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Background: Lentiviral vectors have been successfully used for human skin cell gene transfer studies. Defining the selec-
tion of integration sites for retroviral vectors in the host genome is crucial in risk assessment analysis of gene
therapy. However, genome-wide analyses of lentiviral integration sites in human keratinocytes, especially af-
ter prolonged growth, are poorly understood.

Material/Methods: In this study, 874 unique lentiviral vector integration sites in human HaCaT keratinocytes after long-term cul-
ture were identified and analyzed with the online tool GTSG-QuickMap and SPSS software.
Results: The data indicated that lentiviral vectors showed integration site preferences for genes and gene-rich regions.

Conclusions: This study will likely assist in determining the relative risks of the lentiviral vector system and in the design of
a safe lentiviral vector system in the gene therapy of skin diseases.
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Background

Gene transfer that is mediated by retroviral vectors has been
successfully and extensively undertaken. However, gene trans-
fer technology carries the risk of insertional mutagenesis that
results from proviral integration [1]. Several studies have found
that premalignant clonal proliferation of T cells or T cell acute
lymphoblastic leukemia occurs in some patients with severe
combined immunodeficiency (SCID) and Wiskott-Aldrich syn-
drome (WAS) treated with a y-retroviral vector (MLV). This pro-
cedure is often associated with vector-mediated insertion-
al activation of the LMO2 oncogene [2]. Thus, studies on the
selection of integration sites for retroviral or gene therapeu-
tic vectors in the host genome are particularly important [3].

Previous studies have shown that integration site selection of
some retroviruses or retroviral vectors is not random. Different
retroviruses or retroviral vectors have different integration pref-
erences in human and animal genomes [4,5]: (I) those found
within genes (i.e., transcription unit-like lentiviruses such as
HIV, SIV, EIAV, and FIV); (Il) those found near transcription start
sites and CpG islands (y-retroviruses such as MLV, XMRV, PERV,
MSCV, FV and HERV); and (Ill) those that display only weak
preferences for transcription units, transcription start sites
and CpG islands or that are randomly dispersed (o.-retrovirus-
es such as ASLV; B-retroviruses such as MMTV; and d-retrovi-
ruses such as HTLV-1 and BLV). Of course, host cells may also
affect integration site selection of the retrovirus or retroviral
vectors. For example, Mitchell et al. [6] found that tissue-spe-
cific transcription resulted in tissue-specific integration that
was targeted by the HIV-1-based vector in the human lym-
phoid SupT1 cell-line, human peripheral blood mononuclear
cells (PBMCs), and IMR-90 lung fibroblasts.

Lentiviral vectors are a very potent and versatile class of ret-
roviral vectors that are derived from HIV, SIV, EIAV, and FIV,
among others, or a number of ex vivo or in vivo gene trans-
fer applications into dividing and non-dividing cells, and are
promising candidates for use in the gene therapy of human
skin inherited diseases [7]. However, the characteristics of len-
tiviral integration site selection in the genomes of human skin
cells, particularly in the keratinocyte genome, have until now
been poorly defined.

It might be more advantageous to study vector integration site
selection in host cells after prolonged growth. Thus, it may be
necessary to explore the prolonged genomic toxicity of retro-
viral vectors. It has been demonstrated that mouse bone mar-
row cells containing lentiviral vector genetic integration sites
become progressively less common after prolonged growth [8].
However, an unresolved question concerns integration sites
and their relevance in human keratinocytes. To address this
issue, we identified 874 HIV-based lentiviral vector integration
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sites in HaCaT human keratinocytes after prolonged growth,
and evaluated the distribution of integrants in relation to nor-
mal healthy genes, cancer genes, transcription start sites, CpG
islands, and repetitive elements. These data will strengthen
our capacity to study the relative risk of the lentiviral vector
system in the setting of skin cell gene therapy.

Material and Methods

Cell culture and vector preparation

In our laboratory, HaCaT human keratinocytes were cultured as
a monolayer at 37°Ciin a 5% CO,/95% air atmosphere in 25-cm?
culture flasks with defined keratinocyte-SFM culture medium
(Gibco-BRL, USA) supplemented with penicillin (100 IU ml™)
and streptomycin sulfate (100 pg ml™). The 293FT cell line
(Invitrogen) was maintained as a monolayer at 37°C in a 5%
C0,/95% air atmosphere in 25-cm? culture flasks in a standard
culture medium of DMEM (Gibco-BRL, USA) supplemented in
7% FBS, 2 mML-glutamine, and antibiotics (50 U ml™ penicil-
lin and 50 mg ml™! streptomycin sulfate).

To produce lentiviral vectors, 293FT cells were co-transfect-
ed with the following 3 plasmids by using the calcium phos-
phate method: 1) a plasmid that was encoded by the HIV-1-
based lentiviral SIN vector segment (pHSER-EF1a-GFP, which
was described previously [9], a kind gift of Dr. Guanggian Zhou,
Queen’s University Belfast, Belfast, UK); Il) the packaging con-
struct (pSPAXI, preserved by our laboratory); and Ill) the en-
velope protein-producing construct (pMGID, preserved by our
laboratory). Forty-eight hours after transfection, the viral su-
pernatant was harvested, centrifuged to pellet cellular debris,
and filtered through a 0.45-pm filter unit. The vector titer was
determined by transduction of 3.0x10*HaCaT cells with dose-
dependent quantities of vector supernatant and polybrene
(8 pg ml?). Cells were collected 96 h post-transduction and
analyzed by fluorescence-activated cell sorting for expression
of green fluorescent protein (GFP).

Lentiviral vector gene transfer and keratinocyte clone
screening

In these studies, 3.0x10* HaCaT cells at 60-80% confluence
were incubated with 1.88x10° infection units per ml of the len-
tiviral SIN vector supernatant. Cells were incubated with the
supernatant for 48 h in the presence of polybrene (8 ug ml™).
Transduction efficiencies of 280% were achieved. Transduced
HaCaT cells were trypsinized and then seeded into a 96-well
plate with defined keratinocyte-SFM culture medium (Gibco,
USA) containing G418 (500 pg ml™) by limiting dilution. After
2 weeks of continuous culture, the concentration of G418
in the medium was changed to 200 pg ml™. Then, a typical
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Figure 1. Integration sites of the lentiviral vector in the chromosomes of human keratinocyte clones. The lentiviral vector integration
sites (target set, n=874) were plotted as the percentage of all integration sites in different chromosomes, and compared with
the matched random control (reference set, n=1,000,000) using the %2 analysis test. * Represents a significance difference

(P<0.05) for the y? test as compared to the reference se
compared to the reference set.

single-cell clone appeared in 1 well after 5-8 weeks of con-
tinuous culture. This GFP-positive keratinocyte clone was se-
lected and expanded in a 24-well plate with defined keratino-
cyte-SFM (Gibco, USA), and then sub-cultured to a passage of
48 for further analysis when the cells had grown in static cul-
ture for about 6 months.

Lentiviral insertion analysis and statistical measurements

Proviral integration sites were cloned by ligation-mediated
PCR (LM-PCR) as described previously [10]. Briefly, genom-
ic DNA was purified from 1 to 5x10° cells that were digested
with Msel and Pstl to prevent amplification of internal 3’LTR
fragments and ligated to an Msel double-strand linker. LM-PCR
was performed with nested primers (Supplementary Table 1)
specific for the LTR and the linker. PCR products without pu-
rification were directly shotgun cloned by using the TOPO TA
Cloning Kit for Sequencing (Invitrogen, USA) and transformed
into TOP10-competent cells to form libraries of integration
junctions, which were then sequenced to saturation by the
GS-FLX Genome Sequencer (Roche/454 Life Sciences) pyrose-
quencing platform following the manufacturer’s instructions.

Sequences were trimmed to remove the linker and viral DNA
sequences using the software program Primer Premier 6.0 and
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t. ** Represents a significance difference (P<0.01) for the y? test as

mapped onto the human genome (Ens62, Apr 2011, GRCh37.
p3/HG19) using the online tool GTSG-QuickMap [11], which is a
system that can automatically identify genuine integration sites
(target set) and calculate the frequencies of integration within
or near various genomic features of interest (genes, transcrip-
tion start sites, and CpG islands). In addition, GTSG-QuickMap
spontaneously generated a reference set of 1 million random
integration sites as the matched control. SPSS software (Version
18.0, SPSS, USA), and chi-square analysis was then used to com-
pare the integration frequencies of the target versus control set.
Differences of P<0.05 were considered statistically significant.

Results

We sequenced 7017 amplified junction sequences, and only
874 of these were mapped to unique locations in the human
genome. Other raw (unmapped) sequences were redundant
and excluded from further analysis.

Chromosomal distribution of lentiviral vector integration
sites

The results revealed that all integration sites were broadly dis-
tributed among autosomes and sex chromosomes (Figure 1).
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Table 1. Lentiviral vector integration profiles within genes and near transcription start sites®.

Integration frequency (%) of the Integration frequency (%) of the

Distance toigenseigialg reference set (n=1,000,000) target set (n=874) PRl

Within genes 44.61 (446080) 49.77 (435) 0.002**
"""" mtons ;1 (@1233) 4680 (409  0005"
"""" Bons 248 (asa) 297 (6 0352
Within+5kbofTss 618  (61849) | go1 (0 0025
Within-skbofTss . 424 (4205 503 @4 0244
Withins5kbofTss 1043 (04258) 1304 (14 oo
Within+50kbof TS 1461  (aa6080) 4977 @3%)  o0002%
CWithin-sokbofTSs 2520 (@sase) 3398 (97 0000
Within £50 kbof TSS 6982 (69823) 8375  (3)  0000%
Within +5 kb~ +50 kbof TSS 3842 (84231 an76 (65 004"
Within-5kb~-50 kb of TS 2098 (@oo7s1) 2895 (53 0000

2 Different distances to the transcriptional start sites (TSS); ‘+’ — downstream of TSS, ‘-’ — upstream of TSS. * Represented a significant
difference (P<0.05) for the y? test as compared with the reference set. ** Represented a significant difference (P<0.01) for the y? test
as compared to the reference set.

Table 2. Lentiviral vector integration into/near CpG islands.

Integration frequency (%) of

Integration frequency (%) of

Distance tolCrEliaE reference set (n=1,000,000) target set (n=874) Pl
Within CpG islands 0.84 (8384) 0.46 @) 0.217
 Within £(0~5) kb of CpG islands 718 (1763 1178 (03 0000%
 Within £(5-50) kb of CpG islands 353 (3s32) a3 @) 0000
 Within £(50-250) kb of CpG islands 3724 (724280 398 Qo) 0050

** Significantly different at P<0.01 for the x? analysis as compared to the reference set. ‘+’ — downstream of CpG islands,
‘~’ — upstream of CpG islands.

On chromosomes 1, 11, 16, 17, and 20, a significantly high-
er frequency of integration was observed, whereas lower fre-
quencies of integration than that seen in the matched control
were found on chromosomes 2, 4, 5, 13, 21, and X (P<0.05;
Figure 1). The distribution of integration events was not signif-
icantly different among the remaining chromosomes (Figure 1).
Observations indicated that lentiviral vector integration in hu-
man keratinocyte genome favors chromosome 1, 11, 16, 17,
and 20, but not that of chromosome 2, 4, 5, 13, 21, and X.

Distribution of lentiviral vector integration sites within
known genes and near transcription start sites

As shown in Table 1, the percentage of lentiviral vector integra-
tion sites located within markedly exceeded that of simulated
integration sites. Moreover, significantly higher frequencies of
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integration were found within introns. Lentiviral vector inte-
gration displayed a strong preference within 7 different win-
dows (+5 kb, +5 kb, +50 kb, — 50 kb, + 50 kb, + 5~+50 kb,
and —5~-50 kb) of transcription start sites, with a significant-
ly higher frequency (Table 1; P<0.05) than that nominally ex-
pected from random distribution. However, no differences
from the simulated integration sites were found within the
other window (-5 kb) of the transcription start sites (Table 1).
Thus, more accurately, lentiviral vectors preferentially integrate
within introns of genes and at the 5-50 kb upstream region of
transcriptional start sites in the human keratinocyte genome.
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Figure 2. The characteristics of lentiviral vector integration
sites within repetitive elements. The lentiviral vector
integration sites (target set, n=874) were plotted
as the integration frequency in different repetitive
elements, and compared with the matched random
control (reference set, n=1,000,000) using the 2 test.
* Represents a significant difference (P<0.05) for the 2
test as compared to the reference set. ** Represents
the significant difference (P<0.01) for the 2 test as
compared to the reference set.

Distribution of lentiviral vector integration sites with
respect to CpG islands

We found that the proportions of lentiviral vector integrations
located within the 0-5 kb and 5-50 kb upstream/downstream

Table 3. Lentiviral vector integrations to known cancer genes?.
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region of the CpG islands were significantly greater than those
expected for random datasets (Table 2; P<0.01); whereas the
relative frequencies of lentiviral vector integrations were in-
distinguishable from those for random integrations within CpG
islands and the 50-250 kb upstream/downstream region of
CpG islands (Table 2). On the basis of this analysis, lentiviral
vectors exhibit a marked ability to integrate into the 0-50 kb
upstream/downstream region from CpG islands.

Distribution of lentiviral vector integration sites within
repetitive elements

Among the analyzed elements, only the percentage of lentiviral
vector integration sites within the SINEs was significantly high-
er than that observed for the reference set (Figure 2; P<0.05).
Conversely, lentiviral integrants were under-represented in the
LINEs and LTRs, with frequencies that fell below those found
by random integration (Figure 2; P<0.01). Thus, it is evident
that lentiviral vector integration favors the SINEs and do not
favor LINEs and LTRs in the genome of human keratinocytes.

Distribution of lentiviral vector integration sites within
cancer genes and those positioned near their transcription
start sites

As shown in Table 3, 13 direct hits to the cancer genes were
found. The integration frequency within the 50-250 kb up-
stream/downstream region of transcription start sites of
the selected cancer genes was significantly higher than that
found by random distribution. Nevertheless, lentiviral vector

Locus Name Integration Exon/Intron Distance to

type number TSS* (bp)

RUNXBP2 MYST3, MYST histone acetyltransferase 3 Intron 12 -105240
Cmvee Myosin, heavy chain 9, non-muscle ~ Inton x4 ~15425,-91289

;
GRAF ARHGAP26, Rho GTPase activating protein 26 Exon > ~103063; 103053
CFANCC  Fanconi anemia, complementation groupC  Intron g ~176695; +176695
EGRR  Epidermalgrowth factor receptor  lnwon o 83030
BCLII  Bcell CL/ymphoma 118 (inc finger protein) ~ Intron 5 03863
IE U doman ontaiingprefeed varsloator e
APl UMandSH3protein1  mwon s 31265

2 Cancer genes from the Ensembl database (http://www.ensembl.org/index.html); ® Distance of the provirus relative to the tran-
scription start site (TSS) of the cancer gene; and orientation of the provirus relative to the orientation of the cancer gene is also

)

shown (‘+' - forward; and ‘~ — reverse).
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Table 4. The lentiviral vector integration profile within cancer genes and positioned near their transcription start sites (TSS).

Distance to cancer genes or TSS

Integration frequency (%) of

reference set (n=1,000,000)

Integration frequency (%) of
target set (n=874)

Within cancer genes 1.49
 Within £(0-5) kb of TSS of cancer genes 016
 Within £(5-50) kb of TSS of cancer genes 137
 Within £(50~250) kb of TSS of cancer genes 598

(14877) 1.49 (13) 0.999

s o0 © 0240
asee) 137 0987
o799 833 @y 0003

The P value was determined by a y? test compared to the reference set. ** Represents a significant difference (P<0.01) for the x? test

’

as compared to the reference set. ‘+' — downstream of TSS, ‘-

integrants were found at approximately the same frequency as
those identified by randomly generated sites within the oth-
er windows [+(0~5) kb, +(5~50) kb] of transcription start sites
of the cancer genes (Table 4). In summary, we found remark-
able integration preference by lentiviral vectors in the 50-250
kb upstream/downstream region of transcription start sites
of certain cancer-associated genes in our keratinocyte assay.

Discussion

We performed a genome-wide analysis of lentiviral integration
site selection in HaCaT human keratinocytes after prolonged
growth. We found that lentiviral vectors showed integration
site preferences for genes and gene-rich regions.

Our study demonstrates that 49.77% of integration sites re-
sided in genes, which represents a significant departure from
random placement (49.77% vs. 44.61%, P<0.01). However, this
integration frequency was relatively lower than that found
(not less than 50%) in most of the published reports of lenti-
viral vectors [12]. This indicates that the lentiviral vector may
have a reduced genotoxic profile in human keratinocytes af-
ter prolonged growth.

Within known genes, integration was favored in introns over
exons (46.80% vs. 42.12%, P<0.01; 2.97% vs. 2.48%; P>0.05),
which was similar to the results of a previous study [13].
Moreover, the sequences of introns do not represent junk
DNA, but actually play a key role in gene expression and reg-
ulation [14]. Thus, whether the expression of these genes is
disturbed will form the basis of subsequent studies from our
laboratory.

In addition, we chose a conservative window size of 50 kb
upstream and downstream of the transcription start sites for
analysis. The data showed that there was enrichment for len-
tiviral vector integration sites within 5-50 kb upstream of the
transcription start sites (28.95% vs. 20.98%; P<0.01). This was
an unexpected finding. In general, integration was annotated

— upstream of TSS.

as TSS-proximal when it occurred within a distance of +2.5 kb
from the TSS of any known gene, and was considered as in-
tragenic when it occurred within a distance inside a known
gene >2.5 kb from the TSS, and was considered intergenic in
all other cases [15]. Therefore, this distance (5-50 kb from the
upstream region of TSS) may still reside in genes or extend to
intergenic regions. In any case, genes, but not transcription
start sites, are favored targets for lentiviral vector integration
in the human keratinocyte genome.

Our study also shows that the +50 kb region from the CpG is-
lands was favored by the lentiviral vector. For CpG islands, these
regions commonly correspond to gene regulatory regions con-
taining clustered transcription factor binding sites, and many
of them are within 10 kb of the gene [6]. In other words, CpG
islands are more frequent in gene-rich regions. HIV integra-
tion extends from being disfavored at short distances (less
than 1 kb) to being favored at longer distances (more than
10 kb) [6]. It is possible of course, that this distance from the
CpG islands and the 5-50 kb upstream region of transcription
start sites may have also overlapped. Genes are favored tar-
gets for lentiviral vector integration. Thus, it is clear that this
area is a focus of integration. Our integration data also sug-
gested that lentiviral vector integration was strongly favored
in SINEs and disfavored in LINEs and LTRs (gene-dense regions
are rich in SINEs, sparse in LINEs and LTRs [16]), and showed
no preference for cancer-associated genes and their transcrip-
tional start sites. A similar preference for these genomic fea-
tures was previously reported [13,17,18].

Taken together, these findings show some unique integra-
tion features of lentiviral vectors in the human keratinocyte
genome. This means that the details of genetic integration,
transcription start sites, and CpG islands are not fully parallel
with those of other cell types previously reported. The exact
mechanism remains unclear, and additional research is clear-
ly warranted. Many host factors may influence integration site
profiles, such as growth time, cell cycle, and cellular proteins
[6,8,12,19,20]. Cells containing integration sites in genes be-
come less common after prolonged growth, which suggests
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negative selection [8]. Fortunately, in our study, no malignant
clone emerged over the extended culture period, indicating
both negative selection and lack of oncogene activation, rais-
ing the question of further safety. Cell cycle status can deter-
mine lentiviral integration in actively transcribed and develop-
mentally-related genes [19]. To date, LEDGF/p75 is one of the
most intensively researched cellular proteins, which can recruit
the lentiviral pre-integration complex (PIC) to transcriptional
units, thereby promoting integration efficiency and dictating
lentiviral integration site selection [21]. LEDGF/p75 can be trun-
cated by deleting the N-terminal chromatin-reading PWWP-
domain, and replacing this domain with alternative pan-chro-
matin binding peptides. Expression of these LEDGF-hybrids in
LEDGF-depleted cells can result in more randomly distributed
lentiviral integration throughout the host-cell genome [22].
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Conclusions

Our findings offer new data showing the pattern of lentiviral
vector integration in the genome of human keratinocytes. This
work will lay the foundation for further research aimed at de-
termining and then establishing the biosafety of the lentiviral
vector system and in designing a safer lentiviral vector sys-
tem in the context of specific gene therapy for skin diseases.

Conflict of interest

None.

Supplementary Table 1. Primers used for ligation-mediated PCR (LM-PCR) in this study.

Name Sequence (5°-3’)

Msel linker primer

5’LTR nested primer

GTAATACGACTCACTATAGGGC

AGCCAGAGAGCTCCCAGGCTCAGATC
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