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Insertional oncogenesis due to retroviral (RV) vector inte-
gration has caused recurrent leukemia in multiple gene 
therapy trials, predominantly due to vector integration 
effects at the LMO2 locus. While currently available pre-
clinical safety models have been used for evaluating 
vector safety, none have predicted or reproduced the 
recurrent LMO2 integrations seen in previous X-linked 
severe combined immunodeficiency (X-SCID) and Wis-
kott–Aldrich clinical gene therapy trials. We now describe 
a new assay for assessing vector safety that recapitulates 
naturally occurring insertions into Lmo2 and other T-cell 
proto-oncogenes leading to a preleukemic developmen-
tal arrest in primary murine thymocytes cultured in vitro. 
This assay was used to compare the relative oncogenic 
potential of a variety of gamma-RV and lentiviral vectors 
and to assess the risk conferred by various transcriptional 
elements contained in these genomes. Gamma-RV vec-
tors that contained full viral long-terminal repeats were 
most prone to causing double negative 2 (DN2) arrest 
and led to repeated cases of Lmo2 pathway activation, 
while lentiviral vectors containing these same elements 
were significantly less prone to activate proto-oncogenes 
or cause DN2 arrest. This work provides a new preclini-
cal assay that is especially relevant for assessing safety 
in SCID disorders and provides a new tool for designing 
safer RV vectors.
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publication 12 April 2016. doi:10.1038/mt.2016.55

INTRODUCTION
Gene therapy trials for X-linked severe combined immunodefi-
ciency (X-SCID) and Wiskott–Aldrich syndrome (WAS) have 
been complicated by acute lymphoid leukemia due to insertional 
activation of cellular proto-oncogenes, mostly notably LMO2 
(refs. 1–3). These events were not predicted by any preclinical test-
ing or animal models available at that time, despite mouse trans-
plant assays done in multiple different labs. Several cellular assays 
and mouse transplant models have been subsequently developed 

to better assess vector safety. An in vitro assay based on the abil-
ity of vectors to immortalize murine myeloid cells can success-
fully detect the mutagenic activity of different types of retroviral 
(RV) vectors.4,5 This assay has been very useful, but is relatively 
specific for insertions into the MDS/EVI-1 locus and therefore 
may be most relevant for evaluating genotoxicity in myeloid 
rather than lymphocyte-deficiency cell disorders. Mouse trans-
plant models have been developed that can be used to compare 
vector-associated genotoxicity, but are relatively expensive, take 
6–12 months to complete, and can be prone to a high rate of back-
ground tumors.6,7 None of these newer assays have reproduced 
the recurrent LMO2 vector integration events seen in 12 patients 
enrolled in gene therapy trials for X-SCID and WAS. Clinically 
relevant LMO2 vector insertions can be experimentally recreated 
using Cre-Lox cassette engineering in a human T-cell line. This 
system has been used to assess the relative ability of RV vectors 
to transactivate LMO2 expression,8,9 but this approach is limited 
to examination of vector effects at predetermined insertion sites 
and is not based on natural vector integration events. Therefore, 
investigators and regulatory agencies agree that more effort is 
needed to further develop preclinical assays for assessing the rela-
tive safety of clinical RV vectors.10

While the precise mechanism explaining why recurrent 
LMO2 insertions specifically occur in certain SCID disorders 
is not well understood, one possibility is that the target cell 
for these diseases is distinct from that in other blood disor-
ders. For SCID disorders, gene therapy likely targets an early 
T-lymphocyte progenitor that is generated in the bone marrow 
and capable of seeding and repopulating the thymus. This may 
be particularly true when cells are transplanted in the absence 
of any myeloablative conditioning. This early thymic progenitor 
likely differs from more primitive hematopoietic stem cells in 
gene expression profile and accessibility of certain genomic loci 
to vector integration events. We therefore hypothesized that 
transduction of primitive undifferentiated thymocytes could 
be used as the basis for a SCID-specific vector safety assay. 
Primitive double negative thymocytes (CD4−, CD8−) display 
several functional characteristics of hematopoietic stem cells 
including the ability to engraft in irradiated recipients11,12 and 
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the capacity to reconstitute both myeloid and lymphoid lin-
eages.13 Furthermore, enforced expression of LMO2 results in a 
block in thymocyte development at the double negative 2 (DN2) 
stage, identified by the CD4− CD8− CD25+ CD44+ phenotype,14 
ultimately leading to acute T cell leukemia (T-ALL). Cells in 
this expanding DN2 pool possess enhanced self-renewal and 
serve as the first clonal event leading to a fully transformed 
T-ALL phenotype.11,12,15

To test the hypothesis that a DN2 thymocyte block could 
serve as a surrogate endpoint for vector-induced leukemia, we 
established an assay based on culture of early murine thymic 
precursor cells on OP9-DL1 stromal cells (see Supplementary 
Figure S1), which allows progression of thymic differentiation 
through all double negative, double positive, and single positive 
stages.16 This system was used to test whether transduction of 
thymic progenitor cells with murine gamma-RV or HIV-derived 
lentiviral vectors could induce a DN2 differentiation block and 
reproduce LMO2 insertions as has been noted in certain human 
SCID gene therapy trials. This system was also used to quanti-
tatively assess the relative oncogenic potential of lentiviral ver-
sus gamma-RV vectors, different vector-encoded promoters, 
and chromatin insulator fragments from the chicken β-globin 
locus.17

RESULTS
Vector design and the thymocyte differentiation 
assay
We generated and tested a variety of murine gamma-RV and 
human lentiviral vectors designed to encompass a wide spectrum 
of oncogenic potential (Figure 1a). The gamma-RV vectors con-
tained complete long terminal repeats (LTRs) with viral promoters 
and enhancers and included the MFGγc vector that caused T-ALL 
in an early X-SCID clinical trial18 and the spleen focus-forming 
virus (SFFV) vector backbone that caused myelodysplasia in a clini-
cal gene therapy trial for chronic granulomatous disease.19 We also 
tested lentiviral vectors based on the CL20 lentiviral backbone20 
containing either an internal SFFV LTR to express mCherry or the 
MND LTR21 to drive expression of a therapeutic Wiskott–Aldrich 
Syndrome protein cDNA. Two of these lentiviral vectors also 
contained insulator fragments from the chicken β-globin locus22 
designed to shield surrounding cellular genes from vector-induced 
activation of cellular genes and to prevent transgene silencing. The 
CL20-650-MND-Wiskott–Aldrich Syndrome protein vector is 
being developed for use in a clinical gene therapy trial for WAS.23

High-titer vector preps were used to transduce murine DN1/
DN2 thymic precursor cells that were cocultured on OP9-DL1 
stromal cells for up to 35 days (Figure 1b). This assay uses a lower 

Figure 1 Retroviral vectors and thymocyte culture assay. Schematic representation of gamma-retroviral and lentiviral vectors (a) and outline of 
the DN2 differentiation block assay (b). ΔU3, deletion of lentiviral enhancer/promoter in the LTR; DN2, double negative 2; hγc, human IL2RG cDNA; 
LTR, long terminal repeat; MFG, a hybrid vector containing moloney murine leukemia virus (MoMLV) and myeloproliferative sarcoma virus (MPSV) 
LTR elements; MND, modified myeloproliferative sarcoma virus enhancer; MSCV, mouse stem cell virus; ψ, viral packaging signal; RRE: lentiviral rev 
response element; SFFV, spleen focus-forming virus; VCN, vector copy number; WASp, Wiskott–Aldrich Syndrome protein; +400 and +650, 400bp 
and 650bp chromatin insulator elements from the chicken β–globin locus.
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concentration of interleukin 7 to increase selective pressure for 
transformed clones. Transduction efficiency was measured 10 days 
later using quantitative real-time PCR to quantify the mean vec-
tor DNA copy number in the cultured thymocyte pool. The cel-
lular differentiation status was monitored by flow cytometry using 
cell surface markers CD4, CD8, CD25 and CD44 starting 12–15 
days post transduction. If a DN2-blocked subpopulation emerged 
as greater than 20% of all double negative cells, these cells were 
then sorted and analyzed for vector insertion site (VIS) using our 
quantitative shearing linear amplification PCR method.24 The cut-
off at 20% was defined by the mock-transduced populations, which 
developed normally and never showed greater than 20% DN2 cells.

Comparison of gamma-RV and lentiviral vectors for 
induction of DN2-blocked populations
Sorted double negative thymocytes were transduced with these vec-
tors in a total of six independent experiments that each included 
untransduced negative control cells. The vector copy number (VCN) 
for each transduction pool ranged between 1 and 18 vector genomes 

(vg) per cell in the population and generally correlated with the mul-
tiplicity of infection and the number of vector exposures (Figure 
2a). Cells were analyzed by flow cytometry for a DN2 differentia-
tion block every 3 days starting 12–15 days after transduction. High-
grade DN2 accumulations occurred in most samples that were 
transduced with any of the gamma-RV vectors (Figure 2b,c). While 
the likelihood of a DN2 block was correlated with higher average 
VCNs, DN2 blocks occurred at VCNs as low as 1.0 vg/cell with the 
murine stem cell virus (MSCV) vector, 0.24 vg/cell with the SFFV 
vector, and 3.1 vg/cell with the MFG-γc vector (Table 1).

Two out of six transductions with the CL20-SFFV vector and 
one of three transductions with the CL20-400-SFFV vector resulted 
in a DN2 block (Figure 2b,c) and were associated with relatively 
high VCNs (13.0, 11.7, and 4.9 vector copies per cell, respectively). 
The DN2-blocked subpopulations were highly enriched for vector-
transduced cells relative to cells in the other gated populations (see 
Supplementary Figure S2). No DN2 blocks occurred with any of 
the three lentiviral vectors that utilized the MND LTR promoter. This 
included three experiments with the CL20 MND-GFP vector with 

Figure 2 Gamma-retroviral vectors and lentiviral vectors induce DN2 differentiation block in cultured thymic precursor cells. (a) Vector 
copy number (VCN) in samples taken at 10 days after transduction. Each point represents an independent transduction sample. (b) Representative 
examples of flow cytometry analysis for each vector showing the DN1–DN4 subpopulations. The DN2 population is shown in the upper right hand 
quadrant of each panel and blocked DN2 populations are indicated by the arrows. Accumulations of greater than 20% DN2 cells represent blocked 
differentiation and were seen in some cases. (c) Percentage of DN2-blocked cells in the CD4−CD8− subpopulation with each independent experiment 
shown as an individual point. The red line represents the normal cutoff defined by mock transduced samples. DN2, double negative 2; MSCV, murine 
stem cell virus; SFFV, spleen focus-forming virus; WASp, Wiskott–Aldrich Syndrome protein.
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VCNs ranging from 4.5 to 6.4 vg/cell (Table 1). These results demon-
strate that the lentiviral SFFV platform may be less prone to causing a 
DN2 block compared to the SFFV gamma-RV vectors (P = 0.06), that 
the 400-bp insulator does not necessarily protect against the block 
when an internal SFFV LTR is present in the lentiviral vector, and that 
the three CL20 MND vectors did not cause any differentiation block.

Recurrent vector insertions in the Lmo2 and Mef2c 
gene loci in DN2-blocked cells
To determine the genomic locations of the VIS associated with these 
DN2-blocked cultures, we sorted DN2 populations from 20 inde-
pendent transductions, and mapped the VISs using our recently 
developed quantitative shearing linear amplification PCR assay.24 
We identified 741 unique VIS in the DN2-blocked samples and 
showed recurrent VIS in the Lmo2 and Mef2c loci with both gamma-
RV and lentiviral vectors in independent transduction pools (see 
Supplementary Table S2). Overall, Lmo2 or Mef2c VIS occurred in 
17 out of the 20 blocked samples from the gamma-RV group and in all 
3 blocked samples from the lentiviral group (Figure 3). In a majority 
of these cases, the shear site counts for the Lmo2 or Mef2c insertions 
were within the top 10 most frequent insertions identified by quan-
titative shearing linear amplification PCR (see Supplementary Table 
S2). For instance, Lmo2 insertions with the SFFV gamma-RV vector 
were the #1 or 2 most frequent VIS in three out of six cases. One of the 
two CL20-SFFV-mCherry samples had a dominant Mef2c VIS that 
ranked second in overall VIS frequency and three other Mef2c VIS 
ranked within the top eight most frequent sites. These results show 
that most of these DN2 populations contained significant propor-
tions of cells with VIS in these two proto-oncogenes.

Vector insertions into the Lmo2 locus occurred with both 
gamma-RV and lentiviral vectors and were distributed in three 
clusters, in the first intron, in a 3-kb window 24-kb upstream of 
the first exon, and in a 3.5-kb window 60-kb upstream of the first 
exon (Figure 3a). Fifteen of these insertions occurred with the 

Table 1 Vector-specific DN2 blocks, copy number, and integration 
sites

Vector/ 
sample ID

Transduction 
efficiency (VCN) 

genomes/cell
Day of  

DN2 block

DN2 block 
(% DN2 

cells)

Recurrent 
VIS  

(other VIS)

Mock

Mock1 No (4.5%)

Mock2 No (16.4%)

Mock3 No (5.5%)

Mock4 No (2.3%)

MSCV-GFP

MSCV1 ND 28 Yes (77%) 1x Lmo2

MSCV2 ND 22 Yes (79%) 1x Lmo2

MSCV3 ND 16 Yes (35%) 1x Mef2c

MSCV4 6.52 20 Yes (54.4%) 4x Mef2c, 1x 
Lmo2

MSCV5 8.29 20 Yes (51.5%) 2x Mef2c

MSCV6 1.89 20 Yes (60.8%) 1x Mef2c, 1x 
Lmo2

MSCV7 10.78 28 Yes (82.6%) 1x mef2c, 1x 
Lmo2

MSCV8 4.33 28 Yes (74.6) 1x Mef2c, 1x 
Lmo2

MSCV9 2.19 28 Yes (58.4%) 1x Mef2c

MSCV10 1.07 No (18.2%)

MSCV11 1.03 25 Yes (30.6%) ND

MSCV12 1.11 No (5.7)

MSCV13 1.18 25 Yes (44.5%) ND

SFFV-GFP

SFFV1 ND 40 Yes (66%) 1x Lmo2

SFFV2 ND 28 Yes (76%) (Acox1)

SFFV3 ND 22 Yes (76%) 1x Lmo2

SFFV4 1.22 24 Yes (27.8%) (Prdm16)

SFFV5 1.22 24 Yes (40.8%) 2x Lmo2

SFFV6 0.24 24 Yes (36.1%) (Mvb12b)

MFG-γc

MFG-γc1 ND 22 Yes (54.1%) 1x Lmo2

MFG-γc2 3.12 28 Yes (40.4%) 2x Lmo2

MFG-γc3 0.59 No (14.3%)

MFG-γc4 7.98 28 Yes (42.6%) 2x Lmo2

CL20-SFFV-mCherry

CL20-SFFV1 13.04 32 Yes (29.7%) 3x Mef2c

CL20-SFFV2 11.71 24 Yes (30.9%) 1x Mef2c

CL20-SFFV3 3.97 No (1.9%)

CL20-SFFV4 1.83 No (3.9%)

CL20-SFFV5 1.49 No (3.3%)

CL20-SFFV6 1.13 No (7.5%)

CL20-400-SFFV-mCherry

Cl20-400-SFFV1 4.88 24 Yes (35.4%) 1x Lmo2

Cl20-400-SFFV2 18.21 No (1.5%)

Cl20-400-SFFV3 4.57 No (2.8%)

CL20-MND-WASP

WASP1 1.23 No (3%)

WASP2 2.15 No (3.1%)

WASP3 ND No (3.8%)

CL20-650-MND-WASP

650WASP1 0.56 No (3.7%)

650WASP2 0.54 No (3.3%)

650WASp3 1.09 No (4.8%)

CL20-MND-GFP

CL20-MND1 4.45 No (4.2%)

CL20-MND2 4.76 No (6.4%)

CL20-MND3 6.38 No (3.3%)

DN2, double negative 2; MSCV, murine stem cell virus; SFFV, spleen focus-
forming virus; VCN, vector copy number; VIS, vector insertion site; WASp, 
Wiskott–Aldrich Syndrome protein.

Table 1 Continued

Vector/ 
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gamma-RV vectors, the majority of which occurred upstream of 
the gene as has been seen in gamma-RV clinical trials for X-SCID 
and WAS. Five independent VIS in Lmo2 were seen with the MFG- 
γc vector that was used in the French clinical trial.25 A single Lmo2 
VIS was noted with the CL20-400-SFFV lentiviral vector insertion 
and occurred in the first intron of Lmo2.

Vector insertions into the Mef2c locus were the second most 
common VIS noted in these studies. MEF2C is a well-known 
T-cell oncogene26,27 and has been identified as a SCL/TAL1 tar-
get28 in myeloid and B cells. The Mef2c locus was recurrently tar-
geted with the MSCV gamma-RV vector and with the lentiviral 
vectors containing the internal SFFV promoter (Figure 3b). All 
the Mef2c insertion sites with the MSCV gamma-RV vector were 
clustered in a 6-kb window within the second intron and were all 
in the opposite orientation for gene transcription. It has recently 
been demonstrated that gamma-RV vectors preferentially inte-
grate into enhancers,29 suggesting that this clustering may be 
explained by the potential presence of an enhancer within the 
Mef2c second intron. This possibility is consistent with an accu-
mulation of enhancer-associated chromatin marks in this region 
previously seen in murine common lymphocyte progenitors (see 
Supplementary Figure S3). Integration sites were also identi-
fied with the CL20-SFFV lentiviral vector and were located in a 
70-kb window around the first exon (Figure 3b). Other poten-
tial oncogenic targeting events were noted in other loci including 
a Prdm16 intronic insertion with the SFFV gamma-RV vector, 
Notch2 and IL7r insertions with the MSCV gamma-RV vector, 

and Arid1b with the SFFV lentiviral vector (see Supplementary 
Table S2).

Mef2c and Lmo2 mRNA expression are upregulated by 
vector insertions
In order to determine if Mef2c was an upstream activator of Lmo2 
in this assay, we measured expression of Mef2c, Lmo2, and Hhex (an 
Lmo2 target gene)30,31 mRNAs from sorted DN2-blocked cells har-
boring Lmo2 or Mef2c insertions. This analysis was performed in all 
eight samples in which adequate RNA preps were available. In the 
five samples with vector insertions in the Lmo2 locus, Lmo2 mRNA 
expression was upregulated significantly compared to the trace levels 
seen in normal DN2-stage thymocytes (Figure 4). In populations 
with Lmo2 vector insertions, Mef2c expression was very low and 
approximated that seen in normal DN1–2 thymocytes. In three sam-
ples with Mef2c vector insertions, Mef2c expression was significantly 
upregulated and Lmo2 mRNA expression was also increased rela-
tive to controls. Upregulation of Hhex mRNA expression correlated 
with the Lmo2 expression levels and presumably reflects activation 
of the Lmo2 transcriptional program in both Lmo2 VIS and Mef2C 
VIS-containing cells. These results show that vector insertions into 
these loci resulted in functionally significant increases in Mef2c 
expression and/or Lmo2 expression and suggest that upregulation 
of Mef2c results in increased expression of the normal endogenous 
Lmo2 gene, consistent with a prior report showing that MEF2C can 
transactivate LMO2 expression in Jurkat T cells via binding to the 
two LMO2 promoters in human Loucy T cells.26

Figure 3 Recurrent vector insertion sites (VIS) identified in DN2-blocked samples. (a) VIS within a 90-kb window of the Lmo2 locus. Each inde-
pendent experiment is shown in one row with the vector type indicated on the left. Each vertical bar represents a unique VIS identified by sequencing. 
The black bars indicate the same orientation of vector and the gene, and the red bars indicate the opposite orientation of the vector and the gene. (b) 
VIS in the Mef2c loci. A 166-kb window is shown. Vector names are shown on the left. The relative position of Lmo2 and Mef2c genomes are shown 
at the bottom. DN2, double negative 2; MSCV, murine stem cell virus; SFFV, spleen focus-forming virus.
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Acute T-ALL develops in mice transplanted with SFFV 
gamma-RV-blocked thymocytes
To test whether the presence of a DN2 thymocyte block was a valid 
surrogate endpoint for vector-induced leukemia, we transplanted 
5 × 106 thymocytes transduced with the SFFV gamma-RV vector 
into sublethally irradiated Rag2−/− γc

−/− recipient mice. At 4 months 
post-transplant, 2 out of 10 mice in the SFFV vector-transduced 
group developed a CD3+ T-ALL as manifested by highly elevated 
white blood cell numbers in the peripheral blood (119 × 103 and 
215 × 103 cells/µl), enlarged spleens (0.62 and 0.60 g), circulating 
leukemic blasts, infiltration of CD3+ leukemic cells in the liver and 
kidney (Figure 5a), and high proportions of GFP+, CD3+ T cells 
in the bone marrow (Figure 5b), spleen, and peripheral blood. 
None of the 10 mice transplanted with the mock-transduced 
DN2 cells developed any malignancies. VIS analysis of genomic 
DNA from the leukemic cells identified a single identical VIS in 
the second intron of Mef2c gene (see Supplementary Table S2). 
These data show that Mef2c integration by the gamma-RV SFFV 
vector caused a classical T-ALL in transplanted mice and verify 
that the DN2 block serves as a surrogate endpoint for leukemia. 

The latency and incomplete penetrance seen in the transplant 
recipients presumably reflect the acquisition of other cooperating 
genetic mutations, such as loss of tumor suppressor function.

Quantifying the relative oncogenic capacity of 
different vectors
We defined the oncogenic insertion frequency as the odds that a 
given vector insertion would occur in a known proto-oncogene 
in a DN2-blocked population. This frequency was calculated by 
dividing the total number of unique VIS in cellular proto-onco-
genes by the total number of vector insertions seen in all experi-
ments using a given vector (Figure 6). The oncogenic insertions 
scored include mainly the Lmo2 and Mef2c insertions but also 
other VIS such as the Prdm16 insertions seen with the SF91 SFFV 
vector. The total number of VIS in a population was calculated by 
multiplying the average VCN with the total number of cells that 
were transduced.

The highest oncogenic insertion frequency was seen with the 
SFFV gamma-RV vector and was about 3 × 10−5 oncogenic inser-
tions per VIS (Figure 6a). The MSCV and MFG gamma-RV vec-
tors were associated with oncogenic insertion frequencies of about 
1–2 × 10−6 events per VIS, about fourfold less than that seen with 
the SFFV gamma-RV vector. In contrast, the oncogenic insertion 
frequency of the CL20-SFFV vector was approximately 3 × 10−7 
events per VIS and may be slightly reduced by the inclusion of the 
400-bp insulator (Figure 6a). This analysis shows that the SFFV, 
MSCV, MFGγc, and CL20-SFFV vectors are approximately 41, 11, 
10 and 3-fold more likely to insert into T-cell oncogenes and cause 
a DN2 block relative to the CL20-400-SFFV vector, which had the 
lowest frequency of detectable events (Figure 6b). Statistical anal-
ysis using Fisher’s exact test showed that the CL20-SFFV vector 
was significantly less oncogenic than the SFFV gamma-RV vec-
tor (P = 0.002), despite the presence of the SFFV LTR promoter 
in each vector, demonstrating that lentiviral vectors with internal 
RV LTRs are significantly less prone to cause functionally relevant 
oncogenic insertions. The inclusion of the 400-bp insulator ele-
ment did not significantly attenuate the modest oncogenic inser-
tion frequency of the CL20-SFFV vector (P = 0.63).

Lentiviral vectors containing the MND promoter driving the 
Wiskott–Aldrich Syndrome protein or GFP cDNA did not cause 
any detectable DN2 blocks (Figure 6b). However, the total num-
ber of vector insertions that were present in the MND LV vector 
pools ranged from only 1.1 to 7.8 million, based on the average 
VCN and the number of cells present in these pools. In com-
parison, multiple cases of DN2 blocks occurred with the SFFV 
gamma-RV vector in pools containing only 1.3 million insertion 
sites. These results suggest that the MND lentiviral vectors are rel-
atively less prone to cause T-cell transformation than gamma-RV 
vectors and are consistent with human clinical trial data showing 
no evidence of vector-induced oncogenesis using a lentiviral vec-
tor that expressed the ABCD1 cDNA under control of the MND 
promoter in patients with adrenoleukodystrophy.32 It is not clear 
if the 650-bp insulator provides additional shielding against onco-
gene activation from the internal MND promoter as has been sug-
gested in other studies.23,33 In summary, our overall results show 
that the CL20 vectors containing either the MND or the SFFV 
promoter are significantly less prone to cause DN2 blocks than 

Figure 4 Activation of Lmo2 and Mef2c expression by vector integra-
tions. Total RNA from sorted DN2-blocked cells from each sample was 
analyzed for expression of Mef2c, Lmo2, and Hhex mRNAs by quantita-
tive real-time-PCR relative to the beta-actin internal control transcript. The 
sorted DN1, DN2, DN3, DN4, and DP cells from normal thymus were 
used as controls. The x-axis shows which vector populations were analyzed 
and are grouped by the presence of either Mef2c or Lmo2 insertions. The 
y-axis shows the fold change in gene expression relative to normal DN2 
thymocytes. Error bars show the mean standard deviation from technical 
replicates done on the extracted mRNA samples. DN2, double negative 2; 
MSCV, murine stem cell virus; SFFV, spleen focus-forming virus.
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Figure 5 Insertional activation of Mef2c by the SFFV gamma-RV in thymocytes led to acute T-cell lymphocyte leukemia in transplanted mice. 
(a) Immunohistochemistry of kidney and liver sections of a leukemic mouse that arose from transplant of DN2 blocked, SFFV gamma-RV transduced 
thymocytes. Both H&E and CD3 staining are shown. Bar = 50 µm. (b) Flow cytometry analysis of bone marrow cells from one leukemic transplanted 
mouse showing GFP, CD3, and myeloid marker expression. DN2, double negative 2; SFFV, spleen focus-forming virus.

250

200

150

# 
C

el
ls

100

50

0 102 103 104

GFP

105 0 102 103 104

CD3

105 0 102 103 104

CD3

105

105

Kidney H&E

104

B
22

0

103

102

0

105

104

M
ac

1
103

102

0

105

104

T
er

11
9

103

102

0

0 102 103 104

Gr1

105
0

Kidney CD3

Liver H&E Liver CD3

a

b

Figure 6 Relative oncogenic insertion frequency of different vectors. The oncogenic insertion frequency is obtained by dividing the total number 
of recurrent VIS that occur within a known cellular proto-oncogene by the total number of VIS at day 10 post transduction as calculated by multiply-
ing the vector copy number by the total cell number. (a) The average oncogenic insertion frequency of each vector is shown. The number on the 
y-axis indicated the number of integration events needed for one oncogenic VIS to occur that functionally lead to a DN2 block (b) This subtable 
shows the relative oncogenic insertion frequency and total number of insertions analyzed for each vector. The CL20-400-SFFV vector was assigned 
a frequency of 1 to allow relative comparisons to be made. DN2, double negative 2; MSCV, murine stem cell virus; SFFV, spleen focus-forming virus; 
VIS, vector insertion site; WASp, Wiskott–Aldrich Syndrome protein.
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gamma-RV vectors due to the decreased occurrence of activating 
integrations in the Lmo2 and/or Mef2c loci.

DISCUSSION
We now describe a thymocyte-based culture assay that repro-
duces recurrent activating vector insertions in the Lmo2 locus as 
well as other T-cell proto-oncogenes and functionally associates 
these vector insertion events with developmental arrest of thy-
mocytes and induction of acute lymphocytic leukemia in trans-
planted mice. This assay uses primary thymocytes from wild-type 
C57BL/6J mice, takes about 35 days to complete, does not require 
mouse transplantation experiments, and relies on a relevant sur-
rogate endpoint associated with preleukemic transformation to 
T-ALL.11,12,15,34 This assay is particularly relevant to vectors used 
for SCID disorders such as WAS and X-SCID and therefore func-
tionally complements other assays that may be most predictive for 
myeloid gene therapies such as chronic granulomatous disease35 
and hemoglobinopathies. Certain features are shared between our 
new assay and those previously described, such as the high degree 
of oncogenicity associated with the SFFV-based gamma-RV vec-
tors and the decrease in transformation when using lentiviral vec-
tors. What is unique about the thymocyte arrest assay is that it 
detects oncogenic activity of the MFG-γc vector that caused five 
cases of clinical leukemia in earlier X-SCID gene therapy trials36 
by reproducing the LMO2 activation seen in those cases.

Since overexpression of LMO2 by itself is sufficient to cause 
DN2 block, it is not surprising that Lmo2 VIS occurred in many 
DN2-blocked samples. What was unexpected were the repeated 
VIS in the Mef2c loci in the absence of Lmo2 VIS. Mef2c has 
been previously identified as a target for oncogenic insertions 
using replication competent retroviruses in mice.37,38 This study 
showed that vector insertions into Mef2c caused overexpression of 
Mef2c, Lmo2, and Hhex suggesting that the leukemogenic effects 
of Mef2c may be mediated by activation of endogenous Lmo2 
expression. Our assay also detected potential oncogenic insertions 
into other known proto-oncogenes associated with hematopoietic 
malignancy such as Prdm16 (refs. 35,39,40) suggesting that the DN2 
block assay may detect activation of other pathways.

Lentiviral vectors are being increasingly utilized in clinical tri-
als based on the prediction that they will be safer and more effec-
tive for human gene therapy.41 However, the design parameters 
that influence lentiviral vector safety are incompletely understood. 
For instance, it is not known whether inclusion of strong viral pro-
moters in lentiviral vectors can safely be employed, particularly in 
risk-prone diseases such as X-SCID and WAS, and whether the 
use of insulators to block enhancer-promoter interactions would 
necessarily increase safety. Our data show that self-inactivating 
lentiviral vectors are much less prone to oncogene activation than 
gamma-RV vectors, even when the highly oncogenic SFFV pro-
moter is contained internally in the vector, consistent with pre-
vious reports.5,6,42 This is likely due to less frequent targeting of 
particular oncogenes using lentiviral versus gamma-RV vectors 
and because it is probable that less transactivation occurs when 
these loci are targeted with lentiviral versus gamma-RV vectors.

Inclusion of the 400-bp chicken beta-globin insulator to the 
CL20-SFFV vector decreased the mutagenic frequency by 2.9-
fold, but this difference did not reach statistical significance. This 

could be due to the fact that the oncogenic activity of the CL20-
SFFV vector was already relatively low and that not enough test 
replicates were performed to detect added activity with the 400-bp 
cHS4 insulator. It is also possible that this particular insulator does 
not provide sufficient enhancer blocking activity in T cells, despite 
its proven activity in myeloid cells.17,22,43 It will be important to test 
alternative newly defined insulators to determine if more effective 
T cell insulators can be identified for use in SCID gene therapy.

Our vector safety assay is primarily based on the occurrence 
of a DN2 block in thymocyte development; a functional endpoint 
representing a known preleukemic change seen with activation 
of Lmo2 and a variety of other T-cell oncogenes. The other main 
endpoint is analysis of VISs within the DN2-blocked populations 
and allows identification of leukemia-initiating events, predomi-
nantly transactivation of Lmo2 and Mef2c in this study. We did not 
sequence VISs in thymocyte cultures that lacked the DN2-block 
phenotype and it is possible that vector insertions into proto-
oncogenes could also be present in these populations, although 
by inference these insertion events would not be of functional 
significance. For instance, no DN2 blocks were seen with any 
of three different lentiviral vectors containing an internal MND 
promoter, suggesting that MDN-containing CL20 vectors are rela-
tively safe for use in SCID disorders compared to gamma-RV vec-
tors. However, our data cannot distinguish whether this effect was 
due to a lower frequency of insertions into proto-oncogenes, or 
whether this is due to less transactivation of proto-oncogenes that 
are in the vicinity of these insertions. It is clear from previous work 
that safety-modified lentiviral vectors can be much less prone to 
deregulate LMO2 than LTR gamma-RV vectors when directly tar-
geted into the locus by cassette exchange,9 suggesting that lack of 
transcriptional transactivation explains at least some of the safety 
advantage seen with the lentiviral vectors in our assay, particu-
larly those lacking the powerful SFFV LTR. These safety consid-
erations have led to the use of weak cellular promoters such as 
EF1α to drive transgene expression in lentiviral vectors,9 although 
these cellular promoters are not always adequate to drive sufficient 
expression of the vector-encoded transgene. For example, cellular 
promoters may be suboptimal for obtaining fully physiologic lev-
els of transgene expression in Wiskott–Aldrich syndrome.23,44 In 
these cases, the use of a MND LTR promoter/enhancer may be 
ideal for driving therapeutic expression levels and MND lentiviral 
vectors have been safely used in a clinical trial for adrenoleukody-
trophy.32 Our thymocyte culture assay provides a useful new tool 
to further test these newly designed lentiviral vectors and to test 
newer enhancer-blocking insulator elements that are now avail-
able45,46 and which may further enhance the safety of LV vectors 
with internal gamma-RV LTRs.

MATERIALS AND METHODS
Thymocyte separation. The female C57BL/6J mice were purchased from 
Jackson laboratory and used at 4–6 weeks. Female IL2rg−/−Rag2−/− mice 
were purchased from Taconic Farms (Hudson, NY) and used as transplant 
recipients at 6–14 weeks. p19Arf−/− mice were obtained from Dr. Charles 
Sherr’s lab.47 All experimental procedures were reviewed and approved by 
the Institutional Animal Care and Use Committee of St. Jude Children’s 
Research Hospital. Mice were killed and thymi were dissociated prior 
to staining with CD4-PE, CD8-PE and Ter119-PE antibodies. Followed 
by incubation with anti-PE microbeads, CD4+, CD8+, CD4+CD8+, and 
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Ter119+ cells were depleted using MidiMACS columns and magnet. The 
CD4−CD8− cells were then labeled with CD44-PE-Cy7 and CD25-APC 
antibodies and sorted for CD44+CD25- DN1 and CD44+CD25+ DN2 cells 
using fluorescence-activated cell sorter.

RV vectors. The gamma-RV vectors MSCV-GFP48 and SFFV-GFP4 were 
obtained from their original sources. The MFG-γc has been generated 
based on available sequence data as previously described7 and is identical 
to the vector used in the X-SCID clinical trial performed in Paris.25 All 
vector were generated from stable cell lines based on GPE-86 ecotropic 
producer cells. The lentiviral vectors were based on the CL20 lentiviral 
backbone20 and generated by standard cloning techniques. The CL20-650-
MND-Wiskott–Aldrich Syndrome protein vectors have been previously 
described.44,49 All lentiviral vectors were transiently produced in 293T cells 
by cotransfecting with plasmids expressing ecotropic envelope protein, 
Gag-Pol, and Rev-Tat and were titered on NIH3T3 cells.

Transduction of thymocytes. The stroma cell line expression cell surface 
notch ligand Delta-like 1 OP9-DL1 was kindly provided by J.C. Zuniga-
Pflucker (University of Toronto, Toronto, Canada) and cultured in Alpha-
Minimum Essential Medium containing 20% fetal bovine serum, 2 mmol/l 
l-glutamine and 2 mmol/l sodium pyruvate according to the published 
method.16 5 × 104 OP9-DL1 cells were seeded into each well of 12-well tis-
sue culture plates. Two to four days later, when the OP9-DL1 cells had 
reached confluence, 5 × 105 freshly purified DN1/DN2 cells were inocu-
lated into each well and prestimulated for overnight in the presence of 
rmFlt3 (5ng/ml) and rmIL7 (1ng/ml) in a total of 2 ml medium. The next 
day, 1 ml of supernatant was removed and vectors were added in a total vol-
ume of 1 ml, along with 6 µg/ml polybrene and fresh cytokines. The plates 
were centrifuged at 2,000 rpm for 1 hour at room temperature and then 
put back into the CO2 incubator. Two days later, the medium was changed 
to fresh medium containing 5 ng/ml rmFlt3 and 0.2 ng/ml rmIL7. Every 
3–6 days, up to 5 × 105 thymocytes were passaged to new 12-well plates 
that were preseeded with OP9-DL1 cells. At the second passage, the rmIL7 
concentration was restored to 1 ng/ml.

Vector analysis in transduced cells. Ten days post transduction, the cultured 
thymocytes were sorted for CD45+ expression by flow cytometry to eliminate 
contaminating OP9-DL1 stroma cells. DNA from sorted cells was extracted 
and the VCNs in transduced cells were measured by quantitative real-time 
PCR. For the VIS analysis, 100–400 ng of genomic DNA from sorted DN2-
blocked cells was analyzed by the quantitative shearing linear amplification 
PCR method24 with the Illumina MiSeq instrument. The processed reads 
were mapped to Genome Reference Consortium Mouse Build 38 (mm10).

Primer sequences for linear PCR were CCAATCAGTTCGCTTCTC 
(MSCV and MFG vector), CTGCTTCTCGCTTCTGTTC (SFFV vector), 
and AGTAGTGTGTGCCCGTCTGT (CL20 lentiviral vectors).

Primer sequences for the final nested-PCR were AATGATACGGCG 
ACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 
ATCTGCTGTTTGCATCCGAATC (MSCV vector), AATGATACGG 
CGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC 
GATCTGTGGTCTCGCTGTTCCTT (MFG and SFFV vector), and A 
ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC 
GCTCTTCCGATCTGATCCCTCAGACCCTTTTAGT (CL20 vectors).

Total RNAs were extracted from sorted DN2-blocked cells, fresh 
DN1, DN2, DN3, DN4, and DP subpopulations from wild-type thymus. 
The Lmo2, Mef2c, and Hhex mRNA levels were measured using the 
qRT-PCR method using beta-actin mRNA as an internal control for each 
sample.

Transplant of transduced DN2 cells in recipient mice. DN1/DN2 thy-
mocytes from wild-type mice were transduced with the SFFV-mCherry 
gamma-RV vector and cultured on OP9-DL1 stroma cells for 21 days. 
5 × 106 cultured thymocytes were injected into each female IL2rg−/−Rag2−/− 
recipient mouse via the lateral tail vein in a total volume of 0.5 ml PBS 

containing 2% fetal bovine serum. The recipient mice were irradiated with 
600 rad in a Cesium137 irradiator 2 hours before injection.

Statistics. Fisher’s exact test was used to calculate the significance of the 
differences seen in DN2 block frequencies seen with the different vectors. 
P values were obtained for a two-tailed and one-tailed tests.

Vendor sources. The sources for key specific reagents are shown in the 
supplementary material (see Supplementary Table S1).

SUPPLEMENTARY MATERIAL
Figure S1. Thymocyte culture assay for insertional mutagenesis of 
retroviral vectors.
Figure S2. DN2-blocked cells are highly enriched for vector-trans-
duced cells.
Figure S3. Bioinformatic analysis of enhancer chromatin marks in the 
Mef2c vector integration hotspot region.
Table S1. List of key reagents.
Table S2. Vector insertion sites in blocked DN2 thymocytes.
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