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Figure S1: The role of ARSK in heparan sulfate degradation as an example for GAG degradation 

ARSK removes the 2-O-sulfate group from 2-sulfoglucuronate. This figure, showing GAG degradation with the 

example of heparan sulfate, is adapted with permission from Dhamale et al. (2017)[1], Ó 2017, American Chemical 

Society. 

O
COOH
OH

OH
OSO3-

O

OSO3-

CH2OH

NHSO3-

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O O R
O

O
COOH
OH

OH
OH

O

OSO3-

CH2OH

NHSO3-

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O O R
O

O

OSO3-

CH2OH

NHSO3-
OH

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

CH2OH

NHSO3-
OH

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

CH2OH

NH2

OH

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

CH2OH

NHAc
OH

O

OH

COOH

OSO3-

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

COOH

OSO3-
OH

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

COOH

OH
OH

O

OH

CH2OSO3-

NHSO3-

O R
O

O

OH

CH2OSO3-

NHSO3-
OH

R
O

O

OH

CH2OSO3-

OH
NH2

R
O

O

O

O

O

O

O

N-ACETYLGLUCOSAMINIDASE, ALPHA (NAGLU) 

MPS III B 

ARYLSULFATASE K (ARSK)

BETA-GLUCURONIDASE (GUSB) 

MPS VII 

N-SULFOGLUCOSAMINE SULFOHYDROLASE (SGSH) 

MPS III A

N-ACETYLGLUCOSAMINE-6-SULFATASE (GNS) 

MPS III D

HEPARAN-ALPHA-GLUCOSAMINIDE 

N-ACETYLTRANSFERASE (HGSNAT)

MPS III C

N-SULFOGLUCOSAMINE SULFOHYDROLASE (SGSH) 

MPS III A

ARYLSULFATASE G (ARSG)

Usher syndrome, Type IV

ALPHA-L-IDURONIDASE (IDUA)

MPS I

IDURONATE 2-SULFATASE (IDS)

MPS II

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmedgenet-2021-108061–964.:957 59 2022;J Med Genet, et al. Verheyen S



 3 

 

Figure S2: Conserved sulfatase signature 

The arginine in the CxPxR-motif is unexceptionally conserved in all human sulfatases indicating its relevance in 

formylglycine modification and catalytic activity.  
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Table S1: Results of DMB urine electrophoresis in S1 (age 11 and 16 years) and S2 (age 14 years) 

 
*1: analyses performed at the Center of Pathobiochemistry and Genetics, Medical University of Vienna, Austria 
*2: analysis performed at the Laboratory of Metabolic Diseases, Department of Pediatrics and Adolescent Medicine, Medical 

University of Graz, Austria 

 

 

Table S2: Results of LC-MS/MS analysis of urine and plasma in S1 (age 17 years) and S2 (age 15 years) 

 
*3: analysis performed at the Laboratory Genetic Metabolic Diseases, Amsterdam UMC, University of Amsterdam, Departments of 

Clinical Chemistry and Pediatrics, Core Facility Metabolomics, Emma Children’s Hospital, Amsterdam Gastroenterology 
Endocrinology Metabolism, Amsterdam, The Netherlands 

 

 

 

 DMB urine analysis 

S1 (at 11 years)*1 S1 (at 16 years)*2 S2 (at 14 years)*2 

GAG mg /creatinine mmol 

(DMB method) 

8.9 mg/mmol 7 mg/mmol 18 mg/mmol 

expected <18 mg/mmol expected ≤10 mg/mmol expected ≤18 mg/mmol 

Chondroitin sulfate 67% 78%  93%  

expected 70-80% expected 70-80% expected 70-80% 

Heparan sulfate 9% 22%  7% 

expected 20-30% expected 20-30% expected 20-30% 

Keratan sulfate 24% not detected not detected 

expected undetectable expected undetectable expected undetectable 

 
LC-MS/MS urine analysis*3 LC-MS/MS plasma analysis*3 

S1 (at 17 years) S2 (at 15 years) S1 (at 17 years) S2 (at 15 years) 

Dermatan 

sulfate 

165 µg/mmol 

creatinine  

234 µg/mmol 

creatinine  

42 ng/ml 39 ng/ml 

expected 0-53 µg/mmol creatinine average in reference samples: 34 ng/ml, range 8 - 131 ng/ml 

Heparan sulfate 230 µg/mmol creatinine 288 µg/mmol creatinine 131 ng/ml 146 ng/ml 

expected 0-323 µg/mmol creatinine average in reference samples: 257.2 ng/ml,  

range 66 - 1346 ng/ml 

Keratan sulfate 60 µg/mmol creatinine 239 µg/mmol creatinine 839 ng/ml 2146 ng/ml 

expected 0-314 µg/mmol creatinine average in reference samples: 1017.1 ng/ml,  

range 457 - 2442 ng/ml 

Total GAG content in plasma 1012 ng/ml 2330 ng/ml 

average in reference samples 1308.3 ng/ml,  

range 619 - 2691 ng/ml 
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Table S3: ARSK-associated skeletal phenotype 

 

 
ARSK-associated skeletal phenotype in comparison to radiologic MPS-specific features 

 

Radiologic MPS specific features[2-6] S1 S2 S3 S4 Subject specific details 

Skull Thickened cortical bone of the calvaria x x x x  

Spine Rounded or bullet-shape vertebral bodies - - - - Irregular vertebral end plates 

Platyspondyly x x x x  

Anterior inferior beaking of the thoracolumbar vertebrae  x x x x  

Posterior scalloping of the vertebral bodies.  x x x x  

Thoracolumbar junction kyphosis  - - - -  

Kyphosis with gibbus - - - -  

Hyperlordosis - - x x  

Scoliosis - x - x  

Spinal cord compression - - - -  

Hip/pelvis Poor development of acetabulum and medial proportion of 
proximal femoral epiphysis 

x x x x Irregular acetabular roofs, reduced hip joint space 

Severe hip dysplasia x x x x  

Hands/feet Carpal and tarsal bones are hypoplastic and irregularly shaped x x x x  

Metacarpal bones are proximally pointed, shortened and 
thickened 

x x x x Short third, fourth and fifth metacarpals 

Long bones Hypoplastic and thinned epiphyses cortically with osteoporosis  
 

x x x x Small epiphyses of lower ends of radius, ulna and 
capital femur 

 x x x x Metaphyseal striae 

Chest/ribs Abnormally shaped ribs, spatulate ribs, broadening of clavicles 
and ribs 

x x x x 
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