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Propionic acidemia (PA) is a recessive genetic disease that 
results in an inability to metabolize certain amino acids 
and odd-chain fatty acids. Current treatment involves 
restricting consumption of these substrates or liver trans-
plantation. Deletion of the Pcca gene in mice mimics the 
most severe forms of the human disease. Pcca− mice die 
within 36 hours of birth, making it difficult to test intrave-
nous systemic therapies in them. We generated an adult 
hypomorphic model of PA in Pcca− mice using a transgene 
bearing an A138T mutant of the human PCCA protein. 
Pcca−/−(A138T) mice have 2% of wild-type PCC activity, 
survive to adulthood, and have elevations in propionyl-
carnitine, methylcitrate, glycine, alanine, lysine, ammo-
nia, and markers associated with cardiomyopathy similar 
to those in patients with PA. This adult model allowed 
gene therapy testing by intravenous injection with ade-
novirus serotype 5 (Ad5) and adeno-associated virus 
2/8 (AAV8) vectors. Ad5-mediated more rapid increases 
in PCCA protein and propionyl-CoA carboxylase (PCC) 
activity in the liver than AAV8 and both vectors reduced 
propionylcarnitine and methylcitrate levels. Phenotypic 
correction was transient with first generation Ad whereas 
AAV8-mediated long-lasting effects. These data suggest 
that this PA model may be a useful platform for optimiz-
ing systemic intravenous therapies for PA.
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INTRODUCTION
Propionic acidemia (PA) is an inborn error of metabolism affecting 
~1 in 100,000 live births in the United States and up to 1 in 1,000 
births in high-risk populations.1 PA results from defects in the 
mitochondrial enzyme propionyl-CoA carboxylase (PCC). The α 
and β subunits of the PCC enzyme are encoded by the nuclear 
PCCA and PCCB genes, respectively.2–4 Missense, nonsense, or 
splicing mutations can occur in either gene.5–8 Approximately 49% 
of all observed mutations are missense mutations that can produce 
hypomorphic proteins with reduced, but not completely ablated 

enzyme activity (http://cbs.lf1.cuni.cz/pcc/pccmain.htm).9 Loss of 
PCC function leads to an inability to metabolize odd-chain fatty 
acids and the amino acids valine, isoleucine, methionine, and 
threonine (reviewed in ref. 10). These metabolic effects produce 
elevated levels of propionylcarnitine (C3), methyl citrate (MeCit), 
and glycine in the blood, allowing PA to be detected during new-
born screening.11–14

Clinical presentation of PA usually occurs within the first week 
of life and includes poor feeding, vomiting, lethargy, and meta-
bolic acidosis.15,16 Because only certain amino acids and odd-chain 
fatty acids are substrates for PCC, standard treatment focuses on 
restricting consumption of protein.17 Patients under active protein 
restriction may still undergo metabolic crises, explained in part 
by difficulty adhering to these life-long dietary interventions.17 
Even when careful dietary control is maintained, patients can still 
undergo metabolic decompensation, particularly in response to 
infection, trauma, or stress.18 Recurrence of these metabolic cri-
ses can cause cognitive damage and sometimes death.19 Grunert et 
al. showed a significant correlation between reduced intelligence 
quotient and the number of metabolic crises experienced by 
patients.20 Although the frequency of metabolic decompensation 
generally decreases with age, long-term survival is still reduced to 
67%.19 In addition, PA can lead to cardiac abnormalities including 
cardiomyopathy and arrhythmia.21–25

There is no cure for PA. Elective liver transplantation is being 
increasingly used to reduce metabolic crises and temper some of 
the most severe symptoms of the disease, including hyperammo-
nemia.26,27 Although liver transplantation has positive effects, it 
is invasive, has high morbidity, requires long-term immunosup-
pression, and rejection of the transplant is possible. Because of 
these drawbacks, it is important to develop alternative and safer 
therapies for PA.

A mouse model of PA was generated previously by disrupt-
ing the murine Pcca gene.28 These Pcca−/− mice lack Pcca protein, 
have drastic increases in C3 and MeCit and die within 36 hours 
of birth.28 Proof of principle for liver transplantation and liver 
gene therapy in this model was demonstrated by transgenesis 
with a liver-specific PCCA transgene. Pcca−/− mice with this cover-
ing transgene maintained 50% of wild-type enzyme activity and 
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survived for many months. In contrast, mice with <20% of wild-
type activity died within 3 weeks.

Pcca−/− mice have been used to test the feasibility of gene 
therapy for PA. In a first study, treatment of newborn mice with 
helper-dependent adenovirus serotype 5 (HD-Ad5) or adeno-
associated virus 2/8 (AAV8) vectors expressing the human PCCA 
cDNA were able to statistically extend lifespan; however, the 
increases were modest.29 Subsequently, AAV8-hPCCA treatment 
of newborn Pcca−/− mice extended the lifespan of 50% of animals 
up to 150 days.30

Although Pcca−/− mice have provided proof of principle for 
gene therapy of PA, death of Pcca null animals within 36 hours 
makes treatment of this model challenging. In particular, the need 
to inject newborn mice within hours of birth makes intravenous 
injection strategies difficult to test. Given the need to test systemic 
therapies for application to humans, in this work, we have devel-
oped a hypomorphic model of PA in mice that allows mice to 
survive to adulthood. These mice express a mutant human PCCA 
protein that partially replaces deletion in the original Pcca- mice. 
We show that this model accurately recapitulates many aspects of 
PA in humans, particularly in the 50% of patients with PA who 
have hypomorphic enzyme activity. We also show that this adult 
model now allows testing of gene therapy approaches by intrave-
nous administration.

RESULTS
A hypomporphic mouse model of PA
To avoid the difficulties in testing systemic gene therapy in 
newborn Pcca−/− mice used in previous studies, a hypomorphic 
model of PA was engineered using a cDNA for human PCCA 
harboring a nucleotide mutation that results in an A138T muta-
tion. This mutation was previously identified in PA patients with 
mild to moderate symptoms.6,7,31 This mutation in exon 5 results 
in reduced PCCA protein levels in patient cells. Transfection of 
PCCA-deficient human fibroblasts with A138T cDNA produces 
a protein with reduced mitochondrial stability and only 9.4% of 
wild-type PCC activity.9

The A138T human cDNA was generated and cloned into a 
construct under control of a ubiquitously active CAG promoter 
followed by an internal ribosome entry site–enhanced green fluo-
rescent protein (IRES-EGFP) to aid in phenotyping (Figure 1). 
This cassette was microinjected into mouse embryos for random 
insertion into the genome. Six A138T founder mice were identi-
fied by PCR and three of them had detectable GFP fluorescence. 
A138T founders were crossed to Pcca+/− mice to identify Pcca−/− 
mice with covering transgenes. Pcca−/−(A138T) mice were rescued 
and ultimately bred from one GFP-positive founder and used for 
subsequent studies.

Copy number analysis of Pcca−/−(A138T) mice by Taqman 
assay demonstrated a single copy of transgene, which was trans-
mitted in a Mendelian pattern of inheritance (data not shown). 
Pcca+/−(A138T) mice were phenotypically normal. Crossing 
Pcca+/−(A138T) to Pcca+/−(A138T) to produce Pcca−/−(A138T) 
mice was feasible, but produced only 2 to 3 Pcca−/−(A138T) pups 
per litter. Pcca−/−(A138T) mice produced from Pcca+/−(A138T) 
dams were generally indistinguishable from wild-type litter-
mates until after weaning at which point their phenotype became 

more evident as they exhibited significantly delayed growth 
(Figure 2a). Pcca−/−(A138T) mice with two copies of the A138T 
transgene could also be bred to each other, generating litters with 
5 to 9 Pcca−/−(A138T) pups. Unlike the phenotypically normal 
Pcca−/−(A138T) pups produced from Pcca+/−(A138T) dams, mice 
born to Pcca−/−(A138T) mothers were drastically smaller and 
experienced significantly delayed growth throughout their neo-
natal development (Figure 2b,c). These data suggested that low 
PCC activity in the dams affected the growth and development 
of their mutant pups. As these mice survived and were produced 
in larger numbers per litter, subsequent studies were performed 
with mice from Pcca−/−(A138T) parents. These Pcca−/−(A138T) 
mice had marginally decreased survival over 3 months after birth 
(Figure 2d). Although survival was reduced, it was still markedly 
longer than the 36-hour survival of the Pcca−/− mice.29

Liver PCC activity in Pcca−/−(A138T) mice
The A138T human cDNA produced 9.4% activity in transfected 
fibroblasts.9 To test PCC activity in Pcca−/−(A138T) mice, livers 
from wild-type and Pcca−/−(A138T) mice were analyzed for PCC 
activity by incorporation of labeled CO2 (Figure 3a). This assay 
demonstrated that Pcca−/−(A138T) mouse livers had 2.2% of wild-
type PCC activity (P < 0.0001 by two-tailed t-test).

Elevated PA-associated biomarkers in Pcca−/−(A138T) 
mice
Elevated propionylcarnitine (C3) and MeCit are observed in 
patients with PA during newborn screening. Blood spots were 
collected on filter paper from the animals in a manner similar 
to the method used for newborn screening to assess these bio-
markers. C3 levels were normalized to acetylcarnitine (C2) to 
control for variations in sample recovery from blotted blood. 

Figure 1  Strategy for generating PCCA hypomorph mice. Depiction 
of the insertion cassette microinjected into FVB mouse fertilized eggs 
(top). Two separate hypomorph constructs were injected, one with an 
A138T mutation and another with an A75P mutation. IRES-GFP DNA 
sequence was included to aid in genotyping founder mice. (bottom) 
Breeding strategies of Pcca−/− and Pcca−/−(A138T) mice. The A138T tran-
script increases survival well beyond the 36 hours observed in full knock-
out mice. CAG, cytomegalovirus early enhancer coupled with chicken 
β-actin promoter; EGFP, enhanced green fluorescent protein; IRES, inter-
nal ribosome entry site.
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Measurements of Pcca−/−(A138T) mice beginning at 4 weeks 
of age showed significantly increased levels of C3/C2 and 
MeCit (Figure 3b,c). On average, there was a 18-fold increase 
in both C3/C2 ratios and in MeCit levels when compared with 

wild-type mice (P < 0.0001 for both by one-way analysis of vari-
ance (ANOVA)). Analysis of amino acid levels also demon-
strated significant increases in glycine, alanine, and lysine in the 
Pcca−/−(A138T) mice (Figure 3d).

Figure 2  Growth of PCCA−/−(A138T) hypomorph mice. (a) Growth curve of Pcca−/−(A138T) mice versus wild-type animals with intact endogenous 
mouse Pcca (n ≥ 7 for all data points). (b) Growth curve of pups born from indicated dams. Pups from litters with ≥5 pups were analyzed (n = 14). (c) 
Photo of Pcca−/−(A138T) mice birthed by a Pcca+/− dam (left) alongside a mouse birthed by a Pcca−/−(A138T) dam (right), picture was taken when both 
mice were weaned at 3 weeks of age. (d) Kaplan–Meier survival curve depicting death rate of Pcca−/−(A138T) mice (n = 73) versus wild-type (n  = 30). 
Error bars in the line graph depict SEM. ****P < 0.0001; **P < 0.01.
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Figure 3  Biomarker concentrations in PCCA hypomorphs. (a) Determination of PCC enzyme activity in liver of Pcca−/−(A138T) mice (n = 10) as 
compared with wild-type mice (n = 3). (b) Ratio of propionylcarnitine (C3) to acetylcarnitine (C2) in dried blood spots. Pcca−/−(A138T) mice exhibit 
~18-fold higher C3/C2 than wild-type animals (n ≥ 12 for all data points). (c) Levels of methyl citrate (MeCit) in the same samples (n ≥ 12 for all data 
points). (d) Comparison of indicated amino acid levels in plasma of wild-type or Pcca−/−(A138T) mice. Error bars in line and bar graphs depict SEM. 
****P < 0.0001; **P < 0.01.
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Hyperammonemia and cardiac perturbations in 
Pcca−/−(A138T) mice
Hyperammonemia and cardiomyopathy are significant life-threat-
ening symptoms in patients with PA. Ammonia levels in humans 
are below 35 µmol/l in humans32,33 and are similar in wild-type mice 
(Figure 4a). In patients with PA, ammonia levels are usually elevated 
from 50 to 150 µmol/l with some being >400 µmol/l.32 Significant 
elevations in plasma ammonia levels similar to those in humans 
were observed in 8-month-old Pcca−/−(A138T) mice when com-
pared with age-matched wild-type animals (Figure 4a). Hearts from 
these 8-month-old mice were also analyzed and mass measurements 
revealed that those from Pcca−/−(A138T) mice were significantly 
larger than those in wild-type mice (Figure 4b). Elevations in brain 
natriuretic peptide (BNP) has been proposed as a potential marker 
for cardiomyopathy and cardiac dysfunction.34 When BNP mRNA 
levels in the hearts of these animals were compared, message levels 
were significantly higher in the Pcca−/−(A138T) mice (Figure 4c).

Gene therapy in adult Pcca−/−(A138T) mice
To test gene therapy in the new mouse model, a codon-optimized 
human PCCA cDNA (hPCCAco) was inserted into a first genera-
tion Ad5 (FG-Ad5) vector and into a single-stranded AAV2/8 
vector. Adult Pcca−/−(A138T) mice of 10 weeks old were injected 
with optimal doses of either vector: 5 × 1011 vg of AAV2/8 CMV-
hPCCAco or 5 × 1010 vp of Ad5 CMV-hPCCAco by tail vein 
and C3/C2 ratios and MeCit levels were assayed after 1 week 
(Figure 5). Treatment with either vector drove C3/C2 and MeCit 
below the levels observed in untreated mice, but the Ad5 vector 
mediated more significant reductions 1 week after injection 
(Figure 5, P < 0.0001 by one-way ANOVA). When metabolite 
levels were tracked over several weeks, phenotypic correction by 
the two vectors was quite different (Figure 6a,b). FG-Ad5 treated 
mice had a rapid reduction in C3/C2 ratios within 1 week of treat-
ment, but this effect was transient and rebounded within 8 weeks 
(Figure 6a). In contrast, AAV8 induced gradual reductions in C3/
C2 ratios over 8 weeks and these remained low throughout the 
experiment. MeCit levels generally mimicked changes in C3/C2 
ratios, but with somewhat different kinetics (Figure 6b).

Gene therapy in young Pcca−/−(A138T) mice
FG-Ad5 and AAV8 treatment of adult mice (age 10 weeks) had 
detectable therapeutic effects. Given that FG-Ad5 effects were 
short-lived presumably due to anti-Ad immune responses, both 

vectors were tested again in younger 5-week-old mice (Figures 5 
and 6). AAV8 and FG-Ad5 treatment of 5-week-old mice drasti-
cally reduced C3/C2 ratios and MeCit levels within one weak of 
treatment when compared with untreated Pcca−/−(A138T) mice 
(P < 0.0001 for both vectors for both metabolite levels by one-
way ANOVA). These metabolite levels were not significantly dif-
ferent than wild-type animals by one-way ANOVA. C3/C2 ratios 
declined over time in mice treated with AAV8 at 5 weeks, but 
increased over time when mice were treated with Ad at 5 weeks. 
MeCit levels remained low in both groups at least through 8 weeks 
after treatment. These results indicate that earlier administration of 
both AAV and FG-Ad vector greatly increased their efficacy in this 

Figure 4  Phenotypic markers. At 8 months of age, mice were killed and their body mass was recorded. (a) Blood was drawn to determine concen-
tration of ammonia in plasma samples. (b) Hearts were removed from the animals and their mass recorded and was normalized to total body mass. 
(c) Level of BNP mRNA obtained from mouse heart tissue was also determined. **P < 0.01; *P < 0.05.
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mouse model. Ad and AAV treatment also significantly increased 
body mass in the young animals (Figure 6c). Mice injected with 
Ad-hPCCAco and AAV2/8-hPCCAco gained 34% and 15% body 
mass respectively within just the first week as compared with a 7% 
increase observed in mice injected with control AAV2/8-GFPLuc 
(AAV8-GL) and a 6% increase in mice injected with control Ad.

Effects of gene therapy on PCCA protein and activity 
levels
To determine whether the two gene therapy vectors produced 
different protein levels, we assayed liver PCCA protein levels in 

SDS-PAGE gels using Neutravidin and PCCA antibody. PCCA 
is one of four proteins in mammalian cells that are covalently 
biotinylated by holocarboxylase synthetase.35 Neutravidin can 
detect all four. Therefore, whereas PCCA antibody is specific for 
our protein of interest, Neutravidin not only detects PCCA, but 
also detects three other proteins that serve as an internal loading 
control.

Using this system, we probed PCCA protein levels in the liv-
ers of wild-type mice and Pcca−/−(A138T) mice by western blot 
(Figure 7a). PCCA band intensities from the livers of wild-type 
mice were visually stronger than that from Pcca−/−(A138T) liv-
ers. The signal observed in the Pcca−/−(A138T) lane may be from 
residual mouse Pcca, human PCCA(A138T), or overlapping sig-
nal with methylcrotonoyl CoA carboxylase when probed with 
Neutravidin. When blots were probed with PCCA antibody that 
recognizes both human and murine PCCA, no PCCA protein 
band was detected in untreated Pcca−/−(A138T) mice (Figure 7a) 
consistent with the reduced protein stability of the A138T protein.9

PCCA protein levels increased drastically in both AAV and 
Ad-treated mice as assessed by both Neutravidin and anti-PCCA 
antibody, reaching levels much higher than that seen in wild-type 
mice (Figure 7a).

When PCC enzymatic activity was measured from the livers of 
the same animals, activity trended in a similar manner to that for 

Figure 6  Therapeutic response to viral vector treatment. (a) C3/C2 
ratio assayed at time points up to 13 weeks after administration of con-
trol AAV2/8-GFPLuc at 5 weeks old (n = 5), AAV2/8-hPCCAco (n = 10 at 
5 weeks old, n = 9 at 10 weeks old) or Ad-hPCCAco (n = 5 at 5 weeks 
old, n = 7 at 10 weeks old) as in Figure 4. (b) The same samples were 
analyzed for MeCit levels. (c) Body mass response 1 week after vector 
administration. Mass was recorded at 5 and 6 weeks of age for wild-type 
and Pcca−/−(A138T) mice born from a Pcca−/−(A138T) dam. At the time of 
the 5-week measurement, Pcca−/−(A138T) mice were injected with con-
trol AAV2/8-GFPLuc (n = 5), Ad5-GFPLuc (n = 5), Ad5-hPCCAco (n = 5), 
or AAV2/8-hPCCAco (n = 10). Five-week mass measurements are repre-
sented in the left column and 6-week measurements are represented in 
the right column for each treatment data set. Error bars in line and bar 
graphs depict SEM. NS, not significance.***P < 0.001. 
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protein levels (Figure 7a,b). Ad5-hPCCAco–induced PCC activity 
reached maximal levels within 3 days of treatment whereas AAV8-
hPCCAco–induced levels were higher at 10 days post-treatment. 
However, although the vectors produced PCCA protein levels 
higher than were observed wild-type mice (Figure  7a), PCC 
enzyme activity reached only 30% of wild-type levels (Figure 7b).

DISCUSSION
This work was motivated by a need for an adult small animal 
model of PA where systemic therapies could readily be tested by 
intravenous injection. Full knockout of mouse Pcca generated a 
model wherein mice die within 36 hours of birth28 making this a 
challenging system with which to test intravenous delivery meth-
ods and vectors.

In the original mouse model study by Miyazaki’s group, Pcca 
knockout was rescued by transgenesis with the mouse Pccac DNA 
that was expressed in a largely liver-specific fashion using the 
serum amyloid protein (SAP) promoter. This transgene’s ability 
to rescue Pcca deficiency provided excellent proof of principle for 
liver-directed gene therapy or stem cell therapy,28 but did not reca-
pitulate human disease where PCC deficiency is cell autonomous 
and affects every cell in the body.

To recapitulate systemic disease and generate a less stringent 
mouse model, we introduced human PCCA cDNA containing a 
well-described hypomorphic A138T mutation under control of 
the promiscuous CAG promoter. Under these conditions, we were 
able to obtain A138T transgenic mice on the Pcca−/− background. 
In these mice, the A138T human transgene partially rescued the 
mouse Pcca deficiency resulting in 2.2% of wild-type liver PCC 
activity in the mice. This enzymatic activity is interestingly similar 
to the 4% activity that has been directly observed in fibroblasts of 
a human patient homozygous for the A138T mutation.9,31

Numerous aspects of the Pcca−/−(A138T) mice were probed 
to determine how closely their phenotype mirrors that of human 
patients. The 2.2% level of PCC activity translated to 18-fold 
increases in C3/C2 ratios and MeCit levels that mimicked lev-
els observed in humans with PA. Unlike Pcca−/− mice that die 
within 36 hours, Pcca−/−(A138T) mice survive through the neo-
natal period with >75% survival beyond 90 days. Pcca−/−(A138T) 
mice were sufficiently healthy to allow breeding as homozygote 
mutants. However, PCC deficiency in the Pcca−/−(A138T) dams 
clearly affected the health of their progeny as demonstrated by the 
markedly reduced size of their pups when compared with geneti-
cally identical pups that were produced from Pcca+/−(A138T) 
mothers.

Analysis of plasma amino acid levels indicated that the 
Pcca−/−(A138T) animals exhibit elevations in glycine similar to that 
seen in humans.36 In addition, increases in alanine are a consis-
tent correlate of lactic acidosis, which is often observed in patient 
samples.10,37 Elevations in lysine are also frequently observed in 
patients with PA and positively correlate with hyperammone-
mia.10,32,38 We observed hyperammonemia in the mice similar to 
the levels observed in patients with PA.32,33 Hyperammonemia 
likely causes some degree of neurological perturbation in addi-
tion to contributing to premature death in some of the animals. 
The relative increases in heart mass and in BNP mRNA in the 
hearts of Pcca−/−(A138T) mice also suggest some degree of cardiac 

involvement. Although these data are suggestive, additional stud-
ies will be needed to determine how well this mouse model recap-
tulates cardiac involvement observed in patients with PA.

These data indicate that the A138T model mimics many 
of the phenotypes observed in patients with PA. To investigate 
usefulness of this model for testing systemic therapies, Ad and 
AAV vectors were injected intravenously into 5- and 10-week-
old Pcca−/−(A138T) mice. Adenoviral vectors expressing codon-
optimized human PCCA produced significant increases in growth 
of animals and partial correction of C3/C2 and MeCit levels. 
However, these effects were transient and were only observed for 
4 weeks after vector administration. These results were not sur-
prising, because first generation adenoviral vectors are known to 
be attenuated by immune-mediated clearance of Ad-transduced 
cells.39 Future work will test if helper-dependent Ad vectors lack-
ing all Ad genes mediate a more persistent phenotypic correction 
in this model.

AAV8 vectors expressing codon-optimized human PCCA 
produced more persistent and robust correction of disease marker 
levels. In contrast to the Ad vector, mice treated with AAV8 
underwent a rapid drop in C3/C2 and MeCit that was maintained 
for the duration of the 13-week study. Of particular interest is the 
differential effect of both vectors when they were administered to 
mice that were 5 weeks of age rather than 10 weeks. Animals of 
5 weeks old receiving either vector had markedly stronger effects 
on metabolite levels as exhibited by lower C3/C2 and MeCit levels. 
This could be due to modification of a higher fraction of the liver 
by the vectors in the slightly smaller mice or be due to reduced 
therapeutic effects in older animals that have suffered longer from 
metabolic damage.

Comparison of PCCA protein levels and PCC enzyme activ-
ity levels also revealed an interesting discordance in gene therapy 
efficacy. Although both vectors produced PCCA protein levels 
that actually exceeded normal levels, this high level expression 
did not translate into PCC enzyme activities at or above wild-type 
activities. This discrepancy could be due to two intrinsic features 
of the PCC enzyme. First, PCC consists of a dodecamer of two 
protein subunits: PCCA as well as PCCB. Therefore, the failure to 
reconstitute 100% PCC activity may be due to imbalanced PCCA 
and PCCB protein expression. If so, better results may occur if 
both cDNAs are delivered at the same time. Dual cDNA delivery 
would also be appealing given that ~50% of patients with PA have 
mutations in PCCB rather than PCCA. An alternate explanation 
for the discrepancy could be due to the fact that PCC is a mito-
chondrial enzyme. Therefore, both PCCA and PCCB need to be 
coordinately targeted to the mitochondria for activity. It is there-
fore possible that imbalanced expression might disrupt mitochon-
drial targeting. Finally, our use of human PCCA protein may not 
optimally combine with endogenous mouse PCCB protein and 
limit full PCC enzymatic activity.

Previous testing in the Pcca−/− mice indicated that the liver-tropic 
AAV8 vector has utility for treating PA.29,30 Our study confirms this 
observation, and reinforces the promise of AAV8 or other liver-tropic 
vectors as possible treatments for PA. Currently, the most promis-
ing form of treatment is liver transplantation. Liver transplantation 
relieves most of the symptoms experienced by patients with PA and 
aids in normal development. However, liver transplantation itself 
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poses significant risks to the patient and requires life-long adminis-
tration of immunosuppressant drugs, which can be associated with 
an array of side effects themselves. Gene therapy with AAV or other 
gene therapy vectors may potentially be equally efficacious, but may 
have better safety margins, because they express one or a few genes 
rather than a whole organ of non-self antigens.

MATERIALS AND METHODS
Generation of hPCCA hypomorph mice. Segments of human PCCA 
cDNA with mutations leading to A75P or A138T defects were synthesized 
by GenScript USA (Piscataway, NJ). These were used to replace wild-type 
Pcca in plasmid pShuttleCMV-FL-hPCCA-IRES-hrGFP. These mutant 
PCCA cDNAs were transferred to pCALL2-Δ-LoxP to generate plasmids 
pCALL2-Δ-LoxP-hPCCA-A75P and pCALL2-Δ-LoxP-hPCCA-A138T in 
which hPCCA is followed by an IRES-EGFP element to allow screening 
for transgenics (Figure 1). The pCALL2-Δ-LoxP plasmids were digested 
with BamHI and BsaWI and this transgene fragment was microinjected 
into the fertilized eggs of FVB mice by the Mayo Clinic Transgenic and 
Gene Targeted Mouse Shared Resource (TGTMSR). Founder mice were 
screened for GFP expression and by PCR using primers specific for the 
transgene cassette (F: CGGATTACGCGTAGCATGGTGAGCAA R: GCC 
TAAACGCGTTTACTTGTACAGCT). Positive mice were then crossed to 
Pcca+/− mice. All resulting progeny were screened using primers specific 
for the endogenous mPCCA gene, neomycin resistance gene (neo) and the 
transgene cassette described previously by Hofherr et al.29

Animals. All mice were housed at Mayo Clinic under the Association 
for Assessment and Accreditation of Laboratory Animal Care (AALAC) 
guidelines. The Mayo Clinic Animal Care and Use Committee approved 
all animal use protocols. All animal experiments were carried out accord-
ing to the provisions of the PHS Animal Welfare Policy, Animal Welfare 
Act, the principles of the NIH Guide for the Care and Use of Laboratory 
Animals, and the policies and procedures of Mayo Clinic. Mice were fed 
standard PicoLab 5053 rodent chow (LabDiet, Brentwood, MO) with no 
substitutions throughout all experimental time points.

PCC enzyme activity assay. The mouse livers were each weighed and a 
volume of lysate buffer (50 mmol/l Tris pH 8.0, 1 mmol/l glutathione, 1 
mmol/l EDTA, protease inhibitor cocktail) equal to three times the weight 
was added. The mouse tissues were homogenized using a handheld glass 
tissue homogenizer. The homogenized lysate was then spun at 15,000 rpm 
at 4 °C for 30 minutes. The supernatant was then used for the PCC radio-
metric activity assay performed as previously described.40 Protein concen-
tration was determined by the Lowry method. The PCC assay used 75 µg 
of liver lysate in a total of 50 µl for 15 minutes at 37 °C.

Metabolite analysis in blood. Blood was obtained via submandibular 
puncture with a lancet and was spotted on Whatman 903 Protein Saver 
blood collection cards (GE Healthcare, Westborough, MA). Acylcarnitines 
and methylcitric acid (MeCit) were analyzed in the dried blood spots by 
tandem mass spectrometry following protocols established for newborn 
screening.11,14 Analysis of amino acid concentrations were also performed 
on plasma samples using tandem mass spectrometry.41

Plasma ammonia assay. Blood was obtained from anesthetized mice 
via cardiac puncture. Plasma was separated by spinning for 10 minutes 
at 1,400g and snap frozen in liquid nitrogen. Ammonia analysis was per-
formed using the Sigma Ammonia Assay Kit (St Louis, MO).

Cardiac BNP assay. Assay for BNP was performed as described by 
Peche et al.42 SYBR Green Master Mix (Life Technologies, Grand Island, 
NY) was used with the previously published BNP primers and GAPDH 
reference primers (GAPDH Forward: AGCTGAACGGGA AGCTCACT 
GAPDH Reverse:GCTTCACCACCTTCTTGATGTC).

Adenovirus vector production. The human PCCA cDNA was codon opti-
mized for mammalian expression and synthesized by GenScript USA. This 
hPCCAco cDNA was cloned into the pShuttle-CMV plasmid (Q-Biogene) 
and was recombined with pAd-Easy, then virus was rescued in 293A cells as 
described in Mok et al.43 All adenoviruses were purified using two sequen-
tial ultracentrifugation CsCl density gradients and quantitated by OD260.

AAV vector production. Codon-optimized human PCCA DNA (hPCCAco) 
was synthesized by GenScript USA and cloned into a CMV expression 
cassette (Figure 1) containing AAV2 inverted terminal repeats and pack-
aged with an AAV2/8 packaging system. AAV particles were produced by 
a procedure similar to that of Lock et al. with some modifications.44 Briefly, 
polyethylenimine-based transfection of HEK 293 cells was performed in 
Corning (Corning, NY) 10 chamber CellSTACKs. Plasmids were transfected 
at a molar ratio of 1:1:1 (adenoviral helper plasmid: cis AAV Rep 2/Cap 8 
plasmid: trans hPCCAco plasmid) and a polyethylenimine/DNA ratio of 3:1 
(w/w) was utilized for transfection. The cell portion was subjected to three 
freeze-thaw cycles to form a lysate fraction. The media portion was clarified 
through 0.45 µm Nalgene (Thermo Fischer Scientific, Waltham, MA) bottle-
top filters and then concentrated by tangential flow filtration through a dis-
posable 0.01 m2 Sius-LS HyStream Hydrophilic membrane with a 100 kDa 
Molecular Weight Cutoff (TangenX Technology, Shrewsbury, MA) housed 
in a NovaSet-LS LHV holder (TangenX Technology) to a volume of ~50 ml. 
At this point, both the cell lysate and media fractions received DNAse and 
were incubated for 30 minutes at 37 °C. Discontinuous iodixanol gradients 
were formed as stated in Lock et al. and the tubes were sealed and centri-
fuged at 350,000g in a Beckman type 70.1 Ti rotor for 120 minutes. Cell and 
media fractions were pooled separately and concentrated by centrifugation 
using Amicon 100 kDa molecular weight cutoff filter units (EMD Millipore, 
Billerica, MA).

Vector titer. Real time PCR was performed using Sybr Green (Life 
Technologies) with primers specific for the CMV promoter region 
(Forward: CAAGTGTATCATATGCCAAGTACGCCCC, Reverse: CCCC 
GTGAGTCAAACCGCTATCCACGCC).

Vector administration. AAV vectors were diluted in phosphate-buffered 
saline to yield a final concentration injectable in a volume up to 100 µl. 
Viral genomes (vg) of 5 × 1011 per mouse of AAV8-hPCCAco were injected 
intravenously via the tail vein. Adenoviral vector was diluted in the same 
manner to yield a concentration injectable in a volume of 100 µl. Viral 
particles of 5 × 1010 were injected per mouse intravenously via the tail vein.

PCCA protein analysis. Protein blots were obtained by homogenizing sec-
tions of mouse liver in T-Per Reagent (Fischer Scientific, Rockford, IL). Total 
protein of 25 μg was loaded onto an SDS-PAGE gel from each sample. The 
subsequent blot was probed with Neutravidin-HRP, and imaged for lumi-
nescence. Total protein of 50 μg was loaded onto an SDS-PAGE gel from 
each sample for Western analysis using anti-PCCA antibody (ProteinTech, 
Chicago, IL). Quantitation of bands was performed using Kodak MI Software.

Data analysis. Graphing and statistical analysis was performed using 
GraphPad Prism software. Statistical significance was determined using the 
Student’s two-tailed t-test for the bar graph in Figure 3, one-way ANOVA 
with Bonferroni post test for the line graphs and scatter plot in Figures 2–5, 
or log-rank tests for the Kaplan–Meier curve in Figure 2. Data are expressed 
as mean value ± SEM in bar, line, and scatter graphs in Figures 2–5.
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