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Gene therapy requires efficient gene delivery to cure or prevent disease by 
modifying the genome of somatic cells. However, gene vectors, which insert 
themselves into the host genome in order to achieve persistent protein 
expression, can trigger oncogenesis by upregulating cellular protoonco-
genes. This adverse event, known as insertional mutagenesis, has become a 
major hurdle in the field. Vectors developed on the basis of lentiviruses are 
considered to be less genotoxic than the hitherto used γ-retroviral vectors. 
For their report in this issue of the JCI, Montini et al. utilized a tumor-prone 
mouse model to identify the genetic determinants of insertional mutagenesis 
(see the related article beginning on page 964). They report that the lentiviral 
integration pattern and additional improvements in vector design reduce 
the genotoxic risk. These findings will inform future vector design with the 
goal of limiting genotoxicity for gene therapy or increasing genotoxicity for 
protooncogene discovery.

The development of safe and efficient 
methods to modify the genome of somatic  
cells would provide new perspectives in 
the prevention, treatment, or even causal 
cure of inherited and acquired diseases. 
Gene vectors that insert themselves into 
the host genome would allow for a long-
lasting phenotypic correction even if the 
target cells undergo repeated rounds 
of cell division. Retroviruses and their 
derived vectors show a highly efficient yet 
semirandom integration pattern in the 
host genome. The simple γ-retroviruses 
have a propensity to integrate into tran-
scriptional start sites and regulatory gene 
regions (1), with a surprising preference 
for genes involved in proliferative signal 
cascades (2). Insertional mutagenesis 
by replication-competent murine leuke-
mia virus, a prototypic γ-retrovirus, thus 
became a powerful tool for protoonco-
gene discovery (3). Still, for replication-
deficient γ-retroviral gene vectors, it was 
not until 18 years after the first successful 
modification of hematopoietic stem cells 
in 1984 that the leukemogenic potential 
of insertional mutagenesis was demon-

strated (4, 5). Subsequently, clinical gene 
therapy studies have underlined the dan-
ger of this complication, which manifests 
in a highly context-dependent manner 
and likely involves the acquisition of sec-
ondary mutations and variable selection 
pressure of the underlying disease (6–12).

Compared with γ-retroviruses, lenti-
viruses such as HIV type 1 (HIV-1) and 
their derived vectors show a stronger 
preference for integrating within active 
transcription units without an obvious 
bias for proliferation-associated genes or 
transcriptional start sites, which suggests 
a lower potential for triggering oncogenic 
adverse events by insertional mutagenesis 
(1, 13). The rationale for the therapeutic 
use of HIV-1–based vectors originated 
from their evolutionary background 
as a highly efficient human-infectious, 
nononcogenic retrovirus that may even 
transduce nondividing cells (14). Lenti-
viral vectors have thus found widespread 
use in basic research and recently also 
entered the clinical arena. Now, in this 
issue of the JCI, 13 years after introduc-
ing HIV-1–based lentiviral vectors (14), 
the pioneering group led by Luigi Naldini 
has explored two opposite poles of lenti-
viral vector design: modifications that can 
cause cancer via insertional mutagenesis 
and configurations that greatly increase 
biosafety when compared with conven-
tional γ-retroviral vectors (15).

Genetic determinants of lentiviral 
vector–mediated genotoxicity
In their study in this issue of the JCI, Mon-
tini et al. (15) investigate the contribution 
of various genetic elements of lentiviral 
and γ-retroviral vectors to insertional 
mutagenesis. The authors used a tumor-
prone knockout mouse model (animals 
lacking the tumor suppressor gene cyclin-
dependent kinase inhibitor 2A [Cdkn2a]) 
to demonstrate that lentiviral vectors can 
act as insertional mutagens provided that 
the vectors are designed to contain strong 
enhancer-promoter sequences in their long 
terminal repeats (LTRs) (Figure 1). Impor-
tantly, the authors also demonstrate that 
the genotoxic risk of lentiviral vectors is 
significantly lower than that of currently 
used γ-retroviral vectors. Furthermore, they 
show that improvements in vector design, 
such as self-inactivating (SIN) LTRs, greatly 
reduce the genotoxic risk in both lentiviral 
and γ-retroviral vectors (Figure 1). These 
data strongly support the adoption of vec-
tors with SIN LTRs for clinical trials of 
gene therapy. Previous studies pointed in 
this direction but lacked final evidence in 
a model with a tumor end point (16–22). 
Further variables that must be evaluated 
as part of a risk assessment prior to clini-
cal application of integrating gene vectors 
include the type and number of target cells 
involved, the medical history and underly-
ing disease of the patient, and the risk pro-
file of alternative therapeutic approaches.

The study by Montini et al. (15) arrives 
right in time to have a major impact on 
the preparation of numerous clinical trials 
exploring the therapeutic potential of len-
tiviral vectors in the treatment of inborn or 
acquired diseases. As is often the case with 
seminal findings, this study also triggers 
a number of new questions. Below we dis-
cuss the impact of these new data on our 
understanding of the biology of HIV-1, 
the role of tumor-prone animal models in 
the preclinical safety evaluation of lentivi-
ral vectors, and their potential as tools for 
experimental oncology.
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Why does HIV-1 not transform cells 
by insertional mutagenesis?
In patients infected with HIV-1, uncountable 
genomic insertion events occur in the major 
natural target cells, which are mostly CD4+ T 
cells and macrophages (23). In theory, almost 
every location in every gene should be affect-
ed even if the viral integration profile has 
certain preferences and minor “aversions.” 
Montini et al. (15) showed that lentiviral vec-
tors, when equipped with strong enhancer-
promoters in their LTRs, may upregulate cel-
lular protooncogenes. In line with another 
study (22), they demonstrate a mechanism 
involving a fusion transcript that originates 
from the lentiviral splice donor, ignores the 
lentiviral transcriptional termination site, 
and splices into exons of cellular protoon-
cogenes (Figure 1). Long-distance enhancer 
effects may also occur. HIV-1 has a very simi-

lar insertion pattern (13) and uses the same 
splice donor and the same weak termination 
signals as the vectors examined in the present 
study. This leaves three explanations for the 
failure of HIV-1 to transform its host cells by 
insertional mutagenesis. First, the enhancer-
promoter sequences of the natural virus may 
be too weak to induce fusion transcripts into 
adjacent cellular genes. Indeed, HIV-1 uses 
a relatively modest enhancer-promoter and 
enhances gene expression by its mRNA-pro-
cessing accessory proteins Tat and Rev. Sec-
ond, the target cells of HIV-1 are inherently 
more refractory to transformation than the 
hematopoietic cells targeted by Montini et 
al. Recent work revealed T lymphocytes to be 
more resistant to transformation than more 
primitive hematopoietic cells (11, 24). Third, 
and probably most relevant, HIV-1 killing of 
target cells involves a variety of toxic proteins 

that need to be expressed in the late stages of 
the viral life cycle (25), thus efficiently elimi-
nating even clones with the potential to acti-
vate growth-promoting and antiapoptotic 
pathways. If the latter is the most relevant 
explanation, this in turn implies that medi-
cal interventions blocking toxic proteins of 
HIV-1 may bear a residual risk of uncovering 
insertional side effects. This concern address-
es certain principles of “intracellular immu-
nization,” in which gene transfer counteracts 
HIV proteins without eliminating the viral 
LTRs or blocking viral entry (26).

Tumor-prone mouse models  
in gene therapy
The major intention of the work by Mon-
tini et al. (15) was to address whether the 
lentiviral insertion pattern has a lower risk 
of inducing oncogenic insertional effects 

Figure 1
Oncogenic potential of integrating gene vec-
tors. Schema of a lentiviral particle with its 
mRNA genome embedded in the capsid is 
shown. Upon cell infection, viral mRNA is 
reverse transcribed into double-stranded 
DNA and transported into the nucleus. Chro-
mosomal integration is mediated by the viral 
integrase and associated cellular proteins. 
Integration site selection is semirandom, with 
a preference for active transcription units. 
Adjacent cellular genes can be activated or 
disrupted, depending on interaction with the 
cis-regulatory sequences of the integrated 
virally transmitted DNA. Wild-type HIV-1 
expresses several structural and regulatory 
proteins that kill cells by various cytopathic 
effects (i). The study by Montini et al. (15) 
in this issue of JCI shows that lentiviral vec-
tors engineered to express a gene cassette 
of interest (shown here as enhanced GFP 
[eGFP] followed by a posttranscriptional regu-
latory element [PRE]) can be tumorigenic if a 
strong enhancer-promoter (EP) is introduced 
into the LTR (ii). Gene activation may involve 
a splice event through the splice donor (SD) 
present in the vector backbone and insuffi-
cient termination at the polyadenylation signal 
(pA). Vectors with a SIN LTR carry the EP in 
an internal position and were not tumorigenic 
in the Cdkn2a knockout mouse model (iii). 
Potential oncogenic consequences of gene 
disruption or internal EP sequences interact-
ing with adjacent cellular promoters remain to 
be determined. Arrows denote transcriptional 
start sites; Ψ, packaging signal; Ψ+, extended 
Ψ; Gag, group-specific antigen; vif, virulence 
factor; vpr, viral protein R; vpu, viral protein U; 
rev, regulator of expression of viral proteins; 
tat, transactivator; nef, negative factor.
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than the γ-retroviral insertion pattern. In 
a previous study conducted in the same 
model, this conclusion was suggested but 
not definitively proven, since the vectors 
that were compared had major differences 
in the type and position of their enhancer-
promoter sequences (27). These same vari-
ables were identified by other investigators 
as crucial determinants of insertional gene 
dysregulation and cell transformation in 
vitro (16–20). In their tumor-prone mouse 
model, Montini et al. now provide evidence 
that the lentiviral insertion pattern reduces 
the risk of cell transformation by a factor 
of 10, as compared with similarly designed  
γ-retroviral vectors. This magnitude became 
apparent when the risk of tumor induc-
tion was corrected for the number of vec-
tor integrations in the tumor genomes. The 
authors thus developed a hazard function 
that shows a much greater difference in the 
tumorigenic risk than suggested by the tra-
ditional Kaplan-Meier survival curve. Here, 
we are left with some uncertainties.

Is this factor indicative of a similar 
increase in biosafety in a clinical trial, i.e., 
can 10 times more cells or patients be treat-
ed before a potential oncogenic event can be 
detected? Or does this factor rather under-
estimate the reduction of risk associated 
with the switch to a lentiviral vector system? 
More specifically, what will be the addition-
al gain of safety obtained with potentially 
therapeutic SIN vectors designed to express 
a gene of interest under control of a more 
physiologic internal promoter?

Surprisingly, Montini et al. did not 
observe genotoxic effects from lentiviral 
SIN vectors containing a strong internal 
enhancer-promoter (15). This is in con-
trast with the results of other models that 
have demonstrated the potential of such a 
design, at least in the γ-retroviral context, to 
transform cells in vitro and in vivo (16, 28). 
Is this the result of the lentiviral insertion 
pattern or are there factors that may limit 
the sensitivity of the tumor-prone model?

One interesting finding of the care-
ful analysis of insertional leukemias that 
occurred in clinical phase 1 trials to treat 
X-linked SCID by an LTR-driven γ-retrovi-
ral vector was the development of genomic 
instabilities in the leukemic clones that 
also contained deletions of the CDKN2A 
locus, among others (9, 12). However, in 
these leukemias, the loss of tumor suppres-
sor genes is most likely a secondary event, 
while in the tumor-prone mouse model 
used here (2), Cdkn2a inactivation repre-
sents the “first hit.” Thus, in the tumor-

prone model, genome instability may occur 
from the point of formation of the embryo, 
potentially creating a substantial heteroge-
neity of cell mutants prior to gene trans-
fer. This may well explain the rapid tumor 
onset in this model, creating a high back-
ground of spontaneous tumors on which 
the genotoxic impact of relatively weak 
insertional mutagens can hardly be deter-
mined. The very careful insertional genom-
ics studies performed in the current study 
partially overcome this hurdle (15). Still, 
to lower the detection limit and reduce the 
number of animals required to reach statis-
tical significance, further optimizations of 
genotoxicity assays for gene therapy would 
be welcome (29).

Lentiviral vectors in basic oncology
The current study by Montini et al. (15) 
opens up another important avenue for 
further investigation (as discussed by the 
authors): lentiviral vectors specifically 
designed to trigger insertional mutagenesis 
may be developed as novel tools to discover 
cellular protooncogenes whose activation 
can transform various types of resting cells 
in vivo, complementing and expanding 
other approaches, such as those based on 
cancer-inducing transposons (30). Thus, 
defining vector configurations with a low 
risk of insertional protooncogene activation 
will become the gold standard for somatic 
gene therapy, whereas developing lentiviral 
vectors specifically designed to crosstalk 
with neighboring genes may be established 
as a novel elegant tool for cancer research.
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Wnt therapy for bone loss:  
golden goose or Trojan horse?
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The Wnt pathway has been found to play a role in the development of many 
tissues and to spur growth and differentiation of adult osteoblasts, sparking 
interest in its potential clinical application for bone growth. However, when 
deregulated, this pathway can be oncogenic in some tissues. In this issue of 
the JCI, Kansara and colleagues reveal that Wnt inhibitory factor 1 is epige-
netically silenced in human osteosarcomas and that its absence augments 
osteosarcoma formation in mice (see the related article beginning on page 
837). These observations suggest the need for caution in stimulating the Wnt 
pathway for therapeutic bone growth.

Bone loss is a significant clinical concern. It 
can be caused by aging or by several diseases 
and their treatments, such as glucocorticoid 
hormone therapy for autoimmune disease 
(1, 2). Hip fracture in the elderly, an impor-
tant complication of bone loss, carries a  
1-year mortality rate of approximately 25% 
(3, 4). Treatment and prophylaxis of bone 
loss has focused on supporting bone miner-
alization and inhibiting bone resorption, but 
attention has increasingly turned to build-
ing bone by augmenting osteoblast func-
tion (5, 6). Some drugs under development 
act in part through stimulating the Wnt sig-
naling pathway, known to drive osteoblast 
proliferation and commitment (6, 7). In 
particular, efforts are underway to block the 
actions of secreted Wnt antagonists such as 
sclerostin (5). The goal of taking advantage 
of our burgeoning knowledge of signaling 
pathways in order to build tissue in gener-
al and repair bones in particular has great 
appeal. The theoretical potential exists for 
the Wnt pathway to serve as a golden goose, 
generating new bone indefinitely.

The Wnt pathway
The Wnt pathway is a workhorse of devel-
opment in multicellular organisms. It 
directs fate decisions, big and small, such 
as forming a principal axis of frog embryo 
development (8) or sculpting heart valves 
(9). Wnt signaling often drives tissue for-
mation. This functionality endures in 
some adult tissues that require continuous 
replenishment, such as the renewal of the 
intestinal epithelium (10).

However, the Wnt pathway is also the 
prototypical developmental pathway dereg-
ulated in cancer (11). In fact, the pathway’s 
name embodies this potential: Wnt is a 
contraction of Wingless from Drosophila and 
Int1 from mammals (12). The Wingless gene 
was discovered as the site of a mutation in 
Drosophila responsible for defective pattern-
ing of the trunk (13). Int1, the first mam-
malian homolog of Wingless, was discovered 
as a common site of integration of mouse 
mammary tumor virus genomes in tumors 
induced by the virus (14). These insertion 
events mediate Wnt1 overexpression and 
tumor growth. The tendency of Wnt dereg-
ulation to foster neoplasia is a concern.

The canonical Wnt pathway is liberally 
endowed with regulatory steps (Figure 1).  
Wnts, the ligands, are low-abundance 
secreted factors that are somewhat lipo-
philic (15, 16). For a long time, Wnts could 

not be isolated biochemically, even when 
overexpressed in cell culture. Expression 
was inferred from their biological effects 
(16). These properties likely reflect the role 
of Wnt proteins as short-range paracrine 
factors, thought to often be present in steep 
gradients of abundance. Wnt proteins bind 
7-pass transmembrane domain receptors 
of the Frizzled family (11). Such binding is 
antagonized by the Wnt inhibitory factors 
(WIFs) and secreted Frizzled-related pro-
teins (SFRPs), which are all secreted proteins 
that compete with receptors for ligand bind-
ing. Ligand binding activates the Frizzled 
receptors, transducing a signal through the 
scaffolding protein Dishevelled and Casein 
kinase 1 to a protein complex that contains 
the kinase glycogen synthase kinase–3 and 
the tumor suppressor proteins adenoma-
tous polyposis coli (APC; named for the 
human genetic disease also termed familial 
adenomatous polyposis) and axis inhibition 
protein 1. The APC complex constitutively 
targets β-catenin for ubiquitination and 
degradation. The Wnt signal inhibits the 
APC complex, leading to stabilization of  
β-catenin and its accumulation in the nucle-
us. There, β-catenin teams with T cell factor 
transcription factors to drive expression of 
genes such as c-Myc and Cyclin D1 that sup-
port cell growth, proliferation, and survival. 
The pivotal role of Wnt signaling in normal 
and abnormal growth is underscored by the 
fact that multiple pathway components 
have been implicated as either oncogenes or 
tumor suppressors (Figure 1).

WIF1 and osteosarcoma
In this issue of the JCI, Kansara et al. (17) 
examined genes that were epigenetically 
silenced in osteosarcoma with the notion 
that these may be important tumor sup-
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