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Abstract

A 66-year-old woman heterozygous for a mutation in the ornithine transcarbamylase gene (Otc) participated in a
phase I gene therapy trial for OTC deficiency. She received an adenovirus (Ad) vector expressing the functional
OTC gene by intraportal perfusion. Fourteen years later she developed and subsequently died of hepatocellular
carcinoma. A second subject, a 45-year-old woman, enrolled in the same trial presented with colon cancer 15
years later. We sought to investigate a possible association between the development of a tumor and prior
adenoviral gene transfer in these two subjects. We developed and validated a sensitive nested polymerase chain
reaction assay for recovering recombinant Ad sequences from host tissues. Using this method, we could not
detect any Ad vector DNA in either tumor or normal tissue from the two patients. Our results are informative in
ruling out the possibility that the adenoviral vector might have contributed to the development of cancer in those
two subjects.

Introduction

Recombinant viral vectors are widely used in human
gene therapy applications. Possible vector-related geno-

toxicity has gradually gained more attention. Viral vectors
based on certain RNA viruses, such as murine retroviruses
and lentiviruses, could have a particular predilection for in-
tegration into chromosomal DNA, and are therefore consid-
ered to carry a higher tumorigenesis potential. A gene therapy
trial for the treatment of severe combined immunodeficiency
using gamma retrovirus vector in fact demonstrated subse-
quent development of leukemia in several treated children
and has re-emphasized such risks in viral gene therapy
(Hacein-Bey-Abina et al., 2003; Kohn et al., 2003).

Although wild-type (wt) adenovirus (Ad) serotype 5 is
capable of transforming cells in vitro via the E1a gene (van
der Eb et al., 1977), natural infections of Ad in humans are
not associated with cancer (Roy et al., 2009). In addition, the

adenovirus is a double-stranded DNA virus that is not
documented to have a propensity for integration into the
host genome in vivo. The frequency of integration by E1-
deleted replication-defective recombinant adenoviral vectors
(rAd) detected in vivo ranged from 10 - 5 to 10 - 7 per trans-
duced cell, no higher than plasmid DNA (Stephen et al.,
2010). Moreover, rAd has been tested in a wide range of
in vivo gene transfer applications for more than two decades.
To date, there has been no reported evidence of an associa-
tion between adenoviral gene therapy and transformation of
host cells and tumor development. Therefore wild-type
(wt)Ad and rAd are not considered to present a high risk for
tumorigenesis (Wilson et al., 2012). However, a research
subject enrolled in a gene therapy trial, who received the
adenoviral vector expressing human ornithine transcarba-
mylase (H5.001CB.hOTC) at a dose 2 · 109 particles/kg via
portal vein perfusion in April 1997 at the age of 52 years, was
presented with hepatocellular carcinoma (HCC) 14 years
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later (Wilson et al., 2012). A second subject heterozygous for
OTC deficiency received 2 · 1010 particles/kg at the age of 45
years in the same gene therapy trial and developed a colon
malignancy 15 years later. Patients with urea cycle disorders
have been found to be at an increased risk for liver dys-
function and hepatocellular damage, especially during hy-
perammonemic crises (Wilson et al., 2012). It has been

speculated that these individuals also could have an in-
creased risk for developing liver cancer (Stephen et al., 2010).
On the other hand, no published studies have correlated ei-
ther natural wtAd infections or rAd gene therapy with tu-
morigensis in humans. We hypothesized that the tumor
formation in these two cases was not related to the rAd
vector administration in the gene therapy trial more than a

FIG. 1. Primer design and assay
validation for amplification of recom-
binant adenoviral vector (rAd) and
wild-type adenoviral vector (wtAd)
sequences in cellular DNA from nor-
mal mouse tissue by nested polymer-
ase chain reaction (PCR). The
location of the primary and nested
PCR primers used for amplifications
of the native Ad5 DNA polymerase
gene (in both rH5.001CB-hOTC vec-
tor and wtAd virus), hOTC transgene/
remnant E1 gene junction (in
rH5.001CB-hOTC vector only) and na-
tive E1 gene (in wtAd virus only) se-
quences are schematically presented
(A). To validate nested PCR using
those primers, 200 ng each of cellular
DNA from free (B, C) or paraffin-em-
bedded (D) naive mouse liver tissue
were spiked with different copy num-
bers (1–10,000 genome copies [GC]) of
the isolated rH5.001CB-hOTC vector
DNA (B, D) and wtAd plasmids
(pH5wt) (C) and subjected to PCR.
Nested PCR products were detected
by 1.5% agarose gel electrophoresis
and verified by TOPO-cloning fol-
lowed by sequencing. The sensitivity
of the PCR for amplifying target se-
quences was determined to one copy
per reaction. OTC, ornithine transcar-
bamylase. Color images available on-
line at www.liebertpub.com/hum
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decade ago. The objective of our study was to formally test
this hypothesis by molecular analysis of the tumor tissue
DNA from the two study subjects for detection of vector
sequences.

Results and Discussion

In this study, we developed, optimized, and validated a
highly sensitive nested polymerase chain reaction (PCR) as-
say to recover the rAd or wtAd sequences in paraffin-
embedded tissue from two Ad gene therapy study subjects
who subsequently developed liver or colon malignancies. To
this end, three sets of primer pairs were designed to amplify
the native Ad5 DNA polymerase gene (Red in both
rH5.001CB-hOTC vector and wtAd virus genomes), hOTC
transgene/remnant E1 gene junction (Green and Yellow in
rH5.001CB-hOTC vector only), and native E1 gene (Yellow in
wtAd virus only) sequences (Fig. 1A and Supplementary
Table S1; Supplementary Data are available online at
www.liebertpub.com/humc). Our sequential PCR assay can
detect as little as 1 genome copy of rAd or wtAd sequence
spiked into 200 ng cellular DNA from frozen (Fig.1B and 1C,
Table 1) or paraffin-embedded (Fig. 1D, Table 1) mouse liver
tissue. Sequencing data confirmed that the PCR products
were identical to the spiked rAd or wtAd sequences (data
not shown). Using those optimized primers and PCR con-
ditions, we then attempted to recover any possible rAd or
wtAd sequences in the cellular DNA from normal liver, liver
tumor, or colon tumor tissue isolated from those two pa-
tients. As summarized in Table 1, 10 normal liver samples
and 12 liver tumor samples from patient 1 and one colon
tumor sample from patient 2 were subjected to PCR for
amplification of the native Ad5 DNA polymerase gene and
the hOTC transgene/remnant E1 gene junction. Two normal
liver samples and two liver tumor samples from patient 1
were also used for detecting the native E1 gene. No visible
PCR products with the predicted sizes were amplified in any
group (Table 1, Figs. 2 and 3). Some products with bands
close to the predicted sizes were retrieved from the agarose
gel and subjected to TOPO-cloning and sequencing. The se-
quencing data revealed that those products were nonspecific
and did not contain any rAd or wtAd sequences (data not
shown). Taken together, the data generated by these exper-
iments indicated that neither normal tissue nor tumor tissue
from the two patients contained any vector sequences in-
troduced by the prior Ad vector gene therapy trial.

Conclusion

If the insertional activation by viral vector had triggered
the tumorigenesis, the clonal expansion of the vector genome
should have been observed in the tumor tissue. No adeno-
virus vector genome was detected in normal or tumor tissues
from either subject after gene transfer more than a decade
ago. Our data provide strong supporting evidence for our
hypothesis that adenoviral gene transfer was an unlikely
contributor to the HCC or colon cancer in the two patients.
Instead, as discussed in our earlier report (Wilson et al.,
2012), the liver dysfunction in urea cycle disorders may be
implicated in HCC. In sum, we suggest that the tumor de-
velopment in the two subjects is more likely to be attribut-
able to the underlying OTC deficiency and its metabolic
complications, and there is no direct evidence to support
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FIG. 2. Detection of Ad se-
quences in cellular DNA from li-
ver tissue of a patient who
received AdOTC gene transfer.
Using optimized primers and
PCR conditions, 200 ng each of
cellular DNA from liver tumor
(A, C, D) and normal tissue (B, C,
E) of an OTC deficiency hetero-
zygote who received AdOTC
gene transfer more than 10 years
ago were subjected to nested PCR
for amplifications of Ad5 DNA
polymerase gene (A, B), hOTC
transgene/remnant E1 gene
junction (D, E), and native E1
gene (C) sequences. PCR amplifi-
cation of Ad sequence in 200 ng
each of cellular DNA from naive
mouse liver tissue spiked with 1
GC of the isolated rH5.001CB-
hOTC vector DNA (A, B, D, E)
and wtAd plasmid (pH5wt) DNA
(C) were used as positive con-
trols. PCR products were detected
by 1.5% agarose gel electropho-
resis and verified by TOPO-clon-
ing followed by sequencing. T,
tumor; LL, left adjacent normal
liver; RL, right adjacent normal
liver; mock, no DNA template
control; M, molecular weight
ladder.
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FIG. 2. (Continued).

FIG. 3. Detection of Ad sequences in cellular DNA from colon tissue of the second patient who participated in the AdOTC
gene therapy trial. Using optimized primers and PCR conditions, 200 ng each of cellular DNA from paraffin-embedded colon
tumor tissue of the second OTC deficiency patients who received AdOTC gene therapy more than 10 years ago were
subjected to nested PCR for amplifications of the Ad5 DNA polymerase gene and hOTC transgene/remnant E1 gene junction
sequences. PCR amplification of the Ad sequence in 200 ng each of paraffin-embedded cellular DNA from naive mouse liver
tissue spiked with 1 GC of the isolated rH5.001CB-hOTC vector DNA were used as positive controls. PCR products were
detected by 1.5% agarose gel electrophoresis and verified by TOPO-cloning followed by sequencing. CT, colon tumor; mock,
no DNA template control; M, molecular weight ladder.
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adenoviral gene transfer as a causative element. Never-
theless, one caveat of our present study is that the absence of
vector sequences in tumor tissues does not eliminate the
chances of clonal deletion of vector-positive cells during tu-
morigenesis, and the possible role of vector-expressed pro-
teins influencing cellular events that may have caused
transformation. Thus, further studies may be warranted to
address these possibilities.
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