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Figure 2. Vector integration site distribution and preferences in normal and
tumor tissues. (A) Ideogram of integration patterns from hepatocellular carcinoma
and adjacent normal datasets across mouse genome. (B) Genomic heatmap of
integration frequency relative to genomic features. Integration site dataset names are
shown above the columns. Genomic features analyzed are shown to the left of the
corresponding row of heatmap. The heatmap compares each experimental dataset to
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Figure 3. Vector integration site preferences in individual mice reflects trends
of combined mice analysis. Ratio of number of vector integrants divided by number
of random insertions showing likelihood over random for vector integrants to be
located within 50 kb of (A) RefSeq genes, (B) CpG islands, and (C) oncogenes.

mouse M24 and adjacent normal liver integrants within 50 kb of
oncogenes in mouse M60.

Effect of integrated vector on expression of nearby genes

To determine whether AAV vector integration influences the
expression of nearby genes, we compared steady-state mRNA
levels in tumors and adjacent normal liver tissue of mice M24,
M48, M50, and M60 by microarray analysis. To investigate
whether the proximity to an integration site resulted in changes in
mRNA accumulation, we quantified the change in expression of
each gene on the array for tumor versus adjacent normal tissue in
each mouse. We then compared the collection of all genes with the
closest gene to each integration site mapped in the tumor samples.
We asked whether the mean change in mRNA levels between
tumor and adjacent normal tissue was greater for the group of genes
near integration sites than for the collection of all genes assayed.
None of the 4 mice showed a significant difference in the mean
value (Figure 4A-D), thus failing to support the hypothesis of
greater transcriptional changes near integrants.

We next used the mouse Retrovirus Tagged Cancer Gene
Database (RTCGD),** which catalogs mouse genes implicated in
tumor formation, to investigate possible association of AAV vector

the matched random controls relative to frequency of the indicated genomic feature.
A colored receiver operating characteristic (ROC) area scale is shown along the
bottom of the panel with increasing shades of blue indicating negative correlation
relative to the genomic feature and increasing shades of red indicating positive
correlation relative to the comparison set. Comparisons to genomic features were
carried out as previously described.3552 Asterisks summarize the statistical signifi-
cance of departures from random (*P < .05; **P < .01; ***P < .001).
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Figure 4. No difference in magnitude of expression change in adjacent normal
tissue and in tumor tissue for genes near tumor integrants and genes distal to
tumor integrants. Plots of logo-transformed gene expression levels in tumor tissue
versus logo-transformed gene expression levels in adjacent normal for mice (A) M24,
(B) M48, (C) M50, and (D) M60. Gene expression levels were determined from
microarray with the use of the Mouse Gene 1.0ST Affymetrix chip. Red dots indicate
the closest gene to an integrant cloned from tumor tissue, and black dots indicate all
other genes on the array. P value from the Mann-Whitney U test compared the
change in expression for genes near integrants with all other genes.

integration sites with cancer-associated genes. We queried the
integration site dataset to identify RTCGD genes within 100 kb of
an integrant cloned from tumor tissue that also showed at least a
50% increase in expression over adjacent normal tissue. One
integration site met these criteria; the tumor sample from mouse
M60 had an AAV2-hFIX16 integrant near Rras and a 1.88-fold
increase in Rras expression over normal adjacent liver (Figure 5A).
However, we also noted that the tumors from mice M24, M48, and
M50, in which no AAV2-hFIX16 integrants near Rras were
identified, also showed increases in Rras expression over
adjacent normal tissue of 1.48-, 1.93-, and 2.7-fold, respectively,
consistent with increased Rras expression as a result of transforma-
tion to HCC.

The same analysis was then applied to all mouse homologs of
human oncogenes. These mouse genes have not been shown in the
literature to cause tumor formation in mice, but their human
homologs have been linked to cancer (for criteria, see http:/
microb230.med.upenn.edu/protocols/cancergenes). The only gene
from this group that was also increased in expression was Ntrkl.
Mouse M24 had a 14.6-fold and mouse M50 had a 7.9-fold
increase in Ntrkl expression over adjacent normal tissue, and both
mice had AAV vector integrants near Ntrk/ in tumor tissue (Figure
5B). We were unable to identify integrated AAV vector near Ntrkl
in either mouse M48 or mouse M60; however, the tumor in mouse
M48 had an 11.2-fold increase in Ntrkl expression over adjacent
normal tissue, whereas mouse M60 had a 1.62-fold increase.

If an integration event caused the malignant transformation
of the hepatocyte that gave rise to the HCC by insertional
activation, then the same integrant should be present in all HCC
cells. To test this we performed qPCR on the M24 and M50
tumor samples for the specific integration junction between
AAV2-hFIX16 and flanking genomic DNA at the Ntrkl insertion
site. We found that the M24 integrant was below the limit of
detection of 0.2 copies/100 dge, and the M50 integrant was
present at a rate of 7.6 copies/100 dge. The low frequency of the
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Figure 5. Up-regulation of oncogenes near integrants cloned from tumor tissue
occurs independently of vector integration. Expression analysis of up-regulated
(A) mouse cancer-related genes and (B) mouse homologs of human cancer-related
genes located within 100 kb of an AAV2-hFIX16 integrant cloned from tumor tissue.
Expression ratio was obtained by dividing the absolute array signal from tumor tissue
by the absolute array signal from adjacent normal tissue. Individual M24 and M50
Ntrk1 integrants were quantified by qPCR, performing 4 independent measurements
on total DNA isolated from tumor tissue.

Ntrkl integrant per diploid genome equivalent thus argues
against insertional activation.

Discussion

To address concerns about the genotoxic potential of AAV vec-
tors,!” our study aimed to determine whether liver-directed gene
transfer to adult mice with the use of AAV vectors causes a
significant increase in HCC risk. This issue warranted investigation
because 2 current clinical trials are using liver-directed AAV-
mediated gene transfer in adults. In addition, many therapeutic
strategies that use AAV vectors in the liver are in preclinical
development. Our study incorporated 2 features designed to bias
the results in favor of detecting hepatocellular carcinomas. First,
the mice were followed for a period of 18 months, so that latent
effects could be detected. Second, we used very high doses, = 50
times higher than those yet administered to humans, in an attempt
to detect an effect. Our study of 132 mice did not show a
statistically significant difference in HCC incidence between
AAV-injected mice and control mice. A weak trend toward more
HCC in the vector-injected mice was observed, but frequencies of
HCC for all groups in our study were near or below the reported
8.8% HCC incidence rate in C57BL/6J mice (http://www.informat-
ics.jax.org/mtbwi/index.do) (A caveat in comparing HCC inci-
dence is the median survival of mice in the Jackson Laboratory data
were 22-27 months, whereas our mice were 20-21 months of age at
killing.) Thus, our study showed no significant association between
HCC and AAV vector treatment.
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To determine the genomic insertion sites of integrated AAV
vector in the tumors, we had to develop a novel method of isolating
junctions between AAV vector DNA and murine DNA. Inverse
PCR has been the only method in the literature used to isolate
ori-less integrated AAV vectors'®; here we adapted the LM-PCR
method for cloning retroviral and lentiviral integrants3>3%40 to AAV
vector integrants. With the use of this technique we were able to
map 1029 AAV vector insertion sites, the largest set of AAV
integration sites published in the literature from a single study. This
approach could also be used to analyze AAV vector integration
patterns in clinical samples.

On the basis of the number of AAV vector integrants we cloned
from normal liver, we estimated that 0.06% of diploid genome
equivalents contain a detectable vector integrant. When determin-
ing the fraction of AAV vector copies within the liver that are
integrated, 0.0006 integrated vector copies per diploid genome
equivalent divided by 0.81 total vector copies per diploid genome
equivalent yields that 0.07% of vector copies are integrated. In
addition, because adult mice > 2 months of age average ~ 5-6N
hepatocyte DNA content,*>#¢ we calculated = 1 of every 588 cells
in the liver contains a detectable vector integrant. These integration
rate calculations are lower-limit estimates because we probably
have not cloned every integrant within each sample.

Our data about vector genome copy number and vector
integration sites within tumors are consistent with the presence of
nonneoplastic, vector transduced bystander hepatocytes entrapped
within the tumor. The minimum number of integration sites
identified in any of the 4 tumors was 14 integrants (M50).
However, the maximum amount of vector genomes measured
within any of the 4 tumors was 3.33 copies per diploid genome
(M48). The main contribution to quantified vector genomes within
a tumor should come from integrated vector because episomal
vector genomes should be diluted out during clonal proliferation.
Thus, our data suggest = 3 vector integration events occurred per
tumor and the remainder of identified integration sites occurred in
transduced bystander hepatocytes entrapped within the tumor. By
sequence analysis we cannot differentiate integrations in tumor
cells from integrations in bystander cells, but the higher number of
sequence reads for some integrants may suggest those integration
events occurred in cells that subsequently underwent clonal
expansion, as has recently been reported in hematopoietic stem
cell-directed gene transfer.*748

The profile of AAV vector integration sites in our study is
consistent with previously described preferences for integration
into genes and CpG islands. Thus, our LM-PCR technique
validated the previous profiling studies done with plasmid rescue
techniques.”$ However, our study is unique in identifying G-C rich
regions as preferred integration sites for AAV vectors. Although we
did not find significantly different integration site profiles in tumor
tissue compared with adjacent normal tissue, on the basis of
previously published HIV and MLV insertion sites we did find both
HIV and MLV vectors are more likely to integrate near genes than
AAV vectors, and MLV vectors are more likely to integrate near
oncogene 5’ ends. Thus, AAV vector integration targeting prefer-
ences may be relatively favorable for clinical gene transfer.

Expression profiling of genes near AAV vector insertion sites in
tumors showed no significant changes compared with genes not
near AAV vector insertion sites. This may be because integrated
AAV vector genomes do not significantly alter the expression of
nearby genes, but it is probably in part because many of the tumor
integrants we identified were not clonal within the tumor. In
addition, it may be possible that we were unable to detect integrants
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near some genes that had significant changes in expression. With
regard to integration events occurring within genes, we found a
significant number of integration events within both introns and
exons. Phenotypic knockout of these genes would require a prior
haploinsufficiency or a dominant negative mechanism created by
vector integration.

Few cancer-related genes near integrants were up-regulated in
the tumor from which the integrant was cloned. Rras is the only
RTCGD gene that fulfilled these criteria, but our data suggest Rras
overexpression may be associated with murine HCCs independent
of AAV vector integration. Ntrkl is the only mouse homolog of a
human cancer-related gene up-regulated in tumors in which
integrated AAV vector was mapped nearby. Although both tumors
containing integrants near Ntrkl exhibited Ntrkl up-regulation, we
found the 2 integrants near Ntrkl were not present in every tumor
cell, suggesting Ntrkl up-regulation within tumor tissue was a
hallmark of some murine HCCs. This is supported by previous
studies that found overexpression of the Ntrkl gene product, TrkA,
in murine and human HCC tumors that are unrelated to AAV
administration. In these tumors, TrkA expression has been local-
ized to both HCC cells and endothelial cells lining the tumor
vasculature. 0

Our data document a low frequency of integration by AAV2
vectors after liver-directed gene transfer, but they provide no clear
evidence supporting the idea that AAV vector insertional activation
of oncogenes causes tumor formation. Although there is one study
in the literature, in neonatal mice, that supports the oncogene
insertional activation model for HCC development,'® our results
are more consistent with long-term studies in canine'4! and adult
mouse'®!” models in which no correlation between AAV vectors
and tumor formation was found. The differing results between
these studies can potentially be explained by age at time of AAV
administration and the effects of rapid cell division in the neonatal
liver on AAV vector integration patterns. It would be of interest to
know the expression levels of genes at the AAV-HCC locus during
neonatal development and adulthood because we did not observe
any integrants near the AAV-HCC locus (although we cannot
definitively exclude this possibility). Future studies on the roles of
the genes at the AAV-HCC locus and how dysregulation of these
genes may interact with hepatocellular carcinogenesis will be
useful, as would independent confirmation of the original results
reported by Donsante et al.!$:1

This study was designed to favor the detection of tumor
formation by the use of high-vector doses and long periods of
follow-up. Although we failed to establish definitive evidence for
vector-mediated insertional activation of oncogenes, there were
several shortcomings and intriguing findings that require additional
study. First, the study was not sufficiently powered to detect small
or modest differences in risk of tumor formation between vector-
injected and control animals. Second, there was a trend toward
higher incidence of tumor formation at higher doses. Although it
seems unlikely that doses in this range will be used in human
subjects, this is still a finding worth further investigation. Use of
tumor-prone mouse models®! may shed further light on this. The
finding that integration sites in tumors in our study were more
likely to be located within 1 Mb of CpG islands, of expressed
genes, and within RefSeq genes compared with integration sites in
adjacent normal tissue may also be of interest. Our development of
a method for recovering and characterizing large numbers of
integrants will facilitate these important studies. Our data com-
bined with that in the literature would suggest that single-stranded
AAV vector-mediated gene transfer into adult liver is perhaps safer
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than that into neonatal livers, but this will probably continue to be
an area for further study in the safety of AAV transduction of liver.
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