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Abstract

Heparan-a-glucosaminide N-acetyltransferase (HGSNAT) participates in lysosomal degradation of
heparan sulfate. Mutations in the gene encoding this enzyme cause mucopolysaccharidosis I11C
(MPS 1HIC) or Sanfilippo syndrome type C. MPS I11C patients exhibit progressive
neurodegeneration, leading to dementia and death in early adulthood. Currently there is no
approved treatment for MPS I1IC. Incidences of non-syndromic retinitis pigmentosa and early
signs of night blindness are reported in some MPS I11C patients, however the majority of

ocular phenotypes are not well characterized. The goal of this study was to investigate retinal
degeneration phenotype in the Hgsnatknockout mouse model of MPS I11C and a cadaveric human
MPS I11C eye. Cone and rod photoreceptors in the eyes of homozygous 6-month-old Hgsnat
knockout mice and their wild-type counterparts were analyzed using cone arrestin, S-opsin,
M-opsin and rhodopsin antibodies. Histological observation was performed on the eye from a 35-
year-old MPS I11C donor. We observed a nearly 50% reduction in the rod photoreceptors density
in the Hgsnat knockout mice compared to the littermate wild-type controls. Cone photoreceptor
density was unaltered at this age. Severe retinal degeneration was also observed in the MPS 11IC
donor eye. To our knowledge, this is the first report characterizing ocular phenotypes arising from
deleterious variants in the Hgsnat gene associated with MPS I11C clinical phenotype. Our findings
indicate retinal manifestations may be present even before behavioral manifestations. Thus, we
speculate that ophthalmological evaluations could be used as diagnostic indicators of early disease,
progression, and end-point evaluation for future MPS HIC therapies.
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Short communication

Glycosaminoglycans (GAGs or mucopolysaccharides) are long-chain sugar molecules
attached to proteoglycans found throughout the body including the connective tissue,

liver, spleen, skin, cartilage, brain and eye. Their catabolism requires participation of
multiple enzymes. Genetic defects in these enzymes result in accumulation of partially
degraded GAGs (mainly heparan sulfate, dermatan sulfate or keratan sulfate) in lysosomes.
Eventually, this build up disrupts cellular function and leads to the development of
Mucopolysaccharidoses (MPS), a subfamily of lysosomal storage disorders. There are 12
subtypes of MPS, each with a distinct defective gene and corresponding impacted enzyme.
MPS HIC, or Sanfilippo Syndrome type C, is caused by a deficiency in the Heparan-ca.-
glucosaminide N-acetyltransferase (HGSNAT) gene. The HGSNAT enzyme transfers an
acetyl group from cytoplasmic acetyl-CoA to the terminal N-glucosamine of heparan
sulphate within the lysosomes (Klein, Kresse et al. 1978). This HGSNAT deficiency causes
the accumulation of heparan sulphate (Sun 2018). MPS HIIC is unique among the nearly 50
known LSDs because it is caused by deficiency of a transferase and not a hydrolase. There
is no approved treatment for MPS 111C. New trials are underway, but like the other members
of MPS 111, MPS IIIC currently is not treatable by enzyme replacement therapy or stem cell
therapy, the two most common treatments for other forms of MPS (Welling, Marchal et al.
2015) (Jones, Breen et al. 2016).

Clinical phenotype for the four members of MPS 11 (A, B, C, and D) appears in

early childhood. Neurologic deterioration causes developmental delays and severe sleep
and behavioral disturbances may be the first diagnostic symptoms. The disease rapidly
progresses and intellectual development typically plateaus in early childhood, followed by
decline. All subtypes of MPS report visual impairment, either through corneal clouding or
retinopathy (Sun 2018). Interestingly, HGSNAT variants causing only partial deficiency of
the enzyme have been identified as a genetic cause for retinitis pigmentosa (Comander,
Weigel-DiFranco et al. 2017, Van Cauwenbergh, Van Schil et al. 2017, Schiff, Daich Varela
et al. 2020). In MPS IIIC patients with less severe disease, retinal degeneration becomes
apparent with age (Nijmeijer, van den Born et al. 2019).

Mouse models were first developed for the more prevalent MPS I11 subtypes, A and B

(Li, Yu et al. 1999, Bhattacharyya, Gliddon et al. 2001). Severe retinal degeneration has
been reported in both (Crawley, Gliddon et al. 2006, Heldermon, Hennig et al. 2007, Tse,
Lotfi et al. 2015, Intartaglia, Giamundo et al. 2020). In the MPS I11A model, photoreceptor
dysfunction is apparent before any impact on the CNS when the mice are 3 months old.

As they age, the outer nuclear layer (ONL) and rod density both decrease (Intartaglia,
Giamundo et al. 2020). In the MPS I11B model, the dark-adapted retinal response is
dampened by the age of 5 weeks, and continues to decline. This is reflective of lost rod
function that becomes significant at 15 weeks of age, when the ONL is beginning to
decrease in thickness. By 34 weeks the number of photoreceptors is reduced to about 50%
of the wildtype (WT) level (Tse, Lotfi et al. 2015). Hgsnat is expressed in all types of mouse
cells that have lysosomes; the first model of MPS I1IC created by Hgsnat germline knockout
(KO) was reported in 2015 (Martins, Hulkova et al. 2015). Several mouse models of MPS
I11C have been reported. They show somewhat heterogeneous phenotype but all exhibit
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undetectable or near undetectable levels of HGSNAT activity, and anatomical and behavioral
defects resembling those seen in human patients (Martins, Hulkova et al. 2015, Marco, Pujol
et al. 2016, Pan, Taherzadeh et al. 2022).

No examination has thus far been made of visual impairment/pathology in any MPS I1IC
model. This first report for Hgsnat KO analyzes retinal degeneration will exclusively focus
on the 6 month time point. The goal of this study was to evaluate the retinal phenotype

of Hgsnat KO mice (Hgsnat-Geo strain) (Martins, Hulkova et al. 2015) before behavioral
manifestations arise, but after the eye has fully developed. We also sought to determine how
the mouse defects compare to those in a human cadaveric eye from a MPS I1IC donor. All
animal experiments complied with the Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Care and Use Committee of the Ste-Justine Hospital
Research Center. The animals were cared for in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Mice of both sexes were sacrificed at six months of age and whole eyes were collected and
fixed with 4% paraformaldehyde in PBS. Immunohistochemistry was performed to identify
the expression of rhodopsin (Abcam #AB9887), S-Opsin (Santa Cruz Biotechnology
#SC-14363), M-Opsin (Millipore #AB5405) and cone arrestin (Millipore #AB15282), as
described previously (Sawant, Horton et al. 2017, Sawant, Jidigam et al. 2020). Rod
photoreceptor loss was estimated based on the thickness of the ONL following an
established procedure (Sawant, Horton et al. 2015). A cadaveric eye was obtained from

a 35-year-old MPS 111C eye donor. The donation process and evaluations were performed
in compliance with the Declaration of Helsinki and Eye Bank Association of America
(EBAA) and Food and Drug Administration (FDA) regulations. Legal consent for research
was obtained prior to procurement from the donor families. Whole eye globes were fixed

in a mixture of 4% paraformaldehyde and 0.5% glutaraldehyde in PBS. A small area of the
retina/RPE/choroid tissue from the periphery of the MPS I11C donor and an age/sex-matched
control donor were cut and further processed as previously described (Bonilha, Bell et al.
2020). Toluidine blue stained sections were photographed with a Leica DMi8 microscope.

The Hgsnat KO model used here, shows first pathological changes in the CNS as early

as at two months of age (Martins, Hulkova et al. 2015). Behavioral changes, including
hyperactivity and reduced fear, begin to appear at 6 months and become significant by

8 months of age. Also at 8 months neuronal changes become apparent while memory

and learning capabilities begin to diminish. As mice continue to age the hyperactivity and
reduced fear give way to loss of balance and hesitancy to walk. Finally, as the animals pass
one year of age urine retention, tremors, and gait impairment typically establish the need to
euthanize (Martins, Hulkova et al. 2015). For this study, Hgsnat KO mice were examined
at 6 months of age to determine if any ocular phenotypes developed before significant
behavioral, or measurable neuronal loss arose. Such results would indicate that MPS I11C
patients may experience visual symptoms relatively early in their disease progression.

Our results show that Hgsnat KO mice exhibit severe rod degeneration at 6 months of age.
The outer nuclear layer (ONL) of the retina was significantly thinner in Hgsnat KO (Figure
1 A and C) than their WT control littermates (Figure 1 B and D). Additionally, the ONL
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showed sparse nuclear staining with DAPI in the Hgsnat KO retinas (Figure 1 C) compared
to the litter mate WT control retinas (Figure 1 D). Closer analysis revealed that the number
of rows of photoreceptor nuclei in the ONL is reduced at least by 50%, indicating severe rod
photoreceptor degeneration (Figure 1 E and F). The row of rod cells stained for rhodopsin
was also both thinner and less dense when compared to that in WT mice indicating reduced
outer segment (OS) thickness (Figure 1 C* and D’).

The cone cells appeared to be largely unaffected at this age in the Hgsnat KO mice. We
observed no alteration in cone arrestin positive cone density in KO (Figure 1 B”) and WT
retinas (Figure 1 A”). Retinal flat mounts presented similar density and distribution of S and
M opsin (Figure 1 1-J). Similarly, cross-section staining for nuclei, S-opsin and M-opsin
did not show any differences between KO (Figure 1 H) and WT retinas (Figure 1 G).
Further studies may determine if cones are impacted later in the disease progression. Taken
together, these results indicate that Hgsnat KO mice at 6 months of age exhibit severe rod
degeneration but cone density is unaffected compared to the litter mate WT controls.

To determine the relevance of retinal pathology observed in the MPS 111C mouse model to
human disease, eye tissue from an adult MPS 111C donor was analyzed. A sex, age, and race
matched healthy donor was used as a control. The eye cup of the MPS I11C patient was
noticeably smaller in size (Figure 2 A). Histological examination showed that like in the
mouse model, the MPS 111C peripheral retina photoreceptor layer (ONL) was considerably
thinner and less densely populated with cells (Figure 2 C) than the healthy control (Figure 2
B). Hence, confirming that MPS 111C donor also exhibited severe rod degeneration.

This result demonstrates for the first time that Hgsnat KO mice experience retinal
degeneration in a manner that might be similar to human patients providing validity for

the data obtained in the mouse model, and establishing these mice as an invaluable model to
study retinal pathology in MPS I1IC.

In conjunction, we find that MPS 111C Hgsnat-Geo mice exhibit severe retinal degeneration
at the age when pathological manifestations in cerebral neurons are still relatively mild.
Human MPS 111C cadaveric donor tissue also demonstrates rod degeneration. Thus,

we speculate that MPS I11C patients likely experience retinal symptoms which are
overshadowed by other manifestations and that ocular disease may manifest before other
symptoms arise. As diagnostic delays are common in MPS I11, ocular phenotype may be the
first truly distinctive symptom, and better disease awareness among ophthalmologists could
play a critical role in early detection and diagnosis of patients. Ophthalmologic evaluation
may also be useful as an indicator of MPS I11C progression and for end-point evaluation of
efficacy for future therapies.

Further studies are needed to thoroughly characterize retinal degeneration in this MPS

I11C model. Specifically, following these significant findings at 6 months of age, future
research will be conducted to determine the earliest detectable phenotype and how disease
manifestation in the eye then progresses. Similarly, further studies are also needed to
comprehensively understand vision impairment for MPS 111C patients, and how disease
progression impacts the retina, including cone cells. This knowledge could inform treatment
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options. Additionally, future gene therapies targeting this gene for MPS I11C patients may
potentially serve a second purpose for retinitis pigmentosa patients’ disease caused by partial
disruptions to HGSNAT.
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Figure 1. Hgsnat KO mice exhibit rod photoreceptor degeneration phenotype at 6 months of age.
At 6 months of age, Hgsnat KO mice exhibited approximately 50% reduction in the rod

photoreceptor density (A’, B") while cone photoreceptors (A”, B”) are mainly unaffected.
High magnification images demonstrated reduced levels of rod pigment rhodopsin in
Hgsnat KO retinas (D, D’) compared to the control retinas (C, C’). (E, F) Graphs

indicating significant reduction in the photoreceptor layer (ONL) thickness and number

of photoreceptor nuclei in the Hgsnat KO retinas. At 6 months of age, Hgsnat KO mice
exhibited fairly normal cone photoreceptor (G) density compared to the control (H) animals.

Exp Eye Res. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ludwig et al.

Page 8

Cross-sections of the mouse eyes were labeled with two types of cone photopigments,
S-opsin (short wavelength) and M-opsin (medium wavelength). (I-J) In the mouse retina,
dorsal (superior) portion is devoid of S-opsin and enriched with M-opsin. On contrary,
ventral (inferior) portion of the retina is enriched with S-opsin and relatively sparse in
M-opsin expression. Overall gradient and density of the cone opsins were unaffected in the
Hgsnat KO animals compared to the control animals. Error bars are + SEM. Sample size =7
eyes/group.
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Posterior Cup Peripheral Retina

Figure 2. Disease manifestations in MPS I11C donor eye.
Gross anatomical images of posterior eye cups from race, sex, and age-matched control

and MPS I1I1C donors demonstrating size difference (A). Peripheral retinal thickness of
photoreceptor layer (red arrows) was significantly reduced in the MPS I1IC eye (C)
compared to the control (B). Scale bar = 100um
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