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GM2 gangliosidoses are severe neurodegenerative disor-
ders resulting from a deficiency in β-hexosaminidase A 
activity and lacking effective therapies. Using a Sandhoff 
disease (SD) mouse model (Hexb−/−) of the GM2 ganglio-
sidoses, we tested the potential of systemically delivered 
adeno-associated virus 9 (AAV9) expressing Hexb cDNA 
to correct the neurological phenotype. Neonatal or 
adult SD and normal mice were intravenously injected 
with AAV9-HexB or –LacZ and monitored for serum 
β-hexosaminidase activity, motor function, and sur-
vival. Brain GM2 ganglioside, β-hexosaminidase activity, 
and inflammation were assessed at experimental week 
43, or an earlier humane end point. SD mice injected 
with AAV9-LacZ died by 17 weeks of age, whereas all 
neonatal AAV9-HexB–treated SD mice survived until 
43 weeks (P < 0.0001) with only three exhibiting neu-
rological dysfunction. SD mice treated as adults with 
AAV9-HexB died between 17 and 35 weeks. Neonatal 
SD-HexB–treated mice had a significant increase in brain 
β-hexosaminidase activity, and a reduction in GM2 gan-
glioside storage and neuroinflammation compared to 
adult SD-HexB– and SD-LacZ–treated groups. However, 
at 43 weeks, 8 of 10 neonatal-HexB injected control and 
SD mice exhibited liver or lung tumors. This study dem-
onstrates the potential for long-term correction of SD 
and other GM2 gangliosidoses through early rAAV9 based 
systemic gene therapy.
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publication 13 January 2015. doi:10.1038/mt.2014.240

INTRODUCTION
Sandhoff disease (SD; OMIM 268800) is an autosomal recessive, 
lysosomal storage disorder characterized by severe progressive 

neurodegeneration because of accumulating GM2 ganglioside in 
the brain.1 GM2 ganglioside is normally degraded to GM3 ganglio-
side by an activating protein (GM2A), that solubilizes GM2 in the 
lysosomal membrane, and β-hexosaminidase A (Hex A) which 
removes GM2’s terminal N-acetylgalactosamine. Hex A is a het-
erodimer comprised of α- and β-subunits encoded by the HEXA 
and HEXB genes respectively. Mutations in these genes or the acti-
vator-encoding gene, GM2A, can result in GM2 gangliosidosis. Hex 
S (αα) or Hex B (ββ) are present in cells lacking Hex A, but these 
isoenzymes cannot hydrolyze GM2 ganglioside to compensate for 
Hex A deficiency.2

Tay-Sachs disease (TSD; OMIM 272800) results from muta-
tions in HEXA and has a carrier frequency in Ashkenazi Jews of 
1/25.3 The carrier frequency of HEXB mutations causing SD is 
about 1/276 in the general population and is increased in specific 
populations,4–8 whereas GM2A mutations (OMIM 272750) are 
rare. GM2 gangliosidoses have infantile-, juvenile- or adult-onset 
forms whose severity is inversely correlated with the residual Hex 
A activity.9 The infantile form has <2% residual activity, is evi-
dent by 6 months of age, and exhibits neurological deterioration 
that typically culminates in death before the age of 4 years. Small 
increases in activity (<10%) result in later-onset forms, but the 
neurodegeneration remains debilitating and often lethal.

To further understand the pathology of the GM2 gangliosi-
doses, TSD and SD mouse models were attempted by target-
ing the Hexa or Hexb gene. The disruption of Hexa resulted in 
a late- rather than an early-onset neurological phenotype,10 as 
mouse sialidase converts GM2 to its asialo form (GA2), which is 
degraded by Hex B, bypassing the need for Hex A.11 In contrast, 
the disruption of Hexb leads to extensive GM2 ganglioside accu-
mulation and severe neurological disease resembling that of the 
human infantile disease.10–13 Thus, the SD mouse model is often 
used as a model for studying potential therapies for severe GM2 
gangliosidoses.
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Various therapies for the GM2 gangliosidoses have been 
tested. Bone marrow transplant trials had little success.14 Enzyme 
replacement had a therapeutic effect in one study where a modi-
fied form of HexA was injected into the brain of mice.15 Gene 
therapy using AAV injected into the brain corrected the disease 
in mice, especially in areas close to the injection site.16–18 Other 
strategies, including substrate reduction,19 inhibitors of glyco-
sylceramide synthase,20 and chaperone-mediated stabilization of 
mutant enzyme subunits,19 did not correct the infantile disease, 
and have been successful for less severe forms only when used in 
combination.

Recombinant AAV vectors are effective gene delivery vehicles 
because they can transduce nondividing cells and confer long-
term stable gene expression.21 The AAV9 serotype penetrates 
the blood brain barrier and transduces neurons and astrocytes, 
as well as liver and heart.22,23 AAV9 has been used successfully 
to treat different neurological conditions.24 No study investigat-
ing the systemic treatment of GM2 gangliosidoses using rAAV9 
has been reported. Here, we present proof-of-concept therapeu-
tic evaluation of AAV9 for the long-term correction of SD in a 
mouse model. After a single intravenous administration of rAAV9 
into neonatal mice, we were able to achieve prolonged survival, 
increased β-hexosaminidase activity, and reduction of lysosomal 
storage of GM2 gangliosides.

RESULTS
To evaluate the efficacy of a single intravenous injection of rAAV9 
expressing the mouse Hexb cDNA (AAV9-HexB) in ameliorat-
ing the biochemical and neurological phenotype in SD, AAV9-
HexB or AAV9-LacZ (β-galactosidase expressing control vector) 
was administered to postnatal day 1 or 2 neonates (2.5 × 1014 vec-
tor genomes (vg)/kg via superficial temporal vein), and 6-week-
old adults (3.5 × 1013 vg/kg via tail vein). For a description of the 
experimental design, see Supplementary Table S1. Mice were fol-
lowed until they reached 43 weeks of age, or a humane end point 
(see Materials and Methods).

Impact of AAV9-HexB on survival and motor activity 
of SD mice
Progressive neuronal damage in untreated SD mice results in 
tremors, muscle weakness, spasticity, seizures, and ultimately 
death by 15–17 weeks of age.11 In our study, we examined the 
survival of SD (Hexb−/−) and control (Hexb+/− or Hexb+/+) mice, 
injected as adults or neonates with AAV9-HexB or AAV9-LacZ, 
until 43 weeks. A significantly extended life span was observed for 
all SD mice treated with AAV9-HexB (Figure 1a). Compared to 
AAV9-LacZ–injected SD mice (SD-LacZ), with a median survival 
of 17 weeks (mean = 16 weeks), a single intravenous injection of 
AAV9-HexB into neonatal SD mice (nSD-HexB) was sufficient to 
ensure their long-term survival (mean = 43 weeks, P < 0.0001; 
Figure 1a); they were sacrificed at the experimental end point of 
43 weeks with no evidence of paralysis or seizures although two 
exhibited a slight tremor and three had a tendency to clasp their 
limbs on a tail suspension test. The prolonged life span within 
the five adult SD-treated mice (aSD-HexB) that received the 
rAAV9-HexB intravenous treatment at 6 weeks was highly vari-
able (Figure 1a), with a median of 19 weeks (mean = 22.4 weeks, 

P < 0.01, Figure 1a), demonstrating a possible beneficial outcome 
even when rAAV9 intravenous treatment is delayed.

To determine if administration of AAV9-HexB improved 
motor activity in the adult and neonatally treated SD mice, we 
analyzed distance travelled and number of head rotations in an 
open-field test beginning at 14 weeks when motor deterioration 
in SD mice is predictably severe, and continued to 30 weeks. At all 
times tested, neonatal SD mice injected with AAV9-HexB trav-
elled further than AAV9-LacZ–injected SD mice (Figure 1b). In 
contrast, the SD mice injected with AAV9-HexB as adults have a 
similar activity level to that of the AAV9-LacZ–injected SD mice 
(P > 0.05; Figure 1b). However, the decline in the adult-injected 
SD-HexB group extended over a longer time period compared 
to the SD-LacZ mice, indicating a delay in disease progression, 
albeit not statistically significant (Figure 1b). When comparing 
head rotations, SD mice injected with AAV9-HexB as neonates 
had a significantly higher number than that observed in SD mice 
injected with AAV9-LacZ at each time point leading up to the 
end point (Supplementary Figure S1, P < 0.01). Similar to the 
survival curve, SD mice injected with AAV9-HexB as adults 
showed no statistically significant improvement in head rota-
tions (Supplementary Figure S1). Videos at 16 weeks of repre-
sentative SD mice treated with AAV9-HexB either as a neonate 
or adult, each compared to an AAV9-LacZ–injected SD mouse 
and a normal control, are provided in Supplementary Videos 
S1 and S2.

Figure 1 Survival and motor activity of rAAV9–injected mice. SD or 
control mice were injected as neonates or adults with AAV9-LacZ or 
AAV9-HexB and monitored for up to 43 weeks. (a) Survival of mice over 
43 weeks. Each point represents the percentage of the mice surviving at 
that time. Note that AAV9-HexB–injected neonates (n = 5) were the only 
control animals held to 43 weeks because other controls were sacrificed 
as the same time as their LacZ-injected or adult-treated SD counter-
parts. Control (n = 5); SD-LacZ (n = 10); aSD-HexB (n = 5); neonatal (n) 
SD-HexB (n = 5) (b) Distance travelled over time. Mice were videotaped 
in an open field at 3–5 time points after administration of the rAAV9, and 
the distance travelled was analyzed using ANY-maze software. Values at 
each time point represent the mean ± SEM. The control group includes 
mice treated as neonates or adults with either LacZ or HexB, as no sig-
nificant difference was found among these groups (Supplementary 
Table S2). In b, no statistical comparison of the HexB- and LacZ-injected 
SD mice was possible after 16 weeks because all members of the com-
parison groups had died; however, there was no statistically significant 
difference between the nHexB-treated SD group and the control group. 
*P < 0.5, **P < 0.01, ***P < 0.0001; ns, not significant.
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Effect of AAV9-HexB treatment on GM2 ganglioside 
storage
The increased survival and motor activity in SD mice treated 
neonatally with AAV9-HexB suggested that the intravenously 
administered viral vector had crossed the blood brain barrier 
(BBB) and reduced the level of GM2 ganglioside storage. To assess 
GM2 ganglioside in the brain, we used toluidine blue staining to 
visualize the extent of lysosomal vacuolization (Figure 2a,b), 
and high performance thin layer chromatography (HPTLC) to 
examine the ganglioside levels (Figure 2c,d). Extensive vacu-
olization was evident in the brains of SD mice treated with 
AAV9-LacZ (Figure  2a). The vacuolization was similar in SD 

mice treated as adults with AAV9-HexB, but was substantially 
reduced in most areas of the brain of AAV9-HexB–treated 
neonatal mice (Figure 2a). A semiquantitative analysis where 
a numerical value was applied to the extent of vacuolization 
showed significantly reduced vacuolization in all regions of the 
AAV9-HexB–injected neonatal SD mice (P < 0.0001), although 
the level of vacuolization was still significantly higher than that 
in normal control mice (Figure 2b). The level of vacuolization 
in SD mice injected with AAV9-HexB as adults was similar to 
that of LacZ-treated SD mice; a modest reduction in vacuoliza-
tion was observed in only three areas of the brain (Figure 2b). 
Biochemical analysis using HPTLC supported these findings 

Figure 2 Assessment of GM2 ganglioside accumulation in AAV9-treated brains. Brains from SD and age-matched normal control mice were col-
lected at either the humane end point (17–19 weeks) or the end of the study at 43 weeks. (a) Toluidine blue staining of brain sections. Paraffin sec-
tions (1.5 microns) were examined for vacuolization using a compound microscope. Representative images are shown for four different brain regions. 
The brain images in the control group were taken from LacZ-treated adult or neonatal controls. Red arrows identify cells containing vacuoles. Scale 
bars represent 50 µm.(b) Semiquantitative analysis of cellular vacuolization. Multiple fields (10–30) in each region of the brain, were scored based 
on severity of vacuolization with 0 indicating no vacuoles and 5 indicating severely vacuolated. Columns represent the mean ± SEM. The control 
group includes mice treated as neonates or adults with either LacZ or HexB (n = 20), as no significant difference was found among these groups 
(Supplementary Table S2); SD-LacZ (n = 10); aSD-HexB (n = 5); neonatal (n) SD-HexB (n = 5). (c) Analysis of ganglioside content. Gangliosides 
isolated from flash-frozen brains as well as ganglioside standards were separated by HPTLC and detected with resorcinol. Samples from the brains 
of all 5 mice in the adult (a) SD-HexB group, and nSD-HexB group are shown as well as 5 representative samples from the normal control and 
SD-LacZ–injected groups. The position of GM2 ganglioside is indicated by a red box. Although no standard was included on the plates for GA2, the 
upper band that is more abundant in SD mice injected with AAV9-LacZ is likely to be GA2. (d) Densitometry-based quantification of GM2 in the brain. 
HPTLC plates of brain gangliosides were analyzed by densitometry and GM2 ganglioside levels are represented as a proportion of the combined total 
of GM1, GM2, and GM3 ganglioside levels. The control group (n = 20) includes mice treated as neonates or adults treated with either LacZ or HexB, as 
no significant difference was found among these groups (Supplementary Table S2); SD-LacZ (n = 10); aSD-HexB (n = 5); nSD-HexB (n = 5). 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. Cb, cerebellum; Cx, cerebral cortex; Hip, hippocampus; Hy, hypothalamus; 
Md, medulla; OA, olfactory bulb; Po, Pons; Mid, midbrain; Sep, septum; Th, thalamus.
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as GM2 ganglioside was not detectable in normal mice, and at 
reduced levels in SD mice injected with AAV9-HexB as neo-
nates (Figure 2c,d). In contrast, GM2 ganglioside levels were 
significantly higher in SD mice injected with AAV9-LacZ or 
AAV9-HexB (as adults), than normal or SD mice treated with 
AAV9-HexB as neonates, (Figure 2c,d).

β-Hexosaminidase analyses
Consistent with the reduced GM2 ganglioside in the AAV9-HexB 
neonatally treated SD mice, we anticipated increased levels of 
β-hexosaminidase activity in the brains of this group. Total 
serum β-hexosaminidase activity was significantly higher at all 
tested time points in AAV9-HexB–treated mice (Figure 3a). 
Although there was a notable decrease in β-hexosaminidase 
over time in the neonatally treated group, both AAV9-HexB–
treated adult and neonatal groups had significantly higher 
levels of activity than LacZ-treated controls at the end of the 
study (Figure 3a). The normal control group included only 
activities from LacZ-injected mice, and not mice injected with 
AAV9-HexB because their β-hexosaminidase activity was sig-
nificantly increased above normal levels (see Supplementary 
Figure S2a,b). Increased β-hexosaminidase activity in the serum 
indicated successful and sustained transduction of noncentral 
nervous system tissues, especially the liver. The levels were par-
ticularly high in the adult-treated mice, but these may not reflect 
the rAAV9 transduction levels in the brain. Therefore, total 
β-hexosaminidase activity levels were also measured in lysates 
prepared from brains collected at the endpoint when mice were 
sacrificed. As expected, brain β-hexosaminidase activity in 
neonatal mice injected with AAV9-HexB was between 82 and 
594 nm/µg/h of protein, significantly higher than the levels in 
AAV9-LacZ–injected SD mice (between 11 and 39 nm/µg/h, P < 
0.01; Figure 3b). The levels of β-hexosaminidase activity in adult 
SD mice injected with AAV9-HexB did not differ significantly 
from those injected with AAV9-LacZ, indicating that the level of 
transduction in the brain was low and/or not sustained until the 
humane end point.

Inflammation in the brains of AAV9-HexB–treated 
mice
Inflammation has been demonstrated to be an important 
mediator of neurodegeneration in SD mice,25 where increased 
numbers of activated microglia are associated with neural cell 
death.26 We qualitatively evaluated the level and activation of 
glial cells in the brains of AAV9-HexB– or -LacZ–injected SD 
and normal control mice using the macrophage marker F4/80. 
Activated glial cells, indicated by strong orange/brown stain-
ing in Figure 4 were abundant in AAV9-LacZ–injected SD 
mice compared to AAV-LacZ– or -HexB–injected control and 
AAV9-HexB–injected neonatal SD mice (Figure 4). However, 
in AAV9-HexB–injected adult SD mice, levels of activated 
glial cells were similar to that in the AAV9-LacZ–injected SD 
mice (Figure 4). Although neuroinflammation was still clearly 
evident in SD mice injected with AAV9-HexB as neonates, in 
general, decreased neuroinflammation was associated with 
decreased GM2 ganglioside storage.

Copy number in the brain and liver of rAAV9-treated 
mice
The vg copies per diploid genome (dg) in mice treated as neonates 
or adults were determined in both the brain and liver by quantita-
tive PCR. Given that the dose per kg was approximately sevenfold 
lower in adult-treated mice, we expected fewer cells to be trans-
duced in adult brains. As shown in Figure 5a, the number of vg in 

Figure 3 Effect of AAV9-HexB injection on serum and brain  
β-hexosaminidase activity. Serum, or lysates prepared from a portion 
of the brain frozen immediately after sacrifice, was used for determi-
nation of β-hexosaminidase activity using the substrate, 4-MUG. (a) 
Serum enzyme activity. Columns represent the mean β-hexosaminidase 
activity per ml of serum ±SEM and include the values collected at all 
time points. (b) Brain enzyme activity. The columns represent mean 
brain β-hexosaminidase activity normalized to protein ± SEM. For both 
representation and statistical analyses of the enzyme activity in a and 
b,  only the 10 normal animals injected as adults or neonates with 
AAV9-LacZ (n = 10) are shown in the control group to allow for com-
parison to normal enzyme levels. As expected, the β-hexosaminidase 
activity levels of adults and neonates injected with AAV9-HexB  
(n = 10) are significantly higher than normal (Supplementary 
Table S2), and therefore were excluded from the control group in this 
figure. However, the β-hexosaminidase levels for all control groups, 
and their statistical analyses are shown in Supplementary Figure 
S2b. Control (n = 10); SD-LacZ (n = 10); aSD-HexB (n = 5); nSD-HexB 
(n = 5). **P < 0.01, ***P < 0.0001, ****P < 0.00001.
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the brain of adult-injected mice was variable, with a mean of 0.63 
vg/dg, more than ninefold lower than the mean of 6 vg/dg in neo-
nates. However, the opposite was found in the liver (Figure 5a), 
with a mean of 272 vg/dg in adult-injected mice, approximately 
tenfold higher than the mean of 22 vg/dg in neonatally injected 
mice. This was also reflected in the ratio of the brain to liver vg, 
which was ~1 in neonates, and although variable, 10- to 1,000-fold 
lower in most of the adults (Figure 5b). Although different doses 
of virus were introduced into adults and neonates, it appears that 
the liver is more readily transduced in adults.

Tumor pathology in rAAV9-treated mice
At the 43 weeks experimental end point, gross examination dur-
ing necropsy revealed tumors in 8 of 10 neonatally AAV9-HexB–
injected SD and control mice; seven animals had liver tumors and 
one had multiple lung tumors. Tumors were not observed in the 
mice that reached a humane end point at 24 weeks or earlier, or in 
the single pair of adult mice that survived for 35 weeks, suggesting 
that these tumors had developed only in the neonatally injected 
mice as they aged. The pathology report based on hematoxylin 

and eosin stained paraffin sections from the liver tumors indicated 
benign hyperplasia, but did not rule out hepatocellular adenoma 
(Figure 6).

Tissue from the tumors, which contained numerous nodules 
as well as normal tissue, was also used for the analysis of inser-
tion sites using inverse PCR and linker-ligation mediated PCR 
to amplify junctions between the AAV vectors and mouse cel-
lular DNA using two unique barcodes per sample. Among the 
579 unique integration sites we mapped, we found chromosome 
2 to have the highest absolute number of integrations, while the 
Mir341 gene on chromosome 12 had the highest rate of insertion 
per kb of DNA (Supplementary Figure S3). Although no direct 
link with tumorigenesis can be made because the DNA was from 
a mixture of tumor and nontumor tissues, insertions in the previ-
ously identified hepatocellular carcinoma site in Rian27 were pres-
ent in two mice injected neonatally with AAV9-HexB, one SD and 
one control. Furthermore, a unique insertion site in the growth 
factor receptor gene, FGFR2, a known cause of lung cancer,28 was 
found in the sample that exhibited lung tumors.

Figure 4 Activation of glial cells. Immunohistochemistry with the F4/80 
antibody which detects activated microglial cells was used to examine 
sections from the brains of rAAV9-treated mice collected when they were 
sacrificed at the humane end point of 15–17 weeks (SD-LacZ), 17–35 
weeks (aSD-HexB), or the experimental end point of 43 weeks for the 
neonatal (n) SD-HexB group. Representative images from each group of 
mice are presented; for the control group, as inflammation does increase 
with aging, representative images are from the oldest control group, 
mice treated neonatally with HexB (n = 5). Each panel represents a differ-
ent section of the brain and the brown staining indicates activated glial 
cells (arrows). Original photos taken at 20×; scale bars represent 50 µm.
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DISCUSSION
Our studies show that a single intravenous dose of rAAV9-HexB 
to neonatal SD mice can provide enough β-hexosaminidase to the 
brain to reduce/prevent GM2 ganglioside storage and inflamma-
tion, correct motor function, and prolong survival. Treatment of 
adult mice, however, was not nearly as effective, leaving ganglio-
side storage similar to that of mice treated with the control vector, 
AAV9-LacZ, and only minimal improvement in motor function 
or survival.

The efficiency of rAAV9 transduction in adults and neonates 
cannot be directly compared in this study because the dose of vg/
kg was lower in the adult mice. However, it is clear that AAV9 
crossed the BBB and transduced neurons in both adults and neo-
nates, as seen in previous studies.22,23 The increased number of vg 
in the brain of neonates compared to adult mice, and vice versa in 
the liver, suggests that the liver of adult mice is transduced much 
more effectively than that of neonates. However, there are several 
factors that need to be considered in the interpretation of these 
findings. First, the neonatal livers would have undergone substan-
tial growth after AAV9 treatment, leading to a decrease in the vg/
dg compared to adult-treated mice. In addition, the low levels of 
transduced brain cells in the adult mouse may be because the level 
of damage was already so severe that new enzyme activity could 
not rescue cell death. Nonetheless, it seems likely that the brain 
of neonates was more exposed to AAV9 than that of adults as the 

BBB is more permeable in neonates,29 and the injected volume 
was large. For example, it has been demonstrated previously that 
a single intravenous injection of a first generation AAV2 vector 
in neonatal animals resulted in therapeutic levels of lysosomal 
enzyme in the brain.30 However, because we used more rAAV9 in 
the treatment of neonates, it is impossible to be certain of the basis 
of the increased transduction.

Early treatment with AAV9-HexB appeared to be very impor-
tant in correcting the storage of GM2 gangliosides and the subse-
quent impact on neuron death and neurological function. This 
is consistent with previous studies showing that GM2 ganglioside 
storage starts before birth. The importance of early treatment has 
been supported by recent studies showing that intracranial injec-
tion of rAAV is only effective when the therapy is delivered before 
symptoms become apparent or very early in the manifestations of 
the disease.18

The use of only the β-subunit for the gene therapy was very 
effective, and resulted in an increase in total β-hexosaminidase 
activity. This is consistent with a previous study where direct 
injection of the β-subunit into the brain of SD mice resulted in a 
therapeutic effect.16 In this study, the authors showed that only the 
β-subunit dimer HexB is formed, and thus it is likely that the thera-
peutic effect in our study is largely the result of Hex B which is able 
to degrade GA2 generated from GM2 by the sialidase bypass. Indeed, 
very little activity is detected in AAV9-Hexb–injected mice using 
the sulfated form of 4-MUG which is specific for α-subunit con-
taining dimers (data not shown). Many gene therapy studies have 
used both α- and β-subunits of β-hexosaminidase together, and 
this is likely to result in higher levels of Hex A because the endog-
enous subunits may become limiting. This will be important in 
humans where the sialidase bypass does not function. Thus, the 
intravenous administration of a vector expressing both α- and 
β-subunits, or vectors expressing the two subunits independently, 
are likely needed to treat human GM2 gangliosidoses.

Inflammation is very important in the progression of neu-
rodegeneration in all forms of GM2 gangliosidosis. The AAV9-
HexB treatment clearly decreased inflammation, presumably by 
decreasing the levels of GM2 ganglioside storage. A recent study 
that introduced a deletion of tumor necrosis factor-α into SD 
mice, showed that decreasing inflammation greatly slowed the 
progression of the disease.31 This raises the possibility of combin-
ing gene therapy with agents targeting inflammation to provide 
therapies for patients with GM2 gangliosidoses.

The detection of tumors in the neonatally treated mice was 
disappointing, but not surprising as our neonatal dose of rAAV9 
was high and similar findings have been reported in mice treated 
neonatally for β-glucuronidase32 and as 9- to 11-week-old adults 
for ornithine transcarbamylase deficiencies.33,34 In both cases, 
there was an increased occurrence of hepatocellular carcinoma in 
mice that survived for more than 13 months. This was attributed 
to insertional mutagenesis by the AAV vectors which integrated, 
in some of the tumors, within a 6-kb window on chromosome 
12, near the Rian and Mirg genes.27,35 Studies have shown that in 
mice, integration of the provirus in this region leads to increased 
expression of surrounding genes, resulting in hepatocellular car-
cinoma.27 Two of our mice did show integrations in this same 
region. Our results are difficult to interpret however, as multiple 

Figure 6 Histological analysis of tumor tissues. Paraffin sections (five 
microns) prepared from tumors collected at 43 weeks when the ani-
mals were sacrificed, were stained with hematoxylin and eosin. The top 
panel is from normal liver and lung tissue and the bottom three panels 
are from liver and lung tumor tissue. (a) Images of normal liver and 
liver tumors from independent mice at 20× magnification. (b) Images of 
normal lung and lung tumor at 20× magnification. Scale bars represent 
50 µm.
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nodules surrounded by normal tissue were used in the analysis 
of the insertion sites. Although higher rates of hepatocellular 
carcinoma or insertional activation of oncogenes have been vari-
ably detected in adult mice injected with high doses of rAAV,36,37 
neonates would be the target of gene therapy for the GM2 ganglio-
sidoses. Although we did detect multiple nodules/tumors, the 
histopathological report diagnosed them as nodular hyperplasia. 
However, the endpoint of our study was only 10 months, so it is 
possible that these benign nodules might have turned malignant 
in the future had we continued our study to a later time point. 
These findings emphasize the importance of continued awareness 
in ongoing gene therapy studies using AAV, as had been suggested 
previously.38

This positive outcome with just a single intravenous dose of 
AAV9-HexB provides hope for less invasive therapies for the GM2 
gangliosidoses than direct injection in the brain. Systemic delivery 
will also benefit the peripheral tissues affected by lysosomal stor-
age of GM2 ganglioside and other glycoconjugates, which become 
prominent when animals live longer because the neurologi-
cal disease is treated. The recent development of a novel hybrid 
protein that combines the activities of the α- and β-subunits of 
β-hexosaminidase sets the stage for the construction of a single 
rAAV vector expressing an enzyme capable of GM2 ganglioside 
degradation.39 Taken together, the potential for easily delivered 
therapies for the human GM2 gangliosidoses is very promising.

MATERIALS AND METHODS
Experimental animals. A SD mouse model on a C57BL/6:C129 back-
ground has been previously described11 and was a generous gift of Dr 
Roy Gravel (University of Calgary, Calgary, Alberta, Canada). This mouse 
model does not make β-hexosaminidase A or B because a neomycin resis-
tance expression cassette is inserted into exon 2 of Hexb. All experimental 
animals were derived from heterozygous intercrosses. The Hexb genotype 
was determined by PCR of DNA isolated from ear clippings using the 
primers and experimental conditions described previously.11

Mice were euthanized when they reached a humane end point, 
indicated by significant paralysis or frequent seizure episodes or an 
experimental end point of 43 weeks. All procedures and care of the 
animals were in compliance with the Canadian Council on Animal 
Care and approved by the Animal Care Committee at the University of 
Manitoba.

Analysis of motor function. To assess motor function, mice were analyzed 
in an open field test. Motor function was assessed as distance travelled 
and number of head rotations by analysis of the videos using ANY-maze 
software. Representative videos of mice were taken for demonstration of 
motor activity and tail suspension.

Construction of rAAV2/9 viral vectors. The pAAV2.1 CMV-HexB vector, 
expressing the murine HEXB cDNA, was constructed by PCR-amplifying 
the HEXB cDNA from pβHex54 (ref. 40) using primers (sense 5′-gccggcc-
gggagcagtcatgccgcag-3′; antisense 5′-cgggatcccagaatcaacatgatcatagctgg-3′) 
that incorporated EagI and BamHI restriction enzyme sites onto the 5′ and 
3′ ends, respectively. This fragment was subcloned into pAAV2.1 CMV 
lacZ41 by removing the lacZ sequence with Eag1/BamHI and replacing 
it with the Hexb cDNA to create pAAV2.1 CMV-HexB. The sequence of 
the vector was confirmed by dideoxy sequencing at the Toronto Centre 
for Applied Genomics. AAV2/9 Viral particles expressing HEXB were 
constructed by triple cotransfection of HEK293 cells with pAAV2.1 
CMV-HEXB, pAdΔF6, and pAAV/SP70 adenovirus derivative helper 
plasmid, followed by purification as described previously.41 The titers were 

determined by PCR amplification following previously described proce-
dures.41 AAV2/9.CMV.LacZ.bGH was purchased from the University of 
Pennsylvania Vector Core Facility (Philadelphia, PA).

Intravenous injection of rAAV9. The neonatal SD (n = 10) and normal 
control (n = 10) mice received 2.5 × 1014 vg/kg of rAAV9 vector expressing 
either HexB (n = 5) or the control vector, LacZ (n = 5) at postnatal day 1 or 
2 in a 100 µl volume through the superficial temporal vein. The adult group 
of SD (n = 10) or normal control (n = 10) mice received 3.5 × 1013 vg/kg of 
rAAV9 vector expressing either HexB (n = 5), or the control LacZ (n = 5) 
at 6 weeks of age in a 100 µl volume through the tail vein. Normal control 
mice were age-matched littermates that were either wild-type (Hexb+/+) 
or heterozygous (Hexb+/−) for the targeted Hexb gene (see experimental 
design in Supplementary Table S1).

Tissue and serum processing. Blood samples were collected from the 
saphenous vein at 10, 16, 28, and by cardiac puncture at 43 weeks, or at the 
humane end point if it preceded 43 weeks. Serum was collected from clot-
ted blood samples and stored at −20 °C for future assays. Organs harvested 
from euthanized mice were divided in two parts—one portion was snap-
frozen and stored at −20 °C, while the second was fixed overnight with 10% 
buffered formalin and processed for embedding. Before use, the frozen 
brain tissue was homogenized in phosphate-buffered saline at 10% weight 
per volume and stored at −20 °C to allow it to be used for multiple assays.

Determination of vg number. The vg copy number was determined 
from genomic DNA extracted from brain or liver tissue that was col-
lected at death by quantitative PCR. Primers were designed to target the 
bGHpoly(A): BGH FW and BGH REV (5′-tctagttgccagccatctgttgt-3′ and 
5′tgggagtggcaccttcca-3′, respectively). The probe was 5′-(6-FAM)tccccc-
gtgccttccttgacc-(BHQ1a-Q)-3′. Samples were run on a LightCycler 480 
Instrument II (Roche, Mississauga, Ontario, Canada).

β-Hexosaminidase assay. Total β-hexosaminidase activity was deter-
mined in serum or brain lysates using 4-methylumbelliferyl-2-acetamido-
2-deoxy-β-D-glucopyranoside (4-MUG) as a substrate, and following 
established procedures.42 For serum, the activity was determined per µl, 
while brain activities were calculated per µg of protein as determined using 
the Bradford assay with a kit supplied by ThermoFisher Scientific (Ottawa, 
Ontario, Canada).

Ganglioside analysis. Gangliosides were extracted from brain homog-
enates (300 mg of protein) with a chloroform-methanol (1:2) mixture and 
GM2 was phase partitioned using chloroform: methanol: ddH2O (1:2:1.4). 
The upper phase containing GM2 ganglioside was collected, dried, sus-
pended in ddH2O and dialyzed against water using an 8,000 kDa cut-off 
membrane. After drying, the sample was dissolved in 100 µl of chloroform: 
methanol: ddH2O (60:30:4.4), and half was spotted alongside monosia-
loganglioside standards (Matreya LLC, Pleasant Gap, PA) on a HPTLC 
silica gel 60 plate with a concentrating zone (Millipore Canada, Etobicoke, 
Ontario, Canada), and separated using 55:45:10 chloroform: methanol: 
0.2% CaCl2 as the mobile phase. The bands were visualized with resorcinol 
reagent and the plates were dried at 100 °C for 30 minutes. Densitometry 
to quantify the bands was performed with a BioRad ChemiDoc MP instru-
ment and using Image Lab 4.1 software.

Histology and microscopy. For evaluation of cytoplasmic vacuolation, 
1.5 micron paraffin-embedded brain sections were stained with toluidine 
blue. Hematoxylin and eosin staining was performed to evaluate overall 
morphology of tumor tissues. Immunohistochemical detection of microg-
lia was performed on five micron brain sections with a 1/50 dilution of 
the mouse monoclonal anti-F4/80 (AbDSerotec, Cedarlane Laboratories, 
Burlington, Ontario, Canada). The primary antibody was detected with 
biotinylated goat anti-rat IgG (Invitrogen, ThermoFisher Scientific), fol-
lowed by an avidin-linked horse-radish peroxidase and the 3,3′-diamino-
benzidine substrate (Vector Laboratories (Canada), Burlington, Ontario, 
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Canada). Slides were viewed with a Zeiss AxioCam A1 compound micro-
scope equipped with a color AxioCamMRc camera, and photomicro-
graphs were processed using AxioVision software.

Analysis of AAV9 insertion sites. The sequencing library was prepared 
as previously described, isolating AAV-containing fragments via linker-
mediated PCR.43 The first round of PCR used the AAV ITR primer, 
5′-GGAGTTGGCCACTCCCTCTCTG-3′ and the linker primer, 
5′-GTAATACGACTCACTATAGGGCACGCGTG-3′ using cycle condi-
tions of 95 °C for 2 minutes followed by 25 cycles of 95 °C for 15 sec-
onds, 55 °C for 30 seconds and 72 °C for 1 minute. The resulting amplicons 
were diluted 1:50 and a second PCR was performed with AAV ITR nested 
primer, 5′-TCTCTGCGCGCTCGCTCG-3′ and nested linker primer, 
5′-GCGTGGTCGACTGCGCAT-3′. Cycle conditions were 95 °C for 2 
minutes followed by 20 cycles of 95 °C for 15 seconds, 58 °C for 30 seconds, 
and 72 °C for 1 minute. The sequence barcodes on the linkers were used 
here to both differentiate the AAV samples, and to multiplex the samples 
with unrelated samples. Each sample received two barcodes. Integration 
sites were identified by using AAV_GeIST, a modification of the GeIST 
program used for murine leukemia virus (MLV) detection.44 The steps that 
had trimmed the MLV long terminal repeat were each replaced with a step 
that trimmed the portion of the AAV ITR matching the ITR primer used 
in the second round of linker-mediated PCR, and a step that trimmed the 
remainder of the variable-length ITR. All versions of GeIST are designed 
to identify the junction at which viral DNA meets cellular genomic DNA. 
As such, the program requires that each amplicon contain both viral DNA 
and genomic DNA, thereby filtering out potential episomal contamina-
tion. AAV_GeIST used BamTools version 2.3.0, Cutadapt version 0.9.3, 
and Bowtie version 0.12.7, and aligned reads to assembly GRCm38.45–47 
A minimum cutoff of 30 fragments per integration per barcode was 
employed as a means of filtering out spurious alignments. The 415 puta-
tive integrations that mapped within Hexb (chr13:97,176,332-97,198,357) 
were discarded, as these reads were more likely to represent amplification 
of the vector than actual integration events.48 The integrations were anno-
tated using Ensembl genes 75, downloaded from BioMart.49,50 The DNA 
sequences used for these analyses have been deposited in GenBank as 
BioProject PRJNA257830.

Statistical analyses. All statistical analyses were performed using 
GraphPad V6 software. The log-rank (Mantel-Cox) test was used for 
the analysis of survival and a one-way ANOVA was used to analyze the 
increase in mice life span, motor activity and the severity of vacuolization 
in different regions of the brain. For all other analyses unpaired, one or 
two-tailed Student’s t-tests were used to test significance. Significance was 
taken as P < 0.05.

SUPPLEMENTARY MATERIAL
Figure  S1.  Head rotations.
Figure  S2.  β-hexosaminidase activity levels in control groups.
Figure  S3.  AAV9 integration sites.
Table  S1.  Study design.
Table  S2.  Statistical comparisons of control groups that are merged 
within figures.
Video  S1.  Comparison of the activity of neonatally treated mice.
Video  S2.  Comparison of the activity of adult-treated mice.
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