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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.  

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. 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. 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-lysosomal4. 

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. Many of 
these processes require complex molecular interactions of protein-protein or protein-lipid 
phases (see also 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.  

Current knowledge about lysosomal proteomics assigns nearly ten (or more) times 
more proteins to reside and function in this cellular compartment. Lysosomal proteins 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.  

Lysosomal membrane proteome and lipidic constitution are intensively studied at the 
present time5,6. 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:α-glucosaminide N-acetyltransferase7,8 
(HGSNAT, section 4) or the issue of detergent-resistant microdomains (DRMs)9,10 and their 
participation in chaperon mediated autophagy (CMA) are discussed in sections 1.2 and 4. The 
composition, homeostasis, recycling and remodelling of the lysosomal membrane bilayer is a 
cornerstone of lysosomal function with implications for human pathology states11.  

The fundamental quality of lysosomal apparatus as ordered intracellular system is, 
besides others, maintained by energy dependent selective delivery of lysosomal proteins. 
There are three different protein targeting mechanisms that employ 3D secondary protein 
structure sequence tags: mannose-6-phosphate (M-6-P) recognition targeting12,13, mannose 
receptor (MR) dependent pathway14,15 and sortillin protein receptor and carrier16 pathway  
employed by saposin-like lysosomal proteins (see 3.1.1 and 3.2.1.1). 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 motifs17. Selective import of certain cytosolic 
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proteins into the lysosomal lumen is the basis of CMA mediated by LAMP 2a (lysosomal 
associated membrane protein) isoform and hsc-73 co-chaperon18-20. 

Substrate entry into the late endosomal-lysosomal compartment is 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. Only autophagy will be briefly discussed. Autophagy is an evolutionary 
conserved mechanism used for degradation of inherent cellular contents. 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 engulfment by lysosomal membrane) and 
chaperon mediated autophagy (CMA, selective protein degradation pathway employing 
protein sequence tags)21,22. Latest publications delineated autophagosomal membrane 
constituting machinery of ubiquitin-like proteins including critical LC3 component23,24 in case 
of macroautophagy. 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 process9,18,20. 

Autophagy represents one of the three basic mechanisms of protein elimination in 
eukaryotic cell (other two are cytosolic proteases and ubiquitin – proteasomal pathways). 
These three pathways function in partial overlap and substitutability25-27. It was shown that 
autophagy (both macro- and CMA variants) represents a constitutively active and continuous 
process, which is indispensable for proper cellular protein clearance28-32. The issues of cellular 
protein elimination or autophagy related programmed cell death (PCD II) should thus be 
considered integral part of lysosomal function33.  

1.2 Lysosomal storage disorders - 2007, overview 
 

At the present time, lysosomal storage disorders (LSDs) represent a group of 48 
entities34 that are defined on the molecular level and are inherited as recessive Mendelian 
monogenic traits (overall incidence of 1:6000 newborns)35. Common denominator in this 
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.  The 
gene discovery period of biochemically defined LSDs was closed by the chracterization of the 
critical gene in MPS type IIIc (heparin acetyl-coenzyme A:α-glucosaminide N-
acetyltransferase deficiency). MPS IIIc thus represents the only synthetic enzymatic 
deficiency (section 4) in the group of otherwise hydrolytic deficiencies8.  

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 (GM1 activator deficiency, saposin and prosaposin deficiencies, 
section 3.1).  

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). Remaining eight disorders are difficult to characterize on the basis of 
their common molecular pathogenesis. Some of these issues are discussed later (sections 
3.1.2, 3.1.3 and 3.2.7.3.1). Cellular phenotype of these eight disorders originates from 
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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. 

  
The characteristics (morphological, biochemical) of cellular and tissue storage patterns 

differ considerably among individual disorders. 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. 

 Impacts of lysosomal storage on the lysosomal biogenesis might be quite diverse, 
sometimes very pronounced, and were demonstrated on RNA and protein levels36. The exact 
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.  

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 focus11. 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 (see 3.1 and 3.2). 
 Lysosomal roles in programmed cell death (PCD) of either caspase mediated (type I) 
or autophagic (type II) are widepread21,32. Direct participation of certain glycolipids or 
ceramide in apoptosis regulation or induction is a generally accepted fact (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. If one considers the extent of regulation of CMA and 
extensive consequences of its deficiency, protein clearance in LSDs is another issue 
contributing to cellular pathology9. 

 As was demonstrated above, all of the historical LSDs were defined on the molecular 
level during the last 40 years. It is tempting to speculate whether other, unrecognized defects 
with “lysosomal” phenotype will be characterized in future.  

2 Summarized aims of the studies 
 
The detailed aims of the studies are listed and defined in the particular sections of the 

following text, this section provides introductory overview.  
 

Saposin-like proteins in lysosomal biology and pathology: prosaposin, saposins and acid 
sphingomyelinase 
• To evaluate neuropathologic 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 potential origins of massive postnatal loss of cortical neurons with respect 
to potential roles PCD type II in this process 
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• 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, inherent transmembrane protein domains 
and potential 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 α-galactosidase and α-N-
acetylgalactosaminidase with special emphasis on evolutionary clustering and 
diversification of catalytic functions 

 

3 Saposin-like proteins in lysosomal biology and pathology – 
prosaposin, saposins and acid sphingomyelinase 

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

biochemical and cellular functions. Their unifying and characterizing feature is the presence 
of saposin-like domain in their secondary protein structure37,38. The saposin-like domain 
includes hydrophobic protein core with six invariable cysteine residues forming three 
disulphide bridges and a common position of four to five α-helices.  

The phylogenetic origins of SAPLIPs are diverse and include proteins from eukaryotic 
and prokaryotic organisms and even from plants38. 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 B or granulysin, for overview see Bruhn (2005)38. 

SAPLIP properties related to membrane (lipid) interactions can be clustered into three 
areas sharing common features: (i) membrane association with local disordering of the bilayer 
structure (e.g. ASM39,40); (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 3.1.3.1).  
 

3.1 Prosaposin deficiency – enzyme activator precursor versus 
neurotrophic factor 

 

3.1.1 Prosaposin and saposins - gene, cellular trafficking, posttranslational 
modifications, functional versatility     
 
Human prosaposin gene (PSAP) is located on the chromosome 10 (10q22.1)41. PSAP 

mRNA encodes a polypeptide (~53 kDa, pSap) that contains signal peptide and four distinct 
but homologous sphingolipid (sphingolipidhydrolase) activating proteins (Sap A-D)42. 
Complex ontogenetic temporo-spatial expression patterns were determined for PSAP gene43. 
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pSap (53 kDa) is posttranslationally processed by a succession of modifications. 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 elucidated42. It was demonstrated that Golgi/lysosomal sorting 
mechanism does not employ M-6-P receptor but is dependent on pSap’s  interaction with 
sphingolipids44 and sortilin receptor protein. Similar mechanism of Golgi/lysosomal targeting 
was documented for acid sphingomyelinase45 (see 3.2.1.1) and GM2 activator protein. 

Proteolytic processing of pSap to four Saps in the late endosome-lysosome occurs via 
cleavage by hydrolytic proteases46. Secretory targeting of pSap is present in a number of cell 
types and pSap was detected in numerous body fluids. Functions of secreted pSap are diverse 
in different tissues47. Some of the downstream cellular signaling exerted by pSap is mediated 
by its interaction with incompletely defined G0-protein associated receptor48. 
 

Human Saps (A-D) function as membrane glycosphingolipid mobilizing agents37. Sap 
interaction with glycosphingolipid or phospholipid membrane sheets intensifies with lower 
pH and is directly related to overall negative surface charge of Sap molecules37,38. Overall, 
Saps mediate intermembrane transport of gangliosides and glycosphingolipids, reorganization 
and destabilization of phopholipid membrane sheets, and fusion of acidic phospholipid 
vesicles.  

Saps (A-D) activator potential is directly linked to their membrane perturbation 
potential. Saposins A-D function as activators of the following lysosomal hydrolases – 
galactocebrosidase, arylsulphatase A, glucocerebrosidase and ceramidase, respectively. Sap 
B, in addition, functions as lysosomal acid α-galactosidase activator in degradation of 
globotriaosylceramide. Lactosyl ceramide hydrolysis by β-galactosylceramidase and β-
galactosidase is associated with Sap A and B activation, respectively49,50.  

Prosaposin has diverse functions that are linked to its lipid interaction 
characteristics51,52. 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 defined as important extracellular regulator with anti-apoptotic and cell 
cycle promoting functions53,54. pSap was demonstrated to interact with G0 protein coupled 
receptor in different tissues and trigger MAP kinase and other signaling pathways directly 
associated with S phase promotion and apoptosis down regulation48,55. Prosaposin’s 
neurotrophic and neuroprotective effects that are exerted by similar mechanisms of signalling 
are discussed in section 3.1.3.1. It should be stressed out that this functional duality of pSap 
molecule has direct consequences in the molecular pathology of pSap deficiency (see 3.1.3). 

 

3.1.2 Prosaposin deficiency, overview 
 
Prosaposin deficiency is a rapidly progressive fatal infantile neurovisceral lysosomal 

storage disorder. The pathogenic consequences must be attributed to the biochemical 
enzymatic deficiencies and to other inherent functions of pSap (see 3.1.3). pSap deficiency 
represents very complex biological and pathogenic problem with many different aspects to 
consider47,49,50,56,57.  

Molecular basis of pSap deficiency lies in the complete absence of pSap and all four 
deriving Saps (A-D) in the cells and tissues47 due to specific pathogenic variations in PSAP 
gene that interfere either with functional mRNA transcription or with pSap protein translation 
initiation49,50,57. 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 
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of Saps. 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). A 
substantial difference exists between the lysosomal storage in non-neuronal cells and neurons 
(see 3.1.4)49,50,58. This difference is related to predominant functionality of pSap protein in the 
particular cell type.  

Morphological changes in non-neuronal cells (various types of epithelia or histiocytes) 
represent foamy cytoplasmic transformation by lysosomal storage. Electron microscopic 
findings include mixture of pleomorphic, sometimes oligolamellar lysosomal deposits, which 
might display some typical ultrastructural characteristics of the above mentioned isolated 
deficiencies. Lysosomal accumulation of multiple sphingolipids without contribution of either 
sphingomyelin or cholesterol is the predominant feature; lactosyl-ceramide is universally 
stored. Ceramide, glucosylceramide, galactosylceramide, globotriaosylceramide, sulphatide 
and GM1-3 gangliosides are accumulated in tissue dependent manner. The 
glycosphingolipid/sphingomyelin ratio or certain tissue specific storage patterns might serve 
as very efficient differential diagnostic tools49,50. 
 

3.1.3 Comments and discussion to the publication Sikora et al. (2007)  
 
This work demonstrates 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 infants49,50,56. This study represents detailed 
analysis of neural tissues in pSap deficiency employing optical and electron microscopic 
approaches.  
 

3.1.3.1 Specific features of neuronal affection in pSap deficiency 
 
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. 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 µm in diameter, depending on the particular case) containing variably dense 
material with amorphous or coarse membranous substructure. Some of the vacuoles seemed to 
be endowed by double membrane. There was no substantial difference between central and 
peripheral neurons. 

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.  

Immunophenotype of the neuronal granules was determined as late endosomal-
lysosomal (LAMP 1, 2 and cathepsin D positive).  Neurons in pSap deficiency displayed 
variable immunohistochemical positivity of subunit C of mitochondrial ATP synthase 
(SCMAS)59.  
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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. We evaluated not only the overall cellular ubiquitin (free and bound) but also 
ubiquitin protein conjugates (mono- and polyubiquitinated)60, which were also considerably 
enhanced in presence. Aggresomal protein component - p6261 immunohistochemical detection 
was negative. 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 C or axonal spheroids). 

We resorted to immunoflurescence multiple labeling in order to address the issues of 
ubiquitin positivity subcellular localization. The colocalization analysis was based on 
Pearson´s coefficient cross-correlation function (CCF) analysis of dual channel images62,63.  

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. 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 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. 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.  
 Neuronal affection in pSap deficiency displayed several fundamental characteristics 
that cannot be directly assigned to biochemical consequences of combined Saps activator 
deficiency. 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 functions64-66.  

The true sequel of changes, as observed in pSap deficient neurons remains 
unanswered. The massive segregation of ubiquitin tagged proteins and observed 
ultrastructural changes can be compared to other processes previously described to result from 
macroautophagy67-69. SCMAS detectability and ubiquitin-lysosomal colocalization further 
support autophagic origin of the changes70. In addition, massive ubiquitination has been 
suggested to trigger autophagy under specific conditions28. 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. 
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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 B (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)71.  
 

3.2.1 Sphingomyelin and sphingomyelinases  
 

Sphingomyelin is a phospholipid composed of sphingenine, long chain fatty acid 
(together ceramide) and phosphorylcholine. Sphingomyelin comprises 5-20 % of the cellular 
phospholipids and is the essential constituent of the biological membranes, predominantly 
located in the outer bilayer leaflet. Sphingomyelinases catalyze the hydrolysis of 
sphingomyelin into ceramide and phosphorylcholine71. The classification proposed by Samet 
and Barenholz72 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 sphingomyelinase, Mg2+ independent neutral sphingomyelinase and alkaline 
sphingomyelinase from the intestinal tract.  

Sphingomyelinases act as soluble membrane associated proteins73. These enzymes 
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).  

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 radiation74. Ceramide, a 
product of sphingomyelin hydrolysis, functions as a secondary messenger in a number of 
regulatory pathways including apoptosis, cell differentiation or proliferation.  
 

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)75. 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 4.5-5.045. The extracellular 
(secreted) form is released from the cell via default secretory pathway, its pH optimum is 
broader. Both forms of ASM are Zn2+ dependent, despite the differences in temporo-spatial 
coordination of the enzyme’s Zn2+ activation75.  

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. 

Bioinformatic methods employing homology modeling based on structurally related 
mammalian purple acid phosphatase rendered a representative model of phosphoesterase 
domain of ASM. This model comprises residues 201-472 of ASM and provided valuable 
insights into the structure of this key ASM domain76 (see Figure 1). It suggests structural 
model of phosphorylcholine head group recognition site and establishes sound basis for the 
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catalytic mechanism of ASM mediated sphingomyelin hydrolysis, assigning the critical 
function of proton donation to His319 residue.  

The substantial necessity of saposins (see 3.1.1) for sphingomyelin hydrolysis by 
ASM has not been unequivocally demonstrated. SAP-like 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 enzyme40.  
 

3.2.2 Molecular genetics of ASM (SMPD1 gene) 
 
ASM is coded by SMPD1 (sphingomyelin phosphodiesterase) gene77-79. 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). Only the full length (2347bp) mRNA 
encodes catalytically active enzyme. The open reading frame (ORF) of this full length mRNA 
is 1890 bp long and codes for 629 amino acids-long protein.  

 Only recently, results of the studies on Beckwith-Wiedemann syndrome (BWS) 
demonstrated genomic imprinting of the SMPD1 locus80. 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 
carriers81. 
 

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 compartment71,82,83. The final stage of this process could be described as 
foamy transformation of the cell. Current state of knowledge considers this kind of 
morphological transformation as nonspecific. 

 Lysosomal storage caused by ASM deficiency (NPD A/B) is generalized, multi 
cellular type affection. ASM deficiency is generalized sphingomyelinosis. The massive and 
generalized accumulation of sphingomyelin distinguishes NPD A/B from NPD type C 
(disorder with a completely different molecular basis, see 3.2.7.3.1), that is characterized by 
sphingomyelin accumulation in histiocytic elements; all other cell types in NPD type C 
accumulate a mixture of lipids, predominantly glycosphingolipids and cholesterol84. 

The consequences of the lysosomal storage process on the normal cellular functions 
are still controversial (see section 1.2). The fundamental questions regarding the dynamics 
and turnover of the storage compartment and accumulated substrate remain unanswered.  
 

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 
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. 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. 
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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 important85,86 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. 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.  
    

3.2.3.2 Visceral storage compartment 
 
Spleen is the most affected organ in ASM deficiency. Splenomegaly might be very 

variable, but 10 fold increases in overall size are not exceptional. Splenic architecture is 
considerably abnormal with the storage present especially in the histiocytes of both pulps87. 
The intensity 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. 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 
extent88.  

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 
may exhibit mild storage changes but usually no substantial functional impairment.  
 

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

 
The first step in pathogenesis-based classification of Niemann-Pick disease was taken, 

when type C of NPD was declared a separate pathogenic entity89 (see 3.2.7.3.1). Ever since, 
NPD due to ASM deficiency is described to have 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 life90. Type B is, on the other hand, characterized by visceral-only (non-neuronal) affection 
with mild, slowly progressive clinical course and survival till adulthood91. Sphingomyelin 
lysosomal storage is, so far, the only accepted cause of clinical symptomatology. Neuronal 
lysosomal storage results in neurological affection and non-neuronal storage results in visceral 
symptomatology. It slowly became apparent that ASM deficiency displays wide phenotypic 
variability both in the neurological and visceral symptomatology, and typically affected 
patients (A or B phenotypes as defined) seem to 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. Fundoscopic changes (cherry red macula 
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or macular halo) might serve as direct and easily accessible indicators of neurolysosomal 
storage (see 3.2.3.1)88,92,93.  

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 dysfunction88,94. 

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 the accepted classification 
scheme oversimplifies the biological problem of ASM deficiency. Whatever modification of 
the current classification scheme is going to be achieved, it must reflect the immense 
variability of the clinical phenotype.  
 

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 trait71. There are, at least, 99 different 

pathogenic sequence variations reported in the SMPD1 gene95. There are no reports 
demonstrating large scale rearrangements in the SMPD1 gene, but it should be repeated that 
the chromosomal region 11p15 can be a subject of imprinting80.  

ASM deficiency, in all its phenotypic variants, should be regarded as a truly panethnic 
disorder with global distribution. Certain ethnic groups with tendency to socio-economic 
clustering and higher rates of consanguineous marriages show higher incidence of ASM 
deficiency (Ashkenazi Jews96, Israeli Arabs97 or Arabic population of North African region of 
Maghreb98). The panethnic population frequency of NPD A/B including heterozygote carriers 
is not available despite the existence of demographically very heterogeneous series of 
genotyped patients91. Last fifteen years represent time of intensive genotype-phenotype 
correlation studies in the field of lysosomal storage disorders. General limitations of these 
studies (compound 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 A96,99,100 pathogenic variations in Ashkenazi Jewish population, delR608 is panethnic 
classical type B associated variation even in compound heterozygotes91,98,101). 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 Q292K88,102,103 associated with slowly progressive neurovisceral 
affection must be noted (see 3.2.7.2).  

The impact of SMPD1 pathogenic variations on the ASM protein structure and 
function, evaluated by means of the 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 3.2.7.2).  

ASM phosphoesterase domain model based on homology modeling provides very 
interesting platform to hypothesize about the impact of pathogenic variations on the ASM 
protein structure and function76. Based on this premise, pathogenic variations M382I and 
N383S interfere with substrate recognition, L302P might result in kinking of one of the α 
helices and thus decreases protein stability, and W391G variation may destabilize the protein 
by disrupting important hydrophobic interactions. It should be noted that only one of SMPD1 
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gene variations (D278A, see also 3.2.8.2) occurs in the predicted metal coordinating 
residues76.  
 

3.2.6 NPD A/B diagnostics – histopathology, enzyme biochemistry, molecular 
genetics, differential diagnosis, and therapy 

 
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 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. There are several methods for ASM estimation, differing in the substrate 
used for the analysis (radiolabeled N-methyl-14C sphingomyelin104 or chromogenic 2-N-
(hexadecanoyl)-amino-4-nitrophenyl phosphorylcholine (HNP-PC)103 or 6-
hexadecanoylamino-4-methylumbelliferyl-phosphorylcholine (HMU-PC)105). It must be 
noted, that considerable care must be taken for the presence of contaminating neutral 
sphingomyelinase activity while performing and evaluating ASM activity assays.  

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 B patients usually exhibit values of 5-10 % 
of normal ASM activity71. 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 determination88. This type of assay setup might 
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.  

The ultimate diagnostic tool of NPD A/B is the molecular genetic evaluation of the 
SMPD1 DNA sequence. 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.  

The differential diagnostics of NPD A/B require broad clinical, histopathological and 
laboratory considerations. The complexity of the problem is demonstrated in the publication – 
Dvořáková et al. (2006).  
 

Goal of principal correction of the enzymatic deficiency in ASM deficiency has not 
been achieved yet. 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.  

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. 

ASM deficiency is one of the candidates for enzyme replacement therapy (ERT). 
Recombinant acid sphingomyelinase has already entered advanced stages of clinical testing 
and should be available to NPD type B patients in a short time.  
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3.2.7 Comments and discussion to the publications Sikora et al. (2003), Pavlů-
Perreira et al. (2005) and Dvořáková et al. (2006) 

 

3.2.7.1 Sikora et al. (2003) 
 
Publication by Sikora et al. (2003) describes a molecular study of SMPD1 pathogenic 

variations in a cohort of 7 NPD A/B patients provided by 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. 

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 
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 B 
phenotype of NPD.  

The overall evaluation of the coding region of SMPD1 gene was performed by direct 
sequencing of the PCR products. 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. Novel pathogenic variations were assessed in 
additional 100 wild type SMPD1 alleles to exclude the possibility that they represent common 
genetic polymorphisms.  

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. H319Y and Y537H associated with NPD type A and P371S associated with NPD 
type B (see below). At the time of publication (year 2003), delR608 was considered to be 
prevalent pathogenic variation among the Arabic NPD type B population of North African 
region of Maghreb. The publication by Sikora et al. (2003) 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 B patient cohorts91. The genotype-phenotype 
correlation between delR608 and mild NPD type B 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. 

The critical residue donating the proton for the sphingomyelin hydrolytic cleavage was 
suggested to be H31976. One of the supportive arguments provided for this hypothesis is the 
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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 B patients is predicted to be situated 
at the end of a β-strand between the two central β-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 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 functions. 

 

3.2.7.2 Pavlů-Perreira et al. (2005)  
 
Publication by Pavlů-Perreira et al. (2005) 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 deficiency71.  
 
3.2.7.2.1 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).  

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.  

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.   
 
3.2.7.2.2 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 
progressive neuronopathic phenotype of ASM deficiency when present on both SMPD1 
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alleles in one patient. Phenotypic presentation of Q292 K compound heterozygotes relies on 
the second contributing allelic variant.  

Evaluation of the position of Q292 residue in the proposed structural model of 
phosphoesterase ASM domain demonstrates its location in one of the peripheral α-helices 
(Figure 1). The impact of the substitution can be assumed in a very limited way. The role of 
the critical α-helix is not easily predictable, and consequences of its kinking by introduction 
of Lys residue are unclear.  
 
3.2.7.2.3 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. 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 connotations92.  

The proposal raised in our paper suggests inclusion of all variant phenotypes of ASM 
deficiency (neuronopathic and non-neuronopathic) into a category of “intermediate 
phenotype”. 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.  
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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 βαβαβ structural motif (α-helices in red, β-sheets in green, loops in grey). Two Zn2+ ions are 
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 α-helices. Residue P371 is located at the C-terminal end of one of the central β-sheets; 
the potential impact to the protein structure is discussed in the text. 

B – 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 database106) and corresponds to the original 
1X9O .pdb file76. The images were rendered in DeepView/Swiss PDB Viewer software. Image pairs represent stereo views 
with rotation angle of +/- 2° from the central axis. 

 
 

3.2.7.3 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). 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 C and its differentiation from ASM deficiency.  
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The report describes a 53-year-old female patient without significant medical history, 
who succumbed to cardio-respiratory failure after encountering an attack of pulmonary 
embolism. The autopsy disclosed previously asymptomatic hepatosplenomegaly and 
lymphadenopathy.  

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 
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. 

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 DNA sequence analyses in obligatory heterozygotes rendered wild type SMPD1 
sequence. 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 C (NPC). 
 
3.2.7.3.1 Niemann-Pick disease type C (lysosomal storage disorder due to defective 

intracellular lipid trafficking)  
 
Lysosomal storage in NPC does not represent generalized sphingomyelinosis 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 sphingomyelin84. 

The search for the fundamental molecular defect in NPC culminated in its causative 
association with one particular gene (NPC1)107. 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)108. The overall ratio of these two 
complementation groups is 95% (NPC1) and 5% (NPC2).  

Findings that both protein products (NPC1 and NPC2) are directly involved in 
intracellular lipid (especially cholesterol) trafficking and homeostasis provided sound basis 
for the previous hypotheses proposed at time of NPC exclusion from ASM deficiency 
phenotype109,110. NPC1 is a multi-transmembrane protein residing in the membranes of a 
specialized subset of late endosomal-lysosomal compartment (NPC1+/LAMP2+/M6PR-
)111,112. 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 loops110. 
Interpretation of the current understanding of the functions of NPC1 protein and NPC1 
positive cellular compartment is the regulation of intracellular lipid sorting, trafficking, and 
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targeting. It is not only cholesterol, but also other lipid moieties (e.g. glycolipids) that are 
regulated by NPC1111.  

NPC2 protein is, unlike NPC1 gene, soluble late endosomal-lysosomal luminal 
protein, functioning in cholesterol binding109. 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 action113 is not known. 

Phenotypic presentation of Niemann-Pick disease type C is very variable. The 
phenotype almost always includes hepatosplenomegaly and neurological impairment84,114. 
Phenotypic presentations can be subdivided into perinatal (dominated by overt hepatal failure 
with cholestasis), infantile, classical juvenile and adult forms. 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 reported115,116. 

The diagnostics of NPC are, in principal, similar to ASM deficiency. Special emphasis 
should always be given to the non-generalized sphingomyelin storage and the histological 
distribution of accumulated cholesterol. The basis of NPC diagnostics is filipin staining test 
(increased in NPC) in cultured fibroblasts, and evaluation of the rate of LDL-derived 
cholesterol esterification (decreased in NPC)84. Delineation of the variant genotype on the 
DNA sequence level is the final step in the diagnostics.  
 

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. All three 
evaluated relatives were found to be heterozygous for either previously reported NPC1 
pathogenic variation (S666N) or a novel pathogenic variation (N961S). Both variations were 
also found in the proband’s NPC1 DNA sequence isolated from FFPE tissues.  

These results allowed us to conclude that this patient suffered from visceral only NPC 
without manifest neurological affection at the age of 53 years.  
 

4 Bioinformatic predictive study of acetyl-coenzyme A:α-
glucosaminide N-acetyltransferase - Hřebíček et al. (2006)  

 
Publication by Hřebíček et al. (2006) describes a genetic linkage analysis performed in 

several families affected by mucopolysacccharidosis type IIIc (Sanfilippo type C syndrome, 
MPS IIIc, 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 critical TMEM 76 gene was designated as HGSNAT (heparin acetyl-
coenzyme A:α-glucosaminide N-acetyltransferase), this designation is an official gene name7. 

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 membranes10. HGSNAT primary function is to transfer acetyl moiety to heparan 
sulfate and render it available for consecutive intralysosomal degradation by α-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 enigmatic117,118.  



 

 23

The immense growth of the genomic information in the last decades due to availability 
of efficient and high throughput methods of nucleic acids analyses, resulted in the expansion 
of bioinformatic tools employing the “DNA sequence domain” to predict protein properties 
and their cellular functions119.  
 

The only confirmed protein (both by genomic and proteomic means) present in the 
available public databases was murine ortholog of human HGSNAT. 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.  

Syntenic aligning is an approach that is capable to document evolutionary 
conservation and 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. 
The two most widely used algorhitms are VISTA and PIPMaker120,121. The results of multiple 
sequences 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.  

In order to evaluate previously proposed transmembrane (TM) nature of HGSNAT 
protein, its primary sequence was searched for membrane spanning domains using TMMOD 
algorithm122. 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 interface123. HGSNAT primary sequence was evaluated for the presence of 
potential signal peptide (SignalIP, 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.  

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.  
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Figure 2 
Syntenic alignment of appropriate HGSNAT chromosomal regions 

Alignment of multiple syntenic sequences of the critical pericentric region of chromosome 8, annotation based on 
Ensemble database124. The alignment was performed using mVISTA algorithm provided by Berkeley genome pipeline121. 
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 mulatta, 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 8. For the details about the 
alignment construction see text. 
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                  1                                                                   70 
 H.sapiens    (1) MTG---ARASAAEQRRAGRSGQARAAERAAGMSGAGRALAALLLAASVLSAALLAPGGSSGRDAQAAPPR 
M.musculus    (1) MTGGSSSRRRRAEERSSAAGTERNSRREAVGGMGAGPALAALLLAGSVLSATLLAPG--------RRAEP 
                  71                                                                 140 
 H.sapiens   (68) DLDKKRHAELKMDQALLLIHNELLWTNLTVYWKSECCYHCLFQVLVNVPQSPKAGKPSAAAASVSTQHGS 
M.musculus   (63) DLDEKRNVELKMDQALLLIHNELLGTSLTVYWKSDDCYQCTFQPLANVSHGGKPAKPSVAPVSVSTQHGS 
                  141                                                                210 
 H.sapiens  (138) ILQLNDTLEEKEVCRLEYRFGEFGNYSLLVKNIHNGVSEIACDLAVNEDPVDSNLPVSIAFLIGLAVIIV 
M.musculus  (133) ILQVNSTSEERAACRLEYKFGEFGNYSLLVQHASSGANKIACDIIVNENPVDSNLPVSIAFLVGLALIVA 
                  211                                                                280 
 H.sapiens  (208) ISFLRLLLSLDDFNNWISKAISSRETDRLINSELGSPSRTDPLDGDVQPATWRLSALPPRLRSVDTFRGI 
M.musculus  (203) VSLLRLLLSLDDVNNWISKTIASRETDRLINSELGSPSRADPLSADYQPETRRSSAN--RLRCVDTFRGL 
                  281                                                                350 
 H.sapiens  (278) ALILMVFVNYGGGKYWYFKHASWNGLTVADLVFPWFVFIMGSSIFLSMTSILQRGCSKFRLLGKIAWRSF 
M.musculus  (271) ALVLMVFVNYGGGKYWYFKHSSWNGLTVADLVFPWFVFIMGTSIFLSMTSILQRGCSKFKLLGKIVWRSF 
                  351                                                                420 
 H.sapiens  (348) LLICIGIIIVNPNYCLGPLSWDKVRIPGVLQRLGVTYFVVAVLELLFAKPVPEHCASERSCLSLRDITSS 
M.musculus  (341) LLICIGVIIVNPNYCLGPLSWDKVRIPGVLQRLGVTYFVVAVLEFFFWKPVPDSCTLESSCFSLRDITSS 
                  421                                                                490 
 H.sapiens  (418) WPQWLLILVLEGLWLGLTFLLPVPGCPTGYLGPGGIGDFGKYPNCTGGAAGYIDRLLLGDDHLYQHPSSA 
M.musculus  (411) WPQWLTILTLESIWLALTFFLPVPGCPTGYLGPGGIGDLGKYPHCTGGAAGYIDRLLLGDNHLYQHPSST 
                  491                                                                560 
 H.sapiens  (488) VLYHTEVAYDPEGILGTINSIVMAFLGVQAGKILLYYKARTKDILIRFTAWCCILGLISVALTKVSENEG 
M.musculus  (481) VLYHTEVAYDPEGVLGTINSIVMAFLGVQAGKILVYYKDQTKAILTRFAAWCCILGLISIVLTKVSANEG 
                  561                                                                630 
 H.sapiens  (558) FIPVNKNLWSLSYVTTLSSFAFFILLVLYPVVDVKGLWTGTPFFYPGMNSILVYVGHEVFENYFPFQWKL 
M.musculus  (551) FIPINKNLWSISYVTTLSCFAFFILLILYPVVDVKGLWTGTPFFYPGMNSILVYVGHEVLENYFPFQWKL 
                  631                              666 
 H.sapiens  (628) KDNQSHKEHLTQNIVATALWVLIAYILYRKKIFWKI 
M.musculus  (621) ADEQSHKEHLIQNIVATALWVLIAYVLYKKKLFWKI 

 
Figure 3 

ClustalW125 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. 
 

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 established non-
mammalian model organisms available as well. Nematode Caenorhabditis elegans (C. 
elegans) is one of these. Unfortunately, the criterion of biological-evolutionary similarity has 
its limits with respect to laboratory utilization.  

C. elegans is a respected model organism for concerted genetic, ultrastructural and 
behavioral studies126. 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 pathology127,128. 
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 organism129,130.  
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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. Fundamentals of C. elegans 
genetics were established by Sydney Brenner in the 1970s and are valid up to now131. Very 
efficient transgenic techniques have been developed for C. elegans. It is easy to follow the 
expression of transgenes (GFP or X-Gal linked), single cell ablations can be performed very 
efficiently132  and the laboratory maintenance of the nematode cultures is also easy  
   

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 
consortium128. The 97 Mb genome is very compact with an average density of one gene per 
5kb. C. elegans genome includes (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 database133 (Wormbase).  

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 %128,134. 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.  
 

In C. elegans, the introduction of double-stranded RNA (dsRNA) results in the 
specific and potent inactivation of genes containing homologous sequences129,130. Gene-
specific loss-of-function results from the degradation of endogenous mRNA by a set of 
consecutive molecular steps135.  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 RNA136. Not surprisingly, RNAi 
was quickly embraced as a tool for determining the functions of specific genes not only in C. 
elegans.   
 

5.1.1 Endosomal - lysosomal system in C. 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 man. Table 1 lists selected proteins participating in the function of endosomal-
lysosomal system and their potential orthologs found by BLASTP (basic local alignment 
search tool) algorithm in the C. elegans genome, the evaluated parameter being the 
expectancy value (e- value).  

C. elegans has already been utilized in numerous works dealing with issues regarding 
basic endosomal-lysosomal system functioning137-141. C. elegans has also been repetitively 
used as a good model organism for different human pathology states, metabolic disorders and 
lysosomal storage disorders included127,142. C. elegans was used in modeling of Niemann-Pick 
disease type C143 or neuronal ceroid lipofuscinosis type 3144. C. elegans was demonstrated to 
have two types of acid sphingomyelinase145, and to possess defined cathepsin D146 or 
LAMP/CD68147 like proteins. Pioneering character can be assigned to the works on cup-5148-

152, C. elegans ortholog of mucolipin-1, a protein that is defective in one of the LSDs 
(mucolipidosis type IV).  
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LSD Variant human protein e-value 

(expectancy) 
C. elegans 
ORF 

C. elegans gene 

Fabry disease alpha galactosidase 2,3e -87 R07B7.11 gana-1 
Farber disease acid ceramidase 2,1e -84 HK11D2.2  
Gaucher disease beta glucocerebrosidase 1,2e -106 Y4C6B.6  
GM1 gangliosiosis beta galactosidase 5,6e -116 T19B10.3  
Tay-Sachs disease alpha hexosaminidase 2,6e -95 T14F9.3  
Sandhoff disease beta hexosaminidase 9,1e -84 T14F9.3  
Krabbe disease galactosylceramidase 2,1e -47 C29E4.10  
Metachromatic leukodystrophy arylsulfatase A 1,5e -43 D1014.1  
Mucolipidosis IV mucolipin 1,2e -79 R13A5.1 cup-5 
Niemann-Pick disease A,B acid sphingomyelinase 2,0e -86 B0252.2 asm-1, asm-2 
Schindler disease N-acetylgalactosaminidase 3,7e -87 R07B7.11 gana-1 
Aspartylglycosaminuria aspartylglycosaminidase 1,7e -68 R04B3.2  
Fucosidosis alpha fucosidase 2,9e -96 W03G11.3  
Galctosialidosis cathepsin A 8,1e -92 F41C3.5  
alfa- mannosidosis alpha mannosidase 1,1e -157 F55G10.1  
beta-mannosidosis beta mannosidase 5,8e -150 C33G3.4  
MPSII iduronate 2 sulfatase 2,7e -07 D1014.1  
MPSVI arylsulfatase B  4,6e -18 D1014.1  
MPSIVA galactosamin sulfate sulfatase  5,9e -26 D1014.1  
MPSIIIA sulfamidase 2,5e -07 D1014.1  
MPSIIIB alpha N-acetyl glucosaminidase 4,5e -98 K09E4.4  
MPSIIID N-acetylglucosamin sulfatase  2,3e -91 K09C4.8  
MPSVII beta glucuronidase 6,1e -114 Y105E8B.TT  
Pompe disease alpha glucosidase 2,7e  -134 D2096.3  
Wolman disease acid lipase 3,2e -81 Y57E12B.B  
cystinosis solute carrier family 3 member 1  2,0e -36 F2D10.9  
sialic acid storage disease solute carrier family 17 member 

5  2,1e -100 C38C10.2  
NCL1 palmitoyl-thioesterase 1 1,2E -81 F44C4.5  
NCL3 CLN3 protein 7,6e -80 F07B10.1 cln-3.1, cln-3.2, cln-3.3 
congenital NCL cathepsin D   1.5e -108 R12H7.2 cad-1 
Niemann-Pick C1 NPC1 protein 8,7e -87 F02E8.6 lmp-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   1,8e - 60 K09A9.2  
rab5A   3,1e - 83 F26H9.5  
rab7   3,3e - 78 W03C9.3  
rab9   3,1e - 51 W03C9.3  
rab5B   2,4e - 83 F26H9.5  
LAMP1   7,8e - 08 C05D9.2  
LAMP2   7,2e - 06 C05D9.2  
coatomer proteins A 0 Y71F9AL.17  
  B 0 F38E11.5  
  E 3,8e - 46 F45G2.4  
  D 4,e - 128 C13B9.3  
  Z 5,2e - 49 F59E10.3  
  G2 8,e - 262 T14G10.5  
  B2 0 F38E11.5  
  G 8,9e - 260 T14G10.5  
clathrin protein CLTA 1,9e - 09 T05B11.3  
  CLTB 1,2e -06 T05B11.3  
  CLH1 0 T20G5.1  
  CLH2 0 T20G5.1  
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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 (e-

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 publication - Hujová, Sikora, 
Dobrovolný et al. (2005) 

  
The 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 α-galactose and α-
N- acetylgalactosamine.  The respective enzymes are lysosomal α-galactosidase (α-GAL) and 
α-N-acetylgalactosaminidase (α-NAGA). Both α-GAL and α-NAGA belong to the melibiase 
protein family (glycoside hydrolase family 27, clan D), and they represent true paralogs. The 
overall similarity between α-GAL and α-NAGA is extensive. The evolutionary concept of 
protein duplication and additional functional divergence has been previously proposed, but 
never unambiguously demonstrated153,154.   

Enzymatic properties of both proteins, including substrate specificities, further support 
the theory of common evolutionary origin. α-GAL is active against substrates containing 
terminal α-galactose, while α-NAGA is participating in intralysosomal degradation of 
glycoconjugates containing terminal α-N- acetylgalactosaminoyl(α-galNAc) but  partially 
also against  moieties with terminal α-galactose155.  

Both enzymes are soluble lysosomal hydrolases with acid pH optima targeted to 
lysosomes by mannose-6-phosphate receptor mediated pathway. Hereditary deficiency of 
either α-GAL or α-NAGA activity results in Fabry or Schindler (or Kanzaki) diseases, 
respectively153,154. Both these disorders represent distinct lysosomal storage entities with 
different phenotypic presentation. Biological material accumulating in α-GAL deficiency is 
almost exclusively GB3 ceramide in comparison to α-NAGA deficiency which results in the 
predominant storage of α-galNAc bearing glycoproteins.  

Simple preliminary BLAST search156 for C. elegans  orthologs of human α-GAL and 
α-NAGA, revealed only a single ORF with comparable e-values (Table 1).This ORF 
(R0B7.11), later designated as gana-1 (α-GAL and α-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 
α-GAL and α-NAGA as well as its functional properties in order to demonstrate that this 
single C. elegans ortholog adopts functions of both human (vertebrate) proteins.  
 

5.2.1 gana-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.  
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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. We used multiple bootstrapped tree analysis to 
construct the final evolutionary trees with following 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 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 α-NAGAs, a fact that corresponded well with its 
further defined characteristics.  

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 α-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 α-NAGA, suggesting its capability 
to utilize substrates of both types.   
 

5.2.2 gana-1 enzymatic activity, RNAi induced compound enzymatic 
deficiency, cellular localization of gana-1 
 
α-GAL and α-NAGA activity measurements in the mixed culture C. elegans 

homogenates showed presence of both activities, α-NAGA activity predominated over α-
GAL. The addition of N-acetyl-D-galactosamine (α-NAGA inhibitor) resulted in the 
considerable activity drop of both (α-GAL and α-NAGA) enzymatic activities, which is a 
phenomenon undetectable in vertebrate (human) proteins. N-acetyl-D-galactosamine 
selectively inhibits α-NAGA but does not influence α-GAL activity. In comparison, the 
addition of D-galactose (α-GAL inhibitor) also resulted in the drop of both activities.  
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 
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 C terminal EGFP 
(enhanced green fluorescent protein) tagging of gana-1. gana-1::GFP 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.  
 

The results and conclusions of this publication clearly demonstrated usefulness of C. 
elegans for the study of human pathology states. 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.157 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. As can be demonstrated on some other studies using C. elegans as a 
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model for human diseases, lack of comparable phenotypic presentation does not necessarily 
mean lack of important and applicable biological message. 

6 Concluding notes 
 
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 could thus 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 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 B 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.  
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7 Abbreviations 
3D three dimensional 
α-GAL alpha-galactosidase   
α-NAGA alpha-N-acetylgalactosaminidase  
ASM acid sphingomyelinase 
BLASTN/P basic local alignment seach tool nucleotide/protein 
bp  base pair 
BWS Beckwith-Wiedemann syndrome  
C.elegans Caenorhabditis elegans 
CCF cross-correlation function 
cDNA complementary deoxyribonucleic acid 
CMA chaperon mediated autophagy 
CNS conserved non-coding sequence 
DNA deoxyribonucleic acid 
DRM detergent resistant microdomain 
EST expressed sequence tag 
e-value expectancy value 
FFPE formaldehyde fixed paraffin embedded 
gana-1 α-GAL and α-NAGA ortholog 

GFAP glial fibrillary acidic protein 
HGSNAT heparin acetyl-coenzyme A:α-glucosaminide N-acetyltransferase 
HMU-PC 6-hexadecanoylamino-4-methylumbelliferyl-phosphorylcholine 
HNP-PC 2-N-(hexadecanoyl)-amino-4-nitrophenyl phosphorylcholine 
kb kilo base 
kDa kiloDalton 
LAMP lysosome associated membrane protein 
LC3 microtubule-associated protein 1 light chain 3  
LSD lysosomal storage disorder 
M-6-P mannose-6-phosphate 
M-6-PR mannose-6-phosphate receptor 
Mb mega base 
MIM mendelian inheritance in man  
MPS mucopolysaccharidosis 
MR mannose receptor 
mRNA messenger ribonucleic acid  
NCL neuronal ceroid lipofuscinosis 
NPC Niemann-Pick disease type C 
NPD Niemann-Pick disease 
NPD A/B Niemann-Pick disease type A/B 
ORF open reading frame 
OST ORF sequence tag 
PCD programmed cell death 
PCR polymerase chain reaction 
PPCA protective protein / Cathepsin A  
pSap prosaposin 
PTM post-translational modification 
RNAi RNA mediated interference 
Sap saposin 
SAPLIP saposin-like protein 
SCMAS subunit c of mitochondrial ATP synthase 
SMPD sphingomyelin phosphodiesterase 
TM transmembrane 
TMMOD improved transmembrane hidden Markov model 



 

 32

8 References 
 
1. Uniform Requirements for Manuscripts Submitted to Biomedical Journals: Writing and Editing for Biomedical Publication - 

http://www.icmje.org/ 
2. den Dunnen, J.T. & Antonarakis, S.E. Nomenclature for the description of human sequence variations. Hum Genet 109, 121-124 

(2001). 
3. De Duve, C., Pressman, B.C., Gianetto, R., Wattiaux, R. & Appelmans, F. Tissue fractionation studies. 6. Intracellular 

distribution patterns of enzymes in rat-liver tissue. Biochem J 60, 604-617 (1955). 
4. Alberts, B., et al. Intracellular vesicular traffic. in Molecular biology of the cell (ed. Gibbs, S.) 711-765 (Garland Science, New 

York, 2002). 
5. Bagshaw, R.D., Mahuran, D.J. & Callahan, J.W. Lysosomal membrane proteomics and biogenesis of lysosomes. Mol Neurobiol 

32, 27-41 (2005). 
6. Bagshaw, R.D., Mahuran, D.J. & Callahan, J.W. A proteomic analysis of lysosomal integral membrane proteins reveals the 

diverse composition of the organelle. Mol Cell Proteomics 4, 133-143 (2005). 
7. Fan, X., et al. Identification of the gene encoding the enzyme deficient in mucopolysaccharidosis IIIC (Sanfilippo disease type C). 

Am J Hum Genet 79, 738-744 (2006). 
8. Hrebicek, M., et al. Mutations in TMEM76 Cause Mucopolysaccharidosis IIIC (Sanfilippo C Syndrome). Am J Hum Genet 79, 

807-819 (2006). 
9. Kaushik, S., Massey, A.C. & Cuervo, A.M. Lysosome membrane lipid microdomains: novel regulators of chaperone-mediated 

autophagy. Embo J 25, 3921-3933 (2006). 
10. Taute, A., et al. Presence of detergent-resistant microdomains in lysosomal membranes. Biochem Biophys Res Commun 298, 5-9 

(2002). 
11. Elleder, M. Glucosylceramide transfer from lysosomes-the missing link in molecular pathology of glucosylceramidase deficiency: 

A hypothesis based on existing data. J Inherit Metab Dis (2006). 
12. Alvarez, V., Parodi, A.J. & Couso, R. Characterization of the mannose 6-phosphate-dependent pathway of lysosomal enzyme 

routing in an invertebrate. Biochem J 310, 589-595. (1995). 
13. Le Borgne, R. & Hoflack, B. Mannose 6-phosphate receptors regulate the formation of clathrin-coated vesicles in the TGN. J Cell 

Biol 137, 335-345 (1997). 
14. Van Patten, S.M., et al. Effect of mannose chain length on targeting of glucocerebrosidase for enzyme replacement therapy of 

Gaucher disease. Glycobiology (2007). 
15. Bijsterbosch, M.K., et al. Quantitative analysis of the targeting of mannose-terminal glucocerebrosidase. Predominant uptake by 

liver endothelial cells. Eur J Biochem 237, 344-349 (1996). 
16. Lefrancois, S., Zeng, J., Hassan, A.J., Canuel, M. & Morales, C.R. The lysosomal trafficking of sphingolipid activator proteins 

(SAPs) is mediated by sortilin. Embo J 22, 6430-6437 (2003). 
17. Bonifacino, J.S. & Traub, L.M. Signals for sorting of transmembrane proteins to endosomes and lysosomes. Annu Rev Biochem 

72, 395-447 (2003). 
18. Cuervo, A.M. & Dice, J.F. Lysosomes, a meeting point of proteins, chaperones, and proteases. J Mol Med 76, 6-12 (1998). 
19. Cuervo, A.M. & Dice, J.F. Unique properties of lamp2a compared to other lamp2 isoforms. J Cell Sci 113 Pt 24, 4441-4450 

(2000). 
20. Cuervo, A.M., Gomes, A.V., Barnes, J.A. & Dice, J.F. Selective degradation of annexins by chaperone-mediated autophagy. J 

Biol Chem 275, 33329-33335 (2000). 
21. Cuervo, A.M. Autophagy: in sickness and in health. Trends Cell Biol 14, 70-77 (2004). 
22. Cuervo, A.M. Autophagy: many paths to the same end. Mol Cell Biochem 263, 55-72 (2004). 
23. Kabeya, Y., et al. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. 

Embo J 19, 5720-5728 (2000). 
24. Tanida, I., Ueno, T. & Kominami, E. LC3 conjugation system in mammalian autophagy. Int J Biochem Cell Biol 36, 2503-2518 

(2004). 
25. Cuervo, A.M., Stefanis, L., Fredenburg, R., Lansbury, P.T. & Sulzer, D. Impaired degradation of mutant alpha-synuclein by 

chaperone-mediated autophagy. Science 305, 1292-1295 (2004). 
26. Lenk, S.E., Susan, P.P., Hickson, I., Jasionowski, T. & Dunn, W.A., Jr. Ubiquitinated aldolase B accumulates during starvation-

induced lysosomal proteolysis. J Cell Physiol 178, 17-27 (1999). 
27. Webb, J.L., Ravikumar, B., Atkins, J., Skepper, J.N. & Rubinsztein, D.C. Alpha-Synuclein is degraded by both autophagy and the 

proteasome. J Biol Chem 278, 25009-25013 (2003). 
28. Komatsu, M., et al. Impairment of starvation-induced and constitutive autophagy in Atg7-deficient mice. J Cell Biol 169, 425-434 

(2005). 
29. Hara, T., et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 441, 885-889 

(2006). 
30. Komatsu, M., et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 441, 880-884 

(2006). 
31. Massey, A.C., Kaushik, S., Sovak, G., Kiffin, R. & Cuervo, A.M. Consequences of the selective blockage of chaperone-mediated 

autophagy. Proc Natl Acad Sci U S A 103, 5805-5810 (2006). 
32. Cuervo, A.M. Autophagy in neurons: it is not all about food. Trends Mol Med 12, 461-464 (2006). 
33. Bursch, W. The autophagosomal-lysosomal compartment in programmed cell death. Cell Death Differ 8, 569-581 (2001). 
34. Online Mendelian Inheritance in Man - http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM 
35. Meikle, P.J., Hopwood, J.J., Clague, A.E. & Carey, W.F. Prevalence of lysosomal storage disorders. Jama 281, 249-254 (1999). 
36. Karageorgos, L.E., et al. Lysosomal biogenesis in lysosomal storage disorders. Exp Cell Res 234, 85-97 (1997). 
37. Vaccaro, A.M., Salvioli, R., Tatti, M. & Ciaffoni, F. Saposins and their interaction with lipids. Neurochem Res 24, 307-314 

(1999). 
38. Bruhn, H. A short guided tour through functional and structural features of saposin-like proteins. Biochem J 389, 249-257 (2005). 
39. Ponting, C.P. Acid sphingomyelinase possesses a domain homologous to its activator proteins: saposins B and D. Protein Sci 3, 

359-361 (1994). 
40. Kolzer, M., et al. Functional characterization of the postulated intramolecular sphingolipid activator protein domain of human 

acid sphingomyelinase. Biol Chem 385, 1193-1195 (2004). 



 

 33

41. Rorman, E.G., Scheinker, V. & Grabowski, G.A. Structure and evolution of the human prosaposin chromosomal gene. Genomics 
13, 312-318 (1992). 

42. Zhao, Q. & Morales, C.R. Identification of a novel sequence involved in lysosomal sorting of the sphingolipid activator protein 
prosaposin. J Biol Chem 275, 24829-24839 (2000). 

43. Sun, Y., Witte, D.P., Jin, P. & Grabowski, G.A. Analyses of temporal regulatory elements of the prosaposin gene in transgenic 
mice. Biochem J 370, 557-566 (2003). 

44. Lefrancois, S., Michaud, L., Potier, M., Igdoura, S. & Morales, C.R. Role of sphingolipids in the transport of prosaposin to the 
lysosomes. J Lipid Res 40, 1593-1603 (1999). 

45. Ni, X. & Morales, C.R. The lysosomal trafficking of acid sphingomyelinase is mediated by sortilin and mannose 6-phosphate 
receptor. Traffic 7, 889-902 (2006). 

46. Hiraiwa, M., et al. Lysosomal proteolysis of prosaposin, the precursor of saposins (sphingolipid activator proteins): its mechanism 
and inhibition by ganglioside. Arch Biochem Biophys 341, 17-24 (1997). 

47. Sandhoff, K., Harzer, K. & Furst, W. Sphinglipid activator proteins. in The Metabolic & Molecular Bases of Inherited Disease, 
Vol. 3 (eds. Scriver, C.R., et al.) 3375-3388 (The McGraw-Hill Companies, Inc., New York, 2001). 

48. Hiraiwa, M., Campana, W.M., Martin, B.M. & O'Brien, J.S. Prosaposin receptor: evidence for a G-protein-associated receptor. 
Biochem Biophys Res Commun 240, 415-418 (1997). 

49. Hulkova, H., et al. A novel mutation in the coding region of the prosaposin gene leads to a complete deficiency of prosaposin and 
saposins, and is associated with a complex sphingolipidosis dominated by lactosylceramide accumulation. Hum Mol Genet 10, 
927-940 (2001). 

50. Elleder, M., et al. Prosaposin deficiency -- a rarely diagnosed, rapidly progressing, neonatal neurovisceral lipid storage disease. 
Report of a further patient. Neuropediatrics 36, 171-180 (2005). 

51. Hiraiwa, M., Soeda, S., Kishimoto, Y. & O'Brien, J.S. Binding and transport of gangliosides by prosaposin. Proc Natl Acad Sci U 
S A 89, 11254-11258 (1992). 

52. Fu, Q., et al. Occurrence of prosaposin as a neuronal surface membrane component. J Mol Neurosci 5, 59-67 (1994). 
53. Lee, T.J., Sartor, O., Luftig, R.B. & Koochekpour, S. Saposin C promotes survival and prevents apoptosis via PI3K/Akt-

dependent pathway in prostate cancer cells. Mol Cancer 3, 31 (2004). 
54. Misasi, R., et al. Prosaposin treatment induces PC12 entry in the S phase of the cell cycle and prevents apoptosis: activation of 

ERKs and sphingosine kinase. Faseb J 15, 467-474 (2001). 
55. Koochekpour, S., et al. Saposin C stimulates growth and invasion, activates p42/44 and SAPK/JNK signaling pathways of MAPK 

and upregulates uPA/uPAR expression in prostate cancer and stromal cells. Asian J Androl 7, 147-158 (2005). 
56. Elleder, M., et al. Niemann-Pick disease type C with enhanced glycolipid storage. Report on further case of so-called 

lactosylceramidosis. Virchows Arch A Pathol Anat Histopathol 402, 307-317 (1984). 
57. Bradova, V., et al. Prosaposin deficiency: further characterization of the sphingolipid activator protein-deficient sibs. Multiple 

glycolipid elevations (including lactosylceramidosis), partial enzyme deficiencies and ultrastructure of the skin in this generalized 
sphingolipid storage disease. Hum Genet 92, 143-152 (1993). 

58. Sikora, J., Harzer, K. & Elleder, M. Neurolysosomal pathology in human prosaposin deficiency suggests essential neurotrophic 
function of prosaposin. Acta Neuropathol (Berl) 113, 163-175 (2007). 

59. Elleder, M., Sokolova, J. & Hrebicek, M. Follow-up study of subunit c of mitochondrial ATP synthase (SCMAS) in Batten 
disease and in unrelated lysosomal disorders. Acta Neuropathol (Berl) 93, 379-390 (1997). 

60. Fujimuro, M., Sawada, H. & Yokosawa, H. Production and characterization of monoclonal antibodies specific to multi-ubiquitin 
chains of polyubiquitinated proteins. FEBS Lett 349, 173-180 (1994). 

61. Zatloukal, K., et al. p62 Is a common component of cytoplasmic inclusions in protein aggregation diseases. Am J Pathol 160, 
255-263 (2002). 

62. Masata, M., Malinsky, J., Fidlerova, H., Smirnov, E. & Raska, I. Dynamics of replication foci in early S phase as visualized by 
cross-correlation function. J Struct Biol 151, 61-68 (2005). 

63. van Steensel, B., et al. Partial colocalization of glucocorticoid and mineralocorticoid receptors in discrete compartments in nuclei 
of rat hippocampus neurons. J Cell Sci 109 ( Pt 4), 787-792 (1996). 

64. O'Brien, J.S., Carson, G.S., Seo, H.C., Hiraiwa, M. & Kishimoto, Y. Identification of prosaposin as a neurotrophic factor. Proc 
Natl Acad Sci U S A 91, 9593-9596 (1994). 

65. O'Brien, J.S., et al. Identification of the neurotrophic factor sequence of prosaposin. Faseb J 9, 681-685 (1995). 
66. Kotani, Y., et al. A hydrophilic peptide comprising 18 amino acid residues of the prosaposin sequence has neurotrophic activity in 

vitro and in vivo. J Neurochem 66, 2197-2200 (1996). 
67. Nixon, R.A., et al. Extensive involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study. J 

Neuropathol Exp Neurol 64, 113-122 (2005). 
68. Migheli, A., et al. Age-related ubiquitin deposits in dystrophic neurites: an immunoelectron microscopic study. Neuropathol Appl 

Neurobiol 18, 3-11 (1992). 
69. Lowe, J., et al. Ubiquitin conjugate immunoreactivity in the brains of scrapie infected mice. J Pathol 162, 61-66 (1990). 
70. Cao, Y., et al. Autophagy is disrupted in a knock-in mouse model of juvenile neuronal ceroid lipofuscinosis. J Biol Chem 281, 

20483-20493 (2006). 
71. Schuchman, E.H. & Desnick, R.J. Niemann-Pick Disease Types A and B: Acid Sphingomyelinase Deficiencies. in The Metabolic 

& Molecular Bases of Inherited Disease, Vol. 3 (eds. Scriver, C.R., et al.) 3589-3610 (The McGraw-Hill Companies, Inc., New 
York, 2001). 

72. Samet, D. & Barenholz, Y. Characterization of acidic and neutral sphingomyelinase activities in crude extracts of HL-60 cells. 
Chem Phys Lipids 102, 65-77 (1999). 

73. Goni, F.M. & Alonso, A. Sphingomyelinases: enzymology and membrane activity. FEBS Lett 531, 38-46 (2002). 
74. Gulbins, E. & Kolesnick, R. Raft ceramide in molecular medicine. Oncogene 22, 7070-7077 (2003). 
75. Schissel, S.L., Keesler, G.A., Schuchman, E.H., Williams, K.J. & Tabas, I. The cellular trafficking and zinc dependence of 

secretory and lysosomal sphingomyelinase, two products of the acid sphingomyelinase gene. J Biol Chem 273, 18250-18259 
(1998). 

76. Seto, M., et al. A model of the acid sphingomyelinase phosphoesterase domain based on its remote structural homolog purple acid 
phosphatase. Prot Sci 13, 3172-3186 (2004). 

77. Schuchman, E.H., Levran, O., Pereira, L.V. & Desnick, R.J. Structural organization and complete nucleotide sequence of the gene 
encoding human acid sphingomyelinase (SMPD1). Genomics 12, 197-205 (1992). 

78. Schuchman, E.H., Suchi, M., Takahashi, T., Sandhoff, K. & Desnick, R.J. Human acid sphingomyelinase. Isolation, nucleotide 
sequence and expression of the full-length and alternatively spliced cDNAs. J Biol Chem 266, 8531-8539 (1991). 



 

 34

79. da Veiga Pereira, L., Desnick, R.J., Adler, D.A., Disteche, C.M. & Schuchman, E.H. Regional assignment of the human acid 
sphingomyelinase gene (SMPD1) by PCR analysis of somatic cell hybrids and in situ hybridization to 11p15.1----p15.4. 
Genomics 9, 229-234 (1991). 

80. Simonaro, C.M., et al. Imprinting at the SMPD1 locus: Implications for Acid Sphingomyelinase-Deficient Niemann-Pick 
Disease. Am J Hum Genet 78, 865-870 (2006). 

81. Lee, C.Y., et al. Compound heterozygosity at the sphingomyelin phosphodiesterase-1 (SMPD1) gene is associated with low HDL 
cholesterol. Hum Genet 112, 552-562 (2003). 

82. Vanier, M.T. & Suzuki, K. Niemann-Pick diseases. in Neurodystrophies and Neurolipidoses, Vol. 66(22) (ed. Moser, H.W.) 133-
162 (Elsevier Science, Amsterdam, 1996). 

83. Elleder, M. Niemann-Pick disease. Pathol Res Pract 185, 293-328 (1989). 
84. Vanier, M.T. & Millat, G. Niemann-Pick disease type C. Clin Genet 64, 269-281 (2003). 
85. Walton, D.S., Robb, R.M. & Crocker, A.C. Ocular manifestations of group A Niemann-Pick disease. Am J Ophthalmol 85, 174-

180 (1978). 
86. Matthews, J.D., Weiter, J.J. & Kolodny, E.H. Macular halos associated with Niemann-Pick type B disease. Ophthalmology 93, 

933-937 (1986). 
87. Elleder, M. The spleen in and storage disorders. in Disorders of the spleen (eds. Cuschieri, A. & Forbes, C.D.) 151-191 

(Blackwell Scientific Publications, 1994). 
88. Pavlu-Pereira, H., et al. Acid sphingomyelinase deficiency. Phenotype variability with prevalence of intermediate phenotype in a 

series of twenty-five Czech and Slovak patients. A multi-approach study. J Inherit Metab Dis 28, 203-227 (2005). 
89. Elleder, M. & Jirasek, A. Niemann-Pick disease. Acta Universitatis Carolinae Medica 3-4, 409-412 (1983). 
90. McGovern, M.M., Aron, A., Brodie, S.E., Desnick, R.J. & Wasserstein, M.P. Natural history of Type A Niemann-Pick disease: 

possible endpoints for therapeutic trials. Neurology 66, 228-232 (2006). 
91. Simonaro, C.M., Desnick, R.J., McGovern, M.M., Wasserstein, M.P. & Schuchman, E.H. The demographics and distribution of 

type B Niemann-Pick disease: novel mutations lead to new genotype/phenotype correlations. Am J Hum Genet 71, 1413-1419 
(2002). 

92. Wasserstein, M.P., et al. Acid sphingomyelinase deficiency: prevalence and characterization of an intermediate phenotype of 
Niemann-Pick disease. J Pediatr 149, 554-559 (2006). 

93. McGovern, M.M., et al. Ocular manifestations of Niemann-Pick disease type B. Ophthalmology 111, 1424-1427 (2004). 
94. Takahashi, T., et al. Heterogeneity of liver disorder in type B Niemann-Pick disease. Hum Pathol 28, 385-388 (1997). 
95. The Human Gene Mutation Database - http://www.hgmd.cf.ac.uk/ 
96. Levran, O., Desnick, R.J. & Schuchman, E.H. Identification and expression of a common missense mutation (L302P) in the acid 

sphingomyelinase gene of Ashkenazi Jewish type A Niemann-Pick disease patients. Blood 80, 2081-2087 (1992). 
97. Gluck, I., Zeigler, M., Bargal, R., Schiff, E. & Bach, G. Niemann Pick Disease type A in Israeli Arabs: 677delT, a common novel 

single mutation. Mutations in brief no. 161. Online. Hum Mutat 12, 136 (1998). 
98. Vanier, M.T., et al. Deletion of arginine (608) in acid sphingomyelinase is the prevalent mutation among Niemann-Pick disease 

type B patients from northern Africa. Hum Genet 92, 325-330 (1993). 
99. Levran, O., Desnick, R.J. & Schuchman, E.H. Type A Niemann-Pick disease: a frameshift mutation in the acid sphingomyelinase 

gene (fsP330) occurs in Ashkenazi Jewish patients. Hum Mutat 2, 317-319 (1993). 
100. Levran, O., Desnick, R.J. & Schuchman, E.H. Niemann-Pick type B disease. Identification of a single codon deletion in the acid 

sphingomyelinase gene and genotype/phenotype correlations in type A and B patients. J Clin Invest 88, 806-810 (1991). 
101. Fernandez-Burriel, M., et al. The R608del mutation in the acid sphingomyelinase gene (SMPD1) is the most prevalent among 

patients from Gran Canaria Island with Niemann-Pick disease type B. Clin Genet 63, 235-236 (2003). 
102. Pavlu, H. & Elleder, M. Two novel mutations in patients with atypical phenotypes of acid sphingomyelinase deficiency. J Inherit 

Metab Dis 20, 615-616 (1997). 
103. Harzer, K., et al. Niemann-Pick disease type A and B are clinically but also enzymatically heterogeneous: pitfall in the laboratory 

diagnosis of sphingomyelinase deficiency associated with the mutation Q292 K. Neuropediatrics 34, 301-306 (2003). 
104. Vanier, M.T., Revol, A. & Fichet, M. Sphingomyelinase activities of various human tissues in control subjects and in Niemann-

Pick disease - development and evaluation of a microprocedure. Clin Chim Acta 106, 257-267 (1980). 
105. van Diggelen, O.P., et al. A new fluorimetric enzyme assay for the diagnosis of Niemann-Pick A/B, with specificity of natural 

sphingomyelinase substrate. J Inherit Metab Dis 28, 733-741 (2005). 
106. PDB - Protein Data Bank - http://www.rcsb.org/pdb/ 
107. Davies, J.P., Levy, B. & Ioannou, Y.A. Evidence for a Niemann-pick C (NPC) gene family: identification and characterization of 

NPC1L1. Genomics 65, 137-145 (2000). 
108. Naureckiene, S., et al. Identification of HE1 as the second gene of niemann-pick C disease. Science 290, 2298-2301. (2000). 
109. Vanier, M.T. & Millat, G. Structure and function of the NPC2 protein. Biochim Biophys Acta 1685, 14-21 (2004). 
110. Watari, H., et al. Determinants of NPC1 expression and action: key promoter regions, posttranscriptional control, and the 

importance of a "cysteine-rich" loop. Exp Cell Res 259, 247-256 (2000). 
111. Salvioli, R., et al. Glucosylceramidase mass and subcellular localization are modulated by cholesterol in Niemann-Pick disease 

type C. J Biol Chem 279, 17674-17680 (2004). 
112. Neufeld, E.B., et al. The Niemann-Pick C1 protein resides in a vesicular compartment linked to retrograde transport of multiple 

lysosomal cargo. J Biol Chem 274, 9627-9635. (1999). 
113. Sleat, D.E., et al. Genetic evidence for nonredundant functional cooperativity between NPC1 and NPC2 in lipid transport. Proc 

Natl Acad Sci U S A 101, 5886-5891 (2004). 
114. Sevin, M., et al. The adult form of Niemann-Pick disease type C. Brain 130, 120-133 (2007). 
115. Frohlich, E., Harzer, K., Heller, T. & Ruhl, U. [Ultrasound echogenic splenic tumors: nodular manifestation of type C Niemann-

Pick disease]. Ultraschall Med 11, 119-122 (1990). 
116. Fensom, A.H., et al. An adult with a non-neuronopathic form of Niemann-Pick C disease. J Inherit Metab Dis 22, 84-86 (1999). 
117. Bame, K.J. & Rome, L.H. Genetic evidence for transmembrane acetylation by lysosomes. Science 233, 1087-1089 (1986). 
118. Meikle, P.J., Whittle, A.M. & Hopwood, J.J. Human acetyl-coenzyme A:alpha-glucosaminide N-acetyltransferase. Kinetic 

characterization and mechanistic interpretation. Biochem J 308 ( Pt 1), 327-333 (1995). 
119. Jensen, L.J., et al. Prediction of human protein function from post-translational modifications and localization features. J Mol Biol 

319, 1257-1265 (2002). 
120. Schwartz, S., et al. PipMaker--a web server for aligning two genomic DNA sequences. Genome Res 10, 577-586 (2000). 
121. Frazer, K.A., Pachter, L., Poliakov, A., Rubin, E.M. & Dubchak, I. VISTA: computational tools for comparative genomics. 

Nucleic Acids Res 32, W273-279 (2004). 



 

 35

122. Kahsay, R.Y., Gao, G. & Liao, L. An improved hidden Markov model for transmembrane protein detection and topology 
prediction and its applications to complete genomes. Bioinformatics 21, 1853-1858 (2005). 

123. Blom, N., Sicheritz-Ponten, T., Gupta, R., Gammeltoft, S. & Brunak, S. Prediction of post-translational glycosylation and 
phosphorylation of proteins from the amino acid sequence. Proteomics 4, 1633-1649 (2004). 

124. Ensembl Genome Browser - http://www.ensembl.org/ 
125. Thompson, J.D., Higgins, D.G. & Gibson, T.J. CLUSTAL W: improving the sensitivity of progressive multiple sequence 

alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res 22, 4673-
4680 (1994). 

126. Caenorhabditis Elegans: Modern Biological Analysis of an Organism. in Methods in Cell Biology, Vol. 48 (eds. Wilson, L. & 
Matsudaira, P.) (1995). 

127. Kuwabara, P.E. & O'Neil, N. The use of functional genomics in C. elegans for studying human development and disease. J Inherit 
Metab Dis 24, 127-138. (2001). 

128. Genome sequence of the nematode C. elegans: a platform for investigating biology. The C. elegans Sequencing Consortium. 
Science 282, 2012-2018. (1998). 

129. Kamath, R.S., Martinez-Campos, M., Zipperlen, P., Fraser, A.G. & Ahringer, J. Effectiveness of specific RNA-mediated 
interference through ingested double-stranded RNA in Caenorhabditis elegans. Genome Biol 2(2000). 

130. Fire, A., et al. Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 391, 806-811. 
(1998). 

131. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71-94. (1974). 
132. Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W. & Prasher, D.C. Green fluorescent protein as a marker for gene expression. 

Science 263, 802-805 (1994). 
133. Wormbase - http://www.wormbase.org/ 
134. Mushegian, A.R., Garey, J.R., Martin, J. & Liu, L.X. Large-scale taxonomic profiling of eukaryotic model organisms: a 

comparison of orthologous proteins encoded by the human, fly, nematode, and yeast genomes. Genome Res 8, 590-598. (1998). 
135. Liu, G., Wong-Staal, F. & Li, Q.X. Development of new RNAi therapeutics. Histol Histopathol 22, 211-217 (2007). 
136. Timmons, L., Court, D.L. & Fire, A. Ingestion of bacterially expressed dsRNAs can produce specific and potent genetic 

interference in Caenorhabditis elegans. Gene 263, 103-112. (2001). 
137. Salcini, A.E., et al. The Eps15 C. elegans homologue EHS-1 is implicated in synaptic vesicle recycling. Nat Cell Biol 3, 755-760. 

(2001). 
138. Zhang, Y., Grant, B. & Hirsh, D. RME-8, a conserved J-domain protein, is required for endocytosis in Caenorhabditis elegans. 

Mol Biol Cell 12, 2011-2021 (2001). 
139. Grant, B., et al. Evidence that RME-1, a conserved C. elegans EH-domain protein, functions in endocytic recycling. Nat Cell Biol 

3, 573-579. (2001). 
140. Clark, S.G., Shurland, D.L., Meyerowitz, E.M., Bargmann, C.I. & van der Bliek, A.M. A dynamin GTPase mutation causes a 

rapid and reversible temperature-inducible locomotion defect in C. elegans. Proc Natl Acad Sci U S A 94, 10438-10443. (1997). 
141. Grant, B. & Hirsh, D. Receptor-mediated endocytosis in the Caenorhabditis elegans oocyte. Mol Biol Cell 10, 4311-4326. (1999). 
142. Rugarli, E.I., et al. The Kallmann syndrome gene homolog in C. elegans is involved in epidermal morphogenesis and neurite 

branching. Development 129, 1283-1294 (2002). 
143. Sym, M., Basson, M. & Johnson, C. A model for niemann-pick type C disease in the nematode Caenorhabditis elegans. Curr Biol 

10, 527-530. (2000). 
144. de Voer, G., et al. Deletion of the Caenorhabditis elegans homologues of the CLN3 gene, involved in human juvenile neuronal 

ceroid lipofuscinosis, causes a mild progeric phenotype. J Inherit Metab Dis 28, 1065-1080 (2005). 
145. Lin, X., Hengartner, M.O. & Kolesnick, R. Caenorhabditis elegans contains two distinct acid sphingomyelinases. J Biol Chem 

273, 14374-14379 (1998). 
146. Jacobson, L.A., et al. Identification of a putative structural gene for cathepsin D in Caenorhabditis elegans. Genetics 119, 355-

363. (1988). 
147. Kostich, M., Fire, A. & Fambrough, D.M. Identification and molecular-genetic characterization of a LAMP/CD68-like protein 

from Caenorhabditis elegans. J Cell Sci 113, 2595-2606. (2000). 
148. Treusch, S., et al. Caenorhabditis elegans functional orthologue of human protein h-mucolipin-1 is required for lysosome 

biogenesis. Proc Natl Acad Sci U S A 101, 4483-4488 (2004). 
149. Schaheen, L., Dang, H. & Fares, H. Basis of lethality in C. elegans lacking CUP-5, the Mucolipidosis Type IV orthologue. Dev 

Biol 293, 382-391 (2006). 
150. Fares, H. & Greenwald, I. Genetic analysis of endocytosis in Caenorhabditis elegans: coelomocyte uptake defective mutants. 

Genetics 159, 133-145 (2001). 
151. Fares, H. & Greenwald, I. Regulation of endocytosis by CUP-5, the Caenorhabditis elegans mucolipin-1 homolog. Nat Genet 28, 

64-68 (2001). 
152. Hersh, B.M., Hartwieg, E. & Horvitz, H.R. The Caenorhabditis elegans mucolipin-like gene cup-5 is essential for viability and 

regulates lysosomes in multiple cell types. Proc Natl Acad Sci U S A 99, 4355-4360 (2002). 
153. Desnick, R.J. & Schindler, D. α-N-Acetylgalactosaminidase Deficiency: Schindler Disease. in The Metabolic & Molecular Bases 

of Inherited Disease, Vol. 3 (eds. Scriver, C.R., Beaudet, A.L., Sly, W.S. & Valle, D.) 3483-3506 (McGraw-Hill Companies, Inc., 
New York, 2001). 

154. Desnick, R.J., Ioannou, Y.A. & Eng, C.M. α-Galactosidase A Deficiency: Fabry Disease. in The Metabolic & Molecular Bases of 
Inherited Disease, Vol. 3 (eds. Scriver, C.R., Beaudet, A.L., Sly, W.S. & Valle, D.) 3733-3774 (McGraw-Hill Companies, Inc., 
New York, 2001). 

155. Asfaw, B., et al. Defects in degradation of blood group A and B glycosphingolipids in Schindler and Fabry diseases. J Lipid Res 
43, 1096-1104 (2002). 

156. Wormbase BLAST or BLAT Search - http://www.wormbase.org/db/searches/blat 
157. Kaletta, T. & Hengartner, M.O. Finding function in novel targets: C. elegans as a model organism. Nat Rev Drug Discov 5, 387-

398 (2006). 
 



 

 36

9 List of author’s publications and presentations  
 

9.1 Publications related to the thesis (sorted chronologically, IF 2006): 
 
Sikora J, Pavlů-Pereira H, Elleder M, Roelofs H, Wevers RA (2003)  Seven novel acid 
sphingomyelinase gene mutations in Niemann-pick type A and B patients. Ann Hum Genet.  67:63-70 
IF - 3.192 
cited by: 
Jensen JM, et al. Exp Dermatol. 2005; 14: 609-18 
Seto M, et al. Protein Sci.  2004; 13:3172-86. 
Ricci V, et al. Hum Mutat. 2004 
Pittis MG, et al.  Hum Mutat. 2004 
 
Hujová J*, Sikora J*, Dobrovolný R*, Poupětová H, Ledvinová J, Kostrouchová M, Hřebíček M 
(2005)  Characterization of gana-1, a Caenorhabditis elegans gene encoding a single ortholog of 
vertebrate alpha-galactosidase and alpha-N-acetylgalactosaminidase. BMC Cell Biol.  6:5 
* contributed equally 
 IF – 2.652  
cited by: 
Kaleta T, et al. Nature Rev Drug Discov. 2006 
 
Pavlů-Pereira H, Asfaw B, Poupětová H, Ledvinová J, Sikora J, Vanier MT, Sandhoff K, Zeman J, 
Novotná Z, Chudoba D, Elleder M (2005)  Acid sphingomyelinase deficiency. Phenotype variability 
with prevalence of intermediate phenotype in a series of twenty-five Czech and Slovak patients. A 
multi-approach study. J Inherit Metab Dis.  28:203-227 
IF – 1.722  
cited by: 
van Diggelen OP, et al. J Inherit Metab Dis. 2005; 28: 733-41 
Wasserstein MP, et al. J Pediatrics. 2006; 149: 554-59  
 
Dvořáková L, Sikora J, Hřebíček M, Hůlková H, Boučková M, Stolnaja L, Elleder M (2006)  
Subclinical course of adult visceral Niemann-Pick type C1 disease. A rare or underdiagnosed 
disorder? J Inherit Metab Dis.  29:591 
IF – 1.722 
cited by: 
Sevin M, et al. Brain 2007; 130: 120-33  
 
Hřebíček M, Mrázová L, Seyrantepe V, Durand S, Roslin NM, Nosková L, Hartmannová H, Ivánek R, 
Čížková A, Poupětová H, Sikora J, Uřinovská J, Stránecký V, Zeman J, Lepage P, Roquis D, Verner 
A, Ausseil J, Beesley CE, Maire I, Poorthuis BJ, van de Kamp J, van Diggelen OP, Wevers RA, 
Hudson TJ, Fujiwara TM, Majewski J, Morgan K, Kmoch S, Pshezhetsky AV (2006)  Mutations in 
TMEM76 Cause Mucopolysaccharidosis IIIC (Sanfilippo C Syndrome). Am J Hum Genet.  79:807-
819 
IF – 12.649 
 
Sikora J, Harzer K, Elleder M (2007)  Neurolysosomal pathology in human prosaposin deficiency 
suggests essential neurotrophic function of prosaposin. Acta Neuropathol (Berl). 113: 163-175  
IF – 2.527 
 



 

 37

9.2 Other publications (sorted chronologically, IF 2006) 
 
Franková V, Serbinová I, Matěj R, Koukolík F, Sikora J, Belšan T (2004)  Creutzfeldtova-Jakobova nemoc, 
kazuistika familiární formy onemocnění. Psychiatrie pro praxi :317-321 
 
Libý P, Kostrouchová M, Pohludka M, Yilma P, Hrabal P, Sikora J, Brožová E, Rall JE, Kostrouch Z (2006)  
Elevated and deregulated expression of HDAC3 in human astrocytic glial tumours. Folia Biol (Praha).  52:21-33 
IF – 0.719 
 
Vylet'al P, Kublová M, Kalbáčová M, Hodaňová K, Barešová V, Stibůrková B, Sikora J, Hůlková H, Živný J, 
Majewski J, Simmonds A, Fryns JP, Venkat-Raman G, Elleder M, Kmoch S (2006)  Alterations of uromodulin 
biology: a common denominator of the genetically heterogeneous FJHN/MCKD syndrome. Kidney Int.  
70:1155-1169 
IF – 4.927 
cited by: 
Kumar S, 2007, J Am Soc Nephrol. 18:10-2 
 
Sikora J, Srbová A, Koukolík F, Matěj R (2006) Retrospective sequence analysis of the human PRNP gene 
from the formaldehyde-fixed paraffin embedded tissues: report of two cases of Creutzfeldt-Jakob Disease. Folia 
Microbiol.  51:619-625  
IF – 0.918 
 
Sikora J, Dvořáková L, Vlášková H, Stolnaja L, Betlach J, Špaček J, Elleder M (2007) A case of excessive 
autophagocytosis with multiorgan involvement and low clinical penetrance. Cesk Patol. (accepted to press) 
 
 

9.3 Published abstracts 
 
Sikora J, Perereira H, Elleder M 
Mutational analysis of six Niemann-Pick disease type A nad B patients of Dutch and Turkish origin. 
XVII. International Congress of Czech Society for Biochemistry and Molecular Biology, September 2000, 
Prague, Czech Republic 
Chem.  listy 94, 543, (2000). 
 
Sikora J, Perereira H, Elleder M, Wevers RA  
Mutational analysis of 30 Niemann-Pick type A and B patients – 21 novel mutations.  
10th International Congress of  Human Genetics, May 2001, Vienna, Austria  
Eur J Hum Genet. 2001, 9, Suppl.1. 
 
Sikora J, Hujová J, Dobrovolný R, Holanová D, Asfaw B, Poupětová H, Ledvinová J, Kostrouchová M, 
Hřebíček M 
Caenorhabditis elegans as a model for lysosomal glycosidase deficiencies. 
European Human Genetics Conference 2003, May 2003, Birminhgham, UK  
Eur J Hum Genet. 2003, 11, Suppl.1. 
 
Hřebíček M, Sikora J, Hujová J, Holanová D, Poupětová H, Asfaw B, Ledvinová J, Kostrouchová M  
Evaluation of Caenorhabditis elegans model for lysosomal diseases caused by deficits of glycosidases.  
American Society of  Human Genetics Conference 2003, November 2003, Los Angeles, USA  
Am J Hum Genet.  2003, 73:348-348 
  
        

9.4 Other selected presentations 
 
Pavlů-Pereira H, Sikora J and Elleder M 
Mutational analysis of Czech and Slovak patients with acid sphingomyelinase deficiency. 



 

 38

12th ESGLD workshop, September 1999, Vidago,  Portugal  
 
Elleder M, Pavlů-Perreira H, Sikora J, Asfaw B, Poupětová H, Berná L 
Sphingomyelinase deficiency- genotype and multilevel phenotype study of 25 Czech and Slovak patients  
13th ESGLD workshop, September 2001, Woudschoten, Netherlands 
 
Sikora J, Hujová J, Dobrovolný R, Holanová D, Befekadu A, Poupětová H, Ledvinová J, Kostrouchová M, 
Hřebíček M 
Caenorhabditis elegans as a model for lysosomal glycosidase deficiencies 
18. pracovní dny Dědičné Metabolické Poruchy, May 2003, Slušovice, Czech Republic 
First price for the scientists under 30 years of age 
 
Sikora J, Hujová J, Dobrovolný R, Holanová D, Befekadu A, Poupětová H, Ledvinová J, Kostrouchová M, 
Hřebíček M 
Caenorhabditis elegans as a model for acid α−glucosidase deficiency 
14th ESGLD Workshop, September 2003, Poděbrady, Czech Republic 
 
Hujová J, Dobrovolný R, Sikora J, Holanová D, Befekadu A, Poupětová H, Ledvinová J, Kostrouchová M, 
Hřebíček M 
Caenorhabditis elegans as a model for Fabry and Schindler diseases 
14th ESGLD Workshop, September 2003, Poděbrady, Czech Republic 

 
Hujová J, Dobrovolný R, Sikora J, Holanová D, Befekadu.A, Poupětová H, Ledvinová J 
Caenorhabditis elegans has only one alpha galactosidase and alpha N-acetylgalactosaminidase ortholog  
5th students´ scientific conference 1.LF UK, April 2004, Prague, Czech Republic 
1st price (PhD students´ section) 
  
Elleder M, Sikora J, Harzer K 
Neurolysosomes in human prosaposin deficiency 
15th ESGLD Workshop, September 2005, Oslo, Norway   
 
Sikora J, Elleder M 
Vacuolar autophagic disorder with predominant involvement of liver, heart, and smooth muscle. Accidental 
autopsy finding in an elderly patient. 
15th ESGLD Workshop, September 2005, Oslo, Norway 
 
Sikora J, Dvořáková L, Hřebíček M, Boučková M, Stolnaja L, Matěj R, Srbová A,  Koukolík F, Elleder M 
Úskalí sekvenční analýzy DNA z formolem fixovanyýh tkání: praktické aplikace na příkladu familiálni formy 
Creutzfeldt-Jakobovy choroby a netypických forem Niemann-Pickovy choroby typu C. 
Molekulární patologie začátku III. tisíciletí: využití bioptických vzorků pro molekulární analýzu, April 2005, 
Olomouc, Czech Republic 
 
Sikora J, Elleder M 
A case of excessive autophagy with multiorgan involvement and low clinical penetrance. A novel lysosomal 
disorder? 
33rd Congress of the Czech Society of Pathologists and 2nd Satellite Symposium and Workshop on Molecular 
Pathology, May 2006, Olomouc, Czech Republic  
 
 



 

 39

 


