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Previous studies strongly suggest that starch binding domain containing protein 1 (Stbd1) plays an important
role in intracellular glycogen trafficking into lysosomes. We report here that Stbd1 expression is markedly
increased in skeletal muscles but not in heart and liver of GAA-KO mice. An AAV2/9 vector expressing a
Stbd1-specific shRNA effectively suppressed Stbd1 expression but did not alter lysosomal glycogen accumu-
lation in the affected tissues of GAA-KO mice. Our results indicate that inhibition of Stbd1 does not appear to
be an effective therapeutic approach for Pompe disease.
Lysosomal glycogen
1. Introduction

Pompe disease (GSD II) is an autosomal recessive disorder caused
by deficiency of the lysosomal enzyme acid-α-glucosidase (GAA, EC
3.2.1.20), leading to accumulation of lysosomal glycogen and enlarge-
ment of lysosomes in heart, skeletal muscle, and the central nervous
system. Patients with the most severe infantile form normally die
within the first year of life, while in the milder late-onset forms,
muscle weakness is the primary symptom and respiratory failure is
the major cause of significant morbidity and mortality [1]. Enzyme
replacement therapy (ERT) with recombinant human GAA (rhGAA,
alglucosidase alfa) is currently the only available therapy for Pompe
disease with remarkable success, but also with significant limitations
including the high cost for life-long administration of high-dose en-
zyme, poor clinical outcomes caused by the formation of high-titer
anti-rhGAA antibodies in the majority of patients, and reduced effica-
cy in the skeletal muscle [2–5]. Thus, there is an unmet need to devel-
op improved therapies for Pompe disease.

Prevention of cytoplasmic glycogen trafficking into lysosome could
also be a feasible treatment approach for Pompe disease. Starch binding
domain containing protein 1 (Stbd1, also known as GENX-3414 or
protein 1; shRNA, small hairpin
isease; GAA, acidα-glucosidase;
microtubule-associated protein
DL, extensor digitorum longus;
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genethonin 1) is a protein with a predicated structure containing a hy-
drophobic N terminus and a C-terminal CBM20 glycan binding domain
[6,7]. Stbd1 is highly expressed in muscle and liver, the major tissues of
glycogen storage [6,8]. The function of Stbd1 was unknown but recent
studies demonstrated that it is involved in glycogen metabolism [8,9].
Inmice, genetic deletion of muscle glycogen synthase caused a complete
loss of Stbd1 protein expression in muscle while liver glycogen synthase
knockout led to a 40% reduction of Stbd1 [8]. In cultured cells, Stbd1
locates to perinuclear compartments and co-localized with glycogen,
the lysosomal marker LAMP1 but not the autophagic marker LC3 [8].
These results strongly suggest that Stbd1 is a specific mediator for cyto-
plasmic glycogen transport into the lysosome and could potentially be a
new therapeutic target for Pompe disease. In this report, we aimed to
determine whether inhibition of Stbd1 will block lysosomal glycogen
transport, and thereby prevent glycogen accumulation in Pompe disease.
2. Materials and methods

2.1. AAV vector construction and preparation

A 1.08-kb fragment containing the shRNA that targets mouse Stbd1
mRNA site AGCTTTAAGTTATAACTGA (nt 1938 to1956, NM_175096)
was PCR amplified from pGIPZ vector clone V3LMM_521381 (Open
Biosystems, Huntsville, AL) using Pfu DNA polymerase (Stratagene, La
Jolla, CA), and cloned into pAAV-CBhGAApA to replace the hGAA cDNA
[10]. The shRNA expression in the resulting plasmid, pAAV-CBshRNApA,
is driven by the hybrid CMV enhancer/chicken β-actin (CB) promoter.
AAV2/9 vector was produced in HEK 293T cells using standard method
and purified using iodixanol gradient ultracentrifugation [11,12]. The
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AAV packaging plasmid pRep2Cap9 was kindly provided by Dr. JamesM.
Wilson, University of Pennsylvania.

2.2. Stbd1 knock-down in GAA-KO mice

For systematic knock-down, the AAV vector at a dose of 1 × 1012

viral genomes (vg) per mouse or PBS was intravenously administered
to one-month-old GAA-knockout (GAA-KO) mice generated on a C57
genetic background [13], and tissues were collected 60 days later. For
muscle-specific knock-down, 2 × 1011 vg/mouse vector was intramus-
cularly injected to the right gastrocnemius of 10-day-old mice and both
right and left gastrocnemius were collected 30 days later. All animal
procedures were done in accordance with Duke University Institutional
Animal Care and Use Committee-approved guidelines.

2.3. Quantitation of Stbd1 mRNA

Total RNA extraction and reverse transcription were performed as
described [14]. Real-time PCR was performed using LightCycler 480
(Roche Diagnostics, Indianapolis, IN) and primers 5′-TGAGCCCTGA
ACCTTCCGATC-3′ (forward) and 5′-GTGCTGTCGTCCATTCTCTGA-3′
(reverse). β-actin was used as internal control [14].

2.4. Western blot

RIPA extracts of tissues were analyzed byWestern blotting [14]. Pri-
mary antibodies used: rabbit anti mouse Stbd1, gift from Dr. Peter J.
Roach, Indiana University [8]; LAMP2 and rabbit anti PYGM (Abcam);
rabbit anti glycogen synthase (Cell Signaling); goat anti GAPDH
(Novus Biologicals); rabbit anti LC3B; and HRP-conjugated mouse anti
β-actin (Sigma-Aldrich).
Fig. 1. Stbd1 expression and knock-down in GAA-KO mice. (A) Western blot analysis of Stbd
heart; L, liver; Q, quadriceps; and G, gastrocnemius. (B) Comparison of Stbd1 expression in
sion of Stbd1 in slow (soleus) and fast (EDL) skeletal muscle fibers in 2-month-old GAA-KO a
inverted terminal repeat; P, CMV enhancer/chicken β-actin promoter; and pA, human grow
60 days following intravenous injection of 1 × 1012 AAV-shRNA vector or PBS at 1 mo
mock-injected mice are arbitrarily set to 100. Mean ± SD are shown. n = 4 for each trea
liver and quadriceps of mice in E. (G) Tissue glycogen contents in mice in E. Mean ± SD
AAV-shRNA vector injection at 10 days of age. Four mice were intramuscularly injected w
was not treated. (I) Glycogen content in the gastrocnemius muscles described in H. Two
Mean ± SD of the four measurements for each leg are shown. (J) Representative PAS sta
treated-muscle (R) and untreated-muscle (L) showed a similar degree of PAS positive lysos
2.5. Histology and glycogen measurement

Periodic acid–Schiff (PAS) staining and glycogen content assay
were performed as described [15].

2.6. Statistical analyses

Data were presented as mean ± standard deviation. The signifi-
cance of differences was assessed using two-tailed, equal variance
student t-test. p b 0.05 was considered significant.

3. Results

3.1. Tissue distribution of Stbd1 in GAA-KO and wild-type mice

Western blot showed that Stbd1expression is most abundant in
skeletal muscles (quadriceps and gastrocnemius) of 3-month-old
GAA-KOmice; the protein is apparently less in liver, andweakly detect-
able in heart (Fig. 1A). We then compared Stbd1 expression in the
GAA-KO mice with age-matched wild-type (C57BL/6) mice. Stbd1 was
markedly higher in GAA-KO than in wild-type mice in both quadriceps
and gastrocnemius muscles (Fig. 1B). There was no noticeable differ-
ence in liver or heart between the two. Interestingly, both GAA-KO
and wild-type mice expressed more Stbd1 in fast-twitch extensor
digitorum longus (EDL) muscles (predominantly type IIB fibers) than
in slow-twitch soleus muscles (predominantly type I fiber) (Fig. 1C).

3.2. shRNA mediated Stbd1 knockdown in GAA-KO mice

To investigate whether reduction of Stbd1 expression in GAA-KO
mice would prevent lysosomal glycogen accumulation, an AAV2/9
1 distribution in major tissues of 3-month-old GAA-KO mice. In figures A through G: H,
GAA-KO described in A and age-matched wild-type (Wt) mice. (C) Differential expres-
ndWtmice. (D) Illustration of AAV vector expressing shRNA for Stbd1 knockdown. ITR,
th hormone poly-A signal. (E) Real-time PCR detection of Stbd1 mRNA in GAA-KO mice
nth of age. β-actin was used as internal control for normalization. Values for PBS
tment group. *p b 0.05, and **p b 0.01. (F) Representative Western blot for Stbd1 in
are shown. n = 4. (H) Western blot for Stbd1 in GAA-KO mice 30 days following

ith the AAV vector (2 × 1011) to the right (R) gastrocnemius; left (L) gastrocnemius
pieces of muscle from each leg were analyzed and each piece was measured twice.
ining of the gastrocnemius muscles from the same mouse (#2) described in H. Both
omal glycogen. Magnification = 400×, and scale bars = 25 μm.
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vector expressing Stbd1-specific shRNA (Fig. 1D) was intravenously
injected into 1-month-old GAA-KO mice (1 × 1012 vg/mouse). After
60 days of AAV-shRNA treatment, Stbd1 mRNA was reduced by 47%
in liver, 27% in heart, 23% in quadriceps, and 28% in gastrocnemius
(Fig. 1E). The Stbd1 protein levels were also markedly reduced in liver
and skeletal muscle (Fig. 1F). There was no obvious reduction in the
heart (not shown) possibly due to the low expression level. However,
glycogen content was not affected by the shRNA treatment in heart
and skeletal muscle (Fig. 1G). To confirm this result, 2 × 1011 of the
AAV-shRNA vector was intramuscularly administrated to the right
gastrocnemius of 10-day-old GAA-KO mice (n = 4). After 30 days,
Stbd1 protein was nearly eliminated in the injected leg in all 4 mice
(Fig. 1H), but the glycogen content was unchanged compared with
the counterpart leg of the same mouse (Fig. 1I). PAS staining showed
a similar pattern of lysosomal glycogen distribution between the
injected and the control legs (Fig. 1J). Inhibition of Stbd1 expression in
muscle had no effect on the expression of glycogen synthase, glycogen
phosphorylase, LC3 (autophagymarker), and LAMP2 (lysosomemarker),
as determined by Western blot (not shown).

4. Discussion

Lysosomal glycogen degradation plays an important role in overall
cellular glycogenmetabolism because deficiency in the lysosomal glyco-
gen degrading enzyme GAA causes Pompe disease. Understanding the
mechanism of howglycogen enters the lysosome is a critical step in find-
ing a new therapeutic target for Pompedisease. InGAA-KOmice, autoph-
agy was dramatically induced in both slow- and fast-twitch skeletal
muscles [16]. However, suppression of autophagy by inactivating a criti-
cal autophagy gene Atg7 reduced glycogen content only by 50–60% in
fast muscle, and had no effect on slow and cardiac muscles of GAA-KO
mice [17]. These studies strongly implied that other mechanisms than
autophagy exist for lysosomal glycogen trafficking.

A previous study strongly suggests that Stbd1 is a specific mediator
for cytoplasmic glycogen transport into the lysosome via a non-classic
glycogen autophagy pathway [8]. In this study, we observed that
Stbd1 expression was markedly elevated in skeletal muscles but not
in liver and heart of GAA-KO mice when compared with age-matched
wild-type mice (Fig. 1B). We also found that Stbd1 expression was
higher in fast muscles (quadriceps, gastrocnemius, and EDL) than in
slow (soleus) and cardiacmuscles of GAA-KOmice (Figs. 1A&C). A sim-
ilar pattern was also observed in wild-typemice (Fig. 1C). This suggests
a unique role of Stbd1 in fast-twitch skeletal muscle. In wild-type mice,
glycogen is invisible by PAS staining and glycogen content is almost
undetectable by the standard biochemical assay in the skeletal and car-
diac muscles; in GAA-KO mice, the high level of glycogen content in
these muscles is attributed to the accumulation of glycogen in the lyso-
somes [13,18]. Although an early study strongly suggested that Stbd1 is
a mediator of lysosomal glycogen trafficking, our results showed that
suppression of Stbd1 expression by AAV-shRNA treatment did not
change lysosomal glycogen accumulation in GAA-KO mice (Figs. 1G,
I, & J). This indicates that either Stbd1 is not involved in lysosomal gly-
cogen transport, or the AAV-shRNA mediated gene silencing was not
sufficient to block its function in this process.

In summary, Stbd1 knockdown does not appear to be a suitable
therapeutic approach for Pompe disease. The function of Stbd1 is
still unclear. We are developing a Stbd1knockout mouse model to
further investigate its role in glycogen metabolism.
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