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Summary

Bi-allelic variants in IDUA classically cause mucopolysaccharidosis type I (MPS I), a multisystem lysosomal storage disorder. This study 
describes 14 individuals from 12 families presenting with retinitis pigmentosa, later attributed to bi-allelic IDUA genotypes. Notably, 
seven individuals, despite comprehensive systemic assessments, showed no features consistent with MPS I at last assessment (aged 46– 
73 years). Leukocyte α-L-iduronidase activity was reduced but not abolished across all individuals assessed (n = 9), supporting a shared 
mechanistic basis for the mild, retina-predominant, or exclusively retinal phenotype. No individual carried bi-allelic null genotypes; 
most had a loss-of-function allele paired with a missense variant, consistent with an overall hypomorphic genotype. Variant-level 
functional assays, using a cell-based expression platform assessing enzyme activity and protein abundance to derive relative specific 
activity (RSA), showed that several missense alleles confer very low residual activity and/or impaired abundance/processing, with 
RSA typically in the ∼0.5%–1.5% range. The recurrent missense c.298A>G (p.Arg100Gly) variant showed no protein or catalytic effect; 
targeted long-read transcript analysis instead demonstrated predominant loss-of-function mis-splicing with a small fraction of 
correctly spliced transcript (∼1%–2%), explaining residual activity in vivo. Together, these data expand the phenotypic spectrum of 
IDUA-associated disease to include late-onset retinal-predominant or apparently isolated retinitis pigmentosa and indicate that resid
ual enzyme activity likely contributes to systemic sparing, highlighting the value of integrated genomic, biochemical, and functional 
analyses to advance understanding in attenuated metabolic disease.

IDUA (MIM: 252800) encodes the enzyme α-L-iduroni
dase, which is essential for the degradation of the glycos
aminoglycans (GAGs) dermatan sulfate and heparan sul
fate within lysosomes. Bi-allelic loss-of-function (LoF) 

variants in IDUA cause mucopolysaccharidosis type I 
(MPS I), an autosomal-recessive lysosomal storage disor
der.1 In MPS I, deficient or absent α-L-iduronidase activity 
leads to the accumulation of partially degraded GAGs 
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within lysosomes, causing progressive disease with 
involvement of multiple tissues and organ systems.1

Ocular manifestations include corneal clouding, pigmen
tary retinopathy, optic nerve abnormalities such as glau
coma, papilledema, and optic atrophy, as well as ocular 
motility and refractive issues.2

MPS I is classically divided into three phenotypes: the 
severe Hurler syndrome (MPS IH; MIM: 607014), the 
attenuated Scheie syndrome (MPS IS; MIM: 607016), and 
the intermediate Hurler-Scheie syndrome (MPS IH/S; 
MIM: 607015). However, the clinical spectrum is contin
uous, and classification is frequently complex.1,3 At the se
vere end, affected individuals typically present in early 
childhood and develop progressive coarse facial features, 
dysostosis multiplex, visceromegaly, hearing loss, cardiac 
involvement, restrictive lung disease, and cognitive and 
developmental delays, with life expectancy significantly 
reduced without treatment. At the attenuated end, indi
viduals typically have near-normal cognitive function 
and life expectancy, with features such as joint contrac
tures, corneal clouding, and cardiac valvular disease typi
cally emerging in the first or second decades of life.4 Broad 
genotype-phenotype correlations exist, with the attenu
ated phenotype strongly associated with the presence of 
at least one missense IDUA variant.5

This study presents the clinical, biochemical, and mo
lecular characterization of 14 individuals from 12 fam
ilies, aged between 19 and 73 years, all of whom initially 
presented to ophthalmology services with retinitis pig
mentosa (RP [MIM: 268000]). Subsequent genetic testing 
identified bi-allelic IDUA variants, prompting compre
hensive systemic and enzymological evaluation where 
feasible. Notably, seven individuals showed no systemic 
abnormalities consistent with MPS I even after detailed 
reassessment and were considered to have apparently iso
lated or non-syndromic RP (nsRP) up to their last review. 
This series therefore highlights a distinct presentation of 
IDUA-related disease, expanding the recognized pheno
typic spectrum beyond the classic syndromic forms of 
MPS I.

This study adhered to the tenets of the Declaration of 
Helsinki and received relevant local research ethics 
approval (see supplemental methods). Written informed 
consent was obtained from all participants and their rela
tives. Individuals were recruited from inherited retinal dis
ease (IRD) cohorts across the United Kingdom, Ireland, 
Italy, the Netherlands, and the United States, all of 
whom initially presented to ophthalmology services and 
underwent genome or exome sequencing through ac
credited clinical or research pipelines (supplemental 
methods).6–10 For all individuals, initial variant analysis 
excluded pathogenic genotypes in other known IRD-asso
ciated genes; bi-allelic IDUA variants were identified as the 
only plausible candidate disease variants. Pseudodefi
ciency alleles were excluded where sequencing data were 
available for interrogation (individuals 1–6, 8, 9, and 11– 
14; Table S1). Functional characterization of missense var

iants and long-read transcript analysis were performed as 
described in the supplemental methods.

The IDUA genotypes and biochemical findings are sum
marized in Table 1, while detailed ocular and systemic 
clinical data are provided in Note S1, Table S3, and 
Figures S1–S3. Table 2 provides information on the IDUA 
variants identified in this study. Family pedigrees and 
segregation data are shown in Figure 1. The variant phase 
for each individual, where established by segregation 
analysis, direct read phasing, or inferred from population 
cosegregation data (gnomAD), is summarized in Table 1.

To determine the functional consequences of the 
missense variants in our cohort, variant-bearing IDUA vec
tors were transfected into an IDUA-knockout (KO) HEK293 
cell line, and the resulting cell populations were investi
gated following an antibiotic selection to enrich for trans
fectants. The relative specific activity (RSA), defined as the 
enzyme activity per unit amount (relative to the overex
pressed wild-type iduronidase), was calculated for each 
variant iduronidase (supplemental methods).

In addition to variants present in the primary study 
cohort, we also assessed two other missense alleles. Previous 
reports have identified c.956C>T (GenBank: NM_000203. 
5) (p.Ala319Val) (Table 2, v13) homozygously in individ
uals with attenuated disease12,33; this allele was therefore 
also included as a comparator to provide context for 
the RSA values observed for missense variants in the study 
cohort. The variant of uncertain significance (VUS) 
c.406G>A (p.Ala136Thr) (Table 2, v14), identified in trans 
with the known pathogenic variant c.1469T>C (p.Leu490
Pro)23,30,36 in a previously published individual with sus
pected attenuated MPS I,34 was evaluated to help determine 
its clinical significance.

As shown in Figure 2A, the RSA values of some of these 
variant iduronidases, including c.271C>T (p.His91Tyr), 
c.956C>T (p.Ala319Val), and c.1148G>A (p.Arg383His) 
(shown in the green bars), were in the 0.5%–1.5% range, 
consistent with other previously investigated variants 
that contribute to attenuated MPS I.37 As shown in 
Figure 2B, these same variant iduronidases with low RSA 
values were also poorly processed and exhibited low sta
bility and/or expression. Of note, we did not detect any 
measurable activity for the c.1045G>T (p.Asp349Tyr) idur
onidase even though the enzyme was well expressed and 
processed in a manner similar to the wild-type enzyme 
(Figure 2B). Efficient proteolytic processing is an indica
tion that the enzyme has reached the lysosomal compart
ment. Other variants, including c.406G>A (p.Ala136Thr) 
and c.590G>C (p.Gly197Ala), had an RSA similar to the 
wild-type enzyme and consistent with both c.298A>G 
(p.Arg100Gly) and c.299G>A (p.Arg100Lys) from our 
prior study.37 Raw data are presented in Figure S4.

Interpretation of the c.298A>G variant (v3, Table 2) was 
challenging. The variant had been previously reported in a 
newborn with deficient leukocyte iduronidase activity but 
normal urine GAGs11 and in the current study was identi
fied with a known pathogenic stop-gain variant in six 
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Table 1. Genetic and biochemical findings in individuals 1–14 with bi-allelic IDUA variants

Family A (GC26137) B (GC23127) C D E F (PN157) G (CJ66) H (NAP_1522) I J (OGI1526) K (OGI2207) L (OGI3554)

Individual 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Allele 1 c.271C>T 
(p.His91Tyr)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly)

c.1598C>A 
(p.Pro533Gln)

c.386-2A>G 
(p.?)

c.794G>A 
(p.Gly265Asp)

c.794G>A 
(p.Gly265Asp)

c.794G>A 
(p.Gly265Asp)

c.1045G>T 
(p.Asp349Tyr)

c.208C>T 
(p.Gln70*)

c.208C>T 
(p.Gln70*)

c.208C>T 
(p.Gln70*)

c.208C>T 
(p.Gln70*)

c.794G>A 
(p.Gly265Asp)

c.208C>T 
(p.Gln70*)

Allele 2 c.1460G>A 
(p.Trp487*)

c.1205G>A 
(p.Trp402*)

c.1855C>T 
(p.Arg619*)

c.590G>C 
(p.Gly197Ala)

c.1205G>A 
(p.Trp402*)

c.1205G>A 
(p.Trp402*)

c.1205G>A 
(p.Trp402*)

c.1148G>A 
(p.Arg383His)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly)

c.1205G>A 
(p.Trp402*)

c.298A>G 
(p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly

Phasea unresolved inferred 
(gnomAD)

unresolved confirmed 
(segregation)

inferred 
(gnomAD)

confirmed 
(segregation)

confirmed 
(segregation)

confirmed 
(direct read 
phasing)

confirmed 
(direct read 
phasing)

confirmed 
(segregation)

confirmed 
(direct read 
phasing)

inferred 
(gnomAD)

inferred 
(gnomAD)

confirmed 
(segregation)

Country of 
recruitment

UK UK UK UK UK Ireland Ireland Italy the Netherlands the Netherlands the Netherlands US US US

Ethnicity White British NK White British White British White British White Irish White Irish White Italian White Dutch White Dutch White Dutch White (English- 
Irish-Scottish)

White (Irish- 
German)

White 
(European)

Sex female male male female male female male female male female female female male male

Age at last 
examination

73 years 57 years 58 years 46 years 56 years 62 years 40 years 59 years 62 years 67 years 68 years 54 years 42 years 19 years

Biochemical testingb

α-Iduronidase 
(nmol/mg/hr)

3 (26–135) 1 (26–135) 0.4 (13–111) 1.0 (13–111) 0.2 (13–111) NP NP 0.9 (25–60) 1 (65–154) 1 (65–154) 1 (65–154) NP NP NP

Urine GAG/ 
creatinine ratio 
(mg/mmol/Cr)

2 (1–5) 8 (1–5) 6.8 (0–8) 1.6 (1–6) 7.6 (0–8) NP NP NP 5.8 (1.5–3.8) 6.3 (1.5–3.8) 6.2 (1.5–3.8) NP NP NP

Urine GAG 
electrophoresis

NP presence of 
chondroitin 
sulfate, heparan 
sulfate, and 
large amount 
of dermatan 
sulfate

dermatan 
sulfate 
increased

presence of 
chondroitin 
sulfate present; 
small amounts 
of heparan 
sulfate and 
possible 
dermatan 
sulfate

heparan and 
dermatan 
sulfate 
increased

NP NP NP increased 
dermatan sulfate, 
heparan sulfate, 
and chondroitin 
sulfate

presence of 
dermatan sulfate, 
heparan sulfate, 
and chondroitin 
sulfate

NP NP NP NP

All variants described according to GenBank: NM_000203.5. GAG, glycosaminoglycan; gnomAD, Genome Aggregation Database v.4.1.0; NK, not known; NP, not performed; UK, United Kingdom; US, United States.
aPhase: confirmed in trans by segregation analysis or direct read phasing of aligned sequencing reads; inferred in trans based on population co-occurrence data (gnomAD) where familial samples were unavailable.
bFor biochemical tests, lab-specific normal reference ranges are shown in brackets below actual values.
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Table 2. IDUA variants characterized in this study

Variant ID 
(family)a

Variant

gnomAD AF

In silico predictionsc

ClinVar (ID)
Previously 
reported? ACMG classificationd

Genomic 
coordinates 
(Chr4)b Nucleotide Protein Revel AlphaMissense SpliceAI

v1 (A) g.987921C>T c.271C>T p.His91Tyr 0.000008135 deleterious (0.93) deleterious (0.907) benign (0.07) absent no LPPS3(Su), PM2(Su), 
PM1(M), PP3(M)

v2 (A) g.1003093G>A c.1460G>A p.Trp487* 0.0000006575 N/A N/A benign (0.03) absent no LPPVS1(VS), PM2(Su)

v3 (B, I, J, L) g.987948A>G c.298A>G p.Cys53_ 
Arg100delinsTrp, 
Arg100Gly

0.00006097 uncertain (0.62) benign (0.079) splice altering 
(DL: 0.64)

LP/VUS 
(2058952)

yes11 PPVS1(VS),PM2(Su), 
PM3(M), PP4(Su)

v4 (B, E–G, K) g.1002747G>A c.1205G>A p.Trp402* 0.001265 N/A N/A benign (0.01) P (11908) yes12–22 PPVS1(VS), 
PP4(Su), PM3(M)

v5 (C) g.1003418C>A c.1598C>A p.Pro533Gln 0.0000006539 deleterious (0.67) deleterious (0.91) uncertain (0.15) LP (1970157) no VUSPS3(Su), 
PM2(Su), PP3(Su)

v6 (C) g.1004286C>T c.1855C>T p.Arg619* 0.00002235 N/A N/A benign (0.06) P (280976) yes12,14,23,24 PPVS1(M), PM3(VS), 
PM2(Su), PP4(Su)

v7 (D) g.1000880A>G c.386− 2A>G p.? 0.0001557 N/A N/A splice altering 
(AL: 0.61)

P (222994) yes13,19,25,26 PPVS1(M), PM3(VS), 
PM2(Su), PP4(Su)

v8 (D) g.1001679G>C c.590G>C p.Gly197Ala 0.00001249 deleterious (0.88) uncertain (0.521) splice altering 
(AL: 0.26)

absent no VUSPM2(Su), PP3(M), 
PM3(Su), BS3(Su)

v9 (E–G, K) g.1001983G>A c.794G>A p.Gly265Asp 0.00004362 deleterious (0.83) deleterious (0.906) uncertain (0.11) LP/VUS 
(2203496)

yes14 LPPS3(Su), PM2(Su), 
PM5(Su), PP3(M), PM3(Su)

v10 (H) g.1002341G>T c.1045G>T p.Asp349Tyr 0.000001240 deleterious (0.92) deleterious (0.983) benign (0.04) P/LP (638075) yes27–29 LPPM3(Su), PS3(Su), 
PM1(M), PM2(Su), 
PM5(Su), PP3(M)

v11 (H) g.1002444G>A c.1148G>A p.Arg383His 0.00001608 deleterious (0.87) uncertain (0.43) benign (0) P/LP (558189) yes13,24,28,30,31 PPP4 (M), PP3(M), 
PM2 (Su) PM3(VS), 
PS3(M),PP1(M)

v12 (I, J, L) g.987858C>T c.208C>T p.Gln70* 0.0004906 N/A N/A uncertain (0.13) P (11909) yes12–19,21,22,32 PPVS1(VS), 
PP4(Su), PM3(Su)

v13 g.1002145C>T c.956C>T p.Ala319Val 0.000003848 deleterious (0.9) deleterious (0.779) benign (0.03) LP (1683230) yes12,33 LPPM3(Su), PS3(Su), 
PM2(Su), PP3(M), PP4(Su)

v14 g.1000902G>A c.406G>A p.Ala136Thr 0.00008244 uncertain (0.45) benign (0.099) benign (0.07) VUS (964816) yes34 VUSPM2(Su), BS3(Su)

IDUA reference transcript Genbank: NM_000203.5. ACMG, American College of Medical Genetics and Genomics; AF, allele frequency; AL, acceptor loss; DL, donor loss; gnomAD, Genome Aggregation Database v.4.1.0; LP, 
likely pathogenic; P, pathogenic; VUS, variant of uncertain significance; N/A, not available.
aVariant IDs correspond to labels used in Figure 1.
bGenomic coordinates refer to GRCh38.
cREVEL is an ensemble score based on 13 individual scores for predicting the pathogenicity of missense variants. AlphaMissense scores can be interpreted as the approximate probability of a variant being clinically pathogenic. 
SpliceAI delta scores can be interpreted as the probability that the variant affects splicing at any position within a 5500 bp window around it. Scores for REVEL, AlphaMissense, and SpliceAI range from 0 to 1, with higher 
scores indicating a higher probability of the variant being damaging or having a splice-altering effect.
dACMG/AMP evidence codes are provided for each variant classification. Evidence strength is denoted in parentheses: VS, very strong; and M, moderate; Su, supporting. Pathogenic evidence codes: PVS, pathogenic very 
strong; PS, pathogenic strong; PM, pathogenic moderate; and PP, pathogenic supporting. Benign evidence codes: BS, benign strong. Variant classifications were performed in accordance with the ClinGen Lysosomal Diseases 
Variant Curation Expert Panel (VCEP) specifications for IDUA.35
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affected individuals (individuals 2, 9–11, 12, and 14; 
Table 1). It is rare in population databases (96/1,574,498 
alleles in gnomAD v.4), with conflicting VUS or likely 
pathogenic (LP) classifications in ClinVar, and in silico 
missense predictions for p.Arg100Gly suggested an uncer
tain or benign effect on the enzyme (Table 2). Cell-based 
functional assessment of the p.Arg100Gly missense alter
ation confirmed no measurable loss of iduronidase activ
ity or abnormal protein aggregation due to the amino 
acid substitution (Figure 2A). However, given its location 
at the penultimate nucleotide of exon 2 and the potential 
splice-altering effect predicted by SpliceAI (Table 2), the 
variant was further assessed for possible splicing effects 
by RT-PCR followed by nanopore long-read sequencing.

The major effect of the variant, summarized in Figure 2C, 
was in-frame skipping of exon 2, p.Cys53_Arg100de
linsTrp, observed on 388/456 reads (85.1%) derived from 
the c.298G allele, with lower-level detection of a frame- 
shifting alternate donor site usage 37 bp upstream of the 
variant, p.Val88Glyfs*31, observed on 58/456 reads 
(12.7%). In addition, 6/456 (1.3%) reads showed normal 
exon 2 splicing and confirmed the presence of the 
c.298A>G variant. The remaining four reads had inconclu
sive base calling at position c.298. The trans allele, encod
ing p.Gln70*, also located in exon 2, showed lower read 
depth overall (190/694 total reads), possibly due to 
nonsense-mediated decay triggered by premature termina
tion. Exon 2 skipping was observed on 47/190 reads 
(24.7%) and the same cryptic splice-site usage leading to 

p.Val88Glyfs*31 on 14/190 reads (7.4%), events observed 
at an average of 2.2% and 4.7% across five control subjects, 
respectively (a representative control is shown in 
Figure 2C). A summary of read depth data is shown in 
Table S2.

In summary, these data suggest that while the impact of 
the c.298A>G variant is mis-splicing leading to in-frame 
exon skipping, there is low-level survival of correctly 
spliced transcripts (∼1.3% reads) arising from this allele. 
In addition, we observed exon skipping consequent 
upon the stop-gain variant (24.7%) higher than that 
observed in controls samples (2.3%) and in keeping with 
the weak SpliceAI Δ scores for this variant. Out-of-frame 
splice junction usage was observed across all control sam
ples at a low level (mean: 4.7%) but elevated for the 
c.298G allele (12.7% reads), also corresponding to a 
weak predicted splice acceptor motif at this position 
(SpliceAI raw score: 0.52).

The in-frame deletion c.298A>G (p.Cys53_Arg100de
linsTrp) removes a region of the protein that, in the 
wild-type iduronidase, corresponds to one of eight β 
strands and one of eight α helices forming a TIM barrel 
structure, in which His91 is in direct contact with its sub
strate (i.e., iduronic acid) and Cys53_His58 forms a loop 
interacting with polymannose of its N-glycan at Asn372, 
which is known to be critical for enzyme activity. Consis
tent with the structural importance of this deleted region, 
biochemical analysis of a similar mutant protein 
(c.157_300del [p.Cys53_Arg100del]) confirmed that the 

Figure 1. Pedigrees of families 
(A–L) Pedigrees showing genotypes of affected individuals and segregation of IDUA variants where familial data were available.
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resulting enzyme had no detectable activity (this study, 
data not shown). Taken together, these data suggest a 
low level of transcript carrying the missense change is 
made and translated into an enzyme with essentially 
normal activity. In vivo, such a scenario would be pre
dicted to contribute to low residual iduronidase activity.

Based on the SpliceAI score, c.590G>C corresponding to 
the p.Gly197Ala missense substitution may also primarily 
exert its functional consequence at the level of abnormal 
splicing (as opposed to a direct effect on enzymatic activ
ity). Challenges in obtaining a sample from individual 4 
precluded our ability to formally test this hypothesis. A 
different substitution at the same nucleotide position, 
c.590G>A (p.Gly197Asp), has also been reported in MPS I 
with a comparable SpliceAI prediction (acceptor loss: 

0.19), although splicing was not formally assessed in that 
study either.27 The proposed splice-mediated mechanism 
for c.590G>C is therefore based on in silico prediction alone 
and, without RNA confirmation, remains speculative.

In contrast, for c.406G>A (p.Ala136Thr), SpliceAI predic
tion was not supportive of an effect, and its near-wild-type 
RSA provides no evidence from this assay that the amino 
acid substitution is deleterious. While a splice-related ef
fect not captured by the in silico prediction cannot be 
excluded, these findings suggest that p.Ala136Thr might 
be non-contributory in that individual, and alternative 
molecular explanations should be considered.

This study highlights a retinal-predominant presenta
tion of IDUA-associated disease, including cases of appar
ently nsRP, which represent among the mildest clinical 

Figure 2. Functional characterization of missense IDUA variants in the cohort 
(A) The relative specific activity (RSA) values of the missense variants within this cohort. Values are plotted on a log scale and represent 
the average of at least three independent analyses. Green bars represent new variants characterized in this study; light gray bars repre
sent variants we previously characterized but related to genotypes within the cohort; the dark gray bar represents wild-type (WT) idur
onidase. Variants p.His91Tyr, p.Arg383His, and p.Ala319Val have RSA values in the ∼0.5%–1.5% range, consistent with RSA values of 
previously assessed variants known to be associated with attenuated mucopolysaccharidosis type I. Iduronidase RSA was determined 
for at least three independent biological replicates and the mean plotted; error bars represent the standard error of the mean. Statistical 
analyses were performed using one-way ANOVA followed by Dunnett’s multiple comparison test; ****p < 0.0001; n.s. denotes not 
significant. 
(B) Representative western blot of iduronidase from cells that express each WT or variant enzyme. Proteolytic processing of the enzyme 
to lower-molecular-weight forms is indicative of its transport to lysosomes. The relative abundance of the mutants by pixel densitom
etry is shown for each lane. 
(C) Representative IGV plots of nanopore long-read amplicons showing allele-specific splicing for IDUA exon 2 in individual 9 hetero
zygous for c.298A>G. Reads were phased into those carrying the c.298G (variant) allele (top) and those carrying the c.298A (reference) 
allele in trans (middle) and compared with a control sample (bottom). The c.298G allele shows predominant in-frame exon 2 skipping 
(p.Cys53_Arg100delinsTrp) with additional low-level cryptic donor site usage, while a small fraction of reads retain normal exon 2 
splicing. Arrows indicate heterozygous SNVs used for read phasing (including c.298A>G and neighboring informative variants).
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manifestations reported to date. Through integration of 
genetic, biochemical, and functional data, the findings 
provide new insight into the mechanisms underlying 
attenuated disease, with implications for genotype- 
phenotype correlation, tissue-specific vulnerability, and 
diagnostic interpretation, with potential relevance to 
many other lysosomal storage diseases.

Pigmentary retinopathy is a recognized feature of MPS I 
and is thought to result from progressive GAG accumula
tion in the retinal pigment epithelium (RPE) and interpho
toreceptor matrix, leading to photoreceptor loss and 
retinal degeneration.2 In this cohort, RP (or rod-cone dys
trophy) was the presenting feature in all 14 individuals, 
with the retinal degeneration predominantly affecting 
the mid-peripheral pericentric retina. Cystoid macular 
edema was a commonly associated finding. Subfoveal 
external limiting membrane thickening and electronega
tive electroretinogram were also observed in subsets of in
dividuals, features that have previously been reported in 
metabolic retinopathies38,39 (Figure 3; Table S3). Nine indi
viduals underwent comprehensive systemic evaluations; 
of these, seven (individuals 1, 3–5, and 9–11) had no fea
tures consistent with MPS I at last assessment (ages 46–73 
years). Even the individuals with attenuated MPS in this 
cohort had a markedly later age of disease onset (20s–50s) 
than is typical for classical or attenuated MPS I.

Only a small number of cases of attenuated MPS I with 
predominantly retinal involvement have been reported. 

These include a 65-year-old individual with retinal dystro
phy and postlingual hearing loss but no other apparent 
systemic features who was homozygous for c.956C>T 
(p.Ala319Val) (Table 2, v13)33; an adult in whom retinop
athy diagnosed at age 34 was the presenting feature of 
attenuated MPS I and who was compound heterozygous 
for c.228T>A (p.Tyr76*) and c.1577T>C (p.Leu526Pro)40; 
an individual with attenuated MPS I and pericentric RP, 
homozygous for c.1148G>A (p.Arg383His)41; and an indi
vidual reported with simplex RP with limited systemic 
details, with c.175del (p.Ser59Alafs*49) and c.400G>T 
(p.Gly134Cys).42

No individual in this cohort harbored bi-allelic null 
IDUA genotypes; instead, most carried a presumed LoF 
(pLOF) allele in combination with a missense variant 
(Figure 1; Table 1). While genotype-phenotype correla
tions in MPS I remain difficult to establish in non-null ge
notypes,43 the genotypes observed here suggest that the 
missense alleles are the key determinants of the attenu
ated, retinal-predominant presentation by permitting re
sidual enzyme activity, consistent with the low-but- 
detectable leukocyte α-L-iduronidase activity observed 
across the cohort. In this study, c.271C>T, c.298A>G, 
c.794G>A (p.Gly265Asp), and c.1598C>A (p.Pro533Gln) 
were each observed in combination with a pLoF allele 
and were presumed hypomorphic variants associated 
with the milder phenotypes seen here. The recurrent 
alleles c.298A>G and c.794G>A, seen here in four not 

Figure 3. Representative retinal findings consistent with retinitis pigmentosa in individual 2 
(A) Multimodal retinal imaging is shown for both eyes. Ultra-widefield pseudocolor fundus images (i) and autofluorescence (ii) (Optos, 
Dunfermline, UK) demonstrate disc pallor, arteriolar attenuation, perivascular atrophy, and pigment clumping in the posterior and 
mid-periphery, with relative sparing of the far peripheral retina bilaterally, with posterior pole hypo-autofluorescence sparing the mac
ula, and a central hyper-autofluorescent ring bilaterally. Macular optical coherence tomography (iii) (Spectralis OCT, Heidelberg En
gineering, Heidelberg, Germany) demonstrates ellipsoid zone and outer retinal loss with central subfoveal preservation, mild intrare
tinal cysts, and subtle subfoveal hyperreflective material at the level of the external limiting membrane (yellow arrowheads). 
(B) International-standard full-field and pattern electroretinograms (ERGs) recorded from individual 2. Right eye (RE) and left eye (LE) 
recordings are shown on the top and middle rows, respectively, with representative recordings from a healthy control individual 
(C) shown in the bottom row for comparison. In each image, waveforms are superimposed, demonstrating reproducibility. The DA 
0.01 (dark-adapted dim flash) ERG is undetectable, indicating generalized rod system dysfunction. The DA 10 (dark-adapted strong 
flash) ERG a-waves are of severely subnormal amplitude, indicating rod photoreceptor dysfunction. The b-wave is severely subnormal, 
with the DA 10 ERG showing a “negative” appearance (here most likely reflecting a relatively preserved dark-adapted cone system 
response). LA 30 Hz (light-adapted flicker) and LA 3 (light-adapted single-flash) ERGs show subnormal amplitudes. The pattern ERG 
(PERG) is also subnormal (in keeping with macular involvement). The ERG findings are in keeping with rod-cone dystrophy.
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knowingly related families each, are almost exclusively 
observed in individuals of European ancestry in popula
tion databases (gnomAD v.4), consistent with the pre
dominantly European ancestry of the present cohort and 
suggesting these may represent ancestral European haplo
types. Another missense allele identified in this cohort, 
c.1148G>A, has been reported homozygously in an indi
vidual of Indian ethnicity with pericentric RP and attenu
ated MPS I.41 Additional hypomorphic alleles in both Eu
ropean and non-European populations may be identified 
with increasing recognition of IDUA-associated retinal 
disease.

For some of the presumed hypomorphic missense vari
ants identified in this cohort, functional characterization 
using a cell-based expression platform assessing enzyme 
activity and protein abundance to derive RSA confirmed 
low residual enzyme activity: p.His91Tyr, p.Arg383His, 
and p.Pro533Gln showed RSA values in the 0.5%–1.5% 
range, comparable to other attenuated MPS I variants, 
including p.Gly265Asp, reported previously by the au
thors.37 These RSA values place these variants at the 
high end of the attenuated range but still below all benign 
and pseudodeficiency variants reported in our prior study. 
Thus, the RSA values for the different variant iduronidases 
appear to align well with the unique, highly attenuated 
phenotype observed in this cohort. As more variants 
within this range are characterized, additional insight 
into the threshold that distinguishes apparently isolated 
RP versus attenuated MPS I is likely to emerge.

Resolution of the functional effect of the previously re
ported variant c.298A>G was only possible following the 
cell-based functional assay and nanopore-based transcript 
analysis, identifying a splice alteration with only very low- 
level wild-type splicing evident from the affected allele. 
These findings clarify the pathogenicity of this previously 
uncertain allele and support its hypomorphic effect, 
acting via low-level production of correctly spliced, cata
lytically competent transcripts rather than impaired 
enzyme function due to a deleterious missense effect. 
Similarly, the previously identified VUS affecting the 
same codon (c.299G>A [p.Arg100Lys]) may affect splicing 
in a similar way. By contrast, a splice-altering effect is also 
hypothesized but remains unconfirmed for c.590G>C 
(p.Gly197Ala), as participant RNA was not available to 
test this directly.

Clinical biochemical testing in this cohort supported 
the molecular findings, with leukocyte α-L-iduronidase 
activity consistently reduced, but not abolished, in all in
dividuals tested. This finding suggests the variants do not 
exert their effect in a retina-specific fashion, such as a 
unique retinal isoform, but rather supports the hypothe
sis that the retina is more susceptible to low α-L-iduroni
dase function. Of note, urine GAG levels were only 
outside the normal range in half the cases where testing 
was performed, and when elevated, the increase was 
modest and well below the ∼4-fold elevation above 
the upper limit of normal reported in classic MPS I.44

Biochemical evaluation, including leukocyte α-L-iduroni
dase activity measurement and urine GAG analysis, 
should be considered as part of the clinical workup in 
individuals presenting with RP in whom bi-allelic IDUA 
variants have been identified. While enzymology can 
corroborate a suspected diagnosis, it cannot reliably pre
dict disease severity,43 and results are often atypical in 
attenuated disease.45 Interpretation can be further 
confounded by pseudodeficiency alleles, which reduce 
α-L-iduronidase activity in vitro without causing clinical 
disease or altered GAG metabolism in vivo.46,47 In this 
cohort, screening for pseudodeficiency alleles (performed 
in 12/14 individuals) did not identify any carriers of the 
alleles assessed.

Together, these data suggest that hypomorphic IDUA 
alleles can act via diverse mechanisms—including direct 
reduction of enzyme activity, effects on protein process
ing, or leaky mis-splicing—to converge on a similar 
biochemical endpoint: low residual α-L-iduronidase ac
tivity contributing to an attenuated, retinal-predomi
nant, or apparently isolated retinal phenotype. This high
lights the need to integrate complementary functional 
approaches to resolve variant mechanism and improve 
interpretation of IDUA genotypes. What factors distin
guish those with an apparently isolated retinal pheno
type from those who will progress to attenuated MPS I, 
despite comparable residual enzyme activity, are not 
currently understood; this distinction was itself not al
ways easy to establish in the present cohort, given vari
able depth of systemic assessment and the absence of lon
gitudinal follow-up, meaning some individuals classified 
as having apparently isolated RP may yet develop sys
temic features over time. Differences in genetic back
ground and the presence of genetic or environmental 
modifiers may contribute by altering how lysosomal 
GAG accumulation is managed in cells and tissues. Those 
individuals less affected (e.g., with apparently isolated 
RP) may possess an enhanced ability to reduce or clear 
any lysosomal storage within the skeletal system, for 
example. Defining such factors, supported by more 
comprehensive clinical and biochemical data in larger co
horts, will represent an important and therapeutically 
relevant area of future investigation.

Inborn errors of metabolism, including MPS I, feature 
prominently among the target disorders of several large- 
scale genomic newborn screening initiatives worldwide 
that are now sequencing the genomes of thousands of ne
onates, aiming to enable early detection of rare, treatable 
conditions.48 In this context, the present data highlight 
an additional interpretative challenge: hypomorphic 
IDUA genotypes that may be associated with minimal or 
absent early multisystem disease, instead manifesting as 
late-onset, predominantly retinal disease for which there 
is currently no established treatment. It remains unclear 
how such findings should be managed within screening 
programs primarily designed to enable timely interven
tion for early-onset, treatable disease. The identification 
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of genotypes associated with apparently isolated RP 
through newborn screening efforts will present challenges 
in counseling and medical management that parallel cur
rent difficulties across the field in interpreting genotypes 
with highly variable outcomes in adult and highly atten
uated individuals. At the same time, early identification 
may provide a window of opportunity for emerging 
retinal therapies before significant photoreceptor loss 
has occurred.

In recent years, there has been growing recognition 
that genes classically linked to severe multisystem lyso
somal storage disorders, including neuronal ceroid lipo
fuscinosis (CLN3 [MIM: 204200] and MFSD8 [MIM: 
611124]), MPS IIIA and IIIC (SGSH [MIM: 605270] and 
HGSNAT [MIM: 610453]), and multiple sulfatase defi
ciency (SUMF1 [MIM: 607939]), can also cause highly 
attenuated, predominantly or exclusively retinal dis
ease.49–53 Taken together, these observations across 
diverse lysosomal storage disorders support a model in 
which low residual enzyme activity may be sufficient to 
avert early multisystem disease; the retina, given its 
exceptionally high metabolic demand,54 may, however, 
be particularly vulnerable to even modest reductions in 
lysosomal function and therefore be the first or only tis
sue affected. This has implications for therapeutic design 
in MPS I (and potentially other lysosomal storage disor
ders), suggesting that even modest enzyme restoration 
could confer systemic benefit, whereas higher and sus
tained activity may still be required to prevent progres
sive retinal degeneration.

This study provides a detailed characterization of the 
mildest end of the IDUA-associated disease spectrum, ex
tending the recognized phenotype of MPS I to include 
apparently isolated RP. Variant classification for the hypo
morphic alleles underlying such attenuated presentations 
presents particular challenges, as established gene-specific 
criteria and guidelines are primarily designed around clas
sical disease phenotypes; by integrating genetic findings 
with enzymology and variant-level functional data, this 
approach offers a practical framework for interpreting 
IDUA variants of uncertain significance and highlights 
the need to update gene-specific classification guidelines 
to accommodate the full phenotypic spectrum.

Clinically, recognizing this attenuated presentation is 
important: IDUA and other MPS genes with retinal phe
notypes should be included in IRD gene panels to support 
accurate molecular diagnosis, appropriate counseling, 
and timely referral to metabolic specialists for systemic 
surveillance, management of any systemic associations, 
and consideration of emerging therapies where appro
priate.55 More broadly, these findings show how distinct 
hypomorphic mechanisms converge on low residual lyso
somal function, helping to explain how retinal-predomi
nant or apparently isolated retinal disease can occur in 
the absence of overt early multisystem involvement and 
advancing mechanistic understanding of attenuated 
metabolic disease.

Data and code availability

• The functional data generated in this study are presented in 
full in the published article and its supplemental 
information. No new code was generated in this study. 
Participant data supporting the findings of this study are 
confidential and subject to ethical restrictions. Access to 
data, including BAM files of RT-PCR amplicon ONT 
sequencing, can be requested from the corresponding 
author, subject to appropriate approvals and compliance 
with data protection regulations.

• Data from the National Genomic Research Library (NGRL) 
used in this research are available within the secure 
Genomics England Research Environment. Access to 
NGRL data is restricted to adhere to consent requirements 
and protect participant privacy. Data used in this research 
include whole-genome sequencing data (located in the 
/genomes/by_date folder) and associated phenotypic in
formation extracted, using Participant Explorer, from par
ticipants enrolled in the Genomics England Rare Disease 
Program.

• Access to NGRL data is provided to approved researchers 
who are members of the Genomics England Research 
Network, subject to institutional access agreements and 
research project approval under participant-led governance. 
For more information on data access, visit https://www. 
genomicsengland.co.uk/research.

Acknowledgments

The authors thank the individuals and their families for their 
participation in this study. This study was supported by the 
Medical Research Council (Clinician Scientist Fellowship, 
grant reference UKRI440 [S.L.]); Fight for Sight UK (Early Career 
Investigator Award, grant no. 5045/46 [G.A.]); NIH P20 
GM139769 (G.A.); the Wellcome Trust (grant no. 206619/Z/17/ 
Z [O.A.M.]); the National Institute for Health and Care Research 
(NIHR) Manchester Biomedical Research Centre (BRC) 
(NIHR203308); the NIHR-BRC at Moorfields Eye Hospital and 
UCL Institute of Ophthalmology; the NIHR grant Oxford BRC4 
Gene and Cell Therapy (M.D.F., P.K., and S.S.); the National 
Eye Institute (R01EY035717 [K.M.B.] and P30EY014104 [MEEI 
core support]); a Foundation Fighting Blindness Career Develop
ment Award (grant no. CD-GE-0621-0809-RAD [S.R.]); a Radbou
dumc Starter Grant (no. OZI-23.009 [S.R.]); NWO Aspasia (grant 
no. 015.021.028 [S.R.]); Fighting Blindness Ireland (FB22FAR); 
Research Ireland (22/FFP-A/10544) and Research Ireland Gov
ernment of Ireland Postgraduate Scholarship (Project 216419 
Award 19213/GOIPG/2025/8455); and a grant from the US Mu
copolysaccharidosis (MPS) Society (R.S.). This research was 
made possible through access to data and findings in the 
NGRL; see the supplemental information for acknowledgments. 
The funding organizations had no role in the design or conduct 
of this research. The views expressed are those of the authors and 
not necessarily those of the funding organizations, NHS, NIHR, 
or the Department of Health.

Author contributions

Conceptualization, S.L., R. Steet, and G.A.; formal analysis, all 
authors; investigation, all authors; resources, S.B., S.R., R. Steet, 

The American Journal of Human Genetics 113, 1–12, November 5, 2026 9

Please cite this article in press as: Lin et al., Hypomorphic IDUA genotypes are associated with retinitis pigmentosa in individuals without 
syndromic mucopolysaccharidosis type I, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2026.09.008

https://www.genomicsengland.co.uk/research
https://www.genomicsengland.co.uk/research


and G.A.; writing – original draft, S.L., R. Steet, and G.A.; writing – 
review & editing, all authors; visualization, S.L., R. Steet, and G.A.; 
supervision, G.A.; funding acquisition, R. Steet and G.A.

Declaration of interests

The authors declare no competing interests.

Web resources

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar
GenBank, https://www.ncbi.nlm.nih.gov/genbank/
gnomAD, https://gnomad.broadinstitute.org
OMIM, https://www.omim.org/
RefSeq, https://ftp.ncbi.nlm.nih.gov/refseq

Supplemental information

Supplemental information can be found online at https://doi. 
org/10.1016/j.ajhg.2026.09.008.

Received: May 21, 2026
Accepted: September 15, 2026

References

1. Neufeld, E.F., and Muenzer, J. (2001). The mucopolysacchar
idoses. In The Metabolic and Molecular Bases of Inherited Dis
ease, 8th ed., C.R. Scriver, A.L. Beaudet, W.S. Sly, and D. Valle, 
eds. (New York: McGraw-Hill), pp. 3421–3452.

2. Ashworth, J.L., Biswas, S., Wraith, E., and Lloyd, I.C. (2006). 
Mucopolysaccharidoses and the eye. Surv. Ophthalmol. 51, 
1–17. https://doi.org/10.1016/j.survophthal.2005.11.007.

3. Terlato, N.J., and Cox, G.F. (2003). Can mucopolysaccharido
sis type I disease severity be predicted based on a patient's ge
notype? A comprehensive review of the literature. Genet. 
Med. 5, 286–294. https://doi.org/10.1097/01.GIM.0000078 
027.83236.49.

4. Thomas, J.A., Beck, M., Clarke, J.T.R., and Cox, G.F. (2010). 
Childhood onset of Scheie syndrome, the attenuated form 
of mucopolysaccharidosis I. J. Inherit. Metab. Dis. 33, 421– 
427. https://doi.org/10.1007/s10545-010-9113-7.

5. Clarke, L.A., Giugliani, R., Guffon, N., Jones, S.A., Keenan, 
H.A., Munoz-Rojas, M.V., Okuyama, T., Viskochil, D., Whit
ley, C.B., Wijburg, F.A., and Muenzer, J. (2019). Genotype- 
phenotype relationships in mucopolysaccharidosis type I 
(MPS I): Insights from the International MPS I Registry. 
Clin. Genet. 96, 281–289. https://doi.org/10.1111/cge.13583.

6. The National Genomic Research Library v5.1. (2024). https:// 
doi.org/10.6084/m9.figshare.4530893.

7. Fadaie, Z., Whelan, L., Ben-Yosef, T., Dockery, A., Corradi, Z., 
Gilissen, C., Haer-Wigman, L., Corominas, J., Astuti, G.D.N., 
de Rooij, L., et al. (2021). Whole genome sequencing and 
in vitro splice assays reveal genetic causes for inherited retinal 
diseases. npj Genom. Med. 6, 97. https://doi.org/10.1038/ 
s41525-021-00261-1.

8. Haer-Wigman, L., van Zelst-Stams, W.A., Pfundt, R., van den 
Born, L.I., Klaver, C.C., Verheij, J.B., Hoyng, C.B., Breuning, 
M.H., Boon, C.J., Kievit, A.J., et al. (2017). Diagnostic exome 
sequencing in 266 Dutch patients with visual impairment. 

Eur. J. Hum. Genet. 25, 591–599. https://doi.org/10.1038/ 
ejhg.2017.9.

9. Sangermano, R., Gupta, P., Price, C., Han, J., Navarro, J., Con
droyer, C., Place, E.M., Antonio, A., Mukai, S., Zanlonghi, X., 
et al. (2024). Coding and non-coding variants in the ciliop
athy gene CFAP410 cause early-onset non-syndromic retinal 
degeneration. npj Genom. Med. 9, 58. https://doi.org/10. 
1038/s41525-024-00439-3.

10. Zampaglione, E., Maher, M., Place, E.M., Wagner, N.E., Di
Troia, S., Chao, K.R., England, E., Cmg, B., Catomeris, A., Nas
siri, S., et al. (2022). The importance of automation in genetic 
diagnosis: Lessons from analyzing an inherited retinal degen
eration cohort with the Mendelian Analysis Toolkit (MATK). 
Genet. Med. 24, 332–343. https://doi.org/10.1016/j.gim. 
2021.09.015.

11. Burton, B.K., Charrow, J., Hoganson, G.E., Waggoner, D., 
Tinkle, B., Braddock, S.R., Schneider, M., Grange, D.K., Nash, 
C., Shryock, H., et al. (2017). Newborn Screening for Lysosomal 
Storage Disorders in Illinois: The Initial 15-Month Experience. 
J. Pediatr. 190, 130–135. https://doi.org/10.1016/j.jpeds.2017. 
06.048.

12. Beesley, C.E., Meaney, C.A., Greenland, G., Adams, V., Vel
lodi, A., Young, E.P., and Winchester, B.G. (2001). Muta
tional analysis of 85 mucopolysaccharidosis type I families: 
frequency of known mutations, identification of 17 novel 
mutations and in vitro expression of missense mutations. 
Hum. Genet. 109, 503–511. https://doi.org/10.1007/s00439 
0100606.

13. Bunge, S., Kleijer, W.J., Steglich, C., Beck, M., Schwinger, E., 
and Gal, A. (1995). Mucopolysaccharidosis type I: identifica
tion of 13 novel mutations of the alpha-L-iduronidase gene. 
Hum. Mutat. 6, 91–94. https://doi.org/10.1002/humu.1380 
060119.

14. Ghosh, A., Mercer, J., Mackinnon, S., Yue, W.W., Church, H., 
Beesley, C.E., Broomfield, A., Jones, S.A., and Tylee, K. (2017). 
IDUA mutational profile and genotype-phenotype relation
ships in UK patients with Mucopolysaccharidosis Type I. 
Hum. Mutat. 38, 1555–1568. https://doi.org/10.1002/humu. 
23301.

15. Gatti, R., DiNatale, P., Villani, G.R., Filocamo, M., Muller, V., 
Guo, X.H., Nelson, P.V., Scott, H.S., and Hopwood, J.J. 
(1997). Mutations among Italian mucopolysaccharidosis 
type I patients. J. Inherit. Metab. Dis. 20, 803–806. https:// 
doi.org/10.1023/a:1005323918923.

16. Gort, L., Chabás, A., and Coll, M.J. (1998). Analysis of 
five mutations in 20 mucopolysaccharidois type 1 patients: 
high prevalence of the W402X mutation. Mutations in brief 
no. 121. Hum. Mutat. 11, 332–333. https://doi.org/10.1002/ 
(SICI)1098-1004(1998)11:4<332::AID-HUMU16>3.0.CO;2.

17. Pollard, L.M., Jones, J.R., and Wood, T.C. (2013). Molecular 
characterization of 355 mucopolysaccharidosis patients re
veals 104 novel mutations. J. Inherit. Metab. Dis. 36, 179– 
187. https://doi.org/10.1007/s10545-012-9533-7.

18. Bertola, F., Filocamo, M., Casati, G., Mort, M., Rosano, C., 
Tylki-Szymanska, A., Tüysüz, B., Gabrielli, O., Grossi, S., 
Scarpa, M., et al. (2011). IDUA mutational profiling of a 
cohort of 102 European patients with mucopolysaccharidosis 
type I: identification and characterization of 35 novel alpha- 
L-iduronidase (IDUA) alleles. Hum. Mutat. 32, E2189–E2210. 
https://doi.org/10.1002/humu.21479.

19. Clarke, L.A., Nelson, P.V., Warrington, C.L., Morris, C.P., 
Hopwood, J.J., and Scott, H.S. (1994). Mutation analysis of 

10 The American Journal of Human Genetics 113, 1–12, November 5, 2026

Please cite this article in press as: Lin et al., Hypomorphic IDUA genotypes are associated with retinitis pigmentosa in individuals without 
syndromic mucopolysaccharidosis type I, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2026.09.008

https://www.ncbi.nlm.nih.gov/clinvar
https://www.ncbi.nlm.nih.gov/genbank/
https://gnomad.broadinstitute.org/
https://www.omim.org/
https://ftp.ncbi.nlm.nih.gov/refseq
https://doi.org/10.1016/j.ajhg.2026.09.008
https://doi.org/10.1016/j.ajhg.2026.09.008
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref1
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref1
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref1
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref1
https://doi.org/10.1016/j.survophthal.2005.11.007
https://doi.org/10.1097/01.GIM.0000078027.83236.49
https://doi.org/10.1097/01.GIM.0000078027.83236.49
https://doi.org/10.1007/s10545-010-9113-7
https://doi.org/10.1111/cge.13583
https://doi.org/10.6084/m9.figshare.4530893
https://doi.org/10.6084/m9.figshare.4530893
https://doi.org/10.1038/s41525-021-00261-1
https://doi.org/10.1038/s41525-021-00261-1
https://doi.org/10.1038/ejhg.2017.9
https://doi.org/10.1038/ejhg.2017.9
https://doi.org/10.1038/s41525-024-00439-3
https://doi.org/10.1038/s41525-024-00439-3
https://doi.org/10.1016/j.gim.2021.09.015
https://doi.org/10.1016/j.gim.2021.09.015
https://doi.org/10.1016/j.jpeds.2017.06.048
https://doi.org/10.1016/j.jpeds.2017.06.048
https://doi.org/10.1007/s004390100606
https://doi.org/10.1007/s004390100606
https://doi.org/10.1002/humu.1380060119
https://doi.org/10.1002/humu.1380060119
https://doi.org/10.1002/humu.23301
https://doi.org/10.1002/humu.23301
https://doi.org/10.1023/a:1005323918923
https://doi.org/10.1023/a:1005323918923
https://doi.org/10.1002/(SICI)1098-1004(1998)11:4&lt;332::AID-HUMU16&gt;3.0.CO;2
https://doi.org/10.1002/(SICI)1098-1004(1998)11:4&lt;332::AID-HUMU16&gt;3.0.CO;2
https://doi.org/10.1007/s10545-012-9533-7
https://doi.org/10.1002/humu.21479


19 North American mucopolysaccharidosis type I patients: 
identification of two additional frequent mutations. Hum. 
Mutat. 3, 275–282. https://doi.org/10.1002/humu.13800 
30316.

20. Scott, H.S., Litjens, T., Hopwood, J.J., and Morris, C.P. (1992). 
A common mutation for mucopolysaccharidosis type I asso
ciated with a severe Hurler syndrome phenotype. Hum. Mu
tat. 1, 103–108. https://doi.org/10.1002/humu.1380010204.

21. Vazna, A., Beesley, C., Berna, L., Stolnaja, L., Myskova, H., 
Bouckova, M., Vlaskova, H., Poupetova, H., Zeman, J., 
Magner, M., et al. (2009). Mucopolysaccharidosis type I in 
21 Czech and Slovak patients: mutation analysis suggests a 
functional importance of C-terminus of the IDUA protein. 
Am. J. Med. Genet. 149A, 965–974. https://doi.org/10.1002/ 
ajmg.a.32812.

22. Voskoboeva, E.Y., Krasnopolskaya, X.D., Mirenburg, T.V., 
Weber, B., and Hopwood, J.J. (1998). Molecular genetics of 
mucopolysaccharidosis type I: mutation analysis among the 
patients of the former Soviet Union. Mol. Genet. Metabol. 
65, 174–180. https://doi.org/10.1006/mgme.1998.2745.

23. Uttarilli, A., Ranganath, P., Matta, D., Md Nurul Jain, J., Pra
sad, K., Babu, A.S., Girisha, K.M., Verma, I.C., Phadke, S.R., 
Mandal, K., et al. (2016). Identification and characterization 
of 20 novel pathogenic variants in 60 unrelated Indian pa
tients with mucopolysaccharidoses type I and type II. Clin. 
Genet. 90, 496–508. https://doi.org/10.1111/cge.12795.

24. Thomas, D.C., Sharma, S., Puri, R.D., Verma, I.C., and Verma, J. 
(2021). Lysosomal storage disorders: Novel and frequent path
ogenic variants in a large cohort of Indian patients of Pompe, 
Fabry, Gaucher and Hurler disease. Clin. Biochem. 89, 14–37. 
https://doi.org/10.1016/j.clinbiochem.2020.12.002.

25. Ahmed, A., Whitley, C.B., Cooksley, R., Rudser, K., Cagle, S., 
Ali, N., Delaney, K., Yund, B., and Shapiro, E. (2014). Neuro
cognitive and neuropsychiatric phenotypes associated with 
the mutation L238Q of the alpha-L-iduronidase gene in 
Hurler-Scheie syndrome. Mol. Genet. Metabol. 111, 123– 
127. https://doi.org/10.1016/j.ymgme.2013.11.014.

26. Kingma, S.D.K., Langereis, E.J., de Klerk, C.M., Zoetekouw, L., 
Wagemans, T., Ĳlst, L., Wanders, R.J.A., Wijburg, F.A., and 
van Vlies, N. (2013). An algorithm to predict phenotypic 
severity in mucopolysaccharidosis type I in the first month 
of life. Orphanet J. Rare Dis. 8, 99. https://doi.org/10.1186/ 
1750-1172-8-99.

27. Venturi, N., Rovelli, A., Parini, R., Menni, F., Brambillasca, F., 
Bertagnolio, F., Uziel, G., Gatti, R., Filocamo, M., Donati, 
M.A., et al. (2002). Molecular analysis of 30 mucopolysac
charidosis type I patients: evaluation of the mutational spec
trum in Italian population and identification of 13 novel mu
tations. Hum. Mutat. 20, 231. https://doi.org/10.1002/ 
humu.9051.

28. Matte, U., Yogalingam, G., Brooks, D., Leistner, S., Schwartz, 
I., Lima, L., Norato, D.Y., Brum, J.M., Beesley, C., Winchester, 
B., et al. (2003). Identification and characterization of 13 new 
mutations in mucopolysaccharidosis type I patients. Mol. 
Genet. Metabol. 78, 37–43. https://doi.org/10.1016/s1096- 
7192(02)00200-7.

29. Zanetti, A., D'Avanzo, F., Rigon, L., Rampazzo, A., Conco
lino, D., Barone, R., Volpi, N., Santoro, L., Lualdi, S., Ber
tola, F., et al. (2019). Molecular diagnosis of patients 
affected by mucopolysaccharidosis: a multicenter study. 
Eur. J. Pediatr. 178, 739–753. https://doi.org/10.1007/s004 
31-019-03341-8.

30. Oussoren, E., Keulemans, J., van Diggelen, O.P., Oemardien, 
L.F., Timmermans, R.G., van der Ploeg, A.T., and Ruijter, 
G.J.G. (2013). Residual alpha-L-iduronidase activity in fibro
blasts of mild to severe Mucopolysaccharidosis type I pa
tients. Mol. Genet. Metabol. 109, 377–381. https://doi.org/ 
10.1016/j.ymgme.2013.05.016.

31. Scott, H.S., Bunge, S., Gal, A., Clarke, L.A., Morris, C.P., and 
Hopwood, J.J. (1995). Molecular genetics of mucopolysac
charidosis type I: Diagnostic, clinical, and biological implica
tions. Hum. Mutat. 6, 288–302. https://doi.org/10.1002/ 
humu.1380060403.

32. Scott, H.S., Litjens, T., Nelson, P.V., Brooks, D.A., Hopwood, 
J.J., and Morris, C.P. (1992). alpha-L-iduronidase mutations 
(Q70X and P533R) associate with a severe Hurler phenotype. 
Hum. Mutat. 1, 333–339. https://doi.org/10.1002/humu.138 
0010412.

33. Bahena, P., Daftarian, N., Maroofian, R., Linares, P., Villalobos, 
D., Mirrahimi, M., Rad, A., Doll, J., Hofrichter, M.A.H., Koparir, 
A., et al. (2022). Unraveling the genetic complexities of com
bined retinal dystrophy and hearing impairment. Hum. Genet. 
141, 785–803. https://doi.org/10.1007/s00439-021-02303-1.

34. Best, S., Lord, J., Roche, M., Watson, C.M., Poulter, J.A., Bev
ers, R.P.J., Stuckey, A., Szymanska, K., Ellingford, J.M., Carmi
chael, J., et al. (2022). Molecular diagnoses in the congenital 
malformations caused by ciliopathies cohort of the 100,000 
Genomes Project. J. Med. Genet. 59, 737–747. https://doi. 
org/10.1136/jmedgenet-2021-108065.

35. Lacaria, M., Goldstein, J.L., Aschoff, C., Brown, K., Desh
pande, D., Chen-Deutsch, X., Ellinwood, M., Farman, M.R., 
Mendez, R., Louis, I.V.S., et al. (2026). Variant classification 
for mucopolysaccharidosis type I; ACMG/AMP specification 
for IDUA from the ClinGen lysosomal diseases variant 
curation expert panel. Mol. Genet. Metabol. 148, 110156. 
https://doi.org/10.1016/j.ymgme.2026.110156.

36. Tieu, P.T., Bach, G., Matynia, A., Hwang, M., and Neufeld, 
E.F. (1995). Four novel mutations underlying mild or inter
mediate forms of alpha-L-iduronidase deficiency (MPS IS 
and MPS IH/S). Hum. Mutat. 6, 55–59. https://doi.org/10. 
1002/humu.1380060111.

37. Yu, S.H., Kubaski, F., Arno, G., Phinney, W., Wood, T.C., Fla
nagan-Steet, H., Pollard, L.M., and Steet, R. (2024). Func
tional assessment of IDUA variants of uncertain significance 
identified by newborn screening. npj Genom. Med. 9, 68. 
https://doi.org/10.1038/s41525-024-00457-1.

38. Seok, S., Lyu, I.J., Park, K.A., and Oh, S.Y. (2015). Spectral 
domain optical coherence tomography imaging of mucopo
lysaccharidoses I, II, and VI A. Graefes Arch. Clin. Exp. Oph
thalmol. 253, 2111–2119. https://doi.org/10.1007/s00417- 
015-2953-y.

39. Tzetzi, D., Hamilton, R., Robinson, P.H., and Dutton, G.N. 
(2007). Negative ERGs in mucopolysaccharidoses (MPS) 
Hurler-Scheie (I-H/S) and Hurler (I-H)-syndromes. Doc. Oph
thalmol. 114, 153–158. https://doi.org/10.1007/s10633-007- 
9047-z.

40. Asumda, F.Z., Kraker, J.A., Thomas, S.C., Maleszewski, J., 
Stone, E.M., Lanpher, B.C., and Schimmenti, L.A. (2023). 
Left-sided valvular heart disease and retinopathy in a 
38-year-old woman with attenuated mucopolysaccharidosis: 
a case report. Ther. Adv. Respir. Dis. 4, 26330040221145945. 
https://doi.org/10.1177/26330040221145945.

41. Chattannavar, G., Sadhu, P., Jalali, S., and Kekunnaya, R. 
(2026). Homozygous R383H variant in IDUA gene causing 

The American Journal of Human Genetics 113, 1–12, November 5, 2026 11

Please cite this article in press as: Lin et al., Hypomorphic IDUA genotypes are associated with retinitis pigmentosa in individuals without 
syndromic mucopolysaccharidosis type I, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2026.09.008

https://doi.org/10.1002/humu.1380030316
https://doi.org/10.1002/humu.1380030316
https://doi.org/10.1002/humu.1380010204
https://doi.org/10.1002/ajmg.a.32812
https://doi.org/10.1002/ajmg.a.32812
https://doi.org/10.1006/mgme.1998.2745
https://doi.org/10.1111/cge.12795
https://doi.org/10.1016/j.clinbiochem.2020.12.002
https://doi.org/10.1016/j.ymgme.2013.11.014
https://doi.org/10.1186/1750-1172-8-99
https://doi.org/10.1186/1750-1172-8-99
https://doi.org/10.1002/humu.9051
https://doi.org/10.1002/humu.9051
https://doi.org/10.1016/s1096-7192(02)00200-7
https://doi.org/10.1016/s1096-7192(02)00200-7
https://doi.org/10.1007/s00431-019-03341-8
https://doi.org/10.1007/s00431-019-03341-8
https://doi.org/10.1016/j.ymgme.2013.05.016
https://doi.org/10.1016/j.ymgme.2013.05.016
https://doi.org/10.1002/humu.1380060403
https://doi.org/10.1002/humu.1380060403
https://doi.org/10.1002/humu.1380010412
https://doi.org/10.1002/humu.1380010412
https://doi.org/10.1007/s00439-021-02303-1
https://doi.org/10.1136/jmedgenet-2021-108065
https://doi.org/10.1136/jmedgenet-2021-108065
https://doi.org/10.1016/j.ymgme.2026.110156
https://doi.org/10.1002/humu.1380060111
https://doi.org/10.1002/humu.1380060111
https://doi.org/10.1038/s41525-024-00457-1
https://doi.org/10.1007/s00417-015-2953-y
https://doi.org/10.1007/s00417-015-2953-y
https://doi.org/10.1007/s10633-007-9047-z
https://doi.org/10.1007/s10633-007-9047-z
https://doi.org/10.1177/26330040221145945


pericentric retinitis pigmentosa in attenuated mucopolysac
charidosis type I. Ophthalmic Genet., 1–4. https://doi.org/ 
10.1080/13816810.2026.2644219.

42. Weisschuh, N., Mazzola, P., Zuleger, T., Schaeferhoff, K., 
Kühlewein, L., Kortüm, F., Witt, D., Liebmann, A., Falb, R., 
Pohl, L., et al. (2024). Diagnostic genome sequencing im
proves diagnostic yield: a prospective single-centre study in 
1000 patients with inherited eye diseases. J. Med. Genet. 
61, 186–195. https://doi.org/10.1136/jmg-2023-109470.

43. Pastores, G.M., Arn, P., Beck, M., Clarke, J.T.R., Guffon, N., Ka
plan, P., Muenzer, J., Norato, D.Y.J., Shapiro, E., Thomas, J., 
et al. (2007). The MPS I registry: design, methodology, and early 
findings of a global disease registry for monitoring patients 
with Mucopolysaccharidosis Type I. Mol. Genet. Metabol. 91, 
37–47. https://doi.org/10.1016/j.ymgme.2007.01.011.

44. Langereis, E.J., Wagemans, T., Kulik, W., Lefeber, D.J., van 
Lenthe, H., Oussoren, E., van der Ploeg, A.T., Ruijter, G.J., 
Wevers, R.A., Wijburg, F.A., and van Vlies, N. (2015). A Multi
plex Assay for the Diagnosis of Mucopolysaccharidoses and 
Mucolipidoses. PLoS One 10, e0138622. https://doi.org/10. 
1371/journal.pone.0138622.

45. Urizar, E., McCarron, E.P., Gadepalli, C., Bentley, A., Woolf
son, P., Lin, S., Iosifidis, C., Browning, A.C., Bassett, J., Senar
athne, U.D., et al. (2025). Genetic Insights and Diagnostic 
Challenges in Highly Attenuated Lysosomal Storage Disor
ders. Genes 16, 915. https://doi.org/10.3390/genes16080915.

46. Aronovich, E.L., Pan, D., and Whitley, C.B. (1996). Molecular 
genetic defect underlying alpha-L-iduronidase pseudodefi
ciency. Am. J. Hum. Genet. 58, 75–85.

47. Thomas, G.H. (1994). “Pseudodeficiencies” of lysosomal hy
drolases. Am. J. Hum. Genet. 54, 934–940.

48. Stark, Z., and Scott, R.H. (2023). Genomic newborn screening 
for rare diseases. Nat. Rev. Genet. 24, 755–766. https://doi. 
org/10.1038/s41576-023-00621-w.

49. Wang, F., Wang, H., Tuan, H.F., Nguyen, D.H., Sun, V., Keser, 
V., Bowne, S.J., Sullivan, L.S., Luo, H., Zhao, L., et al. (2014). 
Next generation sequencing-based molecular diagnosis of 
retinitis pigmentosa: identification of a novel genotype- 

phenotype correlation and clinical refinements. Hum. Genet. 
133, 331–345. https://doi.org/10.1007/s00439-013-1381-5.

50. Roosing, S., van den Born, L.I., Sangermano, R., Banfi, S., Koe
nekoop, R.K., Zonneveld-Vrieling, M.N., Klaver, C.C.W., van 
Lith-Verhoeven, J.J.C., Cremers, F.P.M., den Hollander, A.I., 
and Hoyng, C.B. (2015). Mutations in MFSD8, encoding a 
lysosomal membrane protein, are associated with non
syndromic autosomal recessive macular dystrophy. Op
hthalmology 122, 170–179. https://doi.org/10.1016/j.oph
tha.2014.07.040.

51. Schiff, E.R., Daich Varela, M., Robson, A.G., Pierpoint, K., Ba- 
Abbad, R., Nutan, S., Zein, W.M., Ullah, E., Huryn, L.A., Tuu
panen, S., et al. (2020). A genetic and clinical study of indi
viduals with nonsyndromic retinopathy consequent upon 
sequence variants in HGSNAT, the gene associated with San
filippo C mucopolysaccharidosis. Am. J. Med. Genet. C 
Semin. Med. Genet. 184, 631–643. https://doi.org/10.1002/ 
ajmg.c.31822.

52. Nijmeijer, S.C.M., van den Born, L.I., Kievit, A.J.A., Stepien, 
K.M., Langendonk, J., Marchal, J.P., Roosing, S., Wijburg, 
F.A., and Wagenmakers, M.A.E.M. (2019). The attenuated 
end of the phenotypic spectrum in MPS III: from late-onset 
stable cognitive impairment to a non-neuronopathic pheno
type. Orphanet J. Rare Dis. 14, 249. https://doi.org/10.1186/ 
s13023-019-1232-0.

53. Lin, S., Robson, A.G., Thompson, D.A., Stepien, K.M., Lach
mann, R., Footitt, E., Czyz, O., Chandrasekhar, S., Schiff, E., 
Iosifidis, C., et al. (2024). Non-syndromic retinal dystrophy 
associated with biallelic variation of SUMF1 and reduced 
leukocyte sulfatase activity. Clin. Genet. 106, 505–511. 
https://doi.org/10.1111/cge.14573.

54. Wong-Riley, M.T.T. (2010). Energy metabolism of the visual 
system. Eye Brain 2, 99–116. https://doi.org/10.2147/EB. 
S9078.

55. Penon-Portmann, M., Blair, D.R., and Harmatz, P. (2023). 
Current and new therapies for mucopolysaccharidoses. Pe
diatr. Neonatol. 64, S10–S17. https://doi.org/10.1016/j.ped
neo.2022.10.001.

12 The American Journal of Human Genetics 113, 1–12, November 5, 2026

Please cite this article in press as: Lin et al., Hypomorphic IDUA genotypes are associated with retinitis pigmentosa in individuals without 
syndromic mucopolysaccharidosis type I, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2026.09.008

https://doi.org/10.1080/13816810.2026.2644219
https://doi.org/10.1080/13816810.2026.2644219
https://doi.org/10.1136/jmg-2023-109470
https://doi.org/10.1016/j.ymgme.2007.01.011
https://doi.org/10.1371/journal.pone.0138622
https://doi.org/10.1371/journal.pone.0138622
https://doi.org/10.3390/genes16080915
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref46
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref46
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref46
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref47
http://refhub.elsevier.com/S0002-9297(26)00349-6/sref47
https://doi.org/10.1038/s41576-023-00621-w
https://doi.org/10.1038/s41576-023-00621-w
https://doi.org/10.1007/s00439-013-1381-5
https://doi.org/10.1016/j.ophtha.2014.07.040
https://doi.org/10.1016/j.ophtha.2014.07.040
https://doi.org/10.1002/ajmg.c.31822
https://doi.org/10.1002/ajmg.c.31822
https://doi.org/10.1186/s13023-019-1232-0
https://doi.org/10.1186/s13023-019-1232-0
https://doi.org/10.1111/cge.14573
https://doi.org/10.2147/EB.S9078
https://doi.org/10.2147/EB.S9078
https://doi.org/10.1016/j.pedneo.2022.10.001
https://doi.org/10.1016/j.pedneo.2022.10.001

	AJHG4342_proof.pdf
	Hypomorphic IDUA genotypes are associated with retinitis pigmentosa in individuals without syndromic mucopolysaccharidosis  ...
	Data and code availability
	Acknowledgments
	Author contributions
	Declaration of interests
	Web resources
	Supplemental information
	References



