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STRAIGHT-IN Dual: a platform for dual  
single-copy integrations of DNA payloads 
and gene circuits into human induced  
pluripotent stem cells
 

Albert Blanch-Asensio    1,2,3, Deon S. Ploessl    3, Benjamin B. Johnson    1,2, 
Sara Cascione1, Myrthe R. M. Berndsen    1,2, Nathan B. Wang3, 
Valeria V. Orlova    1,2, Anna Alemany1,2, Christine L. Mummery    1,2, 
Kate E. Galloway    3   & Richard P. Davis    1,2 

Targeting DNA payloads into human induced pluripotent stem cells 
(hiPSCs) typically requires multiple inefficient steps, slowing the testing of 
gene circuits and cell-fate programmes. Here we show that STRAIGHT-IN 
Dual enables simultaneous, allele-specific, single-copy integration of two 
DNA constructs efficiently within 1 week. STRAIGHT-IN Dual leverages the 
STRAIGHT-IN platform for near-scarless payload integration, facilitating 
the recycling of components for further modifications. Using STRAIGHT-IN 
Dual, we investigate how promoter choice and gene syntax influence 
transgene silencing and how these design features affect reporter 
expression and forward programming of hiPSCs into neurons, motor 
neurons and endothelial cells. We also incorporate a grazoprevir-inducible 
synthetic gene switch that complements tetracycline-inducible control, 
providing tunable and temporally controlled expression of different 
transcription factors within the same cell. STRAIGHT-IN Dual generates 
homogeneous engineered hiPSC populations, accelerating synthetic 
biology design–build–test cycles in stem cells and enabling controlled 
comparisons of circuit performances.

Efficient, precise insertion of large DNA payloads into the mammalian 
genome remains a bottleneck for synthetic biology, disease modelling 
and cell-based therapies. Applications such as integrating reporters 
and biosensors, introducing disease-variant cassettes and program-
mable cell-fate circuits, and generating humanized mouse models all 
benefit from reliable genomic integration tools1–7. Recently, hybrid 
platforms combining genome editing technologies such as prime edit-
ing with site-specific recombinases (SSRs) have enabled insertion of 

DNA fragments up to 36 kb, offering a promising route for complex 
genome engineering8–10. However, genome engineering methods based 
on CRISPR–Cas9 can show variable efficiencies and require extensive 
clonal screening to identify correctly engineered lines.

SSR-based methods can address this limitation by enabling 
high-fidelity insertion of large payloads (>100 kb) into engineered land-
ing pad (LP) cassettes2,11–13. In particular, the serine recombinase Bxb1 
supports efficient, irreversible integration of large DNA constructs 
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unedited CLYBL allele with intact recombination sites (Fig. 1b,c and 
Supplementary Fig. 1a). The hiPSC line also showed a normal karyo-
type and retained pluripotency and trilineage differentiation capacity 
(Supplementary Fig. 1b–f).

We next generated donor plasmids containing either Bxb1-GT or 
Bxb1-GA attB recombination sites (GT or GA donors). In the presence of 
Bxb1, GT donors integrate into the Bxb1-GT attP LP (GT allele) and GA 
donors into the Bxb1-GA attP LP (Fig. 1a), enabling allele-specific cargo 
integration. The donor plasmids were designed to activate the corre-
sponding promoter-trap selection markers upon correct integration, 
conferring zeocin (GT; BleoR) or puromycin (GA; PuroR) resistance.

Before selection, integration frequencies were comparable for 
both alleles (GT, 1.09% ± 0.21; GA, 1.10% ± 0.02; Fig. 1d,e). Follow-
ing antibiotic selection, edited populations containing either the 
GT or GA donor plasmids were enriched to 95.52% ± 1.87 (GT) and 
99.06% ± 0.08 (GA) (Fig. 1d,e). Co-transfection of both donor plasmids 
together with a Bxb1 expression plasmid, followed by dual selection, 
resulted in >93.9% of hiPSCs containing both integrated payloads 
(Extended Data Fig. 1a,b).

To confirm allele specificity, we transfected either donor plasmid 
and applied the non-matching antibiotic selection. Incorrect inte-
gration of the GT donor into the GA allele would confer puromycin 
resistance, whereas incorrect integration of the GA donor into the 
GT allele would confer zeocin resistance (Fig. 1f). In both cases, mis-
matched selection resulted in no cell survival, confirming orthogo-
nality (Fig. 1f).

We further validated this using fluorescent cargoes by clon-
ing green and red fluorescent reporters (TurboGFP and mScarlet-I, 
respectively) into both donor plasmids (Fig. 1g). TurboGFP was tagged 
with a nuclear localization sequence (NLS) and mScarlet-I with an 
actin-targeting signal, enabling unambiguous visualization of each 
transgene within individual cells. Co-transfection of two fluorescent 
payloads targeting the same LP (either GT or GA allele) yielded cells 
expressing only one fluorophore, consistent with mutually exclu-
sive integration. By contrast, co-transfection of TurboGFP-GT and 
mScarlet-I-GA donor plasmids produced dual-labelled hiPSCs (Fig. 1g). 
No integration was detected when the TurboGFP-GA donor was trans-
fected into the parental CLYBL-bxb-v2 hiPSC line, which lacks the GA 
allele, further supporting allele specificity and excluding detectable 
off-target integration (Extended Data Fig. 1c). Finally, integrating 
the same reporter into both LPs increased the fluorescence signal 
~2-fold, suggesting that both CLYBL alleles support comparable levels 
of transgene expression (Extended Data Fig. 1d).

Accelerating and simplifying the STRAIGHT-IN 
Dual protocol improves cell line generation
To streamline the generation of uniform, genetically modified hiP-
SCs, we optimized the STRAIGHT-IN integration process to improve 
efficiency, increase cell yield and shorten the time to downstream 
experiments (Fig. 2a). We hypothesized that the lower cytotoxicity 
and higher transgene expression typically observed with modRNA 
delivery compared with plasmid DNA in hiPSCs would improve inte-
gration outcomes. Indeed, transfection of Bxb1 modRNA resulted in 
an ~2-fold increase in integration efficiency (Extended Data Fig. 1e).

Next, we explored whether co-delivery of cytoprotective fac-
tors could improve post-transfection survival, as reported for 
CRISPR-based genome editing24. Co-transfection of p53 variant 
(p53DD) modRNA increased the proportion of hiPSCs with an inte-
grated cargo by 12.4-fold compared with a control mGreenLantern 
modRNA (Extended Data Fig. 1f). We also evaluated four engineered 
Bxb1 variants with reported improvements in recombination activity9,25, 
namely evoBxb1 (V74A), eeBxb1 (V74A + E229K + V375I), Bxb1-I87L 
and Bxb1-I87L + A369P + E434G. Among these, eeBxb1 delivered as 
modRNA and combined with p53DD modRNA significantly increased 
pre-selection integration efficiency from 2.75% to 9.12% at the GT allele, 

into defined genomic sites4,14,15. However, most SSR-based platforms 
are restricted to single-copy integration at a single locus. While some 
platforms permit integration of two DNA payloads16, few support 
precise, allele-specific insertion of multiple transgenes. Alternative 
methods, such as cassette exchange, which relies on two recombina-
tion sites17, remain relatively inefficient.

We previously developed STRAIGHT-IN, a modular Bxb1-based 
system for single-copy transgene integration into hiPSCs2. Although 
we evaluated the recombinase ɸC31 for orthogonal integration of 
two donor plasmids, its low efficiency precluded practical use. More 
recently, engineered orthogonal Bxb1 attP/attB variants in which the 
central ‘GT’ dinucleotide is altered to ‘GA’ were shown to maintain high 
integration efficiency with minimal crossover between the recombina-
tion sequences15,18, creating an opportunity for multi-payload integra-
tion using a single recombinase.

Here we develop STRAIGHT-IN Dual, an hiPSC acceptor line 
carrying two orthogonal Bxb1-compatible LPs. This design enables 
simultaneous, allele-specific integration of two DNA payloads into 
distinct alleles of the CLYBL locus, a genomically permissive site pro-
posed as a safe harbour19. STRAIGHT-IN Dual also supports Cre- and 
Flp-mediated removal of auxiliary sequences (for example, selection 
markers and vector backbones), generating markerless, near-scarless 
integrations2,11,20. The resulting platform supports iterative genome 
engineering while controlling for locus-specific and neighbouring 
transgene effects.

Using STRAIGHT-IN Dual, we systematically tested how promoter 
choice and gene syntax (the relative order and orientation of genes) 
influence transgene expression and stability across pluripotent and 
differentiated cell states. We also combined multiplexed construct 
integration with Flow-Seq21 to establish a scalable framework for 
high-throughput screening of genetic components. In addition, we 
used the dual-LP configuration to improve forward programming 
of hiPSCs into induced motor neurons (iMNs) by distributing tran-
scription factors across the two LPs. Finally, we adapted a grazo-
previr (GZV)-inducible synthetic zincfinger transcription regulator 
(synZiFTR) system22 for hiPSCs and combined it with doxycycline 
(Dox)-inducible Tet-On control to enable precise, independent regula-
tion of two genetic programmes in the same cell.

Together, STRAIGHT-IN Dual provides a robust and flexible 
platform for multi-transgene integration and inducible control in 
hiPSCs. These capabilities support applications ranging from 
high-throughput genetic screening to combinatorial circuit design 
and multi-lineage modelling.

Bxb1 mediates allele-specific integration of two 
DNA payloads in CLYBL
Building on our STRAIGHT-IN acceptor hiPSC line containing a single LP 
in one allele of CLYBL (LU99_CLYBL-bxb-v2)23, we targeted the unedited 
CLYBL allele to generate a dual-LP acceptor line. The original LP contains 
a Bxb1-GT attP site for allele-specific targeting with GT donor plasmids, 
an excisable PGK promoter-driven EBFP2 (constitutively fluorescent 
blue fluorescent protein) fluorescent reporter and a selection cas-
sette (BleoR) designed as a promoter trap owing to the lack of an ATG 
initiation codon and promoter sequence. The 5′ and 3′ ends of the LP 
are flanked by two heterospecific loxP and lox257 sites, enabling Cre 
recombinase to excise the auxiliary sequences both upstream and 
downstream of the payload after integration (Fig. 1a).

Using TALENs, we targeted a second LP containing an orthogo-
nal Bxb1-GA attP site into the unedited CLYBL allele (Fig. 1a). This 
LP also included the red fluorescent reporter mScarlet, a puro-
mycin selection cassette (PuroR), and heterospecific FRT/F3 sites 
for Flp recombinase-mediated excision. We characterized an 
mScarlet-expressing hiPSC clone (STRAIGHT-IN Dual) by genotyp-
ing PCR, ddPCR and Sanger sequencing, confirming single-copy 
targeting of the Bxb1-GA attP LP (GA allele) in the previously 
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Fig. 1 | Allele-specific targeting of GT and GA donor plasmids in the STRAIGHT-IN 
Dual hiPSCs. a, Schematic of TALEN-mediated targeting of the GA-LP cassette into 
the second allele of the CLYBL locus and Bxb1 recombinase-mediated integration 
of GT and GA donor plasmids into their cognate LPs. Expression of the antibiotic 
resistance markers (BleoR and PuroR) is activated only upon correct donor plasmid 
integration, which supplies the missing initiation codon (*). Half arrows indicate 
junction PCR primer sites. ‘Payload’ indicates the location of the desired DNA 
cargo for targeting in both the donor plasmid and following genomic integration. 
‘T’ denotes polyadenylation sequences. b, Junction PCR analysis confirming 
targeting of GT and GA alleles in the CLYBL locus. c, ddPCR validating single-copy 
genomic integration of each LP cassette. The CLYBL-bxb-v2 hiPSC line serves as 
a control. Symbols indicate the estimated copy number; error bars indicate the 

Poisson 95% confidence interval. Data are from a single engineered acceptor line 
measured once (N = 1). d, Representative ddPCR dot plots showing GT and GA 
donor plasmid integration before and after antibiotic selection. Dots represent 
droplets containing the indicated sequence (attR or attP), with percentages 
showing the calculated integration efficiencies. e, Mean integration efficiencies 
of GT and GA donor plasmids before (−) and after (+) antibiotic selection. N = 3 
independent transfections; error bars, ±s.e.m. f, Schematic illustrating Bxb1-GT/
GA recombination specificity (left) and alkaline phosphatase staining  
(right) confirming orthogonal payload integration at the GT and GA alleles.  
g, Fluorescence images showing allele-specific expression of TurboGFP (GT) and 
mScarlet-I (GA) following donor plasmid integration. Schematics in a (Chr. 13) and g 
created in BioRender; Blanch Asensio, A. https://biorender.com/yu8eiiq (2026).
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and from 1.46% to 11.7% at the GA allele (Fig. 2b). Other Bxb1 variants 
did not outperform wild-type Bxb1, although co-transfection of p53DD 
modRNA consistently improved integration efficiencies across experi-
ments (Extended Data Fig. 1g).

On the basis of these optimization experiments, and to expedite 
enrichment with zeocin or puromycin, we used modRNA for all subse-
quent donor plasmid integrations. Because modRNA results in more 
rapid Bxb1 expression than plasmid delivery, antibiotic selection could 
begin 1 day after transfection. This reduced the time required to obtain 
uniform, payload-carrying hiPSCs to less than 1 week (Fig. 2c,d). Nota-
bly, inclusion of p53DD modRNA enabled recovery of hiPSC colonies 
with both GT and GA integrations after only 3 days of antibiotic selec-
tion (Fig. 2e and Extended Data Fig. 1h). ddPCR confirmed single-copy 
insertions of the GT and GA donor plasmids, with no evidence of ran-
dom integration (Extended Data Fig. 1i).

After integration, Cre and Flp recombinases are used to excise 
auxiliary elements, leaving behind only the DNA payload and often 
improving transgene expression2 (Fig. 2f). While plasmid-based recom-
binase expression can yield high excision rates with selection, it often 
results in few surviving clones and prolonged expansion times. To 
improve this, we explored plasmid-free strategies using either modRNA 
or recombinant protein delivery.

For the GT allele, delivery of TAT-Cre protein resulted in excision 
rates of 91.9% and 80.7% for the loxP- and lox257-flanked sequences, 
respectively. A second round of TAT-Cre increased this to 97.6% and 
93.7% (Fig. 2g). For the GA allele, where TAT-Flp protein is unavailable, 
we used Flp modRNA. After one transfection, 61.5% and 54.8% of hiPSCs 
had excised the FRT- and F3-flanked sequences, respectively, increasing 
to 87.8% and 76.3% with a second transfection (Extended Data Fig. 1j, 
left). Co-delivery of TAT-cre and Flp modRNA resulted in 83.6% of hiPSCs 
excising all flanked auxiliary sequences after 2 transfection rounds 
(Extended Data Fig. 1j, right).

We hypothesized that coupling excision to selection might further 
enhance efficiency, potentially enabling complete removal of auxiliary 
elements after a single transfection. To test this, we integrated a donor 
plasmid into the GA allele, conferring puromycin resistance while leaving 
cells zeocin sensitive. Transfection of a modRNA encoding both Flp and 
BleoR (Flp-T2A-BleoR), followed by zeocin selection starting 1 day later, 
resulted in near-complete excision of both upstream and downstream 
auxiliary elements within 3 days with efficiencies of 99.3% and 97.2%, 
respectively (Fig. 2h). However, an equivalent strategy could not be rep-
licated with Cre for donor plasmids integrated at the GT allele, as puro-
mycin selection following Cre-T2A-PuroR or Cre-IRES-PuroR modRNA 
transfection failed to yield puromycin-resistant hiPSCs. Co-transfection 
of Cre and PuroR modRNAs resulted in limited excision enrichment, with 
efficiencies increasing only from 25.7% to 44.3% for loxP- and from 22.5% 
to 41.7% for lox257-flanked sequences (Extended Data Fig. 1k).

Finally, to further streamline the protocol, we performed donor 
plasmid integration and auxiliary element excision in the same well 
without passaging the cells. The hiPSCs were co-transfected with 
eeBxb1 and p53DD modRNA together with a GA donor plasmid encod-
ing enhanced green fluorescent protein (eGFP), followed by puromy-
cin selection on days 1–3 after transfection. On day 4, Flp-T2A-BleoR 
modRNA was transfected, and zeocin selection was applied from days 5 
to 8 (Fig. 2i). Within 9 days, hiPSCs showed near-uniform eGFP expres-
sion and excision of auxiliary elements (Fig. 2j,k), demonstrating a 
rapid, one-well protocol for near-scarless single-copy genome integra-
tion with >98% efficiency.

Identifying promoter sequences supporting 
stable transgene expression in hiPSCs
Transgenes are essential tools for tracking cellular processes and 
modulating cell behaviour and identity26. However, in hiPSCs, 
genome-integrated transgenes are susceptible to transcriptional 
silencing, particularly during prolonged culture or upon differentia-
tion. Promoter choice has a crucial role in determining both expression 
strength and susceptibility to silencing27,28 (Fig. 3a). Although the CMV 
early enhancer/chicken β-actin (CAG) and human elongation factor 
1-α (hEF1α) promoters are commonly used for constitutive transgene 
expression across diverse cell types29, their comparative performance 
in hiPSCs remains poorly defined.

To directly compare promoter activity, we generated a dual- 
reporter hiPSC line in which divergently oriented CAG and hEF1α pro-
moters drove expression of mRuby2 and mGreenLantern, respectively. 
While all puromycin-resistant hiPSC colonies showed uniform mRuby2 
expression, only a subset expressed mGreenLantern despite con-
firmed integration of the hEF1α-driven cassette, indicating transcrip-
tional silencing. This effect became more pronounced with passaging 
(Extended Data Fig. 2a).

To exclude reporter-specific effects and promoter interference, 
we replaced mGreenLantern with mStayGold, the brightest monomeric 
GFP reported so far30, and integrated the two reporters into separate 
CLYBL alleles. Again, only the hEF1α-driven mStayGold was silenced 
(Extended Data Fig. 2b). Swapping promoter–reporter pairings con-
firmed this result, with CAG-driven mStayGold strongly expressed 
while hEF1α-driven mRuby2 was silenced (Extended Data Fig. 2c).

We next screened a panel of 11 promoters to identify sequences 
capable of driving low, medium or high levels of transgene expression. 
In addition to hEF1α and CAG, the panel included ubiquitous promot-
ers (UbC, β-actin and PGK), viral promoters (CMV, RSV and SV40), 
truncated CAG variants (CBh and shortCAG) and a CpG-depleted hEF1α 
variant (CpG-free). We introduced promoters either separately or in a 
multiplexed format to demonstrate the feasibility of integrating plas-
mid libraries using STRAIGHT-IN. This also enabled direct comparison 

Fig. 2 | Optimized STRAIGHT-IN protocol improved integration and excision 
efficiencies while reducing timelines. a, Schematic of the rapid integration 
procedure. b, Mean integration efficiencies of GT and GA donor plasmids using 
modRNA combinations of Bxb1, eeBxb1 and p53DD before selection. N = 3 
independent transfections; error bars, ±s.e.m.; not significant (NS), P > 0.05; 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (unpaired two-tailed t-test). Exact 
P values are 0.1493, 0.0008, 0.0050, 0.0034, 0.0026 and <0.0001, respectively. 
c, Overlay of fluorescence and phase-contrast images (left) and flow cytometry 
analysis (right) showing reporter expression following rapid integration of GT 
or GA donor plasmids encoding mRuby2 or eGFP, respectively. Dashed lines 
denote untransfected STRAIGHT-IN Dual acceptor hiPSCs. d, Mean integration 
efficiencies of GT and GA donor plasmids following antibiotic selection. N = 3 
independent transfections; error bars, ±s.e.m. e, Schematic of the dual payload 
integration and selection procedure (left), and overlay of fluorescence and 
phase-contrast images (right) after co-delivery of GT and GA donor plasmids 
encoding mScarlet-I and eGFP, respectively. f, Schematic for excising selection 
cassettes and plasmid backbones using Cre or Flp recombinases. Dashed lines 

indicate the sequences excised, and half arrows indicate primer sites for ddPCR 
analysis. g, Mean percentages of hiPSCs with indicated flanking regions excised 
following 1 (#1) or 2 (#2) administrations of TAT-Cre protein, as determined by 
ddPCR. N = 3 independent transfections; error bars, ±s.e.m. h, Mean percentages 
of hiPSCs with indicated flanking regions excised following Flp-2TA-BleoR 
modRNA transfection, with (+) or without (−) zeocin selection, as determined 
by ddPCR. N = 4 independent transfections; error bars, ±s.e.m. i, Schematic 
of the complete rapid integration and excision workflow. j, Representative 
fluorescence and phase-contrast images, and flow cytometry analysis of hiPSCs 
transfected with a GA-eGFP donor plasmid on days 4 and 9 of the STRAIGHT-IN 
rapid integration and excision workflow. Dashed lines represent untransfected 
STRAIGHT-IN Dual acceptor hiPSCs. k, Mean percentage of hiPSCs with indicated 
flanking regions excised after Flp-2TA-BleoR modRNA transfection and zeocin 
selection, as determined by ddPCR. N = 3 independent transfections; error bars, 
±s.e.m. Schematics in a, b, e and g–i created in BioRender; Blanch Asensio, A. 
https://biorender.com/z42p366 (2026).
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of pooled versus individual outcomes (Fig. 3b). While all promoters 
produced detectable mStayGold expression 24 h after transfection, 
their expression profiles diverged markedly following single-copy 
integration at the CLYBL locus, indicating potential context-dependent 
differences between episomal and integrated transgene expression 
(Extended Data Fig. 3a,b).

Among the candidates tested, full-length CAG consistently sup-
ported strongest mStayGold expression, followed by its truncated 
derivative CBh. UbC and β-actin promoter sequences produced inter-
mediate and low expression levels, respectively, suggesting utility in 

applications requiring tighter control. By contrast, the remaining pro-
moters (including hEF1α, CMV and CpG-free) either failed to produce 
homogeneous mStayGold expression or were rapidly silenced upon 
passaging (Fig. 3c). Longitudinal monitoring over ten passages showed 
sustained mStayGold expression from CAG and UbC promoters, while 
with hEF1α it remained silenced in most cells (Extended Data Fig. 3c).

We next evaluated promoter behaviour in a pooled context. 
All 11 promoter constructs were detected in the bulk population by 
next-generation sequencing (Extended Data Fig. 3d). Cells were binned 
into four mStayGold-based expression clusters (negative, low, medium 
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Fig. 3 | Evaluation of transgene silencing using STRAIGHT-IN. a, Conceptual 
schematic illustrating transgene silencing over time following genomic 
integration. b, Schematic of the panel of 11 different promoters, each driving 
expression of an mStayGold reporter integrated into the CLYBL locus. Donor 
plasmids were delivered either individually or as a pooled library to identify 
promoter sequences supporting high, medium and low transgene expression 
levels. c, Representative flow cytometry analysis (top), and overlaid fluorescence 
and phase-contrast images (bottom) over 4 passages of mStayGold expression 

in hiPSCs following individual promoter integration. Dashed lines indicate 
untransfected STRAIGHT-IN Dual acceptor hiPSCs. d, Flow cytometry analysis 
of the pooled integration approach, with the bulk population sorted into four 
mStayGold expression clusters: negative (neg), low, medium (med), and high. 
e, Bar graph showing the distribution of sequencing reads for the indicated 
promoter sequences mapping to each of the four expression clusters. Schematic 
in b created in BioRender; Blanch Asensio, A. https://biorender.com/iuybmqy 
(2026).
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and high), and promoter sequences within each sorted cluster were 
mapped (Fig. 3d,e and Extended Data Fig. 3e). The expression patterns 
closely matched those from individually integrated lines: CAG and CBh 
were enriched in the high-expression cluster; UbC in the intermediate 
cluster; β-actin in the low-expression cluster; and hEF1α, PGK and the 
remaining promoters predominantly in the negative cluster.

To assess whether these results were locus dependent, we inte-
grated 6 promoter constructs (hEF1α, CAG, UbC, CBh, β-actin and PGK) 
into an hiPSC line containing an LP at the adeno-associated virus inte-
gration site 1 (AAVS1) locus23 (Supplementary Fig. 2a). As observed at the 
CLYBL locus, CAG again drove strong and stable transgene expression 
across multiple passages at AAVS1, whereas hEF1α- and PGK-containing 
constructs underwent silencing (Supplementary Fig. 2b). Notably, 
UbC, CBh and β-actin showed greater variability in both silencing and 
expression levels between the two loci, indicating that promoter and 
locus jointly influence transgene expression.

These findings guided further optimization of the STRAIGHT-IN 
donor plasmids. Because CAG consistently supported strong and stable 
transgene expression, whereas hEF1α was more prone to silencing, we 
designed the GT and GA donor plasmids to place the CAG promoter 
upstream of the transgene cloning site (Supplementary Fig. 3a). In 
addition, because the original GA donor plasmid relied on hEF1α to 
drive PuroR expression in the LP, we hypothesized that this could limit 
recovery of puromycin-resistant colonies. We therefore replaced hEF1α 
with CAG, UbC or CBh (Supplementary Fig. 3b). Following puromycin 
selection, colony numbers increased by 1.45-, 2.29- and 3.84-fold, 
respectively, indicating that weak hEF1α activity was impairing selec-
tion efficiency (Supplementary Fig. 3c).

Gene syntax influences induction efficiency in the 
Tet-On 3G system in hiPSCs
Beyond promoter selection, gene syntax, which is the relative order and 
orientation of transcriptional units, can influence the expression of adja-
cent genes31–33. While placing different components of gene circuits at sep-
arate genomic loci may reduce unwanted interactions, this approach also 
requires additional genomic integrations. To systematically compare how 
multi-component gene circuits perform, we used STRAIGHT-IN Dual to 
identify design principles for the Tet-On 3G system, examining trade-offs 
between co-localized (cis) and dual-locus (trans) configurations.

We first constructed a trans design with the transcriptional units 
integrated into separate CLYBL alleles (Fig. 4a). The inducible mScarlet 
reporter was driven by a tetracycline response element (TRE) contain-
ing seven tetracycline operator (TetO) repeats. On the basis of our 
observation that the CAG promoter resists silencing in hiPSCs, we used 
CAG to drive transactivator gene (rtTA) expression in a bicistronic cas-
sette that also expressed a nuclear-localized blue fluorescent reporter 
(mTagBFP2-NLS) as a proxy readout for rtTA levels.

We also generated cis designs, in which both the constitu-
tive (rtTA-T2A-mTagBFP2-NLS) and inducible (TRE-mScarlet) 

transcriptional units were integrated into the same allele. This allowed 
us to test how gene syntax affects induction. We created four syntaxes: 
convergent, divergent, downstream tandem and upstream tandem 
(Fig. 4a). Because the unexcised GA allele retains auxiliary sequences, 
including mScarlet (resulting in two copies of mScarlet in these 
lines), we quantified mTagBFP2 and mScarlet expression both before 
(Extended Data Fig. 4) and after auxiliary sequence excision (Fig. 4).

In the trans configuration, induced mScarlet expression was weak, 
whereas several cis designs showed robust induction (Fig. 4b), suggest-
ing that spatial proximity between the constitutive and inducible units 
improves Tet-On 3G induction in hiPSCs. Notably, mTagBFP2 expres-
sion levels were unchanged in the trans configuration, indicating that 
reduced induction was unlikely due to differences in rtTA expression 
(Fig. 4c,d).

Before induction, we observed clear bimodality in mTagBFP2 
expression for the convergent syntax, which was most pronounced in 
unexcised cells (Extended Data Fig. 4c), and consistent with biophysi-
cal models of transcription32. By contrast, the other syntaxes exhib-
ited unimodal mTagBFP2 expression, which remained stable upon 
induction with 1 µM doxycycline (Extended Data Fig. 4c). In unexcised 
cells, induction resulted in slight repression of mTagBFP2 across all 
syntaxes (Extended Data Fig. 4d), with syntax-specific differences in 
mTagBFP2 expression becoming evident after excision (Fig. 4c,d). Most 
notably, the downstream tandem syntax exhibited an approximately 
fivefold reduction in mTagBFP2 expression, while the convergent  
syntax showed no change. The divergent and upstream tandem syn-
taxes showed increased mTagBFP2 expression, in line with biophysical 
model predictions (Fig. 4c,d).

Upon induction with 1 µM doxycycline, notable syntax-specific 
differences also emerged in mScarlet expression. Although these dif-
ferences became more pronounced after excision (Fig. 4b–d), similar 
trends were observed before excision (Extended Data Fig. 4e,f). The 
divergent and downstream tandem syntaxes showed strong mScarlet 
induction, whereas the convergent and upstream tandem syntaxes 
exhibited poorer induction, characterized by weak, bimodal or broad 
expression distributions. Excision substantially improved induction 
for the convergent syntax, possibly by increasing rtTA levels (as indi-
cated by mTagBFP2), but did not improve induction for the upstream 
tandem syntax (Fig. 4c,d).

Given the robust mScarlet induction observed in the downstream 
tandem cis design, we next tested its performance in three-dimensional 
(3D) stem cell-derived cardiac organoids (cardioids), which provide a 
more complex cellular environment for disease modelling and devel-
opmental studies. mScarlet expression could be modestly tuned by 
varying doxycycline concentration (Fig. 4e), or altering the duration of 
exposure, with longer inductions leading to higher expression (Fig. 4f). 
mScarlet expression could be induced in later-stage cardioids when 
doxycycline was added from day 7, indicating that transgene expression 
can be dynamically controlled in complex 3D systems.

Fig. 4 | Gene syntax modulates performance of the Tet-On 3G system in 
hiPSCs. a, Schematic overview of a trans-acting design and the four possible 
all-in-one Tet-On 3G syntaxes in cis-acting design, defined by the relative 
orientation and order of the constitutive (rtTA-T2A-mTagBFP2) and doxycycline-
inducible (TRE-mScarlet) transcriptional units. Arrows indicate transcriptional 
direction. b, Representative fluorescence/phase-contrast images (left) of 
hiPSCs carrying the integrated constructs shown in a, cultured in the absence 
(−) or presence (+) of doxycycline for 3 days. The schematic (right) summarizes 
relative mScarlet expression across syntaxes. Conv, convergent; Div, divergent; 
D-tand, downstream tandem; U-tand, upstream tandem. c, Flow cytometry 
analysis of mScarlet and mTagBFP2 expression in hiPSCs carrying each of the 
integrated constructs, in the absence (dashed line) or presence (red/blue) of 
doxycycline for 3 days. Values indicate fold change, which is based on geometric 
mean fluorescence intensity (G-mean). d, Quantification of G-mean values for 
mScarlet and mTagBFP2 expression in the absence (grey) or presence (red/

blue) of doxycycline for 3 days. N = 3 biological replicates; mean ± s.e.m.; NS, 
P > 0.05; ****P ≤ 0.0001 (one-way ANOVA). All exact P values are <0.0001. e, Dose–
response of doxycycline-induced mScarlet expression in hiPSCs harbouring the 
downstream tandem construct. Representative fluorescence/phase-contrast 
images (top) and flow cytometry analysis with values indicating fold changes 
based on the G-mean (bottom). f, Inducible mScarlet expression in cardioids 
carrying the downstream tandem construct. Schematic of the induction 
protocols (top). Flow cytometry analysis showing mScarlet expression in the 
absence (dashed line) or presence (red) of doxycycline for the indicated periods 
(bottom left). Fold change values (x) are based on the G-mean values relative 
to untreated cardioids. Representative fluorescence/phase-contrast images at 
different time points for the same indicated periods of doxycycline induction 
(bottom right). D, day. Schematic in f created in BioRender; Blanch Asensio, A. 
https://biorender.com/y38m260 (2026).
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Dual payload inducible system enables forward 
programming of hiPSCs into iNs and iMNs
Forward programming of hiPSCs into specific cell types is typically 
achieved by overexpressing lineage-defining transcription fac-
tors. However, suboptimal gene syntax may impair transcription 

factor expression and thereby inhibit cell-fate conversion (Fig. 5a). 
Given the striking differences that we observed between the two 
tandem orientations (Fig. 4d), we investigated whether gene syn-
tax also influences forward programming outcomes when over-
expressing NGN2, a pioneer transcription factor for neurons34. To 
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evaluate this, we constructed Tet-On 3G all-in-one systems to regulate 
NGN2 expression.

To enable rapid cloning of NGN2 and other genes of interest into 
the STRAIGHT-IN LPs, we developed a modular set of tandem and 
divergent Tet-On 3G donor plasmids (Supplementary Fig. 4a). These 
vectors included a constitutive nuclear BFP reporter for visualiza-
tion and a LacZ cassette to facilitate blue/white screening of bacterial 
colonies containing the cloned inserts. After assembly, >85% of white 
colonies carried the correct cargo (Supplementary Fig. 4b,c). This 
streamlined workflow allowed rapid generation of donor plasmids 
containing diverse inducible cargoes and, using the rapid integration 
protocol, establishment (within 1 week) of hiPSC lines that uniformly 
expressed the nuclear mTagBFP2 reporter (Supplementary Fig. 4d,e).

Induction of NGN2 from the downstream tandem syntax led to 
generation of TUJ1+MAP2+ hiPSC-derived induced neurons (iNs) within 
7 days (Fig. 5b and Extended Data Fig. 5a). By contrast, the upstream 
tandem configuration produced very few iNs (Fig. 5c), consistent 
with its weaker expression profile observed earlier (Fig. 4c,d). qPCR 
confirmed reduced induction of NGN2 and other neuronal genes in 
the upstream tandem syntax, while pluripotency-associated genes 
were downregulated in the downstream tandem orientation following 
doxycycline induction (Fig. 5d).

To demonstrate the utility of STRAIGHT-IN Dual for co-expressing 
multiple transgenes, we integrated NGN2 and a genetically encoded 
calcium indicator ( jRCaMP1b) into separate CLYBL alleles using two 
TRE-controlled donor plasmids (Extended Data Fig. 5b). With doxycy-
cline as a single inducer, this configuration resulted in rapid and robust 
forward programming of hiPSCs into iNs while simultaneously allowing 
monitoring of calcium signals (Extended Data Fig. 5c–e), illustrating 
how the Dual system can couple lineage conversion with real-time 
functional readouts.

We next investigated whether distributing the transcription fac-
tors required for motor neuron (iMN) specification (NGN2, ISL1 and 
LHX3) across both LPs would improve the homogeneity of forward 
programming outcomes. Specifically, we compared a dual-cassette 
configuration in which NGN2 and the ISL1–LHX3 cassette were inte-
grated separately (GT-NGN2 + GA-ISL1-LHX3; GT-N + GA-IL) with a 
single-cassette configuration in which all three factors were encoded 
in tandem within a single LP (GT-NGN2-ISL1-LHX3; GT-NIL; Fig. 5e). 
The single-cassette GT-NIL configuration led to a high proportion of 
proliferative, non-neuronal cells that rapidly overtook the culture 
(Extended Data Fig. 5f). By contrast, the dual-cassette strategy resulted 
in improved neuronal differentiation, yielding a purer population of 
iMNs (Extended Data Fig. 5f). Although in the single-allele approach, 
the non-neuronal cells were selectively eliminated by treatment with 
5-ethynyl-2′-deoxyuridine (EdU), this step was not required for the 
dual-cassette design (Extended Data Fig. 5g,h).

After 10 days of differentiation, live-cell imaging with Hoechst 
and propidium iodide showed increased cell death in EdU-treated 
single-cassette cultures, consistent with the higher proportion of 

non-neuronal, EdU-sensitive cells (Extended Data Fig. 6a–d). Cal-
cein AM staining and image quantification further showed that cells 
derived from the dual-cassette configuration were significantly larger, 
exhibited increased neurite branching and had longer dendrites 
(Extended Data Fig. 6a–d). qPCR confirmed that expression of NGN2, 
ISL1 and LHX3 was lower in the single-cassette configuration, while the 
dual-cassette cultures showed robust upregulation of motor neuron 
markers, including HB9, CHAT and SLC18A3 (also known as VAChT), 
compared with NGN2 alone (Extended Data Fig. 6e).

To evaluate the effects of copy number, allele configuration (cis 
versus trans) and transcript architecture, we generated three addi-
tional lines. To separate the effect of the tricistronic cassette while 
maintaining expression from a single allele, we expressed the transcrip-
tion factors either as three separate inducible transcription units in a 
downstream tandem orientation (GA-N + I + L D-Tand), or as two units 
in a divergent syntax, with one encoding NGN2 and the other carrying a 
bicistronic ISL1–LHX3 cassette (GA-N + IL Div; Extended Data Fig. 7a,b). 
To test whether expression from the tricistronic NIL cassette could 
be increased, we introduced a second identical copy into the GA 
allele of the GT-NIL line (GT-NIL + GA-NIL; Fig. 5e). Dual integration 
resulted in an ~2-fold increase in mTagBFP2 expression (Fig. 5f), and 
after 3 days of doxycycline induction, this line exhibited the highest 
levels of all three transcription factors among the six lines analysed 
(Extended Data Fig. 7c).

By day 10 of differentiation, morphology and qPCR analysis indi-
cated more robust motor neuron differentiation in the two dual-allele 
lines (GT-N + GA-IL and GT-NIL + GA-NIL), consistent with their increased 
transcription factor expression (Fig. 5g and Extended Data Fig. 7d,e). 
Immunofluorescence staining for HB9 further confirmed motor neu-
ron identity (Fig. 5h and Extended Data Fig. 7f). Quantification of HB9+ 
nuclei relative to total DAPI+ nuclei showed that >85% of cells in the 
GT-N + GA-IL line were HB9+ at day 10, whereas ~40% of cells were HB9+ 
in the dual GT-NIL + GA-NIL line and <20% in the remaining lines (Fig. 5i 
and Extended Data Fig. 7g). Altogether, these data suggest that the 
single-transcript design may impede effective differentiation by lim-
iting transcription factor expression. While increasing copy number 
improved both expression and differentiation, it did not achieve an 
efficiency similar to the split-allele GT-N + GA-IL hiPSC line.

Rapid generation of iECs and promoter activity 
profiling in differentiated lineages using 
STRAIGHT-IN Dual
To further demonstrate the versatility and efficiency of our all-in-one 
Tet-On 3G downstream-tandem vector system for generating induc-
ible hiPSC lines, we cloned and overexpressed ETV2, a pioneer 
transcription factor that directs endothelial lineage specification 
(Extended Data Fig. 8a). Upon doxycycline induction, cells rapidly 
acquired an endothelial-like morphology and, by day 4, expressed 
key markers of endothelial identity, including CD31, ZO-1 and CD144 
(Extended Data Fig. 8b–d).

Fig. 5 | Doxycycline-inducible expression of multiple transcription factors 
using STRAIGHT-IN Dual. a, Schematic of a forward programming strategy to 
generate specific cell types by inducible overexpression of transcription factors 
(TFs). b, Schematic of a downstream tandem all-in-one doxycycline-inducible 
NGN2 cassette (top). Phase-contrast and immunofluorescence images  
(TUJ1, magenta; DNA, cyan) of cells at indicated days treated with (+) or without 
(−) doxycycline (bottom). c, Schematic of an upstream tandem all-in-one 
doxycycline-inducible NGN2 cassette (top), with corresponding images to those 
shown in b (bottom). d, Expression analysis of pluripotency and neuronal marker 
genes in untransfected hiPSCs and cells containing inducible NGN2 cassettes 
from b or c, treated with (+) or without (−) doxycycline for 7 days. Values are 
normalized to RPL37A and log10-transformed. N = 3 independent differentiations. 
e, Schematic of representative single- and dual-cassette configurations tested for 
forward programming hiPSCs to iMNs. f, Flow cytometry analysis of mTagBFP2 
expression in hiPSC lines with the indicated cassettes integrated in the GT or GA 

alleles. Dashed line represents untransfected STRAIGHT-IN Dual acceptor hiPSCs, 
with values indicating G-mean fold change relative to the untransfected parental 
cell line. g, Gene expression analysis of inducible transcription factors and 
motor neuron markers in cells containing the indicated single- or dual-cassette 
configurations and cultured with doxycycline for 10 days. Values are normalized 
to RPL37A and shown relative to uninduced conditions (log10-transformed). N = 3 
independent differentiations. h, Immunofluorescence images (MAP2, magenta; 
HB9, yellow; DNA, cyan) of the indicated cell lines treated with doxycycline 
for 10 days. i, Box-and-whisker plots showing the percentage of HB9+ nuclei 
relative to DAPI+ nuclei from images acquired as in h. The centre line indicates 
the median (50th percentile). The lower and upper bounds of the box indicate 
the 25th and 75th percentiles (interquartile range), and whiskers extend to the 
minimum and maximum values. For each condition, 2–3 images were analysed 
per differentiation across 3 independent differentiations.
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To evaluate promoter activity following lineage commitment, we 
integrated the previously characterized panel of 11 promoters into the 
GA allele of hiPSC lines harbouring doxycycline-inducible NGN2 or ETV2 
in the GT allele. This enabled side-by-side comparison of promoter activ-
ity in iNs and induced endothelial cells (iECs) (Extended Data Fig. 9).

Promoter behaviour in iNs and iECs largely mirrored that 
observed in undifferentiated hiPSCs. As in the pluripotent state, the 

CAG promoter drove strong, uniform mStayGold expression in both 
iNs and iECs (Extended Data Fig. 9b,c). UbC and β-actin promoters 
also remained active, producing moderate and low levels of reporter 
expression, respectively. By contrast, the remaining promoters, includ-
ing hEF1α, PGK and CBh, either failed to produce detectable reporter 
signals or showed transgene silencing, consistent with observations 
in undifferentiated hiPSCs.
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Fig. 6 | Dual-fate programming via orthogonal, inducible transcription 
factor expression using STRAIGHT-IN Dual. a, Schematic of a downstream 
tandem synZiFTR-based NGN2 cassette integrated into the GA allele, enabling 
grazoprevir-inducible expression. b, Phase-contrast and immunofluorescence 
images of cells at indicated time points, cultured with (+) or without (−) 
grazoprevir (TUJ1, magenta; MAP2, yellow; DNA, cyan). c, Schematic of 
STRAIGHT-IN Dual hiPSCs with a doxycycline-inducible mScarlet cassette in the 
GT allele and the grazoprevir-inducible NGN2 cassette in the GA allele, enabling 
sequential and combinatorial induction. d, Representative fluorescence and 

phase-contrast images (left), and flow cytometry analysis (right) of grazoprevir-
induced iNs cultured with (red line) or without (dashed line) doxycycline. e, 
Schematic of dual-fate STRAIGHT-IN Dual lines with all-in-one downstream 
tandem inducible NGN2 or ETV2 cassettes regulated by synZiFTR (GA allele) or 
Tet-On 3G (GT allele) systems. f, Representative phase-contrast images of hiPSCs 
directed into iNs or iECs in the presence of either grazoprevir or doxycycline 
for the indicated days. g, Gene expression analysis of neuronal and endothelial 
markers from the cells in f. Values are normalized to RPL37A and shown relative to 
uninduced condition (log10-transformed). N = 3 independent differentiations.
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Orthogonal inducible systems support dual-fate 
programming of genetically uniform hiPSCs
To achieve independent control over two cargoes within a single hiPSC 
line, we introduced a second, orthogonal inducible system alongside 
Tet-On 3G. We selected a synZiFTR system that couples the ZF10 
DNA-binding domain to a grazoprevir-responsive NS3 module and 
a p65 transcriptional activator22. An all-in-one synZiFTR expression 
cassette was constructed in the downstream tandem configuration 
and integrated into the GA allele (Extended Data Fig. 10a,b). A 3-day 
induction of an mGreenLantern reporter in hiPSCs revealed toxicity 
at grazoprevir concentrations above 250 nM, with 125 nM selected as 
an optimal concentration that supported transgene induction with 
minimal cytotoxicity (Extended Data Fig. 10c). At 125 nM grazoprevir, 
synZiFTR-mediated NGN2 expression efficiently generated TUJ1+MAP2+ 
iNs within 7 days (Fig. 6a,b).

To demonstrate independent dual gene regulation, we combined 
both inducible systems using STRAIGHT-IN Dual. NGN2 was integrated 
into the GA allele under synZiFTR control, while mScarlet was targeted 
to the GT allele under Tet-On 3G regulation (Fig. 6c). Grazoprevir was 
maintained throughout the 7-day differentiation procedure, with 
doxycycline added from day 3. By day 7, most iNs expressed mScarlet 
(Fig. 6d and Extended Data Fig. 10d).

To exploit this modularity, we established dual-fate hiPSC lines 
capable of differentiating into distinct lineages based on inducer 
choice. In one configuration, NGN2 expression was controlled by syn-
ZiFTR and ETV2 by Tet-On 3G, while in the other configuration, this 
arrangement was reversed (Fig. 6e). Exposure to grazoprevir or doxy-
cycline resulted in rapid and efficient differentiation into either iNs or 
iECs (Fig. 6f). Lineage commitment was confirmed by qPCR and flow 
cytometry, with grazoprevir-induced iECs expressing CD31 and CD144 
(Fig. 6g and Extended Data Fig. 8e). Together, these results highlight 
the versatility of STRAIGHT-IN Dual for independently controlling 
multiple transcriptional programmes in a single, genetically uniform 
hiPSC line, thereby providing a flexible framework for implement-
ing orthogonal gene circuits and for generating mixed or patterned 
cell populations.

Discussion
In this study, we present STRAIGHT-IN Dual, a platform enabling rapid, 
efficient and allele-specific integration of two independent DNA pay-
loads into the CLYBL locus in hiPSCs. Following protocol optimiza-
tion, genetically modified hiPSC lines could be generated in less than 
1 week, yielding near-uniform edited populations after selection. For 
the GA allele, integration and excision could be completed within 9 
days without cell passaging.

STRAIGHT-IN Dual supports simultaneous integration of two 
payloads with orthogonal specificity by using the GT and GA Bxb1 
recombination sequences18. With eeBxb1, a hyperactive Bxb1 variant9, 
we achieved higher integration efficiencies than with wild-type 
Bxb1, most notably at the GA allele. This may reflect the inclusion 
of attP/attB-GA sequences in some of the circuits used during the 
directed evolution of eeBxb19, potentially biasing activity towards 
these sites. However, the precise mechanism by which the central 
dinucleotide influences recombination efficiency remains unclear 
and warrants further investigation.

Because Bxb1 catalyses recombination through DNA double- 
strand break intermediates35, we also investigated whether transiently 
suppressing the p53-mediated DNA damage response would improve 
survival and recovery of edited cells. Co-delivery of p53DD modRNA 
together with eeBxb1 modRNA increased integration efficiency 
~10-fold. These results align with the broader utility of transient p53 
interference during genome engineering16,36,37.

STRAIGHT-IN Dual also supports near-scarless genomic modi-
fications by excising auxiliary elements such as reporters, selection 
markers and plasmid backbones. Consistent with previous findings38, 

removal of auxiliary sequences reduced transgene silencing in both 
undifferentiated and differentiated hiPSCs, and also could enable reuse 
of the LPs for subsequent modifications. We achieved near-complete 
excision from both alleles using plasmid-free strategies (TAT-Cre and 
Flp-T2A-BleoR modRNA) and streamlined the GA allele workflow to 
avoid cell passaging. Together, these improvements simplify genera-
tion of multiple engineered lines, either individually or pooled, facili-
tating integration of plasmid libraries and performing combinatorial 
studies at single-copy resolution. The speed and robustness of the 
optimized workflow should also support automation-compatible 
pipelines for larger-scale functional screens.

Dual integration of the same payload into both alleles approxi-
mately doubled transgene expression, indicating that both LPs perform 
comparably. We recently showed that uniform biallelic integration 
is critical for high-resolution genome folding profiling and ena-
bles precise measurements of transcriptional activation effects on 
chromatin architecture39.

Our work also highlights limitations of commonly used molecular 
tools used in hiPSCs. The widely used hEF1α promoter underwent rapid 
silencing, consistent with earlier studies40. To identify sequences that 
better resist silencing, we screened a library of 11 promoters using both 
individual and pooled integrations. The pooled format recapitulated 
the behaviours observed in individually engineered lines, indicat-
ing that STRAIGHT-IN Dual can support scalable characterization of 
regulatory elements.

Although transient assays initially showed detectable transgene 
expression from all promoters, more than half exhibited substan-
tial silencing after single-copy integration. Viral promoters (CMV, 
RSV and SV40), shortCAG and CpG-free were rapidly silenced, while 
PGK and hEF1α showed progressive silencing. By contrast, CAG, CBh, 
UbC and β-actin promoters maintained stable reporter expression 
at the CLYBL locus in hiPSCs with extended passaging, although 
only CAG maintained long-term activity at the AAVS1 locus. Across 
forward-programmed iNs and iECs, promoter behaviours largely mir-
rored those observed in undifferentiated hiPSCs, with CAG, UbC and 
β-actin remaining active in cell types derived from distinct germ layers.

The stability of the full-length CAG promoter likely arises from 
its composite architecture, combining the cytomegalovirus (CMV) 
immediate-early enhancer with the chicken β-actin promoter (includ-
ing its first intron) and a rabbit β-globin splice acceptor41. These ele-
ments provide multiple transcription factor binding sites and can 
recruit chromatin remodellers to help resist DNA methylation42. By 
contrast, truncated variants (CBh and shortCAG) and CMV alone lack 
one or more of these features and showed reduced resistance to silenc-
ing. Nonetheless, the large size and high GC content of CAG complicates 
cloning, highlighting the need to develop and evaluate alternative 
synthetic promoters that retain the stable expression characteristics 
of CAG while improving ease of use. STRAIGHT-IN Dual provides a 
locus-controlled platform to screen promoter sequence libraries and to 
evaluate additional regulatory elements to mitigate transgene silencing 
in hiPSCs and their derivatives43–45.

We also used STRAIGHT-IN Dual to systematically analyse gene 
syntax in the all-in-one Tet-On 3G system, identifying the divergent 
and downstream tandem syntaxes as the most effective configurations 
for induction. These syntaxes are commonly favoured in mammalian 
systems46–50, whereas convergent and upstream tandem syntaxes 
typically perform poorly unless extensively optimized51,52. Consistent 
with this, NGN2 expressed from the downstream tandem syntax sup-
ported efficient forward programming of hiPSCs into iNs, whereas the 
upstream tandem configuration produced few iNs. This is consistent 
with an upstream dominance effect driven by supercoiling-mediated 
feedback, which can regulate the expression of neighbouring genes 
in a syntax-specific manner39. The downstream tandem design also 
supported ETV2-driven differentiation of hiPSCs to iECs within 4 
days. While similar outcomes have been reported using hyperactive 
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transposase systems, those strategies typically involve random integra-
tion of many copies of the construct, increasing the risk of unintended 
genomic disruption53,54. Our results indicate that a single, site-specific 
integration of ETV2 can be sufficient to forward programme most of 
the population into iECs, and suggests that high transgene copy num-
bers are not required when expression is appropriately configured 
and controlled.

Our comparative analysis of motor neuron forward programming 
strategies further demonstrates that transcript architecture and allelic 
arrangement strongly influence transcription factor expression and 
downstream differentiation. Reconfiguring the single-allele expres-
sion cassette either as three separate inducible transcription units in 
downstream tandem orientation, or as two units in a divergent syn-
tax, did not improve transcription factor output or iMN conversion 
relative to the single tricistronic NIL cassette55. As expected, intro-
ducing a second NIL cassette into the other allele increased overall 
expression in a predictable, copy number-dependent manner, but 
still did not achieve differentiation efficiencies comparable to the 
split-allele GT-N + GA-IL design. The GT-N + GA-IL line consistently 
showed superior induction of motor neuron markers and the highest 
proportion of HB9+ cells, possibly because it avoids position effects 
common to 2A-linked polycistronic constructs56. Future work should 
identify improved design strategies for multicistronic cassettes that 
overcome these limitations. More broadly, STRAIGHT-IN Dual ena-
bles systematic screening of transcription factor combinations and 
configurations for lineage specification, providing an alternative to 
pooled viral strategies that offer limited control over transcription 
factor stoichiometry48,57.

Finally, we demonstrate that STRAIGHT-IN Dual supports 
combinatorial and sequential control of transgenes using inde-
pendent inducible systems, exemplified here by Tet-On 3G and the 
GZV-responsive synZiFTR system. This enabled precise temporal 
control of both reporters and lineage-specifying transcription factors. 
Using this framework, we generated dual-fate programmable hiPSC 
lines that could be directed towards neuronal or endothelial lineages 
based on inducer choice. Previous multi-fate approaches have typi-
cally relied on mixing or patterning genetically distinct cell popula-
tions58. By contrast, our strategy enables specification of distinct fates 
from a single engineered line using small-molecule control, creating 
opportunities for spatial patterning without the need for complex 
bioprinting. The platform should also enable coupling cell-fate pro-
gramming with independent expression of biosensors or inducible 
modelling of sporadic/acquired mutations in differentiated cells. 
Furthermore, these inducible DNA payloads can be expressed in more 
complex in vitro systems, such as organoids, organs-on-chips and 3D 
tissue constructs, expanding opportunities for cell-based modelling 
and engineered tissue design.

Some limitations of the current study should be acknowledged. 
First, all engineered hiPSC lines were derived from a single parental 
clone, which reduces variability but limits the immediate generaliz-
ability of our findings. Validation across additional donor backgrounds 
is therefore warranted, and STRAIGHT-IN Dual LPs are currently being 
targeted into additional hiPSC lines. Second, most payloads were inte-
grated at CLYBL, with limited comparisons at AAVS1, so locus-specific 
effects cannot be excluded. Third, the transgene sequence can influ-
ence transgene silencing59. Here promoter activity was primarily 
assessed using fluorescent reporters. Broader testing with additional 
relevant payload classes will be important to refine design rules for 
stable expression.

In summary, STRAIGHT-IN Dual enables rapid generation of pre-
cisely engineered hiPSC lines with dual, orthogonal genetic control. 
The platform supports scalable screening, combinatorial interroga-
tion of transcriptional unit designs and inducible control of cell fate, 
and should be a useful toolkit for biomedical and synthetic biology 
research in human stem cells.

Methods
hiPSC culture
hiPSCs were maintained in StemFlex Medium (ThermoFisher) or 
mTeSR Plus Medium (STEMCELL Technologies) on tissue culture plates 
coated with Laminin-521 (BioLamina or STEMCELL Technologies) at 
1.5 μg cm−2. Cells were passaged twice weekly using either 1× TrypLE 
Select (ThermoFisher) or Gentle Cell Dissociation Reagent (STEMCELL 
Technologies). For trilineage differentiation, hiPSCs were seeded on 
96-well imaging plates (Corning) and differentiated using the STEMdiff 
Trilineage Differentiation Kit (STEMCELL Technologies) according to 
the manufacturer’s instructions.

Construction of bxb1-GA attP LP targeting plasmid
To generate the CLYBL-Bxb1-LP-Dual-TC plasmid (Addgene 
#229776), the CLYBL-Bxb1-LP-v2-TC plasmid (Addgene #194327) 
was first digested with NheI and PmeI (both NEB). An LP fragment 
(composed of an FRT site, PGK promoter, mScarlet reporter, GA 
attP site, a puromycin resistance gene lacking an initiation codon 
(*PuroR) and an F3 site) was PCR-amplified from a separate plas-
mid source. The CLYBL right homology arm (R-HA) fragment was 
PCR-amplified from CLYBL-Bxb1-LP-v2-TC. All fragments were ampli-
fied using PrimeSTAR Max DNA Polymerase (Takara Bio), treated 
with DpnI (NEB), purified using the Wizard SV Gel and PCR Clean-Up 
System kit (Promega), and assembled using the NEBuilder HiFi DNA 
Assembly Cloning Kit (NEB).

Generation of STRAIGHT-IN Dual hiPSC line
To generate the STRAIGHT-IN Dual hiPSC line (Supplementary Fig. 5), 
the GA-specific LP plasmid (CLYBL_Bxb1-GA_LP_Dual_TC) was targeted 
to the second CLYBL allele in LU99_CLYBL-bxb-v2 hiPSCs (hPSCreg, 
LUMCi004-A-2; RRID:CVCL_C6UD). Cells were co-transfected with 
500 ng targeting plasmid and 500 ng each of the TALEN expression 
vectors pZT-C13-L1 and pZT-C13-R1 (Addgene #62196 and #62197)19 
using Lipofectamine Stem Transfection Reagent (ThermoFisher), 
according to the manufacturer’s instructions.

Following recovery and expansion, mScarlet+ cells were clonally 
isolated using the single-cell deposition function of a BD FACSAria 
III (BD Biosciences). Clones were expanded and putative targeted 
clones (52/54; 94.5% targeting efficiency) were identified by PCR 
screening of the 5′ junction, followed by PCR screening of the 3′ junc-
tion and by Sanger sequencing. Primer sequences (IDT) are listed in 
Supplementary Table 1.

The resulting LU99_CLYBL-bxb-v3_Dual hiPSC line (STRAIGHT-IN 
Dual; hPSCreg, LUMCi004-A-8) was assessed for pluripotency marker 
expression, trilineage differentiation potential, mycoplasma con-
tamination and genomic integrity by G-banding and the iCS-digital 
PSC 24-probes kit (Stemgenomics). Alkaline phosphatase staining 
was performed using the Alkaline Phosphatase Detection Kit (Merck) 
according to the manufacturer’s instructions.

Donor plasmid assembly
Donor plasmids containing genes of interest were assembled 
using NEBuilder HiFi (NEB) or Golden Gate cloning60, as previously 
described38,61,62. For Tet-On 3G payloads, the Bxb1-GT_AIO-TetOn_
Down-Tandem Donor plasmid (Addgene #229783) was digested with 
NotI (NEB), genes of interest were amplified from source templates 
by PCR, and inserts were assembled into the linearized donor using 
HiFi. Blue-white screening was performed by supplementing LB agar 
plates with X-Gal (20 μg ml−1; ThermoFisher). A similar strategy was 
used for the synZiFTR donor plasmid (Bxb1-GA_AIO-GZV-SynZiFTR_
Down-Tandem donor; Addgene #229787). This plasmid was assembled 
from fragments PCR-amplified from pMN-334 (Addgene #195468). For 
the promoter panel, promoter sequences were PCR-amplified from the 
following plasmids: CMV (Addgene #40651), SV40 (Addgene #229779), 
RSV (Addgene #12253), PGK (Addgene #229776), CpG-free (Addgene 
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#96945), shortCAG (Addgene #238347), hEF1α (Addgene #229779), 
CAG (Addgene #229790), UbC (Addgene #20342), CBh (Addgene 
#62988) and β-actin (Addgene #13680). Promoter fragments were 
cloned upstream of mStayGold in a linearized vector using HiFi or 
Golden Gate cloning.

In vitro transcription
Plasmid templates used for modRNA synthesis contained the 5′-UTR 
of human β-globin, a Kozak sequence, the coding sequence of the 
protein of interest and the 3′-UTR of human β-globin. Linear tem-
plates for in vitro transcription were generated by PCR using Q5 
DNA Polymerase (NEB) with a forward primer encoding a T7 pro-
moter compatible with CleanCap AG reagent (uppercase bases; 
TriLink BioTechnologies) and annealing to the 5′-UTR (lower-case 
bases), and a reverse primer encoding a poly(A) tract and anneal-
ing to the 3′-UTR. Primer sequences were as follows: forward, 
5′-AGCTATAATACGACTCACTATAAGctcctgggcaacgtgctg-3′; reverse, 
5′-poly(T)116-GCAATGAAAATAAATGTTTTTTATTAGGCAGAAT-3′.

PCR products were gel-purified (1% agarose gel) and extracted 
using the Monarch PCR and DNA Cleanup Kit (NEB). For in vitro tran-
scription, 200 ng of the PCR product was transcribed in a 20 µl reaction 
using the HiScribe T7 High Yield RNA Synthesis Kit (NEB), substituting 
UTP with N1-methylpseudouridine-5′-phosphate (TriLink BioTech-
nologies) and co-transcriptionally capping with CleanCap Reagent AG. 
Reactions were incubated at 37 °C for 2–4 h, diluted to 50 µl, treated 
with 2 µl DNase I (ThermoFisher) at 37 °C for 30 min and purified using 
the 50 µg Monarch RNA Cleanup Kit (NEB). modRNAs were eluted 
in 60 µl nuclease-free water, quantified by spectrophotometry and 
stored at −80 °C.

Donor plasmid integration and enrichment
Unless otherwise stated, donor plasmids (300 ng cm−2) were 
co-transfected into CLYBL-bxb-v3 Dual hiPSCs with either 400 ng of a 
Bxb1 expression plasmid (pCAG-NLS-HA-Bxb1; Addgene #51271)63 or 
(ee)Bxb1 modRNA, using Lipofectamine Stem Transfection Reagent. 
For the standard workflow, 3–4 days after transfection, hiPSCs were 
collected and reseeded (~5 × 105 cells per well) in 12-well plates. The next 
day, zeocin (15 μg ml−1; ThermoFisher) or puromycin (1 μg ml−1; Invivo-
Gen) was added to the culture medium for 3 days. For the STRAIGHT-IN 
rapid protocol, zeocin or puromycin selection was added to the culture 
medium 1 day post-transfection and maintained for 3 days. Donor 
plasmid integration was confirmed by ddPCR using attP/attR assays 
for the GT allele and GA alleles, as previously described38.

Auxiliary element excision
hiPSCs containing integrated payloads were seeded at 2 × 105 cells 
per well in 24-well plates. The following day, cells were transfected 
using Lipofectamine Stem Transfection Reagent with 400 ng of Stem-
MACS Cre Recombinase or StemMACS Flp Recombinase modRNA 
(Miltenyi Biotec).

For Flp-mediated excision coupled to selection, Flp-T2A-BleoR 
modRNA (500 ng per well) was transfected and zeocin selection 
(15 μg ml−1) initiated 24 h later and maintained for 3 days. Alternatively, 
TAT-Cre protein (1 μM) was added to the culture medium 1 day after 
passaging and maintained for 24 h, as previously described38.

At ~80% confluence (~2–3 days after transfection), the hiPSCs were 
passaged for continued culture, with the remainder used for genomic 
DNA (gDNA) extraction.

gDNA extraction
gDNA from hiPSCs cultured in 96-well plates was extracted using 
QuickExtract (Lucigen). gDNA from hiPSCs cultured in 24- or 12-well 
plates was extracted using the High Pure PCR Template Preparation 
Kit (Roche) or the DNeasy Blood & Tissue Kit (QIAGEN), according to 
the manufacturer’s instructions.

ddPCR
ddPCR was performed and analysed using a thermocycler, the Q200 
AutoDG and QX200 Droplet Digital PCR System, and QuantaSoft soft-
ware (all Bio-Rad), as previously described38. For all reactions, ~100 ng 
gDNA was digested with HindIII (NEB). For copy number assays, the 
autosomal gene RPP30 was used as a reference. Primer and probe 
sequences are listed in Supplementary Table 2.

DNA library preparation, bead cleanup and NGS analysis
Promoter sequences were PCR-amplified from 100 ng gDNA using the 
NEBNext High-Fidelity 2× PCR Master Mix (NEB). Primer sequences and 
annealing temperatures are listed in Supplementary Table 3. Cycling 
conditions were 98 °C for 30 s, 14 cycles of 98 °C for 10 s, annealing 
at the specified temperature for 30 s and extension at 72 °C for 30 s, 
followed by 72 °C for 2 min.

PCR products were purified using AMPure XP beads (Beckman 
Coulter) at a 1:1 bead-to-sample volume ratio. Samples were incubated 
for 10 min at room temperature and placed on a magnetic stand for 
5 min, after which the supernatant was removed. Beads were washed 
twice with 80% ethanol (30 s each). After brief centrifugation, residual 
ethanol was removed and beads were air-dried on the magnetic stand 
for 10 min. Beads were incubated in nuclease-free water for 5 min, and 
DNA eluted on the magnetic stand (5 min).

A second PCR was performed to add Illumina TruSeq small RNA 
adapters under the same thermocycling conditions, with annealing 
at 60 °C. Final libraries were cleaned using two bead purifications at 
1:1 and 0.9:1 bead-to-sample volume ratios. Libraries were sequenced 
on an Illumina MiSeq platform using 300 bp paired-end reads. Reads 
were aligned to a custom reference containing all expected promoter 
amplicons using BWA-MEM (v0.7.17) with default parameters. Read 
counts for each promoter were determined independently from Read 
1 and Read 2, yielding highly concordant results.

Cardioid differentiation
Cardioids were generated as previously described64 with minor adap-
tations. hiPSCs were collected and 5 × 104 cells per well were seeded 
in U-bottom 96-well ultra-low attachment plates (PrimeSurface) in 
200 μl of mBEL medium65 containing 4 μM CHIR99021 (Axon Med-
chem), 30 ng ml−1 FGF-2 (Miltenyi Biotec), 5 μM LY294002 (Tocris), 
50 ng ml−1 Activin A (Miltenyi Biotec), 10 ng ml−1 BMP4 (R&D Sys-
tems), 1 μg ml−1 human insulin (Gibco) and 1× CEPT cocktail66. After 
40 h, medium was replaced with 200 μl of mBEL medium containing 
8 ng ml−1 FGF-2, 10 ng ml−1 BMP4, 10 μg ml−1 human insulin, 0.25 μM 
IWPL6 (Abmole), 5 μM XAV939 (Tocris) and 0.05 μM retinoic acid 
(Sigma-Aldrich). Cardioids were refreshed daily until day 7, and then 
maintained in mBEL containing 10 μg ml−1 human insulin with medium 
refreshment every other day. Doxycycline (1 μM; ThermoFisher) 
was added as specified in Fig. 4f. On day 14, cardioids from the same 
condition were pooled, dissociated to single cells using 5× TrypLE for 
10 min at 37 °C and filtered. Data were acquired using a MacsQuant 
VYB (Miltenyi Biotec).

Forward programming
hiPSC lines were dissociated as described above and plated in Laminin-
521-coated 24-well plates at 2.5 × 104 cells per well.

Forward programming to iNs was initiated on the day of passage 
as described elsewhere6. In brief, induction was performed in DMEM/
F12 containing L-glutamine (Corning), non-essential amino acids (1×; 
Gibco), N2 supplement (1×; Fisher Scientific), penicillin/streptomycin 
(1×; Fisher Scientific) and doxycycline (1 μM). After 2 days, medium 
was replaced with Neurobasal Medium (Gibco) supplemented with 
Glutamax supplement (1×; Gibco), non-essential amino acids, B27 
supplement (1×; Gibco), N2 supplement, BDNF (10 ng ml−1; Pepro-
tech), NT3 (10 ng ml−1; Peprotech), penicillin/streptomycin and doxy-
cycline (1 μM). For synZiFTR-based induction, grazoprevir (125 nM; 
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MedChemExpress) was added for 7 days. Where indicated, EdU (40 μM) 
was added from day 3 for 48 h.

Forward programming to iMNs was performed similarly, except 
that doxycycline (1 μM) was maintained for 10 days. For the GT-NIL line, 
EdU (40 μM) was additionally applied from day 3 to day 5.

Forward programming to iECs was initiated on the day of passage 
in human endothelial SFM medium (Invitrogen) containing human 
platelet-poor plasma (1×; Sigma-Aldrich), FGF (20 ng ml−1; Miltenyi 
Biotec), VEGF (30 ng ml−1; Miltenyi Biotec) and penicillin/streptomycin 
(1×), with doxycycline (1 μM) added for 3 days. For synZiFTR-based 
induction, grazoprevir (500 nM) was used instead of doxycycline.

RNA extraction, cDNA synthesis and RT–qPCR
RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) 
and reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). 
qPCR mixtures were prepared using iQ SYBR Green Supermix (Bio-Rad) 
and run on a CFX Opus 384 Real-Time PCR System (Bio-Rad). Data 
were analysed using the ΔCt method. Ct values were normalized 
to RPL37A and log10-transformed. Primer sequences are listed in 
Supplementary Table 4.

Flow cytometry analysis
Single-cell suspensions were obtained using 1× TrypLE Select and 
filtered to remove aggregates. hiPSCs were fixed and permeabilized 
using the FIX and PERM Cell Permeabilization Kit (ThermoFisher), 
according to the manufacturer’s instructions. Data were acquired using 
a MacsQuant VYB (Miltenyi Biotec) or Attune NxT (ThermoFisher) flow 
cytometer and analysed using FlowJo (v10.2). An example of the gating 
strategy is shown in Supplementary Fig. 6.

Immunocytochemistry staining
Cells were fixed in 4% paraformaldehyde (ThermoFisher) in 
phosphate-buffered saline without Ca2+ and Mg2+ (PBS−/−) for 10 min 
at room temperature. Cells were then permeabilized and blocked using 
either PBS+/+ containing 0.05% Triton X-100 (Merck) and 10% fetal calf 
serum, or PBS−/− containing 5% fetal bovine serum and 0.5% Tween-20. 
Primary antibody incubations were performed overnight at 4 °C fol-
lowed by PBS−/− washes and incubation with the appropriate conjugated 
secondary antibodies where required. For 96-well formats, primary and 
secondary antibody incubations were performed in 70 µl per well, with 
washes performed in 100 µl PBS−/−. Nuclei were counterstained with 
DAPI (0.1 µg ml−1; ThermoFisher).

Images were acquired using an EVOS M7000 (ThermoFisher) 
at 20× magnification, a Keyence BZ-X800 fluorescence micro-
scope or a Dragonfly high-speed confocal microscope (Andor) at 
40× magnification.

Antibodies
The following antibodies were used: BV421 mouse anti-OCT3/4 (dilu-
tion 1:25, BD Biosciences #565644), PE mouse anti-human NANOG (1:50, 
BD Biosciences #560483), PE-Vio770 anti-human SSEA4 (1:25, Miltenyi 
Biotec #30-121-348), FITC anti-human CD31 (1:50, Miltenyi Biotec #130-
117-390), APC rat anti-mouse CD31 (1:100, Invitrogen #50-149-40), 
Alexa Fluor 488 mouse anti-human CD144 (1:50, Invitrogen #53-1449-
42), PE anti-human CD144 (1:50, Miltenyi Biotec #130-135-356), Alexa 
Fluor 555 rabbit anti-human FOXA2 (1:500, Cell Signaling Technol-
ogy (CST) #50079), Alexa Fluor 647 rabbit anti-human GATA4 (1:200, 
CST #66309), Alexa Fluor 488 mouse anti-human Nestin (1:200, CST 
#35884), Alexa Fluor 647 rabbit anti-human PAX6 (1:200, CST #60433), 
Alexa Fluor 488 rabbit anti-human brachyury (1:200, CST #94663), 
Alexa Fluor 647 rabbit anti-human vimentin (1:400, CST #9856), rabbit 
anti-human MAP2 (1:500, CST #4542), mouse anti-rat TUBB3 (1:500, 
BioLegend #801201), mouse anti-chicken MNX1/HB9 (1:10, DSHB 
#81.5C10), sheep anti-human CD31 (1:200, R&D Systems #AF806), 
mouse anti-human ZO-1 (1:200, Invitrogen #33-9100), Alexa Fluor 488 

donkey anti-mouse IgG (1:500, ThermoFisher #A-21202), Alexa Fluor 
594 donkey anti-rabbit IgG (1:500, ThermoFisher #A-21207), Alexa Fluor 
647 donkey anti-mouse IgG (1:500, ThermoFisher #A-31571), Alexa 
Fluor 647 donkey anti-sheep IgG (1:500, ThermoFisher #A-21448) and 
Alexa Fluor 647 donkey anti-rabbit IgG (1:300, ThermoFisher #A-31573).

Live-cell imaging and calcium recordings
Live imaging of fluorescent reporter gene expression was performed 
using a BZ-X810 (10× or 20× magnification), an Incucyte S3 live-cell 
analysis system (10×, Sartorius) or a Dragonfly high-speed confocal 
(40×) microscope. For intracellular calcium recordings, 20 s time-lapse 
videos were acquired on day 9 using a BZ-X810 microscope at 10× 
magnification with a frame rate of 10 frames per second. Calcium 
transients were analysed in ImageJ (NIH, v1.54p), and intensity traces 
were extracted from three user-defined regions of interest.

Viability imaging of iMNs
Live-cell imaging of iMNs was performed using calcein AM (Invitro-
gen). Cells were incubated with calcein AM (5 µM) for 30 min at 37 °C, 
washed with PBS−/− and imaged at 10× magnification using an EVOS 
Auto2 microscope (ThermoFisher). For nuclear and viability staining, 
iMNs were also incubated with Hoechst 33342 (5 µg ml−1; Invitrogen) 
and propidium iodide (10 µg ml−1; Merck) for 1 h at 37 °C, washed with 
PBS−/− and imaged using the same settings.

Quantification of iMNs
The TWOMBLI plug-in67 for ImageJ (v1.54p) was adapted to quantify total 
dendritic area, the number of branching points and overall dendritic 
length of iMNs stained with calcein AM. TWOMBLI identified dendritic 
extensions by mapping ridgelines after thresholding of calcein AM-stained 
images using predefined parameters. Total dendritic length was calculated 
as the sum of all masked fibre lengths per image, and branch points were 
defined as the number of fibre intersections per image.

In parallel, a custom CellProfiler pipeline was developed to 
quantify Hoechst- and propidium iodide-stained nuclei. Propidium 
iodide-postive nuclei were masked over Hoechst+ nuclei to remove 
co-localized signals, enabling quantification of surviving (Hoechst+) 
nuclei. Survival was calculated as the percentage of Hoechst+ nuclei 
relative to total nuclei.

For quantification of HB9 and DAPI signals, a second custom 
CellProfiler pipeline was used. RGB images were split into individual 
channels, followed by intensity rescaling and a light Gaussian blur to 
reduce noise. Nuclei were segmented from the processed images using 
intensity-based thresholding, enabling the separation of clustered 
objects. HB9+ nuclei were identified and masked over the DAPI channel 
to identify the HB9− population. The total number of HB9+ nuclei was 
used to calculate the percentage of HB9-expressing cells per image.

Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism (v10.6.1). 
Sample sizes and statistical analyses are shown in the figure legends. 
Genetically modified hiPSC populations for each fluorescent reporter 
or transcription factor construct were generated and used as bulk 
(non-clonally isolated) cultures. The number of independent dif-
ferentiation experiments and technical replicates are shown in the 
figure legends.

Ethics statement
The medical ethics committee (Leiden University Medical Center) 
approved the use of the hiPSC lines in this study (approval 
number P13.080).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
All raw data that support this study are available via Zenodo at https://
zenodo.org/records/17930642 (ref. 68). DNA sequencing data gener-
ated in this study have been deposited in the European Nucleotide 
Archive (ENA) under accession code PRJEB108223. Plasmids generated 
in this study have been deposited on Addgene (https://www.addgene.
org/browse/article/28252243/). hiPSC lines are available under an 
MTA. Requests should be directed to R.P.D. Source data are provided 
with this paper.

Code availability
The code used for image analysis (CellProfiler pipelines) and for pro-
cessing promoter sequencing reads is available via Zenodo at https://
zenodo.org/records/17930642 (ref. 68).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Optimizing the integration and excision processes in 
STRAIGHT-IN Dual hiPSCs. (a) Alkaline phosphatase staining of hiPSCs following 
sequential or simultaneous antibiotic selection to enrich for cells with both GT 
and GA donor plasmid integrations. (b) Mean integration efficiencies of GT and 
GA donor plasmids co-delivered and selected simultaneously. N = 3 independent 
transfections; error bars, ±SEM. (c) GA-TurboGFP donor plasmid schematic 
(left) and representative ddPCR dot plots confirming GA donor integration in 
STRAIGHT-IN Dual hiPSCs (middle). Green dots represent droplets containing 
the indicated donor sequence. Mean percentages of hiPSCs positive for the 
TurboGFP sequence (right). N = 3 independent transfections; error bars, ±SEM. 
(d) Flow cytometry analysis of STRAIGHT-IN Dual hiPSCs carrying one (1x) or two 
(2x) integrated fluorescent reporter payloads, as indicated. Dashed line indicates 
untransfected STRAIGHT-IN Dual hiPSCs. Fold change was calculated as the 
G-mean ratio. Right, mean fold change for 2x versus 1x integration. reporters. 
N = 3 independent transfections; error bars, ±SEM. (e) Mean (pre-selection) 
integration efficiency of a GA donor plasmid co-transfected with Bxb1 expression 
plasmid or Bxb1 modRNA (input amounts as indicated). N = 3 independent 
transfections; error bars, ±SEM. (f ) Mean (pre-selection) integration efficiency 
of a GA donor plasmid co-transfected with Bxb1 expression plasmid and either 

mGreenLantern (mGL) or p53DD modRNA. N = 6 independent transfections; 
error bars, ±SEM. (g) Mean (pre-selection) integration efficiency of a GA donor 
plasmid co-transfected with the indicated Bxb1 modRNA, with or without p53DD 
modRNA. N = 3 independent transfections; error bars, ±SEM. (h) Flow cytometry 
analysis 6 days after co-transfection of GT and GA donor plasmids encoding 
mScarlet-I and EGFP, respectively, together with Bxb1 and p53DD modRNAs, 
followed by 3 days of antibiotic selection. Dashed line indicates untransfected 
hiPSCs. (i) ddPCR-based quantification of AmpR and pUC ori backbone copy 
number following integration and selection with GT and/or GA donor plasmids. 
Symbols show the estimated copy-number; error bars indicate the Poisson 95% 
confidence interval. Data are from a representative transfection (N = 1 biological 
replicate). ( j) Mean excision efficiency of the indicated flanking regions 
measured by ddPCR following Flp modRNA alone (left), or co-delivery of TAT-Cre 
and Flp modRNA (right). Recombinases were delivered once (#1) or twice (#2). 
N = 3 independent transfections; error bars ±SEM. (k) Mean excision efficiency of 
the indicated flanking regions measured by ddPCR following co-transfection of 
Cre and PuroR modRNAs, with (+) or without (-) 24 h puromycin selection. N = 4 
independent transfections; error bars ±SEM. Schematics in c,d, j and k created in 
BioRender; Blanch Asensio, A. https://biorender.com/i96jbul (2026).
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Extended Data Fig. 2 | Transgenes driven by the hEF1a promoter are silenced 
in hiPSCs over time. (a) Representative overlaid fluorescence and phase contrast 
images (left), and flow cytometry analysis over 4 passages (right), of hiPSCs 
expressing mRuby2 and mGreenLantern reporters in cis, driven by the CAG 
and hEF1a promoters respectively, and integrated at the GA allele. Dashed lines 
represent untransfected hiPSCs. (b) Overlaid fluorescence and phase contrast 

images (left), and flow cytometric analysis (right), of hiPSCs expressing mRuby2 
and mStayGold reporters in trans, driven by the CAG and hEF1a promoters 
respectively, and integrated in the GT and GA alleles. Dashed lines represent 
untransfected hiPSCs. (c) Overlaid fluorescence and phase contrast images of 
hiPSCs expressing mRuby2 and mStayGold reporters in trans, driven by the hEF1a 
and CAG promoters respectively, and integrated in the GT and GA alleles.
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Extended Data Fig. 3 | Comparison of transient and integrated promoter-
driven transgene expression in hiPSCs. (a) Schematic illustrating the 
experimental design. STRAIGHT-IN Dual hiPSCs were transfected with Bxb1 
modRNA and GA donor plasmids encoding mStayGold under the control of 
diverse promoter sequences. Fluorescence was assessed 24 h post-transfection 
(transient expression) and again following puromycin selection and replating 
(genomic integrated expression). (b) Representative fluorescence/phase-
contrast images of hiPSCs expressing mStayGold driven under control of the 
indicated promoters, comparing transient and integrated expression. (c) Flow 

cytometry analysis of mStayGold expression over 10 passages in hiPSCs with 
integrated constructs driven by hEF1a, CAG or UbC promoters. (d) Pie chart of 
bulk population showing the percentage of sequencing reads corresponding to 
each of the 11 integrated promoter constructs in the pooled bulk population.  
(e) Representative fluorescence/phase-contrast images of sorted bulk 
populations based on mStayGold expression levels (negative (neg), low, medium 
(med), and high), corresponding to the clusters shown in Fig. 3d. Schematic in a 
created in BioRender; Blanch Asensio, A. https://biorender.com/zsi23qj (2026).
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Extended Data Fig. 4 | Evaluation of gene syntax configurations in an all-in-
one Tet-On 3G inducible system. (a) Schematic of the four cis-configured Tet-On 
3G constructs, showing the orientation and order of the inducible (TRE-mScarlet) 
and constitutive (CAG-rtTA-T2A-mTagBFP2) cassettes, along with the upstream 
and downstream auxiliary elements. The grey-shaded region indicates the 
genomic sequence retained following Flp-mediated excision. (b) ddPCR analysis 
confirming single-copy integration of mScarlet and mTagBFP2, and the absence 
of PuroR following excision. Symbols show the estimated copy-number; error 
bars indicate the Poisson 95% confidence interval. Data are from a representative 
transfection (N = 1 biological replicate). (c) Representative fluorescence/
phase-contrast images (left) and flow cytometry analysis (right) of hiPSCs 
constitutively expressing mTagBFP2 from the constructs in (a) prior to excision. 

Fold change was calculated by comparing the G-mean relative to untransfected 
hiPSCs (dashed line), with values shown in plots. (d) Flow cytometry analysis 
of mTagBFP2 expression in the absence (dashed line) or presence (blue) of 
doxycycline for 3 days (left), and quantification of G-mean fluorescence values 
(right). Fold change values (x) are calculated relative to untreated samples. 
N = 3 biological replicates; mean ± SEM. (e) Representative fluorescence/phase-
contrast images of hiPSCs expressing inducible mScarlet from the constructs 
in (a) in the absence or presence of doxycycline for 3 days. (f ) Flow cytometry 
analysis of mScarlet expression in the absence (dashed line) or presence (red) of 
doxycycline for 3 days (left), and quantification of G-mean fluorescence values 
(right). Fold change values (x) are calculated relative to untreated samples. N = 3 
biological replicates; mean ± SEM.
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Extended Data Fig. 5 | Forward programming of hiPSCs to neurons or motor 
neurons using the Tet-On 3G system with downstream tandem orientation. 
(a) Overlaid immunofluorescence and phase contrast images showing TUJ1 
(magenta) MAP2 (yellow), and DNA (cyan) in cells cultured with doxycycline 
for 7 days. (b) Schematic of STRAIGHT-IN Dual hiPSCs with the inducible Ngn2 
cassette in the GT allele, and a similar downstream tandem construct containing 
jRCaMP1b in the GA allele. (c) Representative fluorescence/phase-contrast 
images of cells cultured in the presence or absence of doxycycline for the 
indicated time points. (d) Representative fluorescence/phase-contrast (left) 

and jRCaMP1b fluorescence (right) images of forward programmed iNs at day 
7. (e) Representative jRCaMP1b fluorescence traces showing cytosolic Ca2+ 
transients from forward programmed iNs. (f ) Phase contrast images of GT-NIL 
and GT-N + GA-IL cells over 10 days of culture in the presence of doxycycline. 
(g) Phase contrast images of GT-NIL cells at different time points cultured with 
or without EdU administered for 48 h between days 3–5. (h) Phase contrast 
images of GT-NIL and GT-N + GA-IL cells containing the indicated transcription 
factor cassettes for motor neuron induction at day 1 and 10 of treatment with 
doxycycline ± EdU for 48 h.
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Extended Data Fig. 6 | Characterization of iMNs generated from GT-NIL and 
GT-N + GA-IL hiPSC lines. (a) Fluorescence/phase-contrast images on day 10 of 
doxycycline induction showing staining for live cells (Calcein AM, green), dead 
cells (propidium iodide, magenta) and DNA (Hoechst, blue). (b) Representative 
fluorescence images of Hoechst-stained nuclei to visualize DNA, and propidium 
iodide (PI)+ non-viable cells. (c) Representative fluorescence images of Calcein 
AM-stained live cells and quantified mask output of the mapped ridgelines.  
(d) Violin plots quantifying iMN viability and morphology for the indicated 
single- and dual-cassette configurations from images acquired as in b and c. 
Metrics include the percentage of viable iMNs, counts of Hoechst+ nuclei and 
PI+ nuclei, cell area, number of branch points and dendritic length. Violin width 
represents the kernel density (data distribution). The center line indicates the 

median, and the outer dotted lines indicate the 25th and 75th percentiles. For 
Hoechst and propidium iodide (PI) staining, 3–4 images were analyzed per 
differentiation (technical replicates) across five independent differentiations 
(biological replicates). For Calcein AM staining, 3–5 images were analyzed per 
differentiation (technical replicates) across 3 independent differentiations 
(biological replicates). ***, P ≤ 0.001; ****, P ≤ 0.0001 (unpaired two-tailed t 
test). Exact P values are ≤0.0001. (e) Gene expression analysis of inducible 
transcription factors, neuronal markers, and motor neuron markers in cells 
containing the GT-N, GT-NIL, and GT-N + GA-IL constructs, cultured with 
doxycycline for 10 days. Values are normalized to RPL37A and shown relative to 
uninduced conditions (log10-transformed). N = 3 independent differentiations.
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Extended Data Fig. 7 | Characterization of iMNs generated from GT-NIL, 
GT-NIL + GA-NIL, GA-N + I + L D-Tand, GA-N + IL Div and GT-N + GA-IL hiPSC 
lines. (a) Schematic of STRAIGHT-IN single hiPSCs with the indicated constructs 
integrated in the GA allele. (b) Flow cytometry analysis of mTagBFP2 expression in 
hiPSC lines with the indicated cassettes from panel (a) integrated in the GA allele, and 
quantification of G-mean fluorescence values. Fold change values (x) are calculated 
relative to the untransfected parental hiPSC line. (c) Bar graph of expression analysis 
of inducible transcription factors in cells containing the indicated constructs, 
cultured with doxycycline for 3 days. Values are normalized to RPL37A and 
shown relative to uninduced conditions (log10-transformed). N = 3 independent 
differentiations; error bars, ±SEM. (d) Phase contrast images of cells containing  
the indicated constructs after 10 days of culture in the presence of doxycycline. 

(e) Gene expression analysis of inducible transcription factors and motor neuron 
markers in cells containing the GA-N + I + L D-Tand and GA-N + IL Div constructs 
and cultured with doxycycline for 10 days. Values are normalized to RPL37A and 
shown relative to uninduced conditions (log10-transformed). N = 3 independent 
differentiations. (f) Immunofluorescence images (MAP2, magenta; HB9, yellow; 
DNA, cyan) of GA-N + I + L D-Tand and GA-N + IL Div cells treated with doxycycline 
for 10 days. (g) Box-and-whisker plots showing percentage of HB9+ nuclei relative 
to DAPI+ nuclei from images acquired as in (f). The center line indicates the median 
(50th percentile). The lower and upper bounds of the box indicate the 25th and 75th 
percentiles, and whiskers extend to the minimum and maximum values. For each 
condition, 2–3 images (technical replicates) were analyzed per differentiation across 
3 independent differentiations (biological replicates).
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Extended Data Fig. 10 | Transgene overexpression in hiPSCs using the GZV-
inducible synZiFTR system. (a) Schematic of the downstream tandem all-in-one 
grazoprevir-inducible synZiFTR GA donor plasmid, in which the LacZ cassette 
is replaced with the gene of interest (GOI) via NotI digestion and isothermal 
assembly. (b) Schematic of a downstream tandem synZiFTR cassette driving 
grazoprevir-inducible mGreenLantern expression, integrated in the GA allele. 
(c) Flow cytometry analysis (left) and overlaid fluorescence and phase-contrast 
images (right) of hiPSCs containing the construct shown in (b) and cultured in 

the absence (dashed line) or presence (green) of increasing GZV concentrations 
over a 3-day period. Values in the plot indicate the percentage of cells expressing 
mGreenLantern. (d) Timelapse fluorescence/phase-contrast images showing 
mScarlet expression in STRAIGHT-IN Dual hiPSCs containing the constructs 
shown in Fig. 6c. Cells were cultured for 7 days with grazoprevir added from  
day 0 and doxycycline from day 3. Schematic in a created in BioRender;  
Blanch Asensio, A. https://biorender.com/1ttbis5 (2026).
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