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ARTICLE INFO ABSTRACT

Keywords: Mucopolysaccharidosis type IIIA (MPS IIIA) is characterised by a progressive neurological decline leading to
Induced pluripotent stem cells early death. It is caused by bi-allelic loss-of-function mutations in SGSH encoding sulphamidase, a lysosomal
MPS IIIA

enzyme required for heparan sulphate glycosaminoglycan (HS GAG) degradation, that results in the progressive
build-up of HS GAGs in multiple tissues most notably the central nervous system (CNS). Skin fibroblasts from two
MPS IIIA patients who presented with an intermediate and a severe clinical phenotype, respectively, were
reprogrammed into induced pluripotent stem cells (iPSCs). The intermediate MPS IIIA iPSCs were then differ-
entiated into neural progenitor cells (NPCs) and subsequently neurons. The patient derived fibroblasts, iPSCs,
NPCs and neurons all displayed hallmark biochemical characteristics of MPS IIIA including reduced sulphami-
dase activity and increased accumulation of an MPS IIIA HS GAG biomarker. Proliferation of MPS IIIA iPSC-
derived NPCs was reduced compared to control, but could be partially rescued by reintroducing functional
sulphamidase enzyme, or by doubling the concentration of the mitogen fibroblast growth factor 2 (FGF2). Whilst
both control heparin, and MPS IIIA HS GAGs had a similar binding affinity for FGF2, only the latter inhibited FGF
signalling, suggesting accumulated MPS IIIA HS GAGs disrupt the FGF2:FGF2 receptor:HS signalling complex.
Neuronal differentiation of MPS IIIA iPSC-derived NPCs was associated with a reduction in the expression of
neuronal cell marker genes SIII-TUBULIN, NF-H and NSE, revealing reduced neurogenesis compared to control. A
similar result was achieved by adding MPS IIIA HS GAGs to the culture medium during neuronal differentiation
of control iPSC-derived NPCs. This study demonstrates the generation of MPS IIIA iPSCs, and NPCs, the latter of
which display reduced proliferation and neurogenic capacity. Reduced NPC proliferation can be explained by a
model in which soluble MPS IIIA HS GAGs compete with cell surface HS for FGF2 binding. The mechanism
driving reduced neurogenesis remains to be determined but appears downstream of MPS IIIA HS GAG
accumulation.
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1. Introduction

MPS IIIA (Sanfilippo syndrome type A, OMIM# 252900) is an
inherited metabolic disorder arising from bi-allelic mutations in SGSH
resulting in a partial or total loss of sulphamidase activity (N-sulpho-
glucosamine sulphohydrolase, EC 3.10.1.1). Sulphamidase is one of a
group of lysosomal enzymes that act in concert to degrade heparan
sulphate (HS) glycosaminoglycan (GAG) [1]. The cumulative build-up of
undegraded and/or partially degraded HS GAG within cells over time
adversely affects tissue and organ function. Like the other MPS III sub-
types, MPS IIIA is characterised by a severe neurological phenotype
combined with a milder peripheral phenotype. Significant HS storage is
observed in MPS IIIA patient brain [2] and can be detected in neurons as
early as the second trimester [3]. An early clinical presentation of
delayed development and hyperactivity is followed by increased
aggression and a loss of motor and cognitive skills [4]. Behavioural is-
sues become less prominent as neurodegeneration progresses and pa-
tients with the severe form of MPS IIIA die in their second or third
decade from inanition [1,4]. Patients with higher residual enzyme ac-
tivity have an attenuated phenotype with a slower trajectory of neuro-
degenerative symptoms and a longer life span.

The carbohydrate structure of HS that builds up in MPS IIIA tissues
and fluids is distinct to normal HS. In particular, a higher degree of
sulphation is observed in both MPS IIIA patients and in MPS IIIA mice
[5,6]. Both a higher degree of sulphation [5] and higher levels of stored
HS GAG [5,7,8] correlate to disease severity. Although the correlation
between HS accumulation and CNS dysfunction is clear, the influence of
increased lysosomal accumulation of HS and the increased extracellular
level of partially degraded HS on disease pathogenesis is unknown.

Treatment for MPS IIIA is challenging as systemic approaches are
unsuccessful, with sulphamidase unable to cross the mature blood brain
barrier [9]. Bone marrow transplants (BMT) or hematopoietic stem cell
transplants (HSCT) are also contraindicated for MPS IIIA although
genetically modified HSCTs overexpressing sulphamidase have shown
promise [10] and are in clinical trial (ClinicalTrials.gov Identifier:
NCT04201405). Systemically administered gene therapy using an AAV9
vector capable of crossing the blood brain barrier is also under investi-
gation and has been reported to improve a number of clinical bio-
markers and functional outcome in behavior in preclinical trials in the
MPS IIIA mouse [11-13]. The positive improvements observed in pre-
clinical studies have enabled Phase I/1I clinical trials in MPS III patients
(NCT02716246). An important issue that may limit this type of gene
therapy is pre-exposure to the vector in a number of patients which can
lead to an acquired adverse immune response [14]. The ability to
effectively treat the neurological symptoms experienced by MPS IIIA
children would benefit from an improved understanding of how enzyme
loss and the subsequent build-up of HS GAG affects CNS development
and function.

Induced pluripotent stem cells (iPSCs) derived from patient somatic
cells have the capacity to generate cells of the brain and are thus useful
for modeling neurodegenerative diseases including the MPS disorders
[15]. Skin fibroblasts are the most common somatic cell type used to
generate iPSCs and are available from many MPS patients, as skin fi-
broblasts are commonly required for disease diagnosis. iPSCs have been
successfully generated from somatic cells of patients with MPS I [16],
MPS II [17-21], MPS IIIA [22], MPS IIIB [23-25], MPS IIIC [26], MPS
IVA [27] and MPS VII [28,29], an unaffected MPS II carrier [30] and a
murine model of MPS VII [31]. iPSCs derived from human MPS I [16],
MPSII [17,21], MPS IIIB [23,25], MPS IIIC [26] and MPS VII [28] skin
fibroblasts maintained key molecular hallmarks of the disease pheno-
type, exhibiting a significant reduction in activity of the relevant enzyme
and an increase in stored GAG. MPS IIIB, MPS IIIC and MPS VII iPSCs
also displayed altered neuronal function upon differentiation [26,28]
with two cell lines unable to differentiate in NPCs and mature neurons in
MPS IIIB [25]. To date this is the most comprehensive analysis of
biochemical characteristics and differentiation capacity using MPS IIIA
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iPSCs. This study seeks to generate iPSCs from two different MPS IIIA
skin fibroblast cell lines and to examine in detail the ability of one of the
MPS IIIA iPSC lines to differentiate down the neurological lineage.

2. Methods

2.1. Generation of induced pluripotent stem cells from MPS IIIA skin
fibroblasts

All procedures involving the acquisition of skin fibroblasts, their
reprogramming into iPSCs and subsequent characterisation were
approved by the Women’s and Children’s Hospital Network human
ethics committee (Adelaide, SA, Australia). MPS IIIA fibroblasts from
two patients were sourced from the National Referral Laboratory at the
Women’s and Children’s Hospital, SA, Australia. The genotype of pa-
tient 1 involved compound heterozygous SGSH missense mutations
c.892 T > C; ¢.1298G > A (p.S298P; p.R433Q), and was associated with
an MPS IIIA intermediate phenotype [32-34]. The genotype of patient 2
involved a homozygous nonsense mutation c¢.672C > A (p.Y224*), and
was associated with a severe phenotype as defined by residual enzyme
activity and patient records (Genetics and Molecular Pathology,
Women’s and Children’s Hospital patient records). Control fibroblasts
derived from healthy individuals were purchased from the Coriell
Institute, USA. Fibroblasts were cultured in DMEM (high glucose,
Thermo-Fisher) supplemented with 10% (v/v) foetal calf serum (FCS,
Thermo-Fisher), 50 U/mL penicillin and 50 pg/mL streptomycin and
maintained at 37 °C in 5% CO, and 90% humidity. Skin fibroblasts were
seeded into 6-well plates and reprogrammed to iPSCs by transduction
with Sendai virus vectors expressing the Yamanaka factors, Oct3/4,
Sox2, Klf4 and c-Myc [35] using the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit (Life Technologies). Three weeks post-transduction,
single colonies with embryonic stem cell (ESC)-like morphology were
manually picked and transferred to irradiated mouse embryonic fibro-
blast (MEF, Thermo Fisher) coated 6-well plates, with one colony per
well. iPSCs were cultured in DMEM/F-12 (+ GlutaMAX, Life Technol-
ogies) supplemented with 20% (v/v) KnockOut ™ Serum Replacement
(Life Technologies), 100 uM non-essential amino acids (Sigma), 55 pM
f-mercaptoethanol (Sigma), 20 ng/mL FGF-2 (Life Technologies), 50 U/
mL penicillin and 50 pg/mL streptomycin. Cells were maintained at
37 °C in 5% CO2 and 90% humidity, with media changed daily. Cells
were passaged manually approximately every five days onto fresh MEF
plates. After a minimum of 13 passages multiple clones were obtained
from each genotype. Of these four control, two MPS IIIA-intermediate
and three MPS IlIA-severe iPSC clones were sent for karyotype anal-
ysis. G-band chromosome analysis of iPSCs was performed by SA Health
(Cytogenetics, Women’s and Children’s Hospital, Adelaide). One
karyotypically normal clone of each cell line was chosen for further
analysis.

2.2. Feeder-free iPSC culture

iPSC cultures were transferred to feeder-free culture conditions prior
to characterisation and neural differentiation. 6-well plates were coated
with 10 pg/mL vitronectin in CellAdhere Dilution Buffer (StemCell
Technologies) for one hour at room temperature. Wells were washed
once with CellAdhere Dilution Buffer, following which 2 mL TeSR-E8
media (StemCell Technologies) was added to each well. iPSCs were
manually passaged from MEF plates to prepared vitronectin-coated
plates and incubated overnight at 37 °C. Feeder-free iPSCs were main-
tained at 37 °C in 5% CO2 and 90% humidity, with TeSR-E8 media
changed daily. Feeder-free iPSCs were passaged approximately every
five days with Gentle Cell Dissociation Reagent (StemCell Technologies)
onto fresh vitronectin-coated plates as per the manufacturer’s
instructions.


http://ClinicalTrials.gov
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2.3. iPSC differentiation to NPCs

iPSCs maintained in feeder-free conditions were differentiated to
NPCs as per the cortical neural differentiation protocol established by
Shi et al. 2012 [36] and optimised by Homan et al. 2018 [37]. Following
single cell dissociation of NPCs with Accutase (StemCell Technologies)
[36], cells were plated on ECM-coated NUNC 6-well plates or flasks in
neural expansion media consisting of a 1:1 ratio of Neurobasal and
DMEM/F-12 (+ GlutaMAX) supplemented with 20 ng/mL FGF2 (Life
Technologies), 1 x B27 supplement (Life Technologies), 1 x N2 supple-
ment (Life Technologies), 5 pg/mL insulin, 100 pM non-essential amino
acids, 100 pM p-mercaptoethanol, 1 mM t-glutamine, 50 U/mL peni-
cillin and 50 pg/mL streptomycin. To prepare ECM-coated 6-well plates
and flasks, ECM was diluted 1:100 in cold DMEM/F-12 (+ GlutaMAX),
added to 6-well plates or flasks and incubated for two hours to overnight
at 37 °C. Wells and flasks were washed once with PBS immediately prior
to use. Cells were plated at 2.1 x 10° cells per cm? and incubated at
37 °C. Cells were maintained at 37 °C in 5% CO5 and 90% humidity,
with media changed every two days. At 90-100% confluency, iPSC-
derived NPCs were passaged by washing once with PBS followed by
incubation with 70 pL per cm? pre-warmed Accutase per well/flask for
up to ten minutes or until cells were forming single cells and detaching
from the surface. An equal volume of neural expansion media was added
to neutralise the Accutase. Cells were centrifuged at 120 xg for three
minutes and resuspended in neural expansion media. Cells were plated
at 2.1 x 10° cells per cm? on ECM-coated plates and flasks for further
expansion.

2.4. iPSC-derived NPC neurogenic differentiation

NUNC 6-well plates were coated with 100 pg/mL poly-L-ornithine
(Sigma) for four hours at 37 °C. Wells were washed twice with PBS
and coated in 20 pg/mL laminin (Life Technologies) overnight at 37 °C.
Wells were washed once with Neurobasal media immediately prior to
use. iPSC-derived NPCs were harvested at passage six with Accutase and
plated at 5.0 x 10* cells per cm? onto poly-L-ornithine/laminin-coated
plates in neural expansion media. Cells were setup in triplicate at each
time point and incubated at 37 °C overnight before transfer into neural
maintenance media consisting of a 1:1 ratio of Neurobasal and DMEM/
F-12 (+ GlutaMAX) supplemented with 1x B27 supplement, 1x N2
supplement, 5 pg/mL insulin, 100 pM non-essential amino acids, 100 pM
f-mercaptoethanol, 1 mM r-glutamine, 50 U/mL penicillin and 50 pg/
mL streptomycin. Cells were fed with neural maintenance media 3, 5, 7
and 10 days post-seeding. From 13 days post-seeding, cells were fed
every three days by removing 1 mL old neural maintenance media and
gently feeding with 1 mL fresh neural maintenance media. For gene
expression analysis, RNA was isolated 14, 21 and 28 days post-induction
with TRIzol (Life Technologies) followed by RNA clean-up with the
RNeasy Mini Kit (Qiagen) as per the manufacturer’s instructions and
expression of neural marker genes was determined by real-time PCR. In
addition HS isolated from MPS IIIA urine as previously described [38]
was added to the culture medium of control iPSC-derived NPCs under-
going neural differentiation at a concentration of 3 pg/mL for the entire
culture period. On day 28 only RNA was isolated as described above for
gene expression analysis.

2.5. Sulphamidase activity assay and measurement of primary and
secondary storage product

Sulphamidase activity was determined on cell extracts of human fi-
broblasts, iPSCs, iPSC-derived NPCs and differentiated neurons. Har-
vested cells were sonicated in PBS for ~10 s and frozen at —80 °C prior
to analysis. Protein content was determined using the Bicinchoninic
Acid (BCA) Assay Kit (Sigma Aldrich) or micro Lowry assay [39]. Sul-
phamidase activity was determined on samples containing 5-10 pg
protein using the fluorogenic substrate 4-methylumbelliferyl-alpha-D-N-
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sulphoglucosaminide as described [40], with the first incubation
decreased from 17 h to 4.5 h. Activity was expressed as pmol substrate
converted/h per mg protein. Samples corresponding to 0.1 mg protein
were derivatised with 1-phenyl-3-methyl-5-pyrazolone (PMP) and the
concentration of the monosulphated disaccharide (HN-UA (1S)), a spe-
cific biomarker of MPS IIIA HS [41] was determined by mass spec-
trometry as previously described [42]. Results were expressed as pmol
HN-UA (1S) per mg protein. Gangliosides were quantified by mass
spectrometry as previously described [43] and expressed as pmol total
Gz or Gys ganglioside/mg protein.

2.6. iPSC-NPC proliferation and rescue assay

MPS IlIA-intermediate iPSC-derived NPCs (MPS IIIA-intermed iPSC-
derived NPCs) were transduced with lentivirus encoding sulphamidase
atan MOI of 1. After two days cells were harvested with Accutase and set
up in the proliferation assay along with control and untransduced MPS
IITA-intermed iPSC-derived NPCs. All cells were plated at a density of
1.50 x 10° cells per 24-well coated with ECM in 0.5 mL neural expan-
sion media. Cells were maintained at 37 °C in 5% CO, and 90% hu-
midity, with media changed every two days. Additionally, triplicate
wells of MPS IIIA-intermed NPCs were incubated in the presence of a 2-
fold concentration of FGF2 to give a final concentration of 40 ng/mL. On
day seven cells were harvested with Accutase and cell number counted
using trypan blue and the automated cell counter Countess™.

2.7. Fibroblast growth factor (FGF2) binding to and signalling in the
presence of MPS IIIA GAGs

The binding of MPS IITA GAGs to FGF2 was analysed in the Blitz ®
system (ForteBio) using protein G sensors and operated with PBS, pH 7.4
containing 1% (v/v) Tween-20. Sensors were equilibrated in buffer for
30 s and then exposed to anti-FGF2 antibody (1:1000, rabbit polyclonal
anti-FGF2, R&D Systems) for 120 s followed by rinsing in buffer for 30 s.
Sensors were exposed to 50 pg/mL FGF2 for 120 s followed by rinsing in
buffer for 30 s and then exposed to MPS IIIA GAGs or heparin (1-20 pg/
mL; Sigma H3393) for 120 s and rinsed with buffer for 30 s. The affinity,
Kp, between FGF2 and either MPS IIIA GAGs or heparin was determined
assuming 1:1 binding. Signalling via the fibroblast growth factor re-
ceptor (FGFR) was determined using the BaF32 cell proliferation assay
which relies on the formation of an active ternary complex between
GAG, FGF2 and FGFR1c [44]. The assay was performed as described
previously [45] in the presence of 0.03 nM FGF2 and either unfractio-
nated heparin (0-0.5 pg/mL; Sigma H3393) or MPS IIIA GAG (0-2 pg/
mL). The relative number of cells present was determined using the MTS
reagent (Promega, Madison, Wisconsin, USA) by addition to the cell
cultures for 6 h prior to measurement of absorbance at 490 nm.

2.8. Pluripotency gene expression

Fibroblasts were plated at 2.0 x 10* cells per cm? in triplicate in 6-
well plates in DMEM (high glucose) supplemented with 10% (v/v)
foetal calf serum (FCS), 50 U/mL penicillin and 50 pg/mL streptomycin.
iPSC colonies were plated in triplicate on vitronectin-coated 6-well
plates in TeSR-E8 media. iPSC-derived NPCs were plated at 2.1 x 10°
cells per em? in triplicate in ECM-coated 6-well plates in neural expan-
sion media. RNA was isolated as described previously and concentration
determined using a nanodrop spectrophotometer (Thermo Scientific,
USA). Between 100 ng and 500 ng of RNA was reverse transcribed to
cDNA using the QuantiTect Reverse Transcriptase Kit (Qiagen). Exon-
exon boundary gene specific primers were designed for all neural
genes. Primers for OCT-4, NANOG and SOX-2 were as previously
described [37] and SIII-TUBULIN as per [46]. All other primer sequences
are shown in Table 1, with cyclophilin A included as the housekeeping
gene. Each 25 pL real-time PCR reaction included 1 pL cDNA, 1x
SYBR™ Green PCR Mastermix (Life Technologies), 0.45 pM forward
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Table 1
Primer sequences.
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Gene Forward sequence Reverse sequence

PAX6 CCAGGGCAACCTACGCAA CTGAATCTTCTCCGTTGGAACT
NESTIN CGCACCTCAAGATGTCCCTC CAGCTTGGGGTCCTGAAAGC
NF-H GGACCTGCTCAATGTCAAGATG GCCAAAGCCAATCCGACAC
NSE GGGCACTCTACCAGGACTTTG CCCTACATTGGCTGTGAACT
CYCLOPHILIN A TCCTAAAGCATACGGGTCCT CTTGCCATCCAACCACTCA

primer and 0.45 pM reverse primer. Real-time reactions were carried out
on an ABI 7300 thermocycler (Applied Biosystems) with initial steps of
one cycle for two minutes at 50 °C and one cycle for ten minutes at 95 °C.
c¢DNA amplification consisted of 40 cycles of 15 s at 95 °C and one
minute at 60 °C. A dissociation step of one cycle for 15 s at 95 °C, 30 s at
60 °C and 15 s at 95 °C was added after the amplification step. The 2"44¢t
method was used to determine the fold change in gene expression [47].
The relative expression method was used to determine mean normalised
gene expression for iPSC-derived NPC gene expression [48].
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2.9. Immunofluorescence

iPSCs were plated in triplicate on vitronectin-coated 35 mm dishes
(Nunc) in TeSR-E8 media and iPSC-NPCs were plated in triplicate at 5.0
x 10 cells per cm? on ECM-coated coverslips in 12-well plates. Cells
were fixed in 4% (w/v) paraformaldehyde for 15 min at room temper-
ature and washed three times in PBS. Immunofluorescent detection of
OCT-4 and SSEA4 on 4% (w/v) paraformaldehyde-fixed iPSCs was un-
dertaken using the PSC 4-Marker Immunocytochemistry Kit (Life
Technologies), while immunofluorescent detection of PAX6 and NESTIN

IIIA-intermed IlIA-severe

brightfield

DAPI

OCT4

SSEA4

merged

Fig. 1. Generation and characterisation of iPSCs. Biochemical markers of sulphamidase activity (A) and the monsulphated dissacharide HS storage biomarker HN-
UA(1S) (B) were measured in cell extracts of skin fibroblasts (clear boxes) and iPSCs (grey boxes) and expressed relative to cell protein. Quantitative data is expressed
as the mean =+ std. dev of n = 3 replicates (A and C). HN-UA(1S) biomarker (B) was expressed as a single value for skin fibroblasts or the average of 2 replicates for
iPSCs where the individual values are:- Control skin fibroblasts 0.2 and 0.4 pmol/mg protein; MPS IIIA-intermed fibroblasts 75 pmol/mg protein; MPS IIIA-severe
fibroblasts 92 pmol/mg protein. Control iPSCs 5 and 6 pmol/mg protein; MPS IIIA-intermed iPSCs 62 and 60 pmol/mg protein; MPS IIIA-severe iPSCs 87 and 68

pmol/mg protein.

iPSC gene expression of pluripotency markers Oct4, Sox2 and Nanog were all significantly elevated compared in iPSCs compared to skin fibroblasts (C) and
morphology was shown by brightfield microscopy while pluripotency markers typical of iPSCs were assessed by immunofluorescence (D). Scale bars are 100 pm as

indicated.
¢ denotes significant difference between iPSCs and skin fibroblasts, P < 0.05.
* denotes significant difference between MPS IIIA and control, P < 0.05.

# denotes significant difference between MPS IIIA-intermed and MPS IIIA-severe, P < 0.05.
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was as previously described [37].

2.10. Statistics

The statistical significance of differences between means was deter-
mined using a Student’s t-test, a one-way analysis of variance (ANOVA)
or a two-way ANOVA followed by Tukey’s HSD post-hoc test as appro-
priate in GraphPad Prism Version 7.03 for Windows (GraphPad Soft-
ware., USA).

3. Results

3.1. Generation and characterisation of iPSCs from MPS IIIA skin
fibroblasts

iPSCs were successfully formed from control and MPS IIIA skin fi-
broblasts. Sulphamidase activity was significantly reduced in MPS IIIA
fibroblasts compared to control fibroblasts, mirroring the enzyme defi-
ciency of MPS IIIA. Control sulphamidase activity was 116.1 + 11.31
pmol/h/mg protein, MPS IIIA intermediate sulphamidase activity was
16.4 + 13.14 pmol/h/mg protein and MPS IIIA severe sulphamidase
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activity was 0.85 + 1.13 pmol/h/mg protein (Fig. 1A). Conversely, the
level of HN-UA (1S), a marker of HS storage, increased from undetect-
able in control fibroblasts to 75 pmol/mg protein in MPS IIIA interme-
diate fibroblasts and 92 pmol/mg in MPS IIIA severe fibroblasts
(Fig. 1B). This pattern of decreased sulphamidase activity and increased
HS storage was maintained when fibroblasts were reprogrammed to
iPSCs. Control iPSC sulphamidase activity and HS storage was 73.46 +
12.74 pmol/h/mg protein and 5.5 pmol/mg protein, respectively. MPS
IIIA-intermediate sulphamidase activity and HS storage was 29.43 +
6.62 pmol/h/mg protein and 61 pmol/mg protein respectively. MPS
IIIA-severe sulphamidase activity and HS storage was 0.07 & 0.12 pmol/
h/mg protein and 77.5 pmol/mg protein, respectively (Fig. 1A-B). All
resulting iPSCs displayed typical colony morphology (Fig. 1D). Signifi-
cant increases in the expression of pluripotency marker genes OCT-4,
SOX2 and NANOG compared to the original fibroblasts from which the
iPSCs were derived provided evidence of pluripotency (Fig. 1C) and this
was supported by positive OCT-4 and SSEA4 immunostaining of colonies
(Fig. 1D). Collectively, these data reveal no difference in iPSC mor-
phologies or pluripotency marker gene profiles between control and
MPS IIIA iPSCs.
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Fig. 2. Characterisation of iPSC-derived NPCs. iPSC-derived NPC morphology was assessed by brightfield microscopy (A). PAX6 and NESTIN both markers
characteristic of NPCs were assessed by immunofluorescence (A) and gene expression (B). Sulphamidase activity (C), the monosulphated dissacharide HS storage
biomarker (D), ganglioside Gy (E) and ganglioside Gys (F) were measured in cell extracts and normalised to cell protein. Quantitative data is expressed as the mean
+ std. dev of n = 3 (sulphamidase activity) or n = 6 (Gy2 and Gy3) replicates. HN-UA(1S) is expressed as the average of 2 replicates where the individual values are:-
Control 0.2 and 0.25 pmol/mg protein; MPS IIIA-intermed 86.5 and 50.5 pmol/mg protein.

* denotes significant difference between MPS IlIA-intermed and control, P < 0.05.

Scale bars are 50 pm as indicated.
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3.2. Generation and characterisation of iPSC-derived neural progenitor
cells

iPSCs from patient 1 with an intermediate severity phenotype: (MPS
[IIA-intermed iPSCs) were chosen for further analysis and along with
control iPSCs were differentiated along the neural lineage to form neural
progenitor cells (NPCs). Both control and MPS IIIA-intermed iPSCs were
successfully differentiated into NPCs as initially evidenced by the for-
mation of hallmark ‘neural rosette’ colonies. Unfortunately, and for
currently unknown reasons, across multiple attempts, the MPS IIIA-
severe iPSC clone from patient 2 was unable to be differentiated into
NPCs (data not shown). At this stage of differentiation, no overt
morphological difference was observed between control and MPS IIIA-
intermed iPSC-derived NPCs. The NPCs were then dissociated from the
neural rosette structures and cultured in the presence of FGF2. After two
passages, morphology typical of neural progenitors was evident in both
control and MPS IlIA-intermed cells (Fig. 2A). The formation of NPCs
was confirmed through immunofluorescent detection of NPC marker
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proteins PAX6 and NESTIN. Positive staining was detected in both
control and MPS IIIA-intermed cells after six passages (Fig. 2A). These
cells were thus designated iPSC-derived NPCs. PAX6 and NESTIN
expression in iPSC-derived NPCs was confirmed by real-time PCR. Both
control and MPS IIIA-intermed iPSC-derived NPCs exhibited significant
expression of PAX6; with PAX6 expression higher in MPS IIIA-intermed
iPSC-derived NPCs than in control (Fig. 2B). In line with positive
immunofluorescent staining, both control and MPS IIIA-intermed iPSC-
derived NPCs expressed NESTIN; however, expression levels were not
significantly different. Sulphamidase activity was reduced in MPS IIIA-
intermed iPSC-derived NPCs compared to control (46.1 + 11.8 pmol/
h/mg protein versus 113.5 + 34.5 pmol/h/mg protein) (Fig. 2C), while
the HS biomarker increased from undetectable in control cells to 68.6
pmol/mg protein in MPS IIIA-intermed iPSC-derived NPCs (Fig. 2D). A
key feature of the MPS IIIA phenotype is the elevation of secondary
storage products; the gangliosides Gy2 and Gy in the brain. A signifi-
cant increase of 197% in total Gyp storage was observed in MPS IIIA-
intermed iPSC-derived NPCs (Fig. 2E), however total Gy3 levels were
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Fig. 3. Rescue of iPSC-derived NPC proliferation and role of MPS IIIA GAG on FGF2 binding and signalling. (A) Control iPSC-derived NPCs, MPS IIIA-intermed
iPSC-derived NPCs and MPS IIIA-intermed iPSC-derived NPCs transduced with a lentivirus encoding sulphamidase (LV-COS) were seeded at 150,000 cells per 24-well
and maintained in neural expansion medium. Additional cultures of MPS IIIA-intermed iPSC-derived NPCs received a 2-fold increase in FGF2 in the culture medium
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of MPSIIIA GAGs (P < 0.05).
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the same in both control and MPS IlIA-intermed iPSC-derived NPCs
(Fig. 2F).

3.3. Reduced proliferation of MPS IIIA-intermed iPSC-derived NPCs is
partially rescued by FGF2

MPS IIIA-intermed iPSC-derived NPCs grew more slowly than con-
trol iPSC-derived NPCs (Fig. 3A). Control iPSC-derived NPC numbers
increased by 8.3-fold over seven days while MPS IITA-intermed iPSC-
derived cell numbers only doubled in the same time. MPS IIIA-
intermed iPSC-derived NPC cell division was stimulated by adding
additional FGF2 to the culture medium (increasing the concentration
from 20 ng/mL to 40 ng/mL) or by transduction of cells with lentivirus
encoding sulphamidase, which corrected the enzyme defect. Although
this represented a significant 2-fold increase in cell number over un-
treated MPS IIIA cells in both cases, proliferation was not normalised
during the seven day experimental period.
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3.4. MPS IlIIA GAGs display similar FGF2 binding but reduced FGF2
signalling compared to heparin

Because FGF2 increased MPS IIIA-intermed iPSC-derived NPC pro-
liferation and binding of FGF2 to HS GAG is a known prerequisite for
FGF2 signalling [49], the relationship between FGF2, MPS IIIA HS and
NPC proliferation was further investigated by assessing the binding af-
finity of MPS IIIA GAG for FGF2 and the effect of MPS IIIA GAG on FGF2
signalling. The binding of MPS IIIA GAGs to FGF2 was analysed in real-
time using a dip-and-read biosensor, where FGF2 was immobilised via a
polyclonal anti-FGF2 antibody to a protein G functionalised sensor. In
the last step of the experimental workflow, either MPS IIIA GAGs
(Fig. 3B) or heparin (data not shown) were exposed to the FGF2 func-
tionalised sensors. The binding of MPS IIIA GAGs to FGF2 was similar in
both association and dissociation profiles across the concentration range
of 1 to 20 pg/mL (Fig. 3C) with similar responses also observed for
heparin (Fig. 3D). Both MPS IIIA GAGs and heparin exhibited transient
binding with little permanent binding once the sensor was returned to
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the buffer. These binding curves were modelled as Langmuir binding,
which assumes 1:1 interactions, and established similar equilibrium
dissociation constants (Kp) in the nanomolar range of 11.65 nM for MPS
IITA GAG and 14.05 nM for heparin indicating a similar affinity for FGF2.
In addition, the X2 values form the model for both MPS IIIA GAGs and
heparin were both greater than two indicating that the interactions were
multivalent.

The BaF32 cell assay was used to analyse the ability of the MPS IIIA
GAGs to form biologically active ternary complexes with FGF2 and
FGFR1c. Proliferation of the cells was indicative of the formation of
active ternary complexes that was measured by the MTS assay (Fig. 3E).
MPS IITA GAGs supported the proliferation of the BaF32 cells above the
negative controls for each of the MPS IIIA GAG concentrations used in
the absence of FGF2, indicating that biologically active ternary com-
plexes were formed. However, no dose-dependent level of activity was
observed over the MPS IIIA concentration range of 0-2 pg/mL. The
positive control for the assay was heparin in the presence of FGF2 which
was shown to support significantly higher cell proliferation that the MPS
IIIA samples suggesting that the complexes formed between heparin,
FGF2 and FGFR1c were more active than the complexes formed between
the MPS IIIA GAGs, FGF2 and FGFR1c.

3.5. MPS IIIA iPSC-derived neural progenitors display impaired
neurogenesis

Neurogenesis of control and MPS IIIA iPSC-derived NPCs was
induced by the withdrawal of FGF2 for a total of four weeks. On DO,
prior to the removal of FGF2, both control and MPS IIIA-intermed iPSC-
derived NPCs displayed a neural progenitor-like morphology (Fig. 4A).
A pronounced change in morphology developed in both control and MPS
[IIA-intermed cultures over the 28 days of culture resulting in aggre-
gation of cell bodies and large bundles of cell extensions emanating
across the cultures (Fig. 4A). It was noted that the cellular aggregates
were less frequent, smaller and with less elaborate extensions in MPS
IIIA-intermed cultures compared to control, a morphological phenom-
enon that has been noted in other stem cells models of neurological
disorders [50,51].

The expression of neural marker genes was then examined to quan-
tify any differences between the ability of control and MPS IIIA-intermed
iPSC-derived NPCs to differentiate into neurons. The expression was
determined relative to undifferentiated control and MPS IIIA-intermed
iPSC-derived NPCs prior to FGF2 removal (i.e., undifferentiated
NPCs). Both control and MPS IIIA-intermed cells expressed NESTIN a
marker of neural progenitors, throughout the course of neural induction
(Fig. 4B); however, little change in expression was seen compared to
undifferentiated NPC controls, indicating that a NPC population was
maintained over the time course in both cultures. AII-TUBULIN
expression increased in control cultures undergoing neural differentia-
tion from 14 days post-induction onwards, with 17.58 + 7.10, 23.94 +
10.52 and 26.51 + 6.31 fold increases in expression 14, 21 and 28 days
post-induction compared to undifferentiated NPC controls, respectively,
indicating the formation of immature neurons (Fig. 4C). pIII-TUBULIN
expression was also upregulated in MPS IIIA-intermed cultures
compared to undifferentiated NPC controls following the initiation of
neural induction; however, expression was consistently lower than in
control iPSC-derived NPCs, with 4.43 4+ 2.59, 6.48 & 5.65 and 1.76 &
0.78 fold increases in pIII-TUBULIN expression compared to undiffer-
entiated controls 14, 21 and 28 days post-induction, respectively
(Fig. 4C). NF-H expression increased steadily over the course of neural
induction in control cultures, with expression peaking with a significant
3.23 £ 0.27 fold increase compared to undifferentiated NPC controls 28
days post-induction (Fig. 4D). In contrast, NF-H expression was never
significantly elevated above undifferentiated controls in MPS IIIA-
intermed cultures; with NF-H expression significantly lower than both
undifferentiated MPS IIIA NPC controls and control cultures 21 days
post-induction, indicating a dysfunction in neuron formation or
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survival. This was supported by the decreased expression of NSE in MPS
IIIA-intermed cultures compared to control. NSE expression was signif-
icantly increased in control cells compared to undifferentiated NPC
controls at all time points, with expression peaking at 28 days post-
induction with a 485.1 + 26.87 fold increase in expression. NSE
expression did increase in MPS-intermed cultures compared to undif-
ferentiated controls, with the highest increase of 20.34 + 15.68 fold seen
28 days post-induction, indicating the presence of neurons; however,
expression was consistently lower than what was seen in control cultures
indicating a comparative disruption in neuron formation or survival
(Fig. 4E).

At the end of the differentiation protocol (day 28), sulphamidase
activity was significantly reduced in MPS IIIA-intermed cultures
compared to control cultures (36.64 + 12.52 pmol/h/mg protein versus
62.27 + 13.42 pmol/h/mg protein) (Fig. 4F), while the MPS IIIA HS
marker HN-UA (1S) increased from undetectable in control cells to 46.9
pmol/mg protein in MPS IIIA-intermed cultures (Fig. 4G). Ganglioside
storage also increased in MPS IIIA-intermed cultures, although the in-
crease was not significant. Gy storage was 321 + 10.31 pmol/mg
protein in MPS IIIA-intermed neurons compared to 289.5 + 43.62 pmol/
mg protein in control (Fig. 4H), while Gy3 storage was 47.5 + 7.78
pmol/mg protein in MPS IIIA-intermed neurons compared to 37 + 6.16
pmol/mg protein in control (Fig. 41).

Partially degraded and undegraded HS GAG progressively builds up
in MPS IIIA patients. To investigate the effect of elevated MPS IIIA GAG
on neural differentiation, it was added to the culture medium of control
iPSC-derived NPCs during the neuronal differentiation period. On day
28 the expression of NESTIN, pII-TUBULIN and NSE in control iPSC-
derived NPCs cultured in the presence of MPS IIIA GAG was not
significantly different to expression in the undifferentiated controls,
witha1.45+0.18,1.59 4+ 0.08 and 1.1 £ 0.07 fold change in expression
respectively (data not shown). In the presence of MPS IIIA GAG, the
expression of NF-H was significantly higher than undifferentiated with a
2.23 + 0.63 fold change in expression but was still lower than in control
cells undergoing neuronal differentiation in the absence of MPS IIIA
GAG (Fig. 4D).

4. Discussion

Despite the CNS being the main site of pathology in MPS IIIA the
consequence of impaired HS turnover on the development and function
of neural cells has not been studied in detail; due no doubt in part to the
challenge inherent in isolating neurons/neural stem cells from MPS IIIA
patients or animal models. Although there is one previous report of iPSC
generated MPS IIIA cell lines [22], which showed ability to form the
three germ cell layers including ectoderm, the precursor for neural cells,
the study presented here undertakes characterisation at a biochemical
level, as well as a comparison of neural differentiation kinetics using
well characterised and accepted methodology for generating neural cells
against controls. Reprogramming MPS IIIA patient somatic cells to iPSCs
generates a renewable cell resource that can be used to investigate
neurogenesis and neuronal cell function. In this study iPSCs were suc-
cessfully generated from skin fibroblasts isolated from a control indi-
vidual and individuals presenting with both intermediate and severe
MPS IIIA clinical phenotypes. The pluripotent state of the iPSCs was
evidenced by typical iPSC morphology and the expression of key plu-
ripotency marker genes OCT4, SOX2, NANOG and SSEA4. MPS IIIA
iPSCs maintained their hallmark biochemical characteristics of reduced
sulphamidase activity and increased storage of the HS GAG marker HN-
UA (1S) compared to control iPSCs. Unlike iPSCs derived from MPS IIIB
fibroblasts [23], visually no obvious difference was observed in the
proliferation of MPS IIIA iPSCs and cultures were not supplemented with
sulphamidase. No impairment in the proliferation of iPSCs derived from
MPS 1, II, ITIIC, IVA or VII patient fibroblasts has been reported in the
literature [16-20,26-29]. The N-acetylglucosamine moiety that accu-
mulates in MPS IIIB may play a role in maintaining iPSCs. However,
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Vallejo-Diez [24] did not report proliferation problems in two other MPS
IIIB iPSC cell lines thus different mutations and differing methodology
may have played a role in the discrepancy between reports. A very
recent report by Huang et al., 2021 to generate additional patient iPSC
MPS IIIB stem cell lines does not report any abnormalities in prolifera-
tion [25].

NPCs were then generated from the control and MPS IIIA-intermed
iPSC cell lines. Unfortunately, across several attempts, the MPS IIIA-
severe iPSC cell clone was unable to be successfully differentiated in
iPSCs derived from the severely affected individual into NPCs (data not
shown), implying that the process may be particularly sensitive to SGSH
function in vitro. Similarly, studies in MPS IIIB iPSCs only two of their
four cell lines were able to be into successfully differentiated into NPCs
and mature neurons suggesting that heparan sulphate may have an
important role in neurodifferentiation potential [25]. Both lines
expressed the NPC markers PAX6 and NESTIN. MPS IIIA iPSC-derived
NPCs displayed reduced sulphamidase activity and increased accumu-
lation of the HS GAG biomarker HN-UA (1S), consistent with MPS IIIA.
An increase in Gyp accumulation was also observed consistent with
phenotype although Gys accumulation appeared unaffected. Unlike
MPS IIIA iPSCs, MPS IIIA-intermed iPSC-derived NPCs were visually
observed to proliferate slower than control and this was shown to be a
significant decrease on quantification. Proliferation was partially
rescued by overexpression of sulphamidase in the affected iPSC-derived
NPCs within the seven-day experimental time frame. Correcting the MPS
IIIA enzyme defect was expected to improve proliferation and we
anticipate that a longer timeframe would result in complete restoration
of proliferative capacity.

Likewise, partial rescue was achieved by doubling the concentration
of FGF2 in the culture medium and again a longer experimental time-
frame may have completely restored proliferation. FGF2 is known to
play an important role in neurogenesis and its temporospatial expression
corresponds to areas of neurogenesis in the developing CNS [52,53].
During development, and in vitro, FGF2 is a major NPC mitogen that
stimulates neural progenitor cell proliferation and regulates neural cell
differentiation [54-56]. This is underscored by the observation that
FGF2 deficient mice display impaired neuronal proliferation and dif-
ferentiation [57,58]. FGF2 is also implicated in the regulation of adult
neurogenesis [58,59]. FGF2 forms a complex with its receptor FGFR and
co-receptor HS GAG, located on cell surface proteoglycans, to stimulate
cell proliferation [49]. HS containing proteoglycans are themselves
regulated during NPC proliferation and differentiation [60] and play
important roles in axon guidance, synaptogenesis and plasticity
[61-64]. The ability of HS GAG chains to bind to and regulate the bio-
logical activity of a range of growth factors, including FGF2 [65], places
HS containing proteoglycans in a central role in neurogenesis, CNS
development and homeostasis. The HS GAG that accumulates in MPS
IIIA reduced cell proliferation in the BaF32 cell assay compared to a
heparin control, but its affinity for FGF2 was similar to the heparin
positive control. Because MPS IIIA HS GAG has unaltered affinity for
FGF2, we suggest that the vastly increased amount of partially
degraded/undegraded HS GAG that accumulates in MPS IIIA alters the
distribution of FGF2. That is, FGF2 is just as likely to bind to MPS IIIA HS
GAG as it is to cell surface proteoglycan HS or to the FGFR, but as there is
a large excess of MPS IIIA HS GAG compared to the other two molecules
FGF2 is more likely to bind to MPS IIIA HS GAG. As MPS IIIA HS GAG is
freely diffusible the FGF2 bound to it may no longer be localized where it
can bind to the FGFR. This finding is also supported by de Risi (2021)
who showed using the same MTS assay in Baf32 cells that MPS IIIA HS
extracts failed to induce proliferation mediated by FGF2 in comparison
to wildtype HS [66]. Thus the abnormal turnover of HS in MPS IIIA and
the accumulation of high levels of abnormally structured HS in the CNS
clearly interrupts the delicate balance between FGF2 growth factor/
growth factor receptor/growth factor co-receptor in NPC proliferation.
This is supported by the observation that MPS I bone marrow stromal
progenitor cell proliferation is decreased in association with aberrant
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FGF2 signalling [67]. Common to MPS I and MPS IIIA is the accumu-
lation of HS GAG providing further evidence of the role of this GAG in
supporting progenitor cell proliferation. A very recent study generated a
SH-SY5Y neuroblastoma cell line based MPS IIIA model using CRISPR-
Cas9 disruption of SGSH. These neural progenitor-like cells displayed
increased proliferation which was reduced when wildtype heparan
sulphate was introduced into the cell media [66], suggesting a role for
HS in proliferative ability and neurodifferention of SH-SY5Y cells.
Further evidence from de Pasquale et al. (2021) using a NAGLU silenced
neuroblastoma model of MPS IIIB highlights a key role for HSPGs in
neurite outgrowth using the specific growth factor NK1 which is pro-
posed to bind with high affinity the extracellular accumulated HS [68].
This same group has also characterised NK1 in skin fibroblast models
[69], suggesting that targeting excess HS reduces lysosomal burden and
is able to restore specific downstream FGF signalling.

The initial ‘neural induction’ of MPS IIIA-intermed iPSCs appeared
unaffected, with the overt formation of an integral neuroepithelial sheet,
and subsequently formation of hallmark ‘neural rosettes’ colony struc-
tures unchanged between control and MPS IITA-intermed cultures. Both
control and MPS IIIA cultures displayed NPC morphology and expressed
markers of dorsal cortical NPCs, PAX6 and NESTIN, indicating the suc-
cessful formation of equivalent NPCs from MPS IIIA patient-derived
iPSCs and the control. Whilst expression of the dorsal cortical progeni-
tor marker PAX6 varied between control and MPS IIIA-intermed iPSC-
derived NPCs, expression of the pan NPC marker, NESTIN, was compa-
rable between control and MPS IIIA iPSC-derived NPCs, indicating a
similar global neural progenitor population and formation capacity.
However, whilst NPCs were successfully formed from MPS IIIA-intermed
iPSCs, their subsequent ability to undergo neurogenesis did appear to be
impacted. Upon differentiation, several lines of evidence suggested that
MPS IIIA-intermed iPSC-derived NPC cultures had reduced numbers of
neurons compared to control cultures. MPS IIIA-intermed iPSC-derived
NPC cultures did not display the same degree of overt neuronal
morphology, with delayed formation and reduced presence of neuronal
body aggregates (ganglion-like structures) and less prominent neurite
bundles. The expression of several post-mitotic neuron marker genes,
PII-TUBULIN, NF-H and NSE were decreased in MPS IIIA-intermed iPSC-
derived NPCs compared to control, with the difference becoming more
prominent as neurogenesis progressed. In contrast, no significant change
in NESTIN expression was seen between control and MPS IIIA-intermed
cultures throughout neural induction, indicating that neural progenitor
formation was unaffected in MPS IIIA-intermed iPSC-derived NPCs. This
data does not distinguish between reduced neurogenic capacity and
reduced neuronal survival. While loss of Purkinje cells is a feature in
MPS IIIA mice [70] and dogs [71], it is observed in older animals and to
our knowledge neuronal cell death is not a feature of MPS IIIA neuro-
development. If MPS IIIA cell death should be proven in our system, it
may be indicative of a degenerative rather than developmental process.
While the expression of all post-mitotic genes tested were reduced in
differentiating MPS IIIA cultures compared to control, the expression of
NF-H and NSE were beginning to increase by day 28 of culture,
compared to control cultures in which gene expression increased after
day 21. Thus neuronal differentiation of MPS IIIA-intermed iPSC-
derived NPCs may be temporally delayed in culture, which could lead to
a population of cells at different neurogenic stages rather than a flagrant
loss of neurodifferentiation capacity.

Sulphamidase activity was decreased in MPS IIIA cultures on day 28
of neural differentiation and accumulation of the HS GAG biomarker
HN-UA (1S) increased consistent with the MPS IIIA phenotype, however,
levels of Gyz and Gys ganglioside were not different to control. This
latter was unexpected as increased ganglioside storage is consistently
observed in MPS IIIA patient brain and in the IIIA mouse model
[6,72-75]. This may reflect the reduction in neurogenesis observed from
MPS IlIA-intermed iPSC-derived NPCs or that the experimental time
frame while permitting the accumulation of the primary storage product
HS GAG was not sufficient for the production and subsequent
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accumulation of the secondary storage product ganglioside.

The addition of MPS IIIA GAG to the culture medium of control iPSC-
derived NPCs impaired subsequent neurogenesis. HS is a highly bioac-
tive GAG with the ability to bind to a range of growth factors implicated
in brain development and function such as Wnts, BMP and members of
the hedgehog family in addition to FGF2 [65,76-79]. While we have
shown that MPS IIIA GAG structures impede MPS IIIA iPSC-derived NPC
proliferation, it is unclear if the GAG is acting with FGF2 to impair
neurogenesis [54,56] or through a different growth factor pathway or
combination of pathways.

This study focussed on neurogenesis from MPS IIIA iPSC-derived
NPCs but the cells are also useful tools for studying mature neuronal
cell function in this disorder. iPSC-derived neuronal networks generated
from MPS IIIC and MPS VII iPSCs have been shown to display abnormal
activity and connectivity [26,28] and an extension of this study could
address similar questions in MPS IIIA. iPSCs can also be used to examine
pathogenesis of disease, to screen therapeutics and develop/test treat-
ment strategies [80-82]. To this end the availability of MPS IIIA skin
fibroblasts in diagnostic laboratories are a useful resource for producing
iPSCs and gene editing techniques can be employed to generate addi-
tional SGSH mutations from control iPSC lines. Whilst these results are
preliminary, validation of multiple clones and mutations, including
isogenic CRISPR repaired cell lines would allow a further understanding
of the effect of MPS IIIA disease pathology on neurodifferentiation in
iPSC-derived stem cell models and correlation of genotype/phenotype.
Overall, this study provides an initial insight into the mechanism of CNS
dysfunction in MPS IIIA. The reduction in HS GAG turnover and asso-
ciated disruption to lysosomal function and accumulation of unique HS
GAG structures in MPS IITA do not greatly affect iPSC production from
MPS IIIA skin fibroblasts or their differentiation to NPCs. MPS IIIA iPSC-
derived NPC proliferation is however affected by GAG accumulation
that interferes with FGF2 signalling. Additionally the formation of
neurons from MPS IIIA iPSC-derived NPCs and/or their survival was
reduced via an as yet unknown mechanism.
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