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SUMMARY
Stable genomic integration of exogenous transgenes is essential in neurodevelopmental and stem cell
studies. Despite tools driving increasingly efficient genomic insertion with DNA vectors, transgenesis re-
mains fundamentally hindered by the impossibility of distinguishing integrated from episomal transgenes.
Here, we introduce an integration-coupled On genetic switch, iOn, which triggers gene expression upon
incorporation into the host genome through transposition, thus enabling rapid and accurate identification
of integration events following transfection with naked plasmids. In vitro, iOn permits rapid drug-free stable
transgenesis of mouse and human pluripotent stem cells with multiple vectors. In vivo, we demonstrate faith-
ful cell lineage tracing, assessment of regulatory elements, and mosaic analysis of gene function in somatic
transgenesis experiments that reveal neural progenitor potentialities and interaction. These results establish
iOn as a universally applicable strategy to accelerate and simplify genetic engineering in cultured systems
and model organisms by conditioning transgene activation to genomic integration.
INTRODUCTION

Gene transfer approaches enabling stable genomic insertion and

expression of exogenous transgenes in host cells or organisms

are central in biology. Constant progress in integrative vector

systems facilitate their implementation for a growing range of

purposes, such as investigation of gene function and regulation

(Akhtar et al., 2013), genetic screens (Doench, 2018), stem cell

study and engineering (Tewary et al., 2018), cell-based therapies

(Hirsch et al., 2017), and emerging synthetic biology applications

(Black et al., 2017; Ebrahimkhani and Ebisuya, 2019).

Neurobiology is one of the fields most profoundly impacted by

these approaches. In cultured systems, additive transgenesis is

widely used to derive cells homogenously expressing one or

more genes of interest, a process instrumental to direct pluripo-

tent stem cells toward specific neuronal lineages, decipher the

mechanisms of their differentiation, and harness these cells to

model neural pathologies (e.g., Kondo et al., 2017; Nehme

et al., 2018; Yang et al., 2017). In vivo, somatic transgenesis ap-

proaches targeting neural progenitors have acquired major
Neuron 107, 1–14,
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importance in neurodevelopmental studies by enabling the

expression of lineage markers or experimental manipulation of

gene function over the long-term (Cepko, 1988; Woodworth

et al., 2017) without resorting to time-consuming germline

modifications.

Since spontaneous integration occurs only at an extremely low

rate, tools driving efficient genomic transgene insertion are

essential to reach acceptable throughput in the above applica-

tions and implement more complex schemes involving multiple

transgenes. Vectors adapted from genome-integrating RNA-

based viruses have long been employed for this purpose. In

particular, retroviruses capable of transducing dividing cells

have been at the basis of seminal studies identifying the neuronal

and glial output of embryonic neural progenitors with marker

genes or sequence-based barcodes (e.g., Noctor et al., 2001;

Price et al., 1987; Yu et al., 2012). However, viral vector produc-

tion is burdensome, and their cargo capacity is inherently limited.

Fast and convenient to assemble, store, and handle, DNA vec-

tors have become the tool of choice in many gene transfer appli-

cations, thanks to the emergence of transposases and
August 19, 2020 ª 2020 The Authors. Published by Elsevier Inc. 1
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programmable endonucleases that drive random or site-specific

integration, respectively (Ivics et al., 2009; Mikuni et al., 2016;

Suzuki et al., 2016). Transposases provide the highest efficiency

of integration, a process that they directly mediate, whereas en-

donucleases only indirectly stimulate transgene insertion

through the host repair machinery upon target locus cleavage,

with potential detrimental side effects (Haapaniemi et al.,

2018). Transposon-based systems achieve high rates of integra-

tion with >1-kb-long sequences, can handle cargos up to 100 kb

(Jung et al., 2016; Li et al., 2011), and are thus ideal for

demanding applications requiring integration of one or multiple

large transgenes comprised of a promoter and gene of interest

(GOI). Beyond stable cell transfection in cultured systems, they

advantageously replace transgenic animal lines in a growing

number of in vivo applications, including fate mapping (Chen

and LoTurco, 2012), multiplexed clonal analysis with combinato-

rial labels (Figueres-Oñate et al., 2016; Garcı́a-Moreno et al.,

2014; Loulier et al., 2014), assessment of gene function (Landr-

ette and Xu, 2011; Serralbo et al., 2013), or direct screening of

genes involved in developmental processes (Lu et al., 2018).

Integrative DNA vectors can be delivered in cultured cells by a

number of transfection agents, and in vertebrate animal models,

the location of neural progenitors along the lumen of the neural

tube makes them accessible to electroporation-based ap-

proaches that yield strong expression in their neuronal and glial

descendants. Alternatively, adeno-associated viruses (AAVs)

offer a convenient way to directly introduce donor DNA in mature

neurons for Cas9- or transposase-mediated genomic integration

(Cammack et al., 2019; Gao et al., 2019; Nishiyama et al., 2017).

While molecular tools facilitating genomic integration have

been the focus of considerable efforts, the design of transgenes

carried by integrative DNA vectors has essentially remained the

same since the beginning of the genetic engineering era; it sim-

ply follows the arrangement of endogenous transcriptional units

where the GOI is positioned downstream of its promoter and is

thus constitutively expressed by episomal vectors prior to inte-

gration. Consequently, genome-integration events cannot be

distinguished from residual episomal transgenes. This is a major

problem that universally affects stable transgenesis procedures

with DNA vectors, making them considerably more complex

than transient approaches. In cultured cells, week-long delays

are required to eliminate episomes, usually in the presence of

drugs and with inherent risks of genetic or epigenetic drift (Liang

and Zhang, 2013; Merkle et al., 2017). In vivo, transient episomes

confound the interpretation of somatic transgenesis experi-

ments, as they can act on a progenitor while being absent in

its descendants due to dilution by cell division. Thus, expression

from integrated markers may not accurately reflect the past his-

tory of transgene expression in a cell. This essentially precludes

the development of reliable functional mosaic analysis schemes

based on exogenous DNA vectors applicable to probe cell-

autonomous versus non-autonomous aspects of gene function

over the long-term, until now involving complex genetic schemes

and the establishment of transgenic animal lines (Pontes-Quero

et al., 2017; Zong et al., 2005). Episomesmay also cause leakage

from cell-type-specific promoters and regulatory sequences (In-

oue et al., 2017), preventing the development of somatic inter-

sectional schemes based on Cre/lox recombination that offer
2 Neuron 107, 1–14, August 19, 2020
the same reliability as transgenic animal lines. Moreover,

in vitro as well as in vivo, integrative schemes aimed at assessing

gene function are critically impeded by the burst of episomal

expression that follows transfection, which may have harmful ef-

fects on cell behavior, identity, and viability (Batard et al., 2001).

To bypass the limitations of stable transfection mentioned

above, there is a need for an approach through which large trans-

genes can be efficiently incorporated in the host genome and

distinguished fromepisomaldonor vectors.Thiscouldbeachieved

if transgene expression was suppressed in episomes and only

switchedonupon genomic integration. However, existing systems

to control gene expression, such as those based on site-specific

recombination (Dymecki and Kim, 2007), do not enable this.

Here, we introduce an integration-coupled On (iOn) gene

expression switch through which genomic insertion of an initially

silent transgene is accompanied by a rearrangement that trig-

gers its expression. We present several implementations of this

concept that efficiently couple transcriptional or translational

gene activation to genomic integration. We demonstrate its ad-

vantages for highly efficient establishment of stable mouse and

human pluripotent stem cell lines expressingmultiple transgenes

in vitro. In vivo, somatic transfection with iOn-based vectors con-

stitutes a powerful alternative to additive transgenesis to drive

constitutive or conditional expression of reporters and effectors.

We applied this approach for lineage and functional mosaic an-

alyses in chick embryos that enabled us to determine the clonal

output of genetically defined progenitor subtypes in the devel-

oping retina and to uncover a homeostatic control of neurogen-

esis in the embryonic neural tube. These results establish iOn as

an efficient strategy for direct readout of transgenesis that accel-

erates and facilitates genetic manipulations in neurodevelop-

mental and neural stem cell studies and is also applicable to

virtually any cell type or species.

RESULTS

Design and Validation of an Integration-Coupled Gene
Expression Switch
To create the iOn switch (Figure 1), we took advantage of the pig-

gyBac transposition system (Fraser et al., 1996), currently one of

themost efficient tool for genomic integration of exogenous DNA

(Ding et al., 2005), characterized by its very large cargo capacity

(Jung et al., 2016; Li et al., 2011) and precise cut-and-paste

mechanism mediating traceless transposon excision. In classic

transposon vectors (Figure 1A, left), the transgene, framed by

two antiparallel-oriented terminal repeats (TRs) recognized by

the piggyBac transposase, is readily active prior to excision

from the donor plasmid. We reasoned that placing the TRs in

parallel rather than antiparallel orientation would create a situa-

tion in which transposase-mediated insertion in the host genome

is accompanied by a rearrangement exploitable to trigger gene

expression (Figure 1A, right).

We first designed transcriptional versions of iOn switch in

which a promoter (Prom) and GOI, initially placed in opposite

orientation, are reunited in a functional configuration by transpo-

sition (Figure 1A, right, and Figures S1A–S1D). We hereafter

denote this transgene arrangement iOnPromNGOI by opposition

to a classic transposon driving constitutive expression noted
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Figure 1. Principle and Validation of the iOn Switch

(A) Principle of gene transfer with a classic transposon (left) and iOn vector (right). While the former allows GOI expression from episomes, that from iOn vector is

conditioned by transposase action that reunites the promoter (Prom) and GOI. Orange arrows: 50 and 30, transposon TRs; pA, transcription terminators; TTAA, PB

transposition footprint.

(B) Validation in HEK293 cells 3 days after transfection with a classic transposon (PBCAG::RFP, left) and iOn vector (right). Top: epifluorescence images. Bottom:

representative cytometry plots from cells transfected with PB/iOn vectors (red) versus control cells (gray).

(C) Time-course analysis of RFP expression with episomal, classic transposon, and iOn vectors. Values and error bars represent the mean and SEM of four

replicates.

(D) Localization of a membrane-GFP (GFP-Kras) expressed from a classic transposon (left) or iOn vector (right) 3 days after transfection in HEK293 cells. This

vector was designed with the translational LiOn switch presented in Figure 2.

(E) Clones established by sorting iOnCAGNRFP-transfected cells display the sequence expected for precise junction between the promoter and GOI.

(F) Cells sorted based on iOnCAGNRFP expression yield a high proportion of RFP-positive clones compared to PBCAG::RFP. Values and error bars represent the

mean and SEM of three separate experiments. 1,078, 620, and 504 clones were assessed for PBCAG::RFP transfection without and with PBase and iOn

CAGNRFP, respectively (p < 0.0001 with c2 test).

See also Figures S1 and S2.
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PBProm::GOI. We tested different iOn vector designs using the

broadly active CAG promoter and a red fluorescent protein

(RFP) as GOI, which we assayed by transfection in HEK293 cells

in presence or absence of piggyBac transposase (PBase) (Fig-

ures S1A–S1D). 3 days after transfection, PBase-dependent

RFP expression was observed with all tested constructs, vali-

dating the iOn switch concept. We selected the transgene

design with highest signal to noise ratio (Figure S1C). This

construct, hereafter termed iOnCAGNRFP, yielded efficient

RFP expression with very low background transcription in

absence of PBase (0.4%; Figure 1B, right).
Time-course experiments comparing the iOn vector with

classic piggyBac-based and nonintegrative plasmids showed

that the iOn switch achieves long-term GOI expression without

the transient expression burst associated with vectors active in

episomal form (Figure 1C). Instead, GOI expression gradually

builds up, plateaus within a few days and remains in a narrower

range compared to a classic transposon (Figures 1C, S1E, and

S1F), a feature of high interest to reduce variability and improve

protein localization in transfection assays. Indeed, in HEK293

cells transfected with an iOn vector expressing a farnesylated

GFP (GFP-Kras), near-uniform membrane expression staining
Neuron 107, 1–14, August 19, 2020 3
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was observed 3 days after transfection, while signal from a

classic transposon showed frequent clustering and overflowing

of GFP from the membrane compartment (Figure 1D). Impor-

tantly, short- and long-term viability with iOn vectors were com-

parable to that of classic transposons (Figures S1G and S1H),

and the switch was active in all cells tested, including HeLa

and 3T3 (Figure S1I) as well as human and mouse pluripotent

stem cells (see below).

To confirm that the iOn switch functions as expected, we per-

formed the following tests. First, we verified that both TRs were

necessary to power the switch using truncated iOn

CAGNRFP vectors lacking either the 50 or 30 piggyBac TR. As

expected (Wang et al., 2014), transfection of these single-TR

plasmids in HEK293 cells yielded only barely detectable fluores-

cence in very rare cells (Figure S2A). Second, to separately

monitor each of the two vector ‘‘arms,’’ we designed an iOn

plasmid bearing two distinct fluorescent protein (FP)markers up-

stream of each PB TR. 7 days after transfection, co-expression

of these markers was observed in a vast majority of labeled cells

(94% ± 3% SEM), indicating near-systematic co-integration of

the two arms upon transposase action (Figure S2B). Finally, to

verify whether the switch drives the predicted transgene rear-

rangement, we derived clones from individual fluorescent cells

transfected with iOnCAGNRFP in which we sequenced the junc-

tion between the promoter and GOI; all sequences demon-

strated reunion of the two transgene elements with base-pair

precision (Figure 1E; n = 6).

The latter approach also enabled us to compare the perfor-

mance of iOn versus classic transposons for stable cell line

establishment. Analysis of >500 clones showed that 95.78%

(±0.73% SEM) remained RFP positive 10 days after sorting, indi-

cating highly efficient integration of the transgene in the genome

of founder cells and long-term maintenance of its expression

(Figure 1F). Indeed, analysis of the few RFP-negative clones

among 440 clones demonstrated that they had lost and not

silenced the transgene (Figure S2C). By contrast, a classic
PBCAG::RFP vector yielded only 55.18% (±5.07% SEM) of

RFP-positive clones (Figure 1F). Similar to HEK cells, fluores-

cence-based clonal selection of mouse embryonic stem cells

(ESCs) with the above GFP-Kras-expressing iOn vector demon-

strated a high enrichment in integrative events compared to a

classic transposon (Figure S2D). Thus, the dependence of the

iOn switch on transposition enables efficient coupling of trans-

gene activation and genomic integration.

Together, these results establish iOn as a tool for highly effec-

tive drug-free transgenesis through which genomic expression

of GOIs can be assessed directly after transfection, without inter-

fering episomal expression.

Improved Versions of iOn Vectors
Vectors based on the transcriptional version of the iOn switch,

presented above, suppress most activity from episomes and

shall suffice in a majority of uses, such as stable cell line estab-

lishment or assessment of gene function. In anticipation of highly

sensitive applications, we nevertheless explored ways to

achieve even tighter control of gene expression.

First, we sought to abolish the faint episomal leakiness

observed with transcriptionally activated iOn vectors. Transcrip-
4 Neuron 107, 1–14, August 19, 2020
tional background is a general problem with non-chromosomal

DNA (Inoue et al., 2017), whether due to cryptic promoter activity

or unavoidable ‘‘pervasive’’ transcription (Clark et al., 2011). To

bypass this issue, we designed a leak-proof iOn (LiOn) switch

in which both transcription and translation are blocked in

absence of transposase (Figures 2A and 2B). In LiOn, the GOI

open reading frame (ORF) is initially interrupted after the transla-

tional start and reconstituted upon PBase action, the piggyBac

excision footprint (TTAA) being incorporated at a silent or neutral

position (Figure 2A). A plasmid based on this design (hereafter

denoted LiOnPromNGOI) showed undetectable leakiness in

absence of transposase (Figure 2B) and provided similar

PBase-dependent expression compared to the transcriptional

iOn, with the same reduced variability and low toxicity (Figures

S1F and S1G).

Second, we sought to suppress any unwanted episomal acti-

vation of iOn vectors that may happen through self- (a.k.a. ‘‘sui-

cidal’’) integration, shown in previous work to occur at low fre-

quency with classic transposon vectors (Wang et al., 2014). To

avoid this effect, we synthesized a modified LiOn vector with

punctual substitutions in all 34 PBase target sequences (TTAA)

present in the backbone, promoter, and polyadenylation signals

(Figure 2C), which we used to express RFP. In HEK293 cells,

expression from this TTAA-less LiOn vector (denoted LiOn*

CAGNRFP) in presence of PBase was comparable to that ob-

tained with the non-edited LiOn version (Figure 2C, bottom). To

evaluate the activation of the switch in nonintegrated plasmids,

we then purified episomes from the transfected HEK cells, which

we transformed in competent bacteria. While PCR tests per-

formed on the resulting bacterial colonies revealed a low fraction

(<5%) of activated episomes in cells transfectedwith the unmod-

ified LiOn vector, activated plasmids were not observed with the

TTAA-less LiOn plasmid (n = 130 colonies; Figure 2D). Further

qPCR tests performed on the episomal fraction recovered from

HEK cells also demonstrated a significant reduction of activated

episomes with the TTAA-less strategy (Figure S3).

Thus, in cases requiring very tight transgene control, both the

low PBase-independent transcriptional leakiness of iOn vectors

and their rare PBase-dependent episomal activation can be effi-

ciently controlled through the LiOn and TTAA-less iOn strategies,

respectively.

High-Efficiency Multiplexed Stable Transfection with
iOn Vectors
Having validated the iOn switch and its improved implementa-

tions, we next sought to extend its range of applications in

cultured cells (Figure 3). Stable transfection with multiple inde-

pendent transgenes is challenging with standard DNA vectors

due to false positives resulting from episomal expression and

the difficulty of combining orthogonal drug selection systems.

The high enrichment for integrative events achieved with iOn by-

passes these issues.

To simultaneously identify multiple integration events, we

created LiOn vectors expressing green and near-infrared FPs,

forming a trichromatic set together with the abovementioned
LiOnCAGNRFP (Figures 3A, S4A, and S4B). Co-transfection of

standard amounts of the three vectors in HEK293 cells resulted

in varied FP combinations, revealing expression from multiple
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Figure 2. Improvement of the iOn Switch

(A) Principle of the leak-proof translational iOn (LiOn) switch. In episomes, the GOI is split in 50 and 30 portions that are reunited upon transposition with incor-

poration of the TTAA footprint at a silent position. Orange arrows: 50 and 30, transposon TRs; pA, transcription terminators.

(B) Validation of the LiOn switch. Top: epifluorescence views of HEK293 cells 3 days after transfection with a LiOnCAGNRFP vector in presence and absence of

PBase. Bottom: representative cytometry plots from cells transfected with the LiOn vector (red) versus control cells (gray).

(C) Design and validation of a ‘‘TTAA-less’’ LiOn vector (LiOn*CAGNRFP) devoid of PBase target sequences. Top: maps of the original LiOn vector (left) and
LiOn*CAGNRFP plasmid (right) in which all TTAA sequences have been mutated (except in the two TRs). Bottom: control and mutated vectors show similar RFP

expression 3 days after transfection in HEK293 cells.

(D) Assessment of episomal activation of the LiOnCAGNRFP and LiOn*CAGNRFP vectors. Episomes purified from HEK cells 3 days after transfection were

transformed in competent bacteria. PCR tests on 130 colonies grown from the TTAA-less LiOn vector did not reveal any activated episomes.

See also Figure S3.
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transgenes in a large fraction of cells (Figure 3A). Furthermore,

the color palette expressed by the cells provided a way to quan-

tify active transgene copy number, as done in former work

(Kobiler et al., 2010; Figure S4C). Using this approach, we found

that adjusting vector concentration enabled to fine tune this

number from approximately one to seven transgene copies per

labeled cell (Figures 3B and S4C; see STAR Methods).

We then applied the three-color LiOn vectors to establish sta-

ble cell lines bearing distinct transgenes. Strikingly, sorting and
expansion of triple-fluorescent cells yielded a vast majority

(80%) of clones co-expressing all three FPs 10 days after sorting

(Figures 3C, S4D, and S4E) compared to only ~20% when using

classic transposons, demonstrating the superior efficiency of

iOn-based multiplexed transgenesis. In human induced

pluripotent stem cells (iPSCs), clones co-expressing all three
LiOnCAGNFP vectors similarly maintained their expression at

near-homogeneous levels over multiple passages (Figure 3D).

The three-color LiOn transgenes also drove long-term
Neuron 107, 1–14, August 19, 2020 5
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Figure 3. Highly Efficient Multiplexed Stable Transfection with iOn Vectors

(A) 3 days after co-transfection in HEK293 cells of three LiOn plasmids expressing distinct FPs (EGFP, mRFP1, or IRFP670, 100 ng each, respectively coded as

green, red, and blue), PBase-dependent expression is observed at similar levels for all markers.

(B) Dose dependence of expressed transgenes copy number. Co-transfection of 1 ng, 10 ng, and 100 ng of the three LiOnCAGNFP plasmids results in increasingly

complex colors that reveal activity of 1.1-6.9 transgene copies. Ternary graphs show RGB values from individual labeled cells. See also Figure S4C for transgene

copy number estimation.

(C) Cell sorting of triple-labeled cells 2 days after transfectionwith the LiOn vectors yields amajority of clones co-expressing the three FPs, but only aminority with

classic transposons (mean and SEM of three separate experiments; 158, 104, and 87 clones were assessed for each condition). c2 test indicated significant

differences among the three situations (p < 0.0001).

(D) Example of a human iPSC colony derived from cells co-transfected with the three-color LiOnCAGNFP vectors, grown 45 days. All cells co-express the

three FPs.

(E) Co-transfection of the three-color LiOnCAGNFP vectors during human iPSC neuronal differentiation yields varied FP combinations reflecting their clonal

organization. Inset: LiOnCAGNRFP expression in iPSCs immunostained with the neuronal marker Tuj1 (green).

See also Figure S4.
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Figure 4. Cell Lineage Tracing and Conditional Expression by Additive Somatic Transgenesis with iOn

(A) Fate mapping in the mouse cerebral cortex. Left: co-electroporation of an iOnCAGNRFP vector with PBase during neurogenesis (E12.5) yields streams of

neuronsmigrating radially from the ventricular surface at E18.5, while an episome (CAG::GFP) only marks those born shortly after electroporation. No red labeling

is observed in absence of PBase (inset). CP, cortical plate. Right: quantification of labeled cells confirms that iOn-labeled cells (RFP, RFP/GFP) occupy all cortical

layers, while most cells bearing episomal labeling settle in intermediate layers. Values and error bars represent mean and SEM from 4 tissue sections.

(B) Longitudinal confocal views through E6 chick spinal cords electroporated at E2 with a classic transposon (top) or iOn vector (bottom) together with a control

episome (CAG::GFP). The iOn vector homogenously labels radially migrating cells, while the classic transposon also strongly labels isolated neurons (white

arrowheads), similar to the nonintegrating vector.

(C) LiOnCAGNGFP electroporation with PBase in the embryonic mouse retina during neurogenesis (E14.5) labels all retinal layers at post-natal day 6 (P6), while

expression from an episome (CAG::dsRed2) only marks ganglion cells, born shortly after electroporation (ONL, outer nuclear layer; INL, inner nuclear layer; GCL,

ganglion cell layer).

(D)Multicolor clonal tracking. Radial view of a portion of neural retina (top) and en face views of the bipolar cell layer (BC; bottom) and retinal pigmented epithelium

(RPE; right) from an E8 chicken embryo electroporated with triple-color LiOn vectors at E1.5. FP combinations identify clones.

See also Figure S5.
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expression during iPSC differentiation toward the neural lineage,

with FP combinations providing a readout of clonal relationships

(Figure 3E). Thus, iOn provides an efficient route for one-shot

multiplexed transgenesis in cell culture models.
Additive Somatic Transgenesis andCell LineageTracing
with iOn
We next assessed the iOn switch in vivo (Figure 4). By efficiently

coupling transgene integration and expression, iOn vectors have

the potential to create a situation virtually equivalent to trans-

genic animal lines through simple transfection, without the short-

comings associated with expression from nonintegrated

episomes.
We tested this somatic cell transgenesis strategy through

various assays in the developing vertebrate nervous system,

where electroporation provides a convenient way to transfect

neural progenitors located at the ventricular surface. In the

mouse cerebral cortex, electroporation of a control episomal

vector (CAG::GFP) only labeled neurons born at the time of the

electroporation (embryonic day 12 [E12]) that migrated in inter-

mediate layers due to rapid dilution in dividing progenitors

(Figures 4A and S5A). In striking contrast, an iOnCAGNRFP vec-

tor homogenously marked electroporated progenitors and all

their radially migrating derivatives, including late-born upper-

layer neurons and astrocytes, in a strict PBase-dependent

manner. Further tests in the embryonic chicken spinal cord

confirmed that iOn expression in progenitor cells, first detected
Neuron 107, 1–14, August 19, 2020 7
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1 day after electroporation, was maintained in the neurons that

they generated as these migrated away from the ventricular sur-

face and differentiated in outer layers (Figures 4B, S5B, and

S5C). Importantly, iOn vectors avoided the strong and irregular

labeling of isolated neurons similar to that observed with

episomal CAG::GFP that polluted patterns obtained with classic

transposons, likely due to inheritance of multiple nonintegrated

copies in cells born shortly after transfection, (Figure 4B, arrow-

heads). To verify whether the two types of vectors integrated

within the same temporal frame in the genome of transfected

progenitors, we compared the size of isolated clones marked

by co-electroporated LiOnCAGNGFP and PBCAG::RFP plas-

mids, focusing on the apical progenitor pool. The average num-

ber of progenitors per clone (measured by counting cells

attached to the ventricular surface) did not differ between the

iOn vector and the classic transposon (Figure S5D), indicating

that they obeyed similar integration kinetics. As a third validation,

we applied the iOn switch in the developing mouse retina, where

similar to the above two models, iOn plasmid electroporation in

progenitors at E14.5, during the first phase of neurogenesis, suc-

cessfully labeled all cell layers, while an episomal vector only

marked early-born retinal ganglion cells (Figure 4C).

As shown in vitro (Figure 3), the high efficiency of the iOn

switch makes it an ideal candidate to implement complex

schemes requiring multiple transgenes. We explored this poten-

tial by applying iOn vectors expressing different color markers to

resolve cell lineage relationships in the nervous system (Fig-

ure S5E). In the chick neural retina, retinal pigmented epithelium,

and spinal cord, FP combinations generated by co-transfecting

the trichromatic LiOnCAGNFP vectors presented in Figures 2A

and S3A efficiently contrasted groups of cells that matched

known clonal patterns (Fekete et al., 1994; Leber and Sanes,

1995; Figures 4D and S5F). Analysis of FP proportions ex-

pressed by individual retinal clones demonstrated their homoge-

neity among labeled cells, including those located in distinct

layers, indicating that epigenetic silencing did not have a major

influence on transgene expression (Figure S5G).

Thus, as is the case in cultured cells, the iOn switch functions

with high efficiency in vivo to express one or multiple transgenes

over the long-term.

Functional Mosaic Analysis with iOn
Beyond lineage tracing, the iOn strategy offers ameans to create

sustained experimental perturbations of specific cell signaling

pathways (Figure 5). To test this possibility, we assembled a

LiOn vector co-expressing RFP and the intracellular domain of

the Notch receptor (NICD), a well-known regulator of neural pro-

genitor fate (Pierfelice et al., 2011; Figure 5A). Electroporation of

this plasmid in the embryonic chick spinal cord resulted in

marked reduction of neurogenesis and expansion of progenitors

compared to a LiOnCAGNGFP control vector (Figures 5A and

S6A), which are the effects anticipated in this model for Notch

pathway activation (H€ammerle et al., 2011). Remarkably, these

effects were still manifest 4 days after electroporation and

were also augmented with respect to a transient perturbation.

This experimental paradigm provided a unique opportunity to

investigate the non-cell-autonomous effects of an extended

maintenance of neural stem cells in the developing vertebrate
8 Neuron 107, 1–14, August 19, 2020
nervous system (Figure 5C). To this aim, we generated color-

coded mosaics by co-electroporating NICD-expressing (red)

and control (green) iOn vectors in which wemeasured the neuro-

genic output of GFP+/RFP� (unperturbed) progenitors 4 days af-

ter the electroporation. Such mosaic analysis cannot be conclu-

sively undertaken with classic integrative vectors active in

episomal form, since cells unlabeled at the time of the analysis

may have transiently expressed the transgene earlier on.

Surprisingly, in the iOn mosaics, we observed that unperturbed

spinal progenitors generated significantly expanded numbers

of progeny (+314%, p < 0.005) compared to a control situation

(Figure 5C). This non-cell-autonomous effect did not appear to

be triggered by the apoptosis of NICD-expressing cells, since

no activated caspase-3 was detected in labeled cells (Fig-

ure S6B). We thus conclude that neural stem cells of the embry-

onic spinal cord can modulate their output and compensate in a

homeostatic manner for a reduction in the neurogenic activity of

their neighbors.

Conditional Control of Transgene Expression in Somatic
Transfection Experiments
Finally, iOn vectors are also of interest to assay and exploit tran-

scriptional regulatory elements in a genomic configuration

without the need to establish transgenic cell or animal lines.

Cre/lox conditional labeling, widely applied in transgenic mice

to target specific cell types, is so far largely incompatible with so-

matic transfection approaches due to leakage from episomes

(Schick et al., 2019). We devised a LiOn vector that reconstitutes

an interrupted Cre recombinase genes upon PBase action (Fig-

ure 6A, left). Strikingly, this LiOnCMVNCre plasmid presented no

detectable leakiness in the absence of transposase when trans-

fected in cells expressing a floxed reporter transgene, but it effi-

ciently triggered Cre expression and recombination upon PBase

action (Figure 6A, right).

We then applied this LiOn Cre/lox switch to trace the fate of a

subset of retinal progenitor cells (RPCs) defined by expression of

the Atoh7 transcription factor. At the population level, Atoh7+

RPCs are known to be biased toward the generation of ganglion

cells, for which they are essential (Wang et al., 2001), but they

also generate much larger numbers of photoreceptors (PRs),

horizontal cells (HCs), and amacrine cells (ACs) (Brzezinski

et al., 2012; Feng et al., 2010). How this is accounted for at the

individual progenitor level is unclear. Atoh7 regulatory se-

quences (Skowronska-Krawczyk et al., 2009), validated in sepa-

rate experiments (Figure S7A), were incorporated in a LiOn Cre

vector. Electroporation of this LiOnAtoh7NCre vector at early

stages of chick retinogenesis (E1.5) drove expression in proge-

nies restricted to the outer, amacrine, and ganglion layers of

the retina at E8 and E14, while bipolar cells located in the inner

nuclear layer (INL) were mostly not labeled, as confirmed by

the rare occurrence of the bipolar marker Vsx2 in recombined

versus nonrecombined cells (Figures 6B and S7B). This demon-

strated tight control of Cre production by the Atoh7 element

during retinal development and confirmed that chicken Atoh7+

progenitors are biased toward specific fates.

To determine the potency of individual Atoh7+ progenitors, we

then combined the LiOnAtoh7NCre vector with stochastic multi-

color lineage reporters encoded by Tol2 Cytbow and Nucbow
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Figure 5. Functional Mosaic Analysis by Somatic Transgenesis

(A) Top: longitudinal confocal views through E5 chick spinal cords 3 days after electroporation of a LiOn vector expressing the Notch intracellular

domain (LiOnCAGNRFP-2A-NICD) compared to transient NICD overexpression (CAG::NICD-IRES-GFP) or control (LiOnCAGNGFP). VZ, ventricular zone.

Bottom: representative transverse section of E5 chick spinal cords electroporated with control (LiOnCAGNGFP, green) and NICD-expressing LiOn

vectors (LiOnCAGNRFP-2A-NICD, red), immunostained for neuronal marker HuC/D (blue). Graph shows the percentage of HuC/D neurons among transfected

cells with sustained versus transient NICD expression (CAG::NICD) and control cells (LiOnCAGNRFP). Values and error bars show mean and SEM from distinct

embryos. A Kruskal-Wallis test indicated significant difference between control and LiOnCAGNNICD (p < 0.01).

(B) Longitudinal view through an E6 spinal cord co-electroporated with control (LiOnCAGNGFP, green) and NICD-expressing LiOn vectors (LiOnCAGNRFP-2A-

NICD, red). Green cells migrate radially, while most red cells remain at the ventricular surface (dotted line).

(C) Non-cell-autonomous effects of NICD expression. Left: E6 chick spinal cord transverse sections co-electroporated at E2 with a GFP-expressing control LiOn

vector and a LiOnCAGNRFP (left) or LiOnCAGNRFP-2A-NICD plasmid (right). Middle: quantification of the ratio between GFP+/RFP� and RFP+ neurons and

ventricular zone cells. Values and error bars represent mean and SEM from distinct embryos (n R 5). A Mann-Whitney test indicates significant difference

between control and LiOnCAGNNICD (p < 0.005). Right: summary. Increased neurogenic output from green cells in NICD-perturbed condition reveals a ho-

meostatic interaction among progenitors.

See also Figure S6.
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Figure 6. Intersectional Cre/lox Recombination and Analysis of the Output of Genetically Identified Neural Progenitors with iOn
(A) Cre/lox conditional expression. Left: LiOn vector in which full translation of Cre, initially blocked, is activated by PBase; inset: Cre-FLAG immunodetection after

transfection of LiOnCMVNCre and PBase in HEK-RY cells stably expressing a CAG::RY reporter switching from RFP to YFP expression under Cre action. Right:

strict PBase-dependent recombination is observed 3 days after LiOnCMVNCre transfection in HEK-RY cells (CAG::mTurquoise2: transfection control). Graph

shows mean and SEM of replicates from three distinct experiments.

(B) Radial view through an E8 chick retina co-electroporated at E1.5 with a Cre-expressing LiOn vector driven by Atoh7 regulatory sequences (LiOnAtoh7NCre)

and a Tol2CAG::RY transposon. Restricted recombination in the retinal ganglion (RGL) and outer nuclear (ONL) layers is observed. INL, inner nuclear layer.

(C) Multicolor clonal analysis of Atoh7+ progenitor output. Optical sections and radial views of an E8 chick retina electroporated at E1.5 with LiOnAtoh7NCre along

with genome-integratingmulticolor reporters (Tol2CAG::Nucbow and Tol2CAG::Cytbow). Left: 3D view of a retinal column containing labeled neurons. Middle: Four

retinal columns in which clonal pairs or sister cells of a same type can be identified based on expression of identical color marker combinations (arrowheads).

Some cells not included in same-type pairs are also observed (asterisks). Column 1 corresponds to that shown in the left panel. Right: quantification of the number

of cells belonging to 1-, 2-, 3- or 4-cell clones within labeled photoreceptor (PR), horizontal cell (HC), amacrine cell (AC), and ganglion cells (RGC) in individual

columns, consistent with a bias of Atoh7+ retinal progenitors to generate PRs, HCs, and ACs through terminal symmetric division patterns. Graph shows mean

and SEM of 14 columns reconstructed from two distinct embryos.

See also Figure S7.
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transposons (Loulier et al., 2014; Figure 6C). This approach

marked groups of retinal cells organized as columns interrupted

at the level of the INL (Figure 6C, left), within which FP combina-

tions further delineated clones whose cell type composition

could be assigned based on layer position and morphology.

Strikingly, at E8, these Atoh7+-derived clones mostly comprised
10 Neuron 107, 1–14, August 19, 2020
only a single ganglion cell but frequently included pairs of nearby

cells of a same type among photoreceptors, ACs, and HCs (Fig-

ures 6C and S7C; Table S1). This suggests that Atoh7 is ex-

pressed prior to mitosis in progenitors that generate an impor-

tant fraction of these three types of neurons (at least 44% ±

4%, 36% ± 7%, and 30% ± 14% of their PR, AC, and HC output,
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respectively) through terminal symmetric divisions that result in

identical fates.

DISCUSSION

We introduce a novel expression strategy that efficiently couples

transgene activation to integration in the genome of host cells.

iOn vectors rely on an unconventional arrangement of their ele-

ments to reconstitute a split transcriptional unit by DNA transpo-

sition. Transcriptional and translational versions of the switch

efficiently silence (and even completely abolish) transgene

expression in absence of transposase. By conditioning GOI acti-

vation to transposition, the iOn switch fills a gap in the suite of

tools currently available to control transgene activity. Contrary

to classic DNA switches based on site-specific recombination

(Jefferis and Livet, 2012), it does not require engineering of the

host genome: iOn vectors are self-sufficient reagents applicable

in virtually any cell or organism. By canceling expression from

nonintegrated transgenes, iOn solves two general problems

associated with stable transfection using DNA vectors: (1) the

impossibility to identify transgenic cells directly after transfection

due to episomes; and (2) the adverse effects of episomal expres-

sion, including leakiness (Inoue et al., 2017), toxicity (Batard

et al., 2001), and risks of genetic and epigenetic drift during se-

lection (Liang and Zhang, 2013). In effect, iOn provides most of

the advantages of retro- and lentiviral vectors without their cargo

restriction while offering the ease of use of DNA vectors and the

capability of traceless excision of the piggyBac system (Fraser

et al., 1996). Effective in all cell types and species tested here

(human, mouse, and chick), iOn can easily be adapted to

different GOIs and promoters. For this purpose, maps of all plas-

mids built for this study, including a CAG-driven iOn vector

equipped with a multicloning site, are presented in Table S2.

The dependence of the iOn switch on transposition makes it

prefectly suited to report stable transgenesis in varied contexts

(Figure 7). In cultured cells, iOn essentially eliminates the need

to select integration events through multiple rounds of cell divi-

sion in stable transfection assays, making them as simple and

rapid as transient approaches while considerably reducing vari-

ability. As demonstrated here (Figures 1, 2, and 3), the switch is

ideal for rapid drug-free identification and sorting of stable inte-

grants expressing one or multiple transgenes. In many uses,

short-term transfection experiments with iOn vectors will provide
information equivalent to stable cell lines

on gene expression, regulation, and

function. We anticipate that this will

simplify and accelerate genetic

screening procedures based on transpo-

sons (Kawakami et al., 2017). In vivo (Fig-

ures 4, 5, and 6), transfection with iOn
vectors may substitute for additive transgenesis in most, if not

all, of its applications, with more accurate readout compared

to previous somatic transgenesis approaches that can be

polluted by expression from episomal vectors (Chen et al.,

2014; Loulier et al., 2014). In particular, somatic transfection

with iOn vectors provides an efficient means to track cell lineage

in a variety of model organisms including non-genetically trac-

table ones. iOn also provides a simple route for functional

mosaic analysis using distinct FP markers to identify perturbed

versus control cells (Figure 5), while implementing such color-

based strategy usually requires complex, time-consuming ge-

netic manipulations (Pontes-Quero et al., 2017; Zong et al.,

2005). Critically in this approach, the coupling of transgene inte-

gration and expression achieved with iOn ensures that marker

expression in a cell reflects that of its entire lineage. This enabled

us to create sustained mosaic perturbations of neurogenesis

that reveal an intriguing homeostatic interplay among progeni-

tors in the embryonic neural tube that is capable of significantly

influencing their output and reminiscent of that observed in some

peripheral organs (Sharma et al., 2017; Stanger et al., 2007).

We also demonstrate that accurate cell-type-specific Cre/lox

recombination, until now largely restricted to transgenic animal

lines, can be achieved using electroporated iOn transgenes (Fig-

ure 6). This opens the way to one-shot intersectional schemes

based on somatic transfection to label and manipulate molecu-

larly defined cells. As showed here, this approach can be advan-

tageously combined with multicolor labeling (Weissman and

Pan, 2015) to trace the lineage of genetically identified stem cells

with clonal resolution. We applied it in chicken embryos to

assess the output of fate-restricted retinal progenitors express-

ing the basic-helix-loop-helix (bHLH) transcription factor Atoh7.

Frequent pairs of same-color cells observed among labeled PRs,

HCs, and ACs, but not RGCs, support the idea that Atoh7+ pro-

genitors produce the latter cell type by asymmetric divisions

(Brzezinski et al., 2012) but generate an important fraction of

the first three neuronal classes by symmetric-fated terminal divi-

sions reminiscent of those observed with Drosophila ganglion

mother cells (Holguera and Desplan, 2018). Thus, the lineage

tree of chicken Atoh7+ progenitors varies depending on the iden-

tity of the cells that they generate, and some of them may be

restricted to generate a single cell type among PRs, HCs, and

ACs. These results extend former observations showing that a

nonidentified fraction of retinal progenitors divide symmetrically
Neuron 107, 1–14, August 19, 2020 11
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to produce PRs or ACs in fish (He et al., 2012; Suzuki et al., 2013)

and specific HC subtypes in chicken (Rompani and Cepko, 2008).

Clonal analysis of genetically defined retinal progenitors has until

now only been possible by resorting to a combination of transgenic

mouse lines and targeted retroviral labeling (Hafler et al., 2012).

Interestingly, another bHLH transcription factor, Olig2, defines

retinalprogenitors thatundergo terminaldivisions toproduceasub-

set or neural types partially overlappingwith that of Atoh7+ progen-

itors; however, the specific lineage patterns of the two populations

appear to diverge as Olig2+ progenitors mostly generate ACs

through heterotypic-fated divisions (Hafler et al., 2012).

Beyond the usages demonstrated here, we anticipate that so-

matic transgenesiswith iOnwill provide a platform for complex ge-

netic schemes involvingmultiple transgenes, ranging from cellular

barcoding to functional screening of effector combinations. Cur-

rent advances in transposition systemsalsoopenexcitingavenues

to improve the iOn strategy. In particular, we anticipate that the

switch may be combined with modified transposases enabling to

restrict the duration of integration (Querques et al., 2019) or with

recently discovered RNA-guided transposases to target specific

loci (Klompe et al., 2019; Strecker et al., 2019).

In conclusion, by enabling to report DNA vector integration in

host genome, iOn opens new avenues to genetically engineer

cells in cultured systems and probe stem cell fate and regulation

in the nervous system of model organisms or any tissue acces-

sible to transfection.
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LiOnCAGNRFP This paper Addgene #154016
LiOnCAGNIRFP This paper Addgene #154017
PBCAG::GFP This paper N/A
PBCAG::RFP This paper N/A
PBCAG::IRFP This paper N/A
LiOnCAGNGFP-Kras This paper N/A
LiOn*CAGNRFP This paper Addgene #154019
LiOnCMVNCre This paper Addgene #154018
LiOnCAGNRFP-2A-NICD This paper N/A
LiOnAtoh7NCre This paper N/A
LiOnAtoh7NRFP This paper N/A
Tol2CAG::RY This paper N/A

Integration reporter This paper N/A
iOnCAGNRFP (D50TR) This paper N/A
iOnCAGNRFP (D30TR) This paper N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/. RRID:

SCR_003070;

Imaris Bitplane https://imaris.oxinst.com/packages. RRID:

SCR_007370

Adobe Photoshop Adobe https://www.adobe.com/products/

photoshop.html. RRID: SCR_014199

Adobe Illustrator Adobe https://www.adobe.com/fr/products/

illustrator.html. RRID:SCR_010279

R Project for Statistical Computing The R Foundation https://www.r-project.org/.

RRID:SCR_001905

Metamorph software Molecular Devices https://www.moleculardevices.com/ RRID:

SCR_002368

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad prism GraphPad Software https://www.graphpad.com/scientific-

software/prism/. RRID:SCR_002798

Other

Arrayscan high-content system Thermo Fisher Scientific Arrayscan

FACS Beckman Coulter MoFlo Astrios cell sorter

FACS Beckman Coulter Astrios MoFlo EQ cell sorter

Sanger sequencing Genewiz N/A

Zeiss Discovery V20 Zwiss V20

vibrating microtome Leica VT1000

Cryostat Thermo Fisher Scientific Microm HM560

Confocal microscope Olympus FV1000

Epifluorescence microscope Leica DM6000

EVOS FL auto inverted microscope Life technologies AMAFD1000

Inverted automated microscope Zeiss Celldiscoverer 7

Real-time PCR System Thermo Fisher Scientific 7500 Fast
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Jean Livet

(jean.livet@inserm.fr).

Materials Availability
iOn vectors have been deposited at the Addgene public plasmid repository under references #154013, #154014, #154015, #154016,

#154017, #154018 and #154019. Detailed maps and sequences of all plasmids developed for this study are also available upon

request.

Data and Code Availability
This study did not generate new datasets or codes.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cultured cells
Human embryonic kidney (HEK293T), HeLa and 3T3 cells were cultured in 10% fetal bovine serum in Dulbecco modified Eagle me-

dium (DMEM, Life technologies).

Human induced pluripotent stem cells (iPS lineWTSIi008-A, EBiSC, UK) were cultured in E8medium (Life technologies) on Geltrex

coating (Life technologies) and passaged with EDTA.

Mouse ES cells (C57BL/6 3 129/Sv, line KH2) (Beard et al., 2006) were cultured on primary embryonic fibroblasts feeder cells.

Mice
Swiss (for brain electroporation) and C57BL6J (for retinal electroporation) females (Janvier labs) were housed in a 12 hr light/12 hr

dark cycle with free access to food, and animal procedures were carried out in accordance with institutional guidelines. Animal pro-

tocols were approved by the Charles Darwin animal experimentation ethical board (CEEACD/N�5). The date of the vaginal plug was

recorded as embryonic day (E) 0.5 and the date of birth as postnatal day (P) 0.

Chicken embryos
JA57 chicken fertilized eggs were provided by EARL Morizeau (8 rue du Moulin, 28190 Dangers, France) and incubated at 38�C for

the appropriate time in a FIEM incubator (Italy).
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METHOD DETAILS

DNA constructs
A schematized map of the plasmids designed for this study can be found in Table S2, along with restriction sites available to ex-

change GOIs and promoters. All iOn and control piggyBac vectors were assembled in a pUC57-mini plasmid backbone (Genscript

Inc) using a combination of DNA synthesis (Genscript Inc), Gibson assembly (NEB) and standard restriction and ligation-based clon-

ing. PCR for Gibson assembly was performed using CloneAmp HiFi PCR Premix (Clontech) and Q5 high-fidelity DNA polymerase

(NEB). We used minimal piggyBac 50 and 30 TRs (Meir et al., 2011), with an additional 3 bp from the wild-type transposon in the 30

TR as in Loulier et al. (2014). We drove GOI expression with the strong eukaryotic CAG (Niwa et al., 1991) and CMV promoters as

well as a 2145 bp fragment regulating expression of the chickenAtoh7 gene (Skowronska-Krawczyk et al., 2009). GOIs were followed

by a bovine growth hormone transcriptional terminator (pA1). In the final iOn vector design, a rabbit beta globin transcription termi-

nator (pA2) was added upstream of the PB 30TR to prevent cryptic episomal transcription. FPs used as GOI included RFP (mRFP1,

Campbell et al., 2002), GFP (EGFP, Clontech) and IRFP (IRFP670, Shcherbakova and Verkhusha, 2013). In LiOn vectors, FP ORFs

were split near the N terminus (Nt) in two opposite-oriented fragments that become reunited by transposition with incorporation of the

TTAA footprint as indicated in Figures 2A and S4A. In the LiOnCMVNCre vector, the Cre recombinase ORFwas separated in Nt andCt

portions as in (Jullien et al., 2003), with incorporation of the TTAA footprint at a silent position (Leu104) and addition of a FLAG epitope

(DYKDDDDK) at the protein Ct. To limit expression of the Cre Nt fragment prior to transposition, its coding sequence was positioned

in frame (through the PB 50 TR) with a PEST degron (Li et al., 1998) followed by a translational stop. The membrane-restricted GFP

was generated by adding a short Kras tethering sequence (Averaimo et al., 2016) at the Ct end of EGFP using annealed oligonucle-

otides. The TTAA-less LiOn*CAGNRFP vector was designed on the model of LiOnCAGNRFPwith punctual substitutions intended not

to affect vector replication and expression. The 3-color integration reporter was constructed by inserting in LiOnCAGNRFP two CMV-

driven transcriptional units expressing mTurquoise2 and EYFP, 50 of CAG and 30 of the mRFP1 polyA, respectively. To assay Cre

activity, we designed a floxed reporter (Tol2CAG::loxP-mCherry-loxP-EYFP, abbreviated as Tol2CAG::RY) in which expression

switches frommCherry to EYFP upon recombination, framedwith Tol2 transposition endfeet to enable genomic integration. The LiOn-

CAGNRFP-2A-NICD vector was assembled by introducing a P2A cleavage sequence between the RFP and NICD ORFs to enable

their co-expression. As non-integrative control vectors, we used a CAG::NICD-IRES-GFP plasmid (Rios et al., 2011). Other plasmids

used in this study included CMV-driven vectors expressing Cre, mTurquoise2 (Goedhart et al., 2012) and IRFP670 (Shcherbakova

and Verkhusha, 2013) as well as CAG-driven vectors producing EGFP, mCerulean, dsRed2 (Clontech), the Tol2 transposase (Kawa-

kami and Noda, 2004) and an optimized piggyBac transposase (hyPBase, Yusa et al., 2011).

HEK293, HeLa and NIH 3T3 cell culture experiments
iOn and piggyBac plasmids were transfected in human HEK293, HeLa or mouse NIH 3T3 cells using cationic lipids. Except when

otherwise noted, 1 3 105 cells/well were plated in a 24-well dish and transfected at day 1 with 100 ng iOn vector with or without

20 ng of PBase-expressing plasmid (CAG::hyPBase) using 0.7 ml of Lipofectamine 2000 reagent (Invitrogen). For triple-color labeling

experiments, we used 100 ng/well of each LiOnCAGNFP plasmid and 60 ng of PBase vector. To validate the LiOnCMVNCre trans-

gene, 50 ng of the corresponding plasmid was co-transfected with 10 ng of PBase vector in a HEK293 cell line stably expressing

the Tol2CAG::RY reporter. This line was established by successive use of Tol2 transposition, drug selection with G418 (300 mg/ml,

Sigma) and picking of RFP-positive clones. In some experiments, 50 ng of non-integrative plasmid expressing an FP marker distinct

from the iOn vector (CMV::mTurquoise2, CMV::IRFP or CAG::GFP) were applied as transfection control. For FACS analysis, trans-

fections were performed in 6-cm dishes with scaled up concentrations. HEK293 cell viability after iOn plasmids transfection was as-

sessed by dye exclusion with Trypan blue solution (0.4%, Sigma). FP expression was either assayed by flow cytometry, epifluores-

cence or confocal microscopy, or an Arrayscan high-content system (Thermo Fisher Scientific) (see below). For fixed observations,

cells grown on 13mmcoverslips coated with collagen (50 mg/ml, Sigma) were immersed in 4%paraformaldehyde (PFA) in phosphate

buffer saline (PBS) (Antigenfix, Diapath), rinsed in PBS and mounted in glycerol-based Vectashield mounting medium supplemented

with DAPI (Vector labs). All images are representative of at least 3 independent experiments.

FACS analysis and selection of HEK293 clones
For FACS analysis, HEK293 cells grown on 6-cm dishes were dissociated three days after transfection, stained with DAPI and

analyzed on a MoFlo Astrios cell sorter (Beckman Coulter) using the following laser lines: 405 nm (DAPI), 488 nm (GFP), 561 nm

(RFP), 640 nm (IRFP). 10000 cells were analyzed for each condition; non-fluorescent controls were prepared frommock-transfected

cells stained with DAPI. For clonal experiments, HEK293 cells were sorted as single cells two days after transfection. Selection win-

dows were chosen to includemost of the FP-positive population and exclude negative cells. For 3-color cell sorting, we first selected

live dissociated cells and subsequently selected RFP+, IRFP+ cells within the GFP+ population. Cells were then plated as single cells

in 96-well plates and grown for 7-10 days in 200 mL of 10% FBS/DMEM medium mixed 1:1 with filtrated HEK293-conditioned me-

dium. FP expression was assayed by epifluorescence microscopy or Arrayscan High-Content imaging (see below). Some positive

clones were expanded in larger dishes for sequencing. To this aim, genomic DNA was isolated from a confluent 3.5- or 10-cm

dish with the Nucleospin Tissue Kit (Macherey-Nagel). The rearranged region between the promoter and GOIs (500-600 bp) was

amplified using CloneAmp HiFi PCR premix (Clontech) followed by Sanger sequencing (Genewiz, UK).
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Episome extraction and characterization
Extrachromosomal DNA was purified from HEK cells three days after transfection as in (Ziegler et al., 2004) using a NucleoSpin

plasmid column (Macherey-Nagel). For the bacterial transformation assay, 5ng of episomal DNA was transformed into XL2-Blue Ul-

tracompetent Cells (Stratagene); PCR was performed directly on colonies grow on Ampicillin using primers

50GTGCTGGTTGTTGTGCTGTC30 and 50CAGCCTCATCTTGATCTCGCCCTTCA30 located on each side of the TTAA footprint in acti-

vated LiOnCAGNRFP transgenes. Quantitative PCR analysis was performed on purified episomes using an Applied Biosystems real-

time PCRmachine (7500 Fast System) with PowerUp SYBR greenmaster mix following themanufacturer’s instructions. Results from

PCR1 (primers 50TAGAGCCTCTGCTAACCATGTTC30 and 50CGCACCTTGAAGCGCATGAAC30) were normalized against a second

PCR internal to RFP (primers 50CCGACTACTTGAAGCTGTCCTT30 and 50GCTTCACCTTGTAGATGAACTCG30, PCR2), Quantifica-

tion of gene expression was based on the DeltaCt method in at least three independent biological experiments. Episomal DNA iso-

lated from cells transfected with CAG::RFP was used as a reference. These qPCR measurements represented an overestimation of

episomes due to unavoidable contamination by genomic DNA (Yu et al., 2009).

Human iPS cell transfection and differentiation
For iOn labeling of differentiating iPS cells, colonies were dissociatedwith Accutase (Life Technologies) and replated in 96-well plates

coated with poly-L-ornithine (20 mg/ml, Sigma P4957) and laminin (3 mg/ml, Sigma 23017-015). On day 2, cells were transfected with

Dreamfect (OZBioscience) according to themanufacturer’s instructions. Cells were then differentiated as spinal motor neurons, fixed

on day 14 with 4% PFA and stained with Tuj1 antibody as previously done (Maury et al., 2015). For iPS line generation, WTSIi008-A

iPS cells were plated and transfected with Lipofectamine Stem Cell reagent (Invitrogen) according to the manufacturer’s protocol.

Transfected cells were isolated by manual or EDTA passages, and homogeneous colonies were obtained 18 days after transfection

(4 passages).

Mouse ES cell transfection and clone selection
KH2 ES cells were transfected with LiOnCAGNGFP-Kras and CAG::hyPBase plasmids (4:1 mass ratio) using Lipofectamine 2000 re-

agent. 48 hrs after transfection, GFP-positives cells (1.5%) were sorted using an Astrios MoFlo EQ cell sorter and plated at low den-

sity (103 cells/ 10-cm dish) on feeder cells. After eight days, GFP-positives clones were picked under a fluorescent stereomicroscope

(Zeiss Discovery V20).

Mouse and chicken embryonic electroporation
In utero and in ovo electroporation in mouse and chicken embryos were performed as previously described (Loulier et al., 2014; Re-

bsam et al., 2009). A DNA mix containing 1-1.2 mg/ml of iOn vector, 0.5-1.2 mg/ml of non-integrative control plasmid and 0.2 mg/ml of

CAG::hyPBase plasmid supplemented with fast green dye was injected with a glass capillary pipette into one lateral ventricle or one

eye of E12.5 or E14.5 mice, or the optic cup or central spinal cord canal of E1.5 or E2 chick embryos, respectively. For multicolor

labeling, the mix contained 1 mg/ml of each LiOnCAGNFP vector and 0.6 mg/ml of PBase vector. Embryos were left to develop until

sacrifice. Tissues were fixed in 4% PFA. Postnatal mouse brains were sectioned at 200-mm thickness with a vibrating microtome

(VT1000, Leica), while mouse retinas, chick E6 spinal cords and E6-E8 retinas were flat-mounted on glass slides. Samples were

mounted in Vectashield medium and imaged with epifluorescence or confocal fluorescence microscopy.

Immunostaining
For cell cultures: HEK293 cells plated on glass coverslips or iPS cells were fixed with 4% PFA, followed by washing in PBS and a 20-

60 min blocking step at room temperature. Blocking solution for HEK293 and iPS cells respectively contained 10% normal goat

serum (Sigma) or fetal bovine serum (Eurobio) and 0.5% or 0.2% Triton X-100 (Sigma). Cells were then incubated overnight at

4�C with primary antibody diluted in blocking solution (rabbit anti-FLAG, Sigma, 1:250 or mouse anti-Tuj1, Biolegend, 1:500). After

washing in PBS and incubation with secondary antibody (Alexa 647 anti-goat IgG, 1:500, or Alexa 488 anti-goat IgG, 1:1000, Invitro-

gen) for 1 hr at room temperature, cells were washed again prior to mounting in Vectashield medium. For chicken spinal cords sec-

tions: embryos fixed for 1 hr in 4%PFAwere equilibrated in 30% sucrose and embedded in TissueTek (Sakura), frozen on dry ice and

stored at�80�C prior to cryostat sectioning (MicromHM560, 14 mm sections). After equilibration at room temperature, sections were

washed in PBSbefore blocking in PBS-0.1%Triton-10%normal donkey serum (NDS) and overnight incubation with primary antibody

(anti-HuC/D, Molecular Probes, 1:50, or anti-activated Caspase3, Cell Signaling, 1:100) in PBS-0.1% Triton-1%NDS. Following PBS

washes, slides were incubated 1 hr with secondary antibody (Alexa 647 donkey anti-mouse or anti-rabbit, Invitrogen, 1:500) in the

above buffer, washed and mounted with Vectashield medium. For whole chicken spinal cords: embryos were fixed overnight in

4% PFA. Spinal cords were dissected, washed in PBS and incubated with Alexa 647-conjugated phalloidin (Molecular Probes,

1:250) in PBS-0.1% Triton-1% NDS for 3 hr at room temperature. Following PBS washes, spinal cords mounted in Vectashield

medium.

Fluorescence imaging and image analysis
Epifluorescence images were collected with a 103 0.6 NA or 203 0.7 NA objective on a Leica DM6000microscope equipped with a

VT1000 camera and separate filter cubes for GFP, RFP and IRFP. Confocal image stackswere acquiredwith 203 0.8 NA oil and 403
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1.25 NA silicone objectives on an Olympus FV1000microscope, using 440, 488, 515, 560, and 633 nm laser lines to excite CFP, GFP,

YFP, RFP and IRFP/Alexa 647, respectively. For analysis with Arrayscan (Thermo Fisher Scientific), cells grown in 24- or 96-well

plates were fixed 15 min with 4% PFA and stained with 300 nM DAPI prior imaging with the following laser lines: 386 nm (DAPI),

485 nm (GFP), 570 nm (RFP), and 650 nm (IRFP). Images of live ES cell clones were acquired using an EVOS FL auto inverted mi-

croscope (Life Technologies). Image analysis was performed with Fiji (Schindelin et al., 2012) and Imaris (Bitplane). Levels were uni-

formly adjusted across images with Adobe Photoshop.

Transgene copy number estimation
Images of HEK293 cells transfected with an equimolar mixture of the trichromatic LiOnCAGNGFP/RFP/IRFP vectors (coded as green,

red and blue, respectively) were acquired by confocal microscopy and the center of each labeled cell was manually pointed in Fiji.

RGB values were extracted from 6 pixel-radius areas in each cell, and ternary diagrams showing the mean normalized values of the

three channels were plotted as in Loulier et al., 2014. A threshold was determined for each channel based on single-color control

transfections, which served to determine for each concentration of vector DNA the number of cells labeled with 1- 2- and 3-colors.

Experimental data were approximated theoretically using randomized values of copy number frequencies for the interval 1-8 copies

per cell following a Gaussian distribution, and each random set of values was used to calculate the expected numbers of cells for

each of the three color-categories. This was achieved based on the probabilistic contribution of each copy number class and the

frequency randomly assigned in each case, according to the formula:

Nc =
X8

n= 1

ðFcn � N �PcnÞ

where Nc is the number of single, two, or three-color cells; n, the copy number class; Fc, the frequency randomly attributed to each

copy number class; N, the total number of evaluated cells for each observation; Pc, the probability of having one, two, or three-color

cells in the respective copy number class. The theoretical approximation closest to experimental observations in terms of cell

numbers was selected. A single Gaussian fit was applied on the chosen theoretical values to reveal the average copy number for

each condition:

fðxÞ = a � exp
�
� ððx� bÞ=cÞ2

�

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
The number of samples analyzed is indicated in the figure legends. Statistical analyses were performed using R or GraphPad Prism

software. Significance was assessed using c2 (Figures 1F, 3C, S1H, and S2D) and Kruskal-Wallis tests (one-way ANOVA on ranks)

(Figure 5A), Student t test (Figure S3), Welch’s t test (Figures S2B and S7B), and non-parametric Mann-Whitney U test (Figure 5C).

Data represent mean ± SEM, * p < 0.05; ** p < 0.01, *** p < 0.001.

FACS analysis

10000 cells were analyzed for each condition; non-fluorescent controls were prepared from mock-transfected cells stained

with DAPI.
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