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Self-inactivating (SIN) lentiviral vectors (LV) have an 
excellent therapeutic potential as demonstrated in 
preclinical studies and clinical trials. However, weaker 
mechanisms of insertional mutagenesis could still pose a 
significant risk in clinical applications. Taking advantage 
of novel in vivo genotoxicity assays, we tested a battery 
of LV constructs, including some with clinically relevant 
designs, and found that oncogene activation by pro-
moter insertion is the most powerful mechanism of early 
vector-induced oncogenesis. SIN LVs disabled in their 
capacity to activate oncogenes by promoter insertion 
were less genotoxic and induced tumors by enhancer-
mediated activation of oncogenes with efficiency that 
was proportional to the strength of the promoter used. 
On the other hand, when enhancer activity was reduced 
by using moderate promoters, oncogenesis by inactiva-
tion of tumor suppressor gene was revealed. This mecha-
nism becomes predominant when the enhancer activity 
of the internal promoter is shielded by the presence of a 
synthetic chromatin insulator cassette. Our data provide 
both mechanistic insights and quantitative readouts of 
vector-mediated genotoxicity, allowing a relative rank-
ing of different vectors according to these features, and 
inform current and future choices of vector design with 
increasing biosafety.

Received 6 November 2013; accepted 5 January 2014; advance online  
publication 18 February 2014. doi:10.1038/mt.2014.3

INTRODUCTION
Lentiviral vectors (LVs) with self-inactivating (SIN) long ter-
minal repeats (LTRs) have been shown to pose a lower risk of 
insertional mutagenesis with respect to γ-retroviral vectors.1–5 
Importantly, therapeutic efficacy of LVs has also been shown in 
clinical trials for the therapy of adrenoleukodystrophy,6 metachro-
matic leukodystrophy, and Wiskott–Aldrich syndrome, without 

detectable adverse genotoxic events at the latest molecular follow-
up in treated patients.7,8 However, despite the encouraging results 
obtained in clinical trials, a longer follow-up is required to fully 
confirm the safety of LV integration. Moreover, there is cumulating 
evidence that SIN LVs are not entirely neutral because they may 
upregulate the expression of genes flanking the integration site, 
especially when carrying strong enhancer/promoter sequences in 
internal positions,1–4,9 or induce aberrant splicing and/or prema-
ture termination of endogenous transcripts of the targeted gene 
and cause loss-of-function or gain-of-function mutations.1,10–14 
Thus, it is possible that, when large numbers of transduced cells 
are infused into long-living humans, insertional mutagenesis 
events that could provide delayed and/or reduced risk of tumor 
onset could arise even when SIN LVs are used.

Several modifications of the LV backbone have been proposed 
to further increase safety. These include (i) the recoding of vec-
tor splice sites and the polyadenylation site of the LTR to avoid 
vector-induced aberrant splicing and read-through transcription 
from the integrated provirus into neighboring genes12,13 or (ii) the 
inclusion of chromatin insulators to block the enhancer-mediated 
activation of cancer genes.9,15–17

Therefore, it is important to understand whether SIN LVs 
may trigger oncogenesis in the long term, what are the relevant 
mechanisms of insertional mutagenesis, and the features that 
should be eventually modified to increase the safety profile of LV 
integration in vivo. With this aim, we developed and validated 
two sensitive in vivo genotoxicity assays based on systemic vec-
tor injection in newborn tumor-prone Cdkn2a−/− or Cdkn2a+/− 
mice and tested a battery of LVs with different designs, including 
therapeutically relevant ones and one containing a validated 
synthetic chromatin insulator cassette. We show that SIN LVs 
with therapeutically relevant enhancer/promoters in inter-
nal positions are genotoxic in our sensitized mouse models by 
insertional mutagenesis. Importantly, the mechanism of inser-
tional mutagenesis dictates the culprits of oncogenesis and the 
time of tumor onset. Finally, we show that the inclusion of an 
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engineered chromatin insulator cassette effectively diminishes 
the capability of an LV to activate oncogenes by enhancer-medi-
ated mechanisms. However, escape mechanisms of genotoxicity, 
such as inactivation of tumor suppressors, are present even when 
insulator sequences are used.

RESULTS
Systemic LV injection in newborn tumor-prone mice 
induced histiocytic sarcomas
To uncover and study the residual genotoxicity of LV inte-
gration, we set up a novel in vivo genotoxicity assay based on 
tumor-prone mice in which the genotoxic insult was provided at 
newborn age, thus widening the window for monitoring acceler-
ated oncogenesis. Because recipient conditioning and hemato-
poietic stem and progenitor cell transplantation is complex in 
newborn mice, we delivered the vector by systemic injection that 
would target mainly the liver, an active hematopoietic organ in 
mice at that age.

As positive control for genotoxicity readout, newborn 
Cdkn2a−/− mice (FVB and C57 strains) were injected with a 
genotoxic green fluorescent protein (GFP)–expressing LV car-
rying the strong spleen focus–forming virus (SF) enhancer/
promoter sequences in the LTR (LV.SF.LTR).1 Moreover, dou-
ble-knockout Cdkn2a−/−/Ifnar1−/− mice1,10 were used to evaluate 
if the higher permissiveness to LV transduction conferred by 
the Ifnar1 deficiency18 could result in an enhanced vector geno-
toxicity readout. To maximize our chances of achieving high 
transduction levels by systemic LV delivery, we injected the 
maximum possible volume (20 µl) of concentrated vector for 
each newborn mouse. Each mouse received 4 × 107 HeLa trans-
ducing units of LV.SF.LTR by temporal vein injection (Figure 
1a). All Cdkn2a-deficient uninjected mice (referred to as “mock 
injected” in the text) died between 140 and 460 days, with a sim-
ilar median survival time among the different strains (median 
survival: 242 ± 16.8 days for all strains; Figure 1b). LV.SF.LTR-
treated mice died significantly earlier with respect to their 
untransduced strain-matched controls and even to mice trans-
planted with Cdkn2a−/− hematopoietic stem and progenitor cells 
transduced with the same vector (P < 0.0001, log-rank Mantel–
Cox test; Figure 1b), thus showing a widened time interval for 
tumor onset between treatment and control in this new model. 
All LV.SF.LTR-treated mice developed CD45+, CD3−, B220−, 
MPO−, F4/80+, and GFP+ hematopoietic tumors, mainly infil-
trating the liver and the spleen (Figure 1c–e; Supplementary 
Table S1), a phenotype indicative of vector-marked histiocytic 
sarcomas (HS)19 (Figure 1f).

We then tested the sensitivity to LV.SF.LTR genotoxicity of 
heterozygous Cdkn2a+/− and wild-type (WT) mice. Untreated 
Cdkn2a+/− succumbed to spontaneous tumors at advanced age, 
with a median survival time of 519 days (n = 40), whereas WT 
mice did not develop tumors until this age (n = 8; Figure 1g; 
Supplementary Table S1). Therefore, Cdkn2a heterozygosity 
significantly delays (P < 0.0001 versus Cdkn2a−/−) but does not 
abrogate tumor development (Cdkn2a+/− versus WT; P = 0.0074). 
LV.SF.LTR injection in newborn Cdkn2a+/− mice (n = 11, 6 × 107 
transducing units per mouse) induced an increased incidence 
of HS (100% LV.SF.LTR versus 71% mock) and an earlier tumor 

onset time with respect to untreated Cdkn2a+/− mice (P < 0.0001), 
which was however delayed with respect to the tumor onset time 
observed in LV.SF.LTR-treated homozygous Cdkn2a−/− mice (P < 
0.0001). LV.SF.LTR injection in newborn WT mice (n = 10) did 
not affect mouse survival, indicating that two WT copies of the 
Cdkn2a allele are fully protective in these settings (Figure 1g; 
Supplementary Table S1).

Residual genotoxicity of LVs with SIN LTRs
Next, we investigated if SIN LVs could accelerate oncogenesis 
in homozygous or heterozygous Cdkn2a mutant mice. The vec-
tors tested were the following: (i) SIN.LV.SF.GFP.PRE and SIN.
LV.PGK.GFP.PRE, both of which scored neutral in the previ-
ous Cdkn2a−/− transplantation assay1,2; (ii) SIN.LV.SF.PRE, a SIN 
LV construct without GFP downstream of the SF promoter but 
maintaining the 3′-truncated open reading frame (ORF) of the 
Woodchuck posttranscriptional regulatory element (PRE); (iii) 
SIN.LV.SF, a SIN LV without any ORF (GFP or PRE) downstream 
of the SF sequences; and finally (iv) IDLV.SIN.LV.SF.GFP.PRE, an 
integrase-defective (IDLV) version of SIN.LV.SF.GFP.PRE to test 
if injection of viral proteins, DNA, and/or RNA per se could pro-
mote oncogenesis in our mouse models (Figure 2a). Vectors were 
injected into newborn Cdkn2a−/−C57 mice at a dose ranging from 
1 × 108 to 4 × 108 transducing units per mouse (Supplementary 
Table S1).

Cdkn2a−/− and Cdkn2a+/− mice treated with SIN.LV.SF.GFP.
PRE (n = 17 and n = 16, respectively) and Cdkn2a−/− treated 
with SIN.LV.SF.PRE (n = 16) developed HS significantly earlier 
than genotype-matched mock-treated mice (P = 0.0095 ver-
sus mock Cdkn2a−/−; P < 0.0001 versus mock Cdkn2a+/−; and 
P = 0.047 for Cdkn2a−/− SIN.LV.SF.PRE treated versus mock; 
Figure 2b,c) and significantly later than LV.SF.LTR-injected 
mice (SIN.LV.SF.GFP.PRE versus LV.SF.LTR; P < 0.0001 for both 
genotypes; Figure 1b,g). In Cdkn2a−/− mice, SIN.LV.PGK.GFP.
PRE (n = 31) injection induced a slight but significant accel-
eration of tumor onset with respect to Cdkn2a−/− mock-treated 
mice (P = 0.027 versus mock). On the other hand, treatment 
with SIN.LV.SF (an ORF-less SIN LV) induced a strong accel-
eration of tumor onset in both Cdkn2a−/− (n = 9; P < 0.0001 
versus genotype-matched mock) and Cdkn2a+/− mice (n = 10; 
P < 0.0001 versus genotype-matched mock), similarly to LV.SF.
LTR with active LTRs (Figure 2b,c). Finally, no acceleration in 
tumor onset was observed in Cdkn2a−/− mice (n = 17) injected 
with the IDLV.SIN.LV.SF.GFP.PRE (Figure 2b). Cdkn2a−/− or 
Cdkn2a+/− mice treated with integration-competent SIN LVs 
developed mainly HS (>88.8% of HS; Supplementary Table S1 
and Supplementary Figure S1). Conversely, IDLV- and mock-
treated Cdkn2a−/− or Cdkn2a+/− mice developed both lympho-
mas and HS (57.6% of HS) with a significantly lower incidence 
of HS with respect to vector-treated Cdkn2a−/− mice (P = 0.0013; 
Fisher’s exact test; Supplementary Table S1).

Testing the genotoxicity of an LV containing a 
synthetic chromatin insulator cassette
We then tested if the safety of SIN LVs could be improved by 
the use of chromatin insulator sequences. We thus cloned a vali-
dated synthetic chromatin insulator element composed of four 
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CAAT-box binding transcription factor binding sites in the ∆U3 
of the 3′ LTR of the SIN.LV.SF.GFP.PRE (INS.SIN.LV.SF.GFP.
PRE; Figure 2a). Injection of INS.SIN.LV.SF.GFP.PRE induced 
an earlier tumor onset with respect to mock-treated mice (P 
value = 0.003; Figure 2d and Supplementary Table S1) and 
their median survival time was 17.5 days longer with respect to 
mice injected with the noninsulated counterpart, indicating that 
the inclusion of the insulator was able to slightly reduce but not 
abrogate the genotoxicity of this vector.

Vector integration analysis and identification of 
common insertion sites
We characterized the LV integration sites in tumor-infiltrated liv-
ers (Cdkn2a−/−, n = 99; Cdkn2a+/−, n = 29) and spleens (Cdkn2a−/−, 
n = 28) from the different groups of vector-injected mice to find 
the culprits of oncogenesis. In addition, we retrieved integration 
sites from tumors previously harvested from 70 mice transplanted 
with Cdkn2a−/− hematopoietic stem and progenitor cells trans-
duced with either LV.SF.LTR or SIN.LV.SF.GFP.PRE1 to compare 

Figure 1 In vivo experimental strategy and Kaplan–Meier survival curves. (a) Experimental strategy. LV.SF.LTR vector was systemically administered 
to newborn Cdkn2a−/− mice by temporal vein injection. Mice are sacrificed when they displayed signs of illness, and bone marrow, spleen, liver, and 
other organs were harvested for blinded histopathology and molecular analyses; see Supplementary Methods for details. Scheme of the proviral 
forms of the LV.SF.LTR vector tested: SFFV: enhancer/promoter of the spleen focus–forming virus U3 LTR. SD, SA: viral splice donor/acceptor sites; 
cPPT, central polypurine tract. PRE, posttranscriptional regulatory element from the woodchuck hepatitis virus. Transgene transcript is indicated by 
arrows. (b) Kaplan–Meier survival curves of mock mice and mice injected with LV.SF.LTR vector (n = number of mice). All mock control mice died, 
with similar median survivals among the strains: 233 days for Cdkn2a−/− C57, 248 days for 10 Cdkn2a−/− FVB, and 255 days for Cdkn2a−/− Ifnar1−/−. 
All LV.SF.LTR-treated mice died significantly earlier (median survival: 138 days for Cdkn2a−/− C57, 135 days for 10 Cdkn2a−/− FVB, and 123 days for 
Cdkn2a−/− Ifnar1−/−) than their untransduced strain-matched controls (mock, P < 0.0001), and their survival was significantly shorter than that of mice 
transplanted with Cdkn2a−/− hematopoietic stem progenitor cells (HSPCs) transduced with the same vector (Cdkn2a−/− FVB HSPCs LV.SF.LTR MOI 100, 
red dashed line, 187 days median survival, P < 0.0001). (c) Representative example of hematoxylin-and-eosin-stained sections (original magnification 
×10 ) of the liver infiltrated by hematopoietic tumor cells. (d,e) Immunohistochemical analysis (original magnification ×20) reveals that hematopoi-
etic tumor cells infiltrating the liver are (d) F4/80+ and (e) MPO−. (f) Representative immunofluorescence-stained sections (original magnification 
×20) of tumor-infiltrated liver. Each row represents a single mouse. Immunofluorescence analysis of liver from an untreated Cdkn2a−/−Ifnar−/− mouse 
(first row) and from tumor-infiltrated liver from the different strains of Cdkn2a−/− mice injected with LV.SF.LTR. In column order, from left to right: 
TO-PRO3, for nuclei (TP3); green fluorescent protein (GFP) for vector marking, CD45 as pan-leukocyte marker; and merge of the three channels. GFP 
and CD45 costaining confirmed that the tumor infiltrating the liver in the LV.SF.LTR group of mice was of hematopoietic origin and vector marked. 
(g) Kaplan–Meier survival curves of Cdkn2a+/− and wild-type (WT) mice injected with LV.SF.LTR vector. Survival of Cdkn2a+/− mice injected with the 
highly genotoxic vector was significantly shorter (median survival of 188 days) than that of their untransduced strain-matched controls (mock, P < 
0.0001); whereas WT mice injected with the same vector did not develop any tumor in the 520 days of observation.

Pathology
Liver, Spleen, BM and
other tissue

Molecular analyses
Q-PCR for VCN,
LAM-PCR,
Bioinformatic analyses

Euthanize
when sick

Survival time

−18

SFFVSFFV

SA LV.SF.LTR
4*107 TU tot/mouse

SD

HE

TP3 GFP CD45 MERGE

DM 44
Ifnar1−/−

Mock

DM 56
Ifnar1−/−

LV.SF.LTR

DM 56
C57
LV.SF.LTR

DM 56
FVB
LV.SF.LTR

F4/80 MPO

cPPT
GFP PRE

a b

c

f

g

d e

100

110

90

70

80

60

50

40

30

20

%
 S

ur
vi

va
l

10

0
0 60 120 180 240 300 360 420 480 540 600 660

Mock Cdkn2a+/− n = 40

Cdkn2a+/− LV.SF.LTR n = 11

WT LV.SF.LTR n = 10

WT n = 8

Cdkn2a−/− Ifnar1−/− mock n = 21

Cdkn2a−/− C57 Mock n = 80
Cdkn2a−/− FVB Mock n = 59
Cdkn2a−/− Ifnar1−/− LV.SF.LTR n = 29
Cdkn2a−/− C57 LV.SF.LTR n = 11
Cdkn2a−/− FVB LV.SF.LTR n = 10

LV.SF.LTR versus mock
Systemic inj versus HSPCs transplant P < 0.0001

P < 0.0001

Cdkn2a+/− LV.SF.LTR vs:
Cdkn2a+/− Mock
WT LV.SF.LTR P < 0.0001

P < 0.0001

Cdkn2a−/− FVB HSCPs LV.SF.LTR MOI 100 n = 29

Days

100

110

90

70

80

60

50

40

30

20

%
 S

ur
vi

va
l

10

0
0 60 120 180 240 300 360 420 480 540 600 660

Days

776 www.moleculartherapy.org vol. 22 no. 4 apr. 2014



© The American Society of Gene & Cell Therapy
Molecular Mechanisms of Vector Genotoxicity

the molecular culprits of insertional mutagenesis with those 
found in HSs induced by the same vector on systemic injection.

Vector copy number in tumor-infiltrated tissues was highly 
variable (vector copy number range = 0.2–60) in most experi-
mental groups, probably reflecting the expansion of clonal tumor 
from cells transduced at high variable levels by the systemic injec-
tion approach (Supplementary Figure S2). LV/genomic junc-
tions were retrieved by linear amplification–mediated polymerase 
chain reaction (PCR), sequenced by 454-pyrosequencing, mapped 
on the mouse genome, and the nearest RefSeq gene was identified 
(Supplementary Tables S2 and S3). Overall, we retrieved >12,600 
unique integration sites. All integration data sets displayed the 
characteristic LV integration profile within genes, without any 
bias, to target regulatory regions (Supplementary Figure S3).

Common insertion sites (CISs) are genomic intervals targeted 
by vector integrations at a frequency significantly higher than the 

expected rate. In tumors, CISs map near or within genes that are 
putative culprits of genotoxicity, thus allowing their identification. 
To identify CISs in our data sets, we used a two-step validation 
approach, as recently described.7,8 First, CISs were identified by 
the algorithm described by Abel et al.20,21 (based on Monte Carlo 
simulations) to evaluate the significance of integration cluster-
ing within defined genomic windows (Supplementary Tables 
S3 and S4). Then, the Grubbs test for outliers7,8,22 was used to 
select the most significant CISs identified by the Abel’s method 
(Supplementary Materials and Methods). By combining these 
statistical approaches, we identified a total of n = 96 (nonredun-
dant, n = 79) CIS-associated genes (CIS genes) distributed among 
the different vector treatment groups (Table 1).

Several of the identified CIS genes, such as Braf, Map3k8, 
Sfi1, Pten, Rasa1, Lrrc4c, and Map2k4 (Table 1), are cancer genes, 
many of which have already been identified in γ-retroviruses or 

Figure 2 Vectors tested and Kaplan–Meier survival curves of mice treated with Cdkn2a−/− and Cdkn2a+/−. (a) Scheme of the proviral forms of 
the SIN LVs systemically administered to newborn Cdkn2a−/− or Cdkn2a+/− mice by temporal vein injection. The strategy has been described in Figure 
1a; SIN: self-inactivating long terminal repeats; SFFV: enhancer/promoter of the spleen focus–forming virus. SD, SA: viral splice donor/acceptor sites. 
cPPT, central polypurine tract; PRE, posttranscriptional regulatory element from the woodchuck hepatitis virus. 4xCTF: insulator sequences made by 
four CAAT-box binding transcription factor (CTF) binding sites. Transgene transcript is indicated by arrows. (b–d) Kaplan–Meier survival curves of 
(b,d) Cdkn2a−/− and (c) Cdkn2a+/− mice injected with the indicated vector (n = number of injected mice for each group). Survival of SIN.LV.SF-treated 
mice was significantly shorter than that of their untransduced strain-matched controls (P < 0.0001, for both Cdkn2a−/−- and Cdkn2a+/−-injected mice, 
median survival: 112 and 178 days, respectively). For SIN LVs, survival of SIN.LV.PGK.GFP.PRE-, SIN.LV.SF.GFP.PRE-, and SIN.LV.SF.PRE-treated mice 
was shorter than that of their untransduced strain-matched controls (in Cdkn2a−/−, P = 0.027 for SIN.LV.PGK.GFP.PRE and median survival of 207 
days; P = 0.01 for SIN.LV.SF.GFP.PRE and 186 days; P = 0.047 for SIN.LV.SF.PRE and 175 days; P = 0.003 for INS.SIN.LV.SF.GFP.PRE and 203 days; and 
in Cdkn2a+/−, P < 0.0001 for SIN.LV.SF.GFP.PRE and 392 days).
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Table 1 List of the common insertion site genes identified in Cdkn2a−/− 
and Cdkn2a+/− mice treated with the different vectors

Mouse 
genotypea Vectorb CIS genec

CIS 
powerd

Span 
(kb)e

Cdkn2a−/− SIN.LV.PGK.GFP.
PRE

Ptenf 6 48

Rasa1f 5 26

Map3k8f 4 1.5

Fgf20f 4 30

Galc 4 30

Alkbh8f 3 4

Mtmr6 3 0.3

Acot10f 3 35

Cdkn2a−/− SIN.LV.SF.GFP.
PRE

Map3k8f 14 17

Lrrc4c 9 4.9

Ascc3 8 164

Gbe1 8 134

Wdr33 8 0.3

Rasa1f 7 90.5

Alkbh8f 6 30

Ptenf 6 24

Ripk2 6 81

Fam3c 5 145

Rpusd4 5 0.03

Ube3a 5 46

Tceanc 5 5

Clcn3 4 49

Sfi1 4 12

Snx16 3 16

Klhl28 3 36

Rg9mtd2 3 0.1

Cdkn2a−/− SIN.LV.SF.PRE Map3k8f 5 1.4

Map2k4 6 20

Tpr 3 32

Usp15 4 23

Fgf20f 3 9

Serpinb2 3 6

Cdkn2a−/− INS.SIN.LV.SF.GFP.
PRE

Ptenf 11 117

Fam174a 6 116

Calcrl 6 129

Sfi1f 5 18

Slc4a7 5 42

Tcfec 5 52

Psd3 5 62

Dennd4c 5 63

Aga 5 66

Phip 5 86

Etv1 5 120

Ebag9 4 9

Gopc 4 10

Acot10f 4 15

Tyrp1 4 22

Tsc22d2 4 28

Uba6 4 35
Zfand6 4 66
1700017N19Rik 4 68
2310047O13Rik 4 73
G6pd2 3 0.1
Pot1a 4 29
Syncrip 3 3
Ufm1 3 6
Vps4b 3 11
2810474O19Rik 3 14
Rrn3 3 17
Rgs1 3 20
Tmpo 3 21
Tusc1 3 34

Cdkn2a−/− LV.SF.LTR Braff 55 4
Pcf11 4 15
2410042D21Rik 4 26
Nat12 3 5.5
Acot10f 3 8
Pxmp3f 3 12

Cdkn2a−/− SIN.LV.SF Braff 26 3
Mki67 4 0.2
Rasgef1b 5 0.3
C2cd2 4 0.3
Zfp160 4 2.5
Hpgd 4 18
Pcgf5 4 20
4930403L05Rik 3 17
Pxmp3f 3 0.6
Serpinb6b 3 47

Cdkn2a+/− SIN.LV.SF.GFP.
PRE

Sfi1f 10 50
Msr1 4 22
Ankrd32 4 63
Trps1 6 128
Nudt12 4 31
BC016423 3 28
Zfp192 3 13
Pxmp3 3 40
Tmem64 3 46
Dhx15 3 25
Abcd2 3 12

Cdkn2a+/− LV.SF.LTR Braff 16 3
Plek 3 0.2
Atf3 3 0.1

Cdkn2a+/− SIN.LV.SF Braff 4 0.6
BC024479 4 4
Senp7 4 3

Snx16f 3 18
aMouse genotype: genotype of the mice. bVector: vector used. cCIS gene:  
name of the CIS gene identified. dCIS power: total number of the different  
vector integrations that form the CIS. eSpan (kb): genomic window wherein  
the different vector integrations that constitute the CIS are clustered. fGenes 
that are duplicated in the table.
CIS, common insertion site.

Table 1 Continued

Mouse 
genotypea Vectorb CIS genec

CIS 
powerd

Span 
(kb)e
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during transposon oncogene-tagging studies.23,24 We found that 
about 78% of the CIS genes identified in this study were dereg-
ulated in different types of human hematopoietic tumors and 
19% were differentially expressed among different subgroups 
of acute myeloid leukemia (Supplementary Materials and 
Methods; Supplementary Figures S4 and S5; Supplementary 
Tables S5 and S6).

Braf was the highest-ranking CIS gene (n = 101) in Cdkn2a−/− 
and Cdkn2a+/− tumors induced by the highly genotoxic LV.SF.LTR 
or SIN.LV.SF vectors (Figure 3a; Table 1). Almost all integrations 
were in the same orientation as the targeted gene (93%, n = 94) and 

clustered within a 4-kb genomic region between Braf intron11 and 
intron12 (Figure 3a); the same region was found to be targeted by 
transposon integrations in sarcomas of Arf−/− mice25 (Figure 3a). 
Braf was not significantly targeted by any of the other LV constructs.

Map3k8 was the highest-ranking CIS gene (n = 18) found in 
Cdkn2a−/− tumors induced by SIN.LV.SF.GFP.PRE (n = 13) and 
SIN.LV.SF.PRE (n = 5), whereas in SIN.LV.PGK.GFP.PRE was a 
low-power CIS, ranking third in the list (n = 4; Figure 3b; Table 
1). The integrations targeting Map3k8 did not show any orienta-
tion bias and clustered within a 1.8-kb genomic window at the 3′ 
portion of the gene. Interestingly, two subclusters of integrations 

Figure 3 Distribution of vector integrations in the highly targeted genes. (a) Genomic position of 71 LV.SF.LTR and 30 SIN.LV.SF integrations in 
tumor-infiltrated liver targeting introns 11 and 12 of Braf in Cdkn2a−/− and Cdkn2a+/−. Chromosome number and coordinates of Braf and its genomic 
structure are indicated on top (blue boxes and vertical bars indicate exons; blue arrows indicate the start site and orientation of transcription). On the 
bottom, the genomic interval covering the targeted region is enlarged and indicated. In the red boxes, red arrows represent sleeping beauty inte-
grations retrieved from sarcomas in Arf−/− mice. In the blue and green boxes, blue arrows indicate the position and orientation of LV.SF.LTR and SIN.
LV.SF integrations with respect to the targeted gene in tumor-infiltrated liver from Cdkn2a−/− and Cdkn2a+/−, as indicated. (b) Genomic position of the 
vector integrations in tumor-infiltrated liver targeting Map3k8 gene in Cdkn2a−/− (scheme as in a). On the bottom, the genomic interval covering the 
targeted 3′ portion of the Map3k8 gene is enlarged. In the red boxes, red arrows represented retroviral integrations from the RTCGD database target-
ing the same genomic regions. In the green, yellow, and orange boxes, blue arrows indicate SIN.LV.PGK.GFP.PRE, SIN.LV.SF.GFP.PRE, and SIN.LV.SF.
PRE integrations in tumor-infiltrated liver from Cdkn2a−/−, as indicated. (c) Genomic position of SIN.LV.SF.GFP.PRE integrations in tumor-infiltrated 
liver targeting Pten gene in Cdkn2a−/− (scheme as in a). In the green, yellow, and pink boxes, blue arrows indicate SIN.LV.PGK.GFP.PRE, SIN.LV.SF.
GFP.PRE, and INS.SIN.LV.SF.GFP.PRE integrations in tumor-infiltrated liver from Cdkn2a−/−, as indicated. (d) Genomic position of vector integrations in 
tumor-infiltrated liver targeting Sfi1 gene in Cdkn2a−/− and in Cdkn2a+/− (scheme as in a). Yellow boxes indicate SIN.LV.SF.GFP.PRE integrations found 
in tumor-infiltrated liver from Cdkn2a−/− and Cdkn2a+/− and the integrations found in tumors due to SIN.LV.SF.PRE, as indicated.
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can be distinguished within the Map3k8 gene (Figure 3b). One 
cluster targeted the Map3k8 exon 7 and the intron 7 (Map3k8_
CIS1), a region that was also targeted by γ-retroviral integrations 
in mouse lymphomas.26–28 The second cluster of integrations tar-
geted Map3k8 exon 8 and the flanking 3′UTR (Map3k8_CIS2) 
(Figure 3b). INS.SIN.LV.SF.GFP.PRE showed a significantly 
reduced frequency of integrations targeting Map3k8 (P = 0.001, 
Fisher’s exact test versus SIN.LV.SF.GFP.PRE; Supplementary 
Table S2). LV.SF.LTR or SIN.LV.SF did not target Map3k8.

The tumor suppressor gene Pten was the highest-ranking CIS 
gene found in Cdkn2a−/− tumors induced by SIN.LV.PGK.GFP.
PRE (n = 6) and INS.SIN.LV.SF.GFP.PRE (n = 11), whereas it was 
only the fifth-ranking CIS (n = 6) in the SIN.LV.SF.GFP.PRE data 
set (Figure 3c; Table 1). Pten integrations were in part clustered 
in the first intron, and the majority (14 out of 21) within or near 
the fourth and fifth exons—encoding the phosphatase catalytic 
domain—and exon8 (Figure 3c). No vector orientation prefer-
ence with respect to gene transcription was observed.

Sfi1 was the highest-ranking CIS gene (n = 10) found in 
Cdkn2a+/− tumors induced by SIN.LV.SF.GFP.PRE integrations 
(Figure 3d; Table 1). Nine out of 10 integrations targeting Sfi1 
were in opposite orientations with respect to gene transcription 
and were clustered in a 50-kb genomic window.

Gene ontology analysis of CIS genes identified in tumor-
infiltrated tissues of Cdkn2a−/− mice showed a significant 

overrepresentation of gene classes involved in the regulation of 
protein kinase cascade, guanosine triphosphatase regulator activ-
ity, and mitogen-activated protein kinase signaling pathway. These 
data indicate that perturbation of genes belonging to the receptor 
tyrosine kinase pathway plays a pivotal role in the transformation 
process of Cdkn2a−/− cells (Figure 4; Supplementary Table S7).

Finally, Braf, Rasa1, and Lrrc4c were also found to be signifi-
cantly targeted by LV integrations in the tumor-infiltrated tissue 
of mice transplanted with LV.SF.LTR- and SIN.LV.SF.GFP.PRE-
transduced Cdkn2a−/− HSCs, indicating that the oncogenesis cul-
prits are shared with those found in mice subjected to systemic LV 
injection (Supplementary Table S8).

Molecular mechanism of insertional mutagenesis
We performed reverse transcription–polymerase chain reac-
tion (RT–PCR) analysis on complementary DNA (cDNA) from 
tumor-infiltrated livers harboring LV.SF.LTR and LV.SF integra-
tions targeting Braf (Figure 5a) to address whether chimeric 
mRNAs containing LV and Braf sequences were generated, as 
previously described.1 The RT–PCR products from LV.SF.LTR-
marked tumors were chimeric cDNAs with the major splice donor 
site of the LV backbone fused to the splice acceptor of exon 13 of 
Braf, in agreement with our previous observations.1 In SIN.LV.SF-
induced tumors, the RT–PCR products contained the end of the 
LV LTR directly joined to exon13 or fused to flanking genomic 

Figure 4 The receptor tyrosine kinase (RTK) signaling pathway is frequently hit by lentiviral vector (LV) integration. The RTK pathway is fre-
quently activated in human and murine tumors by several mechanisms. Several of the common insertion site (CIS) genes identified in our model, 
such as Braf, Map3k8, Rasa1, and Pten, belong to the RTK pathway. The LV integration in these genes may collaborate with the genetic lesion of the 
Cdkn2a−/− mice to activate the RTK pathway and induce tumorigenesis. Genes of the RTK pathway that promote cellular proliferation and survival are 
indicated in red, whereas genes that promote cell cycle arrest and senescence are indicated in blue. The rounded rectangles highlight the pathways 
that are deficient in Cdkn2a−/− mice. Stars indicate the genes of the pathway that are CISs in our model.
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Figure 5 Mechanism of insertional mutagenesis by SF-containing lentiviral vectors (LVs) with different designs. (a) Reverse transcription–
polymerase chain reaction (RT–PCR) on cDNA from tumor-infiltrated liver from the indicated vector-treated mice. Primers on the U5′ LV long terminal 
repeats (LTR) and exon 22 of Braf were used, and these amplified a 1,500-bp product only in the group of mice that received LV.SF.LTR or SIN.LV.SF 
vector (M, molecular size markers; + ctrl, LV/Braf–positive control (ref. 2)); tumor cDNA of the indicated mouse. For each sample, RT–PCR using 
primers complementary to Gapdh was also performed as control. Fp and Rp arrows indicate the position of the primers used for the detection of LV/
Braf chimeric transcripts; (b) schematic representation of the sequences of the RT–PCR products obtained in (a) from SIN.LV.SF-treated mice aligned 
to LV and to Braf exons. Black bars: amplified cDNA sequence; dashed lines: splicing events; Fp and Rp arrows: primers used for cDNA amplification; 
3′UTR: 3′ untranslated region of Braf. The cDNA sequences were LV specific up to the end of the LTR and contained different portions of Braf intron 
12 depending on the integration site, the cryptic splice donor site of the genome used to fuse the transcript to the splice junction of exon 13 of 
Braf. (c) Representation of SIN.LV.SF.GFP.PRE (black arrows), INS.SIN.LV.SF.GFP.PRE (blue arrows), and SIN.LV.SF.PRE (white arrows) integrations in 
the 3′ region of the Map3k8 gene in tumor-infiltrated liver of the mice tested for Map3k8 gene expression. Map3k8 genomic structure of 3′ portion 
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sequences of the intron12 of Braf, in which cryptic splice donor 
signals within the intron were joined to exon13 (Figure 5b).

We then investigated by quantitative PCR (qPCR) if the 
SINLVs integrations at Map3k8_CIS1 and CIS2 regions could 
perturb Map3k8 expression. We used probe sets specific for 
cDNA portions upstream of the Map3k8_CIS1 and CIS2 regions 
(probe set exons 4–5) or a cDNA portion encompassing the 
Map3k8_CIS1 and upstream of Map3k8_CIS2 (probe set exons 
7–8; Figure 5c,d). Control tumors containing integrations target-
ing genes other than Map3k8 or tumors from IDLV-treated mice 
showed similar levels of Map3k8 expression using both probe 
sets. Tumors harboring Map3k8_CIS2 integrations showed up to 
ninefold overexpression with respect to controls for both cDNA 
regions tested (Figure 5d). Tumors harboring Map3k8_CIS1 inte-
grations showed a similar overexpression of the upstream portion 
of the Map3k8 transcript, whereas the portion downstream of the 
Map3k8_CIS1 region showed expression levels similar to those in 
controls (Figure 5d), indicating truncation of the overexpressed 
aberrant transcript probably occurring at the vector LTR polyad-
enylation site. Finally, by sequencing specific PCR products from 
tumor cDNA obtained using primers complementary to Map3k8 
exon7 and the SIN LV LTR, we identified the formation of chime-
ric Map3k8–SIN LV transcripts (Figure 5e). These chimeric tran-
scripts contained the Map3k8 exon7 fused to different portions 
of the SIN vector or to a portion of exon8 followed by the 5′ por-
tions of the SIN LTR (Figure 5e). All these chimeric transcripts 
appeared to be the products of aberrant splicing and truncation 
using cryptic vector splice acceptor sites and/or the LV polyad-
enylation site present in the LTR.

DISCUSSION
Here, we developed in vivo assays in which the degree of tumor 
onset acceleration serves as a readout of the overall genotoxic 
potential of integrative vectors and further used them (i) to 
measure and compare the genotoxic potential of different vector 
designs and (ii) to uncover and rank the most relevant mechanisms 
involved in oncogenesis induced by insertional mutagenesis.

Our data shed light for the first time why gene therapy–like 
LVs with a SIN LTR configuration and a transgene expression cas-
sette in an internal position are less genotoxic than vectors with 
active LTRs.1,3 Indeed, the highly genotoxic LV with active LTRs 
induced early tumor onset mainly by activating oncogenes (such 
as Braf) through a mechanism known as promoter insertion. The 
capability to efficiently perform promoter insertion, however, was 
not specific only for LVs with active LTRs but also for SIN LVs with 
a single viral enhancer promoter in an internal position devoid 
of any downstream ORF that was highly genotoxic by the same 

mechanism. We speculate that, in gene therapy–like SIN LVs, 
the presence of an ORF stabilizes a promoter-primed mRNA and 
activates the function of the polyadenylation signal located in the 
Repeated (R) region of the LTR, thus promoting termination and 
reducing read-through transcription as well as subsequent splic-
ing capture events. Splice acceptor scanning mechanisms have 
been proposed,29–31 which influence which exon to use by “mea-
suring” the strength of the splice acceptor sites and the protein-
coding potential of the resulting transcripts. The role of aberrant 
splicing in insertional mutagenesis has recently been suggested in 
several studies performed in vitro11–13 and in a clinical trial for the 
treatment of β-thalassemia.14 It would therefore be preferable to 
avoid having splice donor sites downstream promoter sequences 
and more generally adopt strategies aimed at reducing aberrant 
splicing to increase the safety profile of integrating vectors.12

The higher sensitivity of these new in vivo assays with respect 
to the previous transduction/transplantation model1,2 is now 
demonstrated by its ability to significantly detect the mild but 
still existing genotoxicity of different SIN LVs harboring either 
strong viral SF or moderate endogenous phosphoglycerate kinase 
(PGK) promoters in an internal position, vectors that were 
instead shown to be neutral in previous in vivo models. Similar 
vector designs have been used in currently ongoing LV-based 
clinical trials for the treatment of adrenoleukodystrophy (con-
taining the strong synthetic MND promoter that includes the U3 
region of a modified Moloney murine leukemia virus LTR with 
myeloproliferative sarcoma virus enhancer)6 and metachromatic 
leukodystrophy (containing the PGK promoter),8 without detect-
able adverse genotoxic events at the latest molecular follow-up. 
Molecular analysis revealed that the SIN LVs tested in our model 
mainly activated Map3k8 by combining transcript truncation and 
enhancer-mediated overexpression or alternatively inactivated 
the tumor suppressors Pten or Rasa1. Interestingly, Map3k8 was 
the predominant CIS when the strong enhancer/promoter SF was 
used, whereas when the moderate PGK promoter was used, the 
oncosuppressors Pten and Rasa1 (targeted by inactivating integra-
tions in exons) became the predominant driver of oncogenesis in 
Cdkn2a−/− mice. This difference can be explained by the superior 
capability of the SF relative to PGK to activate oncogenes near 
the integration site by enhancer-mediated activation.32 Therefore, 
the strength of the promoter directly modulates the frequency of 
tumors induced by oncogene activation and thus prompts, when 
possible, the use of moderated promoters versus strong ones.

Finally, we show that the inclusion of a validated synthetic 
chromatin insulator within the SIN LV LTRs was able to slightly 
reduce the acceleration of tumor onset with respect to its uninsu-
lated counterpart and still be genotoxic in our model. Molecular 

is indicated: grey boxes indicate exons; black arrow indicates the orientation of transcription. Note that we draw the gene in reverse orientation. 
Arrows above the gene representation indicate the position and the orientation of the vector integrations with respect to gene transcription. Mouse 
ID is indicated for each integration site. (d) Expression levels of Map3k8 in tumor-infiltrated livers from mice injected with the indicated vector and 
harboring or not harboring a vector integration into the tested gene. For each mouse, the expression levels of the Map3k8 gene detected by the 
two probe sets used (probe sets Ex4-5 and Ex7-8) are indicated. The position of the probe set used for gene expression is indicated in c. In samples 
DMM129 and 130, probe sets Ex4-5 and Ex7-8 show different levels of overexpression of the two cDNA portions. It is unclear if these differences are 
caused by an effect of the integrations on Map3k8 mRNA splicing or interference with the qPCR assay. (e) Schematic representation of the Map3k8/
LV aberrant transcript sequences obtained by RT–PCR from SIN.LV.SF.GFP.PRE- and INS.SIN.LV.SF.GFP.PRE-induced tumors with Map3k8 integrations 
and aligned to Map3k8 gene. For the RT–PCR, primers on the exon 7 of Map3k8 (Fp) and on ∆U3′ LV LTR (Rp) were used. The aberrant Map3k8 tran-
scripts contain the exon 7 of the targeted gene spliced into internal portions of the SIN vector or fused with portions of the Map3k8 exon 8 colinear 
with the 5′ SIN LTR of the vector. Scheme as in b.
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analysis of the tumors induced by the insulated LV revealed a 
significantly reduced number of integrations targeting Map3k8, 
whereas the oncosuppressor Pten was frequently inactivated by 
integrations in exons, a mechanism that cannot be prevented by 
the use of insulators. Therefore, we conclude that the residual 
genotoxicity observed in mice treated with the insulated LV was 
not due to inefficient insulating activity but due to the occurrence 
of “escape” mechanisms represented by the inactivation of a tumor 
suppressor. The capability of this synthetic insulator to virtually 
eliminate the enhancer-mediated activation of Map3k8 prompts 
the use of this or other validated insulators in future gene therapy 
applications to alleviate the risks associated with this mechanism 
of insertional mutagenesis.

Overall, our study indicates that the vector design influences 
the modality through which the integrated proviral genome inter-
acts with the surrounding cellular genome, modulating the capa-
bility to deregulate genes in a specific fashion, determining the 
culprits of insertional mutagenesis, and ultimately dictating the 
level of oncogenic risk as well as the time of tumor onset in vivo. 
Based on our data, the most genotoxic vectors are those capable 
of efficiently performing promoter insertion, followed by vectors 
that are able to perform enhancer-mediated activation of onco-
genes or inactivation of tumor suppressor genes. It also appears 
that the capability to induce cancer by enhancer-mediated activa-
tion of oncogenes versus inactivation of tumor suppressor genes 
is linked to the strength of the enhancer promoter used or the 
presence of chromatin insulator sequences that efficiently block 
the interaction between vector enhancers and the surrounding 
cellular genes (Figure 6).

It remains unclear why for LV.SF.LTR and SIN.LV.SF, which 
could activate Map3k8 or inactivate tumor suppressor genes act-
ing on the Mapk/Erk pathway in an independent fashion,25,26,33 
only Braf is retrieved as the dominant CIS in Cdkn2a−/− or 
Cdkn2a+/− mice. Probably, after vector injection, a “race” toward 
malignant transformation takes place among transduced cells 
harboring different genotoxic integrations. In this scenario, cell 
clones harboring Braf-activating integrations might hold a stron-
ger proliferative advantage and/or require a lower number of com-
plementing mutations to promote early tumor onset with respect 
to clones containing Map3k8-activating integrations. Moreover, 
in the Cdkn2a-deficient model, Map3k8 activation appears to 
predominate in tumors only when there is the combined action 
of the removal of microRNA-binding sites from the 3′UTR and 
the enhancer activity of the integrated SIN LV. Indeed, even if 
SIN.LV.PGK.GFP and the insulated SIN LVs have reduced abil-
ity with respect to SIN.LV.SF.GFP.PRE to activate this oncogene 
by enhancer-mediated mechanisms, the sequences that mediate 
aberrant splicing and premature transcript termination are intact. 
Yet, these vectors do not appear to preferentially activate Map3k8. 
Moreover, the progressive increase of Pten-inactivating integra-
tions, paralleled by the progressive decrease of Map3k8-activating 
integrations, in tumors generated from vectors with progressively 
lower enhancer activity suggests that the removal of microRNA-
binding sites from the Map3k8 mRNA is less penetrant than Pten 
inactivation.

Besides the vector design, the specificity of the drivers of 
oncogenesis was also influenced by the genetic background of 

the transduced cells because differently from Cdkn2a−/−, Sfi1 was 
the predominant culprit of oncogenesis in Cdkn2a+/− mice treated 
with SIN.LV.SF.GFP.PRE. In line with the interplay between vec-
tor design and mouse genotype, we show that Braf activation was 
able to induce cancer in Cdkn2a−/− and Cdkn2a+/− mice but not in 
WT mice. These data indicate that two copies of Cdkn2a are fully 
protective against Braf hyperactivation, probably due to the induc-
tion of senescence/apoptosis upon vector-mediated Braf overex-
pression.34,35 The cyclin-dependent kinase inhibitor 2A (CDKN2A) 
pathway has a central role in maintaining the barriers to proto-
oncogene activation and aberrant cell proliferation, and it has been 
found to be frequently inactivated in many types of human can-
cer,36 including leukemic cells triggered by γ-retroviral insertions 
in X-linked severe combined immunodeficiency (X-SCID) gene 
therapy patients.37,38 Cdkn2a+/− cells instead supported Braf-induced 
oncogenesis but required a longer latency for tumor onset com-
pared with Cdkn2a−/− cells. It is possible that mutations inactivating 
the remaining Cdkn2a allele are required for tumor onset, as dem-
onstrated in Eµ-myc transgenic Cdkn2a+/− mice.39,40 Of note, when 
mildly genotoxic vectors were used, Map3k8 activation or Pten dis-
ruption strictly required full Cdkn2a deficiency to induce cancer.

The results of this study have been instrumental in the iden-
tification of both already known and novel oncogenes that could 

Figure 6 Summary of the vector-specific mechanisms of insertional 
mutagenesis and levels of vector genotoxicity in Cdkn2a−/− mice. 
Specific culprits of insertional mutagenesis were predominant when spe-
cific lentiviral vector (LV) designs were used to treat Cdkn2a−/− mice. For 
each vector design, we indicated the word cloud representation of the 
CIS gene identified and the major mechanism of insertional mutagenesis 
used with the relative median survival indicated into the brackets. In the 
word cloud representation (rectangles on the left), the most targeted 
genes are represented by larger letter size. The genotoxic potential of 
each vector varied from high (top), to moderate and low (bottom). The 
most genotoxic vectors were those capable of efficiently performing pro-
moter insertion, such as LV.SF.LTR and SIN.LV.SF, leading to Braf activa-
tion (average of the median survival of the two groups is indicated). 
Vectors containing strong enhancer/promoters, such as SIN.LV.SF.GFP.
PRE and SIN.LV.SF.PRE, efficiently performed enhancer-mediated acti-
vation of oncogenes as the main mechanism of insertional mutagen-
esis, leading to Map3k8 activation in our in vivo model (average of the 
median survival of the two groups is indicated). When SIN vectors con-
tained moderate enhancer/promoters such as SIN.LV.PGK.GFP.PRE, both 
enhancer-mediated activation of oncogenes and gene inactivation are 
used as insertional mechanisms, promoting Map3k8 activation and inac-
tivation of Pten and Rasa1 genes. Finally, when the activity of enhancers 
is shielded by the presence of insulator sequences, vector genotoxicity 
relies only on gene inactivation mechanisms.
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also be relevant in human cancer. The LV treatment induced 
formation of LV/Braf aberrant transcripts encoding for a puta-
tive shorter protein lacking the N-terminal regulatory domains 
which has a constitutive kinase activity and that has been shown 
to be implicated in murine and human cancer.1,10,25,41,42 The mildly 
genotoxic SIN LVs identified two main CISs targeting the 3′ 
region of Map3k8, and these two CISs triggered the formation of 
prematurely terminated transcripts lacking negative regulatory 
elements. Similar mutations have been described in other inser-
tional mutagenesis studies.26–28 Moreover, overexpression of full-
length or C-terminal–truncated MAP3K8 proteins has clinical 
relevance also because it has been found to be overexpressed in 
several human cancers.33,43–45 Additionally, our models allowed the 
identification of tumor suppressor genes such as Pten, whose hap-
loinsufficiency has been demonstrated to be sufficient to promote 
cancer development in humans and mice.46–48 Finally, other can-
cer gene candidates found in our study are deregulated in human 
hematopoietic tumors, suggesting that they could play a role in 
human diseases also.

It is important to note that our model suffers from the com-
mon limitations of all mouse models (including those based on 
the WT genotype) when trying to extrapolate risk calculation to 
humans, in which several complex interacting factors may temper 
or, instead, aggravate the outcome of a genotoxic hit. However, 
our findings are relevant for the relative assessment of the geno-
toxic risk associated with different vector designs because they 
were compared side by side in the same animal model and under 
similar experimental conditions. Indeed, our model provides both 
a qualitative (mechanistic insight) and quantitative readout of 
genotoxicity (rate of accelerated oncogenesis), allowing a relative 
ranking of the different vectors according to these features. We 
expect that the observed differences in genotoxic potential and the 
mechanisms of insertional mutagenesis, specifically uncovered for 
each vector design, will be maintained on clinical testing, albeit 
being tempered or compounded by other factors specifically asso-
ciated with the choice of disease, conditioning regimen, and ex 
vivo transduction protocol. Thus, our findings can inform current 
and future choices of vector design with increased biosafety.

MATERIALS AND METHODS
Vector production. SIN.LV.SF.GFP.PRE, SIN.LV.PGK.GFP.PRE, and LV.SF.
LTR vectors were previously described.1,2 SIN.LV.SF.PRE, SIN.LV.SF, and 
INS.SIN.LV.SF.GFP.PRE plasmids were produced from SIN.LV.SF.GFP.
PRE (see Supplementary Methods for details). IDLV.SIN.LV.SF.GFP.
PRE was produced using an integrase-defective packaging construct.49 
Concentrated VSV.G-pseudotyped LV stocks were produced as described 
previously.1,2

Mouse treatment. FVB129-Cdkn2a−/− mice and C57BL6/J-Cdkn2a−/− mice 
were obtained from the National Cancer Institute Mouse Models of Human 
Cancer Consortium. C57BL6/J-Cdkn2a+/− mice were generated by breeding 
C57BL6/J-Cdkn2a−/− with C57BL6/J WT mice obtained from Charles River 
Laboratories (Calco, Italy). 129SVEV-IfnaR1−/− mice were obtained from 
B&K Universal (Grimston, UK). Cdkn2a−/−/IfnaR1−/− mice were generated 
by sequential crossing of C57BL6/J-Cdkn2a−/− mice with IfnaR1−/− mice.

Newborn mice from the different strains/genotypes were injected 
with 10–20 µl of highly concentrated vector preparations into the temporal 
vein (Supplementary Table S1). For each vector treatment group, sample 
size was defined using the criteria calculated following definitions in 

Supplementary Statistical Methods. All mice were bred and maintained 
in a dedicated pathogen-free animal facility and were euthanized when 
they showed signs of severe sickness (see Supplementary Methods).

Vector copy number. Genomic DNA was extracted from tumor-infiltrated 
liver using the Qiagen midiDNA kit (Hilden, Germany). qPCR analysis 
was performed as previously described1,2 using probes complementary to 
mouse genomic β-actin and the common ψ-signal region of LV. VCN was 
determined as the ratio between the relative amounts of LV versus total 
DNA evaluated by β-actin (see Supplementary Methods for details).

Linear amplification–mediated PCR and genomic integration site analy-
sis. Linear amplification–mediated PCR was performed on liver and spleen 
tumor-infiltrated tissue according to published protocol.1,2,50 Genomic 
sequences were aligned to the mouse genome (assembly July 2007, mm9) 
using the Basic Local Alignment Search Tool of the National Center for 
Biotechnology Information (NCBI BLAST) genome browser coupled with 
bioinformatics analyses.

Gene expression analysis. Total RNA from tumor-infiltrated liver/spleen 
was isolated with RNeasy MiniKit. cDNA preparation was performed 
using reverse transcriptase and random hexamer primers. cDNA was 
used as template for qualitative PCR and for quantitative TaqMan reac-
tions using specific gene expression assays. Amplification of the chimeric 
LV/Braf transcripts was performed as previously described.1 The chimeric 
LV/Map3k8 transcripts were amplified using oligonucleotides comple-
mentary to the U3_LV.LTR and Map3k8_exon7.

Statistics. Statistical analysis was performed with the R-statistical (http://
www.r-project.org/) or GraphPad Prism 4.0 software (GraphPad Software, 
Inc. La Jolla, CA, USA). Mouse survival analyses were performed using 
log-rank Mantel–Cox test. Statistical significance for each CIS was estab-
lished using the algorithm described by Abel et al.20,21 and the Grubbs test 
for outliers7,8,22 (see Supplementary Statistical Methods for details).

SUPPLEMENTARY MATERIAL
Figure S1. Representative example of liver-infiltrated hematopoietic 
tumoral cells in Cdkn2a−/− mice.
Figure S2. VCN distribution in tumor-infiltrated liver.
Figure S3. Vector integration site analysis in tumor-infiltrating liver.
Figure S4. Representative expression of some CIS gene in human he-
matopoietic tumors.
Figure S5. Heat map of CIS gene deregulated in AML.
Table S1. Group of Cdkn2a−/−, Cdkn2a+/−, and WT mice systemically 
injected with the indicated LV or mock control.
Table S2. Genomic position of LV integrations found in tumor infiltrat-
ing liver and spleen and nearest targeted gene.
Table S3. Summary table on vector integrations in Cdkn2a−/− and 
Cdkn2a+/− mice.
Table S4. Common insertion sites gene defined by the algorithm de-
scribed by Abel et al. based on Monte/Carlo simulation in Cdkn2a−/− 
and Cdkn2a+/− mice
Table S5. Data mining of CIS genes in human hematopoietic tumors.
Table S6. Microarray statistical analyses for CIS genes differentially 
expressed from different AML patients in the two different cohorts.
Table S7. Gene ontology analyses of common insertion sites retrieved 
from Cdkn2a−/− mice injected with the different SIN LVs.
Table S8. Common insertion sites retrieved from hematopoietic tu-
mors derived from Cdkn2a−/− HSPCs transduced with the different 
vector.
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