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Abstract

 

We have achieved significant improvement of ornithine

transcarbamylase deficiency (OTCD) in a mouse model

through adenoviral-mediated gene transfer of the human

ornithine transcarbamylase cDNA. Substantial reduction in

orotic aciduria was observed within 24 h of treatment. Met-

abolic correction was later associated with phenotypic cor-

rection and moderate increase in enzymatic activity. In an

effort to identify the level of gene expression required to

achieve wild-type levels of enzyme activity we uncovered a

dominant negative effect of the endogenous mutant protein

on the activity of the delivered recombinant wild-type pro-

tein. This phenomenon is relevant to homomultimeric pro-

tein defects such as OTCD, which represent a challenging

category of disorders for gene therapy. Thus, although our

findings indicate that adenoviral-mediated gene transfer

may have potential as a short-term treatment for OTCD in

humans and may be effective especially during catabolic

crisis, the observations in this study suggest that careful pa-

tient selection based on mutation class may be essential for

initial OTCD gene therapy trials and, perhaps, for other ho-

momultimeric enzyme deficiencies being considered as gene

therapy targets. (

 

J. Clin. Invest.

 

 1996. 97:826–832.) Key
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Introduction

 

Ornithine transcarbamylase (OTC)

 

1

 

 deficiency (OTCD) is the
most common and severe of the urea cycle disorders and is in-
herited as an X-linked recessive, with frequent new mutation
occurrences (1, 2). Mutations range from deletions of the gene
to point mutations that affect the activity and/or stability of the
protein (1). The OTC protein is predominantly expressed in
the liver and intestine with trace amounts found in kidney and
brain (1). OTC is targeted to the mitochondria and assumes a
homotrimer configuration in its active form (1). The deficiency
is associated with citrulline and arginine depletion, orotic acid-
uria, hyperammonemia, and coma (3–6). Patients deteriorate
rapidly if the hyperammonemia is not corrected within 24–48 h
(2). Despite dietary and pharmacological intervention, the
therapeutic outcome is inadequate and frequently associated
with recurrent acute episodes resulting in mental retardation
or, in the majority of cases, death (1–7). Liver transplantation
is an option for qualified patients but can be associated with
high morbidity and mortality (8, 9). Because of the severity of
OTCD, the high frequency of new mutations, the limited or-
gan target needed for enzymatic correction, and the currently
inadequate therapy, we elected to develop a gene transfer
method for treatment.

There are two mouse models for OTC deficiency: the
sparse fur (

 

spf

 

) and the sparse fur–abnormal skin and hair
(

 

spf

 

ash

 

) mutants. The molecular defect in the 

 

spf

 

 model is a
missense point mutation in exon 4 which alters the pH opti-
mum for the enzyme activity, resulting in only 20% wild-type
activity at physiological pH despite high levels of expressed
protein (10, 11). The 

 

spf 

 

ash

 

 

 

OTC gene has a splice junction mu-
tation, leading to expression of 5–15% wild-type levels of ac-
tive enzyme (12). The mutant protein subunits are imported
into the mitochondria, but fail to form enzymatically active tri-
mers (12, 13). The suitability of the OTCD mice as a model of
the human disease has already been reported by Qureshi et al.
(14). Before weaning, both mouse models are phenotypically
small in size, display delayed development, and have wrinkled
skin with little or no fur. Both models are characterized bio-
chemically by reduced enzymatic activity and significant orotic
aciduria (15–20-fold higher than normal). Orotic aciduria, which
is one of the hallmarks of OTCD shared by mice and humans,
is the most sensitive and persistent marker for OTCD in these
animals (14, 15). Other findings associated with OTCD, such
as hyperammonemia, low plasma citrulline, and depletion of
arginine characteristic of OTCD patients, are not reliable diag-
nostic markers in these partially defective mouse models and
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furthermore are found to gradually normalize shortly after
weaning (15).

Stratford-Perricaudet et al. (16) showed that adenoviral
(Ad)-mediated transfer of the rat OTC cDNA resulted in partial
correction of some of the 

 

spf 

 

ash

 

 mice treated. We have success-
fully used replication-deficient E1-deleted E3-mutant Ad vectors
encoding the human OTC cDNA (AdSR

 

a

 

hOTC) for vector-
mediated transfer to hepatocytes in vitro (17). A similar vector
encoding the 

 

b

 

-galactosidase gene successfully expressed the
marker gene in mouse liver in vivo (17). These data suggested
that in vivo transfer and expression of human OTC could be
achieved in mice.

In this report we describe our findings after in vivo gene de-
livery using the 

 

spf

 

ash

 

 mouse model. Reduction in orotic acid-
uria was rapid in onset (within 24 h) and was associated with
phenotypic correction and increase in measurable enzymatic
activity after a single injection of AdSR

 

a

 

hOTC. However,
protein data suggest a dominant negative effect of this homo-
trimeric enzyme by coexpression of heterologous subunits, i.e.,
endogenous mutant (mouse or human) and human wild-type
OTC.

 

Methods

 

Ad vectors.

 

Construction of AdSR

 

a

 

hOTC and AdHCMVsp1LacZ re-
combinant vectors has been described previously (17). Both vectors
were propagated and titered as described by Graham and Prevec
(18). Briefly, the E1-deleted E3 mutant Ad5 vectors were grown on
E1-complementing 293 cells (derived from human embryonic kidney
cells) (19). The cells were inoculated at multiplicities of infection
(moi’s) of 10–20 plaque-forming units (pfu) per cell. When cytopathic
effects were visible in 80–90% of the culture, at 36–48 h, cells were
harvested, centrifuged, and pelleted. They were resuspended in 0.1 M
Tris-HCl and frozen for storage at 

 

2

 

70

 

8

 

C. The viral stock was pre-
pared by repeated, 2–3, cycles of freeze-thaw in liquid nitrogen and
37

 

8

 

C water bath. Virus was purified and concentrated by two rounds
of cesium chloride density centrifugation. Virus was dialyzed twice
with 1 liter of suspension buffer (10 mM Tris, pH 7.5–8.0, 1 mM
MgCl

 

2

 

, 10% glycerol). Titration was performed on 293 cells using a
plaque-forming assay (18). Confluent (80–90%) 293 cells were grown
overnight on 6-cm plates and were infected with serially diluted viral
stock for 60 min, and overlaid with tissue culture medium containing
0.5% agarose. Plaques were counted at 6–8 d after infection.

 

Mouse colony.

 

A homozygous/hemizygous breeding colony of

 

spf 

 

ash 

 

mice was maintained and propagated for use in this study. New-
born pups (1–4 d old) were treated by direct liver injection of a single
10-

 

m

 

l aliquot of either the AdSR

 

a

 

hOTC, AdHCMVsp1LacZ, or sus-
pension buffer. Direct injections into the liver parenchyma were per-
formed, the liver was easily identified through the translucent skin of
these very young animals. Injections were performed using a 33-
gauge needle. Neither anesthetic nor surgical incision was required
for this procedure. Pups were numbered by toe clipping to identify
AdSR

 

a

 

hOTC-treated and control littermates. Urine was collected at
successive time intervals and stored at 

 

2

 

20

 

8

 

C until orotic acid levels
were measured. Animals were killed by cervical dislocation and or-
gans were removed for protein and DNA analysis. Animal care was
in accordance with institutional guidelines.

 

DNA screening.

 

Primers were designed to amplify a 700-bp tar-
get region spanning the SR

 

a

 

-hOTC junction. As an internal control,
a 400-bp fragment of the mouse 

 

b

 

-actin gene was coamplified using

 

b

 

-actin–specific primers. 2 

 

m

 

g of DNA extracted from the liver of
killed animals was used for the PCR reaction following the standard
recommended protocol (Perkin Elmer-Cetus, Norwalk, CT) in a final
volume of 50 

 

m

 

l instead of 100 

 

m

 

l. 20 

 

m

 

l of the PCR product was run
on a 1% agarose gel and PCR products were visualized by ethidium
bromide staining followed by gel UV exposure.

 

Orotic acid assay.

 

 Orotic acid levels were measured in urine col-
lected from AdSR

 

a

 

hOTC-treated 

 

spf

 

ash

 

 mice and controls (

 

spf

 

ash

 

mice treated with AdHCMVsp1LacZ or suspension buffer). Urinary
orotic acid levels were measured according to Stajner and co-workers
(20).

 

OTC enzyme assay.

 

 We used an established OTC assay for mea-
surement of enzyme activity. Briefly, harvested cells were lysed in
0.25 M Tris-HCl, pH 7.2 or 9.5, and OTC activity in cell extract was mea-
sured using a radiochemical assay based on the conversion of [

 

14

 

C]

 

l

 

-orni-
thine (Amersham Corp., Arlington Heights, IL) to [

 

14

 

C]citrulline. Ac-
tivity was measured based on the percentage of citrulline formed per
milligram of total protein per hour of assay (21). Thin-layer chroma-
tography was used to separate the radiolabeled reaction product cit-
rulline from the substrate ornithine. Thin-layer chromatography
plates were subjected to autoradiography, the spots were excised, and
radioactivity was quantified by scintillation spectrophotometry.

 

Tissue cultures.

 

Primary mouse hepatocyte cultures were pre-
pared essentially as described by Grompe and co-workers (22). The
293 cell line, was maintained in MEM-

 

a

 

 (GIBCO-BRL, Gaithers-
burg, MD) and the COS (transformed monkey kidney) cell line was
maintained in Dulbecco’s modified minimum essential medium
(GIBCO-BRL). Both media were supplemented with heat-inacti-
vated 10% newborn calf serum and 2 mM 

 

l

 

-glutamine. Immediately
before infection, cultures were washed three times in PBS and incu-
bated in serum-free (COS) or serum-free hormonally defined (hepa-
tocytes) media. Cells were infected at increasing moi’s of AdSR

 

a

 

-
hOTC vector and media were changed 2 h after infection to fresh
serum-free media in which cultures were maintained until cells were
collected.

 

Western blot analysis.

 

Cells were collected 48–72 h after infection
and total protein was extracted in RIPA and quantitated by the Brad-
ford protein assay (23, 24). Duplicate samples of total protein were
used for OTC enzyme assay and for Western blot analysis. Samples
were run on SDS-denaturing polyacrylamide gels followed by trans-
fer to nitrocellulose membranes. For the detection of human and
mouse OTC protein, blots were incubated with a polyclonal antibody
raised in rabbits against the carboxy-terminal epitope of the human
OTC. The polyclonal antibody recognized both the human and the
mouse OTC subunits as single bands at 

 

z 

 

38 kD, with the human sub-
unit migrating slower than the mouse. Blots were washed and incu-
bated with peroxidase-conjugated goat anti–rabbit IgG (1:1,000 di-
luted; Sigma Immunochemicals, St. Louis, MO). The peroxidase on
the blots was visualized using ECL chemiluminescence detection kit
(Amersham Corp.) followed by autoradiography for 1–5 min. All
blots were stripped and probed by a monoclonal antibody that recog-
nizes 

 

b

 

-actin (Sigma Immunochemicals) as an internal control.

 

Hybrid assay.

 

Protein dissociation and reassociation conditions
were essentially as described by Wente and Schachman (25) using
equimolar concentrations of mouse wild- and 

 

spf

 

-mutant–type total
protein extracts.

 

Statistical analysis.

 

Statistical analysis was performed by Stu-
dent’s 

 

t

 

 test.

 

Results

 

Ad-mediated gene delivery in vivo.

 

Titers equivalent to 1–5 

 

3

 

10

 

8

 

 pfu per gram weight were injected directly into the livers of
2–4-d-old OTCD mice. There were no significant differences
in the survival rates of animals treated with this dosage of re-
combinant virus, compared with those treated with an equiva-
lent dose of the control Ad vector expressing 

 

b

 

-galactosidase
or with suspension buffer. Livers of all treated animals were
screened by PCR at the time of killing, confirming successful
delivery and persistence of vector target sequence. The extent
of biochemical correction was assessed by measurement of
orotic acid levels in urine. In the OTCD mouse model, the in-
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crease in OTC levels with concomitant utilization of carbamyl
phosphate has been shown to be directly reflected by urinary
orotic acid excretion, providing a sensitive, noninvasive
method for evaluating metabolic correction (14). Orotic acid
levels over a 3-wk interval after treatment were compared with
those of the control animals and demonstrated a therapeutic
effect of AdSR

 

a

 

hOTC. Table I summarizes the results ob-
tained from mice killed at 24 h, 1, 2, and 3 wk after treatment.
Significant reduction in orotic acid levels was observed as early
as 24 h after treatment and throughout the 3-wk period in
these experiments.

Phenotypic correction characterized by rapid hair growth
was observed in 42% of animals followed up to at least 2 wk
after treatment in which there was an associated significant re-
duction in orotic acid levels compared with control littermates

(Fig. 1). Weight gain (23.7

 

6

 

8.3%) over control littermates was
associated with the change in hair growth pattern.

Enzymatic activity was measured at 24 h and during the
first, second, and third week, after treatment in both the liver
and intestine (Fig. 2, 

 

A

 

 and 

 

B

 

). Increase in enzyme activity was
moderate and was observed in the intestine as early as 1 wk af-
ter treatment, using a standard OTC assay. At 3 wk, enzyme
activity was 

 

z 

 

1.3- and 2.1-fold greater than basal levels in liver
and intestine, respectively. We attribute the presence of re-

 

Table I. Levels of Orotic Acid in Urine after Treatment of the 
psf

 

ash

 

 Mice with the AdSR

 

a

 

hOTC Vector, Compared with 
Control Littermates, and the Percentage of Animals Showing 
Significant Reduction

 

Time after
vector delivery

Orotic acid (

 

m

 

mol/mg
urinary creatinine)

Percent
success

Percent
orotic

reduction
AdSR

 

a

 

hOTC
treated Control

 

24 h 25.5

 

6

 

9.7 (5)* 83.8

 

6

 

36.5 (4) 100% 70%

1 wk 13.4

 

6

 

2.5 (12)

 

‡

 

20.8

 

6

 

7.3 (5) 80% 36%

2 wk 11.1

 

6

 

2.6 (10)

 

§

 

27.2

 

6

 

12.2 (6) 100% 60%

3 wk 41.0

 

6

 

8.4 (6)

 

¶

 

140.3

 

6

 

58.3 (4) 100% 71%

Significant differences were observed between treated animals and con-

trol littermates, 

 

P

 

 

 

,

 

 *0.02, 

 

‡

 

0.05, 

 

§

 

0.004, and 

 

¶

 

0.01. Wild-type orotic acid

levels in urine of 3-wk-old mice were 16.3

 

6

 

4.8 

 

m

 

mol orotic acid per mg

urinary creatinine (

 

n

 

 

 

5

 

 4). Values represent mean

 

6

 

SEM. Number of

animals is shown in parentheses.

Figure 1. Ad-mediated in vivo correction of OTCD. Phenotypic dif-
ference in two littermates 2 wk after treatment. The mouse on the left 
(treated) and the one on the right (control) received injections di-
rectly into the liver with equivalent doses (1–5 3 108 pfu per gram 
weight) of AdSRahOTC and AdHCMVsp1LacZ virus, respectively.

Figure 2. Enzyme activity 
measured in liver and intestine 
of AdSRahOTC-treated 
(hatched bars) animals com-
pared with controls (treated 
with AdHCMVsp1LacZ) and 
wild-type mice. Animals were 
killed at 24 h, 1, 2, and 3 wk af-
ter a single dose of viral deliv-
ery to spf ash newborn mice (di-
rect liver injection). OTC 
activity was measured in total 
protein extracts from liver (A) 
and intestine (B) of treated lit-
termate control (open bars) 
and wild-type mice (filled 

bars). Activity was measured 
as micromoles of citrulline 
formed per milligram of total 

protein per hour assay. In the liver an increase in enzyme activity (175.0629.5 mmol citrulline formed/mg protein/h, P # 0.03) was observed at 
3 wk in three out of five animals tested compared with control. Enzyme activity was z 1.3-fold greater than basal levels (138629.8). These levels 
were equivalent to 53.6% of enzyme activity measured in livers of wild-type mice (n 5 12) matched by age (378.5635.38). Enzyme activity levels 
in liver samples collected at earlier time points were not significantly different from control values. In the intestine, however, significant increase 
in enzyme activity over control values was measured for five out of nine (9.860.75 mmol citrulline formed/mg protein/h, P # 0.04, vs. 8.460.0), 
five out of five (14.361.95, P # 0.04, vs. 8.9861.6), and four out of five (32.065.7, P # 0.007 vs. 15.566.3) animals at 1, 2, and 3 wk after treat-
ment, respectively. At 3 wk, enzyme activity levels were 2.1-fold greater than basal levels and equivalent to 43.5% of activity levels (73.6562.1 
mmol citrulline/mg protein/h) measured from intestines of wild-type animals, matched by age (n 5 12). Error bars represent SEM.
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combinant adenovirus in the intestine to its access to the sys-
temic circulation after the liver injections.

OTC expression and activity in primary mouse hepato-

cytes. The moderate increase in enzyme activity was associ-
ated with phenotypic correction and considerable reduction in
orotic aciduria; however, measured OTC activity was signifi-
cantly lower than wild-type activity levels. Although the data
available thus far from the mouse experiments presented in
this study and human asymptomatic patients with low levels of
OTC activity are very encouraging regarding the prospect for
gene replacement therapy in humans, we were interested in
identifying the levels of protein expression needed to reach
wild-type activity levels. Possible explanations for the moder-
ate levels of activity detected include suboptimal promoter ac-
tivity and thus gene expression, suboptimal treatment dosage,
or limitations of the intrahepatic delivery method used. How-
ever, in this study the doses used were equivalent to or higher
than those reported previously (16). Furthermore, in our
hands several higher doses were examined but were found to
be associated with toxic effects. In addition, in a limited set of
experiments we examined intravenous (jugular) delivery and

did not observe an increase in enzymatic activity in liver or in-
testine. Therefore, we initiated studies to examine the levels of
gene expression in vitro in an attempt to determine whether or
not a stronger promoter is needed and to identify the level of
protein expression required to achieve wild-type levels of
OTC activity.

AdSRahOTC was found to be highly efficient in mediating
OTC gene expression in vitro as evident by the detected levels
of transduced human OTC protein (Fig. 3). It was clear from
AdSRahOTC infection of COS, spf, and spf ash cells that in-
creasing multiplicity of the recombinant virus leads to a pro-
gressive increase in expressed human OTC protein, in all three
infected cell cultures, as detected by Western blot analysis
(Fig. 3 A). The band of cross-reacting material (CRM) de-
tected in COS and mouse hepatocytes after infection with
AdSRahOTC migrated to identical positions in both cell
types. The position of gel migration for human and rodent
CRM represents the size of the cleaved precursor proteins.
The ability to resolve the latter two bands by SDS-denaturing
gel electrophoresis presumably reflects the 20–amino acid dif-
ference between the human and mouse proteins (excluding the

Figure 3. Ad-mediated human OTC protein expression. AdSRahOTC-medi-
ated human OTC protein expression was evaluated by measuring enzyme activ-
ity and detecting expressed protein by Western blot analysis. COS cells (n 5 3) 
and primary mouse hepatocytes (n 5 4) derived from spf and spf ash livers were 
cultured and infected at moi’s with the AdSRahOTC vector 24 h after plating. 
Cultures were treated with PBS (mock infected) or with AdSRahOTC at moi’s 
of 10, 20, 40, 60, 80, 100, and 200. Total protein (25 mg) was used for Western 
blot analysis (A) and for OTC enzyme assay (B). In A, hOTC represents the 
CRM of the human OTC protein expressed by the AdSRahOTC and mOTC 
represents the CRM of the endogenously expressed mouse OTC protein. All 
blots were stripped and probed by a monoclonal antibody that recognizes 
b-actin (Sigma Immunochemicals) as an internal control. The bottom of A 

shows equal levels of b-actin protein detected in the different COS samples. In B, activity was measured as micromoles of citrulline formed per 
milligram of total protein per hour assay. Significantly higher levels of OTC enzyme activity were measured in COS cells (open boxes) as com-
pared with spf (gray circles) or spf ash (filled boxes) hepatocytes infected at equivalent moi’s (40, 60, 80, 100, and 200), error bars represent 
6SEM. C shows the difference in OTC activity detected in dissociated–reassociated mixtures (hybrid protein) of spf mutant and wild-type 
mouse protein subunits. Conditions were essentially as described by Wente and Schachman (21) using equimolar concentrations of mouse wild-
type and spf-mutant type total protein extracts. OTC activity of mixed wild-type and spf-mutant protein was measured without dissociation and 
reassociation (native protein) at pH 7.2 (open bars) (119.5%613.85). Native control values were compared with hybrid protein activity mea-
sured at pH 7.2 (filled bars) (86.5%65.6) and pH 9.5 (hatched bars) (168%629.8) after hybrid formation. Activity of hybrid protein was reduced 
by 33% when compared with native equimolar mixture (119.5%) and 13.5% compared with unmixed wild-type (n 5 4).
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leader sequence). From these data it was clear that there was
no apparent difficulty with the expression of the human OTC
under the SRa promoter in the three cell types studied. How-
ever, when enzymatic activity was examined (Fig. 3 B), a dif-
ferent result was obtained. COS cells, which do not express en-
dogenous OTC, rapidly increased OTC enzymatic levels
commensurate with increasing protein levels. Only modest in-
creases in OTC activity despite high levels of human protein
were seen in both spf and spf ash cells, which express mutant
proteins. Such results strongly suggest interference with the
human OTC activity. However, we could not be certain from
these studies if the apparent dominant negative effect was mu-
tation based or reflected structural differences in rodent and
human OTC protein.

Given the X chromosome location of OTC and random X
inactivation in females, heterotrimers of mutant and wild-type
protein would not be expected to form. Gene transfer there-
fore provides the opportunity for such a phenomenon to occur
in vivo that would not naturally occur. This concept was sup-
ported by in vitro data (Fig. 3 C), using the conditions of
Wente and Schachman, who successfully demonstrated the
negative complementation of mutant and wild-type aspartate
transcarbamylase subunits (25). Aspartate transcarbamylase
shares common ancestry with OTC, displaying 50 and 75% ho-
mology at the primary and secondary structure levels, respec-
tively (26). In our OTC studies, protein mixtures contained
equimolar amounts of wild-type and spf mutant protein (which
carries an OTC point mutation changing the pH optimum to
pH 9.5). At physiological pH, 33% reduction in enzymatic ac-
tivity was detected after dissociation–reassociation (hybrid for-
mation) compared with control native mixtures which were as-
sayed at the same pH and in which measured activity was
equal to the expected cumulative levels. The reduction in net
activity as determined by these in vitro studies is in agreement
with the in vitro cellular results. This finding further supports
impairment of wild-type activity presumably in the presence of
heterotrimers. Collectively, the data suggest that OTC enzyme
activity correction may be underestimated in the mouse model
where both mutant protein and human correction genes are
coexpressed.

OTC expression and activity in primary human hepato-

cytes. The above observations may be a significant consider-
ation for human trials. Therefore, we elected to clarify the is-
sue by study of gene transfer in human OTC liver cells. Liver
transplantation is a corrective therapy for OTC deficiencies
and such rare operative cases serve as a source of liver tissue.
We have studied two patients with ideal mutant variation. One
patient had a missense Taq site mutation in exon 3, which did
not affect protein expression, as determined by Western blot
analysis, however, it completely abolished the enzymatic activ-
ity (Fig. 4, A and B). The second patient had undetectable lev-
els of both protein and enzymatic activity as shown in Fig. 4, C
and D (molecular bases of mutation are currently under inves-
tigation). Thus, the liver sample from the former patient was
CRM negative, whereas the sample obtained from the latter
patient was CRM positive. Primary hepatocyte cultures were
established from both livers as well as COS cell cultures and
following the identical protocol used for the primary mouse
hepatocytes, cultures were infected with AdSRahOTC at in-
creasing moi’s, collected, and compared for recombinant human
OTC protein expression and corresponding enzymatic activity.
Similar to our finding in the mouse hepatocyte experiments,

enzymatic activity measured after AdSRahOTC-mediated
OTC protein expression in the CRM-positive hepatocytes was
substantially inhibited in comparison to COS cells (Fig. 4, B
and F). In contrast, activity measured for the AdSRahOTC-
mediated OTC protein expressed in the CRM-negative hepa-
tocytes increased in parallel to the increased protein expres-
sion detected by Western blot analysis (Fig. 4, C and D) and in
agreement with results obtained for the infected COS cells
which, similarly, do not express endogenous mutant OTC pro-
tein (Fig. 4, E and F). Specific activity of the recombinant hu-
man OTC protein expressed in the CRM-negative human
hepatocytes was at least 50-fold higher than that measured for
the protein detected in the treated CRM-positive human hepa-
tocytes (Table II).

Discussion

This study describes our findings using an Ad vector carrying
the human OTC cDNA in correcting the OTCD mouse model.

Figure 4. Ad-mediated hOTC protein expression in primary human 
hepatocytes. Identical to the primary mouse experiments, AdSRa-
hOTC-mediated human OTC protein expression in primary human 
hepatocytes derived from livers of OTCD patients was evaluated. 
COS cells and the primary human OTCD hepatocytes (CRM positive 
and CRM negative) were cultured and infected with PBS (mock in-
fected) or with AdSRahOTC at moi’s of 10, 20, 30, 40, 60, and 80, 
24 h after plating. Media were changed 4 h after infection. Cultures 
were maintained on serum free (COS) or serum-free hormonally de-
fined (hepatocytes) media. Cells were collected 48–72 h after infec-
tion when total protein was extracted in RIPA and quantitated by the 
Bradford protein assay. Duplicate samples were used for Western 
blot analysis (A, C, and E) and for OTC enzyme assay (B, D, and F). 
The results of the corresponding samples measured for OTC activity 
are shown on autoradiographs of the TLC plates which were used to 
separate the citrulline (arrowhead) from the substrate ornithine of 
the OTC enzyme reaction (B, D, and F). OTC activity was measured 
and compared between samples and among the three sets of cultures.
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Phenotypic improvement was achieved and reduction in orotic
acid levels was detected within 24 h of gene delivery. Given the
need for a new therapy for OTCD in humans for the acute hy-
perammonemic episodes of these patients, Ad-mediated OTC
delivery and expression may be useful in a crisis setting. The
biochemical results revealed that only moderate increases in
enzyme activity had lead to in vivo metabolic and phenotypic
correction, and are consistent with human studies which indi-
cate that low levels of OTC ameliorate the phenotype. Indeed,
Matsuda et al. (27) have shown that OTCD patients with
z 5% of normal enzyme activity have only mild phenotypes.
The increase in the levels of activity detected in the intestine at
early time points may have contributed to the observed rapid
reduction in orotic acid levels in urine. Our previous trans-
genic studies have documented the importance of small bowel
expression (21). In vitro, Ad-mediated OTC protein expres-
sion and activity were detected as early as 18 h after treatment.
An intriguing finding in our studies was the unexpected low
measurable increase in enzymatic activity and the clear dispar-
ity between OTC protein levels and corresponding activity
(Figs. 3 and 4). Given the homotrimer active form of the OTC
enzyme, the protein data collected suggest that mutant sub-
units could interfere with the resulting activity of the wild-type
vector-delivered protein. Our correcting transgenic studies of
spf mice achieved remarkable enzymatic activity exclusively in
small bowel which has 1/5 the level of endogenous mutant
OTC compared with the liver and perhaps less heterotrimer
formation (17). In addition, it is interesting that in our studies
using retroviral-mediated transfer of the human OTC cDNA
to OTCD-spf primary mouse hepatocytes increases in OTC
activity were higher at 15 d after infection than at 8 d (22). Of
interest, this coincided with the marked reduction in endoge-
nous OTC activity observed in primary hepatocytes at 2 wk af-
ter culture and was observed only at that delayed time point
despite the fact that in these studies the retroviral-mediated
wild-type mRNA levels had reached a plateau as early as day 4
after infection and that the half-life of OTC is z 6–9 d (22).
These results further support our speculations that the moder-
ate correction of the CRM-positive OTCD mouse by human
cDNA underestimates the potential corrective power in the
more severe CRM-negative subpopulation of OTCD patients.
Thus, the selection of patients may be critical to the evaluation
of a gene transfer method when multimeric subunits constitute

the active gene product. One may speculate that the use of a
stronger promoter and overexpression of OTC may overcome
this potential limitation; however, OTC is a stable protein (6–9
d), and although high levels of protein expression may be ef-
fective initially, the effects of accumulating this mitochondria-
targeted protein for such long periods will have to be carefully
evaluated. OTCD is problematic in this respect since the muta-
tions are frequently de novo, heterogeneous, and result in dif-
fering OTC enzyme/protein levels and, thus, phenotypically
patients range from asymptomatic or mild to severely affected.
Therefore, this study represents the first report demonstrating
potential dominant negative effects as a consequence of a gene
therapy attempt for homomultimeric protein defects; while fo-
cus was on OTC correction, the results found likely apply to
other multimeric gene defects targeted for genetic correction.
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