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Introduction

Many stem cell research studies require insertion of genes or 
genetic sequences in human pluripotent stem cells (hPSCs) 
in a way that ensures their expression is predictable, reliable 
and sustained over time. Random insertion by retroviral vec-
tors or plasmid transfection usually results in unpredictable 
expression subject to variegation and silencing.1 Bacterial 
artificial chromosome transgenesis can overcome these 
issues in some cases, but it is an inefficient and cumbersome 
process.2,3 Furthermore, the majority of gene therapy applica-
tions currently in the clinic or in advanced preclinical develop-
ment rely on gene addition and, while in situ gene correction 
may prove feasible and practical for some genetic diseases 
in the future, gene addition will always be the approach of 
choice for a number of gene therapy applications.4

With recent advances in technologies for targeted gene 
insertion (gene targeting), it is becoming increasingly feasible 
to introduce a transgene into a predetermined genomic site. 
The advent of CRISPR as a genome-editing tool, in particular, 
dramatically reduced the complexity of gene targeting mak-
ing it more accessible to the wider scientific community. How-
ever, these advances have not been paralleled by advances 
in the identification and validation of appropriate genomic 
sites. Very few sites have so far been explored for their ability 
to accommodate newly introduced transgenes. The adeno-
associated virus site 1 (AAVS1) in chromosome 19 is the 
site most commonly used today for gene insertion. It was 
originally recovered as a natural site of integration of wild-
type AAV in cultured human cell lines5 and gained popularity 

due to, on one hand, its ability to afford robust expression of 
inserted reporter transgenes in various cell types, including 
hPSCs (embryonic stem cells and induced pluripotent stem 
cells (iPSCs)) and, on the other hand, the development of 
efficient commercially available tools for its targeting.6–9 How-
ever, more systematic recent studies have revealed that the 
AAVS1 locus is prone to silencing in some cell lineages.10 
Furthermore, a number of applications require dual trans-
gene or reporter expression or transgene insertion in hPSC 
lines where the AAVS1 locus is already occupied by other 
transgenic sequences, for example by an inducible genome 
editing enzyme.11–13 In the latter example, recently generated 
hPSC lines harboring a doxycycline-inducible Cas9 (iCas9) 
inserted in one allele of the AAVS1 locus (and the reverse 
tetracycline transactivator, in the other allele) could be further 
exploited to mediate high-efficiency CRISPR-Cas9-facilitated 
insertion of a transgene in a genomic locus provided one 
was known and available. Two other candidate loci for gene 
insertion that have been investigated in past studies, the che-
mokine (C-C motif) receptor 5 (CCR5) gene—a coreceptor 
of wild-type HIV-1—and the human ortholog of the mouse 
Rosa26 locus, lack robust expression in most cell types 
including hPSCs and hence have not found use by the sci-
entific community.14–16 A more recently described intergenic 
locus, H11, located on chromosome 22, can support expres-
sion of multiple transgenes in hPSCs and appears to be a 
promising candidate worthy of further evaluation.17 At this 
stage, the identification of additional candidate loci is there-
fore warranted if we were to deliver to the research commu-
nity genomic sites that can support reliable expression and 
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Transgenesis of human pluripotent stem cells (hPSCs) can enable and empower a variety of studies in stem cell research, 
including lineage tracing and functional genetics studies. While in recent years much progress has been made in the 
development of tools for gene targeting, little attention has been given to the identification of sites in the human genome where 
transgenes can be inserted and reliably expressed. In order to find human genomic sites capable of supporting long-term and 
high-level transgene expression in hPSCs, we performed a lentiviral screen in human induced pluripotent stem cells (iPSCs). 
We isolated 40 iPSC clones each harboring a single vector copy and characterized the level of transgene expression afforded 
by each unique integration site. We selected one clone, LiPS-A3 with an integration site in chromosome 15 maintaining robust 
expression without silencing and demonstrate that different transgenes can be inserted therein rapidly and efficiently through 
recombinase-mediated cassette exchange (RMCE). The LiPS-A3 line can greatly facilitate the insertion of reporter and other 
genes in hPSCs. Targeting transgenes in the LiPS-A3S genomic locus can find broad applications in stem cell research and 
possibly cell and gene therapy.
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can be used alternatively or in combination to the AAVS1 
locus.

We previously used lentiviral integration to isolate genomic 
sites in human iPSCs and examine their location with respect 
to known annotated genomic elements with the goal to 

predict their potential for insertional oncogenesis.18–20 How-
ever, in this previous study, we did not assess transgene 
expression across many different sites or the likelihood that 
a given site will afford sufficient expression based on its posi-
tion relative to endogenous genes. Here, we use a lentiviral 

Figure 1  Isolation of iPSC clones with unique lentiviral integrations. (a) Experimental strategy for generation of a cohort of iPSC clones 
with lentiviral integrations enriched in single vector copy integrants. (b) The lentiviral vector TNS9.3/eNG used in this study. The vector carries 
a human phosphoglycerate kinase (hPGK)-driven cassette consisting of the Neomycin resistance gene linked by a P2A peptide to eGFP and 
flanked by a loxP and a lox2272 site in inverted orientation. This exchangeable cassette (eNeo-GFP, eNG) can be exchanged with a donor 
cassette flanked by two loxP and lox2272 sites identical and in the same orientation relative to each other as in the eNG cassette. (c) Scheme of 
sequential selection steps for the derivation of clones thoroughly verified to each contain a single integration in a known genomic site that supports 
transgene expression. (d) Representative Southern blot analysis to ascertain single integrations of the TNS9.3/eNG vector and clonality. Each 
band corresponds to a unique integration site. Genomic DNA was digested with EcoRI. The probe consists of the eGFP sequence and is shown 
in B. Asterisks depict clones with single integrations. MOI, multiplicity of infection; VCN, vector copy number; UT, untransduced.
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screen to analyze the capacity for transgene expression in a 
large number of genomic sites in human iPSCs. We select 
a specific site on chromosome 15 affording robust expres-
sion and establish an iPSC line with a preexisting cassette 
inserted therein for efficient and versatile gene insertion 
through recombinase-mediated cassette exchange (RMCE).

Results
A lentiviral screen of the human genome for sites that 
afford adequate transgene expression
In order to isolate iPSC clones with single vector integrations, 
which could subsequently be “re-used” through RMCE, we 
modified our previously described lentiviral vector TNS9.3/
fNG18, encoding β-globin in an erythroid-specific manner, 
as well as a selection cassette consisting of a neomycin 
resistance gene and eGFP driven by the constitutive human 
phosphoglycerate kinase promoter. In the derivative TNS9.3/
eNG vector we use in this study, the hPCK-eGFP cassette 
was flanked by two heterospecific loxP sites—a wild-type 
loxP and a lox2272 site21—in inverse orientation towards 
each other (Figure 1a,b). This cassette can be exchanged 
by RMCE with a cassette harboring the same configuration 
of two loxP sites, as heterospecific loxP sites cannot recom-
bine with each other but can recombine with homologous 
sites. The placement of the two loxP sites in inverse orien-
tation relative to each other further reduces the probability 
of recombination events between them (which would result 
in cassette excision). We transduced the TNS9.3/eNG vec-
tor into the iPSC line thal5.10-Cre8, derived from a patient 
with β-thalassemia and devoid of permanently integrated 

transgenes.18 After transduction at a range of multiplicity of 
infection, the groups of cells more likely to be enriched in 
single vector copy clones (transduction efficiency 10–30%, 
as assessed by % eGFP+ cells)19 were single-cell subcloned. 
After selection, 202 neomycin-resistant clones were picked. 
Sixty of them were found to be single-copy by quantitative 
polymerase chain reaction (qPCR) (Figure 1c). Of these 40 
were confirmed by Southern blotting to be single clones with 
single vector integrations (Figure 1d), 27 of which could be 
mapped to the genome (Supplementary Table S1).

Dynamics of transgene expression in different genomic 
sites
The 40 single copy clones were grown for 3–4 weeks after 
the end of antibiotic selection to allow sufficient time for 
eGFP expression to reach steady state. Analysis of eGFP 
expression by flow cytometry showed that of the 40 single 
copy clones, 25 were predominantly (more than 50% of cells) 
eGFP+ and 15 were predominantly eGFP- (Supplementary 
Figure S1). We previously proposed criteria for selection of 
“safe harbor” sites.18,20 We analyzed the location of the inte-
gration sites in the 27 mapped clones with respect to the four 
core criteria: (i) Inside a gene transcription unit; (ii) At a dis-
tance of less than 50 kb from a gene 5’ end (transcriptional 
start site); (iii) At a distance of less than 300 kb from a gene 
associated with cancer in humans or model organisms and 
(iv) At a distance of less than 300 kb from a microRNA gene 
(Supplementary Table S1). Two of the 27 clones (clones 
72 and 99) met the four core criteria in agreement with our 
previous estimates regarding the frequency of lentiviral inte-
gration sites genome-wide that are located in “safe harbor” 
sites by these criteria.18 Neither of these expressed eGFP 
at levels detectable by flow cytometry. We thus next asked 
whether sites that can support expression are less likely to 
meet each of the four criteria. By comparing all 40 eGFP+ 
and eGFP- clones against the criteria, we observed that 
sites supporting sustained expression are more likely to 
reside inside transcription units and in proximity to genes, 
including cancer genes (Figure 2). In contrast, sites wherein 
transgenes silence are randomly distributed with regards to 
these criteria. On the other hand, proximity to miRNA genes 
was not predictive of the probability of expression, unlike the 
other three criteria. These results show that transgene inser-
tion sites that support expression—at least those accessible 
to lentiviral integration—are enriched in genomic sites that 
are located inside or in close proximity to endogenous genes.

Rapid and versatile gene exchange by RMCE
We selected clone A3 (hereafter referred to as Lentiviral-iPS-
A3 or LiPS-A3) harboring an integration site in chromosome 
15 (hereafter referred to as LiPS-A3 site, LiPS-A3S), on the 
basis of its sustained eGFP expression over more than 20 
passages and its distance from cancer-related genes  (Figure 
3a, Supplementary Table S1). The LiPS-A3S site is within 
the 3’ UTR region of the DENND4A gene. We did not detect 
any perturbation of expression of the DENND4A gene or of 
any of five other coding genes located within 300 kb on either 
side of the integration site (Figure 3b). In order to test whether 
LiPS-A3S could support expression of different transgenes 

Figure 2 Location and expression of single lentiviral integration 
sites. (a–d) Analysis of single integration sites in 20 eGFP+ and 7 
eGFP- iPSC clones with respect to the four “safe harbor” criteria.
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we used RMCE to exchange the eGFP reporter in the LiPS-
A3 line. As a donor for cassette exchange, we constructed an 
integrase-deficient lentiviral vector (IDLV) carrying a cassette 
consisting of the puromycin resistance and the mCerulean 
genes driven by human phosphoglycerate kinase flanked 
by loxP and lox2272 sites (Figure 4a). This was codelivered 
with a second integrase-deficient lentiviral vector expressing 
Cre recombinase together with mCherry (Supplementary 
Figure S2). After transduction with both vectors at high effi-
ciency (over 85%), and selection with puromycin, 33 resistant 
clones were picked. Seven clones were found to have lost 
the neomycin resistance gene by PCR. Three of these (PC3, 
PC7, PC10) were further tested. They were shown to express 
mCerulean and to have lost eGFP expression (Figure 4c). 
Cassette exchange was further tested and confirmed by 
multiple PCR primer sets (Figure 4b,d) and by Southern 
blotting (Figure 4e). mCerulean expression was maintained 
homogeneously in all cells (Figure 4c). Cre recombinase 
expression or DNA could not be detected by flow cytometry 
or qPCR, respectively (Supplementary  Figure S2d, e). The 
cells maintained all features of pluripotency, expressed plu-
ripotent cell markers and could form teratomas comprising 
tissues of all three embryonic germ layers (Figure 5a,b) and 
were karyotypically normal (Figure 5c).

These results show that the LiPS-A3 line can be used 
to efficiently and rapidly introduce transgenes at a known 
genomic site that can maintain robust and long-term 
expression.

Discussion

The mouse Rosa26 locus, a locus widely used for trans-
genesis in the mouse, was discovered through a retroviral 
gene trap screen.22 Because lentiviral vectors preferentially 
integrate in transcriptionally active genomic sites,23 here we 
used a lentiviral screen to capture genomic sites enriched 
in actively transcribed sites. As expected from this, over half 
of the sites we retrieved (25 out of 40) expressed eGFP 
( Supplementary Table S1 and Supplementary Figure S1). 
The locus control region (LCR) elements (DNase-I-hyper-
sensitive sites) from the beta-globin locus contained in the 
TNS9.3/eNG vector that we used for this screen may have 
further contributed to preserving an open chromatin con-
figuration and active transcription in the neighboring human 
phosphoglycerate kinase-driven reporter gene.24,25 Of the 15 
sites that did not support eGFP expression, approximately 
half were silenced early on, whereas the other half contained 
mostly eGFP+ cells shortly after transduction, but showed 
gradual silencing over several days. These kinetics are con-
sistent with two distinct silencing events, also described by 
others,26 one early and rapid and one late that extinguishes 
transgene expression over a prolonged period of time. In 
some of the clones that showed late gradual silencing, but 
not in others, eGFP+ cells could be sorted or picked under 
a fluorescent microscope and maintained stably expressing 
eGFP thereafter. While lentiviral integrations are enriched in 
transcriptionally active genes, they are at the same time more 

Figure 3 The LiPS-A3S locus. (a) Chromosome ideogram (upper panel) and graphic (lower panel) depicting 300 kb of human genome on 
both sides of the LiPS-A3S site on chromosome 15 (shown as a vertical red line), generated with the University of California, Santa Cruz 
(UCSC) Genome Graphs tool. All UCSC genes whose TSS is located within the 600 kb genomic region illustrated in the graphic are shown. 
Boxes depict exons. Arrows indicate the direction of transcription. (b) Expression levels by qRT-PCR of the 6 coding genes whose TSSs are 
located within the 600 kb genomic region shown in a in the LiPS-A3 clone relative to those in the parental thal5.10-Cre8 iPSC line. Mean and 
SEM of three experiments are shown.
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likely to reside in the vicinity of endogenous genes and hence 
perturb their expression. We previously found that less than 
20% of lentiviral integrations genome-wide meet our core 
“safe harbor” criteria.18 In agreement with this, the present 
set of sites contained 2 out of 27 sites that met the criteria, 
none of which expressed eGFP. Furthermore, we found an 

overall inverse correlation between probability of transgene 
expression and location outside of or far from coding (but 
not noncoding) genes (Figure 2). In other words, genomic 
sites inside or in proximity to coding genes were enriched 
in eGFP+ compared to eGFP-clones. In agreement with our 
previous estimates, our experimental scheme enabled us 

Figure 4 Recombinase-mediated cassette exchange. (a) Scheme of the RMCE approach. The cassette flanked by two heterospecific loxP 
sites in the vector already inserted in the LiPS-A3S locus (hPGK-Neo-eGFP) can be exchanged with a compatible donor cassette (hPGK-
Puro-mCerulean) containing the same configuration of loxP sites in the presence of Cre recombinase. In this study, both the Cre recombinase 
and the donor cassette were delivered by integrase-deficient lentiviral vectors (see also Supplementary Figure S2). (b) Scheme of the 
cassette inserted in the LiPS-A3S locus before and after RMCE. (c) Confirmation of cassette exchange by flow cytometric evaluation of eGFP 
and mCerulean. (d) PCR for confirmation of successful exchange by RMCE in 3 clones of the LiPS-A3 line (PC3, PC7, PC10) with primers 
shown in b. (e) Southern blot for further verification of cassette exchange in the 3 clones and the maternal line after XbaI digestion with a Neo 
and a Puro probe as indicated. The scheme of the locus with the position of the XbaI restriction sites is shown in b.

5′ LTR hPGK Neo-P2A-eGFP3′ LTR

hPGK Puro-P2A-mCerulean

8 kb

Xbal Xbal

Neo probe

hPGK Neo eGFP

hPGK Puro

RMCE-PC3

100

eGFP Cerulean

80

60

%
 o

f M
ax

40

20

0

100

80

60

%
 o

f M
ax

40

20

0
0 102 103 104 105 0 102 103 104 105

RMCE-PC7
RMCE-PC10
Before RMCE

RM
CE-P

C3

RM
CE-P

C7

RM
CE-P

C10

Befo
re

 R
M

CE

RM
CE-P

C3

RM
CE-P

C7

RM
CE-P

C10

Befo
re

 R
M

CE

RM
CE-P

C3

RM
CE-P

C7

RM
CE-P

C10

Befo
re

 R
M

CE

Cerulean

+ Cre

IoxP Iox2272

IoxP Iox2272

Puro probe

a

b

c

d e



Molecular Therapy—Nucleic Acids

LiPS-A3S, a human genomic site for robust expression of inserted transgenes
Kotini et al.

6

to retrieve approximately 1 transgene-expressing clone for 
which clonality, single integration and the location of the lat-
ter in the genome could be thoroughly established for every 
10 clones initially picked (20 out of 202 in the current study, 
Figure 1c).18,19

The process of RMCE provides the possibility of deriving a 
variety of iPSC lines expressing transgenes of choice from a 
single well-characterized paternal line.27,28

Although transgene expression in differentiated cells of 
various lineages needs to be further tested, the LiPS-A3 line 
described here can potentially be of use in a broad range of 
applications. These include constitutive or inducible knock-
down or overexpression of genes for functional genetics 
studies, ectopic expression of genes for reprogramming or 
lineage conversion, insertion of reporters for lineage tracing 
studies and introduction of therapeutic transgenes for pre-
clinical gene therapy studies.6,29,30 RMCE multiplexing using 
different recombination systems (Cre/loxP and Flp/FRT) can 
further enable more complex serial RMCE-based modifica-
tions at the LiPS-A3S locus.12,31 RMCE is at least as easy and 
user-accessible as endonuclease-based gene targeting, as it 
only requires expression of Cre recombinase and construc-
tion of a compatible donor, similarly to the requirement for 
expression of the nuclease and delivery of a donor DNA in a 
nuclease-based approach. A potential advantage of RMCE 

over gene targeting mediated by site-specific nucleases is 
that off-target effects can be avoided and the need to test for 
them is eliminated.

The broader impact of this work lies in the identification 
of a genomic site—the LiPS-A3S locus on chromosome 
15—for reliable transgene expression. With gene targeting 
tools becoming increasingly accessible to the wider scientific 
community the need for predetermined sites that can support 
reliable transgene expression is becoming an urgent need.32 
To the best of our knowledge, this is the only genomic site 
other than AAVS1 that has been shown to support robust 
and long-term expression of multiple transgenes in hPSCs. 
The future development of genome editing tools specific 
for this site could expand the applications and facilitate the 
generation of hPSC lines with multiple reporters. These may 
include any type of site-specific endonuclease: zinc-finger 
nucleases,33 meganucleases,34 transcription activator-like 
effector nucleases35 or the CRISPR-Cas9 system.36,37 Trans-
gene expression afforded by the LiPS-A3S locus in multiple 
lineages, cell types, and developmental stages can easily be 
assessed using the existing LiPS-A3 line with in vitro differ-
entiation and/or teratoma formation assays.

Finally, while this site does not meet our previously pro-
posed “safe harbor” criteria, it is far from known cancer 
genes and its safety features, including the dysregulation of 

Figure 5 The LiPS-A3 line is pluripotent and forms trilineage teratomas. (a) Flow cytometry of pluripotency markers Tra-1–81, Tra-1–60, 
SSEA3 and SSEA4 in the LiPS-A3 RMCE-PC3 line. (b) Hematoxylin-eosin staining of a representative teratoma derived from the LiPS-A3 
RMCE-PC3 line showing differentiation into tissues of all embryonic germ layers. (c) G-band karyotyping of the LiPS-A3 RMCE-PC3 line.

1

100

80

60

40

%
 o

f M
ax

20

100

Tra-1-81

101 102 103 104
0

100
Unstained

RMCE-PC3

hES H1

80

60

40

20

100 101 102 103 104
0

100

80

60

40

20

100 101 102 103 104
0

100

80

60

40

20

100 101 102 103 104
0

6

13

19 20 21 22 X Y

14 15 16 17 18

7 8 9 10 11 12

2 3 4 5

%
 o

f M
ax

Tra-1-81

%
 o

f M
ax

SSEA4

%
 o

f M
ax

SSEA3

Glandular epithelium

E
nd

od
er

m

M
es

od
er

m

E
ct

od
er

m
Cartilage Neuroglial tissue

a

b



www.moleculartherapy.org/mtna

LiPS-A3S, a human genomic site for robust expression of inserted transgenes
Kotini et al.

7

endogenous genes in the neighborhood of the site by inte-
grated transgenes, can be tested in the future. Its evaluation 
as a candidate “safe harbor” site may open possibilities for its 
use in human cell and gene therapy relying on gene addition. 
While we did not find evidence for perturbation of expression 
of nearby endogenous genes by our vector integrated in the 
LiPSC-A3S site, this would also need to be tested in diverse 
differentiated cell types. Also, integration of diverse expres-
sion cassettes with different constitutive or tissue-specific 
promoters and regulatory elements can impact the expres-
sion of transgenes from this site, as well as the interaction 
of the integrated cassette with neighboring genetic elements 
and will thus need to be tested on a case-by-case basis.

In conclusion, we report here a human iPSC line with a 
preinserted cassette that can easily be exchanged with any 
transgene of choice by RMCE, obviating the need to test 
for off-target effects, as well as a new locus of the human 
genome that can support reliable transgene expression. 
These new tools can facilitate the transgenesis of hPSCs and 
their differentiated progeny.

Materials and Methods

Cell culture. The thal-iPSC line thal-5-10-Cre8 has previously 
been described.18 Human iPSCs were cultured on a feeder 
layer of mitomycin C-treated mouse embryonic fibroblasts (Glo-
balStem, Rockville, MD) or in feeder-free conditions and pas-
saged with dispase or accutase as previously described.18,38,39

Lentiviral vector construction and production. The TNS9.3/
eNG vector was derived from TNS9.3/fNG18 by substitut-
ing the 3’ loxP site with a lox2272 site in inverse orientation 
relative to the loxP site. Lentiviral vector packaging was per-
formed by triple co-transfection of the plasmid DNA encoding 
the vector, pUCMD.G and pCMVΔR8.91 into 293T cells, as 
described.18,19 For packaging of the integrase-deficient len-
tiviral vector encoding the Cre recombinase, pCMVΔR8.91 
was replaced by pCMVΔR8.91N/N.

Flow cytometry. Undifferentiated iPSCs were dissociated 
with accutase, and stained with Alexa Fluor 647-conjugated 
anti-Tra-1–81 or anti-Tra-1–60 or anti-SSEA3 or anti-SSEA4 
(BD Biosciences, San Jose, CA). Data were acquired in a 
LSRII cytometer (BD Biosciences) and analyzed with the 
FlowJo software (Tree Star, Ashland, OR).

Teratoma formation assay. For teratoma formation assays, 
iPSCs were suspended in hES medium containing 10 μmol/l 
of the Rho-associated kinase (Rock) inhibitor Y-27632 (Tocris, 
Bristol, UK). Approximately 2 million cells were injected intra-
muscularly into NOD-SCID IL2Rg-null (NSG) mice (Jackson 
Laboratory, Bar Harbor, ME). Five to six weeks later, the 
tumors were surgically dissected and fixed in 4% formalde-
hyde. Cryosectioned samples were stained with hematoxylin 
and eosin for histological analysis. All animal experiments 
were conducted in accordance with protocols approved by 
the University of Washington Institutional Animal Care and 
Use Committee and following National Institutes of Health 
guidelines for animal welfare.

Transduction of iPSCs and screening of colonies. Transduc-
tion of iPSCs and screening of colonies was performed as 
described previously.18,19 Forty-eight hours after transduction, 
the cells were harvested with accutase and vigorously tritu-
rated into single cells. An aliquot of the cells was used for anal-
ysis of eGFP expression by flow cytometry. Transduced cells 
with gene transfer <30% (as estimated by the percentage of 
eGFP+ cells) were replated at a density of 1,500 cells/cm2 on a 
layer of Neo-resistant mitomycin C–treated mouse embryonic 
fibroblasts (GlobalStem). G418 (Invitrogen, Carlsbad, CA) was 
added at a concentration of 12.5 μg/ml between days 5 and 
9 after transduction. Approximately 20 days post-transduction, 
Neo-resistant colonies were manually picked and replated into 
six-well dishes on mitomycin C-treated mouse embryonic fibro-
blasts. One week later, ~100–200 cells from each clone were 
manually picked and lysed as described.19 Measurement of 
vector copy number was performed with multiplex qPCR using 
a standard curve, as described.18 For Southern blot analysis, 
5–10 μg of genomic DNA was digested with EcoRI and a radio-
labeled fragment spanning the eGFP coding region was used 
as probe, as described.19

Integration site analysis. TNS9.3/eNG vector integration sites 
in single-copy clones were mapped by inverse PCR (iPCR), 
as described.19 Integration sites were judged to be authen-
tic if the sequences were adjacent to vector LTR ends and 
had a unique hit when aligned to the draft human genome 
(University of California Santa Cruz, UCSC hg19). Genomic 
annotations were also obtained from UCSC hg19 Genome 
Browser and mapped against the integration sites. The inte-
gration sites of clones A3, A29, 72 and 99 were confirmed 
by integration-specific PCR using an LTR universal forward 
primer and reverse primers corresponding to the specific 
genomic sequence adjacent to the vector integration.

Gene expression analysis by qRT-PCR. RNA was isolated 
with Trizol (Life Technologies, Carlsbad, CA). Reverse tran-
scription was performed with Superscript III (Life Technolo-
gies) and qPCR was performed with the SsoFast EvaGreen 
Supermix (Bio-Rad, Hercules, CA) using primers DPP8-F: 
GCT TGG TCC ATC CTA CTA GAT CG, DPP8-R: TAG TGG 
CGT CAC AGA ATC AGG, PTPLAD1-F: CTT AGA CCT TGT 
GAA ACC AGA G, PTPLAD1-R: CTG CTT TGT GAG TCT 
CTC CCA, VWA9-F: CTG CTT TGT GAG TCT CTC CCA, 
VWA9-R: GTT GAT TTT GAG TGG CTA GGG, SLSC24A1-
F: TCA AGG GAG ATC AGA AGG AGA AT, SLSC24A1-R: 
GCG TGG ATT TCA CCC TCA TCT T, DENND4A-F: CCA 
CAC ACG TTC TGC AAA GTC, DENND4A-R: AGG AAC 
AGA TTC CGG TAG TGA, RAB11A-F: CAA CAA GAA GCA 
TCC AGG TTG A, RAB11A-R: GCA CCT ACA GCT CCA 
CGA TAA T, ACTIN-F: TGA AGT GTG ACG TGG ACA TC, 
ACTIN-R: GGA GGA GCA ATG ATC TTG AT. Reactions were 
carried out in triplicate in a 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems, Foster city, CA).

RMCE. The donor pLM-ePC vector was derived from vector 
pLM-mCerulean-P2A-cMYC38 after replacing the cMYC cDNA 
with the Puromycin resistance gene and inserting loxP sites. 
The vector was packaged as an integrase-deficient  lentiviral 
vector, as described above. For Southern blot analyses,  
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5–10 μg of genomic DNA was digested with XbaI. Two radiola-
beled fragments corresponding to the Neomycin resistance and 
the Puromycin resistance gene sequences were used as probes.

Cre recombinase detection. For mCherry detection, cells 
were assayed on a BD Fortessa and data were analyzed 
with FlowJo software (Tree Star). For qPCR, gDNA was iso-
lated with the DNeasy Blood and Tissue kit (Qiagen, Hilden, 
Germany). qPCR was performed with the SsoFast EvaGreen 
Supermix (Bio-Rad) using primers Cre-F: TTA CGG CGC 
TAA GGA TGA CT and Cre-R: TGC ATG ATC TCC GGT ATT 
GA. Reactions were carried out in triplicate in a 7500 Fast 
Real-Time PCR System (Applied Biosystems).

Supplementary material

Figure S1. Transgene expression in single vector copy clones.
Figure S2. IDLV delivery of the Cre recombinase and the 
donor DNA.
Table S1. Integration sites mapped in single vector-copy clones.
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