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Retroviruses have often been used for gene therapy because of
their capacity for the long-term expression of transgenes via stable
integration into the host genome. However, retroviral integration
can also result in the transformation of nomal cells into cancer
cells, as demonstrated by the incidence of leukemia in a recent
retroviral gene therapy trial in Europe. This unfortunate outcome
has led to the rapid initiation of studies examining various
biological and pathological aspects of retroviral integration. This
review summarizes recent findings from these studies, including
the global integration patterns of various types of retroviruses,
viral and cellular determinants of integration, implications of
integration for gene therapy and retrovirus-mediated infectious
diseases, and strategies to shift integration to safe host genomic
loci. A more comprehensive and mechanistic understanding of
retroviral integration processes will eventually make it possible to
generate safer retroviral vector platforms in the near future. [BMB
reports 2012; 45(4): 207-212]

INTRODUCTION

Retroviruses are RNA viruses that carry a diploid positive-sense
RNA genome (1, 2). These viruses are classified into five retro-
viral genera (the alpha- to epsilon-retroviruses) and two addi-
tional genera, the spumaviruses and lentiviruses. Retroviruses
cause various fatal human diseases, including acquired im-
munodeficiency syndrome (AIDS), inflammatory diseases and
multiple types of cancer (3-6). Ironically, because of the unique
ability of retroviruses to efficiently integrate genetic material
within their genome into host chromosomes, these viruses have
been used to reverse genetic defects in patients (2). This benefi-
cial use of retroviruses was made possible by an early under-
standing of retroviral biology and the development of powerful
molecular biology techniques (7, 8). After removing genes that
are needed for viral replication (for safety reasons), the genomes
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of retroviruses were further engineered to carry therapeutic
transgenes between two long terminal repeats (LTRs) (7-9).
These engineered, replication-defective forms of retroviruses,
which have been designated retroviral vectors, have been main-
ly used in making genetic modifications to stem cells for
cell-based therapy and in the gene therapy-mediated treatment
of various human diseases, including blood disorders, diabetes,
and neurological disorders (2, 10-15). Unfortunately, there have
been unexpected side effects from retroviral gene therapy that
largely stem from where the retroviral genome integrates into
the host genome. When retroviral integration occurs near onco-
genes, normal cells can be transformed into cancerous cells, as
demonstrated by the incidence of leukemia in a gene therapy tri-
al (11). This minireview summarizes the recent findings regard-
ing the integration patterns of various types of retroviruses, the
impact of these integration patterns on the initiation and pro-
gression of retrovirus-mediated infectious diseases and sporadic
virus-initiated cancer, and the viral and host factors that de-
termine these integration patterns. In addition, the ways in
which both viral and host components have been engineered to
develop safer retroviral vector platforms are briefly discussed.

RETROVIRAL INTEGRATION PREFERENCES FOR GENOMIC
REGIONS RICH IN GENE REGULATORY ELEMENTS

Whereas retroviruses were previously thought to randomly in-
tegrate into the host genome, many of them display a non-ran-
dom integration pattern. For example, murine leukemia virus
(MLV), a gamma-retrovirus that has been well studied and is often
used in gene therapy, shows a strong preference for integrating
into genomic regions within or near transcriptional start sites
(TSSs) and CpG islands (16-19), which are enriched in gene regu-
latory elements. MLV demonstrates equivalent levels of in-
tegration upstream and downstream of TSSs (16, 18). This in-
tegration pattern has been suggested to be closely linked to the
incidence of leukemia in young patients who were treated with
retrovirally modified CD34 + cells (11). The underlying mecha-
nism by which cells are transformed during retroviral gene ther-
apy is related to the ability of the promoter and enhancer compo-
nents in the LTR and/or in the regions upstream of the therapeutic
genes within the retroviral genome to activate host oncogenes,
such as LMO2, when the viruses integrate near the TSSs of these
genes (11). Activated oncogenes often turn normal cells into can-
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cerous cells by perturbing the regulation of cell growth and
survival. The retroviral promoter and enhancer components have
recently been shown to affect cellular transcription over a long
range, independent of vector type, thereby increasing the tumor-
igenicity of the viral vector (20). The retroviral propensity for fre-
quently targeting oncogenes and cell growth/survival genes and
the integration preference for TSSs and CpG islands synergisti-
cally increase the malignant potential of retroviral vectors (21).

In addition, MLV considerably prefers transcription factor
binding sites (TFBSs) (22) and moderately genes, especially high-
ly expressed genes, during integration (16, 21). Another gam-
ma-retrovirus, porcine endogenous retrovirus (PERV), shows a
similar integration pattern, favoring TSSs and CpG islands (23).
Xenotropic murine leukemia virus—related virus (XMRV) has an
even greater integration preference for TSSs and CpG islands
than MLV (24). Relative to other genomic regions, the loci near
gene regulatory elements are more deleterious sites of retroviral
integration.

LENTIVIRAL INTEGRATION INTO ACTIVELY
TRANSCRIBED GENES

HIV-1, a representative lentivirus, strongly prefers integrating in-
to genes instead of genomic regions near TSSs and CpG islands
(16-18, 25). In particular, HIV-1 targets actively transcribed
genes, and this strong preference for genes has been consistently
observed in different cell lines and multiple types of primary cells
from different species (26). Furthermore, in both dividing and
quiescent cells, HIV-1 demonstrates a strong preference for in-
tegration into highly transcribed genes. These findings suggest
that the features of cellular physiology do not always affect the
overall retroviral integration patterns (27). Whereas the extent of
HIV-1's preference for genic regions positively depends upon the
transcription level of the genes, interestingly, HIV-1 shows a re-
duced preference for the most highly expressed genes (21, 26). In
contrast to HIV-1, the integration patterns of gamma-retroviruses,
such as MLV and PERV, do not depend upon the expression level
of the genes (23). HIV-1 normally integrates into entire transcrip-
tional units (TUs) without a significant bias for a certain region of
a gene. In addition, HIV-1 targets oncogenes and the genes in-
volved in cell growth and survival (21). In contrast, HIV-1 dis-
favors CpG islands and does not show any preference for TFBSs
(16, 22, 26). Interestingly, integrated lentiviral vectors can both
up- and down-regulate host gene expression, in contrast to MLV
(20). Another lentivirus, simian immunodeficiency virus (SIV), al-
so shows a similar integration pattern of favoring actively tran-
scribed genes with no preference for TSSs and CpG islands (19,
28, 29). Therefore, retroviruses and lentiviruses in the same ge-
nus often share similar integration preferences, as illustrated by
MLV and PERV and HIV-1 and SIV (23).

The first molecular-level impact of viral integration on the host
is the increased expression of genes that harbor retroviral in-
tegrants or are adjacent to retroviral integrants; this increased ex-
pression can be up to 3-fold compared with the control (26).
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Such effects are particularly apparent in HIV-1-infected cells.
The site at which retroviruses and lentiviruses integrate into the
host genome can affect the initiation and progression of disease.
A study using Cdkn2a "~ mice, which develop tumors from can-
cer-triggering genetic changes because of the lack of the Rb1-
and p53-dependent tumor-suppressor pathways, demonstrated
that retroviral infection of the mice produced tumors following
integration at oncogenes and cell cycle-controlling genes in a vi-
rus dose-dependent manner (30). In contrast, lentiviral in-
fections did not significantly affect the extent of tumor formation
even at high virus doses, indicating that lentiviral vectors may be
less tumorigenic than other retroviral vectors (30).

SEMI-RANDOM INTEGRATION OF RETROVIRUSES

In contrast to MLV, PERV, HIV-1 and SIV, which have strong in-
tegration preferences for particular genomic regions, avian sar-
coma leucosis virus (ASLV), an alpha-retrovirus, has an in-
tegration pattern that cannot be clearly distinguished from a hy-
pothetical random pattern (26). ASLV has only a weak prefer-
ence for actively expressed genes and no significant preference
for TSSs. A spumavirus, foamy virus (FV), does not show strong
preference toward either TSSs or active genes (31). Similarly, a
delta-retrovirus, human T-cell leukemia virus type | (HTLV-),
does not have a strong preference for any host genomic features
except alphoid sequences and demonstrates an almost random
integration pattern (3). The sequence similarity between the
ASLV and HTLV-1 integrases, both of which have seemingly ran-
dom-like integration patterns, suggests that the viral integrase
plays an important role in the selection of sites during in-
tegration (32). Retroviruses with random integration patterns can
be considered safer platforms for gene delivery vehicles com-
pared with other retroviruses that demonstrate strong integration
preferences for TSSs or transcribed genes. Random integration
will have a lower chance of disturbing genes that regulate cell
growth and survival than integrations targeted to genomic re-
gions enriched in genes or gene regulatory elements.

Whereas integrated retroviral genomes affect the expression
of host genes that harbor or are adjacent to the integrants, the
host genomic environment surrounding the viral genomes also
affects the expression of viral proteins and genomic RNA, ulti-
mately regulating the production of viral progeny. Such mutual
genetic effects between proviruses and host cells can lead to
complications in the initiation and progression of infectious dis-
eases and sporadic cancer, both of which are caused by retro-
viral infections. This scenario has been experimentally observed
in vivo even in infections with retroviruses that display seem-
ingly random integration patterns. For example, HTLV-Il in-
fection often results in an asymptomatic carrier disease state that
can progress to adult T cell leukemia (ATL) (3, 33). In the carrier
state, many infected cells harbor viral genomes at random loci
without a strong bias for TSSs and TUs, but only cells in which
the viral genome is integrated into the regions not actively tran-
scribed, such as alphoid sequences, can escape from the im-
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mune response; cells that produce viral proteins and whole vi-
ruses have a greater chance of being identified by the immune
system and eliminated (3). Retroviral integration into alphoid re-
peats appears to result in the formation of an inactive or latent
retroviral infection state, as demonstrated by HIV-1 infection.
During the carrier stage of the disease, a fraction of infected cells
carrying provirus integrated into TSSs but not into alphoid re-
peats begin to express viral proteins and proliferate, thereby
dominating the infected cell population. The proliferative ad-
vantage conferred on these cells results in their positive se-
lection, and these cells ultimately can become transformed into
leukemia cells (ATL stage) (3). During the transition from the car-
rier state to the ATL stage of the disease, retroviral integration
patterns in the infected cell population appear to shift from a
seemingly random pattern with no preference for transcribed re-
gions to a pattern favoring TSSs. Because of this shift, two con-
flicting integration patterns can be experimentally observed for a
given retrovirus. Therefore, characterization of the integration
patterns with averaged frequencies for particular genomic re-
gions is not sufficient to confirm the safety of therapeutically
used retroviruses.

VIRAL AND HOST FACTORS INVOLVED IN DETER-
MINING RETROVIRAL INTEGRATION PATTERNS

Few studies have mechanistically and comprehensively deci-
phered how retroviruses select their preferred genomic regions
for integration. Researchers have identified only a fraction of the
viral and cellular factors that play a role in determining particular
retroviral integration patterns. A previous study showed that
when the HIV-1 integrase or the HIV-1 Gag sequence is replaced
with the corresponding MLV sequence, the resultant chimeric
HIV-1 has an integration pattern similar to that of MLV or a new
pattern that is different from that of HIV-1 or MLV, respectively;
the introduction of sequences of the two MLV proteins results in
an HIV-1 integration pattern closer to that of MLV (34). These ex-
perimental observations suggest that the integrase is one of the
main components that determine the integration pattern for each
retrovirus and that Gag protein, a structural polyprotein, is also
involved as a cofactor in shaping the integration pattern. Several
other studies have indicated that the central core of the retroviral
integrase, especially the a2 helix in the core, plays a key role in
generating distinct integration patterns (35). Recently, a structur-
ally resolved molecular mechanism of the retroviral integration
reaction has been proposed (36), but it is not sufficient to explain
the host genomic site preference of retroviruses in detail.
Although there is no concrete or complete model to explain
retrovirus-specific variations in integration preference, several
plausible mechanisms have been suggested. Retroviruses can as-
sociate with their preferred genomic loci by interacting with cel-
lular proteins that are localized at the genomic sites. For exam-
ple, MLV and HIV-1 integrate into the host genome by interacting
with host proteins that bind to genomic regions rich in either TSSs
and CpG islands or genes. In contrast, ASLV, which demonstrates
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an almost random integration pattern, would interact with pro-
teins that are distributed across the host genome but do not have
a significant affinity for TSSs, CpG islands or genes (26).

Observations based on yeast two-hybrid systems have identi-
fied potential host proteins that may interact with viral proteins in
the retroviral preintegration complex (PIC) (37). These host pro-
teins in MLV-infected cells include chromatin-binding factors
and transcription factors (TFs). More host proteins have been
identified in HIV-1-infected cells, including Ini1 and human lens
epithelium—derived growth factor (LEDGF/p75) (37). HIV-1 has
been shown to integrate into genes that are responsive to
LEDGF/p75 in different cell types. Interestingly, depletion of
LEDGF/p75 in host cells leads to significantly reduced HIV-1 in-
tegration into TUs, but the remaining integration bias for TUs sug-
gests that LEDGF/p75 is not the only factor that tethers HIV-1 PICs
to TUs (38). In the absence of LEDGF/p75, HIV-1 integration oc-
curs more frequently in promoter regions and CpG islands, dem-
onstrating that this host protein also causes the virus to avoid
such genomic regions (39). The integration defect of HIV-1 aris-
ing from the absence of LEDGF/p75 suggests that the protein is a
necessary factor for HIV-1 integration under some conditions. In
addition, the knockdown of transportin-3 and the nuclear pore
protein RanBP2 affects HIV-1 integration site selection, shifting
the integration site away from gene-dense or gene-associated
regions. However, this newly shifted integration pattern is differ-
ent from the pattern observed in the absence of LEDGF/p75 (40).
Research groups have used genome-wide siRNA analyses to
more systematically identify host factors involved in HIV-1 ge-
nome integration (41). These researchers have proposed that
multiple host proteins, including KPNB1, NUP98, ANAPC2,
PRPF38A, SNW1 and AQR, which have functions in nuclear im-
port, nuclear pore formation/structure, nucleic acid binding, tran-
scriptional regulation, and DNA repair, may function as in-
tegration coupling or tethering factors during HIV-1 integration.
The observed participation of nuclear pore proteins and Gag pro-
tein-mediated trafficking of the HIV-1 PIC through nuclear pores
to the host genome suggest a new potential model in which retro-
viruses use the cellular routes connecting the nuclear pore to the
favored genomic loci during integration (40). A comprehensive
and complete catalog of host proteins interacting with the viral
integration machinery is still not available, and further experi-
ments need to be performed to confirm the effects of host pro-
teins on retroviral integration patterns.

The sequence of retroviral genomes may also affect the in-
tegration pattern via a mechanism in which promoter and en-
hancer elements in the viral genome interact with certain TFs or
other transcriptional components that have an affinity for partic-
ular genomic loci. For example, the interactions of MLV en-
hancer elements with TFs lead to integration into cell-type spe-
cific TFBSs in the host genome (22). However, there are also ex-
perimental data that conflict with this proposed mechanism for
certain types of retroviruses; for example, the deletion of pro-
moter and enhancer elements in the SIV genome does not
change the viral integration preference (29). Therefore, the pro-
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posed integration mechanism involving gene regulatory ele-
ments or sequences in the retroviral genome is not universally
applied. In contrast, there have been no noticeable effects of the
host genomic DNA sequence on retroviral integration site se-
lection (27). Instead, retroviral integration patterns are depend-
ent upon the transcription level of genes when viruses target TUs
(28). Because many retroviruses prefer actively transcribed re-
gions and each cell type has a different transcriptional profile,
there are cell-type dependent variations in the integration fre-
quency in each gene (26). However, the main qualitative trend
in which each type of retrovirus favors particular genomic fea-
tures is mostly maintained irrespective of cell type. Different
types of retroviruses have also shown common dependence on
other cellular factors. For example, the loci in which MLV,
HIV-1 and ASLV integrate exhibit a positive correlation with
gene density, although ASLV has the weakest level of depend-
ence (26). Physical aspects of host genomic DNA are also im-
portant in the retroviral selection of integration loci, as demon-
strated by the observations that retroviruses prefer the out-
ward-facing side of chromatin and favor nucleosomal DNA over
naked DNA (42).

MOLECULAR ENGINEERING OF RETROVIRAL
INTEGRATION PATTERNS

To alter retroviral integration patterns with tumorigenic potential,
retroviral integrases have been targeted for engineering. Several
studies have used polydactyl zinc finger proteins that have specif-
icity for particular genomic loci in the host cell (43). The
DNA-binding motifs, as tethering molecules for retroviral PICs,
are inserted into the N- or the C-terminus of integrase, but these
fusion proteins only allow a low level of retroviral integration
specificity for the intended target site in the host genome (43).
This limited outcome may be due to the remaining functional
motifs in the intact integrase. In addition, other DNA-binding do-
mains in the LexA repressor of Escherichia coli and the A repress-
or have also been used, but the intended outcome was not ob-
tained at a satisfactory level (44-46). We recently constructed a
retroviral library that was screened in a high-throughput format to
identify novel fusion proteins where zinc finger complexes
(ZFCs), composed of six finger subunits, were inserted within

Table 1. Summary of the integration patterns of retroviruses

MLV Gag-Pol proteins, with the goal of enhanced safety and
higher integration specificity of retroviruses in vivo (17). Several
fusion proteins successfully shifted the characteristic retroviral in-
tegration pattern into new genomic regions that were distant
from TSSs and CpG islands. Furthermore, when such ZFCs were
inserted into different regions of Gag-Pol, integrations occurred
at common genomic sites with a high frequency, indicating that
the inserted ZFCs provided viral integration specificity.
However, the found common integration sites were not the pre-
dicted sites given the ZFCs, suggesting that the protein context of
the inserted ZFCs and the chromatin structure in the targeted ge-
nomic regions may affect the conformation and specificity of the
zinc finger units (17). Alternatively, integration-defective retro-
viruses have been generated via site-specific mutagenesis of in-
tegrase to develop safer vector systems (47, 48). Depending upon
the host cell type, the mutant viruses allow transient or long-term
expression of transgenes without a significant level of integration.
However, the integration ability of retroviruses is not completely
abolished, which remains a safety concern. The limited suc-
cesses of the above-mentioned approaches are mainly the result
of an incomplete understanding of how retroviral integration
preferences are determined and controlled in vivo.

CONCLUSION

As summarized above and in Table 1, most retroviruses prefer in-
tegrating into particular host genomic regions, thereby revealing
different levels of oncogenic potential when these retroviruses are
used in gene therapy. Such differences in integration patterns
might arise from different evolutionary strategies of retroviruses;
MLV maximizes progeny production during infection, whereas
HIV-1 maximizes long-term coexistence with the host by mini-
mizing perturbation of host gene regulation (49). Viruses do not
generally evolve to become beneficial to humans. Therefore, to
maximally use the retroviral ability of prolonged gene expression
in gene therapy without detrimental side effects, these viruses
need to be carefully engineered. Recent and near-future advances
in the understanding of retroviral integration, in terms of virology,
genetics, and molecular and cell biology, will make it possible to
develop efficient and safe retroviral gene delivery platforms. Such
advances will also lead to better elucidation of the initiation and

Retrovirus Genus Favored genomic regions Disfavored or not favored genomic region
MLV Gamma-retrovirus TSSs'¢19 2% CpG islands'®'® * ;
HIV-1 Lentivirus Genes'® ' 227 Tggg !0 weak CpG islands'® %@
ASLV Alpha-retrovirus Genes™® e TSSs26 ‘
SIV Lentivirus Genes'? 2% TSSs? 22 CpG islands™ "o 20 @
PERV Gamma-retrovirus TSSs® CpG islands™
Foamy virus Spumavirus CpG islands®! ¥ TSSs® " Genes®' ™
XMRV Gamma-retrovirus TSSs* CpG islands™

Only the genomic regions within (or near) TSSs, CpG islands and Genes are denoted in this table. Superscript numbers indicate the relevant references.
No superscript: strong integration preference. Weak: weak integration preference, Not: not favored for integration. dis: disfavored for integration
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progression of various retrovirus-mediated infectious diseases.
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