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Sulfamidase (SGSH) deficiency causes mucopolysaccharidosis
type IIIA (MPS IIIA), a lysosomal storage disease (LSD) that
affects the CNS. In earlier work in LSD mice and dog models,
we exploited the utility of adeno-associated viruses (AAVs) to
transduce brain ventricular lining cells (ependyma) for secre-
tion of lysosomal hydrolases into the cerebrospinal fluid
(CSF), with subsequent distribution of enzyme throughout
the brain resulting in improved cognition and extending life-
span. A critical feature of this approach is efficient secretion
of the expressed enzyme from transduced cells, for delivery
by CSF to nontransduced cells. Surprisingly, we found that
SGSH was poorly secreted from cells, resulting in retention
of the expressed product. Using site-directed mutagenesis of
native SGSH, we identified an improved secretion variant
that also displayed enhanced uptake properties that were
mannose-6-phosphate receptor independent. In studies in
MPS IIIA-deficient mice, ependymal transduction with AAVs
expressing variant SGSH improved spatial learning and
reduced memory deficits, substrate accumulation, and astro-
gliosis. Secondary lysosomal enzyme elevations in the CSF
and brain parenchyma were also resolved. In contrast, ependy-
mal transduction with AAVs expressing wild-type SGSH had
significantly lower CSF SGSH levels and limited impacts on
behavior. These results demonstrate the utility of a previously
undescribed SGSH variant for improved MPS IIIA brain
gene therapy.
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INTRODUCTION
Mucopolysaccharidosis type IIIA (MPS IIIA) is a lysosomal storage
disease (LSD) caused by sulfamidase (SGSH) deficiency due to muta-
tions in SGSH. MPS IIIA is characterized by progressive neurodegen-
eration accompanied by loss of social skills and aggressive behavior,
hyperactivity, and sleep disturbance. Somatic features are often
mild and variable.1

Therapies advanced for MPS IIIA can essentially be classified as
enzyme replacement therapy (ERT), either through infusion of the
recombinant protein or by gene-therapy-based methods. In early
work, infusion of purified SGSH intravenously at birth,2 or into the
cerebrospinal fluid (CSF) in adult mice models of MPS IIIA,3
1118 Molecular Therapy Vol. 26 No 4 April 2018 ª 2018 The Author(s).
This is an open access article under the CC BY-NC-ND license (ht
improved behavior and neuropathology. More recently, using a
canine model of MPS IIIA, infusion of purified SGSH into the CSF
into intrathecal, intracisternal, or intraventricular spaces significantly
reduced primary and secondary substrate levels in brain. However,
only ERT delivery via the ventricles ameliorated microgliosis in the
deep cerebral cortex.4 These advances led to a clinical trial to evaluate
SGSH delivery to MPS IIIA patients (clinical trial NCT01299727),
which was completed in 2016.

ERT via gene therapy takes advantage of a vector’s ability to deliver an
expression cassette resulting in SGSH production in transduced cells,
presumably for the life of that cell or at least for many years. Unlike
ERT by protein infusion, gene-therapy-based methods require viral
uptake in target cells, expression in transduced cells, secretion of
the proenzyme, and subsequent uptake, lysosomal delivery, and
finally processing to the active enzyme in non-transduced cells. In
some cases, the non-transduced cells reside far from the population
of cells that were transduced. For MPS IIIA, recent work in mice
models has shown robust improvements after CSF infusion5 or sys-
temic administration6,7 of recombinant adeno-associated viruses
(rAAVs) expressing SGSH, resulting in increased SGSH activity
throughout the brain and peripheral organs, normalization of
behavioral deficits, and prolonged survival.

The first clinical trial of gene therapy forMPS IIIA treatment was per-
formed with serotype rh.10AAV vector encoding a SGSH transgene,
delivered by multiple intracerebral injections into the brain paren-
chyma. Although tolerated, clinical improvement of patients was
moderate.8 The inconsistency with results obtained in MPS IIIA
mice and dog studies may simply be because of size differences be-
tween mice, dog, and human brain, or other factors. Interestingly,
viral uptake can be impacted by disease in LSD mice, likely because
of changes in extracellular matrix components that can occur in the
setting of altered degradative pathways.9,10 Additionally, the success
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Comparison of the Secretory Properties of Various Lysosomal

Enzymes In Vitro and the Effects of Abrogating M6P Sites on SGSH

Secretion and Activity

(A) HEK293 cells were transfected with plasmids expressing SGSH, TPP1, or b-glu.

After 72 hr, cells and media were harvested and enzyme activities assessed by

enzyme activity assay; n = 3 biological replicates, in triplicate. Data represent

mean ± SD. (B) Five SGSH variants were generated by site-directed mutagenesis to

introduce N-to-Q mutations at N-glycosylation sites at amino acids (aa) 41, 142,

151, 264, and 413 as indicated. (C) Activity levels of WT or variant SGSH after

transfection of expression vectors into HEK293 cells. Cells and media were

collected and assayed for SGSH enzyme activity 72 hr after transfection; n = 3

biological replicates, in triplicate. Data represent mean ± SD.
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of cross-correction relies on effective secretion from transduced cells
and distribution to non-transduced cells.

The methods described above use gene-corrected neurons and
glia distributed throughout the CNS as a source of recombinant pro-
tein, following intraparenchymal, intraventricular, or intravascular
administration. An example of the latter is the intravascular adminis-
tration of AAV9 expressing SGHS (clinical trial NCT02716246).
Another method to achieve widespread distribution of recombinant
protein throughout the CNS is to co-opt CSF flow. Indeed, earlier
work showed that ERT to the CSF or gene transfer to the ependyma
cells lining the ventricles could protect or reverse CNS deficits in mice
and dog models of LSD.11–13 Currently, it is unknown whether the
properties of lysosomal hydrolases with robust secretion following
expression from transduced cells, such as b-glucuronidase (b-glu)
or tripeptidyl peptidase (TPP1), are reflective of the bulk of lysosomal
enzymes.

As a first step to translate our earlier work showing the effectiveness
of ependyma as a useful target for LSD gene therapies in models of
b-glu deficiency (MPS VII)13 and TPP1 deficiency,12 a form of
Batten disease14 to MPS IIIA, we compared the ability of the respec-
tive recombinant proteins to be secreted from cells. Surprisingly, we
found that SGSH was poorly secreted from cells, with most of the
product retained in the cytoplasm. Here, we tested the hypothesis
that variants of SGSH with improved secretory properties could
be generated, and that they would be therapeutically superior to
the wild-type enzyme when tested in the setting of MPS IIIA
deficiency.

RESULTS
Altering the Glycosylation of SGSH Improves Secretion

We first compared the secretory potential of SGSH with TPP1 and
b-glu. HEK293 cells were transfected with identical expression
plasmids except for the recombinant protein coding sequence. After
72 hr, the lysosomal enzyme activity in collected media and cell ly-
sates was analyzed. As shown in Figure 1A, less than 20% of SGSH
activity was detected in media compared with the cell lysate, while
in TPP1- or b-glu-expressing cells, roughly 50%–60% was secreted,
respectively.

Posttranslational modification of mannose or mannose 6-phosphate
(M6P) on lysosomal enzymes occurs at N-linked oligosaccharide
side chains. SGSH has five potential N-glycosylation consensus
sequences (Asn-Xaa-Ser/Thr), with the glycan-accepting Asn residue
at amino acid positions of 41, 142, 151, 264, and 413. Five SGSH
enzyme variants were constructed with sequentially substituted Asn
to Gln residues (Figure 1B; Table S1), and their secretory and uptake
properties were evaluated.

SGSHv1-3 lowered the levels of activity in the media and cell
lysates, with SGSHv3 abrogating nearly all activity (Figure 1C).
In contrast, SGSH variant 4 (SGSHv4) showed greater levels of
SGSH activity in media with lower levels of SGSH activity retained
in cells, �60% that of wild-type transfected cells. These data
suggest that SGSHv4 improves secretion and at the same time
reduces the overload of additional SGSH within transfected cells
(Figure 1C).

To monitor enzyme secretion temporally, we transfected HEK293
cells with plasmids expressing wild-type or SGSHv4, and enzyme ac-
tivity and protein levels in media and cell lysates were monitored 24,
48, and 72 hr later. Cells transfected with SGSHv4 variant-expressing
plasmids secreted SGSH more efficiently than those transfected with
plasmids expressing the wild-type enzyme at all times. By 24 hr there
were nearly four times more enzymes in the media of SGSHv4-trans-
fected cells compared with cells transfected with wild-type SGSH
expression vectors (Figure 2A). Conversely, cellular levels of SGSH
activity were lower for SGSHv4- versus wild-type SGSH-expressing
cells at all time points (Figure 2B). Western blots of cell lysates
showed reduced levels of mature SGSHv4 in SGSHv4-expressing cells
as well (Figures 2C and 2D), supporting the notion that more of the
enzyme is secreted versus retained and processed into mature
enzyme. The lower apparent molecular weight of SGSHv4 by western
blot assay in both precursor and mature forms is presumably due to
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Figure 2. Temporal Analysis of WT SGSH and

SGSHv4 Activity

HEK293 cells were transfected with vectors expressing

WT SGSH or SGSHv4, the (A) media and (B and C) cells

harvested at the indicated time points, and SGSH activity

(A and B) or protein levels (C) assessed; n = 3 biological

replicates, in triplicate. Data represent mean ± SD. (D) The

ratio of WT SGSH to SGSHv4 protein levels in the cell

lysate as assessed by western blot. Both precursor and

mature forms were evaluated; n = 3 biological replicates.

Data represent mean ± SD. (E) Representative western

blot (of four biological replicates) indicating SGSH and

SGSHv4 protein levels in the indicated fractions isolated

after gradient centrifugation. LAMP1, Bip, and Grasp 65

were used to identify enrichment of lysosomal, ER, and

Golgi markers, respectively. Asterisk (*) indicates un-

glycosylated SGSH; arrowhead indicates glycosylated

SGSH. PNF, post-nuclear fraction.
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the lower levels of phosphorylation as a result of the loss of the
M6P site.

To further analyze intracellular trafficking, we assessed the SGSH and
SGSHv4 levels in cells 72 hr after transfection by gradient fraction-
ation and western blot analysis. The data show similar levels of ungly-
cosylated SGSH and SGSHv4 in the Golgi and endoplasmic reticulum
(ER) (Figure 2E, fractions 3 and 4), and less glycosylated SGSHv4
relative to the wild-type (WT) protein in these same fractions. This
difference is also apparent in the total post-nuclear fraction, which
represents the total intracellular fraction minus the nuclear pellet
(Figure 2E, PNF). Together with data in Figures 2A–2D, there are
diminished levels of glycosylated SGSHv4 relative to SGSH. This
likely reflects increased secretion, rather than increased degradation.

In addition to M6P binding sites, we also explored SGSH ubiquitina-
tion sites. The rationale is that disturbance in ubiquitin-proteasome
degradation will increase enzyme levels within cells and further
improve secretion. In SGSH, 3 of 12 potential ubiquitination sites
are active as evidenced by a proteome-wide in vivo ubiquitination
study.15 These sites (K103, K303, and K425) were sequentially modi-
fied by Arg substitution (Table S1). All modifications were neutral
with regard to their impact on enzyme activity and had no impact
on secretion (Figure S1). The ubiquitination variants were dropped
from further evaluation.

As a third method to increase SGSH secretion, different signal
peptides were tested. Three signal peptides from highly secretory lyso-
somal enzymes, iduronate-2-sulphatase, b-glu, and TPP1, were
engineered to replace the SGSH signal peptide. Only iduronate-2-
1120 Molecular Therapy Vol. 26 No 4 April 2018
sulphatase and TPP1 signal peptides slightly
increased (around 30%) secretion, whereas the
b-glu signal peptide decreased SGSH levels in
cell lysates and media (Figure S2A). Of note,
signal peptide replacement with those from
iduronate-2-sulphatase and TPP1 did not affect SGSH levels in cell
lysates (Figure S2B). Given these modest results, we focused on
SGSHv4 for further study.

SGSHv4 Uptake Is More Efficient and Is M6PR Independent

The underlying principal for cross-correction by gene therapy re-
quires that the enzyme is effectively secreted from overexpressing
(transduced) cells, and also that the secreted enzyme can be endo-
cytosed by nontransduced cells. As such, we analyzed the uptake
of WT and SGSHv4 in MPS IIIA patient fibroblasts. Conditioned
media from HEK293 cells expressing WT SGSH or SGSHv4,
normalized for equivalent SGSH activity, were applied to patient
fibroblasts for 6 hr; then cells were collected and activity in cell
lysates evaluated. To our surprise, the SGSHv4-expressed product
was more efficiently taken up by patient fibroblasts compared
with the WT enzyme, with >60% of the input of SGSHv4 entering
the cells versus <40% for the WT enzyme (Figure 3A). Moreover, in
the presence of 10 mM M6P, uptake of WT SGSH was blocked, but
not SGSHv4 (Figure 3A). We next applied equivalent levels of
enzyme harvested from conditioned media from cells transfected
with plasmids expressing SGSH, SGSHv4, or from untransfected
cells (control). The conditioned media were applied to MPS IIIA
patient fibroblasts, removed 6 hr later, and cells fixed and imaged
for visualization of internalized SGSH or SGSHv4. The expectant
punctuate staining pattern was evident for both SGSH and SGSHv4,
with the latter much more robust (Figure 3B). Cells from these
experiments were also harvested prior to fixation and lysed for eval-
uation of protein levels by western blot. Both WT and SGSHv4
were processed to the mature enzyme once internalized, supporting
lysosomal delivery (Figure 3C).



Figure 3. SGSH Uptake by MPS IIIA Patient Fibroblasts

(A) Conditioned media containing either WT SGSH or SGSHv4, plus or minus M6P,

were applied to MPS IIIA patient fibroblasts and enzyme activity in cell lysates as-

sessed 6 hr later. Data represent mean ± SD. (B) Immunohistochemistry for human

SGSH after application of conditioned media to MPS IIIA fibroblasts. Conditioned

media as in (A) was applied for 6 hr, after which the cells were fixed, stained for

human SGSH, and imaged. Insets are enlargements of sitesmarkedwith an asterisk

(*). Scale bar, 25 mm. (C) Conditioned media containing SGSH or SGSHv4 were

applied toMPS IIIA patient fibroblasts for 6 hr, and SGSH protein levels in cell lysates

were analyzed by western blot. For all panels, n = 3 biological replicates, in triplicate.
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AAV.SGSHv4 Has Improved Therapeutic Properties In Vivo

To compare SGSHv4 with SGSH in vivo, we injected MPS IIIA model
mice intraventricularly with AAV4 vectors encoding the different
transgenes (AAV.SGSH or AAV.SGSHv4) at the same dose; AAV4
in mice targets ependymal cells exclusively.13,16 Mice were tested
using the Morris water maze 12 weeks following gene transfer. In
AAV.SGSHv4-treatedMPS IIIAmice, the latency to find the platform
on day 5 was equivalent to the latency of the heterozygous littermates
(Figure 4A) and was improved relative to untreated MPS IIIA mice.
Additionally, MPS IIIA mice treated with AAV.SGSHv4 performed
similar to their heterozygous littermates in spatial memory tests, as-
sessed as the time spent and distance traveled in the target quadrant,
while MPS IIIA mice treated with AAV.SGSH behaved similar to
untreated disease mice (Figures 4B and 4C). Cumulatively, the data
show that intraventricular injection of this dose of AAV.SGSHv4,
but not AAV.SGSH, is sufficient to correct spatial learning and
memory deficits in MPS IIIA mice.
SGSH activity in the CSF of AAV.SGSHv4-treated mice reached
80% of heterozygous levels, which was approximately twice that of
AAV4.SGSH-treated mice (Figure 5A). To test the extent of diffusion,
we dissected samples from the hippocampus, striatum, occipital cor-
tex, and cerebellum and assessed enzyme activity. Untreated MPS
IIIA tissues have �1%–4% of heterozygous levels. MPS IIIA mice
treated with AAV.SGSHv4 or AAV.SGSH had increased SGSH activ-
ity compared with untreated MPS IIIA mice; however, the activity in
brain regions from AAV.SGSHv4-treated mice was approximately
twice that of tissues from AAV.SGSH-treated mice. SGSH activity
in AAV.SGSHv4-treated mice was 35%, 14.5%, 16%, and 14% of
heterozygous levels in the hippocampus, striatum, occipital cortex,
and cerebellum, respectively (Figure 5B).

We next evaluated the impact on characteristic storage and astroglio-
sis, using brain samples contralateral to or unilateral to the site of in-
jection, respectively (Figures 6A and 6B). Treatment with AAV.SGSH
or AAV.SGSHv4 reduced glycosaminoglycan (GAG) levels in all re-
gions (Figure 6A), with SGSHv4 inducing a significantly greater
reduction in hippocampal and striatal regions. Notably, there was
no significant difference in GAG levels between AAV.SGSHv4-
treated MPS IIIA mice and their heterozygous littermates in all exam-
ined regions. The impact of SGSHv4 treatment on the characteristic
astrogliosis in MPS IIIA mice was striking and more robust than
that seen in SGSH-treated animals (Figure 6B). Qualitatively, there
was little observable difference between SGSHv4-treated MPS IIIA
mice and heterozygous controls. Further studies to quantify glial
fibrillary acidic protein (GFAP) immunoreactivity were done, and
they demonstrated no differences between AAV.SGSHv4-treated
animals and heterozygous controls in layers IV and V of the motor
cortex, as well as the striatum (Figures 6C and 6D).

There is significant elevation of b-glu activity in MPS IIIAmice brain,
which is secondary to SGSH deficiency.17 b-Glu activity in the CSF of
MPS IIIA mice was 160% of heterozygous levels, which decreased to
120% of heterozygous levels following AAV.SGSHv4 gene transfer,
versus 147% of heterozygous levels after AAV.SGSH treatment (Fig-
ure 6E). In brain parenchyma, b-glu activities of MPS IIIA mice were
significantly higher than those in heterozygous mice and were 185%,
242%, 237%, and 190% of heterozygous levels in hippocampus, stria-
tum, occipital cortex, and cerebellum, respectively. AAV.SGSHv4
decreased b-glu activity levels to 120% and 166% of heterozygous
levels in hippocampus and striatum, which is significantly lower
than those found in tissue lysates from AAV.SGSH-treated mice
(163% in hippocampus and 207% in striatum, relative to heterozy-
gous levels). b-Glu activities in the occipital cortex and cerebellum
of AAV.SGSHv4-treated MPS IIIA mice were decreased compared
with untreated MPS IIIA mice and lower than AAV.SGSH-treated
mice, but there was no statistically significant difference from each
other (Figure 6F).

DISCUSSION
In our study, we found that SGSH had poor secretory properties that
were significantly different from b-glu and TPP1, which were very
Molecular Therapy Vol. 26 No 4 April 2018 1121
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Figure 4. AAV.SGSHv4 Improves Behavioral Deficits

in MPS IIIA Mice

Mice (8 wk old) were injected with AAV.SGSH or

AAV.SGSH into lateral ventricle and animals tested in the

Morris water maze 12 weeks later. (A) Latency to find the

platform. (B) Time spent in the target quadrant on day 6.

(C) Distance traveled in target quadrant on day 6. n = 14 for

all groups. Data aremean ± SD. *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001. One-way ANOVA followed by

Tukey’s post hoc test.
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efficiently secreted. This mirrors very early studies in the cellular
slime mold Dictyostelium discoideum and Tetrahymena pyriformis.
In these model systems, under starvation conditions to minimize
lysosomal enzyme synthesis, there were appreciable differences in
secretory rates.18,19 To improve SGSH secretion, we first tested if
re-engineering the signal peptide (SP) to contain those from other
highly secreted lysosomal enzymes, iduronate-2-sulphatase, b-glu,
and TPP1, would be sufficient. There was a modest increase
(�30%) when the SGSH SP was switched with the SPs from iduro-
nate-2-sulphatase or TPP1. A similar strategy was tested by the Fraldi
group,20 whereby SGSH secretion was more robustly improved when
replaced with the iduronate-2-sulphatase SP. The discrepancy be-
tween our studies may be explained by the use of different cells and
assay conditions (MPS IIIA mouse embryonic fibroblast cells with
0.5% FBS versus HEK293 cells with 10% FBS in our work). Indeed,
starvation induces lysosomal enzyme secretion.21 In both studies,
iduronate-2-sulphatase SP:SGSH chimera did not impact cellular
SGSH levels, which remained higher in cells relative to the media.
Because of the elevated SGSH load, we explored alternative methods
for improving SGSH secretion.

Proper trafficking of SGSH requires posttranslational modification in
the trans-Golgi apparatus (TGN), wherein enzyme association with
the M6P receptor (M6PR) allows lysosome transport. For SGSH
and many other lysosomal hydrolases, a proportion of the expressed
protein can be secreted after entry into the secretory pathway.
Secreted enzymes can bind the M6PR or mannose receptor on the
plasma membrane of the same or different cells for entry and subse-
quent trafficking to the lysosome.22 M6PR-deficient fibroblasts show
significantly higher secretion of lysosomal hydrolases than normal
1122 Molecular Therapy Vol. 26 No 4 April 2018
cells.23 In our earlier work, we found that gener-
ating a chimeric protein consisting of b-glu and
the anionic TAT peptide reduced phosphoryla-
tion, improved secretion, and reduced uptake
via M6PR.24,25 The consequence of these alter-
ations in vivo was improved biodistribution after
gene transfer to brain.24

We screened all M6P binding sites in SGSH and
found that modifying the fourth M6P binding
site (SGSHv4) resulted in improved secretion
and increased uptake that was M6PR indepen-
dent, a finding similar to our work with the TAT-modified
b-glu.24,25 Further work is required to better understand their mech-
anism of uptake and whether it varies between different cell types.

In studies in MPS IIIA-deficient mice, transduction of the ependymal
cells that line the ventricular surface with AAVs expressing SGSHv4
improved spatial learning, reduced memory deficits, reduced GAG
levels and astrogliosis, and resolved secondary lysosomal enzyme el-
evations in the CSF and brain parenchyma. These data contrasted
those obtained using AAVs expressing WT SGSH, where secretion
into the CSF was significantly lower. There were reductions in
GAG levels and astrogliosis with SGSH, but the impact was less robust
and more notably, there were no significant improvements in
behavior phenotypes. These data support earlier work showing that
transduction of cells that can support secretion into the CSF, such
as ependyma or the choroidal epithelium, both long-lived cells that
rarely divide after birth, provides an excellent platform for the
secretion of therapeutic proteins including soluble enzymes whose
deficiencies affect the brain.12,13,26

We also tested if reducing SGSH degradation would be a useful strat-
egy for improving SGSH secretion for gene therapy applications. Prior
work from a proteome-wide in vivo ubiquitination study showed that
SGSH has three ubiquitination sites.15 We sequentially modified these
three sites with no impact on secretory properties. Either modification
exposes new sites for ubiquitination, or this approach will not be use-
ful, at least for SGSH, for improving secretory properties.

In summary, we identified a variant SGSH with improved secretory
and uptake properties that when delivered by AAV for transduction



Figure 5. SGSH Activity in the CSF and Brain Tissue Lysates after

rAAV.SGSH or rAAV.SGSHv4 Delivery

Mice (8 wk old) were injected with AAV.SGSH or AAV.SGSH into the lateral ventricle

and CSF collected 14 weeks later, after which themice were euthanized and tissues

collected for SGSH activity assay. (A) SGSH activity in CSF pooled from four to six

mice. (B) SGSH activity in brain parenchyma from the hippocampus (HPC),

striatum (Str), occipital cortex (OccCx), and cerebellum (Cb). n = 6. Data represent

mean ± SD. ***p < 0.001. One-way ANOVA followed by Tukey’s post hoc test.

www.moleculartherapy.org
of ventricular lining cells showed greater in vivo benefit relative to the
WT enzyme in a mouse model of MPS IIIA. A consequence of greater
potency is that lower doses can be used for the same therapeutic
benefit in human gene therapy applications for Sanfilippo A patients.
This has the added advantage of improving safety profiles by reducing
unwanted immune responses, which is important for lasting expres-
sion in humans.27

MATERIALS AND METHODS
SGSH Variant Construction

Human SGSH, TPP1, and b-glu genes were PCR amplified from a hu-
man cDNA library and cloned into the pFB.AAV.CMV.SV40pA
backbone plasmid.28 SGSH variants were constructed by overlap
PCR with primer sets listed in Table S1.

Enzymes Assays

Lysosomal enzymes activity assay was measured using fluorogenic
substrates. SGSH activity was measured by a two-step protocol29

with 4-methylumbelliferone (Sigma) as standard. TPP1 activity was
assayed as described previously,12,30 with purified recombinant
TPP1 standard provided from P. Lobel (State University of New
Jersey). b-Glu activity was assayed as described previously13 with
4-methylumbelliferone (4-MU) as standard. A unit is defined as the
amount that will liberate 1 nmol 4-MU at 37�C from the respective
fluorogenic substrate in 17 hr for SGSH or 1 hr for b-glu.
In Vitro Secretion Studies

Low-passage HEK293 cells were maintained in DMEM with 10%
FBS. 24 hr before transfection, 4 � 104 cells were seeded into a 96-
well plate in 100 mL of media. Transfections (100 ng of plasmid)
were done using Lipofectamine 2000 (Invitrogen). After transfection
(24, 48, or 72 hr based on different experiments), 100 mL of condi-
tioned media was harvested for assay. Cell lysates were collected in
100 mL of normal saline with complete protease inhibitor cocktail
(Roche) and 0.1% Triton X-100. Soluble lysosomal enzymes were
released from cells by sonication for 2 s twice on ice. Insoluble mate-
rial was removed by centrifugation at 21,000 � g for 15 min at 4�C.
Western Blots

Lysate or medium samples were loaded into 4%–12% SDS-PAGE gel
and transferred to 0.45-mm polyvinylidene difluoride (PVDF)
membrane. Primary mouse anti-SGSH 1:2,000 (gifted from Shire)
and mouse anti-b-tubulin 1:2,000 (from Sigma) and secondary horse-
radish peroxidase (HRP)-labeled goat anti-mouse 1:20,000 (Cell
Signaling Technology) were used. Blots were developed using ECL
Plus Western Blotting Detection System (GE Healthcare) and
exposed to film for images. Quantification was performed using the
ChemiDoc Imaging System (Bio-Rad).
Cell Fractionation Studies

Subcellular fractions were enriched from HEK293 cell lysates
collected 72 hr after transfection with SGSH- or SGSHv4-expression
plasmids using a lysosome enrichment kit (Thermo Fisher) with
modification. In brief, cells were collected from plates and centrifuged
(600 � g, 5 min) and resuspended in hypotonic buffer (10 mM
HEPES, 25 mM potassium chloride, 1 mM EGTA, 0.5 mM EDTA
[pH 7.8]). After 5 min, samples were pelleted (600� g, 5 min), resus-
pended, and Dounce homogenized (10 strokes) in isotonic buffer
(10 mM HEPES, 250 mM sucrose, 25 mM potassium chloride,
1 mM EGTA, 0.5 mM EDTA [pH 7.8]). The homogenate was cleared
of nuclei and debris (500� g, 10 min) to obtain the post-nuclear frac-
tion (PNF). The PNF was diluted to 15% with OptiPrep media and
then layered onto a discontinuous OptiPrep gradient (17%, 20%,
23%, 27%, and 30%) and centrifuged (145,000� g, 2 hr). After centri-
fugation, the distinct bands were collected, washed in PBS, recovered
(18,000� g, 30 min), and solubilized in lysis buffer (50 mM Tris [pH
8.0], 150 mMNaCl, 1% Nonidet P-40 [NP-40], 0.1% SDS, 0.5% deox-
ycholic acid, 1 mM beta-mercaptoethanol). After PAGE, proteins
were transferred to nitrocellulose membranes and western blots
were done using SGSH antibody (gift from Shire, 1:2,000), LAMP1
(Developmental Studies Hybridoma Bank [DSHB] at University of
Iowa, 1:500), Rip/Grp78 (1:1,000; Cell Signaling Technology), and
Molecular Therapy Vol. 26 No 4 April 2018 1123
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Figure 6. AAV.SGSHv4 Alleviates Neuropathology in

MPS IIIA Mice

Mice (8 wk old) were injected with AAV.SGSH or

AAV.SGSHv4 into the lateral ventricle. Animals were

euthanized 14weeks later, and tissues were harvested for

analysis of impact on neuropathological readouts.

(A) Quantification of GAG in parenchyma from tissues

harvested contralateral to the injection site: hippocampus

(HPC), striatum (Str), occipital cortex (OccCx), and

cerebellum (Cb). n = 4–6. Data represent mean ± SD.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. One-

way ANOVA followed by Tukey’s post hoc test. (B) Glial

astrocytosis measured by immunoreactivity for GFAP in

sections collected from hemispheres unilateral to the in-

jection site. Representative photomicrographs are from

the cortex (Cx) and striatum (Str); n = 3 mice per group,

three sections/mouse. Scale bar, 100 mm. Insets show

isolated GFAP-immunoreactive glia. (C and D) Threshold

image analysis was used to measure the fraction of total

area positive for GFAP immunoreactivity in the noted

cortical layers (C) and striatum (D). Data represent

mean ± SEM, three mice/group and three sections/

mouse. For each section, analyses were done on three

random fields (100 mm� 100 mm) in the indicated cortical

layers and 12 random fields (100 mm � 100 mm) in

the striatum. *p < 0.05; **p < 0.01; ****p < 0.0001,

Kruskal-Wallis nonparametric test. (E and F) b-Glu activity

in the CSF and brain tissue lysates after rAAV.SGSH or

rAAV.SGSHv4 delivery. (E) b-Glu activity in CSF pooled

from four to six mice. (F) b-Glu activity in brain paren-

chyma from indicated regions. n = 6. Data aremean ± SD.

**p < 0.01; ***p < 0.001; ****p < 0.0001, one-way ANOVA

followed by Tukey’s post hoc test.
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GRASP 65 (1:1,000; Santa Cruz Biotechnology). Blots were developed
as above.

Enzyme Uptake

Human MPS IIIA fibroblast cells were maintained in DMEM with
10% FBS. 1.0 � 105 of cells were seeded into a 24-well plate. After
24 hr, media were changed to 300 mL of conditioned media (contain-
ing 100 nmol/mL SGSH activity derived from HEK293 cells trans-
fected with plasmids expressing SGSH or SGSHv4) in the absence
or presence of 10 mM M6P. After 6 hr, the conditioned media were
removed and the cells were washed with 500 mL of Hank’s balanced
salt solution (HBSS) with Ca2+ and Mg2+ three times. The cells
were harvested and processed for activity assay, western blot, or
immunohistochemistry.

Immunofluorescence and Immunohistochemistry

Cells were washed with 500 mL of HBSS with Ca2+ and Mg2+ three
times and fixed with 4% paraformaldehyde (PFA) in PBS for
10 min at room temperature and blocked and permeabilized
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(10% goat serum and 0.1% Triton X-100 in
PBS) for 1 hr at room temperature. Cells
were incubated with mouse anti-SGSH
primary antibody (1:200) in PBS containing 2% goat serum
overnight at 4�C, then Alexa-conjugated secondary antibody
(Invitrogen) at 1:2,000 for 1 hr at room temperature. Cells were
coverslipped with Fluoro-Gel mounting media (Electron Micro-
scopy Sciences) and analyzed by fluorescent microscopy (Leica
Microsystems).

For GFAP immunohistochemistry, animals were transcardially
perfused with normal saline followed by 4% PFA. Brains were then
extracted and post-fixed in 4% PFA for 24 hr and 40-mm-thick
sections cut on a freezing microtome. The sections were incubated
overnight with rabbit anti-GFAP antibody (1:2,000; Dako Cytoma-
tion). Secondary antibody was biotinylated goat anti-rabbit
IgG (1:500; Jackson ImmunoResearch). Slides were developed
with 3,3-diaminobenzidine (Sigma). Semi-quantification of GFAP-
positive cells was performed by threshold image analysis as previously
reported.11 In brief, images were converted to 8-bit grayscale images
via ImageJ software, and the thresholding function was used to set a
black and white threshold. The “analyze particles” function was used
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to sum up the total area of positive staining and calculate the fraction
of the total positive area.
AAV Production

AAV4 vectors expressing human SGSH or SGSHv4 under control of
the cytomegalovirus promoter were generated using standard triple
transfection methods and purification by CsCl gradient centrifuga-
tion.31 Titers were quantified by silver stain after gel electrophoresis
(SDS-PAGE) and qPCR.
Animals, AAV Vector Administration, and Tissue Collection

All animal procedures were approved by the Children’s Hospital of
Philadelphia (CHOP) Institutional Animal Care and Use Committee
(IACUC) committee. MPS IIIA mice17,32 (B6.Cg-Sgshmps3a/PstJ from
Jackson Laboratory) were purchased and maintained at CHOP.
AAV4 vectors encoding SGSH or SGSHv4 enzyme were produced
by the Research Vector Core at CHOP by triple transfection in
HEK293 cells and CsCl purification. Eight-week-old MPS IIIA mice
(Sgsh�/�) or heterozygous (Sgsh+/�) mice of mixed gender were anes-
thetized with isoflurane. AAV vectors (5 � 1010 gp) were injected
into the lateral ventricles (anteroposterior [A/P] �2.18 mm, medio-
lateral [M/L] �2.9 mm, dorsoventral [D/V] �3.5 mm) in 10 mL at
0.3 mL/min after mounting the mice on the stereotactic rig. The
mice were euthanized at 22 weeks of age after behavioral testing
was complete. CSF was collected by glass capillary inserted into the
cisterna magna under a dissecting microscope. After CSF collection,
mice were perfused with cold PBS, and brain regions were harvested.
Brain tissues were homogenized in 200 mL of ice-cold homogeniza-
tion buffer (0.1% Triton X-100 in normal saline with complete prote-
ase inhibitor cocktail; Roche) for enzyme assays.
Morris Water Maze

Morris water maze was performed 12 weeks after injection essentially
as described.33 In brief, a 100-cm-diameter pool was filled three-
fourths full of water clouded with titanium (IV) oxide (Sigma). The
pool was arbitrarily divided into quadrants. A transparent platform
was placed 0.5 cm below the surface of the water in one quadrant
(named target quadrant). Mice went through 5 days of acquisition
with four trials each day. In each trial, the mice were released into
the water facing a pre-defined direction. They had 60 s to locate the
platform and were allowed 15 s on the platform. If this was not
achieved, they were guided to platform. In each trial, the latency to
find the platform was recorded. Probe trial was performed on day
6. The platform was removed and the start position was in the quad-
rant opposite the target quadrant. Time spent and distance traveled in
the target quadrant were recorded (maximum time 60 s). Data were
analyzed by Any-maze behavioral tracking software (ANY-maze).
GAG Assay

Brain tissues from the contralateral injected side were weighted and
digested with Proteinase K. GAG levels were quantified with a glycos-
aminoglycan kit (Chondrex) using chondroitin 4-sulfate as standard.
Results were normalized to wet tissue weight.
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Fig. S1. Effects of ubiquitination site modifications on SGSH enzyme secretion. Three 

SGSH variants were generated by mutagenesis (K-to-R) to eliminate known ubiquitin 

binding sites at K103, K303 and K425 (Table S1). Vectors expressing wild type or 

SGSH variants were transfected into HEK 293 cells and cells and media collected and 

assayed for SGSH enzyme activity, n=3, data are mean ± SD. 
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Fig. S2. Effects of different signal peptides on SGSH enzyme secretion. SGSH signal 

peptide was substituted with signal peptides from iduronate-2-sulphatase (I2S), β-Glu or 

TPP1. Vectors were transfected into HEK 293 cells and media (a) and cells (b) collected 

and assayed for SGSH enzyme activity, n=3, data are mean ± SD. 
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M6P variants Mutation site Primer
SGSHv1 N41Q Primer 1 CTCGAGGCCACCATGAGCT

Primer 2 CGATGGCGCTGTTCTGGTACG
Primer 3 GCGTACCAGAACAGCGCCATC
Primer 4 GACGGAGGTCCTTGTACCAG

SGSHv2 N142Q Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 GACGGAGCCCTGCTCCTCC
Primer 3 GGAGGAGCAGGGCTCCGTC
Primer 4 GACGGAGGTCCTTGTACCAG

SGSHv3 N151Q Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 GCTTAATTCTAGTGATCTGCCGCC
Primer 3 GGCGGCAGATCACTAGAATTAAGC
Primer 4 GACGGAGGTCCTTGTACCAG

SGSHv4 N264Q Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 CCAGTGTGTCCTGCAGGACAC
Primer 3 GTGTCCTGCAGGACACACTGG
Primer 4 GACGGAGGTCCTTGTACCAG

SGSHv5 N413Q Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 GTGGTGCGCTGCAGGAGGTC
Primer 3 GACCTCCTGCAGCGCACCAC
Primer 4 GACGGAGGTCCTTGTACCAG

Ubiquitin variants
SGSH.Uv1 K103R Primer 1 CTCGAGGCCACCATGAGCT

Primer 2 GCTCCGCACCCGGTCGAAGG
Primer 3 CCTTCGACCGGGTGCGGAGC
Primer 4 GACGGAGGTCCTTGTACCAG

SGSH.Uv2 K303R Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 CCCAGCGGCGTGGGTGCTC
Primer 3 CCCAGCGGCGTGGGTGCTC
Primer 4 GACGGAGGTCCTTGTACCAG

SGSH.Uv3 K425R Primer 1 CTCGAGGCCACCATGAGCT
Primer 2 GACGGAGGTCCCGGTACCAGC

Table S1. Primer sequences for the construction of the SGSH variants
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