
ARTICLE

Gene silencing of EXTL2 and EXTL3 as a substrate
deprivation therapy for heparan sulphate storing
mucopolysaccharidoses

Xenia Kaidonis1,2, Wan Chin Liaw1, Ainslie Derrick Roberts1,3, Marleesa Ly1,3, Donald Anson1,3 and
Sharon Byers*,1,2,3

Neurological pathology is characteristic of the mucopolysaccharidoses (MPSs) that store heparan sulphate (HS)

glycosaminoglycan (gag) and has been proven to be refractory to systemic therapies. Substrate deprivation therapy (SDT) using

general inhibitors of gag synthesis improves neurological function in mouse models of MPS, but is not specific to an MPS type.

We have investigated RNA interference (RNAi) as a method of targeting SDT to the HS synthesising enzymes, EXTL2 and

EXTL3. Multiple shRNA molecules specific to EXTL2 or EXTL3 were designed and validated in a reporter gene assay, with four

out of six shRNA constructs reducing expression by over 90%. The three EXTL2-specific shRNA constructs reduced endogenous

target gene expression by 68, 32 and 65%, and decreased gag synthesis by 46, 50 and 27%. One EXTL3-specific shRNA

construct reduced endogenous target gene expression by 14% and gag synthesis by 39%. Lysosomal gag levels in MPS IIIA and

MPS I fibroblasts were also reduced by EXTL2 and EXTL3-specific shRNA. Incorporation of shRNAs into a lentiviral expression

system reduced gene expression, and one EXTL2-specific shRNA reduced gag synthesis. These results indicate that deprivation

therapy through shRNA-mediated RNAi has potential as a therapy for HS-storing MPSs.
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INTRODUCTION

The mucopolysaccharidoses (MPSs) are a group of inherited meta-
bolic disorders that have in common a reduction or complete absence
of a lysosomal enzyme required for intracellular glycosaminoglycan
(gag) degradation.1 A total of 11 different enzyme deficiencies have
been characterised and 7 of these involve an enzyme required for the
degradation of heparan sulphate (HS). The buildup of undegraded HS
in brain cells of affected MPS children results in a progressive
neurological deterioration. Aggressiveness and hyperactivity result,
and clinical management of affected children is difficult. Treatment
of neurological symptoms has remained essentially palliative, despite
the development of enzyme replacement therapies for the non-
neuronal symptoms of MPS.2–4 Although there is recent evidence
that supraphysiological doses of recombinant enzyme may promote
transfer across the blood–brain barrier (BBB),5 the balance of evidence
suggests that the BBB remains a significant obstacle to successful
enzyme replacement therapy in a majority of MPS children. Alternate
approaches that target the CNS are required to provide effective multi-
tissue treatments for these disorders.

One approach is substrate deprivation therapy (SDT), which acts by
inhibiting the synthesis of the substrate for the missing enzyme.6 This
has been used successfully to treat Gaucher disease,7–9 and has been
clinically available since 2002. For the MPS disorders, a number of
SDT agents have been shown to inhibit gag synthesis in vitro10–12 and
gag storage in vivo.12–14 Importantly, SDT using a gag synthesis

inhibitor reduced neurological pathology in the MPS IIIA mouse.
Thus, SDT has the potential to treat all sites of pathology in MPS.
However, all chemical SDT agents tested reduce the synthesis of all gag
types and are, thus, general inhibitors. As such, they will also inhibit
the production of gag types that are not involved in a specific MPS
disorder. RNA interference (RNAi) technology is one way of specifi-
cally targeting the synthesis of an individual gag type by reducing the
expression of one or more of the glycosyl transferases responsible for
gag synthesis.

Heparan sulphate is one of five gag types, and is synthesised in the
Golgi apparatus on a serine residue located in the core protein of the
parent proteoglycan molecule. A linkage region consisting of Xyl–Gal–
Gal–GlcA is common to chondroitin and dermatan sulphate (DS)
gags, as well as to HS.15 The first committed step in HS synthesis is the
addition of N-acetylglucosamine (GlcNAc), which is catalysed by the
N-acetylglucosaminyltransferase-I (GlcNAcT-I) enzymes, EXTL2 and
EXTL3.16,17 This is then followed by the addition of alternating
glucuronic acid (GlcUA) and GlcNAc sugar subunits catalysed by
N-acetylglucosaminyltransferase-II (GlcNAcT-II)17 and GlcUA/
GlcNAc transferase18 enzymes of the EXT/EXTL family, including
EXTL3. Further modifications can be made to the HS chain and
include epimerisation, sulphation and deacetylation, all of which
contribute to the gag’s final structure and specific function.19,20

In this study, RNAi was used to specifically target EXTL2 and
EXTL3 expression. Multiple shRNAs were designed with specificity
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towards EXTL2 and EXTL3 (shEXTL2 and shEXTL3, respectively). All
shRNAs directed at EXTL2 significantly reduced target gene expression
in a reporter gene assay, reduced endogenous target gene expression,
significantly decreased gag synthesis and reduced lysosomal storage of
gag in an MPS IIIA cell line. One of the three shEXTL3s decreased
endogenous EXTL3 expression and subsequent gag synthesis. Incor-
poration of shRNAs into a stable lentiviral expression system also
resulted in reduction of target gene expression in a reporter gene assay.

MATERIALS AND METHODS

Design of shRNA oligos
Top and bottom strand oligos specific to the EXTL2 or EXTL3 target gene

were designed using the Invitrogen BLOCK-iT RNAi designer (Invitrogen,

Melbourne, Australia). Each top strand was designed to include a gene

homologous region, a loop, an antisense sequence and 5¢ overhangs for cloning

into the pENTR/U6 expression vector (Table 1). A blast search against the

human genome confirmed no homology between the oligo sequences and any

other genes, including other EXTL genes. A control sequence was also generated

that had no homology to any known gene sequence.

Cloning
To make shEXTL and ctrlEXTL pENTR/U6 constructs, top and bottom oligos

were annealed at 95 1C and ligated directly into the pENTR/U6 vector

(Invitrogen), according to the manufacturers instructions. The resultant

constructs were termed shEXTL2.1, shEXTL2.2, shEXTL2.3, shEXTL3.1,

shEXTL3.2, shEXTL3.3 and ctrlEXTL. EXTL2 and EXTL3 sequences were

amplified from cDNA derived from human skin fibroblast RNA and ligated

into pGEM-Teasy. Fragments containing the shRNAs were generated by

digestion with NotI/SpeI (EXTL2) or NotI/XhoI (EXTL3), gel purified and

cloned into the psiCHECK-2 vector (Promega Corp., Madison, WI, USA). The

resultant vectors were termed psiCHECK-2EXTL2 and psiCHECK-2EXTL3.

Tissue culture
293T cells and human MPS skin fibroblasts were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10% foetal calf serum, 50 U/ml

penicillin and 50mg/ml streptomycin, at 37 1C with 5% CO2 and 90%

humidity. Transfections were performed using the lipofectamine 2000 reagent

as per the manufacturers instructions (Invitrogen). Mock transfections used the

lipofectamine 2000 reagent only (that is, no DNA).

Dual luciferase reporter (DLR) assay
293T cells were seeded in a 96-well plate at a density of 6000 cells per well and

incubated at 37 1C for 24 h, before transfection with 20 ng psiCHECK-2 target

gene and 120 ng of the shEXTL pENTR/U6 constructs. After a further 24-h

incubation at 37 1C, the cells were washed with PBS and lysed as per the

manufacturers instructions (Promega Corp.). Luminescence was measured on a

Veritas luminometer 1-sec post-injection using the DLR protocol (Promega

Corp.).

Real-time PCR of endogenous EXTL gene expression
293T cells seeded at 5000 cells/cm2 in a six-well plate were mock transfected or

transfected with shEXTL2, shEXTL3 or ctrlEXTL pENTR/U6 constructs, and

incubated at 37 1C for 72 h. Total RNA was extracted using TRIzol as per

reagent instructions (Invitrogen) and reverse transcribed into cDNA using the

QuantiTect reverse transcription kit (Qiagen, Hilden, Germany). EXTL2 (for-

ward primer 5¢-CCTGAACTGGAAACCAATGCAG-3¢, reverse primer 5¢-CAG

GAAATTGCTGCCAAACTG-3¢) or EXTL3 (forward primer 5¢-CCCGAATGT

CACTGGTGGATC-3¢, reverse primer 5¢-GCTGTCCTTGTTGGAAGCACC-3¢)
expression levels were determined by real-time PCR on an ABI 7300 system

from cDNA equivalent to 100 ng of total RNA and normalised to cyclophilin A

(forward primer 5¢-GGTTGGATGGCAAGCATGTG-3¢, reverse primer

5¢-TGCTGGTCTTGCCATTCCTG-3¢). The fold change in gene expression

was calculated using the 2�DDCt method.21

gag synthesis
293T cells were seeded at a concentration of 5000 cells/cm2 and were transfected

with shEXTL2.1, shEXTL2.2, shEXTL2.3, shEXTL3.2 or ctrlEXTL constructs or

mock transfected (no DNA). At 48 h post-transfection, cells were incubated

with 5mCi/ml 35SO4 for 4 h. The medium was collected and cell layer extracted

into 4 M GuHCl, 50 mM Na acetate buffer, pH 5.8, containing 10 mM Na2EDTA,

0.1 M amino hexanoic acid and 0.1% (v/v) Triton-X-100. Unincorporated 35SO4

was removed by size exclusion chromatography on Sepharose G25 equilibrated

in 2 M GuHCL, 0.1 M Na2SO4, 0.05 M Tris and 0.5% (v/v) Triton-X-100, pH 7.5.

Sulphate incorporation was normalised to protein concentration that was

determined using the Bradford method.22

gag storage
Human MPS IIIA or MPS I skin fibroblasts were mock transfected or

transfected with one of the shEXTL2.1, shEXTL2.2, EXTL2.3 or shEXTL3.2

constructs. After 24 h, 5mCi/ml 35SO4 was added as above, before harvesting

with 0.012% (w/v) trypsin, 0.002% (w/v) EDTA and loading onto a 30%

Percoll gradient.12 The lysosomal fractions were identified by b-hexosaminidase

assay and the results were normalised to protein.22

Subcloning of shRNAs into a lentiviral vector and virus production
pENTR/U6 shEXTL2.1, 2.2, 2.3 and 3.2 constructs were digested with SalI/XbaI

to liberate a fragment containing the U6 promoter, shRNA sequence and RNA

polymerase III transcription terminator. This fragment was then cloned into

the lentiviral vector pHIV-1SDmPGKeYFP23 immediately 5¢ of the Rev-

response element. The resultant plasmids (termed pHIV-1shEXTL2.1, etc., to

distinguish them from the pENTR/U6 constructs) were either used directly in

the DLR assay or used to generate virus for cell transduction. Virus was

produced and purified as previously described.24 293T cells were transduced

with virus in the presence of 4mg/ml polybrene,23 and gag synthesis measured

after 7 days by 35SO4 incorporation as described above.

Statistical analysis
Significant differences between means were determined using a one-way

analysis of variance with Tukey’s HSD post-hoc test where appropriate (Sigma-

Stat 3.0, SPSS Inc., Chicago, IL, USA).

RESULTS

Validation of shRNAs
Before examining their effect on endogenous gene expression, the
shEXTL constructs (Table 1) were tested for their ability to reduce
target gene expression using a DLR assay. 293T cells were co-
transfected with each of the pENTR/U6 shEXTL constructs and the
corresponding psiCHECK-2EXTL2 or psiCHECK-2EXTL3 gene
construct. A significant decrease in target gene expression by all six
shEXTL constructs was observed compared with the psiCHECK-2
target gene only (Figure 1). Luminescence was reduced in the presence
of shEXTL2.1, shEXTL2.2 and shEXTL2.3 by 97, 94 and 67%,
respectively. Luminescence was also reduced in the presence of

Table 1 shRNA and target gene homologous sequences

shRNA

Target gene homologous

sequence (5¢–3¢)
Site of target

sequence

Accession

number

shEXTL2.1 GCAGCAATTTCCTGATCAAAT 788–808 AF000416

shEXTL2.2 GCAAGACTTCAGGGATATTTG 1057–1077 AF000416

shEXTL2.3 GGTGTTGCCACATCTGCAAAC 292–312 AF000416

shEXTL3.1 GCTTTCTCTGGGAGACTTACT 2139–2159 AF001690

shEXTL3.2 GGTGGTGATGTTGACTTATGA 2593–2613 AF001690

shEXTL3.3 GCTCAGCTTCACGCTCTTTGT 694–714 AF001690

Six shRNA oligos were designed, each with sequence homology to a different target sequence
within the EXTL2 or EXTL3 gene. The position of each shRNA within the target gene is
specified.
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shEXTL3.1, shEXTL3.2 and EXTL3.3 by 90, 94 and 77%, respectively.
The ctrlEXTL construct had no effect on target gene expression.

Knockdown of endogenous EXTL2 and EXTL3
The ability of the shEXTL constructs to knockdown endogenous target
gene expression was determined by real-time PCR 72 h after transfec-
tion of 293T cells. Only shEXTL2.1, shEXTL2.2, shEXTL2.3 and
shEXTL3.2 reduced their target gene expression by 68, 32, 65 and
14%, respectively (Figure 2). The control shRNA construct did not
alter target gene expression.

Reduction in gag synthesis and gag storage by EXTL2 and EXTL3
gene silencing
Gag synthesis was determined from the rate of 35SO4 incorporation in
293T cells 72 h after transfection with the shEXTL constructs that

reduced endogenous gene expression. shEXTL2.1, shEXTL2.2,
shEXTL2.3 and shEXTL3.2 constructs significantly reduced gag
synthesis by 46, 50, 27 and 39%, respectively (Figure 3). Combined
transfections of shEXTL2.1 with shEXTL2.2, or shEXTL2.1 with
shEXTL3.2 did not result in any additional reduction in gag synthesis
over that observed with shEXTL2.1 alone (data not shown).

Lysosomal gag content was measured in human MPS IIIA or
MPS I skin fibroblasts transfected with shEXTL2.1, shEXTL2.2,
shEXTL2.3 or shEXTL3.2. A 55% reduction in gag storage was
observed in MPS IIIA cells treated with shEXTL2.1, a 54% reduction
in cells treated with shEXTL2.2 and a 50% reduction in cells
treated with shEXTL3.2 (Figure 4a). A reduction in storage was
also observed with shEXTL2.3, but this was not significant. Gag
storage was also reduced in MPS I skin fibroblasts by shEXTL2.1,
shEXTL2.2 and shEXTL3.2, but the reduction was not significant
(Figure 4b).

Generation of a lentiviral construct encoding shRNAs
All of the above results were generated using transient expression of
shRNAs from the pENTR/U6 vector. For stable expression of shRNAs
suitable for in vivo testing, the shRNAs along with the U6 promoter
and RNA polymerase III transcription terminator were subcloned into
a lentiviral vector. Expression of the shRNA sequences from the
lentiviral vector was confirmed in the DLR assay (Figure 5a). pHIV-
1shEXTL2.1, pHIV-1shEXTL2.2 and pHIV-1shEXTL3.2 significantly
reduced target gene expression by 80, 83 and 99%, respectively, a
similar reduction to that observed after expression of the shRNAs
from the pENTR/U6 vector (Figure 1). Although pHIV-1shEXTL2.3
also reduced EXTL2 expression, this was not significant (Figure 5a).

Virus was produced as previously described24 and used to transfect
293T cells. The rate of gag synthesis was measured 7 days after
transduction. Only cells transduced with virus expressing shEXTL2.1

Figure 1 Quantitative knockdown of EXTL2 and EXTL3. 293T cells were

transfected with psiCHECK-2EXTL2 or psiCHECK-2EXTL3 only, or co-

transfected with a psiCHECK-2 target gene construct and corresponding

shEXTL or ctrlEXTL expressed from the pENTR/U6 vector. Control cells were

mock transfected with lipofectamine 2000 reagent only. A DLR assay was

conducted 24 h post-transfection, and results expressed as a percentage of

psiCHECK-2 target gene expression. Results are the mean±standard

deviation of n¼10 replicates. *Significant difference from mock transfection
Po0.001 (ANOVA, Tukey’s HSD).

Figure 2 Knockdown of endogenous EXTL2 and EXTL3. 293T cells were

transfected with shEXTL2, shEXTL3 or ctrlEXTL pENTR/U6 constructs. After

72h, total RNA was extracted and reverse transcribed to generate cDNA. EXTL2

or EXTL3 expression was determined by real-time PCR, and the fold change in

expression was expressed as a percentage of the untransfected control and

compared with a mock-transfected control (lipofectamine 2000 reagent only).

Results are the mean±standard deviation of n¼3 replicates. *Significant

difference from mock transfection, Po0.001 (ANOVA, Tukey’s HSD).

Figure 3 Reduction in gag synthesis. 293T cells were transfected with

shEXTL2.1, shEXTL2.2, shEXTL2.3, shEXTL3.2 or ctrlEXTL expressed from
the pENTR/U6 vector. A mock transfection consisting of lipofectamine 2000

reagent only served as a control. After 48 h, 5mCi/ml 35SO4 was added and

gag synthesis determined over 4 h. Results are the mean±standard

deviation of three replicates, and are expressed as the percentage of the

mock control. *Significant difference from mock transfection, Po0.05

(ANOVA, Tukey’s HSD), **Significant difference from mock transfection,

Po0.001 (ANOVA, Tukey’s HSD).
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displayed a reduction in gag synthesis; however, this was not sig-
nificant (P¼0.06) (Figure 5b).

DISCUSSION

Substrate deprivation therapy is the first systemic therapy to clearly
result in a measurable improvement in neurological function when
administered to the MPS IIIA mouse.14 Improvements in speech,
comprehension and general behaviour were also observed in MPS IIIA
and MPS IIIB patients in a clinical trial of SDT.13 This type of
therapeutic approach to the MPS disorders has the potential to
address all major sites of pathology simultaneously. All of the SDT
agents used to date10–14 are non-specific inhibitors of gag synthesis
and are, therefore, not specific to a particular gag or MPS type.
Although no side effects to SDT were observed in a 6-month in vivo
trial in the MPS IIIA mouse,12,14 there is still concern that reducing the
synthesis of gags that are not involved in an MPS type, and whose
metabolism is thus unaffected, may be detrimental. RNAi is a
potential mechanism by which SDT can be focussed on an individual
gag type by targeting the glycosyl synthases responsible for chain
synthesis. In this study, we specifically targeted HS synthesis by
inhibiting the GlcNAcT-1 activity encoded by EXTL2 and EXTL3,
which is responsible for the initiation of HS chain synthesis, and the

GlcUA/GlcNAc transferase activity encoded by EXTL3, which is
responsible for HS chain elongation.16,17

Multiple shRNAs with specificity towards EXTL2 or EXTL3 were
designed, as knockdown efficacy is known to vary between molecules.
The luciferase reporter gene assay showed that all shRNAs could be
used by the cell to reduce expression of the EXTL2 or EXTL3 target
genes. All three shRNA sequences designed towards EXTL2 resulted in
a small decrease in endogenous gene expression, as did one of the
shRNA sequences designed towards EXTL3. The larger size of the
EXTL3 gene (2.76 kb compared with 0.99 kb for EXTL2), instability of
the shRNA transcript, an inability of the cell’s RNAi machinery to
recognise and interact with the shRNAs, and difficulty recognising
mRNA because of secondary structures in the complementary region
of the transcript may all contribute to the differences observed
between the expression levels of EXTL2 and EXTL3 in the presence
of shRNAs.25

The four shRNA sequences (shEXTL2.1, shEXTL2.2, shEXTL2.3
and shEXTL3.2) that reduced endogenous target gene expression were
investigated further for their ability to affect gag synthesis and storage.
All resulted in a significant reduction in gag synthesis by 293T cells,
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Figure 4 Reduction in gag storage. MPS IIIA (a) or MPS I (b) skin

fibroblasts were transfected with shEXTL2.1, shEXTL2.2, shEXTL2.3 or

shEXTL3.2. A mock transfection consisting of lipofectamine 2000 reagent

only served as control. After 48h, cells were harvested and the lysosomal

fraction recovered after Percoll gradient centrifugation. Results are the

mean±standard deviation of two experiments performed in duplicate and

are expressed as the percentage of the mock control. *Significant difference

from mock transfection, Po0.05 (ANOVA, Tukey’s HSD).

Figure 5 Expression of shRNAs from a lentiviral vector. 293T cells were

transfected with pHIV-1shEXTL2.1, pHIV-1shEXTL2.2, pHIV-1shEXTL2.3,

pHIV-1shEXTL3.2 or pHIV-1ctrlEXTL, and a DLR assay was performed to

determine whether shRNAs were expressed from the vector (a). 293T cells

were also transduced with virus encoding the same shRNAs and the rate of

gag synthesis measured 7 days after transduction (b). Results are the

mean±standard deviation of three replicates and are expressed as the

percentage of mock control. *Significant difference from mock transfection

Po0.001 (ANOVA, Tukey’s HSD).
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whereas shEXTL2.1, shEXTL2.2 and shEXTL3.2 also significantly
reduced HS gag storage in MPS IIIA fibroblasts. The same shRNAs
were also tested in MPS I skin fibroblasts, which store DS gag in
addition to HS gag. Reductions in overall gag storage were observed
for MPS I fibroblasts treated with shEXTL2.1, shEXTL2.2 and
shEXTL2.3; however, this was not significant. In addition, the efficacy
of shEXTL2.3 and shEXTL3.2 differed from that observed in MPS IIIA
fibroblasts. This difference in efficacy is not unexpected given that DS
gag storage will not be affected by RNAi directed towards EXTL2 and
EXTL3, which are specific for HS gag chain synthesis.

Inhibiting the expression of EXTL2 or EXTL3, thus, directs SDT
towards those MPS that store HS gag. However, it will not distinguish
between the HS-storing MPS. Absolute specificity of SDT using an
RNAi approach, however, is possible for a number of the MPS
disorders. For example, targeting the enzyme responsible for
N-sulphation of HS (N-deacetylase/N-sulpho-transferase-1; NDST-
1) would specifically reduce the storage material in MPS IIIA.1,15,26

Similarly, the other sulphatase deficiencies (MPS II, MPS IIID, MPS
IVA and MPS VI) are amenable to this type of specific approach by
targeting the individual sulpho-transferases involved.1,15,27–32

The most effective shRNA was shEXTL2.1 followed by shEXTL2.2
and shEXTL3.2. Thus, these were used in combination to determine
whether gag synthesis was further reduced by knocking down EXTL2
with two different shEXTL2 pENTR/U6 constructs to maximise the
reduction in gene expression, or by targeting both EXTL2 and EXTL3,
because of possible redundancy between the two genes. However, no
further reduction in gag synthesis was achieved over that observed by
shEXTL2.1 alone. The application of multiple shRNAs to a single
gene, thus, has no additive effect, nor does targeting multiple genes
with overlapping functions (EXTL2 and EXTL3). A more effective
approach may be to use shEXTL2.1 in combination with RNAi to gene
targets whose products have other roles in gag synthesis. Targeting of
linkage region genes (XYLT1, XYLT2, GALTI, GALTII) with siRNA has
been shown to be effective in decreasing gag synthesis in the
accompanying paper.33 Linkage region genes are common to HS,
DS and chondroitin sulphate synthesis, and act before those involved
in HS initiation and elongation. Thus, these genes may be candidate
targets for RNAi in combination with shEXTL2.1, as they act at
different stages in the HS biosynthetic pathway.

The above results, particularly the reduction of lysosomal storage of
gag in MPS IIIA cells, show the potential of SDT by the gene specific
method of RNAi as a therapy for MPS IIIA. RNAi has been
investigated in vivo in other diseases and shown to be non-toxic.
siRNA administered by intravenous injection has been used to treat
liver damage by targeting Fas in mice with autoimmune hepatitis.34

A mouse model of amyotrophic lateral sclerosis has been treated using
an inducible shRNA knock-in.35 In addition, adenoassociated virus
(AAV) shRNA constructs have been intrastriatially injected into
Huntington’s disease mice to target the multi-repeat disease gene
and improve motor coordination.36 Lentiviral shRNA constructs have
been administered through hippocampal injection in mice with prion
disease to target PrP mRNA, resulting in improvements in burrowing
and object recognition, and extending survival.37 As shRNAs are
hairpin sequences, they lend themselves to AAV or lentiviral therapy
from which they can incorporate into the host genome for long-term
stable expression.

Preliminary experiments showed that shRNAs could be expressed
from a lentiviral vector using a reporter gene assay. The production of
virus encoding shRNAs and transduction of 293T cells resulted in a
small decrease in gag synthesis in the presence of shEXTL2.1, but not
in the presence of shEXTL2.2, shEXTL2.3 or shEXTL3.2. Expression

from the lentiviral vector depends on uptake of the lentivirus into the
cell, incorporation into the host cell genome and expression of the
transgene. Although time parameters that we have previously shown
to be effective for the production of lysosomal enzymes were used,23

they may not be optimal for shRNA production, and further refine-
ment of our methodology is required. Of promise is the observation
that a decrease in gag synthesis was achieved with shEXTL2.1. This
shRNA construct consistently produced the greatest level of inhibition
of gag synthesis when transiently expressed from the pENTR/U6
vector.

Overall, we have shown that RNAi methodologies can be employed
to specifically reduce the expression of genes involved in HS gag
synthesis, and that this results in a reduction in gag synthesis and
storage in MPS IIIA and MPS I cells. These results have application in
the treatment of CNS disease in MPS disorders and warrant trials,
particularly of shEXTL2.1, in mouse models of MPS. Together with
the accompanying paper,33 which shows the efficacy of inhibiting gag
synthesis by targeting glycosyl transferases responsible for the addition
of linkage region monosaccharides, this study shows the feasibility of
using an RNAi approach in reducing the buildup of tissue gag
characteristic of MPS disorders.
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