
R

T

O
D

a

K
R
L
T
I
O
T
H

1

t
t
m
a
t
c
i
b
n
m
s
c
t
f
o
c
i
a

1
d

Seminars in Cancer Biology 20 (2010) 269–278

Contents lists available at ScienceDirect

Seminars in Cancer Biology

journa l homepage: www.e lsev ier .com/ locate /semcancer

eview

he genomic risk of somatic gene therapy

lga Kustikova, Martijn Brugman, Christopher Baum ∗

epartment of Experimental Hematology, Hannover Medical School, Carl-Neuberg-Straße 1, D-30625 Hannover, Germany

r t i c l e i n f o

eywords:
etrovirus
entivirus
ransposon
nsertional mutagenesis
ncogene
umor
ematopoiesis

a b s t r a c t

Gene vectors with an untargeted insertion profile have been explored in preclinical models and clini-
cal trials for the transfer of potentially therapeutic genetic information into somatic cells that have a
high replicative potential. The gene-modified cell population can be viewed as a genetic mosaic whose
complexity depends upon the target cell type, the number of transduced cells, the average number of
insertions per cell, the genetic stability and composition of the transgene, and the integration pattern
of the vector. Selection by the environment encountered in the patient may support the preferential
survival of clones with insertional deregulation of genes that are involved in the control of engraft-
ment, proliferation or differentiation, in the worst case initiating oncogenic progression. Rapid scientific
and technological progress has shed much light onto this dark side of untargeted vector integration.
New approaches to unbiased and highly sensitive “integromics” promise a precise documentation of

stable polyclonality, clonal fluctuation or clonal imbalance of gene-modified cell populations. Evidence
has been obtained for a number of approaches to potentially reduce the genomic risk of gene therapy:
targeting cells that lack sustained replicative potential, using vectors with a more neutral integration
spectrum, reducing the number of vector copies per cell, designing gene expression cassettes that avoid
long-distance enhancer interactions or fusion transcripts, and reducing, as far as possible, the risk of sec-

nomi
ondary mutations. The ge
all contributing factors.

. Introduction

The basic principle of gene therapy is the genetic modifica-
ion of somatic cells, excluding cells contributing to the germline,
o prevent or cure disease. Based on insights into the molecular

echanisms of pathogenesis, gene transfer may correct or replace
defective gene function, or instruct somatic cells to adopt novel

herapeutic properties. Numerous approaches target post-mitotic
ells or use gene vectors that have a low probability of integration
nto the host genome. With a single exception discussed further
elow [1], functional consequences of genomic disturbance have
ot been described in this context. Another strategy is the genetic
odification of cells with a high replicative potential, such as

omatic stem and progenitor cells, by vectors that mediate effi-
ient chromosomal integration for stable transgene inheritance by
he progeny of the targeted population. In this case, gene trans-
er may introduce a high degree of genomic diversity, depending

n the chromosomal integration pattern of the vector used. The
omplexity of the genetic mosaic that originates from the use of
ntegrating gene vectors depends upon numerous variables, such
s the target cell type, the number of transduced cells, the average
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c risk of gene therapy can thus be prevented by the collective targeting of
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number of insertions per cell, the genetic stability and composi-
tion of the transgene, and the integration pattern of the vector
[2–6].

Insertional mutagenesis refers to the alteration of the cellular
genome by the integration of viral or recombinant DNA, and is
the default outcome of transgene integration, unless homologous
recombination is achieved. Whether or not insertional mutage-
nesis may be overtly genotoxic and induce adverse events has
been debated since the early days of gene therapy. Before 2002,
the likelihood of cancer induction by insertional mutagenesis had
mostly been considered negligible. However, since 2002, animal
models and unfortunately also clinical trials have revealed that the
genomic risk associated with insertional mutagenesis originating
from replication-defective gene vectors can be profound (Fig. 1)
[1,7–18]. Evidence for the curative potential of gene therapy is
increasing though [19–22], and the support for this fundamentally
new medical approach may be substantially higher if the genomic
risk could be controlled.

A puzzling observation made over the past years was that
even when using very similar gene vectors in related target cells,

the severity of genotoxic adverse events manifested in a highly
context-dependent manner. For example, transducing hematopoi-
etic stem/progenitor cells with gammaretroviral vectors designed
to express Gp91phox, the gene defective in an X-linked form of
Chronic Granulomatous Disease (CGD), induced only minor alter-
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Fig. 1. Overview of studies describing key o

tions in hematopoietic clonality in murine models [23–26] and
aused no overt clonal imbalance in rhesus monkeys (despite inser-
ions close to the proto-oncogenes PIM2 and MDS/EVI1) [27], but
ed to a substantial proliferative advantage of clones with inser-
ions in the proto-oncogenes MDS/EVI1 and PRDM16 in two adult
GD patients [7]. In addition, a relatively high incidence of malig-
ant lymphoproliferation was observed in a pioneering clinical
rial to correct SCID-X1 disease [18,28,29], while a related trial
erformed by other investigators with minor modifications of the
xperimental protocol had a trend to a reduced rate of inser-
ional complications [30,31]. The use of similar “first generation”
ammaretroviral vectors with highly active enhancer sequences
n the long terminal repeats (LTRs) to treat patients suffering
rom severe combined immunodeficiency caused by mutations
f adenosine deaminase (SCID-ADA) has so far remained free of
nsertional leukemia or preleukemia even at the molecular level
20,32,33].

Research over the past years has made considerable progress in
he understanding of the variables that contribute to the genomic
isk associated with insertional mutagenesis in gene therapy. In
he present review, we discuss key observations related to inser-
ional adverse events in human gene therapy and preclinical

odels, address the contributing factors, describe ways to refine

he clonal tracking of gene-modified cells, and consider recent
rogress and the remaining challenges encountered in the method-
logy of integromics. The concluding chapter develops an outline
f important research questions and avenues for future investiga-
ions.
ations in the emerging field of integromics.

2. Adverse events related to genotoxicity and contributing
factors

Since at least 1% of the gene repertoire may be involved in the
various forms of cancer, untargeted transgene integration has a rel-
atively high potential to affect genes regulating cell growth and
survival. However, the induction of cancer by insertional muta-
genesis in gene therapy was considered unlikely, as cancer is a
multistep process that requires quite specific forms of oncogene
collaboration [34]. When the first cases of oncogenic adverse events
following transgene insertion close to cellular proto-oncogenes
were reported in a murine model and a clinical trial [8,9], the
potential collaboration of insertional mutagenesis with signalling
alterations caused by the expressed transgene was considered.
In a murine gene marking study, originally designed to address
potential adverse events related to the expression of cell-surface
proteins, a rather unusual manifestation of monocytic leukemia
was observed after a vector encoding a truncated form of the low
affinity nerve growth factor receptor (dLNGFR) had inserted into
and upregulated the proto-oncogene Evi1 [8]. In a gene therapy
trial to treat CGD, the corresponding human locus was involved
in two cases of progressive clonal myeloproliferation, with sec-
ondary genetic instability contributing to the manifestation of a

myelodysplastic syndrome [35]. In 4 of the 5 patients that suffered
from X-linked severe combined immunodeficiency (SCID-X1) and
developed leukemogenic complications a few years after infusion
of gene-modified hematopoietic stem/progenitor cells, insertions
of the gammaretroviral vector encoding the interleukin 2 receptor
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ommon gamma chain (IL2RG) have been observed in or upstream
f the proto-oncogene LMO2, again leading to its transcriptional
pregulation and consequent malignant progression that was asso-
iated with secondary mutations [9,18,31].

In both situations (the murine marking study and the SCID-
1 clinical trial) evidence for a collaboration of the insertional
roto-oncogene upregulation with potential signalling alterations

nduced by the expressed receptor molecules remained indirect.
hile a leukemogenic potential for activated neurotrophin sig-

alling was clearly described [36], a causal involvement of dLNGFR
as not demonstrated although it may well have contributed to

he unusual morphology of the leukemia. It rather appears as if
he upregulation of Evi1 or the related gene Prdm16 can be suffi-
ient to induce leukemia, at least in mice [37]. As indicated above,
pregulation of EVI1 was associated with premalignant clonal dom-

nance and progressive myelodysplasia in CGD patients [7,35], but
ot in the rhesus model [27,38]. This discrepancy points to the exis-
ence of disease-associated cofactors (such as stress hematopoiesis
aused by cytokine conditions or associated with infections) that
ay contribute to the preferential selection of insertional mutants.

urthermore, although murine leukemias have been identified in
hich replication-competent retroviruses had hit both Lmo2 and

l2rg in the same malignant clone [39], experiments conducted
o reveal a potential direct collaboration remained inconclusive.

hile some studies favored a substantial role for ectopic expres-
ion of IL2RG in insertional leukemogenesis, others pointed to a
ominant role for LMO2 [10,40–42]. Again, disease-specific cofac-
ors such as an increased replicative stress or immunodeficiency

ay have contributed to the acquisition of secondary mutations
nd the failure to reject the leukemic clone [43].

Examples that suggest a direct interaction of the “therapeu-
ic” transgene with insertional upregulation of a proto-oncogene
nclude cases of myeloid leukemia observed in large animal models
fter introducing a retroviral vector expressing the HOXB4 tran-
cription factor to amplify gene-modified hematopoietic cells [11],
nd cases of erythroid leukemia after expressing the Thrombopoi-
tin receptor gene, Mpl, from gammaretroviral vectors [44]. The
atter constellation is reminiscent of the paradigmatic collabora-
ion of activated erythropoietic receptor signalling with insertional
ctivation of transcription factors, as observed in erythroleukemias
nduced by the replication-competent Friend retrovirus complex
45]. It appears safe to conclude that the type of gene expressed by
he gene transfer vector may, but does not necessarily, affect the
ncidence, latency, and cell-type specificity of insertional oncogen-
sis.

Importantly, both insertional leukemias and liver tumors have
een observed, at least in animal models, following the use of gene
ectors encoding genes for which a direct interference with cell
urvival pathways is unlikely: A gammaretroviral vector encoding
mutant form of dehydrofolate reductase induced myeloid sar-

oma in a monkey by insertion into an antiapoptotic gene [12],
ammaretroviral vectors encoding fluorescent proteins induced
nsertional leukemias in mice following the transplantation of
ransduced hematopoietic stem/progenitor cells [37,46], both gam-

aretroviral and lentiviral vectors encoding fluorescent proteins
ccelerated oncogenesis in a tumor-prone mouse model, with inci-
ence and kinetics depending on details of the vector design [47]
nd liver tumors with insertional deregulation of a miRNA gene
luster were observed after treating neonatal (but not adult) mice
ith Adeno-associated vectors (AAV) vectors encoding a metabolic

ene, �-glucuronidase [1]. Although the latter case is unique in

hat it occurred with the use of a vector that has a relatively low
ikelihood of integration, the number of insertion events occur-
ing after administration in vivo was obviously still high enough to
it dangerous loci, and oncogenic transformation may have been
upported by secondary mutations related to the substantial post-
er Biology 20 (2010) 269–278 271

natal proliferation of the transduced tissue. Based on these findings,
expression of a gene involved in cell signalling pathways is not
necessary to induce cancer by gene vector-dependent insertional
mutagenesis.

To decipher the mechanisms for risk reduction, it is thus of great
importance to understand the role of the vector insertion pattern
and cis-regulatory components of the transgene cassette. Over the
past years it has become apparent that each vector system has a
characteristic genomic insertion pattern. This is mostly dependent
upon features of the integrase or respective DNA insertion enzyme
and associated cellular factors such as the paradigmatic interac-
tion with p75/LEDGF in the case of HIV-1 and derived lentiviral
vectors [48]. Sequences in the U3-region of the retroviral LTR may
also contribute to the fine tuning of the insertion pattern, most
likely by tethering the preintegration complex to chromatin via
interaction with transcription factors that recognize their genomic
binding sites [49]. The most frequently referenced generic differ-
ences affect the proximity of insertions to the transcriptional start
site (TSS) and other regulatory sequences such as CpG islands, and
the association with transcribed gene regions. While regulatory
sequences are preferentially targeted by gammaretroviruses and
derived vectors, transcribed gene regions are a preferred location
for HIV-1 and related lentiviral vectors [49–53]. Alpharetroviruses
and derived vectors as well as the Sleeping Beauty transposon
appear to have a reduced affinity for active genes or regulatory
regions [54–56]. Foamy virus (spumavirus) stands somewhat in
between gammaretroviruses and alpharetroviruses [57]. Further-
more, gammaretroviruses have been shown to have a propensity
for growth-regulatory genes [51], which may be related to their
dependence on cell mitosis for gaining access to chromosomes.
Even without selection for a competitive growth advantage of
transduced cells, gammaretroviral vectors were thus shown to have
a greater propensity to insert near proto-oncogenes than lentiviral
vectors [51].

A selection of studies addressing these genomic integration pat-
terns is provided in Table 1 [7,15,16,49,50,52–65]. This overview, as
well as individual studies contained therein, illustrate the fact that
the characteristic differences related to the type of integrase (or
transposase) are further modified by other experimental conditions
such as vector architecture and content, cell type, and observation
time. For future investigations and interlaboratory comparisons, it
would be helpful to appoint uniform experimental conditions and
bioinformatical approaches.

What are the functional consequences of these insertional pref-
erences? A survey of studies designed to address this important
question (some of which listed in the key references that we
summarized in Fig. 1 [7–9,15,19,29,46,48–50,53,56,58–60,66–77])
reveals that the numerical differences noted in the insertion pat-
tern obtained from freshly transduced cells do not directly predict
the risk of insertional cell transformation.

Extensive work performed in a tumor-prone murine model
(Cdkn2a−/− mice) indicated that the lentiviral insertion pattern is
about 10 times safer than the gammaretroviral [47,77]. This became
apparent when calculating a hazard function which included the
latency of tumor development and the number of vector copies
per tumor. Because of the relatively rapid development of spon-
taneous tumors in this model, the genotoxic impact of vectors
in which gene expression is driven from an internal promoter
rather than from the LTR could not be determined. Furthermore,
a cell line in which transformation events occurring in associ-
ation with intragenic and fusion transcript-generating insertion

events were selected for, demonstrated the mutagenic poten-
tial of integrations in active genes [78]. Another experimental
system, which selects for transformation of cultured primary
hematopoietic cells, has indicated that lentiviral vectors are ∼3-
fold less likely than similarly configured gammaretroviral vectors
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Table 1
Comparison of studies investigating vector integration site profiles.

Study Vector
basis

Cell type Species (time of
analysis)

Number of VIS Proximity to
transcriptional start sites

Proximity to
CpG islands

% of integration
into RefSeq
(random
control)

% of integration
within/near
POG/RTCGD CIS
(random
control)

Window (kb) % of events
(random
control)

Window
(kb)

% of events
(random
control)

Wu et al. [50] MLV HeLa Human (48 h in vitro) 903 ±5 20.2 (4.3) ±1 16.8 (2.1) 34.2 (22.4) N.A.
Lewinski et al. [52] MLV HeLaa Human (2 weeks in

vitro)
544 ±5 26.1 (5.0) ±1 11.8 (1.0) 44.3 (33.9) N.A.

Kustikova et al. [60] MLV Lin−BM Mouse (3–7 months in
vivo)

280b −1 to 0
−2.5 to −1
+1 to +2.5

5.5c (0.5)
5.9c (0.5)
2.9c (0.7)

N.A. N.A. N.A. 22.5

Laufs et al. [59] MLV CD34+ Human in mouse (6–8
weeks in vivo)

207 ±5 19 (4.3d) ±1 10 (2.1d) 40 (22.4d) N.A.

Hematti et al. [58] MLV CD34+ Rhesus monkey (>5
months in vivo)

432 ±2
−30
+30

11 (N.A.)
20 (N.A.)
27 (N.A.)

N.A. N.A. 49.1 (31.6e) N.A.

Ott et al. [7] MLV CD34+ Human, Patient 1
(21–542 days in vivo)

435 ±5 20 N.A. N.A. 47 N.A.

Ott et al. [7] MLV CD34+ Human, Patient 2
(24–343 days in vivo)

330 ±5 21 N.A. N.A. 52 N.A.

Beard et al. [53] MLV CD34+ Canine (95–600 days in
vivo)

82 ±10
±50

34.2 (14.2)
73.2 (44.7)

±5 3.7 (1.6) 48.8 (37.3) 7.3 (2.4)

Schwarzwaelder et al. [16] MLV CD34+ Human, 5 Patients
(9–30 months in vivo)

304 ±5 23 (29f) ±1 13 (14) 41 (49f) N.A.

Deichmann et al. [15] MLV CD34+ Human, 9 patients
(4–41 months in vivo)

572 ±5 27 ±1 17 38 N.A.

Hu et al. [56] MLV CD34+ Rhesus monkey (>5
months in vivo)

396 −10
−30

10.6 (5.5)
23.7 (14.2)

Within
CpG

0.8 (0.9) 45.7 (33.8) N.A.

Felice et al. [49] MLV CD34+ Human (5–12 days in
vitro)

829 ±5 16.6 (4.5g) ±1 6.5 (0.9g) 46.4 (35.7g) N.A.

Felice et al. [49] MLV
(�U3)

CD34+ Human (5–12 days in
vitro)

200 ±5 12.5 (4.5g) ±1 4.5 (0.9g) 40.0 (35.7g) N.A.

Felice et al. [49] MLV
(SFFV)

CD34+ Human (5–12 days in
vitro)

195 ±5 19.0 (4.5g) ±1 8.2 (0.9g) 39.0 (35.7g) N.A.

Wu et al. [50] HIV-1 HeLa/H9 Human (48 h in vitro) 379 ±5 10.8 (4.3) ±1 2.1 (2.1) 57.8 (22.4) N.A.
Lewinski et al. [52] HIV-1 HeLaa Human (2 weeks in

vitro)
525 ±5 6.9 (5.0) ±1 0.2 (1.0) 77.9 (33.9) N.A.

Lewinski et al. [52] HIV-1
mGag

HeLaa Human (2 weeks in
vitro)

493 ±5 3.9 (5.0) ±1 0.0 (1.0) 66.7 (33.9) N.A.

Lewinski et al. [52] HIV-1
mIN

HeLaa Human (2 weeks in
vitro)

352 ±5 20.7 (5.0) ±1 9.4 (1.0) 38.9 (33.9) N.A.

Lewinski et al. [52] HIV-1
mGag-
mIN

HeLaa Human (2 weeks in
vitro)

526 ±5 22.4 (5.0) ±1 9.9 (1.0) 42.6 (33.9) N.A.

Laufs et al. [61] HIV-1 CD34+ Human in mouse (>12
weeks in vivo)

57 ±10 20 N.A. N.A. 68 N.A.

Beard et al. [53] HIV-1 CD34+ Canine (363–498 days
in vivo)

210 ±10
±50

15.2 (14.2)
44.3 (44.7)

±5 0.0 (1.6) 58.6 (37.3) 4.3 (2.4)

Felice et al. [49] HIV-1 CD34+ Human (5–12 days in
vitro)

403 ±5 8.4 (4.5g) ±1 0.0 (0.9g) 63.5 (35.7g) N.A.

Felice et al. [49] HIV-1
(�U3-
CMV)

CD34+ Human (5–12 days in
vitro)

445 ±5 7.4 (4.5g) ±1 0.2 (0.9g) 66.1 (35.7g) N.A.
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Felice et al. [49] HIV-1
(�U3-
MLV)

CD34+ Human (5–12 days in
vitro)

200 ±5 9.5 (4.5g) ±1 0.0 (0.9g) 66.0 (35.7g) N.A.

Felice et al. [49] HIV-1
(MLV
U3)

CD34+ Human (5–12 days in
vitro)

400 ±5 10.0 (4.5g) ±1 0.5 (0.9g) 64.0 (35.7g) N.A.

Hematti et al. [58] SIV CD34+ Rhesus monkey (>6
months in vivo)

328 ±2
−30
+30

2 (N.A.)
9 (N.A.)
37 (N.A.)

N.A. N.A. 73.5 (31.6e) N.A.

Hu et al. [56] SIV CD34+ Rhesus monkey (>6
months in vivo)

289 −10
−30

5.9 (5.5)
21.1 (14.2)

Within
CpG

0.0 (0.9) 77.2 (33.8) N.A.

Narezkina et al. [64] ASV HeLa Human (48 h in vitro) 226 ±5 8.4 (4.3d) ±1 3.1 (2.1d) 39.8 (22.4d) N.A.
Mitchell et al. [54] ASLV 293 TVA Human (48 h in vitro) 469 ±5 N.A. ±1 3.2 (1.9h) 38.2 (33.2h) N.A.
Hu et al. [56] ASLV CD34+ Rhesus monkey (PB at

4, 6, 12, and 18
months)

198 −10
-30

8.6 (5.5)
17.7 (14.2)

Within
CpG

1.5 (0.9) 42.9 (33.8) N.A.

Trobridge et al. [57] FV HT-1080 Human (8 days in vitro) 1008 ±2.5 10.6i ±1 5.8 (2.6) 24.0 (34.1) 4.4i (3.2)
Trobridge et al. [57] FV CD34+ Human (6 days in vitro) 1821 ±2.5 10.6i ±1 12.1 (2.6) 31.1 (34.1) 4.4i (3.2)
Beard et al. [53] FV CD34+ Canine (117–519 days

in vivo)
263 ±10

±50
20.5 (14.2)
53.6 (44.7)

±5 3.4 (1.6) 30.0 (37.3) 2.7 (2.4)

Yant et al. [55] SB Huh-7 Human (14 days in
vitro)

366 ±5 8.5 (5.4) ±1
±5

2.5 (1.9)
11.2 (8.3)

39.1 (33.2) N.A.

Yant et al. [55] SB Liver Mouse (2 days in vivo) 590 ±5 10.5 (6.4) ±5 9.5 (6.4) 31.2 (26.0) N.A.
Yant et al. [55] SB NIH 3T3 Mouse (14 days in

vitro)
380 ±5 9.2 (6.4) ±5 8.7 (6.4) 32.9 (26.0) N.A.

Wilson et al. [63] Piggy-
Bac
trans-
poson

HeLa/HEK-293 Human (2–3 weeks in
vitro)

575 ±5 16.2 (5.4j) ±1
±5

3.8 (1.9j)
7.7 (8.3j)

48.8 (33.2j) N.A.

Miller et al. [65] AAV2 MHF2 Human (at least 14
days in vitro)

977 +1 3-Fold
enrichment

Within
CpG

4.03 (0.8) 38.8 (34.7) N.A.

MLV, moloney leukemia virus; HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; ASV, avian sarcoma virus; ASLV, avian sarcoma leukosis virus; AAV, Adeno-associated virus; FV, Foamy virus; SB, Sleeping
Beauty transposon; N.A., not available; PB, peripheral blood samples; Lin−BM, lineage negative bone marrow cells; POG, proto-oncogenes; RTCGD, retroviral tagged cancer gene database; CIS, common integration site; VIS, vector
integration site.

a Puromycin selection.
b Database contains integrations retrieved from both healthy and leukemic animals of long term bone marrow transplantation studies.
c Data are shown with respect to CIS, POG and self-renewal genes.
d Random calculations derived from Wu et al. [50].
e In silico generated random integrations.
f Healthy donor.
g Control sequences were randomly cloned by LM-PCR from CD34+ DNA samples.
h Adjusted values from the work of Mitchell et al. [54] provided by Yant et al. [55].
i Combined data for both FV HT-1080 and CD34+.
j Random calculations derived from Yant et al. [55].
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o transform cells by an enhancer-mediated activation of the Evi1
roto-oncogene [79]. In both backbones, replacing a viral enhancer-
romoter with a more restricted cellular promoter greatly reduced
he risk of insertional cell transformation, in most cases below
ackground levels [79–81]. The inclusion of so-called insulator
lements may also reduce the risk of clonal skewing or cell trans-
ormation by vector insertion [80–84], although here again a
rofound context-dependence can be noted in that insulators may
unction in a very promoter- (and potentially cell-) specific way
85].

Finally, when examining the integrome in large animals which
howed normal hematopoiesis after transplantation of hematopoi-
tic cells transduced with lentiviral or gammaretroviral vectors,
oth vectors showed a similar preference for integrating close to
ctively transcribed genes and proto-oncogenes, without obvious
unctional consequences [53]. Collectively, these studies show that
ot only vector origin and design, but also the context of cell selec-
ion and the molecular architecture of a given gene locus determine
hether and to which degree the insertional differences impact on

he genomic risk of integrating gene vectors.
Cell clones were isolated in which vector insertion sites were

apped to study the deregulation of adjacent cellular genes
71,86,87], circumventing a potential bias introduced by selec-
ion for transforming events. These studies revealed that the
enetic components of the integrated transgene determine both
he likelihood and magnitude of gene deregulation, with potential
onsequences for both the incidence of transforming events and
he fitness of the transformed cells. The identification of promoter
equences that avoid long-distance enhancer interactions, genetic
nsulator sequences that inhibit the regulatory cross-talk of the
ransgene with surrounding cellular genes and the improvement
f mRNA processing (to avoid the occurrence of fusion transcripts
nd reduce the need for strong enhancers) should thus have a great
otential to reduce the risk of insertional mutagenesis.

Illustrating the importance of vector design, stable
ematopoiesis without vector-induced clonal imbalance has
een observed with lentiviral and gammaretroviral vectors lacking
trong enhancer elements [88,89], in the latter case even when
nsertions occurred in the vicinity of proto-oncogenes such as Lmo2
89]. The distinction between induced and spontaneous clonal
ominance can thus be difficult [4,74,89]. Furthermore, increasing
vidence suggests that cell-intrinsic determinants greatly con-
ribute to the risk of insertional mutagenesis. Thus, T cells and also
ematopoietic progenitor cells lacking self-renewal capacity were
hown to be more resistant than primitive hematopoietic stem
ells to generate expanding cell clones with oncogenic lesions
71,74,90]. While cell-intrinsic features are unlikely to constitute
uitable targets for prevention strategies, research addressing the
ature of the systemic forces that contribute to the selection of cell
utants is likely to provide additional strategies for risk reduction.

uch systemic forces may act via at least two distinct mecha-
isms: Avoiding “negative” milieu conditions in which insertional
utants have a growth advantage over normal competitors, and

educing the replicative stress, thus avoiding the acquisition of
econdary mutations.

. Tracking genetically modified clones

Identifying the insertion site profile of different vector types
n unselected or selected cell populations represents an important

spect in comparative biosafety studies. Various polymerase chain
eaction (PCR)-based methods have been developed for this pur-
ose, including inverse PCR [91,92], vectorette- and splinkerette-
CR [93–95], ligation-mediated (LM) PCR [50,61,96–100], and
inear amplification-mediated (LAM) PCR [69,101] or a related
er Biology 20 (2010) 269–278

approach called EFRAM PCR [102]. The latter two methods (LAM
PCR and EFRAM PCR) have a higher sensitivity than LM PCR for
detecting polyclonal insertion patterns [69]. If the amount of DNA
available for insertion site determination is limiting, genome ampli-
fication methods can be of additional help [103]. In situations of
clonal dominance, the number of insertion sites obtained by LM
PCR correlates well with Southern blot results, and recovery of
insertion sites was in the range of about 80% when using a sin-
gle restriction enzyme [46,66]. LM PCR thus generates reliable
and reproducible results for the investigation of clonal samples
in vivo and in vitro [60], and allows the identification of genes in
the vicinity of vector integration with the potential to influence
competitive fitness. A list of retroviral insertion sites associated
with clonal dominance in case of normal or potentially preleukemic
hematopoiesis or malignant transformation of murine hematopoi-
etic cells was reported in the Insertional Dominance Database
(IDDb). Remarkably, the IDDb shows substantial overlap not only
with a database of insertion sites recovered from tumors induced by
replication-competent gammaretroviruses (retrovirus-tagged can-
cer gene database, RTCGD [104]), but also with the transcriptome
of hematopoietic stem/progenitor cells [60].

The potential bias introduced by the methods used for inser-
tion site retrieval also deserves special attention. Methods that use
restriction endonucleases to generate products of different sizes
and rely on PCR to amplify the product for subsequent sequenc-
ing may not be suitable for the generation of complete integromes.
More recently introduced methods exploit the large numbers of
sequences that could be retrieved by pyrosequencing approaches
with primer bar-coding [105] allowing the simultaneous analysis
of hundreds if not thousands of samples in a single high through-
put sequence run [70]. Furthermore, methods that do not rely
on restriction digest for amplification of insertion site junctions
[73,106] or the use of randomly inserting bacteriophage Mu trans-
posons to generate fragments that can be sequenced [107] have
been introduced.

To exactly quantify the kinetics of clonal dominance, selected
clones can be studied by longitudinal locus-specific, semi-
quantitative or quantitative PCR [7,9,100,108]. It would certainly
be of advantage to the field if the retrieval rate of high throughput
sequencing methods could serve as a measure of clonal abundance.
However, spike-in gene expression measurements performed by
Solexa sequencing showed that retrieval rates might not neces-
sarily reflect the underlying amount of RNA and the protocol and
amplification used seems to be critical [109]. Ideally, sequence read
counts should be supplemented with locus-specific real-time PCR
to determine clonal kinetics.

4. Bioinformatical approaches to integromics

The RTCGD [104] collects insertion sites retrieved from murine
tumors that were induced by replicating retroviruses, and has
proved a valuable reference for gene vector integration patterns
[110–118]. The bulk of the RTCGD database contains gammaretro-
viral insertions, and a potential oncogenic function of the affected
gene is assumed if common insertion sites (CIS) are found in
the same gene region when analyzing different tumors. How-
ever, murine tumors described in the RTCGD contain up to 27
insertions per tumor (1–27, median 3 in 1643 tumors) many of
which probably represent innocent “bystander” mutations. It is also
worth noting that hotspots of retroviral insertion sites have been
identified in freshly transduced, unselected hematopoietic cells

[51]. Furthermore, although tumor tissue was analyzed, it could
be expected that several of the insertions would originate from
untransformed tumor-infiltrating leukocytes. As the majority of the
potential proto-oncogenes described in the RTCGD are not func-
tionally validated, this database may thus be “contaminated” with
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ammaretroviral insertion hotspots that are not causally linked
o tumor formation [4,119]. Since hotspots are relatively specific
or the integration mechanism of a given type of retrovirus, it is
ot unexpected that gammaretroviral vector insertions observed

n preclinical models and clinical trials typically show a larger
egree of overlap with the RTCGD than those of other types of inte-
rating vectors. This issue complicates the comparative genomic
nalyses of the transforming risk of different types of gene vectors
47,51,53,74,77].

With the advent of plate sequencing and high throughput
yrosequencing [18,70,76], due to the sheer number of integration
ites retrieved, the list of CIS is also expected to increase. Origi-
ally, the definition of a CIS was made after a statistical analysis of
200 randomly generated insertions, which predicted that a certain
umber of insertions within a certain area was significant [120].
uitable approaches have been described to determine whether a
iven amount of insertions in a certain area is unexpectedly high
121]. Based on the RTCGD, a kernel permutation model was used to
nd statistically significant overrepresented sites [122]. In a follow-
p paper, a number of clusters were identified with potential causal
ontribution to the tumor phenotype because they were shown to
ommonly occur in different tumors [123]; 86 clusters of inser-
ions (out of a total of 5473 insertion in 1361 tumors) were filtered
hat indicated cooperation between genes targeted by the inser-
ions, statistically weeding out the bystander mutations from the
ataset.

Other commonly performed types of insertion site analysis
an be divided into two categories: those relating to the chro-
osomal features and those relating to the genes that might be

ffected by the insertion. The first type of analysis includes the
istance to the TSS, concurrence of integrations and histone modifi-
ation marks [124], proximity of CpG island, DNAse hypersensitive
ites, fragile sites, LINEs, SINEs and other repeat elements, gene
ensity and frequency of in-gene insertions. These categories obvi-
usly reflect our current knowledge of functional genomic regions.
mportantly, noncoding DNA sequences such as miRNAs and “inter-
enic” regions may be functionally more important than currently
ppreciated.

These generic genomic integration features have been described
or a variety of retroviruses, including murine leukemia virus (MLV)
54], xenotropic murine leukemia virus-related virus (XMRV) [125],

ouse mammary tumor virus (MMTV) [126], human endogenous
etrovirus (HERV) [127], human immunodeficiency virus (HIV-
) [124,128], simian immunodeficiency virus (SIV) [129], porcine
ndogenous retrovirus (PERV) [130], Foamy virus [62], avian sar-
oma leukosis virus (ASLV) [54], and human T-lymphotropic virus
HTLV) [131], and also DNA transposons [55,63]. For the latter,
t is again important to avoid generalisation of findings made

ith the use of a given transposon, since integration proper-
ies are dependent on the nature of the transposase, which can
e further engineered to increase activity and target specificity
132–136]. Preferential targeting of cellular sequences has been
escribed for another plasmid-based integration vector based on
he PhiC31 recombinase. However, in this case the anticipated site-
pecificity is relative rather than absolute [137], and two studies
ave revealed potential induction of chromosomal translocations
y this system [138,139]. Similar genomic instabilities have not
een associated with retrovirus-based integrases or transposases,
ut certainly require further investigation especially since they
ay escape conventional approaches of integrome analyses. Com-

rehensive integrome studies will also be required to assess the

pecificity of designer zinc-finger nucleases and meganucleases,
hich have been developed to mediate sequence-specific double-

trand breaks to trigger loss-of-function by non-homologous end
oining or to repair genes by homologous recombination with donor
NA [140,141].
er Biology 20 (2010) 269–278 275

A second type of analysis is usually associated with gene therapy
experiments or functional oncogenomics, where the focus is less on
generic insertion patterns but rather on the identity of the genes
that are in the vicinity of insertions, potential gene disruption or
deregulation and the consequences for the engraftment of a clone
after transplantation, its survival, competitive fitness and malig-
nant transformation. This usually involves annotation of gene sets
using tools that are also commonly used in microarray analysis,
such as pathway analysis (KEGG, PantherDB, Ingenuity) or cross-
referencing with cancer gene lists (RTCGD, cancer gene database of
human cancer genes [CGC]) or miRNA gene databases (miRbase).

However, the integration of a vector with strong enhancer ele-
ments close to a cellular gene does not necessarily trigger its
upregulation. Even when using a gammaretroviral vector with
strong enhancer sequences in the LTR for genetic modification of T
cells, gene activation occurred only in a subset of analyzed clones
(6% of the genes tested in 43 T cell clones isolated from peripheral
blood of ADA-SCID patients harvested 10–30 months after trans-
plantation of gene-modified hematopoietic stem/progenitor cells)
[75]. In comparison, another study reported significant deregula-
tion for 18% of gammaretrovirally targeted genes (8 of 44) analyzed
after infusion of suicide gene-modified donor lymphocytes [71]
whereas in a study addressing the impact of lentiviral vectors
with an internal erythrocyte-specific enhancer-promoter on gene
expression in primary erythroblasts the incidence of target gene
deregulation was as high as 28% [86].

Moalic et al. [130] noticed that the relationship between MLV
and PERV insertions, and the expression level of proximal genes
disappears when stratified for CpG proximity, which leads to the
conclusion that regulatory sequences show correlation with tar-
geted genes. In turn, transcription factor binding sites present in
the LTRs affect the distribution of vector insertions [49]. These vari-
ables contribute to the notion that the host cell type influences both
the integration pattern and the potential functional consequences
of gene deregulation.

The availability of large numbers of documented insertion sites
has necessitated a more thorough look into the statistics concerned
with background levels of certain features. For example, Ambrosi
et al. [142] showed that when analyzing the promoter proximity
of MLV integrations, one cannot simply assume the background to
be a certain global occurrence rate, since randomly drawn inser-
tion might already show a similar pattern of distribution to the one
usually associated with MLV. A more robust test was introduced to
better analyze the differences in TSS distribution between different
vectors.

When analyzing large datasets, automation becomes a key issue.
Manual alignment and evaluation of insertion sites may reveal
important details [100,143], but is both cumbersome and prone
to human error, while automated analysis allows uniform parame-
ters to be set and applied in different analyses. Several online tools
have been developed (Seqmap [144], Quickmap [145]). A particu-
larly exhaustive analysis of the physical features of insertion sites
is Quickmap available at GTSG.org [145], allowing large numbers
of insertions to be rapidly annotated.

5. Perspectives

Rapid scientific and technological progress has shed a lot of light
into the dark side of untargeted vector integration. New approaches
to unbiased and highly sensitive determination of integromics have

arrived just in time to provide a high-resolution description of sta-
ble polyclonality, clonal fluctuation or clonal imbalance following
the infusion of gene-modified hematopoietic cells. Evidence has
been obtained for a number of approaches to potentially reduce
the genomic risk of gene therapy: targeting cells that lack sus-
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ained replicative potential, using vectors with a more neutral or
argeted integration spectrum, avoiding multiple vector copies in a
ingle cell, and designing gene expression cassettes that avoid long-
istance enhancer interactions or fusion transcripts are among the
ost prominent approaches. It thus appears likely that polyclonal

ene-modified hematopoiesis can be established, resulting in a very
ong latency before clonal dominance and potential malignant pro-
ression will occur.

In future studies, more emphasis should be placed on the under-
tanding of the systemic forces that contribute to clonal selection.
n this context, important points to address include the potential
uppression of clonal imbalance by a high number of fit competitor
ells, and the impact of milieu stress that may result from co-
orbidity. Progress is also expected in the development of gene

argeting approaches or the establishment of episomally persisting
ectors. The genomic risk of gene therapy can thus be prevented by
he collective tackling of all contributing factors.
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