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Urea cycle defects presenting early in life with hyperam-
monemia remain difficult to treat and commonly neces-
sitate liver transplantation. Gene therapy has the potential 
to prevent hyperammonemic episodes while awaiting 
liver transplantation, and possibly also to avert the need 
for transplantation altogether. Ornithine transcarbamylase 
(OTC) deficiency, the most prevalent urea cycle disorder, 
provides an ideal model for the development of liver-tar-
geted gene therapy. While we and others have success-
fully cured the spf ash mouse model of OTC deficiency using 
adeno-associated virus (AAV) vectors, a major limitation of 
this model is the presence of residual OTC enzymatic activ-
ity which confers a mild phenotype without clinically sig-
nificant hyperammonemia. To better model severe disease 
we devised a strategy involving AAV2/8-mediated delivery 
of a short hairpin RNA (shRNA) to specifically knockdown 
residual endogenous OTC messenger RNA (mRNA). This 
strategy proved highly successful with vector-treated mice 
developing severe hyperammonemia and associated neu-
rological impairment. Using this system, we showed that 
the dose of an AAV rescue construct encoding the murine 
OTC (mOTC) cDNA required to prevent hyperammone-
mia is fivefold lower than that required to control orotic 
aciduria. This result is favorable for clinical translation as it 
indicates that the threshold for therapeutic benefit is likely 
to be lower than indicated by earlier studies.

Received 23 December 2010; accepted 7 February 2011; published online 
8 March 2011. doi:10.1038/mt.2011.32

Introduction
Urea cycle defects presenting early in life with hyperammonemia 
remain difficult to treat and commonly necessitate liver transplan-
tation.1 Ammonia is highly neurotoxic,2 such that the prognosis 
for affected infants is closely linked to the severity and duration of 

hyperammonemic episodes, occurring at the time of presentation 
and/or while awaiting liver transplantation.3,4 Medical interventions 
including dietary protein restriction, arginine supplementation, 
and pharmacological induction of ammonia clearance by alternate 
pathways, while useful, often fail to control hyperammonemia in 
the face of catabolic stress occurring in concert with intercurrent 
illness. Gene therapy has the potential to be curative, in the first 
instance by preventing hyperammonemic episodes while awaiting 
liver transplantation, and subsequently by averting the need for 
transplantation altogether once the challenges of vector safety and 
persistence of transgene expression have been addressed.3,5

Among urea cycle defects, ornithine transcarbamylase (OTC) 
deficiency is the most prevalent6 and provides an ideal model for 
the development of liver-targeted gene therapy.5 We and others 
have successfully cured the spf ash mouse model of OTC deficiency 
using adeno-associated virus (AAV) vectors.7,8 One of the limita-
tions of the spf ash mouse, however, is the presence of residual OTC 
enzymatic activity, such that affected mice exhibit a mild pheno-
type with elevated urinary orotic acid levels, but no clinically sig-
nificant hyperammonemia.9 As a consequence, studies performed 
to date have used normalization of urinary orotic acid levels and 
response to ammonium challenge7,8 as measures of metabolic cor-
rection rather than control of hyperammonemia, which is the 
relevant therapeutic end point. This limitation precludes studies 
designed to determine the minimum level of stable gene transfer 
required to control hyperammonemia, which we hypothesized to 
be significantly less than that required to control orotic aciduria.

To address this shortcoming of the OTC-deficient spf ash mouse 
model we devised a strategy involving AAV2/8-mediated delivery 
of a short hairpin RNA (shRNA) designed to specifically knock-
down residual endogenous OTC messenger RNA (mRNA) in the 
liver with a view to inducing a hyperammonemic phenotype. This 
strategy proved robust and highly successful with vector-treated 
mice developing severe hyperammonemia and associated neu-
rological impairment within 4–17 days of treatment. This model 
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system was used to define the minimum levels of OTC gene trans-
fer required to prevent hyperammonemia by dose titration of an 
AAV rescue construct encoding the murine OTC (mOTC) cDNA. 
Consistent with our hypothesis, these experiments showed that the 
vector dose required to prevent hyperammonemia is fivefold lower 
than that required to control orotic aciduria. This result is favorable 
for the clinical translation of gene therapy for OTC deficiency from 
mouse to man as it indicates that the threshold for therapeutic ben-
efit is likely to be lower than indicated by earlier studies. The model 
also revealed that vector-encoded OTC activity is less efficacious 
than equivalent levels of endogenous activity, suggesting further 
gains are likely to be achieved by efforts to mimic endogenous pat-
terns of urea cycle enzyme activity across the hepatic lobule.

In summary, the shRNA-induced hyperammonemic OTC-
deficient spf ash mouse model reported here more accurately reca-
pitulates the clinical challenge of liver-targeted gene delivery in 
the treatment of severe OTC deficiency than do currently avail-
able models. This model should also prove useful in the study of 
ammonia neurotoxicity.

Results
Design and screening of shRNAs  
for knockdown of murine OTC mRNA
A panel of five shRNA-encoding DNA cassettes were designed to 
specifically knock down endogenous mOTC mRNA, but not vec-
tor-encoded mOTC mRNA. This was achieved by targeting the 3′ 
untranslated region (UTR) of mOTC mRNA, absent from vector-
encoded transcripts (Table 1 and Figure 1a). The shRNA sequences 
were initially subcloned into PPT.CG.H110 under the transcriptional 
control of the H1 RNA polymerase III promoter, and screened 
for relative knockdown efficacy in a transfection assay in human 
embryonic kidney 293 cells transiently expressing full-length mOTC 
mRNA transcripts from a plasmid vector (pTarget-mOTC-3′UTR). 
Western analysis of OTC protein revealed that three of the five shR-
NAs tested substantially reduced OTC expression (Figure 1b). Of 
these shRNAs, *103–*121 was chosen for further analysis (designated 
shRNA-OTC), and along with a nonsense shRNA was subcloned 
into a previously described AAV2 vector construct11 upstream of the 
existing liver-specific expression cassette (Figure 1c). The recombi-
nant vector genomes were then encapsidated with the highly murine 
liver-tropic AAV8 capsid for in vivo studies.

Conversion of OTC-deficient spf ash mice to a severe 
hyperammonemic phenotype
To test in vivo knock down efficacy young adult male spf ash mice 
were injected via the intraperitoneal route with the rAAV2/8 

vector encoding shRNA-OTC over a range of doses from 
1 × 1011 to 1.5 × 1012 vector genome (vg)/mouse. The negative 
control vector encoding the nonsense shRNA was delivered at a 
single high dose of 1 × 1012 vg/mouse. Mice were then observed 
daily for up to 1 month for evidence of ill health and/or signs of 
neurological dysfunction. Mice receiving the nonsense shRNA 
remained clinically well throughout the observation period with 
normal ammonia levels. In contrast, all mice receiving vector 
encoding shRNA-OTC either died precipitously or developed 
severe ataxia, necessitating euthanasia, within 4–14 days with 
associated severe hyperammonemia (Figure  2 and Table  2). 
Analysis of plasma alanine transaminase levels collected at time 
of death excluded nonspecific liver toxicity. Analysis of livers 
harvested at the time of death or euthanasia revealed that induc-
tion of hyperammonemia by treatment with shRNA-OTC was 
associated with suppression of OTC enzymatic activity to ≤2.5% 
(Table 2).
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Figure 1 D esign of short hairpin RNA (shRNA) targeting strategy 
and in vitro validation. (a) Position of the shRNA target sequences 
tested within the 3′untranslated region (UTR) of the endogenous murine 
ornithine transcarbamylase (mOTC) mRNA coding sequence. NB: These 
sequences are not present in the vector-encoded mOTC transgene. 
(b) Western blot analysis of OTC protein levels in cell lysates (30 µg pro-
tein per lane) following cotransfection of the PPT.CGH1.shRNA constructs 
with an expression plasmid containing full-length OTC coding sequence 
(pTarget-mOTC-3′UTR). The shRNA target sequence designations are 
based on the Human Genome Variation Society (HGVS) nomenclature23 
using accession no NM008769. Using this nomenclature, the symbol (*) 
is used to indicate the 3′UTR, with numbering restarting from *1 after 
the stop codon. The control lane contains cell lysate from cells which 
were transfected with PPT.CGH1 and pTarget-mOTC-3′UTR. Actin was 
included as a loading control. (c) Schematic diagram of the rAAV2/8-
shRNA OTC knockdown construct. Arrows indicated transcription start 
sites. ITR, inverted terminal repeat; LSP1, liver-specific promoter; pA, 
bovine growth hormone polyadenylation signal; WPRE, woodchuck 
post-transcriptional regulatory element.

Table 1  shRNA and nonsense sequences

shRNA designation shRNA sequence

*66–*84 CCTCTGTTCTTTAGCAATA

*90–*108 AGTCAGTTTATGTGGGAAA

*103–*121 GGGAAAGAGAAGAATTTAA

*221–*241 ATCCTGCTTGACTTGGTTTAA

*222–*242 TCCTGCTTGACTTGGTTTAAA

Nonsense sequence CAATTCTCCGAACGTGTCACGT
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Co-delivery of a therapeutic AAV vector prevents 
hyperammonemia
We next sought to establish whether co-delivery of a therapeutic 
vector encoding the mOTC cDNA open reading frame, rAAV2/8-
LSP1mOTC, with delivery of shRNA-OTC could prevent the devel-
opment of hyperammonemia. Four young adult male spf ash mice 
received simultaneous intraperitoneal injections of vector encod-
ing shRNA-OTC at a dose of 1  ×  1011 vg/mouse and rAAV2/8-
LSP1mOTC or rAAV2/8-LSP1eGFP at doses of 5 × 1010 vg/mouse. 
This latter dose had previously been shown to correct orotic 

aciduria in spf ash mice,8 while the enhanced green fluorescent pro-
tein (eGFP) vector was included as a negative control to exclude 
possible competition effects that might nonspecifically ameliorate 
the effect of shRNA-OTC delivery. As expected, all mice receiv-
ing shRNA-OTC in combination with the eGFP-encoding vector 
developed neurological signs within 13–15 days and were found 
to have significantly elevated plasma ammonia levels (Figure 3a) 
and reduced OTC enzymatic activity in the liver (Figure 3b). In 
contrast, all mice receiving shRNA-OTC in combination with 
the mOTC-encoding vector remained clinically well with nor-
mal plasma ammonia levels (Figure 3a) and restoration of OTC 
enzymatic activity from the levels seen in untreated spf ash mice to 
approximately twofold above wild-type levels (Figure 3b).

Hyperammonemia can be prevented with a fivefold 
lower dose of therapeutic vector than is required  
to normalize orotic aciduria
In a further experiment, we set out to establish the minimum dose 
of mOTC-encoding vector required to prevent the development 
of hyperammonemia. Four young adult male spf ash mice received 
simultaneous intraperitoneal injections of vector encoding 
shRNA-OTC at a dose of 1 × 1011 vg/mouse and rAAV2/8-LSP1
mOTC or rAAV2/8-LSP1eGFP at decreasing doses of 5  ×  1010, 
1 × 1010, and 5 × 109 vg/mouse. Mice receiving shRNA-OTC and 
the eGFP-encoding vector exhibited persistent orotic aciduria and 
developed neurological signs within 9–17 days at all doses tested, 
with hyperammonemia and reduced OTC enzymatic activity 
(Figure  4). In the cohort of mice that received the lowest dose 
of rescue vector (5 × 109 vg/mouse) all exhibited persistent orotic 
aciduria and developed hyperammonemia, with 3 of 4 mice show-
ing neurological signs. Interestingly, OTC activity in these mice 
(4.9 ± 1.1% wild-type) was similar to that observed in untreated 
spf ash mice. In mice receiving the intermediate dose of rescue vec-
tor (1 × 1010 vg/mouse) all were protected from hyperammonemia, 
with reduction, but not normalization, of orotic aciduria. Mean 
OTC activity in these mice was approximately threefold above the 
levels observed in untreated spf ash mice and 16.6 ± 3.6% wild-type 
levels. At the highest dose of rescue vector examined (5 × 1010 vg/
mouse) all mice were protected from hyperammonemia and uri-
nary orotic acid levels were normalized. Taken together, these 
results show that the dose of OTC-encoding vector required to 
correct hyperammonemia, the therapeutically relevant end point, 
is fivefold lower than the dose required to correct orotic aciduria.

Induction of an OTC-deficient phenotype  
in wild-type mice
In a final experiment, we set out to establish whether an OTC-
deficient phenotype could be induced in wild-type mice using the 
OTC knockdown vector. Ten adult wild-type C57BL/6 male mice 
were injected with either knockdown vector or the negative con-
trol vector at a dose of 1 × 1011 vg/mouse, and monitored up to 
6 weeks postinjection. All mice receiving the knockdown vector 
developed marked orotic acidura, with a slight but not clinically 
significant elevation in ammonia levels, consistent with the suc-
cessful induction of a mild OTC-deficient phenotype (Table 3). 
The residual OTC enzyme levels observed were similar to those in 
untreated OTC-deficient spf ash mice.
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Figure 2  Induction of a severe hyperammonemic phenotype in 
adult spf ash mice. Adult male spfash mice were injected (intraperitoneal) 
with recombinant adeno-associated virus (rAAV) 2/8-shRNA-OTC over a 
range of doses from 1.5 × 1012 to 1 × 1011 vector genomes (vg)/mouse. 
Mice were observed for up to 1 month postinjection and at signs of neu-
rological damage mice were euthanized and blood and liver collected for 
analysis. (a) Plasma ammonia levels and (b) OTC activity in liver lysate 
from wild-type (n = 6), untreated spfash (n = 6), and spfash mice injected 
with shRNA-OTC (n = 12) and shRNA-ns (n = 3). (c) Kaplan–Meier sur-
vival analysis of spfash mice injected with shRNA-OTC (n = 12; closed 
circle) and shRNA-ns (n = 3; closed square). The data presented for the 
spfash mice injected with shRNA-OTC is the average of all mice with doses 
from 1.5 × 1012 to 1 × 1011 vg/mouse. The dose of vector containing 
shRNA-ns was 1.5 × 1012 vg/mouse. Error bars represent mean ± SEM. 
*P < 0.05; **, not significant (Mann–Whitney U test). OTC, ornithine 
transcarbamylase; shRNA, short hairpin RNA.
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Discussion
Urea cycle defects are attractive targets for gene therapy and have 
the potential to serve as a paradigm for the broader application of 
gene therapy to genetic/metabolic liver disease. The central func-
tion of the urea cycle is to convert ammonia, a highly neurotoxic 
product of protein catabolism, to urea for excretion in the urine.2 
Among urea cycle defects OTC deficiency is the most prevalent, 
and commonly presents in the newborn period with life-threat-
ening hyperammonemia requiring aggressive medical manage-
ment and liver transplantation as early as surgically feasible.12,13 
More mild phenotypes can be managed medically, but control and 
prevention of hyperammonemic episodes precipitated by excess 
protein intake, fasting, and intercurrent illness remain the key 
therapeutic challenge.

Existing mouse models have proven useful in the evalua-
tion of gene therapy approaches to the treatment of urea cycle 
defects,5,14 but are inherently limited by the neurotoxicity of 
ammonia. In gene knockout models, such as for argininosuc-
cinate synthetase deficiency (citrullinaemia),15 affected pups die 
from hyperammonemia within the first 24 hours of life, making 
experimental intervention difficult. Milder phenotypes, such as 
the OTC-deficient spf ash mouse model used in this study,9 sur-
vive to adulthood but do not exhibit clinically significant hyper-
ammonemia. As a consequence, biochemical end points such as 
normalization of urinary orotic acid levels and restoration of liver 
ureagenic capacity are used as measures of therapeutic efficacy.7,8 
While capable of definitively demonstrating full phenotype cor-
rection, these end point measures do not allow determination 
of the minimal levels of gene transfer that would be required to 
control of hyperammonemia. For human clinical translation this 
is a critical question, the answer to which will provide important 
insights into the levels of gene transfer that are likely to be required 
for clinical benefit.

To address this question we have developed a model system in 
which the mild OTC-deficient phenotype of spf ash mice is converted 
to a severe hyperammonemic phenotype by shRNA-mediated 
knockdown of residual endogenous OTC mRNA. Highly efficient 
liver-directed delivery of shRNA was achieved using an AAV2/8 
vector, and specificity for knockdown of endogenous OTC mRNA 
by targeting sequences in the 3′ UTR. This strategy allows rescue 
of the induced hyperammonemic phenotype by vectors encoding 
the mOTC cDNA open reading frame, but lacking the 3′UTR. 
At all vector doses tested, down to 1 × 1011 vg/mouse, adult spf ash 
mice reliably developed severe hyperammonemia with associated 
ataxia and rapid deterioration within 4–14 days of vector deliv-
ery by simple intraperitoneal injection. Even at the highest vector 
doses tested, 1.5 × 1012 vg/mouse, there was no evidence of non-
specific liver toxicity as judged by the presence of normal plasma 
alanine transaminase levels. Associated OTC enzymatic activity 
in hyperammonemic mice ranged from 1 to 2.5% wild-type levels, 
consistent with residual enzymatic activities observed in humans 
presenting early in life with life-threatening hyperammonemia.16

Using a previously described mOTC-encoding AAV2/8 vec-
tor,8 this model system was then exploited to define the minimal 
levels of gene transfer required to control hyperammonemia. 
Several important observations emerged. First, the dose of 
OTC-encoding AAV2/8 vector required to control shRNA-OTC-
induced hyperammonemia was found to be fivefold lower than 
the dose required to normalize urinary orotic acid levels. Second, 
after knockdown of endogenous residual OTC activity in spf ash 
mice, the level of vector-encoded (exogenous) OTC enzymatic 
activity required to prevent hyperammonemia was approximately 
threefold above the enzymatic activity present in untreated spf ash 
mice. Put simply, vector-encoded OTC activity proved less effica-
cious than equivalent levels of endogenous activity. This is likely 
to be the consequence of the nonphysiological levels and patterns 

Table 2 D ose titration of rAAV2/8shRNA-OTC in young adult spfash male mice

Vector Dose (vg/mouse) Mouse number Days to harvest or death Ammonia (µmol/l) OTC activity (% wt) ALT (U/l)

rAAV2/8shRNA-OTC 1.5 × 1012 378 7 2,168 2.5 66

377 11 1,555 1.6 60

293 11 1,227 1.6 62

7.5 × 1011 50 4 1,635 2.4 34

51 7 4,488 2.1 51

43 8 909 1.9 66

2 × 1011 107 8 1,070 1.3 ND

108 10 1,293 1.0 ND

109 10 1,335 1.2 ND

1 × 1011 123 14 778 1.3 ND

124 10 3,346 1.2 ND

125 13 ND ND ND

rAAV2/8shRNA-ns 1 × 1012 323 28 28 5.3 31

325 28 72 4.3 38

326 28 46 3.7 36

Abbreviations: ALT, alanine transaminase; ND, not determined; ns, nonsense; OTC, ornithine transcarbamylase; rAAV, recombinant adeno-associated virus; shRNA, 
short hairpin RNA; vg, vector genomes; wt, wild-type.
Spf   ash control values (n = 6) (mean ± SEM): ammonia, 77.4 ± 18.1; OTC activity (%wt), 4.1 ± 0.3; ALT, 67 ± 17.7. Wt control values (n = 6): ammonia, 51.3 ± 8.3; 
OTC activity (%wt), 99.4 ± 3.5; ALT, 90 ± 21.1.



858� www.moleculartherapy.org  vol. 19 no. 5 may 2011    

© The American Society of Gene & Cell Therapy
shRNA-induced Hyperammonemia in the spf   ash Mouse

of exogenous OTC expression across the hepatic lobule following 
AAV-mediated gene transfer. We have previously shown that the 
OTC-encoding vector used in this study, while capable of trans-
ducing up to 100% of hepatocytes in the mouse liver, achieves 
higher levels of OTC expression around the central vein of the 
hepatic lobule.11 Endogenously expressed urea cycle enzymes, 
including OTC, exhibit metabolic zonation17,18 with maximal 
expression in the periportal regions of the hepatic lobule and 
progressively lower levels toward the central vein. Exogenous 
OTC activity expressed in excess toward the centre of the hepatic 
lobule would therefore be expected to contribute relatively less to 
ammonia clearance and ureagenesis. Similarly, exogenous OTC 
activity in excess of physiological levels in individual hepato-
cytes, irrespective of location within the hepatic lobule, is likely 
to contribute little to the overall ureagenic capacity of the liver. 
Taken together, these observations show that while the levels of 
gene transfer required to control hyperammonemia are consider-
ably lower than those required to control orotic aciduria, optimal 
therapeutic effectiveness will require the development of vector 
expression cassettes capable of delivering more physiological pat-
terns of gene expression.

In summary, we have successfully developed a hyperammone-
mic mouse model of OTC deficiency that better represents the chal-
lenge of gene therapy for urea cycle defects than do the currently 
available mouse models with mild OTC-deficient phenotypes. The 
model also avoids the challenges of working with knockout mod-
els of urea cycle defects where hyperammonemia is neonatal lethal, 
by allowing programmed induction of a severe hyperammonemic 
phenotype in adulthood. In addition to the development of gene 
therapy strategies for treating metabolic liver disease, the model 
should also prove useful for the study of the neuropathology caused 
by hyperammonemia and the underlying mechanisms of toxicity.
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Figure 3  Protection of hyperammonemia by treatment with a ther-
apeutic vector. Adult spfash male mice were simultaneously injected 
with recombinant adeno-associated virus (rAAV) 2/8-shRNA-OTC 
(1 × 1011 vg) and either rAAV2/8-LSP1mOTC or control vector rAAV2/8-
LSP1eGFP (5 × 1010 vg), and observed for 1 month. At signs of neurologi-
cal damage, or 1 month postinjection, blood, and liver were collected 
for analysis. (a) Plasma ammonia levels and (b) OTC enzymatic activ-
ity in liver lysates from spfash mice injected with shRNA-OTC and either 
rAAV2/8-LSP1eGFP (n = 4) or rAAV2/8-LSP1mOTC (n = 4). Error bars 
represent mean ± SEM. eGFP, enhanced green fluorescent protein; LSP1, 
liver-specific promoter; OTC, ornithine transcarbamylase; shRNA, short 
hairpin RNA; vg, vector genomes.
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Figure 4 D ose titration of therapeutic vector. Adult spfash male mice 
were injected with shRNA-OTC and different doses of either rAAV2/8-
LSP1mOTC or rAAV2/8-LSP1eGFP, down to 5 × 109 At signs of neurologi-
cal damage, or 1 month postinjection, blood, and liver were collected 
for analysis. (a) OTC activity in liver lysate, (b) urinary orotic acid levels, 
and (c) plasma ammonia levels were analyzed from spfash mice injected 
with shRNA-OTC and either rAAV2/8-LSP1eGFP (white) or rAAV2/8-
LSP1mOTC (black) over a range of doses (n = 4 for each cohort). Error 
bars represent mean ± SEM. eGFP, enhanced green fluorescent protein; 
LSP1, liver-specific promoter; mOTC, murine ornithine transcarbamy-
lase; shRNA, short hairpin RNA; vg, vector genomes.
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Materials and Methods
Cell culture. Human embryonic kidney 293 cells19 were maintained in 
Dulbecco’s modified Eagle medium (Gibco, Invitrogen, Grand Island, 
NY) supplemented with 10% (v/v) fetal bovine serum (JRH Biosciences, 
Lenexa, KS) and 1% (w/v) l-glutamine (Gibco, Invitrogen), and main-
tained at 37 °C in a humidified 5% CO2-air atmosphere.

shRNA expression constructs and virus production. Complementary 
shRNA-encoding DNA sequences, designed using commercially avail-
able algorithms, were synthesized, annealed and inserted into PPT.
CGH110 via BamHI and PacI restriction sites to generate shRNA expres-
sion cassettes. The shRNA constructs consisted of sense and antisense 
sequences 19–21 nucleotides long separated by a short spacer sequence 
enabling formation of the hairpin structure, under the control of the H1 
RNA polymerase III promoter. The mOTC coding sequence and part of 
the 3′ UTR (Accession number NM008769) were inserted into the pTar-
get expression vector (Promega, Madison, WI) (pTarget-mOTC-3′UTR) 
and used to screen for knockdown. Selected shRNA expression cassettes 
were removed by KpnI digestion and inserted into the AAV vector plas-
mid pLSP1eGFP.11 Recombinant AAV vectors pseudo-serotyped with the 
AAV8 capsid (p5E18-VD2/8; courtesy of James M Wilson, University of 
Pennsylvania) were produced in human embryonic kidney 293 cells as 
previously described.11 Vector genomes were titred by real-time quantita-
tive polymerase chain reaction using a primer/probe set specific for the 
woodchuck post-transcriptional regulatory element20 using the Maxima 
Probe Master Mix (Fermentas, Glen Burnie, MD).

Animals. All animal care and experimental procedures were evaluated and 
approved by the CMRI and CHW Animal Care and Ethics Committee 
(ACEC). Breeding pairs of spf ash mice (C57BL/6/C3H-F1 background) 
were obtained from The Jackson Laboratory (Bar Harbor, ME). All injec-
tions were administered via the intraperitoneal route at 8–12 weeks of age.

Measurement of urinary orotic acid. Urine was collected for orotic acid 
analysis as previously described.8 Briefly, urine was collected over a 24 
hour period on Whatman filter paper, eluted, and analyzed for orotic acid 
levels using Liquid Chromatography/Tandem Mass Spectrometry. Results 
were standardized against creatinine levels, measured by the modified Jaffe 
reaction.

Plasma ammonia analysis. Blood was collected by cardiac puncture and 
immediately centrifuged at 7,500g for 5 minutes at 4 °C. The plasma was 
snap-frozen in liquid Nitrogen, and stored at −80 °C. Ammonia was mea-
sured using the Ammonia Assay Kit (Sigma-Aldrich, St Louis, MO).

OTC enzyme activity. OTC enzyme activity was assayed in liver lysate as 
described previously.21

Western blot analysis. Proteins in liver lysates (30 µg per lane) were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.22 The 
proteins were transferred to nitrocellulose membrane, blocked in 5% (w/v) 
skim milk and 0.05% (v/v) Tween-20 in phosphate-buffered saline, and 
probed with rabbit antihuman OTC antibody (Abcam, Cambridge, UK) 
and rabbit anti-actin antibody (1/250 dilution; Sigma-Aldrich). Bound pri-
mary antibody was detected with goat anti-rabbit IgG (1/20,000 dilution; 

Bio-Rad, Hercules, CA) and SuperSignal West Pico Chemiluminescence 
Substrate (Pierce, Rockford, IL).
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Table 3  Knockdown of OTC activity in adult wild-type C57BL/6 male mice

Vector (1 × 1011 vg/mouse) Ammoniaa (µmol/l) Orotic acid (µmol/mmol creatinine) OTC activity (% wt)

rAAV2/8shRNA-OTC 87.9 ± 16.6 (n = 10) 1,177.9 ± 247.9 (n = 9) 6.3 ± 0.4 (n = 10)

rAAV2/8shRNA-ns 59.0 ± 6.2 (n = 8) 90.9 ± 3.9 (n = 7) 100.0 ± 2.1 (n = 8)

Abbreviations: ns, nonsense; OTC, ornithine transcarbamylase; rAAV, recombinant adeno-associated virus; shRNA, small hairpin RNA; vg, vector genomes.
aP < 0.05, no significant difference between the two groups (Mann–Whitney U test).
Data presented as mean ± SEM.


