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Abstrakt  

Autoptické a bioptické vzorky tkání pacientů a tkáně z myších modelů určitých 

onemocnění stále představují vhodný materiál pro studium širokého spektra 

metabolických poruch. Oba tyto zdroje mají však určité omezení. Lidské 

autoptické tkáně umožňují studovat patogenezi pouze v závěrečných stádiích 

onemocnění a dostupnost vhodného materiálu je velmi omezená. Myší modely 

– na druhou stranu umožňují sledovat progresi onemocnění od počátečních 

stadií a testovat různé léčebné možností. Jak se však několikrát ukázalo, myší 

model určité nemoci nemusí vždy úplně odrážet lidský fenotyp. Relativně nová 

technologie indukovaných pluripotentních kmenových buněk (iPSC) 

představuje další moderní přístup ke studiu vzácných onemocnění. Linie iPSC 

se připravují přímo z pacientských buněk, což odráží metabolický a genetický 

základ této nemoci.  

Tato disertace využívá všechny výše zmíněné přístupy pro sledování 

patologických změn u dvou X-vázaných lysosomálních střádavých 

onemocnění, Fabryho choroby (FD, deficit α-galaktosidasy A) a 

mukopolysacharidosy typu II (MPSII, deficit iduronát-2-sulfatasy). 

Prokázali jsme masivní akumulaci B-antigenů v pankreatu pacientů s FD-B v 

porovnání s jinými orgány a kontrolami. Analýza myších ledvin s FD ukázala 

zvýšenou akumulaci Gb3Cer a jeho isoforem hlavně v renální kůře. Úspěšně 

jsme vytvořili iPSC model FD a MPSII, které byly diferencovány do buněčných 

typů relevantních pro danou nemoc. Patologické znaky byly prokázány zejména 

v gliových buňkách s MPSII. Přídavek rekombinantní IDS do kultivačního 

média měl pouze mírný ochranný účinek, ale nezabránil zvýšené koncentraci 

glykosaminoglykanu ve směsi neurálních buněk pacientů. U FD byla v 

kardiomyocych rovněž prokázána zvýšená koncentrace nedegradovaného 

Gb3Cer i méně početná a dezorganizovaná fibrilární vlákna. Byla potvrzena 

úspěšná internalizace rekombinantní AGAL v lysosomech. Zkoumala se také 

otázka, zda by se na degradaci některých substrátů AGAL mohl podílet 

strukturně a evolučně příbuzný enzym α-N-acetylgalaktosaminidasa (NAGA). 

K tomuto účelu byly připraveny knockout iPSC modely genů těchto enzymů a 

knockout model obou genů současně pomocí metody CRISPR / Cas9. Buňky 

byly použity pro metabolické experimenty s radioaktivně značenými substráty. 
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Abstract  

Autoptic and bioptic tissues from patients and tissues from mouse models of 

certain diseases still represent material of choice for investigation of a wide 

range of metabolic disorders.  Both these sources, however, have some 

limitations. Examinations of human autoptic tissues allow us to study 

pathogenesis only in the final stages of the disease and availability of 

appropriate material is very limited. Mouse models - on the other hand, allow 

monitoring of the disease progression from early stages and testing of various 

therapeutic possibilities. But, as has been shown multiple times, mouse model 

of a particular disease may not fully reflect the human phenotype. The relatively 

new technology of induced pluripotent stem cells (iPSC) constitutes another 

modern approach to study rare diseases. The iPSC lines are prepared directly 

from the patient's cells reflecting the metabolic and genetic basis of the disease.  

This dissertation utilizes all of the above-mentioned approaches for monitoring 

pathological changes in two X-linked lysosomal storage disorders,  Fabry 

disease (FD, α-galactosidase A deficiency) and type II mucopolysaccharidosis 

(MPSII, iduronate-2-sulfatase deficiency ). 

We demonstrate massive accumulation of B-antigens in the pancreas of FD-B 

patients in comparison with other organs and controls. Analysis of mouse 

kidney with FD revealed increased accumulation of Gb3Cer and its isoform 

mainly in the renal cortex. We successfully generated iPSC model of FD and 

MPSII which cells were differentiated into disease-relevant cell types. Typical 

pathological signs were documented in glial cells with MPSII. Addition of 

recombinant IDS in the culture medium had only a mild protective effect but 

did not prevent the increased glycosaminoglycan concentration in the mixture 

of patient’s neural cells. In FD, elevated Gb3Cer concentration was found, as 

well as less numerous and disorganized fibrillar fibers in cardiomyocytes. 

Successful internalization of recombinant AGAL was confirmed in lysosomes. 

The next investigated question was whether the structurally and evolutionarily 

related enzyme α-N-acetylgalactosaminidase (NAGA) can participate in the 

degradation of some substrates of AGAL. For this purpose, the iPSC human 

knockout models of genes coding these enzymes and the double-knockout 

model of both genes were created by the CRISPR / Cas9 method. The cells were 

used for metabolic experiments with radioactively labeled substrates. 
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1. Introduction 

 

The endosomal/lysosomal network represents one of the major metabolic 

regulatory pathways in eukaryotic cells. This includes i) secretory pathway 

transporting newly synthesized enzymes and other proteins to the 

lysosomes/endosomes, ii) autophagic pathway delivering intracellular material 

for lysosomal degradation, and iii) salvage pathway facilitating discharge of 

lysosomal degradation products to other sites of the cells for reutilization 

(Mehta and Winchester 2012).  

GSLs of cellular membranes enter the lysosomal compartment by endocytosis, 

phagocytosis or authophagy and are degraded on the surface of intra-

endosomal/intra-lysosomal membrane in a sequential pathway. 

Monosaccharide units are cleaved off from the non-reducing end of 

oligosaccharide chain in stepwise manner by specific glycosidases. In case of 

degradation of saccharide chains of less than four sugars, these enzymes require 

assistance of small cofactors - activator proteins saposins A-D and GM2 

activator. Products of the degradation leave the lysosomes to be processed in 

different way: either reutilized for the synthesis of more complex molecules, or 

they are exocytosed or transported to other compartments for further use (Kolter 

and Sandhoff 2010). 

When the activities of lysosomal enzymes are impaired, degradation does not 

proceed normally and undegraded molecules accumulate in the organelle and 

intracellular membranes. Nowadays, about 50 inherited lysosomal diseases 

(lysosomal storage disorders - LSD) are known. They are caused by defects in 

genes encoding lysosomal acid hydrolases, protein activators and/or other 

lysosomal proteins (Sandhoff 2013).  

First part of this dissertation is focused on the study of blood group B antigens 

in the pancreas of FD patients with blood group B, which are other minor AGAL 

substrates in addition to the main Gb3Cer. Since the kidney is one of the most 

affected organs in FD, we have focused this study on the analysis of renal 

distribution of stored GSL species using histochemical and advanced MS 

techniques.   

Induced pluripotent stem cells (iPSC) are a type of cells that can be generated 

directly from somatic (adult) cells in lab conditions. This techgnology was 

pioneered by Shinya Yamanaka’s lab who showed in 2006 that the introduction 

of four specific genes encoding transcription factors could convert adult cells 

into pluripotent stem cells (Takahashi and Yamanaka 2016). The technology 
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has made tremendous progress in recent years and is a subject of intensive study 

in many fields of science. 

The main advantage of iPSC technology is the fact that they are derived from 

adult specialized cells of patients who are simultaneously potential recipients. 

This avoids ethical issue of acquisition and allows their use in regenerative 

medicine (Grabel 2012). The prominent application of the iPSC technology is a 

disease modeling since this technique allows the setting up patient-derived cell 

lines that carry all genetic variations leading to the particular disease. Especially 

for rare, fatal diseases where biological study material is scarce, iPSCs help to 

keep the immortal line, produce consistently sufficient amount of material for 

experiments and obtain disease relevant cell types by their differentiation. Thus, 

iPSCs provide an experimental in vitro system to study pathogenesis of the 

disease and possibility to develop and test therapeutic strategies (Robinton and 

Daley 2012). Some of the most remarkable advancements were made in 

neurodegenerative diseases that are often recapitulated in animal models 

incompletely. 

Second part of this dissertation is therefore focused on the generation of iPSC 

models of two X-linked lysosome disorders, FD and MPSII for investigation of 

pathology of affected cell types and evaluation of the effect of ERT on sick 

cells. 
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2. Aims 

 

2.1. Study of human and mouse tissues with biochemical phenotype of FD 

focused on the nature of storage of undegraded substrates. 

2.1.1. Investigation of metabolic fate of glycoconjugates with terminal 

α-galactosyl moieties in the pancreas of FD patients with blood 

group B (FD-B) 

2.1.2. Study of renal sphingolipid distribution in the knockout  mouse 

model of FD (FKO) 

 

2.2. Creation of human FD and MPS II cell models using induced 

pluripotent stem cell technology. 

2.2.1. X chromosome inactivation analysis in female patients with FD 

and MPSII 

2.2.2. Neural model of CNS involvement in MPSII 

2.2.3. FD cardiomyocytes generated from iPSC as a human model for 

testing of therapeutic effect of pharmacological chaperones 

2.2.4. CRISPR/Cas9 generation of iPSC models of FD and Schindler 

disease 
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3. Material and Methods 

 

3.1. Study of human and mouse tissues with biochemical phenotype of 

FD focused on the nature of storage of undegraded substrates 

Tissue samples (pancreas, kidneys and lungs) were collected at autopsy from 

two 52 year-old FD male patients - blood group B secretors (FD-B, classic 

phenotype), one 47 year-old FD male patient - blood group O secretor (FD-O), 

and from four age-matched control individuals without any diagnosis of 

lysosomal storage disease. All samples were fixed with 4% paraformaldehyde. 

Water homogenates of the tissue samples were used to measure protein content 

(Hartree 1972) and for preparation of  lipid extracts (Natomi et al 1988; Kuchar 

et al 2012). GSLs of lipid extracts were separated by high-performance thin 

layer chromatography (HPTLC) on HPTLC-Alufolien Kieselgel 60 (MERCK, 

Germany) or evaluated by tandem mass spectrometry (MS/MS) (Kuchar et al 

2009; Hulkova et al 2012) and high-resolution mass spectrometry (HR-MS) 

(Cifkova et al 2012). Cryostat sections and formaldehyde fixed and paraffin 

embedded tissues were used for confocal microscopy, immunohistochemistry 

(IHC) and wide-field light microscopy of AGAL substrates and ceroid.  

The studied Gla C57BL/6 knockout model (FKO) was a 70-week-old male 

mouse. For a control, a wild-type (WT) isogenic 70-week-old male C57BL/6 

mouse was used. Gb3Cer immunohistochemistry and mass spectrometry 

imaging were performed on consecutive kidney cryosections. Lipid extracts 

prepared from cryosections were used for FIA-ESI-MS/MS as reported 

(Hulkova, 2012).   

 

3.2. Creation of human FD and MPS II cell models using induced 

pluripotent stem cell technology 

Peripheral blood mononuclear cells used for reprogramming were isolated from 

1-5ml of collected blood of one male and one heterozygous female of both MPS 

II and FD patients. Four healthy individuals were used as controls. Leukocytes 

were isolated from peripheral EDTA blood within 24 hours of collection using 

the method described by Skoog at all (Skoog and Beck 1956). Protein 

concentrations were determined using the method of Hartree (Hartree 1972). 

IDS and AGAL activity was assayed using a fluorogenic substrate (Voznyi et 

al 2001). Generation of iPSC lines was performed by Sendai vector infection 

(CytoTune™-iPS 2.0 Sendai Reprogramming Kit, ThermoFisher Scientific 
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Inc., USA) according to manufacture instructions and were maintained on the 

support cell layer (feeder cells) for long-term cultures. Pluripotent state was 

confirmed by expression of pluripotency markers by immunofluorescent 

methods (ICF).    

The MPSII-iPSC lines were successfully differentiated into a mixture of neural 

cells according to previously published protocol (Stacpoole et al 2011). 

Identification of neural progenitor cells and terminally differentiated cells 

(neurons and glial cells) were confirmed by expression of specific markers by 

ICF. MPSII-disease phenotype was assessed by ICF and electron microscopy. 

The dimethylmethylene blue assay for the GAG determination followed a 

previously published protocol (de Jong et al 1992). Recombinant enzyme 

(Elaprase® (idursulfase), Shire Human Genetic Therapies, Inc., Lexington, 

MA, USA) was supplemented in the differentiation media at a final 

concentration of 1 μg/ml, from the stage of neural progenitor cells (NPC). 

FD-iPSC lines were differentiated into spontaneously beating clusters of 

cardiomyocytes (CM) according to previously published protocol (Lian et al 

2013). The presence of cardiac cells was confirmed by ICF. FD-disease 

phenotype was evaluated by FIA-ESI-MS/MS analysis or ICF. The 

recombinant enzyme (Replagal, Shire Pharmaceutical, Lexington, MA, USA), 

at a final concentration of 1 μg/ml was added into the culture medium of 

spontaneously beating CM. 

The RNA-guided Cas9 nuclease was used for generation of mutant cell lines 

with deficiency of AGAL, of NAGA and of both enzymes simultaneously 

according to the previously published protocol (Ran et al 2013). Blood group 

GSL A-6-2, B-6-2 and globotetraosylceramide (Gb4Cer) were isolated and 

purified from outdated human blood concentrates and radioactive labeled as 

described previously (Asfaw et al 2002). The culture medium was 

supplemented with radioactive glycolipid substrate (107 dpm) and 0.5mM 

conduritol-B epoxide (CBE) and the cells were further cultivated for 4 days and 

processed according to reported protocol (Asfaw et al 2002). 
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4. Results and Discussion 

 

4.1. Study of human and mouse tissues with biochemical phenotype of 

FD focused on the nature of storage of undegraded substrates 

4.1.1. Investigation of metabolic fate of glycoconjugates with 

terminal α-galactosyl moieties in the pancreas of FD patients 

with blood group B (FD-B) 

Presence of neutral GSLs and B-GSLs in extracts from autopsy tissue samples 

was examined by HPTLC (with chemical detection and specific 

immunostaining against blood group B), HPLC-ESI-MS/MS and FIA-ESI-

MS/MS analysis. As expected, orcinol detection (Fig.1a) of neutral GSL 

isolated from pancreatic tissue revealed increased accumulation of Gb3Cer in 

the patients with FD irrespective of blood group (FD-B1, -B2 and FD-O). 

However, notable was the massive deposition of complex immunopositive B-

GSLs (Fig.1b) in the pancreas of patient with blood group B (FD-B1) in 

comparison with controls of the same blood group (C-B1, -B2). 

 

 

 

Fig.1: HPTLC analysis of neutral GSLs in the pancreas.  

B-6, B-7, B-9 = B-GSL with 6, 7, or 9 monosaccharides in the chain;  

S1= standards. 
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B-GSLs immunopositive bands were more pronounced in the kidneys compared 

to the lungs, but much weaker than in the pancreas. Only trace amounts of B-

GSLs were detected in the lung tissue of FD-B patients (Fig.2). This variability 

likely relates to the differences in metabolic turnover of organ-specific cell 

types as well as subcellular lipid distribution and/or localization.   

 

 
 

 
Spectrum of B-GSLs in the pancreas was acquired by HR-MS. In the selected 

m/z range, broad representation of various oligosaccharide and lipid structures 

of blood GSLs were identified in the FD pancreas ranging from 5 to 7 sugars in 

the oligosaccharide chain. Such B-GSL rich spectrum was not observed in 

controls (Fig.3). A remarkable biochemical finding was that besides the 

dominant species with six (B-6) and seven (B-7) sugar residues, the whole series 

of highly complex B-GSLs accumulated in the FD-B pancreas. 

 

                                                                                                                                                                               

Fig.2: TLC analysis of neutral GSLs and B-GSLs in the pancreas, kidneys 

and lungs.  

a. orcinol detection, b. blood group B immunostaining.                                            

B-polyGL= polyglycosylceramides.  For other details see Fig.1 
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B-antigens (both glycoproteins and glycolipids) were immunohistochemically 

detected in the acini of the exocrine pancreas and in the vascular endothelial 

cells in both FD-B patients and controls (Fig.4a – d, black arrowheads). In the 

normal tissue, regardless of the blood group, a mosaic pattern of ABH binding 

sites was clearly visible, suggesting that it is an usual feature of ABH antigen 

expression (Ito 1992). In FD-B patients however, the expression of all B-

antigens in the pancreatic acinar epithelium was uniform and more intense than 

in controls. Ductal epithelium, endocrine pancreas (islets of Langerhans) and 

vascular smooth muscle cells were negative for B-antigens (data not shown) 

which is consistent with report by Raven and Dabelstein (Ravn and Dabelsteen 

2000).  

It has been known that storage affected lysosomes accumulate considerable 

amounts of autofluorescent lipofuscin-like lipopigment ceroid (Terman and 

Brunk 1998; Elleder 2010; Hulkova and Elleder 2010). Massive granular 

autofluorescence of ceroid was also detected in the exocrine parts of the FD-B 

pancreas (Fig.4e, white arrowheads) correlated with the signal for B-antigens. 

In controls, the autofluorescent material was not detected in any of the listed 

cell types.  Lysosomal localization of B-antigens was confirmed with their co-

labeling with lysosomal marker LAMP2 (Fig.4e-yellow arrowheads) but not in 

secretory granules using α-amylase marker (Fig.4f, α-amylase positivity).  

Fig.3: High resolution mass spectra of blood group B-GSLs in the pancreas. 

Evaluated by DataAnalysis 4.0 and mMass sofware connected to LipidMAPS. 
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Under normal conditions, Lantini at al (Lantini and Cossu 1997) described 

specific staining of acinar secretory granules for blood group B antigens with 

intensive secretion into the pancreatic juice together with digestive enzymes. In 

our study on FD pancreas, however, neither B-antigens nor Gb3Cer co-localized 

with secretory granule marker (Fig.4f, Fig.5f).  

 

Gb3Cer was expressed in vascular endothelial cells as B-antigens and 

additionally also in vascular smooth muscle cells (Fig.5a – d). B-antigens, 

Fig.4: Blood group B antigen immunohistochemistry and confocal microscopy 

in the pancreas. DAPI stained nuclei in blue*. Scale bars (a, b) = 50μm,                         

(c, d) = 20μm, (e, f) = 10μm. 
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however, did not contribute to the lysosomal storage in vascular smooth muscle 

cells in FD-B patients. Importantly, Gb3Cer positivity was more intense in FD-

B patients than in controls. Other cell types, including pancreatic acini, were 

only weakly positive for Gb3Cer. This substrates was confirmed in the 

lysosomes accompanied with increased amount of ceroid in acini (Fig.5e - 

yellow arrowheads). In smooth muscle cells, but not in endothelial cells, 

Gb3Cer was partially resistant to lipid extraction (Fig.5d, insert - black 

arrowheads), probably reflecting modifications of the lysosomal system by long 

term storage and intensified by extensive amount of ceroid.  

 

Fig.5: Gb3Cer immunohistochemistry and confocal microscopy in the 

pancreas. 
DAPI stained nuclei in blue*. Scale bars (a, b) = 50μm, (c, d) =20μm, (e, f) =10μm 
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The results clearly show that different, non-degraded, substrates are expressed 

and stored in lysosomes of distinct pancreatic cellular populations that have 

different physiological functions. While acinar cells specifically accumulate 

glycoconjugates of blood group B and only minimally Gb3Cer. Comparison of 

differences in substrate storage between blood group B and O FD patients 

provides an explanation for the milder affliction of the pancreas in contrast to 

other organs in which the accumulation of Gb3Cer predominates. We believe 

that our results strongly substantiate the need for more detailed clinical studies 

focused on possible pancreatic (dys)function in FD –B. 

Reference: Supplementary publication A 

 

4.1.2. Study of renal sphingolipid distribution in the α-

galactosidase A knockout  mouse model of FD (FKO) 

The Gb3Cer isoforms were present at 34times higher concentration in FKO 

mouse compared to WT (Fig.6A). The results are more evident when compared 

our results to those previously reported in 5- or 12-month- old male FKO mice 

or female FKO mice (Durant et al 2011). The second stored lipid in FKO mouse 

was Ga2Cer in CDH fraction (Fig.6A). Its concentration was 2 times higher 

compared to that in the WT mouse. The individual isoform profiles of the 

Gb3Cer were also assessed. Molecular species with the C16:0, C20:0, C22:0, 

C24:0 and C24:1 fatty acids were identified as differently expressed lipid forms 

in the FKO mouse and used for lipid bimodal visualization (Fig.6B).  
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Lipid in situ localization was evaluated by mass spectrometry imaging (MSI) 

and correlated with IHC staining on the consecutive tissue sections. The Gb3Cer 

concentration calculated using the above-mentioned five major isoforms was 

almost twice as high as in WT mouse. Higher Gb3Cer accumulation was found 

in the renal cortex of FD mice, lower concentration was detected in the medulla, 

which was assessed by both MSI and IHC methods in tissue sections (Fig.7A). 

Cortical tubules were significantly more affected than glomeruli as well as renal 

tubules in the medulla. In the WT mouse, only a background signal for Gb3Cer 

was detected (Fig.7B).  

Whereas antibodies-based IHC staining recognized just the saccharide portion 

of the Gb3Cer molecule, MSI provided a distribution pattern of lipid isoforms 

in the renal cortex. Thus, the major benefit of MSI is the identification of the 

spatial distribution of the stored compounds and their molecular species. 

 

Fig.6: Analysis in FKO and WT kidney samples by FIA-ESI-MS/MS.  

A - renal sphingolipid profile; B - fatty acylation profile of Gb3Cer. 
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In FKO mouse, lysosomal storage of GSLs in the kidneys partially resemble the 

situation in patients with FD as reported also by other authors (Ohshima et al 

1997; Ohshima et al 1999; Ioannou et al 2001). However, unlike humans, 

storage in FKO mice was higher in proximal tubules but was significantly lower 

in glomerular mesangial cells and podocytes (Valbuena et al 2011). This 

corresponds to the absence of renal insufficiency in the mouse model. Our 

immunohistochemical analyses of accumulated Gb3Cer revealed maximum 

staining intensity in cortical tubules which correlated well with the MSI results 

documented by Fig.7. MS/MS quantification confirmed that the accumulation 

of Gb3Cer in the human FD kidneys is several orders higher than in the mouse 

model which is undoubtedly related to the span of life of both species and to a 

different degree of damage of specific cell types corresponding to milder mouse 

phenotype of FD. 

Reference: Supplementary publication B, Supplementary publication C 

Fig.7: Distribution of Gb3Cer in the kidney tissue section evaluated by IHC 

and MSI analysis (A).  IHC details of the transversal section of FKO (B). 
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4.2. Creation of human FD and MPS II cell models using induced 

pluripotent stem cell technology 

For these studies, iPSC lineages were derived as follows: 1. from one male 

(IDS_Xmut/Y with c.[1181-1G>A] IDS mutation) and one heterozygous female  

(IDS_Xmut/X with c.[1403G>A] (p.Arg468Gln) IDS mutation) with MPS II; 2. 

from one male ((FD_Xmut/Y with c. [277 G>A] GLA mutation) and one 

heterozygous female (FD_Xmut/X  with c. [838C>A] (p.Gln280Lys) GLA 

mutation) with FD. 

Verification of the patient phenotypes was performed by the proof of deficient 

IDS or AGAL activities in cell homogenates (Skoog and Beck 1956; Hartree 

1972) using enzymatic assays (Mayes et al 1981; Voznyi et al 2001) (Table 1). 

β-galactosidase was used as a control enzyme.  The results observed in iPSCs 

are in accordance with the results measured in leukocytes isolated from blood 

of the patients. 

Sample IDS activity 

[nmol/mg.4hod] 

AGAL activity + i 

[nmol/mg.hod] 

β-GAL activity* 

[nmol/mg.hod] 

XCI value 

IDS_Xmut/Y 0.04 - 121.12 - 

IDS_Xmut/X 7.61 - 476.29 98:2 

FD_Xmut/Y - 1.11 243.38 - 

FD_Xmut/X - 87.51 214.03 3:97 

Control 76.95 99.88 147.24 - 

 

Isolated peripheral blood mononuclear cells of the patients and healthy 

individuals were reprogrammed using non-integrating Sendai virus vectors 

expressing the reprogramming factors Oct3/4, Sox2, Klf4 and c-MyciPSC 

colonies typically started forming nine days after viral infection (Fig.8A, B). 

Several colonies were picked from each patient and control cultures and 

passaged until disappearance of the non-replicating Sendai virus. The iPSCs 

showed morphology similar to ESC after 3-5 passages and expressed the 

pluripotency markers OCT3/4, LIN28, SSEA4, TRA-1-81 and ALP (Fig.8C-

F). 

Table 1: Determination of the enzyme activities in iPSCs and their XCI value 
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4.2.1. X chromosome inactivation analysis in female patients with 

FD and MPSII 

There is considerable interest in the use of human iPSC for the study of X-linked 

diseases, not only for the understanding of pathological cellular processes but 

also on how X-chromosome inactivation (XCI) is regulated during 

reprogramming and during the long-term culture of female hiPSC lines 

(Maherali et al 2007; Stadtfeld et al 2008; Marchetto et al 2010; Tchieu et al 

2010; Amenduni et al 2011; Ananiev et al 2011; Tomoda et al 2012).  

Two states of iPSC have been identified so far, varying mainly by X 

chromosome inactivation (XCI) in female cells, referred to as primed (cells after 

reprogramming with inactivation of one of the X chromosomes) and naïve 

(derived from the primed cells with both X-chromosomes active). Although the 

existence of naïve state of human PSCs has not yet been demonstrated in vivo, 

Fig.8: Generation and characterization of iPSC 

The nuclei were counterstained with DAPI (blue). The scale bars indicate 100 μm 
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several groups have developed naïve culture media enabling formation of naïve 

iPSCs from the primed iPSCs in vitro. 

We focused on the study of two female patients with FD and MPSII to address 

the question whether the XCI status of naïve iPSCs is the same as in the source 

primed cells. 

Examination of the methylation status at the AR locus showed extreme skewing 

in both blood leukocytes and reprogrammed iPSCs for favour of the mutated 

allele (XCI ration 98:2) in IDS_Xmut/X and control allele (XCI ratio 3:97) in 

FD_Xmut/X. Naïve iPSC lines were established by cultivation of generated 

iPSCs in naïve human stem cell medium (NHSM) containing LIF and small 

molecule inhibition of ERK1/ERK2 and GSK3β signaling as described 

previously (Gafni et al 2013). After two passages of the iPSCs in the presence 

of NHSM, the cells showed typical round, dome-shaped cell colony 

morphology indicating conversion to naïve state. The methylation status at the 

AR locus did not show a change in XCI ratio in the MPSII clones; however, in 

case of the FD, the XCI ratio changed from 3:97 to 20:80 (Fig.9).   

 

 

Our results suggest that cultivation of female primed iPSCs in “naïve culture 

media” can lead to achievement of naïve state followed by the reactivation of X 

chromosomes and that re-inactivation of X chromosome can be random as it is 

Fig.9: X-chromosome inactivation analysis in the patient’s iPSCs generated 

from the FD patients. 
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during embryogenesis. The varying results regarding XCI status obtained for 

iPSCs may be explained by different reprogramming techniques and the growth 

conditions in which iPSCs are generated and maintained (Gomes et al 2017). 

 

4.2.2. Neural model of CNS involvement in MPSII 

Due to the intended study of CNS involvement in MPSII, the MPSII-iPSC lines 

were differentiated into a mixture of neural cells. ICF analysis confirmed the 

presence of vimentin+, β-TubIII+ and MAP2+ neurons, GFAP+ astrocytes and 

CNPase+ oligodendrocytes (Fig.10).  Lysosomal membrane marker LAMP1 

and lysosomal luminar marker Cathepsin D (CatD) were assayed to determine 

the impact of IDS deficiency on the lysosomal compartment of the neuronal and 

glial cells. The increased lysosomal compartment was observed in the 

perinuclear region of GFAP+ astrocytes and CNPase+ oligodendrocytes and 

occasionally β-TubIII+ neurons of MPSII patients (Fig.10).  

 

Fig.10: Lysosomal accumulation in iPSC derived neural cells.   
Nuclei were counterstained with DAPI (blue signal). Scale bar: 20 μm. 
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Sub-cellular changes of the neural cells were evaluated by electron microscopy. 

Contrary to the heterogeneous cellular population evaluated by ICF, cells with 

larger glia-like nuclei prevailed, suggesting relative fragility of neuronal 

precursors for ultrastructural analysis. All cells formed complex neurosphere 

structures and developed thin cytoplasmic processes. In comparison to control 

cells though, patient neural cells contained numerous pleomorphic 

cytoplasmatic vacuoles containing arranged lamellar or lucent granular material 

(Fig.11). 

  

 

Photometric determination of GAG levels was performed in the homogenates 

of iPSCs, NPCs and terminal differentiated neural cell cultures.  No significant 

increase in GAGs was detected in patient iPSCs and NPCs compared to controls 

which may be caused by the high proliferative rate and thus dilution of 

undegraded substrates of the cells as described previously (Itier et al 2014). 

However, GAGs in terminally differentiated neuronal and glial cells, after 8 and 

12 weeks of culture, were 1.5-4.3x (hemizygous) and 1.7-4.6x (heterozygous) 

higher than in controls (Fig.12A). ERT slightly reduced the levels of elevated 

GAGs but despite high intracellular enzyme activity (Fig.12B) there was still a 

gradual increase in accumulated GAGs in patient cells (Fig.12A). Increased 

amount of HS was immunodetected on the cell surface but not within the 

lysosomes (Fig.12C). We hypothesize that increased amount of IDS substrates 

Fig.11:Electron microscopy 

analysis of iPSC derived 

neural cells. 

(A) edge of a neurosphere with 

emanating cellular processes 

and pleomorphic cytoplasmic 

vacuoles (IDS_Xmut/X). 

(B)comparable cytoplasmic 

vacuoles in the male patient 

cells (IDS_Xmut/Y).  

(C) some control cells 

contained autophagic-like 

vacuoles(white arrowhead). 

Scale bar: (a) 200 μm, (b and c) 

5 μm. 
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in patient cells is given by their presence in extracellular matrix with proximity 

to the plasma membrane from where they are not transported to lysosomes for 

degradation nor are they degraded extracellularly by IDS at a neutral pH.  

Reference: Supplementary publication E 

Fig.12: Analysis of GAG accumulation in iPSC, NPC and differentiated neural 

cells of MPSII patients and controls using a photometric method.  
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4.2.3. FD cardiomyocytes generated from iPSC as a human model 

for testing of therapeutic effect of molecular chaperones 

Cardiomyocytes (CM) are one of the major cell types affected in FD and 

therefore we decided to differentiate iPSCs into cardiac cells. The presence of 

cardiac cells could be easily established by visual observation of spontaneously 

contracting regions. The first beating clusters were observed between 8th to 14th 

day in both control and FD cells. Generated FD-CM and control-CM were also 

positive for typical cardiac marker Nkx2.5, Troponin T a I and SMA (Fig.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increased accumulation of the main storage compound Gb3Cer was also 

detected by FIA-ESI-MS/MS analysis or ICF (Fig.14A). Accumulation of 

Gb3Cer was not detected in control cells. Its increased level in FD-CM thus 

may lead to an inability to generate functional fibers in these cells (Fig.14A 

right column) and as described (Itier et al 2014). Regular intravenous 

administration of recombinant human AGAL is the most used treatment of LSD, 

including FD. Recently, an effective clearance of Gb3Cer by the recombinant 

enzyme in FD-CM has been reported (Itier et al 2014). We tested trafficking of 

-C
M

 Troponin T Troponin I 

SMA Nkx-2.5 

Fig.13: CM generated from human iPSC 
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supplied enzyme within the compartments highly loaded with storage 

compounds. Its lysosomal internalization was confirmed after 5 days of loading 

in culture media (Fig.14B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the follow up study, prepared cultures of functional human CM will be used 

for testing small pharmacological chaperones which can stabilize the protein 

molecule of the enzyme during its synthesis, improve transport to the 

lysosomes, and thus increase total cellular enzymatic activity in cases of 

selected amenable AGAL mutants. 

Reference: Supplementary material F 
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Fig.14: Demonstration of FD phenotype in generated CM 
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4.2.4. CRISPR/Cas9 generation of iPSC models of FD and 

Schindler disease 

Previously published results (Asfaw et al 2002) of metabolic experiments in 

cultures of skin fibroblasts from Fabry and Schindler disease patients 

demonstrated that AGAL substrates with longer saccharide chain 

 (e.g. B-6-2) are partially degraded even in AGAL activity deficient cells (up to 

50%).  

We applied CRISPR/Cas9 system for efficient genome modification in human 

iPSCs (Ran et al 2013) to generate gene knock-outs of two studied lysosomal 

hydrolases, AGAL and  NAGA.| The set of three model lines, consisting of 

single knock-outs of GLA (AGAL-KO) gene, NAGA (NAGA-KO) gene and 

combined  double knock-out (D-KO) of both genes simultaneously, was 

prepared to elucidate the overlap of substrate specificities of these 

evolutionarily related hydrolases (Scriver et al 2001; Asfaw et al 2002).  

Deficient activity of particular enzymes in cell homogenates by in vitro enzyme 

assay confirmed the successful generation of knock-out lines. 

To address the hypothesis that NAGA activity is contributing to degradation of 

polar AGAL substrates, we performed loading experiments with tritium-labeled 

natural substrates, globotetraosylceramide (Gb4Cer - precursor of Gb3Cer), A-

6-2 and B-6-2 glycolipids in cultures of the control and all three knock-outs of 

spontaneously differentiated iPSC lines. The degradation pathway was 

stopped at glucosylceramide (1) by the CBE inhibition of 

glucocerebrosidase. As expected these experiments clearly shows the block in 

degradation of Gb3Cer produced in situ from loaded Gb4Cer in AGAL-KO and 

D-KO in contrast with normal degradation of this substrate in control cells and 

in NAGA-KO (Fig 16, first column). The degradation of A-6-2 with terminal 

α-N-acetylgalactosamine is blocked, as expected, in NAGA-KO and D-KO 

cells, while this substrate is normally degraded in control cells and in AGAL-

KO cells. The degradation pattern of B-6-2 in AGAL-KO is suggesting 

relatively high degree of degradation of this substrate which is in accordance 

with previously published results (Asfaw et al 2002). However, this "residual" 

degradation activity does not seem to be affected by knocking-out the NAGA 

activity which was hypothesized to be responsible for observed degradation of 

B-6-2 in FD cells. The degradation of B-6-2 in control cell and in NAGA-KO 

is normal as expected.  
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Taken these results together it seems that there is still another enzyme (or 

mechanism) that is causing the partial degradation of more polar substrates of 

AGAL in cells. One of the candidates would be non-lysosomal, neutral α-

galactosidase that would partially access these substrates in AGAL deficient 

cells. The exact identification of this mechanism would be the topic of further 

studies on these model cellular systems.   

Reference: Supplementary material G 

 

 

Fig.15: Degradation of tritium-labeled glycolipids Gb4Cer, B-6-2 and A-6-2 by 

spontaneously differentiated iPSC with knockout of GLA and NAGA genes 

and double knockouts of both genes  

Lipid pattern of AGAL-KO (A), NAGA-KO (B), D-KO (C) cell lines and of 

control cells (D). The chromatographic positions of substrate and various 

degradation products are indicated by number of monosaccharide residues in the 

glycolipid chain:  e.g  1 = glucosylceramide, 4 = Gb4Cer. 
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5. Conclusions 

 

5.1. Study of human and mouse tissues with biochemical phenotype of 

FD focused on the nature of storage of undegradable substrates.  

Examination of the metabolic fate of glycoconjugates with terminal α-

galactosyl moieties revealed the massive deposition of complex B-GSL (with 

more than 5 monosaccharide units) as well as non-lipid B-glycoconjugates in 

the pancreas of patients with blood group B (FD-B). 

Acinar cells of the exocrine pancreas and vascular endothelial cells were the 

major sites of increased expression of blood group B-specific antigens 

accompanied by massive ceroid deposition, whereas the endocrine pancreas 

(islets of Langerhans) and ductal epithelium were completely free of storage. 

Co-labeling with the lysosomal marker LAMP2 pointed to lysosomal character 

of the deposition. 

Interestingly, acini cells were only weakly positive for Gb3Cer, classical storage 

compound in FD, dominating in the kidneys. The tissue/cell/substrate 

variability in FD points to differences in metabolic turnover of organ-specific 

cell types as well as subcellular lipid distribution. 

34-fold increase of Gb3Cer in the FKO renal tissue has been documented by 

FIA-ESI-MS/MS analysis. The second stored lipid in FKO mouse was 

classically Ga2Cer and similar results were obtained by both MALDI mass 

spectrometry imaging (MSI) and FIA-MS/MS.  

Immunohistochemistry proved higher accumulation of Gb3Cer in renal cortex 

of the FKO mouse sections compared to the medulla which correlated well with 

the MSI analysis. Cortical tubules were significantly more affected than 

glomeruli and renal tubules of the medulla of the FKO mice which evokes 

pathologically similar human later-onset phenotype of FD.  

The major benefit of MSI in comparison with IHC was the identification of the 

spatial distribution of sphingolipids and their specific isoforms, which represent 

true chemical imaging of individual molecular species. Thus, MSI identified 

five elevated Gb3Cer isoforms and their detailed distribution in renal regions of 

the FKO and WT mice.  
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5.2. Creation of human FD and MPS II cell models using induced 

pluripotent stem cell technology 

We have created human iPSC models of two X-linked LSD- MPSII and FD - 

expressing the pluripotency markers OCT3/4, LIN28, SSEA4, TRA-1-81 and 

ALP. These stable iPSC models have been used for further studies as follows: 

X-chromosome inactivation in MPS II and FD,  neural cells models in MPS II,  

FD cardiomyocyte cell lines for chaperon therapy testing  and  formation of 

CRISPR/ Cas9 iPSC models of FD and Schindler diseases. 

 

 The cultivation of primed iPSC in naïve culture condition led to the changes 

of the cell colony morphology indicating a conversion of primed iPSC to naïve 

state. The methylation status at the AR locus show the change in XCI ratio in 

the case of the FD but not of the MPSII clones.   

 

 We have succeeded in differentiation of control and MPSII iPSC into the 

mixture of neural cells (neurons and glial cells).  Compared to control, neural 

cells of MPSII patients accumulated increased amount of GAG with numerous 

abnormally sized lysosomes. The treatment with commercially available 

recombinant enzyme did not prevent the increase of GAG levels in MPSII 

cultures. As heparan sulphate was detected mainly on plasma membrane, we 

hypothesize that increased level of GAG in terminally differentiated neural cells 

is given by their presence on plasma membrane where recombinant enzyme is 

not active.  

 

 We have successfully differentiated control and FD-iPSC into functional CM 

exhibiting phenotypic features typical for FD such as increased accumulation 

of Gb3Cer and reduced ability of functional fibers creation. Lysosomal 

internalization of recombinant enzymes was confirmed.  In the follow up study, 

functional human CM will be used for testing of pharmacological chaperones.  

 

 We applied CRISPR/Cas9 system for efficient genome modification in human 

iPSCs and created iPSC knockout models of FD and Schindler disease. Double 

knockout of both genes encoding particular hydrolases was also formed. 

Loading experiments of tritium-labeled glycolipids did not confirm contribution 

of NAGA (deficient in Schindler disease) to the degradation of the substrates of 

AGAL. Due to the limitations of the radiochemical method, other advanced 

biochemical techniques will be used in the follow up study to identify 

mechanism of degradation of more polar AGAL substrates.  
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In summary, the presented work has broadened the knowledge of 

pathobiochemistry and cell pathology of FD and has successfully dealt with the 

preparation of cellular model systems applicable not only to LSD but to rare 

genetic diseases in general. Introduction and mastering the techniques of iPSC 

models generation is already being used in a number of research projects at our 

department. We believe that this work also extends the possibilities of testing 

therapeutic options for disease-specific cell types. 
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