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Mitochondrial neurogastrointestinal encephalomyopa-
thy (MNGIE) is an autosomal recessive disorder caused 
by mutations in TYMP, enconding thymidine phosphor-
ylase (TP). TP deficiency results in systemic accumulation 
of thymidine and deoxyuridine, which interferes with 
mitochondrial DNA (mtDNA) replication and leads to 
mitochondrial dysfunction. To date, the only treatment 
available for MNGIE patients is allogeneic hematopoietic 
stem cell transplantation, which is associated with high 
morbidity and mortality. Here, we report that AAV2/8-
mediated transfer of the human TYMP coding sequence 
(hcTYMP) under the control of a liver-specific promoter 
prevents the biochemical imbalances in a murine model 
of MNGIE. hcTYMP expression was restricted to liver, 
and a dose as low as 2 × 1011 genome copies/kg led to 
a permanent reduction in systemic nucleoside levels to 
normal values in about 50% of treated mice. Higher 
doses resulted in reductions to normal or slightly below 
normal levels in virtually all mice treated. The nucleoside 
reduction achieved by this treatment prevented deoxy-
cytidine triphosphate (dCTP) depletion, which is the lim-
iting factor affecting mtDNA replication in this disease. 
These results demonstrate that the use of AAV to direct 
TYMP expression in liver is feasible as a potentially safe 
gene therapy strategy for MNGIE.
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INTRODUCTION
Mitochondrial neurogastrointestinal encephalomyopathy 
(MNGIE) is a genetic disorder whose main clinical features are 
severe gastrointestinal dysmotility, progressive external ophthal-
moplegia, and peripheral neuropathy. Patients with this condition 
usually die of complications of their gastrointestinal problems and 

their critical nutritional status, with an average age at death of 37 
years.1 MNGIE is inherited as an autosomal recessive trait, and is 
caused by mutations in the nuclear gene TYMP, encoding thymi-
dine phosphorylase (TP).2 This enzyme catalyzes the first step of 
thymidine (dThd) and deoxyuridine (dUrd) catabolism. As a con-
sequence of TP dysfunction, MNGIE patients accumulate dThd 
and dUrd systemically,3 which ultimately results in imbalances 
in the mitochondrial pool of deoxyribonucleoside triphosphates 
(dNTP). More precisely, increased deoxythymidine triphosphate 
(dTTP) and decreased dCTP levels in mitochondria due to dThd 
excess have been observed in vitro and in vivo. This dNTP imbal-
ance interferes with mitochondrial DNA (mtDNA) replication 
and results in depletion, multiple deletions, and point mutations, 
which in turn cause mitochondrial dysfunction.4–6

Several therapeutic strategies attempted for MNGIE have 
focused on removing the systemic dThd and dUrd excess,7–10 but 
the only treatment that has achieved a sustained reduction in 
these nucleosides to undetectable or nearly undetectable levels 
and an improvement in the long-term clinical outcome is allo-
geneic hematopoietic stem cell transplantation.11 The TP enzyme 
present in donor-derived platelets and white blood cells acts as 
a powerful clearing agent that eliminates toxic nucleosides from 
the patients’ blood and ultimately results in full clearance of these 
water-soluble compounds from tissues. However, allogeneic 
hematopoietic stem cell transplantation has serious limitations, 
including the difficulty of obtaining suitable donors, the toxicity 
of the conditioning regimen, and the risk of graft failure and graft-
versus-host disease. In addition, MNGIE patients are generally in 
poor medical condition at the time of the diagnosis. As a conse-
quence of all these factors, this treatment is associated with high 
morbidity and mortality rates in these patients.12

A murine model of MNGIE, the Tymp/Upp1 double knockout 
(KO), has been generated and characterized.5 This model reca-
pitulates the biochemical imbalances and, in older animals, some 
molecular features of the disease. Nonetheless, certain differences in 
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deoxyribonucleoside metabolism between humans and mice should 
be noted. Three enzymes (TP, uridine phosphorylase 1 and uridine 
phosphorylase 2) initiate dThd and dUrd catabolism in mice, but uri-
dine phosphorylase 2 is not knocked out in this model. In humans, 
this role is played entirely by TP. In addition, the normal dThd and 
dUrd plasma levels are higher in mice (1–4 µmol/l) than in humans 
(below 0.05 µmol/l). These differences, together with the short life 
span of mice compared to humans, are probably accounting for the 
lack of MNGIE-like clinical features in this murine model.

We previously demonstrated, in this animal model, that gene 
therapy using a lentiviral vector and targeting hematopoietic stem 
cells is a feasible approach13; however, lentiviral vectors are inte-
grative and thus a potential cause of insertional oncogenesis. Here, 
we used an adeno-associated virus (AAV) vector as an alternative. 
As compared to lentiviral vectors, AAV vectors have a safer profile 
as they are mainly found in episomal form inside the host cell, 
which minimizes the risk of insertional oncogenesis.14 Our results 
demonstrate that AAV-mediated liver-targeted TYMP expression 
normalizes nucleoside and mitochondrial nucleotide metabolism 

in the MNGIE animal model and constitutes a promising strategy 
to be tested in clinical studies.

RESULTS
Effect of the treatment on nucleoside levels
We generated an AAV2/8 vector (Supplementary Figure S1) 
containing the human TYMP coding sequence (hcTYMP) under 
the control of the liver-specific thyroxine-binding globulin pro-
moter (TBG). Eight- to 12-week-old male Tymp/Upp1 double 
KO mice (animal model of MNGIE) were treated with a single 
intravenous injection of AAV2/8-TBG-hcTYMP. Four groups of 
animals were established, receiving four different doses: 2 × 1011, 
1012, 2 × 1012, and 1013 genome copies (gc)/kg. In order to facilitate 
matching the results of each mouse among different figures, the 
same symbol identifies a particular mouse, within each category 
(wt, KO, 2 × 1011, 1012, 2 × 1012, and 1013 gc/kg) in Figures 1–4 and 
Supplementary Figure S2.

Blood samples were collected periodically over 28 weeks to 
measure nucleoside levels (Figure 1). At 3.5 weeks after AAV 

Figure 1 Plasma dThd and dUrd concentrations. Plasma dThd (panel a) and dUrd (panel b) in mice treated with different AAV-TBG-hcTYMP doses 
(indicated within each plot) during the monitoring period. Grey areas indicate the concentration range in wild-type (wt) mice. In order to facilitate 
matching the results of each mouse among different figures, the same symbol identifies a particular mouse, within each category (wt, KO, 2 × 1011, 
1012, 2 × 1012, and 1013 gc/kg) in Figures 1–4 and Supplementary Figure S2.
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administration, plasma dThd concentration had decreased to wild-
type (wt) values in six of eight (75%) animals treated with the lowest 
dose (2 × 1011 gc/kg), and three of them (37.5%) maintained these 
low levels over the 28 weeks of monitoring. Higher doses led to a 
reduction in plasma dThd below wt levels by 0.5 weeks after treat-
ment in all but one animal (17 of 18), and the reduction was main-
tained over the entire time monitored. Only one mouse treated with 
1012 gc/kg did not respond to the treatment (Figure 1a). Similar 
results were obtained for plasma dUrd levels (Figure 1b).

Eight months after the treatment (end of the study), a sub-
group of mice was killed and tissues were collected for analysis. 
Nucleosides were measured in liver and three additional tissues 
affected in MNGIE patients (brain, skeletal muscle, and small intes-
tine). In mice with reduced circulating dThd and dUrd concentra-
tions after treatment (Figure 1 and Supplementary Figure S2),  
concomitant reductions were found in liver, brain, and skeletal 
muscle (Figure 2), demonstrating that TP activity in the liver effi-
ciently clears dThd and dUrd from their entire distribution vol-
ume. Especially pronounced was the reduction in liver of animals 
receiving the higher AAV doses (undetectable dThd and dUrd in 
most cases), likely due to high local TP activity in the target tissue. 
In contrast, dThd and dUrd levels determined in small intestine 
were virtually unchanged in treated animals.

Transgenic TYMP expression was targeted to the liver
Human TP protein was undetectable by western blot analysis in 
liver in all untreated wt and KO mice analyzed (Figure 3a). Low 
but detectable levels were found in four of the six mice treated with 
the lowest AAV dose, and high levels were seen in all mice but one 
belonging to the groups receiving higher doses (Figure 3a). The 
only mouse lacking TP protein was the same animal that did not 
show a nucleoside reduction in plasma and tissues (see above). 
Real-time quantitative polymerase chain reaction (qPCR) analysis 
of hcTYMP copy number confirmed effective transduction in a 
dose-dependent manner. In the group of mice treated with the 

lowest vector dose, hcTYMP copy number was undetectable in 
animals that did not show a nucleoside reduction in blood col-
lected at completion of the study (Figure 3b and Supplementary 
Figure S2). Similarly, in AAV-treated animals, liver TP activity 
increased in a dose-dependent manner (Figure 3c). For the lowest 
dose (2 × 1011 gc/kg), two animals reached normal TP activity, and 
the same animals also showed reduced nucleosides in blood and 
tissues (Figures 1 and 2; Supplementary Figure S2). Negligible 
or absent TP activities were found in tissues other than liver in 
treated mice (Figure 4), indicating highly specific hepatic trans-
gene expression. In treated animals, AAV dose strongly correlated 
with hcTYMP copy number (P < 0.001), TP activity (P < 0.001), 
and TP protein (P = 0.001) levels in liver.

Immunostaining of hepatic tissue further confirmed that 
TP protein was present in liver (Figure 5). The protein showed 
a patchy distribution and the comparison with the nuclei stain-
ing indicated cytoplasmic localization, as expected for TP protein. 
The number of stained hepatocytes was consistent with the copy 
number results and the AAV dose.

Hepatotoxicity was not detected in any of the animals, as 
assessed by monitoring plasma alanine aminotransferase activity, 
and no differences in weight were observed between treated mice 
and untreated KO or wt animals (Supplementary Figure S3).

AAV treatment prevents dCTP depletion
In MNGIE, dThd excess results in changes in the mitochondrial 
dNTP pools. We investigated whether the nucleoside decrease 
occurring in mice treated with the therapeutic vector (AAV2/8-
TBG-hcTYMP) prevented mitochondrial dNTP imbalances in 
liver (Figure 6). Although the average dTTP value was slightly 
higher in KO mice than in wt mice, the difference did not reach 
statistical significance, in contrast to the results from a previous 
report.5 This is likely because our values had a rather wide vari-
ability. dCTP was significantly reduced in KO mice. At the end 
of the study, dCTP concentration was increased in treated mice 

Figure 2 Nucleoside reduction in different tissues. dThd and dUrd concentration in liver, brain, skeletal muscle, and small intestine extracts at the 
end of the study (34 weeks after the treatment). Horizontal lines represent the median.
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and positively correlated with the dose (P < 0.05, Spearman’s cor-
relation test). A similar increase was observed in the deoxyguano-
sine triphosphate pool. In contrast, the treatment did not have an 
impact on dTTP levels.

DISCUSSION
AAV vectors have been extensively used in gene therapy clinical tri-
als. The recent success of AAV-mediated gene transfer in hemophilia 
B has shown that the use of a liver-specific AAV vector provides sus-
tained therapeutic levels of coagulation factor IX in humans.15 The 
effective AAV-mediated expression of the gene of interest in liver 
indicates a potential strategy for treatment of genetic metabolic dis-
orders caused by systemic accumulation of toxic metabolites. The 
feasibility of this approach in ethylmalonic encephalopathy was 
shown in a preclinical study.16 This strategy is particularly appropri-
ate for MNGIE, which is caused by systemic accumulation of dThd 
and dUrd. The molecular defect (TP deficiency) does not need to 
be corrected in a specific target tissue; instead, the enzyme can exert 
the catabolic role inside the cell because dThd and dUrd are small 
water-soluble molecules that readily diffuse across plasma mem-
branes through equilibrative transporters.17 Our previous results 
have shown that TYMP expression does not require strict regula-
tion, and correction of a limited number of cells suffices to clear the 
systemic overload of nucleosides.13

The results reported here with an AAV vector in vivo improve 
our previous results obtained with an ex vivo approach using 

lentiviral vectors targeted to the hematopoietic tissue. The use 
of an integrative vector was necessary to achieve permanent cor-
rection because of the high turnover of the hematopoietic cells. 
Although integrative vectors have been successfully used for 
clinical purposes, the risk of cancer by insertional mutagenesis, 
evidenced in some clinical trials, still constitutes a serious con-
cern.18,19 Among the advantages of AAV vectors are their ability 
to transduce several tissues and cell types and the fact that they 
predominantly remain as episomes.20–22 Although a small percent-
age can integrate in the host genome, there is no evidence of AAV-
induced malignancy.23,24 The vector used in the present study was 
designed to correct the enzyme deficiency in liver, since AAV2/8 
tropism enables liver transduction among other target tissues25 
and the TBG promoter used ensures liver-specific expression.26 
In our study, a relatively low dose of vectors (2 × 1011 gc/kg) led 
to stable transduction in about half of treated mice, with a con-
comitant reduction in nucleoside levels to normal values in blood 

Figure 3 Liver-specific thymidine phosphorylase (TP) restoration. 
(a) Representative western blot showing human TP and β-actin in liver 
homogenates (left panel) and densitometric analysis (right panel). 
Total amount of protein was quantified by densitometry and referred 
to a calibrator (see Materials and Methods). Arrows represent mobil-
ity of the molecular weight ladder. Bars represent mean (+SD) of rela-
tive human TP protein. Groups and doses (gc/kg) are indicted on the 
x-axis. (b) Adeno-associated virus genome copies per cell in liver DNA 
extracts measured by qPCR using a human TYMP cDNA-specific probe 
and referred to the single copy mouse gene, angiogenin-1. Horizontal 
lines represent the median. (c) TP activity measured in liver extracts. 
Horizontal lines represent the median.
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Figure 4 Thymidine phosphorylase (TP) activity in tissues other 
than liver. TP activity measured in blood cells, skeletal muscle, small 
intestine, lung, brain, spleen, kidney, and heart extracts of wild-type 
mice, nontreated KO mice, and treated KO mice 34 weeks after vector 
administration.

Blood
0.10

0.08

0.06

0.04

0.02

T
P

 a
ct

iv
ity

(n
m

ol
es

 / 
ho

ur
 / 

m
g 

pr
ot

ei
n)

T
P

 a
ct

iv
ity

(n
m

ol
es

 / 
ho

ur
 / 

m
g 

pr
ot

ei
n)

T
P

 a
ct

iv
ity

(n
m

ol
es

 / 
ho

ur
 / 

m
g 

pr
ot

ei
n)

T
P

 a
ct

iv
ity

(n
m

ol
es

 / 
ho

ur
 / 

m
g 

pr
ot

ei
n)

0.00 0

0

4

6

8

10

2
4
6
8

10

1
2
3
4
5

Skeletal muscle

20
30
40

50

10

20

16

12

8

4

0

0

3

6

9

12

15
Heart

0.3

0.0

0.0

0.0

0.3

0.6

0.9

45

60

75

90

0.3

0.6

0.9

0.6

0.9

20

40

30

900

500

700

300

Small intestine

Brain

Kidney

Spleen

Lung

Dose (gc/kg)

W
T

KO
2 

× 10
11

2 
× 10

12

10
12

10
13

Dose (gc/kg)

W
T

KO
2 

× 10
11

2 
× 10

12

10
12

10
13

904� www.moleculartherapy.org  vol. 22 no. 5 may 2014



© The American Society of Gene & Cell Therapy
Adeno-associated Gene Therapy for MNGIE

and tissues that was sustained over time. Higher doses resulted in 
over-reduction: nucleoside levels were lowered to values slightly 

below wt levels. hcTYMP copy number per cell and TP activity 
in liver correlated with the AAV dose. Therefore, very low AAV 
doses are effective in reducing nucleoside levels, and these doses 
could be reduced even further if the final therapeutic vector 
included additional improvements such as codon optimization or 
a self-complementary configuration.27 This is of particular impor-
tance for patients because low doses minimize any potential risk 
that may be associated with the treatment.

In contrast to the clear nucleoside reduction observed in liver, 
skeletal muscle, and brain, dThd and dUrd in small intestine did 
not reach wt levels in treated animals, and only a slight nonsignifi-
cant tendency to reduced nucleosides was observed. Absorption 
of nucleosides from the diet may be contributing to high concen-
trations of these compounds in transit through the epithelial cells 
in the intestinal lumen, which may be more difficult to clear than 
other tissues. This important point needs further investigation, 
as the gastrointestinal dysfunction is one of the hallmarks of the 
disease. Therefore, ensuring the effective nucleoside clearance in 
this organ may be needed. This animal model is not appropriate 
to answer this question because it does not recapitulate the gas-
trointestinal symptoms observed in MNGIE patients.5 However, 
the use of alternate promoters or AAV serotypes targeting TYMP 
expression also in the intestine in the animal model may be help-
ful to find out whether these approaches are more effective reduc-
ing nucleosides in this target tissue.

Interestingly, the reduction in nucleoside levels reached a sus-
tained nadir at doses of 1012 gc/kg and higher (range of plasma 
dThd concentrations 0.2–2.3 µmol/l, regardless of AAV dose) sug-
gesting that there may be some type of biochemical mechanism 
preventing a further decrease in dThd concentration below a cer-
tain level in vivo. Similar sustained nadirs were observed for dThd 
and dUrd content in brain and skeletal muscle. However, nucleo-
side levels were undetectable in liver of mice treated with higher 
doses (1012 and above), suggesting that the mechanism would be 
outweighed by the high local TP activities reached in this organ. It 
is important to note, however, that the animals showed no sign of 
hepatic toxicity during or at the end of the study.

In MNGIE, dThd excess leads to mitochondrial dNTP imbal-
ance, namely dTTP excess and dCTP depletion.5,6 The nucleoside 
decrease achieved by AAV treatment prevented dCTP depletion. 

Figure 5 Liver immunostaining. Immunofluorescence of liver from 
wild-type (wt) mice, nontreated KO mice, and KO mice treated with 
2 × 1011, 1012, 2 × 1012, and 1013 gc/kg. Liver cryosections were stained 
with an antibody against human thymidine phosphorylase (TP) (green). 
Each picture shows nine fields arranged in one image of a representa-
tive mouse (original magnification per field, ×20). For the 2 × 1011 and 
1012 gc/kg doses, one mouse with low TP activity (left) and one mouse 
with high TP activity (right) are shown. Scale bar = 200 µm. Nuclei were 
stained with Hoechst 33342 (blue).
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Because dThd concentrations were over-reduced in mice treated 
with the highest doses, a potential adverse effect would be induc-
tion of dTTP depletion, but this was not observed in our experi-
ments, indicating that additional mechanisms may be activated to 
prevent dTTP over-reduction. Regulatory steps in dTTP synthesis, 
such as the TK2-deoxynucleotidase substrate cycle or thymidylate 
synthase upregulation, could be involved. However, the treatment 
induced an unexpected increase in mitochondrial deoxyguano-
sine triphosphate, paralleling dCTP increases. The reasons for 
this increase are unknown. Long-term study of these animals will 
clarify whether this deoxyguanosine triphosphate excess has any 
negative consequences. Overall, our results indicate that the treat-
ment developed in this study makes it possible to influence the 
mitochondrial dNTP pool in vivo. Dose adjustment would likely 
allow us to modulate the effect to achieve a final desired balance 
of dTTP and dCTP.

Although the MNGIE mouse model only recapitulates the 
biochemical imbalances of the disease and some molecular fea-
tures in very old animals, it is the best tool available to investigate 
therapy approaches for MNGIE, by enabling detailed study of the 
biochemical effects of these approaches. Our results clearly dem-
onstrate that it is feasible to prevent the biochemical disturbances 
observed in MNGIE with a strategy based on AAV-mediated 
transfer of liver-targeted hcTYMP expression. We propose that 
this approach should be translated to clinical trials for patients 
who are not eligible for allogeneic hematopoietic stem cell 
transplantation.

Materials and methods
Vector construction, production, and titration. hcTYMP was PCR ampli-
fied, cloned into the Pcr2.1 TOPO vector (Invitrogen, Carlsbad, CA), 
sequence verified, and finally cloned into the single EagI restriction site of 
the AAV2/8-TBG vector. The virus was produced by the AAV Vector Core 
of the Telethon Institute of Genetics and Medicine by triple transfection of 
293 cells, and was purified by CsCl gradients.28 Physical titers of the viral 
preparations (genome copies/ml) were determined by real-time qPCR29 
(Applied Biosystems, Foster City, CA) and dot-blot analysis. The titers 
obtained with both methods were reasonably consistent (qPCR: 1.6 × 1013 
genome copies (gc)/ml; dot-blot analysis: 2.0 × 1013 gc/ml). The mean of the 
two values was used for dosing the animals.

Animal procedures. All animal procedures were performed in accordance 
with protocols approved by our institutional review board and committee 
on animal care and use. Eight- to 12-week-old male Tymp/Upp1 KO mice5 
were treated with a single intravenous injection (tail vein) of AAV2/8-
TBG-hcTYMP. Four groups of animals were treated with four different 
doses: 2 × 1011, 1012, 2 × 1012, and 1013 genome copies (gc)/kg. Blood samples 
(ethylene diamine tetraacetic acid) were collected from the saphenous vein 
1 week before treatment and every 2–4 weeks after treatment, from 0.5 
weeks until 28 weeks after treatment.

TP activity and nucleoside determination. Plasma dThd and dUrd con-
centrations were analyzed by HPLC-UV, as previously described.13 TP 
activity and tissue nucleoside concentrations were measured in mice 34 
weeks after treatment or in nontreated age-matched mice. After killing the 
mice by cervical dislocation, tissues were collected and immediately fro-
zen in liquid nitrogen and stored at −80 °C until analysis. Frozen samples 
were homogenized in lysis buffer (50 mmol/l Tris–HCl, pH 7.2; 10 ml/l 
Triton X-100; 2 mmol/l phenylmethylsulfonyl fluoride; 0.2 ml/l 2-mercap-
toethanol) in a Potter homogenizer. The homogenates were centrifuged 
at 20,000 x g for 30 minutes at 4 °C, and supernatants were separated 

into two aliquots. One aliquot was used as described elsewhere for pro-
tein determination30 and TP activity determination.31 The other aliquot 
was frozen until used to measure nucleosides by liquid chromatography 
coupled to tandem mass spectrometry. To prevent in vitro degradation 
of dThd and dUrd during the homogenization procedure, for samples 
with TP activities above 100 nmol/hour/mg prot (i.e., all liver samples 
of mice treated with doses equal or above 1012 gc/kg but one) and for all 
small intestine samples, a second piece of tissue was homogenized in the 
presence of the 100 µmol/l 5-bromouracil (TP inhibitor) for the determi-
nation of these nucleosides. Unfrozen supernatants were centrifuged at 
20,000 x g for 10 minutes at 4 °C to eliminate any remaining particles, and 
clean supernatants were deproteinized by ultrafiltration (10 kDa Amicon 
Ultra filters; Merck Millipore, Billerica, MA) at 14,000 x g and 4 °C for 
30 minutes. Five microliters of deproteinized homogenate were injected 
into an Acquity UPLC-MS/MS apparatus (Acquity UPLC-Xevo TQ Mass 
Spectrometer; Waters, Milford, MA) using an Acquity UPLC BEH C18 
column (100 × 2.1 mm, 130 Å pore, 1.7 µm particle, Waters). The com-
ponents of the sample were resolved at 0.5 ml/minute through a binary 
gradient-elution using a saline buffer (20 mmol/l ammonium acetate, pH 
5.6) and acetonitrile as follows: 0 to 1.1 minutes, isocratic 100% saline 
buffer; 1.1 to 5 minutes, gradient from 0 to 13.6% acetonitrile; 5 to 5.1 
minutes, gradient from 13.6 to 100% acetonitrile; 5.1 to 6.1 minutes, iso-
cratic 100% acetonitrile; 6.1 to 7.2 minutes, isocratic 100% saline buffer. 
Eluate components were detected by multiple reaction monitoring, with 
positive electrospray for dThd (transition mass 242.8 to 127.1, cone volt-
age 10 V, collision energy 12 eV) and dUrd (transition mass 228.8-113.08, 
cone voltage 8 V, collision energy 12 eV). Calibration curves made with 
aqueous standards were processed in parallel, and concentrations were 
obtained from interpolation of the peak areas.

Western blot. Liver protein was extracted in TP activity lysis buffer supple-
mented with a protease inhibitor cocktail (100 µmol/l 4-(2-aminoethyl)
benzenesulfonyl fluoride, 15 nmol/l aprotinin, 6.5 µmol/l bestatin, 
50 µmol/l ethylene diamine tetraacetic acid, 700 nmol/l E-64, 50 nmol/l 
leupeptin; Sigma-Aldrich, St Louis, MO). In all, 10 µg of protein extracts 
were electrophoresed on a 10% sodium dodecyl sulfate–polyacrylamide 
gel, transferred to a polyvinylidene difluoride membrane, and probed 
with an anti-TP rabbit polyclonal antibody (Abcam, Cambridge, UK) 
and an anti-β-actin mouse monoclonal antibody (Sigma-Aldrich), 
and then with peroxidase conjugated goat anti-rabbit immunoglobu-
lins (Dako, Glostrup, Denmark). Bands were visualized by treating the 
membranes with the Immobilon Western chemiluminescent kit (Merck 
Millipore), and quantified using Image J software (NIH, Bethesda, MD). 
All the TP-to-β-actin ratios were referred to the corresponding ratio 
obtained from a control extract run in all gels and used as a calibrator.

Immunofluorescence. Immunofluorescent histological analysis of human 
TP was performed in 10 µm liver cryosections fixed with acetone:methanol 
(1:1 v/v). Sections were then blocked with BSA 2% (w/v) in TBS buffer (50 
mmol/l Tris–HCl, pH 7.6; 125 mmol/l NaCl) for 30 minutes and incubated 
with 20 µg/ml anti-TP rabbit polyclonal antibody (Abcam) overnight at 4 
°C. After washing, sections were stained with AlexaFluor 488 conjugated 
goat anti-rabbit IgG (Invitrogen). Nuclear staining was performed with 1 
µg/ml Hoechst 33342.

Vector copy number. DNA was extracted from liver with the QIAamp 
DNA mini kit (Qiagen, Hilden, Germany). Detection and quantification 
of vector genome copies per cell were performed by qPCR in the ABI 
PRISM 7900 sequence detection system (Applied Biosystems). hcTYMP 
DNA was quantified using the predesigned TaqMan MGB gene expres-
sion assay Hs00157317_m1 (Applied Biosystems), and was referred to the 
single copy nuclear gene Ang1 using the predesigned TaqMan MGB gene 
expression assay Mm00833184_s1 (Applied Biosystems). The quantifica-
tions were based on a standard curve prepared with different dilutions of 
vectors containing hcTYMP DNA or a specific region of the Ang1 gene.
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Liver mitochondrial dNTP quantification. Liver mitochondria were iso-
lated as previously described.6 A volume (~0.1–0.3 ml) of suspension with 
isolated mitochondria containing 0.5 mg protein were treated with trichlo-
roacetic acid (final concentration 0.5 mol/l) and centrifuged at 20,000 x 
g for 5 minutes at 4 °C. Supernatants were neutralized with 1.5 volumes 
of 0.5 mol/l tri-N-octylamine in Freon (1,1,2-trichlorotrifluoroethane) and 
centrifuged for 10 minutes at 10,000 x g at 4 °C. Half the aqueous upper 
phase was recovered and dried under speed vacuum. Dry dNTP extracts 
were dissolved in 125 µl of 40 mmol/l Tris-HCl (pH 7.4) and stored at −80 
°C until measurement. For mitochondrial dNTP quantification, we used 
the polymerase-based assay previously described.6 In order to characterize 
the purity of the mitochondrial fractions obtained with our protocol, three 
additional independent mitochondrial isolations were performed to deter-
mine citrate synthase activity as mitochondrial marker,32 lactate dehydro-
genase as cytosolic marker (LDH-L reagent; Thermo Scientific, Louisville, 
CO) and β-galactosidase and catalase as lysosomal and peroxisomal mark-
ers, respectively.33 Based on the determination of these markers in the raw 
homogenates and in the mitochondria-enriched fractions, we obtained 
a 4.3 ± 0.3-fold mitochondrial enrichment and negligible cytosolic con-
tamination (0.78 ± 0.66%). Contamination by lysosomes (65 ± 34%) and 
peroxisomes (55 ± 10%) was rather high. Overall, the quality of our mito-
chondrial fraction was good enough for our purposes, because lysosomes 
and peroxisomes do not contain dNTPs, and cytosol, which contains 
dNTPs, was virtually eliminated from our preparations.

Statistical analysis. Statistical analysis was performed with the SPSS 15.0 
software (IBM, Armonk, NY). The tests used are indicated in the figure leg-
ends. For statistical purposes, undetectable values were considered as zero.

SUPPLEMENTARY MATERIAL
Figure S1. Schematic representation of AAV2/8-TBG-hcTYMP.
Figure S2. Plasma nucleoside levels at the completion of the study.
Figure S3. Absence of liver toxicity in AAV treated mice.
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