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Abstract

Vector integration can lead to proto-oncogene activation and malignancies during hematopoietic stem cell gene
therapy. We previously used foamy virus vectors to deliver the CD18 gene under the control of an internal murine
stem cell virus promoter and successfully treated dogs with canine leukocyte adhesion deficiency. Here we have
tracked the copy numbers of 11 specific proviruses found in these animals for 36–42 months after transplantation,
including examples within or near proto-oncogenes, tumor suppressor genes, and genes unrelated to cancer. We
found no evidence for clonal expansion of any of the clones, including those with proviruses in the MECOM gene
(MDS1-EVI1 complex). These results suggest that although foamy virus vectors may integrate near proto-
oncogenes, this does not necessarily lead to clonal expansion and malignancies. Additionally, we show that copy
number estimates of these specific proviruses based on linker-mediated PCR results are different from those
obtained by quantitative PCR, but can provide a qualitative assessment of provirus levels.

Introduction

Insertional mutagenesis caused by integrating vectors is
a major concern in hematopoietic stem cell (HSC) gene

therapy. Gammaretroviral vector integration has been asso-
ciated with clonal expansion and malignancies in human
clinical trials (Hacein-Bey-Abina et al., 2003; Howe et al., 2008;
Ott et al., 2006). Alternative vector systems or designs may be
less genotoxic due to their distinct integration preferences, use
of internal promoters, relative enhancer activity, or potential
for read-through transcription. For example, self-inactivating
gammaretroviral vectors may have improved safety due to
deletions in the viral long terminal repeats (LTRs) (Modlich et
al., 2006; Zychlinski et al., 2008), and lentiviral (LV) vectors
that use internal promoters can be less leukemogenic than
gammaretroviral vectors (Montini et al., 2006).

Foamy virus (FV) vectors are an alternative retroviral
vector system that efficiently transduces HSCs from mice,
dogs, and humans (Vassilopoulos et al., 2001; Josephson et al.,
2002, 2004; Leurs et al., 2003; Kiem et al., 2007; Trobridge et al.,
2009). FV vectors may be less genotoxic than gammaretroviral
or LV vectors, because they do not preferentially integrate
within transcription units or actively transcribed genes (Tro-
bridge et al., 2006), and they have reduced potential to activate
neighboring genes due to a lack of read-through transcription
and enhancer activity from the partially deleted LTRs (Hen-
drie et al., 2008). We previously used FV vectors to express the

canine leukocyte integrin gene CD18 (also known as ITGB2)
from an internal murine stem cell virus (MSCV) promoter
(Hawley et al., 1994) and treat dogs with canine leukocyte
adhesion deficiency (CLAD) by HSC gene therapy (Bauer
et al., 2008). This produced long-term leukocyte marking rates
of 5–10% based on CD18 expression, and the animals no
longer suffered from the recurrent infections characteristic of
CLAD. We determined the chromosomal locations of over 800
vector proviruses isolated from the blood cells of four treated
dogs, and 26 were present within 30 kb of known cellular
proto-oncogenes (Bauer et al., 2008). This was less than that
observed in CLAD dogs treated with gammaretroviral vec-
tors (Hai et al., 2008), and not significantly different from the
number expected for random integration, arguing against a
genotoxic effect of FV vector integration. Still, because the FV
vector contained an internal MSCV promoter with strong
enhancer activity that could potentially activate nearby proto-
oncogenes, these particular clones might preferentially ex-
pand over time. Here we have measured the copy numbers of
11 clones containing specific FV proviruses to determine if
vector-induced clonal expansion occurred.

Materials and Methods

Cell samples were obtained from transplanted dogs, and
their genomic DNAs were purified from peripheral blood
leukocytes, lymphocytes, and neutrophils as described
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(Bauer et al., 2008). Quantitative PCR (qPCR) was performed
using a StepOnePlus Real-Time PCR System (Applied Bio-
systems, Carlsbad, CA) using the manufacturer’s recom-
mended conditions. Each integrant-specific qPCR reaction
used 200 ng of genomic DNA, an LTR-specific primer,
a unique flanking genomic DNA primer for each specific
junction, and a vector-specific probe (Table 1), with 45 cy-
cles of PCR (958C for 15 sec, 608C for 60 sec). Copy numbers
were determined by using a different set of standards for
each provirus, made by diluting a plasmid containing the
specific junction fragment sequence to be amplified, similar
to what has been done previously (Nagy et al., 2004;
Bozorgmehr et al., 2007). Each set of standards included re-
actions with 0, 1, 10, 100, 1,000, and 10,000 copies of the
standard plasmid (corresponding to 0, 2.6�10–5, 2.6�10–4,
2.6�10–3, 2.6�10–2, and 2.6�10–1 copies/cell, respectively)
that showed a correlation coefficient of over 0.97 when
plotted against PCR cycles. The copy number was corrected
for DNA quality based on the copy number obtained when
amplifying the chromosomal B2M gene on dog chromosome

30 using primers 5’-GCACTGTGTCACTATGCTTGACCTA
and 5’-AGCTTCCAGCCCCACAACTA, with probe 5’-CTG
GGCCAGTAGCT.

For linker-mediated PCR (LM-PCR), 500 ng of genomic
DNA from FV vector-treated dogs was digested with MseI
and PstI in 10ml, and the fragments were ligated to an MseI
linker (5’-GTAATACGACTCACTATAGGGCTCCGCTTAA
GGGAC and 5’-PO4-TAGTCCCTTAAGCGGAG). One mi-
croliter of linker-ligated genomic DNA (7.5% of the total
sample, representing 37 ng of DNA) was used in each PCR
reaction with a linker-specific primer (5’-GTAATACGACT
CACTATAGGGC), an FV LTR-specific primer (5’-GTCTAT
GAGGAGCAGGAGTA), and Platinum Taq Polymerase
(Invitrogen, Carlsbad, CA) in a 50-ml volume (958C for 2 min,
then 25 cycles of 958C for 15 sec, 558C for 30 sec, 728C for
60 sec). Nested PCR was performed using 1ml (2%) of the
first PCR product as template, with a linker-specific nested
primer (5’-AGGGCTCCGCTTAAGGGAC) and an FV LTR-
specific nested primer (5’-CCTCCTTCCCTGTAATACTC) in
a 50-ml volume under the same conditions. One microliter

Table 1. PCR Primers and Probes Used

Dog-Integrant LTR primer Genomic DNA primer Vector probe

FD1-1 CCTCCTTGTTTTCCCTGGTTT CAACGGTAGAGTTCCTGACTCATG AGTGG CATTCCACCACA
FD1-2 CACTTATCTTAAATGATGTAA

CTCCTTAGGA
GCAAAGACTTAGGCAGAGGGAAA TTGTCATGGAATTTTG

FD1-3 CCTCCTTGTTTTCCCTGGTTT GCGCAGGTATTAGAGTCACTGGAT AGTGG CATTCCACCACA
FD1-4 CCTCCTTGTTTTCCCTGGTTT GTGTACGCTCCCATTTTTCACTAA AGTGG CATTCCACCACA
FD2-1 CCTCCTTGTTTTCCCTGGTTT TGCTTCTCCTTCTGTCTGTGTCTCT AGTGG CATTCCACCACA
FD2-2 CCTCCTTGTTTTCCCTGGTTT GCTCTCACCATCACTTTCACTATGA AGTGG CATTCCACCACA
FD3-1 CCTCCTTGTTTTCCCTGGTTT GATGAAGTGCCCATGATGGAT AGTGG CATTCCACCACA
FD3-2 CCTCCTTGTTTTCCCTGGTTT TCCCCAATGTTCAGGGTTCAG AGTGG CATTCCACCACA
FD3-3 CACTTATCTTAAATGATGTAA

CTCCTTAGGA
GGTACATTTACACCAGCTATTTAT

ATTTCTCT
TTGTCATGGAATTTTG

FD4-1 CCTCCTTGTTTTCCCTGGTTT GGGAATGTTCTCATCAGGAGCTA AGTGG CATTCCACCACA
FD4-2 CACTTATCTTAAATGATGTAA

CTCCTTAGGA
GCTAGGTGTTGAATCTACTTAAA

AACAAAA
TTGTCATGGAATTTTG

Table 2. Integrants and Nearby Genes Tracked in This Study

Dog-Integrant Nearest genea
Chromosome:

position
Distance
to TSSb Orientationc Gene classd RefSeq Name

FD1-1 ABI2 37:15277461 þ115096 F TSe ABL interactor 2
FD1-2 MECOM 34:37296549 þ8809 F O MDS1-EVI1 complex
FD1-3 NBN 29:38459522 þ3215 F TS Nibrin
FD1-4 SYNJ2BP 8:47112812 þ452 R N Synaptojanin 2 binding protein
FD2-1 FUT8 8:43151800 þ296588 R N Fucosyltransferase 8
FD2-2 PAX5 11:56360738 þ58585 R O Paired box 5
FD3-1 MTCP1f X:126104058 �2858 F O Mature T-cell proliferation 1
FD3-2 GLYATL2 18:40709511 �9135 R N Glycine-N-acyltransferase-like 2
FD3-3 MECOM 34:36917928 þ387430 R O MDS1-EVI1 complex
FD4-1 ALOX5AP 25:12258290 þ75071 R N Arachidonate 5-lipoxygenase-activating

protein
FD4-2 RNF38 11:55895032 �50420 F N Ring finger protein 38

aGenes listed as human RefSeq gene homologs, except for canine REFSEQ gene FUT8.
bDistance in bp to transcription start site (TSS); minus and plus signs indicate upstream and downstream, respectively.
cF (forward) and R (reverse) refer to same and opposite orientations of provirus and gene transcription, respectively.
dN, not cancer-related; O, proto-oncogene; TS, tumor suppressor.
eIts role as a tumor suppressor remains unproven.
fThe nearest gene is actually BRCC3, which is not known to be a proto-oncogene (see Fig. 1).
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(2%) of these nested PCR products was then cloned into the
pCR4-TOPO cloning vector and transformed into TOP10-
competent cells by using the TOPO TA Cloning Kit for
Sequencing (Invitrogen). Gel electrophoresis was also per-
formed on these samples to assess the diversity of junctions
that were amplified (see Fig. 3B). Sequencing of cloned
junctions was performed by using the M13 Reverse primer
(5’-CAGGAAACAGCTATGAC) that reads into the FV LTR
and flanking genomic DNA sequences. Integration sites were
determined for each cloned LM-PCR product when the se-
quence read included LTR sequence, canine genomic se-
quence, and linker sequence.

Results and Discussion

A total of 11 clones from four transplanted CLAD dogs
(FD1-4) were chosen for this study (Table 2). Previously, each
dog received CD34þ cells transduced with the DFMscvCD18
vector (Fig. 1A) after partial myeloablation with 200 cGy of
total body irradiation (Bauer et al., 2008). DFMscvCD18 ex-
presses canine CD18 from an internal MSCV promoter in a
foamy vector backbone with deleted, silent LTRs (Trobridge
et al., 2002; Hendrie et al., 2008). One year after receiving
transduced cells, 466 distinct provirus junctions were map-
ped from unfractionated peripheral blood leukocytes, and 2
years after transplantation 293 and 251 junctions were
mapped from CD3þ T-lymphocytes and neutrophils, re-
spectively. The specific clones tracked here were chosen from
these integrants, and included examples with proviruses
present near proto-oncogenes, tumor suppressor genes, or
genes unrelated to cancer (Table 2). Provirus positions within
or near cancer-related genes are shown in Fig. 1B.

Four of the clones contained integrations within or near
known proto-oncogenes. Two of these (FD1-2 and FD3-3)
were in MECOM (MDS1-EVI1 complex). This gene contains
transcripts for both MDS1 (Myelodysplasia syndrome 1) and
EVI1 (Ecotropic viral integration site 1), is involved in trans-
locations that cause human leukemia (Morishita et al., 1992),
and is a frequent site of gammaretrovirus integration asso-
ciated with murine leukemia and primary bone marrow cell
immortalization (http://rtcgd.ncifcrf.gov/) (Du et al., 2005).
Importantly, gammaretroviral vector integrations in MECOM
have also been shown to be genotoxic in several species.
They can cause clonal dominance (Kustikova et al., 2005) and
myeloid leukemia (Li et al., 2002) in mice, are overrepre-
sented in nonhuman primates after HSC gene transfer
(Calmels et al., 2005), and are found as common integration
sites in human clinical trials (Ott et al., 2006; Deichmann et al.,
2007) that may lead to expanded myelopoiesis, myelodys-
plasia, and leukemia (Ott et al., 2006; Stein et al., 2010).

Four other clones contained integrations in or near cancer-
related genes (Table 2 and Fig. 1B). The FD3-1 integrant
contained a provirus upstream of MTCP1, a proto-oncogene
associated with T-cell leukemia in mice (Gritti et al., 1998)
and T-cell proliferation in humans (Stern et al., 1993). The
FD2-2 provirus was in PAX5, a proto-oncogene involved in
human lymphoma (Busslinger et al., 1996; Iida et al., 1996;
Pasqualucci et al., 2001) and leukemia (Cazzaniga et al., 2001).
Overexpression of these proto-oncogenes due to enhancer
and/or promoter activity of the vector provirus could po-
tentially lead to oncogenic transformation. The FD1-3 pro-
virus was in the tumor suppressor gene NBN, which encodes

a component of the MRE11/RAD50 double-strand break
repair complex (Carney et al., 1998) and, when mutated, can
predispose to lymphoma and leukemia (Varon et al., 2001;
Resnick et al., 2003). The FD1-1 provirus was in the ABI2
gene, which encodes a substrate for the c-ABL tyrosine ki-
nase that impairs ABL-dependent leukemogenesis, promotes
inactivation of CDC2, and suppresses cell growth (Dai et al.,
2001; Lin et al., 2004), suggesting it could function as tumor
suppressor [although Abi2-/- mice were not reported to have
a higher incidence of tumors (Grove et al., 2004), arguing
against this role]. Inactivation of a tumor suppressor gene by
provirus insertion, followed by a second mutation in the
other allele, could promote tumorigenesis. The other five
integrants were not in cancer-related genes (Table 2), and

FIG. 1. Vector structure and integrant localization. (A) The
DFMscvCD18 vector used in this study is shown with the
MSCV promoter and canine CD18 gene indicated. The de-
leted foamy virus (DFV) backbone has deletions in the U3
region of the LTR (DU3) and in each of the remnants of the
three major viral genes (Dgag, Dpol, and Denv). (B) The vector
proviruses found in or near cancer-related genes are shown
with the arrow above each gene indicating provirus location
and direction of vector transcription. Cellular genes and dog
chromosomal positions are shown with transcription units
in thick lines and exons as boxes (translated exons are taller
boxes). Transcription start sites are indicated by arrows
below each gene. Proto-oncogenes (MECOM, MTCP1, and
PAX5) and tumor suppressor genes (NBN and ABI2) are
pictured. Note that the BRCC3 gene in the FD3-1 integrant
map is not a cancer-related gene.
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were chosen as controls that might be present at high lev-
els due to their recurrent identification when sequencing
junctions and/or their presence in different cell samples
(Table 3).

We used specific qPCR primers and probes to detect each
provirus junction and track the levels of each clone in
transplanted animals. Genomic DNA was purified from pe-
ripheral blood leukocytes during the 36–42-month period
following transplantation, and the number of provirus copies
per cell was determined for each sample. As shown in Fig.
2A, all the marking levels were initially below detection
(<0.0001 copies/cell) and then increased over time. Im-
portantly, the four clones with proviruses in or near proto-
oncogenes, and the two with proviruses in potential tumor
suppressor genes, did not preferentially expand over time as
compared with the five control clones with proviruses near
genes unrelated to cancer. The clone with a provirus in PAX5
(FD2-2) and one of those with a provirus in MECOM (FD1-2)
decreased in abundance during the later time points. The
clone with the highest marking rate was FD1-4, with a pro-
virus near SYNJ2BP, which comprised 2–4% of FD1’s leu-
kocytes over a 24-month period. SYNJ2BP is also known as
ARIP2, and although there are some data that its over-
expression promotes the growth of breast cancer cells (Li
et al., 2009), it is down-regulated in renal carcinoma cells
(Brito et al., 2008), and there is no definitive evidence for a
role in cancer. In addition, the marking levels for this clone
changed very little once they reached 2%, arguing against
vector-induced clonal expansion.

As a further test of the accuracy of our qPCR assay, we
measured the copy numbers of two of these specific junctions
in the presence of increasing amounts of unrelated junction
sequences, to determine if other sequences might influence
the PCR reaction. The unrelated junction sequences included
the same LTR as the junction being measured so that the
qPCR probe and LTR primer were complementary to these

sequences (see Table 2). In each case, the addition of up to 30
excess junction copies per cell (>300-fold over the total
provirus copy numbers in these samples) did not have an
impact on our results (Fig. 2B).

We also used qPCR to measure provirus copy numbers in
the same samples originally used to isolate and sequence
junctions by LM-PCR, and asked if the relative abundance of
specific junction sequence reads correlated with the qPCR
results. In other words, does the number of times a particular
junction sequence is obtained from a sample by LM-PCR
predict its copy number? This can be calculated as the pro-
portion of sequence reads representing a particular junction
times the percentage of transduced (CD18þ) cells in the
sample. As shown in Table 3, the LM-PCR copy number
estimates were very different from those obtained by qPCR,
and varied by more than 3 logs (0.0072–25; Table 3). Given
that the qPCR results were obtained in a quantitative manner
by comparison with known amounts of junction sequence
copies present in the standards, these results underscore the
inaccuracy of LM-PCR for measuring copy number. How-
ever, there was still a strong and statistically significant
correlation between the qPCR and LM-PCR results (Fig. 3A),
suggesting that the repeated recovery of the same junction
sequence by LM-PCR is a qualitative indicator of copy
number in the sample. It is possible that, with improved
sequencing technologies and larger numbers of sequencing
reads, this type of approach could lead to more accurate
estimates of provirus copy numbers.

One factor that may influence which sequences are ob-
tained by LM-PCR is variation in the particular junctions
amplified during PCR. Figure 3B shows that this occurred.
When five different LM-PCR reactions were performed on
the same genomic DNA sample from dog FD3, distinct PCR
products were obtained in each reaction. For some of the
junctions, this may have been due to a limiting amount of
template DNA, because each PCR reaction was performed

Table 3. Samples Used to Obtain Provirus Sequences and Their Copy Numbers

Dog-integrant
Nearest
genea

Cell
source

Total no.
of readsa

No. of
junction readsb % CD18þ cells

LM-PCR
copy no.c

qPCR
copy no. qPCR/LM-PCRd

FD1-1 ABI2 Leukocytes 151 4 5.8 1.54�10�3 1.20�10�3 0.78
FD1-2 MECOM Leukocytes 151 2 5.8 7.68�10�4 6.80�10�4 0.89
FD1-3 NBN Leukocytes 151 1 5.8 3.84�10�4 1.60�10�3 4.2
FD1-3 NBN Lymphocytes 84 2 27 6.43�10�3 1.10�10�3 0.17
FD1-4 SYNJ2BP Leukocytes 151 7 5.8 2.69�10�3 2.20�10�2 8.2
FD1-4 SYNJ2BP Lymphocytes 84 9 27 2.89�10�2 1.80�10�1 6.2
FD1-4 SYNJ2BP Neutrophils 114 2 3.7 6.49�10�4 1.60�10�2 25
FD2-1 FUT8 Neutrophils 61 1 6.7 1.10�10�3 1.10�10�3 1.0
FD2-2 PAX5 Neutrophils 61 1 6.7 1.10�10�3 1.20�10�5 0.011
FD3-1 MTCP1 Leukocytes 181 2 5.1 5.64�10�4 1.10�10�4 0.20
FD3-1 MTCP1 Lymphocytes 81 1 18 2.22�10�3 2.50�10�4 0.11
FD3-2 GLYATL2 Leukocytes 181 1 5.1 2.82�10�4 3.00�10�4 1.1
FD3-2 GLYATL2 Neutrophils 60 3 4.7 2.35�10�3 1.70�10�5 0.0072
FD3-3 MECOM Neutrophils 60 1 4.7 7.83�10�4 6.00�10�4 0.77
FD4-1 ALOX5AP Lymphocytes 79 1 25 3.16�10�3 3.40�10�4 0.11
FD4-1 ALOX5AP Neutrophils 95 1 2.8 2.95�10�4 3.50�10�5 0.12
FD4-2 RNF38 Neutrophils 95 1 2.8 2.95�10�4 2.80�10�4 0.95

aNumber of sequence reads obtained from that cell source in that animal.
bNumber of sequence reads obtained for that specific provirus junction.
cEquals [(no. of specific junction reads)/(total no. of reads with junction sequence)]�[(% CD18þ cells)/100].
dqPCR copy no./LM-PCR copy no.
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on 37 ng of genomic DNA (see Materials and Methods),
which represents approximately 7,115 cell genomes (assum-
ing 5.2 pg/cell and 2.4 Gb/haploid genome). Thus, any
junction sequence present at less than 1.4�10–4 copies/cell
(1/7,115) may have been absent in a single PCR reaction.
Although this could have prevented LM-PCR-based detec-
tion of some junctions (FD2-2 in neutrophils, FD3-1 in leu-
kocytes, and FD3-2 in neutrophils; see Table 3), most of the
junctions we analyzed were present at higher copy numbers
than this and presumably available for amplification, sug-
gesting that other variables played a role, too. For example,
which PCR cycle produced the first round of amplification of

a particular junction could have had a large downstream
effect on the total amount of product produced, as could
sequence-specific effects on polymerization rates. Limiting
genomic DNA amounts were less of an issue for the qPCR
assay, which was performed on 200 ng of genomic DNA in
triplicate, representing 1.2�105 cells, and thereby increasing
the sensitivity of the reaction.

In conclusion, our results show that there was no evidence
for selective expansion of clones with FV vector proviruses
near cancer-related genes. As with any study of this sort, it is
possible that a longer follow-up or analysis of additional
transduced clones could identify a provirus-related clonal

FIG. 2. Provirus copy numbers. (A) The number of provirus copies per cell is shown for each provirus over time. Values
were determined by qPCR of peripheral blood leukocyte DNA and are means with standard deviations (n¼ 3). Each panel
represents results from one animal. Proviruses near proto-oncogenes, tumor suppressor genes, and genes unrelated to cancer
are shown with circle, diamond, and square symbols, respectively. ND, not detected (<10–4 copies/cell). (B) Specific provirus
copy numbers were determined by qPCR in the presence of increasing amounts of plasmid standards containing a different
junction sequence. Samples analyzed were FD1 leukocyte DNA screened for the MECOM junction at 24 months and FD3
leukocyte DNA screened for the MTCP1 junction at 15 months, in the presence of the FD4-2 or FD1-4 junctions, respectively
(see Table 2). Values shown are means with standard deviations (n¼ 3).
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expansion event. In other studies, specific gammaretroviral
integrants in proto-oncogenes have been tracked over time
without the detection of clonal expansion (Aiuti et al., 2007;
Bozorgmehr et al., 2007; Metais and Dunbar, 2008; Hayaka-
wa et al., 2009), despite the known genotoxicity of these
vectors. However, there are several reasons to be encouraged
by our results. First, the MECOM integrants we tracked were
in a gene with well-established potential for vector-induced
malignant transformation, and they were located in introns 1

and 2 (Fig. 1B), a region particularly prone to genotoxic ef-
fects (http://rtcgd.ncifcrf.gov/) (Calmels et al., 2005; Kusti-
kova et al., 2005; Ott et al., 2006). Second, the CLAD model
allowed us to monitor for clonal expansion for over 3 years
in large animals cured of their disease by gene therapy,
providing ample time and cell numbers to detect a trans-
formation event. Third, T cells expressing CD18 have a
proliferative advantage over their CLAD counterparts, based
on in vitro proliferation assays and the selective expansion of
transduced lymphocytes in vivo (Bauer et al., 2008), so the
situation is analogous to X-SCID gene therapy, where the
transgene itself provided an additional proliferative stimulus
that cooperated with specific provirus integrations (Woods
et al., 2006). Finally, our prior results showed that very little
vector silencing occurred in these transplanted animals,
based on the lack of proviruses in flow-sorted CD18– cells
(Bauer et al., 2008). Therefore, it is likely that the proviruses
tracked in this study were expressed and the internal MSCV
promoter and enhancer were active despite their lack of
genotoxicity. In conclusion, these results show that the
presence of FV vector proviruses near proto-oncogenes does
not necessarily lead to clonal expansion, supporting the use
of FV vectors for HSC gene therapy.
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Ostertag, W., Kühlcke, K., Eckert, H.G., Fehse, B., and Baum,
C. (2002). Murine leukemia induced by retroviral gene mark-
ing. Science 296, 497.

Li, Z.D., Wu, Y., Bao, Y.L., Yu, C.L., Guan, L.L., Wang, Y.Z.,
Meng, X.Y., and Li, Y.X. (2009). Identification and character-
ization of human ARIP2 and its relation to breast cancer.
Cytokine 46, 251–259.

Lin, T.Y., Huang, C.H., Chou, W.G., and Juang, J.L. (2004). Abi
enhances Abl-mediated CDC2 phosphorylation and inactiva-
tion. J. Biomed. Sci. 11, 902–910.

Metais, J.Y., and Dunbar, C.E. (2008). The MDS1-EVI1 gene
complex as a retrovirus integration site: impact on behavior of
hematopoietic cells and implications for gene therapy. Mol.
Ther. 16, 439–449.

Modlich, U., Bohne, J., Schmidt, M., von Kalle, C., Knoss, S.,
Schambach, A., and Baum, C. (2006). Cell-culture assays re-
veal the importance of retroviral vector design for insertional
genotoxicity. Blood 108, 2545–2553.

Montini, E., Cesana, D., Schmidt, M., Sanvito, F., Ponzoni, M.,
Bartholomae, C., Sergi Sergi, L., Benedicenti, F., Ambrosi, A.,
Di Serio, C., Doglioni, C., von Kalle, C., and Naldini, L. (2006).
Hematopoietic stem cell gene transfer in a tumor-prone mouse
model uncovers low genotoxicity of lentiviral vector integra-
tion. Nat. Biotechnol. 24, 687–696.

Morishita, K., Parganas, E., William, C.L., Whittaker, M.H.,
Drabkin, H., Oval, J., Taetle, R., Valentine, M.B., and Ihle, J.N.
(1992). Activation of EVI1 gene expression in human acute
myelogenous leukemias by translocations spanning 300–400
kilobases on chromosome band 3q26. Proc. Natl. Acad. Sci.
U.S.A. 89, 3937–3941.

INTEGRANT CLONES IN DOGS TREATED WITH FV VECTORS 223



Nagy, K.Z., Laufs, S., Gentner, B., Naundorf, S., Kuehlcke, K.,
Topaly, J., Buss, E.C., Zeller, W.J., and Fruehauf, S. (2004).
Clonal analysis of individual marrow-repopulating cells after
experimental peripheral blood progenitor cell transplantation.
Stem Cells 22, 570–579.

Ott, M.G., Schmidt, M., Schwarzwaelder, K., Stein, S., Siler, U.,
Koehl, U., Glimm, H., Kuhlcke, K., Schilz, A., Kunkel, H., et al.
(2006). Correction of X-linked chronic granulomatous disease
by gene therapy, augmented by insertional activation of
MDS1-EVI1, PRDM16 or SETBP1. Nat. Med. 12, 401–409.

Pasqualucci, L., Neumeister, P., Goossens, T., Nanjangud, G.,
Chaganti, R.S., Kuppers, R., and Dalla-Favera, R. (2001). Hy-
permutation of multiple protooncogenes in B-cell diffuse
large-cell lymphomas. Nature 412, 341–346.

Resnick, I.B., Kondratenko, I., Pashanov, E., Maschan, A.A., Kar-
achunsky, A., Togoev, O., Timakov, A., Polyakov, A., Tvers-
kaya, S., Evgrafov, O., and Roumiantsev, A.G. (2003). 657del5
mutation in the gene for Nijmegen breakage syndrome (NBS1)
in a cohort of Russian children with lymphoid tissue malig-
nancies and controls. Am. J. Med. Genet. A. 120A, 174–179.

Stein, S., Ott, M.G., Schultze-Strasser, S., Jauch, A., Burwinkel,
B., Kinner, A., Schmidt, M., Kramer, A., Schwable, J., Glimm,
H., et al. (2010). Genomic instability and myelodysplasia with
monosomy 7 consequent to EVI1 activation after gene therapy
for chronic granulomatous disease. Nat. Med. 16, 198–204.

Stern, M.H., Soulier, J., Rosenzwajg, M., Nakahara, K., Canki-
Klain, N., Aurias, A., Sigaux, F., and Kirsch, I.R. (1993).
MTCP-1: a novel gene on the human chromosome Xq28
translocated to the T cell receptor alpha/delta locus in mature
T cell proliferations. Oncogene 8, 2475–2483.

Trobridge, G., Josephson, N., Vassilopoulos, G., Mac, J., and
Russell, D.W. (2002). Improved foamy virus vectors with
minimal viral sequences. Mol. Ther. 6, 321–328.

Trobridge, G.D., Miller, D.G., Jacobs, M.A., Allen, J.M., Kiem,
H.P., Kaul, R., and Russell, D.W. (2006). Foamy virus vector
integration sites in normal human cells. Proc. Natl. Acad. Sci.
U.S.A. 103, 1498–1503.

Trobridge, G.D., Allen, J.M., Peterson, L., Ironside, C.G., Russell,
D., and Kiem, H.P. (2009). Foamy and lentiviral vectors

transduce canine long-term repopulating cells at similar effi-
ciency. Hum. Gene Ther. 20, 519–523.

Varon, R., Reis, A., Henze, G., von Einsiedel, H.G., Sperling, K.,
and Seeger, K. (2001). Mutations in the Nijmegen Breakage
Syndrome gene (NBS1) in childhood acute lymphoblastic
leukemia (ALL). Cancer Res. 61, 3570–3572.

Vassilopoulos, G., Trobridge, G., Josephson, N.C., and
Russell, D.W. (2001). Gene transfer into murine hematopoietic
stem cells with helper-free foamy virus vectors. Blood 98, 604–
609.

Woods, N.B., Bottero, V., Schmidt, M., von Kalle, C., and Verma,
I.M. (2006). Gene therapy: therapeutic gene causing lym-
phoma. Nature 440, 1123.

Zychlinski, D., Schambach, A., Modlich, U., Maetzig, T., Meyer,
J., Grassman, E., Mishra, A., and Baum, C. (2008). Physiolo-
gical promoters reduce the genotoxic risk of integrating gene
vectors. Mol. Ther. 16, 718–725.

Address correspondence to:
Dr. David W. Russell

University of Washington
Seattle, WA 98195-7720

E-mail: drussell@u.washington.edu

Dr. Dennis D. Hickstein
National Cancer Institute

National Institutes of Health
10 Center Drive

MSC1203, Bldg. 10-CRC, Rm. 3-3264
Bethesda, MD 20892-1203

E-mail: hicksted@mail.nih.gov

Received for publication April 9, 2010;
accepted after revision August 25, 2010.

Published online: December 8, 2010.

224 OHMINE ET AL.


