will definitely be further 

studied. 

The extent of evolutionary conservation can be demonstrated by comparative sequence 

alignments (as presented in the appended publication #5). With respect to the above 

mentioned absence of available experimentally confirmed sequences, the presented alignment 

utilized sequence predictions, even though reliable. Additional approach that is capable to 

document evolutionary conservation is based on the use of available genomic DNA data that 

are fully experimental and thus not based on prediction. These methods allow alignments of 

long (in order of tens of kb to Mbs) DNA sequences to evaluate the extent of similarity among 

them. Several computational algorithms are available at the moment; the two most widely 
ЛЛ<7 ЛЛО 

used are VISTA and PIPMaker functioning as www interfaces ' . The results of multiple 

VISTA alignment of chromosomal regions syntenic to human chromosome 8, carrying 

HGSNAT gene, are shown on Figure 2. The major advantage of this kind of sequence 

comparison lies in its capability to efficiently predict conserved non-coding sequence 

stretches (functionally important, CNS) in the syntenic DNA sequences. Figure 2 depicts 

considerable evolutionary conservation of the coding (exonic) sequence in the HGSNAT 

locus, besides that, it shows CNS regions that might be involved in either expression, RNA 

splicing or other regulations. The information on CNS gathered in this alignment is going to 

be further tested experimentally. 
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In order to evaluate previously proposed transmembrane (TM) nature of HGSNAT 

protein, its primary sequence was searched for membrane spanning domains using TMMOD 

algorithm209. The resultant prediction suggests 11 TM domains. The critical issue of TM 

orientation (cytosolic vs. non-cytosolic) was addressed, and assigned the C-terminal end of 

the protein to face the cytosol. For the orientation of the TM domains refer to Figure 3. 

In addition, an attempt was made to predict posttranslational modifications (PTM) using an 

integrated www interface210. HGSNAT primary sequence was evaluated for the presence of 

potential signal peptide (SignallP, see Figure 3) and N-linked glycosylation sites (NetNGlyc). 

As demonstated on Figure 3, there are at least four potential N-glycosylation sites present in 

the protein sequence, all four sites are predicted to face lysosomal lumen, which is a finding 

in accordance with the concepts of lysosomal membrane protein properties. N-terminal 

acetylation was not predicted as probable by NetAcet, which is definitely a result to 

reconsider. Predictions of O-linked glycosylation patterns or phosphorylation sites did not 

provide results that would allow their further use. 

The presented results demonstrate advantageous use of bioinformatic approaches to 

predict protein structure, PTMs and function, even though the only available data is the 

primary protein sequence and the number of homologous genes is small, and there are no 

structural data available for homology modeling. The implementation of these methods prior 

to "wet" experimental work allows establishing more focused and concise hypotheses (i.e. 

design of immunizing peptides for antibody production, etc.). 
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Figure 2 

Syntenic alignment of appropriate HGSNA T chromosomal regions 
Alignment of multiple syntenic sequences of the critical pericentric region of chromosome 8, annotation based on 

Ensemble database2". The alignment was performed using mVISTA algorithm provided by Berkeley genome pipeline208. 

The aligned sequences are listed below the image and follow the order given (top line represents human HGSNAT gene with 

annotated 5 - 3 ' orientation, Pt - Pan troglodytes, Macm - Macaca mulatto, Cf - Canis familiaris, Bt - Bos taurus, Rn - Ratus 

norvegicus, Mm - Mus musculus, Gg - Gallus gallus, Xt - Xenopus tropicalis, Md - Monodelphis domestica). The length of 

the aligned sequences ranged from 27 to 97 kb. 

The conserved exonic sequences are depicted in light blue, coding non-conserved sequences (CNS) are shown in 

pink. Exon sequences are generally conserved from humans to frog (Xenopus tropicalis). Regions of CNS are located in the 

promoter regions, of note are CNS sequences in the vicinity of alternatively spliced exons 9 and 10 (for details see appended 

publication #5). For the details about the alignment construction see text. 
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Figuře 3 

ClustalW212 alignment of human and murine HGSNAT (TMEM76) protein sequences. 
Conserved amino acid residues are shown in yellow, non-conserved residues are in light blue. Predicted signal 

sequence in the human protein is in red (signal protein cleavage site at the residue 47). Predicted N-glycosylation sites are in 

violet. Transmembrane domains are underlined and in bold letters. The residues in italics represent predicted cytosol facing 

sequence stretches. For the position of the found pathogenic variations refer to the appended publication #5. 
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Appended publicatior 

ARTICLE 

Mutations in TMEM76* Cause Mucopolysaccharidosis IMC 
(Sanfilippo С Syndrome) 
Martin Hřebíček, Lenka Mrázová, Volkan Seyrantepe, S téphanie Durand , Nicole M. Roslin, 
Lenka Nosková, Hana H a r t m a n n o v á , Robert Ivánek, Alena Čížková, Helena Poupě tová , 
Jakub Sikora, J ana Uřinovská, Viktor Stránecký, Jiří Zeman, Pierre Lepage, David Roquis, 
Andrei Verner, J é r ó m e Ausseil, Clare E. Beesley, Irene Maire, Ben J. H. M. Poor thuis , 
Jiddeke van de Kamp, O t t o P. van Diggelen, Ron A. Wevers, T h o m a s J. Hudson , Т. Mary Fujiwara, 
Jacek Majewski, K e n n e t h Morgan , Stanislav K m o c h / and Alexey V. Pshezhetsky 

Mucopolysaccharidosis HIC (MPS IIIC, oř Sanfilippo С syndrome) is a lysosomal storage disorder caused by the inherited 
deficiency of the lysosomal membrane enzyme acetyl-coenzyme A:a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase), which leads to impaired degradation of heparan sulfate. We report the narrowing of the candidate region to a 
2.6-cM interval between D8S1051 and D8S1831 and the identification of the transmembrane protein 76 gene (TMEM76) , 
which encodes a 73-kDa protein with predicted multiple transmembrane domains and glycosylation sites, as the gene 
that causes MPS IIIC when it is mutated. Four nonsense mutations, 3 frameshift mutations due to deletions or a dupli-
cation, 6 splice-site mutations, and 14 missense mutations were identified among 30 probands with MPS 111C. Functional 
expression of human TMEM76 and the mouse ortholog demonstrates that it is the gene that encodes the lysosomal N-
acetyltransferase and suggests that this enzyme belongs to a new structural class of proteins that transport the activated 
acetyl residues across the cell membrane. 

Heparan sulfate is a polysaccharide found in proteogly-
cans associated with the cell membrane in nearly all cells. 
The lysosomal membrane enzyme, acetyl-coenzyme A 
(CoA):a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase) is required to N-acetylate the terminal glucosamine 
residues of heparan sulfate before hydrolysis by the a-N-
acetyl glucosaminidase. Since the acetyl-CoA substrate 
would be rapidly degraded in the lysosome,' N-acetyl-
transferase employs a unique mechanism, acting both 
as an enzyme and a membrane channel, and catalyzes 
the transmembrane acetylation of heparan sulfate.2 The 
mechanism by which this is achieved has been the topic 
of considerable investigation, but, for many years, the iso-
lation and cloning of N-acetyltransferase has been ham-
pered by its low tissue content, instability, and hydro-
phobic nature.3"5 

Genetic deficiency of N-acetyltransferase causes muco-
polysaccharidosis IIIC (MPS IIIC |MIM 252930], or San-
filippo syndrome C), a rare autosomal recessive lysosomal 
disorder of mucopolysaccharide catabolism.* 8 MPS IIIC is 
clinically similar to other subtypes of Sanfilippo syn-

drome.9 Patients manifest symptoms during childhood 
with progressive and severe neurological deterioration 
causing hyperactivity, sleep disorders, and loss of speech 
accompanied by behavioral abnormalities, neuropsychi-
atric problems, mental retardation, hearing loss, and rel-
atively minor visceral manifestations, such as mild he-
patomegaly, mild dwarfism with joint stiffness and 
biconvex dorsolumbar vertebral bodies, mild coarse faces, 
and hypertrichosis.7 Most patients die before adulthood, 
but some survive to the 4th decade and show progressive 
dementia and retinitis pigmentosa. Soon after the first 3 
patients with MPS IIIC were described by Kresse et al.,6 

Klein et al.8 '0 reported a similar deficiency in 11 patients 
who had received the diagnosis of Sanfilippo syndrome, 
therefore suggesting that the disease is a relatively fre-
quent subtype. The birth prevalence of MPS IIIC in Aus-
tralia," Portugal,12 and the Netherlands" has been esti-
mated to be 0.07, 0.12, and 0.21 per 100,000, respectively. 

The putative chromosomal locus of the MPS IIIC gene 
was first reported in 1992. By studying two siblings who 
received the diagnosis of MPS IIIC and had an apparently 
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5 Caenorhabditis elegans as a model organism for selected 
lysosomal storage diseases 

There are numerous animal models available for the lysosomal storage disorders. 

Some of them are naturally occurring variants, but a considerable number of them were 

prepared in-vitro by different genetic manipulations. In general, mammalian species are 

advantageous for the study of human pathology states, but there are several well established 

non-mammalian model organisms available as well. Nematode Caenorhabditis elegans (C. 

elegans) is one of these. The most general criterion evaluating the quality of the animal model 

is the extent and complexity by which the model reflects the studied biological phenomenon. 

Fundamental genetic background similarity between the model and the subject should be 

achieved. More extensive the evolutionary-genomic-proteomic conservation, more 

representative the model is. Unfortunately, the criterion of biological-evolutionary similarity 

has its limits with respect to laboratory utilization. Some of the limiting factors are related to 

the ease of genetic manipulation, life or reproductive cycle duration, genetic variation 

transmissibility, physical ease of animal maintenance, ethical issues of study protocols or 

related financial costs. 

C. elegans is a respected model organism for concerted genetic, ultrastructural and 

behavioral studies213. C.elegans was the first of complex multicellular eukaryotic organisms 

for which the complete genomic sequence became known. About thirty-six percent of the 

genes are homologous to human genes, including those implicated in human pathology214'215. 

C. elegans is easily maintained in the laboratory and enables straightforward genetic 

manipulation. RNA-mediated interference (RNAi) technique allows inhibition of C. elegans 

genes expression at the level of the whole organism with the ease unavailable in any other 

eukaryotic organism216,217. The immense contribution of the use of C. elegans to biomedical 

research is a generally accepted fact which has already been twice reflected by awarding the 

Nobel Prize for Physiology and Medicine to five key C. elegans investigators in the years 

2002 and 2006. 

5.1 C. elegans, general characteristics 

C. elegans is a small (~1 mm long), translucent, soil nematode feeding primarily on 

bacteria and reproducing with a life cycle of about 3 days. The mature hermaphrodite adult is 
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fertile for about 4 days and has a life span of about 17 days after reaching adulthood. C. 

elegans has five holocentric autosomes and a sex chromosome (X). Sex is determined 

chromosomally, depending on the X/autosomal ratio. Hermaphrodites are diploid for both 

autosomes and the X chromosome (XX), while the males have only one copy of the X 

chromosome. Males arise spontaneously by non-disjunction during meiosis in hermaphrodites 

with frequency of about 1:500 worms213'218. The fundamentals of C. elegans genetics were 

established by Sydney Brenner in the 1970s and are valid up to now219. Very efficient 

transgenic techniques have been developed for C. elegans. It is fairly easy to follow the 

expression of transgenes (GFP or X-Gal linked), single cell ablations can be performed very 

efficiently220 and the laboratory maintenance of the nematode cultures is also easy and does 

not require any substantial financial investment. The complete cellular anatomy of C. elegans 

was characterized in the last two decades, including complex cellular systems such as the 

whole neural network213. C. elegans has invariant number of cells (adult hermaphrodite has 

959 somatic cells; the adult male has 1031 cells). The lineage of each single cell during 

development was precisely characterized. Detailed ultrastructural data, including 3D electron 

microscopic atlases are available to the C. elegans research community. 

It is for these reasons that C. elegans can be considered a valuable model for higher 

organisms despite its evolutionary position. 

5.1.1 C. elegans genome, tool for biomedical research 

The sequence of the complete C. elegans genome, including 15kb of mitochondrial 

DNA, was determined and assembled by the concerted efforts of the C. elegans sequencing 

consortium215. Since the year of its release (1998) genomic data have been continuously 

updated. The 97 Mb genome is very compact with an average density of one gene per 5kb. It 

is predicted to contain only 27% of intronic sequences. C. elegans genome includes, at the 

present time (January 2007) 7821 confirmed genes, 10741 partially confirmed genes, and 

4650 predicted ORFs. Complete annotated genomic sequence of C. elegans is freely available 

via www database221 (Wormbase, curated by European Bioinformatic Institute in Hinxton, 

UK). This database integrates genomic data with available EST (expressed sequence tags), 

OST (ORE sequence tag), micro array and RNA expression data, pangenomic RNAi 

experimental data, and available deletion mutants created by C.elegans gene knock-out 

consortium222. It also allows the use of additional bioinformatic tools including phylogenetic 
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homology searches and others. It is definitely an ultimate bioinformatic resource for C. 

elegans related research. 

There are more protein similarities between C. elegans and H. sapiens than with any 

other multicellular organism (with the exception of other nematodes, typically Caenorhabditis 

brigssae), with the average predicted protein similarity of 36%. Many conserved genes, 

exhibit immense conservation, in some proteins as high as 97 %215'223. 

The identification and comparison of orthologs of human proteins in the nematode 

shows interesting clues as to the respective functions of proteins in the two species. The 

surprising conservation of core cell biological processes thus permits to work on different 

organisms in parallel and to transfer the results from the model organism to the subject 

organism. This approach employing simplified models has gained respect especially as the 

hypothesis driven research in the higher organisms has, in certain aspects, reached its limits. 

5.1.2 RNA-mediated interference 

In C. elegans, the introduction of double-stranded RNA (dsRNA) results in the 

specific and potent inactivation of genes containing homologous sequences216'217. Gene-

specific loss-of-function results from the degradation of endogenous mRNA by a set of 

consecutive molecular steps. RNAi molecular machinery is evolutionary conserved pathway, 

and as such can be also experimentally used in higher organisms224. DsRNA-mediated 

interference in C. elegans is transmitted to the progeny of F1 generation and possibly even to 

further generations225. DsRNA shows a surprising ability to cross cellular boundaries. Studies 

involving RNAi have shown that it is possible to initiate RNAi by injection of dsRNA, 

however, as the RNA can be absorbed through the nematode's gut, the effect was also 

observed in animals soaked in dsRNA solution and also in worms fed with Escherichia coli 

expressing double-stranded RNA226. С. elegans is unique in comparison to mammalian cells 

by the capacity to be affected by long dsRNA, increasing RNAi capacity. Not surprisingly, 

RNAi was quickly embraced as a tool for determining the functions of specific genes not only 

in C. elegans, despite minor contribution of "off target" effects227. Fundamental findings 

involving the mechanisms of RNAi were awarded by Nobel Prize in the year 2006 (see 

above). 
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5.1.3 Endosomal - lysosomal system in С. elegans 

The protein constituents of the cellular system involved in endocytosis, sorting, 

transport, substrate degradation and redistribution are well conserved in C. elegans in 

comparison to higher organisms, including man. The basic concept that every eukaryotic cell 

is capable of endocytosis and exocytosis is also valid in C.elegans. The extent of conservation 

of proteins participating in the constitution of the endosomal-lysosomal system is broad; some 

of the structural proteins such as clathrin subunits or coatomer proteins are virtually identical 

with their mammalian orthologs. Table 1 lists selected proteins participating in the function of 

endosomal-lysosomal system and their potential orthologs found by BLASTP algorithm in the 

C. elegans genome, the evaluated parameter being the expectancy value (e- value). The 

selected proteins are sorted into two groups: (i) proteins with a defined lysosomal storage 

phenotype and their potential C. elegans orthologs; (ii) basic structural constituents of the 

endosomal-lysosomal system. As can be seen, the degree of conservation is variable for 

different proteins, most probably reflecting the nematode's metabolic demands. The 

conclusion that can be drawn from this simple bioinformatic experiment is that C. elegans 

may serve as a good model organism for this particular cell biological field because the 

protein machinery is well conserved. The answer that cannot be concluded by these methods 

is, for example, the spectrum of utilized substrates or differences in preferred metabolic 

pathways. 

C. elegans has already been utilized in numerous works dealing with issues regarding 

basic endosomal-lysosomal system functioning ' . C. elegans has also been repetitively 

used as a good model organism for different human pathology states, metabolic disorders and 
01 A. Oi l 

lysosomal storage disorders included ' . The main advantage of C. elegans in comparison 

to cell cultures is the possibility to evaluate complex organismal regulations, not only isolated 

cellular processes. 

C. elegans was used in modeling of Niemann-Pick disease type C234 or neuronal 

ceroid lipofuscinosis type З235. C. elegans was demonstrated to have two types of acid 

sphingomyelinase236, and it to possess defined cathepsin D 7 or 

LAMP/CD68238 like proteins. 

Pioneering character can be assigned to the works on cup-5229'243, C. elegans ortholog of 

mucolipin-1, a protein that is defective in mucolipidosis type IV (see 1.2). The knowledge 

attained in C. elegans directly influenced biological considerations for the function of the 

human ortholog. It should be stressed that all the listed publications evaluated non-catalytic 

late endosomal or lysosomal proteins, and thus the experimental pathology was not 
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attributable to enzyme activity deficiency. In other words, no classical lysosomal 

enzymopathy was modeled in C. elegans besides Fabry and Schindler diseases as is described 

in the appended publication #6. 
LSD Variant human protein e-value 

(expectancy) 
C. elegans 
ORF 

C. elegans gene 

Fabry disease alpha galactosidasc 2,3c -87 R07B7.11 gana-1 

Farbcr disease acid ccramidasc 2,1c-84 HK11D2.2 

Gaucher disease beta glucoccrebrosidase I,2e -106 Y4C6B.6 

GM1 gangliosiosis beta galactosidasc 5,6e -116 T19B10.3 

Tay-Sachs disease alpha hexosaminidase 2,6e -95 T14F9.3 

Sandhoff disease beta hexosaminidase 9,1c-84 TI4F9.3 

Krabbc disease galactosylccramidase 2,1c-47 C29E4.10 

Metachromatic leukodystrophy arylsulfatasc A 1,5c -43 D1014.1 

Mucolipidosis IV mucolipin l,2e -79 R13A5.1 cup-5 

Niemann-Pick disease А,В acid sphingomyelinase 2,0c -86 B0252.2 asm-l. asm-2 

Schindler disease N-acctylgalactosaminidasc 3,7c -87 R07B7.11 gana-1 

Aspartylglycosaminuria aspartylglycosaminidase 1,7c -68 R04B3.2 

Fucosidosis alpha fiicosidasc 2,9e -96 W03G11.3 

Galctosialidosis cathcpsin A 8,le -92 F41C3.5 

alfa- mannosidosis alpha mannosidasc Me-157 F55G10.1 

bcta-mannosidosis beta mannosidasc 5,8e -150 C33G3.4 

MPS1I iduronatc 2 sulfatasc 2,7e -07 D1014.1 

MPSVI arylsulfatasc В 4,6e-18 DI014.1 

MPSIVA galactosamin sulfate sulfatasc 5,9e -26 D1014.1 

MPS1IIA sulfamidase 2,5e -07 D1014.1 

MPSinB alpha N-acetyl glucosaminidasc 4,5e -98 K09E4.4 

MPS1IID N-acctylglucosamin sulfatasc 2,3c -91 K09C4.8 

MPSVII beta glucuronidase 6,le -114 Y105 E8B.TT 

Pompc disease alpha glucosidasc 2,7c -134 D2096.3 

Wolman disease acid lipase 3,2e -81 Y57E12B.B 

cystinosis solute earner family 3 member 1 2,0c -36 F2D10.9 

sialic acid storage disease solute carrier family 17 member 
5 

2,1c-100 C38C10.2 

NCL1 palmitoyl-thiocstcrasc 1 1,2E -81 F44C4.5 

NCL3 CLN3 protein 7,6c -80 F07B10.1 cln-3.1, cln-3.2, cln-3.3 

congenital NCL cathcpsin D 1.5e -108 R12H7.2 cad-1 
Niemann-Pick CI NPCI protein 8,7e -87 F02E8.6 Imp-1 

prosaposin deficiency prosaposin 3,2e -09 C28C12.7 

Structural protein subunit e-value 
(expectancy) 

C. elegans 
ORF 

rab4 A 7,2e - 59 K09A9.2 
rab4B 1,8c - 60 K09A9.2 
rab5A 3,le - 83 F26H9.5 
rab7 3,3e - 78 W03C9.3 
rab9 3,le - 51 W03C9.3 
rabSB 2,4c - 83 F26H9.5 
LAM PI 7,8e - 08 C05D9.2 
LAMP2 7,2e - 06 C05D9.2 
coatomer proteins A 0 Y71F9AL.17 

В 0 F38E11.5 
E 3,8e - 46 F45G2.4 
D 4,e -128 C13B9.3 
Z 5,2e - 49 F59E10.3 
G2 8,с - 262 T14G10.5 
B2 0 F38E11.5 
G 8,9c - 260 T14G10.5 

clathrin protein CLTA l,9e - 09 T05B11.3 
CLTB l,2e -06 T05B11.3 
CLH1 0 T20G5.1 
CLH2 0 T20G5.1 

61 



Table 1 

List of selected human proteins involved in pathogenesis of lysosomal storage diseases or 

functioning in endosomal-lysosomal system. 
C. elegans orthologs found by BLASTP algorithm in the nematode's ORF database. The value of expectancy Re-

value) in principle represents the probability that BLASTP result represents a random positive hit directly related to the size 

of the database. In other words, smaller the e-value (closer to zero) higher the probability that the two sequences are non-

randomly related. Expectancy values are given in the order of 10 to the minus value given in the table. 

Note near identity of certain structural proteins and near random relation for others (prosaposin, sulfamidase or 

iduronate-2-sulfatase). The example of prosaposin demonstrates the potential drawback of similarity thresholding algorithms, 

C. elegans most probably possesses pSap ortholog, but it must be disclosed on the level of secondary protein structure. 

5.2 Comments and discussion to the appended publication #6 - Hujová, 
Sikora, Dobrovolný et al. (2005) 

The appended publication by Hujová, Sikora, Dobrovolný et al. (2005, equal 

contributors) describes the use of C. elegans in delineation of biochemical and molecular 

aspects of evolution of human lysosomal enzymes degrading moieties with terminal a-

galactose and a-N- acetylgalactosamine. The respective enzymes are lysosomal a-

galactosidase (a-GAL) and a-N-acetylgalactosaminidase (a-NAGA). Both a-GAL and a-

NAGA belong to the melibiase protein family (glycoside hydrolase family 27, clan D), and 

they represent true paralogs (genes evolving from a common ancestral gene by multiplication, 

paralogs often posses similar, but distinct functions)244. The overall similarity between a-

GAL and a-NAGA is extensive. The evolutionary concept of protein duplication and 

additional functional divergence has been previously proposed, but never unambiguously 

demonstrated245'246. 

Enzymatic properties of both proteins, including substrate specificities, further support 

the theory of common evolutionary origin. a-GAL is active against substrates containing 

terminal a-galactose, while a-NAGA is participating in intralysosomal degradation of 

glycoconjugates containing terminal a-N- acetylgalactosaminoyl(a-galNAc) but partially 

also against moieties with terminal a-galactose247. 

Both enzymes are soluble lysosomal hydrolases with acid pH optima targeted to 

lysosomes by mannose-6-phosphate receptor mediated pathway. Hereditary deficiency of 

either a-GAL or a-NAGA activity results in Fabry or Schindler (or Kanzaki) diseases, 

respectively245'246. Both these disorders represent distinct lysosomal storage entities with 
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different phenotypic presentation. Whereas Fabry disease can be designated as the only 

lysosomal storage disorder with adult onset, Schindler disease is defined as typically infant-

age onset lysosomal storage disorder. Hypotheses addressing this intriguing phenotypic 

discrepancy suggest partial contribution of a-NAGA activity to degradation of a-galactose 

conjugates. Biological material accumulating in a-GAL deficiency is almost exclusively GB3 

ceramide in comparison to a-NAGA deficiency which results in the predominant storage 

of a-galNAc bearing glycoproteins. 

Simple preliminary BLAST search248 for C. elegans orthologs of human a-GAL and 

a-NAGA, revealed only a single ORF with comparable e-values (for details see appended 

publication #6 or Table l).This ORF (R0B7.11), later designated as gana-1 (a-GAL and a-

NAGA ortholog) is the only ortholog of these two genes in the nematode's genome. 

The goal of the study was to evaluate and characterize gana-1 evolutionary relations to 

a-GAL and a-NAGA as well as its functional properties in order to demonstrate that this 

single C. elegans ortholog adopts functions of both human (vertebrate) proteins. Following 

discussion briefly comments the appended publication. 

5.2.1 дапа-1 evolutionary context 

Prior to all experimental work gana-1 gene structure was evaluated, both on the level 

of genomic DNA and cDNA (RNA), the in-silico prediction was confirmed by experimental 

data. Further bioinformatic studies (multiple alignments, evolutionary tree construction, or 

homology modeling) were thus based on validated data. 

Multiple protein sequence alignment with other members of melibiase protein family 

disclosed extensive similarity among the aligned sequences and clearly delineated plant 

sequences from their animal counterparts. The alignment similarity evaluated by sequence 

position conservation was not restricted to the predicted active site but was present throughout 

the whole sequence alignment. The successive evolutionary tree construction based on the 

multiple protein alignment was performed by three different algorithms based on maximum 

parsimony, nearest neighbor estimate or maximum likelihood statistical approaches249 (for 

details see the appended publication #6). We used multiple bootstrapped tree analysis to 

construct the final evolutionary trees. These three different methods rendered very similar 

results: (i) gana-1 protein was always positioned between animal and plant sequences; (ii) it 

was located very close (closest) to primary tree node (animal vs. plant), suggesting its lowest 

63 



evolutionary position among the evaluated animal sequences; (iii) when it was included into 

one of the sequence clusters (GALs vs. NAGAs), it was always among a-NAGAs, a fact that 

corresponded well with its further defined characteristics. It is necessary to note, that the 

algorithms used did not employ molecular clock estimate. So, the length of the cladogram 

branches does not correspond with the time axis evolution difference. The constructed 

evolutionary models suggest that gana-1 represents an ancestor of vertebrate GALs and 

NAGAs. 

Following bioinformatic step was the construction of a structural model of gana-1 

protein based on the on the crystal structures of rice and human a-GAL using homology 

modeling approaches. Our predicted structure suggests two-domain organization with 

homodimeric tertiary organization. The active site and the N-acetyl recognition loop of gana-

1, as it was modeled, adopted a structure more similar to a-NAGA, suggesting its capability 

to utilize substrates of both types. For the details about the protein model see the appended 

publication #6. 

5.2.2 gana-1 enzymatic activity, RNAi induced compound enzymatic 
deficiency, cellular localization of gana-1 

a-GAL and a-NAGA activity measurements in the mixed culture C. elegans 

homogenates showed presence of both activities, a-NAGA activity predominated over a -

GAL. The addition of N-acetyl-D-galactosamine (a-NAGA inhibitor) resulted in the 

considerable activity drop of both (a-GAL and a-NAGA) enzymatic activities, which is a 

phenomenon undetectable in vertebrate (human) proteins. N-acetyl-D-galactosamine 

selectively inhibits a-NAGA but does not influence a-GAL activity. In comparison, the 

addition of D-galactose (a-GAL inhibitor) also resulted in the drop of both activities. 

Based on these results that supported the hypothesis of dual substrate specificity of gana-1 

RNAi experiments selectively targeting gana-1 mRNA were performed. Parallel and 

proportional drops of both enzymatic activities were observed in repetitive experiments after 

RNAi treatment. The induced activity decreases were in the order of tens of per cents in 

comparison to controls. 

Despite RNAi mediated introduction of considerable enzymatic deficiency in the 

nematodes, we were not able to document specific morphological changes (lysosomal 

storage) associated with either of the phenotypes. This could be explained by relatively high 
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residual enzymatic activity after RNAi. This situation is reminiscent of LSD heterozygotes 

status, when despite having enzymatic activities as low as 10% of controls these individuals 

do not suffer from lysosomal storage. 

In order to elucidate the cellular functions of gana-1 we performed С terminal EGFP 

(enhanced green fluorescent protein) tagging of gana-1. gana-1 ::G¥? transgene was 

introduced into the standard Bristol N2 C. elegans strain and the expression pattern was 

studied in vivo. We were able to document GFP presence in the vacuolar compartment of 

subset of six C. elegans cells with high endocytic turnover called coelomocytes. Special 

treatment of transgenic worms, employing phenomenon pH dependence of GFP250'251 

molecules, allowed associating of gana-1 ::GFP transgene with the acidic pH cellular 

compartment. 

The results and conclusions of this publication clearly demonstrated usefulness of C. 

elegans for the study of human pathology states. Despite relative evolutionary distance 

between the subject species (Homo sapiens) and the model organism our publication tried to 

answer some fundamental questions that are most imminent to biology of a-GAL and a -

NAGA function in eukaryotic cells. Suggested evolutionary scheme of the two paralogous 

genes/proteins may represent important premise for future design of either enzymatic assays 

setups or drugs. The integrative conjunction of bioinformatic methods and experiments in 

easily genetically modifiable animal model generated results that would not be obtainable in 

other (mammalian) species in the same time.252 The fact that we were not able to replicate the 

morphological storage phenotype does not lower the results; it just demonstrates the limits of 

RNAi. It can also be deduced that any further study of lysosomal enzyme orthologs in C. 

elegans should be aware of the obstacle of residual enzymatic activity and employ 

preferentially deletion mutants with low residual activity. As can be demonstrated on some 

other studies using C. elegans as a model for human diseases, lack of comparable phenotypic 

presentation does not necessarily mean lack of important and applicable biological 
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Abstract 
Background: Human a-galactosidase A (a-GAL) and a-N-acetylgalactosaminidase (a -NAGA) are presumed to share a 
common ancestor. Deficiencies of these enzymes cause two well-characterized human lysosomal s torage disorders (LSD) -
Fabry (a-GAL deficiency) and Schindler ( a - N A G A deficiency) diseases. Caenorhabditis elegans was previously shown to be a 
relevant model organism fo r several late endosomal/lysosomal membrane proteins associated with LSDs. The aim of this study 
was to identify and characterize C. elegans or thologs to both human lysosomal luminal proteins a - G A L and a - N A G A . 

Results: BlastP searches fo r or thologs of human a -GAL and a - N A G A revealed a single C. elegans gene (R07B7.11) with 
homology to both human genes (a-galactosidase and a-N-acetylgalactosaminidase) - gana-l. W e cloned and sequenced the 
complete gana-l c D N A and elucidated the gene organization. 

Phylogenetic analyses and homology modeling of GANA-I based on the 3D s t ructure of chicken а - N A G A , rice a -GAL and 
human а-GAL suggest a close evolutionary relationship of GANA-I to both human а -GAL and a - N A G A . 

Both a-GAL and а - N A G A enzymatic activities w e r e detected in C. elegans mixed culture homogenates . However , a -GAL 
activity on an artificial subst ra te was completely inhibited by the а - N A G A inhibitor, N-acetyl-D-galactosamine. 

A GANA-I::GFP fusion protein expressed f rom a transgene, containing the complete gana-l coding region and 3 kb of its 
hypothetical p romote r , was not detectable under the standard laboratory conditions. The GFP signal was observed solely in a 
vesicular compar tment of coelomocytes of the animals t reated with Concanamycin A ( C O N A) o r NH4CI, agents that increase 
the pH of the cellular acidic compar tment . 

Immunofluorescence detect ion of the fusion protein using polyclonal anti-GFP antibody showed a b roader and coarsely granular 
cytoplasmic expression pat tern in body wall muscle cells, intestinal cells, and a vesicular compar tmen t of coelomocytes. 

Inhibition of gana-l by RNA interference resulted in a decrease of both а -GAL and а - N A G A activities measured in mixed stage 
culture homogenates but did no t cause any obvious phenotype. 

Conclusions: GANA-I is a single C. elegans or tholog of both human а -GAL and а - N A G A proteins. Phylogenetic, homology 
modeling, biochemical and GFP expression analyses suppor t the hypothesis that GANA-I has dual enzymatic activity and is 
localized in an acidic cellular compar tment . 
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6 Concluding notes 

As was mentioned in the Introduction (section /), the last 40 years were dedicated to 

the studies on substantial monogenic bases of lysosomal storage disorders. Present time in the 

LSD research represents a transitory step between the hypothesis-driven and curiosity-driven 

experimental approaches, which are gaining more and more attention. Today's LSD research 

thus could be characterized by intensive demand for integration of the available data with 

outcomes towards pathogenic mechanisms, novel diagnostic approaches or therapeutic 

modalities. 

Purpose of this section of the thesis is to provide final summarizing overview of the 

perfomed and published findings. Reader is refered to the previous detailed discussions on the 

presented topics. The appended publications represent novel findings in the area of saposin-

like proteins related lysosomal storage disorders. The reported "non-enzymatic" functions of 

pSap are integral part of pSap deficiency pathogenesis and are in complete accordance with 

the recently opened topics of protein clearance and autophagy related cell impairment in 

LSDs. In a closely related manner, HGSNAT protein (deficient in MPS IIIc), which resides in 

lysosomal DRMs, is most probably directly or indirectly involved in chaperon mediated 

autophagy and implications of its function might be relevant to a broader spectrum of LSDs. 

Presented genotype-phenotype correlations in ASM (another Sap-like protein) 

deficiency rendered important data towards ASM catalytic functions and re-opened debate on 

phenotypic diversity and Niemann-Pick disease type A and В classification. These data 

should not be perceived as mere pathogenic variation reports as they contain broad pathogenic 

considerations and implications. 

Last but not least, C. elegans was demonstrated as relevant model organism for 

lysosomal enzymopathies. The data demonstrating evolution of two related lysosomal 

hydrolases could have never been achieved with such an ease in mammalian model. These 

findings also point to sometimes overlooked neccesity to study the evolutionary relations in 

order to answer questions of human pathology. 

All the appended publications were a subject of peer-review assesment and some have 

already been further cited (see sections 9 and 10). 
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7 Abbreviations 
AAV 
3D 
a-GAL 
a-NAGA 
ARMS 
ASM 
BLASTN/P 
bp 
BWS 
C. elegans 
CCF 
cDNA 
CMA 
CNS 
DNA 
DRM 
EST 
e-value 
FFPE 
gana-1 
GFAP 
HGSNAT 

HMU-PC 
HNP-PC 
kb 
kDa 
LAMP 
LC3 
LRP 
LSCM 
LSD 
M-6-P 
M-6-PR 
Mb 
MIM 
MPS 
MR 
mRNA 
NCL 
NPC 
NPD 
NPD A/B 
ORF 
OST 
PCD 
PCR 
PPCA 
pSap 
PTM 
RFLP 
RMSD 

adeno associated virus 
three dimensional 
alpha-galactosidase 
alpha-N-acetylgalactosaminidase 
amplification refractory mutation systém 
acid sphingomyelinase 
basic local alignment seach tool nucleotide/protein 
base pair 
Beckwith-Wiedemann syndrome 
Caenorhabditis elegans 
cross-correlation function 
complementary deoxyribonucleic acid 
chaperon mediated autophagy 
conserved non-coding sequence 
deoxyribonucleic acid 
detergent resistant microdomain 
expressed sequence tag 
expectancy value 
formaldehyde fixed paraffin embedded 
a-GAL and a-NAGA ortholog 
glial fibrillary acidic protein 
heparin acetyl-coenzyme A:a-glucosaminide N-
acetyltransferase 
6-hexadecanoylamino-4-methylumbelliferyl-phosphorylcholine 
2-N-(hexadecanoyl)-amino-4-nitrophenyl phosphorylcholine 
kilo base 
kiloDalton 
lysosome associated membrane protein 
microtubule-associated protein 1 light chain 3 
lipoprotein receptor-related protein 
laser scanning confocal microscopy 
lysosomal storage disorder 
mannose-6-phosphate 
mannose-6-phosphate receptor 
mega base 
mendelian inheritance in man 
mucopolysaccharidosis 
mannose receptor 
messenger ribonucleic acid 
neuronal ceroid lipofuscinosis 
Niemann-Pick disease type С 
Niemann-Pick disease 
Niemann-Pick disease type A/B 
open reading frame 
ORF sequence tag 
programmed cell death 
polymerase chain reaction 
protective protein / Cathepsin A 
prosaposin 
post-translational modification 
restriction fragment length polymorphism 
root mean square deviation 
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RNAi RNA mediated interference 
Sap saposin 
SAPLIP saposin-like protein 
SCMAS subunit с of mitochondrial ATP synthase 
SMPD sphingomyelin phosphodiesterase 
TM transmembrane 
TMMOD improved transmembrane hidden Markov model 
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Abstract A neuropathologic study of three cases of 
prosaposin (pSap) deficiency (ages at death 27, 89 and 
119 days), carried out in the standard autopsy tissues, 
revealed a neurolysosomal pathology different from 
that in the non-neuronal cells. Non-neuronal storage 
is represented by massive lysosomal accumulation of 
glycosphingolipids (glucosyl-, galactosyl-, lactosyl-, 
globotriaosylceramides, sulphatide, and ceramide). 
The lysosomes in the central and peripheral neurons 
were distended by pleomorphic non-lipid aggregates 
lacking specific staining and autofluorescence. Lipid 
storage was borderline in case 1, and at a low level in 
the other cases. Neurolysosomal storage was associ-
ated with massive ubiquitination, which was absent in 
the non-neuronal cells and which did not display any 
immunohistochemical aggresomal properties. Confocal 
microscopy and cross-correlation function analyses 
revealed a positive correlation between the ubiquitin 
signal and the late endosomal/lysosomal markers. We 
suppose that the neuropathology most probably refl-
ects excessive influx of non-lipid material (either in 
bulk or as individual molecules) into the neurolyso-
somes. The cortical neurons appeared to be uniquely 
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vulnerable to pSap deficiency. Whereas in case 1 they 
populated the cortex, in cases 2 and 3 they had been 
replaced by dense populations of both phagocytic micro-
glia and astrocytes. We suggest that this massive neuronal 
loss reflects a cortical neuronal survival crisis precipi-
tated by the lack of pSap. The results of our study may 
extend the knowledge of the neurotrophic function of 
pSap, which should be considered essential for the 
survival and maintenance of human cortical neurons. 

Keywords Prosaposin deficiency • Neurolysosomal 
disorder • Ubiquitination • Cross-correlation function • 
Cortical neuronal survival crisis 

Introduction 

Prosaposin (pSap) deficiency is a rapidly progressive 
fatal neurovisceral lysosomal storage disorder caused 
by mutations in the PSAP gene which leads to the 
blockage of pSap protein translation or to the prema-
ture (intranuclear) nonsense-mediated decay of pSap 
mRNA [13, 25, 43, 54]. The proven genotypes result in 
the absence of pSap and the products of pSap proteo-
lytic processing. These polypeptide products, called 
saposins (Saps, sphingolipidhydrolase activating pro-
teins), are essential for activating a set of lysosomal 
sphingolipid hydrolases [54]. In the absence of Saps, 
the sphingolipid substrates remain undegraded. The 
accumulated substrates, in visceral cell types, cause the 
lysosomes to become distended, giving them a foamy 
appearance and the process ultimately ends in organ 
failure, similar to full blown classic lipid storage disor-
ders [3,13,25]. In this study, we show that in pSap defi-
ciency the neurolysosomes of both the peripheral and 
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central neurons express a distinct pathology, which 
may indicate a process resembling autophagocytosis. 
Given the opportunity to compare the cortical struc-
ture at the earliest stage of the disease to that in the 
more advanced stages, we were able to describe a 
unique failure of cortical neurons to survive after 
reaching the cerebral cortex. We would like to charac-
terize this destructive phenomenon, precipitated by the 
absence of pSap, as a cortical neuronal survival crisis, 
which seems to be a feature of human pSap deficiency. 
This fits well with the concept of pSap having funda-
mental neurotrophic functions [47]. 

Materials and methods 

Formaldehyde fixed paraffin embedded (FFPE) tissue 
samples were available from three cases of verified 
pSap deficiency. The life spans of the cases were: 
27 days (case 1 [14]), 89 days (case 2 [25]) and 119 days 

(case 3 [13]). In two of the three cases (27,119 days) we 
were kindly provided by colleagues from the pathology 
departments unembedded routinely formaldehyde 
fixed samples of several cortical and subcortical brain 
areas. The tissue samples available were as follows: 
case 1 (27 days)-parts of the frontal and insular cortex, 
striatum, pallidum, thalamus, and adjacent parts of the 
white matter; case 2 (89 days)-several cortical samples, 
thalamus, and basal ganglia; and case 3 (119days)~ 
cerebral cortex from all lobes, cerebellum, pons, 
medulla oblongata and spinal cord. 

Histology, immunohistochemistry, electron 
microscopy and lipid biochemistry 

The tissue sections (5 ц т ) were dewaxed, hydrated and 
hematoxylin-eosin stained. The primary antibodies and 
their respective dilutions used for immunohistochemis-
try are listed in Table 1. The primary antibodies (incu-
bated overnight at 4°C) were detected with 

Table 1 Dilutions and sources of antibodies 

Antigen (Antibody clone) Source Dilution 

IH IF 

LAMP 1 (rabbit polyclonal) 

LAMP 2 (rabbit polyclonal) 
Cathepsin D (rabbit polyclonal) 
Cathepsin D (MCA2068) 
Ubiquitin (rabbit polyclonal) 
Ubiquitin (FPM1) 

Poly ubiquitinylated proteins 
(FK1) [16] 

Mono- and poly ubiquitinylated 
proteins (FK2) [16] 

LC3 (rabbit polyclonal) [27] 
Glial fibrillary acidic protein -

GFAP (6F2) 
GFAP (rabbit polyclonal) 
CD68 (PGM1) 
Neuron specific nuclear protein -
NeuN (A60) 

Prohibitin (11-14-10) 
60 kDa antigen of human 
mitochondria (113-1) 

Subunit с of mitochondrial A T P 
synthase - SCMAS 

p62 component of aggresome 
(guinea pig polyclonal) [67] 

Activated caspase 3 
(rabbit monoclonal) 

Protein disulfide isomerase 
(PDI) (1D3) 

kindly provided by Dr.S.Carlsson 
(University of Umea, Sweden) 

kindly provided by Dr.S.Carlsson 
D A K O , Copenhagen, Denmark 
Serotec, Raleigh, NC, U S A 
D A K O , Copenhagen, Denmark 
Novocastra, Newcastle upon Tyne, 

United Kingdom 
Biomol, Plymouth Meeting, PA, U S A 

Biomol, Plymouth Meeting, PA, U S A 

MBL, Naka-ku Nagoya, Japan 
D A K O , Copenhagen, Denmark 

D A K O , Copenhagen, Denmark 
D A K O , Copenhagen, Denmark 
Chemicon Int., Temecula, CA, U S A 

Lab Vision, Westinghouse, CA, U S A 
Biogenex, San Ramon, CA, U S A 

kindly provided by prof. E.Kominami 
(Juntendo University, Tokyo, Japan) 

Progen, Heidelberg, Germany 

Epitomics, Burlingame, CA, U S A 

Stressgen, Victoria, Canada 

1:200 

1:200 
1:4000 

1:1500 
1:100 

1:500 

1:1000 

1:500 
1:200 

1:200 
1:500 

1:500 
1:100 

1:200 

1:4000 

1:25 

1:100 

1:50 
1:500 
1:100 

1:500 
1:200 

1:50 

1:500 

IH immunohistochemistry, IF immunofluorescence 
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appropriate Envision ™ kits (DAKO, Copenhagen, 
Denmark) or rabbit anti-guinea pig HRP labeled sec-
ondary antibody (DAKO). 

In conjunction, various neurolysosomal storage dis-
orders (previously defined biochemically at the Insti-
tute of Inherited Metabolic Disorders) were studied to 
follow neuronal ubiquitination (for the list, see 
Results). The FFPE tissue samples from various parts 
of the brain were examined together with the samples 
of storage affected visceral organs. 

The sections of the formaldehyde fixed unembed-
ded samples (cases 1 and 2) were processed for elec-
tron microscopy after osmification, using standard 
dehydration in ethanol and embedding in an Aral-
dite-Epon mixture. The paraffin embedded samples 
of the pons (case 3) were processed for electron 
microscopy after deparaffination, hydration, and 
osmification. 

The residual lipids extracted from the paraffin 
embedded brain samples were analyzed using a proce-
dure recently described [13]. 

Immunofluorescence and laser scanning confocal 
microscopy 

The FFPE paraffin embedded tissue sample from the 
spinal cord (case 3) was chosen for immunofluores-
cence multiple labeling colocalization analysis. The tis-
sue sections were treated as described above. The 
primary antibodies and their dilutions used for immu-
nofluorescence labeling are listed in Table 1. 

The combinations of the primary antibodies were 
as follows: anti-LAMP2/anti-ubiquitin, anti-cathepsin 
D/anti-ubiquitin, anti-LAMP2/anti-60 kDa antigen of 
human mitochondria, anti-PDI/anti-ubiquitin, anti-
60 kDa antigen of human mitochondria/anti-ubiquitin. 
The details of the tissue section processing and staining 
protocol for both immunohistochemistry and immuno-
fluorescence labeling are available from the authors 
upon request. 

Images (xy sampled at the maximum of z fluores-
cence intensity) were acquired using a Nikon Eclipse 
E800 microscope equipped with a CI confocal head 
and 488, 543 and 633 nm laser lines and appropriate 
515 ± 15 nm, 590 ± 15 nm and 650LP band pass 
filters. The sampling density was corrected to con-
form to the Nyquist criterion according to the objec-
tive lens used (Nikon Plan Apo 60 x 1.4 N.A.). The 
microscope settings including laser intensity, pinhole 
size, pixel dwell times; photomultiplier gains were 
kept constant for all image acquisitions and the 
images were checked for the presence of spectral 
cross-talk. 

Point spread functions (PSF) at appropriate excitation/ 
detection wavelengths were measured using PS-Speck 
Microscope Point Source Kit (Invitrogen- Molecular 
Probes, Carlsbad, CA). 

The cerebral cortex sample from (case 2, day 89) 
was double-labeled with mouse monoclonal anti-CD 
68 and rabbit polyclonal anti-GFAP antibodies. Sec-
ondary detections were performed using donkey anti-
mouse IgG Alexa Fluor 555 and goat anti-rabbit IgG 
Alexa Fluor 488 antibodies (Invitrogen- Molecular 
Probes, Carlsbad, С A) diluted 1:500. 

Image restoration, processing and cross-correlation 
function (CCF) analysis 

Between 25 and 30 images of neurons of the spinal 
cord anterior columns were acquired and further pro-
cessed for each of the double-labeling experiments. 
The images were restored based on deconvolution 
using an appropriately measured PSF with a classical 
maximum likelihood estimate algorithm (Huygens 
Professional software, SVI, Hilversum, Netherlands). 
Only pixels included in the neurons were further evalu-
ated without any additional thresholding or pixel inten-
sity manipulation. Cross-correlation function analysis 
[65] was performed using a Tcl/Tk script employing the 
Huygens Scripting modality in Huygens Professional 
software. Single pixel shifts with parallel Pearson's 
coefficient calculations were applied to the red channel 
of the images with respect to the green channel to the 
extent of - 4 to +4 ц т (only values - 3 to +3 ц т are 
shown, Fig. 5). The appropriate pixel shifted Pearson's 
coefficient values were calculated for each individual 
evaluated shifted image. The median values and 5/95 
percentile values and first and third quartile values of 
Pearson's coefficient were plotted on the у axis for each 
single pixel shifted position (x axis) to get the final 
cross-correlation curves and to document the distribu-
tion of the values. 

The Pearson's coefficient values range from - 1 to 
+1. Positive Pearson's coefficient values at Ax = 0 dem-
onstrate significant overlap (colocalization) of the 
signals, negative values demonstrate repulsion (anti-
colocalization) of the signals, and values around zero 
demonstrate a random distribution of signals. The 
details of the Tcl/Tk script used to calculate CCF is 
available from the authors upon request. All the image 
manipulations and figure preparations were performed 
using Huygens Professional or ImageJ (NIH, http:// 
www.rsb.info.nih.gov/ij/) software. 

In order to avoid any ambiguity, the use of neurolys-
osomal in this paper refers to the lysosomal compart-
ment of neurons. 
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Results 

General neuropathology 

The general neu ropa tho logy findings in all the three 
cases have already been published [13, 14, 25]. How-
ever, to briefly summarize, the neuronal perikarya 
were variably distended by fine eosinophilic non-auto-
fluorescent granules (Figs, la inset, 2a). Neuronal stor-
age was present in all the regions available for 

Fig. 1 Cortex in case 1 
(day 27) in p S A P deficiency, 
a Numerous cortical neurons 
with a rather normal architec-
ture. Discrete neuronal stor-
age accented in basal layers 
(inset); H&E. b Strong neuro-
nal perikaryal staining for 
cathepsin D. с Paucity of mi-
croglial phagocytes demon-
strated by C D 68 antibody 
(clone PGM1), and d of astro-
glia stained with G F A P anti-
body. a -d correspond to the 
identical cortical area. Scale 
bar 200 ц т a -d Scale bar in 
inset in (a) 100 jim 

examination: brain cortex (see below), basal ganglia, 
thalamus, pons, medulla oblongata, spinal cord, and 
cerebellum. The only exception was the subventricular 
zone (cases 1 and 2) which was cellular and devoid of 
histological and immunohistochemical abnormalit ies. 
There was a marked difference between the brain corti-
cal pathology in case 1 as compared to cases 2 and 3 
(see below). Storage was manifested in the peripheral 
nervous system in all samples available (gut, lung, liver, 
kidney, and urinary bladder) . 

Fig. 2 Neuronal cytology and 
immunodetection of lyso-
somal markers in p S A P defi-
ciency. a Case 1 (day 27): a 
subcortical storage neuron 
with the perikaryal region dis-
tended by fine granules; H&E. 
b Case 3 (day 119): storage in 
spinal motor neuron with a 
granulovacuolar appearance 
of the perikaryon, с Case 1 
(day 27): strong staining of the 
perikaryal granules for 
cathepsin D and for L A M P 2 
d. Scale bar 50 ц т 
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The following data represent novel and previously 
unreported features of the neurolysosomal storage 
process in pSap deficiency. 

Study on the nature of neurolysosomal processes 

Cytology, electron microscopy and lipid biochemistry 

Contrary to the foamy appearance of the storage cells 
in the visceral region, the neuronal perikarya were dis-
tended even ballooned by a uniform population of fine 
eosinophilic granules. In case 3, their appearance 
changed to granulovacuolar (Fig. 2b). The granules 
were not autofluorescent and did not exhibit any dis-
tinct staining in routine histological stainings. Lipid his-
tochemistry showed an absence of birefringence and 
no significant detectable amounts of glycolipids and 
sphingolipids [14]. 

In contrast to the neurons the astrocytes displayed 
significantly milder storage changes [13,25]. Regarding 
the oligodendroglia, the lysosomal storage has never 
been demonstrated [13, 17]. Changes of microglial 
phagocytes are discussed below. 

Electron microscopy (cases 1 and 2) showed vacu-
oles approximately 0.5 ц т in diameter containing 
numerous dense granules of various densities, 45-
230 nm in diameter, sometimes with amorphous or 

coarse membranous substructure, occasionally resem-
bling degraded mitochondria (Fig. 3). Identical struc-
tures were observed in the dystrophic axons. Other 
organelles (RER, Golgi aparatus), while reduced in 

number, were without substantial alteration. Electron 
microscopy of dewaxed pontine samples (case 3) 
showed similar structures. The only difference was an 
increase of electron lucent space in the storage com-
partment leading to granulovacuolar neuronal cytol-
ogy and an increase in the size of individual storage 
lysosomes, up to 1 |дт in diameter on average. The 
ultrastructure differed from the ultrastructure of the 
lysosomes in the visceral storage cells [25] and from 
the lysosomes of the other known neurolysosomal 
storage disorders featured by membranous lipid 
deposits. 

Biochemical analysis of residual lipids in FFPE sam-
ples from the pons (case 3, day 119) which were rich in 
ballooned granulovacuolar neurons, revealed a three-
fold to sixfold elevation of gangliosides (GM I , GM2, 
G M 3 types), lactosylceramide and globotriaosylcera-
mide as compared to the controls (data not shown). At 
this point we must note some limitations of the analysis 
caused by previous dehydrations, as well as the poten-
tial contribution (although minor) to the overall lipid 
content of non-neuronal storage elements present in 
the tissue. 

Fig. 3 Ultrastructure of a 
subcortical neuron in case 1 
(day 27) of prosaposin defi-
ciency. a A dense population 
of lysosomes containing p l e o -
morphic condensed deposits, 
b - e Some of the deposits 
resemble degenerated mito-
chondria (arrows c - e ) , for 
comparison refer to intact 
mitochondrion (b, arrow). 
Magnification x28,000 
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Immunohistochemistry, immunofluorescence, laser 
scanning confocal microscopy (LSCM) and cross-cor-
relation function (CCF) analysis 

In all the three cases the neuronal perikaryal storage 
granules displayed a uniform lysosomal immunophe-
notype, featured by strong staining for cathepsin D 
(luminal marker) and for the late endosomal/lysosomal 
membrane markers LAMF1, 2 (Figs, l b , 2c, d). In the 
majority of storage neurons the perikaryal granules 
displayed variable positivity for the subunit с of mito-
chondrial ATP synthase (SCMAS) with the respective 
antibody (data not shown). 

A peculiar feature of the immunophenotype was the 
nearly uniform, strong, granular immunostaining of 
ubiquitin (Fig. 4a-c), present in all analyzed samples 
(cortical, subcortical and extra cerebral). The cortical 
neurons in case 1 were ubiquitinated almost without 
any substantial difference between the individual lay-
ers. Axonal spheroids were ubiquitinated as well. The 
neurons of the peripheral nervous system (gut, lung, 
liver, kidney, and urinary bladder) displayed an identi-
cal lysosomal immunophenotype, including the high 
extent of ubiquitination (Fig. 4d). The cellular pattern 
of ubiquitination, seen in bright-field microscopy, was 
suggestive of its association with storage lysosomes (for 
details, see below). 

To evaluate the proportion of ubiquitin protein con-
jugates (mono- and polyubiquitinated) in the overall 

ubiquitin signal, the antibodies (clone FK1 and FK2, 
Table 1) against these types of epitopes [16] were used. 
We were able to detect significant amounts of mono-
and polyubiquitinated moieties (FK2 antibody, data 
not shown) with the same staining patterns as the 
above-described ubiquitin staining. Unfortunately, the 
FK1 antibody (polyubiquitinated protein conjugates) 
did not provide reliable staining in the control samples 
(Mallory bodies rich liver biopsy) and as such was not 
included in the study. The cortical neurons in age-
matched controls were immunonegative for ubiquitin. 
The immunophenotype of storage lysosomes in all the 
affected non-neuronal cells, from the brain (astrocytes, 
microglial phagocytes) and the visceral region was 
identical to the neurolysosomes, except for the absence 
of any detectable ubiquitination (Fig. 4e). 

The immunohistochemical detection of cytoplasmic 
aggresomal sequestered proteins using p62 antibody 
did not show any positivity in any of the evaluated cor-
tical and subcortical brain samples of all the three cases 
(data not shown). 

In contrast to pSap deficiency, neurolysosomal ubiq-
uitination was undetectable in the following neurolysos-
omal storage disorders: Niemann-Pick disease type CI, 
type A (Fig. 4f), infantile sialic storage disorder, muco-
lipidosis type I, aspartylglucosaminuria, alpha-mannosi-
dosis, polysulphatase deficiency, and glycogen storage 
disease type II. Only the axonal spheroids and the 
neuronal tangles, particularly numerous in protracted 

Fig. 4 Immunodetection of ubiquitin in prosaposin deficiency 
(except for panel f). a Strong granular staining in perikarya of 
subcortical storage neurons in case 1 (day 27), and b case 2 
(day 89). с Uniform strong ubiquitination in pontine storage neu-
rons in case 3 (day 119), and d in peripheral neurons of the kidney 
hilus in the same case, e Absence of detectable ubiquitination in 

the storage cells in the liver in pSap deficiency (case 2). f Absence 
of ubiquitination in storage neurons in Niemann-Pick-disease 
type A. Inset shows intense ubiquitination of the small dystrophic 
axon close to another negative neuronal perikaryon. Scale bar 
25 urn (a,b) and 100 pm (c - f ) 
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neuronopathic Niemann-Pick type С cases, displayed 
strong ubiquitination. In neuronal ceroid lipofuscinoses, 
types 2, 3, 4 and 8, the main population of storage gran-
ules was devoid of ubiquitination. The only exception 
was strong ubiquitination seen in a small population of 
transformed storage material present as globules or 
spheroids in the neuronal perikarya [12]. Moderate 
ubiquitination of storage neurons has been seen in the 
group of mucopolysaccharidoses (types I—III). Extra 
cerebral non-neuronal storage cells in all the above-
mentioned disorders lacked any detectable ubiquitination. 
We could not confirm improved ubiquitin immunostaining 
with the recommended pretreatment [34]. 

Multiple indirect immunofluorescence labeling 
experiments were performed on sections of the spinal 
cord (case 3) in order to evaluate the relationship 
between the detectable ubiquitin signals and the poten-
tially involved, cellular compartments. Prior to the 
evaluation of the signals in confocal images, we per-
formed image restoration based on deconvolution 
using the microscope's measured PSF, a method 
known to increase the effective image resolution [35, 
57, 64]. The characteristics of the signals in the evalu-
ated images allowed us to apply the cross-correlation 
function (CCF) estimation [65] for the analysis of their 
spatial (colocalization) relationship. The CCF method 
of colocalization evaluation of complex staining pat-
terns is advantageous because it does not require 
image segmentation and can discriminate positive, neg-
ative and non-correlating signals. 

In general, the signals obtained by immunofluores-
cence labeling followed the patterns observed by 
immunohistochemical staining. The intensity of the 
ubiquitin signal was inversely correlated to the endo-
plasmic reticulum (ER) and mitochondrial signals 
among the evaluated neurons. This resulted in a popu-
lation of neurons strongly positive for ubiquitin and 
almost negative for E R and mitochondrial signals. This 
feature could be documented by the distribution of 
Pearson's coefficient values in the CCF plots (Fig. 5c, 
d). While this loss of epitope detectability in the pres-
ence of strong ubiquitin positivity was clear for the ER 
and mitochondrial epitopes, a similar phenomenon was 
not observed for the two late endosomal/lysosomal 
markers (LAMP2, CatD). 

In addition, the double labeling of the mitochondrial 
epitopes and of the late endosomal/lysosomal mem-
brane epitope (LAMP2) in search for lysosomes with 
entrapped mitochondria or for mitochondrial remnants 
did not provide clear evidence of such events. This was, 
most probably, due to the combination of diffraction 
limited resolution of the microscope and/or advanced 
degradation of the mitochondrial epitopes. 

Figure 5 shows images of the selected neurons with 
the corresponding CCFs and their distribution for the 
above-mentioned immunofluorescence labeling. From 
the five evaluated labeling combinations, only the sig-
nals of ubiquitin and L A M P 2/cathepsin D showed a 
non-random distribution (colocalization) according to 
the CCF in the population of evaluated neurons 
(Fig. 5a, b). The full-width of the half maximum 
(FWHM) of the CCF curves should correspond to the 
diameter of the evaluated objects [65]. This criterion 
stands for the median value of both the CCF curves 
representing the ubiquitin/LAMP2-CatD signals and 
corresponds to the diameter values obtained by elec-
tron microscopy. The characteristics of ubiquitin/ 
LAMP2 and ubiquitin/cathepsin D CCF curves 
(FWHM or maximum Pearson's coefficient values) did 
not allow unambiguous discrimination between the 
prevalence of the two phenomena i.e. ubiquitination of 
the late endosomal/lysosomal membranes or ubiquiti-
nation of the late endosomal/lysosomal contents. 
Despite this ambiguity, which is most likely caused by 
the resolution limit of the microscope, we were able to 
demonstrate the colocalization of the ubiquitin signal 
with the late endosomal/lysosomal cellular compart-
ment in pSap deficient neurons. Analysis of the other 
staining combinations (anti-ubiquitin/anti-PDI, anti-
ubiquitin/anti-60 kDa antigen of human mitochondria 
and anti-60 kDa antigen of human mitochondria/anti-
LAMP2) yielded a wide distribution of values, ranging 
from random distributions to mild exclusion of the sig-
nals (negative values of the Pearson's coefficient) 
(Fig. 5c-e). CCF found that for the anti-60 kDa antigen 
of human mitochondria/anti-LAMP2 (mitochondrial/ 
lysosomal), staining could be regarded, in this case, as a 
positive control for a random/exclusion relationship of 
the signals. 

Limited survival potential of cortical neurons 

A comparison of brain cortical neuropathology showed 
pronounced differences between case 1 and cases 2 and 
3. The histology in case 1 revealed a dense population 
of cortical neurons without substantial numerical and 
structural deviation from age-matched controls. The 
cortical neurons were moderately affected by storage, 
with a gradual increase toward the deeper layers 
(Fig. la) . The neuronal nuclei were mostly vesicular 
with well-discernible nucleoli. The process culminated 
in the neurons of the subcortical regions (thalamus and 
basal ganglia). The degree of astrocytosis and the num-
ber of microglial phagocytes were proportional to the 
degree of neuronal storage, i.e. it was minimal in the 
cortex (Fig. lc, d). In cases 2 and 3 the cortical areas 
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Fig. 5 Laser scanning confocal microscopy. Figure shows iso-
lated gray scale single channel, and merged RGB images of the 
double-labeled neurons for appropriate indirect immunofluores-
cence labels (used antibodies given in panels a-c) . On the right 
are the corresponding CCF curves: Full line median values, dotted 
lines 5/95 percentile values, dashed lines 1st and 3rd quartile (for 
details on graph construction see Methods). CCF values were 

determined only for the pixels located inside the neurons, the sur-
rounding tissue was excluded from the CCF calculations. Positive 
Pearson's coefficient values demonstrate significant overlap (col-
ocalization) of the signals, negative values demonstrate repulsion 
(anti-colocalization) of the signals, and values around zero dem-
onstrate random distribution of the signals. For CCF calculation 
refer to Materials and methods. Scale bar (10 ц т ) 
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displayed a profound depletion of the neurons [13, 25] 
and the residual neurons were identified as finely gran-
ulated single cells or small groups of cells that were 
detectable by using the NeuN antibody. Instead of the 
normal neuronal architecture there was a dense cellu-
lar population composed of equal proportions of large, 
coarsely vacuolated, CD 68 positive phagocytic micro-
glia and hyperplastic, G F A P positive astrocytes 
(Fig. 6). In the rest of the central nervous system, the 
neurons were not substantially reduced in amount. No 
signs of caspase 3 activation or other cytological fea-
tures of apoptosis were present either in the cortical or 
the subcortical neurons in case 1 or in the neurons in 
cases 2 and 3 (data not shown). 

Discussion 

In all the three cases there was a complete absence of 
pSap protein caused either by the nonsense-mediated 
decay of the gene transcript [25] or by the failure of the 
mRNA translation [13, 54]. The discussion is focused 
on the nature of neurolysosomal storage and the 
remarkable sensitivity of the cortical neurons to pSap 
deficiency. 

Nature of the neurolysosomal process 

Whereas lysosomes in non-neuronal cells were dis-
tended by a massive accumulation of a set of sphingoli-
pids due to multiple sphingolipid hydrolase 
insufficiency, due to pSap deficiency, leading to the 

Fig. 6 Neuronal cortical crisis 
in prosaposin deficiency. Case 
2 (day 89). a Low power mag-
nification (H&E) showing cel-
lular cortex with well 
preserved shape and well 
delineated from the white 
matter (inset), b Very few 
residual neurons stained with 
NeuN antibody, с Dense cel-
lularity of cerebral cortex in 
case 2 (day 89) formed by two 
distinct cell populations (CD 
68 positive microglial phago-
cytes and GFAP positive as-
trocytes), LSCM acquired 
image. Note the intimate con-
tact of the two cell types. Scale 
bar 500 ц т a, b and 50 ц т с. 
Compare with Fig. 1 

foamy appearance of the affected cells, the neurons 
expressed an appreciably different pathology. The neu-
ronal pathology featured finely granular lysosomes 
containing condensed pleiomorphic inclusions. Besides 
the standard membrane (LAMP 1 and LAMP 2) and 
luminal (cathepsin D) markers, their distinct feature 
was an association with strong ubiquitination including 
a significant proportion of ubiquitin protein conjugates 
detected by specific antibodies. They were devoid of 
ceroidlipofuscin and the lipid storage was borderline or 
of a low degree. We consider it important that ubiquiti-
nation has been proved to be absent in non-neuronal 
storage cells and even in numerous microglial phago-
cytes. It was also absent in the bulk of other neurolys-
osomal storage disorders featured by storage of 
defined lipid or glycoconjugate substrates due to defi-
cient enzyme catalytic activity or due to altered lipid 
trafficking (see also [68]). Thus, in contrast to the non-
neuronal cells, the absence of pSap leads to a different 
pathology in the neurolysosomes. 

It should be compared to processes featured by the 
lysosomally associated ubiquitination. Ubiquitination 
associated with neurolysosomes has been described in 
the granulovacuolar lesions seen in Alzheimer's dis-
ease and in scrapie infected mice, both appear to be 
autophagic vacuoles [39]. The ultrastructure of neuro-
lysosomes in neuronal perikarya (Fig. 3) and axons in 
our cases of pSap deficiency resembled ultrastructural 
changes in the neuroaxonal dystrophy classified as a 
macroautophagy process [46] that also featured a high 
degree of ubiquitination [11, 42] combined with lyso-
somal enzyme activities [63]. 
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In the cases of pSap deficiency we were able to doc-
ument a positive correlat ion (colocalization) to ubiqui-
tination and late endosomal/ lysosomal markers as well 
as signs at tr ibutable to mitochondrial degradation 
(SCMAS detectability). 

Ubiquitination has also been described as a part of 
the protein conjugation system of autophagosomal 
compartment [18, 38, 58, 59], a process dominated, 
however, by the homologs of yeast Atg ubiquitin-like 
proteins including mammalian LC3 protein [27, 28]. 
Unfortunately, the antibody against the LC3 autophag-
osomal membrane component provided ambiguous 
results in our FFPE tissues, partly due to the lack of 
appropriate reference samples; therefore we decided 
not to include these results. Ubiquitination of lyso-
somal contents has been repeatedly described [10, 36, 
37,41,58] and explained by lysosomal sequestration of 
ubiquitin-tagged proteins. 

We thus propose the existence of a similar mecha-
nism in pSap deficiency, i.e. excessive lysosomal 
sequestration of the ubiquitin-tagged proteins released 
most probably from damaged neuronal membranes or 
resulting from impaired downstream pSap signaling [2, 
23]. The previously demonstrated relationship of the 
ubiquitin/proteasome pathway and cytoplasmic vacu-
oles with non-lysosomal characteristics [61] does not 
correspond with our findings in pSap deficiency. The 
absence of immunodetectable p62 does not support the 
aggresomal-based ubiquitination [67] in pSap defi-
ciency neuropathology, nevertheless, ubiquitination 
has been suggested to trigger an autophagocytosis pro-
cess under certain conditions [30]. In summary, our 
findings can be interpreted as an excessive influx of 
ubiquitinated biological material (either in bulk or as 
individual molecules) into the neurolysosomes. It rep-
resents features compatible with the process of auto-
phagy, encompassing a range of both bulk (macro and 
micro types) and of its molecular variants, [8, 49, 53] 
which are difficult to distinguish in routinely processed 
FFPE samples. It is worth mentioning that the absence 
of neurotrophic factors was found to activate auto-
phagocytosis, which may culminate in a specific type of 
programmed cell death (PCD II) [4,59] or persist as an 
ongoing process [40]. This supports our hypothesis that 
the specific neurolysosomal pathology in human pSap 
deficiency may be closely related to the absence of 
pSap's trophic function. 

Selective vulnerability of the cortical neurons-the 
cortical neuronal survival crisis 

The vulnerability of the cortical neurons to cell death 
in pSap deficiency is immense. The findings in the three 

presented cases suggest a critical inability of nearly the 
whole cortical neuronal population to survive after a 
certain postnatal time point. The subependymal germi-
nal zone as well as the neuronal migration does not 
seem to be affected. This massive, stage dependant 
neuronal loss, most probably triggered by pSap 
absence, occurs within a time period of 60-80 days. 
With respect to the extent and relative abruptness of 
this phenomenon we would like to designate it as a cor-
tical neuronal survival crisis. A similar phenomenon 
has never been described in any of the known neuro-
lysosomal storage disorders, with the exception of 
infantile NCL1 and the recently described congenital 
NCL [60]. In infantile NCL1, the profound neuronal 
cortical depopulation develops over several years [56], 
strongly contrasting with the early cortical neuronal 
survival crisis in pSap deficiency. The congenital NCL, 
caused by profound cathepsin D deficiency, is featured 
by extensive prenatal neuronal loss. 

Unfortunately, brains from other cases of pSap defi-
ciency [19,66] were not available for study. The loss of 
neuronal survival capacity as described has been 
repeatedly reported as a consequence of neurotrophic 
factor deprivation leading to programmed cell death, 
mostly from the caspase independent (non-apoptopic) 
type [1, 9, 26, 29, 52]. The absence of detectable acti-
vated caspase 3 in our cases is in accord with it. It 
should be stressed that an amino acid sequence has 
been recognized in pSap [33, 48, 51] as being responsi-
ble for the neurotrophic activities in a variety of neural 
cells in vitro and in vivo, including differentiation, cell 
death prevention, regeneration [5, 24, 32, 33, 47, 55], 
and stimulation of myelin synthesis [7, 21, 22]. Cell 
death prevention by pSap has also been described in 
non-neuronal U937 monocytic cells [7,44]. It has been 
postulated that unprocessed pSap, localized to both 
fetal and adult human neurons [15, 31], exerts its neu-
rotrophic effect partly through a putative Go protein 
coupled receptor [20] and MAP kinase [6], and partly 
due to its unique affinity for glycosphingolipids, partic-
ularly gangliosides [45]. 

The above-mentioned data support the concept of 
pSap as having a crucial role in the survival of human 
cortical neurons and indicate that its absence may be 
critical for their survival in early postnatal life. 

In this context it is worth noting that in the mouse 
pSap КО model [17, 50], the neurolysosomal storage 
starts around day 10 and 30 in spinal and cerebral neu-
rons, respectively, and progresses rapidly to full blown 
glycolipid storage. As in human cases, storage is 
accompanied, by a high degree of neuronal ubiquitina-
tion. The neurological symptoms start on day 20. The 
animals do not survive beyond day 40. No signs of 
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neuronal cortical depopulation have been described. 
These findings might point to the absence of a signifi-
cant trophic effect of pSap on normal mouse neurons 
despite the fact that there is a strong postnatal increase 
in its mRNA [62]. 

Conclusions and perspectives 

Our results indicate that pSap deficiency in humans has 
different consequences with respect to the cell types 
affected. In non-neuronal cells, the disorder does not 
lead to any demonstrable trophic defect and is domi-
nated by the biochemical sequels linked to the absence 
of Saps i.e. inactivation of multiple sphingolipid hydro-
lases. The resulting storage of undigested lipids mark-
edly distends the lysosomal compartment. However, in 
the peripheral and central neurons, the consequences 
of pSap deficiency seem to be determined by the 
unique sensitivity of the neurons to the lack of a tro-
phic effect of secreted unprocessed pSap. We speculate 
that the initial phase of the neurolysosomal process (in 
both brain and peripheral neurons) strongly resembles 
autophagocytosis, while lipid storage plays only a 
minor role. In the cortical neurons the process seems to 
be terminated after several weeks of life by massive 
cell death, which by exclusion corresponds most proba-
bly to the programmed cell death type II, followed by 
removal by microglial phagocytes. It appears likely 
that pSap is one of the trophic factors essential for sur-
vival, differentiation and maintenance of human neu-
rons particularly in the early phases of brain 
development. 
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Summary 
We have analyzed acid sphingomyelinase (SMPD1; E.C. 3.1.4.12) gene mutations in four Niemann-Pick disease 
(NPD) type A and В patients of Turkish ancestry and in three patients of Dutch origin. 

Among four NPD type A patients we found two homozygotes for the g.l421C > T (H319Y) and g.3714T > 
С (Y537H) mutations and two compound heterozygotes, one for the g.3337T > С (F463S) and g.3373C > T 
(P475L) mutations and the other for the g.84delC (G29fsX74) and g,1208A > С (S248R) mutations. 

One of the type В patients was homozygous for the g.2629C>T (P371S) mutation. The last two type В patients 
were homozygotes for the common g.3927.3929delCGC (R608del) mutation. 

The G29fsX74, S248R, H319Y, P371S, F463S, P475L and Y537H SMPDl mutations are all novel and were 
verified by PCR/RFLP and/or ARMS. All of the identified mutations are likely to be rare or private, with the 
exception of R608del which is prevalent among NPD type В patients from the North-African Maghreb region. 
Geographical and/or social isolation of the affected families are likely contributing factors for the high number of 
homozygotes in our group. 

Introduction 
Niemann-Pick disease is an autosomal recessive sphin-
golipidosis caused by the deficiency of lysosomal acid 
sphingomyelinase (ASM, E.C. 3.1.4.12) resulting in 
lysosomal accumulation of sphingomyelin. At the ex-
tremes of the phenotype spectrum lie two common pre-
sentations: infantile neurovisceral fatal type A, and type 
B, characterized by purely visceral involvement and by 
survival till adulthood (Elleder, 1989; Kolodny, 2000; 
Schuchman & Desnick, 2001; Vanier & Suzuki, 1996). 
Patients with intermediate phenotypes have been re-
ported (Elleder & Cihula, 1983; Elleder et al. 1986; 
Sperl et al. 1994; Takada et al. 1987). Both type A 
and В variants have higher prevalence in the Ashkenazi 
Jewish population, reaching 1:40 000 for NPD type A 

* Correspondence: Dr. Jakub Sikora, Institute of Inherited 
Metabolic Disorders, Div. В, Ke Karlovu 2, 128 08, Praha 
2, Czech Republic. Fax: + 420/2/2491 9392. E-mail: jakub. 
sikora@lfl.cuni.cz 

(Goodman, 1979); NPD type В incidence is esti-
mated to be significantly less than that of NPD type A 
(Schuchman & Desnick, 2001) in this population. Lit-
tle is known about the frequency of NPD types A and 
В in non-Jewish populations. Individual reports on the 
number of NPD type A and В patients and estimated 
birth prevalence data are available from several Euro-
pean countries, and Australia (Czartoryska et al. 1994; 
Krasnopolskaya et al. 1993; Meikle et al. 1999; Ozand 
et al. 1990; Poorthuis et al. 1999). 

The SMPDl gene is 5kb long, consists of six 
exons (Schuchman et al. 1992; Schuchman et al. 
1991), and is located on chromosome 1 lpl5.1—1 lpl5.4 
(Da Veiga Pereira et al. 1991). More than 20 mutations 
associated with both types of NPD in Ashkenazi and 
non-Ashkenazi patients have been published. Most of 
the mutations are single base substitutions and small 
deletions with or without a frameshift. Three mutations, 
g.3592G > T (R496L) (Levran etal. 1991a), g,1372T > 
С (L302P) (Levran et al. 1992) and a single nucleotide 
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deletion in а С rich region of exon 2 (fsP330) (Lev-
ran et al. 1993), are prevalent among Ashkenazi NPD 
type A patients, comprising 92% of all mutations in this 
population. A three base in-frame deletion in exon 6, 
g.3927.3929delCGC (R608del) (Levran et al. 1991b) 
is the most prevalent mutation in the population of 
NPD type В patients from the North-African region 
of Maghreb (87% of mutated alleles in this area) (Vanier 
et al. 1993). Another mutation with ethnic prevalence is 
the c.677delT among Israeli Arab NPD type A patients 
from the lower Galilee and Samaria region (Gluck et al. 
1998). The remainder of the mutations are rare or pri-
vate. The total number of N P D type A and В patients 
diagnosed in the Netherlands in the years 1970-1996 
was 27 (14 N P D type A and 13 in whom the type was 
not determined). The calculated birth prevalence for 
both NPD variants in the Netherlands is 0.53/100000 
newborns (Poorthuis et al. 1999). This is the first report 
on mutation profiles in a subset of NPD type A and В 
patients diagnosed in the Netherlands. 

Materials and Methods 

Subjects 

The diagnosis of Niemann-Pick disease was based on 
the clinical data and biochemically measured ASM defi-
ciency in peripheral white blood cells and/or in cultured 
skin fibroblasts (Table 1). Samples of parental DNA were 
not available for mutation analysis. The control group 
consisted of 25 healthy males and 25 healthy females of 
Czech origin. Participation in the project was based on 
informed consent. 

ASM Activity Measurements 

ASM activity was measured in homogenates of leuko-
cytes and cultured skin fibroblasts (Table 1) using N -
methyl-14C sphingomyelin (Amersham) as a substrate 
(Vanier et al. 1980). 

Chitotriosidase Activity Measurements 

Chitotriosidase activity was measured in blood plasma 
with the artificial substrate 4-methylumbelliferyl fi-
D-N, N ' , N"-triacetylchitotrioside hydrate (Sigma-
Aldrich) according to Guo et al. (1995). 
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Genomic DNA Isolation and PCR 
Amplification of SMPD1 Gene 

Genomic DNA was isolated from cultured skin 
fibroblasts or leukocytes using the standard phe-
nol/chlorophorm method (Strauss, 2000). PCR ampli-
fications of the SMPD1 coding region were performed 
in four fragments using five pairs of primers (Table 2). 
The final volume of P C R reactions was 50 д1. The re-
action mixture contained 100 ng of genomic DNA, 0.2 
mM dNTPs, 1 x P C R buffer Sigma (protocol 1 and 3), 
1 x LA PCR buffer (protocols 2a, 2b, 4) (Barnes, 1994), 
DMSO 4-5% (protocols 1, 2a, 2b, 4), 10 /xg/ml gela-
tine (protocol 1), 1.0-3.0 mM MgCl2, 0.12-0.2 ц М 
of each primer. Thermal conditions for all PCR am-
plifications were as follows: initial denaturation for 2 
min (94°С), then 35 cycles, starting with denatura-
tion for 55 s (94° C), followed by 1 min annealing at 
primer specific temperatures (Table 2), extension for 2 
min 20 s (72° C). Protocol 3 included annealing and 
extension in one step at 72° С for 3 min; final exten-
sion lasted 10 min at 72°С for all protocols. Taq DNA 
polymerase 2.5U (Promega - protocol 1, Sigma - pro-
tocol 3), Klen Taq 1.5-3U (Ab Peptides, protocols 2a, 
2b, 4) together with Deep Vent 0.1U (NEB, protocols 
2a, 2b, 4) were used as well as Perfect Match 1U (Strata-
gene, protocol 3) P C R enhancer. P C R amplifications 
were carried out in GeneAmp 2400 (Perkin-Elmer) or 
PHC-3 (Techne) thermocyclers. P C R products were 
purified using High Pure™ P C R Product Purification 
Kit (Boehringer Manheim). 

Sequencing of SMPD1 Gene 

Direct cycle sequencing reactions contained 100-200 
fmol of purified P C R products, 1.0 д М of 5'Cy5 la-
beled primer (intragenic or universal, Table 2), 0.1 mM 
dNTP's, 0.1 mM deaza dGTP, 0.83 д М ddNTPs and 
6.5 mM MgCb, 1 x LA P C R buffer (Barnes 1994) and 
AmpliTaqFS (Perkin-Elmer). Thermal conditions for all 
cycle sequencing reactions were as follows: initial denat-
uration for 2 min (94°С), then 35 cycles, starting with 
denaturation for 15 s (95° C), followed by 30 s (55° C) 
annealing, and extension 30 s (68° C). Sequence analysis 
was performed on the automated fluorescent sequencer 
Alfexpress (Pharmacia). 
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Confirmation of Novel Mutations 

Five of the novel mutations altered the recognition 
site for one of the following restriction endonucleases: 
Malll, Apol, Bsll, Sfcl and Eagl (all NEB). The patient 
and control PCR products were digested by the corre-
sponding endonuclease (Table 3). The Amplification-
Refractory Mutation System (ARMS) (Little, 1998) 
method was used for confirmation of the G29&X74 
and S248R mutations. ARMS reaction conditions were 
identical to that of PCR protocol 4, and ARMS primer 
sequences are listed in the Table 4. 

Each of the novel mutations was assessed in 100 wild 
type SMPD1 alleles to exclude the possibility of a com-
mon genetic polymorphism. 

Mutation Nomenclature 

All mutations and genes are described according to 
recent mutation nomenclature (Den Dunnen & An-
tonarakis 2000, 2001; Wain et al. 2002). Nucleotide 
change numbers and primer positions are derived from 
the genomic sequence of the SMPD 1 gene (GenBank 
accession no. X63600), nucleotide A from the methio-
nine initiator codon (ATG) being nucleotide + 1 , both 
for mutation description and primer location. 

Table 3 Restriction endonucleases and PCR products cleaved 
for mutation confirmation. 

Restriction 
Mutation endonuclease Cleaved PCR product* 

H319Y Nlalll N P D 1249/OV-NPD2157 
P371S Bsl\ NPD3061/OV-NPD3688 
F463S Apol NPD3658/OV-NPD 4567 
P475L Eagl NPD3658/OV-NPD 4567 
Y537H S/d NPD3658/OV-NPD 4567 

' PCR products are described by primers used for amplification. 

Table 4 ARMS primers 

Novel Mutations in the Acid Sphingomyelinase Gene 

Table 5 Common polymorphisms in SMPD 1 gene 

Exon 2 Exon 6 
Exon 1 polymorphism polymorphism 
polymorphism Thr 322 (АСА/ Gly 506(GGG/ 

Patient no. of repeats ATA) AGG) 

1 six/six ACA/ACA GGG/GGG 
2 five/five ACA/ACA AGG/AGG 
3 five/five ACA/ACA AGG/AGG 
4 six/six ACA/ACA GGG/GGG 
5 five/five ACA/ACA AGG/AGG 
6 six/six ACA/ACA GGG/GGG 
7 six/six ACA/ACA GGG/GGG 

Results 
Fourteen mutant alleles were characterized (Table 1) 
as well as the presence of the three common poly-
morphisms in the SMPD1 gene (Table 5). We found 
seven novel mutations (G296X74, S248R, H319Y, 
P371S, F463S, P475L, Y537H) and identified one pre-
viously known (R608del) mutation. Mutations were 
distributed throughout the whole gene (Table 1). Six 
of the novel mutations (S248R, H319Y, P371S, F463S, 
P475L, Y537H) are single base substitutions; the single 
nucleotide deletion (G29fsX74) is a frameshift muta-
tion. Information on genotype/phenotype associations 
is summarized in Table 1. Mutation S248R was found 
in one patient from the cohort of Czech and Slovak 
NPD type A and В patients analysed in parallel by 
Hana Pavlu-Pereira at our institution (manuscript in 
preparation). 

Significant elevations of plasma chitotriosidase ac-
tivity in Niemann-Pick disease and some other lyso-
somal storage diseases have already been reported by 
Guo et al. (1995). This enzyme derives from activated 
macrophages and if elevated may be an indicator of 
lysosomal storage. Table 1 shows elevated activity of 

g D N A 
Mutation ARMS primer Orientation posidon Paired primer 

G296X74 5'-GCC AGG C C C АТС CAA AGG AGT CCG GGA C-3' 3' - » 5' mutated 106 N P D 307 
5'-GCC AGG CCC АТС CAA AGG AGT CCG GGA G-3' 3' 5' normal 106 N P D 307 

S248R 5'-AGG GTC CTC AGG GGC AGG TCA С AC TTG TG-3' 3' 5' mutated 1236 NPD1249 
5'-AGG GTC CTC AGG GGC AGG TCA CAC TTG TT-3' 3' 5' normal 1236 NPD 1249 
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blood plasma chitotriosidase in all cases where it was 
measured. 

Discussion 

The disease-causing character o f the nove l mutat ions 

was evaluated w i t h respect to the accepted criteria for 

sequence variation discovery and report ing ( C o t t o n & 

Horaitis, 2 0 0 0 ) : 

1. there was no other nucleotide change in the SMPD Í 
coding region, except for the previously described 
common polymorphisms. 

2. all mutations, with the exception of P475L, re-
sult in non-conservative amino acid exchanges, the 
frameshift mutation G29fsX74 results in an early stop 
codon. 

3. the affected amino acid residues are conserved in 
the human and murine (GenBank accession no. 
Z14132) SMPDÍ gene, with the exception of 
glycine 29 which is located in the signal part of the 
protein. 

4. at least two (usually more) independent PCR prod-
ucts were used for DNA sequence analysis. 

5. negative results in restriction analysis and ARMS of 
one hundred control alleles diminished the possibil-
ity that the sequence variations found are common 
genetic polymorphisms. However, in this regard we 
must note that the controls were of Czech origin be-
cause DNA samples of healthy subjects from Dutch 
and Turkish populations were not available. 

The seven novel mutations are most probably private 
mutations. For these reasons sequencing is the most suit-
able method for mutation analysis in NPD families. 

In patient 7 we found in addition to R608del a 
synonymous heterozygous mutation (g.54G > A) in 
exon 1 in one of the alleles. This single nucleotide 
substitution changes glutamic acid codon GAG, with 
a frequency of 40,2 per 1000 of codon usages, and 
to GAA with a frequency of 29,1 per 1000 of codon 
usages (data based on GenBank Release 129.0, 15th 

April 2002). A BLAST search set at default val-
ues (http://www.ncbi.nlm.nih.gov/BLAST/) using the 
SMPD I gene exon 1 as a query sequence did not 
reveal a single human EST with this pattern out 
of 174 BLAST hits. We thus regard this polymor-
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phic change as relatively unimportant, for the above 
reasons. 

Of considerable interest is the high number of ho-
mozygotes in our cohort of patients. All four patients 
of Turkish origin, and one patient of Dutch origin, 
were found to be homozygous for mutations H319Y, 
P371S, Y537H, and R608del, respectively. Geograph-
ical and/or social isolation (probably more important 
in our group) of the affected families together with a 
high rate of intra-ethnic marriages may explain these 
findings. 

The results suggest that the mutations H319Y and 
Y537H are associated with a type A phenotype, as these 
two mutations were found homozygously in patients 3 
and 2 respectively. Both patients presented with a pro-
gressive infantile course of the disease and with residual 
ASM activities in the range of commonly accepted cri-
teria for type A NPD (Schuchman & Desnick, 2001). 

We base association of mutation P371S with type В 
NPD on the phenotype of patient 5, whose clinical 
presentation includes only hepatosplenomegaly and no 
mental retardation in early adulthood. 

The influence of mutations G29fsX74, S248R, F463S 
and P475L on phenotype cannot be derived from our 
data due to compound heterozygosity of patients 1 
and 4. We assume that G29fsX74 is a null mutation 
as it results in a premature stop codon. 

The R608del, found in patients 6 and 7, is the 
prevalent mutation (87% of mutated alleles) among 
North-African NPD type В patients from the region 
of Maghreb (Morocco, Algeria, Tunisia) (Vanier et al. 
1993). Mutation R608del was always associated with 
milder type В NPD, even when identified hetero-
allelically with a severe type A mutation (Levran et al. 
1991b). The in-frame character of this deletion, and 
the localisation at the end of the coding sequence of 
the SMPD 1 gene, may be the reason why the mutation 
associates exclusively with NPD type B. Both patients 
6 and 7 suffer from a typical type В phenotype with 
corresponding higher residual ASM activities in cul-
tured skin fibroblasts (Tablet). At this point we should 
note that in-situ cell-loading assay provides better esti-
mation of lysosomal sphingomyelin degradative capac-
ity than plain in-vitro activity measurement (Graber et al. 

1994). Despite this, genotype/phenotype correlation, as 
shown for R608del, may play an important role in future 
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decisions about enzyme replacement therapy of NPD 
patients. 
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Summary: A multi-approach study in a series of 25 Czech and Slovak patients 
with acid sphingomyelinase deficiency revealed a broad phenotypic variability 
within Niemann—Pick disease types A and B. The clinical manifestation of only 
9 patients fulfilled the historical classification: 5 with the rapidly progressive 
neurovisceral infantile type A and 4 with a slowly progressive visceral type B. 
Sixteen patients (64%) represented a hitherto scarcely documented 'intermediate 
type' (IT). Twelve patients showed a protracted neurovisceral course with overt 
or mild neurological symptoms, three a rapidly progressing fatal visceral affection 
with rudimentary neurological lesion. One patient died early from a severe visceral 
disease. The genotype in our patients was represented by 4 frameshift and 14 
missense mutations. Six were novel (G166R, R228H, A241V, D251E, D278A, 
A595fsX601). The Q292K mutation (homoallelic, heteroallelic) was strongly 
associated with a protracted neurovisceral phenotype (10 of 12 cases). The 
sphingomyelin loading test in living fibroblasts resulted in total degradation from 
less than 2% in classical type A to 7 0 - 8 0 % in classical type B. In the IT group 
it ranged from 5% to 49% in a 24 h chase. The liver storage showed three patterns: 
diffuse, zonal (centrolobular), and discrete submicroscopic. Our series showed a 
notable variability in both the neurological and visceral lesions as well as in their 
proportionality and synchrony, and demonstrates a continuum between the his-
torical 'A ' and 'B' phenotypes of ASM deficiency. This points to a broad 
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phenotypic potential of ASM deficiency, suggesting the existence of still unknown 
factors independently controlling the storage level in the visceral and neuronal 
compartments. This report highlights the important position of the IT in the 
ASM deficiency phenotype classification. We define IT as a cluster of variants 
combining clinical features of both the classical types. The protracted 
neuronopathic variant with overt, borderline or subclinical neurology prevails 
and is important in view of future enzyme replacement therapy. It appears more 
common in central Europe. The visceral, rapidly progressing early fatal type 
has been recognized rarely so far. 

N iemann-P ick (NP) disease is a biochemical disorder caused by mutations in the acid 
sphingomyelinase (ASM) gene (close to 100 published to date). The long history of the 
disorder, encompassing its separation from types С and D, is a subject of several 
review articles and monograph chapters (Elleder 1989; Schuchman and Desnick 2001; 
Vanier and Suzuki 1996). In short, acid sphingomyelinase (ASM; EC 3.1.4.12) 
deficiency, leading to lysosomal expansion by uncleaved sphingomyelin (SM), pre-
sents so far in two phenotypes distinguished by the presence or absence of nervous 
system involvement. The neurovisceral form, type A, is currently characterized as 
rapid and fatal within the first years of life. In type B, where storage of SM is restricted 
to the viscera, the course is considered to be slowly progressive, with patients usually 
living to adulthood. Atypical or 'intermediate' phenotypes are described as 
exceedingly rare (Schuchman and Desnick 2001; Vanier and Suzuki 1996). This com-
munication points to an important position of the intermediate type in ASM 
deficiency in central Europe. It was identified in two-thirds of a series of 25 
ASM-deficient patients from 21 families diagnosed during the past 25 years in the 
Czech and Slovak Republics. We discuss these cases with reference to gen-
otype-phenotype correlation based on clinical data, biochemical findings and results 
of D N A analysis. 

MATERIALS A N D M E T H O D S 

Information about the patients was collected from clinical records. Diagnosis of ASM 
deficiency was carried out by the following well-established procedures. In cases 
clinically suspicious of lysosomal storage, bone marrow smears were examined 
cytologically (Giemsa staining) and histochemically to identify the ASM deficiency 
specific storage pattern represented by accumulation of SM liquid crystals (Elleder 
and Cihula 1983). In most cases ASM activity was examined in peripheral white blood 
cells (WBC), cultured fibroblasts or postmortem tissue samples using [14C-choline] 
sphingomylin as substrate according to (Vanier et al 1980). In the liver samples, both 
bioptic and postmortem, phospholipids were studied quantitatively as well as storage 
distribution in hepatocytes throughout the lobule (Elleder 1989; Elleder et al 1980). 
Phenotype was determined according to the generally accepted criteria (Schuchman 
and Desnick 2001). See Figure 1. 

J. Inherit. Metab. Dis. 28 (2005) 
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Figure 1 Patients. (A) patient 10 (age 15 years) (published with agreement of the editorial 
board of Vnitni lékaství)-, (В) patient 11 (age 26 years); (C) patient 14 (age 24 years); (D) patient 
15 (age 17 years); (E) patient 9 (age 22 years) 

Genomic DNA extraction: Genomic DNA of most of the patients was extracted 
from blood or from cultured skin fibroblasts. Genomic D N A of patients 3, 6, 21, 
23 and 24 was extracted from frozen postmortem tissue samples (spleen, liver and 
brain). Genomic D N A isolation was carried out according to a standard proteinase 
K/phenol /ch loroform method. 

PCR amplifications: The complete ASM coding region, including exon/intron 
boundaries and parts of 5' and 3' untranslated regions, was amplified in four fragments 
(Table 1). The fragment 1 reaction contained 5% DMSO. Amplifications of fragments 
2 and 4 included PCR additive Taq Extender (Stratagene, La Jolla, CA, USA). The 
yield of fragment 3 amplification was increased using Perfect Match D N A Polymerase 
Enhancer (Stratagene). 

Sequencing: Initially, PCR products were sequenced directly on solid phase 
(Dynabeads M-280 Streptavidin, Dynal AS, Oslo, Norway) with T7 D N A polymerase 
and fluorescein-labelled primers or fluorescein-dATP internal label. Later, cycle 
sequencing protocol with AmpliTaqFS (Perkin Elmer, Boston, USA) and 
Cy-5-labelled primers was performed. Sequencing reactions were analysed on 
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automated fluorescent sequencers ALFExpress (Amersham Biosciences, Uppsala, 
Sweden). 

RFLP: To confirm and detect novel mutations, restriction analysis was carried out 
for each of the novel mutations changing a restriction endonuclease recognition site 
(Table 2). 

ARMS: The amplification refractory mutation system was established for the detec-
tion of the rest of the novel mutations. PCR primers (Table 2) were designed to dis-
criminate between the mutant and wild-type alleles. As an internal control for 
amplification, the reaction mixture contained a second pair of primers, amplifying 
a different part of the genome (not shown). 

Site-directed mutagenesis: Six of 14 mutations found in our laboratory were intro-
duced into the full-length ASM cDNA in the pSVSportl cloning vector (Life 
Technologies, Paisley, U K ) using Transformer Site-Directed Mutagenesis Kit 
(Clontech, Palo Alto, CA, USA) based on the method of Deng and Nickoloff (1992). 

Transient expression in ASM-deficient skin fibroblasts: Skin fibroblasts of patient 3, 
carrier of the L178fsX190 mutation in homozygous state, were immortalized with 
pRNS-1 plasmid by a lipofection transfection (FuGene TM6, Boehringer, Mannheim, 
Germany) (Litzkas et al 1984). Transformed NP-A fibroblasts were cultured routinely 
in D M EM (Gibco, Paisley, UK) supplemented with antibiotics and 10% fetal calf 
serum (FCS). Cells were transfected in Opt iMEM (Gibco) in the absence of serum 
by D O T A P Liposomal Transfection Reagent (Roche, Basel, Switzerland). Negative 
controls for the transfections contained either no plasmid or vector alone. After over-
night transfection, cells were incubated in D M E M with antibiotics and 10% FCS and 

Table 2 Methods for confirmation and detection of novel mutations 

Restriction ARMSprimerfor ARMSprimerfor 
Mutation endonuclase mutant allele (5'-30 wild-type allele (5' -30 5'-Primer 

G166R Sfc\ 
P184L Alul 
R228H Xcml 
A241V Ban\ 
S248R - AGGGTCCTCAGGGG AGGGTCCTCAGGGG NP1249 

CAGGTCACACTTGTG CAGGTCACACTTGTT 
D251E BspUl 
D278A BsmM 
R289H Bcgl 
Q292K Avail 
L341P Sau96l 
R376H A cil 
R474W Alul, BsrFl 
W533R ZfarFI 
A595fsX601 - CTGTCAGCACGGGCA CTGTCAGCACGGGCA NP3658 

GAGAGCTGGGCACTG GAGAGCTGGGCACTA 

J. Inherit. Metab. Dis. 28 (2005) 
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harvested after 53 h. ASM activities were determined using the micromethod of Vanier 
and colleagues (1980). 

Mutation nomenclature-. All new mutations are described according to recent rec-
ommendations (den Dunnen and Antonarakis 2001). The reference genomic sequence 
of the ASM gene is numbered from the first ATG translation-initiation codon. 

SM loading test: Preparation of (methyl-'4С)sphingomyelin. Sphingomyelin 
isolated from human erythrocytes was demethylated with sodium thiophenolate 
and remethylated with (14C)methyl iodide (Bowser and Gray 1978). The crude prod-
uct was purified by preparative TLC. The specific radioactivity of purified 
(me//2^/-14C)sphingomyelin was 53mCi/mmol and purity ranged f rom 98% to 100%. 

Cell culture. Skin fibroblasts derived from normal controls and f rom patients with 
N P disease were routinely grown in M E M containing 10% FCS in 25 cm2 flasks. 

Loading assays. Near-confluent monolayer cells were preincubated in M E M con-
taining 10% lipoprotein-deficient serum prior to application of SM. After 2 days, 
the same fresh medium containing human serum L D L (75 jig/ml) and 
[14C]-sphingomyelin (60nmol, 300 OOOdpm/flask) was applied to each flask in a total 
volume of 3 ml. After a 3 h pulse, the medium was replaced with fresh medium for 2 or 
24 h chase. Lipoprotein-deficient serum and L D L were prepared f rom fresh human 
plasma in the laboratory by ultracentrifugation as described by Goldstein and col-
leagues (1983). Pre-incubation in the lipoprotein-free medium enhances expression 
of LDL-receptors and promotes apoB/E-receptor-mediated pathway of substrate 
cellular transportation, thus providing fast and specific lysosomal targeting of 
SM. This is a similar strategy to substrate application in liposomal form with 
integrated apolipoprotein E (Asfaw et al 1998, 2002). 

Cell harvesting. Incubation was terminated by removing the medium; the 
fibroblasts were rinsed twice with 3 ml of PBS and then incubated with 0.6 ml of tryp-
sin in PBS for 5 min at 37°C. After adding 4 ml of medium (MEM with 10% FCS), the 
suspension was transferred to centrifuge tubes, the culture flask was washed with PBS 
(2 ml) and the washing was added to the cell suspension. After centrifugation, the cell 
pellet was resuspended in 1.5 ml PBS and centrifuged. This procedure proved to be 
sufficient to remove adsorbed lipids from the cell surface. 

Extraction and TLC analysis of lipids. The cell pellet was sonicated for 3 min in a 
cup-horn sonifier. Aliquots of cell homogenate, medium and trypsin-PBS were mixed 
with scintillation cocktail and radioactivity was measured in each fraction. Cell 
homogenate (400 ц1) was extracted with chloroform-methanol 2:1 v / v (1.6 ml). After 
vigorous mixing, the mixture was centrifuged for 10 min at lOOOg. Both the upper and 
the lower phases were aspirated and saved. The interphase was re-extracted with (1.6 ml) 
chloroform—methanol 2:1 v/v. The combined extracts were evaporated to dryness under 
N 2 (Asfaw et al 1998). The residues were redissolved in 50|il chloroform-methanol 2:1 
v /v and applied to the TLC plate (20x20cm). Chromatograms were developed in 
ch loroform-methanol -water 65:35:4 (by volume). Evaluation was performed either 
using a TLC-Linear Radioactivity Analyzer (Raytest, Straubenhardt, Germany) or spots 
were localized by exposure to iodine and scraped. After mixing with scintillation cocktail, 
radioactivity was measured. 
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The study was approved by the Ethics Committee of the University Hospital and 
First Faculty of Medicine, Charles University, Prague. 

R E S U L T S 

Only 9 of the 25 patients (36%) could be classified according to the established scheme 
dividing ASM deficiency into groups A and B. Five of the patients corresponded to the 
classical type A (Table 3) and four to the classical (protracted course) type В 
phenotype (patients 22 -25 , Table 7). The remaining 16 patients (64%) differed either 
by atypical course length (abnormally protracted in neuronopathic or abnormally 
accelerated in nonneuronopathic cases) or by an unusual proportion between the 
storage intensity in the visceral and neuronal cell pools: 12 patients displayed 
protracted course with neuronopathic features more (Table 4) or less (Table 5) 
apparent; in three other patients the course was dominated by prominent visceral 
affection of relatively rapid course associated with discrete neuronal storage disclosed 
mostly at autopsy (patients 18-20, Table 6). In one case with rapid course, the 
neuronal lesion was absent at both clinical and histological levels (patient 21, Table 7). 
Nine patients are living: two are of the classical type B; seven belong to one of 
the above-mentioned intermediate phenotypes. 

Results of biochemical and molecular analyses (except those f rom the SM loading 
test) are presented together with clinical data in Tables 3—7. 

Storage pattern in the liver lobule: Storage distribution differed (see Tables 3—7). 
There was diffuse uniform involvement of hepatocytes in patients with pronounced 
visceral storage and in neurologically affected patients, with the exception of patients 
12, 16 and 18 in whom involvement was restricted to the inner half of the lobule. 
In patients with the protracted В type, with high residual ASM activity and high value 
of SM degradation in loading tests, the storage was either restricted to small groups of 
centrolobular hepatocytes (patients 23, 24 and 25) or histologically undetectable 
within the lobule except for the Kupffer cells (patient 22). Typical storage cells were 
identified in the bone marrow in all patients. The only exception was patient 19 with 
rudimentary vacuolized bone marrow macrophages. 

Mutational analysis: Forty-one independent mutant alleles (49 mutant alleles for the 
whole series) were characterized. From proband 10, only paternal g D N A was available. 

Four frameshift and 14 missense mutations were identified. Five mutations are new: 
P184L (g.l017C>T), R228H (g.l 149G>A), A241V (g.l 188C>T), D251E (g,1219C>A) 
and D278A (g,1299A>C). In addition, two further mutations were described in 
our previous communication (Q292K (g. l340C>A) and L341P (g . l488T>C) (Pavlu 
and Elleder 1997)) and seven (G166R, S248R, R289H, R376H, R474W, W533R 
and A595fsX601) were published during completion of the present work (Sikora 
et al 2003; Simonaro et al 2002). Other mutations (L178fsX190, P189fsX254, 
P330fsX382 and G577S) are known (Ferlinz et al 1991; Gluck et al 1997; Levran 
et al 1993; Takahashi et al 1992). In families of patients 4, 5, 9, 12, 14, 15, 16, 
17 and 18, where it was possible to obtain gDNA samples, mutations were confirmed 
in both parents, always in heterozygous state. 
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The disease-causing character of the novel mutations was evaluated with respect to 
the accepted criteria for sequence variation discovery and reporting (Cotton and 
Horaitis 2000): (1) There was no other nucleotide change in the ASM coding region, 
except for the described common polymorphisms. (2) All affected amino acid residues 
are conserved between human and mouse (GenBank accession no. Z14132) ASM 
gene; the R228, A241, D251 and D278 amino acids between human, murine and also 
C. elegans potential ASM orthologous gene (GenBank accession no. NP495415). (3) 
At least two (usually more) independent PCR products were used for D N A sequence 
analysis. (4) Negative results in restriction analysis and A R M S of 100 control alleles 
diminished the possibility that the found sequence variations might be common gen-
etic polymorphisms. 

Polymorphisms within the ASM gene: All patients were homozygous for Thr in the 
polymorphic codon 322 (Schuchman et al 1991b). In Gly /Arg 506 polymorphism 
(Schuchman et al 1991a), most of the patients carried the Gly506 allele in the homo-
zygous state, with the exception of patient 25, who was homozygous for the Arg506 
allele and patients 17, 21, 22 and 23, who were mixed heterozygotes. Alleles with 
four to six hexanucleotide units were identified in the signal peptide polymorphic 
alanine/leucine repeat region (Wan and Schuchman 1995). Interestingly, in all the 
carriers of the Q292K mutation in the heterozygous or homozygous state, the 
four-unit allele was found in the heterozygous or homozygous state, respectively. 
One hundred control alleles were screened for the polymorphism in the signal peptide 
region. The four-hexanucleotide variant was found in eight of them, always in the 
heterozygous state. None of the controls carried the Q292K mutation as verified 
by RFLP. 

Results of the transient expression in ASM-deficient human skin fibroblasts (Table 8): 
Six mutations were subjected to transient expression in ASM-deficient fibroblasts. 
Mutation D278A, identified in two patients with type A and in one patient with a 
protracted form of type A, did not express a catalytically active enzyme. Both expressed 
D251E and Q292K ASM mutations, identified in the homozygous state in patients 

Table 8 Transient expression of ASM in N P A cells 

Enzyme source ASM activity (nmol/h per mg) 

Untransfected N P A cells 0 
NP A cells tranfected by: 

PSVSportl 0.26 ±0 .11 
p S V S p o r t l - A S M constructs: 

WT-ASM 13.12 ± 3.5 
P184L 5.71 ± 0 . 4 5 
D251E 0.36 ± 0 . 0 4 
D278A 0.13 ± 0 . 0 8 
Q292K 0.31 ± 0 . 0 6 
L341P 0.88 ± 0 . 3 1 
R376H 5.38 ± 1.31 

The values from our patients represent an average of 2 - 3 experiments 
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with neurovisceral protracted forms, displayed very low catalytic activity. The L341P 
mutation, found together with a known frameshift P330fsX382 mutation in one family 
with three children, each with intermediate phenotype (patients 12, 16 and 18), produced 
about 5% of the levels obtained from expression of normal ASM. Activity of mutations 
R376H and P184L identified in NP-B patients in heterozygous state reached about 
40% of the values from the expressed wild-type ASM. 

Sphingomyelin ex vivo hydrolysis (Figure 2): Loading experiments showed two 
extreme groups with results corresponding to the data published to date and with 
clear-cut correlation to the phenotype: the NPA group with almost zero ASM activity 
and rapid fatal course (patients 2 and 3), and patients with the classic В type (patients 

Figure 2 Degradation of LDL-targeted [ l4C]sphingomyelin in cultures of skin fibroblasts of 
N P patients with different phenotypes (white columns 2 h chase, black columns 24 h chase). 
P 2 - P 2 5 indicate patients. Numbers correspond with the description in Tables 3 - 7 . N P A 
= classical N P A phenotype. Atypical phenotype = group of patients with atypical phenotypes. 
Arrows mark patients homozygous for Q292K mutation. NPB = N P B phenotype. R608del 
= mean values obtained with cells from NPB patients homozygous for R608del mutation 
(French patients from the M.T. Vanier series). R608del is considered the 'standard' NPB 
mutation (mild). Grey columns represent 2 h chase (n = 5, mean ± S D = 20.5 ± 8.7), hatched 
columns 24 h chase (n = 5, mean ± S D = 31.2 ± 7.4). Values are included for demonstration 
of a wide heterogeneity in NPB phenotypes. C 1 - C 5 = controls (л = 5, 2 h chase mean ± S D 
= 90.3 ± 2 . 3 ; 24 h chase mean ± S D = 88.7.6 ± 2.9). Values are means from at least 
two experiments 
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22 and 25) with highest residual activities described so far (compare with Graber et al 
1994; Schuchman and Desnick 2001; Vanier et al 1985). 

The group with the intermediate phenotype proved to be heterogeneous in the 
loading test. It encompasses the subgroup of patients homozygous for the Q292K 
mutat ion (patients 9, 11, 14 and 15) with low but still significant residual degradative 
capacity, a condition that could explain the protracted course with neuronopathic 
features. In contrast, two patients with higher degradation capacity (patients 19 
and especially 20) displayed mostly visceral relatively rapid progression of the disease 
contrasting with the slow progression in the Q292K homozygotes. 

In three siblings showing diverse phenotypes in spite of similar genotypes, the values 
of sphingomylin hydrolysis measured in two of them (patients 12 and 16) differed and 
reflected exactly the severity of the clinical phenotype. In accordance with the rela-
tively efficient SM degradation, again close to the В range, the course of patient 
12 is chronic and stabilized but with neurological participation. 

D I S C U S S I O N 

The phenotype at the clinical level 

The clinical course of the majority of our patients does not correspond to the standard 
phenotypes. The classical phenotypes A with rapid progression of proportionally 
severe neurovisceral storage (Table 3) and В with protracted purely visceral storage 
(Table 7) were seen in only 9 of the 25 cases (36%). The remaining 16 cases in 
the series (64%) displayed variable dynamics, intensity and timing of the storage pro-
cess in the two basic compartments: neuronal and visceral. 

Neuronopathic lesion — a continuous clinical spectrum: In 12 patients (Tables 4 and 
5) the combination of visceral storage with a protracted course of neurological 
involvement (from subclinical to overt clinical) with a protracted course sharply con-
trasted with the rapid progression of the classical acute neurovisceral type A. In five 
of the patients with clinically overt neurology, the course was fatal, with age at death 
between 8 and 32 years. The remaining patients are alive with present ages ranging 
f rom 7 to 43 years. The neurological lesion was mostly progressive and its severity 
was indirectly proportional to the age of its onset. However, in three cases with 
borderline neurological symptoms (patients 12, 14 and 16), the course has been sur-
prisingly stabilized, even over two to three decades. In two other cases the initial 
subclinical neurological affection deteriorated (patients 9 and 15). This finding also 
shows that there is no rigid demarcation between the two groups of patients presented 
in Tables 4 and 5. In three further cases (patients 18,19 and 20) the delayed borderline 
neurological manifestation was disproportional to the rapidly progressive fatal 
visceral storage, which we consider to be an extreme in this group (see also below). 

The relatively high proportion of protracted atypical neuronopathic forms in the 
present series contrasts with their paucity in published reports on ASM deficiency 
(Martin et al 1972; Vanier et al 1985). However, a recently published report fully 
supports fully our observation (Harzer et al 2003). Adult ASM-deficient patients have 
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been reported with psychiatric symptoms, the nature of which may have not been 
related to the enzymopathy (Dubois et al 1990; Sogawa et al 1978). In our series, 
combination of the typical В type with an unrelated neurological disorder has been 
described in patient 24 and terminal psychiatric symptoms developed in patient 
23 (Table 7). In both cases brain storage was excluded post mortem. There are reports 
of a ' macula halo syndrome', which is considered to belong to the phenotype В with 
retinal involvement represented by a sharply demarcated perimacular halo. Despite 
the retinal lesion, which might signify neuronal affection (Walton et al 1978), the 
patients were free of neurological symptoms (Cogan et al 1983; Filling-Katz et al 
1992; Hammersen et al 1979; Harzer et al 1978; Lipson et al 1986; Matthews et 
al 1986; Shah et al 1983; Sperl et al 1994; Takada et al 1987; Takahashi et al 1997). 
However, the result of the SM loading tests that was carried out in one of the families 
was in the A range (Sperl et al 1994). What is missing is knowledge about the nature of 
the affected retinal cell type. Affection of the retinal macrophagic system was 
suggested by Lowe and colleagues (1986). However, the perimacular retinal lesion 
seen in patients 9, 12 and 14-18 was always associated with neurological affection 
mostly of a progressive nature. This led us to the suggestion that the retinal lesion 
in our patients might be a variant of the classical cherry-red spot concentrated to 
the perimacular region most rich in neuronal cell bodies (Fawcett 1986). The features 
of the typical macula halo (i.e. a sharp demarcation of its borders and granular 
interior) never dominated, except for patients 12 and 16, who also displayed neuro-
logical affection. The neurological status of our patients with perimacular retinal 
lesions thus differs from that in the recently published cohort of type В patients 
(McGovern et al 2004) 

Spectrum of clinically dominant visceral phenotype: Four patients with typical В type 
(patients 22 -25 , Table 7) displayed benign course with high residual enzyme activity 
and remarkably high SM degradation in the loading test (measured in patients 22 
and 25). This correlates well with the restricted, albeit definite, visceral storage and higher 
residual ASM activity, sufficient to protect neurons from the storage in these patients 
(Graber et al 1994; Schuchman and Desnick 2001). Accelerated fatal В type has 
only been described in two unrelated patients (Labrune et al 1991) and identified in 
another one (M.T.V., unpublished). Otherwise, liver failure in adult В type patients 
was precipitated by additional factors (Wilson and Raufman 1986; Zhou et al 1995), 
including terminal stage of cirrhosis (Putterman et al 1992). In four patients of our series 
(Table 6 and patient 21 in Table 7) the clinical course, remarkably accelerated with massive 
visceral storage, was fatal within the first decade of life. The striking feature of these cases 
was a notable disproportion between the levels of visceral and neuronal storage. Whereas 
the visceral storage attained levels seen in classical A types (cf. values of SM storage in 
patients in Table 3), the neuronal storage (checked by neuropathology) was dis-
proportionately low (patients 18, 19 and 20), pointing to variant type A (borderline 
or subclinical neurology). In patient 21 the rapidly progressive massive storage was restric-
ted to the visceral organs, leaving neurons intact, even after an interval exceeding several 
times that of classical type A. Likewise, a fully normal lipid composition of brain tissue, 
with no abnormal sphingomylin or lysosphingomyelin storage, was also reported in 
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the above-mentioned acute type В patients deceased at 3 years of age (Labrune et al 1991; 
Rodriguez-Lafrasse and Vanier 1999). The unique phenotype of these patients represents 
an extreme in the В group and strongly suggests a continuum in the viscerally restricted 
storage. 

In summary, the range of phenotypic diversity allows us to conclude that, besides 
the classical variants A and B, a broad 'intermediate' phenotype (IT) shares feature 
of both classic types. This IT constitutes a continuum ranging f rom protracted 
neurovisceral variants to accelerated visceral variants. The latter may be (but need 
not be) associated with delayed onset of manifest neurolysosomal storage, the first 
stage of which may be at the subclinical level 

The remarkable disproportionality between the visceral and neuronal involvement 
suggests that these two tissue compartments may react in different ways to the same 
degree of ASM deficiency and indicates the presence of factors either influencing 
lysosomal SM turnover in these two pools in a differential manner or exerting rela-
tively efficient protection, at least temporarily, against storage. This observation is 
in sharp contrast with the widely accepted view that massive visceral storage and 
low ASM residual activity are generally associated with a rapid course and severe 
neuronal damage (Graber et al 1994; Schuchman and Desnick 2001). 

The existence of such additional factors is supported by phenotypic diversity within 
the intermediate type in three siblings (patients 12, 16 and 18), which may be inter-
preted as a neurovisceral phenotypic continuum featuring visceral storage, either 
rapidly progressive fatal with subclinical neurolysosomal storage (patient 18), or 
moderate with delayed onset of clinically borderline (patient 16) or overt (patient 
12) neurological affection. Phenotypic variability in this family, albeit rather unusual, 
should be kept in mind in genetic counselling. 

The molecular basis of the phenotype variability 

Correlation with the genotype: The transient expression systems do not reflect poss-
ible accelerated degradation of the mutant enzyme in vivo. In the case of mutant alleles 
with high residual activity, R376H and P184L, either enzyme instability as already 
described (Ferlinz et al 1995) or interference with the second mutant allele (see below) 
may explain the very mild clinical phenotype of patients 23 and 25 (Table 7) with 
restricted storage pattern. The R376H mutation is listed among the В type-causing 
pathogenic alleles (Simonaro et al 2002). The Q292K mutation constituted 40% 
of the independent alleles in our cohort of N P patients. It is noteworthy that it 
was always bound to the four-repeat-unit variant of the signal peptide polymorphism, 
although there was no consanguinity declared. This mutation in homoallelic state 
clearly correlates with a protracted neuronopathic phenotype. From the four patients 
homozygous for the mutation, two (cases 9 and 11) were classified as variant type A 
with protracted course and two (cases 14 and 15) showed chronic visceral storage 
with mild neurological involvement. A similar phenotype was observed in an 
additional patient homozygous for the Q292K mutation with a different ethnic back-
ground (M.T.Vanier and C. Margais, personal communication 2003) and in the series 
recently published (Harzer et al 2003). In patients bearing the Q292K mutation on one 
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allele, the clinical phenotype was, as expected, variable, depending on the nature of 
the second mutant allele. Association with D278A (patients 4, 5 and 6) or with 
P189fsX254 or P330fsX382 (patients 7 and 8) resulted in type A with a slower neuro-
logical course. However, its association with the less deleterious, high residual ASM 
activity alleles R289H or P184L resulted in a type В phenotype. Interestingly, the 
Q292K mutation was found to be associated with false normal or enhanced ASM 
activity using H N P artificial substrate (Harzer et al 2003). 

Correlation with the results of the SM loading in cultured fibroblasts: The minimal 
residual activity of the cell lines with mutations leading either to truncated enzyme 
protein (patient 2) or to its absence (patient 3) most probably reflects non-lysosomal 
degradation or side activity of other hydrolases. Such minor values and small differ-
ences in residual activity are insignificant and are generally observed in loading exper-
iments (Asfaw et al 2002). On the other hand, patients 22 and 25 may have an 
unusually high capacity for SM hydrolysis, reflecting their clinical status (Table 7). 
It is worthy of mention that five other patients homozygous for the most common 
type В R608del mutation (Vanier et al 1993), not belonging to the present series 
but studied under the same conditions, gave maximum values of about 31% and 
41% after 2 h chase and 24 h chase, respectively. This finding points to the remarkable 
biochemical heterogeneity in the group В patients. We stress that the most reliable 
evaluation of the SM degradative capacity is based on a comparison of results 
achieved in individual patients within a series performed in the same experiment. 
In contrast to N P fibroblasts, the capacity of lysosomal enzymes in normal cells 
usually greatly exceeds substrate influx. This implies that the control values are gen-
erally underestimated, as was observed in similar experiments testing degradation 
capacity of different glycohydrolases in mutant and normal cells (Asfaw et al 2002). 
This effect is more obvious in longer chase experiments. In this study, therefore, 
we consider results from a 2 h chase as more accurate. 

It can be concluded that the intermediate values in our series allow the prediction of 
a protracted course (the only exception being patient 20) but are associated with 
neuronopathic features (albeit mitigated), even in values attaining the В range 
(patients 12 and 16). Thus, the prediction for patient 17 is protracted course and highly 
possible neurological involvement. 

The ' e x vivo' loading test, even in combination with the chase stage procedure 
(Graber et al 1994), need not necessarily reflect entirely the situation in vivo. The 
problem is that we evaluate the degradative capacity of one cell type f rom the 'visceral 
pool' and then try to extrapolate the results to the rest of the body's cell population, 
including neurons. It may be argued, however, that the results in fibroblasts have 
been corroborated by results in transformed В lymphocytes (Graber et al 1994), albeit 
in typical A and В types. Comparative studies of the SM degradation capacity in more 
cell types may shed further light on this problem. Absence of the Q292K mutation in a 
large cohort of published (Pittis et al 2004; Ricci et al 2004) and unpublished 
ASM-deficient patients (M.T.V.) suggests its prevalence in central Europe. 

Correlation with the liver storage pattern: There was no definite correlation of the 
storage pattern with the presence either of neurological manifestation or of 
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pronounced visceral storage. In these cases the pattern was diffuse, except for intensive 
sharp centrozonal expression of hepatocyte storage in patients 12, 16 and 18. Only in 
protracted В types in which SM hydrolysis in skin fibroblasts reached almost the 
normal range and represents the highest values ever observed in ASM deficiency, 
was the storage either restricted to centrolobular hepatocytes (patients 23, 24 and 
25) or histologically detectable (along with ceroid) only in Kupffer cells and bone 
marrow macrophages (patients 22). This observation suggests that SM lysosomal 
turnover is highest in the latter cell type. The centrolobular gradient clearly shows 
that conditions for overt lysosomal SM storage may develop during the lifespan 
of ASM-deficient hepatocytes along the portocentral axis (MacSween et al 2002). 

C O N C L U S I O N S A N D R E M A R K S O N T H E C U R R E N T C L A S S I F I C A T I O N 
O F A S M D E F I C I E N C Y 

The spectrum of phenotypes in our patients led us to the conclusion that both the speed 
of the clinical course and storage intensity are not classic type specific. Therefore, 
presenting type A as an acute neuronopathic form is an oversimplification. The situ-
ation resembles the neuronopathic types II and III and their subtypes in Gaucher 
disease (Beutler and Grabowski 2001). It turned out that the varying degrees of brain 
storage, neurological severity and speed of the clinical course reveal a broad continu-
ous phenotypic spectrum. It should be also stressed that the neurological involvement 
may be delayed. 

The В type similarly may exist as a spectrum of visceral storage of various dynamics 
and intensity, with extremes represented by slowly progressing storage manifesting 
mainly in macrophages on one side and by fulminant generalized nonneuronopathic 
storage fatal within the first decade of life, the latter being rare. 

In summary, there seems to be a sound basis to conclude that a phenotypic con-
tinuum exists within both basic neurovisceral and purely visceral types. 

Our report highlights an important position of the so far scarcely mentioned inter-
mediate type in ASM deficiency. We define IT as a cluster of variants combining 
clinical features of both the classical types. The protracted neuronopathic variant with 
overt, borderline or subclinical neurology clearly prevails and is important in view of 
future enzyme replacement therapy. Isolated retinopathy on the background of 
the В type symptoms (see above) may be considered as the most benign subvariant 
in this group. One of us (M.E.) suggests inclusion of the rare visceral, rapidly 
progressing early fatal В type in the IT as, similarly to the protracted neuronopathic 
variant, it does not fit to the predominant slow course of the В type lesion. The prob-
lem remains how to define limits between the classical and the intermediate types. For 
type A it should be death at the age of 2 - 3 years (Schuchman and Desnick 2001); for 
type В it might be life-threatening, rapidly progressing visceral storage within the first 
decade of life. 

This approach respects both the existing classification scheme and the plasticity of 
the phenotype, preventing establishment of any rigid subgroups. Clinicians should 
be aware of the IT variability and also of the fact that it appears to be regionally 
restricted. 
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As for enzyme replacement therapy, it is clear that В types, irrespective of the 
severity of the lesion, should be treated effectively. However, as neurological lesions 
may accompany the visceral manifestation temporarily in subclinical form, any В 
type patient, especially when showing rapid progression of visceral storage, should 
be carefully examined neurologically. Recognition of such potentially neuronopathic 
В types will soon have a practical implication, as enzyme replacement therapy might 
allow the neurological lesion beyond the b lood-bra in barrier to progress to a 
clinically overt state. 

Results of the SM loading tests point out that the broad range of intermediate 
values may be associated either with protracted neurovisceral manifestation or with 
accelerated course dominated by visceral storage. This and the apparent independence 
of the dynamics of storage in the two basic compartents suggests the existence of 
factors in the genetic background influencing the severity and diversity of symptoms 
(Dipple and McCabe 2000; Dipple et al 2001). This is a challenge for future explo-
ration of the molecular biology of ASM deficiency. 

Databases: ASM: O M I M 257200, 607616; G D B 128144; GenBank X63600 
(gDNA). 
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Summary We present the third case of Niemann-Pick dis-
ease type С without neurological symptoms. The patient was 
a 53-year-old woman without significant prior health prob-
lems who died of acute pulmonary embolism. Autopsy find-
ings of hepatosplenomegaly, lymphadenopathy and ceroid-
rich foam cells raised the suspicion of the visceral form of 
acid sphingomyelinase deficiency (Niemann-Pick disease 
type B; NPB) or a much rarer disorder, variant adult visceral 
form of Niemann-Pick disease type С (NPC). To verify the 
histopathological findings, SMPD1, NPC J and NPC2 genes 
were analysed. Two novel sequence variants, c. 1997G > A 
(S666N) and С.2882А > G (N961S) were detected in the 
NPC1 gene. No pathogenic sequence variants were found 
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either in the SMPD1 gene mutated in NPB or in NPC2 gene. 
The pathogenicity of both NPC1 variants was supported by 
their location in regions important for the protein function. 
Both variations were not found in more than 300 control al-
leles. Identified sequence variations confirm the diagnosis 
of the extremely rare adult visceral form of Niemann-Pick 
disease type C, which is otherwise dominated by neurovis-
ceral symptoms. Although only three patients have been re-
ported, this (most probably underdiagnosed) form of NPC 
should be considered in differential diagnosis of isolated hep-
atosplenomegaly with foam cells in adulthood. 

Abbreviations 
FFPE formalin fixed paraffin-embedded 
LDL low-density lipoprotein 
NP A/B Niemann-Pick disease type A/B 
NPB Niemann-Pick disease type В 
NPC Niemann-Pick disease type С 
PCR polymerase chain reaction 
RFLP restriction fragment length polymorphism 
SSD sterol sensing domain 

Introduction 

Niemann-Pick disease type С (NPC; OMIM 257220, 
607625) is an autosomal recessive lysosomal disorder caused 
by deregulation of the cellular lipid trafficking due to 
the molecular defects in either of the two late endoso-
mal/lysosomal proteins (NPC1 and NPC2). NPC1, a trans-
membrane protein localized in a subset of late endosomes, 
is endowed with a sterol sensing domain exerting control of 
cholesterol content of late endosomal membranes (Liscum 
and Sturley 2004). Excess cholesterol is translocated for 
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esterification to other cellular membranes, including Golgi 
apparatus. When mutated (as it is in the majority of NPC 
patients), NPC1 protein impairs control of cholesterol mem-
brane content and leads to a cascade of events, not yet fully 
defined, resulting in an accumulation of a variable set of 
lipids (e.g. glucosyl and lactosylceramide, GM2 ganglioside, 
and sphingomyelin) in late endosomes/lysosomes. This pro-
cess resembling classical lysosomal storage progresses de-
spite unhindered degradative capacity of lysosomal enzymes. 
The cellular changes described are found mainly in neurons 
and macrophages, and to a lesser extent in other cell types 
(Mukherjee and Maxfield 2004). 

The second protein (NPC2) engaged in intracellular 
cholesterol trafficking is localized in the lysosomal lumen 
and functions in close association with NPC1 (Vanier et al 
2004; Zhang et al 2003). Its dysfunction leads to the phe-
notype that is clinically and/or biochemically indistinguish-
able from NPC1 phenotype with the exception of a ten-
dency to more severe lung involvement (Vanier and Millat 
2003). 

Clinical presentation of NPC is highly variable. An acute 
form presents usually at birth and is associated with severe 
hepatopathy and splenomegaly. Surviving patients develop 
psychomotor retardation during infancy and slowly progres-
sive neurodegeneration with vertical supranuclear gaze palsy, 
seizures and spasticity later in childhood. Patients with the 
juvenile-onset form develop slowly progressive ataxia, spas-
ticity, seizures and supranuclear gaze palsy during childhood 
and dementia later in the teenage years. NPC individuals with 
later-onset forms have similar clinical symptoms appearing 
in adolescence or adulthood. Adult-onset NPC patients can 
be especially difficult to diagnose, as only about 50% of 
them have palpable hepatosplenomegaly and the dominant 
symptoms can be psychiatric (psychosis or bipolar disorder) 
(Vanier and Millat 2003). 

The proof of lysosomal storage of free cholesterol, de-
tected in cultured skin fibroblasts by filipin staining and re-
duced rate of LDL-derived cholesterol esterification, is diag-
nostic for NPC. The residual rates of cholesterol esterification 
tend to some extent to correlate inversely with the severity 
of the phenotype. 

Some patients do not fulfil the clinical criteria of the 
three common phenotypes described above (Klunemann et al 
2002). It is not unusual for the patients to present ini-
tially with isolated splenomegaly. The majority of the pa-
tients develop the neurological symptoms later during the 
course of the disease. Only two of the reported cases were 
free of neurological symptoms in their fourth and sixth 
decades, respectively, suggesting that most likely they would 
never develop them (Fensom et al 1999; Frohlich et al 
1990). 

In this report we present the third case of this rare purely 
visceral NPC 1 variant, evaluated at both the tissue and molec-

ular levels, and argue that a substantial number of these pa-
tients can easily escape diagnosis. 

Clinical report 

The clinical history of the patient was unremarkable. She 
was employed as a clerk. She had varicose veins of the lower 
extremities and from 48 years of age she had been treated for 
arterial hypertension. She never complained of neurological 
symptoms and spleen enlargement was not noted. During the 
6 months before her admission to hospital she became easily 
fatigued and developed occasional mild dyspnoea. Shortly 
after arrival from a prolonged coach trip she suffered acute 
pulmonary embolism, and after admission to the hospital 
she suffered acute myocardial infarction. In spite of early 
and adequate hospital care she died the next day due to car-
diac failure at the age of 53 years. Splenomegaly was noted 
on examination and laboratory work-up showed unexplained 
moderately severe microcytic anaemia (haemoglobin 87 g/L, 
reference range 116-183; red blood cells 4.25 x 1012/L, ref-
erence range 3.54-5.18; mean cell volume 64 ft, reference 
range 82.3-100) with normal counts of white blood cells and 
platelets. 

Her mother and two sons are without any clinical abnor-
malities; family history was uneventful and was not sugges-
tive of a hereditary disorder. Informed consents were ob-
tained from the living relatives of the patient. 

Methods 

Histology and immunohistology 

An autopsy and a histopathological examination were per-
formed according to the standard protocols including im-
munohistochemical detection of cathepsin D with rab-
bit polyclonal antibody (DAKO Cytomation, Copenhagen, 
Denmark), and of CD68 (PGM 1) and Tau protein with mouse 
monoclonal antibodies purchased from DAKO and Novocas-
tra (Newcastle Upon Tyne, UK), respectively. The primaries 
(after overnight incubation at 4°C) were detected with ap-
propriate Envision systems (DAKO). 

DNA analysis 

Sequence analysis of the SMPD1 gene and the acid sphin-
gomyelinase activity measurements were performed as de-
scribed previously (Pavlu-Pereira et al 2005; Sikora et al 
2003). 

Genomic DNA of the proband was extracted from the 
formalin fixed paraffin embedded (FFPE) tissues (spleen 
and lymph node) using heat deparaffinization, Proteinase К 
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digestion and phenol-chloroform extraction as no other bi-
ological materials were available. Genomic DNA from the 
proband's living relatives (her mother and two sons) was 
isolated from peripheral blood leukocytes using standard 
phenol-chloroform extraction procedure. The entire gene-
coding region as well as 5' and 3' untranslated regions and 
exon-intron boundaries of NPC1 and NPC2 genes were 
examined by direct sequencing of PCR products. Primers 
for both genes, NPC1 and NPC2 (HE1), were designed ac-
cording to GenBank reference sequences (NC.000018.8 and 
NC-000014.7). PCR product sizes, primers and PCR reac-
tion conditions are available from the authors upon request. 
The substitution C.1997G > A was verified by PCR/RFLP 
using restriction endonuclease DdeI (NEB, Ipswich, MA, 
USA). As the С.2882А > G did not alter a restriction site, 
we designed a modified primer (5' GCATTGCAGAACTG-
GTCAGGGATA 3') that produced a new recognition site for 
Bful (Fermentas, Burlington, ONT, Canada) in the variant al-
lele. This PCR/RFLP protocol was used for patients' samples 
and control samples. 

Protein sequences mentioned in the Discussion were 
retrieved from the Uniprot database (http://www.expasy. 
uniprot.org/) and from The National Center for Biotechnol-
ogy Information (http://www.ncbi. nlm.nih.gov/). Multiple 
alignments were performed using ClustalW in Blosum61 ma-
trix (Thompson et al 1994). 

Results 

Autopsy findings of hepatosplenomegaly (spleen weight 
1230g, liver 3000 g) and lymphadenopathy together with 
histopathological signs of visceral lysosomal storage raised 
the pathologist's initial suspicion of Gaucher disease (OMIM 
230800). Verification of the diagnosis required by the clin-
ical geneticist was carried out using the paraffin-embedded 
autopsy samples. This showed spleen and bone marrow in-
filtration with histiocytic foam cells, many of them con-
taining ceroid admixture (typical yellowish autofluorescence 
and sudanophilia in paraffin sections). Storage histiocytes 
were numerous in some of the lymph nodes and scarce in 
the liver. A large number of histiocytes (CD68 PGM1 pos-
itive) in mediastinal lymph nodes and liver sinusoids (Fig. 
1, A-C) did not show any histologically detectable stor-
age or ceroid accumulation. Hepatocytes were without vac-
uolization but displayed increased granular immunostain-
ing for cathepsin D disproportional to lipofuscin pigmen-
tation. There was extramedullary trilineage haematopoiesis 
in the liver and spleen. Neurons in the brain samples (basal 
ganglia) were remarkably distended, with numerous lipo-
fuscin granules (Fig. ID) that were in excess compared 
with the age-matched controls. Neither definite neuronal 

vacuolization nor neurofibrillary tangles were detectable by 
immunostaining. 

The revision excluded Gaucher disease and suggested 
Niemann-Pick disease type В (OMIM 607616) as the most 
probable diagnosis with regard to the relatively high inci-
dence of this disorder and to the visceral foam cell storage 
pattern. 

In order to verify the histopathological findings, we anal-
ysed the acid sphingomyelinase gene (SMPDl), which is mu-
tated in Niemann-Pick disease type A/B (NP A/B). As only 
FFPE tissues were available from the proband, we began the 
analyses using genomic DNA isolated from the peripheral 
blood leukocytes from the proband's living relatives, who 
were obligatory heterozygotes (the mother and two sons of 
the proband). 

Direct sequencing of the SMPDl gene did not reveal any 
pathogenic sequence variations. Also, acid sphingomyeli-
nase (EC 3.1.4.12) activity in leukocytes was in the normal 
range in all three relatives examined, while in NP A/B het-
erozygotes the activities are characteristically about 50% of 
control values. 

Since neither biochemical assays nor mutation analyses 
supported the diagnosis of Niemann-Pick disease type B, 
we focused on the much less common disorder, variant adult 
visceral form of Niemann Pick disease type C. As noted in the 
introduction, NPC patients belong to either of the two com-
plementation groups associated with pathogenic variations 
in NPC1 or NPC2 genes. 

While no variations were detected in NPC2, the previously 
undescribed substitution C.1997G > A (S666N) was identi-
fied in exon 13 of the NPC I gene in all three living relatives 
and later in the DNA isolated from FFPE tissues from the 
proband. 

In addition to common polymorphisms (Y129Y, H2I5R, 
1858V, N93IN and IVS19 + 28T> C) and the C.1997G > 
A (S666N) variation, another novel nucleotide substitution 
was found in the NPC1 gene of the proband: С.2882А > G 
(N96IS) in exon 19. In order to minimize the artefacts due 
to previous formalin fixation (Williams et al 1999; Wong 
et al 1998) or translesion PCR synthesis from the low-quality 
DNA template (Quach et al 2004), we verified the С.2882А > 
G using an additional short PCR product. Direct sequencing 
of these 162 bp PCR products, obtained from DNA isolated 
from both tissues in a 35-cycle PCR reaction, confirmed the 
presence of С.2882А > G. 

To exclude the possibility that c . l 9 9 7 G > A and 
С.2882А > G are common polymorphisms, we exam-
ined 318 control alleles from the Czech population by 
PCR/RFLP technique. Restriction analysis confirmed the 
substitution C .1997G>A in the proband and other three 
family members but in none of control alleles. Vari-
ation С.2882А > G was found only in the proband's 
samples. 
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Fig. 1 Features of the storage 
process in the patient. (A) 
Lymph node infiltrated with 
ceroid-rich foam histiocytes (HE 
stain). (B) Mediastinal lymph 
node. Nonstorage histiocytes 
with compact (epitheloid) 
cytoplasm superficially 
resembling Gaucher cells (HE 
stain). (C) Liver sinusoidal 
histiocytes. Significant storage 
is present only in one of them 
(CD68 - clone PGM I). (D) 
Neurons in basal ganglia 
distended with an excess of 
lipopigment (HE stain). Insert: 
typical autofluorescence of the 
accumulated lipopigment 
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Fig. 2 Alignment of the amino 
acid sequence for the human 
NPC1 regions containing the 
mutation loci (S666N and 
N961S) with the corresponding 
regions from NPC1-related 
sequences of seven mammalian 
species. Arrow heads indicate 
the position of the found 
sequence variations. 

S666N 

HUMAN 
RAB IT 
MOUSE 
CHINESE HAMSTER 
PIG 
BOVINE 
DOG 
CAT 
Consensus 

HlKSCIUU^VDSKVSLGIAGILIVLSSVACSLGiřFSYlGliPLTLIVIEVI 
HIKSCRRFLVDSKVSLGIAGILIVLSSVACSLGIFSYlGIPLTLIVIEVI 
HIQSCSRIiLVDSKISLGIAGILIVLSSVACSLGIFSYMGllPLTLIVIEVI 
HIKSCSRLLVDSKISLGIAGILIVLSSVACSLGVFSYllG|tPLTLIVIEVI 
HIKSCSRLLVDSKISLGIAGILIVLSSVACSLGIFSYIGVPLTLIVIEVI 
HIKSCRRLLVDSKILLGIAGyLIVLSPVACSLGFFSYWGSPLTLIVIEVI 
HIKSCSRFLVDSKISLGIAGILIVLSSVMCSLGIFSYFGIPLTLIVIEVI 
HIKSCSRLLVDSKISLGIAGILIVLSSKACSLGIFSYVGIPLTLIVIEVI 
HIKSCSRLLVDSKISLGIAGILIVLSSVACSLGIFSYIGIPLTLIVIEVI 

N961S 

HUMAN 
RABIT 
MOUSE 
CHINESE HAMSTER 
PIG 
BOVINE 
DOG 
CAT 
Consensus 

SWIDDYFDWVKPQSSCCRVDNITDQFCNASWDPACVRCRPLTPEGKQRP 
SWIDDYFDWVKPQSSCCRVSNVT1QFCNASWDPACVRCRPLTPEGKQRP 
SWIDD Y FDWVS PQS SCCRli*NVTHQFCNASV|«)P«CVRCRPLTPEGKQRP 
SWIDDYFDWVAPQSSCCRbYNATHQFCNASV3mP*CjRCRPLTPEGKQRP 
SWIDDYFDV^CPQSSCCRVYNSTDQFCNASVVDPtCIRCRPLTSEGKQRP 
SWIDDYFDWWKPQSSCCRlYNST»QFCNASWNPfCVRCRPLTPEGKQRP 
SWIDDYFDWVKPQSSCCRVYNSTDQFCNASWDPACVRCRPLTQEGKRRP 
SWIDDYFDWVKPQSSCCRVYNSTDRFCNASVVDPACJRCRPLTQEGKQRP 
SWIDDYFDWVKPQSSCCRVYNSTDQFCNASWDPTCVRCRPLTPEGKQRP 

Discussion 

We fee l ful ly just i f ied in conc lud ing , on the bas is o f the re-

sults o f the analyses , that the patient presented here suffered 

from the visceral variant o f N i e m a n n - P i c k d i sease type C I , 

a l though the fil ipin test cou ld not be performed. T h e stor-

age pattern with f o a m y ceroid-rich h is t iocytes w a s s imilar 

to that in N i e m a n n - P i c k d i sease type В (El leder 1989) . We 

cons ider the nove l m i s s e n s e nuc leot ide c h a n g e s found in the 

NPC1 g e n e o f the patient to be d i s ease -caus ing for the fo l -

l o w i n g reasons: 

1. T h e variations found d o not occur c o m m o n l y in the pop-

ulation, as w e did not find them in any o f 3 1 8 examined 

control a l le les . In addit ion, S N P searches in the GenBank, 

Ensembl and H G V D databases did not reveal the substi-

tutions. 

2. T h e substitutions found are located in t w o out o f the three 

funct ional ly critical N P C 1 d o m a i n s (Vanier and Millat 

2 0 0 3 ) . T h e S 6 6 6 N variant is situated in the h ighly hy-

drophobic and evolut ionari ly c o n s e r v e d region homolo -

g o u s to the sterol s ens ing d o m a i n ( S S D ) o f the t w o key reg-

ulators o f cholesterol homeos tas i s , H M G C o A reductase 
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(3-hydroxy-3-methylglutaryl coenzyme A reductase, EC 
1.1.1.88) and SCAP protein (sterol regulatory element 
binding protein cleavage-activating protein). The serine 
residue at position 666 of NPC1 is conserved in the SSD 
of all three proteins. All mutations found so far in the 
SSD in the homozygous state, resulted in the lack of ma-
ture NPC1 protein and were associated with very severe 
biochemical and clinical phenotype (Millat et al 2001; 
Yamamoto et al 2000).The second variation, N96IS, is 
situated in the cysteine-rich luminal loop between trans-
membrane domains VIII and IX. All but two mutations 
associated with the biochemical variant phenotype (mild 
alterations of cellular cholesterol trafficking) were located 
in the cysteine-rich loop (Vanier and Millat 2003). 

3. The functional importance of both amino acid residues 
(S666 and N961) is supported by their conservation in 
seven other mammalian NPC1 homologous proteins. 

As the NPC1 phenotype, despite its variability, is char-
acterized by neurological involvement either closely associ-
ated with visceral symptoms or delayed (see Introduction), 
our case clearly belongs to the extremely rare visceral vari-
ant described so far only in two cases. The first described 
patient was a 63-year-old woman with a nonneuronopathic 
form homozygous for G992R localized in cysteine-rich do-
main (Millat et al 2001). The second patient came to attention 
at the age of 46 years because of splenomegaly found dur-
ing splenectomy after a road traffic injury. The diagnosis of 
NPC1 was confirmed by biochemical analysis (Fensom et al 
1999) and later by mutation analysis, when two heterozy-
gous mutations were found (1106 IT and V378A) (Millat et al 
2001). Both patients were free of neurological symptoms at 
66 and 50 years of age, respectively, suggesting that they may 
never develop neurological disease. 

Dysfunction of the mutant NPC1 in the case described 
in this report became manifest within the lifespan of 53 
years in the fraction of the histiocytic population with bor-
derline involvement of hepatocytes and neurons. The patient 
had no neurological symptoms compatible with NPC dur-
ing her life; moreover, the histological examination of her 
brain showed only increased amount of neurolipofuscin and 
none of the plethora of neuropathological signs that are abun-
dant in NPC patients with neurological involvement (Vanier 
and Millat 2004). That allows us to assume that the patient 
had a visceral-only form of NPC 1. The cause of microcytic 
anaemia in the patient remains unclear; no source of chronic 
bleeding was discovered at postmortem examination. It was 
apparently unrelated to the symptoms of NPC. 

Although NPC1 patients as a group apparently represent 
a continuum of phenotypes with a wide range of severi-
ties, we feel that it is justified to distinguish the visceral-
only adult phenotype as a separate form of the disease. This 
variant appears to be extremely rare, but its main clinical 

symptom, splenomegaly without neurological symptoms in 
adulthood, is nonspecific enough to raise suspicion for NPC 
only late if at all. At the tissue level, the presence of foam 
cells in an adult should alert the pathologist to this diagno-
sis. However, uneven expression of the storage in the his-
tiocytic population may seriously complicate the diagnosis 
in vivo. We presume that the visceral variant of NPC may 
pass routine diagnosis undetected and therefore remain un-
derdiagnosed. Whether these patients have subtle psycholog-
ical or neurological symptoms remains to be established by 
repeated neuropsychological and neurophysiological eval-
uations. As patients with adult forms of NPC may benefit 
from future therapies—as suggested by preliminary results 
of a trial evaluating the effect of miglustat (Zavesca) in NPC 
patients (Patterson et al 2005)—adult physicians should be 
alert to the possibility of NPC in the absence of apparent 
neurological symptomatology. 
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Mutations in TMEM76* Cause Mucopolysaccharidosis IMC 
(Sanfilippo С Syndrome) 
Martin Hřebíček, Lenka Mrázová, Volkan Seyrantepe, Stéphanie Durand , Nicole M. Roslin, 
Lenka Nosková, Hana Har tmannová , Robert Ivánek, Alena Čížková, Helena Poupětová , 
Jakub Sikora, Jana Uřinovská, Viktor Stránecký, Jiří Zeman, Pierre Lepage, David Roquis, 
Andrei Verner, Jé róme Ausseil, Clare E. Beesley, Irene Maire, Ben J. H. M. Poorthuis , 
Jiddeke van de Kamp, Ot to P. van Diggelen, Ron A. Wevers, T h o m a s J. Hudson , Т. Mary Fujiwara, 
Jacek Majewski, Kenneth Morgan, Stanislav K m o c h / and Alexey V. Pshezhetsky 

Mucopolysaccharidosis HIC (MPS 1IIC, or Sanfilippo С syndrome) is a lysosomal storage disorder caused by the inherited 
deficiency of the lysosomal membrane enzyme acetyl-coenzyme A:a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase), which leads to impaired degradation of heparan sulfate. We report the narrowing of the candidate region to a 
2.6-cM interval between D8S10S1 and D8S1831 and the identification of the transmembrane protein 76 gene (TMEM76), 
which encodes a 73-kDa protein with predicted multiple transmembrane domains and glycosylation sites, as the gene 
that causes MPS 111C when it is mutated. Four nonsense mutations, 3 frameshift mutations due to deletions or a dupli-
cation, 6 splice-site mutations, and 14 missense mutations were identified among 30 probands with MPS 111C. Functional 
expression of human TMEM76 and the mouse ortholog demonstrates that it is the gene that encodes the lysosomal N-
acetyltransferase and suggests that this enzyme belongs to a new structural class of proteins that transport the activated 
acetyl residues across the cell membrane. 

Heparan sulfate is a po lysacchar ide f o u n d in proteogly-
cans associated wi th the cell m e m b r a n e in nearly all cells. 
The lysosomal m e m b r a n e e n z y m e , a c e t y l - c o e n z y m e A 
(CoA):a-g lucosaminidc N-acetyltransferase (N-acetyltrans-
ferase) is required to N-acetylate the terminal g l u c o s a m i n e 
residues of heparan sulfate before hydrolys is by the a-N-
acctyl g lucosaminidase . Since t h e acetyl-CoA substrate 
wou ld be rapidly degraded in t h e lysosome, 1 N-acetyl-
transferase e m p l o y s a u n i q u e m e c h a n i s m , act ing b o t h 
as an e n z y m e and a m e m b r a n e c h a n n e l , and catalyzes 
the t ransmembrane acety lat ion of heparan sulfate.2 The 
m e c h a n i s m by w h i c h th i s is ach i eved has been the topic 
of considerable inves t igat ion , but, for m a n y years, the iso-
lation and c l o n i n g of N-acetyltransferase has been ham-
pered by its l o w tissue c o n t e n t , instability, and hydro-
p h o b i c nature.'"5 

Genet ic def ic iency of N-acetyltransferase causes m u c o -
polysaccharidosis IIIC (MPS IIIC (MIM 2 5 2 9 3 0 ] , or San-
filippo s y n d r o m e C), a rare a u t o s o m a l recessive lysosomal 
disorder of m u c o p o l y s a c c h a r i d e catabol ism." R MPS IIIC is 
cl inical ly similar to o ther subtypes of Sanf i l ippo syn-

drome. 9 Patients man i f e s t s y m p t o m s during ch i ldhood 
wi th progressive and severe neuro log ica l deterioration 
causing hyperactivity, s leep disorders, and loss of speech 
a c c o m p a n i e d by behavioral abnormal i t ies , neuropsychi-
atric problems, m e n t a l retardation, hearing loss, and rel-
atively m i n o r visceral mani fe s ta t ions , such as mild he-
patomegaly , mi ld dwarf i sm w i t h joint st i f fness and 
b i c o n v e x dorso lumbar vertebral bodies , mi ld coarse faces, 
and hypertrichosis . 7 Mos t pat ients die before adul thood, 
but s o m e survive to t h e 4 th decade a n d s h o w progressive 
d e m e n t i a and retinitis p i g m e n t o s a . S o o n after the first 3 
pat ients wi th MPS IIIC were described by Kresse et al.,6 

Klein et al.8 ,10 reported a similar de f i c i ency in 11 patients 
w h o had received the d iagnos i s of Sanf i l ippo syndrome, 
therefore sugges t ing that the disease is a relatively fre-
quent subtype. The birth prevalence of MPS IIIC in Aus-
tralia,11 Portugal,1 2 and the Nether lands 1 3 has been esti-
mated to be 0 .07 , 0 .12 , a n d 0 . 2 1 per 100 ,000 , respectively. 

The putat ive c h r o m o s o m a l locus of the MPS IIIC gene 
was first reported in 1992 . By s t u d y i n g t w o sibl ings w h o 
received the d iagnos i s of MPS IIIC a n d had an apparently 
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balanced Robertsonian trans locat ion , Zarcmba et al.14 sug-
gested that the m u t a n t g e n e m a y be located in the peri-
centric region of e i ther c h r o m o s o m e 14 or c h r o m o s o m e 
21, but n o further c o n f i r m a t i o n of th i s finding was pro-
vided. Previously, w e performed a g e n o m e w i d e scan o n 
27 patients w i t h MPS IIIC a n d 17 unaf fec ted family m e m -
bers, us ing 3 9 2 h i g h l y i n f o r m a t i v e microsatel l i te markers 
with an average interspac ing of 10 cM. For c h r o m o s o m e 
8, the scan s h o w e d a n apparent excess of h o m o z y g o s i t y 
in patients c o m p a r e d w i t h their unaf fec ted relatives.15 Ad-
ditional g e n o t y p i n g of 3 8 pat ients w i th MPS IIIC for 2 2 
markers o n c h r o m o s o m e 8 ident i f i ed 15 consecut ive 
markers ( from D8S1051 t o D8S2332) in an 8 .3-cM interval 
for w h i c h t h e g e n o t y p e s of a f fected s ibl ings were identical 
in state. A m a x i m u m m u l t i p o i n t LOD score of 10.6 was 
found at marker D8S519, sugges t ing that this region in-
cludes the locus for MPS IIIC.15 Recently, local izat ion of 
the MPS IIIC causat ive g e n e o n c h r o m o s o m e 8 was c o n -
firmed by microce l l -media ted c h r o m o s o m e transfer in cul-
tured skin fibroblasts of pat ients w i th MPS IIIC.16 

Here, w e report the results of l inkage analyses that nar-
rowed the candidate region for MPC IIIC to a 2 .6-cM in-
terval b e t w e e n D8S10S1 a n d D8S1831 and the identif i-
cation of t h e TMEM76 gene , located w i t h i n t h e candidate 
region, as the g e n e that c o d e s for the lysosomal N-ace-
tyltransferase and, w h e n muta ted , is responsible for MPS 
IIIC. 

Material and Methods 
Families 

In Montreal, 33 affected individuals and 35 unaffected relatives 
comprising 15 families informative for linkage were genotyped. 
The families came from Europe, North Africa, and North America. 
An additional 27 affected individuals and 9 unaffected relatives 
in uninformative pedigrees, as well as 40 controls, were also ge-
notyped. Eleven of these families and the controls have been 
reported elsewhere.'5 In addition, 54 individuals from four MPS 
lllC-affected families from the Czech Republic were studied in 
Prague (fig. 1). One family had two affected brothers, whereas 
the remaining three families each had one affected individual. 
The families came from various regions of the Czech Republic 
and were not related within the four most-recent generations. 
The diagnosis for affected individuals was confirmed by the mea-
surement of N-acetyltransferase activity in cultured skin fibro-
blasts or white blood cells. 

Genotyping 

The samples in Montreal were genotyped for 22 microsatellite 
markers in the pericentromeric region of chromosome 8 spanning 
8.9 cM on the Rutgers map, version 2.O.17 The genotyping was 
performed as described by Mira et al.18 at the McGill University 
and Genome Quebec Innovation Centre on an ABI 3730x1 DNA 
Analyzer platform (Applied Biosystems). Alleles were assigned us-
ing Genotyper, version 3.6 (Applied Biosystems). The random-
error model of SimWalk2, version 2.91,19 :20 was used to detect 
potential genotyping errors, with an overall error rate of 0.025. 
Nine genotypes for which the posterior probability of being in-
correct was >0.5 were removed before subsequent analyses. In 

addition, nine genotypes for one marker in one family were re-
moved because of a suspected microsatellite mutation. The sam-
ples from the Czech Republic were genotyped in Prague for 18 
microsatellite markers in an 18.7-cM region that includes the 8.9-
cM region mentioned above. The genotyping was performed on 
an LI-COR IR2 sequencer by use of Saga genotyping software (Li-
Cor) as described elsewhere.21 Genotypes were screened for errors 
by use of the PedCheck program.22 

Linkage Analysis 

For the families genotyped in Montreal, multipoint linkage anal-
ysis was performed using the Markov chain-Monte Carlo 
(MCMC) method implemented in SimWalk2, version 2.91,19since 
one pedigree was too large to be analyzed by exact computation. 
A fully penetrant autosomal recessive parametric model was used 
with a disease-allele frequency of 0.0045. Marker-allele frequen-
cies were estimated by counting alleles in the available parents 
of patients with MPS IIIC and in control individuals. To check 
the consistency of the results, the MCMC analysis was repeated 
four times. 

N-acetyltransferase activity was measured in all participants of 
the four families from the Czech Republic." Individuals were clas-
sified as affected, carriers, or unaffected on the basis of the results 
of this assay. Mean affected and carrier activities were determined 
from the five affected individuals and their seven obligate het-
erozygote parents, respectively, whereas the mean control activity 
was determined from a sample of 89 unrelated individuals. Four 
individuals were unable to be classified because their values were 
within 2 SDs of the means of both the control and carrier groups. 
Multipoint linkage analysis was performed using a codominant 
model with a penetrance of 0.99 and a phenocopy rate of 0.01, 
to account for the possibility of misclassification or genotyping 
errors. The same disease-allele frequency of 0.0045 was used. 
Marker-allele frequencies were estimated by counting all geno-
typed individuals. Exact multipoint linkage analysis was run on 
18 microsatellite markers by use of Allegro 1.2c,24 which was also 
used to infer haplotypes. 

Gene-Expression Analysis 

For each of 32 genes located in the candidate interval, a single 
5'-amino-modified 40-mer oligonucleotide probe (lllumina) was 
spotted in quadruplicate on aminosilane-modified microscopic 
slides and was immobilized using a combination of baking and 
UV cross-linking. Total RNA (250-1,000 ng) from white blood 
cells of two patients with MPS IIIC (patients AIV.8 and BIII.5) and 
four healthy individuals were amplified using the SenseAmp plus 
RNA Amplification Kit (Genisphere) and were reverse transcribed 
using 300 ng of poly(A)-tailed mRNA. Reverse transcription and 
microarray detection were done using the Array 900 Expression 
Detection Kit (Genisphere) according to the manufacturer's pro-
tocol. The two patient samples and four control samples were 
analyzed in dye-swap mode, in two replicates of each mode. The 
hybridized slides were scanned with a GenePix 4200A scanner 
(Molecular Devices), with photomultiplier gains adjusted to ob-
tain the highest-intensity unsaturated images. Data analysis was 
performed in the R statistical environment (The R Project for 
Statistical Computing, version 2.2.1) by use of the Linear Models 
for Microarray Data package (Limma, version 2.2.0).25 Raw data 
were processed using loess normalization and a moving mini-
mum background correction on individual arrays and quantile 
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Figure 1. Four families from the Czech Republic used in the linkage and mutation analyses. Fully blackened symbols indicate individuals 
with MPS IIIC; arrowheads indicate probands. Measurements in seven obligate heterozygotes from these pedigrees (mean ± SD 11.6 
± 1.5 nmol/h/mg) and 89 controls not known to be related to members of the pedigree (mean ± SD 24.4 ± 5.7 nmol/h/mg) were 
used to establish W-acetyltransferase activity ranges for heterozygotes (symbols with blackened inner circle) and normal homozygotes 
(open symbols). An individual was assigned to a class if his or her enzyme activity was within 2 SDs of the class, unless the value was 
within the overlap of the upper end of the obligate heterozygotes and the lower end of the controls. Individuals with values within 
the open interval 13.0-14.6 nmol/h/mg were classified as unknown (symbols with gray inner circle). A symbol with a question mark 
(?) indicates that no material was available for the enzyme assay. DNA was available for individuals with ID numbers, and W-acetyl-
transferase activity measurements in white blood cells are shown below the ID numbers. 

Е Ш 

©1 - ? 

L J 

AIII.2 
29.0 

01<§> 
All 2 
9.3 

AIII.3 AIII.4 
32.7 13.8 

AII.3 
7.3 

All.4 
6.6 

AIM 5 AIII.6 AIII.7 AMI 8 
198 21.1 10.7 

AIII.9 AIII.10 
16.9 25.0 

s о 
All.5 
14.4 

AII.6 
164 

( Ж М О О О Ё Ю О Т ® ® 
Alll.11 AIII.12 

94 10.4 

A1I.7 
8.5 

dbrD 
AIII.13 AIII.14 
13.4 11.1 

Ф о 
AIV.3 AIV.4 AIV.5 
31.0 29.8 25.0 

AIV.6 AIV.7 
15.3 

Л 
<«AIV.8 AIV.9 
^ 0.30 17.5 

All).15 
25.5 

AIV.10 
12.9 

AII.9 
368 

® T O O r® 
BI.6 
31.0 

BI.7 
25.8 

BII.7 
12.5 

BII.8 
10 5 

BI.8 
13.0 

m E @М 
BII.9 
98 

Bll.11 
10.5 

Bill.5 
^ 0.77 

(•> 
ВШ.6 
10.3 

Bill.7 
9.9 

С 1.1 
12.4 

О ЕЮ 
CI.2 
22.5 

С 11.1 
24 7 

& 
С II.2 
12.5 

С 1.3 
19.0 

CII.3 
11.0 

^ 0111.1 
С 0 2 8 

С 1II.2 
023 

OI.2 
13.5 

DI.3 
27.9 

DII.1 
0.37 

DII.2 
9.2 

normalization between arrays. The correlation between four du-
plicate spots per gene on each array was used to increase the 
robustness. Л linear model was fitted for each gene given a series 
of arrays by use of the lmFit function. The empirical Bayes 
method" was used to rank the differential expression of genes 
by use of the eBayes function. Correction for multiple testing was 
performed using the Benjamini and Hochberg false-discovery-

rate method.27 We considered genes to be differentially expressed 
if the adjusted P value was <.01. 

DNA and RNA Isolation and Sequencing 

Cultured skin fibroblasts from patients with MPS IIIC and normal 
controls were obtained from cell depositories (Hópital Debrousse, 
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Figure 2. Multipoint linkage analysis of MPS IIIC on chromosome 8. A, Multipoint LOD scores in an 8.9-cM interval from two sets of 
families. Symbols above the marker names indicate the map position. Marker names are listed in the correct order but may be displaced 
from the symbols for visibility. The dashed line is based on families genotyped in Montreal, and the dotted line on families genotyped 
in Prague. Straight lines next to marker names indicate that the markers were typed in both data sets. Triangles pointing down indicate 
markers typed only in the Montreal data set, and triangles pointing up indicate markers typed only in the Prague data set. For the 
Montreal data, the SimWalk2 run with the highest likelihood is shown. TMEM76 lies between D8S1115 and D8S1460, and, according to 
the March 2006 freeze of the human genome sequence from the University of California-Santa Cruz Genome Browser,30 the order is 
D8Slll5-(500 kb)-TMEM76-(800 kb)-centromere-(200 kb)-D8SU60. B, Multipoint LOD scores from the Montreal data from four runs 
of SimWalk2, version 2.91," showing the variation between runs. 
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Figure 3. Predicted amino acid sequence of the TMEM76 protein. Amino acid sequence alignment of Homo sapiens TMEM76 with 
orthologs from Mus musculus (cloned sequence), Canis familiaris (GenBank accession number XP_539948.2), Bos taurus (XP_588978.2), 
Rattus norvegicus (XP_341451.2), and Pan troglodytes (XP_519741.1) by use of BLAST. All cONA sequences are predicted except the 
sequence for M. musculus. The identical residues are boxed, the residues with missense mutations in patients with MPS IIIC are shown 
in red, and the amino acid changes are indicated above the sequence. The first 67 aa of the human sequence shown as black on yellow 
comprise the predicted signal peptide. The predicted transmembrane domains in the human sequence are shown as black on turquoise. 
The topology model5"7 strongly predicts that the N-terminus is inside the lysosome and the C-terminus is outside. Four predicted N-
glycosylation sites are shown as black on pink, and the predicted motifs for the lysosomal targeting, as black on green. 

France; NIGMS Human Genetic Mutant Cell Repository; Montreal 
Children's Hospital, Canada; and Department of Clinical Genet-
ics, Erasmus Medical Center, The Netherlands). Blood samples 
from patients with MPS IIIC, their relatives, and controls were 
collected with ethics approval from the appropriate institutional 
review boards. DNA from blood or cultured skin fibroblasts was 
extracted using the PureGene kit (Gentra Systems). Total RNA 

from cultured skin fibroblasts and pooled tissues (spleen, liver, 
kidney, heart, lung, and brain) of a C57BL/6J mouse was isolated 
using Trizol (Invitrogen), and first-strand cDNA synthesis was pre-
pared with superscript II (Invitrogen). DNA fragments containing 
TMEM76 exons and adjacent regions ( -40 bp from each side; 
primer sequences are shown in appendix A) were amplified by 
PCR from genomic DNA and were purified with Montage PCR96 
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8" f 

Figure 4. Volcano plot of genes located within the MPS IIIC candidate region, showing significantly reduced expression of the TMEM76 
gene in white blood cells of two patients with MPS IIIC: AIV.8 and BIII.5. The natural logarithm of the probability that the gene is 
differentially expressed (Log odds) is plotted as a function of the logarithm of the gene-expression log2 fold change (Log fold change) 
between the patient and control samples. 

filter plates (Millipore). Each sequencing reaction contained 2 
of purified PCR product, 5.25 ц\ of HzO, 1.75 ц\ of 5 x sequencing 
buffer, 0.5 ц\ of 20 ^M primer, and 0.5 ц\ of Big Dye Terminator 
v3.1 (all from Applied Biosystems). In Montreal, PCR products 
were analyzed using an ABI 3730x1 DNA Analyzer (Applied Bio-
systems). In Prague, PCR products were analyzed on an ALFex-
press DNA sequencer (Pharmacia), as described elsewhere.2" In-
cluded in the sequencing analysis were 30 probands with MPS 
IIIC who were considered unrelated and 105 controls. The con-
trols were unrelated СЕРН individuals, and amplified DNAs were 
combined in pools of two before sequencing. 

4 . 4 kb 

2 .0 kb 

P-Act in 

Figure 5. Northern-blot analysis of TMEM76 mRNA in human tis-
sues. A 12-lane blot containing 1 /xg of poly A + RNA per lane 
from various adult human tissues was hybridized with a ["P]-
labeted 220-bp cDNA fragment corresponding to exons 8-10 of 
the TMEM76 gene or /З-actin, as described in the Material and 
Methods section. 

Northern Blotting 

A 12-lane multiple-tissue northern blot containing 1 fig of poly 
A+ RNA per lane from various human tissues (BD Biosciences 
Clontech) was hybridized with the 220-bp cDNA fragment cor-
responding to exons 8-10 of the human TMEM76 gene or the 
entire cDNA of human 0-actin labeled with [,2P]-dCTP by random 
priming with the MegaPrime labeling kit (Amersham). Prehybri-
dization of the blot was performed at 68°C for 30 min in 
ExpressHyb (Clontech). The denatured probes were added directly 
to the prehybridization solution and were incubated at 68°C for 
1 h. The blots were washed twice for 30 min at room temperature 
with 2 x sodium chloride-sodium citrate (SSC) solution and 
0.05% SDS and once for 40 min at 50°C with 0.1 x SSC and 0.1% 
SDS and were exposed to a BioMax film for 48 h. 

Mouse and Human TMEM76 cDNA Cloning 

Mouse coding sequence was amplified by PCR (forward primer 
5'-GAATTCATGACGGGCGGGTCGAGC-3'; reverse primer 5'-
ATATGTCGACGATTTTCCAAAACAGCTTC-3') and was cloned 
into pCMV-Script, pCMV-Tag4A (Stratagene), and pEGFP-N3 (BD 
Biosciences Clontech) vectors by use of the £coRI and Sal\ restric-
tion sites of the primers. The cloned sequence was identical to 
GenBank accession number AK152926.1, except that an "AT" was 
needed to complete an alternate ATG initiation codon. GenBank 
accession number AK149883.1 provides what we consider to be 
the complete clone and encodes a 656-aa protein. The GenBank 
sequences differ by 1 aa and three silent substitutions. 

A 1,907-bp fragment of the human TMEM76 cDNA (nt +75 to 
+ 1992) was amplified using Platinum High Fidelity Taq DNA 
polymerase (Invitrogen), a sense primer with an HmdIII site (5'-
AAGCTTGGCGGCGGGCATGAG-3'), and an antisense primer 
with an Sail site (5'-GTCGACCTCAGTGGGAGCCATCAGATTTT-
30 and was cloned into pCMV-Script expression vector (Strata-
gene). Since high GC content (85%) of the 5' region of human 
TMEM76 cDNA prevented its amplification by PCR, a synthetic 
186-bp codon-optimized double-stranded oligonucleotide frag-
ment (5'-AAGCTTATGACCGGAGCGAGGGCAAGCGCCGCCG-
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AACAAAGAAGAGCCGGACGGTCCGGCCAGGCTAGGGCCGC-
AGAGCGAGCTGCTGGCATGTCAGGTGCAGGGCGCGCACTTG-
CCGCCTTGCTGCTCGCCGCGAGTGTGCTGAGCGCTGCCCTC-
CTGGCTCCCGGAGGCTCTTCCGGGCGGGAC-3') correspond-
ing to nt +1 to +186 of human TMEM76 cDNA was purchased 
from BioS&T. A 177-bp 5' fragment was combined with rest of 
the cDNA by use of HindiII and Sap\ sites. The cloned sequence 
is identical to GenBank accession number XM_372038.4 from nt 
131 to nt 1946, except for the presence of SNP rsl 126058. 

Cell Culture and Transfection 

Skin fibroblasts and COS-7 cells were cultured in Eagle's minimal 
essential medium (Invitrogen) supplemented with 10% (v/v) fetal 
bovine serum (Invitrogen) and were transfected with the full-size 
mouse Tmem76 (Hgsnat) coding sequence subcloned into pCMV-
Script, pCMV-Tag4A, and pEGFP-N3 vectors or with the full-size 
human TMEM76 coding sequence subcloned into pCMV-Script 
vector by use of Lipofectamine Plus (Invitrogen) according to the 
manufacturer's protocol. The cells were harvested 48 h after trans-
fection, and N-acetyltransferase activity was measured in the ho-
mogenates of TM£M76-transfected and mock-transfected cells 
(i.e., transfected with only the cloning vector). 

Enzyme Assay 

N-acetyltransferase enzymatic activity was measured using the 
fluorogenic substrate 4-methylumbelliferyl 0-D-glucosaminide 
(Moscerdam) as described elsewhere.24 Protein concentration was 
measured according to the method of Bradford.29 This assay was 
used for the activity measurements in cultured skin fibroblasts or 
white blood cells from patients and all participating members of 
the Czech families and for the functional expression experiments. 

Confocal Microscopy 

To establish colocalization of the tagged protein with the lyso-
somal compartment, the skin fibroblasts expressing mouse 
TMF.M76-F.GFP were treated with 50 nM I.ysoTracker Red DND-
99 dye (Molecular Probes), were washed twice with ice-cold PBS, 
and were fixed with 4% paraformaldehyde in PBS for 30 min. 
Slides were studied on an LMS 510 Meta inverted confocal mi-
croscope (Zeiss). 

Results 
Linkage Analysis 

Previously, we performed a genomewide linkage study 
that indicated that the locus for MPS IIIC is mapped to 
an 8.3-cM interval in the pericentromeric region of chro-
mosome 8.15 To reduce this interval, we genotyped the 
families from that study as well as newly obtained MPS 
IHC-affected families for 22 microsatellite markers (Mon-
treal data). Linkage analysis under an autosomal recessive 
model resulted in LOD scores >14 in the 4.2-cM region 
spanning D8S10S1 to D8S601, which included the cen-
tromere (fig. 2). The results of multiple MCMC runs 
showed consistent trends. Linkage was also performed in 
four families from the Czech Republic by use of an au-
tosomal codominant model (Prague data). For these data, 
linkage analysis produced a maximum LOD score of 7.8 
at 66.4 cM at D8S531 and reduced the linked region for 

the Montreal data to a 2.6-cM interval between D8S10S1 
and D8S1831. This region was defined by inferred recom-
binants at D8S1051 in one family in each of the Montreal 
and Prague data sets, and a recombinant at D8S1831 in 
an additional family in the Prague data set. This interval 
contains 32 known or predicted genes and ORFs. 

Identification of a Candidate Gene 

On the basis of our previous studies that defined the mo-
lecular properties of the lysosomal N-acetyltransferase,31 

we searched the candidate region for a gene encoding 
a protein with multiple transmembrane domains and 
a molecular weight of ~100 kDa, which allowed us to 
exclude the majority of the genes in the region. In con-
trast, the predicted protein product of the TMEM76 gene 
has multiple putative transmembrane domains. The pre-
dicted coding region in GenBank accession number 
XM_372038.4 was extended by 28 residues at the 5' end 
on the basis of the transcript in GenBank accession num-
ber DR000652.1 (which includes 14 of the 28 residues), 
examination of the genomic sequence in NT_007995.14, 
and comparison with mouse sequence AK149883.1. We 
predict that the modified TMEM76 contains 18 exons, cor-
responding to an ORF of 1,992 bp, and codes for a 73-kDa 
protein. A comparison of human TMEM76 with five ver-
tebrate orthologs is shown in figure 3. Furthermore, of all 
the genes present in the candidate interval, only TMEM76 
showed a statistically significant reduction of the tran-
script level in the cells of two patients with MPS IIIC (AIV.8 
and Bill.5; adjusted P values < .001) in the custom oli-
gonucleotide-based microarray assay (fig. 4). Further, we 
showed that both patients carried nonsense mutations 
presumably causing mRNA decay (R534X and L349X; see 
table 2). 

Analysis of the T M E M 7 6 Transcript by Northern Blot 
and RT-PCR 

Northern-blot analysis identified two major TMEM76 tran-
scripts of 4.5 and 2.1 kb ubiquitously expressed in various 
human tissues (fig. 5). The highest expression was detected 
in leukocytes, heart, lung, placenta, and liver, whereas the 
gene was expressed at a much lower level in the thymus, 
colon, and brain, which is consistent with the expression 
patterns of lysosomal proteins. Consistent with the north-
ern-blot results, a full-length 4.5-kb cDNA containing 
1,992 bp of coding sequence and two polyadenylation 
signals as well as two shorter transcripts were amplified 
by RT-PCR from the total RNA of normal human skin 
fibroblasts, white blood cells, and skeletal muscle. In one 
transcript, exons 9 and 10 were spliced out, leading to an 
in-frame deletion of 64 aa, which contains the predicted 
transmembrane domains III and IV. Most likely, this tran-
script does not encode an active enzyme, since it was also 
detected in the RNA of two patients with MPS IIIC (pa-
tients CIII.l and CHI.2) who had almost complete loss of 
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N-acetyltransferase activity. Another transcript lackcd ex-
ons 3, 9, and 10. 

The deduced amino acid sequence predicts 11 trans-
membrane domains and four potential N-glycosylation 
sites (fig. 3), consistent with the molecular properties of 
lysosomal N-acetyltransferase.31 The first 67 aa may com-
prise the signal peptide, with length and composition re-
sembling those of lysosomal proteins. According to the 
predictions made by empirical computer algorithms, 
the C-terminus of the TMEM76 protein is exposed to the 
cytoplasm and contains conserved Tyr-X-X-6 and Leu-Leu 
sequence motifs involved in the interaction with the adap-
tor proteins responsible for the lysosomal targeting of 
membrane proteins.15 

Mutation Analysis 

We identified 27 TMEM76 mutations in the DNA of 30 
MPS IHC-affected families (table 1) that were not found 
in DNA from 105 controls. Among the identified muta-
tions, there were 4 nonsense mutations, 14 missense mu-

tations, 3 predicted frameshift mutations due to deletions 
or duplications, and 6 splice-site mutations. All the mis-
sense mutations occur at residues conserved among five 
species with the most homologous TMEM76 sequences 
(fig. 3), except for P265Q, which is not conserved in the 
mouse, and W431C, which is not conserved in the rat. 
There were three instances of two mutations on the same 
allele that were found in patients who were homozygous, 
and these arc designated as complex mutations in table 
1. cDNA sequencing of one of the patients homozygous 
for the splice-site mutation in intron 2 and a missense 
mutation (P265Q) demonstrated that the splice-site mu-
tation disrupts the consensus splice-site sequence between 
exon 2 and intron 2 and causes exon 2 skipping and a 
frameshift (not shown). 

Consanguinity was reported in 4 of the 13 families in 
which the patients were homozygous for TMEM76 mu-
tations: the two Moroccan families, the French family 
with two missense mutations (W431C and A643T), and 
the Turkish family with the splice-site mutation in intron 

Table 1. Mutations in TMEM76 Identified in Patients from 30 Families 
with MPS I I IC 

Mutat ion Group Predicted Effect No. of Locat ion 

and Mutat ion* on Protein Alleles in TMEM76 
Nonsense mutat ions: 

C . 1 0 3 1 G - A P .W344X 2 Exon 10 

C . 1 0 4 6 T - G P .L349X 1 Exon 10 

С . 1 2 3 4 С - Т P .R412X 8 Exon 12 

С . 1 6 0 0 С - Т P .R534X 1 Exon 15 

Mi s sense mutat ions: 

c.311G-»T P .C104F 1 Exon 2 

С . 9 3 2 С - Т P .P311L 3 Exon 9 

c . l l l 4 C - » T P .R372C 3 Exon 11 

C . 1 1 1 5 G - A P .R372H 1 Exon 1 1 

C .1354G-»A P .G452S 2 Exon 13 

C .1495G-»A P .E499K 3 Exon 14 

С . 1 5 2 9 Т - А P .M510K 1 Exon 14 

C . 1 7 0 6 C - T P . S569L 4 Exon 17 

С . 1 7 6 9 А - Т p .0590V 1 Exon 17 

С . 1 7 9 6 0 Т P .P599L 1 Exon 17 

Frameshift mutat ions : 

c . H 1 8 _ 1 1 3 3 d e l p . I 373S f sX3 1 Exon 11 

c , 1 420_1456dup p.V488GfsX22 1 Exon 13 

c . l 834de lG p.V612SfsX16 1 Exon 18 

Spl ice-s i te mutat ions : 

C .202 + 1 G - A p.L69EfsX32 b 1 In t ron 1 

C . 5 7 7 + 1 G - A p .P193HfsX20 " 1 In t ron 4 

C .935 + 5 G - A P -F313X 1 In t ron 9 

С . 1 3 3 4 + 1G~*A P .G446X" 1 I n t r on 12 

C .1810 + 1 G - A p.S567NfsX14 2 I n t ron 17 

Complex mutat ions: 

c . [318 + lG-»A; 7 9 4 C - A ] p. [D68VfsX19; P265Q] 6 I n t ron 2; exon 7 

c . [577 + lG -»A ; 1650A-»C] p . [P193HfsX20; K551Q] 2 I n t ron 4; exon 16 

c.[1293G-+T; 1 9 2 7 G - A ] p . [W43 lC ; A643T] 2 Exon 12; exon 18 

• Mutat ion names were a s s i gned according to the gu idel ines of the Human Genome Variat ion 

Society and on the bas is of the cDNA sequence from GenBank access ion number NT_007995 .14 , 

except that the first exon inc ludes 84 nt 5' of the stated ATG in i t iat ion codon. Thus, + 1 

corresponds to the A of the ATG at nt 1 3315945 ( instead of nt 1 3316029 ) . 

" The mutat ions were named under the as sumpt ion that no exon sk ipp ing takes place; cDNA 

sequenc ing was not done. 
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17. The two Moroccan families were not known to be 
related to each other or to the Spanish patient homozy-
gous for the same mutations (table 2). The parents of the 
French patient are second cousins in two ways (see family 
F1 in the work of Ausseil et al.15). 

The splice-site mutation in the above-mentioned Turk-
ish family disrupts the consensus splice-site sequence be-
tween exon 17 and intron 17 and causes exon 17 skipping 
and a frameshift in all transcripts, as detected by sequenc-
ing of multiple RT-PCR clones (not shown). The two af-
fected siblings in this family (family F8 in the work of 
Ausseil et al.15) had a severe form of MPS IIIC and showed 
almost complete loss of N-acetyltransferase activity in cul-
tured skin fibroblasts. Among other severely affected pa-
tients with MPS IIIC, a patient of French origin was ho-
mozygous for a nonsense mutation (W344X) in exon 10, 
which may result in the synthesis of a truncated protein 
or RNA decay. A patient of Polish origin was a compound 
heterozygote for a 37-bp duplication in exon 13 and a 
missense mutation (S569L) in exon 17 (table 2). The du-
plication results in a frameshift, whereas the substitution 
of a strictly conserved small polar Ser for a bulky hydro-
phobic Leu may have a significant structural impact (fig. 
3). 

The five patients from four Czech families are all com-
pound heterozygotes for eight different mutations (table 
2). Five of the eight mutations are predicted to result in 
truncated products (three nonsense mutations, one 16-bp 

deletion, and one splice-site mutation leading to the in-
clusion of 89 bases from the 5' end of intron 9 and the 
splicing out of exon 10 in the transcript, and the remain-
ing three are missense mutations affecting residues con-
served among multiple species and located either in the 
predicted transmembrane regions (fig. 3) or in their close 
vicinity, suggesting that they may have a serious structural 
impact. In the Czech families, the mutations completely 
segregated with reduced enzyme activity. That is, all in-
dividuals assigned to be heterozygotes on the basis of the 
enzyme assay as well as the four individuals who were 
within 2 SD of the lower end of the controls (symbols 
with gray inner circle in fig. 1) were found to carry 
TMEM76 mutations. 

Functional Expression Studies 

The fibroblast cell line from a patient homozygous for a 
splice-site mutation in intron 17 with negligible N-ace-
tyltransferase activity was transfected with plasmids con-
taining human TMEM76 cDNA or cDNA of the mouse 
ortholog of TMEM76 carrying a FLAG tag on the C-ter-
minus or of a fusion protein of mouse TMEM76 with en-
hanced green fluorescent protein (EGFP). All constructs 
increased the N-acetyltransferase activity in the mutant 
fibroblast cells to approximately normal level (fig. 6A). 
Significant increase in activity was also observed in trans-
fected COS-7 cells, confirming that the TMEM76 protein 

Table 2. TMEM76 Predicted Mutations in Probands from 30 Families with MPS I I IC 

No. of Geographic Origin 
Patient Group and Mutation 1 Mutation 2 Patients of Patient(s) 

Patients from Czech families: 

p.I373SfsX3 P.R534X 1 Czech Republic 
P.L349X P.M510K 1 Czech Republic 
P.F313X P.R412X 1 Czech Republic 
P.R372H P.P599L 1 Czech Republic 

Patients homozygous for TMEM76 mutations: 

p.[D68VfsX19; P265Q] p.[D68VfsX19; P265Q] 3 Morocco, Morocco, and Spain 
p.[P193HfsX20; K551Q] p.[P193HfsX20; K551Q] 1 France 
P.P311L P.P311L 1 United Kingdom 
P.W344X P.W344X 1 France 
P.R372C P.R372C 1 United Kingdom 
P.R412X P.R412X 2 Turkey and Poland 
p.[W43lC; A643T] p.[W43lC; A643T] 1 France 
P-G452S P.G452S 1 Canada 
P.E499K P.E499K 1 Canada 
p.S567NfsX14 p.S567NfsX14 1 Turkey 

Patients compound heterozygous for TMEM76 mutations: 

P.C104F 1 Belarus 
P.E499K P-D590V 1 France 
p.P193HfsX20 P.R412X 1 Canada 
P.P311L P.R372C 1 France 
p.R412X 1 Poland 
p.R412X P-G446X 1 Poland 
P.S569L 2 France and Portugal 
P.S569L p.L69EfsX32 1 United States 
p.V488GfsX22 P.S569L 1 Poland 
p.V612SfsX16 1 Finland 

Families with no mutations identified to date 2 North Africa and Portugal 
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Figure 6. Functional expression of human and mouse TMEM76 protein. A, The full-size human and mouse TMEM76 coding sequences 
subcloned into pCMV-Script, pCMV-Tag4A, and pEGFP-N3 vectors were expressed in COS-7 cells and in cultured skin fibroblasts from a 
patient with MPS IIIC. The cells were harvested 48 h after transfection, and /V-acetyltransferase activity was measured in the homogenates 
of TMEM76-transfected and mock-transfected fibroblast or COS-7 cells by use of the artificial fluorometric substrate 4-methylumbelliferyl-
0-o-glucosaminide." Values represent means ± SD of four independent experiments. B, The intracellular localization of TMEM76 was 
studied by expressing the fusion protein of the mouse TMEM76 with EGFP. Before fixation, the cells were treated for 45 min with 50 
nM lysosomal marker, LysoTracker Red DND-99 dye. Slides were analyzed on an LMS 510 Meta confocal microscope (Zeiss). Magnification 
x 1000. The image was randomly selected from 30 studied panels, all of which showed a similar localization of TMEM76-EGFP. The 

fluorescence of EGFP was not quenched as it would have been if the fiuorophore had been exposed to the acidic lysosomal microen-
vironment, confirming that the C-terminus of TMEM76 faces the cytoplasmic side of the lysosomal membrane. 

by itself has N-acetyltransferase activity. Confocal fluores-
cent microscopy shows that TMEM76-EGFP (fig. 6B) or 
TMEM-FLAG (not shown) peptides are targeted in human 
fibroblasts to cytoplasmic organelles, colocalizing with the 
lysosomal-endosomal marker LysoTracker Red. 

Discussion 

Degradation of heparan sulfate occurs within the lyso-
somes by the concerted action of a group of at least eight 
enzymes: four sulfatases, three exo-glycosydases, and one 
N-acetyltransferase, which work sequentially at the ter-
minus of heparan sulfate chains, producing free sulfate 
and monosaccharides. The inherited deficiencies of four 
enzymes involved in the degradation of heparan sulfate 
cause four subtypes of MPS III: MPS IIIA (heparan N-sul-
fatase deficiency [MIM 252900]), MPS IIIB (a-N-acetylglu-
cosaminidase deficiency [MIM 252920]), MPS IIIC (acetyl-
CoA:a-glucosaminide acetyltransferase deficiency), and 
MPS HID (N-acetylglucosamine 6-sulfatase deficiency 
[MIM 252940]). Since the clinical phenotypes of all these 
disorders are similar, precise diagnosis relies on the deter-
mination of enzymatic activities in patients' cultured skin 
fibroblasts or leukocytes. The biochemical defect in MPS 
IIIC was identified 30 years ago as a deficiency of an en-

zyme that transfers an acetyl group from cytoplasmically 
derived acetyl-CoA to terminal «-glucosamine residues of 
heparan sulfate within the lysosomes, resulting in the ac-
cumulation of heparan sulfate. Therefore, for identifica-
tion of the molecular basis of this disorder, we used two 
complementary approaches. First, we performed a partial 
purification of human and mouse lysosomal N-acetyl-
transferase, which suggested that the enzyme has prop-
erties of an oligomeric transmembrane glycoprotein, with 
an ~100-kDa polypeptide containing the enzyme active 
site.31 Second, by linkage analysis, we narrowed the locus 
for MPC IIIC to a 2.6 cM-interval (D8S10S1-D8S1831) 
and, third, compared the level of transcripts of the genes 
present in the candidate region between normal control 
cells and those from patients with MPS IIIC. Thus, an In-
tegrated bioinformatic search and gene-expression anal-
ysis both pinpointed a single gene, TMEM76, which en-
codes a 73-kDa protein with predicted multiple trans-
membrane domains and glycosylation sites. DNA muta-
tion analysis showed that patients with MPS IIIC harbor 
TMEM76 mutations incompatible with the normal func-
tion of the predicted protein, whereas expression of hu-
man TMEM76 and the mouse ortholog proved that the 
protein has N-acetyltransferase activity and lysosomal lo-
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calization, providing evidence that TMEM76 is the gene 
that codes for the lysosomal N-acetyltransferase. 

The TMEM76 protein does not show a structural simi-
larity to any known prokaryotic or eukaryotic N-acetyl-
transferases or to other lysosomal proteins, on the basis 
of sequence homology searches. Thus, we think that it 
belongs to a new structural class of proteins capable of 
transporting the activated acetyl residues across the cell 
membrane. Moreover, TMEM76 shares homology with a 
conserved family of bacterial proteins COG4299 (unchar-
acterized protein conserved in bacteria) (Entrez Gene 
GenelD 138050). All 146 members of this family are pre-
dicted proteins from diverse bacterial species, including 
Proteobacteria, Cyanobacteria, and Deinococci. Since 
many of these bacteria are capable of synthesizing heparan 
sulfate and other structurally related glycosaminoglycans 
and perform reactions of transmembrane acetylation, it is 
tempting to speculate that this activity may also be per-
formed by the proteins of the COG4299 family. Previous 
studies suggested two contradictory mechanisms of trans-
membrane acetylation. Bame and Rome2,16,37 proposed 
that it is performed via a ping-pong mechanism. First, the 
acetyl group of acetyl-CoA is transferred to an His residue 
in the active site of the enzyme. This induces a confor-
mational change that results in the translocation of the 
protein domain containing the acetylated residue to the 
lysosome, where the acetyl residue is transferred to the 
glucosamine residue of heparan sulfate. In contrast, Mei-
kle et al.38 were unable to demonstrate any specific acet-
ylation of the lysosomal membranes and proposed an al-
ternative mechanism that involved the formation of a 
tertiary complex of the enzyme, acetyl-CoA, and heparan 
sufate. Identification of N-acetyltransferase as a 73-kDa 
protein with multiple transmembrane domains, together 
with our previous data that showed that N-acetyltrans-
ferase is acetylated by [14C]acetyl-CoA in the absence of 
glucosamine," strongly supports the ping-pong mecha-
nism of transmembrane acetylation. 

For 23 of the 30 probands included in this study for 
mutation analysis, TMEM76 mutations were identified in 
both alleles. Five probands were heterozygous for a mis-
sense mutation, with a second mutation yet to be iden-
tified. In two probands from North Africa and Portugal, 

we did not identify any mutations in the coding regions 
or immediate flanking regions. These patients are ho-
mozygous for the microsatellite markers throughout the 
entire MPS IIIC locus and may be homozygous for a yet-
to-be-identified TMEM76 mutation; however, we cannot 
formally exclude defects in other genes. Additional studies 
have been initiated to search for mutations in the introns 
and promoter regions. The patients with MPS IIIC with 
the identified frameshift and nonsense mutations all have 
a clinically severe early-onset form. The almost complete 
deficiency of N-acetyltransferase activity in cultured skin 
fibroblasts from these patients is consistent with the pre-
dicted protein truncations and/or nonsense-mediated 
mRNA decay. Further expression studies are necessary to 
confirm the impact of the identified substitutions of the 
conserved amino acids on enzyme activity. Nevertheless, 
the identification of the lysosomal N-acetyltransferase 
gene which, when mutated, accounts for the molecular 
defect in patients with MPS IIIC sets the stage for DNA-
based diagnosis and genotype-phenotype correlation 
studies and marks the end of the gene-discovery phase for 
lysosomal genetic enzymopathies. 
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Appendix A The R Project for Statistical Computing, http://www.r-project.org/ 

Table A l . Exon-Flanking Primers Used for PCR 
Amplification and Sequencing of the Exons in the 
Human TMEM76 Gene 

Sequence 
Primer (5'-»3') 

TMEM76. _Exonl_F CTCCCGAAGACAAACACTCC 

TMEM76. _Exonl_R GCGAAGTCGCAGCAACAGC 
TMEM76. _Exon2_F AAGCTTTTGAGAAGCACTACTGG 

TMEM76. _Exon2_R GAAGGGCTTTAGACATGAGAGC 
TMEM76. _Exon3_F GGAAAAGTCATGTCAGGATCTCC 

TMEM76. _Exon3_R GAATAATACATGTTCCTGGGTACG 
TMEM76. _Exon4_F TTATTCTGCCTCCATGATATTAGC 

TMEM76. _Exon4_R CTACAGAAAGCGTCATGGACTGC 

TMEM76. _Exon5_F GGAAATTCAGCATGAGAATATAGG 

TMEM76. _Exon5_R GCCACTTGAGGGTGACAGC 

TMEM76. _Exon6_F GAATATGAGCTTTAATTTTATTTCC 

TMEM76. _Exon6_R TTAGGAATACGGGAGCTACAACC 

TMEM76. _Exon7_F CAAAATGAAATTTACCCCTTAGC 

TMEM76. _Exon7_R ACATCCAAGAAATCCTTCCTAGC 

TMEM76. _Exon8_F CCTTCCTTTTCACATAGCAAACC 

TMEM76. _Exon8_R GCTCTGTGAAGGACGTATATAAGC 

TMEM76. _Exon9_F CCCCTGGGTTTACTTTCTATACC 

TMEM76. _Exon9_R CCAGCATCATCTGAAAAACAGG 

TMEM76. _ExonlO_F GGGGCTATATTCTGAACTCTTCC 

TMEM76. _ExonlO_R ACCTGAGATGGAGGAATTGC 

TMEM76. _ E xon l l _ F CTGGGATGAGAGGAGAAGTCC 

TMEM76. _ E xon l l _R ACTTGAAGCCAGGAGTGAGG 

TMEM76. _Exon l2_F CCTTCTATTTGCATTTAGTTCACC 

TMEM76. _Exonl2_R GAGAATTCCTCTGACTCGAGACC 

TMEM76. _Exonl3_F TTTTATTCTTGTCCCTCTGTTCG 

TMEM76. . Exon l 3_R CACTTCTGAAAGCCTGAGTTCC 

TMEM76. _Exonl4_F TTGGTCTAGGAGCTGTTTGTACG 

TMEM76. _Exon l4_R CCATAGCACAAGAGAGAATATGC 

TMEM76. _Exonl5_F TCTTTGTCAGGTAGTTAAGACAGTGG 

TMEM76. _Exon l5_R GTGAAGGAAAGGAATTTTAGC 

TMEM76. _Exonl6_F ACAAGTTTCAGCCCTCTCTACG 

TMEM76. _Exonl6_R GTGGAGGAGACGTTTCAGTGC 

TMEM76. _Exonl7_F ATGCTGAAATTGGATTTGTTCC 

TMEM76. _Exonl7_R ACCAAGGATGCTCCAGAGG 

TMEM76. _Exonl8_F AGTAGCCAACAATGGAAGTGC 

TMEM76. _Exonl8_R GAGCCGTGTCACAGTTAACC 

NOTE.—For bidirectional sequencing on the ALFexpress 

DNA sequencer, all primers have the universal overhang syn-

thesized on the 5' end (AATACGACTCACTATA6 for forward [F] 

primers and CAGGAAACAGCTATGAC for reverse [R] primers). 

Web Resources 

Accession numbers and URLs for data presented herein are as 
follows: 

BLAST, http://www.ncbi.nlm.nih.gov/blast/ (used to identify or-
tholog protein sequences) 

Entrez Gene, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi7db = 
gene (for GenelD 138050) 

GenBank, http://www.ncbi.nih.gov/Genbank/ (for accession 
numbers ЛК152926.1, AK149883.1, DR000652.1, XM_372038.4, 
NT_007995.14, XP_539948.2, XP_588978.2, XP_341451.2, and 
XP_519741.1) 

Human Genome Variation Society, http://www.hgvs.org/ 
Online Mendelian Inheritance in Man (OMIM), http://www.ncbi 

.nlm.nih.gov/Omim/ (for MPS 1IIA, II1B, IIIC, and IID) 
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Abs t rac t 

Background: Human a-galactosidase A (a-GAL) and a-N-acetylgalactosaminidase (a-NAGA) are presumed to share a 
common ancestor. Deficiencies of these enzymes cause two well-characterized human lysosomal storage disorders (LSD) -
Fabry (a-GAL deficiency) and Schindler (a-NAGA deficiency) diseases. Caenorhabditis elegans was previously shown to be a 
relevant model organism for several late endosomal/lysosomal membrane proteins associated with LSDs. The aim of this study 
was to identify and characterize C. elegans orthologs to both human lysosomal luminal proteins a-GAL and a-NAGA. 

Results: BlastP searches for orthologs of human a-GAL and a-NAGA revealed a single C. elegans gene (R07B7.11) with 
homology to both human genes (a-galactosidase and a-N-acetylgalactosaminidase) - gana-1. W e cloned and sequenced the 
complete gana-1 cDNA and elucidated the gene organization. 

Phylogenetic analyses and homology modeling of GANA-1 based on the 3D structure of chicken а-NAGA, rice a-GAL and 
human а-GAL suggest a close evolutionary relationship of GANA-1 to both human а-GAL and a-NAGA. 

Both a-GAL and а-NAGA enzymatic activities were detected in C. elegans mixed culture homogenates. However, a-GAL 
activity on an artificial substrate was completely inhibited by the а-NAGA inhibitor, N-acetyl-D-galactosamine. 

A GANA-I::GFP fusion protein expressed from a transgene, containing the complete gana-1 coding region and 3 kb of its 
hypothetical promoter, was not detectable under the standard laboratory conditions. The GFP signal was observed solely in a 
vesicular compartment of coelomocytes of the animals treated with Concanamycin A (CON A) or NH^CI, agents that increase 
the pH of the cellular acidic compartment. 

Immunofluorescence detection of the fusion protein using polyclonal anti-GFP antibody showed a broader and coarsely granular 
cytoplasmic expression pattern in body wall muscle cells, intestinal cells, and a vesicular compartment of coelomocytes. 

Inhibition of gana-1 by RNA interference resulted in a decrease of both а-GAL and а-NAGA activities measured in mixed stage 
culture homogenates but did not cause any obvious phenotype. 

Conclusions: GANA-1 is a single C. elegans ortholog of both human а-GAL and а-NAGA proteins. Phylogenetic, homology 
modeling, biochemical and GFP expression analyses support the hypothesis that GANA-1 has dual enzymatic activity and is 
localized in an acidic cellular compartment. 
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Background 
Humans have two enzymes with a-galactosidase activity 
and an acidic pH optimum, a-N-acetylgalactosaminidase 
(a-NAGA) (previously called a-galactosidase B) and a -
galactosidase A (a-GAL). Hereditary deficiency of each of 
the hydrolases causes a distinct lysosomal storage disorder 
in humans, Schindler and Fabry diseases, respectively 
|1'2J. 

Early studies suggested that both human enzymes were 
glycoforms with similar substrate specifities. Purified 
enzymes had similar physical properties, including subu-
nit molecular mass (~46 kDa), homodimeric structure, 
and amino acid sequences. However, additional studies 
showed kinetic, structural, and immunologic differences 
proving that a-GAL and a-NAGA were products of two 
different genes [3,4]. The two genes differed in the 
number of exons (7 and 9, respectively) and also in the 
number, placement, and orientation of Alu repeats. Exons 
2 - 7 of the a-NAGA gene showed high similarity to the 
first six exons of a-GAL gene. Because of the remarkable 
amino acid identity (49%) and similarity (63%) between 
the two genes and the similar intron placement, Wang (5J 
and co-workers suggested that a duplication event 
occurred during the evolution of both enzymes. 

Both enzymes belong to the glycoside hydrolase family 27 
clan D [6j. Glycoside hydrolase family 27 clan D 
orthologs have been identified in a broad spectrum of 
prokaryotes and eukaryotes, including plants. Members of 
the family have a highly similar active site and share the 
same reaction mechanism. The structures of chicken a -
NAGA, human a-GAL and rice a-GAL have been deter-
mined by X-ray crystallography [7-9]. Chicken and 
human enzymes have a homodimeric quarternary struc-
ture whereas rice a-GAL acts as a monomer. The mono-
mer units are composed of two distinct domains. Domain 
I contains the active site and adopts a (p/a)8 barrel struc-
ture, a domain fold observed commonly in glycosidases. 
Domain II has eight antiparallel p strands, packed into 
two p sheets in a p sandwich fold containing a Greek key 
motif [8]. 

The physiological importance of both enzymes is evi-
denced by the severe presentation of a-NAGA and a-GAL 
deficiencies in humans [1,2]. 

Our recent study on degradation of blood group A and В 
glycolipids in Fabry cells indicated a high residual activity 
in Fabry cells toward natural substrate glycolipid B-6-2 
[10] although a-galactosidase activity was completely 
absent when measured in vitro by routine procedures 
using artificial substrates. We proposed that another 
enzyme, different from a-GAL, contributes in vivo to 
hydrolysis of a-galactosides. We suggested a-NAGA as the 

most likely candidate. Human a-NAGA is known to 
accept a-galactosides albeit with a high K^ [11,12]. Its 
activity must be inhibited when measuring a-GAL in tis-
sues with high a-NAGA activity [13]. 

We investigated the phylogenesis of a single C. elegans a-
GAL and a-NAGA ortholog (gana-1) to both human 
genes. We present evidence suggesting that this gene has 
indeed evolved from the a-GAL/a-NAGA ancestral gene 
before the duplication event which resulted in separate a -
NAGA and a-GAL genes in higher metazoans. We further 
performed structural analysis of the GANA-1 3D model 
acquired by homology modeling. We determined the spa-
tial and temporal expression of the gene in transgenic 
worms using a translational reporter and examined the 
effect of RNA interference (RNAi) as a first step in the pos-
sible use of C. elegans as a model organism for Schindler 
and Fabry diseases. 

Results and discussion 
с DNA amplification and sequencing 
The complete C. elegans genome [14,15] contains only 
one open reading frame, designated gana-1 (R07B7.11) 
that has sequence similar to human genes encoding a -
GAL and a-NAGA. Similar results were obtained from 
searching the available C. briggsae genome sequence [15]. 
The gana-1 gene consists of 5 exons and 4 introns and is 
annotated as an ortholog of human a-NAGA. Several EST 
clones for this open reading frame (ORF) have been 
reported and open-reading-frame sequence tag (OST) is 
present in the Worfdb database [16]. Available public 
database data are in agreement with our findings. 

We verified the gene structure by sequencing the PCR 
products from genomic DNA and cDNA (Figure 1). The 
analyzed region spanned the entire coding region and the 
3' and 5' untranslated regions (UTR). The 5' UTR SL1 ele-
ment suggests that the gene is either the only gene tran-
scribed from the promoter or is the first gene in an operon 
including gana-1 and the two predicted downstream genes 
R07B7.12 and R07B7.13. Although this region has not 
been reported as an operon, the physical distances 
between this cluster of three genes are suggestive of an 
operon [17-19]. No alternative splicing was found using 
RT/PCR, a feature similar to both human and mouse 
orthologs. RNA editing was reported in the 3' UTR of 
human a-GAL, a finding that another group was unable to 
confirm [20]. We noted no signs of RNA editing in clones 
derived from the gana-1 cDNA. 

Phylogenetic studies 
We aligned GANA-1 protein sequence with other melibi-
ase family members (Figure 2) and constructed a phyloge-
netic tree (Figure 3). The alignment showed a striking 
similarity of GANA-1 to all other included sequences. 
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Figure I 
gana-1 gene structure. Schematic representation of gana-1 gene structure. The length of genomic D N A from start to stop 
codons is 1681 bp. The spliced cDNA consists of 1356 bp + 91 bp of 3' UTR. 

GANA-1 had the highest sequence similarity with Anophe-
les gambiae GAL (46%), the lowest similarity was observed 
with Streptomyces avertimilis GAL (22%). The results o f our 
phylogenet ic analysis are in accordance with generally 
accepted evolutionary concepts. The analysis identified 
four main clades: animal NAGAs, animal GALs, plant/ 
lower organisms GALs and the clade containing sequences 
of Drosophila melanogaster, Anopheles gambiae and 
Caenorhabditis elegans. The branch including C. elegans is 
pos i t ioned between higher animal GALs and NAGAs and 
plant / lower organisms GALs. This pos i t ion in the tree 
infers the evolutionary ancestrality o f gana-1 gene to both 
animal GALs and animal NAGAs. However, this conclu-
s ion is not in comple te agreement with the presence o f 
pairs o f genes in Drosophila and Anopheles g e n o m e s anno-
tated as a-GALs and a-NAGAs. The presence o f these 
genes in the Caenorhabditis/Drosophila/Anopheles branch 
(and not in the GAL and NAGA clades) could be due to 
l o w divergence o f these sequences from a c o m m o n ances-
tral gene or to independent gene dupl icat ion in the Dro-
sophila/Anopheles ancestral organism. It is also important 
to note that the phylogenet ic analysis by m a x i m u m parsi-
m o n y algorithm placed the Caenorhabditis/Drosophila/ 
Anopheles branch into the ne ighborhood of the animal 
NAGAs branch [8J. In this case the computat ional algo-
rithm probably favored the lower number o f necessary 
sequence changes (pars imony) between GANA-1 and 
NAGA clade sequences. 

In our op in ion , the phylogenet ic analysis provides evi-
dence that the GANA-1 evolved from a c o m m o n ancestor 
o f a-GAL and a -NAGA enzymes . However, the topo logy 
o f the tree could also be explained by a loss o f the second 
gene during the evo lut ion o f C. elegans. In this case the 
e n z y m e found in C. elegans w o u l d probably be the 
or tho log o f h u m a n a -NAGA and the lost gene w o u l d 

likely be the ortholog o f h u m a n a-GAL. The l ikel ihood of 
these two hypotheses depends o n functional divergence 
of duplicated gene products and their dispensabil ity for 
organism's metabol ic pathways [21). 

Homology modeling 
The best Squared Root o f Mean Square Deviat ions value 
(RMSD), found between GANA-1 backbone a toms and 
the chicken a -NAGA template [7], was 0 . 5 2 Л. The struc-
tural m o d e l o f the e n z y m e molecu le has a two-domain 
structure (Figure 4A). D o m a i n I, which contains the pre-
dicted active site, adopts a ( P / a ) 8 barrel structure which 
represents a c o m m o n mot i f in m a n y glycoside hydrolases. 
Less conserved is d o m a i n II that has a p d o m a i n with p 
sandwich structure containing a Greek key motif . The 
active site pocket o f GANA-1 is formed by the same twelve 
a m i n o acids (W31, D76, D77, Y118, C126 , K152, D154 , 
C156, S186, A189, Y190 and R211) (Figure 4B) as in 
chicken a-NAGA. This f inding infers their identical func-
t ion in catalytic reactions as described for chicken a -
NAGA [7]. D 1 3 4 carboxyl starts the initial nucleophi l ic 
attack and D 2 1 5 carboxylic oxygen serves as a subsequent 
d o n o r and acceptor o f the proton during the reaction 
cycle. 

Residues forming the "N-acetyl recognit ion loop" in the 
chicken a -NAGA [8] (S172, A175, Y176) have the closest 
contact with the N-acetyl moiety o f the ligand. These resi-
dues are complete ly conserved between h u m a n and 
chicken NAGAs, but in h u m a n a-GAL serin 172 is 
replaced by g lutamine and alanine 175 is replaced by leu-
cine. The replacements with bulkier residues apparently 
discriminate between a-GAL and a -NAGA substrates. 
While NAGAs can a c c o m m o d a t e a-galactose and can have 
s o m e a-GAL activity, GALs d o not have a -NAGA activity 
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Figure 2 
Multiple alignment. Multiple alignment of 29 sequences homologous with GANA-I. These sequences represent animal, 
plant and protozoan kingdoms. The SwissProt/TrEMBL codes are part of the sequence names. Predicted signal peptides are 
shown in brown letters. In cases where two signal sequence prediction algorithms gave different results the difference is 
marked by amber color. The residues forming active site pocket of GANA-I are indicated by arrowheads above the alignment. 
The catalytic domain I is indicated by green band above the alignment. 
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Figure 3 
C l adog ram of G A N A - I orthologs. Cladogram of GANA-I orthologs. The numbers at the branch nodes represent boot-
strap values. 
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F i g u r e 4 
G A N A - I p r o t e i n m o d e l . A) Ribbon representation of GANA- I monomer model. A two-domain structure is apparent in 
the left picture. The N-acetyl-D-galactosamine (inhibitor) is placed into the active site. Dots represent VdW radii of surface 
atoms. B) Stereo picture of the active site pocket with N-acetyl-D-galactosamine (inhibitor) and amino acid labels. The viewing 
angles for stereo representation of the protein structure are ±2 degrees from the central axis. 
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and are not inhibited by N-acetylgalactosamine. The 
corresponding residues of GANA-1 in the NAGA recogni-
t ion l o o p are S186 and A189 and are characteristic for 
NAGAs. 

According to Garman (8] the key residue in the dimer 
interface in h u m a n a-GAL is F273. Residues correspond-
ing to this pos i t ion in other orthologs can serve as predic-
tive markers o f the protein quartenary structure. 
Phenylalanine or tyrosine is present in enzymes that act as 
h o m o d i m e r s whi le glycin indicates a m o n o m e r i c 
structure [8]. The equivalent residue to h u m a n a-GAL 
F273 in GANA-1 is lysine at posi t ion 2 5 7 which is sugges-
tive of h o m o d i m e r i c structure due to its sterical proper-
ties. The h o m o l o g y m o d e l i n g s h o w e d that a groove 
o p p o s i n g K257 is formed by residues T260, L261, D 2 6 2 , 
M263 , 1389, V 3 9 0 and V391 of the other m o n o m e r unit 
o f GANA-1. In the case o f chicken a -NAGA these residues 
are equivalent to S246, Y247, E248, Q 2 4 9 , N 3 7 5 , P376 
and S377 (for details see Additional file 1). 

Biochemical studies 
Standard bacteria/nematode separation protocol previ-
ous ly used by other authors [22 ,23] whi le evaluating lys-
osomal e n z y m e activites is based o n sucrose f lotation 
approach. We avoided standard sucrose f lotation o f 
w o r m s because w e could not exclude unpredictable arti-
facts caused by this c o m p o u n d , which is k n o w n to induce 
artificial lysosomal storage in eukaryotic cells and to alter 
lysosomal gene expression at concentrations significantly 
lower [24] than those used in f lotation protocols. 

We found both a-GAL and a -NAGA enzymatic activities 
in the h o m o g e n a t e s from C. elegans N 2 strain using 4-
methylumbell i feryl ( M U ) substrates. The a -NAGA activity 
was d o m i n a n t over the a-GAL activity. The activity o f a -
NAGA measured at 3 7 ° C was 4 3 0 n m o l . m g ' . h 1 with 
MU-a-N-acetylgalactosaminide compared to the activity 
o f a-GAL with MU-a-galactopyranoside o f 4 3 nmol .mg-
Lh'1 (about 10% of that o f a -NAGA) . 

In the assay o f a-GAL, the degradation o f the MU-a-
galactopyranoside was inhibited up to 9 5 % in the pres-
ence o f N-acetyl-D-galactosamine (D-GalNAc), whereas 
in the presence of D-galactose (D-Gal) the degradation of 
the same substrate was inhibited up to 75%. In the assay 
o f a-NAGA, the degradation o f the MU-a-N-acetylgalac-
tosaminide was inhibited up to 97% by D-GalNAc and up 
to 9 0 % by D-Gal. N o inhibit ion of a -NAGA and a-GAL 
activity by D-glucose was observed. 

According to publ ished observations in h u m a n enzymes, 
D-GalNAc has no inhibitory effect on a-GAL activity. O n 
the other hand, h u m a n a -NAGA activity is inhibited by 
both, D-GalNAc and D-Gal [25]. The mode l of GANA-1 

predicts on ly o n e active site per m o n o m e r o f the enzyme. 
If the e n z y m e had activity toward both substrates, MU-a-
D-galactopyranoside and MU-a-N-acetylgalactosaminide, 
it is to be expected that D-GalNAc and D-Gal would 
inhibit both activities. The strong inhibitory effect o f D-
GalNAc on the a-GAL activity, which is not present in 
h u m a n a-GAL, supports the hypothes is that C. elegans has 
on ly o n e e n z y m e with both a-GAL and a -NAGA activities. 
Nevertheless, these experiments were not conducted with 
the pure e n z y m e and thus d o not provide absolute proof 
o f this hypothesis . 

RNA interference 
RNA interference assays directed against the w h o l e coding 
region of gana-1, e m p l o y i n g combinat ion o f microinjec-
t ion and feeding approaches, did not reveal any abnormal 
morphological phenotypes . Nevertheless, measurement 
o f a-GAL and a -NAGA activities in four different experi-
ments s h o w e d a s imul taneous decrease o f both enzymatic 
activities in RNAi-treated w o r m s (Table 1) as compared 
with control animals. In all RNAi experiments, both a -
GAL and a -NAGA activities decreased proportionally, 
usually by tens of percent o f activity o f appropriate con-
trols. The activity o f the control e n z y m e (P-hexosamini-
dase) did not differ between the RNAi-treated nematodes 
and controls (data not shown) . This finding supports the 
specificity o f gana-1 RNAi. The differences between indi-
vidual experiments are not surprising due to the well-
k n o w n variability in the efficiency o f RNAi [26]. The 
results o f RNAi experiments further support the hypothe-
sis that GANA-1 has both enzymatic activities. 

Both enzymatic activities were lower in RNAi-treated and 
control w o r m s cultured on the bacterial strain HT115 [26] 
compared to a N 2 strain cultured o n the О Р 5 0 strain. 

RNAi previously provided sufficient level o f inhibit ion o f 
structural lysosomal proteins for deve lopment o f abnor-
mal phenotypes in the w o r m [27,28]; however, it is appar-
ently not efficient enough for lysosomal catalytic proteins. 

Expression of gana-1 
To study the expression o f gana-1 in C. elegans, w e created 
transgenic w o r m s with a reporter gene containing the 
entire coding region o f gana-1 C-terminally tagged with 
green fluorescent protein (GFP) under the control of a 3 
kb region o f the gana-1 hypothetical promoter. The pres-
ence of the gana-1 ::GFP transgene in the w o r m s was con-
firmed o n the level o f g e n o m i c DNA, cDNA and protein. 
However, n o GFP signal was observed by f luorescence 
microscopy under the standard laboratory condit ions . As 
Western blotting s h o w e d the presence o f fusion protein of 
the expected size (data not shown) , w e assumed that the 
absence o f the GFP signal was caused by a pH-dependent 
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Table I : a -GAL and a -NAGA activities after gana-1 RNAi. The table shows a proportional parallel decrease of both enzymatic 
activities (a-GAL and a -NAGA) after gana-1 RNAi compared to controls. 

experiment sample a-GAL a-GAL (% of control) a-NAGA a-NAGA (% of control) a-NAGA/a-GAL (X of control) 

nmol mg-'h-' nmol mg-'h-' 

I control 1.78 100 53.13 100 
gana-1 RNAi 1.19 67 26.63 50 0.75 

2 control 13.26 100 221.68 100 
gana-1 RNAi II.1 84 195.13 88 1.05 

3 control 3.43 100 61.68 100 
gana-1 RNAi 1.02 30 11.75 19 0.63 

4 control 9.6 100 212.1 100 
gana-1 RNAi 2.9 30 50.69 24 0.80 

quenching of GFP fluorescence, which has neutral to alka-
line optimum (pH 5.5-12) [29]. 

To study the tissue and intracellular distribution of the 
fusion protein, we resorted to immunofluorescence detec-
tion of the transgene product. Immunofluorescence detec-
tion of GFP fusion protein showed a specific and coarsely 
granular cytoplasmic pattern of fusion protein expression. 
This transgene product was limited to body wall muscle 
cells (30% of population) (Figure 5A, Additional file 2) or 
found in a broader tissue distribution that included body 
wall muscle cells, intestinal cells and coelomocytes (3-5% 
of population) (Figure 5B, Additional file 3). 

This latter staining pattern is consistent with the GFP 
detection in NH4C1 and concanamycin A (CON A) exper-
iments (Figure 6) discussed below. The expression of the 
transgene was observed in about 30% of the population 
which corresponded to usual expression efficiency of 
extrachromosomal array transgenes [30,31]. The immun-
ofluorescence staining protocol resulted in a significant 
decrease of inherent intestinal granular autofluorescence 
previously assigned to secondary lysosomes [32]. The 
decrease of autofluorescence intensity together with its 
poorly defined emission spectra hampered co-localiza-
tion study. 

To confirm that the absence of the GFP signal was due to 
the quenching of fluorescence by low pH in the acidic cel-
lular compartment, we used two agents specifically alka-
lizing acidic cellular compartment [33,34] to enhance the 
GFP emission. Soaking of gana-1 ::GFP transgenic animals 
in NH4C1 or CON A resulted in a distinct GFP signal in a 
vesicular compartment of endocytically active coelomo-
cytes in a small proportion of worms (3-5% of popula-
tion). The GFP signal intensity was dependent on the time 
of incubation and the concentration of the alkalizing 

agent used. The first visible GFP signal was observed after 
8 hour incubation in 100 mM NH4C1 and within 2 hours 
of incubation in 50 nM CON A. Lower concentrations of 
both NH4C1 and CON A did not result in visible GFP sig-
nal even after prolonged incubation of up to 24 hours. 
The reappearance of the GFP signal after treatment of the 
worms with compounds increasing the acidic 
compartment pH indirectly confirms lysosomal localiza-
tion of the fusion protein. The GFP signal in coelomocytes 
had the same coarsely granular pattern as that observed 
after immunostaining. 

Limited access of alkalizing agents to the tissues can 
explain the differences between the results of immunoflu-
orescence and alkalization studies. 

Conclusions 
Our findings showed that gana-1 is the only ortholog of 
human a-NAGA and a-GAL in C. elegans. Based on 
phylogenetic and homology modeling analyses we specu-
late that GANA-1 most probably developed from a hypo-
thetical ancestral gene before the duplication event which 
gave rise to separate a-NAGA and a-GAL genes. 

We also speculate that gana-1 gene product has both a-
NAGA and a-GAL activities as detected in C. elegans 
homogenates. Importantly, both activities in the worm 
were inhibited by D-galactose and N-acetyl-D-galactos-
amine, which is a specific inhibitor of human a-NAGA 
and does not inhibit a-GAL. 

The GANA-1 ::GFP fusion protein had a pattern of distri-
bution that is compatible with lysosomal subcellular 
localization. Hie lysosomal localization of the fusion pro-
tein was also supported by pH sensitive fluorescence of 
GFP that was detectable only after alkalization of the 
acidic cellular compartment. 
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Figure 6 
Alkalization of transgenic worms using C O N A. Two coelomocytes showing a GFP signal in a membrane bound vesicu-
lar compartment (arrowheads) after 24 hour incubation in 50 nM C O N A. DIC/fluorescence merged image. 

Not suprisingly, RNAi of gana-1 yielded n o abnormal 
morphological phenotypes , most likely because it did not 
provide sufficient knockdown of enzymatic activities, 
necessary for deve lopment o f lysosomal storage as 
observed in h u m a n pathology states. Nevertheless, gana-1 
RNAi resulted in a partial decrease of both enzymatic 
activities supporting the not ion that this gene encodes 
both of them. 

It is possible that a delet ion allele o f gana-1 may provide 
more insight into the funct ion of gana-1 and efforts are 
underway to isolate such alleles. Delet ion alleles of 
lysosomal hydrolases may serve as valuable m o d e l s of 
h u m a n lysosomal storage disorders. 

Methods 
C. elegans methods, strains and nomeclature 
The wild type Bristol N 2 strain was used for all experi-
ments and was handled under standard laboratory condi-
t ions as described previously (35). Standard methods were 
used for DNA microinjection [36] and dsRNA synthesis 
and microinjection |37] , Nomenclature is in agreement 
with available Genetic Nomenclature for Caenorhabditis 
elegans [15] and has been approved prior to manuscript 
submiss ion. 

BLAST search 
Wormbase ( 2 0 0 2 - 2 0 0 4 versions and freeze versions 
[15 ,38 ,39] ) databases were repeatedly searched for 
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Figure 5 
Immunofluorescence detection of G A N A - I : : G F P . A) A coarsely granular cytoplasmic distribution of immunopositivity 
(green) in body-wall muscle cells (arrowheads). Two non-transgenic worms are shown in the background (asterisks) for com-
parison. Nuclei are counterstained in red. B) Detailed view of two body wall muscle cells with coarsely granular cytoplasmic 
distribution of immunopositivity (arrowheads) and a coelomocyte (asterisk), both pictures were acquired by 3D rendering of 
initial confocal Z-stacks. Note: compare with figure 6. 

h u m a n a-GAL and a-NAGA orthologs using the BLASTP 
(40} program set at default values. A m i n o acid sequences 
o f h u m a n lysosomal a-GAL and a-NAGA (acc. no. 
N P _ 0 0 0 1 6 0 and acc. no. N P _ 0 0 0 2 5 3 (41]) were used as 
query sequences. 

с DNA amplification and sequencing 
Total RNA was isolated from mixed stages of N 2 cultures 
[42] and reverse transcribed with an oligodT-T7 (5'-
AATACGACTCACTATAG) primer and Superscript reverse 
transcriptase (Invitrogen). The entire coding region o f 
R07B7.11 was PCR amplif ied in two overlapping PCR 
products, with intragenic primers designed according to 
available Wormbase [15] and Worfdb [16J data. SL1 
primer (5' G GTITAATTACCCAAGTTTG AG) and SL2 
primer (S'GGTm'AACCCAGITACTCAAG) (17] together 
with gene specific primer (5'ATCCTGATTAATIT-
TAATTGC) were used to amplify 9 4 2 bp of the 5' part of 
the cDNA and to evaluate the m o d e of trans splicing; the 
1142 bp fragment o f the 3' end o f cDNA was amplif ied 
with T7 primer and a gene specific primer (5'CTTAAGTTT-
GGAATTTATGAA). The d o m i n a n t PCR products were 

c loned with T O P O ТА c loning kit (Invitrogen) into the 
pCR 2.1 vector. Positive c lones were sequenced using the 
Li-Cor automated fluorescent sequencer and sequences 
were aligned with R07B7 reference cosmid sequence in 
the AlignIR software (Li-Cor) to evaluate splicing bound-
aries and overall gene organization. 

Multiple alignment and phylogenetic analyses 
Conf irmed or predicted a m i n o acid sequences o f melibi-
ase family members | 4 3 ] representing plant, unicellular, 
and animal k ingdoms were aligned using ClustalW algo-
rithm [44] and Blosum62 matrix. The SwissProt/TrEMBL 
[45] accesion code and source organism of the sequences 
are depicted in Figure 2. The sequence al ignment was used 
for phylogenet ic analysis with the software package 
PHYLIP [46]. The phylogenet ic tree is based on 100 boot-
straped input al ignments and was constructed by maxi-
m u m l ikel ihood method with Jones-Taylor-Thornton 
matrix mode l [47]. Sequence identities between species 
were calculated wi thout signal sequence in EMBOSS by 
Needleman-Wunsch global a l ignment algorithm with 
B losum62 matrix, gap penalty - 10 and gap extension 
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penalty - 0 .5 [8 ,48,49) . Signal peptides were predicted at 
the SignalP server (50] both by algorithms using neural 
networks and Hidden Markov Models . The results were 
compared to k n o w n signal sequences. The differences 
between signal peptides predicted by the algorithms are 
depicted in Figure 2. 

The 3 D mode l o f GANA-1 is based o n the X-ray structure 
o f chicken a-NAGA, rice a-GAL and h u m a n a-GAL (PDB 
codes lktcA, l u a s and lr47 , respectively) [7-9,51] . The 
mode l was created us ing the automated h o m o l o g y m o d e -
ling server SwissModel with structure ref inement and 
mode l evaluation in the DeepView program [52]. The 
print quality figures (Figure 4 ) and animat ions (Addi-
t ional file 1) were ray traced using PovRay software pack-
age [53]. 

Transgenic GFP expression 
The entire coding region o f the gana-1 gene, including 3 
kb o f its 5'upstream sequence, was amplif ied from N 2 
g e n o m i c DNA through a nested PCR reaction us ing 
D y N A z y m e EXT™ PCR system (Finnzymes) and t w o pairs 
o f primers: the external pair (5'GTGAGAGTGGGGAGAT-
AGAA and 5TCAATTTGCTTGAGGTACATA) and the 
internal primers, with overhangs containing SphI and Sail 
restriction sites respectively (5'ACATGCATGCAACTT-
TCACAGGAACACAAC and 5 'CG ACGTCGACAATT-
GAACTCTATTGGTTCTCAA). The ampl i f ied DNA 
fragment ( 4 7 0 9 bp) was c loned using TOPO-XL c loning 
kit (Invitrogen) into the pCR-XL-TOPO vector. The SphI 
and Sail gana-1 restriction fragment was recloned into the 
GFP reporter vector p P D 9 5 . 6 7 (suppl ied by A. Fire, Stan-
ford University). The in-frame nature of the insert was 
conf irmed by sequencing. The green fluorescent protein 
(GFP) fusion construct pJH3 (50 ng/pl ) and pRF4 plas-
mid ( 5 0 ng /p l ) used as the d o m i n a n t marker were co-
injected into the gonads o f y o u n g adult N 2 worms. Trans-
genic animals were screened for GFP signal. N i k o n Eclipse 
E800 with CI confocal m o d u l e and 4 8 8 n m and 5 4 3 n m 
lasers and differential interference contrast (DIC) optics 
was used for spec imen examinat ion. EZ-C1 software 
(N ikon) was used for picture analysis and 3 D rendering 
(Additional Files 1, 3) . 

Alkallzatlon of acidic cell compartment 
Mixed stage pJH3 and N 2 (control) cultures were har-
vested from NGM O P 5 0 plates and washed with water. 
Worms were pelleted by centrifugation (max. 1 0 0 0 RPM, 
2 min . ) between the washes. Worms were treated with 
either o n e o f t w o agents (NH4C1, concanamycin A - C O N 
A) [33,34] , that are k n o w n to specifically increase pH in 
the cellular acidic compartment . For the NH4C1 method , 
animals were suspended in 0, 10, 25, 50, 75 and 100 mM 
aqueous so lut ions o f NH4C1. Small al iquots o f w o r m s 
were examined after 3 0 min, 2, 4, 6, 8 and 2 4 hours. For 

C O N A, animals were suspended in 0, 10, 20, 50, 100, 
150, 2 0 0 nM solut ions o f C O N A in aqueous media. 
Small al iquots o f w o r m s were examined after 1, 3, 6 and 
24 hours. 

Microscopical examinat ion was performed as described 
above. 

Immunofluorescence 
The fixation and immunof luorescence staining proce-
dures were based o n the approaches o f N o n e t et al. [54]. 
Mixed stage N 2 cultures were harvested from N G M O P 5 0 
plates and washed thoroughly in M9 buffer to remove 
intestinal bacteria. Worms were pelleted by centrifugation 
( 1 0 0 0 RPM, 2 min . ) between the washes. Worms were 
fixed overnight in 4% paraformaldehyde in 100 mM 
sod ium/potas s ium phosphate buffer. Afterwards the 
pellets were washed three t imes in 1 x PBS, and incubated 
in 1% Triton X-100, 100 mM Tris (pH 7.0) , 1% p-Mercap-
toethanol overnight at 3 7 ° С to reduce the cuticle. After 5 
washes in 1 * PBS, the w o r m s were incubated for 5 hours 
in 9 0 0 U / m l col lagenase type IV (Sigma) diluted in Krebs-
Ringer so lut ion ( 1 1 9 m M NaCl, 25 mM N a H C 0 3 , 11.1 
mM glucose, 1.6 mM C a C l 2 H 2 0 , 4 .7 m M KC1, 1.2 mM 
K H 2 P 0 4 , 1.2 mM M g S 0 4 • 7 H 2 0 , pH 7.4) . The reduction/ 
digestion step was performed twice. Pellets were washed 3 
t imes with 1 x PBS and stored for further processing in 
AbA buffer (1 x PBS, 0 .1% Triton X-100, 1% BSA, 0 .05% 
NaN 3 ) . AbA buffer was used for ant ibody dilution. Pri-
mary ant ibody (polyclonal rabbit anti-GFP IgG (Abeam)) 
was diluted 1:500. Secondary ant ibody (goat anti-rabbit 
IgG Alexa Fluor 4 8 8 labeled (Molecular Probes)) was 
diluted 1:1000. Both incubations were performed over-
night at room temperature, with AbB buffer (1 x PBS, 
0 .1% Triton X-100, 0 .1% BSA, 0 .05% N a N 3 ) washes in 
between. 

Nuclei were counterstained with SYTOX orange (Molecu-
lar Probes) and the microscopic evaluation was per-
formed as described above. 

Western Blotting 
Mixed stage pJH3 and N 2 cultures were harvested from 
NGM O P 5 0 plates. Worms were h o m o g e n i z e d by 
sonicat ion and the concentration o f protein was meas-
ured by the Hartree m e t h o d [55]. The proteins (equivalent 
o f 2 5 - 5 0 pg o f protein per lane) were separated by SDS-
PAGE gradient gel (4% to 2 0 % polyacrylamide) and 
transferred o n t o nitrocellulose membrane by semi-dry 
blotting. The membrane was treated according to a com-
m o n Western blott ing protocol with chemi luminiscence 
detection (SuperSignal, West Pico) [56]. Rabbit polyclo-
nal anti-GFP IgG (Abeam, di lut ion 1:5000) was used as 
the primary antibody, the secondary ant ibody was goat 
anti-rabbit IgG/Px (Pierce, diluted 1:20 0 0 0 ) . 
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RNA mediated interference 

T h e PCR p r o d u c t c o n t a i n i n g t h e ent ire gana-1 c D N A w a s 
c l o n e d i n t o pCRII-TOPO vec tor ( Inv i t rogen) a n d L 4 4 4 0 
d o u b l e p r o m o t e r vec tor for m i c r o i n j e c t i o n a n d f e e d i n g 
RNAi respectively. In-vitro transcr ipt ion e m p l o y i n g T7 
a n d SP6 RNA p o l y m e r a s e s ( P r o m e g a ) w a s u s e d to gener-
ate a n t i s e n s e s ing l e s tranded RNA m o l e c u l e s , w h i c h were 
a n n e a l e d t o generate d o u b l e s t randed RNA (dsRNA) . 
d s R N A w a s micro in jec ted i n t o N 2 w o r m s w h i c h were fed 
o n H T 1 1 5 [26]E. coli strain carrying L 4 4 4 0 p l a s m i d w i t h 
gana-1 insert. T h e F, a n d early F2 p r o g e n y w a s screened for 
m o r p h o l o g i c a l p h e n o t y p e s . N 2 w o r m s micro in jec ted 
w i t h water a n d fed o n H T 1 1 5 E. coli t r a n s f o r m e d w i t h 
L 4 4 4 0 vector w i t h o u t insert were u s e d as a contro l . 5 - 7 
w o r m s were m i c r o i n j e c t e d b o t h w i t h d s R N A a n d water in 
e a c h o f 4 separate e x p e r i m e n t s , s ing l e w o r m p r o g e n y 
reaching 1 1 0 - 1 5 0 i n d i v i d u a l s . 

Determination of a-GAL and a-NAGA and /3-

hexosaminldase activities 

Prior t o all activity m e a s u r e m e n t s w o r m s w e r e w a s h e d 
f r o m culture p lates a n d repeated ly ( 6 t i m e s ) w a s h e d a n d 
centr i fuged in M 9 buf fer a n d f ina l l y p e l l e t e d b y centri fu-
ga t ion . 4 - m e t h y l u m b e l l i f e r y l ( M U ) - a - D - N - a c e t y l g a l a c t o s -
a m i n i d e (1 m M ) , 4 - M U - a - D - g a l a c t o p y r a n o s i d e a n d 4-
M U - P - D - g l u c o p y r a n o s i d e in t h e M c I l v a i n e buf fer (0 .1 M 
c i trate /0 .2 M p h o s p h a t e buf fer at ac id ic p H ) were u s e d as 
e n z y m e substrates. React ion mixtures ( s a m p l e a n d 
e n z y m e substrate) were i n c u b a t e d at 3 7 ° С a n d react ions 
were s t o p p e d b y 6 0 0 pi o f 0 . 2 M g lyc ine / N a O H buf fer 
( p H 1 0 . 6 ) [ 1 3 , 5 7 ] . F luorescence s ignal o f the 4 - m e t h y l -
u m b e l l i f e r o n e w a s m e a s u r e d o n t h e l u m i n i s c e n c e spec-
t r o f o t o m e t e r LS 5 0 B (Perkin Elmer) ( e m i s s i o n 3 6 5 n m 
a n d exc i ta t ion 4 4 8 n m ) . I n h i b i t o r s (N-ace ty l -D-ga lac tos -
a m i n e , D-ga lac tose a n d D - g l u c o s e ) w e r e u s e d in 0 .1 M 
final c o n c e n t r a t i o n . All m e a s u r e m e n t s w e r e p e r f o r m e d in 
d o u b l e t s . 
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Additional material 

Additional File 1 
Structure of GANA-1 dimer. The color of the backbone represents differ-
ences of amino acids between GANA-1 and chicken NAGA. Blue color 
represents identical residues and orange stands for non-conservative 
changes. The colors from cyan to green represent different degrees of con-
servation. The surface of one monomer unit at the interface area is ren-
dered with colors representing electrostatic potential. N-acetyl-D-
galactosamine (inhibitor) is placed in the active site pocket of both mon-
omer units (D-GalNAc arrowhead). K257 arrowhead depicts predicted 
dimerisation residue. 
Click here for file 

[http://www.biomedcentral.com/content/supplementary/1471-
2121-6-5-Sl.mpg] 

Additional File 2 
Immunofluorescence detection of GANA-1 ::GFP in muscle cells. 3D vol-
ume rendered and animated image corresponding to Figure 5A 
Click here for file 
[http://www.biomedcentral.com/content/supplementary/1471-
2121-6-5-S2.mpg| 

Additional File 3 
Immunofluorescence detection of GANA-1 ::GFP in muscle cells and сое-
lomocytes. 3D volume rendered and animated image corresponding to 
Figure 5B 
Click here for file 
[http://www.biomedcentral.com/content/supplementary/1471-
2121-6-5-S3.mpg| 
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