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Abstract. – OBJECTIVE: Hunter syndrome, 
or mucopolysaccharidosis type II (MPS II), is 
caused by deficiency of the lysosomal enzyme 
iduronate-2-sulfatase (IDS), which is responsi-
ble for degrading heparan and dermatan sulfate. 
The IDS gene is located on chromosome Xq28; 
pathological variants in this gene mostly con-
sist of missense mutations and small and larger 
deletions, which produce different phenotypes. 
However, there is only one record in our popu-
lation concerning the molecular mechanism of 
this disease; a genotype–phenotype descrip-
tion is not available. 

PATIENTS AND METHODS: There were in-
cluded 24 unrelated male patients; clinical fea-
tures were recorded at a database, fluorometric 
IDS enzyme activity testing was done for each 
individual, followed by Sanger sequencing to 
identify mutations.

RESULTS: The mutational spectrum was 
found in 16 out of 24 Mexican patients with MPS 
II, and its range of phenotypes was described. 
The most frequent variants were of the mis-
sense type. The most affected exons were ex-
on 3 (c.275T>G, c.284_287del, c.325T>C), exon 
8 (c.1035G>C, c.550G>A), exon 9 (c.1403G>C, 
c.1229_1229del), and exon 7 (c.979A>C; this vari-
ant has not been previously reported). Exon 5 
(c.438C>T, a non-pathogenic variant) was the 

least frequent. It was also found that the most 
severely affected patients were those with large 
deletions (2 out of 24) [rsaIDS: IDSP1 (P164)
x0, FMR1, AFF2 (P164)x2] involving genes and 
pseudogenes. We found 2 patients with a syn-
onymous mutation in exon 4.

CONCLUSIONS: Our results confirmed re-
ports in the literature, since the most frequent 
variants were reported in exons 3 and 8. Howev-
er, this result varies from one previous report in 
our population, which mentions large deletions 
and rearrangements as the most frequent alter-
ations, since complex rearrangements were not 
found. According to what has been previously 
found, the most severely affected patients are 
those in which a whole gene has been deleted. 

Key Words:
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Introduction

Mucopolysaccharidoses (MPSs) are a hetero-
geneous group of lysosomal diseases that are 
innate errors of metabolism1. These MPSs are 
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caused by defects in lysosomal enzymes, causing 
lysosomal accumulation of glycosaminoglycans 
(GAGs)2, which are important components of the 
extracellular matrix, in various tissues3,4. Muco-
polysacharidosis type II (MPS II), also known as 
Hunter syndrome (OMIM #309900), is a genetic 
condition with an X-linked recessive inherited 
pattern, commonly present in male patients and 
rarely observed in females5. MPS II has a global 
incidence of around 0.68/100,000 newborn, al-
though this varies in Brazil and the USA, where 
the incidence is lower (<0.4/100,000 newborn)6,7. 
This syndrome is classified into two phenotypes 
depending on central nervous system (CNS) in-
volvement: as severe, with mental retardation, 
developmental and language delay, seizures, and 
cognitive and behavioral problems; or as mild, 
with no involvement of CNS. However, all pa-
tients display multiple features, such as coarse 
facie, macrocephaly or dolichocephaly, recurrent 
airway infection, cardiomyopathy, joint stiffness, 
claw hands, and short stature5,8; 85% of the pa-
tients show a neurological affectation and 82% 
present cardiovascular alterations9.

MPS II is caused by a deficiency of the lyso-
somal enzyme iduronate-2-sulfatase (IDS) (Un-
iProtKB - P22304) required for desulfation of 
iduronic acid-2-sulfate in heparan sulfate and 
dermatan sulfate for the first step in its degra-
dation10,11. It is formed by a 550-amino acid (aa) 
chain that contains two domains: “heavy chain” 
or SD1 and “light chain” or SD2. The first 33 
amino acids correspond to the propeptide and 
signal peptide. The N-terminal SD1 domain cor-
responds to amino acids 34 to 443; this domain 
is important since it contains the catalytic site at 
C84. The SD2 C-terminal domain corresponds 
to amino acids 455 to 550 and provides stability 
to the protein. Although it does not have a cat-
alytic site, it is important for the activity of the 
enzyme12. The catalytic site is conformed by nine 
residues, D45, D46, C84, R88, K135, H138, H229, 
D334, and K347, of which the most important is 
C84 due to its posttranslational modification in 
C-formylglycin (3-oxoalanine, FGly)13. To main-
tain protein stability, there are two important 
components of IDS. The first are the disulfide 
bonds between Cys171 and Cys184 and between 
Cys422 and Cys432; the second are the Ca2+ 
ligands, which confer thermostability upon the 
protein13,14. 

The IDS (OMIM *300823, HGNC ID:5389) 
gene is located at Xq28 locus; it has approximate-
ly 28 kb and contains 9 exons that code for the 

active IDS enzyme. 80 kb towards the telomeric 
region, there is a pseudogene, IDSP1 (HGNC 
ID:5390), which is about 14 kb long; it has a ho-
mologous sequence between IDS that includes 
exon 3 (99.9% identical) and exon 2, as well as 
introns 2, 3, and 7 (96% identical). 3% of patients 
present recombination between these regions, 
leading to complex rearrangements15.

Until now, more than 300 mutations have been 
related to this syndrome. The most common are 
missense mutations, followed by nonsense, large 
or small deletions, and rearrangements. So far, 
it has not been possible to establish a genotype–
phenotype correlation; however, those patients 
with large deletions involving the gene and the 
pseudogene or chromosomal rearrangements are 
known to have more severe phenotypes16. In 
Mexico, Alcántara et al17 identified in a sample 
of 25 patients complex chromosomal rearrange-
ments were present in 36% of these patients, 
which differs from the rate reported in world 
literature (18-30%)6,7.

The most frequent type of pathogenic variant 
associated with MPS II is the missense type, 
which causes an amino acid substitution, leading 
to misfolding proteins, catalytic inactivation, or 
premature degradation12. The endoplasmic retic-
ulum (ER) functions as a quality control mech-
anism and retains proteins, with folding defects 
affecting traffic through the Golgi apparatus and 
proteins further translocated to the lysosomes for 
their function, resulting in lysosomal accumula-
tion of GAGs18.

Due to the genetic and clinical heterogeneity of 
MPS II patients, the aim of this study is to further 
expand knowledge of the mutational spectrum 
and to describe the clinical phenotype not only at 
the neurological level, but also throughout other 
systems, in MPS II from the Mexican population.

Patients and Methods

We included 24 non-related male patients with 
confirmed biochemical diagnoses of MPS II. 
Complete medical histories were available for 
all patients. Genomic DNA was isolated from 
peripheral blood samples by the Miller method19. 
IDS enzymatic activity assay from the leuko-
cytes20 was analyzed in 12 MPS II patients, while 
the remaining 12 patients had been previously 
studied for IDS enzymatic assay in dried blood 
spots (DBSs) by Centogene®. All procedures per-
formed in this study were in accordance with the 



Mutational spectrum of the IDS gene in Mexican patients with Hunter syndrome

5117

Declaration of Helsinki and its modifications. 
This study was approved by Local Ethics and 
Research Committees (1305, CIBO, IMSS); writ-
ten informed consent was obtained from parents 
or legal tutors of the patients. Clinical and de-
mographic data, such as age, weight, height, age 
of onset, age of diagnosis, and main symptoms, 
were obtained from clinical history.

IDS Enzymatic Activity by Leukocytes
An enzymatic-activity measurement ac-

cording to the method of Chamoles et al20 was 
performed using fluorescence with 4MU-al-
pha-L-iduronide-2-sulphate (code M2, Moscer-
dam Substrates®). This technique consists of two 
steps: first, the IDS enzyme present in the sample 
removes the sulfate group from 4-methylumbel-
liferyl-iduronate-2-sulfate substrate. Then, anoth-
er purified lysosomal enzyme (alpha-iduronidase) 
is added, which cleaves 4MU from the substrate, 
generating free 4MU, which is measured by fluo-
rometry (Turner 450, Sunnyvale, CA, USA) and 
is directly proportional to the amount of IDS 
enzyme. The normal range for the enzymatic 
assay in leukocytes was 27-103 nMol/mg protein 
(prot)/h. For DBS carried out by Centogene®, the 
reported normal range was >5.6 µmol/L/h.

Detection of Deletions by MLPA 
Once the DNA was obtained, multiplex liga-

tion-dependent probe amplification (MLPA) was 
carried out in 21/24 patients according to the ML-
PA® DNA Protocol version MDP-005, 2017 (MRC 
Holland®). Salsa P164-B2 probemix was used to 
detect deletions; this method is based on the ampli-
fication of multiple probes using a pair of primers 
fluorescently labeled to detect a specific DNA 
sequence. Once obtained, samples were analyzed 
by capillary electrophoresis using an ABI-PRISM® 
310 genetic analyzer (Applied Biosystems™, Fos-
ter City, CA, USA). Subsequently, the results were 
interpreted using Coffalyser® software, yielding 
ratio charts that indicated the presence or absence 
of the probes, thus confirming deletion of one 
or more probes of the IDS gene or the IDSP1 
pseudogene. The reference values for an adequate 
gene dose were considered to range from 0.7 to 1.3; 
however, in these patients, a deletion should have a 
ratio value of 0 given that the probes belong to the 
X chromosome and all subjects were male. 

Sanger Sequencing 
Sanger sequencing was performed for 18 out of 

24 patients, searching for mutations in exons 2-9 

of the IDS gene using the primers and protocol 
for DNA amplification reported by Zhang et al21, 
since that is where most pathogenic variants have 
been reported (HGMD, 2021).

First, PCR was carried out to obtain the spe-
cific DNA fragments for each exon to be studied. 
Once the amplicons were obtained, they were pu-
rified with ExoSAP-IT™ (Applied Biosystems™, 
Foster City, CA, USA) and sequencing PCR was 
performed with BigDye® Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems™, Foster 
City, CA, USA). Afterwards, all fragments were 
re-purified with Sephadex® G-50 and suspended 
in Hi-Di™ formamide for capillary electropho-
resis with ABI-PRISM® 310 equipment (Applied 
Biosystems™ Foster City, CA, USA). The ob-
tained results were interpreted using Chromas® 
software (Technelysium®) for the identification of 
pathogenic, rare, or novel IDS gene variants.

In four of the 24 MPS II patients included in 
the study, three mutations were identified by Cen-
togene®, and those too were detected by us. 

For pathogenic variant analysis, a bioinformat-
ic assay was performed using the Swiss Institute 
of Bioinformatics (SIB)’s software for modeling 
proteins. To predict cryptic splicing sites, Splice 
Site Prediction Software (SSPS) based on a neural 
network (BDGP) was used. The pathogenicity of 
missense variants was evaluated via PROVEAN 
software (J. Craig Venter Institute®) and Poly-
phen-2 software (Biobyte Solutions GmbH©).

Statistical Analysis 
Descriptive statistics were used to estimate the 

prevalence of specific symptoms e patient signs, 
(dichotomous outcome: absent or present) and the 
results of laboratory analyzes. For the analysis 
of the prevalence of the data studied, only those 
patients for whom data of these particular charac-
teristics were available were included.

Clinical Description
Sociodemographic analysis was carried out for 

all 24 male patients. The mean age was 9, with a 
range of 2-19 years. The mean weight was 29.8 
(range: 15.2-50) kg and mean height was 115.6 
(range: 91-154) cm. The mean age of symptom 
onset was 20 (range: 6-48) months old and the 
mean age of diagnosis by enzymatic assay was 5 
(range: 1-14) years old. 

Of the 24 patients, 24 (100%) manifested symp-
toms due to organ and system involvement in the 
head and neck, 22 (91.6%) manifested them in 
the osteoarticular system, 21 (87.5%) manifested 



M.A. Ramírez-Hernández, L.E. Figuera, L.C. Rizo-de la Torre, M.T. Magaña-Torres¸ et al

5118

neurological symptoms or symptoms in the integ-
umentary system or oral cavity, 20 (83.3%) mani-
fested otorhinological symptoms, 19 (79.1%) in the 
respiratory system, and 18 (75%) in the gastroin-
testinal system. The least frequent were symptoms 
in the cardiovascular (10; 41.6%), ocular (6; 25%), 
and genitourinary (3; 12.5%) symptoms.

Five out of 24 patients were classified as hav-
ing a mild phenotype, of whom three belonged to 
the 6 to 10-year-old group and 2 belonged to the 
11 to 20-year-old group. Nineteen out of 24 were 
classified as having a severe phenotype, of whom 
6 were from the 0–5-year-old group, 7 were from 
the 6–10-year-old group, and 6 were from the 11 
to 20-year-old group (Supplementary Table I).

Biochemical Description
Two methods were used for enzymatic assay. 

First, enzymatic assay on leukocytes was per-
formed in 12 out of 24 patients with a mean of 1.38 
(range: 0-4.27) nMol/mg prot/h (normal range: 27-
103 nMol/mg prot/h). Mild phenotype patients (2) 

showed a mean value of 0.2325 (0.1-0.365) nMol/
mg prot/h, whereas patients with a severe pheno-
type (10) had a mean value of 1.85 (0-4.27) nMol/
mg prot/h (Supplementary Table I).

The second method was enzymatic assay in 
DBS, performed in 12 out of 24 patients by Cen-
togene®, reporting a value of <0.8 µmol/L/h (nor-
mal range: >5.6 µmol/L/h) in patients with mild 
and severe phenotype (Supplementary Table I).

Molecular Diagnosis 

MLPA
The MLPA technique was performed on 21 

out of 24 patients, two of whom (9.5%; patients 
4 and 5) presented a large deletion involving the 
IDS gene and the IDSP1 pseudogene. It comprises 
about 48 kb and affects all probes of every exon 
of IDS (1 to 9) and the 3 probes from the IDSP1. 
Probes from contiguous genes (AFF2, FMR1) 
were intact (Figure 1).

Figure 1. Ratio charts of patients with gene-pseudogene (IDS-IDSP1) deletion. Reference values are 0.7 to 1.3, indicating 
an adequate gene dose of each probe. A, Ratio chart of a patient without deletion. B, Schematic representation of IDS-IDSP1 
deletion on the X chromosome. The red box indicates the chromosomal location of gene–pseudogene deletion; outlined in 
positions 5’-3’ are the FRM1 and AFF2 genes. C-D, Ratio charts of patients 4 and 5, referred to in Supplementary Table I, 
respectively. The red box frames the deleted probes, the blue arrow indicates the absence of a probe signal corresponding to 
IDS-IDSP1. Adjacent to these are the reference probes for the FMR1 and AFF2 genes, which are at their normal gene doses. 

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-11684.pdf
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Clinical Manifestations in Patients with 
Large Deletions 

Both patients (4 and 5) have severe disease 
phenotypes, with enzymatic activities of 0 nMol/
mg prot/h (Supplementary Table I) and signif-
icant neurological involvement. Both have expe-
rienced developmental and language delays and 
need support from others to perform daily activ-
ities, as they neither walk nor communicate. Pa-
tient 4 was the most deeply affected; he presented 
seizures, hydrocephaly, swallowing and feeding 
problems, hypotony, heart murmur and cardio-
miopathy, glaucoma, and frequent upper airway 
infection. Osteoarticular pain was not assessable. 
Patient 5 also showed decreased visual acuity and 
more affectation in the oral cavity due to delayed 
tooth eruption and chronic cough. Both showed 
similar affectation in the otorhinological and in-
tegumentary systems. 

Sanger Sequencing
Exons 2-9 were analyzed by Sanger sequenc-

ing in 18 out of 22 patients without detected 
deletion by MLPA. Seven pathogenic variants 
were found in 10 patients, and three additional 
pathogenic variants reported from 4 patients by 
Centogene® were considered to analyze our sam-
ple, yielding a total of 10 pathogenic variants in 
14 out of 22 patients (64%). The most frequent 
variant was the missense type in [9 of 22 patients 
(41%)], followed by intronic variants in 3 patients 
(14%), and finally frameshift by small deletions 
(<20 bp) in 2 patients (9%). 

The most heavily affected exons were exons 
3 and 8 (both 4 out 22 patients, 18%), followed 
by exons 9 (2 out of 22 patients, 9%) and 7 (1 
out of 22 patients, 5%). In 3 out of 22 patients, 
an intronic variant was found, 1 on intron 2 
(5%) and 2 on intron 7 (9%). All are described 
on Table I. In 8 out of 22 patients, no pathogen-
ic variant was found. 

Pathogenic Variant Analysis 
Description and bioinformatic assay were per-

formed for ten variants to determine their patho-
genicities and to establish genotype–phenotype 
descriptions. The proteins were modeled with 
Swiss-model software to compare the normal 
structure of the IDS protein with that modified by 
the observed variants. 

For intronic variants, SSPS was used to predict 
a new acceptor site for cryptic splicing for poste-
rior analysis of how these affected the amino acid 
chain of the IDS protein. 

PROVEAN and Polyphen-2 software were 
used to evaluate the pathogenicity of these mis-
sense variants. For PROVEAN, a score below 
-2.5 was predicted to be deleterious, and for 
Polyphen-2, a score near 1 was predicted to be 
probably damaging.

Pathogenic Variant Description

NM_000202.8:c.241-1G>C
(Supplementary Figure 1)
Intronic variant CS0662822, located at X: 

149503490, found in intron 2, upstream of 
the limit of exon 3 (1 base prior to the exon), 
was caused by a G>C change resulting in an 
alteration of an acceptor site (AG) for the splic-
ing zone. Analysis with SSPS yielded a new 
acceptor site for cryptic splicing at nucleotide 
280 from the coding sequence (CDS), trigger-
ing a frameshift with a premature termination 
codon, generating a transcript that codes for a 
non-functional protein of 82 aa. No previous 
report of this variant was found. 

NM_000202.8:c.1009del 
(Supplementary Figure 1)
Intronic variant CS12821322 was found in two 

patients, located at X: 149487100 and corre-
sponding to a deletion of a nucleotide (A) in 
intron 7 at the splicing acceptor site (AG). It 
causes an alteration of alternative splicing. A 
new acceptor site for cryptic splicing was pre-
dicted with SPSS at nucleotide 1065, causing 
a deletion of 161 bases on the CDS, triggering 
frameshift, and producing a premature termi-
nation codon at position 375 aa of the protein. 
This variant involves the loss of the SD2 do-
main. No previous report of this variant was 
found.

NM_000202.8:c.275T>G p.[Leu92Arg]
(Supplementary Figure 1)
Missense variant located at X: 14950345522 at 

nucleotide 275 of CDS on exon 3, caused by 
a T>G change and generating a substitution 
from Leucine (L), an aliphatic chain amino 
acid, to Arginine (R), a basic amino acid, at 
position 92. The PROVEAN score of -5.511 
and Polyphen-2 score of 1.0 predict a deleteri-
ous effect. 3D modeling of the protein displays 
a protein conformational change generating a 
non-functional enzyme. No previous report of 
this variant was found. 

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
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NM_000202.8:c.1403G>C p.[Arg468Pro]
(Supplementary Figure 1)
Missense variant rs11399394622 located at exon 

9, caused by a G>C substitution at nucleotide 

1403 generating a substitution of 468 amino 
acid, which in turn causes a change from the 
basic amino acid Arginine (R) to the second-
ary amine Proline (P). This previously de-

Table I. IDS genotype and phenotype description.

		  Affected	 Protein	 Patient		  Enzymatic	 Previous
	 Nomenclature	 region	 consequence	 ID***	 Phenotype	 assay	 reports

Large deletions (n = 2, 8%)			 

rsaIDS: IDSP1 	 IDS gene	 Absence of	 4	 Severe	 0*
(P164) × 0, FMR1,	 and IDSP1	 transcript	 5		  0*
AFF2 (P164) × 2	 pseudogene	 for protein	

Intronic variants (n = 3, 12.5%)

c.241-1G>C	 Acceptor site 	 Non-coding	 11	 Severe	 4.27*	 Not found
	 of intron 2	 transcript	
c.1009del	 Donor site 	 Non-coding	 2	 Severe	 0.1*	 Not found
	 of intron 7	 transcript	 6		  2.25*	

Missense variants (n = 9, 37.5%)

c.275T>G  	 Exon 3	 p.L92R	 15	 Severe	 < 0.8~	 Not found
		  Non-functional	 19		  < 0.8~	
		  protein 	
c.325T>C**	 Exon 3	 p.W109R	 20	 Severe	 < 0.8~	 23-25
		  Non-functional 	
		  protein	
c.979A>C**	 Exon 7	 p.T327P	 24	 Mild	 < 0.8~	 Not found 
		  Non-functional	
		  Protein	
c.550G>A	 Exon 8	 p.G340D	 8	 Severe	 1.4*	 22
		  Non-functional 	 14	 Mild	 < 0.8~	
		  protein				  
c.1035G>C**	 Exon 8	 p.W345C	 21	 Mild	 < 0.8~	 26
		  Non-functional	 23	 Severe	 < 0.8~	
		  protein		
c.1403G>C	 Exon 9	 p.R468P	 16	 Severe	 < 0.8~	 27-32
		  Non-functional	
		  protein	

Frameshift variant (small deletion) (n = 2, 8%)

c.284_287del 	 Exon 3	 p.R95N	 17	 Severe	 < 0.8~	 Not found
		  Premature stop 	
		  codon leads to a	
		  non-functional	
		  protein	
c.1229_1229del	 Exon 9	 p.L410R	 7	 Severe	 < 0.8~	 Not found
		  Premature stop	
		  codon leads to a 	
		  non-functional 	
		  protein	

Non-pathogenic variants

c.438C>T	 Exon 5	 p.T146=	 12	 Severe	 0*	 Not found
			   18		  < 0.8~	

*nMol/mL prot h, ~ µmol/L/h, **Report made by Centogene® (GmbH Rostock, Germany) sequencing analysis was performed again 
in this study. ***6/24 MPS II patients (1,3,9,10,13 and 22 patients) it was not possible to identify mutations in exons 2-9.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
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scribed variant has a worldwide frequency of 
<0.01 (gnomAD, 2021)23-28. The PROVEAN 
score of -6.5 and Polyphen-2 score of 1 indi-
cate that it has a deleterious effect. A confor-
mational change of the protein was observed 
by 3D modeling as well as the ligands for the 
calcium ion, which interact with the enzyme’s 
catalytic site. 

NM_000202.8:c.550G>A p.[Gly340Asp]
(Supplementary Figure 1)
Missense variant CM98104822 was identified in 

two patients. Located at exon 8, it was caused 
by a G>A substitution, producing a change 
in an aliphatic chain amino acid glycine (G) 
for dicarboxylic aspartic acid (D) at position 
340 of the amino acid chain. The PROVEAN 
score of -6.6 and the Polyphen-2 score of 
1 predicted a detrimental effect. In protein 
3D modeling, a conformational change can 
be observed, mainly affecting two import-
ant ligands for the calcium ion. This vari-
ant was previously reported and associated 
with a mild-phenotype patient with MPSII by 
Karsten et al29. 

NM_000202.8:c.325T>C p.[Trp109Arg] 
(Supplementary Figure 1)
Missense variant CM12818322 was also found, 

located at exon 3 with a T>C substitution 
in codon 109 of CDS, leading to a change 
of the aromatic amino acid tryptophan (W) 
to the basic amino acid arginine (R). The 
PROVEAN score of -13.034 and Polyphen-2 
score of 1 indicate a detrimental effect due to 
this change. Protein 3D modeling showed a 
conformational change. This variant has been 
previously reported30-32 in association with 
MPS II. 

NM_000202.8:c.1035G>C p.[Trp345Cys]
(Supplementary Figure 1)
Missense variant CM12817622 was found in 2 

patients. Due to a G>C substitution on exon 
8 at CDS position 1035, an aromatic amino 
acid, tryptophan (W), was changed to the 
thioamino acid cystein (C) on position 345 of 
the amino acid chain. The PROVEAN score 
of -11.6 and Polyphen-2 score of 1 indicate 
that it has a detrimental effect. 3D modeling 
was carried out, and a conformational change 
could be observed. This variant was previ-
ously reported in association with MPS II by 
Popowska et al33.

NM_000202.8:c.979A>C p.[Thr327Pro]
(Supplementary Figure 1)
Missense variant caused by a change of A>C, 

leading to a substitution at position 327 of an 
hydroxyamino, threonine (T), for a second-
ary amine, proline (P). A PROVEAN score 
of -5.74 and Polyphen-2 score of 1 indicate a 
detrimental effect. 3D modeling was carried 
out, showing a conformational change. This is 
a new variant not previously reported.

NM_000202.8:c.284_287del p.[Arg95Asn fs*34]
(Supplementary Figure 1)
A frameshift variant located at X: 149503443-

149503446 corresponds to a three-nucleotide 
deletion, causing a change in the reading frame 
by losing nucleotides in positions 284–287 
of exon 3. This leads to a change from the 
basic amino acid arginine (R) to dicarboxylic 
asparagine (N) at position 95 and a premature 
termination codon producing a protein length 
of 126 aa instead of 550 aa. No previous report 
was found. 

NM_000202.8:c.1229_1229delT p.[Leu410Arg 
fs*30]

(Supplementary Figure 1)
Frameshift variant located at position X:149483170, 

corresponding to a single nucleotide deletion of 
T on exon 9 and causing a change in the read-
ing frame from an aliphatic chain amino acid, 
leucine (L), to a basic arginine (R) at position 
410 and a premature termination codon giving 
a protein length of 438 aa instead of 550 aa. No 
previous report was found.

Identified Non-Pathogenic Variants 
In Patients 12 and 18, a synonymous vari-

ant was observed: NM_000202.8:c.438C>T 
p.[Thr146=] (rs1141608)22, 34, classified as benign. 
Located in exon 4, it was caused by a C>T sub-
stitution in codon 146, whereby the amino acid 
threonine (Thr) was encoded without clinical 
significance. It was considered important for the 
present population description to include them. 
This variant presents a frequency of 0.157 in the 
Mexican population22,34. 

Clinical Manifestations in Patients with 
Pathogenic Variants 

All patients have macrocephaly and coarse 
facies, although these characteristics were not 
marked in all patients; so, these features would be 
omitted at the next descriptions.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-11684.pdf
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c.241-1G>C: Patient 11, a 9-year-old with a se-
vere phenotype. Age of onset was 18 months 
and age of diagnosis was 3 years. The most 
affected system was osteoarticular, while the 
ocular, gastrointestinal, and genitourinary sys-
tems were less affected.

c.1009del: Patients 2 and 6 were carriers for 
this variant. The first patient had a mild 
phenotype; the age of onset was 2 years, and 
the age of diagnosis was 8 years. The most 
affected system was osteoarticular and the 
least were the ocular, gastrointestinal and 
cardiovascular systems. The second patient 
had a severe phenotype. The age of onset was 
2 years and age of diagnosis was 8 years. The 
most affected system was also osteoarticular, 
but to a greater extent than in patient 2; the 
least affected systems were gastrointestinal 
and genitourinary. 

c.275T>G: Two patients were found with this 
variant: patients 15 and 19, both with severe 
phenotypes. The age of onset for patient 15 was 
at 6 months; that for patient 19 was 2 years. 
The age of diagnosis for patient 15 was 2 years 
and that for patient 19 was 7 years. Both were 
mainly affected on their osteoarticular sys-
tems and least affected on their cardiovascu-
lar, ocular, gastrointestinal, and genitourinary 
systems. 

c.1403G>C: Patient 16, a 5-year-old with a se-
vere phenotype. The age of onset was 2 years 
and the age of diagnosis was 3 years. The 
most affected systems in this patient were 
osteoarticular and neurological; the least af-
fected systems were cardiovascular, ocular, 
and genitourinary.

c.550G>A: Two patients were found with this 
variant: patient 8, who had a severe phenotype, 
and patient 14, who had a mild phenotype. 
Both had a similar age of onset at 2 years old 
and similar ages of diagnosis at 5 and 4 years 
old, respectively. The most affected systems in 
patient 8 were the osteoarticular and neurolog-
ical; in patient 14, only the osteoarticular sys-
tem was affected. The least affected systems 
for both patients were the genitourinary and 
gastrointestinal systems.

c.325T>C: Patient 20 (2 years old), with a severe 
phenotype. The age of onset was 6 months and 
the age of diagnosis was 1 year. The patient’s 
most affected systems were osteoarticular and 
neurological, while the least affected were 
the genitourinary, ocular, and gastrointestinal 
systems.

c.1035G>C: Two patients with this variant were 
found: patient 21 (6 years old), with a mild phe-
notype, and patient 23, (14 years old) with a se-
vere phenotype. Patient 21 had an age of onset 
of 9 months and was diagnosed at age 9; this 
patient was mildly affected on every system 
evaluated and was the least of all the analyzed 
patients. Meanwhile, patient 23 had severely 
compromised osteoarticular and respiratory 
systems; the ocular, genitourinary, and gastro-
intestinal systems were less affected.

c.979A>C: Patient 24 (8 years old), with a mild 
phenotype. The age of onset was 6 months and 
the age of diagnosis was 7 years. The most af-
fected system on this patient was osteoarticular 
and the least affected were the genitourinary, 
gastrointestinal, and ocular systems. 

c.284_287del: Patient 17 (7 years old) with a se-
vere phenotype. The age of onset was 3 years 
old and the age of diagnosis was 5 years old. 
The most affected systems on this patient were 
neurological and osteoarticular, and the least 
affected were genitourinary, cardiovascular, 
and ocular. 

c.1229_1229del: Patient 7 (15 years old) with 
a severe phenotype. The age of onset was 6 
months and the age of diagnosis was 7 years. 
The most affected system in this patient was 
osteoarticular and the least affected were gen-
itourinary, cardiovascular, ocular and gastro-
intestinal.

Discussion

Phenotype Analysis
The main manifestations in our sample group 

were thick facies (24/24, 100%) and affectations 
in the osteoarticular (22/24, 91.6%) and neurolog-
ical (20/24, 83.3%) systems. These are the first 
manifestations of this syndrome to appear, as was 
reported in previous studies1,24. This can guide 
us to adopt an early approach in the study of pa-
tients with these characteristics, coupled with the 
developmental delay milestones that they gener-
ally present. Cardiovascular affectations are very 
important, since they constitute the first cause of 
mortality in these patients and are frequently ob-
served at around 5 years of age with a prevalence 
of 62%16; however, in our study, only 41.6% of the 
patients had such affectations. 

Regarding phenotypes, no mild-phenotype pa-
tients were found in our group under 6 years of 
age; however, severe phenotype patients were 
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found in all age groups, suggesting that patients 
with severe phenotypes are diagnosed earlier 
(around 3-4 years old)5, but not patients with mild 
phenotypes. This would be due to the delay in the 
appearance of symptoms.

Biochemical Analysis
Once MPSII is clinically suspected, the diag-

nosis must be confirmed by measuring enzyme 
activity in leukocytes, fibroblasts, or plasma35,36. 
In our patients, values far below normal for the 
enzymatic assay – even as low as 0 nMol/mg 
prot/h – can be observed, giving us diagnostic 
confirmation of MPS II. Although patients with 
a mild phenotype show lower values for the en-
zyme assay, there are probably other factors that 
contribute to the expression of the disease. This 
confirms the difficulty in making direct geno-
type–enzymatic activity–phenotype correlations 
in these patients, as reported by Holt et al37.

Molecular Analysis (MLPA and 
Sanger Sequencing)

Eleven pathogenic variants were found in 16 
patients. In MLPA analysis, two out of 22 patients 
with severe phenotypes presented a large deletion 
(>20 bp); this represents a frequency of 9.5%, 
similar to previous reports in the literature, which 
range from 4 at 10%37. It encompasses the IDS/
IDSP1 region and does not involve contiguous 
genes, leading to non-transcription for proteins, 
since all exons are lost. 

Sanger sequencing identified 10 pathogenic 
variants in 14 patients, 4 of them with mild phe-
notypes and 10 of them with severe phenotypes. 
The most affected nucleotide was guanine, and 
the most frequent transition (44.4% of the sam-
ple) was G>C; this is a little a higher than was 
found in previous reports38,39. The most affected 
amino acids were leucine and tryptophan with 
a frequency of 27.3% and the least affected was 
threonine with a frequency of 9%. The most 
frequent variant type was missense with a fre-
quency of 55% and the least was large deletion, 
with a frequency of 9%; both of these values 
are a little higher than the report on HGMD 
professional 2020.2. Exons 3 and 8 were the 
most affected, while the least affected was exon 
7. For our population, one single previous report 
was found by Alcántara et al17; this report found 
large complex rearrangements with high fre-
quency, with the most frequently affected exons 
being 9, 2, 3, and 8. All of these data differ from 
our results.

Genotype-Phenotype Description and 
Molecular Analysis

IDS/IDSP1 Deletion Phenotype
A complete deletion of IDS/IDSP1 was present 

in the two patients with severe disease pheno-
types who showed the most significant neurolog-
ical involvement of all patients. This is consistent 
with the literature1,15. Both patients have an enzy-
matic activity of 0.0 nMol/mg prot/h, contribut-
ing greatly to their phenotypes.

Missense Variant Phenotypes
Missense variants have been correlated with 

severe and mild disease phenotypes24; this may 
be because these types of alterations cause mis-
folding of the protein and could trigger a prema-
ture destruction of the enzyme by ER degrada-
tion, leading to minimal or no enzyme activity 
and thus accumulation of GAGs in the lysosomes, 
yielding the clinical phenotype of MPS II13,40. 

However, this does not mean that it leads to 
total catalytic inactivation. Some studies have 
found some IDS missense variants with residual 
enzyme activity41,42; this could explain why some 
patients showed a minimum activity in the enzy-
matic assay. This correlates with what we found 
in our patients, since two missense variants (i.e., 
550G>A and 1035G>C) were associated with 
either mild or severe phenotypes. Both variants 
caused an alteration in the binding ligands for 
calcium ions important for thermostability of the 
protein, leading to a catalytic inactivation of the 
enzyme13. Mild forms of the disease could be ex-
plained by some modifier genes.

As already mentioned, the binding ligands for 
calcium are of the utmost importance, so if any 
related residue undergoes modification, the pro-
tein stability will be affected. This is the case for 
the 979A>C variant, in which there is also a loss 
of N-linked glycosylation at N325, so catalytic 
inactivation of the enzyme might be expected. 
However, the patient (24) with this variant shows 
a mild phenotype. To date, only one case has 
been reported in which a mild phenotype is as-
sociated with MPSII due to a pathogenic variant 
of N11543. It is known that 8 asparagine residues 
(N) in IDS are N-glycosylation sites (N31, 115, 
144, 246, 280, 325, 513 and 537), which are very 
important steps, since oligosaccharides intervene 
with the folding, transport, stability, and function 
of proteins; this serves as a quality control for the 
correct folding of proteins44. However, expression 
studies have shown that none of these glycosyla-
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tion sites are essential save N280, as it serves to 
direct the enzyme to the lysosome45. The protein 
transport could be replaced if needed by M6P-de-
pendent by a bypass mechanism13; all of these 
could explain the residual enzyme activity that is 
associated with the patient’s phenotype.

On the other hand, we know that alterations 
in the conformation of proteins, such as folding 
defects, activate the quality control mechanisms 
in the ER (ERQC) and the unfolded protein re-
sponse (UPR); if this misfolding is not corrected, 
the protein will be retained in the ER and degrad-
ed by the ubiquitin-proteasome system (UPS)13. 
This mechanism may explain what happens in 
the 1403G>C and 325T>C variants, the former 
of which involves the gain of a loop rather than a 
strand in SD1, triggering a loss of interaction with 
the pyrrolidone carboxylic acid at position Q465, 
and the latter of which involves a helix gain and 
loop loss, producing a protein misfolding. This 
triggers the rescue processes already mentioned, 
producing severe disease phenotypes in patients 
16 (for the 1403G>C variant) and 20 (for the 
325T>C variant).

Finally, there are missense variants that also 
affect the enzyme’s active site, reducing or abol-
ishing its catalytic activity, either by alterations to 
the main residues of the active site or by affecting 
the calcium ion binding ligands. This resulting 
in a severe disease phenotype12. Such is the case 
for the 275T>G variant, in which a substitution 
of R88 (1 of the 9 residues of the active site) los-
es the catalytic action of the enzyme since this 
residue maintains multiple structural interactions 
with the active site and stabilizes calcium binding 
with D45 and D334. Alterations in this residue 
have been related to early onset disease12; patients 
with this variant (15 and 19) have severe pheno-
types, and one of them (15) presented an onset of 
symptoms at 6 months old.

Intronic Variant Phenotypes
Two pathogenic intronic variants were found, 

241-1G>C and 1009del. The former caused an 
affectation on the acceptor site for splicing, lead-
ing to a new cryptic splicing site, frameshift, 
and a premature stop codon. This resulted in 
turn in a misfolding protein of 82 aa, causing the 
catalytic site to be lost and inducing premature 
degradation on ER. Similar results were obtained 
in variant 1009del, in which an acceptor splicing 
site is affected, producing new cryptic splicing 
sites with a consequent frameshift and a prema-
ture stop codon. This leads to a 375 aa protein 

with loss of the de SD2 domain important for 
the enzyme’s stability, leading to its premature 
degradation. The consequences for these variants 
correlate with the severe phenotypes found in 
patients 12 (241-1G>C), 2, and 6 (1009del).

Frameshift Variant Phenotypes
The deletions of <20 bp analyzed in this study 

are considered small. Two deletions are ana-
lyzed, with both resulting in frameshift variants: 
284_287del, resulting in the loss of 4 pb, and 
1229_1229del, resulting in a single nucleotide 
loss. The former generates a premature termi-
nation codon, resulting in a 126 aa protein with 
misfolding and alteration in the structure of its 
catalytic site, leading to a premature degradation. 
The latter causes a premature termination codon 
at 438 aa, so the SD2 domain is lost, and struc-
tural modifications probably lead to premature 
degradation at ER. Both variants correlate with 
the severe phenotypes of patients 17 (284_287del) 
and 7 (1229_1229del).

Conclusions

This is the first report of genotype–phenotype 
association in our population that includes a 
complete analysis of the clinical characteristics 
of these patients, rather than just analyzing them 
by their severity. The main manifestations in our 
sample group were thick facies and affectations 
in osteoarticular and nervous systems. Biochem-
ical assay helped us to confirm the diagnoses of 
these patients. Unfortunately, however, it does 
not help us to predict disease severity, nor the 
pathogenic variants in which we can observe 
different phenotypes associated with the same 
molecular variant. The exception to this is that 
complete IDS/IDSP1 deletion is associated with 
a severe phenotype. Something very similar 
occurs with missense-type variants, for which 
most patients present this same phenotype. The 
data obtained broadens our knowledge of the 
heterogeneous panorama of the mutational spec-
trum of IDS in our population and its implica-
tions for phenotype. It is very important to con-
tinue with molecular characterization to better 
understand our patients and offer them more 
adequate treatment.
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