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Introduction

Abstract

This thesis is focuses on the insertional oncogenesis brought about by gamma-retro-

viral vector insertions. In hematopoietic gene therapy, gamma-retroviral vectors can 

be used to deliver therapeutic transgenes into target cells of patients with monogenic 

disorders, which has been successfully shown in three human diseases. The addition of 

the therapeutic gene to the host cell genome has the opportunity to cure the disorder. 

The mechanism that allows insertion of the transgene in the host cell genome can 

unfortunately also introduce deregulation of the genes surrounding the insertion site, 

sometimes with leukemia as a result. In the studies described here, the insertion profiles 

in mouse or human hematopoietic cells were analyzed and the frequency of oncogenic 

mutations was determined. In addition, software that allows automated determination 

and annotation of retroviral insertion sites was developed.

Hematopoietic stem cells and blood cell reconstitution

The hematopoietic stem cell (HSC) is a cell that can undergo self-renewal and, by differ-

entiation, give rise to all different cells in the hematopoietic system, from erythrocytes 

and thrombocytes to the various different cells of the immune system. In transplan-

tation studies, it was shown that transplanting even a low number of these HSC is 

sufficient to successfully reconstitute hematopoiesis (1). In the mouse, hematopoiesis 

starts at embryonic day 7.5 with primitive hematopoietic cells originating from the yolk 

sac. The earliest hematopoietic stem cells (HSC) are formed at embryonic day 10.5 in the 

aorta-gonad-mesonephros (AGM) region of the developing embryo (2) in a process that 

is regulated by Runx1, and Gata2, with involvement of the cytokines Bmp4, Hh, IL3 and 

IL1 (3). The origin of these cells was by in vitro experiments shown to be haemogenic 

endothelium (4). The exact location of these endothelial cells was later shown to be aor-

tic endothelium, using whole embryo microscopy (5). These adult hematopoietic cells 

are a source of spleen colony forming cells (CFU-S) and are fully capable of reconstitut-

ing adult hematopoiesis in mice (6,7). This potential was also shown for cells derived 

from the umbilical cord blood (UCB) (8), G-CSF mobilized peripheral blood (CPB) (9,10) 

and transplantation of total adult bone marrow (ABM) in animals (11) and humans (12). 

Considerable effort has gone towards identifying which subpopulation of these 

sources contains most if not all of the stem cells, mainly by studying the expression of 

surface antigens (13,14). This research resulted in the identification of the surface anti-

gen CD34 (15), (16) which is a single-chain trans membrane glycoprotein of 105 to 120 

kilodalton (17), present on nearly all colony forming units (CFU-GM, BFU-E, CFU-Mix) 

and marks nearly all hematopoietic colony-forming progenitors (18). From a variety of 

studies the hematopoietic stem cell is known to be enriched in human CD34+ cells in 



Chapter 1

14

the bone marrow (15) and a higher frequency is present in the CD34+CD38- cells (19,20). 

When CD34+CD38- HSC are isolated and subsequently cultured, the CD38 marker loses 

its relevance as a marker for immature hematopoietic stem cells, because the ability 

of human cord blood cells to repopulate SCID mice dissociates from the CD38 marker 

(21). Expression of CD133 , also a marker for hematopoietic cells (22), is retained and 

is a marker for immature HSC, that can give rise to hematopoiesis in a NOD/SCID 

mouse even when these cells have been cultured in vitro (23). Even the use of CD34 as 

a maker for hematopoietic stem cells is debated, since it was shown that in the mouse, 

the CD34-LSK pool is able to reconstitute mouse hematopoiesis. In the mouse, the LSK 

(lineage negative, Sca-1 positive, c-Kit positive) cells contain a large fraction of cell with 

repopulation potential (24). The Lnk protein, which regulates TPO signal transduction, 

seems to be important, since in absence of this protein (in Lnk-- cells) repopulation is 

increased when cells are stimulated with TPO or TPO/SCF (25).

In the mouse, the CD34 antigen expression on hematopoietic cells is conserved (26). 

The lineage negative, Sca-1 negative, Thy1.1 low cells that constitute approximately 

0.05% of mouse bone marrow, have been shown to be highly enriched in HSC (24) and 

capable of reconstituting hematopoiesis after transplantation (27,28). When this cell 

population was further subdivided, the steel factor (SCF) receptor c-Kit was shown 

to be present on 70-80% of these cells (29). Another marker used to identify HSC is 

Rhodamine123 (30). Rhodamine123 is an indicator of active mitochondria and therefore, 

a dim Rhodamine123 stain is associated with the quiescent cells which provides stable, 

long-term hematopoiesis after transplantation (31). In mice, it was also shown, that 

when subdividing the LSK cells into populations which either do or do not express 

Flt3, the Flt3 negative population was able to reconstitute the multipotent long-term 

hematopoiesis after transplantation. The LSK Flt3+ pool only gave rise to lymphoid 

lineage restricted reconstitution. Furthermore, stimulation of HSC with Flt3 failed to 

support survival, whereas c-Kit stimulation does (32). One could therefore argue that 

the addition of Flt3L to medium used for culturing HSC is at best unnecessary. Several 

combinations of cytokines were tested by Wognum (33), showing that IL3 and IL11, 

both commonly used in HSC cultures, reduce the transduction of short- and long term 

repopulating cells. As the most optimal cytokine cocktail a combination of SCF, FLT3L 

and TPO was described.

Stem cell signatures and markers

Since hematopoietic stem cells can be used for bone marrow transplantation (BMT), it is 

important to know what cells make up the true hematopoietic stem cell. Research trying 

to identify this population of ‘true’ stem cells has focused on stem cells signature, inves-

tigating gene expression in the stem cell, and on stem cell markers, trying to identify cell 

surface markers that would allow the identification of the stem cells by their phenotype.



Chapter 1

15

Several studies have been directed at the evaluation of gene expression in stem cells 

derived from different tissues, for example, subtractive analysis of different sources 

of stem cells, e.g. embryonic stem cells, neuronal stem cells, retinal stem cells and 

hematopoietic stem cells lead to the formation of gene sets that were hypothesized 

to contribute to a stem cells signature, or a signature of specific cell lineage (34,35). A 

later comparison of the data in these papers and analysis with additional data showed 

that the neuronal and hematopoietic signatures could be nicely reproduced, the stem 

cell signature was reduced to only one gene that was present in all three datasets. 

The neuronal and embryonic stem cell signatures showed much higher (236 and 332 

respectively) numbers of overlapping genes, which lead to a highly significant predic-

tion of a gene expression profile for these immature, but more differentiated cells (36). 

One could therefore conclude that the more lineage specific (such as the neuronal and 

hematopoietics) stem cells do indeed share a signature, while such a signature is harder 

to determine or even absent when comparing stem cells obtained from different tissues. 

Further studies on Lineage- Sca-1+ cKit+ Thy1.1lo cells and more differentiated cell 

types in mice (37) and in human CD34+CD38- cells from mobilized peripheral blood, bone 

marrow and umbilical cord blood (38) showed that there is a cell signature that is related 

to the HSC phenotype, which contains Evi1/Mds, Rbpms and Cebpb. Furthermore, both 

studies observed that the HSC enriched cell population was characterized by notably 

more expressed genes compared to the more differentiated cell populations. In a similar 

experimental set-up, but using microarrays that interrogated an increased number of 

transcript, Chambers (39) reassessed the mouse LSK and more differentiated cell types. 

This analysis confirmed the earlier findings and found that the genes associated with 

circadian rhythm and Wnt signal transduction KEGG pathways were expressed in LSK 

cells. In addition, a transcriptional similarity between T-cell and LSK cells was noted, 

which lead the authors to make a comparison between the repopulation potential of 

HSC and the need for T-cells to rapidly proliferate when an immune response is needed. 

After these signature studies had been performed, a need existed to prove hematopoi-

etic involvement of the identified genes. Two studies showed innovative methods to 

study the identified genes. Eckfeldt et al. identified 41 differentially expressed HSC 

transcripts and confirmed hematopoietic involvement 16 of the homologs of the identi-

fied genes in morpholino knockdown studies in zebrafish (40). Using gene expression 

data, Deneault et al. selected a set of nuclear factors that were subsequently expressed 

in mouse CD150+CD48-Lin- cells using retroviral vectors. These transduced cells were 

subsequently tested for their ability to increase engraftment and repopulation of the 

hematopoietic system. From the 104 genes that were originally selected, 10 showed an 

increase in repopulation similar or superior to HoxB4 expressing cells (41). Among these 

genes was Prdm16, which was also found as a retroviral insertion site in the XCGD trial 

(42).
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The precise immunophenotype, as well as the mRNA expression pattern of hemato-

poietic stem cells has been a focus point of research for considerable time and new 

immunophenotypical markers for HSC are still being identified (43). CD34+ sorted cells 

are used as a source for HSC cells in bone marrow transplantations, although regular 

BMTs are performed using total (unfractionated) bone marrow. HSC transplantations 

are used in leukemia treatment and for the correction of hematopoietic disorders, 

although protocols may vary between centers. CD34+ sorting is regularly used in 

patients with a CD34- tumor, to purge the leukemic cells from the transplantation, after 

which the transplant gets reinfused into the patient. Other uses for CD34 selection 

are depletion in an allogeneous transplantation setting to prevent graft versus host 

disease, or in autologous transplantation, removal of T-cells that cause autoimmunity 

to restore normal, non- self- reactive T-cell repertoire. In allogeneous transplantations, 

most frequently HPCA (hematopoietic progenitor stem cells collected by apheresis) are 

used without further purification. The same source is also used frequently for alloge-

neous transplantation, which leads to subsequent immuno-suppression due to the large 

number of T-cells in the graft.

Hematopoietic stem cells as a target for gene transfer

In hematopoietic gene therapy, providing a functional copy of a gene that is defective 

in the genome in the HSC, is performed in vitro. This means that the target cells need 

to be cultured in vitro, for a period ranging from 1 to 4 days. The culturing of HSCs 

is associated with a negative effect on the regenerative capacity of these cells in the 

bone marrow (44). Especially when using retroviral vectors for gene transfer, the target 

cells need to be stimulated with growth factors to undergo cell division which allows 

integration of the retrovirus. The use of Flt3L, SCF and TPO for this purpose has been 

well described, but different combinations of growth factors are also used for HSC 

stimulation in vitro before the transduced cells are transplanted into patients in clinical 

gene therapy trials (45-47).

The hematopoietic stem cell is a suitable target for gene therapy of diseases of the 

hematopoietic system. For patients suffering from monogenic disorders such as XSCID 

(X-linked severe combined immunodeficiency) or ADA-SCID (Adenosine deaminase 

deficiency), the treatment of choice is bone marrow transplantation. Transplantation 

with bone marrow obtained from HLA-identical donors is often quite successful (3 year 

survival 77%) (48), but suitable donors are not always available. Bone marrow trans-

plantation (BMT) with HLA- mismatched donors has met with limited success (3 year 

survival 54%). Umbilical cord blood is an alternative source of HSC with which success-

ful HSC transplantations have been performed (49). Although positive results have been 

observed, the T-cell function in SCID patients that have been transplanted with CD34+ 

cells, after an initial normalization, was shown to decrease over time (50). Furthermore, 
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conditioning patients for BMT is usually more invasive than the minor conditioning 

or lack of conditioning required for the transplantation of gene modified stem cells. 

Retroviral gene therapy is a potent method for long-term mono-allelic introduction of 

therapeutic genes in patients with monogenic diseases that lead to impaired function 

in the cells derived from the HSC. And so, in cases were matched related donors are not 

available, gene therapy on autologous HSC could be a valuable treatment option.

Retroviral gene transfer is normally performed on patient bone marrow cells ex 

vivo (figure 1). After the transduction procedure, the treated cells are reinfused in the 

patient, which in some cases previously underwent a pretreatment. This pretreatment 

consists, most often of myoablation by either chemotherapy (e.g. busulfan treatment) 

or radiotherapy (total body irradiation) and allow hematopoietic reconstitution that 

engineered
blood cells 

Stem cells

T cell

NK cell

B cell

reinfusion

Thymus

bone marrow

peripheral blood             

monocyte

granulocyte

erythocyte

platelet

Viral vector with 
gene of interest

aspiration of 
bone marrow

Figure 1: Clinical Gene therapy treatment. CD34+ cells, a cell population enriched in HSC are collected 
from aspirated bone marrow of young patients. The HSC are transduced with a gamma-retroviral 
vector carrying the gene of interest (in green) after which the engineered HSC are reinfused into the 
patient. After the engineered cells engrafted and started producing blood cells, the entire repertoire of 
hematopoietic cells, now arising from the engineered HSC, carry the corrected gene (in green).
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originates from the transplanted cells. This procedure has been successfully demon-

strated in patients suffering from X-linked SCID (IL-2 receptor, or common, gamma 

chain deficiency) (45,46), ADA-SCID (adenosine deaminase deficiency) (47) and chronic 

granulomatous disease (GP91PHOX deficiency, causing a NADPH oxidase defect) (42). 

Currently, a clinical trial for Wiskott-Aldrich Syndrome is in preparation, with several 

diseases in pre-clinical stages of preparation (Btk, Rag1 and Rag2 deficiencies).

Other methods of introduction of therapeutic genes are also available. Several of 

them provide transient expression, for example using adenoviral vectors or non-viral 

such as gene delivery by electroporation or lipid mediated plasmid transfection. By 

using these methods stable integration is achieved only in a very limited amount of 

cells. Stable insertion is, however, vital for the success of the therapy in dividing cells 

such as the cells of the hematopoietic system, since these cells require the presence of 

the therapeutic gene in the entire progeny of the bone marrow cell. In other tissues, 

where there is less proliferation, non-integrating methods might well cure the disease. 

A therapeutic system without vector insertion would reduce the chance of gene deregu-

lation by the therapeutic vector, and might therefore be a safer option for those diseases 

or tissues that do not necessarily need insertion of the vector.

Adeno-associated virus and homologous recombination using zinc finger nucleases 

(51) are both alternatives to retroviral gene transfer which could also lead to stable inte-

gration of the transgene in the host cell and in the latter case provide an option to repair 

a defective gene, rather than supply an additional copy of the affected gene. When a 

defective gene is ‘repaired’ in place, there is no need for insertion of a therapeutic vec-

tor, with its promoter and therapeutic gene sequences, thereby theoretically reducing 

the genotoxicity of such a procedure (Table 1).

The history of gene therapy

The possibility of gene therapy has been debated even before recombinant DNA tech-

niques were available. For example, when the bacteriophage ‘filterable agent’ was shown 

to be able to transfer nutritional requirement and drug resistance to Salmonella species 

(52), the authors coined the term transduction.

‘The mechanism genetic exchange found in these experiments differs from 

sexual recombination in Escherichia coli (E. coli) in many aspects so as to warrant 

a new descriptive term, transduction.’ 

Based on experiments with Rous sarcoma virus, which showed that information for 

the formation of virus progeny as well as morphologic changes could be transfered to 

target cell, the possible existence of the provirus was suspected (53). This introduced a 

mechanism working in a manner different from the ‘central dogma of molecular biol-

ogy’, namely, that information can be transmitted from RNA to DNA to the genome. 

The existence of this mechanism was especially clear in the case of RSV, since this 
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virus was already known to have an RNA genome. This and several other experiments 

(with polyoma and simian virus 40 SV40) brought about the notion that viruses can be 

regarded as packages that deliver new functions or traits to cells and that these could be 

inherited by daughter cells. The attributes that make viruses such useful tools for gene 

therapy were already known before recombinant DNA technology was commonplace. 

With the introduction of recombinant DNA techniques in the 1970’s, very specific 

tools allowed the construction of well-defined gene therapy vectors. The first attempts 

to understand the base pair sequence of the genome were carried out using restriction 

endonucleases, the first of which had been described by Smith and Wilcox (54). These 

techniques allowed the creation of restriction maps of a specific locus (55) and a general 

knowledge about the DNA sequence. Complete elucidation of the DNA sequence was 

however not possible until 1973, when Gilbert and Maxam (56) described the lac operator 

DNA sequence determined by a technique based on 32P labeling of DNA fragments and 

subsequent base-specific chemical decomposition. The resulting cleaved and labeled 

Table 1: Comparison of a hypothetical ideal gene therapy vector and the currently available vectors.

Requirements for an ideal gene therapy vector Current status
Efficient, non-cytopathic packaging system with 
low likelyhood of recombination

·	� Split packaging systems for RV and LV vectors 
are available

Serum-resistant particles pseudotyped with 
specific envelopes

·	� The currently available envelopes include 
RD114, GALV, VSV-G, ecotropic and 
amphotropic vectors. Using enveloppe 
proteins linked to hematopoietic growth 
factor molecules, it is even possible use the 
hematopoietic growth factor receptors.

Reverse transcription prior to cell entry ·	 Not possible for an integrating vector.
·	� Possible for protein/mRNA transfer using viral 

vectors.
Unrestricted cytoplasmic transport and nuclear 
import

·	� Both RV and LV vectors have known restriction 
factors (Galla, Host restriction of HIV-1 by 
APOBEC3 and viral evasion through Vif.
Niewiadomska AM, Yu XF.Curr Top Microbiol 
Immunol. 2009;339:1-25. Review.)

·	� Lentivirus can enter the nucleus of non-dividing 
cells.

Insulated expression cassette and/or specific 
chromosomal targetting

·	� Globin vectors currently being tested in clinical 
trials have chicken HS4 insulator sequences.

Physiological or regulated levels of transgene 
expression

·	� In SIN designs, cellular and doxycycline 
regulated promoters are available. Globin 
vectors in clinical trial use Globin promoter 
sequences to regulate expression.

Efficiency in relevant model ·	� Current RV and LV vectors are efficient in HSC 
and various other cell types.

Avoidance of horizontal or vertical transmission ·	� No examples of transmission are currently 
known.

Adapted from Baum, Mol Ther 2006
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material was then separated on a polyacrylamide gel, which in the end allowed iden-

tification of the DNA sequence. The method described by Sanger (57) employed DNA 

amplification by a DNA polymerase and used radio labeled (didesoxyribonucleosid-

triphosphate) nucleotides which cannot form the DNA backbone, the phosphodiester 

bond, thereby terminating the DNA polymerization. Separating these different sized 

fragments on a gel allowed the identification of the DNA sequence by analyzing the 

autoradiography of the radioactively labelled fragments.

Generation of the first genetically modified host cells

Retroviruses have a mechanism for insertion of their genome into a host cell that can 

opportunistically be used to gene delivery.

The initial vectors used dissect the mechanism of retroviral gene delivery were 

replication deficient SV40 variants that could be generated using the helper dependent 

complementation principle. These vectors often carried lambda DNA fragments or (58) 

or similar model DNAs and therefore where ‘model viruses’ rather than actual thera-

peutic vectors.

The first vector that actually carried a ‘therapeutic gene’ was an SV40 plasmid with 

rabbit beta-globin full length cDNA (59). In 1973, Graham and van der Eb introduced 

an optimized calcium phosphate transfection technique (60), after which the now 

reproducible calcium phosphate transfection method became widely used. Using cal-

cium phosphate transfection, Cline introduced dihydrofolate reductase (DHFR) into 

cultured mouse bone marrow cells and could successfully transplant these cells and 

prove their resistance to methotrexate (61). Based on these preclinical results and the 

results obtained in similar experiments, where Herpes Simplex Virus thymidine kinase 

(HSV-TK) was expressed (62), Cline and colleagues attempted the cure of beta-thalas-

semia by means of ex vivo calcium phosphate transfection of human bone marrow with 

beta-globin and subsequent transplantation. Cline and his colleagues were chided for 

not adhering to the regulatory procedures necessary for the approval of human clinical 

trials at UCLA (63) and the National Institutes of Health (USA) (64,65) after which the 

experiments were halted.

With the current knowledge about rarity of HSC in total bone marrow and the rela-

tively low proportions of cells that integrate the plasmid DNA stably into the genome, 

it seems unlikely that the Cline experiments would have been able to transduce enough 

hematopoietic stem cells to allow long-term gene correction in the hematopoietic 

system. For gene therapy in HSC to be successful, the therapeutic gene needs to be 

expressed continuously and at the appropriate level. Stable insertion into the host 

genome allows the therapeutic gene to be expressed in all cells arising from the HSC.

The problem of stable expression of the transgene by integration into the host 

genome was solved by the development of retroviral vectors in the 1980s. These RNA 
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viruses were engineered to express only part of the viral genome, and retain the features 

that make them attractive tools for gene transfer: relative efficient cell entry, reverse 

transcription of the viral RNA genome into DNA and stable integration of this DNA 

into the host cell genome. The first retroviral vectors were synthesized using replication 

competent wild type retrovirus, that supplied the engineered virus with the necessary 

proteins for cell entry, reverse transcription and integration (66,67). The risk for gener-

ating replication competent retrovirus was reduced soon thereafter, when the need for 

helper virus was overcome by using packaging lines that supplied the required proteins 

in trans (68,69) The first experiments with these viruses attempted to deliver the human 

hypoxanthine-guanine phosphoribosyltransferase (HPRT) cDNA to HPRT defective 

cell lines (70). In murine hematopoietic progenitors (71) and pluripotent cells (72), the 

first marking experiments were carried out using the selectable Neo marker, which 

confers resistance to the neomycin analogue G418 and allows the transduced cells to 

be positively selected. This approach allowed the tracking of the transduced colonies by 

culturing them in the presence of G418.

The use of retroviral vectors provided an additional tool to track transduced cells, 

since the semi-random integration of retrovirus provides unique virus-genome bound-

aries. When the number of insertions per cell is low the unique boundary sequences 

can therefore be considered to each mark an individual clone. Several techniques 

were developed to identify these boundaries, using restriction digest of the genomic 

DNA, ligation and PCR amplification of the ligated DNA circles and using primer pairs 

located in the virus DNA and in a known sequence that is attached in a DNA linker at 

the restriction site. Various polymerase chain reaction (PCR)-based methods have been 

developed for this purpose, including inverse PCR (73,74), vectorette- and splinkerette-

PCR [(75-77), ligation-mediated (LM) PCR (78-84). Later, more sensitive methods such 

as Linear amplification mediated (LAM)-PCR (85) were developed, which became widely 

used. With the availability of efficient retroviral systems for introduction of therapeutic 

genes into cells of patients with monogenic diseases, work was started on more and 

more preclinical models for specific human diseases (86). Attempts were made to express 

the genes for beta-globin (87) for hemoglobinopathies, adenosine deaminase (ADA) for 

ADA combined immunodeficiency (88), glucocerebrosidase for Gaucher disease (89), 

and beta-glucuronidase for mucopolysaccharidosis type VII (Sly syndrome) (90). The 

latter showed for the first time that the phenotype of an inherited disease in a mouse 

model could actually be reversed using retroviral gene therapy.

Marker experiments in carried out in larger animals, such as dogs and non-humane 

primates showed that gene expression from a retrovirus in the hematopoietic stem 

cells in large animals could be more difficult than expressing genes in the mouse HSC 

(91,92). Difficulties with expressing genes could be connected to the fact that gamma-

retrovirus only integrates in cells that underwent mitosis, and that the induction of 
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mitosis reduces the repopulation capacity of the hematopoietic stem cells (93,94). This 

notion led to a diversity of experiments that were aimed at increasing the repopulation 

of transduced stem cells, either by optimizing the growth factors that are used during 

the in vitro gene transfer, or by trying new vector systems such as adeno-associated 

viruses (95), HIV derived lentiviruses (96) or foamy virus (97). These developments led 

to protocols that were used in the first clinical trials.

The first example of successful reconstitution of patient bone marrow and clinical 

improvement was observed in X-SCID patients with IL2R-gamma deficiency (45). These 

patients received a transplantation with ex vivo transduced HSC in which the therapeu-

tic IL2R-gamma gene was incorporated. Later, similar success was shown in a clinical 

gene therapy trial for ADA-deficiency. ADA deficiency is a gene defect in adenosine 

deaminase that leads to lymphopenia due to the accumulation of the of adenosine and 

adenine deoxyribonucleotides (dAXP) in plasma and tissues, which eventually leads to 

immunodeficiency because the immature lymphoid cells are specifically sensitive to the 

toxic effects of the metabolites (98).

The retroviral life cycle

The first step in the normal gamma-retroviral life cycle is the entry into the host cell. 

The host cell is recognized by the virus or viral vector by the envelope glycoproteins 

present on the virus. Through a series of conformational changes, the lipid bilayers of 

the virus fuse and the viral content ends up inside the host cell. In a second step, the 

virus capsid is degraded (uncoated) after which the RNA genome is reverse transcribed 

into DNA by the viral reverse transcriptase (99). The viral DNA can then be integrated 

in the host cell genome by the viral integrase. Although the integration site selection 

is considered semi-random, different retroviruses have different insertion profiles (100) 

(Figure 2).

In the retrovirus life cycle, the integrated viral genome can now be transcribed and 

translated using the host cell machinery, giving rise to the viral capsid, polymerase, 

integrase, reverse transcriptase and envelope proteins. In addition, the viral genome 

RNA transcribed. This genome contains the packaging signal ψ, which causes the viral 

proteins to aggregate and form new virus particles. These particles then bud off from 

the host cell and form the new virus particles. (Adapted from (101)).

In gamma-retroviral gene therapy, once integration has happened, the vector is in 

stably in place and the therapeutic gene can be transcribed from the vector. The first 

generations of gamma-retroviral vectors drove transcription from the virus LTR, which 

was prone to silencing (102) and because the viral LTR is present at both ends of the 

vector backbone, the LTR allowed transcription of surrounding genes. An improvement 

in retroviral vectors came with the self-inactivating (SIN) architecture. Here, a deletion 

in the 3’ LTR is introduced, which inactivates the LTR promoter. Since the U3 region of 
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Figure 2: The retroviral life cycle. (A) shows the normal retroviral life cycle. A virus attaches to a receptor 
recognized by the Env proteins. After fusion, the RNA genome is reverse transcribed into DNA, which 
then forms the pre-integration complex (PIC). After translocation to the nucleus and integration of 
the PIC into the host cell genome by the viral integrase, the virus genome is transcribed and partially 
spliced. The spliced RNA translated into the viral proteins that are needed for the generation of new 
viral particles. These particles are assembled from the RNA genome and the viral proteins translated by 
the host cell. The newly formed particles bud off from the host cell and can infect other cells. (B) In gene 
therapy, the retrovirus mechanism is exploited to deliver the vector into the host cell DNA. Since the 
vector does not contain any viral sequences, no viral proteins or genome are formed and therefore no 
infectious virus is generated. After integration of the vector, the host cell will express the transgene that 
was present in the vector.
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the 3’ LTR is copied to the 5’ LTR during reverse transcription (Figure 3), the integrated 

vector cannot drive expression from the LTR. Instead, an internal promoter of choice 

can be added to drive expression of the transgene (103).

Leukemogenesis due to mutations introduced by viral vectors

Extensive research into the mechanisms of human oncogenesis raised the notion that 

oncogenesis is a process that requires multiple steps. Tumor cells need to be self suf-

ficient in growth signals, be insensitive to anti-growth signals, evade apoptosis, have 

limitless replicative capacity, be able to induce angiogenesis and be able to invade tissues 

and metastasize (104). For leukemias not all these steps are of critical necessity, specifi-

cally the requirements for angiogenesis and metastasis do not need to be met. Further-

more, comparison of mouse and human studies made it clear that the six independent 

steps needed for oncogenic transformation in humans are not all required in the mouse 

model. Depending on the mouse model, in some cases only two lesions are sufficient for 

oncogenic transformation. Whether this is caused by the higher metabolic rate in mice, 

a more advance DNA damage control mechanism in humans or different metabolism of 

toxic compounds remains to be elucidated (105). Several studies in cell lines and patients 

showed that leukemogenesis indeed requires more than one lesion (106-108). In cells 

of patients treated with retroviral gene therapy one or several of these steps could be 

brought about by the transactivational properties of the retroviral promoter. In normal 

U3 R U5

Adapted from Yu PNAS 1986

A: Gamma‐retroviral vector

Promoter

U3 R U5GeneU3 R U5

U3 RGeneR U5

ΔU3 R U5Gene

Vector backbone

B: SIN gamma‐retroviral vector

GeneΔU3 R U5 ΔU3 R U5Promoter Integrated vector

Vector backbone

Gene ΔU3 R Transcript from vector

Transcript from vector

Figure 3: Architecture differences between gamma-retroviral vectors using normal and SIN design. (A) 
Regular gamma-retroviral vectors express the transgene from the LTR U3 element. In white, the transcript 
that is formed is shown. (B) Self-inactivating vectors have a deletion in the U3 in located in the 3’ end 
of the vector. After integration, the ∆U3 region from the 3’ LTR is copied over to the 5’ LTR effectively 
removing promoter and enhancer activity from the backbone. The vector can now utilize its internal 
promoter, which can be tissue specific or physiologic, to drive expression of the transgene (in white).
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retrovirus constructs, the expression of the viral genes or, in gene transfer vectors, the 

transgene, is driven by the long terminal repeats (LTR). The LTR region consists of a 

U3, R and U5 region. Transcription starts at the 5’ U3, where sequences for initiation of 

transcription, basal promoter elements and upstream enhancers are situated. The 3’ U5 

region facilitates RNA cleavage and polyadenylation. Since LTR regions are present at 

both ends of the integrated virus, the promoter and enhancer regions in the 3’ U3 of the 

virus can also drive transcription of genes surrounding the virus integration site (VIS) 

(109), which was shown to occur in the dLNGFR transduced mouse (110) and the common 

gamma chain transduced patients that presented with lymphoproliferative disease (111). 

Microarray analysis and its application in retroviral gene therapy safety research

Together with the development of more efficient ways of transducing cells, toxic side 

effects of transduction of cells with viral vectors were observed (110-112). The method of 

action was determined to be the interference of the promoter sequences present in the 

viral LTR with the surrounding genomic locus. For analysis of the effect of an integrated 

virus on the surrounding locus, RT-qPCR can be used, but analysis large integration 

datasets is facilitated by the availability of DNA microarrays. Microarray technology, 

which allows the simultaneous measurement of mRNA expression of all genes in an 

organism in one sample, was originally described for Arabidopsis thalia by Schena (113) 

and subsequently for human Jurkat cells (114).

Researchers soon realized the power of this tool and new research strategies employ-

ing microarray techniques surfaced. The first papers using microarray techniques, 

clearly showed that the wealth of information that could be gathered using this tech-

nique needed more elaborate methods for analysis of the gene expression data. The 

initial experiments used DNA microarrays, where plasmids were spotted on glass slides. 

This design required the hybridization of a sample and a RNA reference, which usually 

were marked with difference fluorescent dyes, because the affinity of the spotted plas-

mids varied between the different targets RNA. Affymetrix introduced a lithographic 

method of generating small 25 bp probe sequences, which reduced the variability in 

probe affinity, thereby allowing ‘single color’ experiments, where just the RNA of the 

sample can be hybridized, without the need for a reference.

Affymetrix provides Microarray Analysis System (MAS) as a part of their GeneChip 

Operating System. (Affymetrix. Microarray Suite User Guide. Affymetrix. 2001,Version 

51). The microarray design as supplied by Affymetrix is considered technically advanced 

and reproducible, but it has been shown that the perfect match/ mismatch probe setup, 

that should allow measurement of the expression of the gene and the probe specific 

background, actually allows measuring of gene expression with the mismatch probes, 

1	 http://www.affymetrix.com/support/technical/manuals.affx
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albeit at lower levels (115). The background correction and normalization method pro-

posed by (116) Robust Analysis of Microarrays (RMA) which uses only the perfect match 

probesets to calculate gene expression, has gained popularity, as has GCMRA, a modified 

model, that does take the probeset composition into account. Which of these models is 

most suitable for background correction is still a matter of debate (117), although RMA 

seems to be better suited for high expression values, while GCRMA performs better for 

low expression values (116).

Once properly normalized, the gene expression for each probeset needs to be tested 

for significant differential expression. The most uncomplicated approach would be to 

perform t-tests for each probeset for the groups that should be compared. Performing 

these tests on the tens of thousands (45101 for Affymetrix Mouse 430 2 array) probesets 

present on one array immediately introduces the need for to correct the resulting 

p-values for the fact that we perform so many tests. Several solutions have been pro-

posed, such as the classical Bonferroni correction (divide alpha by the number of tests 

(m) performed), the method due to Holm (divide alpha by the number of test performed 

(m) minus the rank number + 1) and more sophisticated methods, such as FDR control 

and FWER (118). Since each probeset in an Affymetrix array is composed of 11 2 probes, 

additional information is present in the array that is summarized when normalization is 

applied. The data present in each probe can used to generate an model for the expression 

of a probeset and by ANOVA, statical differences can be identified (119). This method is 

particularly attractive, since it allows reaching statements about significant expression 

while using less than the conventional three arrays for each condition, an experimental 

setup that is less costly and allows more information to be obtained in situations, where 

the population of cells is difficult to obtain (120). Once the gene expression data are 

suitably corrected for background, normalized and tested for significance, conclusions 

should be drawn from the difference in expression values for different genes. Classically, 

conclusions would only be drawn based on the extend of difference that was observed 

(113), but it was felt that this approach was lacking, since it is not really expected that 

subtle changes in gene expression should be ignored. It is however necessary to be cer-

tain about the accuracy of the measurement, so expression differences should be tested 

for significance. The significantly differentially expressed genes can be related to the 

biological processes they take part in, the molecular functions they perform in a cell or 

in which part of the cell they reside. These relations are deposited in the Gene Ontology 

database3 and several tools for testing over representation in the subclasses of these 

relations have been developed (e.g. DAVID, EASE (121), FatiGO (122,123), the R topGO 

package (124), GODist(125), ermineJ (126)). Again, the statistical tests employed by each 

2	 http://www.affymetrix.com/support/tech, Human Genome U133 array and Mouse Genome 430 array )

3	 http://geneontology.org
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of these tools are different and range from Fisher Exact tests without (DAVID, EASE) or 

with multiple testing correction (FatiGO) to more elaborate methods, such as permuta-

tion testing (topGO, GODist, ermineJ). The outcome of these tools is usually a list of 

under- or overrepresented genes based on a background gene set. Such functions can 

be difficult to interpret, since an over representation of a certain function class might 

not have any meaning in a phenotypical sense. In addition it is possible to use annota-

tion tools (e.g. Ingenuity Pathway Analysis ((Mountain View, CA), PantherDB (127)) that 

query gene relation annotation, with the added opportunity to predict whether a set of 

genes is involved in a specific biological process or a disease.

Gene expression arrays as designed be Affymetrix and others are useful for measure-

ment of gene expression in a relatively small form factor, allowing gene expression 

analysis on one genechip. The recent developments in gene expression measurement 

platforms included the exon array and tiling array. While on a gene expression array 

mRNA transcripts are interrogated by 1 to 8 (for the Affymetrix Mouse 430 2.0 Array) 

probesets, Exon Arrays use one probe per known or predicted exon (using predictions 

from GENSCAN, Ensembl and Vega4) This provides a higher level of detail and allows 

the accurate identification of expressed splice variants (128). Tiling arrays, which cover 

the entire genome with a resolution of one probe per approximately 35 base pairs even 

allows identification of transcription of parts of the genome that are not known or 

predicted to be expressed. The major application of these tiling array is, however, in 

methods such as chromatine immunoprecipitation, where complex DNA samples can 

be hybridized and their relative enrichment over control samples can be measured, 

allowing elaborate binding studies.

MLV oncogenesis studies

Murine Leukemia Virus (MLV) is a frequently utilized tool to introduce gene deregula-

tion in mechanistic studies for cancer. Several studies used the mutagenic properties of 

wild type MLV to generate leukemia in either wild type mice (129-133) or in mouse mod-

els with predisposition for cancer development. The mice used in these studies carried 

either knockout mutations with possible oncogenic effect, such as Cdkn2a- for myeloid 

leukemia (134), CD3e- for T-cell leukemia (135) and p27Kip1- for lymphomas (136). Other 

mouse models introduced transgenes that were shown to be caused by translocations 

in human leukemias, such as Cbfb-MYH11 found in AML with inv(16)(p13q22) (137) and 

NUP98_HoxA9 found in CML with t(7;11)(p15;p15) (138) to obtain sensitivity for a certain 

type of leukemia and treated these mice with wild type virus to identify mechanism for 

the development of these diseases. In several cases, these approaches led to new insight 

in the mechanism of AML and lymphoid leukemia formation. The use of these models 

4	 http://www.affymetrix.com/products_services/arrays/specific/exon_arrays.affx
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for safety evaluation is faced with difficulties, because the models were developed using 

replication competent wild type retrovirus, which will result in high numbers of proviral 

integrations per cell, while ex vivo transduction protocols for BM transduction typically 

aim to obtain very low numbers of integrations per cell. While these models generated 

very useful data on the integration properties of MLV provirus, the data obtained might 

be difficult to interpret for safety studies as the number of integrations introduced by 

wild type virus is much higher than by the virus dose used in ex vivo gene therapy. 

The studies that used wild type virus also failed to show that the candidate genes for 

leukemia formation are directly responsible for this effect. Most often the leukemias 

that were retrieved from the mice consisted of multiple clones or clones with multiple 

integrations. To prove the oncogenic potential of a certain retroviral integration, the 

subsequent disruption of the affected gene needs to be shown on mRNA and protein 

level. Confirmation of the oncogenic potential could be proved by overexpression or 

inhibition of the expression of this suspected gene in a mouse BM transduction model.

Mechanism of retrovirus integratConsiderable effort has been put into the evalua-

tion of the integration mechanism of both MLV and HIV integrases and pre-integration 

complexes, both from the field of virology and hematology. Although this lead to some 

contradicting evidence concerning the role of sequence preference (139,140) in virus 

integration, the data on the preference of MLV for promoter regions and the HIV len-

tivirus preference for in-gene integration in active transcription areas have been well 

established in different cell lines and HSC from different sources and species (78,141-

146). The determining factor guiding MLV to the transcription start site (TSS) and HIV 

to in-gene regions seems to be the viral integrase, as was shown in viruses where the 

MLV integrase replaced the HIV integrase in lentivirus and vice versa (147). In microar-

ray mRNA expression studies in human (38,148) and mouse (149), the gene expression 

profiles of the different immature subsets of HSC have been determined. This evidence 

could be used to corroborate the preference of retrovirus integration in HSC with their 

mRNA expression pattern (145,149). A recent report (100) compared all data published 

thus far on integration of retroviral vectors (HTLV-1, ASLV, FV, MLV, SIV, and HIV) 

with regards to the genomic features (Gene density, TSS distribution, CpG density and 

DNase hypersensitive sites surrounding the insertion) that were characteristic of each 

vector insertion pattern and concluded that different vectors with similar insertion 

patterns can have different insertional mutagenesis risks.

Retrovirus as gene therapy tool

First evidence of the possible oncogenic potential of retroviral transduction in a gene 

therapy setting emerged from a study in mice were mouse BM were transduced with a 

retroviral vector carrying dLNGFR (a truncated form of the Low-affinity Nerve Growth 

Factor Receptor) (110). This was a side effect that was expected when using retrovirus, 



Chapter 1

29

as was shown before in several studies in cell lines (150). However, while the incidence 

of malignant transformation was estimated to be 1 in 107 insertions, no exact data are 

available for the incidence of malignant transformation that results in a true oncogenic 

event in the transplanted patient. To address this question, several studies in mouse 

models were initiated. One study describes the introduction of the MDR gene or dsRED 

in C57BL6 lineage depleted BM cells to assess the effect of low or high numbers of inser-

tion events. In this study high and low doses of retrovirus were used for transduction 

and transplantation of 58 mice. In the 22 mice transplanted with high dose retrovirus 

transduced cells, 8 mice developed leukemias. The mice transplanted with low dose 

virus did not develop leukemia, although they showed expression of the respective 

transgenes (151). In a follow up study, C57BL6 lineage depleted BM was transduced with 

truncated CD34, ΔCD34 or dsRED with a gamma-retroviral vector and transplanted 

into a total of 44 lethally irradiated recipients. In this study low virus doses were used 

that result in on average one retrovirus integration per cell. In the mice that received 

these cells, transcriptional deregulation of genes near retrovirus insertion sites and 

dominance of certain clones was shown (152). After these initial observations in mice 

(84), an acute myeloid leukemia was observed in a rhesus macaque (153). Typically, the 

leukemias in these studies occur very late after transplantation. Therefore, several mod-

els have been developed that reduce the time to observation, allowing more rapid safety 

analysis of newly designed vectors. An in vitro model proposed by Modlich (154) employs 

a 2-weeks expansion and limiting dilution after transduction of lineage depleted mouse 

bone marrow, which reduces the time to analysis to approximately 4 weeks. Montini 

(155) showed that a Cdnk2-- knockout mouse model could also be used to evaluate the 

safety of retroviral integrations, although the model has limited sensitivity because of 

the high background of the mouse model, and the time to leukemia is still rather long 

(200 days). Another study then showed that a self-inactivating (SIN) gamma-retroviral 

design, in which the transgene is expressed from an internal promoter rather than the 

LTR, is 20 times safer than the normal retroviral design with similar vectors (156). When 

lentiviral and gamma-retroviral vectors were compared in both models, the clonogenic 

capacity seemed dependent on the strength of the promoter, showing that lentiviral 

architecture is not inherently safer than gamma-retroviral architecture. Therefore, the 

TSS distribution does not seem to be the determining factor in safety as the promoter 

strength is. From these data it could be hypothesized, that in a situation where high 

expression of the transgene is needed for efficacy, one would rather choose a treatment 

that leads to multiple integrations with a weaker promoter (e.g. E1Fα or PGK), than one 

integration with a very strong promoter (e.g. SF). The attention on oncogenic events 

after retroviral transduction followed by transplantation was raised after a patient, who 

received transduced cells developed a lymphoproliferative disease (111). Later that year a 

second patient was described. Both patients were shown to have a retroviral integration 
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near the LMO2 T-cell oncogene (157). To date five patients presented with leukemia. In 

all cases a retrovirus integration near the LMO2 oncogene was involved, although other 

possible oncogenes were also identified.

In vivo expansion of Hematopoietic Stem Cells

In vivo expansion of Hematopoietic Stem cells has been a focus point of research, not 

only because it would reduce the number of donor cells needed for stem cell transplan-

tations, but also because it would make for example cord blood stem cell transplanta-

tions better suitable for adults recipients. Although UCB transplantations have been 

shown to be comparable in terms of survival and engraftment, an ongoing problem 

with cord blood stem cell transplantations is the limited dose of cells available and the 

resulting delayed engraftment (158,159). Moreover, gene therapy would benefit from ex 

vivo expansion of the transduced cells: less cells would need to be modified, which is 

desirable from a safety perspective. Ex vivo expansion protocols would also allow time 

to identify the virus integrations present in a transplant and assess the risk associated 

with transplanting cells carrying these integrations. Initial efforts using UCB cells met 

with the problem that the cells that expanded were mostly the mature cells, that do not 

engraft after transplantation, while the immature cells that do engraft failed to respond 

to cytokine stimulation(160).

Originally, HSC were cultured on stromal cells (Dexter cultures,(161)) The first 

liquid culture systems that were used to expand HSC using slow perfusion and local 

oxygenation showed that 10-20 fold enrichments in progenitor cells would be pos-

sible (162,163). CD34+ progenitor cell liquid cultures also seemed promising, since they 

showed an expansion of progenitor cells by 50 fold in the presence of IL-1beta, IL-3, 

IL-6, G-CSF, GM-CSF and SCF. The adherence to fibronectin also had a positive effect 

on regenerative capacity of human HSC (164). Mouse HSC could be expanded in SCF, 

Flt3L and TPO (165-167). These preclinical attempts to expand the cells that eventu-

ally repopulate patients did unfortunately not yet translate into suitable protocols 

for use in clinical situations, since the increases in repopulating cells in humans were 

smaller than those observed in preclinical models (168,169). The automated culturing 

systems with local oxygenation and slow perfusion also did not result in large increases 

in repopulating cells (170,171). Extensive research has been performed to identify and 

analyze the difficulties that prevent the promising preclinical results with repopulat-

ing cells into clinically useful culturing conditions. Several stem cell assays have been 

developed, such as the in vitro colony assays for CFU-E, CFU-GEMM etc. and although 

these models are reproducible, it remains unclear whether the cells that are measured 

in these assays are also the cells that contribute to hematopoietic reconstitution. Even 

the mouse transplantation models, such as competitive repopulation units (CRU) and 

SCID-repopulating cells (SRC or huSRC) are not completely adequate, since they either 
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use a mouse models that does not reflect the complexity of the human immune system 

response (CRU) or do not reproduce human marrow homing ability (SRC)(172). The 

problems with ex vivo culturing that were identified included cell cycle abnormalities, 

acquired homing defects and the induction of apoptosis. Glimm et al. (173) showed that 

cytokine exposure resulted in G1 entry, which reduced the engraftment capacity. Ex 

vivo culturing procedures were also shown to result in a delayed engraftment of CD34+ 

umbilical cord blood cells in NOD/SCID mice (174,175). In CD34+ cells, the expression 

of VLA-5, an adhesion protein important in homing, was increased after liquid culture 

in the presence of Flt3L, TPO and SCF(176), but this did not result in increased engraft-

ment (177).

Defective homing capacity was observed after ex vivo expansion of murine bone 

marrow cells using a cytokine cocktail consisting of IL-3, IL-6, IL-11 and SCF (178,179). 

This effect is possibly caused by the loss of the alpha4beta1 and alpha5beta1 integrins 

(176) in culture. Another frequently reported result of ex vivo culturing procedures is 

apoptosis induction. The cultured HSC upregulate CD95 (Fas) which makes them more 

sensitive to FasL apoptosis signals. Apparently, these signals are encountered when the 

cells home to the bone marrow, since engraftment of cultured cells can be increased by 

a monoclonal blocking Fas/CD95 antibody (180).

The same results were observed in fresh UCB or PBSC CD34+, where FLIP (FLICE 

like inhibitory protein), which can block Fas-meditated apoptosis, was highly expressed 

cells, showing that apoptosis induction through Fas should be escaped for successful 

engraftment (181). Other changes that prime the HSC for apoptosis have also been 

identified, such as a decrease in the anti-apoptotic Bcl-2 protein (182) and an increased 

caspase activation (183).

Rationale for the studies described in this thesis

Gene therapy has proven to be a suitable approach for patients suffering from ADA 

SCID (47) and XSCID (45,46), that otherwise have limited options for treatment. For 

ADA SCID gene replacement therapy has been developed, but it is, due to its cost, not 

always available. For XSCID, bone marrow transplantation are only an option in the 

presence of suitable bone marrow donors. The use retroviral vectors to deliver thera-

peutic genes ex vivo to hematopoietic stem cells is a powerful method to equip them 

with therapeutic transgenes. The method is clinically relevant, even though five cases 

of malignant proliferation in the XSCID trials were observed, which were caused by the 

insertion of the viral vector near an oncogene. The ADA SCID clinical phase I/II trail in 

Milan, aimed at a different disease, but using a similar gamma-retroviral backbone (47) 

to date has not met with these problems. The difference in the occurrence of malignant 

proliferation between these trials suggests that minor differences (e.g. growth factors 

and culturing conditions used in the transduction procedure or perhaps the transduced 
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target cell population) in the protocols could be the factors that determine whether 

malignant transformations will or will not occur and thereby determine whether gene 

therapy protocols using gamma-retroviral vectors are safe.

We addressed the safety of retroviral vector systems for gene delivery into hemato-

poietic stem cells by performing a large scale study in mice. In this study, we converted 

increased the observation time in experiments where we expressed a signaling gene, 

wild-type Stat5b or the marker gene EGFP to be able to analyze the relation between 

gamma-retroviral insertion and leukemia occurrence. The mice that received transplants 

with the transduced cells were monitored for over seven months after which their bone 

marrow cells were transplanted into secondary recipients. This procedure is thought to 

introduce the replicative stress associated with life-long maintenance of the hemato-

poietic system and therefore presents a model of the maximum amount of cell division 

that a transplanted transduced cell will have to go through when transplanted into a 

recipient in a clinical gene therapy protocol. Furthermore, the virus dose (MOI) used in 

these experiments was deliberately kept low, to achieve an average of one integration 

per cell. This approach would limit collaboration between different virus integrations in 

one cell, that would possibly increase the leukemia incidence in our model. The malig-

nancies that were observed were carefully analyzed and retransplanted, which allowed 

identification of single transformed clones and the location of the retroviral integration 

in several cases. The genes surrounding the retrovirus integrations were subsequently 

identified. The resulting list of genes provides a summary of the integration behavior of 

the gamma-retroviral vector, when used to transduced mouse hematopoietic stem cells. 

This integration behavior in mice is compared to integration patterns in human and 

rhesus monkey cells, which provides evidence that retrovirus integrates into specific 

loci within the genomes of hematopoietic stem cells of these species with remarkable 

similarities in the insertion behavior, in the function of the genes nearby and in the 

common insertion sites that were involved.
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Animals

Male BALB/c and female α-thalassemic BALB/c TH/- mice were bred and housed under 

FELASA+ conditions (Federation of European Laboratory Animal Science Associations. 

Mice in the animal facilities were tested and found negative for: Parvovirus, Minute virus 

of mice, mouse hepatitis virus, pneumonia virus of mice, Sendai virus, Theiler’s encepha-

lomyelitis virus, Reo 3, Rota virus, Anthropods, gastrointestinal helminthes, Giardia 

spp, Entamoeba muris, Tritrichomonas spp, Eimeria spp, Spironucleus spp.. For FELASA+ 

quality, mice are also screened and negative for Staphylococcus aureus, Pseudomonas aeru-

ginosa, Proteus, Klebsiella pneumoniae, Klebsiella oxytoca (1). Mice were housed in indi-

vidually ventilated cages in the Erasmus MC animal facility (Erasmus MC, Rotterdam, 

The Netherlands). Transplanted animals were housed in stainless steel (Beyer & Eggelaar 

metaalindustrie B.V., Utrecht, The Netherlands) or plastic isolator units (Harlan Isotec, 

Bicester, UK), according to the requirements of The Netherlands Commission on Genetic 

Modification (COGEM). Experiments were evaluated on ethical grounds according to 

Dutch Law on Animal experiments (DEC). Male wild type BALB/c mice were used as 

donors and α-thalassemic female mice (8-12 weeks old) as recipients. The α-thalassemic 

phenotype, with smaller red cell volume, allows measuring of reconstitution of the bone 

marrow with normal sized red cells in peripheral blood by flow cytometry.

Total Body Irradiation

Prior to transplantation, recipient mice received a sub-lethal dose of 6 Gy of total body 

irradiation, (137Cs source, Gammacell, Atomic Energy of Canada, Ottawa, Canada) with 

dose rate between 0.8136 Gy/min and 0.7619 Gy/min.

Transduction

Mouse bone marrow (BM) cells were isolated by density gradient centrifugation and 

transduced with retrovirus vectors packaged in amphotropic Phoenix cells with either 

pLZRS-IRES-EGFP or pLZRS-wtStat5-IRES-EGFP (Kind gift of A. Miyajima). In short, 

a stable packing cell line was created for both vectors, generating a supernatant with 

an approximate titer of 106 transducing units/ml. Supernatant containing retrovirus 

was harvested overnight in enriched Dulbecco’s medium5, (2,3) 0.45 μm filtered to 

5	 Stem cell medium: Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies Inc., Paisley, Scotland) 

supplemented with 2.8x10-4 M L-alanine, 3.3x10-4 M L-aspargine, 2.3x10-4 M L-aspartic acid, 5.8x10-4 M L-cys-

teine, 5.1x10-4 M L-glutamic acid, 3.5 x10-4 M L-proline, 1.5x10-5 M cholesterol, 4 μM cytidine, 4 μM adenosine, 

4 μM uridine, 3.5 μM guanosine, 4.4 μM 2’-deoxycytidine, 4 μM 2’deoxyadenosine, 4 μM thymidine, 3.7 μM 

2’deoxyguanosine, 1.2x10-7 M d-biotin, 1% fraction V BSA, (all Sigma-Aldrich, Zwijndrecht, The Netherlands), 

1.8x10-8 M vitamin B12, 10-3 M sodiumpyruvate, 1.9x10-2 M glucose (Merck), 4.4x10-2 M NaHCO3, 10-4 M 

β-mercapto-ethanol, 10-7 M Na2SeO3, 1.5x10-5 M linoleic acid (Merck, Darmstadt, Germany), 0.1 g/l penicil-

lin (Yamanouchi, Leiderdorp, The Netherlands), 105 IE/l streptomycin (Fisiopharma, Milano, Italy), 2x10-6 M 

iron saturated transferrin (Serologicals Proteins Inc. Kankakee, IL, USA), at an osmolarity of 300 mOsm/l. 
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remove cell debris and diluted 1:1 with fresh enriched Dulbecco’s medium. Male wild 

type donor mouse bone marrow was isolated and enriched for mononuclear cells by 

percoll (Amersham Bioscience, Uppsala, Sweden) density gradient centrifugation. The 

isolated cells were cultured for 2 days in enriched Dulbecco’s medium supplemented 

with 100 ng/ml murine SCF (R&D systems), 10 ng/ml murine TPO (kindly provided 

by Genentech, South San Francisco, CA, USA) and 50 ng/ml Flt3L (kindly provided by 

Amgen, Thousand Oaks, CA, USA), after which the cells were plated at a density of 5x105 

cells /ml on retronectin (CH-296, 48 μg/ml, Takara Shuzo, Otsu, Japan) coated plates (4) 

pre-incubated with retrovirus, the medium was replaced with supernatant containing 

retrovirus and 100 ng/ml murine SCF, 50 ng/ml murine TPO and 10 ng/ml Flt3L, on 

which the cells were cultured 2 more days. A ratio of 1 transducing particle per target 

cell was used (MOI=1). On day 4, EGFP expression was measured by flowcytometry 

(FACS Calibur, Becton Dickinson) and the cells were prepared for transplantation.

Transplantation

Transduced mouse bone marrow cells, with an average transduction efficiency of ~20% as 

measured by EGFP expression, were injected intravenously in graded cell numbers (104, 

3x104, 105, 3x105 and 106 cells/mouse), dissolved in 250 μl HBSS, in 6 Gy irradiated (137Cs 

source, Gammacell, Atomic Energy of Canada, Ottawa, Canada) female α-thalassemic 

BALB/c mice. The mice were observed daily and bled monthly to determine chimerism 

and transgene expression in the peripheral blood. When showing signs of disease (no 

eating, drinking, apathic behavior, fuzzy coat, kyphosis), the mice were anesthetized 

by isoflurane (Pharmachemie, Haarlem, The Netherlands) inhalation, peripheral blood 

was drawn, the mice were killed and cells were isolated from femoral bone marrow 

and spleen for cryopreservation and DNA (Nucleospin Tissue system, Machery-Nagel, 

Düren, Germany) and RNA isolation (RNABee, Tel-Test Inc., Friendswood, Texas, USA). 

An obduction was performed and kidney, liver, spleen, heart, lung, brain, stomach, 

coecum, ileum, colon and (enlarged) lymph nodes were fixed in formalin to analyze 

tissue morphology. 4 μm sections were made from paraffin embedded tissue, that were 

stained with hematoxylin and eosin according to standard protocols. Peripheral blood 

smears were May Grünwald Giemsa (Merck, Darmstadt, Germany) stained.

Testing for Recombinant Retrovirus

To test for the presence of replication competent retrovirus (RCR) we performed in vitro 

and in vivo tests on the virus producing cell lines and on the samples that were obtained 

from diseased mice.
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In vitro replication competent retrovirus (RCR) analysis

Supernatant containing retrovirus particles was incubated with HeLa or Rat-2 cells in 

the presence of 4 μg/ml polybrene (hexadimethrin bromide, Sigma-Aldrich, Zwijndre-

cht, The Netherlands). After incubation, the supernatant containing retrovirus particles 

was replaced with enriched DMEM6 (Gibco) +10% FCS and the cells were cultured for 

two further weeks after which supernatant was collected and used to assay the capabil-

ity of EGFP transfer. This was done by using the supernatant of the transduced cells 

for transduction of fresh HeLa or Rat-2 cells in the presence of 4 μg/ml polybrene. At 

confluency the cells were analyzed by flow cytometry for EGFP expression.

In vivo RCR analysis

Spleen cells were isolated from diseased animals. A fraction (3x106 – 107) of these cells 

was irradiated with 20 Gy (137Cs source), which results in repopulation defective cells. 

Any recombinant virus particles present will not be affected by this radiation dose and 

will still be able to infect the recipients, resulting in leukemia. The cells were trans-

planted into 6 Gy irradiated BALB/c recipients. We observed no recurrence of the dis-

ease in these animals until 6 months after transplantation, suggesting that the diseased 

animals did not carry a replication competent retrovirus.

RT-qPCR RCR analysis

Reverse transcriptase activity was determined in protein isolates of spleen cells of mice 

presented with hematopoietic malignancy as described (5). Mouse spleen cells were 

pelleted by centrifugation (1600 rpm, 5 minutes) and resuspended in 200 μl protease 

inhibitor cocktail (Boehringer). The protein content was determined and samples were 

stored at –20°C. 10 μg protein was incubated with 6 ng BMV template RNA (Promega), 

10 nmol dNTP, 200 nmol MgCl2, 1.25 U AmpliTaq Gold (Applied Biosystems), 4 U RNAs-

eOUT recombinant ribonuclease inhibitor (Invitrogen) , 15 pmol of each primer and 5 

pmol probe (Eurogentec) and 150 ng activated calf thymus DNA (Sigma).

The product of reverse transcription of BMV RNA was amplified in an ABI Prism 

7900 Sequence Detection System (Applied Biosystems) using real-time PCR (BMV 

forward primer BMV reverse primer and a 5’FAM (6-carboxyfluorescein) and 3’TAMRA 

(6-carboxy-tetramethyl-rhodamine) labelled BMV probe. PCR conditions were 30 min-

6	 Enriched DMEM: Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies Inc., Paisley, Scotland) 

supplemented with 2.8x10-4 M L-alanine, 3.3x10-4 M L-aspargine, 2.3x10-4 M L-aspartic acid, 5.8x10-4 M 

L-cysteine, 5.1x10-4 M L-glutamic acid, 3.5 x10-4 M L-proline, 1.2x10-7 M d-biotin, (all Sigma-Aldrich, Zwi-

jndrecht, The Netherlands), 1.8x10-8 M vitamin B12, 10-3 M sodiumpyruvate, 1.9x10-2 M glucose, 4.4x10-2 M 

NaHCO3, (Merck, Darmstadt, Germany), 0.1 g/l penicillin (Yamanouchi, Leiderdorp, The Netherlands), 105 

IE/l streptomycin (Fisiopharma, Milano, Italy), at an osmolarity of 300 mOsm/l. 
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utes at 48°C followed by 40 cycles of 1 minute 94°C, 30 seconds 60°C and 30 seconds of 

72°C and a final 10 minutes of 72°C.

Protein samples from AM12 SF91 EGFP retrovirus producer cell lines were used as a 

positive control. Superscript II reverse transcriptase was used to calibrate the reaction 

in a range of 10-1 to 10-8 units reverse transcriptase. All tested samples had less than 

4x10-6 (range 6.8x10-9 to 3.2x10-6) units reverse transcriptase activity, compared to 5x10-5 

units for the virus producer cell line.

Hematological and Phenotypical Analysis

The transplanted mice were bled monthly by retro-orbital vein puncture (200 μl), and 

their peripheral blood values as well as the red blood cell size, EGFP expression in 

erythrocytes, leukocytes and thrombocytes were measured by flow cytometry. When 

the mice were moribund, peripheral blood was obtained from anesthetized diseased 

animals by retro-orbital puncture, after which they were euthanised by cervical disloca-

tion. Peripheral blood values were measured on a Scil-Vet animal blood counter (ABX 

diagnostics, Montpellier, France). Femurs and spleen cells were isolated. Also spleen, 

kidney and visible lymph nodes were isolated for histology. Femurs were flushed with 

HBSS (Sigma) to obtain BM cells. Erythrocytes in peripheral blood and spleen were 

lysed in 155 mM NH4Cl, 1 mM KHCO3 (Merck), 10 μM EDTA (Sigma) for 10 minutes on 

ice. BM and spleen cells were strained over a nylon sieve in 5 ml HBSS to obtain single 

cell suspensions, 106 cells from peripheral blood, bone marrow and spleen were incu-

bated for 30 minutes on ice with anti-CD4PE and anti-CD8-APC or antiB220-APC (BD 

Pharmingen, San Jose, CA, USA) and anti-CD11b PE (Immunotech, Marseille, France) 

monoclonal antibodies in HBSS with 0.5% wt/vol BSA(Sigma-Aldrich) and 0.05% wt/

vol NaN3 (Merck) and 2% vol/vol mouse serum, and washed twice. EGFP and marker 

expression were measured in the presence of 1.5 nM propidium iodide (Sigma), which 

allows exclusion of dead cells in the analysis by flow cytometry.

Hematopoietic clonogenic progenitor assays

Bone marrow cells were cultured in BFU-E and CFU-C optimized semisolid medium. 

In short, 5x104 cells were plated in the appropriate semisolid medium and cultured at 

37°C in a humidified atmosphere containing 10% CO2. For BFU-E erythropoietin (4U/

ml Behringwerke AG, Marburg, Germany) and mouse SCF (100ng/ml R&D Systems, 

Minneapolis) were added. CFU-C were cultured in the presence of mouse IL-3 (30 ng/

ml), mouse SCF (100ng/ml, both R&D Systems, Minneapolis, USA) and a 300x dilution 

ConA adsorbed fraction of pregnant mouse uterus extract (CSF). 10 days after plating 

the colonies were counted and expressed as colonies per 105 cells plated as described 

before (2,6).
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Retransplantations of leukemic cells

To further characterize the malignancies and dilute contaminating non-malignant 

clones, 3x106 or 107 spleen cells or 106 bone marrow cells were transplanted in 3 Gy 

irradiated BALB/c mice. When the mice were moribund the mice they were killed and 

analyzed as described.

Integration site analysis

Retrovirus integration sites were analyzed using 500 ng DNA from peripheral blood, 

bone marrow or spleen by LAM-PCR as described before (7). In short, DNA underwent 

100 cycles linear amplification using a biotinylated primer (LTRI, Eurogentec, Sera-

ing, Belgium). The products were captured with streptavidin coated magnetic beads 

(Kilobase binder kit, Dynal, Oslo, Norway). A second strand was generated using hexa-

nucleotides and Klenow enzyme (Roche, Mannheim, Germany) at 37°C for 60 minutes. 

The double stranded product was cleaved for 1 hour at 65°C with Tsp509I (New England 

Biolabs, Ipswich, MA, USA) and a complementary oligonucleotide cassette (LC BOX1 

and LC BOX2, below) was ligated (Fastlink ligase, Epicentre technologies, Madison, 

WI, USA). Nested PCR was performed to obtain the retrovirus integration sites (primer 

pairs: LTRII and LCI and LTRIII and LCII).

Nucleotide sequencing

Complex LAM-PCR products were ligated into TOPO-tk plasmids (Invitrogen, Breda, 

The Netherlands), which were transformed into TOP10 E. coli. The bacteria were 

grown overnight on 1.5% wt/vol agar Luria-Bertani plates and single colonies were col-

lected and placed in 0.75% wt/vol agar LB. From these samples the LAM- PCR inserts 

were sequenced (GATC, Konstanz, Germany) using the M13 sequences in the TOPO-tk 

plasmid. In the resulting sequences, the presence of the primer binding sites of the virus 

LTR and the linker cassette was verified. The genomic sequence between LTR and linker 

cassette was isolated and masked for repeat sequences (using rodent or mammalian 

libraries where applicable). All resulting DNA sequences larger than 25 bp were aligned 

to the mouse genome (Ensembl NCBI v36 mouse genome assembly). For each success-

ful alignment, the distance between the virus integration and the nearest surrounding 

genes was calculated (using the Ensembl NCBI v36 genomic locations)

Copy number Determination

The number of virus integrations was determined in DNA obtained from peripheral 

blood from mice with high (>90%) numbers of cells with EGFP expression or cells with-

out EGFP expression, but with predominant expression of one of the lineage markers 

(CD4, CD8, CD11b or B220). EGFP and IL2 were amplified by PCR with SYBR Green 
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mastermix (Applied Biosystems, Warrington, UK) using EGFP primers and IL2 primers 

(42,43). Delta Ct values were calculated to correct for loading differences.

Y Chromosome PCR

A Y chromosome PCR on YMT was used to determine donor or recipient origin of the 

leukemia samples. Using 1.25 U Qiagen Taq-polymerase, 20μM dNTP, MyoD (1 μM) and 

YMT (2 μM) primers, 100 ng DNA from the sample was denatured (5 minutes at 94°C), 

after which the sample was amplified in 40 cycles (30 seconds 94°C, 30 second 58°C, 30 

seconds 72°C). After a final elongation (5 minutes 72°C). The resulting product was visual-

ized on a 1% agarose gel, showing a 344 bp YMT product and a 226 MyoD internal control. 

Gene expression analysis of mouse hematopoietic stem cells

For each experimental group bone marrow cells from tibia and femurs of 30 C57Bl6 mice 

or 9 C57Bl6/ CD45.1 mice were isolated and strained over nylon. Lineage- Sca- 1+c-kit+ 

cells, that are similar to the CD34+CD38- cell population in humans, were isolated by 

first depleting the BM cells for lineage committed cells (Lineage depletion kit, Miltenyi 

Biotec GmbH, Bergisch Gladbach, German) using the Automacs cell separation system 

(Miltenyi Biotec), subsequently, the cells were positively selected for CD117 expression 

(CD117 selection kit, Miltenyi Biotec). From this fraction the cells expressing both CD117 

and Sca-1 (BD Biosciences, Pharmingen) were sorted (FACS DiVa, Becton Dickinson, San 

Jose, CA, USA). Reanalysis of the sorted cells confirmed >95% purity of the sorted cells. 

RNA of half of the sorted cells was isolated directly after sorting, using Qiagen’s 

RNEasy system and half after 2 days of culture in enriched Dulbecco’s medium with 

100 ng/ml murine SCF, 10 ng/ml murine TPO and 50 ng/ml Flt3L at 37°C and 10% 

CO2. CDNA was generated according to the manufacturer’s recommendations (Qiagen 

Quantiscript), amplified (MEGAscript T7 kit, Ambion, Huntingdon, UK) and labeled 

(Affymetrix 2-step synthesis kit) as described before. Labeled cDNA was hybridized 

to Mouse Genome U430 2.0 arrays (Affymetrix ) and analysed on an Genechip G7 

reader(Affymetrix). Expression of genes neighbouring a previously identified virus 

integrations site were located and their expression was determined.

The 45101 probesets on the Mouse Genome U430 2.0 array were sorted based on the 

expression values, 10 bins of equal size were generated and the presence of the virus 

integration sites (represented by the affyIDs) was determined (Perl 5.8.2) Using the Perl 

scripts, the intersections of the retrieved virus integration site dataset with the RTCGD 

database (8) (version mm8, mouse, February 20077), the Sanger Institute Cancer Gene 

Census database (Accessed November 2, 20068) and the Jackson Labs MGI Mammalian 

7	 http://rtcgd.abcc.ncifcrf.gov/

8	 http://www.sanger.ac.uk/genetics/CGP/Census/
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phenotype database (Accessed April 19, 20069, using Hematopoietic system phenotype, 

Immunological phenotype and tumor phenotype caused by targetted mutations only). 

Lastly, the Gene Symbols were entered into Ingenuity Pathway Analysis10 to retrieve the 

Functions and Diseases and Canonical Pathway annotations. Statistics were calculated 

using R (version 2.4.1- 2.1011)

List of primers

Primer		  Sequence (5’ to 3’)

LTRI		  Biotin-AGCTGTTCCATCTGTTCCTGACCTT

LTRII		  GACCTTGATCTGAACTTCTC

LTRIII		  Biotin-TTCCATGCCTTGCAAAATGGC

M13 forward	 GTAAAACGACGGCCAG

M13 reverse	 CAGGAAACAGCTATGAC

EGFP forward	 TCCTTGAAGAAGATGGTGCG

EGFP reverse	 AAGTTCATCTGCACCACCG

IL2 forward	 CTAGGCCACAGAATTGAAAGATCT

IL2 reverse	 GTAGGTGGAAATTCTAGCATCATCC

LC I		  GACCCGGGAGATCTGAATTC

LC II		  GATCTGAATTCAGTGGCACAG

LC BOX1	 GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTA GG

LC BOX2	 AATTCCTAACTGCTGTGCCACTGAATTCAGATC

YMT1		  CTGGAGCTCTACAGTGATGA

YMT2		  CAGTTACCAATCAACACATCAC

MyoD1		  TTACGTCCATCGTGGACAGC

MyoD2		  TGGGCTGGGTGTTAGTCTTA

BMV Forward	 TCTTGAGTTAGACCACAACGTTCCT

BMV Reverse	 TGCGCTTGTCTCTGTGTGAGA

BMV Probe	 (5’FAM)TCTGCTCGAGGAGAGCCCTGTTCC(3’ TAMRA)
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Abstract

Integrating gamma-retroviral vectors are effective tools for gene transfer into both 

mouse and human hematopoietic stem cells and have been used to perform clinical gene 

therapy. These clinical trials, although highly successful in efficiency, showed severe 

adverse effects of virus insertion in a limited number of cases, which has been explained 

by insertional mutagenesis. In this study, the insertion pattern of gamma-retroviral vec-

tors in mouse hematopoietic stem cells was investigated. The gamma-retroviral vector 

showed a preference for insertion in (highly) expressed genes near transcription start 

sites. As much as 83% of the insertions occurred near expressed genes in the target cells 

and a highly significant proportion of these genes were proto-oncogenes. The vectors 

did not only insert near a single highly expressed gene, but rather showed a preference 

for loci where all genes were highly expressed. The gamma-retroviral integrations in 

hematopoietic cells reflect the high expression of genes with general cell functions as 

well as a pattern specific for the hematopoietic cells used as targets for the transduction, 

in that genes with hematopoietic and immune related function are frequent targets for 

integration. Common insertions were identified, but did not follow the general pat-

tern of strong preference for highly expressed genes but rather occurred near genes 

with widely varying expressions, suggesting that other mechanisms such as selective 

advantage conferred to stem cells or their progeny might be involved.

Cell function and preference for highly expressed genes was conserved between 

mouse and human, implying that properly conducted mouse studies are predictive 

for safety in humans. This study predicts that transduction of human hematopoietic 

cells with gamma-retroviral vectors would result in an overrepresentation of hits near 

proto-oncogenes, in cells with hematopoietic and immune functionality. In addition, 

since gene expression in the target cell seems to govern the distribution of insertions, 

a significant overlap between individual, independent clinical trials using the gamma-

retroviral backbone is expected and demonstrated.



Chapter 3

57

Introduction

Integrating viral vectors provide long-term transgene expression required for gene 

therapy of inherited disorders by a single therapeutic intervention. As has been amply 

demonstrated in initial clinical trials (1-3) viral integration of a therapeutic gene may 

result in insertional oncogenesis (4) when situated in a region near proto-oncogenes 

or tumor-suppressor genes. Multiple factors, such as genetic background of cells (5), 

culture conditions, vector type and dose, location of insertion and level of expression 

of the transgene or surrounding genes (6) , determined by the virus LTR or endogenous 

promoter, are involved in clonal selection after transgene insertion into somatic cells, 

which may either result in non-malignant clonal dominance or in malignant transforma-

tion after secondary mutagenic events. In a transplant setting also cell dose and stressors 

such as the conditioning regimen are selection factors (7). Insertional mutagenesis 

following therapeutic transgenesis has been described extensively in preclinical mouse 

models (8), rhesus monkey models (9) and clinical trials (2,3). Oncogenesis by retroviruses 

has been described in detail (10,11) and many studies use this property to identify poten-

tial proto-oncogenes (12-16). Such studies provide a valuable source of genes correlated 

with leukemia, but since these datasets are compiled from studies employing replicating 

viruses, resulting in multiple insertions in leukemic clones, identification of the primary 

leukemic event has met with difficulty and the attention in these studies has focused on 

clusters of genes (12,17) to identify proto-oncogenes rather than on single insertions.

Reports on the safety of retrovirus insertion stressed the importance of testing safety 

of the retroviral vector dose (18), as well as the therapeutic transgene (19). Therapeutic 

gene transfer uses replication deficient vectors with relatively low infectious particle 

doses that preferably result in one vector copy per cell. By employing such procedures, 

multiple retroviral integrations will most probably not occur.

The integration profile of gamma-retroviral vectors has been studied in preclinical 

models (6,18,20,21) in human cord blood cells (22) and in sample obtained from gene 

therapy trials (23-25) and show remarkable similarities. Gamma-retroviral vectors 

predominantly insert near transcription start sites (TSS) and have a preference for 

expressed genes. Open chromatin configuration is suggested to be important for guid-

ing retrovirus integrations (26) and open chromatin is related to expression of the genes 

in that region of the chromosome.

Replication deficient gene therapy vectors have been studied in several safety studies 

where target cells ranged from cell lines (27), to umbilical cord blood cells (28,29) and 

mouse bone marrow cells (4,18). Also several in vitro models have been proposed (30,31).

Lineage-depleted (Lin-/-)/Sca-1+/c-Kit+ (LSK) cells are a cell population enriched in 

hematopoietic cells, known to be able to repopulate an irradiated recipient (32). In the 

present study we identified transduced cells by their genome-vector boundary sequences 
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and analyze the integration pattern of a gamma-retroviral vector in long-term murine 

bone marrow repopulating cells, transduced using a 4-day stimulation with murine 

SCF, murine TPO and Flt3L to facilitate integration of the retrovirus as described before 

(33). These cells were subsequently transplanted in irradiated recipients. The study was 

originally set up to identify the effect of expression of the signal transduction protein 

wtStat5 in murine hematopoietic cells, but was adapted to focus on the insertion pro-

files in the transplanted mice. Integration sites, identified by LAM-PCR and sequencing, 

were related to gene expression levels of highly purified mouse stem cells (LSK cells). We 

identified clusters of common integration and analyzed the functions of the genes near 

insertion sites to document the insertion pattern of the gamma-retroviral backbone.

In the current study, we were interested to find the relation between integration and 

gene expression, the occurrence of common insertion sites and the functions of the genes 

that were hit by the integrating virus. We also sought to assess whether mouse integra-

tion studies are predictive for human hematopoietic stem cell transduction using the 

overlap with clinical trial datasets using similar vector backbones as determining factor.

Materials and Methods

Animals and cells

Specific pathogen free (SPF), 8-12 weeks old (C57BlxCBA F1 hybrid (BCBA)) BALB/c 

mice, were bred and housed under SPF conditions at the Experimental Animal Facility 

of Erasmus MC (Rotterdam, Netherlands) in compliance with Dutch ethics and animal 

welfare regulations. Murine BM cells were isolated from male donors by flushing the 

femurs with Hank’s Balanced Salt Solution (HBSS, Gibco, Breda, The Netherlands). 

Mononucleated cells were selected using Percoll gradient centrifugation (Amersham 

Biosciences) and subsequently pre-stimulated in a serum-free enriched version of 

Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Gaithersburg, MD) (34-36) in the 

presence of mouse stem cell factor (mSCF; 100 ng/ml), fms-like tyrosine kinase-ligand 

(Flt3-L; 50 ng/ml) and mouse thrombopoietin (mTPO; 10 ng/ml), for 2 days (37). The 

pre-stimulation was followed by 2 days of supernatant infection on Falcon 1008 dishes 

(35 mm) that were coated with the human recombinant retronectin fragment CH296 

(10 µg/cm2, Takara Shuzo, Otsu, Japan) as described (38) and preloaded with filtered 

(0.45 µm) virus. EGFP expression was analyzed by flow cytometry (FACS Calibur, Becton 

Dickinson, San Jose, CA)(33). Transduced cells (using pLZRS-IRES-EGFP and pLZRS-

stStat5-IRES-EGFP retroviral vectors) were subsequently transplanted intravenously 

into irradiated (6 Gy) female (α-thalassemic) BALB/c mice. The number of transplanted 

cells was 104, 3x104, 105, 3x105, and 106 per recipient group. As a control, irradiated 

mice were injected with BM cells treated similarly with non-virus containing medium. 
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Monthly blood samples were analyzed for the presence of EGFP in erythrocytes, leuko-

cytes and thrombocytes by flow cytometry, and total blood counts were determined in 

EDTA tubes for small volumes (Becton Dickinson, San Jose, CA) using a blood counter 

(ABC-VET, ABX Diagnostics, Montpellier, France). At a time interval of 4 months after 

transplantation, BM of the mice showing the highest EGFP levels (experiment 1 only) 

was collected for marrow repopulating ability (MRA) analysis and long-term repopulat-

ing ability (LTRA) assays. Furthermore, integration analysis (LAM-PCR and sequencing) 

was performed to analyze the integration pattern of the retroviral vectors in the mouse 

genome and the outgrowth of transduced clones.

RCR analysis

The initial virus preparations were tested for the absence of replication competent ret-

rovirus (RCR) according to Markowitz (39). To do so, NIH 3T3 cells transduced with the 

virus stocks used in the animal experiments were cultured in DMEM +10% FCS for 14 

days, passaging cells every 3 days. Fourteen days after transduction supernatant of the 

transduced cells was collected, passed through a 0.45 mm filter and added to 5x105 NIH 

3T3 in the presence of 4 mg/ml polybrene for 24 hours, after which cells were cultured 

in DMEM + 10% FCS. When the cells reached confluence, they were trypsinized and 

analyzed for GFP expression by flow cytometry.

To show absence of RCR after in mice that presented with hematopoietic malignan-

cies, spleen cells of three mice that were found with hematopoietic malignancies were 

20 Gy irradiated and 3x106 cells were transplanted into 4-5 recipients. No leukemias were 

found after transplantation and a one-year observation period in the transplanted mice. 

Reverse transcriptase activity was determined in protein isolates of spleen cells of 

mice presented with hematopoietic malignancy as described (40). Mouse spleen cells 

were precipitated by centrifugation (1600 rpm, 5 minutes) and resuspended in 200 

ml protease inhibitor cocktail (Boehringer). The protein content was determined and 

samples were stored at –20°C. 10 mg protein was incubated with 6 ng BMV template 

RNA (Promega), 10 nmol dNTP, 200 nmol MgCl2, 1.25 U AmpliTaq Gold (Applied Bio-

systems), 4 U RNAseOUT recombinant ribonuclease inhibitor (Invitrogen) , 15 pmol of 

each primer and 5 pmol probe (Eurogentec, Seraing, Belgium) and 150 ng activated calf 

thymus DNA (Sigma).

The product of reverse transcription of BMV RNA was amplified in an ABI Prism 

7900 Sequence Detection System (Applied Biosystems) using real-time PCR (forward 

primer (5’)TCTTGAGTTAGACCACAACGTTCCT(3’), reverse primer (5’)TGCGCTT-

GTCTCTGTGTGAGA(3’) and a 5’FAM (6-carboxyfluorescein) and 3’TAMRA (6-carboxy-

tetramethyl-rhodamine) labeled probe (5’)TCTGCTCGAGGAGAGCCCTGTTCC(3’). 

PCR conditions were 30 minutes at 48°C followed by 40 cycles of 1 minute 94°C, 30 

seconds 60°C and 30 seconds of 72°C and a final 10 minutes of 72°C.
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Protein samples from AM12 SF91 EGFP retrovirus producer cell lines were used as a 

positive control. Superscript II reverse transcriptase was used to calibrate the reaction 

in a range of 10-1 to 10-8 units reverse transcriptase. All tested samples had less than 

4x10-6 (range 6.8x10-9 to 3.2x10-6) units reverse transcriptase activity, compared to 5x10-5 

units for the virus producer cell line.

Integration site analysis

We analyzed the genome – retrovirus boundaries as previously described using LAM-

PCR (41). In short, 500 ng DNA was amplified linearly for 100 cycles using a biotinylated 

primer (Eurogentec) designed against the virus LTR, after which the products were cap-

tured on streptavidin coated beads (Kilobase binder kit, Dynal, Norway) and a second 

DNA strand was synthesized using Klenow polymerase and hexanucleotides (Roche). 

Subsequently, the products were digested using Tsp509I or HpyCH4 IV (New England 

Biolabs). A complementary linker cassette was ligated (Fastlink Ligase, Epicentre tech-

nologies) and nested PCR with primers designed against the virus LTR and the linker 

cassette was performed. Primers used included:

Tsp Linker cassette1: 5’ – GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG-3’

Tsp Linker cassette2: 5’- AATTCCTAACTGCTGTGCCACTGAATTCAGATC-3’

Hpy Linker cassette1: 5’-GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTACG-3’

Hpy Linker cassette2: 5’-CGCCTAACTGCTGTGCCACTGAATTCAGATC-3’

LTRI: 5’-[biotin]TGCTTACCACAGATATCCTG-3’

LTRII: 5’-GACCTTGATCTGAACTTCTC-3’

LTRIII: 5’-[biotin]TTCCATGCCTTGCAAAATGGC-3’

LC1:5’-GACCCGGGAGATCTGAATTC-3’

LC2:5’-GATCTGAATTCAGTGGCACAG-3’

Integration sites were retrieved from spleen and BM DNA samples obtained from 42 

primary transplanted mice or secondary recipients, as well as 16 mice that did not show 

signs of disease after long-term follow up (range: 227 to 645 days). A LAM-PCR based 

method, modified to be less sensitive so that predominant clones in the polyclonal 

sample could be detected more accurately, was also employed to analyze predominant 

clones in the leukemia samples. In this analysis 10 ng input DNA was used and an addi-

tional product clean up using biotinylated primers and streptavidin coated magnetic 

beads (Dynal) was performed.

LAM-PCR products were cloned into pCR4-TOPO (Invitrogen) vectors, after which 

bacteria were transformed. Single colonies were plucked, grown and sequenced (GATC, 

Konstanz, Germany) using standard procedures. Only when both LTR and linker 

sequence were present in the sequence, the sequence was accepted. Sequences of good 

quality (sequences meeting Phred quality) were then trimmed for vector, linker and 

virus LTR sequences. The remaining genomic sequences were analyzed for repeat 
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sequences using RepeatMask which removes the repeat sequences and aligned using 

and TF Target Mapper12 which performs BLAST alignment with the repeat trimmed 

sequences. Only sequences longer than 27 bp were aligned. Virus integration locations 

were then determined by the best matching unambiguous BLAST alignment. BLAST 

alignments that resulted in multiple alignments with equal E-values were discarded. 

Subsequently, the nearest gene to each virus integration or the genes within 100 kbp 

up- or downstream were identified (VIS gene) by comparing the virus insertion site to 

the transcription start sites in a database obtained from Ensembl Biomart13.

LSK cell gene expression measurements

Mouse lineage- Sca-1+ c-Kit+ (LSK) cells were isolated from C57BL6 mouse BM using 

mouse lineage cell depletion (cocktail of CD5, CD45R (B220), CD11b, Gr-1, 7-4 and Ter-

119 antibodies) and c-Kit selection (CD117 monoclonal antibody) kits according to the 

manufacturers protocol Miltenyi Biotec) and magnetic activated cell sorting (AutoMACS, 

Miltenyi Biotech) followed by flow cytometric cell selection of the CD117- FITC and 

Sca-1-PE double positive cells (FACS DiVa, BD Biosciences, San Jose, USA) to obtain 

LSK cells. Total RNA from the isolated LSK cells (>95% purity, n=2) was obtained using 

RNeasy columns according to the manufacturers protocol (Qiagen, Hilden, Germany). 

RNA quality was assessed using the Agilent 2100 BioAnalyzer (Agilent Technologies, 

Palo Alto, CA), directly after sorting (Day 0) or after maintaining the cells in serum-free 

liquid culture medium in the presence of mouse SCF, mouse TPO and Flt3L for 2 days 

(Day 2), similar to the transduction procedure as described. Linear amplification of the 

RNA was performed and the RNA was hybridized to Affymetrix 430 2.0 microarray. 

For this, 100 ng of total RNA from LSK cells was used in the GeneChip Eukaryotic 

Small Sample Target Labeling Assay Version II (Affymetrix) to generate biotinylated 

cRNA. Eleven μg of cRNA was fragmented for 35 min at 95˚C. 10 μg of fragmented 

cRNA was then hybridized to mouse 430 2.0 microarray (Affymetrix) for 16 hours at 

45˚C followed by washing, staining and scanning at 570 nm, according to standard 

methods as described earlier. For each gene (described by Gene Symbol) present on the 

micro array, the highest expression was determined. The genes were then sorted based 

on expression level and divided into 10 expression level categories. In every expression 

level category, the number of VIS genes present was reported. To determine whether 

virus integrations occur more frequently near genes that are higher expressed in LSK 

cells, a Cochran – Armitage test for trend was performed.

A statistical approach was used to determine the frequency of integration sites within 

±10 kbp, ±50 kbp, ±100 kbp of genes or transcription start sites. For all genes present 

12	 http://tftargetmapper.erasmusmc.nl

13	 http://www.ensembl.org/biomart/martview
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in Ensembl Biomart, the locations were determined and for each gene the presence of 

a virus integration within the given distance was determined. A χ2 test for goodness of 

fit was performed to determine whether integrations occur more frequently within the 

given distance from genes. The calculations were then repeated for genes with expres-

sion exceeding threshold levels (300, 1000, 3000 and 10000 arbitrary expression units, 

respectively).

Annotation Analysis

Genes correlated with replication competent retrovirus induced leukemias were 

obtained from RTCGD (mm7) selecting all retrovirus models and all leukemia phe-

notypes, which resulted in 1130 genes. Co-occurrence of genes closest to retrovirus 

integrations and RTCGD genes was analyzed.

Using data from the Mouse genome information mammalian phenotype browser, 

which lists known phenotypes for existing knockout mice, the occurrence of genes 

within 100 kbp upstream or downstream of virus integration sites in 33 phenotype cate-

gories was determined. Ingenuity Pathway Analysis was used to identify gene networks.

Functional enrichment of lineage‑ Sca-1+c-kit+ immature hematopoietic cells

To gain insight into the level of enrichment of functional hematopoietic progenitors in 

the isolated LSK cells, spleen-colony forming units (CFU-S) and marrow repopulating 

ability (MRA) assays were performed. The LSK cells were 50-fold enriched in CFU-S 

(4.7 CFU-S per 3x104 cells in BM and 238.7 CFU-S per 3x104 cells in LSK) and a 104 and 

118-fold enrichments were found in CFU-C and BFU-E numbers, respectively, in LSK 

cells compared to whole BM cells.

Micro array validation.

To validate the expressions found by the Affymetrix microarray analysis, we performed 

RQ-PCR using 13 (tested 20, 7 probe sets did not yield expression values) primer/probeset 

pairs of the 135 VIS genes, which correlated with the expression values found by microar-

ray. The primer/probes sets were obtained from Applied Biosystem (Probes used were: 

Itm2b, 1300001I01Rik, AI462493, Ly86, AQ050020, 3110045G13Rik, Evi1, 2300003P22Rik, 

6620401K05Rik, 3110023E09Rik, 1700026G02Rik, 1810037K07Rik, 0610039P13Rik).

Results

Mouse bone marrow cell transduction

The transduction efficiency of the mouse BM cells ranged from 23.9% – 28.6% (IRES-

EGFP) and 20.3% - 24.4% (wtStat5-IRES-EGFP). Transplantation experiments in the 
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α-thalassemic mouse model showed that this result translates in vivo. Transplantation 

of 106 transduced mouse BM cells (transduced with either stStat5-IRES-EGFP or the 

control EGFP construct) results in high levels of chimerism of 90% – 100%. An initial 

difference in chimerism level was not observed using either construct. The MOI chosen 

was 1 to have an average integration of 1 per cell.

At 117, 342, 202, 206, 245 and 342 days after the initial transplantation, 37, 34, 10, 10 

and 35 mice, respectively, were killed and the bone marrow was retransplanted into 

secondary recipients (37, 69, 10 and 10 recipients, respectively). These mice were then 

observed until ethical guidelines required the experiments to be terminated and the 

mice subjected to a complete autopsy. In the primary recipients we observed 3 malig-

nancies. In the secondary transplantations, 21 malignancies were observed (42).

Integration site analysis

Virus integration sites (VIS) were identified by LAM-PCR and subsequent sequencing 

of the virus/genome boundaries. This was done in DNA samples from peripheral blood 

(PB) primary and secondary recipient mice that were healthy at the time (227 to 645 

days after transduction) of analysis (174 integrations) and from mice that displayed signs 

of hematopoietic malignancies (204 integrations). LAM-PCR, modified to be less sensi-

tive, was also performed to determine the most abundant clone present in the samples 

of mice with malignancies (127 integrations). In total, 505 sequences were obtained, of 

which known genomic repeat sequences were removed to allow for more specific blast 

alignment. 397 sequences could be aligned to the mouse genome. Alignments showed 

that 39% of the integrations were within 10 kbp of a transcription start site (TSS) and 83% 

within 50 kbp. Evi1, a well-known target for retrovirus integration, was a target for inte-

gration on 11 unique locations. Other genes frequently targeted (≥2) are listed in Table 1.

Retrovirus integrations occur near genes expressed in mouse hematopoietic stem 
cells

The correlation between retrovirus integration sites in long term reconstituting 

hematopoietic cells, found in our mice, and gene expression levels in LSK cells, was 

determined by analyzing the expression level of genes closest to the retrovirus integra-

tion site within 100 kbp. This resulted in 135 genes of which 117 could be identified on 

the Affymetrix mouse 430 2.0 micro array. All genes present on the micro array chip 

were assigned to 10 categories according to the highest expression level measured for 

each gene as shown in figure 1a. The expression levels of the 117 VIS genes within these 

categories reveals that retrovirus integration preferentially occurs near highly expressed 

genes. This preference is significant in both datasets in which the freshly isolated LSK 

cells (p=9.55x10-9) and the (day 2) cytokine stimulated LSK cells (p=2.47x10-7) are con-

sidered. No obvious differences between the number of genes present in the expression 
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level categories using gene expression of the non-stimulated day 0 and day 2-stimulated 

LSK cells are found.

The distribution of insertions over the range of observed gene expression values (Fig-

ure 1b) shows in addition, that although insertions occur at higher expression levels in 

general, this does not lead to a clustering of the insertions that were retrieved multiple 

times uniquely at the highest expression levels, indicating that gene specific functions 

might cause the insertions to cluster near these genes.

The probability of integration is strongly correlated with the expression levels of 
the surrounding genes

Since it is unclear whether the gene nearest to the retrovirus integration site or an 

entire locus determines the preference for insertion, all genes within 100 kbp upstream 

or downstream of a retrovirus integration were taken into account. The RNA expression 

levels of the total number of genes with a retrovirus integration within the indicated 

distance of 10, 50, and 100 kbp were determined. Both distances to the transcription 

start site (TSS) as to the gene itself were calculated. (Table 2). A χ2 test for goodness of 

Table 1: Genes with multiple viral vector integration and their functions (retrieved from Genecards and 
Entrez Gene). RTCGD genes are indicated in bold, common insertions in RTCGD are indicated with *.

Gene Number of times retrieved Function
Evi1* 11 Oncogene
Otud7b 6 Deubiquitination activity
Tln2 4 Cell adhesion
Fcrla 4 B-cell differentiation and lymphomogenesis
Cd4 4 T-cell surface glycoprotein
Usp1 3 Negative regulator of DNA damage repair
Ttl 3 Post-translational addition of tyrosine to alpha-

tubulin
Hist1h2ah 3 Wrap and compact DNA into chromatin
Tmprss4 2 Membrane bound protease
Tbpl1 2 Initiation of transcription
Evi5 2 Regulator of cell cycle progression
Pold3 2 DNA replication and repair
Myo1b 2 Cell migration
Klk4 2 Serine protease, implicated in carcinogenesis
Kif2a 2 Microtubule dependent motor
Ivns1abp* 2 Unknown
Incenp 2 Regulator of mitosis
Galtnt11 2 Oligosaccharide biosynthesis
Dgka 2 Attenuates protein kinase C activity
Cct5 2 Assists protein folding
Chid1 2 Carbohydrate catabolism
2610019F03Rik 2 Unknown
Hvcn1 2 Acute production of ROS
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fit, indicating increased likelihood of insertion inside the indicated regions, yields more 

significant p-values for TSS and genes at higher expression levels and for larger distance 

taken into consideration (10 kbp, 50 kbp and 100 kbp). For the highest threshold on 

expression (10000 units) and the smallest distance considered (10 kbp), this test yields 

non-significant p-values, because only very few genes exceeding the highest threshold 

have integrations within the indicated distances.

In compliance with the analysis of nearest genes (Figure 1a), these results show that 

retrovirus integration is not only correlated with the expression of the nearest gene, 

but also with the average expression of all genes within 100 kbp of the integration site. 

Genes upregulated by growth factor stimulation do not display a higher 
frequency of retroviral landing than other expressed genes

The RNA expression data allowed evaluation of the effect of cytokine stimulation as 

used in the gene transfer protocol on the integration of the retrovirus. The differences 

in gene expression between freshly isolated LSK (day 0) and 2-day SCF, Flt3L and TPO 

stimulation were analyzed (Figure 2a), which identified 780 probesets describing 632 

genes that are differentially expressed. Of the 135 genes closest to the VIS, 11 (8.1%) were 

A 
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Figure 1: (A) Assigning genes closest to virus integration sites to LSK cell expression level categories. 
RNA expression values were determined directly after selection of LSK cells or after 2 days of culturing 
in the presence of mouse SCF, mouse TPO and Flt3L. Expression values for each gene were determined 
using the highest expression available for each gene symbol after which the gene symbols were sorted 
for expression and divided into 10 equal sized categories. The number of VIS genes in each category 
is depicted. The dotted line indicates the number of genes expected in each category assuming 
uniform random distribution. A Cochran – Armitage test for trend was used to determine whether 
virus integration occurs more frequently near highly expressed genes and p-values indicating a highly 
significant trend are shown for both freshly isolated LSK cell gene expressions (Day 0: p=9.55x10-9)  and 
for 2-day stimulated LSK cells (Day 2: p=2.47x10-7). (B) Gene expression values for unstimulated LSK 
cells showing all genes present on the microarray in black, the 135 RVIS genes in grey and the multiple 
integrations as inverted triangles. Common RVIS with 2 hits are depicted in white and hits with 
more than 2 hits are depicted in grey. The dashed line indicates the threshold for expressed genes, as 
determined by the MAS 5.0 algorithm.
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differentially expressed, but did not exceed the 4-fold expression difference threshold 

(Figure 2b). Only one of these genes was differentially up-regulated, the other 10 were 

expressed at lower levels as a result of the cytokine stimulation. Expanding the analysis 

to the 632 genes present on the micro array within 100 kbp upstream or downstream of 

the virus integration, 26 (4.1%) are differentially regulated of which 5 are up-regulated 

and 21 are down-regulated.

Gene expression analysis of both nearest genes and genes within 100 kbp upstream 

or downstream showed that cytokine treatment as performed in the transduction pro-

tocol did not result in higher incidence of virus integration in cytokine – upregulated 

genes. We can therefore conclude that the relation to insertion near expressed genes in 

this study is not altered by the cytokine treatment of the target cells.

Global functional analysis of the genes surrounding integration sites

As described (43,44) the possible deregulatory effects on expression of genes near the 

retrovirus integration site by the promoter region of the transgene are not limited to 

the genes closest to the virus integration site. To elucidate the what possible effect the 

insertions might bring about in nearby genes, the function of both the nearest genes 

and the genes within 100 kbp of the retrovirus integration was studied.

To this end, the function of these genes and their known involvement in leukemo-

genesis were analyzed by screening against 3 well known databases, i.e., the retrovirus 

tagged cancer database (RTCGD; genes involved in leukemogenesis), the Mouse Genome 

Informatics (MGI) phenotype browser (function of genes in tumor phenotype, immu-

nologic phenotype and hematopoietic phenotype) and Ingenuity Pathway Analysis (net-

work analysis). Figure 3 shows that RTCGD genes, categorized into 10 expression levels 

Table 2: Integrations occur more often near highly expressed genes. Distances to all Ensembl 
genes and their transcription start sites (TSS) were calculated. The number of genes exceeding the 
expression threshold with a virus integration within the indicated distance was reported. The ratio 
of genes meeting these criteria was divided by the total number of virus integrations. This ratio was 
then tested against the ratio of the length represented by the genes exceeding the threshold and 
the indicated surrounding area and the total mouse genome size, using a χ2 test for goodness of fit. 
p-values indicate increased likelihood of insertion inside the region determined by the expression 
threshold and the distance from TSS or gene.

Area Expression
>100 >300 >1000 >3000 >10000

Gene 2.49x10-1 3.80x10-1 5.97x10-3 7.51x10-2 9.41x10-3

Gene ± 10 kpb 2.95x10-1 2.00x10-4 1.50x10-10 3.48x10-5 3.62x10-1

Gene ± 50 kpb - - 3.10x10-3 6.85x10-13 3.24x10-6

Gene ± 100 kpb - - - 5.04x10-5 1.69x10-3

TSS ± 10 kpb 1.40x10-1 8.54x10-5 8.68x10-10 7.91x10-2 9.11x10-1

TSS ± 50 kpb - - 8.08x10-4 1.63x10-13 1.02x10-15

TSS ± 100 kpb - - - 6.75x10-6 7.64x10-4
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and assigned to either the day 0 micro array data set or the day 2 data set, are mostly 

expressed in the higher level categories and show a similar behavior as the insertion sites 

retrieved in this study. Moreover, when analyzing twenty-four of the 117 VIS (nearest 

genes) that were found to be present in the RTCGD database, it was obvious that these 

genes are also found in the highest expression categories (Figure 3). To confirm this 

notion, we performed a χ2 test for trend on the fraction of RTCGD VIS genes of the total 

RTCGD genes. This test showed significantly (p=0.024) more RTCGD VIS in the higher 

expression bins than were observed in the entire RTCGD dataset. Secondly, functional 

information was obtained by determining the presence of the genes of both data sets in 

the Mouse Genome Informatics (MGI) phenotype browser14. Twenty-six genes (of the 

117 VIS) are found in transgenic animal models with tumor, immunological or hema-

tological phenotype (MGI mammalian phenotype browser) (Supplementary Figure 5).

Of the 135 genes nearest to integration sites 71 are annotated in Ingenuity Pathway 

Analysis. Of these genes, 62 cluster in 5 networks with hematological system develop-

ment and function (16 genes), immune response (14 genes), cellular assembly and organi-

zation (13 genes), cell-to-cell signaling and interaction (11 genes), immune and lymphatic 

system development and function (11) genes as the five highest functions. Of the 632 

genes within 100 kbp upstream or downstream of the VIS 256 genes could be used to 

generate 18 functionally related networks, the 5 gene functions with the largest number 

of genes involved were cancer (13 genes), cellular movement (9 genes), cellular assembly 

and organization (8 genes), hematological disease (8 genes) and hematological system 

14	 http://www.informatics.jax.org/searches/MP_form.shtml

A B 
Figure 2: Differentially expressed probesets after mSCF, mTPO and Flt3L stimulation. Using log2 fold 
change >2 and Šidák step-down corrected p-values <0.05 (indicated with red circles) as a threshold, 151 
genes were differentially expressed after cytokine stimulation. 20 genes were upregulated, and 131 genes 
were downregulated. (B) None of the probesets describing the 135 RIS genes were differentially expressed, 
although small significant differences for 4 upregulated and 13 downregulated genes were observed.
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development and function (7 genes). Presence of genes with immune system and hema-

tological functions in these networks, as well as leukemia associated genes (RTCGD) and 

genes with immunological, hematological and tumor phenotypes in the MGI analysis 

suggest that at least part of the genes either next to or within 100 kbp of a virus integra-

tion are involved in hematopoietic reconstitution and development of leukemias in mice. 

A closer look into the gene expression values obtained from the LSK microarrays after 

Ingenuity annotation in addition showed that with increasing expression, the number of 

unique genes associated with immunological and hematopoietic functionality increased. 

(Figure 4a) With increasing expression, the fraction of genes associated with diseases in 

the hematopoietic and immunological functions also increased, until it reached 72% and 

74% for hematopoietic and immunological functions respectively. Additionally general 

cell functions such as Cell cycle and protein synthesis increase with expression level in 

LSK cells. When looking into metabolism associated genes, no such increase is observed 

20-05-10 14:37H3fig3 MB002-133_RTCGD bins_fig3.svg

Pagina 1 van 1file:///Volumes/Werkmap%20(%202%20)/Martijn%20Brugman%20%5B4…/Martijn_Brugman/H3/H3fig3%20MB002-133_RTCGD%20bins_fig3.svg

Figure 3: Genes present in the retrovirus-tagged cancer gene database (RTCGD, 52) assigned to freshly 
isolated and 2-day cytokine stimulated LSK cell gene expression level categories. 1130 genes present in 
RTCGD were assigned to LSK expression level categories (blue bars, day0 and purple bars, day2). The grey 
bars indicate the RTCGD genes also present in the 24 genes closest to retrovirus integrations.
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(Figure 4b) and for endocrine functionality and nervous system development functions, 

the number of genes is negatively correlated with LSK gene expression.

Comparison of the murine integration sites with those in clinical trials for 
X-linked SCID

For studies on the safety of retrovirus as a gene therapy vector in mouse models it is 

important that the model reflects the human situation. The mouse virus integrations 

found in this mouse study were compared to those found in two human X-SCID studies, 

where retrovirus was used to express the IL2RG gene. 11 of the 125 human homologues 

to the 135 mouse nearest genes to retrovirus integrations (7.4%) were also present in 

481 nearest genes to the retrovirus integration sites identified in the Paris XSCID trial, 

whereas 6 of the 125 human homologues to 135 mouse VIS genes (5.2%) were present 

in 523 nearest genes the London XSCID trial. (Table 3) Although the actual number 

of overlapping genes is low, Fisher exact tests to determine whether these numbers 

could be obtained by uniform random integration of the virus showed significance for 

both comparisons. (Fisher exact two sided p-values, Paris trial: p=0.0028, London trial: 

p=0.008753). Interestingly, when comparing the overlap with a pyrosequencing experi-

ment (Chapter 4) performed on samples obtained in the London XSCID trial, one fifth 

of the insertions retrieved in our mouse model co-occurred.

Interestingly, LMO2, the gene associated with the T-cell proliferations that occurred 

in 4 patients in the Paris XSCID trial, was not found in this mouse dataset. Finding such 

large overlaps between insertion studies using similar viral vectors, but performed in 
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Figure 4: Hematopoietic and immunological annotations of the genes in different expression level 
categories. Gene expression values obtained from LSK cells were divided into ten equal sized categories. 
The number of unique genes annotated in the Ingenuity Pathway Analysis with (A) hematopoietic 
or immunological functions are indicated as well as the number of unique genes annotated with 
hematopoietic or immunological disease or (B) the neurological and endocrine functions as well as  
metabolic, cell cycle and protein synthesis functions. The fraction of annotated functions in the bin with 
the specific function is indicated.
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different species, shows that virus insertion pattern obtained with similar viral back-

bones is related to the transduced cell type, more than the species.

Discussion

Consistent with previous reports, this study demonstrates that retrovirus preferentially 

integrates in or near highly expressed genes in immature hematopoietic cells of the mouse 

and that integration is correlated with the level of expression of the nearest gene and the 

locus 100 kbp upstream and downstream of that gene. As much as 83% of the integrations 

were found near expressed genes, with a highly significant overrepresentation of proto-

oncogenes, genes involved in general cell functions and genes involved in hematopoietic 

and immune functions. Comparison with human hematopoietic stem cell integration 

sites displayed a strongly conserved pattern, predicting a considerable overlap of integra-

tion in individual patients and among independent clinical trials. Gene expression has 

previously been shown to direct the integration of retrovirus to transcription start sites 

and lentivirus to in-gene regions in cell lines (HeLa, 293T, IMR90 and supT1 (6,45,46), as 

well as human PBMC(6) and CD34+CD38- BM cells (47), but other mechanism may also 

be involved, such as the weak preference for specific nucleotide sequences (48,49)), fragile 

sites (50) and open chromatin configurations (46,49,51). This study shows that virus inte-

gration in the long term repopulating cells, which are target cells in many gene therapy 

protocols, is for a large proportion directed by the gene expression levels in these cells.

The use of replicating gamma-retroviruses raises difficulties when analyzing the 

function of the insertion sites, because malignancies observed in mice infected with 

these viruses typically show a large number of insertions in the affected tissue. Single 

clones therefore will also have several insertions. To address difficulties in analysis of 

true functional insertions, mathematical approaches such as clustering of insertion 

sites (17) and the identification of common insertion sites (12) have been proposed. 

Instead, we aimed at a low number of insertions per cell to ensure only 1 or 2 virus 

insertions occurred per cell. The initial transductions lead to 23.9-28.6% transduction 

in the EGFP group and 20.3-24.4% in the wtStat5 group. This is within the range that 

Table 3: Overlap between integration retrieved in the London and Paris XSCID trials and the mouse 
integration sites retrieved in this study. The human homologues of the mouse genes were retrieved 
using NCBI Homologene.

Closest mouse genes (125 genes) Hits with locus (640 genes)
London XSCID (523 genes) 7 (5.2%) 12 (1.9%)
Paris XSCID (481 genes) 10 (7.4%) 12 (1.9%)
All non-454 XSCID (926 genes) 13 (8.9%) 21 (3.2%)
London XSCID 454 (2089 genes) 25 (20%) 46 (7.1%)
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results predominantly in 1 insertion per cell, thus allowing us to focus on the function 

of a single insertion rather than a host of insertions in a single cell.

A comprehensive description of the insertion profile should focus on the descrip-

tion of insertions using both the closest genes and the surrounding locus, since the 

influence of the viral promoter is not uniquely restricted to the closest gene (43,44). In 

our analysis, we analyzed both datasets, obtained from normal and malignant tissues 

and retrieved 23 insertions that occurred more than once in a dataset of 135 unique 

insertions. Thirteen of these insertions had been associated with hematopoietic malig-

nancies before (52).

Gene expression has previously been shown to direct integration of gamma-

retrovirus to transcription start sites and lentivirus to in-gene regions of transcribed 

genes in cell lines (6) as well as in human PBMC (29) and CD34+CD38- BM cells, but 

other mechanisms might also be involved. Insertions also favor fragile sites and open 

chromatin and have been shown to have a weak preference for specific nucleotide 

sequences. This study shows that virus integration in the long term repopulating cells, 

which are the targets in hematopoietic gene therapy protocols since their transduction 

is expected to lead to a lifetime of gene correction, is in a large proportion directed by 

the gene expression level in the host cell. Not only the expression of the closest genes 

dictates the insertion behavior, but the entire locus is draws insertions when highly 

expressed. An exception to this pattern is represented by the common insertion sites, 

which unexpectedly do not cluster at highly expressed genes uniquely, pointing at other 

mechanisms such as accelerated cell growth resulting in clonal dominance. Similarly, 

the RVIS genes retrieved in this study that also occur in the RTCGD, show an even more 

pronounced tendency to insert near highly expressed genes, also hinting at mechanisms 

other than just high expression. On the other hand, when analyzing the hematopoietic 

and immunological function annotation in LSK gene expression bins we observed 

a clear increase in the number of genes associated with these functions with higher 

expression in LSK cells. This effect was even more pronounced when focusing on genes 

associated with diseases in these functions. It is tempting to speculate that the increase 

in insertions in RTCGD genes, the relation between expression and RTCGD gene pres-

ence (figure 3) and the functions of the highly expressed genes in the transduced cells 

that repopulated the mice point to cell type specific vulnerability of the hematopoietic 

stem cells for transduction with gamma-retroviral vectors. Indeed, the most commonly 

found insertion in this study, Evi1, is known to accelerate cell growth (53) and also com-

monly occurs in an in vitro assay for immortalization of mouse bone marrow cells (30). 

There is however, a drawback in the use of RTCGD for gamma-retrovirus insertion 

site annotation. The data in RTCGD was generated from experiments using replication 

competent gamma-retroviruses, and many of the genes listed in it can be considered 
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bystanders to genes that actually act as oncogenes. Finding a gene in RTCGD therefore 

does not necessarily mean that such a gene is related to leukemia directly.

Next to the accessibility of the gene due to open chromatin structure, other mecha-

nisms for the preferred integration must be involved. It might be possible that these 

lowly expressed genes are present in an area of open chromatin and that the expression 

of genes is tightly regulated. Alternatively, a small proportion of the virus integrations 

might be driven by an unidentified process or might be truly random.

In mouse bone marrow one in 3-5x104 cells is expected to give rise to repopulation 

(54). We isolated bone marrow cells by Percoll density centrifugation, which increase 

the repopulating cell content by a factor four. The transplantations ranged from 104 to 

106 cells per mouse (1 to 100 repopulating cells per mouse), on which basis it is assumed 

that hematopoiesis from transduced cells in the transplanted mice originates from a 

limited number of stem cells. We related the gamma-retroviral vector insertions in 

these cells to gene expression levels in LSK cells and showed a preference for expressed 

genes. The hematopoietic stem cell is pluripotent and, similarly to embryonic stem cells 

(55), have a characteristic open chromatin formation (56). Upon differentiation, H3K4 

methylation, a marker of active chromatin regions, has been shown to decrease (56), 

inactivating parts of the genome. Not all genes are expressed in HSC, however, but the 

open chromatin structure in these cells could prime genes for expression. Studies in 

clonal succession in of human hematopoietic cells in mice (57) have shown that only 

a small part of the hematopoietic cell population is contributing to hematopoiesis, 

similar to what has been shown in earlier studies in mice (54), in cats (58) and in rhesus 

monkeys (59, 60). McKenzie (57) therefore proposed that a stochastic process might be 

involved in the decision to stay dormant or become activated (also modeled by Roeder 

(61)). This poses a difficulty for gene expression measurements in HSC populations: 

if the phenotype of the cells does not distinguish its behavior, but rather a stochastic 

process, gene expression measurements on a bulk population might not be informative 

for the repopulating cells, but only on the entire population (which might contain a 

certain proportion of cells that will become activated)

The retroviral transduction protocol, which consists of growth factor stimulation 

to allow efficient transduction of the target cells, has been considered a potential cause 

for the occurrence of insertions in malignant loci, i.e. those of which expression is 

stimulated by the supplied growth factors (62). In our experiments, such an effect was 

not observed, since only very few genes in the next to insertions showed significant 

differences in expression after cytokine treatment. This is in line with earlier analysis 

performed using the human XSCID integrations and their target cell expression (25) and 

leads to the conclusion that cytokine stimulation does not appear to be a prominent 

determinant of potentially dangerous insertion patterns.
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Functional analysis of the gene targeted gene loci can be performed by using differ-

ent available sources for annotation, such as gene ontology, functional pathways and 

phenotype databases. The coverage of these databases is not complete, because not all 

transcripts have been assigned a function. Further, genes might have different functions 

in different tissues or might not have been correctly described. Since half of the genes in 

our dataset have functions that can clearly be associated with a meaningful function in 

the hematopoietic cell, genes lacking annotation or which annotations seem irrelevant 

to the tissue, might be relevant to hematopoiesis as well. This specifically holds for the 

common insertion sites observed, since one would expect that many of these genes have 

a function in hematopoiesis that leads to their independent selection in several trans-

ductions. These common insertion sites, as well as highly expressed genes in hemato-

poietic cells might therefore be interesting targets for further functional research.

An insertion profile study such as the one presented here aims to be predictive for the 

behavior of gamma-retroviral integration patterns in human cells. Obvious differences 

between mouse and human such as life span of the individual, metabolic rate (63) and 

even functional and expression differences between species might indeed present hurdles 

for the translation of mouse data to the human situation. However, since similar patterns 

of integration were found in the individual XSCID trial data sets (24,25) and a highly 

significant one fifth of our limited murine dataset integrations were identical in the near-

est gene, mouse models should be highly predictive for human integration patterns.

The insertion pattern of gamma-retroviral vectors favors genes that have a func-

tion in hematopoiesis, which might well be explained by their evolutionary develop-

ment as oncoviruses. The target specificity for genes with hematopoietic function, or 

genes that are expressed in the hematopoietic system makes these vectors suitable for 

transduction of hematopoietic cells, but carries the risk of deregulation of these genes. 

Further improvements in vector design (64,65) have shown that the self- inactivating 

design with an internal promoter, or the addition of insulator elements (66) will reduce 

genotoxicity of gamma-retroviral vectors. A further option for improvement consists 

of the transduction of hematopoietic stem cells under such cell culture conditions 

that allow proliferation and transduction, but maintain engraftment potential of the 

transplant. Such protocols would only require a limited number of cells, which might 

be pre-screened for possibly harmful insertions. Another avenue for safety improve-

ment entails limiting the number of transplanted target cells by further purification. 

LSK cells in mice and CD34+CD38- cells in human cannot currently be transduced 

efficiently with gamma-retroviral vectors, but lentiviral vectors, which transduce the 

non-proliferating cells as efficiently as proliferating cells do not have this limitation. 

Considering the existence of improved vector backbones and the integration patterns 

of gamma-retroviral vectors, LTR driven gamma-retroviral vectors, however efficient, 

are no longer recommended for therapeutic use in hematopoietic stem cells. Improved 
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transduction protocols and optimized vector backbones, both lentiviral and retroviral, 

need to replace the first generation of therapeutic vectors.
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Supplementary data

Supplementary Figure: Genes closest to virus integration sites were assigned to LSK (day0) gene expression 
level categories and RTCGD genes, MGI phenotype annotations (for tumor phenotype, immunologic 
phenotype and hematopoietic phenotype) and Ingenuity focus genes are indicated (grey, bold and italic, 
respectively). The order in each category represents the expression levels of the genes. The bottom table 
shows the number of genes with the indicated functional annotation for each expression level category.
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Abstract

Vector associated side effects in clinical gene therapy have provided new insights into 

the molecular mechanisms of hematopoietic regulation in vivo. Surprisingly, many ret-

rovirus insertion sites (RIS) present in engrafted cells have been found to cluster non-

randomly in close association with specific genes. Our data demonstrated that these 

genes directly influence the in vivo fate of hematopoietic cell clones. Analysis of RIS 

thus far has been limited to each particular study. Here, we studied more than 7000 RIS 

across multiple species and studies. More than 40% of all insertions found in engrafted 

gene-modified cells were located in few common integration loci representing less than 

0.36% of the genome.

Gene classification analyses displayed significant over-representation of genes asso-

ciated with hematopoietic functions and relevance for cell growth and survival in vivo. 

Association was not detectable before transplantation, indicating that engraftment 

influences clonal selection. The similarity of RIS distributions indicates that vector 

insertion in repopulating cells clusters in predictable patterns. Based on this analysis, 

RIS analyses of preclinical in vitro and murine in vivo studies as well as prospective 

analyses of vector insertion repertoires in clinical trials should be excellent tools for 

modeling and predicting the distribution and biological impact of insertional behavior. 
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Introduction

Integrating gamma-retroviral vectors have the demonstrated ability to successfully 

treat life-threatening diseases, as convincingly shown by correction of the genetic 

defect and amelioration of clinical manifestations in X-linked and ADA-deficient severe 

combined immunodeficiencies (SCID), and in chronic granulomatous disease (X-CGD)

(1-5). Unfortunately, 5 (6,7) of 20 treated X-SCID patients developed clonal acute T cell 

lymphoproliferative disorders and 2 of 4 treated CGD patients developed myelodyspla-

sia (personal communication). In all cases, these complications were causally linked to 

insertional activation of proto-oncogenes, most strikingly LMO2 in X-SCID, and MDS1/

EVI1 in X-CGD. As a result, there has been recent intense investigation of vector integra-

tion patterns in an attempt to understand the vector, target cell and patient variables 

that produce an increased risk of genotoxicity, and to design safer vectors and clinical 

protocols.

Integrated standard murine gamma-retroviral proviruses contain transgene cDNA 

flanked by strong retrovirus promoter and enhancer elements that frequently activate 

surrounding gene sequences, potentially resulting in dysregulated adjacent gene 

activation. Analysis of vector integration patterns in the SCID trials clearly demon-

strated non-random and potentially detrimental integration effects (8). Clinical and 

experimental studies have further uncovered evidence of insertional influences ranging 

from subtle clonal selection to in vitro immortalization of myeloid cells (9) and clonal 

dominance (3,10,11) and subsequent leukemia in mice, non-human primates and human 

trial participants (6,12-14). We hypothesize that biological consequences of insertional 

mutagenesis are much more frequent than predicted, affecting neighboring genes in 

many transduced repopulating cell clones. Comparative analysis in large numbers of 

insertion sites should enable investigators to assess probable vector mutagenic effects 

prior to or in the absence of overt clonal dominance in animal models and clinical trials. 

To clarify the scope of this problem and to uncover trends not apparent in smaller 

data sets, in the present report we analyze retrovirus integration site (RIS) profiles from 

5 different clinical gene therapy studies and 3 preclinical models in toto, and in compari-

son with each other (3,8,15-20). Genome integration sites were analyzed with identical 

bioinformatics tools and aligned to the identical human or animal genome using NCBI 

BLAST tools. Species and study specific features were defined in relation to (i) genomic 

distribution of RIS before and after transplantation, (ii) relevance of common integra-

tion sites, (ii) vector targeted genes and their classifications using Gene Ontology and 

Ingenuity databases, and (iv) analogy and predictive potential of preclinical models for 

clinical applications.
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Material and Methods

Sequencing and integration site analyses

LAM-PCR, LM-PCR, bacterial cloning and Sanger sequencing were performed as previ-

ously described (21,22). The RIS datasets included were from a CML gene marking study 

(15), two SCID-X1 clinical trials (8,16), a CGD clinical trial (3) an ADA-SCID clinical trial 

(19), a pre-transplantation dataset from human CD34+ cells (20), a set of murine studies 

(17) and a rhesus macaque study (18). To verify data obtained using shotgun cloning 

of LAM-PCR products in bacteria, direct high throughput pyrosequencing of a single 

clinical trial was performed and compared to the results of the conventional cloning 

method. Comparisons were conducted using different cell fractions from all patients 

of the X-SCID, London, UK trial at variable time points. The RIS were determined by 

direct 454 sequencing (Roche) of LAM amplification products (23). To analyze different 

samples in parallel in one sequencing run, a fusion primer containing one of 24 distinct 

barcodes was used to amplify the conventional LAM-PCR product (24-26). The LTR- 

fusion primers and linker fusion primers (MWG Biotech, Ebersberg) were designed as 

recommended by Roche for amplicon sequencing and used at concentrations of 5.6 

pmol.

30-100 ng of purified LAM-PCR products were used as template for fusion primer 

PCR. PCR was performed by initial denaturation 2 minutes at 95°C followed by 11 cycles 

of 95°C for 45 seconds, 60°C for 45 seconds and 72°C for 1 minute, terminated by a final 

extension of 5 minutes at 72°C. 5μl of PCR product were visualized on a 2% agarose 

gel, and DNA concentrations of each PCR product were quantified (Nanodrop Tech-

nologies). The barcoded PCR products were pooled and sequenced with the 454 GS FLX 

platform (Roche). In the context of the European 6th framework project (CONSERT), 

we have developed an integration site database (LAM-PCR Database) that can store, 

reanalyze and update the location and associated features of retroviral vector integrants. 

The software trims, aligns, locates and annotates the genomic human or murine RIS. 

The sequences obtained were analyzed by uploading the reads as a FastA format to the 

LAM-PCR Database15. We have used NCBI BLAST for the alignment of the sequences 

on human (Build 35) or mouse (Build 37) genome assembly. The RIS of the primate study 

have only been aligned to the human genome. For the analysis of the SCID sequences 

obtained by 454 (Roche) high throughput sequencing we used the LAM-PCR Database 

with NCBI genome Build 36.2. The sequences are available in the database. User name 

and password should be requested from the corresponding author. The BLAST results 

for each sequence are given in supplementary Table 1.

15	 https://consert.gatc-biotech.com/lampcr/index.html
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Definition of CIS

The determination of CIS has been performed as previously described (27). In brief, 

we have measured the distance between individual integrants independently of being 

located in or outside of gene coding regions. 2 retroviral integration sites (RIS) form a 

CIS if they fell within a 30 kbp window. We call such an integration region CIS of 2nd 

order. A CIS of 3rd order bears 3 RIS in a 50 kbp window and a CIS of 4th order 4 RIS 

in a 100 kbp window. For CIS of 5th order or higher we assumed a window of 200 kbp. 

These definitions imply that a CIS of higher order always contains at least one CIS of 

lower order.

Gene Ontology analysis (GO) and Ingenuity Pathway Analysis (IPA)

To classify vector targeted genes according to GO terms and/or their interactions, for 

each RIS we classified the closest RefSeq genes interrupted by the vector or within 10 

kbp of the RIS. GO analysis was performed using the publicly available NIH-DAVID 

Bioinformatics resources16 (28,29) and IPA analysis using a license for the IPA bioinfor-

matics application, version 7.517. In these analyses, each gene was scored only once, even 

if multiple RIS were located within the gene or within 10 kbp of the gene.

Biostatistics

Computer simulations were used to derive datasets of 10,000 synthetic random 

integration events for each analysis. Comparisons between the observed and expected 

properties of experimental versus random RIS were made. To assess the randomness in 

the occurrence of common integration sites (CIS), we applied mathematical models of 

CIS formation accounting for the number of RIS, size of the genome, known insertion 

preferences and other parameters as previously described (27).

The comparison of the number of CIS before transplant and after transplant was 

analyzed using a modified Monte Carlo approach which adjusts for the differences in 

the number of integration sites in the two datasets. In brief, let npre and npost be the 

numbers of RIS before and after transplantation, and let RISpre and RISpost be the set 

of the exact positions of these RIS, respectively. In our analysis it turned out that npre < 

npost. Random samples of size npre were drawn repeatedly (10000 simulation runs) from 

RISpost, and for each of these samples the numbers of CIS of order 2,...,8 were counted. 

This yielded simulated distributions (n=10000) of the number of CIS (of each order), with 

which the observed numbers of CIS in RISpre were then compared to obtain p-values. 

This comparison was not biased by the differences in the sample sizes npre, npost because 

the random samples drawn from RISpost contained the same numbers of RIS as RISpre.

16	 http://david.niaid.nih.gov/david/ease.htm

17	 www.ingenuity.com
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The overrepresentation of gene categories affected by an insertion was examined 

using the output of the NIH-DAVID Bioinformatic resources software. Over-represented 

gene categories were determined by Fisher’s exact test, which compares the proportion 

of genes having at least one RIS and belonging to a particular category, with the propor-

tion of all genes that fall into this category. The results were adjusted for multiple testing 

using the Bonferroni correction of the p-values provided by the software. Note that this 

analysis presupposes that under the null hypothesis all genes have the same probability of 

being affected by a RIS. This is only an approximation, given that even in the special case 

of uniform distribution of the RIS this probability depends on the length of the genes.

Gene expression profiling

Umbilical cord blood (UCB) CD34+ cells from 6 donors were isolated and pooled into 2 

batches. They served as samples for RNA expression analysis. RNA was isolated using 

TriReagent (Sigma) following the manufacturer’s protocol. The mRNA expression levels 

were determined using Affymetrix U133 Plus 2.0 arrays and normalized as described pre-

viously (30). The normalized microarray values were sorted upwardly on expression and 

divided into 10 equally sized expression level categories (0–9). The presence of the gene 

closest to a vector integration site as identified by LAM-PCR analysis was determined 

in each expression category. For every gene symbol, the highest expression value of the 

corresponding probesets was used to determine the expression of that gene.

Results

Distribution of retroviral insertion sites (RIS) among the different studies

To compare the RIS of different studies with each other referring to the same anno-

tation of the human or mouse genome, all sequences were imported as raw FASTA 

formatted sequence data. Out of 3863 exactly mappable RIS, 1316 and 2547 RIS were 

derived from preclinical and clinical samples, respectively. 2711 RIS were determined in 

mature circulating blood cells or bone marrow samples after transplantation (1984 in 

clinical samples) and 1152 were derived from CD34+ cells present at the end of transduc-

tion, before transplantation (563 in clinical samples). 49% (1323 of 2711) of all RIS of 

post-transplantation samples and 53% (616 of 1152) of all pre-transplantation samples 

were located in the gene coding region of a RefSeq gene. When including the 10 kbp 

DNA region surrounding RefSeq genes that is probably equally relevant for insertional 

activation, we found roughly 3/4th (73%; 1979 of 2711) of all RIS in post-transplantation 

samples and 74% (850 of 1152) of pre-transplantation samples in or near a RefSeq gene. 

As expected from prior studies, a third of these integration sites were located within 10 

kbp around the transcription start site of the gene (Table 1).
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Presence of common integration sites (CIS) in human/primate pre- and post- 
transplantation samples

Comparative analysis of the 3441 RIS of the human/primate dataset including pre- and 

post-transplantation samples revealed that 45% (1547 RIS) were part of a CIS in at 

least one instance compared to 6.5% expected under a uniform random distribution 

of the RIS (P<10-5). The proportion of RIS involved in CIS post-transplant (37%, 839 

of 2289) was significantly higher than the corresponding proportion pre-transplant 

(20%, 232 of 1152) even after adjusting for the difference in RIS numbers between the 

pre- and post-transplant samples (P<10-5). The degree of integration site clustering in 

the human/primate post-transplant samples showed a further substantial difference 

to the pre-transplant cells. Of all RIS in CIS post-transplant, 41% (340 of 839) were 

involved in a CIS of 4th or higher order whereas only 11% (25 of 232) of all RIS involved 

in CIS from pre-transplantation samples were located in CIS of 4th or higher order 

even after adjusting for the difference in RIS numbers between the pre- and post-

transplant samples (P<10-4). Most CIS are affected by retroviral integration not only in 

other individual patients, but in more than one study (Table 2). Even when eliminating 

the very redundant CIS at the EVI1/MDS1 locus from the CGD trial, we observed that 

32% (724 of 2174) of all post-transplantation RIS were involved in CIS versus 20% of all 

pre- transplantation RIS (P<10-4).

Table 1. Distribution of retroviral integration sites (RIS) detected in murine, primate, human 
preclinical and clinical studies
Results are shown separately for each individual study and summarized. The number of mappable 
RIS identified before and after transplantation in each study is given as absolute numbers. The 
proportion of RIS located in different genomic regions is given as percentage of the total number. 
Only Refseq genes are considered. CML, chronic myeloid leukemia; X-SCID, X-linked severe combined 
immunodeficiency; F, French X-SCID trial; UK, United Kingdom X-SCID trial; ADA-SCID, adenosine 
deaminase deficient severe combined immunodeficiency; I, Italian ADA-SCID trial; CGD, chronic 
granulomatose disease trial; CD34+, human retroviral transduced CD34+ cells; Primate, non-human 
primate study; Mouse, murine study; Total; summary of all analyzed trials; post, post-transplantation; 
pre, pre-transplantation samples which contain CD34+ cells at the end of transduction, immediately 
before reinfusion; TSS, transcription start sites; kb, kilo base pairs; +/-, up-/downstream.

CML SCID
F

SCID
UK

CGD ADA-
SCID I

CD34+ Primate Mouse Total

Mappable RIS 40 554 560 722 671 589 305 422 3863
RIS pre - 96 265 - 202 589 - - 1152
RIS post 40 458 295 722 469 - 305 422 2711
RIS in gene, post 58% 42% 46% 57% 43% - 55% 45% 49%
RIS in gene, pre - 57% 52% - 50% 55% - - 53%
RIS gene region, post 73% 68% 70% 77% 71% - 73% 73% 73%
RIS gene region, pre - 75% 76% - 68% 75% - - 74%
RIS TSS post 23% 33% 33% 29% 39% - 27% 39% 34%
RIS TSS pre - 28% 37% - 28% 33% - - 33%
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Genes most frequently involved in CIS

In pre-transplantation samples, only one CIS of 5th order could be found around the 

gene FLJ10597, a zinc finger protein with unknown function. 4 of these RIS derived 

from 14 days expanded pre-transplantation cells and only one from cells directly after 

transduction. The other 22 RefSeq genes located in a CIS region of ≥ 5th order were 

found exclusively in post-transplantation samples. For 18 of these genes, evidence for 

direct involvement in tumor formation is available from previous mutagenesis stud-

ies (31). Of the 8 genes comprising CIS locations of ≥ 7th order (BCL2, RBM34, PCBP1, 

Table 2. Common integration sites (CIS) identified in post-transplantation samples of murine, 
primate and clinical studies.
A gene region was classified as a common integration site (CIS); CIS of 5th, 6th, 7th or higher order 
if 5, 6, 7, or more RIS were located in a 200 kb window independent of the study, in which the RIS 
were detected. The number of retroviral integration sites (RIS) contributing to a specific CIS, the 
corresponding study and the gene closest to the CIS are indicated. CIS locus, gene next to the CIS; 
CML, chronic myeloid leukemia; X-SCID, X-linked severe combined immunodeficiency; F, French 
X- SCID trial; UK, United Kingdom X-SCID trial; ADA-SCID, adenosine deaminase deficient severe 
combined immunodeficiency, Italian ADA-SCID trial; Primate, primate study; Mouse, murine study; 
numbers in brackets, murine integration sites near the same gene, due to different database versions 
direct comparison with human CIS is not possible.

CIS Locus CML XSCID F XSCID 
UK

CGD ADA 
SCID

Primate Mouse

CIS 5th order PSMA6 2 1 2
LOC152225 2 2 1
BACH2 1 3 1
DYRK1A 1 1 3
ZNF217 2 1 2
PTPRC 3 1 1
ESRRBL1 3 1 1
ANGPT1 3 1 1 (1)
LYL1 1 2 1 1
GSN 2 2 1
THUMPD1 2 1 1 1

CIS 6th order RUNX1 3 1 1 1
C14orf4 4 1 1
MN1 5 1
PDE4B 3 2 1
STAT3 3 1 2
BLC2L1 2 3

CIS 7th order BCL2 2 1 3 1
RBM34 2 2 2 1
MRPL36P1 3 2 1 1

CIS higher 
than 7th order PRDM16 36 (1)

MDS1/EVI1 2 79 1 7 19
LMO2 5 2 5 1
CCDN2 9 3
SETBP1 1 7 2
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PRDM16, MDS1/EVI1, LMO2, CCND2 and SETBP1) all were known as cancer promoting 

genes. Of these 8 genes, 5 have been associated with overt clonal expansion in clinical 

trials (3,7) (Table 2). All human and non-human primate in vivo studies showed inser-

tions affecting at least 3 CIS of 7th or higher order per 300 insertions studied.

Overrepresentation of distinct gene categories

We used gene ontology (GO) analyses to identify overrepresented functional gene 

categories within the RIS datasets, The combined GO analysis using all 9 available 

post-transplantation datasets yielded highly significantly overrepresented specific gene 

categories by Fisher’s Exact test after Bonferroni correction, including regulation of 

cellular processes, protein kinase activities and regulation of cell death (Table 3). By 

contrast, GO analysis of the individual pre-transplantation datasets did not detect 

significantly overrepresented gene categories.

Network analysis using Ingenuity Pathway Analysis (IPA)

To define specific physiological functions and networks included in the RIS datasets, 

we performed comparative Ingenuity Pathway Analyses (IPA). Ingenuity analysis also 

offers further insight into gene sets associated with specific diseases. In pre- and post- 

transplantation samples, RIS were mainly found in genes involved in hematological 

system development and functions. Hematopoiesis related gene classes were the only 

physiological category significantly overrepresented in engrafted cells, i.e. post-trans-

plantation samples

(Figure 1A).

Overrepresented “molecular function” gene categories in post-transplantation 

samples were “gene expression”, “molecular growth and proliferation”, “cell death”, “cell 

cycle” and other cellular growth related categories. In CIS genes, over representation 

of these categories was most significant. The most significant disease gene categories 

in the RIS dataset were “cancer” followed by “immunological disease”, “hematological 

disease” and “connective tissue disorders”.

Gene expression profiling of genes next to the integration site

Highly expressed genes have been found to be preferential targets for both gamma-

retroviral and lentiviral RIS in various in vitro and in vivo models (32,33). We carried out 

gene expression array analysis on umbilical cord blood (UCB) CD34+ cells, based on the 

hypothesis that cord blood CD34+ cells were likely to have a similar gene expression 

profile to the bone marrow CD34+ target cells in children with X-SCID, CGD or other 

gene therapy target diseases. Obtaining sufficient CD34+ cells from actual patients with 

these diseases or even from age-matched normal children to perform gene expression 

profiling is not feasible. We compared the full dataset of RIS within or located within 
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10 kbp of the retroviral integration site to gene expression of these sites in the UCB 

samples. Retrovirus integrations were found over-represented in genes expressed at 

high but not the highest expression levels. Genes located in CIS regions are expressed at 

a higher level than the average of all RIS, but genes involved in the CIS of highest order 

were expressed less than the average of the other CIS categories (Figure 2).

Predictive value of non-human preclinical data for clinical studies

To study potential overlaps between human and mouse integration sites and to deter-

mine possible CIS in homologous human and murine genomic regions, shared between 

both datasets, we translated the mouse gene names into human gene names with aid 

Table 3. Gene Ontology (GO) analysis
Genes of all studies with an insertion within the gene or the neighboring 10 kb were classified 
according to the biological process or the molecular function in which their proteins are involved. 
Results are divided in functional groups and classified regarding the enrichment score. System, 
indicates if the result is related with a biological process or the molecular function of the protein; 
Level, determines the specificity and coverage of the result. A low number indicates high coverage and 
low specificity and a high number indicates low coverage and high specificity; Gene category, specifies 
the gene class, in which the RIS were located; Count, number of genes of the corresponding gene class 
with an insertion hit; significance-values determined by Bonferroni adjusted Fisher’s exact test.

System Level Gene Category Count p-value
Functional Group 1 Enrichment Score 10.34
Biological Process 2 Regulation of cellular process 267 1.4x10-10

2 Regulation of physiological process 257 5.2x10-9

3 Regulation of cellular physiological process 250 1.7x10-7

Functional Group 2 Enrichment Score 6.67
Biological Process 4 Positive regulation of cellular physiological process 53 5.0x10-5

3 Positive regulation of cellular process 59 4.4x10-5

3 Positive regulation of physiological process 53 9.8x10-5

2 Positive regulation of biological process 64 2.9x10-5

Functional Group 3 Enrichment Score 6.34
Biological Process 4 Phosphotransferase activity, alcohol group as acceptor 79 1.7x10-4

4 Kinase activity 95 1.0x10-4

3 Transferase activity, transferring phosphorus-
containing groups

101 6.0x10-4

Functional Group 4 Enrichment Score 6.18
Biological Process 2 Death 61 2.3x10-5

3 Cell death 61 1.1x10-4

4 Programmed cell death 59 3.2x10-4

5 Apoptosis 58 2.5x10-6

Functional Group 5 Enrichment Score 5.42
Biological Process 4 Regulation of programmed cell death 42 1.1x10-3

5 Regulation of programmed cell death 42 3.4x10-3

5 Regulation of apoptosis 41 7.7x10-3

Functional Group 6 Enrichment Score 4.68
Biological Process 3 Negative regulation of cellular process 68 6.7x10-4

2 Negative regulation of biological process 70 3.4x10-4

4 Negative regulation of cellular physiological process 58 4.0x10-2

3 Negative regulation of physiological process 58 5.5x10-2
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of the NCBI Matchminer (34) and the clone ID converter (35). 104 RIS (25%) of murine 

integrations were located within a 100 kbp region of human and non-human primate 

genes (pre and post) harboring RIS. When we determined the CIS separately in the 

mouse dataset we could show that 22% (92 RIS) of all integration sites were located in 

CIS. 19 RIS in mice could be identified in the EVI1 gene locus (supplement table 2). Of 

all mouse RIS, 44 (10%) were located in or near a gene of a human/non-human primate 

CIS. Insertions from primate models were looked up directly in the human database to 

allow the direct comparison of the integration sites between human and primates. This 

is possible due to the high degree of identity between these two genomes. The recent 

publication of the rhesus genome also now allows direct mapping of RIS to the actual 

species genome, however for comparisons with human RIS, use of the human genomic 

sequence allows direct comparisons and better annotations of genes and other genomic 

features, which is much less fully developed in the rhesus draft genomic sequence. The 

comparison of retroviral integration sites between non-human preclinical and human 

clinical studies showed a large overlap. 77 RIS (25%) of the primate study could be local-

ized in human CIS including EVI1 as the only CIS locus ≥ 5th order. In primates, 7 RIS 

were located in this genomic region.

Human in vivo insertion inventories with pyrosequencing technology

To investigate whether standard LAM-PCR analysis followed by shotgun cloning of PCR 

products in bacteria identifies the full spectrum of RIS efficiently, we reanalyzed materials 

from the British XSCID study with new high throughput pyrosequencing technology on 

samples derived from all 11 patients at different time points after transplantation. Sequenc-

ing reactions were carried out in 5 different runs with the 454 GS FLX platform (Roche). In 

Deichmann et al, Figure 1

Figure 1. Ingenuity pathway analysis (IPA). Genes of post-transplantation samples of all studies with an 
insertion within the gene or in the neighboring 10kb were classified according to physiological function. 
The x-axis indicates the category to which the analyzed genes contribute. We show only the significant 
categories. . For each analyzed gene group the statistical significance (Bonferroni corrected Fisher’s exact 
test) of overrepresented genes in a pathway is given on the y-axis.
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Figure 2. Comparison of CIS occurrence and gene expression in human target cells. (A) The log2 
expression values of all genes on the U133 plus 2.0 microarray chip compared to the genes with a 
retroviral integration site (RIS) within 10 kb and to the genes involved in a common integration site (CIS) 
of different orders. (B) The expression values of the genes with an insertion in or in the neighboring 10kb 
identified in post-transplant samples from all studies are plotted. The relative expression level of genes 
with nearby RIS is indicated as blue vertical lines on a line representing the relative expressions for all 
genes retrieved from the U133plus2 microarray. The x-axis indicates the genes present on the U133plus2 
microarray chip. The y-axis determines the relative expression level. (C-H) The gene expression values 
of genes identified as CIS are plotted and shown separately according to number of hits. The expression 
level of the genes involved in CIS is indicated as blue triangles on a line representing the relative 
expression of all genes retrieved from the U133plus2 microarray. The x-axis indicates the genes present on 
the U133 plus 2.0 microarray chip. The y-axis indicates the relative expression level. All genes, expression 
level of all genes on the U133 plus 2.0 microarray chip; CIS 2, 3, 4, 5, 6, or 7, common integration site of 
2nd, 3rd, 4th, 5th, 6th, or 7th order; CIS 2, 3, 4, 5, 6, 7 hits, CIS of 2nd, 3rd, 4th, 5th, 6th, or 7th order.
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total we collected 224,457 reads. After aligning the sequences against the human genome 

assembly (Build 36.2) via NCBI BLAST and removing short sequences, sequences with 

incomplete or without LTR sequences and double sequences, we obtained 3625 mappable 

RIS. The RIS distribution per patient, at specific time intervals relative to transplantation 

and in specific cell lineages is shown in Table 4. Of these RIS, 483 (13%) could be detected 

Table 4. Pyrosequencing results of the British X-SCID study. Shown are the number of sequence reads 
obtained, and the unique integration sites then identified on each sample. The samples differ in days 
after transplantation and analyzed cell type.

Patient Days after 
transplantation

Cell fraction Total 454 reads Unique RIS per 
sample

1 430 CD3 7754 158
588 CD3 14114 522

2001 Neutro 5698 10
2001 PBMCs 12438 550

2 292 CD3 9525 12
404 CD3 5727 40

3 159 CD3 5005 44
259 CD3 8180 83
488 CD3 2228 66
793 CD3 5246 44
1581 PBMCs 11112 123

4 357 CD3 2332 20
1693 PBMCs 12269 267

5 49 PBMCs 5694 11
6 236 CD3 5440 61

1091 CD19 1414 1
1091 CD3 9573 9
1091 CD56 1902 3
1091 Gran 2054 0
1091 Mono 65 2

7 84 CD3 2527 2
8 180 CD3 7199 19

362 CD3 3159 10
539 CD3 2555 51
717 PBMCs 10533 206

Post chemo PBMCs 7054 600
9 89 PBMCs 9910 203

166 CD3 5107 25
166 CD19 269 1
166 Gran 322 0
166 Mono 514 0
545 PBMCs 13816 307

10 215 CD19 191 1
215 CD3 2385 11
215 CD56 8870 12
215 Gran 515 3
215 Mono 77 0
441 PBMCs 8154 105

11 1219 PBMCs 13530 43
Total 224457 3625
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at more than one time point or in more than one lineage. If we subtract these double RIS 

we identified 3142 unique RIS (supplement table 3). We compared the 3142 pyrosequenced 

RIS with the 295 RIS identified using Sanger sequencing on post-transplantation samples 

samples from the same patients. 77 RIS (26%) identified by Sanger sequencing were 

also identified via 454 pyrosequencing technology, suggesting that the pyrosequencing 

approach yields similar results to Sanger sequencing. As not all of the original LAM-PCR 

products could be resequenced by 454 because of lack of material, we could not carry 

out a formal comparison of the relative efficiency of each method. However, the large 

number of RIS identified via high throughput sequencing impressively demonstrates the 

extent of the clonal inventory. 404 RIS (13%) of the pyrosequencing samples and 230 (15%) 

RIS involved in CIS could be detected more than once at different time intervals.

Concerning the occurrence of common integration sites in these pyrosequenced 

samples of one trial, we detected 1560 RIS (50%) in such CIS compared to 187 (6%) expected 

under a uniform distribution (P<10-5). If we examined only the RIS located in CIS, we found 

710 (46%) in CIS ≥ 4th order, 534 (34%) in CIS ≥ 5th order and 404 (26%) in CIS ≥ 6th order. 

Among the 505 genes involved in CIS, 34 (7%) are listed in the human cancer gene census 

database18 and 192 (38%) in the mouse Retrovirus Tagged Cancer Gene Database (RTCGD) 

(36). Higher order CIS have a higher percentage of genes listed in these two cancer gene 

databases. In CIS ≥7th order, 8 (26%) of the 31 genes are listed in the CGC and 20 (65%) in 

the RTCGD database (Table 5). The genes involved in CIS ≥ 7th order are listed in table 6. 

20 of the 31 genes were CIS genes also in the comparative analysis, and 10 also occurred in 

the British Sanger sequenced samples (Table 6). Ingenuity analysis of the pyrosequencing 

samples confirms the results of the comparative meta-analysis. Gene expression profiles 

of the closest genes show comparable results to the combination analysis of clinical trials 

(supplement Figure 1). In the higher order CIS we still see some spread into lower and 

higher expression levels. CIS were not uniformly associated with high expression levels.

18	 http://www.sanger.ac.uk/genetics/CGP/Census/

Table 5. Presence of cancer genes near integration sites. The sample “all RIS” contains all closest genes 
in the 10 kb surrounding of a retroviral integration site (RIS). CGC: Cancer gene census; this database 
of the Cancer gene project contains 384 human cancer genes; RTCGD: Retrovirus Tagged Cancer Gene 
Database; this database contains 3381 mouse genes affected by retroviral integration.

Sample Genes in 
dataset

CGC genes 
found

% of CGC 
genes

RTCGD genes 
found

% of RTCGD 
genes

All RIS 1628 63 4% 450 28%
All CIS 505 34 7% 192 38%
CIS 2nd order 292 10 3% 92 32%
CIS 3rd order 88 5 6% 31 35%
CIS 4th order 44 6 14% 23 52%
CIS 5th order 26 3 12% 14 54%
CIS 6th order 24 2 8% 12 50%
CIS ≥ 7th order 31 8 26% 20 65%
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Discussion

Because of the limited number of subjects in clinical phase I trials, and the small animal 

hosts of preclinical gene therapy models, single trials can only furnish small clone num-

bers and limited statistical evaluation on how intensively the integration site preferences 

of retrovirus vectors and their clonal selection in vivo influences functional integrity and 

Table 6. Common integration sites (CIS) of 454 X-SCID samples and comparison with Sanger CIS. 
A gene region was classified as CIS of 7th, 8th or 9th order if 7, 8 or 9 RIS were located in a 200 kb 
window. Shown are all genes of the pyrosequencing analysis of the British X-SCID samples in CIS 
regions composed of 7 or more RIS. The column “CIS in comparative analysis” shows, in which order 
of the comparative study the gene has been found, the last column shows how many RIS contributing 
to these CIS were found in the original British X-SCID analysis performed via Sanger sequencing. 

CIS order Gene CIS order in 
comparative analysis

X-SCID UK Sanger 
sequencing

7th PTPRC 5th 1 RIS
ANKRD44

MAML3
PIM1 2nd 1 RIS

ANGPT1 5th 
MRVI1
ZNRF1 2nd 

PRKCBP1 4th 3 RIS
PLCB4 2nd 
RUNX1 6th 1 RIS

C20orf94
8th ENSA

MRPL36P1 7th 1 RIS
FOXP1 2nd 
STK10 2nd 1 RIS
TRIO
NINJ2

9th LOC283551 3rd 1 RIS
≥10th TOMM20

MLLT3 4th 1 RIS
HMGA2 2nd 1 RIS
BCL2L1 4th 2 RIS
MDS1 ≥9th 
LMO2 ≥9th 
ETV6 2nd 

ZNF217 2nd 
PACSIN2
BTN3A1
PSMA6 5th 
GPR97

PRKCB1 2nd 
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fate of the targeted cells. Differences in annotations of the mammalian genomes used 

for mapping, differences in parameters used to define and map “true” integrations and 

differences in bioinformatic and statistical approaches to data analysis have thus far 

prevented true comparative evaluation of separate studies. We reasoned that comparing 

and pooling of data from all available RIS datasets of important clinical and preclinical 

gene therapy trials should allow to significantly extend the insight into the integration 

preferences of retroviral vectors, and relate the likelihood of clonal dominance to the 

types of insertions that can be found. We performed a comparative bioinformatical 

analysis that overcomes technical limitations by realigning the raw sequence data of 

all relevant preclinical and clinical large gamma-retroviral RIS datasets resulting from 

transduction of primitive hematopoietic stem and progenitor cells (HSPC) to an identi-

cal build of the species’ genome. The combined view of the resulting large information 

set encompasses data from 24 individual patients, 1 normal donor, 142 mice, 23 primates 

and 1 in vitro set of transduced cells with a combined content of 3863 insertions. Retro-

virus vector insertions were not at all randomly distributed, and had far more influence 

on the biological fate of engrafted cells than had initially been anticipated.

Across all datasets, the affinity of the viral insertion repertoire to genes was quite 

surprising. When analyzing both human and non-human primate datasets obtained 

from post-transplant samples, we found that approximately 75% of RIS were located in 

or within 10 kbp of RefSeq genes. A similar frequency of integrants located in and/or 

near RefSeq genes also held true in pre-transplant samples, reflecting a very high affin-

ity of gamma-retroviruses for these genomic regions (37). Common insertion sites (CIS) 

affecting the same genomic region in different cells of the same or different individuals 

provide a simple but highly effective statistical tool to demonstrate non-randomness 

in the distribution of insertions. CIS allow to determine possible sites of functional 

deregulation in a background of sites without such effects (27,37,38). With a larger group 

of insertions, the increased likelihood of detecting those integrations closer to each 

other has to be distinguished from true CIS.

Event with this statistical correction, CIS analysis unveils several very strong biologi-

cal consequences of vector biology. The frequency of CIS was much higher than can 

be statistically anticipated based on the gene preference of MLV derived vectors alone. 

Our analysis of the pooled datasets indicates that more than 40% of gamma-retroviral 

RIS in engrafted hematopoietic cells are in common genomic regions. CIS regions were 

predominantly identical between independent studies, even when conducted in differ-

ent species, with their overall target area representing a very small fraction of the entire 

genome. The majority of frequently affected (“higher order”) CIS genes are known to 

promote cellular transformation from the RTCGD and CGP cancer gene databases (36), 

and have been found activated by gamma-retroviral insertion in preclinical (14,39,40) 

and clinical studies (3,6,41).
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In pretransplantation samples, the proportion of 2nd order CIS was more than 

10-fold higher than the expected random value calculated. Assuming that it is unlikely 

that short term transduction culture selects growth-impacting RIS in only 72-96 hours 

(39), the number of pretransplantation CIS may point to a preference for specific gene 

regions already at the time of transduction, which could be due to differences in the 

accessibility of genes to vector integration or due to the presence of transcription fac-

tors that facilitate integration into these specific genomic areas (20). Regulatory viral 

LTR elements present in the pre-integration complex can bind a variety of transcription 

factors (42-44) and may preferentially target vector integration to specific elements 

present in gene coding regions, regulatory regions and near transcription start sites.

When we scored CIS occurrence in vivo over time, the development of overrepresen-

tation in particular CIS made evident that the presence of a vector insert in CIS strongly 

influences clonal expansion. After engraftment, the number of CIS of 2nd order increases 

to more than 35-fold higher than expected. For CIS of >4th order, the observed value 

is more than one- million-fold higher compared to the expected value. Much specula-

tion has been published that highly overrepresented insertion loci might be related to 

a particular underlying clinical condition, a vector design feature or transgene effects 

(3,8,13,16). Our data do not fully support this hypothesis. We found that prominent CIS 

(i.e. of 5th to 7th orders) are targeted by gamma-retroviral integration in many data sets, 

indicating that the mechanism of selection is not restricted to particular constellations 

in single trials. However, some of these studies might share characteristics relevant for 

the interpretation of this finding. These include a selective advantage resulting from 

transgene expression at different levels, different types of immunodeficiency that influ-

ence bone marrow and immune function, and specific vector elements.

If CIS are a statistical indicator of clonal in vivo selection, we hypothesized, ranking 

the most frequently encountered CIS should predict which loci most likely produce 

clinically symptomatic manifestations of insertional mutagenesis (36). Strikingly, the 

top five most frequent CIS are exactly those loci associated with clinically-relevant 

adverse insertional side effects that have occurred in clinical retrovirus gene therapy: 

LMO2, MDS1/EVI1, PRDM16, SETBP1 and CCND2. Moreover, MDS1/EVI1 is definitely a 

preferred integration region in mice and primates. These frequent CIS also show the 

most pronounced difference in occurrence before and after transplantation. Ongo-

ing clonal selection after engraftment demonstrates the power of biological effects 

resulting from vector integration. Not a single of the higher order CIS detectable after 

engraftment in vivo affected a RIS detectable in the pre-transplant samples, indicating 

a strong disparity between the biology of in vitro integration preferences in a predomi-

nantly non-engrafting progenitor cell population and the biology underlying insertion, 

engraftment and then selection of in vivo repopulating stem cell compartment.
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While the development of a leukemia depends on secondary events, which are not 

yet well understood (12,40,45), our data aptly demonstrate that functional effects of 

mutagenesis in the CIS gene regions as a first event is not related to single, happenstance 

insertions into particular codons. Insertion locations in a particular CIS often differ by 

tens of thousands of base pairs. Therefore, their biological effects are not likely caused 

by direct mutagenic effects on the primary sequence, but rather result from changing 

the resident gene’s activity by enhancer interference, trans-splicing or incapacitation 

of the original gene’s transcript. For a stratification of CIS according to gene func-

tion, involved gene loci were assessed by Gene Ontology (GO) analysis and Ingenuity 

Pathway Analysis. GO analysis revealed significantly overrepresented gene categories in 

post-, but not in pre-transplant samples. These genes involved in regulation of cellular 

processes or cell death. The proteins are likely to involve kinase- or transferase activity. 

This difference between pre- and post-transplant samples is further corroboration that 

the biological function of the gene adjacent to the integration locus is responsible for 

cell fate and in vivo selection. Ingenuity analysis revealed that vectors integrate in genes 

involved in physiological functions of the hematopoietic system, a preferred integration 

already evident before transplantation. Therefore, this feature is likely characteristic of 

the retroviral integration process related to the gene expression pattern present in the 

hematopoietic target cells at transduction (46).

Integration in expressed genes was indeed highly overrepresented when comparing 

expressed genes in umbilical cord blood (UCB) CD34+ cells to RIS in our datasets. The 

expression levels of CIS genes were not necessarily in the highest categories. In non- 

transduced target cells, genes of the most frequent CIS (i.e. of highest orders) expressed 

even less than other CIS genes, emphasizing that despite pre-existing gene expression, 

additional gene activation by insertion could indeed still be a decisive selection deter-

minant in CIS.

Our comparative analysis elucidates a surprising degree of primary and selected 

retroviral integration preferences. Depending on the function of the activated genes, 

in vivo selection of clones following engraftment is substantial. These observations are 

very important for further gene therapy trials with retroviral and other insertional vec-

tors. Obviously, this feature may positively influence the therapeutic success of gene 

therapy by favoring vector-containing clones over non-transduced cells, but may come 

at the expense of an increased incidence of progression to abnormal clonality, overt 

myelodysplasia or leukemia.

Quantitative determination of CIS is a valuable tool for the identification of the 

genomic context in which adverse events are more likely to occur (39). Prior to the 

clinical utilization of new vectors, it appears both necessary and feasible to assess safety 

with a large scale RIS analysis from preclinical in vitro and in vivo models using high 

throughput screening of transduced cells. The complete congruence between the most 
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frequent and the most troublesome CIS shows that prospective insertion site repertoire 

studies would allow detection of potentially risky sites and predicting the likelihood 

of clonal changes related to vector activity before these become symptomatic as seri-

ous adverse events. An acceleration of the integration site analysis procedure could in 

future result in a prospective analysis of the genomic integration site distribution by 

identifying relevant loci before transplantation of the gene modified cells in clinical tri-

als. Avoiding the reinfusion of clones with insertions in the most frequent CIS locations 

might be all it would take to render the likelihood of insertional side effects very low. 

CIS might also help to define genes whose temporary expression can foster engraftment 

and expansion of stem cells in a clinical setting.
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Supplement Figure 1: Comparison of CIS occurrence and gene expression in the British X-SCID study after 
pyrosequencing. (A) The log2 expression values of all genes on the U133 plus 2.0 microarray chip compared 
to the genes with a retroviral integration site (RIS) within 10 kb and the genes involved in a common 
integration site (CIS) of different orders. (B) The expression values of the genes with an insertion in or in 
the neighboring 10kb identified in post transplantation samples from all studies are plotted. The relative 
expression level of genes with nearby RIS is indicated as blue vertical lines on a line representing the 
relative expressions for all genes retrieved from the U133plus2.0 microarray. The x-axis indicates the genes 
present on the U133 plus 2.0 microarray chip. The y-axis determines the relative expression level. (C-H) The 
gene expression values of genes identified as CIS are plotted and shown separately according to number 
of hits. The expression level of the genes involved in CIS of a certain order is indicated as blue triangles on 
a line representing the relative expressions for all genes retrieved from the U133 plus 2.0 microarray. The 
x-axis indicates the genes present on the U133 plus 2.0 microarray chip. The y-axis indicates the relative 
expression level. All genes, expression level of all genes on the U133 plus 2.0 microarray chip; CIS 2, 3, 4, 5, 6, 
or 7 and more, common integration site of 2nd, 3rd, 4th, 5th, 6th, or >7th order.
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Supplement Table 1: Table of insertion sites (RIS) of Sanger sequenced samples. Given are the insertion 
sites and their location to the next Refseq gene. NCBI RIS locus: Exact gamma-retroviral integration site; 
TSS: Transcription start site; 5’ TSS [bp]: Distance to the TSS in bp if the RIS is located outside the gene 
at its 5 prime end; 3’ TSS (in gene) [bp]: Distance to the TSS in bp if the RIS is located within the gene; 3’ 
Gene [bp]: Distance to the Transcription stop site if the RIS is located outside the gene at its 3’ end; Time: 
Time point of sample collection in weeks (w), days (d) or years (y), after transplantation (post) or before 
transplantation (pre). (Due to its size, supplemental table 1 is provided digitally)

Supplement Table 2: Identical integration regions between mouse and human/primate dataset. Given 
are the mouse insertion sites which correspond to one or more RIS in areas up to 100 kb around the 
same gene of the human / non-human primate dataset. NCBI RIS locus: Exact gamma-retroviral 
integration site; Identical region with human/primate: Indicated is whether the gene is found only 
once in the human/non-human primate dataset (RIS) or to which kind of CIS it belongs. pre: RIS from 
pre-transplantation samples; post: RIS from post-transplantation samples. (Due to its size, supplemental 
table 2 is provided digitally)

Supplement Table 3: Table of insertion sites (RIS) of 454 sequenced SCID UK samples. Given are the 
insertion sites and their location to the next Refseq gene. NCBI RIS locus: Exact gamma-retroviral 
integration site; TSS: Transcription start site; 5’ TSS [bp]: Distance to the TSS in bp if the RIS is located 
outside the gene at its 5 prime end; 3’ TSS (in gene) [bp]: Distance to the TSS in bp if the RIS is located 
within the gene; 3’ Gene [bp]: Distance to the Transcription stop site if the RIS is located outside the gene 
at its 3’ end; Source: Cell samples for the determination of RIS; CD3: early T-cells; Neutros: neutrophil 
granulocytes; PBMC: peripheral blood mononuclear cells; CD19: B lymphocytes; CD56: T cells and 
natural killer cells; Mono: mononuclear cells, Gran: granulocytes; Time: Timepoint of sample collection 
in days or after chemotherapy (post-chemo). (Due to its size, supplemental table 3 is provided digitally)
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Abstract

Gamma-retroviral vectors have been used successfully to deliver transgenes into 

hematopoietic stem cells in gene therapy trials for X-linked SCID and ADA-SCID, but 

efficacy in X-SCID also resulted in a relatively high frequency of insertional mutagenesis 

resulting in leukemia. The frequency of retroviral malignant transformation based on 

cell line studies has been estimated at approximately 2.2x10-7 per transduced cell. To 

examine the in vivo incidence, we transduced BALB/c donor bone marrow cells with 

either wtStat5-IRES-EGFP or IRES-EGFP amphotropic gamma-retroviral vectors with 

an MOI of 1 and monitored irradiated α-thalassemic BALB/c mice transplanted with 

the transduced cells for up to 342 days after which bone marrow was transplanted into 

secondary recipients. In 313 mice, leukemia developed with a median latency time of 

383 days post primary transplantation. Immunophenotyping identified 8 myeloid, 10 

B cell and 3 T cell leukemias, and 3 of a less well defined phenotype. There was no 

significant difference in leukemia incidence or phenotype between the recipients of 

wtStat5 IRES-EGFP and control IRES-EGFP transduced cells. Overall frequency after 

retransplantation was 1.5x10-6 per transduced cell, considerably higher than previously 

predicted, whereas primary transplantations yielded a frequency of 1.9x10-7. Integra-

tion analysis revealed no specific relation between insertions retrieved from mice with 

malignancies compared to the entire dataset of insertions.
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Introduction

Gamma-retroviruses integrate their genome stably into host cells and gene therapy 

vectors based on these viruses can be used to integrate therapeutic genes resulting in 

persisting presence of a transgene. This is however not without risk, since replication 

competent gamma-retroviruses are known to cause leukemias in mice (1,2) and replicat-

ing viruses have been used to elucidate genes that might cause leukemia when hit by a 

virus insertion (3-6). The viral vectors derived from these viruses retain this property, 

as has been demonstrated by leukemia development in mice (7,8) and in macaques (9).

These retroviral vectors have been used in clinical trials to express adenosine deami-

nase (10,11) or IL2RG (12,13) in patients that carry dysfunctional copies of these genes and 

suffer from severe combined immunodeficiencies. In otherwise very successful clinical 

trials for X-linked SCID performed in Paris and London, 5 children transplanted with 

replication-defective retrovirus containing the IL2RG gene, developed leukemia (14,15). 

Although insertional oncogenesis by retroviral integration is predicted to be rather 

rare, for gamma-retroviral insertions on a per cell basis 2x10-7 (16) to 10-9 for lentiviral 

vectors (17), in a clinical setting, 5-20 million (12) transduced hematopoietic progenitor 

cells are transplanted. Using the incidences and transplanted cell numbers above, the 

number of potentially leukemic clones can estimated to be as large as 4-5.

Detailed analyses of the effect of expressing IL2RG on the HSC that occurred in the 

wake of the leukemia that occurred in the clinical trials showed that the onset of leuke-

mia could very well be initiated by the signaling molecule IL2RG itself (18,19) although 

this notion was debated by others (20-22).

To analyze the potential risk of leukemogenesis after retrovirus-mediated gene trans-

fer in more detail, we (23) and others (8, 24-27) analyzed retrovirus integration patterns in 

several experimental settings. The study described here was initiated to investigate the 

frequency of malignant transformation in a low dose viral vector transduction setting 

in mice, mimicking the preferred clinical setting of having low numbers of integrated 

vector copies per cell and was designed to consist of a primary transplantation followed 

by a retransplantation to allow a long term follow up using wild-type BALB/c mice.

Material & Methods

Experimental setting / background

The mice described in this study originate from 4 independent experiments in which 

the safety and efficiency of retroviral mediated gene transfer of a signaling protein. This 

study used wtStat5 as a transgene and EGFP as control. The retroviral vectors used were 

pLZRS-wtStat5-IRES-EGFP and pLZRS-IRES-EGFP (28). To analyze the clonal capacity 
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of the engrafted cells, cohorts of primary transplanted mice were killed and retrans-

planted into secondary recipients at several time intervals after transplantation to 

extend increase proliferative pressure on the transplanted cells and to extend the obser-

vation time of the experiments. Secondary recipients were transplanted at 117, 202, 206, 

245 and 342 days after the primary transplantation and, cohort sizes were 37, 34,10,10 

and 35 mice, respectively, Table 1). At the time the mice started to develop leukemia-like 

features (high white blood cell counts, enlarged spleen, low platelet counts), full analysis 

of the phenotype and virus integration pattern was performed in addition to a complete 

obduction and routine histological examination. Hematopoietic malignancies were 

found in 3 primary transplanted mice as well as in 21 mice carrying transgene and 9 mice 

that did not carry transgene after secondary transplantation. Bone marrow of these 

leukemic mice was retransplanted in sublethally irradiated recipients (6 Gy) to confirm 

the leukemias and to obtain purified clones of leukemic cells for further analysis.

Table 1. Overview of the four experiments comparing wtStat5-IRES-EGFP and IRES-EGFP expression 
in mice. In experiment 1, 2 and 3 escalating doses of transduced cells were transplanted. In experiment 
4 recipient mice were irradiated with 1, 2 or 3 Gy before receiving the transplant. The total number of 
transplanted cell as well as the number of transgene positive cells, as measured by FACS on the day of 
transplantation is indicated for each experimental group.

Mice transplanted per cell dose
Group Experiment Total no. 

of animals 
transplanted

106 3x105 105 3x104 104 Transplanted 
cells

Transgene+ 
cells in this 

group
EGFP 1 24 5 4 5 5 5 6.9x106 1.65x106

wtStat5 1 25 5 5 5 5 5 7.2x106 1.46x106

Control 1 39 0 0 13 13 13 1.82x106 0
EGFP 2 24 4 5 5 5 5 6.2x106 1.77x106

wtStat5 2 24 4 5 5 5 5 6.2x106 1.51x106

Control 2 29 0 0 9 10 10 1.3x106 0
EGFP 3 25 5 5 5 5 5 2.2x106 5.86x105

wtStat5 3 25 5 5 5 5 5 7.2x106 2.04x106

Mice transplanted per 
radiation Dose (106 cells each, 5x105 for controls)

0 Gy 1 Gy 2 Gy 3 Gy Transplanted 
cells

Transgene+ cells 
in this group

EGFP 4 20 5 5 5 5 2x107 3.9x106

wtStat5 4 20 5 5 5 5 2x107 2.8x106

Control 4 19 5 5 5 4 9.5x106 0

Total number 
of mice

Total number 
of cells

Total number of 
transgene+ cells

EGFP 93 35.3x106 7.9x106

wtStat5 94 40.6x106 7.9x106

Control 87 12.6x106

Total 274 88.5x106 15.7x106
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Animals and cells

Specific pathogen free (SPF), BALB/c mice, 8-12 weeks of age, were bred and housed 

under SPF conditions at the Experimental Animal Facility of Erasmus University (Rot-

terdam, The Netherlands) in conformity with legal regulations, which include approval 

by an ethical committee under Dutch law. BM of male mice was isolated by Percoll 

gradient centrifugation (Amersham Biosciences) and transduced using amphotropic 

(MLV) Phoenix pLZRS-IRES-EGFP or pLZRS-wtStat5-IRES-EGFP (MOI ~1) on retro-

nectin coated dished as described before (29) with an average transduction efficiency of 

23% EGFP+ cells. These cells were then transplanted in different doses (104, 3x104, 105, 

3x105 and 106) into 274 (93 in the EGFP group, 94 in the wtStat5 group and 87 no-virus 

controls) female, α-thalassemic mice, that had been irradiated with 6 Gy total body irra-

diation (TBI) from a 137Cs source (Gammacell, Canada) before. A total of 8x106 transgene 

positive cells were transplanted in both groups. Monthly, the level of donor-chimerism 

was measured in the peripheral blood (PB) using the red blood cell size as a parameter 

(α-thalassemic mice have on average smaller erythrocytes compared to healthy BALB/c 

mice) (30). Furthermore, the level of EGFP in the erythrocytes, thrombocytes and leuko-

cytes was determined by flow cytometry (FACSCalibur, BD Biosciences) and clonogenic 

culture assays (CFU-C and BFU-E). Blood was obtained using retro-orbital puncture in 

isoflurane anesthetized mice, collected in EDTA tubes for small volumes (BD Biosci-

ence, San Jose, CA) and analyzed using a blood cell counter (ABC-VET, ABX Diagnostics, 

Montpellier, France).

Mice were considered leukemic when they were moribund, showed increased 

(>25x106 WBC/ml) white blood cell counts or thrombocytopenia or leukopenia and 

when retransplanted bone marrow or spleen cells gave rise to a leukemia in the second-

ary recipients.

Analysis of hematological malignancies

When mice were moribund, they were euthanized in conformity to the ethical guide-

lines of the Animal Experiment committee and Animal Welfare officer at ErasmusMC. 

At the day of sacrifice BM and spleen cells were analyzed for the presence of donor-

derived EGFP-positive cells in erythroid, leukocytic and thrombocytic lineages by 

flow cytometry. For phenotyping the peripheral blood, bone marrow and spleen cell 

isolates we used Ter119, CD4, CD8, CD11b, Gr-1, B220 c-Kit and Sca-1 antibodies (All 

BD Biosciences) and clonogenic culture assays (CFU-C and BFU-E). When transgene 

expression could not be determined, the presence of the virus LTR was determined 

by PCR, using primers designed against the LTR of the virus backbone (LTR_LZRS_L, 
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5’-CCAAAGCGGATATCTGTGGT and LTR_LZRS_R: 5’-AAGGCACAGGGT-

CATTTCAG-3’) using an initial incubation at 95°C, followed by 35 cycles of 95°C for 1 

min., 60°C for 45 sec and 72°C for 1 min, resulting in a 227 bp product when the virus 

LTR is present in the sample. In 3 cases, no expression of transgene was measured by 

flow cytometry, but the LTR sequences could be determined by PCR, possibly showing 

that a virus with a deleted genome was inserted or that the transgene was deleted after 

integration.

Hematological abnormalities found were confirmed by secondary or tertiary 

transplantations. To this end, 106 BM and/or spleen cells from the leukemic mice were 

transplanted into 5 6 Gy irradiated α-thalassemic recipients. The mice generally became 

moribund at 1 to 3 weeks after transplantation and were sacrificed. PB, spleen and BM 

cells were analyzed as described.

Integration analysis

We analyzed the genome – retrovirus boundaries as previously described (31) using 

LAM-PCR. In short, 500 ng DNA was amplified linearly for 100 cycles using a biotinyl-

ated primer (Eurogentec) designed against the virus LTR, after which the products were 

digested using Tsp509I or HpyCH4 IV (New England Biolabs). A complementary linker 

cassette was ligated (Fastlink Ligase, Epicentre technologies) and nested PCR with 

primers designed against the virus LTR and the linker cassette was performed.

A LAM-PCR based method, modified to be less sensitive so that predominant clones 

in the polyclonal sample could be detected more accurately, was also employed to ana-

lyze predominant clones in the leukemia samples. In this analysis 10 ng input DNA was 

used and an additional product clean-up using biotinylated primers and streptavidin 

coated magnetic beads (Kilobase binder kit, Dynal) was performed.

Integration annotation

Virus – genome boundaries were sequenced by ligation of the LAM-PCR amplicons 

into pCR4-TOPO plasmids (Invitrogen). One Shot® Competent E. coli (Invitrogen) 

were transformed with these plasmids and after overnight growth single colonies were 

picked and their plasmids sequenced. Each LAM-PCR product was oversampled at least 

3 times, to make sure that the dominant bands were recovered. The bacterial clones 

were sequenced at GATC (Konstanz, Germany). The resulting sequences were trimmed 

for linker, plasmid and LTR sequences. Sequences with evidence for LTR and linker 

sequences were considered of good quality and were masked for rodent and simple 

repeat sequences (using Repeatmasker19) aligned to the mouse genome (Build 36) using 

tools available in TFTargetmapper (Department of Bioinformatics, ErasmusMC, Rotter-

19	 http://repeatmasker.org
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dam, The Netherlands20). Genes within 100 kbp upstream or downstream of the virus 

integration as well as the genes closest to the virus integration were identified.

RCR analysis

The initial virus preparations were tested for the absence of replication competent 

retrovirus (RCR) according to Markowitz32. To do so, NIH 3T3 cells transduced with the 

virus stocks used in the animal experiments were cultured in DMEM +10% FCS for 14 

days, passaging cells every 3 days. Fourteen days after transduction supernatant of the 

transduced cells was collected, passed through a 0.45 mm filter and added to 5x105 NIH 

3T3 in the presence of 4 mg/ml polybrene for 24 hours, after which cells were cultured 

in DMEM + 10% FCS. When the cells reached confluency, they were trypsinized and 

analyzed for GFP expression by flow cytometry.

To show absence of RCR after in mice that presented with hematopoietic malignan-

cies, spleen cells of three mice that were found with hematopoietic malignancies were 

20 Gy irradiated and 3x106 cells were transplanted into 4-5 recipients. No leukemias 

were found after transplantation and a one-year observation period in the transplanted 

mice, demonstrating absence of replication competent leukemia-inducing virus.

Reverse transcriptase activity was determined in protein isolates of spleen cells of 

mice presented with hematopoietic malignancy as described (33). Mouse spleen cells 

were precipitated by centrifugation (1600 rpm, 5 minutes) and resuspended in 200 

ml protease inhibitor cocktail (Boehringer). The protein content was determined and 

samples were stored at –20°C. 10mg protein was incubated with 6 ng BMV template 

RNA (Promega), 10 nmol dNTP, 200 nmol MgCl2, 1.25 U AmpliTaq Gold (Applied Biosys-

tems), 4 U RNAseOUT recombinant ribonuclease inhibitor (Invitrogen) , 15 pmol of each 

primer and 5 pmol probe (Eurogentec) and 150 ng activated calf thymus DNA (Sigma).

The product of reverse transcription of BMV RNA was amplified in an ABI Prism 

7900 Sequence Detection System (Applied Biosystems) using real-time PCR (forward 

primer (5’)TCTTGAGTTAGACCACAACGTTCCT(3’), reverse primer (5’)TGCGCTT-

GTCTCTGTGTGAGA(3’) and a 5’FAM (6-carboxyfluorescein) and 3’TAMRA (6-carboxy-

tetramethyl-rhodamine) labeled probe (5’)TCTGCTCGAGGAGAGCCCTGTTCC(3’). 

PCR conditions were 30 minutes at 48°C followed by 40 cycles of 1 minute 94°C, 30 

seconds 60°C and 30 seconds of 72°C and a final 10 minutes of 72°C.

Protein samples from AM12 SF91 EGFP retrovirus producer cell lines were used as a 

positive control. Superscript II reverse transcriptase was used to calibrate the reaction 

in a range of 10-1 to 10-8 units reverse transcriptase. All tested samples had less than 

4x10-6 (range 6.8x10-9 to 3.2x10-6) units reverse transcriptase activity, compared to 5x10-5 

units for the virus producer cell line.

20	 http://tftargetmapper.erasmusmc.nl
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Results

Provirus associated hematological malignancies in long-term follow up of 
recipient mice.

Three hematological malignancies were observed in the primary transplanted animals, 

consistent with a minimum frequency of malignant transformation of 1.9x10-7 per 

transduced cell. (Table 2). To investigate the occurrence malignancies in more detail, 

BM of the primary recipients was transplanted into a total of 126 secondary recipients 

in total, equivalent to approximately 90% of the initial transgene positive cells trans-

planted into primary recipients. In the secondary recipients, we observed 21 mice with 

hematological malignancies (12 EGFP, 9 wtStat5) carrying the transgene and 9 with 

hematological malignancies in which the transgene was absent (Table 2). First, we set 

out to determine whether the expression of wtStat5 resulted in faster progression to 

malignancy or an increase in the number of cases. A survival analysis did not reveal sig-

nificant differences in survival time between wtStat5 IRES-EGFP or IRES-EGFP (Figure 

1A. log rank test, p=0.767). A similar result was obtained when analyzing the incidence 

of hematological malignancies in the wtStat5-IRES-EGFP or IRES-EGFP groups, where 

the number of cases was not significantly different between the groups (p=0.672 (Fisher 

Exact 2-sided), and neither was the phenotype distribution of the malignancies (Table 

3, p=0.518 (Chi square 2-sided). Representative micrographs of PB, liver and kidney are 

shown in Figure 2. We therefore concluded that the additional expression of wtStat5 

in these experiments did not result in differences in the occurrence of hematological 

malignancies and combined the data from both groups for further analysis. The median 
survival time of the mice that presented with hematopoietic malignancies was 378 days 

(range 105-556 days) after transduction.

In total we observed 33 malignancies. In 9 leukemias a provirus could not be detected, 

demonstrating that in these experiments a 2.7-fold excess leukemia incidence over 

background should be attributed to retroviral integration. In both wtStat5-IRES-EGFP 

group and the IRES-EGFP group, 8x106 transduced cells were transplanted (Table 1), 

which leads to an estimated overall frequency of malignant transformation of 1.5x10-6 

transduced cell (Table 2, wtStat5 1.38x10-6, EGFP 1.63x10-6).

Three of 187 primary transplanted mice with transgene developed malignancies, 

whereas the majority of events was observed only after secondary transplantation 

(Figure 1B).

Integration site analysis shows mono- and oligoclonal expansion

Retrovirus integration sites were identified by amplification and sequencing of the virus-

genome boundaries by LAM-PCR. The sequences were inspected for presence of both 

linker cassette and LTR primer presence after which they were aligned to the mouse 
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Figure 1. Survival analysis of mice transplanted with transduced cells with wtStat5-IRES-EGFP or 
IRES-EGFP. Plus signs indicate censored values without hematopoietic malignancy. (A) Survival after 
transduction, IRES EGFP shown as solid line, wtStat5-IRES-EGFP shown as a dashed line. (B) Survival 
after transplanation. The solid line indicates primary transplant recipients and the dashed line indicates 
the secondary transplant recipients. (C) Survival after transduction, compared between primary and 
secondary transplant recipients.

Table 3. Summary of the observed phenotypes in the mice with hematopoietic malignancies, 
indicating the numbers of mice in each group and the estimated incidence of leukemia. Incidence is 
reported as leukemias/total amount GFP positive cells.

n=313

Group Phenotype Number of mice Incidence

EGFP (n=162)

Myeloid 6

1.63x10-6B-cell 5
T-cell 1
Mixed/Unclear 1

WtStat5 (n=151)

Myeloid 2

1.38x10-6B-cell 5
T-cell 2
Mixed/Unclear 2
Total 24 1.50x10-6

n=92
Untransduced B-cell 1

Myeloid 1
Transduced Provirus negative 9
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genome using TFTargetmapper on database build m35 (April 2006). Only unambiguous 

BLAST alignments were considered virus insertion sites. Since the transductions were 

performed with MOI=1, we expected to obtain a low number of integrations per cell and 

predominantly clones carrying only one insertion. Since we could not exclude that the 

LAM-PCR procedure also amplified clones that did not contribute to the malignancy, 

we retransplanted the malignant cells in limited cell dose to dilute contaminating 

non-malignant cells and confirm the malignancy. In another approach, we reduced the 

amount input DNA for the LAM-PCR procedure to 10 ng to reduce the sensitivity of the 

method. The integration site analysis, together with the phenotype of the malignant 

clone in the peripheral blood/bone marrow, suggest that in most of the malignancies 

observed only monoclonal or oligoclonal integration was present.

Common insertions in Evi1 and RTCGD genes

In addition to the survival and leukemia occurrence described in this paper, we analyzed 

how gamma-retroviral insertions are influenced by gene expression of the target locus 

and whether the functions of the genes in the vicinity of the virus played a role. Since we 

observed hematopoietic malignancies in this study, we analyzed whether the insertions 

retrieved from mice that developed malignancies occurred more frequently in RTCGD 

Figure 2. Histological sections of peripheral blood, liver and kidney, for T, B and myeloid malignancies. 
Liver and kidney infiltrates are clearly visible. Liver and kidney sections are stained with hematoxylin and 
eosin. Peripheral blood smears are stained with May Giemsa Grünwald.
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genes, tumor suppressor genes or oncogenes. From the 135 insertion sites retrieved 

from all mice observed in these experiments, 88 insertion sites were also found in the 

diseased mice. Oncogenes and tumor suppressor genes were retrieved from Entrez 

Gene, and the comparison showed that in both datasets, Rab5c was the only annotated 

oncogene, while Zfpn1a1 was the only annotated tumor suppressor gene. When analyz-

ing the RTCGD, we observed 34 of the 88 insertion sites from diseased mice in the 

RTCGD, which is not significantly different from the 46 insertions out of the 135 sites in 

the entire dataset. We did observe insertions in Evi1 in several different mice (Table 4).

RCTGD genes or dominant clones are not causing faster progression

The over-representation of RTCGD genes in this dataset raises the question of the 

involvement of these genes in leukemia progression. We therefore analyzed the time at 

which the malignancies occurred and compared those with the RTCGD genes that were 

hit. (Figure 3a), in addition, we compared time and insertions that we identified using 

LAM-PCR with limited sensitivity. (Figure 3b). In the figure 3a, it is obvious that Evi1 was 

observed most frequently, but except for Rab5c, none of the RTCGD genes are uniquely 

associated with malignancies that occur earlier that the median survival (Figure 1C). 

The same holds for the insertions that were retrieved as dominant insertions using 

LAM-PCR with reduced sensitivity. (Figure 3b), although there was a significant higher 

amount of RTCGD genes found in the dominant clones than was observed in the entire 

dataset (Fisher exact test p=0.01)

Discussion

In the present study, we set out to analyze the effect of gamma-retroviral insertions 

in mouse bone marrow cells after transplantation. We compared vectors expressing 

wtStat5-IRES-GFP and IRES-GFP control vectors and did not observe any difference 

in the frequency of malignancies and phenotype distribution between the groups, 

showing that over expression of wtStat5 does not lead to an increase in malignancies. 

The frequency of malignancies with 3 of 187 mice after primary transplantation and an 

additional 21 of 126 mice after secondary transplantation is considerably higher than 11 

out of 92 mice in mice that were untreated and served as a background for spontaneous 

leukemia occurrence in the BALB/c background. The observed median latency 378 days 

after transduction, which points to the necessity of long term observation in studies 

that employ mice with a wild-type background. In studies in the Cdnk2a-/- mouse 

model, the latency of ~225 days is obviously shorter, but due to the high background of 

malignancies the differences between vectors, especially those with reduced oncogenic 

potential, might be difficult to analyze. The low background of malignancies in the 
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current study and the large number of transduced cells and mice involved allow us for 

the first time to reliably estimate frequency and latency of malignancies induced by 

replication defective gamma-retroviral insertion.

Looking closer into the insertion sites retrieved from the mice that developed leu-

kemias shows that a direct causal relation between insertions and leukemogenesis is 

very difficult to establish beyond doubt, even though we aimed to integrate only limited 

numbers of virus copies per cells. Analyzing dominant amplicons showed that the 
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Figure 3. Insertion site occurrence over time. Insertion sites for mice observed with malignancies in 
wtStat5-IRES-EGFP (diamonds) or IRES-EGFP group (circles). Mouse numbers (Table 2) are indicated in 
the symbols. (A) RTCGD genes observed in the mice with malignancies. (B) Prominent bands sequenced 
using LAM-PCR with reduced sensitivity. RTCGD genes are indicated in bold.
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clones carrying these insertions are not prone to faster progression to leukemia, similar 

to insertions in RTCGD genes.

In the current study, we did not find an increase or difference in lineage distribution 

between the wtStat5b transduced mice and the GFP control group. This is in contrast 

to studies in mice in which wtStat5 was over-expressed in the lymphoid compartment, 

which readily developed lymphomas (34). The expression and activation of Stat5 has 

been widely studied, since its constitutive activation in AML is caused by a FLT-ITD 

mutation (35,36). Furthermore, the absence of Stat5 and Stat1 reduces leukemia growth 

in cells over-expressing both MN1 and HOXA9 (37). The cellular effects of constitutive 

active Stat5 have been shown not only to occur in the nucleus, but also in the cyto-

plasm, where the activated Stat5 can interfere PI3K signaling (38). Earlier studies were 

performed where constitutive active Stat5 was expressed in CD34+ LSK or CD34- LSK 

cells, which showed that caStat5, when transduced into CD34-LSK, the more immature 

stem cell population of the mouse, resulted in a myeloproliferative disease, whereas this 

was not observed with CD34+LSK host cells (39). Taken together, Stat5 seems to act as a 

facilitator for leukemia development. The lack of effect in our study is interesting, since 

it shows that either the occurrence of a Stat5 specific collaborative event is not very 

likely or that the effect of gamma-retroviral insertion is more likely to result in leukemia.

We investigated the leukemogenic effect of a pLZRS based gamma-retroviral vec-

tor that transferred wtStat5 IRES EGFP or IRES EGFP into mouse BM cells. Since 

the expression of wtStat5 did not lead to an increase in the number of hematopoietic 

malignancies or the distribution of the malignancies observed, all data were pooled 

for further analysis. In our experiments analyzing 274 mice in the primary transplant 

cohort and 126 mice in the secondary cohort, we observed a 2.7 fold increase in the 

number of hematopoietic malignancies compared to the control group. We calculated 

that in the current study 1 in 700,000 transduced cells finally lead to a hematopoietic 

malignancy. The mean survival time of the mice carrying these malignancies was 383 

Table 4. Common insertions observed in the mice with hematopoietic malignancies. Unique 
insertions occurring near the same gene are indicated with their insertion site ID (ISID). 

Integration sites No. of integrations observed
ISID002 (no associated gene) 12
ISID119 (no associated gene) 9
Asprv1 7
Tmprss4, Rasa3, ISID017, ISID060 5
Evi1 (ISID013), Ccl4, ISID065, Elovl7 4
Evi1 (ISID001), NP_032627.1, Q3TBQ1, Scap2, Akap13, Cct5, Otud7b, 
Evi1(ISID089), Ttl

3

Evi1(ISID022), Otud7b(ISID047), Evi1(ISID061), Evi1(ISID069), Tmprss4 
(ISID073), ENSMUST86520, Evi1(ISID090), ISID091, Klhl1, Ccl4, 
ISID115, Ypel2, Fcrlm1

2

286 others 1
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days after transduction. This is expectedly longer than observed in retroviral leuke-

mogenesis studies in Cdnk2a-/- mice (40) where a mean survival of ~225 days after 

transduction was observed for the gamma-retroviral vector tested and much slower 

than leukemogenesis induced by replication competent gamma-retroviruses. It is 

also longer than observed before in C57Bl6 mice (194 days, 8 cases) (8). The shorter 

latency in the C57Bl6 mice could be attributed to the relatively high (>5) copy number 

used, contrasting our present study. The low MOI used in our study resulted in a low 

number of integrations per cell, which probably requires secondary events to create a 

leukemic phenotype. The existence of such secondary events has been shown in cells 

of a XSCID patient that received gene therapy (15). In the current model the second-

ary transplantation might provide additional proliferative pressure (41), which would 

explain the higher frequency observed. The frequency of the observed malignancies 

(1.5x10-6 malignancies/transplanted transgene positive cell) is about ten times higher 

than the mutation frequency of gamma-retrovirus in TF-1 cells (2.2x10-7) (16). It seems 

that in vitro studies of mutation frequency can be compared within the model, but do 

not necessarily predict the actual mutation frequency in mouse transplantation models.

High numbers of integrated vectors might lead to collaborative events that eventually 

might bring about malignancies (42). To adequately assess how often a single insertion 

would lead to a malignancy, it is important to study vector insertions in a low copy num-

ber setting. Our study therefore used MOI 1 to limit the number of insertions per cell. In 

the Cdnk2a-/- mouse model, the vector copy number was between 2 and 4, but the shorter 

latency can readily explained by the effect of the knock-out phenotype, since the mock 

transduced cells only survive 25 days longer on average than the mice with malignan-

cies brought about by the viral vector insertions. In the study presented here, the longer 

observation time might be helpful when analyzing optimized vector backbones such as 

self-inactivating gamma-retroviruses or lentiviruses. The accelerated onset of malignan-

cies in the Cdnk2a-/- model only allows analysis of very strong effects and milder effects of 

the integration of optimized backbones or lentiviruses will need even higher copy num-

bers (43). In clinical gene therapy protocols, such high vector copy numbers are unlikely.

Insertion sites are often related to genes involved in human cancer or previously 

retrieved gamma-retroviral insertions (44). The existence of single dominant clones 

in a sample is also considered a potential risk. We investigated whether mice carry-

ing insertion in RTCGD genes showed shorter survival than the average. Except for 

the insertion in Rab5c, which was found in after 189 days (mouse 2), the insertions in 

RTCGD genes did not seem to lead to faster progression to leukemia. By limiting the 

amount of DNA analyzed, we reduced the sensitivity of LAM-PCR to be able to detect 

dominant clones. The insertions detected using this approach, did also not show faster 

progression to leukemia. While the appearance of dominant clones over time might 
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leads to unfavorable results (45), it can also be a benign manifestation of clones with 

increased hematological fitness (23).

The in vitro studies investigating the leukemogenic effect of gamma-retroviral vector 

designs and the effect of internal promoters in the backbones are very effective and 

time efficient (17, 46-48), but are primarily dependent on the deregulation of a specific 

site such as Evi1 or Prdm16 (48) or Ghr (17), whereas a mouse transplantation study with 

long term observation allows the opportunity to analyze a much wider range of inser-

tions, as demonstrated by this study. Mouse transplantation experiments do also allow 

the analysis of different target cell types, such as more primitive hematopoietic stem 

cell fractions (23) or lymphoid cells (49). Mouse transplantation studies are therefore a 

meaningful addition to safety testing after initial assessment of the deregulatory effect 

of the virus in an in vitro setting.
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Abstract

Retroviral vector mediated gene transfer allows for therapy of monogenic diseases by 

introducing therapeutic genes into hematopoietic stem cells (HSC).This method of 

treatment was demonstrated in animal models for a variety of inherited diseases and in 

trials for human severe combined immune deficiency (SCID). The risks of therapeutic 

gene integration include aberrant expression of a neighboring gene, resulting at low 

frequencies (10-7-10-6/transduced cell) in oncogenesis. Mechanisms governing inser-

tional mutagenesis are subject of intensive ongoing studies, integration analyses with 

rapidly increasing data requiring automated bioinformatics. The presented web tool, 

Methods for Analyzing ViRal Integration

Collections (MAVRIC), takes a set of vector integration sequences as input and uti-

lizes BLAST to align each virus-genome boundary to a location in the genome and is 

available at http://mavric.erasmusmc.nl/. MAVRIC returns the nearest gene, distance to 

transcription start site, common integration sites and patterns of nearby gene expres-

sion based on our data for human CD34+ HSC analyzed on an Affymetrix U133 gene 

array. We used the integration data of the SCID gene therapy trials for evaluation of 

MAVRIC. The output demonstrates a specific gamma-retroviral integration pattern and 

illustrates how MAVRIC allows for direct multi-parameter comparison of integration 

patterns between different species, disease entities and viral vectors.
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Introduction

The availability of PCR based techniques (inverse PCR, LAM-PCR, LM-PCR, splinker-

ette PCR) to identify viral integration sites has lead to efforts to classify the relation-

ship between virus integration and leukemia when using replicating retroviruses (1-3) 

as well as in gene therapy to identify clonal dominance and insertional mutagenesis 

leading to oncogenic events (4,5). Further investigation into the integration profile of 

retroviruses and lentiviruses (6-8) has shown a relationship between the occurrence 

of insertional oncogenesis and the integration profile (8,9). Accurate analysis of the 

amplicon sequences retrieved after sequencing of the viral genome boundaries (10) is 

time consuming and sensitive to data processing errors. Furthermore, high throughput 

sequencing methodology quickly produces more sequences than can be reasonably ana-

lyzed using the available online tools. We therefore developed a bioinformatics pipeline 

aimed at high throughput data analysis for virus genome boundaries. Similar tools 

have been described (11,12) for alignment of genome virus boundary sequences, some 

providing exhaustive analysis of the genomic features surrounding the integrations (12). 

MAVRIC (Methods for Analyzing ViRal Integration Collections), automatically aligns 

input sequences to the human or murine genome using BLAST according to user-speci-

fied parameters and returns information on the genes surrounding the integration site. 

This paper outlines the design choices made in the process of developing the tools for 

virus integration analysis and investigates the sources of differences between analyses 

performed on the same datasets using different databases and analysis methods.

Methods

Integration analysis

The annotation workflow can be summarized as series of steps which consist of data 

clean up, integration site detection, and identification of the nearest gene(s) to the viral 

integration (Figure 1). The virus genome boundary sequences, without vector, plasmid 

or LTR sequences, are loaded as a FastA formatted file. Subsequently these genome 

boundary sequences are pre-screened using a locally running version of RepeatMasker21. 

The Repeatmasker algorithm screens sequences for repeats using cross-match, an 

implementation of the Smith-Waterman-Gotoh algorithm developed by Phil Green22. 

Simple repeats, tandem repeats, segmental duplications and interspersed repeats such 

as pseudogenes, retrotranscripts, SINEs, DNA transposons, retrovirus retrotransposons 

21	 www.repeatmasker.org, Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-3.0 1996-2004

22	 http://www.phrap.org/, University of Washington
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and non-retroviral transposons (LINEs) are masked by this algorithm. The user inputs 

the RepeatMasker criteria (species) and the minimum acceptable sequence length. Short 

sequences may return a large number of redundant, uninformative hits in the genome. 

To speed up the annotation process for large runs, we recommend using a minimum 

sequence length of 25bp. Next, the user selects the BLAST species and version to be used 

and the maximum acceptable e-value. The e-value threshold is used to speed up the 

annotation process by minimizing the number of uninformative alignments returned by 

BLAST. Most sequences, in addition to the lowest e-value hit, return a large number of 

hits with higher e-values (partial alignments, etc), which can slow down the annotation. 

The maximum E-value threshold can be set to 10 if the user wishes to view all the BLAST 

hits. Finally the user chooses which Ensembl version, sets the size of the window flanking 

the integration site to search for genes, and chooses whether or not to return only RefSeq 

genes (13). Ensembl is used as the source for annotation data, since it provides a Perl 

interface which eases collection of data after the alignments have been made. MAVRIC 

aligns the screened sequences in the genome via BLAST (Basic Local Alignment Search 

Tool (14), a fast algorithm that allows alignment of query sequences (DNA or protein) to 

a predefined database. It finds the largest subsection of the query and tries to expand it in 

both directions, assigning penalties for the creation of gaps or mismatches. Given a query 

sequence, BLAST identifies the best fitting alignment in addition to similar alignments 

with higher penalty scores. In MAVRIC, the user can select the maximum e-value to be 

Figure 1. MAVRIC workflow.
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returned, with the default maximum e-value set to 10-5. The alignments of integration 

sites identified by BLAST are subsequently annotated using data available from Ensembl.

Annotation of retrieved integration locations

Our tool generates two outputs for Ensembl hits: one file that contains every gene 

located within a user-defined distance of the integration site, and another file which 

only contains the gene whose 5’end is closest to the integration site. The surrounding 

genes are taken into account because previous studies on deregulation caused by viral 

promoters showed that the genes surrounding virus insertions can be deregulated as 

well as the closest genes. This effect was shown to occur as far as 500 kbp from a virus 

insertion (4,15). MAVRIC generates a histogram showing the distribution of distances 

from the integration site to the nearest gene transcription start site. It also lists com-

mon integration sites (defined as 3 or more hits for a given gene in the dataset) and a 

summary of the analysis parameters and excluded sequences.

Nearest gene expression level binning

To determine the relationship between viral integration and the expression of nearby 

genes in hematopoietic stem cells, the target cells for gene therapy trials in inherited 

disorders of the blood cell / immune systems, we annotated the genes closest to each 

viral integration site (VIS) with their expression in hematopoietic stem cells. For human 

cells, we used gene expression data obtained from CD34+ umbilical cord blood cells 

and for mouse cells we used Lin- Sca-1+ c-kit+ cells. Genes from the file containing the 

unique closest gene to each VIS are sorted according to expression level in CD34+ cells 

into 10 bins. MAVRIC creates a histogram displaying the number of VIS genes allot-

ted to each bin, giving an overview of the relation between gene expression level and 

integration frequency. Expression levels in human CD34+ cells and similar immature 

cells of mice were measured on an U133 plus 2.0 or Affymetrix Mouse 430 2.0 or gene 

arrays and compared to a random human integration data set generated by a perl script 

which chose a chromosome and bp integration site at random and located the nearest 

gene. The random dataset contained 1000 ‘integration sites’, with 864 of them within 

500 kbp of a human gene (Figure 4).

Results

Effect of RepeatMasker

Genomes contain sequences of interspersed repeats and regions of low complexity: 

repetitive sequences make up almost 50% of the human genome (16). These repeat 

regions cause difficulties when intersecting with a virus genome boundary sequence. 
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When multiple alignments retrieved by BLAST share the lowest penalty score, the 

sequence will not point to a unique place in the genome. Repeat sequences also cause 

the throughput of the BLAST alignment to decrease. We approached this problem by 

pre-screening the virus genome boundary sequences using the online tool Repeat-

Masker. RepeatMasker allows batch uploads of sequences and returns sequences with 

the desired repeats masked. This data can then be aligned using BLAST without the 

throughput penalties that repeat sequences normally introduce. The numbers of differ-

ent repeat consensus sequences varies between genomes and the user should indicate 

from which species their sequences are derived when selecting RepeatMasker. Figure 2 

shows an example of the impact of repeat masking on sequence lengths. Repeatmasking 

clearly shortens the sequences by removal of the repeated regions.

Differences in annotation between genome databases

The annotation of virus integration sites is dependent on the analysis parameters 

provided. Although the different databases (UCSC, Ensembl, NCBI) use the same 

underlying genomic information23, the annotations are slightly different. For instance, 

Ensembl24 utilizes an automated annotation pipeline, using mRNA and protein data, 

combined with manually reviewed curated data from the Vega project25 and reviewed 

protein coding transcripts from CCDS26 (17). Any integration dataset therefore depends 

on the annotation database used. Although the majority of the genes identified will 

23	 http://genome.ucsc.edu/FAQ/FAQreleases, although UCSC only uses the C57Bl/6J assembly

24	 http://www.ensembl.org/info/docs/genebuild/genome_annotation.html

25	 http://vega.sanger.ac.uk/index.html

26	 http://www.ensembl.org/info/docs/genebuild/ccds.html

A  B 
Figure 2. Changes in sequence length distribution caused by RepeatMasker. (A) The distribution of 
sequence lengths in the original data. (B) The distribution of sequence lengths after repeat masking.
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be identical regardless of the database, there might be some differences between the 

annotations possibly leading to different genes being assigned as the closest gene to an 

integration. For example, the Mecom locus, which has several splice variants for Evi1 

and Mds1, shows differences in annotation between NCBI, the UCSC genome browser 

and Ensembl (Supplementary figure 1, and Supplementary table 1).

The use of NCBI Reference sequences or broader annotation

The option to annotate only RefSeq genes has the advantage of returning only well 

described genes, but has the disadvantage of filtering out potentially interesting 

genomic features such as miRNAs, snRNAs and pseudogenes. In an analysis of a sample 

dataset (published ADA-SCID data described below), filtering for RefSeq genes resulted 

in only a 3.5% reduction in the number of sequences annotated but a 19.5% mismatch in 

the genomic features identified as nearest to the VIS (data not shown).

Performance Testing

The current application aligns 250 integrations per hour. This is suitable for moderately 

sized datasets with up to 500 sequences. The BLAST program can easily scale to be run 

in parallel (e.g. mpiBLAST), thus an increase in the number of processors (threads) avail-

able will directly result in a shorter analysis time. Therefore, we expect it will enhance the 

Table 1 a Number of integrations mapped and genes identified by NCBI build, using published ADA-
SCID as input. The consensus sequence is updated often, which can cause integration sites to be 
mapped to different places or to change the nearest gene. (b) Comparison of the genes linked to each 
viral integration site (VIS).The number of sequences with integrations is nearly identical, but there 
are some discrepancies in the Ensembl IDs of the genes linked to sequences. This means that the VIS 
occupies a slightly different place in the genome between the various builds. There are even greater 
discrepancies between gene names, indicating that the commonly used names for genes are subject to 
a great deal of turnover. Genome information and build dates were retrieved from ftp://ftp.ncbi.nih.
gov/genomes/H_sapiens/.

Human NCBI 34
(October 2003)

Human NCBI 35
(October 2004)

Human NCBI 36
(March 2008)

Number of integrations 
mapped

485 509 514

Number of genes 
annotated

442 465 470

Table 1b

34 vs. 35 35 vs. 36 34 vs 36
Number of matching 
sequences with VIS

484 504 481

Number of matching 
EnsemblIDs

381 415 360

Number of matching 
gene names

268 360 265
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performance of the application to increase the throughput when high throughput/deep 

sequencing results need to be analyzed. Alternatives to BLAST have been developed, 

such as SSAHA and BLAT. BLAT uses a client-server design together with a modified 

alignment algorithm, allowing efficient alignments of smaller sequences. It is optimized 

to recognize separated islands of perfect matches, which would be generated by the 

alignment of cDNA. SSAHA is used for fast searches in genome-size databases using 

a hashing approach, which enables it to perform sequence alignments 3 to 4 orders of 

magnitude faster than BLAST or FASTA and requires less memory (18).

Annotation of retrieved integration locations

For each integration site, there are surrounding genes upstream and downstream on 

both strands. In addition to the closest gene, an integration may have three or more 

neighboring genes that could be influenced by elements of the inserted provirus. Addi-

tionally, integrated promoter/enhancer regions can influence an area surrounding the 

integration over a distance possibly as large as 500 kbp (4). Studies of deregulation of the 

virus integration locus should therefore be focused on such large areas and might include 

up to 1Mbp regions. With this in mind, our tool generates two outputs for Ensembl 

hits: one file that contains every gene located within a user-defined window around the 

integration site (default is 100 kbp), and another file which only contains the gene whose 

5’ end is closest to each site. Assigning one unique ‘closest’ gene to each integration site 

allows for easier automated downstream analysis such as gene expression level binning, 

but user investigation of all the genes near each integration site is highly recommended.

Impact of analysis settings on annotation output

We have already discussed how repeat masking, RefSeq filtering and the size of the 

window around the VIS can affect the annotations returned. Additionally, changes 

between versions of genome builds can have an effect. Table 1a shows how the number 

of sequences hit and the number of genes identified increase with successive builds of 

the human genome. Table 1b illustrates how an identical dataset can produce different 

outputs depending on which version of NCBI was used by the BLAST algorithm. In 

particular the gene symbols are updated frequently. For instance, comparing the out-

puts from v34 and v35, we find that 95% of the aligned sequences are identical, but only 

75% of the Ensembl IDs for those sequences match, and only 53% of the gene names are 

identical. We therefore recommend including the Ensembl ID, which is more stable, for 

any large scale analysis.

Comparison of MAVRIC and a published analysis for ADA-SCID gene therapy

We compared MAVRIC annotation and UCSC annotation on a dataset retrieved from 

a clinical gene therapy trial for ADA-SCID, patients transplanted with CD34+ cells 
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transduced with the adenosine deaminase (ADA) gene using a retroviral vector (19). 

708 total sequences were annotated. We ran 706 of those sequences through MAVRIC, 

which returned a varying number of annotated results depending on the pre-set 

RepeatMasker and e-value conditions. Increasing the e-value cutoff allows lower quality 

alignments to be annotated, while using repeat masking might increase the number 

of annotated alignments (Table 2). The mean number of alignments retrieved using 

any of these settings is, however, largely unaffected. For comparison to the published 

data, we used the MAVRIC output using the following criteria: human RepeatMasker, 

minimum sequence length = 11bp (the lowest allowed by the BLAST algorithm), maxi-

mum e-value = 1. These criteria returned 608 annotated genes. The principal factor in 

the lower number of sequences returned by MAVRIC is the minimum sequence length 

requirement. On this basis, MAVRIC excluded 2 sequences before repeat masking, and 

an additional 63 sequences after repeat masking, to a total of 65 excluded sequences. 

This accounts for 66% of the sequences skipped by MAVRIC. Other sequences without 

annotated genes could be attributed to ambiguous BLAST results, ie multiple hits with 

identical lowest e-values, or no RefSeq genes being found within 500 kbp (see Supple-

mental Table 2). The distribution of VIS is similar between the two methods (Table 

3a). For the combined sequences, MAVRIC analysis returned a 37%/63% split between 

intragenic and intergenic integrations, while the published analysis had a 44%/56% 

split. The percentage of integration sites less than 30 kbp upstream, 10 kbp upstream 

and within 5 kbp of the transcription start site (TSS) are likewise in agreement for the 

two methods. Similar common integration sites were found by the two methods (Table 

3b). Figures illustrating the distribution of VIS around the nearest gene TSS are also 

comparable between the two analysis methods (Figure 3). MAVRIC found the same gene 

as the Aiuti analysis in 459 cases (76%). A list of the sequences where the two analysis 

methods returned different genes can be found in Supplemental Table 3.

Table 2. Comparison of the difference between the number integrations with at least one Refseq genes 
within 100kb identified when altering analysis parameters. Reducing the permissiveness of the BLAST 
e-value 100-fold has little effect on the number of sequences annotated, however using repeatmasking 
increases the number of sequences aligned to unique spots in the genome by approximately 25%.

Analysis parameters Ensembl Hits Mean number of alignments per 
hit (range)

No repeatmasking
E-value = 0.01

395 3.11 (1-18)

No repeatmasking
E-value = 1

419 3.06 (1-18)

With repeatmasking
E-value = 0.01

511 3.32 (1-69)

With repeatmasking
E-value = 1

514 3.35 (1-20)
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ADA-SCID integrations compared to XSCID integration data

To assess to what extent the ADA-SCID data analyzed in this study overlaps with data 

from the XSCID clinical trial, previously published data from the London and Paris 

XSCID trials (20,21). The ADA SCID (19) and XSCID trials used similar gamma-retroviral 

vectors, which is reflected in a remarkable overlap (10.3-15.6%, Table 4). Ingenuity analysis 

of the ADA-SCID data shows that the gene functions being hit by the virus are very simi-

lar to those described for the XSCID and mouse integrations. The gene functions that 

were targeted were Gene Expression, Cell Death, Immune System Disorders, Cancer, 

and Hematological Disease, consistent with the target cells (supplementary Figure 2).

Discussion

Automated analysis tools allow time efficient annotation of virus integration sites 

according to a predefined set of criteria, which makes the results less prone to user input 

Table 3a. Retroviral integration site distribution in hematopoetic stem cells from ADA-SCID patients, 
comparison between analysis methods. 

Number of hits Intragenic Intergenic <30kb
Upstream

<10kb
Upstream

+/- 5kb from TSS

Aiuti
In Vitro

212 50.90% 49.10% 19.40% 12.30% 23.60%

MAVRIC
In Vitro

188 42.00% 58.00% 20.20% 12.80% 25.50%

Aiuti
Ex Vivo

496 41.30% 58.70% 25.60% 19.60% 28.80%

MAVRIC
Ex Vivo

420 33.80% 66.20% 31.40% 23.80% 32.10%

Aiuti
Total

708 44.30% 55.70% 23.70% 17.40% 27.30%

MAVRIC
Total

608 36.50% 63.50% 28.00% 20.40% 29.80%

Table 3b. Comparison of some common integration sites found by both analysis methods.

Number of hits within window
Gene Aiuti et al. MAVRIC
LMO2 6 6
BCL2 4 4
BLM 3 3
DYRK1A 3 3
CCND2 3 4
RNPC1 3 3
BTN3A2 2 2
MRPL39 2 3
RYBP 2 3
BHLHB2 1 3
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errors and allows for easy re-analysis in case annotations or database builds change. We 

created the MAVRIC web tool to automatically quality check integration site sequences, 

align those using BLAST and annotate using data retrieved from the Ensembl databases. 

MAVRIC removes repeat sequences, excludes sequences that fail the minimum length 

Figure 3 

A

B

Figure 3 

A

B

Figure 3. Distribution of retroviral integration site distances from nearest gene transcription start site 
(TSS) in ADA-SCID patients, based on published data (A) or MAVRIC annotation (B).
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criteria, returns a list of genes near each integration site and annotates the genomic loci 

(Figure 1).

MAVRIC takes a collection of genomic sequences flanking viral integration sites and 

prepares those for analysis via several quality control checks (Figure 1: Flow chart of 

MAVRIC). First, MAVRIC uses RepeatMasker to screen and remove repeat sequences. 

It excludes sequences that are below a specified length to ensure a high number of 

unambiguous alignments. The remaining sequences are aligned to the genome of the 

appropriate species (rhesus, mouse or human) via BLAST. Sequences returning ambigu-

ous BLAST hits are excluded from further analysis and should be investigated by hand. 

The details of the genomic loci surrounding the integration sites are annotated and 

packaged into a zip file along with the analysis parameters.

To address the need for sequence alignments to large genomes, BLAT (BLAST Like 

Alignment Tool) (22) was developed to handle alignments up to 500 times faster than 

BLAST. BLAT is currently used in the UCSC genome browser and Ensembl. It allows 

efficient alignments of smaller sequences and is optimized to recognize separate islands 

of perfect matches, which would be generated by the alignment of cDNA. LAM-PCR is 

widely used for the identification of viral insertion sites, (23). Due to the availability of 

restriction sites in the vicinity of the virus integration, each insertion will usually yield 

one specific amplicon. In samples obtained from mouse transplantation experiments 

Table 4. Genes co-occuring between X-SCID clinical data and ADA-SCID clinical data.

ADA-SCID dataset (1536 genes)
X-SCID Paris (481 genes) 75 (15.6%)
X-SCID London (523 genes) 54 (10.3%)
X-SCID Combined (926 genes) 112 (12.1%)
X-SCID London 454 data (2089 genes) 263 (12.6%)

Figure 4

A

.   

B

 

Figure 4

A

.   

B

Figure 4: (A) Expression level binning of genes identified in ADA SCID trial via MAVRIC analysis/ Highly 
expressed genes are more likely to have VIS. All of the CIS genes found in this dataset were assigned to 
the three highest bins. Expression levels were generated from human HSC using an Affymetrix U133 plus 
2.0 array. (B) Similar analysis of a dataset consisting of 1000 randomly generated in silico integrations.
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we usually observe a limited number of amplicons. Pyrosequencing experiments, which 

can contain more than 500 thousand sequences, usually produce multiple sequences for 

each individual insertion. To remove unnecessary complexity in these datasets, highly 

similar sequences can be removed to decrease the amount of time necessary for BLAST 

alignments. Current hardware is then fast enough to perform BLAST alignments on a 

scale of thousands of integrations on commodity hardware. BLAST has been the de facto 

standard for sequence alignments, meaning that there are convenient ways of incorpo-

rating the Ensembl API into the current program; thus we chose to develop a system 

using BLAST alignments. To efficiently process larger datasets, we have employed a 

repeat masking strategy, which speeds up BLAST alignments and results in more align-

ments which can unambiguously be aligned to the genome. With this feature, more 

than 250 sequences may be annotated per hour. As larger sequencing batches become 

the norm, the number of processors running BLAST in parallel in can be increased in 

order to speed up sequence annotation.

Recently, insertion site recovery using LAM-PCR and similar restriction-site-depen-

dent techniques was shown to rely on the availability of restriction sites in the vicinity 

of the insertion. Insertion sites lacking a nearby restriction site for the endonuclease of 

choice cannot be recovered. Improved methods circumvent this so called ‘restriction 

bias’ by using methods independent of the restriction sites surrounding virus inser-

tion sites (24,25). Although these new approaches provide a increased coverage of the 

integrome, they also produce more complex datasets due to the presence of several 

different sequences for each single insertion, which will take considerably longer to 

align using current technology.

Using a default sequence length cut-off of 25bp allows us to restrict the number of 

integrations to those which can be aligned with high confidence and at the same time 

avoid excessively long alignment times. Smaller cut-offs can be used but the number of 

annotated sequences returned may be reduced. Since these processes are performed by 

a standardized, integrated analysis, a higher throughput is achieved than what can be 

offered using online BLAST alignment. The databases and annotation files are stored on 

a server, which allows analysis of a dataset with previous genome builds. This is of inter-

est when new datasets need to be compared to earlier analyses. Alternatively, old data 

can easily be reanalyzed to conform to the newest genome builds and annotations. Such 

an updated analysis is necessary because the genome assemblies are updated with new 

sequence information and annotations roughly every half year27 and although sequenc-

ing information has nearly been completed (except for centromeric and repeat regions), 

new and updated gene annotations are continuously introduced (e.g. build 36.3, March 

27	 http://www.ncbi.nlm.nih.gov/genome/guide/human/release_notes.html
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2008, introduced the annotation of non coding RNAs). The most recent human genome 

build to introduce new sequence information was build 36.1 (March 2006).

Obviously, a method to annotate integrations following a defined set of criteria is 

less likely to make mistakes, such as typing errors. Yet there is a problem even when 

reporting the automatically annotated integrations. Usually, spreadsheets are a conve-

nient way of displaying moderately sized datasets. The automatic correction methods 

built in to spreadsheets such as Microsoft Excel, however, can cause difficulties when 

the correction methods are used on gene symbols. This problem has been reported 

previously (26) and has also occurred in our analysis.

The difference in datasets obtained using RefSeq filtered versus unfiltered demon-

strates how analysis results can be altered by merely changing annotation settings. It is 

therefore necessary to very explicitly state all parameters used in the analysis to be able 

to reproduce the exact alignments described. Even when all sequences are available, 

these parameters are necessary for a reproduction of alignments and annotations.

Comparing the output of the automated MAVRIC tool to the published analysis of 

an ADA-SCID gene therapy study demonstrates large similarities in the overall integra-

tion patterns while highlighting subtle differences in the annotation processes. The 

distributions of integration site distance from TSS were very similar, as were the com-

mon integration sites. Some of the sequences identified in the ADA- SCID study were 

excluded by MAVRIC due to failure to achieve a quality threshold (primarily minimum 

sequence length before or after repeat masking) and should be analyzed manually. 

MAVRIC successfully annotated 73% of the ADA SCID sequences in approximately 2 

hours, representing a vast improvement in analysis throughput.

Integration site analysis of ADA-SCID and X-SCID clinical trials revealed a large 

overlap in genes that have nearby viral integrations. Ingenuity analysis showed the 

same functional pathways as frequent integration targets in both clinical trials and in 

mouse studies. This suggests that closely related vector types will have similar integra-

tion profiles across multiple treatments and species.

In basic structure, MAVRIC is similar to other automated sequence analysis tools 

such as QuickMap (12). QuickMap’s advantages are the speed at which it analyzes 

sequence batches and the very elaborate output it provides on genomic features 

including repeats, transcription factor binding sites and fragile sites. MAVRIC’s output 

produces less raw data, but it is more gene-based and presented in a way to highlight 

the potential safety implications of the viral integration patterns. MAVRIC also uses 

microarray data from HSCs to analyze the expression levels of VIS genes. Compared 

to QuickMap, MAVRIC has more front-end options for the user with regards to the 

analysis parameters (repeat masking, sequence length and e-value thresholds, RefSeq 

genes versus all genomic features, etc).
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In summary, automated analysis tools such as MAVRIC can greatly increase the 

speed and efficiency of viral integration site annotation. MAVRIC returns detailed 

information on the genomic location of the integration sites and gives an overview 

of viral integration patterns. It is well-suited to generating annotations to compare 

historical datasets or to compare data from different labs. However, the user should 

carefully choose the quality thresholds and note which database versions are used, as 

small changes in the analysis parameters can have a significant effect on the resulting 

annotations. Re-analyzing datasets with identical analysis parameters helps to ensure 

that the resulting annotations are optimally suited for direct comparison to enable rapid 

cumulative data processing. As high throughput sequencing becomes routine and more 

gene therapy applications move towards clinical implementation, automated analysis 

tools will become essential for rapid patient monitoring.
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Supplementary data
Supplementary figures and tables

Supplementary figure 1:  The MECOM locus as annotated by Ensembl, NCBI and UCSC. 

Supplementary figure 1. The MECOM locus as annotated by Ensembl, NCBI and UCSC.
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Supplementary figure 2. Ingenuity functional pathways analysis of genes identified by MAVRIC as 
nearest to the ADA-SCID clinical trial VIS sequences.

Supplementary Table 1. Evi1 annotations in NCBI, Ensembl and UCSC.

Database Annotated start site Annotated end site
NCBI 29851638 29896586
Ensembl 29850236 30039291
UCSC 29851638 30039435
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Supplementary Table 2. Aiuti et al. sequences not found by MAVRIC.

Sequence ID EnsGene ID Aiuti* Gene Name Chromosome MAVRIC result
S1_001 125968 ID1 20 Eval > 1
S1_006 180481 NP_689649.1 12 Eval > 1
S1_007 123179 EBPL 13 Eval > 1
S1_008 101000 PROCR 20 Eval > 1
S1_020 145526 CDH18 5 No gene hit
S1_027 7129 NP_291021.2 19 Eval > 1
S1_031 187839 XP_497922.1 3 Eval > 1
S1_037 120457 KCNJ5 11 Eval > 1
S1_041 29153 ARNTL2 12 Eval > 1
S1_048 130775 Q9NS90_HUMAN 1 Eval > 1
S1_055 64763 MLSTD1 12 Eval > 1
S1_065 92200 RPGRIP1 14 Eval > 1
S1_067 155034 FBXL18 7 Eval > 1
S1_082 140379 BCL2A1 15 Eval > 1
S1_084 146416 AIG1 6 Eval > 1
S2_004 5889 ZFX X Eval > 1
S2_016 187268 FAM9C X Eval > 1
S2_017 7047 MARK4 19 Eval > 1
S2_025 174839 NP_689891.1 3 Eval > 1
S2_026 25434 NR1H3 11 Eval > 1
S2_029 107951 PAPD1 10 Eval > 1
S2_030 177673 NP_689827.1 2 Eval > 1
S2_038 133872 NP_057211.4 8 Eval > 1
S2_P011 119866 BCL11A 2 Eval > 1
S2_P012 103479 RBL2 16 Eval > 1
S2_P014 183621 NP_877432.1 10 Eval > 1
S2_P035 120656 TAF12 1 Eval > 1
S2_P057 173301 NP_659487.1 8 No gene hit
S3_009 170873 MTSS1 8 Eval > 1
S3_011 180029 Q8NF14_HUMAN 1 Eval > 1
S3_020 111452 Q9NSM3_HUMAN 12 Eval > 1
S3_022 120563 LYZL1 10 Ambiguous
S3_023 137193 PIM1 6 Eval > 1
S3_028 175600 C7orf10 7 No gene hit
S3_030 79134 THOC1_HUMAN 18 Eval > 1
S3_034 134453 RBM17 10 Eval > 1
S3_035 164300 C5orf12 5 Eval > 1
S3_057 120645 Q9UPP2_HUMAN 12 Eval > 1
S3_064 166272 C10orf26 10 Eval > 1
S3_072 91972 CD200 3 Eval > 1
S3_073 165023 DIRAS2 9 Eval > 1
S3_077 172493 MLLT2 4 Eval > 1
S3_086 179573 Q9IUV1_HUMAN 19 Eval > 1
S3_088 172538 C10orf73 10 Eval > 1
S3_095 152520 NP_787050.3 13 Eval > 1
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Sequence ID EnsGene ID Aiuti* Gene Name Chromosome MAVRIC result
S3_103 64999 ANKS1 6 Eval > 1
S3_113 196139 AKR1C3 10 Eval > 1
S3_114 185736 ADARB2 10 Eval > 1
S3_127 198589 LRBA 4 Eval > 1
S3_128 107165 TYRP1 9 No gene hit
S3_P028 176635 HORMAD2 22 Eval > 1
S3_P031 100219 XBP1 22 Eval > 1
S3_P032 186395 KTR10 17 Eval > 1
S3_P033 159674 SPON2 4 Eval > 1
S3_P044 132967 Q9NYD7_HUMAN 3 No gene hit
S3_P048 102606 ARHGEF7 13 Eval > 1
S3_P099 196891 Q8NED3_HUMAN 12 No gene hit
S4_006 115934 PPIL3 2 Eval > 1
S4_022 149179 NP_077018.1 11 Ambiguous
S4_030 167632 Q96Q05_HUMAN 8 Eval > 1
S4_031 183690 EFHC2 X Ambiguous
S4_039 125510 OPRL1 20 Eval > 1
S4_041 170638 YV03_HUMAN 22 Eval > 1
S4_042 106992 AK1 9 Eval > 1
S4_P003 179177 Q87NC93_HUMAN 12 Eval > 1
S4_P008 170577 SIX2 2 Eval > 1
S4_P026 182805 XP_498131.1 6 No gene hit
S4_PO32 103449 SALL1 16 Eval > 1
S5_002 168546 GFRA2 8 No gene hit
S5_003 105402 NAPA 19 Eval > 1
S5_018 105492 SIGLEC6 19 Eval > 1
S5_031 168405 NR_002174.1 6 Eval > 1
S5_032 49618 Q8TEE4_HUMAN 6 No gene hit
S5_036 101255 TRIB3 20 Eval > 1
S5_058 153930 NP_694960.1 17 Eval > 1
S5_059 105643 ARRDC2 19 Eval > 1
S5_062 185189 NRBP2 8 Eval > 1
S5_069 160219 GAB3 X Eval > 1
S5_078 138670 RASGEF1B 4 Eval > 1
S5_079 143013 LMO4_HUMAN 1 No gene hit
S5_083 198265 HELZ 17 Eval > 1
S5_086 160310 HRMT1L1 21 Eval > 1
S5_089 125952 MAX_HUMAN 14 Eval > 1
S5_099 101405 OXT 20 Eval > 1
S5_102 167258 CD2L7_HUMAN 17 Eval > 1
S5_107 170476 Q8WU39_HUMAN 5 Eval > 1
S5_114 171791 BLC2 18 Eval > 1
S5_131 90975 PITPNM2 12 Eval > 1
S5_132 178104 PDE4DIP 1 Eval > 1
S5_136 49618 Q8TEE4_HUMAN 6 No gene hit
S5_149 151287 NP_620134.2 13 Eval > 1
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Sequence ID EnsGene ID Aiuti* Gene Name Chromosome MAVRIC result
S5_166 176657 EPS15L2 7 No gene hit
S5_P001 103489 XYLT1 16 Eval > 1
S5_P003 8083 JARID2 6 No gene hit
S5_P016 147697 MLZE 8 Eval > 1
S5_P028 66827 ZNF406 8 Eval > 1
S5_P033 174408 XM_063084.4 13 Ambiguous
S5_P035 170017 ALCAM 3 No gene hit
S5_P060 197218 2 Eval > 1

Supplementary Table 3. Annotation mismatches between MAVRIC and Aiuti et al.

Sequence ID ENSGene ID 
Aiuti

Gene name Aiuti ENSGene ID 
MAVRIC

Gene name 
MAVRIC

Chromosome

S1_004 148175 STOM 136848 DAB2IP 9
S1_009 112799 LY86 175753 NM_173675 6
S1_014 149617 Q6P094_

HUMAN
171940 ZNF217 20

S1_019 169918 C15orf16 179964 XR_018466.1 15
S1_024 188092 GPR89 117262 GPR89A 1
S1_036 149617 Q6P094_

HUMAN
171940 ZNF217 20

S1_044 102804 TB1I4_HUMAN 151778 C13orf21 13
S1_051 141748 XP_372668.2 161381 PLXDC1 17
S1_054 198769 XP_293026.4 115841 FAM82A 2
S1_060 145133 FAM44A 38219 FAM44A 4
S1_061 155093 PTPRN2 105993 DNAJB6 7
S1_062 150995 NP_002213.1 134107 BHLHB2 3
S1_069 141564 Q96C97_

HUMAN
173814 LOC732236 17

S1_073 168675 C18orf1 177150 C18orf19 18
S1_083 188675 227291 157617 C21orf25 21
S1_085 70366 EST1A_HUMAN 177374 HIC1 17
S1_090 21776 AQR 159251 ACTC1 15
S1_093 196301 HLA-DRB9 204287 HLA-DR 6
S1_101 165966 PDRN4_

HUMAN
15153 YAF2 12

S1_106 26652 AGPAT4 203702 C6orf59 6
S1_116 120910 PPP3CC 120896 SORBS3 8
S1_117 176966 952 120129 DUSP1 5
S2_002 167186 COQ7 205730 NP_001030013.1 16
S2_020 198294 NP_997209.1 143653 SCCPDH 1
S2_023 69020 MAST4 134061 CD180 5
S2_036 140577 Q8NF38_

HUMAN
197299 BLM 15

S2_037 188739 K0117_HUMAN 207181 snoACA14 1
S2_039 163590 PPM1L 169255 B3GALNT1 3
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Sequence ID ENSGene ID 
Aiuti

Gene name Aiuti ENSGene ID 
MAVRIC

Gene name 
MAVRIC

Chromosome

S2_043 96682 C6orf48 204388 HSPA1B 6
S2_047 186284 RUNX2 196284 SUPT3H 6
S2_P017 145491 ROPN1L 164236 LOC651746 5
S2_P024 26103 Q8IUB6_

HUMAN
107796 ACTA2 10

S2_P025 38532 NP_056041.1 175643 C16orf75 16
S2_P029 111412 NP_079014.1 171471 KRTHB5 12
S2_P030 163084 TSN 211460 TSN 2
S2_P031 197959 DNM3 180999 C1orf105 1
S2_P036 159100 CU062_HUMAN 205929 C21orf62 21
S2_P044 157654 PALM2 188959 UCP1 4
S2_P045 185433 CU042_HUMAN 154719 MRPL39 21
S2_P054 99204 ABLIM1 169129 AFAP1L2 10
S3_001 185578 Q8NCT9_

HUMAN
140563 MCTP2 15

S3_002 107104 Q86TE2_
HUMAN

137090 DMRT1 9

S3_005 175925 XP_498446.1 95739 BAMBI 10
S3_013 198051 NP_998889.1 179399 GPC5 13
S3_018 154678 PDE1C 106341 C7orf16 7
S3_021 179050 MAFB 204103 MAFB 20
S3_032 165240 ATP7A 186076 PGAM4 X
S3_048 145133 FAM44A 38219 FAM44A 4
S3_050 196883 XP_496207.1 205045 Q6IEE8_HUMAN 17
S3_053 184588 PDE4B 118473 SGIP1 1
S3_056 198179 BCL2L7P1 149600 COMMD7 20
S3_060 141510 TP53 141499 WDR79 17
S3_061 89505 CKLF 140932 CMTM2 16
S3_062 100599 RIN3 100600 LGMN 14
S3_063 167632 Q97Q05_

HUMAN
211505 C8orf17 8

S3_080 162896 PIGR 162894 FAIM3 1
S3_089 158062 NP_663321.1 142669 SH3BGRL3 1
S3_098 196951 Q8N984_

HUMAN
196782 MAML3 4

S3_104 165915 SLC39A13 66336 SPI1 11
S3_106 107242 PIP5K1B 165059 PRKACG 9
S3_108 140577 Q8NF38_

HUMAN
197299 BLM 15

S3_122 187768 Q5WOV6_
HUMAN

89177 C20orf23 20

S3_125 182778 NP_787066.1 211978 IGHV5-78 14
S3_133 196876 SCN8A 135503 ACVR1B 12
S3_135 184588 PDE4B 118473 SGIP1 1
S3_137 179951 384844 184497 FAM70B 13
S3_P001 196186 130368 107175 CREB3 9
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Sequence ID ENSGene ID 
Aiuti

Gene name Aiuti ENSGene ID 
MAVRIC

Gene name 
MAVRIC

Chromosome

S3_P002 165322 Q9NV28_
HUMAN

204332 Q6ZUZ5_
HUMAN

10

S3_P005 170310 STX8 65320 NTN1 17
S3_P007 179573 Q8IUV1_

HUMAN
105738 SIPA1L3 19

S3_P015 153944 MSI2H_HUMAN 181610 MRPS23 17
S3_P016 128833 MYO5C 69966 GNB5 15
S3_P024 150995 NP_002213.1 134107 BHLHB2 3
S3_P039 151240 KIAA0934 15171 ZMYND11 10
S3_P056 183977 NP_653315.1 114166 PCAF 3
S3_P063 124535 WRNIP1 145949 SGK85_HUMAN 6
S3_P068 173848 NET1 178372 CALML5 10
S3_P070 100490 CDKL1 125375 ATP5S 14
S3_P072 196256 Q13715_HUMAN 196252 ADRB2 5
S3_P088 187613 Q7Z3I4_

HUMAN
118515 SGK 6

S3_P095 103222 ABCC1 91262 ABCC6 16
S4_002 148513 ANKRD30A 198105 ZNF248 10
S4_003 132003 ZSWIM4 187556 NANOS3 19
S4_015 59122 Q9BQG6_

HUMAN
131650 KREMEN2 16

S4_021 172081 MOBKL2A 99840 C19orf36 19
S4_025 63438 AHRR 180104 EXOC3 5
S4_026 136560 TANK 115233 PSMD14 2
S4_027 163832 Q9BW57_

HUMAN
114650 SCAP 3

S4_029 165296 XP_291767.2 204656 0 10
S4_033 143569 UBAP2L 143612 C1orf43 1
S4_036 104964 AES 65717 TLE2 19
S4_040 196712 NF1 185862 EVI12B 17
S4_051 160584 NP_079440.2 118137 APOA1 11
S4_P004 183346 C10orf107 150347 ARID5B 10
S4_P006 134030 KIAA0427 101665 SMAD7 18
S4_P009 130076 IGHG3 198299 LOC649910 14
S4_P018 146684 KCTD7 154710 KCTD7 7
S4_P022 91986 NP_955805.1 206531 NP_001008784.4 3
S4_P024 166056 Q6PJ56_HUMAN 129562 DAD1 14
S4_P029 124203 C20orf174 124205 EDN3 20
S5_004 65809 C10orf45 151474 FRMD4A 10
S5_007 180891 CUEDC1 181610 MRPS23 17
S5_015 153956 CACNA2D1 19991 HGF 7
S5_019 188517 COL25A1 164089 AGXT2L1 4
S5_025 164744 SUNC1 136273 HUS1_HUMAN 7
S5_029 108753 TCF2 185128 LOC729873 17
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The safety aspect of viral gene therapy with the aim to restore gene function by the 

addition of a functional copy of the affected gene has become an important aspect of 

gene therapy after discoveries of leukemia development in a preclinical mouse model 

(1), XSCID patients in a gene therapy trial (2,3,4) and in a preclinical rhesus monkeys 

model (5).

In all studied species, these events occurred late (3 years after transplantation in 

the XSCID trial) after transduction and transplantation, leaving many open questions 

about the fate of the transduced clones and their progeny. From studies addressing the 

nature of the HSC, it is known that the CD34+ cell population that is used in the XSCID 

(6), ADA SCID (7) and XCGD (8) studies only contains a small fraction of cells with 

repopulating capacity. Transduction of this rather heterogeneous fraction of cells will 

therefore hit a large number of cells that are not useful for repopulation as they lack 

repopulation capacity. It has however been shown using LSK subpopulations, which 

contain a higher fraction of hematopoietic stem cells in mice (9), and using mature T 

cells in mice (10) that the more differentiated cells in the bone marrow are not the main 

source of cells that give rise to leukemia. One of the initial concepts to reduce the risk 

(5 malignant proliferations in 9 treated patients in the XSCID trials) of leukemia occur-

rence in the patient was reduction of the number transplanted cells by using more pure 

populations of HSC. Since the source of the leukemia cells seems to be exactly this more 

purified cell fraction, this approach will probably not result in a reduction of leukemia 

occurrence. The number of cells of this specific cell fraction might still be reduced with 

the same effect.

For these reasons, screening the pre-transplant sample for possible dangerous 

integrations is not feasible if a CD34+ bone marrow or PBMCs is transduced. First of 

all, the cell samples taken from the transduced pool do not end up in the patient and 

therefore account for cells that have not been transplanted. Furthermore, since 0.9-

20x106 transduced cells/kg, mean 7x106/kg (6-7,11) were transplanted on average and 

the cells that give rise to repopulating progeny only form a small fraction (0.05%-0.1%) 

(12) of this population, it will be exceedingly hard to draw conclusions about the cells 

that do actually repopulate even from high throughput sampling these cells.

Given this, safety assessment of viral gene therapy can only be based on preclinical 

animal and in vitro models. Given that in mouse (this thesis and 13) and rhesus monkey 

models (5) leukemia takes very long (50 weeks, in secondary transplantation, in mouse 

and 5 years in the rhesus monkey model) to occur, it is probably more feasible to test 

leukemogenic effects in in vitro model (14-16). While mouse and rhesus monkey trans-

plantation models, which employ protocols close to those used in clinal gene therapy 

can provide insight in cell fate in vivo, they seem less suitable for vector development, 

where results about changes in architecture need to be visible faster to allow efficient 

development. In this situation, in vitro models will be applicable best. The in vitro 
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immortalization models are only able to produce surrogate incidences, mainly because 

each specific model has specific requirements (overcoming growth factor dependence by 

upregulation of Ghr in the model described by Bokhoven (15), introduction of autono-

mous growth by expression of Evi1 in the IVIM assay (16)) that need to be met before 

clones develop. These clones are then counted to determine immortalization frequency.

Similar problems exist when using tumor prone mice (17,18), because the deletions 

or expressed oncogenes that are present in these mouse models reduce the number 

of hits needed in the multi-hit process of leukemia formation and therefore do not 

necessarily reflect leukemogenesis incidences as those that are observed in unbiased 

mouse transplantation experiments. Specifics of culturing or gene deletion or -addition 

mouse models might even skew the incidences observed because the genes that need to 

be altered are different for each model. Although the different in vitro and accelerated in 

vivo models are useful for vector or vector architecture comparisons, they therefore are 

less indicative of the oncogenic risk in the patient.

The experiments described in chapter 3 were aimed at identifying the insertion sites 

of pLZRS gamma-retroviral vectors in a low copy transduction situation. When this 

study was initiated, the integration behavior of HIV derived lentiviruses was described 

(19) and integration profiles of ASLV and RV were described in cell lines (20). We set 

out to determine integration profiles of gamma-retroviral vectors in percoll-purified 

mouse bone marrow cells, from which we know that a only a small fraction of the cells 

is able to repopulate the mouse and give rise to subsequent life-long hematopoiesis. We 

considered that this mouse model would provide valuable information for clinical gene 

therapy of diseases affecting the blood or diseases where bone marrow transplantation 

might be a viable treatment option. By analyzing gene expression in very immature LSK 

cells, the cell subpopulation of bone marrow enriched for repopulating cells, and viral 

vector integrations obtained after retransplantation, we confirmed in this relevant cell 

type, the earlier finding (20) that gamma-retroviral insertions occur in genes which are 

expressed in the target cells. We then found a relation between the target cell and the 

functions of the genes that were targeted, linking the gene expression and insertion 

behavior more closely to the target cell.

For a large part, insertions seem to be guided by gene expression. In addition by ana-

lyzing the common insertion sites, we discovered that these do not exclusively end up in 

highly expressed genes, but are spread over the different expression values. This pointed 

to other parameters than only gene expression being involved. One of these parameters 

might very well be the effect of the neighboring gene on the growth characteristics of 

the target cells, as was demonstrated by the integrations in Evi1 (16).

Since a viral vector insertion might influence expression of genes other than the 

closest gene (21,22) we also analyzed the effect of expression of the surrounding locus 

on integration and the functions of the genes in these loci. Both analyses confirmed 
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our previous findings with regards to expression and gene function. Gamma-retroviral 

insertion occurred statistically significantly more often in highly expressed genes and 

the insertion profile was related to the hematopoietic cells used as targets Functional 

analysis of vector insertions should therefore consider genes surrounding (+/-100 kbp) 

an insertion rather than just the closest ones.

In pre-clinical gene therapy models such as a rhesus monkey transplantation model 

(5) as well as clinical gene therapy using gamma-retroviral vectors, target cells need to 

be stimulated with cytokines before they can be efficiently transduced (23,24). This is 

due to the fact that gamma-retroviruses can only integrate in dividing cells. The cyto-

kine stimulation drives cells into the cell cycle, thereby allowing the integration of the 

gamma-retrovirus. When the cytokine stimulation would alter vector insertion profiles, 

choosing a suitable cytokine cocktail might help steer insertions to selected genes. We 

investigated the effect of cytokines on insertion patterns and found no correlation in 

mice (chapter 3) or in human hematopoietic cells (Appendix, 25), therefore making 

it unlikely that the cytokine stimulation affects insertion behavior in LSK or human 

CD34+ cells.

Since we considered gamma-retrovirus insertions in mice a suitable model for human 

insertions, we compared the insertion sites retrieved in mice with those retrieved in 

humans, using data from the London 25 or Paris XSCID 26 trials (see appendix). Using 

the appropriate human homologues to the retrieved mouse genes, we could identity 

that ~10% of the genes retrieved in mice were also found in clinical trials, were human 

CD34+ cells were transduced with gamma-retrovirus. This leads us to the assumption 

that the described mouse model with long-term observation is suitable and predictive 

for insertion analysis of retroviral vectors.

In chapter 4, we focused on the analysis of virus integration sites in cells obtained 

from patients that underwent gene therapy for XSCID (25,26), ADA SCID (27), XCGD 

(8) and also from mouse and rhesus macaque pre-clinical experiments. The amount of 

sequences retrieved in each of these studies is limited due to the availability of DNA 

from these patients and the sequencing techniques used. The opportunity to combine 

the data and analyze them together should provide better insights in the behavior of 

gamma-retroviral insertions in hematopoietic stem cells, being of human, mouse or 

rhesus macaque origin. To have good comparability between the different datasets, the 

integrations in human cells were re-analyzed using the same genome build and align-

ment parameter (the effect of which is discussed in chapter 6). By doing so, we showed 

that 75% of insertions occurred within 10 kbp of RefSeq genes. The larger combined 

dataset also allow more thorough analysis of common insertion sites (CIS, defined by 

Suzuki’s criteria 28). These CIS showed non-randomness as 40% of the insertion sites 

are in common genomic regions. Higher order CIS are near genes known to promote 

cellular transformation, as they are described in the RTCGD and CGC databases. When 
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comparing the pre-transplant and post-transplant samples, it is clear that selection takes 

place. This might in part be due to a limited number of cell capable of reconstitution 

being transplanted, but it might also be due to the effect of the insertions on the selected 

cells. The second option seems more likely, since the number of CIS increases over time.

The clinical trials analyzed here employed different transgenes to cure different 

monogeneic diseases (XCGD, XSCID, ADA SCID) and only shared the vector architec-

ture (gamma-retroviral vectors) and the targeted cell subset (CD34+ cells). Despite of the 

differences between the trials, high order CIS were not unique to each individual trial, 

but rather show the in vivo selection after transduction of CD34+ cells with gamma-

retroviral primers. The five most often retrieved CIS, LMO2, MDS1/EVI1, PRDM16, 

SETBP1 and CCND2, were those that were involved in the onset of leukemia as a result 

of gamma-retroviral gene transfer. Analysis of the CIS in pre- and post-transplant data 

showed a strong selection effect in vivo.

When looking into the gene functions of the targeted genes in the trials, we observed, 

similar to the mouse experiments (described in chapter 3), that the insertions occurred 

in genes which have a physiological role in the target cells, already in the pre-transplant 

samples, arguing that pronounced selection of insertion sites is determined by the 

target cell type. Again, similar to the mouse study data, the human data showed that 

gamma-retroviral vectors tend to insert near expressed genes, but CIS do not uniquely 

occur near the highest expressed genes. This observation confirms that also in humans, 

CIS seem to undergo selection, perhaps due to the fact that insertions near CIS alter 

fitness of the target cell for long-term repopulation. Since the rhesus monkey genome 

is not annotated as well as the mouse or human genome, no clear direct results could 

be obtained from the rhesus macaque study. The analysis of the combined human clini-

cal trials shows that gamma-retroviral insertions in hematopoietic cells show a similar 

behavior to those in mouse and rhesus macaque. The CIS retrieved in the trials and pre-

clinical data confirm that in different species, CIS are more likely to be repopulate the 

recipient, and in addition, might lead to adverse events when these cells get deregulated. 

In chapter 5, we looked into the survival of mice that received Percoll enriched bone 

marrow cells transduced with a gamma-retroviral vector carrying either a marker gene 

(eGFP) or a signaling molecule (wtStat5b) and a marker gene (eGFP) driven from an 

internal ribosomal entry site in a bi-cistronic setup. This mouse studies was originally 

designed to investigate the effect of the expression of wtStat5b in mouse bone mar-

row, but was extended to also evaluate the incidence insertional oncogenesis, shown by 

the occurrence of leukemia in the different experiment group. Expression of wtStat5b 

did not result in higher incidences of leukemia or the occurrence of different leukemia 

phenotypes. This allowed us to combine the eGFP and wtStat5b groups and analyze the 
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impact of gamma-retroviral insertion on the combined dataset. We performed trans-

plantations with in total 16 x106 transgene positive cells and observed 3 leukemias in 187 

transplanted mice. After secondary transplantation of pooled bone marrow of the pri-

mary recipients, another 21 leukemias in 126 mice were found. This is a 2.7 fold increase 

in leukemias over the 11 leukemias that were observed in 92 mice in the control groups. 

The need for long- term observations is clear, since the current study shows a median 

survival time of 378 days. This is longer than observed in the Cdnk2a-- model (17), which 

had a 225 day median survival. The longer survival time arguably makes the current 

model more sensitive for less genotoxic vector backbones, since in the Cdnk2a-- mouse, 

all mice start dying from background effects rather than the virus transduction (18).

Based on the number of transplanted transduced cells, we calculated an incidence 

of leukemia occurrence of 1.5x10-6 per transplanted cell, which was higher than the 

previous estimate of 2.2x10-7 based on immortalization experiments performed in 

TF-1 cells (29). It remains to be determined what the cause of these differences is, but 

transplantation of mice with a limited number of hematopoietic stem cells might cause 

replicative stress (30,31) during the in vivo expansion, which might influence the leuke-

mia incidence. Looking at possible relations between known proto-oncogenes (RTCGD 

genes. 32) or dominant clones and survival time did not show that either of these had a 

negative influence on the survival of the mice.

During the experiments involving insertion site determination described in this 

thesis, we quickly realized that manual annotation of insertion sites is labor intensive 

and error prone. We therefore set out to automate parts of the annotation process. 

Using the Ensembl annotations, we were able to perform insertion annotation much 

faster than can be done by hand and removed user bias. Using the Ensembl API and 

annotations also allowed us to set strict parameters to make sure that every single inser-

tion was analyzed as the other insertions in the dataset. The analysis parameters used 

in chapter 4 were closely inspected, and as a result, we decided to redo the analysis of 

all insertions described in chapter 4 with one set of analysis parameters rather than 

relying on previously published annotations (25-27). A closer look into the ADA SCID 

dataset (27) shows which impact analysis parameters might have on the annotated 

genes. While the amount of sequences in the clinical datasets were small enough to 

be aligned by hand, new insertion site studies based on pyrosequencing will provide 

at least one order of magnitude more sequence data. At this scale one can only rely 

on fast automated annotation, which was one of the reasons for developing MAVRIC. 

When high throughput (deep sequencing) approaches are to be established to monitor 

development of gene marked hematopoiesis in gene therapy patients, a rapid and reli-

able method for integration annotation is necessary.

The CIS in these studies seem to provide an advantage for integration, reconstitution 

or both, since 43% of the integrations occur in CIS among the different datasets and 
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the CIS are present in both early and late samples, and persist over a 4 year period, 

even when the clonal repertoire overall diminishes. When these integrations indeed 

do transfer this advantage, we can speculate that these integrations are important for 

successful gene therapy. This is even more clear from the high-throughput sequencing 

experiments that were performed in the London XSCID trial. Here, 6 CIS near onco-

genes were identified at 3 different time points.

Analysis of pre-transplantation CIS compared to post-transplantation CIS showed 

that clonal selection is a process that apparently occurred shortly after the integrations 

occurred at these sites. However, there is a bias from the CGD studies, since the 7th 

order CIS were those in Evi1 and Prmd16 identified in that study.

Large scale cross study comparisons clearly show that integration analysis is rather 

sensitive to differences in genome builds and annotations used. It is clear that these 

should be harmonized in all studies to allow meaningful comparisons. This necessitates 

the development of automated tools, such as GTSG.org (33), SeqMap (34), MHH ISA28 

and others, which allow automated reanalysis to be performed within a reasonable time 

period.

The frequent occurrence of CIS in different human and preclinical samples near 

proto-oncogenes and with leukemia observed in 5 patients might lead to the suggestion 

that these virus integrations are frequently leukemogenic. However, leukemia develop-

ment in rhesus monkeys and humans after transplantation with gamma-retrovirally 

transduced cells is still an uncommon event, even though we estimated frequencies 

for leukemia formation in the mouse to be between 1 in 106 to 107 transduced cells. 

The long latency time observed and the necessity for secondary transplantation in the 

mouse study point to the necessity of secondary mutations for leukemia development 

after gene therapy. The nature of these secondary events is still poorly understood and 

should be investigated further.

In conclusion, the pre-clinical data and the human studies show that the classical 

retroviral vector design probably does not have a favorable integration pattern from a 

integration safety standpoint and that potential improvements can be achieved in this 

area by using different vector backbones, self-inactivating designs or by using weaker 

internal promoter/enhancers. On the other hand, the CIS that were observed might 

actually help transduced cells to repopulate and survive better, which aids transplanta-

tion and cure of the patient.

A second, obvious point to increase retroviral gene therapy is the reduction of the 

number of transduced cells that is transplanted. Although the reduction of transplant 

size is obvious from a mathematical point of view, it might not be welcomed in the clinic, 

since it will inevitably lead to longer hospitalization and increased chances of infection 

28	 http://eh.mh-hannover.de/isa
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during the time that the recipient is leukopenic. Here, a possible solution perhaps lies 

in the use of more purified target cells. Instead of CD34+ cells, CD34+CD38- cells might 

be used. These cells contain a higher fraction of the repopulating HSC and should 

therefore show similar transplantation kinetics. Two recent reports (9,10), however, 

described that insertional oncogenesis does not stem from the later progenitors. Using 

further purified HSC as targets for gamma-retroviral gene therapy is therefore unlikely 

to bring improvements in safety.

The adverse events in the clinical trials for XSCID and XCGD lead to increased inter-

est in the analysis of clonality of the transplant. In mouse and rhesus monkey studies 

were retroviral vectors where used for transduction, oligoclonal repopulation patterns 

tended to arise, likely due to the fact that only a limited number of hematopoietic 

stem cells were transduced. In monkeys, the repopulation patterns of these clones was 

studied, by challenging the monkeys with chemotherapeutics to established how many 

dormant clones were present in the bone marrow. These results point to the fact that 

only a limited number of transduced clones give rise to long-term hematopoiesis. In the 

protocols used for clinical gene therapy, a host of clones carrying different integrations 

is usually transplanted, which makes it difficult to establish whether any malignant or 

pre-malignant clones are infused into patient. There is a dichotomy here: clinicians 

prefer to transplant larger numbers of cells, since this reduces the time to reconstitu-

tion. This has obvious clinical benefit, but when the number of transplanted clones is 

limited, to numbers below the estimated frequency of malignant clones that is expected 

with a certain virus backbone (for example, as determined in chapter 3) the chance of 

infusing a malignant clone is reduced at the expense of a longer time to reconstitu-

tion. Later reconstitution puts the patient at risk to get infected during the leukopenia. 

With self-inactivating vector backbones showing reduced frequencies of malignant 

transformation (18, 35) the reduction in cell numbers might not be very dramatic and 

allows protocols to reach the situation where the chance of infusing a malignant clone 

is limited. On the other hand, since the patients in the XSCID trials received no cyto-

reductive therapy at all (6,11), a reduction of the number of transplanted cells might be 

feasible down to a level were only very few cells finally repopulate the patient.

As shown in chapter 4, pre-transplant samples do provide insight into the integra-

tion pattern of a specific vector backbone in human cells, but fail to capture the post-

transplant selection. It is therefore questionable whether firm assumptions on vector 

safety can be made on pre-transplant integration analysis. Furthermore, the occurrence 

of dominant clones and eventually leukemia is hard to predict from clinical samples 

or pre-clinical samples. In the case of LMO2 insertions, this is very clear, since these 

insertions lead to leukemias in five XSCID patients, but similar insertion in the ADA 

SCID trail until now did not result in such adverse events. In the London XSCID trial, 

an insertion in LMO2 and a subsequent loss of the p-arm of chromosome 7 (4) was 
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believed to lead to the leukemia, showing that secondary events are necessary to lead to 

insertional oncogenesis.

In this respect, it is interesting to see that both FDA and EMEA currently do not 

prescribe which vectors can or cannot be used for gene therapy. It is perfectly feasible 

to start a clinical trial with a gamma-retroviral vector as were used in the XSCID gene 

therapy trials. The main concern, however, is the follow up of insertions in the patients. 

This follow-up is not a clear cut analysis, as we have shown in chapter 6. Small changes 

in the methods employed to study insertions can lead to different results. The question 

therefore rises, whether specialized laboratories should take over the task of analyzing 

patient data.

As described above, in clinical gene therapy protocols a large number of different 

clones (0.9-20x106 transduced cells/kg, mean 7x106/kg, (6-8, 11) is transplanted into 

patients. This is mainly because no HSC expansion protocols were available. Recently, 

cell culture protocols have been established for mouse (36) and human UCB CD34+ cells 

(37), which allow expansion of stem cells up to 30x in 10 days. Such an expansion culture 

might allow selection of a limited number of possibly benign integrations, and expand 

them to a size suitable for reconstitution. A question untouched at this moment would 

be whether the expanding cells, in a clearly non-physiological setting might lead to 

accelerated accumulation of cell damage due to replicative stress or high oxygen levels 

in the cell culture, so that the effects of selection might be negated by the culture stress. 

Another avenue that is worth exploring is the gene correction of induced pluripotent 

stem cells (iPS) generated from patient tissue. Although the iPS field is currently quickly 

moving and proof-of-concept of gene addition therapy has been shown in mice (38), 

protocols to safely establish iPS clones, repair them or express additional copies of cor-

rected genes and differentiate the clones into hematopoietic cells have not yet been 

developed. Again, since the iPS procedure allows growth of reprogrammed clones, a 

selection of benign clones should be feasible, but the same drawbacks of replicative 

stress need to be investigated.

With upcoming gene therapy trials for beta-thalassemia, Wiskott-Aldrich syndrome 

(39), Fanconi Anemia (40), metachromatic leukodystrophy (41) and a range of other stor-

age diseases currently in translational research, gene therapy of monogeneic diseases 

promises to become a more routine treatment. Even though long-term follow data 

is still limited, one might say that for XSCID and ADA SCID, gene therapy provides 

a viable alternative to bone marrow transplantation. It is currently the treatment of 

choice, especially when no matched related donors are available. Since the conditioning 

in autologous gene therapy is usually milder compared to matched unrelated donor 

bone marrow transplant (no conditioning in XSCID and mild busulfan treatment in 

ADA SCID), gene therapy, if proven safe, will rapidly replace allogeneic stem cells trans-
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plantation in these cases, with the expected added benefit of abolishing late effects of 

conditioning in these usually young patients.
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Retroviral gene therapy of monogeneic diseases has recently proven to be a successful 

method of treatment, often curing patients from severe and possibly lethal diseases 

such as X-linked severe combined immunodeficiency (XSCID), ADA SCID and chronic 

granulomatous disease (CGD). The cause of each of these diseases is a mutation in a 

single gene. The usual treatment for these diseases is bone marrow transplantation, 

however, not all patient have suitable HLA-matched related donors available. In such 

cases, bone marrow transplants using matched unrelated donors can be performed, 

but these often have severe side effects. Using retroviral vectors, derived from Moloney 

leukemia virus, an active, ‘healthy’ copy of such a mutated gene can be inserted at a 

random location in hematopoietic cells of the patient, usually CD34+ cells. When these 

cells are then transplanted back into the patient and engraft, the patient can regener-

ate his hematopoietic system with the ‘cured’ cells. This approach has been tested for 

the diseases mentioned above in clinical setting and proved successful in 26 patients. 

After initial success, 5 patients in the XSCID trials developed leukemia and after very 

detailed examination of the locations were the retroviral vectors integrated, an effect 

of the virus was found to cause those leukemias. In four patients, the leukemia could 

be treated while their gene corrected hematopoiesis remained in place. In one patient, 

the leukemia could not be successfully treated, which lead to the death of the patient. 

Even when considering these severe adverse effects of gene therapy treatment, the 

overall results of these studies is positive and shows that monogeneic diseases of the 

hematopoietic system can be treated using gene therapy. It also clearly shows that the 

retroviral vectors used might not be optimal. This has caused the gene therapy field to 

investigate the viral vector backbone in detail, looking for readouts for genotoxicity and 

improved vector designs.

In chapter 3, we describe a study where we analyzed retroviral insertion sites 

retrieved from mice that received transduced bone marrow cells and were subsequently 

observed until retransplantation at different time points ranging from 117, 206, 245 and 

342 days after transplantation. Secondary recipients were then observed for up to 645 

days after transduction. When analyzing the insertions in the bone marrow and blood 

of these mice, we observed that there was a significant correlation between insertions 

and expression of the surrounding genes, measured by microarray. Interestingly, inser-

tions sites that were more frequently observed did not show such strong correlations 

with gene expression, which indicates that the genes in these loci might have functions 

that make the cells that carry them repopulate more efficiently. We also found that the 

hematopoietic nature of the transduced cells was reflected in the repertoire of genes 

that were hit by the virus; the insertions occurs near genes with functions in the hema-

topoietic system, along with more general cell functions. Of note is also that ~6% of 

this limited number of genes had human homologues that were retrieved in the studies 

XSCID clinical trials described in chapter 4 (and appendix 1 and 2).
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Chapter 4 extends our analysis in mice by investigating the insertions retrieved in 

the ADA-SCID, XSCID and CGD clinical trails, as well as a preclinical retroviral trans-

duction study in rhesus monkeys. An occurrence of common insertion sites (CIS) both 

within and between studies was observed. These CIS were more frequently found after 

transplantation than in the pre-transplant samples, which leads us to believe that the 

CIS, were providing the cells carrying them with a survival/repopulation advantage. As 

in the mouse study, the insertions were significantly correlated with expression of the 

surrounding genes, but the CIS again did not show such close relationships.

To investigate how often insertions of replication deficient retroviral vectors would 

lead to leukemias, we analyzed the survival of 187 mice transplanted cells retrovirally 

transduced to carry either the marker gene eGFP or both eGFP and wtStat5b, a signaling 

molecule important in hematopoietic signal transduction. Unexpectedly, we found no 

difference in leukemia incidence or phenotype between these groups, showing that 

over-expression of a signaling molecule does not necessarily lead to malignant transfor-

mations. We observed 2.7x more leukemias in the mice transplanted with retrovirally 

transduced cells than in the control groups, with a median latency of 383 days. Since we 

controlled the number of cells initially transplanted, we could calculate an incidence 

of 1.9x10-7 leukemias/transgene positive cell (1 in 5.2 million cells), which increased to 

1.5x10-6 (1 in 670,000 cells) in the secondary recipients. We analyzed the common inser-

tion sites and retrieved the frequently found Evi1 gene and insertion in genes associated 

with leukemia after retroviral infection (RTCGD). We were however unable to show 

that these genes or dominant clones in our mice lead to reduced latency.

In chapter 6, we describe the annotation tools we developed for analysis of retroviral 

insertion sites. During the experiments described in chapter 3 and 4, we noticed that the 

amount of available data for both the mouse and human genome increased almost every 

half year. We were therefore interested in re-analysis of the datasets, which is quite labor 

intensive. As a result, we developed a web tool that allows reasonably fast (re-)analysis 

of insertion sites. We reanalyzed a previously published dataset, containing insertion 

sites retrieved from ADA-SCID patients in a gene therapy trial, to assess the influence 

of each of the analysis parameters. We studied the effect of the use of removal of repeat 

sequences from the insertions and the differences between genome builds and annota-

tions of these used. Differences in alignments between genome builds were usually small 

(~5%), but the annotations showed larger (~25%) differences, which also depended on 

the type of annotation that was used. For example, using RefSeq annotations proved to 

be less stable than EnsemblIDs. Since the influence of the analysis parameters proved to 

be considerable, we suggest that future studies of insertion sites should be very precise 

in the description of their methodology. Even small differences in analysis parameters 

might have implications for the conclusions obtained from such studies.
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The research described in this thesis shows that although retroviral vectors can suc-

cessfully be used for gene therapy, their integration profiles are not inherently safe. New 

viral vectors, with less efficient enhancers or carrying insulators might reduce the effect 

of the vector insertion on its surroundings. Similarly, a reduction of the number of 

transduced cells given in the transplant, might further reduce the frequency of adverse 

events. Mouse studies showed that long term observation resulted in increased leuke-

mia incidence, which is important when mouse models are used for preclinical evalu-

ation of new gene therapy vectors. Finally, the common insertions retrieved in mouse, 

rhesus macaque and human clinical trials point to effects of the genes in these common 

insertion loci that might increase cell survival or make cells more efficiently engraft the 

recipients and might therefore be interesting targets to investigate in hematopoietic 

reconstitution.
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De retrovirale gentherapie van monogenetische ziekten is in de laatste jaren een effectieve 

behandelingsmethode gebleken. Vaak werden met behulp van deze therapie patiënten 

behandeld die anders geen, slechtere of duurdere behandelingen hadden moeten onder-

gaan. De ziekten die zijn behandeld zijn ernstige, soms levensbedreigende aandoeningen 

van het immuunsysteem, zoals XSCID (X-linked severe combined immunodeficiency), 

ADA SCID (adenosine deaminase deficiency) en CGD (chronic granulomatous disease). 

In al deze ziektes is een mutatie in één gen de oorzaak. Normaliter kunnen deze ziekten 

met behulp van beenmerg transplantatie worden behandeld, maar het is niet altijd 

mogelijk een geschikte, HLA compatibele familie donor te vinden. Bij afwezigheid 

wordt dan naar een HLA compatibele niet-familie donor gezocht. Het nadeel van een 

transplantatie van niet-familie donor beenmerg is een grotere morbiditeit.

Wanneer men retro-virale vectoren gebruikt, die bestaan uit een op het Moloney leu-

kemie virus (MLV) gebaseerde virussen, dan is het mogelijk de CD34+ beenmerg cellen 

van een patiënt met een monogenetische aandoening te voorzien van een additionele 

werkzame kopie van het defecte gen. Na transplantatie van deze cellen in de patiënt 

kunnen zij een nieuw hematopoietisch systeem vormen, waarbij het ingevoegde gen 

in alle dochter cellen van het originele transplantaat aanwezig is. Deze methode is in 

de afgelopen jaren in 26 patiënten getest en was tot nu toe voornamelijk succesvol. 

Echter, in 5 patiënten werd na initieel succes van de behandeling in de XSCID trials een 

leukemie gevonden. Na uitvoerig onderzoek van de leukemie cellen kon worden vastge-

steld dat deze een insertie van de retrovirale vector zeer waarschijnlijk de expressie van 

de omliggende genen gedereguleerd had, wat aanleiding gaf tot ontwikkeling van de 

leukemie. In vier patiënten kon deze leukemie succesvol worden behandeld, waarna de 

patiënten met een normaal immuunsysteem inclusief additioneel gen genezen konden 

worden verklaard. In een geval kon de leukemie niet worden behandeld, wat tot het 

overlijden van de patiënt leidde. Zelf wanneer men de serieuze gevolgen van een virus 

integratie in een ongewenst locus en de daaruit volgende leukemie beschouwd, kan de 

behandeling van monogenetische ziekten van het hematopoietisch systeem met behulp 

van retrovirale vectoren over het algemeen als succesvol en effectief worden gezien. Uit 

deze klinische trials wordt ook duidelijk, dat de MLV gebaseerde retrovirale vector niet 

optimaal is. Het gentherapie vakgebied heeft zich als gevolg van de negatieve resultaten 

uit de trials geconcentreerd op de ontwikkeling van veiligere virale architectuur, tests 

voor genotoxiciteit en verbetering van de componenten van de vectoren.

In hoofdstuk 3 beschrijven we een studie waarin we retrovirale inserties die geïden-

tificeerd zijn in muizen die een transplantatie met getransduceerd beenmerg hebben 

ondergaan en vervolgens voor lange tijd gevolgd zijn, tot het moment dat beenmerg van 

deze muizen op 117, 206, 245 en 342 dagen na transplantatie in secundaire ontvanger 

muizen werd getransplanteerd. Deze secundaire ontvangers werden daarop tot maxi-

maal 645 dagen geobserveerd. Bij de analyse van de virale inserties in het beenmerg 
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van deze muizen viel het op dat genen die in de doel cellen tot expressie kwamen 

(wat wij met microarray analyse aangetoond hebben) een grotere kans hadden door 

een retrovirus getroffen te worden. Dit fenomeen was al bekend voor de van HIV afge-

leide lentivirussen en retrovirussen, maar de correlatie die wij konden aantonen was 

significant. Niet alleen de naastliggende genen leken van belang, maar ook het gehele 

locus. Opmerkelijk was dat een aantal veelvoorkomende doelwitten voor integratie niet 

bijzonder hoog tot expressie kwamen in de doel cellen. Hieruit maakten wij op dat deze 

genen wellicht een belangrijke taak in de hematopoiese hebben, waardoor de cellen met 

integraties in de buurt van deze genen beter in staat zijn de muis te repopuleren. Ook 

stelde we vast dat de hematopoietische aard van de doelcellen in het integratie patroon 

van de retrovirussen te herkennen was: een veelvoud van inserties bevonden zich in 

genen die een functie in de hematopoiese hadden, hoewel genen met meer algemene 

functies ook geraakt waren. In onze weliswaar beperkte integratie dataset vonden we 

een ~6% overlap met een integraties die in de patiënten in de XSCID studie gevonden 

waren (Hoofdstuk 4 en appendix 1 en 2).

In hoofdstuk 4 wordt de analyse van retrovirale inserties in hematopoietische cellen 

uitgebreid met inserties uit de XSCID, ADA SCID en CGD studies in mensen en een 

preklinische studie in resusapen. Hier werden veelvuldig voorkomende inserties (com-

mon insertion sites, CIS) niet alleen binnen de verschillende datasets gevonden, maar 

ook tussen de verschillende datasets. Ook werden deze CIS vaker gevonden na trans-

plantatie in vergelijking tot voor transplantatie, waaruit op te maken valt dat cellen met 

deze CIS een voordeel in repopulatie of overleving hadden. Net als in de muizen studie 

beschreven in hoofdstuk 3, is een duidelijke correlatie tussen insertie en gen expressie 

zichtbaar, waarbij deze bij CIS minder duidelijk is.

De incidentie van leukemie als gevolg van retrovirale gen markering is geëvalueerd 

in 187 muizen, die zijn getransplanteerd met retroviral getransduceerde cellen, die de 

marker EGFP of het signaal transductie molecuul wtStat5 in combinatie met EGFP 

tot expressie brachten. De incidentie van leukemie was niet verschillend tussen deze 

groepen, waaruit we concluderen dat overexpressie van het signaal transductie mole-

cuul wtStat5 niet noodzakelijkerwijs tot maligne transformatie leidt. In de muizen die 

getransduceerde cellen ontvangen werden 2.7x meer gevallen van leukemie gevonden 

dan in de controle groep, met een mediane latentietijd van 383 dagen. Omdat een bekend 

aantal getransduceerde cellen werd getransplanteerd, was het mogelijk te berekenen dat 

1.9x10-7 getransduceerde cellen (1 per 5.2 miljoen cellen) in de primaire transplantatie 

tot een leukemie leidde. In de secundaire transplantatie was een toename zichtbaar in 

de leukemie-frequentie tot 1.5x10-6 per getransduceerde cel (1 per 670,000 cellen). In 

de analyse van de retrovirale integratie sites werd een frequente insertie in Evi1 en in 

leukemie-geassocieerde genen (zoals samengevat in de RTCGD) gevonden. Inserties in 
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of nabij deze genen of andere dominante klonen in de polyclonale hematopoietische 

populatie leidde echter niet tot een versnelde progressie tot leukemie.

In hoofdstuk 6 introduceren we software voor annotatie van virus integratie sites. 

Bij de uitvoer van de experimenten beschreven in hoofdstuk 3 en 4 werd het duidelijk 

dat de beschikbaarheid van een programma voor automatische annotatie van insertie 

sites zowel de nauwkeurigheid van deze annotaties als de snelheid waarmee deze 

gegenereerd worden zou kunnen verbeteren. Om de functionaliteit van deze software 

te demonstreren, werd een eerder gepubliceerde dataset opnieuw geanalyseerd om de 

invloed de diverse parameters op de analyse te evalueren. Wij bekeken de effecten van het 

gebruik van verschillende genome builds, het verwijderen van repeats uit de sequenties 

die de insertie sites bepalen en verschillende manier annotatie van de geïdentificeerde 

integratie sites. Hieruit bleek dat er slecht kleine (5%) verschillen in alignments tussen 

de verschillende genome builds zijn, maar dat het gebruikt van verschillende annotaties 

een groter (~25%) verschil veroorzaakte. Omdat deze parameters een duidelijke invloed 

op de resultaten hadden, concluderen wij dat de analyse parameters duidelijk gespeci-

ficeerd dienen te worden in de beschrijving van zulke analyses. Het onderzoek beschre-

ven in dit proefschrift maakt duidelijk hoewel het klinisch succes van het gebruik van 

retrovirale vectoren bewezen kan worden geacht, deze niet als geheel veilig kunnen 

worden beschouwd. Nieuwe ontwikkelingen in vector architectuur, waarbij van min-

der potente enhancer sequenties of van insulator sequenties gebruik wordt gemaakt, 

zouden het effect van de vector op het omliggende genoom kunnen reduceren en zo tot 

minder genotoxische vectoren kunnen leiden. Omdat het optreden van leukemie ook 

met het aantal getransplanteerde getransduceerde cellen samenhangt, zou een reductie 

van het aantal cellen in het transplantaat ook tot een geringere kans op leukemie kun-

nen leiden. In ons muizen-model was een duidelijke toename van het aantal leukemie 

gevallen zichtbaar, wat consequenties heeft voor de tijdsduur van zulke experimenten 

als ze als voor evaluatie van de veiligheid van een vector worden ingezet. De common 

insertion sites (CIS) die werden gevonden in het muizen model, de resus makaak en de 

patiënten-monsters duiden erop dat er een effect bestaat van genen die deze loci omrin-

gen op de overleving of de efficiëntie waarmee deze cellen het hematopoietisch systeem 

de ontvanger repopuleren na transplantatie. Het is daarom van belang de functie van 

deze genen in hematopoiese nader te onderzoeken.
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We	treated	10	children	with	X-linked	SCID	(SCID-X1)	using	gammaretrovirus-mediated	gene	transfer.	Those	
with	sufficient	follow-up	were	found	to	have	recovered	substantial	immunity	in	the	absence	of	any	serious	
adverse	events	up	to	5	years	after	treatment.	To	determine	the	influence	of	vector	integration	on	lymphoid	
reconstitution,	we	compared	retroviral	integration	sites	(RISs)	from	peripheral	blood	CD3+	T	lymphocytes	
of	5	patients	taken	between	9	and	30	months	after	transplantation	with	transduced	CD34+	progenitor	cells	
derived	from	1	further	patient	and	1	healthy	donor.	Integration	occurred	preferentially	in	gene	regions	on	
either	side	of	transcription	start	sites,	was	clustered,	and	correlated	with	the	expression	level	in	CD34+	pro-
genitors	during	transduction.	In	contrast	to	those	in	CD34+	cells,	RISs	recovered	from	engrafted	CD3+	T	cells	
were	significantly	overrepresented	within	or	near	genes	encoding	proteins	with	kinase	or	transferase	activ-
ity	or	involved	in	phosphorus	metabolism.	Although	gross	patterns	of	gene	expression	were	unchanged	in	
transduced	cells,	the	divergence	of	RIS	target	frequency	between	transduced	progenitor	cells	and	post-thymic	
T	lymphocytes	indicates	that	vector	integration	influences	cell	survival,	engraftment,	or	proliferation.

Introduction
Retroviral vectors have been widely used in human HSC gene 
therapy trials because they stably integrate into the genome and 
therefore provide an opportunity for sustained clinical effect. 
This principle has been applied successfully to treat inherited 
immunodeficiencies including X-linked SCID (SCID-X1) (1–3), 
adenosine deaminase–deficient SCID (4–6), and, more recently, 
X-linked  chronic  granulomatous  disease  (7).  Despite  highly 
encouraging results, evidence has accumulated in animal and 
human studies that mutagenic side effects occur as a direct result 
of vector integration (8–12). It has therefore become of particular 
importance to understand the risks of harmful mutagenesis and 
to define the patterns of retroviral insertion that may predispose 
to these events.

Recent studies have shown that the distribution of retroviral 
integration sites (RISs) within the genome is not arbitrary and is 
variable in pattern depending on the nature of the virus or vector. 

Murine leukemia virus– (MLV-), HIV-1–, and avian sarcoma leuke-
mia virus–based (ASLV-based) vectors exhibit quite distinct target 
site preferences (13). Gammaretroviral vectors and HIV-1–based 
lentiviral vectors both preferentially integrate into gene coding 
regions (14), although gammaretroviruses particularly favor a 
5–kilobase pair (5-kbp) window on either side of the transcrip-
tion start site (TSS) (15). In contrast, ASLV exhibits only a weak 
preference for genes. The mechanisms that dictate the differential 
integration site patterns have not been clearly elucidated, but may 
depend to some extent on the accessibility of euchromatin to the 
preintegration complex, the transcriptional activity of the locus, 
and binding or tethering to specific DNA sequences via host pro-
teins at the sites of insertion (16). It is therefore likely that inte-
gration patterns may also be skewed by the nature and activation 
status of the target cell.

Although integration patterns are easily defined in homoge-
neous cell populations in vitro, the influence of integration when 
measured in complex in vivo situations is more relevant for our 
understanding of the risks of harmful mutagenesis. In HSC gene 
therapy, starting cell populations that are transduced ex vivo 
are heterogeneous, and the minority of progenitor cells among 
them that do engraft are subject to postengraftment influences 
that dictate survival, homing to appropriate microenvironmental 
niches, and subsequent differentiation and proliferation in vivo. 

Nonstandard	abbreviations	used: common γc, γ chain; CIS, common integration 
site; GO, gene ontology; kbp, kilobase pair(s); LAM-PCR, linear amplification–medi-
ated PCR; LTR, long-terminal repeat; MLV, murine leukemia virus; Pt, patient; RIS, 
retroviral integration site; SCID-X1, X-linked SCID; TSS, transcription start site.
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Citation	for	this	article: J. Clin. Invest. 117:2241–2249 (2007). doi:10.1172/JCI31661.
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ence beyond the accessibility of the euchromatin (10–12). In line 
with this hypothesis, a comparative analysis of retrovirus integra-
tion and gene expression status demonstrated reduced integration 
in genomic sites with highly active transcription (13). A large-scale 
mapping of RISs in gene-modified T lymphocytes from leukemic 
patients after allogeneic stem cell transplantation has shown that 
retroviral vectors integrated preferentially in genes expressed dur-
ing transduction and that integrations can deregulate gene expres-
sion, albeit without obvious side effects (14).

Of the published large-scale in vitro integration site studies, 
none followed the possible selective advantage induced by virus 
or vector integration for an individual transduced cell over time. 
Interestingly, an analysis of MLV retrovirus and SIV lentivirus inte-
gration sites in a preclinical nonhuman primate model discovered 
the presence of common integration sites (CISs) in transcriptional 
units (15). Recent studies on transduced CD34+ cells have further 
demonstrated that vector integration is indeed nonrandom, often 
clustered, and potentially capable of inducing immortalization 
in vitro, clonal dominance in vivo, or even leukemogenesis  in 

vivo (16–18). Insertion in human gene-modified T lymphocytes 
occurred preferentially at the transcription start site (TSS), but 
only a low incidence of CIS insertion was found (14).

Recurrent integration in specific gene loci strongly indicates that 
the insertion has provided a nonrandom growth or survival advan-
tage to the affected target cell clones (17, 18). Our recent obser-
vation in a clinical gene therapy trial for chronic granulomatous 
disease that cell clones with integrations in MDS1/EVI1, PRDM16, 
or SETBP1 drove a 3- to 4-fold in vivo expansion of the gene-cor-
rected myeloid cell pool emphasizes the importance of analyzing 
the influence of the integration sites present in transduced cells 
and their clonal progeny in current gene therapy trials aimed at 
curing disorders of the myeloid or lymphoid blood cell compart-
ment (19). The occurrence of a lymphoproliferative disease in 3 of 
our 9 patients showed the biological relevance the integration of 
replication-defective retroviral vectors may have (20).

Here we demonstrated, by high-throughput integration site 
analysis and sequencing performed on CD34+ transduced cells 
and sorted peripheral blood cell samples obtained from patients of 

Figure 1
RIS distribution analysis of engrafted cells. (A) RIS distribution compared with chromosome size and gene content. The displayed chromosome 
distribution accounts for the double copy number of diploid autosomes. Black bars, size of chromosomes; gray bars, number of known genes; 
white bars, number of RISs. (B and C) Vector integration in and near RefSeq genes. RISs were preferentially found near the TSS (B) and within 
gene coding regions (C). Negative numbers denote the region upstream (Up) of a gene, positive numbers indicate the gene region downstream 
of the TSS (RefSeq gene) (B) or downstream (Down) of the gene (C). (C) The position of intragenic hits was mapped according to the percent-
age of overall gene length.
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the first X-linked SCID (SCID-X1) gene therapy trial, that integra-
tion of retroviral vectors took place preferentially in gene coding 
regions, was skewed to the transcriptional start site (TSS) of genes, 
and was significantly correlated with the gene expression pattern 
of the gene-corrected cell population. Most strikingly, the signifi-
cant clustering of distinct cellular integration events hitting CISs 
in different circulating lymphocytes indicates that in vivo selec-
tion of transduced cells in the clinical setting occurs in relation to 
vector insertion and may critically influence an individual cell’s 
repopulation and proliferation capacity.

Results
Distribution analysis of retrovirus vector insertions in patients’ mature 
blood cells. To study the characteristics of retroviral insertion in 
clinical common γ chain (γc) gene correction, a high-throughput 
analysis of insertion sites was conducted by linear amplification–
mediated PCR (LAM-PCR) (21–23) on the DNA of whole blood 
leukocytes (554 sites) and purified peripheral blood T cells (CD3+), 
granulocytes (CD15+), and monocytes (CD14+; a total of 18 sites) 
collected 4 to 41 months after the reinfusion of autologous CD34+ 
cells transduced with a γc encoding retrovirus vector. Concerning 
the purified cells, 6 of the 18 sites were analyzed in detail previ-
ously  (21).  We  retrieved  704  unique  insertion  site  sequences 
from the 9 analyzed patients, of which 572 (81%; Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI31659DS1) could be mapped unequivocally to 
the human genome (see Methods). Chromosomal distribution 
analysis demonstrated that the frequency of insertion sites detect-
ed for each of the 23 human chromosomes correlated well with 
gene content but not with chromosome size (Figure 1A). Inser-
tions were most frequent on chromosome 1, which is the largest 
chromosome, and least frequent on chromosomes Y and 18. At 
the same time, the high insertion site frequency on chromosomes 
17 and 19 correlated with a higher-than-average number of genes 
on these chromosomes. Of the 572 unique RISs, 216 (38%) were 
located within a RefSeq gene, 157 (27%) were within 5 kilobase 
pairs (kbp) surrounding the TSS, and 356 (62%) were located in 
the gene coding sequence or less than 10 kbp away (Figure 1, B 
and C, Table 1, and Supplemental Table 1). Insertion data sets of 
the 3 patients (Pt4, Pt5, and Pt10) that developed a vector-associ-
ated T cell acute lymphocytic leukemia–like (T-ALL–like) disorder 
30–34 months after gene therapy were analyzed separately (20). 
Their integration pattern was not found to be significantly differ-
ent for any of the assessable parameters compared with that of the 
other patients (Table 1).

RIS distribution in transduced CD34+ cells. To study the influence of 
the differentiation process on the distribution of insertion sites, 
we compared the insertion site distribution of transduced pre-
injection CD34+ cells (total RISs, 167; mappable RISs, 102) with 
the profile found in the sorted circulating cell population (total 
RISs, 191; mappable RISs, 141) of the same patient, Pt4. We did 
not observe any substantial difference in the frequencies of gene-
associated insertions between pre- and posttransplantation cells 
(49% versus 41%; P = 0.22, χ2 test), of targeting the TSS (within 5 
kbp of TSS, 16% versus 26%; P = 0.05), of insertions in the proxim-

Table 1
Overall characteristics of RISs found in 9 patients

	 Pt4,	Pt5,	Pt10	 Pt1,	Pt2,	Pt6–Pt9	 Total
Exactly mappable RISs 210 (100) 362 (100) 572 (100)
RISs in RefSeq genes 81 (39) 135 (37) 216 (38)
RISs in RefSeq genes including the 10-kbp surrounding region 130 (62) 226 (62) 356 (62)
RISs near TSSs (± 5 kbp) 59 (28) 98 (27) 157 (27)
RISs close to CpG islands (± 1 kbp) 34 (16) 66 (18) 100 (17)

The time span of investigation for each patient was as follows: Pt1, 15–38 months; Pt2, 13–41 months; Pt4, 6–41 months and pretransplantation sample; 
Pt5, 13–37 months; Pt6, 4–16 months; Pt7, 11–16 months; Pt8, 10 months; Pt9, 4–12 months; Pt10, 5–12 months. RISs are shown as absolute number 
(percent) of the exactly mappable sequences for each category. RIS distribution of Pt4, Pt5, and Pt10, which developed leukemia following gene therapy, is 
shown separately in comparison with RIS distribution in the other patients.

Figure 2
Comparison of pre- and posttransplant RIS distribution in Pt4. (A) Per-
centage of RISs detected in the indicated gene regions. (B) Distribution 
of vector-targeted genes (including the surrounding 10-kbp genomic 
region) with respect to GO and CIS formation. The GO categories 
were chosen according to the most significantly overrepresented ones 
retrieved from engrafted cells from all patients. Black bars, pretrans-
plantation samples of Pt4 (102 RISs); gray bars, posttransplantation 
samples of Pt4 (141 RISs).
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ity of RefSeq genes and their 10-kbp upstream and downstream 
vicinity (64% versus 64%; P = 0.98), and of targeting CpG islands 
(14.7% versus 16.3%; P = 0.73; Figure 2).

Vector integration is clustered in CISs. For the purpose of analyz-
ing high-throughput insertional mutagenesis models in mice, a 
nonrandom insertion clustering in the form of retrovirus integra-
tion into the same genomic locus on 2 or more different cells has 
been defined as a CIS. A CIS has been shown to be indicative of a 
nonrandom functional association of the insertion locus with the 
transformation event (24–26). To distinguish random coincidence 
of neighboring integration from nonrandom CIS formation, we 
followed a more stringent CIS definition as recently defined by 
Suzuki et al. (26). We classified CISs only by distance, independent-
ly of whether vector integrants were inter- or intragenic. We con-
sidered 2, 3, or 4 insertions to be CISs if they fell within a 30-kbp, 
50-kbp, or 100-kbp window, respectively. CISs of fifth or higher 
order were defined by a 200-kbp window. Computer simulations 
showed that with 572 unique mappable RISs, the average number 
of randomly occurring second-order CISs (formed by 2 individual 
integrants) was 3.2 (Supplemental Table 2 and Methods). The null 
hypothesis that the 102 observed CISs of second order were the 
result of random clustering could be rejected (estimated P value, 
0). No CIS of third order (CISs formed by 3 integrants) or higher 
was obtained in 10,000 simulation runs.

Of the 572 mappable unique insertions found in blood cells, 122 
(21.0%) were part of a CIS (Supplemental Table 3), which is 33-fold 
the value to be expected under random distribution of the RISs. 
Of the 47 different loci harboring CISs, 38 (81%) were closer than 
30 kbp in distance to the next RefSeq gene. Among the 47 differ-
ent CIS loci, 11 were known protooncogenes, involved in human 
chromosomal translocations described in acute leukemia or other 
forms of cancer: ZNF217, VAV-3, CCND2, LMO2, MDS1, BCL2L1, 
NOTCH2, SOCS2, RUNX1, RUNX3, and SEPT6. Of these, 9 are well-
known transcription factors involved in human hematopoiesis. 
Fourteen particularly relevant CISs consisted of 3 or more inte-
grants, the majority (10 of 14, 71%) of which localized less than 30 

kbp away from genes. Here, protooncogene insertion was found in 
nearly half (6 of 14, 43%; Table 2). Of note, 3 CISs with 5 (LMO2), 
8 (ZNF217), and 9 insertions (CCND2) accounted for 22 (4%) of all 
independent RISs, suggesting that they confer a strong selective 
advantage to the cell clones harboring these RISs.

Furthermore, we looked for the appearance of clones during 
the investigation period. Of all CIS clones, 11 of 122 single clones 
were detected at different time points, whereas only 28 of 450 non-
CIS clones were retrieved more than once over time. Most of them 
appeared between 6 and 13 months and could also be detected 
later than 30 months, especially in the case of CIS clones. This 
shows  that constant contribution of  single clones  to normal 
hematopoiesis plays an important role. The CIS clones are not 
exclusively responsible for the success of the gene therapy, but they 
may play an important role.

In the CD34+ cells of Pt4 prior to transplantation, we identified 
4 CISs (7.8%) of second order of the 102 unique RISs (Supplemen-
tal Table 3), compared with an expected value of 0.03 CISs. Com-
puter simulations only reached a maximum of 3 CISs in 10,000 
runs (mean, 0.098; median, 0; standard deviation, 0.31; P = 0; see 
Methods). This nonrandom integration could indicate that these 
CISs are particularly accessible, but it was substantially lower than 
in posttransplantation samples.

We could not distinguish RISs in patients with lymphoprolifera-
tion from those without: CISs of third order or higher were spread 
over these 2 groups of patients. Among the 37% of all integrations 
derived from lymphoproliferative patients, only 24% of CISs of sec-
ond order were found, whereas 76% were found in leukemic and 
healthy patients or only in healthy patients.

RISs are located next to growth-promoting genes. To characterize the 
potential biological influence of vector integration on clonal selec-
tion, we used the gene ontology (GO) database and related EASE 
software (see Methods) to classify each gene into defined func-
tional and biological categories. Any category reflects the percent-
age of a gene category in the GO database. While we did not find 
any overrepresented gene classes (P < 0.05, Fisher exact test, count 

Table 2
CISs of third and higher order detected in patients

	 Pt1	 Pt2	 Pt4	 Pt5	 Pt6	 Pt7	 Pt8	 Pt9	 Pt10	
	 (56)	 (101)	 (141)	 (52)	 (23)	 (94)	 (79)	 (9)	 (17)
Protooncogenes
CCND2 2 1 3 2  1
ZNF217   2 1  1 3  1
LMO2 1  2 1   1
NOTCH2 2 1
RUNX3   2    1
RUNX1 1 2
Other	genes
C14orf4  1 1 2
AFTIPHILIN   2   1
FAM9C  2     1
PDE4B 1   1     1
PRKCBP1  1     2
PTPRC   1 1  1
TOMM20 1     1 1
TSRC1   1  1 1

The nearest RefSeq gene and the distribution of integrations among the different patients are shown for all CISs formed of at least 3 individual integrants. 
Numbers in parentheses denote the number of unique integrants retrieved from the individual patient.
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threshold of 3) in the transduced pretransplant samples, insertion 
analysis of engrafted cells showed highly significant overrepresen-
tation of genes involved in phosphorus metabolism, cell survival, 
kinase activity, transferase activity, receptor signaling, and DNA 
binding (Table 3). We did not find any significant differences 
between patients with and without lymphoproliferation.

Further comparative analysis showed an accumulation of RISs in or 
near genes listed in the database of the cancer genome project (http://
www.sanger.ac.uk/genetics/CGP/; Supplemental Table 1). Of the 356 
total genes listed, 31 (9%) vector-targeted genes were known onco-
genes. These data underline an integration-related selective advantage 
of RISs located in the vicinity of growth-promoting genes.

RIS and CIS loci correlate to the gene expression profile of transduced 
cells. To test whether the expression of genes is associated with 
the likelihood of receiving a retrovirus  insertion, we analyzed 
insertions in gene loci as a function of the corresponding gene 
expression levels in CD34+ cells, relative to the expression levels 
of all other genes. RISs in engrafted cells were significantly more 
frequently among the genes with the highest expression levels in 
CD34+ cells (n = 422; P < 1 × 10–6, Cochran-Armitage test; Figure 
3A). We further analyzed insertions in pretransplant CD34+ cells 
from Pt4. Interestingly, although the association was significant, 
it was less pronounced than that observed in the in vivo setting  
(n = 83; P = 4.99 × 10–4, Cochran-Armitage test; Figure 3B).

CIS location correlated even better with the genes highly expressed 
in CD34+ cells (Supplemental Table 3). Of 47 CIS genes, 43 could be 

analyzed because they were represented on the microarrays. The aver-
age expression bin was 6.8. With the exception of FAM9C, PDE4B, 
and TSRC1 (average expression bins, 0.7, 3.3, and 4.66, respectively), 
11 of 14 genes associated with CISs of 3 or more integrants were 
found to be in the highest quartile of expression (average expres-
sion bin, 7.1). LMO2, PTPRC, TOMM20, PRKCBP1, and RUNX1 were 
among the 10% of genes with highest expression, in bin 9.

Discussion
To understand the biology of insertional gene transfer in clinical 
trials, we performed high-throughput insertion site mapping on 
samples derived from a clinical gene therapy trial for SCID-X1. We 
compared RIS distribution in circulating mature cell populations 
from patients who had developed a lymphoproliferative adverse 
event and those who had not. Overall RIS distribution did not dif-
fer between the 2 groups. Both revealed the expected distribution 
features of retroviral vectors, with a strong preference for gene cod-
ing regions and symmetrical accumulation close to the TSS. Simi-
lar to that previously reported by Wu et al. for HeLa cells (7) and 
by Laufs et al. for CD34+ cells (8), the frequency of RISs was more 
closely related to gene density than to overall chromosome size, 
most frequently targeting chromosomes 1, 17, and 19.

Compared with the distribution in pretransplant cells, in vivo 
repopulation and normal function of the corrected T cell pool 
led to a significant skewing of the RIS distribution. Of all RISs 
detected in posttransplantation blood samples, 21% were found 
to be clustered, and a much lower CIS frequency in the CD34+ pre-
transplantation sample (7.8%) was observed. The observed changes 
in RIS distribution indicate that nonrandom selection or other 
biological effects of insertions in or near CIS genes have strong 
influence on the in vivo fate of gene-corrected cell clones.

Because the pre- and posttransplantation samples of Pt4 were 
comparable in size (102 RISs versus 141 RISs) and the CD34+ cell 
culture conditions were identical to those used on the CD34+ 
cells that engrafted and produced the T cells, the results of this 
analysis are adequate. Several mechanisms may account for the 
differences between insertion distribution profiles in pre- versus 
posttransplantation samples. First, the majority of cells in the pre-
transplantation sample have no repopulating ability. Therefore, 
the insertion site distribution of this population is not completely 
representative of repopulating cells from which posttransplanta-
tion cells derive. Second, posttransplantation CISs were even more 
frequently found near genes related to cell growth than were post-
transplantation RISs. Consequently, integration sites in lympho-
cytes and their progenitor cells are not only related to the gene 
expression status at the time of vector entry into the repopulating 
target cell, but might additionally confer a selective advantage, 
most likely as a result of gene activation, in gene loci that govern 
growth and/or survival of CD34+ cells and T cell precursors.

This observation was further corroborated by our analysis of 
whether the catalog of gene-associated insertions correlated with 
the target cells’ gene expression pattern. In samples obtained after 
transplantation, there was an even higher correlation among the 
level of gene expression present in CD34+ cells, the population 
initially targeted by the transduction, and the RIS frequency than 
in the analyzed pretransplant sample. The relevance of this asso-
ciation and its influence on clonal selection of engrafted cells is 
obvious in CISs with 3 or more RISs, where nearly 80% of CISs 
affect genes of the highest expression quartile in the engrafted 
gene-corrected cells.

Table 3
GO classification

Level	Category	 List	hits	 P

Molecular	function
 2 Kinase activity 25 0.00018
 2 Receptor signaling protein activity 10 0.000574
 3 Protein kinase activity 20 0.000244
 3 Transferase activity, transferring 25 0.000373 
  phosphorous-containing groups
 3 DNA binding 46 0.000398
 4 Phosphotransferase activity, 23 0.000111 
  alcohol group as acceptor
 4 Protein serine/threonine kinase activity 15 0.000717

Biological	process
 2 Death 17 0.000657
 3 Phosphorus metabolism 24 0.000542
 3 Cell death 17 0.000601
 4 Phosphate metabolism 24 0.000542
 4 Intracellular signaling cascade 26 0.00122
 4 Programmed cell death 17 0.000315
 4 Cell proliferation 29 0.00162
 5 Apoptosis 17 0.000305
 5 Protein amino acid phosphorylation 18 0.00194

RefSeq genes that received an insertion hit within the gene or the sur-
rounding 10 kbp were used for GO analysis. Of 356 affected genes identi-
fied in engrafted cells, 164 could be analyzed regarding their molecular 
function, and 189 could not be analyzed regarding the biological process 
according to GO terms. P values were calculated by Fisher exact test. 
Levels indicate the specificity of the gene category term: the higher the 
level, the more precise the term of the gene category is, and the more 
specific the function of its genes. Levels range between 1 and 5; for some 
genes, there are more than 5 levels. Genes of a higher level also belong 
to the lower-level categories.
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The results of our GO analysis provide further strong evidence 
that the biological function of genes at the insertion site is related 
to the in vivo fate of cell clones. When grouping vector-targeted 
genes according to their role in cellular physiology, engrafted cells 
show a clear preponderance of RISs located in or near growth-pro-
moting genes, in particular genes revealing kinase and transferase 
activity. This feature was not seen with the pretransplant samples, 
indicating that in vivo selection of clones having integrants in or 
near growth-promoting genes occurred in our patients.

In  line with  this observation, more  than  two-thirds of  the 
detected CIS genes were related to cell signaling and growth 
regulation or control of cell cycle, tyrosine kinases, or differen-
tiation. The most frequent CIS-associated genes — CCND2, a 
cyclin found deregulated in a number of human cancer cells (27, 
28); ZNF217, a zinc finger transcription factor hyperexpressed 
in solid tumors (29); and LMO2, a T-ALL related protooncogene 
(30) — are well known to influence clonal proliferation and sur-
vival if activated. Together, these areas represent 3% of all clones 
but only 7 × 10–7% of the genetic code. Aberrant expression in 
many of these CIS genes in the context of other genetic changes 
has been linked to human oncogenesis. However, while the pres-
ence of CISs indicates that such clones engrafted and/or grew 
better than others, no evidence of clonal dominance has been 
detectable in the analyzed samples.

In a T cell gene transfer trial, RIS distribution was similar between 
clinical in vivo and experimental in vitro samples (14). To test wheth-
er pretransplant RIS distribution would have discernible character-
istics related to a later lymphoproliferation event, we studied the 
integration sites in the CD34+ cell population cryopreserved imme-
diately after the transduction phase for Pt4, the first patient who 
developed a LMO2-associated T-ALL–like disease. No LMO2 RISs, 
and a low number of CISs, were found among the 102 sequences 
analyzed in CD34+ cells by LAM-PCR. In contrast, CISs were as fre-
quent in posttransplantation T cells of Pt4 as in those of the other 
patients, with CCND2-related insertions being the most frequent 
CISs in this patient. In addition, no LMO2 was detected in a second 
SCID-X1 trial. The results are published as a related manuscript by 
Schwarzwaelder et al. (31). Our findings support the concept that 
insertional activation of CIS genes, even when providing a subtle 
selective advantage to transduced precursors, will not lead to uncon-
trolled proliferation in the absence of other genetic changes.

This latter hypothesis is compatible with our recent observa-
tion of clonal myeloid cell expansion in a clinical retroviral vec-
tor–based gene therapy trial to correct chronic granulomatous 
disease. We found that a nonrandom integration site distribution 
had developed by extensive expansion of progenitor cells with 
MDS1/EVI1-, PRDM16-, and SETBP1-related integration sites in 2 
patients. Expression of these genes conferred a selective advantage 
to the transduced myeloid cells, leading to a 3- to 4-fold self-limit-
ing expansion of the gene-corrected cell fraction (19). Subsequent 
to the submission of this manuscript, a fourth case of T-monoclo-
nal lymphoproliferation occurred in our group of patients. This 
lymphoproliferation is under investigation.

Our data indicate that the retrovirus vector integration pattern in 
T cells following clinical gene transfer is nonrandomly distributed, 
correlates well with CD34+ target cell gene expression, and is charac-
terized by highly significant clustering into multiple different CISs. 
These CISs preferentially map to growth-regulating genes expressed 
in CD34+ cells, highlighting that their integration occurs preferen-
tially in active gene loci and that maintaining their activation in later 
cell generations by insertion in vector-targeted genes themselves or 
in the regulatory gene regions likely confers a clonal selection advan-
tage compared with other sites that are rarely affected. Furthermore, 
the expression as such, but not the intensity of expression, might be 
influential on insertion. Vector integration in many different sites 
in our clinical SCID-X1 study has actively influenced the fate of cor-
rected cell clones in vivo. Potential therapeutic advantages associated 
with the preferential growth of particular clones over time will be 
the subject of further investigation. Additional biosafety measures 
designed into vectors could include inactivation of the 3′ long-termi-
nal repeat (3′LTR) enhancer activity, e.g., by use of retrovirus or len-
tivirus self-inactivating vectors and insulators. Thus, the prospects 
are excellent that it will be possible in the future to develop safety 

Figure 3
Association between vector integration and gene expression. (A and 
B) Number of RISs detected in engrafted cells (A) and in CD34+ cells 
prior to reinfusion (B) as a function of relative gene expression in 
stimulated peripheral blood CD34+ cells. For each gene, the probeset 
with the highest expression value was used. All 20,600 genes present 
on the array were sorted on expression and divided in 10 percentile 
categories according to their expression level, so that each category 
contains 10% of the genes. Values represent the average number of 
genes in each category based on 3 individual arrays (see Methods).
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measures for gene therapy of severe immunodeficiencies, cancer, 
and other diseases with limited therapeutic options that avoid or at 
least minimize unwanted gene activation. The excellent therapeutic 
success achieved in gene therapy trials can be maintained, while the 
probability of insertional side effects is substantially decreased.

Methods
Patients’ cells. Blood samples were obtained at various time points from 
patients enrolled in the SCID-X1 gene therapy trial (32). CD3 T cells, CD19 
B cells, and CD14 monocytes were selected from patients’ PBMCs by immu-
nomagnetic columns (Miltenyi Biotec). Granulocytes (CD15) were sorted 
by fluorescence-activated cell sorting (BD). A CD34+ cell sample from Pt4 
was separated just prior to reinfusion. Genomic DNA was isolated from all 
cells using commercially available DNA isolation kits (QIAGEN). Informed 
consent was obtained from parents, and the study was approved by the 
Comité Consultatif de Protection des Personnes dans la Recherche Bio-
medicale (CCPPRB), Hôpital Cochin, Paris, France.

Integration site analysis by LAM-PCR. DNA derived from patients’ blood cells 
(1–100 ng) were used for integration site sequencing as previously described 
(21). Biotinylated primers LTRIa (5′-TGCTTACCACAGATATCCTG-3′) and 
LTRIb (5′-ATCCTGTTTGGCCCATATTC-3′) were used for the preamplifica-
tion of the vector-genome junctions. After magnetic capture, hexanucleotide 
priming, and a restriction digest with Tsp509I, a linker cassette was ligated 
at the 5′ end of the genomic sequence. First exponential amplification of the 
vector-genome junction was performed with linker cassette primer LCI and 
vector LTR-specific primer LTRII, followed by second exponential PCR with 
primers LCII and LTRIII (22, 23). LAM-PCR amplicons were purified, shot-
gun cloned into the TOPO TA vector (Invitrogen), and sequenced (GATC 
Biotech and Centre National de Sequencage). Alignment of the integration 
sequences to the human genome was carried out using the University of Cali-
fornia Santa Cruz (UCSC) BLAT genome browser (http://genome.ucsc.edu/
cgi-bin/hgBlat?command=start). The UCSC and Ensembl database (http://
www.ensembl.org) was used to study the relation to annotated genome fea-
tures. Unmappable sequences were either too short (<20 kbp) or showed no 
definitive hit or multiple hits on the human genome.

Definition of CISs and statistics. For the determination of CISs, we measured 
the distance between individual integrants independently of being located 
inside or outside of gene coding regions. We considered 2, 3, or 4 insertions 
as CISs if they fell within a 30-kbp, 50-kbp, or 100-kbp window from each 
other, respectively. Of note, 3 clusters of 5, 8, and 9 integrants (next RefSeq 
gene, LMO2, ZNF217, and CCND2) covered 40 kbp, 170 kbp, and 60 kbp of 
genomic DNA, respectively. The genomic window for CISs of fifth order 
and higher was set to 200 kbp.

Computer simulations (10,000 runs) on the haploid size of the human 
genome (3.12 × 109 kbp) were performed to calculate the likelihood of ran-
dom, coincidental insertions. We counted the number of CISs of second 
order formed by 2 integrants within a 30-kbp window, the number of CISs 
of third order formed by 3 integrants within a 50-kbp window, the number 
of CISs of fourth order formed by 4 integrants within a 100-kbp window, 
and the number of CISs of higher orders within a 200-kbp window. Of 
note, CISs of different orders were analyzed independently of each other, 
e.g., CISs formed by 3 integrants located within 20 kbp were counted as 3 
CISs for the calculation of CISs of second order and as 1 CIS for the calcu-
lation of CISs of third order (Supplemental Tables 2 and 3).

Transcription profile in CD34+ cells. G-CSF–mobilized peripheral blood 
CD34+ cells from 3 donors were cultured using the same conditions as 
performed in the original gene therapy trial (1) and served as 3 indepen-
dent and individual sample sources for further RNA expression analysis. 
RNA was isolated using Tri Reagent (Sigma-Aldrich) according to the man-
ufacturer’s protocol. The mRNA expression levels were determined using 
Affymetrix U133 Plus 2.0 arrays and normalized as described previously 
(33). The normalized microarray values were sorted upwardly on expres-
sion and divided into 10 equal-sized expression level categories, designated 
0 through 9. The presence of the gene closest to a vector integration site as 
identified by LAM-PCR analysis was determined in each expression level 
category. A Cochran-Armitage test for trend was performed to determine 
whether higher expression level categories corresponded to larger numbers 
of insertions (34). For all gene symbols on the array, the highest expression 
values were used to describe the gene expression.

GO analysis. To classify vector targeted genes according to GO terms, we 
analyzed RefSeq genes that were hit by vector or had vector integration in the 
surrounding 10-kbp genomic region. GO analysis was performed using the 
publicly available EASE software from NIH-DAVID (http://david.abcc.ncif-
crf.gov/ease/ease.jsp). The database sorts the genes in categories according 
to GO terms regarding their “molecular function,” “biological process,” and 
“cellular compartment.” The gene categories are divided in different levels. 
Level 1 is a rather general category; this group is composed of many genes. 
The higher the level, the more precise the parameters, and the more specific 
the function of its genes. With a level of 3 or 4 there will be a good balance 
between the amount of listed hits and sufficient specificity. Genes of a higher 
level category also belong to categories of a lower level. The analysis compares 
which gene categories were detected more frequently than others compared 
with their likelihood of detection if insertion was distributed evenly across 
the entire human genome. Overrepresented gene categories were determined 
by Fisher exact test. An overrepresentation was given for P values less than 
0.05 compared with the whole human genome as a background.
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Recent reports have challenged the notion that retroviruses and retroviral vectors integrate randomly into 
the host genome. These reports pointed to a strong bias toward integration in and near gene coding regions 
and, for gammaretroviral vectors, around transcription start sites. Here, we report the results obtained from 
a large-scale mapping of 572 retroviral integration sites (RISs) isolated from cells of 9 patients with X-linked 
SCID (SCID-X1) treated with a retrovirus-based gene therapy protocol. Our data showed that two-thirds of 
insertions occurred in or very near to genes, of which more than half were highly expressed in CD34+ progeni-
tor cells. Strikingly, one-fourth of all integrations were clustered as common integration sites (CISs). The high-
ly significant incidence of CISs in circulating T cells and the nature of their locations indicate that insertion 
in many gene loci has an influence on cell engraftment, survival, and proliferation. Beyond the observed cases 
of insertional mutagenesis in 3 patients, these data help to elucidate the relationship between vector insertion 
and long-term in vivo selection of transduced cells in human patients with SCID-X1.

Introduction
Retroviruses have been used as efficient gene-delivery vehicles 
in several gene therapy trials because they integrate stably into 
the genome, allowing the genetic correction of stem cells, poten-
tially for the entire lifespan of the affected individual (1–3). The 
availability of the complete human genome sequence has made 
possible large-scale sequence-based surveys of retroviral integra-
tion sites (RISs), which have strongly challenged the notion that 
retrovirus vector integration may be a semirandom event (4, 5). 
Schroeder et al. investigated targeting of HIV and HIV-based vec-
tors in a human lymphoid cell line (SupT1) and found that genes 

were favored integration targets (6). Similarly, Wu et al. examined 
targeting of murine leukemia virus (MLV) in human HeLa cells 
and found that MLV strongly favored integration in transcrip-
tional units, with integration focusing near the start of transcrip-
tion (7). This nonrandom distribution of integrations has been 
confirmed by Laufs et al. in human bone marrow–repopulating 
cells in mouse xenografts (8).

A comparative analysis of human primary cell types and cell lines 
transduced with HIV-1–, avian sarcoma leukemia virus– (ASLV-), or 
MLV-based vectors showed that each vector type produces a unique 
pattern of RIS distribution in the human genome (9). These analy-
ses revealed a significant association between integration target 
sites and transcriptional profiling for HIV-1, but not for ASLV or 
MLV (9). Thus, the statistics of the integration process of retrovi-
ruses, lentiviruses, and derived vectors suggest that a more specific 
mechanism — e.g., active tethering of the preintegration complex 
to DNA motifs, DNA binding factors, or other connections to the 
gene activation or expression status of target cells — are of influ-

Nonstandard abbreviations used: γc, common γ chain; CIS, common integration 
site; GO, gene ontology; kbp, kilobase pair(s); LAM-PCR, linear amplification–medi-
ated PCR; LTR, long-terminal repeat; MLV, murine leukemia virus; Pt, patient; RIS, 
retroviral integration site; SCID-X1, X-linked SCID; TSS, transcription start site.
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ence beyond the accessibility of the euchromatin (10–12). In line 
with this hypothesis, a comparative analysis of retrovirus integra-
tion and gene expression status demonstrated reduced integration 
in genomic sites with highly active transcription (13). A large-scale 
mapping of RISs in gene-modified T lymphocytes from leukemic 
patients after allogeneic stem cell transplantation has shown that 
retroviral vectors integrated preferentially in genes expressed dur-
ing transduction and that integrations can deregulate gene expres-
sion, albeit without obvious side effects (14).

Of the published large-scale in vitro integration site studies, 
none followed the possible selective advantage induced by virus 
or vector integration for an individual transduced cell over time. 
Interestingly, an analysis of MLV retrovirus and SIV lentivirus inte-
gration sites in a preclinical nonhuman primate model discovered 
the presence of common integration sites (CISs) in transcriptional 
units (15). Recent studies on transduced CD34+ cells have further 
demonstrated that vector integration is indeed nonrandom, often 
clustered, and potentially capable of inducing immortalization 
in vitro, clonal dominance in vivo, or even leukemogenesis in 

vivo (16–18). Insertion in human gene-modified T lymphocytes 
occurred preferentially at the transcription start site (TSS), but 
only a low incidence of CIS insertion was found (14).

Recurrent integration in specific gene loci strongly indicates that 
the insertion has provided a nonrandom growth or survival advan-
tage to the affected target cell clones (17, 18). Our recent obser-
vation in a clinical gene therapy trial for chronic granulomatous 
disease that cell clones with integrations in MDS1/EVI1, PRDM16, 
or SETBP1 drove a 3- to 4-fold in vivo expansion of the gene-cor-
rected myeloid cell pool emphasizes the importance of analyzing 
the influence of the integration sites present in transduced cells 
and their clonal progeny in current gene therapy trials aimed at 
curing disorders of the myeloid or lymphoid blood cell compart-
ment (19). The occurrence of a lymphoproliferative disease in 3 of 
our 9 patients showed the biological relevance the integration of 
replication-defective retroviral vectors may have (20).

Here we demonstrated, by high-throughput integration site 
analysis and sequencing performed on CD34+ transduced cells 
and sorted peripheral blood cell samples obtained from patients of 

Figure 1
RIS distribution analysis of engrafted cells. (A) RIS distribution compared with chromosome size and gene content. The displayed chromosome 
distribution accounts for the double copy number of diploid autosomes. Black bars, size of chromosomes; gray bars, number of known genes; 
white bars, number of RISs. (B and C) Vector integration in and near RefSeq genes. RISs were preferentially found near the TSS (B) and within 
gene coding regions (C). Negative numbers denote the region upstream (Up) of a gene, positive numbers indicate the gene region downstream 
of the TSS (RefSeq gene) (B) or downstream (Down) of the gene (C). (C) The position of intragenic hits was mapped according to the percent-
age of overall gene length.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 117      Number 8      August 2007	 2227

the first X-linked SCID (SCID-X1) gene therapy trial, that integra-
tion of retroviral vectors took place preferentially in gene coding 
regions, was skewed to the transcriptional start site (TSS) of genes, 
and was significantly correlated with the gene expression pattern 
of the gene-corrected cell population. Most strikingly, the signifi-
cant clustering of distinct cellular integration events hitting CISs 
in different circulating lymphocytes indicates that in vivo selec-
tion of transduced cells in the clinical setting occurs in relation to 
vector insertion and may critically influence an individual cell’s 
repopulation and proliferation capacity.

Results
Distribution analysis of retrovirus vector insertions in patients’ mature 
blood cells. To study the characteristics of retroviral insertion in 
clinical common γ chain (γc) gene correction, a high-throughput 
analysis of insertion sites was conducted by linear amplification–
mediated PCR (LAM-PCR) (21–23) on the DNA of whole blood 
leukocytes (554 sites) and purified peripheral blood T cells (CD3+), 
granulocytes (CD15+), and monocytes (CD14+; a total of 18 sites) 
collected 4 to 41 months after the reinfusion of autologous CD34+ 
cells transduced with a γc encoding retrovirus vector. Concerning 
the purified cells, 6 of the 18 sites were analyzed in detail previ-
ously (21). We retrieved 704 unique insertion site sequences 
from the 9 analyzed patients, of which 572 (81%; Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI31659DS1) could be mapped unequivocally to 
the human genome (see Methods). Chromosomal distribution 
analysis demonstrated that the frequency of insertion sites detect-
ed for each of the 23 human chromosomes correlated well with 
gene content but not with chromosome size (Figure 1A). Inser-
tions were most frequent on chromosome 1, which is the largest 
chromosome, and least frequent on chromosomes Y and 18. At 
the same time, the high insertion site frequency on chromosomes 
17 and 19 correlated with a higher-than-average number of genes 
on these chromosomes. Of the 572 unique RISs, 216 (38%) were 
located within a RefSeq gene, 157 (27%) were within 5 kilobase 
pairs (kbp) surrounding the TSS, and 356 (62%) were located in 
the gene coding sequence or less than 10 kbp away (Figure 1, B 
and C, Table 1, and Supplemental Table 1). Insertion data sets of 
the 3 patients (Pt4, Pt5, and Pt10) that developed a vector-associ-
ated T cell acute lymphocytic leukemia–like (T-ALL–like) disorder 
30–34 months after gene therapy were analyzed separately (20). 
Their integration pattern was not found to be significantly differ-
ent for any of the assessable parameters compared with that of the 
other patients (Table 1).

RIS distribution in transduced CD34+ cells. To study the influence of 
the differentiation process on the distribution of insertion sites, 
we compared the insertion site distribution of transduced pre-
injection CD34+ cells (total RISs, 167; mappable RISs, 102) with 
the profile found in the sorted circulating cell population (total 
RISs, 191; mappable RISs, 141) of the same patient, Pt4. We did 
not observe any substantial difference in the frequencies of gene-
associated insertions between pre- and posttransplantation cells 
(49% versus 41%; P = 0.22, χ2 test), of targeting the TSS (within 5 
kbp of TSS, 16% versus 26%; P = 0.05), of insertions in the proxim-

Table 1
Overall characteristics of RISs found in 9 patients

	 Pt4, Pt5, Pt10	 Pt1, Pt2, Pt6–Pt9	 Total
Exactly mappable RISs	 210 (100)	 362 (100)	 572 (100)
RISs in RefSeq genes	 81 (39)	 135 (37)	 216 (38)
RISs in RefSeq genes including the 10-kbp surrounding region	 130 (62)	 226 (62)	 356 (62)
RISs near TSSs (± 5 kbp)	 59 (28)	 98 (27)	 157 (27)
RISs close to CpG islands (± 1 kbp)	 34 (16)	 66 (18)	 100 (17)

The time span of investigation for each patient was as follows: Pt1, 15–38 months; Pt2, 13–41 months; Pt4, 6–41 months and pretransplantation sample; 
Pt5, 13–37 months; Pt6, 4–16 months; Pt7, 11–16 months; Pt8, 10 months; Pt9, 4–12 months; Pt10, 5–12 months. RISs are shown as absolute number 
(percent) of the exactly mappable sequences for each category. RIS distribution of Pt4, Pt5, and Pt10, which developed leukemia following gene therapy, is 
shown separately in comparison with RIS distribution in the other patients.

Figure 2
Comparison of pre- and posttransplant RIS distribution in Pt4. (A) Per-
centage of RISs detected in the indicated gene regions. (B) Distribution 
of vector-targeted genes (including the surrounding 10-kbp genomic 
region) with respect to GO and CIS formation. The GO categories 
were chosen according to the most significantly overrepresented ones 
retrieved from engrafted cells from all patients. Black bars, pretrans-
plantation samples of Pt4 (102 RISs); gray bars, posttransplantation 
samples of Pt4 (141 RISs).
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ity of RefSeq genes and their 10-kbp upstream and downstream 
vicinity (64% versus 64%; P = 0.98), and of targeting CpG islands 
(14.7% versus 16.3%; P = 0.73; Figure 2).

Vector integration is clustered in CISs. For the purpose of analyz-
ing high-throughput insertional mutagenesis models in mice, a 
nonrandom insertion clustering in the form of retrovirus integra-
tion into the same genomic locus on 2 or more different cells has 
been defined as a CIS. A CIS has been shown to be indicative of a 
nonrandom functional association of the insertion locus with the 
transformation event (24–26). To distinguish random coincidence 
of neighboring integration from nonrandom CIS formation, we 
followed a more stringent CIS definition as recently defined by 
Suzuki et al. (26). We classified CISs only by distance, independent-
ly of whether vector integrants were inter- or intragenic. We con-
sidered 2, 3, or 4 insertions to be CISs if they fell within a 30-kbp, 
50-kbp, or 100-kbp window, respectively. CISs of fifth or higher 
order were defined by a 200-kbp window. Computer simulations 
showed that with 572 unique mappable RISs, the average number 
of randomly occurring second-order CISs (formed by 2 individual 
integrants) was 3.2 (Supplemental Table 2 and Methods). The null 
hypothesis that the 102 observed CISs of second order were the 
result of random clustering could be rejected (estimated P value, 
0). No CIS of third order (CISs formed by 3 integrants) or higher 
was obtained in 10,000 simulation runs.

Of the 572 mappable unique insertions found in blood cells, 122 
(21.0%) were part of a CIS (Supplemental Table 3), which is 33-fold 
the value to be expected under random distribution of the RISs. 
Of the 47 different loci harboring CISs, 38 (81%) were closer than 
30 kbp in distance to the next RefSeq gene. Among the 47 differ-
ent CIS loci, 11 were known protooncogenes, involved in human 
chromosomal translocations described in acute leukemia or other 
forms of cancer: ZNF217, VAV-3, CCND2, LMO2, MDS1, BCL2L1, 
NOTCH2, SOCS2, RUNX1, RUNX3, and SEPT6. Of these, 9 are well-
known transcription factors involved in human hematopoiesis. 
Fourteen particularly relevant CISs consisted of 3 or more inte-
grants, the majority (10 of 14, 71%) of which localized less than 30 

kbp away from genes. Here, protooncogene insertion was found in 
nearly half (6 of 14, 43%; Table 2). Of note, 3 CISs with 5 (LMO2), 
8 (ZNF217), and 9 insertions (CCND2) accounted for 22 (4%) of all 
independent RISs, suggesting that they confer a strong selective 
advantage to the cell clones harboring these RISs.

Furthermore, we looked for the appearance of clones during 
the investigation period. Of all CIS clones, 11 of 122 single clones 
were detected at different time points, whereas only 28 of 450 non-
CIS clones were retrieved more than once over time. Most of them 
appeared between 6 and 13 months and could also be detected 
later than 30 months, especially in the case of CIS clones. This 
shows that constant contribution of single clones to normal 
hematopoiesis plays an important role. The CIS clones are not 
exclusively responsible for the success of the gene therapy, but they 
may play an important role.

In the CD34+ cells of Pt4 prior to transplantation, we identified 
4 CISs (7.8%) of second order of the 102 unique RISs (Supplemen-
tal Table 3), compared with an expected value of 0.03 CISs. Com-
puter simulations only reached a maximum of 3 CISs in 10,000 
runs (mean, 0.098; median, 0; standard deviation, 0.31; P = 0; see 
Methods). This nonrandom integration could indicate that these 
CISs are particularly accessible, but it was substantially lower than 
in posttransplantation samples.

We could not distinguish RISs in patients with lymphoprolifera-
tion from those without: CISs of third order or higher were spread 
over these 2 groups of patients. Among the 37% of all integrations 
derived from lymphoproliferative patients, only 24% of CISs of sec-
ond order were found, whereas 76% were found in leukemic and 
healthy patients or only in healthy patients.

RISs are located next to growth-promoting genes. To characterize the 
potential biological influence of vector integration on clonal selec-
tion, we used the gene ontology (GO) database and related EASE 
software (see Methods) to classify each gene into defined func-
tional and biological categories. Any category reflects the percent-
age of a gene category in the GO database. While we did not find 
any overrepresented gene classes (P < 0.05, Fisher exact test, count 

Table 2
CISs of third and higher order detected in patients

	 Pt1	 Pt2	 Pt4	 Pt5	 Pt6	 Pt7	 Pt8	 Pt9	 Pt10	
	 (56)	 (101)	 (141)	 (52)	 (23)	 (94)	 (79)	 (9)	 (17)
Protooncogenes
CCND2	 2	 1	 3	 2		  1
ZNF217			   2	 1		  1	 3		  1
LMO2	 1		  2	 1			   1
NOTCH2	 2	 1
RUNX3			   2				    1
RUNX1	 1	 2
Other genes
C14orf4		  1	 1	 2
AFTIPHILIN			   2			   1
FAM9C		  2					     1
PDE4B	 1			   1					     1
PRKCBP1		  1					     2
PTPRC			   1	 1		  1
TOMM20	 1					     1	 1
TSRC1			   1		  1	 1

The nearest RefSeq gene and the distribution of integrations among the different patients are shown for all CISs formed of at least 3 individual integrants. 
Numbers in parentheses denote the number of unique integrants retrieved from the individual patient.
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threshold of 3) in the transduced pretransplant samples, insertion 
analysis of engrafted cells showed highly significant overrepresen-
tation of genes involved in phosphorus metabolism, cell survival, 
kinase activity, transferase activity, receptor signaling, and DNA 
binding (Table 3). We did not find any significant differences 
between patients with and without lymphoproliferation.

Further comparative analysis showed an accumulation of RISs in or 
near genes listed in the database of the cancer genome project (http://
www.sanger.ac.uk/genetics/CGP/; Supplemental Table 1). Of the 356 
total genes listed, 31 (9%) vector-targeted genes were known onco-
genes. These data underline an integration-related selective advantage 
of RISs located in the vicinity of growth-promoting genes.

RIS and CIS loci correlate to the gene expression profile of transduced 
cells. To test whether the expression of genes is associated with 
the likelihood of receiving a retrovirus insertion, we analyzed 
insertions in gene loci as a function of the corresponding gene 
expression levels in CD34+ cells, relative to the expression levels 
of all other genes. RISs in engrafted cells were significantly more 
frequently among the genes with the highest expression levels in 
CD34+ cells (n = 422; P < 1 × 10–6, Cochran-Armitage test; Figure 
3A). We further analyzed insertions in pretransplant CD34+ cells 
from Pt4. Interestingly, although the association was significant, 
it was less pronounced than that observed in the in vivo setting  
(n = 83; P = 4.99 × 10–4, Cochran-Armitage test; Figure 3B).

CIS location correlated even better with the genes highly expressed 
in CD34+ cells (Supplemental Table 3). Of 47 CIS genes, 43 could be 

analyzed because they were represented on the microarrays. The aver-
age expression bin was 6.8. With the exception of FAM9C, PDE4B, 
and TSRC1 (average expression bins, 0.7, 3.3, and 4.66, respectively), 
11 of 14 genes associated with CISs of 3 or more integrants were 
found to be in the highest quartile of expression (average expres-
sion bin, 7.1). LMO2, PTPRC, TOMM20, PRKCBP1, and RUNX1 were 
among the 10% of genes with highest expression, in bin 9.

Discussion
To understand the biology of insertional gene transfer in clinical 
trials, we performed high-throughput insertion site mapping on 
samples derived from a clinical gene therapy trial for SCID-X1. We 
compared RIS distribution in circulating mature cell populations 
from patients who had developed a lymphoproliferative adverse 
event and those who had not. Overall RIS distribution did not dif-
fer between the 2 groups. Both revealed the expected distribution 
features of retroviral vectors, with a strong preference for gene cod-
ing regions and symmetrical accumulation close to the TSS. Simi-
lar to that previously reported by Wu et al. for HeLa cells (7) and 
by Laufs et al. for CD34+ cells (8), the frequency of RISs was more 
closely related to gene density than to overall chromosome size, 
most frequently targeting chromosomes 1, 17, and 19.

Compared with the distribution in pretransplant cells, in vivo 
repopulation and normal function of the corrected T cell pool 
led to a significant skewing of the RIS distribution. Of all RISs 
detected in posttransplantation blood samples, 21% were found 
to be clustered, and a much lower CIS frequency in the CD34+ pre-
transplantation sample (7.8%) was observed. The observed changes 
in RIS distribution indicate that nonrandom selection or other 
biological effects of insertions in or near CIS genes have strong 
influence on the in vivo fate of gene-corrected cell clones.

Because the pre- and posttransplantation samples of Pt4 were 
comparable in size (102 RISs versus 141 RISs) and the CD34+ cell 
culture conditions were identical to those used on the CD34+ 
cells that engrafted and produced the T cells, the results of this 
analysis are adequate. Several mechanisms may account for the 
differences between insertion distribution profiles in pre- versus 
posttransplantation samples. First, the majority of cells in the pre-
transplantation sample have no repopulating ability. Therefore, 
the insertion site distribution of this population is not completely 
representative of repopulating cells from which posttransplanta-
tion cells derive. Second, posttransplantation CISs were even more 
frequently found near genes related to cell growth than were post-
transplantation RISs. Consequently, integration sites in lympho-
cytes and their progenitor cells are not only related to the gene 
expression status at the time of vector entry into the repopulating 
target cell, but might additionally confer a selective advantage, 
most likely as a result of gene activation, in gene loci that govern 
growth and/or survival of CD34+ cells and T cell precursors.

This observation was further corroborated by our analysis of 
whether the catalog of gene-associated insertions correlated with 
the target cells’ gene expression pattern. In samples obtained after 
transplantation, there was an even higher correlation among the 
level of gene expression present in CD34+ cells, the population 
initially targeted by the transduction, and the RIS frequency than 
in the analyzed pretransplant sample. The relevance of this asso-
ciation and its influence on clonal selection of engrafted cells is 
obvious in CISs with 3 or more RISs, where nearly 80% of CISs 
affect genes of the highest expression quartile in the engrafted 
gene-corrected cells.

Table 3
GO classification

Level	Category	 List hits	 P

Molecular function
	 2	 Kinase activity	 25	 0.00018
	 2	 Receptor signaling protein activity	 10	 0.000574
	 3	 Protein kinase activity	 20	 0.000244
	 3	 Transferase activity, transferring	 25	 0.000373 
		  phosphorous-containing groups
	 3	 DNA binding	 46	 0.000398
	 4	 Phosphotransferase activity,	 23	 0.000111 
		  alcohol group as acceptor
	 4	 Protein serine/threonine kinase activity	 15	 0.000717

Biological process
	 2	 Death	 17	 0.000657
	 3	 Phosphorus metabolism	 24	 0.000542
	 3	 Cell death	 17	 0.000601
	 4	 Phosphate metabolism	 24	 0.000542
	 4	 Intracellular signaling cascade	 26	 0.00122
	 4	 Programmed cell death	 17	 0.000315
	 4	 Cell proliferation	 29	 0.00162
	 5	 Apoptosis	 17	 0.000305
	 5	 Protein amino acid phosphorylation	 18	 0.00194

RefSeq genes that received an insertion hit within the gene or the sur-
rounding 10 kbp were used for GO analysis. Of 356 affected genes identi-
fied in engrafted cells, 164 could be analyzed regarding their molecular 
function, and 189 could not be analyzed regarding the biological process 
according to GO terms. P values were calculated by Fisher exact test. 
Levels indicate the specificity of the gene category term: the higher the 
level, the more precise the term of the gene category is, and the more 
specific the function of its genes. Levels range between 1 and 5; for some 
genes, there are more than 5 levels. Genes of a higher level also belong 
to the lower-level categories.
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The results of our GO analysis provide further strong evidence 
that the biological function of genes at the insertion site is related 
to the in vivo fate of cell clones. When grouping vector-targeted 
genes according to their role in cellular physiology, engrafted cells 
show a clear preponderance of RISs located in or near growth-pro-
moting genes, in particular genes revealing kinase and transferase 
activity. This feature was not seen with the pretransplant samples, 
indicating that in vivo selection of clones having integrants in or 
near growth-promoting genes occurred in our patients.

In line with this observation, more than two-thirds of the 
detected CIS genes were related to cell signaling and growth 
regulation or control of cell cycle, tyrosine kinases, or differen-
tiation. The most frequent CIS-associated genes — CCND2, a 
cyclin found deregulated in a number of human cancer cells (27, 
28); ZNF217, a zinc finger transcription factor hyperexpressed 
in solid tumors (29); and LMO2, a T-ALL related protooncogene 
(30) — are well known to influence clonal proliferation and sur-
vival if activated. Together, these areas represent 3% of all clones 
but only 7 × 10–7% of the genetic code. Aberrant expression in 
many of these CIS genes in the context of other genetic changes 
has been linked to human oncogenesis. However, while the pres-
ence of CISs indicates that such clones engrafted and/or grew 
better than others, no evidence of clonal dominance has been 
detectable in the analyzed samples.

In a T cell gene transfer trial, RIS distribution was similar between 
clinical in vivo and experimental in vitro samples (14). To test wheth-
er pretransplant RIS distribution would have discernible character-
istics related to a later lymphoproliferation event, we studied the 
integration sites in the CD34+ cell population cryopreserved imme-
diately after the transduction phase for Pt4, the first patient who 
developed a LMO2-associated T-ALL–like disease. No LMO2 RISs, 
and a low number of CISs, were found among the 102 sequences 
analyzed in CD34+ cells by LAM-PCR. In contrast, CISs were as fre-
quent in posttransplantation T cells of Pt4 as in those of the other 
patients, with CCND2-related insertions being the most frequent 
CISs in this patient. In addition, no LMO2 was detected in a second 
SCID-X1 trial. The results are published as a related manuscript by 
Schwarzwaelder et al. (31). Our findings support the concept that 
insertional activation of CIS genes, even when providing a subtle 
selective advantage to transduced precursors, will not lead to uncon-
trolled proliferation in the absence of other genetic changes.

This latter hypothesis is compatible with our recent observa-
tion of clonal myeloid cell expansion in a clinical retroviral vec-
tor–based gene therapy trial to correct chronic granulomatous 
disease. We found that a nonrandom integration site distribution 
had developed by extensive expansion of progenitor cells with 
MDS1/EVI1-, PRDM16-, and SETBP1-related integration sites in 2 
patients. Expression of these genes conferred a selective advantage 
to the transduced myeloid cells, leading to a 3- to 4-fold self-limit-
ing expansion of the gene-corrected cell fraction (19). Subsequent 
to the submission of this manuscript, a fourth case of T-monoclo-
nal lymphoproliferation occurred in our group of patients. This 
lymphoproliferation is under investigation.

Our data indicate that the retrovirus vector integration pattern in 
T cells following clinical gene transfer is nonrandomly distributed, 
correlates well with CD34+ target cell gene expression, and is charac-
terized by highly significant clustering into multiple different CISs. 
These CISs preferentially map to growth-regulating genes expressed 
in CD34+ cells, highlighting that their integration occurs preferen-
tially in active gene loci and that maintaining their activation in later 
cell generations by insertion in vector-targeted genes themselves or 
in the regulatory gene regions likely confers a clonal selection advan-
tage compared with other sites that are rarely affected. Furthermore, 
the expression as such, but not the intensity of expression, might be 
influential on insertion. Vector integration in many different sites 
in our clinical SCID-X1 study has actively influenced the fate of cor-
rected cell clones in vivo. Potential therapeutic advantages associated 
with the preferential growth of particular clones over time will be 
the subject of further investigation. Additional biosafety measures 
designed into vectors could include inactivation of the 3′ long-termi-
nal repeat (3′LTR) enhancer activity, e.g., by use of retrovirus or len-
tivirus self-inactivating vectors and insulators. Thus, the prospects 
are excellent that it will be possible in the future to develop safety 

Figure 3
Association between vector integration and gene expression. (A and 
B) Number of RISs detected in engrafted cells (A) and in CD34+ cells 
prior to reinfusion (B) as a function of relative gene expression in 
stimulated peripheral blood CD34+ cells. For each gene, the probeset 
with the highest expression value was used. All 20,600 genes present 
on the array were sorted on expression and divided in 10 percentile 
categories according to their expression level, so that each category 
contains 10% of the genes. Values represent the average number of 
genes in each category based on 3 individual arrays (see Methods).
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measures for gene therapy of severe immunodeficiencies, cancer, 
and other diseases with limited therapeutic options that avoid or at 
least minimize unwanted gene activation. The excellent therapeutic 
success achieved in gene therapy trials can be maintained, while the 
probability of insertional side effects is substantially decreased.

Methods
Patients’ cells. Blood samples were obtained at various time points from 
patients enrolled in the SCID-X1 gene therapy trial (32). CD3 T cells, CD19 
B cells, and CD14 monocytes were selected from patients’ PBMCs by immu-
nomagnetic columns (Miltenyi Biotec). Granulocytes (CD15) were sorted 
by fluorescence-activated cell sorting (BD). A CD34+ cell sample from Pt4 
was separated just prior to reinfusion. Genomic DNA was isolated from all 
cells using commercially available DNA isolation kits (Qiagen). Informed 
consent was obtained from parents, and the study was approved by the 
Comité Consultatif de Protection des Personnes dans la Recherche Bio-
medicale (CCPPRB), Hôpital Cochin, Paris, France.

Integration site analysis by LAM-PCR. DNA derived from patients’ blood cells 
(1–100 ng) were used for integration site sequencing as previously described 
(21). Biotinylated primers LTRIa (5′-TGCTTACCACAGATATCCTG-3′) and 
LTRIb (5′-ATCCTGTTTGGCCCATATTC-3′) were used for the preamplifica-
tion of the vector-genome junctions. After magnetic capture, hexanucleotide 
priming, and a restriction digest with Tsp509I, a linker cassette was ligated 
at the 5′ end of the genomic sequence. First exponential amplification of the 
vector-genome junction was performed with linker cassette primer LCI and 
vector LTR-specific primer LTRII, followed by second exponential PCR with 
primers LCII and LTRIII (22, 23). LAM-PCR amplicons were purified, shot-
gun cloned into the TOPO TA vector (Invitrogen), and sequenced (GATC 
Biotech and Centre National de Sequencage). Alignment of the integration 
sequences to the human genome was carried out using the University of Cali-
fornia Santa Cruz (UCSC) BLAT genome browser (http://genome.ucsc.edu/
cgi-bin/hgBlat?command=start). The UCSC and Ensembl database (http://
www.ensembl.org) was used to study the relation to annotated genome fea-
tures. Unmappable sequences were either too short (<20 kbp) or showed no 
definitive hit or multiple hits on the human genome.

Definition of CISs and statistics. For the determination of CISs, we measured 
the distance between individual integrants independently of being located 
inside or outside of gene coding regions. We considered 2, 3, or 4 insertions 
as CISs if they fell within a 30-kbp, 50-kbp, or 100-kbp window from each 
other, respectively. Of note, 3 clusters of 5, 8, and 9 integrants (next RefSeq 
gene, LMO2, ZNF217, and CCND2) covered 40 kbp, 170 kbp, and 60 kbp of 
genomic DNA, respectively. The genomic window for CISs of fifth order 
and higher was set to 200 kbp.

Computer simulations (10,000 runs) on the haploid size of the human 
genome (3.12 × 109 kbp) were performed to calculate the likelihood of ran-
dom, coincidental insertions. We counted the number of CISs of second 
order formed by 2 integrants within a 30-kbp window, the number of CISs 
of third order formed by 3 integrants within a 50-kbp window, the number 
of CISs of fourth order formed by 4 integrants within a 100-kbp window, 
and the number of CISs of higher orders within a 200-kbp window. Of 
note, CISs of different orders were analyzed independently of each other, 
e.g., CISs formed by 3 integrants located within 20 kbp were counted as 3 
CISs for the calculation of CISs of second order and as 1 CIS for the calcu-
lation of CISs of third order (Supplemental Tables 2 and 3).

Transcription profile in CD34+ cells. G-CSF–mobilized peripheral blood 
CD34+ cells from 3 donors were cultured using the same conditions as 
performed in the original gene therapy trial (1) and served as 3 indepen-
dent and individual sample sources for further RNA expression analysis. 
RNA was isolated using Tri Reagent (Sigma-Aldrich) according to the man-
ufacturer’s protocol. The mRNA expression levels were determined using 
Affymetrix U133 Plus 2.0 arrays and normalized as described previously 
(33). The normalized microarray values were sorted upwardly on expres-
sion and divided into 10 equal-sized expression level categories, designated 
0 through 9. The presence of the gene closest to a vector integration site as 
identified by LAM-PCR analysis was determined in each expression level 
category. A Cochran-Armitage test for trend was performed to determine 
whether higher expression level categories corresponded to larger numbers 
of insertions (34). For all gene symbols on the array, the highest expression 
values were used to describe the gene expression.

GO analysis. To classify vector targeted genes according to GO terms, we 
analyzed RefSeq genes that were hit by vector or had vector integration in the 
surrounding 10-kbp genomic region. GO analysis was performed using the 
publicly available EASE software from NIH-DAVID (http://david.abcc.ncif-
crf.gov/ease/ease.jsp). The database sorts the genes in categories according 
to GO terms regarding their “molecular function,” “biological process,” and 
“cellular compartment.” The gene categories are divided in different levels. 
Level 1 is a rather general category; this group is composed of many genes. 
The higher the level, the more precise the parameters, and the more specific 
the function of its genes. With a level of 3 or 4 there will be a good balance 
between the amount of listed hits and sufficient specificity. Genes of a higher 
level category also belong to categories of a lower level. The analysis compares 
which gene categories were detected more frequently than others compared 
with their likelihood of detection if insertion was distributed evenly across 
the entire human genome. Overrepresented gene categories were determined 
by Fisher exact test. An overrepresentation was given for P values less than 
0.05 compared with the whole human genome as a background.
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Evidence from model organisms and clini-
cal trials reveals that the random inser-
tion of retrovirus-based vectors in the
genome of long-term repopulating hema-
topoietic cells may increase self-renewal
or initiate malignant transformation.
Clonal dominance of nonmalignant cells
is a particularly interesting phenotype as
it may be caused by the dysregulation of
genes that affect self-renewal and com-
petitive fitness. We have accumulated
280 retrovirus vector insertion sites
(RVISs) from murine long-term studies

resulting in benign or malignant clonal
dominance. RVISs (22.5%) are located in
or near (up to 100 kb [kilobase]) to known
proto-oncogenes, 49.6% in signaling
genes, and 27.9% in other or unknown
genes. The resulting insertional domi-
nance database (IDDb) shows substantial
overlaps with the transcriptome of hema-
topoietic stem/progenitor cells and the
retrovirus-tagged cancer gene database
(RTCGD). RVISs preferentially marked
genes with high expression in hematopoi-
etic stem/progenitor cells, and Gene On-

tology revealed an overrepresentation of
genes associated with cell-cycle control,
apoptosis signaling, and transcriptional
regulation, including major “stemness”
pathways. The IDDb forms a powerful
resource for the identification of genes
that stimulate or transform hematopoietic
stem/progenitor cells and is an important
reference for vector biosafety studies in
human gene therapy. (Blood. 2007;109:
1897-1907)

© 2007 by The American Society of Hematology

Introduction

In analogy to their replication-competent ancestors,1,2 the semi-
random insertion of replication-deficient retrovirus-based vectors
may alter cell fate by up-regulating cellular proto-oncogenes or
disrupting tumor suppressor genes.3-12 Such forms of insertional
mutagenesis have always represented a safety concern in the
development of human gene therapy, although initial studies did
not reveal major consequences of random vector insertions.13 The
advent of sensitive technologies to detect vector insertion sites in
mixed samples,14-16 the completion of the murine and human
genome projects,17 the design of improved animal models with
long-term follow-up,3,18 and the increasing efficiency of retrovirus-
mediated gene delivery in clinical trials9,19-22 have all contributed to
a revised interpretation of vector-mediated insertional mutagenesis.
Clonal imbalance triggered by vector insertion is thus expected to
represent the rule rather than the exception.23-25

Preclinical models and clinical trials revealed that the semirandom
insertion of retrovirus-based vectors in the genome of long-term
repopulating hematopoietic cells may increase self-renewal and/or
initiate malignant transformation.3-11 Increased self-renewal can be
transitory, resulting in clonal succession such that a given dominant
clone is replaced by others over time.4,9,11 It is likely, although not

always formally shown, that replication stress as caused by extended
culture of cells prior to transplantation,5 serial bone marrow transplanta-
tion (BMT) in myeloablated recipients,3 cytotoxic chemotherapy,10 or
chronic infection9 may trigger the clonal dominance. Long-term obser-
vation is required to detect such clones, as the growth kinetics of
insertional mutants may be relatively slow and multiple competitor cells
are often cotransplanted or present in the host.3,4,10

If more than one proto-oncogene is up-regulated by random vector
insertion,5 tumor-promoting sequences are encoded by the vector,7 or
cells with pre-existing tumor-promoting lesions are transduced,26 clonal
leukemias, lymphomas, or sarcomas may result in consequence of
random vector insertion, as previously observed in studies with replica-
tion-competent retroviruses (RCRs) such as murine leukemia virus
(MLV).1,2,12 In contrast, clonal dominance was not detected following
retroviral vector-mediated gene transfer in transplanted T cells, although
a fifth of the retroviral vector insertion sites (RVISs) affected the
expression of neighboring genes.27 This supports the conclusion that
clonal selection requires a triad consisting of dysregulated expres-
sion of genes that regulate cell fitness, a cell type with extensive
self-renewal potential, and a milieu with a selection pressure for the
fittest mutants.
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Our work has focused on a relatively simple serial BMT model
in C57Bl6 mice. The “normal” genetic background of this strain,
the relatively low incidence of host-derived tumors (� 3% under
our experimental conditions), and the availability of an allelic
variant in the CD45 panleukocyte antigen in a congenic strain (B6
CD45.1) to distinguish donor and host cells render this model
particularly attractive for gene discovery by and preclinical safety
studies of retroviral gene transfer into hematopoietic cells.

In the present report, we summarize data from several laborato-
ries that used this model to develop a database of RVISs detected in
dominant clones contributing to phenotypically intact, mildly
dysplastic, and overtly malignant hematopoiesis. We describe the
validation of our experimental conditions to detect genetic lesions
underlying clonal dominance, and several important genetic and
biological insights obtained from the newly established insertional
dominance database (IDDb). These analyses underline the validity
of our approach to discover genes that regulate fitness and
potentially transform self-renewing cells in vivo, promoting a
systematic extension for both gene discovery and vector biosafety
studies in the context of different cell types and selection conditions.

Materials and methods

Transplantation conditions and analysis of healthy and
leukemic hematopoiesis in mice

All BMT studies were performed in C57BL/6 mice. In brief, donor bone
marrow cells were cultured ex vivo to stimulate gene transfer using vectors
based on MLV, and cells were transplanted into lethally irradiated recipients
aged 12 to 16 weeks. Mice were kept in the animal facilities of the
participating institutions, according to local animal experimentation guide-
lines. Food and water were supplied ad libitum. Table 1 summarizes the
transplantation conditions and vectors used (for further details, see Docu-
ment S1, available on the Blood website; see the Supplemental Materials
link at the top of the online article). Mice were humanely killed when
symptomatic (leukemic) or after 2.5 to 7 months in the healthy cases and
examined for pathologic abnormalities, including histologic, morphologic
(blood smears and cytospins of bone marrow and spleen), and flow
cytometry analyses.5 Animal experiments were approved by the institu-
tional animal research review boards of the principal investigators listed in
Table 1.

Cell culture

K562 cells were cultivated and transduced as described.28

Ligation-mediated polymerase chain reaction

Ligation-mediated polymerase chain reaction (LMPCR) was performed as
described.4,5,15

Insertion site analysis

Fragments containing retroviral genomic junctions were submitted to
further analysis using the following websites: BLAST29 searches were
performed or, in some cases at Ensemble30; the mouse Retrovirus Tagged
Cancer Gene Database (RTCGD)31; and/or the stem cell database (SCDb)32

were used. Gene Ontology (GO) describes genes’ biological roles and is
arranged in a quasi-hierarchical structure from more general terms to more
specific. To determine abundance for each GO category, the frequency of
retroviral inserts was calculated and compared with the expected frequency
observed by chance, as described.33 GO analysis was confirmed by the
Expression Analysis Systematic Explorer (EASE).34

Expression arrays

Mouse bone marrow cells were depleted from lineage-committed cells
(CD5, CD45R [B220], CD11b, anti–Gr-1, 7-4m and Ter-119; Lineage
depletion kit; Miltenyi Biotec, Bergisch-Gladbach, Germany) using Au-
toMACS (magnetic cell sorter) (Miltenyi Biotec) in 2 independent experi-
ments. The lineage-depleted cells were selected for CD117� cells (c-kit
selection kit; Miltenyi Biotec). Lineage�/C-Kit�/Sca-1� (LSK) cells were
selected on a fluorescence-activated cell sorting (FACS) DiVa (BD
Biosciences, San Jose, CA). Purity for both experiments was greater than
96%. RNA was isolated (Qiashredder and RNeasy; QIAGEN, Hilden,
Germany) directly after sorting (day 0) or after maintaining the cells in
serum-free medium supplemented with mSCF, mTPO, and Flt3L for 2 days.
Quality was assessed using an Agilent 2100 BioAnalyzer (Agilent Technolo-
gies, Palo Alto, CA). Total RNA (100 ng) from LSK cells was used in the
GeneChip Eukaryotic Small Sample Target Labeling Assay Version II
(Affymetrix, Santa Clara, CA) to generate biotinylated cRNA. cRNA (11
�g) was fragmented for 35 minutes at 95°C. Fragmented cRNA (10 �g)
was then hybridized to mouse 430 2.0 microarray (Affymetrix) for 16 hours
at 45°C followed by washing, staining, and scanning at 570 nm, according
to standard methods.35 The expression data were normalized as de-
scribed.36,37 For each gene, the highest expression was determined. For
some, only the most highly expressed probe set was used. To determine the
association of vector insertion with gene expression, a Cochran-Armitage
test for trend was performed.38

Pathway analysis

Gene symbols were entered into Netaffx (http://www.Affymetrix.com) and
the corresponding Affymetrix IDs for the mouse 430 2.0 arrays were
retrieved. The resulting Affymetrix IDs were entered in the Ingenuity

Table 1. Overview of murine bone marrow transplantation (BMT) experiments

Vector cDNA
Mice,
no.

Principal
investigator* Donor cells (C57B16/J) Hosts

Observation time, mo

First BMT Second BMT

EGFP 8 B.F. Lin� BM cells, CD45.1� C57BL/6/J, CD45.2� 6 7

EGFP 3 Z.L. Lin� BM cells CD45.2� C57BL/6/J, CD45.2� 6 —

IRES.EGFP 7 H.G. Low density BM cells, CD45.2, after 5-FU C57BL/6/J, CD45.1� 2.5 5

DsRed2 12 U.M. Lin� BM cells, CD45.1� C57BL/6/J, CD45.2� 7 7

XRCC4 10 H.G. Low-density BM cells, CD45.2, after 5-FU C57BL/6/J, CD45.1� 2.5 5

flCD34 11 Z.L. Whole BM cells, CD45.2� C57BL/6/J, CD45.2� 7 4.5

tCD34 17 Z.L. Whole BM cells, CD45.2� C57BL/6/J, CD45.2� 7 4.5

mflCD34 11 B.F. Lin� BM cells, CD45.1� C57BL/6/J, CD45.2� 6 7

mtCD34 10 B.F. Lin� BM cells, CD45.1� C57BL/6/J, CD45.2� 6 7

dLNGFR 16 Z.L. Whole BM cells, CD45.2� C57BL/6/J, CD45.2� 7 4.5

MDR1 8 U.M. Lin� BM cells, CD45.1� or whole BM cells CD45.1� C57BL/6/J, CD45.2� 7 7

TAg 7 Z.L. Lin� BM cells, CD45.2� C57BL/6/J, CD45.2� 6 —

TAg 2 Z.L. 32D cells C3H/Hej 5 —

See legend of Figure 1 for abbreviations of cDNAs.
— indicates no second BMT.
*Initials of author.
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Pathway Analysis tool (http://www.ingenuity.com) to generate direct and
indirect pathways. For each dataset, the 10 functions and diseases with the
most genes assigned to it are displayed.

Results

Experimental setup

The RVISs described in this study are derived from murine
experiments (mostly C57Bl6), using several replication-deficient
MLV-based vectors for gene transfer into ex vivo–cultured hemato-
poietic cells. The vectors used include a group encoding fluorescent
proteins (EGFP, DsRed), a group encoding transmembrane proteins
that serve as selection markers (dLNGFR, human tCD34 and
flCD34, murine tCD34 and flCD34, MDR1), and a vector express-
ing a gene associated with DNA repair (XRCC4). As a positive
control for a transforming vector expressing a strong oncogene, the
large T antigen (TAg) from simian virus 40 (SV40) was used
(Figure 1, Table 2). TAg transforms cells by sequestering 2 tumor
suppressor genes, Rb and p53.39 The transforming potential of the
TAg vector was initially evaluated in 32D cells, revealing insertion
sites with potential contribution to transformation (Z.L., unpub-
lished data, January 2006). Four RVISs from these studies were
also included in the IDDb (1.4% of the database).

If the vectors do not encode oncogenic sequences, RVISs
present in dominant clones may mark events that initiate increased
self-renewal.4 Importantly, we noted transcriptional dysregulation
of the mutated alleles in all cases tested so far.4 If the vectors
encode oncogenic sequences such as TAg, the insertional events
may either collaborate with the encoded oncogene to initiate tumor
formation or promote the expansion of dominant malignant clones
whose initial transformation is primarily dependent on the vector-
encoded oncogene.7 Mice were prospectively examined for several
months; in a subset of the studies, serial BMT was performed to
increase replicative stress and observation time (Figure 1; Table 1).

Validation of LMPCR

Different methods have been described to recover insertion sites
from retrovirally transduced cells.14-16,27,40,41 To identify insertion
sites of dominant clones, it was crucial to neglect insertion sites
present in minor clones. Ligation-mediated PCR (LMPCR) as
opposed to the much more sensitive “linear amplification-mediated
PCR” (LAMPCR) has previously been shown to lack the sensitiv-
ity to detect all insertion sites present in highly polyclonal
samples.16 However, we noted that the bands obtained by LMPCR
correlated well with Southern blot results obtained in clonal
samples, and recovery of RVISs was in the range of 80% when

using a single restriction enzyme.4,5,42 We thus decided to select
dominant bands that are isolated from analytical gels for direct
sequencing, ignoring weak bands that might reflect insertion sites
present in minor clones.

We validated this approach by examining DNA from K562
clones that contained a known number of retroviral vector inser-
tions and DNA from a K562 mass culture obtained after transduc-
tion with a high MOI of a marking vector.28 Although LMPCR
reproducibly showed “dominant bands” of molecular weights
ranging from 100 to 800 base pair (bp) in clonal samples,
polyclonal DNA yielded a smear of multiple minor bands (Figure
2A). To examine the minimal proportion of clonal DNA required
for detection of dominant bands, we mixed DNA from a clone with
6 insertions (validated by Southern blot, not shown) with DNA
from a polyclonal retrovirally transduced mass culture. If the clonal
DNA constituted greater than 70% of the sample, LMPCR
reproducibly revealed its insertion sites as dominant bands, whereas
minor PCR products progressively disappeared. Major PCR prod-
ucts were recovered largely irrespective of their size (Figure 2B).

Direct sequencing of the PCR product confirmed the presence
of RVISs (data not shown). We typically performed 2 LMPCRs to
confirm reproducibility.

Composition and content of the IDDb

The sequence data obtained by LMPCR were blasted against the
mouse genome to identify genes potentially affected by the
insertion site. We also examined whether the hit loci were
contained in the RTCGD,2 and listed the experimental conditions as
these may affect selection (vector, transplantation conditions, and
potential development of malignancy; Table S1). In total, we
identified 276 RVISs from a total of 120 C57Bl6 mice (receiving
retrovirally engineered bone marrow cells), and 4 RVISs from 2
C3H/Hej mice (developing leukemia after receiving 32D cells
transduced with a TAg vector). On average, we thus retrieved 2.3
insertions per animal, reflecting the low number of dominant
clones. Only 16.4% of these mice presented with leukemia,
manifesting with a latency of 5 to 10 months after gene transfer.

Table 2. Modules of retrovival vectors used in this study

Vector LTR cDNA 3�UTR

SF91DsRed2 SFFVp DsRed2 wPRE

SF91EGFP SFFVp EGFP wPRE

SF91IRESEGFP SFFVp IRES-EGFP wPRE

SF91XRCC4 SFFVp XRCC4-IRES-EGFP wPRE

SF11flCD34 SFFVp flCD34 —

SF11tCD34 SFFVp tCD34 —

SF11mflCD34 SFFVp mflCD34 —

SF11mtCD34 SFFVp mtCD34 —

SF11dLNGFR SFFVp dLNGFR —

HaMDR HaMSV MDR1 VL30

SF91TAg SFFVp EGFP2ASV40TAg —

A high MOI was used in some experiments involving vectors HaMDR1 and
SF91dsRed2.5

SFFV indicates spleen focus-forming virus; HaMLV, Harvey murine leukemia
virus; EGFP, enhanced green fluorescent protein; DsRed2, red fluorescent protein;
IRES-EGFP, internal ribosomal entry site followed by EGFP; XRCC4, x-ray repair
complementing defective repair in Chinese hamster cells 4; flCD34, human full-length
CD34; —, no additional element in 3� UTR; tCD34, human truncated CD34; mflCD34,
murine full-length CD34; mtCD34, murine truncated CD34; dLNGFR, deleted
low-affinity nerve growth factor receptor; MDR1, multidrug resistance 1;
EGFP2ASV40TAg, EGFP fusion protein linked to the large T antigen (TAg) of simian
virus 40 using a self-cleaving 2A proteinase sequence; VL30, virus-like element 30;
wPRE, woodchuck hepatitis virus posttranscriptional regulatory element.

Figure 1. Experimental setup of murine BMT studies using donor cells modified
with different retroviral vectors. The enhancer-promoter contained in the long
terminal repeat (LTR), the cDNA encoded by the vector, and the 3� untranslated
region (3� UTR) are indicated in Table 2. LD indicates low dose of retroviral vector;
HD, high dose; and exp, expansion in vivo.
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Overall, 22.5% of the RVISs contained in the IDDb are located
in or near to known proto-oncogenes as defined by the RTCGD2

and additional literature (http://www.ncbi.nlm.nih.gov/entrez/),
49.6% in genes encoding proteins involved in various processes of
cell signaling, 20% in other (often metabolic), and 7.9% in
unknown genes. When bone marrow cells were transplanted to
secondary recipients, the proportion of insertions in proto-
oncogenes increased from 15% (primary recipients) to 24%
(secondary recipients) in mice with normal hematopoiesis (Figure
3A). Thus, the IDDb perfectly reproduced the findings of our
previous study performed in mice that showed no signs of
hematopoietic malignancies.4 Considering that proto-oncogenes
represent 1.06% (n � 231) of the murine genome (Entrez Gene,
May 11, 2006), this is a gross overrepresentation. For comparison,
37% of the RVISs recovered from leukemias were in or close to
proto-oncogenes (Figure 3A), strongly suggesting that the RVISs
were causally involved in promoting a competitive advantage and
inducing transformation.5

We next asked whether the different transgenes encoded by the
vectors affected clonal selection. We subdivided the hit genes into 4
groups: proto-oncogenes as defined by the RTCGD2,31 and addi-
tional literature, signaling genes, other genes, and unknown genes.
EGFP and DsRed encode fluorescent proteins which are not known
to cause significant changes of signaling networks. Twenty-five
percent (n � 70) of the hits were recovered using these vectors. In

this subgroup, the distribution of hits in the 4 gene groups was
almost identical to that obtained within the set of transgenes that
encode surface marker proteins for which an effect on cellular
signaling cannot be ruled out (MDR1, dLNGFR, human tCD34,
human flCD34, murine tCD34, murine flCD34, XRCC4) (Figure
3B). In contrast, a control group in which the transgene encoded the
potent oncoprotein TAg of SV40 showed a distinctively higher
proportion of RVISs in proto-oncogenes (41% versus � 20% with
other vectors). This supports the conclusion that RVISs recovered
from tumors induced by replication-deficient vectors encoding
oncogenes contribute to clonal selection.7

Interestingly, RVISs of the oncogenic TAg vectors overlapped
with those observed in healthy retrovirally marked hematopoiesis
exhibiting clonal dominance. Four of the 13 proto-oncogene hits
observed in tumors induced by TAg vector insertion were also
observed in dominant clones transduced by other vectors (Sema4b,
AB041803, BC013781, Fli1), and 3 additional proto-oncogenes
hits selected in TAg vector-transduced tumors occurred in gene
families that were also marked using other vectors (eg, BclX was hit
by the TAg vector and Mcl1 by the dLNGFR vector; growth factor
receptors Axl and Csf1r were hit by TAg vectors and Csfr3 by the
DsRed vector).

In further support of selection for clonal dominance largely
irrespective of the type of transgene encoded, 4.6% (n � 13) of
RVISs affect the Mds/Evi1 locus which encodes a transcription
factor expressed in primitive hematopoietic cells.43 Rearrangement
and ectopic expression of this allele contributes to human and
murine leukemia.43 Evi1 represents the third most frequent inser-
tion site listed in the RTCGD.2,31 Sixteen percent of the other
RVISs found in the IDDb are common RVISs (CRVISs); that is,
independent insertion sites recovered from different cell clones but
affecting the same gene. Because CRVISs are a strong indication of
selection for an important biological function,2 it is interesting that
only 52% of the IDDb-CRVISs represent known proto-oncogenes
(Table 3). Summarizing all RVISs in known proto-oncogenes,
those forming novel CRVISs in our database and those occurring in
genes with an established role in stem cell self-renewal and
hematopoiesis, a group of at least 48 genes encoding growth
factors, signal transducers, and transcription factors can be ex-
tracted which represent interesting candidates for future functional
studies (Table 3). Interestingly, 81% of these RVISs were found in
secondary and/or leukemic transplant recipients.

Insertion site distribution in relation to the transcription
start site

To further address the potential selective pressure present on the
mutated alleles, we analyzed the distribution of the RVISs with

Figure 2. LMPCR validation. (A) DNA of K562 mass
cultures and cell clones containing different numbers of
retroviral insertions28 was subjected to insertion site
amplification by LMPCR using the conditions described
in “Material and methods.” In contrast to the clonal DNA,
mass culture DNA does not reveal dominant bands
except when cells were propagated for several weeks,
revealing a clonal imbalance. (B) Mixing mass culture
DNA with increasing amounts of DNA from clone 2.4
reveals that LMPCR recovers dominant bands if these
contribute greater than 70% of the population.

Figure 3. Retroviral vector insertion site (RVIS) distribution according to gene
classes and type of transgene. (A) RVISs in known proto-oncogenes (POGs)
increase in frequency over serial BMT and are most pronounced in leukemic clones.
(B) No major impact of the transgene class was found except when the vector
encoded a potent oncogene (TAg), which increased the probability to select for RVIS
in POGs. SIGs indicates signaling genes; OGs, other genes.
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respect to the transcriptional start site (TSS) of the next neighbor-
ing gene. In unselected freshly transduced cells, MLV vectors have
a preference for insertions in the 10-kb (kilobase) window around
the TSS,40 with a peak in the � 1-kb window,41 whereas HIV and

derived vectors tend to prefer actively transcribed sequences, in
particular beyond �2 kb downstream of the TSS.40,41,44 The
reference data obtained in previous studies (kindly provided by D.
Russell and G. Trobridge; Trobridge et al41) are shown in Figure 4A

Table 3. Insertions in known proto-oncogenes, genes with an established role in hematopoiesis, and common insertion sites in the
insertional dominance database (IDDb)

Type of protein and locus
No. hits
in IDDb

No. hits in
RTCGD Gene ID Chromosome Name/(proposed) function

Growth factor

FasL 2 0 14103 1 H2.1 Fas ligand (TNF superfamily, member 6)

Vegfa 1 0 22339 17B3 Vascular endothelial growth factor A

Tnfsf10 2 2 22035 3A3 Tumor necrosis factor (ligand) superfamily, member 10, apoptosis induction

Receptor

Sema4b 3 4 20352 7D1 Receptor activity

Axl 1 0 26362 7A3-B1 Receptor activity, protein kinase activity, human proto-oncogene

Csflr 1 9 12978 18D Receptor of colony stimulating factor 1 (CSF-1)

Csfr3 1 0 12986 4D2�2 G protein coupled receptor for granulocyte colony stimulating factor (G-CSF)

Gpr43 � Ffar2 2 0 233079 7A3 G-protein coupled receptor, free fatty acid receptor

Igfbp4 2 0 16010 11 D-E1 Insulin-like growth factor binding protein 4

Ly78 2 0 17079 13D1 Lymphocyte antigen 78, receptor, signaling, CD180

Signal transducer

Akt1 2 3 11651 12F1-F2 Intracellular signaling, kinase transforming protein

Bcl211 1 3 12048 2H1 Bcl2-like1, antiapoptosis

Ccnd3 1 13 12445 17B4 Cyclin D3, cell cycle

Mcl1 1 4 17210 3F2.1 Myeloid cell leukemia sequence 1, Bcl2-related antiapoptotic protein

Osbpl3 1 2 71720 6B3 Oxysterol binding protein-like 3, steroid metabolism

Pim2 2 5 18715 X A1.1 Serine/threonine-protein kinase Pim-2, proviral integration site 2, antiapoptosis

Plcg2 2 0 234779 8E1 Phospholipase C, gamma 2, survival signaling

Rab3gap2 2 0 381313 1H5 Similar to Rab3 GTPase activating protein, gene model 981

Rhof 1 4 23912 5F Ras homolog gene family member

Sesn2 � Hi95 3 0 230784 4D2.3 Sestrin 2, induction in response to DNA damage

Transcription factor

2610510B01Rik � Dopey2 1 4 70028 16 C4 Predicted leucine zipper transcription factor, dopey family

Bcll1a 2 6 14025 11A3�2 Zinc finger, essential for lymphopoiesis

Cbfa2t3h 1 7 12398 8E1 Core-binding factor, runt domain, alpha subunit 2, translocated 2, 3 homolog

Cutl1 1 3 13047 5 G2 Cut-like 1 (Drosophila) � CCAAT displacement protein � Cux/CDP homeoprotein

Elk4 1 3 13714 1E3-G ELK4, ETS family member

Evi1 13 20 14013 3A3 Associated with murine and human leukemia, SMAD interacting

Fli1 2 7 14247 9A4 ETS family member

Fos (LOC627366) 2 5 14281 12 D2 FBJ osteosarcoma oncogene

Fosb (Erccl) 1 0 14282 7A2 FBJ osteosarcoma oncogene B

Foxo3a 2 0 56484 10B2 Forkhead transcription factor, potentially pro-apoptotic

Gtf2i 2 0 14886 5G2 General transcription factor 2

Hhex 1 26 15242 19Cl Hematopoietically expressed homeobox gene (T-cell oncogene)

Hic1 3 3 15248 11B5 Hypermethylated in cancer 1, transcription factor, Wnt antagonism

Hivep1 1 2 110521 13A4 HIV enhancer binding protein 1

HoxA7 2 19 15404 6B3 Homeobox gene A7 and surrounding cluster

Hoxb4/Hoxb5 1 0 15412 11D Homeobox gene B4 and surrounding cluster

Lmo2 2 2 16909 2 E2 LIM domain only 2, T-cell oncogene

Mef2d 1 5 17261 3F1 Myocyte enhancer factor 2D

Mllt3 1 0 70122 4C4 Involved in leukemogenic translocations

Runx2 1 6 12393 17B3 Runt related, essential for hematopoiesis

Runx3 1 5 12399 4D2.3 Runt related, myeloid development

Sox4 1 64 20677 13A3-A5 Sry box, lymphocyte activation

Tal1 1 0 21349 4D1 Ebox family member, essential for hematopoiesis

Zfp3612 1 4 12193 17 E4 Zinc finger protein 36, C3H type-like

Metabolic

Dph5 2 0 69740 3F3 DPH5 homolog (Saccharomyces cerevisiae) transferase

Unknown

Lrrc6 2 0 54562 15D1 Leucin repeat containing 6 (testis)

Dym � 4933427L07Rik 1 3 69190 18 E2 Dymeclin, function unknown

AB041803 2 8 232685 6A3.3 Hypothetical protein, function unknown

BC031781 1 2 208768 1H4 Hypothetical protein, function unknown

The classification of proto-oncogenes follows the listing in the retrovirus-tagged cancer gene database (RTCGD; http://rtcgd.ncifcrf.gov/) and additional literature. A version
of the table with the gene ID configured as a hyperlink to NCBI Entrez Gene (http://www.ncbi.nlm.nih.gov/entrez/) is available from the authors (http://www99.mh-hannover.de/
kliniken/zellth/method.html). In the case of Fos and Fosb, Table S1 lists the loci shown in brackets.

Equals sign indicates alternative gene names.
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(lines), in comparison with our database (columns). For this
comparison, we divided the IDDb hits into 4 classes: class 1
consists of known self-renewal genes, proto-oncogenes, and CRVISs
present in the IDDb (Table 3); class 2 represents genes with a
known or putative role in cellular signaling networks; class 3
collects other genes; and class 4 unknown genes.

Compared with the insertion pattern of MLV in unselected cells,
the IDDb shows a clear overrepresentation of class 1 events in the
window between -1 and -20 kb, and also between 5 and 10 kb
downstream of the TSS (Figure 4A). No overrepresentation is
found within 1 kb upstream of the TSS, and class 1 hits are even
underrepresented in the first kilobase of transcribed sequence. A
similar picture is observed in the window around �2.5 to 5 kb.
Events in classes 3 and 4 serve as an internal control, showing no
enrichment over the unselected MLV pattern in the windows
around -5 to -1 kb and no counterselection in the �1-kb window.
The region that is most likely to contribute to clonal dominance
thus resides within -1 to -5 kb upstream of the TSS, whereas
insertions closely downstream of the TSS tend to be counterselected.

Vectors based on foamy virus and even more so those based on
lentiviruses have been shown to have a reduced bias for the region
surrounding the TSS.40,41 The IDDb with its focus on genes that
support competitive fitness reveals that a simple switch to these
vector types may not fully eliminate the risk of insertional
mutagenesis. Looking at the window 5 kb upstream of the TSS, a
switch to foamy virus–based vectors41 might reduce the probability
of “productive” class 1 insertions by a factor of less than 2 and a
switch to HIV-based vectors by a factor of 10. However, hits in this
window only account for less than 20% of class 1 events in our
database. For the majority of events located further upstream or
downstream, changing the retroviral backbone does not seem to
change the risk.

The position and orientation of the vector with respect to the
transcription unit allows a classification of insertional mutations as
follows12: enhancer mutations are typically located upstream of the
transcription unit in the antisense orientation or downstream in the
sense orientation, fusion transcript mutations may originate from
insertions upstream of transcription units in the sense orientation,
and insertions within a transcription unit may lead to aberrant
splicing or termination. In the IDDb, 40% (111 of 280) of the
RVISs represented enhancer mutations, the majority (76%) occur-
ring upstream of the TSS in the antisense orientation. Enhancer
mutations were more relevant in class 1 genes (55%) than in the
other classes (� 34%). Fusion mutations represented 20% of the
events in class 1, and approximately 14% in the other classes.
Accordingly, insertions within transcription units were underrepre-
sented in class 1 compared with the other classes (Figure 4B).

Together, the enrichment of insertions in class 1 genes over
serial transplantation and with leukemic progression (Figure 3), the
skewed distribution of insertions around the TSS (Figure 4A), and
the counterselection of insertions within transcription units (Figure
4B) in favor of enhancer and fusion mutations all reveal that
insertional mutations strongly contributed to the occurrence of
clonal dominance in our experiments.

Overlap with stem cell databases and pathway analysis

MLV vectors preferentially target active genes, but extremely high
gene expression levels might impede insertions.45 To explore
whether the RVISs selected in vivo represent genes expressed in
primitive hematopoietic cells, as suggested from a previous study
conducted with human cells,46 we compared the genes listed in the
IDDb with 3 different transcriptome databases. The first is the
publicly accessible stem cell database (SCDb),32 which represents a
subtracted cDNA library derived from primitive hematopoietic
cells present in murine fetal liver and marrow. The second database
was generated from a genome-wide gene expression profiling
experiment using Affymetrix array full genome mouse arrays on
RNA extracted from highly purified hematopoietic stem/progenitor
cells (Lin� Sca1� c-Kit�, LSK, � 96% pure after flow sorting)
obtained from steady state murine bone marrow (M.H.B., K.P.,
D.R., F.J.T.S., M. M. A. Verstegen, G. W., unpublished observa-
tions, July 2006), and the third database was generated using the
same array and RNA extracted from highly purified hematopoietic
stem cells (side population [SP] combined with LSK)47 (S.M.C.
and M.A.G., unpublished data, July 2006).

We found 57% of the class 1 genes to be listed in the SCDb, as
opposed to 32% for class 2 and 17% for class 3. With reference to
the GO classification used in the SCDb, the IDDb shows an
overrepresentation of genes encoding proteins involved in apopto-
sis, intracellular signaling, or transcriptional control, whereas the
following gene classes are strongly underrepresented: cell adhe-
sion, transport, chromatin regulators, protein processing, and
protein synthesis (Table 4).

We further studied GO in its branching into a semihierarchical
tree, describing genes in categories from very general (ie, regula-
tion of biological process, levels 1-5) to very specific (level 10�).
This analysis showed a highly significant (P � .05, hypergeomet-
ric) overrepresentation of the following processes: cell prolifera-
tion (level 4, P � .016), positive regulation of apoptosis (level 7,
P � .033), and regulation of transcription, DNA-dependent (level
8, P � .001).

A network-based pathway analysis demonstrated that RVISs
clustered near genes involved in cancer and were, in addition,

Figure 4. Type of mutations. Data are shown with respect to gene class 1 (common
insertion sites, proto-oncogenes, and self-renewal genes), class 2 (signaling genes),
and classes 3 and 4 (other and unknown genes). (A) Position of RVIS in the
Insertional Dominance Database (IDDb) around the transcriptional start site. Refer-
ence data insertion sites of different vectors in freshly transduced cells, shown as
lines, were kindly provided by G. Trobridge and D. Russell.41 MLV indicates murine
leukemia virus vector; FV, foamy virus vector; HIV, human immunodeficiency virus
vector; random, computer-predicted random insertion pattern. (B) Overrepresenta-
tion of enhancer mutations in class 1 genes. RVISs were analyzed for the different
types of retroviral insertional mutations proposed earlier.12 Insertions located down-
stream but in an antisense orientation do not correspond to the definition of enhancer
mutations suggested in Uren et al12 and are therefore labeled “Except. �/R.”
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strongly correlated with genes involved in hematologic and im-
mune system development, functions, and disease (Tables S2 and
S3). Canonical pathway analyses performed with IDDb genes
revealed a significant overrepresentation of growth factor signaling
pathways, death receptor signaling pathways, and associated
intracellular networks (Table 5). Strikingly, most of the genes
extracted in Table 3 are connected in 2 major networks (Figure 5).
Figure 5A shows major pathways contributing to hematopoietic
stemness (Igf-1, Vegf, Pten, apoptosis, death receptor), whereas
Figure 5B reveals the association with additional nuclear players
involved in hematopoietic self-renewal and lineage commitment.

This suggested that the RVISs selected in the IDDb occurred
preferentially in a subset of genes expressed in primitive hematopoietic
cells. We further approached this question by comparing the genes listed
in the IDDb with gene expression microarray data obtained from purified
fractions of hematopoietic stem/progenitor cells. With respect to the most

primitive fraction analyzed, SP-LSK, RVISs present in the IDDb were
clearly associated with expressed genes (P � .01, Wilcoxon test). Interest-
ingly, the level of significance increased depending on serial transplanta-
tion and the degree of transformation: primary recipients (P � .003),
secondary recipients (P � .001) and leukemias (P � .001). This reveals
that the vast majority of genes whose deregulation causes clonal domi-
nance is already expressed in primitive hematopoietic cells, rather than
being activated from a silent state by insertional mutagenesis.

As the initial target population of retroviral gene transfer was
not such a highly purified fraction, we also used gene expression
array data from LSK cells to check whether the level of transcrip-
tion correlates with RVISs. LSK cells contain both short-term and
long-term repopulating cells,48 and it is possible that some RVISs
converted short-term to long-term clones, as can be observed in
consequence of certain oncogenic translocations49 (and references
therein). On the basis of their relative expression level, genes were
classified into 10 “bins” such that bin 1 represents the 10% of genes
with the lowest expression levels, and bin 10 the 10% of genes with
the highest. In agreement with findings made in unselected cells,
RVISs present in the IDDb correlated with gene expression levels
prior to transduction (Figure 6A-B). Comparing freshly isolated
and cultured LSK cells, no major effect of culture conditions on the
insertion profile was noted (Figure 6A-B). Interestingly, the
association of RVISs with highly expressed genes tended to be
more pronounced in class 1 than in classes 2 and 3 (Figure 6C).

Remarkably, the probability of forming a CRVIS does not seem
to depend on the expression level. CRVISs are evenly distributed
over all expression levels (Figure 6D) and even found in regions
without transcriptional activity. A similar trend was observed for
CRVISs that were hit 3 or more times; Evi1, the most frequent
CRVIS in our dataset, does not show the highest expression level in
the array (Figure 6D). Together, these data confirm the hypothesis
that the risk of retroviral vector insertion in a given locus depends
on its expression level in the target cell. However, the selection for

Table 4. Genes associated with clonal dominance preferentially
belong to three GO categories: intracellular signaling,
transcription factor, and apoptosis

Process
IDDb,

%
SCDb,

%
IDDb/
SCDb Conclusion

Intracellular signaling 27 17 1.59 Overrepresented in IDDb

Transcription factor 23 14 1.64 Overrepresented in IDDb

Apoptosis 6 1 6.00 Overrepresented in IDDb

Cell adhesion 1 7 0.14 Underrepresented in IDDb

Transport 2 7 0.29 Underrepresented in IDDb

Chromatin regulators 0.5 3 0.17 Underrepresented in IDDb

Protein processing 0.5 7 0.07 Underrepresented in IDDb

Protein synthesis 0.5 4 0.13 Underrepresented in IDDb

Receptors 5 10 0.50 Underrepresented in IDDb

Metabolism 10 13 0.77 Similar representation

Unknown 17 NA NA Not comparable

Data of the stem cell database (SCDb) were derived from Ivanova et al.62

NA indicates not applicable.

Table 5. Ingenuity pathway analysis of all genes listed in the IDDb (24 most significant results shown)

Pathway Significance Genes

p38 MAPK signaling � .001 Max, Faslg, Map3k5, Mef2d, Illr1, H3f3a, Ddit3

Death receptor signaling .001 Faslg, Map3k5, Map3k14, Tnfsf10, Cflar

PDGF signaling .002 Pdgfrb, Crk, Fos, Sos1, Plcg2

Endoplasmic reticulum stress pathway .002 Ern1, Map3k5, Atf6

PPAR signaling .004 Pdgfrb, Fos, Map3k14, Il1r1, Sos1

IGF-1 signaling .004 Fos, Sos1, Foxo3a, Igfbp4, Akt1

B-cell receptor signaling .010 Map3k5, Map3k14, Gab2, Sos1, Plcg2, Akt1

PI3K/AKT signaling .013 Map3k5, RHEB, Gab2, Sos1, Akt1

VEGF signaling .020 VEGF, Sos1, Plcg2, Akt1

Neuregulin signaling .021 Crk, Sos1, Plcg2, Akt1

PTEN signaling .023 Faslg, Sos1, Foxo3a, Akt1

IL-6 signaling .023 Fos, Map3k14, Il1r1, Sos1

Insulin receptor signaling .023 Crk, Sos1, Stxbp4, Foxo3a, Akt1

Apoptosis signaling .023 Faslg, Map3k5, Map3k14, Plcg2

IL-2 signaling .026 Fos, Sos1, Akt1

Hypoxia signaling in the cardiovascular system .032 Vegf, Hic1, Akt1

Neurotrophin/Trk signaling .041 Fos, Sos1, Akt1

Natural killer cell signaling .043 Sos1, Klrb1c, Plcg2, Akt1

ERK/MAPK signaling .045 Crk, Fos, Sos1, H3f3a, Plcg2

FGF signaling .048 Crk, Map3k5, Sos1

IL-10 signaling .068 Fos, Map3k14, Il1r1

NF-�B signaling .091 Map3k14, Il1r1, Plcg2, Akt1

SAPK/JNK signaling .104 Crk, Map3k5, Sos1

Ephrin receptor signaling .106 Vegf, Crk, Sos1, Akt1

For comparison, only 2 metabolic pathways were represented with more than one gene in the IDDb (purine metabolism, inositol phosphate metabolism).
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CRVIS is not a sole function of the initial expression level. We
conclude that CRVISs are selected based on the biological conse-
quences of target gene dysregulation and do not necessarily reflect
a higher probability of retroviral integration.

Association of proto-oncogenes with leukemogenesis

To address whether the IDDb contains novel information regarding
proto-oncogenes associated with leukemogenesis, we compared our
data with tumor phenotypes listed in the RTCGD (obtained in animals
infected with RCRs). The 2 databases are not redundant: Many CRVISs
observed in the IDDb are not listed as CRVISs in the much larger
RTCGD (Igfbp4, Dph5, FasL, Gpr43, Gtf2i, Ly78, Lrcc6, Plcg2, Sesn2,
Tnfsf10, Rab3gap2). These genes may be more likely to confer clonal
dominance in healthy hematopoiesis than to contribute to malignant

transformation. Furthermore, the IDDb shows some genes to have
almost identical RVISs as listed in the RTCGD, however, frequently in
association with distinct tumor phenotypes. The expansion and compara-
tive analysis of these 2 databases may thus provide deeper insights into
the association of genes with the induction of clonal dominance and
malignant tumors.

Interestingly, the few RVISs identified to date that were
associated with clonal dominance or malignant transformation in
primate models and clinical trials are all found in the IDDb:
BCL-2A1 was identified as the RVIS in the single case of a
malignant transformation observed to date in a nonhuman primate
model following the use of replication-deficient retroviral vec-
tors.10 It is highly related to BclX and Mcl1 listed in the IDDb.
LMO2 was found as a CRVIS in cases of lymphatic leukemia

Figure 5. Ingenuity analyses of the genes listed in Table 3 reveal 2 major pathways. Note that further members of these pathways (A-B) may be highlighted when
extending the analysis to the full IDDb. That is, Siva shown on the bottom of Figure 5A is a chromosomal neighbor of Akt1; this locus represents a CRVIS in the IDDb (Table 3;
Table S1).

Figure 6. The probability of retroviral vector insertion but not the
probability of forming a common insertion site depends on the
expression level of the affected gene. (A) Array data from enriched
hematopoietic progenitors containing both long-term and short-term re-
populating cells (LSK cells, freshly isolated) were divided into 10 equal
bins according to relative gene expression levels. The curves show the
number of genes marked by RVISs in the different bins. Irrespective of the
selection conditions (primary recipient, secondary recipient, or leukemia),
the probability of RVIS is highest in the 40% most highly expressed genes.
(B) Similar results were obtained when examining array data from LSK
cells that were cultured for 2 days. (C) The selection for insertions in highly
expressed genes is most pronounced for class 1 genes. (D) Expression
levels of all genes detected by the arrays of LSK cells versus all RVIS
genes of the IDDb, showing that the latter clearly have a much higher
expression. The CRVIS genes of the IDDb are superimposed, showing
that these do not cluster in the highest expression levels. Labeled genes
represent CRVISs that were hit 3 times or more. Genes below the dotted
line are not expressed in LSK cells.
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occurring in gene therapy for X-linked severe combined immuno-
deficiency (SCID-X1) disease,8 and the murine homolog is con-
tained in the IDDb. Finally, the most frequent CRVIS in the IDDb
found in association with both clonal dominance and myeloid
transformation is Evi1; CRVISs in the human homolog were
observed in association with clonal dominance in a recent report of
patients undergoing retroviral vector-mediated gene therapy for
chronic granulomatous disease (CGD).9

Discussion

The present study introduces a novel database (IDDb) listing
RVISs associated with clonal dominance in cases of normal,
potentially preleukemic hematopoiesis or malignant transformation
of hematopoietic cells. We showed that our experimental condi-
tions select RVISs of dominant clones that contribute the majority
(� 50%) of a polyclonal population. Under our experimental
conditions that involve a rather profound replication stress, the
dysregulated cellular genes most likely have the potential to
promote proliferation and/or survival of long-term repopulating
hematopoietic cells. Consistent with present concepts of oncogen-
esis and leukemogenesis,50,51 GO analysis revealed that 3 major
gene functions contribute to clonal dominance: regulation of
proliferation, apoptosis, and transcription. More importantly, path-
way studies revealed that these genes are functionally connected in
2 major signaling networks (Figure 5). Of note, many of the genes
listed in these classes have previously not been implicated in
hematopoietic stem cell (HSC) biology.

Another important conclusion was that those genes which
contribute to clonal dominance following insertional mutagenesis
are more likely to be hit if already being transcriptionally active at a
relatively high level in primitive hematopoietic cells. This was also
observed with reference to the transcriptome of freshly isolated
cells, independent of prior cytokine stimulation. The same conclu-
sion was derived from an independent study performed with an
even longer observation period (M.H.B., K.P., D.R., F.J.T.S., M. M.
A., Verstegen, G.W., unpublished observations, July 2006). Interest-
ingly, similar findings were made with retrovirally marked human
cells observed in the nondiabetic obese (NOD)/SCID xenotrans-
plant setting,46 whereas insertion sites observed in murine tumors
induced by RCR rather overlap with the transcriptome of human
leukemias.52 We would therefore assume that all vectors that show
an insertion bias for expressed genes and contain strong enhancer
sequences raise the probability of inducing clonal dominance by
insertional mutagenesis. This also implies that the risk of clonal
dominance or even malignant transformation should be much
lower if gene transfer occurs in cells that have partially or
completely silenced the self-renewal program.

The leukemias occurring in our model typically require combi-
natorial genetic lesions, either by the presence of RVISs in more
than one leukemia-promoting gene,5 or by a single proto-oncogenic
RVIS in combination with signal alterations evoked by the
vector-encoded transgene.3 Although animals were examined for
hematopoietic abnormalities in compliance with recommenda-
tions,53,54 preleukemic clonal expansion might have been over-
looked. Leukemogenic signal alterations are expected to be dose
related, as previously observed for Evi1 and Hoxb4.55-57 The
potential utility of these genes for stem cell expansion will thus
depend on the ability to identify the required level of transcriptional
dysregulation. Accordingly, we would assume that RVISs in such
genes are only selected in vivo if the resulting extent of transcrip-

tional dysregulation fits the selective pressure encountered in the
given conditions. Insertional mutagenesis by RVISs may thus
represent a powerful approach to identify genes that promote clonal
survival under different selection conditions, such as exposure to
cytotoxic drugs, inhibitory cytokines, irradiation, or disease-
specific conditions.

Notably, not all IDDb entries can be considered as potential
inducers of clonal dominance. Some genes may be accidentally
marked in clones that contain more than one insertion, and
intrinsic, potentially stochastic differences in cell fitness may also
contribute to clonal dominance (reviewed in Spangrude et al58). A
stronger focus on serially transplanted HSCs and experimental
conditions favoring a single integration per cell may further
increase the stringency of the screen. However, final proof requires
functional studies. For a number of genes contained in the IDDb an
essential role in the regulation of cellular survival is experimentally
validated. This applies to the majority of the proto-oncogenes listed
in Table 3 and the genes involved in the networks presented in
Figure 5. However, only a smaller subset of these genes has
previously been implicated to regulate “stemness.” Examples are
Akt1, which is known to be essential for self-renewal of murine
embryonic stem cells,59 Hoxb4, which stimulates HSC self-renewal
without necessarily inducing leukemia,60 and Evi1, which triggers
self-renewal of myeloid progenitor cells in vitro and might give rise
to a myelodysplastic syndrome and myeloid leukemia.6,43 Interest-
ingly, Akt1 together with Foxo3a and Cyclin D regulates the
hibernation of HSCs,61 and all 3 genes are found in the center of the
network shown in Figure 5A. Other genes that are functionally
related to the last 2 examples are also found: The IDDb (Table S1)
lists additional homeobox genes (Hoxa7, Hhex, Cutl1, Dlx2, Dlx3)
and Ski, which is related to Evi1 in its function to interact with
SMAD signaling. An extended analysis of the IDDb also reveals
further members of other pathways that are not (yet) recognized by
the Ingenuity software tool.

Expanding the IDDb is also of major importance for the safety
analysis of RVISs in preclinical and clinical studies. Although mice and
humans differ in their susceptibility to transformation and some
underlying mechanisms,50 the IDDb nevertheless contains the 3 leading
gene families associated with leukemia induction or preleukemic
alterations observed to date in nonhuman primates and clinical trials: the
Bcl2-related genes,10 Lmo2,8 and Evi1.9 Expanding our approach to
studies with other animal models might eventually even reveal basic
biological principles regulating stem cell fitness that have been geneti-
cally and functionally conserved between different species. A general
database for vector insertion sites that also includes data from clinical
trials would be of great value.
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