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Abstract 293T and Sk-Hep-1 cells were transduced

with a replication-defective self-inactivating HIV-1

derived vector carrying FVIII cDNA. The genomic

DNA was sequenced to reveal LTR/human genome

junctions and integration sites. One hundred and

thirty-two sequences matched human sequences, with

an identity of at least 98%. The integration sites in

293T-FVIIIDB and in Sk-Hep-FVIIIDB cells were

preferentially located in gene regions. The integra-

tions in both cell lines were distant from the CpG

islands and from the transcription start sites. A

comparison between the two cell lines showed that

the lentiviral-transduced DNA had the same preferred

regions in the two different cell lines.

Keywords Coagulation factor VIII �
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Purpose of work We have examined lentiviral integration site

selection in hepatocyte and kidney cell lines to see whether

there are determinants of integration tendency other than the

structure and biological characteristics of lentiviruses.
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Introduction

Lentiviral vectors are at the forefront of gene delivery

systems for gene therapy due to some of their

capacity to transduce slowly dividing and non-

dividing cells, to insert large genetic payloads in

the host chromatin, and to sustain stable long-term

transgene expression (Picanço-Castro et al. 2008).

However, gene therapy treatments through lentiviral

vector integration can lead to tumor formation.

Retroviruses that do not carry oncogenes usually

induce tumors in the host by insertional mutagenesis.

In a mouse experimental model, mice developed

leukemia as a consequence of the high expression

levels of the evi-1 proto-oncogene, caused by a

nearby integrated proviral genome (Li et al. 2002). In

clinical trials for X-chromosome-severe-combined

immunodeficiency (X1-SCID) (Cavazzana-Calvo

et al. 2000), integration of the retroviral vector in

the LMO-2 proto-oncogene resulted in insertional

mutagenesis and development of T-cell leukemia in

children (Hacein-Bey-Abina et al. 2003a, b).

Integration events of retroviruses were believed to

be random, and the chance of accidentally disrupting

or activating a gene was considered remote. Early

studies of retroviral integration proposed that con-

densed chromatin from inactive DNA regions was

not prone to retroviral integration; integration would

occur predominantly in more open and active regions

(Rohdewohld et al. 1987). Various studies have

shown that most of the host genome is accessible to

retroviral integration and also that target site selec-

tion is not random (Mitchell et al. 2004; Wu et al.

2003). Many researchers have addressed the viral

integration profile of viruses to better understand

virus integration behavior and to assess the risk of

gene therapy. Whether transduction of different cell

lines with the same lentiviral vector produces differ-

ent or similar patterns of integration remains to be

elucidated.

We showed that a lentiviral-based vector carrying

B-domain-deleted FVIII (FVIIIDB) can generate

human hepatic and kidney cell lines that produce

FVIIIDB in vitro (Picanco et al. 2007). These two

cell types have a similar number of lentiviral copies/

cell, though their levels of FVIII expression are quite

different. We examined lentiviral integration site

selection in hepatocyte and kidney cell lines to see

whether there are determinants of integration

tendency other than the structure and biological

characteristics of lentiviruses.

Materials and methods

Lentiviral vector and cell lines

Human embryonic kidney epithelial cells Hek 293T

(DSMZ ACC 305, www.dsmz.de) and human liver

adenocarcinoma cell line Sk-Hep-1 (DSMZ ACC 141,

www.dsmz.de) cells were transduced with a replica-

tion-defective self-inactivating HIV-1 derived vector

containing the coagulation factor FVIII gene (cPPT-C

(FVIIIDB)IGWS). The vector cPPT-C(FVIIIDB)

IGWS is a derivative of the bicistronic vector

C(FVIIIDB)IGWS coding for human FVIIIDB and

EGFP(Tonn et al. 2002). EGFP was used as a marker

for transduction efficiency and selection. Infected

cells were selected by sorting on a FACSVantage SE

flow cytometer. We were interested in cells express-

ing high levels of FVIIIDB. Cells with a high level of

EGFP expression were sorted and expanded in cul-

ture. The FVIIIDB-expressing cells were named

293T-FVIIIDB and Sk-Hep-FVIIIDB. The two cell

lines that we used had a similar number of integrated

lentiviral copies/cell. The 293T-FVIIIDB line con-

tains 1.5 lentiviral copies/cell and 106 cells express

2 IU of FVIIIDB/ml and the Sk-Hep-FVIIIDB line

contains 1.3 lentiviral copies/cell and 106 cells

express 5 IU of FVIIIDB/ml (Picanco et al. 2007).

The transduced cell lines were analyzed at passage

nine. Genomic DNA was isolated from these cells to

analyze the lentiviral integration pattern.

Ligation-mediated PCR

Genomic DNA was extracted from 106 transduced

293T-FVIIIDB cells and Sk-Hep-FVIIIDB cells.

Ligation-mediated polymerase chain reaction (LM-

PCR) was performed as previously described (Wu

et al. 2003). The genomic DNA was digested with the

restriction enzymes MseI and SacI to create a ligation

site to the oligonucleotide linker and to avoid ampli-

fication of an internal viral fragment from 50-LTR,

respectively. The fragments of genomic DNA were

then subjected to ligation of the MseI double strand

linker (linker for: 5 0-GTAATACGACTCACTAT

AGGGCTCCGCTTAAGGGAC-30 and linker rev:
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50PO4-TAGTCCCTTAAGCGGAG–NH2-30); the

ligation reaction tube was incubated at 16�C overnight

in the presence of T4 ligase.

The LM-PCR was performed with a pair of

primers; one primer was specific to the vector’s

LTR and the other to the synthetic linker. In the first

PCR, we used as a template the DNA digested and

bonded to the linker and primers to the 30LTR

junction (HIV 30LTR-1:AGTGCTTCAAGTAGTGT

GTGCC) and to the linker (AP-1: 50GTAATACGAC

TCACTATAGGGC 30). After denaturation for 2 min

at 95�C, PCR was run at 95�C for 25 s, 55�C for 30 s

and 72�C for 1 min, for 35 cycles. A 4 min extension

at 72�C completed the protocol. A 1 ll aliquot of the

PCR product was amplified by nested PCR using

primers specific to the proviral 30 LTR (HIV 30LTR-

2: GTCTGTTGTGTGACTCTGGTAAC) and to the

MseI linker (AP-2: 50-AGGGCTCCGCTTAAGGG

AC-30), using the same PCR protocol.

PCR cloning product and bacterial colony

screening

Nested-PCR products were cloned into the pCR2.1-

plasmid vector and they were used to transform

DH10b bacteria to form libraries of integration

junction fragments. Some 154 colonies were screened

by direct PCR of the bacterial colonies with standard-

vector primers (M13 forward/reverse). The reaction

mixture was incubated at 95�C for 3 min, then 35

cycles run at 95�C for 40 s, 60�C for 40 s and 72�C

for 55 s. A 5 min extension at 72�C completed the

protocol.

Mapping and analysis of the integration sites

The nucleotide sequence of the LM-PCR amplicons

was determined using a DYEnamic ET Dye Termi-

nator Kit in a MegaBACE automatic sequencer. The

sequences were first analyzed using Chromas 2.23

software. Genomic sequences were considered

authentic if flanked by HIV 30-LTR and linker-

specific sequences. The true sequences were analyzed

by NCBI BLAST optimized for high similarity using

nucleotide query; only high-quality sequences with

C98% of identity to the human genome were further

analyzed and included in our study. GTSG/Vector

Integration Site Mapping and Analyses (www.gtsg.

org) was used to enrich the information about

integration sites of the vector in the two cell lines. In

addition to the true sequences, we also detected

integrations of LTRs back to back; these were not

included in the analyses. Four sequences were not

long enough to be mapped in the human genome.

Cell growth assays

To analyze cell growth, Sk-Hep and 293T cells

(transduced and non-transduced) were seeded into

T150 tissue culture flasks, in duplicate, at day 0.

Cells were maintained in culture until day 7, to

guarantee that maximum confluence had been

reached. Confluent cells were removed using tryp-

sin, diluted in buffered Trypan Blue solution. The

viable cells were manually counted in a Neubauer

hemocytometer. The cells were reseeded and this

process was repeated seven times. These assays

were done in duplicate to minimize effects such as

differences in plating, sensitivity to trypsinization

and accuracy in cell counting. Population doubling

was calculated as: x = log(N/N0)/log2, where N is

the total number of viable cells harvested from

culture, N0 is the number of viable cells seeded and

x is the number of times that the cell population had

doubled. The doubling time was calculated by

dividing the total time elapsed by the number of

generations (population doubling). Statistical analy-

ses of the differences in cell growth between non-

transduced and transduced cells were performed

using Student’s-t test.

Statistical analysis

The Chi-square test with Yates’ correction was used

to analyze whether the observed integration number

(oi) arose from a multinomial distribution with

specified expected integrations (ei) for the 24 chro-

mosomes (22 autosomes, X and Y). The expected

integration was calculated assuming a discrete uni-

form distribution, correcting for the chromosome

size distribution [ei = (chromosome bases/genome

bases) 9 total number of integrations] The a level for

significance was set at 0.05. A cut-off of (oi - ei)2/

ei C 3 was used for detection of preferred integration

sites.

Fisher’s exact test was used to determine if there is

an association between the integrations and the TSS

or CpG island regions in the two cell lines.
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Results

Analyses of integration sites

We sequenced 154 integration junctions: 83 derived

from 293T-FVIIIDB and 71 from Sk-Hep-FVIIIDB

cells. Among these, 132 (86%) sequences matched

human genome sequences deposited in DNA dat-

abases with an identity of at least 98% (60 sequences

from Sk-Hep-FVIIIDB and 72 from 293T-FVIIIDB

cell lines). Twenty-two of the sequences had no

match in the human genome. The integration sites

were sequenced to saturation; subsequent to the

integrations described here the integration sites began

to repeat. We emphasize that we analyzed a popu-

lation that expressed high levels of GFP and

recombinant FVIII. We did further analyses, consid-

ering only sequences that matched the human

genome. The 72 sequences of 293T-FVIIIDB cells

and the 60 from Sk-Hep-FVIIIDB were set at 100%.

The chromosomes that displayed relatively high

frequencies (C5 copies) of integration events in the

293T-FVIIIDB cell genome were chromosomes 1

(20.8%), X (13.9%), 2 (12.5%), 6 (9.7%) and 19

(6.9%). In the Sk-Hep-FVIIIDB cell line, the highest

frequencies of integrations were in chromosomes 6

(21.7%), X (18.3%), 1 (11.7%) and 2 (10%). We

noted that some chromosomes (1, 2 and X) were

targeted by the lentiviral vector in both cell lines in

the same position (Fig. 1 and Table 1).

The statistical analysis of the observed integration

number versus the expected integrations did not show

that integration of this lentiviral vector is a random

phenomenon (Fig. 2).

Distance of integration to the transcription start

site

When analyzing the distance of the integrants that

occurred within 60 kb of a transcription start site

(TSS), we found that in cell line 293T-FVIIIDB, 27

integrations were associated with 85 TSS and in cell

line Sk-Hep-FVIIIDB 12 integrations were associated

with 35 TSS. Among these integrations, the percent-

age of mapped integrations in the Sk-Hep-FVIIIDB

that landed within a 10 kb region (upstream or

downstream) was 17%, whereas in 293T-FVIIIDB it

was 28%. The percentage integration landing

30–60 kb downstream or upstream of target genes

was 83 and 72% for Sk-Hep-FVIIIDB and 293T-

FVIIIDB, respectively (Fig. 3a). Fisher’s exact test

did not show association of the TSS and integration

among the two cells (P = 0.250), indicating that in

the both cell lines the lentiviral vector prefers regions

that are distant from the transcription start sites.

(Supplementary Table S1)

Fig. 1 Distribution of the

lentiviral vector integrations

(in numbers) into

chromosomes of the two

cell lines. Blue bars
represent the number of

integrations in each

Sk-HepFVIIIDB’s

chromosome and red bars
the number of integrations

in the 293T-FVIIIDB cells’

chromosomes
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Table 1 Human genes targeted by the lentiviral vector in both cell lines

293T

integrations

SK-Hep

integrations

Gene function Biological process

CDC42BPA, intron 2 0 Kinase activity,

nucleotide binding,

Actin cytoskeleton reorganization, microtubule

cytoskeleton organization, intracellular signaling

cascade

Nuclear migration, protein amino acid phosphorylation

MEIS2, intron 3 0 Transcription factor

activity

Eye development, regulation of transcription,

DNA-dependent

DNASE1L1, intron 2 0 DNA binding DNA catabolic process

Q14677-2, intron 1 0 Without described

function

ZNF77 e ZNF57,

intron

1 0 DNA binding Regulation of transcription

PIGS, intron 1 0 Protein binding Attachment of GPI anchor to protein

SPEN, intron 2 0 Nucleic acid binding,

transcription factor

activity

Notch signaling pathway

EIF3C, intron 1 0 Translation initiation

factor activity

Regulation of translational initiation

MCF2L2, intron 1 0 Rho guanyl-nucleotide

exchange factor activity

Regulation of Rho protein signal transduction

FRK, intron 1 0 Nucleotide binding Negative regulation of cell proliferation

IMMP2L, intron 1 0 Peptidase activity Proteolysis

GOLGB1, intron 1 0 Protein binding Golgi organization

DNAJC11, intron 1 0 Heat shock protein binding

ZKSCAN1,, intron 1 0 Transcription factor

activity

Regulation of transcription, DNA-dependent

MAPK1, intron 1 0 Protein binding Cell cycle, induction of apoptosis, negative regulation

of cell differentiation

PSIP1, intron 1 0 DNA binding Provirus integration, initiation of viral infection

A2A2Z9_HUMAN,

intron

1

BRWD3, exon 6 11 Cellular cycle; cell-

division cycle

RERE, intron 1 5 Transcription factor

activity

Chromatin remodeling, transcription

TTC27, intron 5 5 Protein binding

RPS6KA4, intron 1 2 ATP binding Regulation of transcription, DNA-dependent

CARD8, exon 2 0 Caspase activator Regulation of apoptosis

PHACTR4, intron 5 0 Actin binding

CCBE1, intron 2 0 Calcium ion binding

DNM3, intron 1 0

Ref Seq peptide 1 0

Q8NDA8_HUMAN,

intron

0 2

ATAD3B, intron 0 2 Protein folding

ERC2, intron 0 2 Protein binding

The hit genes showed in gray are common for both cell lines
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Distance of integration from CpGs island

CpG islands are associated with promoters that are

transcriptionally active at different stages of develop-

ment and can also be associated with replication origins

(Antequera and Bird 1999). We analyzed the distance

of the integrants from the next CpG island up- and

down-stream (Fig. 3b). In the cell line 293T-FVIIIDB,

44 integrations affected 63 CpG regions located within

50 kb of the location of integration. Among these

integrations, the percentage occurring upstream of the

CpG islands was 57% for 293T-FVIIIDB and 63%

for Sk-Hep-FVIIIDB. The frequency of downstream

integrations was 43% in 293T-FVIIIDB and 37% in

Sk-Hep-FVIIIDB cells. In both cell lines, integration

was generally distant from the CpG islands ([5 kb),

accounting for 82.5% in 293T-FVIIIDB and 86% in

Sk-Hep-FVIIIDB. Only 17.4% of 293T-FVIIIDB and

14.3% of Sk-Hep-FVIIIDB integrations occurred

within 5 kb of the CpG islands. The two cell lines have

a similar integration profile in CpG islands (Supple-

mentary Table S2) (with no significant difference;

Fisher’s exact test P = 0.781).

We found that 36% of the integration sites in

293T-FVIIIDB cells and 40% in Sk-Hep-FVIIIDB

cells were located in repetitive genomic elements,

such as SINES and LINES (Table 2). Among the

repetitive sequences, 293T-FVIIIDB cells showed

integration in SINES and LINES, while in the

Sk-Hep-FVIIIDB cells the most frequent repetitive

regions were LINES. We also analyzed the integra-

tion frequency near the Alu sequences. We found that

in 293T-FVIIIDB, 18% of all mapped integrations

landed in these sequences, while in Sk-Hep-FVIIIDB

there was no integration in this region (Table 2).

In 293T-FVIIIDB, 68% of the integrations were in

RefSeq genes, whereas in Sk-Hep-FVIIIDB, only

48% were in these genes. Interestingly, we found four

identical RefSeq for the two cell lines, corresponding

to the genes BRWD3, RERE, TTC27, and RPS6K4A

(Table 1). Amongst these RefSeq integrations, 84%

in 293T-FVIIIDB and 62% in Sk-Hep-FVIIIDB were

in intronic regions of the genes.

Analyses of cell growth

Transduced cells had a faster proliferation rate than

non-transduced cells (Table 3). The population dou-

bling time in Sk-Hep-FVIIIDB and 293T-FVIIIDB

(51.7 h; 49.57 h) was consistently shorter than in

non-transduced cells (46 and 37 h, respectively;

Student-t test—P \ 0.05).

Discussion

We report the integration profile of the lentiviral

vector cPPT-C(FVIIIDB)IGWS in kidney and hepatic

Fig. 2 Schematic

distribution of lentiviral

vector integrations into

chromosomes, showing the

RISC score (retroviral

insertion estimate into

chromosome). Highly

significant differences are

evidenced by (oi - ei)2/

ei C 3. In the case of

nonpreferential integration,

a RISC score of 0 would be

expected. The statistics

were done with the Chi-

square test, followed by the

Yates’ correction. Blue bars
Sk-HepFVIIIDB; red bars
the 293T-FVIIIDB

28 Biotechnol Lett (2011) 33:23–31

123



human cell lines; they produce moderate and high

levels of FVIIIDB coagulant protein, respectively.

These cells did not have a Y chromosome. Our data

did not support the hypothesis that lentiviral integra-

tion is a random phenomenon, since the number of

integrations was not proportional to the number of

base pairs in the chromosomes (Fig. 2). Hacker et al.

(2006) did not find a strict relationship between

chromosome length and number of integrations. The

distribution of the integration sites may have been

influenced by some characteristics of the population,

since the cells were selected by flow cytometry and

the karyotypes were difficult to define, with chromo-

somes over and underrepresented. To what extent cell

selection based on proviral gene expression affects

the integration site distribution is uncertain; though, a

previous study showed that selecting for proviral

expression can influence integration sites (Lewinski

Fig. 3 Frequency of

integration sites near

transcription start sites

(TSS) and CpG islands.

a The percentage

integration within each kb

interval is shown for TSS

islands, and in b for CpG

islands. Fisher’s exact test

did not show statistical

association between the

integrations and the TSS or

CpG island regions in the

two cell lines. Blue bars
Sk-HepFVIIIDB; red bars
the 293T-FVIIIDB
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et al. 2006). Our results do not represent all possible

lentiviral integrations; they represent the preferences

of this vector in the populations that we analyzed.

The percentage of integrations of the lentiviral

vector that landed in RefSeq in both cell lines was

significantly higher than that deduced from a com-

puter-simulated random data set, in which 22% of

10,000 simulated integrations landed in RefSeq genes

(Wu et al. 2003). This shows that the lentiviral vector

also has preference for the RefSeq region, as

previously described (Laufs et al. 2006; Beard et al.

2007). Most of the integrations in the RefSeq regions

landed in intron sequences. None of the targeted

genes are tumor suppressor genes or oncogenes, as

defined by the Sanger Cancer Gene Census, different

from the findings of Beard et al. (2007). In both cell

lines, there was a preference for RefSeq, but there

were differences in intron frequency integration in

the two populations (293T 84% and Sk-Hep 62%).

Evaluation of preference for RefSeq is important

because although HIV vectors are self-inactivating,

reducing the potential to activate genes by promoter

activation from LTR, there is a potential for enhancer

activation from the internal promoter.

In chromosomes 1, 2 and X, integrations were

found in both cell lines and in the same gene region.

These appear to be preferential sites for lentiviral

integration. The most commonly affected genes were

BRWD3, RERE, TTC27 and RPS6K4A. The work of

Laufs et al. (2006) indicated a gene that we also

found to be integrated: the bromodomain and WD

repeat domain (BRWD3), though they found the

integration site in an intron and ours was in an exon

in both cell lines.

Cell line Sk-Hep-FVIIIDB produced higher levels

of recombinant FVIIIDB in culture and showed 40%

of the integrations in LINE regions, compared to only

12.5% in 293T cells. LINE 50UTR has strong

promoter activity in both directions (Lavie et al.

2004); this may explain the high FVIIIDB levels

produced by this cell line.

The proportion of integration within 10 kb of the

transcript start site and near CpG islands was low,

showing no preference for these genome regions. The

higher integration preference of some retroviruses,

such as MLV, near transcription start sites and CpG

islands has been attributed to be a contributing factor

to their higher genotoxicity (Kim et al. 2008; Montini

et al. 2006). The low preference of the HIV-derived

vector integrants for the TSS and CpG islands

indicates that it would be safer to use lentiviruses

than MLV (Hacker et al. 2006). Integration near

transcription start sites can transactivate host genes

due to promoter/enhancer effects, leading to malig-

nant transformation (Kustikova et al. 2005).

A comparison between the integration profiles of

the two cell lines showed that the lentivirus incorpo-

rated into the same preferred regions, with no

significant differences in the main DNA regions

between the two cell lines. There were some differ-

ences between the cell lines that could be due to

molecular characteristics of some regions of these

cells; as a consequence integration can differ from

Table 2 Distribution of the

lentiviral vector integration

sites in the genome of the

293T-FVIIIDB and cell

lines sites Sk-Hep-FVIIIDB

The human genome column

represents the percentage of

chromosomal elements

throughout the human

genome (Venter et al. 2001)

* e expected percentage

Chromosomal feature Human

genome (%)

Integration sites

293T-FVIIIDB (%)

Integration sites

Sk-Hep-FVIIIDB (%)

Transcriptional units 31.6 68 48.3

Exon 1.2 11.11 (e:2.7) 18.3 (e = 1.92)

Intron 30.4 56.89 (e:65.3) 30 (e:46.38)

SINES

Alu 10.6 18.05 0

Mir 2.2 5.55 0

LINE 20 12.5 40

Table 3 Characteristics of the growth of the human cell lines

transduced or not with lentiviral vector

Population

doubling

(generation)

Population

doubling

time (h)

Sk-Hep 3.28 ± 0.36 51.7 ± 4.93

Sk-Hep-FVIIIDB 3.71 ± 0.32 45.26 ± 3.76

293T 3.41 ± 0.257 49.57 ± 3.8

293T-FVIIIDB 4.58 ± 0.23 36.75 ± 1.81

Presented data is a mean of cultures in replicate

30 Biotechnol Lett (2011) 33:23–31
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tissue to tissue due to cell-specific transcription

(Mitchell et al. 2004).

We found a characteristic profile of lentiviral

integration in two cell lines, indicating that the vector

targets some regions preferentially; an understanding

of lentiviral behavior in human cell lines could be

exploited for safer gene therapy.
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