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Lentiviral vectors are widely used in basic research and
clinical applications for gene transfer and long-term
expression; however, safety issues have not yet been
completely resolved. In this study, we characterized
hepatocarcinomas that developed in mice 1 year after
in utero administration of a feline-derived lentiviral vec-
tor. Mapped viral integration sites differed among tumors
and did not coincide with the regions of chromosomal
aberrations. Furthermore, gene expression profiling
revealed that no known cancer-associated genes were
deregulated in the vicinity of viral integrations. Never-
theless, five of the six tumors exhibited highly significant
upregulation of E2F target genes, of which a majority are
associated with oncogenesis, DNA damage response,
and chromosomal instability. We further show in vivo
and in vitro that E2F activation occurs early on follow-
ing transduction of both fetal mice and cultured human
hepatocytes. On the basis of the similarities in E2F target
gene expression patterns among tumors and the lack
of evidence implicating insertional mutagenesis, we pro-
pose that transduction of fetal mice with a feline lentivi-
ral vector induces E2F-mediated major cellular processes
that drive hepatocytes toward uncontrolled proliferation
culminating in tumorigenesis.
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INTRODUCTION

Human immunodeficiency virus (HIV)-1-based lentiviral vectors
have been proven to be an efficient gene delivery system and are
widely used in basic and applied research as a tool for overexpres-
sion of transgenes, gene silencing by shRNA, and generation of
induced pluripotent stem cells as well as delivery of therapeutic
genes in clinical trials.

Previous studies using y-retroviral vectors for transduction of
hematopoietic stem cells led to leukemias in animal models' and
in several patients enrolled in a gene therapy trial for the correc-
tion of severe combined immunodeficiency disease’ and caused
myelodysplasia in patients treated for chronic granulomatous dis-
ease.® The oncogenic capacity of retroviral vectors is attributed, in
general, to insertional mutagenesis that is due to a combination of
their bias for integration into promoter regions of genes involved
in growth control and cancer, and their capacity to activate genes
via their transcriptionally active long terminal repeat (LTR).! To
reduce the potential for activation of genes located downstream of
the chromosomally integrated vector, y-retroviral vectors devoid
of the enhancer/promoter in the 3" LTR have been constructed,
rendering them self-inactivating (SIN). However, clonal expan-
sion and oncogenesis have continued to be reported using these
SIN constructs,* possibly due to viral promoter activity in the 3
LTR that has not been completely attenuated® or by the presence of
strong internal enhancers that trigger profound clonal imbalance.

HIV-based lentiviral SIN vectors have been shown to be safe
in the clinic as exhibited by therapeutic improvement for meta-
chromatic leukodystrophy’ and Wiskott-Aldrich Syndrome.?
However, clonal dominance was observed following transplantation
of transduced bone marrow cells in a patient with p-thalassemia.’
Furthermore, in animal studies, it was reported that tumors devel-
oped following the transduction of tumor-prone mouse models'®"
and lymphomas resulted in mice following the transplantation of
genetically modified hematopoietic stem cells.”? In addition, hepato-
cellular carcinomas (HCCs) developed following the transduction of
highly proliferating fetal livers with nonprimate lentiviral vectors.'>!*

In this study, we used a SIN lentiviral vector derived from
feline immunodeficiency virus (FIV), which is nonpathogenic in
humans," for assessing the potential for correction of metabolic
diseases at an early developmental stage using a liver-directed gene
therapy approach. We transduced mice in utero with an FIV vector
carrying the EGFP transgene driven by the human o-antitrypsin
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(hAAT) liver-specific promoter (FIV-hAAT-EGFP). Following
transduction, efficient and long-term expression of EGFP was
observed in the liver; however, three of the eight transduced mice
each developed two HCCs. We found that although the location
of deregulated genes and viral integrations sites in these tumors
did not coincide, genes involved in the control of cell proliferation
and genomic stability were mutually upregulated in five of the six
tumors. Strikingly, a majority of these deregulated genes are also
known E2F targets. Members of the E2F family of transcription
factors are downstream effectors of the retinoblastoma, Rb/p16,
tumor suppressor pathway and were shown to function in a wide
range of biological processes, playing a major role in the control of
cell cycle progression as well as DNA damage repair and apoptosis,
depending on the cellular context.’*** However, recent publica-
tions have shown that functions of E2F extend beyond the control
of cell proliferation and may be implicated in the pathogenesis of
multiple human cancers. A clear oncogenic role of E2F1, 2, and 3
has been described in human cancer, as frequent amplification of
its target gene loci is observed in many cancers, including HCC."
Furthermore, transgenic mice that overexpress E2F1 in the liver
develop HCC.®

In light of the common upregulation of a significant number
of E2F target genes in FIV-induced HCCs and the lack of can-
cer-associated gene upregulation in the vicinity of FIV integra-
tion sites, we suggest that the tumorigenesis observed following
fetal transduction was a consequence of the activation of a global
cellular mechanism in which E2Fs play a pivotal role in inducing
uncontrolled cell proliferation.

RESULTS

HCC development following FIV transduction of fetal
mice

To test for transduction efficiency and oncogenic potential of FIV
vectors following prenatal gene delivery, we transduced MF-1 fetal
mice at 16 days of gestation, via the yolk sac vein, with the FIV-
hAAT-EGFP vector, at an approximate multiplicity of infection
(MOI) of 40. Viral administration to fetuses via the yolk sac vessel
assures efficient delivery of large viral loads to the small liver.”!
Liver biopsies taken at 5 months post-FIV transduction revealed
that >50% of hepatocytes expressed the transgene (Figure 1a).
We previously observed a significantly lower percentage of EGFP-
positive hepatocytes following transduction of adult and neonatal
Balb/c mice through tail vein and temporal vein administrations
(1 and 17%, respectively),>* most likely due to the larger liver
size (reducing the effective MOI) and the lower proliferation rate
of postnatal hepatocytes. In this study, we used the outbred MF-1
mice that have a low frequency of spontaneous tumor develop-
ment." Nevertheless, following in utero administration of the FIV
vectors, we observed liver tumors in three of the eight transduced
mice between the ages of 9 and 16 months (Figure 1b). One male
and two females each developed two tumors that were pathologi-
cally identified as HCCs (Figure 1c).

Determination of vector copy number and viral
integrations sites within tumors

We first performed Southern blot analysis on DNA extracted from
the tumors that revealed a unique band pattern for each tumor
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Figure 1 Transgene expression in hepatocytes and hepatocellular
carcinoma development following transduction. Fetal mice were
transduced with FIV-hAAT-EGFP at ~40 transducing units per cell. (a)
Liver biopsies were analyzed for EGFP expression 5 months posttrans-
duction by direct visualization (left panel; magnification 400x) and
immunostaining (right panel; magnification 200x). (b) A representative
photo image of two liver tumors that developed in one of the three mice
~1 year posttransduction. The scale on the ruler is T mm. (c) H&E stain-
ing of tissue sections taken from a liver tumor that developed in mouse
M1 (left panel) and from the surrounding liver tissue (right panel). FIV,
feline immunodeficiency virus; hAAT, human o-antitrypsin.

indicating clonal origin (Figure 2a). Then, we used quantitative
polymerase chain reaction (QPCR) for determining the vector
copy number (VCN) in the tumors and in their surrounding tis-
sue as well as in livers of control tumor-free transduced mice. As
seen in Figure 2b, tumors contained a significantly higher average
of at least 42 viral copies per 100 cells as compared with 10 and 4
copies per 100 cells in their surrounding tissue and control livers,
respectively (P < 0.03). One exception of tumor M1-T1, in which
VCN was similar to that of the surrounding tissue in the same
animal, was not included in the average. The VCN values obtained
in our study are consistent with those determined in other stud-
ies involving lentiviral vector transduction.'>"® To determine the
genomic locations of viral insertions, we amplified and sequenced
genomic DNA-vector junctions and identified 28 FIV integration
sites in the six tumors, between 1 and 8 integration sites per tumor
(an average of 4.7 integrations per tumor) (Supplementary Table
S1). This value is consistent with recent studies, in which 3.2-5.7
viral integrations were mapped per tumor.'>'>'* The low number
of integrations could be explained by the growth of a tumor cell
clone marked by a given number of integrations at the expense
of other marked cells. Of note, in the FIV tumors, no overlap
of mapped integration sites was observed between tumors and
within a single tumor; integrations were at least 5kb apart. Of
the 28 FIV integration sites that we mapped, 16 (64%) occurred
within known genes: 13 in introns, 2 in the 3 UTR, and 1 integra-
tion was within an exon (Supplementary Table S1).

It is known that overexpression of microRNAs, long-interfer-
ing noncoding RNAs, or epigenetic silencing of tumor suppressor
genes is associated with HCC progression.”* We crossreferenced
all mapped FIV viral integration sites with the location of microR-
NAs in the mouse genome and found no known microRNA
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sequences within 6 Mb of mapped FIV vector integration sites.
The Affymetrix microarray used in our study lacked probes to
microRNAs, long-interfering noncoding RNAs, or epigenetic
markers. Therefore, we cannot exclude deregulated expression of
some microRNAs and long-interfering noncoding RNAs or epi-
genetic changes resulting in tumor progression.

To explore the possibility that viral integration sites coincide
with regions of chromosomal instability (CIN), such as com-
mon fragile sites (CFSs), we crossreferenced FIV viral integration
sites with the syntenic location of 22 mapped human CFSs in the
mouse genome (Supplementary Table S2) and found only one
viral insertion in tumor F1-T2 that coincided with a syntenic CFS
located in chromosome 4. Therefore, there was little evidence of
preferential FIV integration into fragile sites in fetal hepatocytes.
This is consistent with a previous study showing that HIV-based
vectors do not have a preference for integrating into these unsta-
ble chromosomal regions.®

Chromosomal aberrations in tumors

Comparative genomic hybridization of FIV-induced tumors ver-
sus surrounding tissue revealed varying numbers and locations
of chromosomal abnormalities among tumors, ranging from 1 to
50 aberrations per tumor (Supplementary Figure Sla-c; acces-
sion no GSE25900). Foremost, no individual chromosomal aber-
ration was shared among all six tumors, but there were isolated
incidences of aberrations shared by three tumors (F1-T2, M1-T1,
and M1-T2) including a complete deletion of one copy of chro-
mosome X, a small amplification in chromosome 9, and a small
deletion in chromosome 17 (Supplementary Figure S1d). No
significant correlation was found between the locations of chro-
mosomal aberrations and syntenic CFSs, as only 5 of the 95 total
mapped aberrations occurred within a CFS (Supplementary
Table S2). Of note, although the majority of aberrations differed
between the mice, numerous small common aberrations were
detected within the two tumors that originated in the same mouse
(seen in mice M and F2; Supplementary Figure S1a,c). This phe-
nomenon may be due to tumor development from a precancerous
lesion that carried chromosomal modifications as a result of FIV
transduction, and subsequently gave rise to two separate tumors,
which continued to accumulate additional independent aberra-
tions at later stages of tumor development.?

No correlation was found between the number of vector
copies per cell (Figure 2b) and the number of chromosomal
abnormalities within a given tumor (Supplementary Figure
S1). Furthermore, except for one viral integration that occurred
within an amplified region of chromosome 18 (see F2-T1 in
Supplementary Table S1 and Supplementary Figure Sla), no
mapped viral integration sites coincided with a chromosomal
aberration in any tumor.

No evidence for deregulation of genes located in the
vicinity of mapped FIV integration sites

We performed genome-wide gene expression analysis on RNA
isolated from the 6 FIV-induced liver tumors and matched non-
tumorous liver tissue, as well as from livers of tumor-free FIV-
transduced animals and untransduced controls (accession no
GSE19306). Gene expression data revealed separate clusters
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Figure 2 Southern blot analysis and vector copy number in the lenti-
viral vector-induced liver tumors. (a) Southern blot analysis of genomic
DNA extracted from liver tissue of an untransduced control mouse (lane
11), a tumor-free transduced mouse (lane 1), tissue surrounding tumors
(lanes 2, 3, and 8), and vector-induced tumors (lanes 4-7 and lanes
9-10). (b) Vector copy number (VCN) per 100 cells was determined by
quantitative polymerase chain reaction on the DNA samples. M, male;
F, female; T, tumor; S, surrounding nontumorous tissue; TF, tumor-free
transduced mouse; control, untransduced mouse.
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for male and female samples as well as for tumor and nontu-
mor samples, excluding tumor F1-T2, whose gene expression
pattern differed significantly from the five remaining tumors
(Supplementary Figure S2). Foremost, analysis of expression
of genes located within 100kb of mapped FIV integration sites
revealed no evidence of oncogene activation or tumor suppressor
downregulation in all six tumors.

It has been reported in a clinical study for p-thalassemia® and
in preclinical studies”? that aberrant transcripts have arisen as
a result of gene disruption by integration of HIV-based vectors
that are known to have a strong preference (71%) for integrating
into actively transcribed genes. We performed a high-throughput
sequencing study on FIV-transduced murine liver cells (AMLI12)
(Supplementary Table S3), which revealed >17,000 unique viral
integration sites in which 37% occurred within transcription units
similar to previously published estimates for random integrations
into gene coding regions.”” This low preference for integration
into transcription units suggests that aberrant transcription is less
likely to occur with FIV vectors. In addition, it should be noted
that only 271 of the unique 17,576 integration sites (1.5%) were
located in or near a known oncogene according to the “allOnco”
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database (http://www.bushmanlab.org/links/genelists), a compi-
lation of seven cancer gene databases including a murine onco-
gene list (RTGCD). This percentage is significantly lower than
expected in the case of random integration.

E2F target genes associated with oncogenesis, DNA
damage response, and CIN are activated in FIV-
induced tumors

Our major finding from the analysis of the gene expression profil-
ing of the FIV-induced tumors as compared with nontumorous
tissue from the same mouse was the significant upregulation of
E2F target genes in five of the six tumors, even though tumors
differed in their vector integration sites and locations of chro-
mosomal aberrations (Tables 1 and 2). Specifically, 46 E2F target
genes were significantly upregulated (>1.8-fold) in four of the six
tumors and 18 of these target genes were upregulated in a fifth
tumor as well. Twelve additional E2F targets were upregulated in
three FIV-induced HCCs.

E2F1 plays a critical role in controlling both cell cycle progres-
sion and apoptotic cell death in response to DNA damage and onco-
gene activation (see review 17). The microarray data revealed that a
majority of the upregulated E2F targets in the FIV-induced tumors
are associated with oncogenesis, DNA damage response (DDR),
and CIN (Table 1). Twelve known oncogenes were upregulated in at
least three FIV-induced tumors; eight of them are also E2F targets.

DNA double-strand breaks (DSBs) and impairment of the DDR
contribute to CIN that can lead to tumorigenesis.*® We found within
the expression profiling data of the FIV-induced tumors, significant
upregulation of known CIN signature genes* in all five of the FIV-
induced tumors as seen in Table 2. Of note, all upregulated CIN sig-
nature genes are also E2F target genes (see Table 1). In accordance
with this finding, our data mining of several public HCC data sets
revealed a strong correlation between CIN signature and E2F target
gene upregulation (not shown). Furthermore, it has been demon-
strated that HCCs, which developed in retinablastoma (Rb)-deficient
mice, exhibited upregulation of CIN signature genes.”? Collectively,
these data point to the pivotal role that E2F plays in FIV-induced
liver tumors via its activation of oncogenes and its induction of genes
associated with the DDR and CIN. Of note, a comparison of the gene
expression patterns of the FIV vector-induced HCCs in our study
with those of the lymphomas that developed in mice transplanted
with HIV-transduced hematopoietic stem cells'? revealed a remark-
able similarity in upregulated genes associated with the four afore-
mentioned cellular processes (Table 1).

We chose seven of the highly upregulated E2F target genes
in the FIV-induced tumors from the microarray data (H2afz,
Mad2L1, Rrm2, Mcm2, Mcm5, Mcmé6, and Mcm?7) and validated
their expression by quantitative real-time PCR on RNA extracted
from the liver tumors. As seen in Supplementary Figure S3,
tumors exhibited significantly higher expression levels of these
genes as compared with their matched, nontumorous liver tissue,
consistent with the expression array data.

E2F activation is an early event postlentiviral vector
transduction

To examine the status of E2F at an early stage postfetal transduc-
tion, we harvested the livers of neonatal mice 10 days after birth
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and 2 weeks after in utero administration of FIV-hAAT-EGFP.
Livers contained 25% + 7.7 EGFP-positive cells (Figure 3a) and
at least 0.60+0.27 vector copies/100 cells (Figure 3b). Of note,
already at this early time point posttransduction, we observed an
average of 3.5-fold higher E2F1 nuclear protein levels in trans-
duced mice as compared with untreated controls as measured by
Western blot analysis (Figure 3c). Notably, the microarray data
and qPCR validation of the seven aforementioned genes did not
detect upregulation of E2F target genes in these neonatal trans-
duced mice (data not shown). This is consistent with reports
showing that E2F induction upon DNA damage does not neces-
sarily lead to E2F target gene upregulation.”” Furthermore, the
microarray data revealed that E2F target gene expression levels
in young mice, whether transduced or untransduced, were higher
than in adult mice, probably due to intensive hepatocyte prolifera-
tion at this age (Supplementary Figure S4).

To test the effect of lentiviral vector transduction on E2F levels
in vitro, we used the HepaRG cells; a cell line derived from an
HCV-associated liver tumor yet shares many features with normal
adult hepatocytes, has a normal karyotype, and does not grow on
soft agar.** HepaRG cells were transduced with FIV-hAAT-EGFP
atan MOI of 1.5 x 10%, which led to 40% EGFP-positive cells. qPCR
analysis performed 3 days posttransduction revealed upregula-
tion of four out of five selected E2F target genes that were upregu-
lated in the FIV-induced tumors (Figure 4a and Supplementary
Figure S3). We next searched for phenotypic changes associated
with cellular transformation in these transduced HepaRG cells.
Notably, we found that FIV-transduced cells exhibited a signifi-
cantly higher proliferation index than control cells, as well as a loss
of contact inhibition (Figure 4b,c). These results suggest that FIV
vector transduction of hepatocytes in vitro induces E2F targets,
which cause phenotypic changes that may lead to cellular trans-
formation. To test whether the observed cellular response was
due to vector integration, per se, we attempted to use integrase-
deficient (ID) FIV to transduce several hepatocyte-derived cell
lines; however, only negligible transgene expression was detected
as was previously observed using ID HIV-based vectors (Rafael
Yanez-Munoz, personal communication). This may be due to het-
erochromatinization of the genome in episomal form.*® We also
found that episomal VCNs in HepG2 cells transduced with ID
FIV were at least fivefold lower than those of integrase-competent
virus, probably due to lower viral titers. We did not use ID FIV in
our in vivo model due to rapid dilution of vector copies that might
have occurred in the massively proliferating fetal liver.

Gene expression is altered in tumor-free livers of
transduced mice

A comparison of microarray data between liver tissue of tumor-
free FIV-transduced mice and that of control, untransduced mice
revealed a set of genes that were deregulated in the transduced
livers: we observed upregulation of the HCC-associated onco-
gene, Pdgfc, and the tumor suppressors Cdknla, Ddit4, and Ndrgl
(Supplementary Table S4). In addition, several HCC-associated
tumor suppressors were downregulated, including Per3, Plk3, and
Rnd3. Remarkably, many deregulated genes in the tumor-free,
transduced livers are associated with p53 signaling, thus, bearing
the following evidence of p53 activation: (i) upregulation of the
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Table 1 Genes upregulated in the FIV-induced tumors that are
associated with major cellular processes

Gene Symbol®

E2F targets CIN®

DDR¢ Oncogene Ginn et al.4

Genes upregulated in five tumors

Atpifl
Cdc20
Cdkn2c
H2afz
Hmgb2
Id1
Kif20a
Mcm6
Mcm7
Mki67
Pbk
Rbl1
Rfc3
Rrm2
Smc2
Stmnl
Tef19
Top2a
Tyms

Genes upregulated in 4 tumors

Birc5
Ccna2
Ccnb2
Cdca3
Cdtl
Cksl1b
Dctppl
Ect2
Ets2
Ezh2
Fenl
H2afx
Jun
Ligl
Mad2l1
Mcm?2
Mcm3
Mcm4
Mcm5
Pcna
Polal
Rab34
Rfc4
Rhoc
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Table 1 Continued

Gene Symbol? E2F targets CIN® DDR¢ Oncogene Ginn et al.¢
Rpal J J
Rpa2

N
Rpa3 J
Rrml \
Smc4

Spe25
Trip13

Ube2c

2 2 2 2 2 2 2

Genes upregulated in 3 tumors
Asflb
Breal
Brca2
Ccne2
Chekl
Kif22
Melk
Pold1
Pole2 J
Prcl
Rad51apl
Tpx2
Uspl V J 0

Abbreviations: DDR, DNA damage response; CIN, chromosomal instability; FIV,
feline immunodeficiency virus; HIV, human immunodeficiency virus.

2Genes upregulated >1.8-fold in at least three FIV-induced HCCs. CIN signature
according to Carter et al.>'. ‘Genes associated with the DDR. ¢Genes upregulated
in at least two of three HIV-induced lymphomas in Ginn et al.’?

2L 2222 2 2 2
2

-
2

0
0
0

p53 targets, Cdknla, Ddit4, Egrl, and Ndrgl, (ii) downregulation
of Usp2 that results in p53 activation,’ and (iii) upregulation of
Igfpbl, a known antagonist of p53-induced apoptosis in the liver.”
The deregulation of the aforementioned genes, ~1 year after trans-
duction, suggests that the presence of the integrated FIV vector
in the host genome induces a chronic cellular response, possibly
aimed at creating homeostasis between proproliferative and pro-
apoptotic signals.

Gene expression patterns differ between FIV-induced
and inflammation-induced HCCs

To understand whether the aforementioned gene signatures
observed in the FIV-induced tumors are also found in other
murine models of HCC, we compared gene expression profiles
of the six FIV-induced tumors with six inflammation-mediated
tumors that developed in Mdr2-knockout (KO) mice.*® In the
Mdr2-KO mice, lack of a multidrug resistance gene results in
chronic inflammation, which leads to tumor development in
all mice by the age of 12-16 months. On the basis of the litera-
ture, we compiled a list of 30 HCC-associated oncogenes and 79
tumor suppressors (Supplementary Table S5), in addition to a
list of murine orthologs of the human CIN signature genes® and
rat E2F1-induced genes.” We next tested each tumor for enrich-
ment in genes from these four categories. As seen in Table 2,
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Table 2 Gene signature enrichment in FIV-induced HCCs as compared to inflammation-induced tumors?®

Fold change Tumor identity Tumor suppressors Oncogenes CIN signature genes E2F1 signature genes
threshold® <-1.5 >1.5 >1.8 >1.8
ME-1 mice FIV M1-T1 0.0005 0.0001 3.33x1077 3.34x10°°
transduced M1-T2 0.79 0.0002 0.0262 2.82x10°
F1-T1 0.15 8.83x107° 1.61x107"° 1.37x107
F1-T2¢ 0.83 0.0057 0.46 0.78
F2-T1 0.44 5.67x107"° 1.86x107"° 9.27x107
F2-T2 0.88 4.45x10°° 9.99x10°" 1.24x1072°
Mdr2-KO mice 49-T1 0.82 1 1 1
84-T1 0.0270 1 0.09 3.51x107
93-T1 1 5.61x10°° 0.17 0.65
93-T2 0.11 1 1 0.19
96-T1 0.19 1 1 0.73
96-T2 0.82 0.58 1 0.54
ME-1 mouse ND ND 1 0.79

spontaneous

Abbreviations: CIN, chromosomal instability; FIV, feline immunodeficiency virus; HCC, hepatocellular carcinoma; KO, knok out; ND, not determined.

Bold values indicate P values <0.05. *Comparison of gene expression signatures between the two murine HCC models, Mdr2-KO mice and FIV-transduced mice, for
oncogenes, tumor suppressors (see Supplementary Table $4), CIN signature,®' and E2F1 target genes. Murine orthologs of the rat E2F1-induced genes were used.'®
Statistical significance (P value) of each gene signature was determined by Fisher’s test using R-software. °Fold change thresholds in tumors versus normal tissue. This
tumor’s gene expression pattern differed significantly from the five other FIV-induced tumors and clustered with normal female liver tissue (see Supplementary

Figure $2).

downregulation of tumor suppressors was not significant in either
of the HCC models. However, the FIV-induced tumors exhibited
a highly significant enrichment in genes belonging to the CIN,
E2E and oncogene families which was not observed in tumors
of Mdr2-KO mice. Furthermore, when comparing the number
of genes that were upregulated or downregulated in at least four
tumors of each dataset, gene expression in the FIV-induced tumors
exhibited significantly higher similarity to each other than the
Mdr2-KO tumors (Supplementary Figure S5). This is remark-
able, given that the Mdr2-KO tumor data were taken only from
male mice of an inbred strain, whereas the FIV-induced tumor
data were collected from tumors from both males and females that
developed in the outbred MF-1 mouse strain. Furthermore, we did
not observe either a strong CIN signature or massive induction of
E2F target genes in a spontaneous liver tumor which developed in
a nontransduced control MF-1 mouse (Table 2). Taken together,
the data highly suggest a common mechanism underlying the FIV-
induced tumorigenicity and indicate that not all murine HCCs are
characterized by either a CIN signature or E2F activation.

DISCUSSION

In this study, we characterized six HCCs that developed follow-
ing fetal transduction of MF-1 mice with an FIV-based lentiviral
vector. Upon sequencing of FIV integration sites, no overlap was
observed between tumors and, within a single tumor, integra-
tions were at least 5kb apart. The distinct integration configura-
tion in each tumor is in agreement with the unique band pattern
that was obtained in the Southern blot analysis (Figure 2a). It is
also consistent with our previous finding of different integration
sites in each liver tumor following fetal transduction with another
nonprimate lentiviral vector derived from equine infectious
anemia virus.” Furthermore, with one exception, mapped viral
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integration sites did not coincide with chromosomal aberrations
in any tumor and no aberration was shared by all tumors. These
data suggest that the site of FIV integration, per se, does not cause
local chromosomal aberrations. Rather, we suggest that genomic
instability, a hallmark feature of nearly all solid tumors, probably
occurs with tumor progression.

Of note, no deregulation of known cancer-associated genes
was detected in the vicinity of FIV integration sites. This is in con-
trast to reports of retroviral-induced tumors which were found
to be the result of insertional mutagenesis' in which upregula-
tion of one specific oncogene, such as LMO2 or Mdsl1/Evil, in
the vicinity of a viral integration site, was observed in a majority
of cohorts within each study and was the direct cause of tumor
development.*** The lack of direct evidence implicating inser-
tional mutagenesis in our data is in accordance with a previous
publication which also reported no alterations in the expression of
cancer-associated genes located near viral vector integration sites,
in lymphomas that developed in mice transplanted with hema-
topoietic stem cells transduced with an HIV-based SIN vector.'

Our most notable finding was the upregulation of a large
number of E2F target genes associated with DNA damage, CIN,
and oncogenesis in FIV-induced tumors 1 year following trans-
duction (Table 1). Oncogenes, including E2F] itself, and a num-
ber of its targets, are known to induce a state of DNA replication
stress and lead to the formation of DNA DSBs'® that recruit the
cellular DDR which, in turn, can activate transcription and sta-
bilize E2F1 protein via phosphorylation by the DDR-associated
kinases, ATM/ATR.* Markedly, 24 genes downstream of ATM/
ATR, in the DNA repair pathway, were upregulated in at least
three tumors. It should be noted that 21 of these 24 genes are also
E2F targets (Table 1). In a study conducted by Ranzani et al. *°
using tumor-prone mice, HIV transduction resulted in HCCs that
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Figure 3 Analysis of livers from 10-day-old mice after in utero trans-
duction. Fetal mice (at 16 days gestation) were transduced with
FIV-hAAT-EGFP lentiviral vector at MOl ~40 and the livers were
harvested 2 weeks posttransduction. (a) Tissue sections from livers of
transduced mice were analyzed for EGFP expression by immunostain-
ing. Left panel: 36% EGFP-positive cells; right panel: 15% EGFP-positive
cells. (b) Vector copy number (VCN) per 100 cells was determined by
quantitative polymerase chain reaction on genomic DNA extracted from
transduced (T) and untransduced (control) siblings. (¢) Nuclear protein
levels of E2F1 were determined by immunoblotting analysis of livers of
five transduced mice (T) and four untransduced siblings (C). Anti-lamin
A/C was used as a loading control. Each column represents one mouse.
FIV, feline immunodeficiency virus; hAAT, human a-antitrypsin.

differed in vector integration sites from those targeted by FIV in
our study. The Ranzani group identified four new oncogenes in
the vicinity of viral integration sites; two of these genes (Fign and
Braf) induced HCCs that exhibited upregulation of E2F transcrip-
tional targets.

High levels of nuclear E2F1 protein were observed in the liv-
ers of FIV-transduced mice 2 weeks following transduction. The
analysis of the newborn mouse livers indicates that E2F induction
is an early event following FIV transduction and suggests that it
plays a role early in the hepatocarcinogenic process.

We propose a model suggesting that murine fetal FIV trans-
duction initiates oncogenesis by a global E2F-dependent cellular
mechanism. It has recently become clear that the Rb/E2F pathway
provides primary signals for both the control of cell proliferation
and cell death depending on the cellular context.'®'® Many of the
upregulated E2F target genes in the FIV-induced tumors include
oncogenes that are known to cause the accumulation of DNA
DSBs leading to CIN. We suggest that the observed E2F1 nuclear
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Figure 4 Lentivector transduction of HepaRG cells induces phenotypic
changes and E2F target gene upregulation. HepaRG liver cells were
transduced with FIV-hAAT-EGFP lentivector. (a) Total RNA was extracted
24 and 72 hours posttransduction from transduced and untransduced
control cells, respectively, and expression levels of E2F target genes were
measured by quantitative polymerase chain reaction. Hypoxanthine-
guanine phosphoribosyltransferase was used as an endogenous control.
(b) Growth rates of transduced cells and untreated controls, as measured
at the indicated days posttransduction, are represented as fold increase
relative to the values detected 1 day postseeding. (c) Transduced cells and
controls were harvested at subconfluency (50%) and 3 days after reaching
confluency (100%). Cell cycle analysis was performed by fluorescence-
activated cell sorting analysis after permeabilization and propidium iodide
staining. Data represent mean + SD (n = 8). *P> 0.05. FIV, feline immuno-
deficiency virus; hAAT, human o-antitrypsin.

accumulation early on following fetal transduction may result in
skewing of the E2F response toward uncontrolled proliferation
rather than cell death, which results in HCC development in the
adult animals.

Recently, it has been shown that HIV integration into human
CD4 lymphocytes elicits a cellular double-stranded DDR, which
influences cell fate and is dependent on viral integration, as this
response is not obtained with ID HIV.* It is tempting to speculate
that FIV integration also initiates a DDR at viral-genome junc-
tions which, in turn, has been shown to induce E2E*

In contrast to the FIV-induced tumors in this study, not all
HCCs exhibit a CIN or E2F signature, as only ~30% of human
HCCs are highly proliferative and are characterized by overex-
pression of cell cycle genes that are E2F targets.* Similarly, we
observed that inflammation-induced HCCs that develop in the
Mdr2-KO mice also do not exhibit a CIN or an E2F signature.
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The initial events leading to tumor development following
FIV transduction of fetal mice have not yet been elucidated, but
one factor that may contribute to tumor formation is the high rate
of fetal hepatocyte division, which was shown to render the fetal
liver more prone to cancer development by chemical carcinogens.*
Furthermore, massively proliferating tissues contain a large number
of DNA DSBs, most probably due to replication stress.*” Accordingly,
we have recently demonstrated a link between HCC development
and a high frequency of DNA DSBs present in proliferating hepa-
tocytes of the inflamed regenerating liver of Mdr2-KO mice.*
Therefore, transduction of mice with high doses of an integrating
FIV vector at the fetal stage may induce DNA replication stress and
augment the incidence of DSBs leading to genomic instability.

In summary, our results strongly suggest that FIV vector-
induced tumorigenesis following fetal transduction is a conse-
quence of activation of a global cellular mechanism in which E2Fs
play a pivotal role. We believe that characterization of these FIV
vector-induced tumors, which share important features with cer-
tain human HCCs, may contribute to our understanding of the
mechanism leading to liver tumor development and thus, present
the opportunity for new therapeutic approaches.

MATERIALS AND METHODS

Viral particle preparation. Viral particles carrying the FIV vector-express-
ing EGFP from the liver-specific human o, antitrypsin promoter (FIV-
hAAT-EGFP) were produced in HEK293T cells as previously described*
using the TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WT).
Viral particles were concentrated to a titer of ~1 x 10° transducing units/ml
as previously described.”? Titer was determined by transduction of HepG2
human liver hepatoma cells and fluorescence-activated cell sorting analysis.

Immunohistochemistry. Tissue sections were stained with rabbit anti-
GFP (Invitrogen, Grand Island, NY) followed by antirabbit HRP second-
ary antibody (Dako, Glostrup, Denmark) detected by DAB chromogen
(Zymed, Grand Island, NY). Direct visualization was performed following
DAPI staining (EMS).

Transduction of fetal mice. MF-1 fetal mice were transduced at 16 days
gestation as previously described” with 2x 107 transducing units. All ani-
mal procedures were performed according to institution-approved protocols
(Imperial College ethical review committees and the British Home Office).

Southern blot. Genomic DNA was extracted using the Wizard Genomic
DNA purification kit (Promega, Madison, WT) and digested with HindIII
that cleaves the FIV provirus once. Bands were separated on a 0.6% agarose
gel, transferred to a Hybond N* membrane (Hybond-N), and probed with
an 0.-’P-CTP-labeled 700 bp EGFP probe.

Amplification of vector-genomic DNA junctions and sequencing of FIV
integration sites. Viral integration sites in tumors were determined by ampli-
fication of vector-genomic DNA junctions by linear amplification mediated-
PCR, ligation mediated-PCR, and inverse PCR on genomic DNA extracted
from tumors or from FIV-transduced AML12 murine liver cells, 96 hours
posttransduction using the Qiagen DNeasy kit (Qiagen, Valencia, CA).

Linear amplification mediated-PCR. Linear amplification was performed
using two biotinylated primers from the FIV 5" LTR: 5-GTTCTCGGCCC
GGATTCC and 5-CCCGGATTCCGAGACCTC. A second DNA strand
was synthesized using random primers and the resulting double-stranded
DNA was digested with Tsp5091 and ligated to a double-stranded linker
(5"-GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG-3’
and 5-AATTCCTAACTGCTGTGCCACTGAATTCAGATC-3") followed
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by two rounds of PCR; first-round PCR primers: FIV LTR 5-CTCG
ACAGGGTTCAATCTC-3" and linker 5- GACCCGGGAGATCTG
AATTC-3" and second-round PCR primers (nested): FIV LTR 5-CTCAA
AAGTCCTCAACAAAG-3" and linker 5 GATCTGAATTCAGTGG
CACAG-3'. The second-round PCR products were cloned into a TOPO TA
plasmid (Invitrogen). Positive clones were sequenced using the M13 universal
primer.

Ligation mediated-PCR. Genomic DNA (1 ug) was digested with Msel and
Narl and ligated to a double-stranded linker: 5-TAGTCCCTTAAGCG
GAG-3 and 5-GTAATACGACTCACTATA GGGCTCCGCTTAAG
GGAC-3, followed by two rounds of PCR; first-round PCR primers: FIV LTR
5-CCTGTCGAGTATCTGTGTAATCTTTTTTACC-3" and linker 5-GT
AATACGACTCACTATAGGGC-3;  second-round (nested) primers:
FIV LTR 5-GTGAGGTCTCGGAATCCGGGC-3’ and linker 5'-AAGGCT
CCGCTTAAGGGA C-3'. The resulting PCR products were cloned and
sequenced as described above.

Deep sequencing of FIV integration sites in AMLI12 cells was per-
formed as previously described.” First-round primers were as mentioned
above. Second-round FIV LTR primer: 5-GCCTCCCTCGCGCCAT-
CAGNNNNGTGAGGTCTCGGAATCCGGGC-3"; NNNN represents a
4 nucleotide barcode that was incorporated into each replicate experiment
and was one of the following: TAGC, CGTA, ATCG, or TCAG. Second-
round linker primer: GCCTTGCCAGCCCGCTCAGAGGGCTCCGCT-
TAAGGGAC. The amplified vector-genome junctions were sequenced
using the GS-FLX Genome Sequencer (Roche/454 Life Sciences, Bran-
ford, CT) pyrosequencing platform. Crude sequence reads were pro-
cessed by CD-HIT (cd-hit.org) and mapped onto the mouse genome by
an automated bioinformatics pipeline, ISA, developed by Martijn Brug-
man (Leiden University Medical Center, The Netherlands).

Inverse  PCR. Inverse PCR was performed by digest-
ing genomic DNA with Cspl, self-ligation, and lineariza-
tion with AIWNIL. Two rounds of PCR followed; first-round PCR
primers: FIV gag 5-GAATGGACAGGGGCGAGATTGG-3" and FIV LTR
5-CCTCAAGGGAGAACTCAAAAGTC-3"; second-round (nested) PCR
primers: FIV gag 5-GTAATGTTGCTGTAGGAGTAGG-3" and FIV LTR
5"-GACTCCTCGAAGTTTCACAAAGC-3". The isolated DNA fragments
were cloned and sequenced as above.

Quantitative PCR and real-time PCR. VCN was measured by qPCR assay
performed onan AB 7900 HT fast real-time PCR system (Applied Biosystems,
Foster City, CA) using the following primer and probe sequences of the FIV ¢
packaging signal: forward primer: 5-AGCAGAACTCCTGCTGACCTAAA;
reverse primer: 5-TCGAGTCTGCTTCACTAGAGATACTC; and probe
sequence: FAM-ACTGTTAGCAGCGTCTGCTACTGCTTCCCT. A stan-
dard curve containing viral vector DNA, ranging from 10' to 107 copies,
was mixed with a constant amount of control mouse liver DNA and run in
duplicate. The amplification reactions of 25 pl contained: 12.5 pl of TagMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 100nM
of each primer and probe, and 100 ng genomic DNA. The linear regression
coefficient of the standard curve was 0.99 and variation between the C, of
each duplicate was <0.5 Ct. Estimated DNA content of an adult rat hepa-
tocyte was 7.7 pg.”® E2F target gene expression levels were measured by
qPCR on ¢cDNA prepared from total RNA extracted from cultured cells and
mouse liver tissue using random primers, dNTPs, and M-Mlv RT (Promega)
and were measured using Sybrgreen (Invitrogen) and the primers listed in
Supplementary Table S6.

Microarrays. Microarrays (Affymetrix Mouse Genome Array 430A) were
performed on total RNA isolated from the tumors or matched nontumor-
ous liver tissues using the Trizol reagent (Invitrogen). Microarray data have
been deposited into a public database and can be accessed using the fol-
lowing link: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=htofn
eeuiwswkdm&acc=GSE19306.
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Gene expression analysis was performed using “Partek” software and
the GCRMA algorithm following median polish normalization. Statistical
significance of the specific gene expression signatures has been evaluated
using “R” statistical software and a strict Fisher’s two-tailed test. Genes
were considered deregulated when exhibiting a twofold change relative to
control (matched, nontumorous) samples.

Comparative genomic hybridization. Genomic DNA was extracted using
the Wizard Genomic DNA purification kit (Promega) and subjected to
comparative genomic hybridization arrays (Miltenyi Biotech, Germany) on
4x 44K chips (Agilent, Santa Clara, CA). Comparative genomic hybridiza-
tion data can be accessed from http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token=fzsljuusgoykavm&acc=GSE2590. The arrays were scanned
in a dual-laser scanner (Agilent DNA Microarray Scanner) and the images
were extracted and analyzed through Agilent Feature Extraction software
and DNA Analytics software (v3.5), respectively.

In vitro transduction, proliferation, and cell cycle analysis. HepaRG,
kindly donated by Jorg Heeren (University Medical Center Hamburg-
Eppendorf), is a human bipotential liver cell line established from an HCV-
associated liver tumor that shares many features with adult hepatocytes,
has a normal karyotype, and does not grow on soft agar. The cells were
grown in William’s Medium (Gibco, Carlsbad, CA) supplemented with
10% fetal calf serum, hydrocortisone, and insulin. Cells were transduced
with FIV-hAAT-EGFP viral particles at an MOI of 50 in the presence of 5
ug/ml polybrene. For the determination of proliferation rate, 2,500 trans-
duced HepaRG cells were seeded per well in a 96-well plate and cell growth
was measured three times a week using CellTiter 96 Aqueous One Solution
Cell Proliferation Assay (Promega, Madison, WI). Mean optical density
values were compared with the mean optical density obtained 24 hours
after seeding. Contact inhibition was determined by analyzing the percent-
age of cells in S-phase on subconfluent and confluent cell cultures. Cells
were fixed and incubated in propidium iodide solution (working concen-
tration 50 pg/ml) containing RNase A (500 U/ml) at 37°C for 30 minutes
before evaluation on a flow cytometer.

SUPPLEMENTARY MATERIAL

Figure S1. Distribution of chromosomal aberrations in the FIV-
induced liver tumors.

Figure S2. A graphical representation of the principal component
analysis of genome scale gene expression profiling data obtained from
FIV-transduced and control mice.

Figure $3. Validation of genome-wide microarray expression data by
qRT-PCR.

Figure S$4. High level of E2F target gene expression in livers of young
mice.

Figure S5. Comparison of deregulated genes between the two mu-
rine HCC models, namely, FIV-induced (current study) and inflamma-
tion-mediated Mdr2-KO mice34.

Table $1. FIV integration sites within liver tumors.

Table $2. Syntenic regions of human common fragile sites in the
mouse genome.

Table $3. Summary of FIV integration profiling following high
throughput sequencing of transduced AML 12 cells.

Table S$4. Genes deregulated in livers of tumor-free, transduced
mice, compared with untransduced controls.

Table $5. HCC-associated oncogenes and tumor suppressors.
Table $6. Primer sequences of E2F target genes used for qRT-PCR.
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