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Advances in synthetic biology have enabled robust control of cell behavior by using tunable genetic circuits to
regulate gene expression in a ligand-dependent manner. Such circuits can be used to direct the differentiation of
pluripotent stem cells (PSCs) towards desired cell types, but rational design of synthetic gene circuits in PSCs is
challenging due to the variable intracellular environment. Here, we provide a framework for implementing
synthetic gene switches in PSCs based on combinations of tunable transcriptional, structural, and post
translational elements that can be engineered as required, using the vanillic acid-controlled transcriptional
activator (VanA) as a model system. We further show that the VanA system can be multiplexed with the wellestablished reverse tetracycline-controlled transcriptional activator (rtTA) system to enable independent con
trol of the expression of different transcription factors in human induced PSCs in order to enhance lineage
specification towards early pancreatic progenitors. This work represents a first step towards standardizing the
design and construction of synthetic gene switches for building robust gene-regulatory networks to guide stem
cell differentiation towards a desired cell fate.

1. Introduction
Human pluripotent stem cells (hPSCs), including embryonic stem
cells (hESCs) and induced pluripotent stem cells (hiPSCs), are unspe
cialized cells defined by their ability to self-renew and to differentiate in
vitro into the three germ layers (ectoderm, mesoderm, and endoderm)
(Itskovitz-Eldor et al., 2000). In principle, this ability provides access to
large numbers of specialized cell types, and holds great promise for
regenerative medicine, disease modelling, and drug discovery (Avior
et al., 2016; Wu and Hochedlinger, 2011).
Cell fate specification during development is controlled by various
mechanisms, including morphogen gradients, lateral inhibition, epige
netic modification, and activation and silencing of key transcription
factors. These mechanisms enable stem cells to direct their lineage
specialization by activating specific signaling pathways that regulate the
precise timing and expression levels of transcription factors. The tran
scription factor expression patterns directing lineage commitment are
highly specific for a given stage and lineage (Yamamizu et al., 2013).
Thus, the challenge in engineering stem cells is to develop advanced
strategies to mimic the developmental niches that guide cell fate by
exposing differentiating cells to a controlled environment using

exogenous signals (Peerani and Zandstra, 2010). To this end, significant
effort has been dedicated to identify the factors and optimal conditions
needed to control lineage commitment (Loh et al., 2014, 2016; Przybyla
et al., 2016; Tchieu et al., 2017). However, heterogeneity among and
within hPSC lines is a persistent issue, and results in variable differen
tiation efficiency and low yields of the target cell type (Bock et al., 2011;
McKee and Chaudhry, 2017; Osafune et al., 2008). Furthermore, dif
ferences in the quality and potency of relevant small molecules and
growth factors add further variability to the differentiation protocols. To
fully realize the potential of hPSCs, we need to devise better differen
tiation strategies with reduced variability, complexity and cost
compared with current protocols.
One approach is to employ regulated synthetic gene circuits that
provide autonomous and spatiotemporal control of key transcription
factors’ expression without interference from endogenous regulatory
systems. Indeed, recent advances in synthetic biology focusing on en
gineering decision-making gene circuits have provided methodology to
control cell phenotype directly at the gene expression level (Auslander
et al., 2018; Weinberg et al., 2017). To create these gene circuits, syn
thetic biology typically relies on well-characterized genetic components,
bottom-up assembly and predictive modeling (Nandagopal and Elowitz,
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2011). The fundamental building blocks within these circuits are syn
thetic gene switches, which are used to control the transcription of a
desired output in response to small-molecular trigger compounds. The
reverse tetracycline-controlled transcriptional activator (rtTA) is a
well-characterized and widely used synthetic gene switch, wherein
transcription is reversibly turned ON or OFF in the presence of the
inducer tetracycline or one of its derivatives (e.g. doxycycline; DOX)
(Pawlowski et al., 2017; Premsrirut et al., 2011; Sadahiro et al., 2018;
Urlinger et al., 2000). Other systems include a wide range of synthetic
gene switches controlled by antibiotics (Fussenegger et al., 2000; Weber
et al., 2002), vitamins (Weber et al., 2007, 2009), amino acids (Har
tenbach et al., 2007), or licensed food additives (Gitzinger et al., 2009,
2012). When controlling gene expression during differentiation it is
essential that the systems do not affect the cell physiology. Licensed food
additives are promising inducer compounds for regulating transgene
expression, since they have been extensively tested to ensure their
safety. The vanillic acid-controlled transcriptional activator (VanA)
system derived from Caulobacter crescentus is a gene switch that controls
transgene expression in response to vanillic acid (Gitzinger et al., 2012).
It has been successfully integrated into a synthetic gene network,
guiding the differentiation of hiPSC-derived pancreatic progenitor cells
into insulin-producing β-like cells (Saxena et al., 2016). However,
rational design of synthetic gene switches and circuits in stem cells re
mains challenging due to the variable intracellular environment during
differentiation.
Here we provide a framework for implementing synthetic biology in
hiPSCs to direct lineage commitment during differentiation. We describe
a rational design strategy for the optimization of synthetic gene switches
in hiPSCs using VanA as a model system (Gitzinger et al., 2012). We
present tuneable transcriptional, structural, and posttranslational ele
ments that can be used to maximize the performance of a synthetic gene
switch in hiPSCs. Finally, we show that the VanA system can be multi
plexed with the well-established rtTA gene switch (Urlinger et al., 2000)
to control two genes independently, thereby enhancing lineage specifi
cation towards posterior foregut and early pancreatic progenitors. We
envision that similar systems could be used in the future to create syn
thetic gene networks that control the expression of a myriad of tran
scriptions factors to stringently direct hPSC differentiation towards any

desired cell type.
2. Results
2.1. Variable performance of synthetic gene switches in immortalized cell
lines and hiPSCs
In order to characterize the performance of synthetic genes switches
and how they can differ between immortalized cell lines and hPSCs, we
selected three previously described synthetic transcription activation
systems, the erythromycin-responsive (E-VP16; ET1) system derived
from Escherichia coli (Weber et al., 2002), the phloretin-responsive
(TtgR-VP16; TtgA1) system derived from Pseudomonas putida (Git
zinger et al., 2009), and the vanillic acid-responsive (VanR-VP16; VanA
1) system derived from Caulobacter crescentus (Gitzinger et al., 2012).
We engineered a standard expression vector scheme consisting of (a)
constitutive expression vectors encoding the core transcriptional
repressor domain of each system fused with a F-type transactivation
domain derived from herpes simplex virus protein 16 (VP16, pVH620;
PmPGK1-E-VP16-pA, pVH655; PmPGK1-TtgR-VP16-pA, pVH238-1;
PmPGK1-VanR-VP16-pA), and (b) inducible secreted NanoLuc luciferase
(Nluc) expression vectors containing two of the cognate binding sites
(pVH619; OETR2-PCMVmin-2-Nluc-pA, pVH654; OTtgO2-PCMVmin-2-N
luc-pA, pVH294–1.3; OVanO2-PCMVmin-2-Nluc-pA). Compared to the per
formance in HEK-293T, we observed a general reduction of the
expression levels in the induced state in hiPSCs for all systems, with
marked differences in their fold-induction levels (Fig. 1A–C). The extent
of the reduction differed markedly among the synthetic gene switches,
with 2.0-, 3.7-, and 9.9-fold reductions for the E-VP16 (Fig. 1A),
TtgR-VP16 (Fig. 1B), and VanR-VP16 (Fig. 1C) based gene switches
respectively. However, the fold-induction of the E-VP16 based gene
switch in hiPSCs was slightly improved relative to HEK-293T (Fig. 1A),
whereas both the TtgR-VP16 (Fig. 1B) and VanR-VP16 (Fig. 1C) based
gene switches exhibited a clear reduction in fold-induction when
introduced into hiPSCs. These results show that the performance of
synthetic gene switches in pluripotent stem cells (e.g hiPSCs) cannot
necessarily be extrapolated from findings in other cell lines (e.g.
HEK-293T). Consequently, additional design and optimization steps are

Fig. 1. Comparative analysis of synthetic gene switches in HEK-293T and hiPSCs. (A) Erythromycin-responsive synthetic gene switch consisting of a constitutively
expressed erythromycin-responsive transactivator (pVH620; PmPGK1-E-VP16-pA) and an inducible Nluc expression vector controlled by an operator containing two
erythromycin transcription response (ETR) sites (pVH619; OETR2-PCMVmin-2-Nluc-pA), assessed in terms of production of secreted Nluc 24 h after transfection. EM
indicates addition of erythromycin (2.0 μg/mL) to the culture medium. (B) Phloretin-responsive synthetic gene switch consisting of a constitutively expressed
phloretin-responsive transactivator (pVH655; PmPGK1-TtgR-VP16-pA) and an inducible Nluc expression vector controlled by an operator containing two TtgR binding
sites (pVH654; OTtgO2-PCMVmin-2-Nluc-pA), assessed in terms of production of secreted Nluc 24 h after transfection. Phlo indicates addition of phloretin (50 μM) to the
culture medium. (C) Vanillic acid-responsive synthetic gene switch consisting of a constitutively expressed vanillic acid-responsive transactivator (pVH238-1; PmPGK1VanR-VP16-pA) and an inducible Nluc expression vector controlled by an operator containing two VanR binding sites (pVH294–1.3; OVanO2-PCMVmin-2-Nluc-pA),
assessed in terms of production of secreted Nluc 24 h after transfection. VA indicates addition of vanillic acid (500 μM) to the culture medium. (A–C) See Sup
plementary Table 2 for transfection details. Bars represent the mean ± s.d. of n = 4 biologically independent samples, overlaid with a dot plot of individual data
points. The numbers with suffix “x” above the bars represent fold difference from the adjacent bar or the indicated bar.
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required when implementing synthetic gene switches in human stem
cells.

would reduce the system’s fold-induction.
We next assessed whether fusing VanR and VP16 together altered or
interfered with the functionality of the respective domains by engi
neering different versions of VanR-VP16 containing either flexible (FLn;
[GGGGS]n) or rigid (RLn; [EAAAK]n) linkers with one (FL1; GGGGS, RL1;
EAAAK) or two (FL2; GGGGSGGGGS, RL2; EAAAKEAAAK) repeats
separating VanR and VP16 (pVH261; PmPGK1-VanR-FL1-VP16-pA,
pVH263; PmPGK1-VanR-RL1-VP16-pA, pVH262; PmPGK1-VanR-FL2-VP16pA, pVH264; PmPGK1-VanR-RL2-VP16-pA). Relative to the direct fusion
of VanR and VP16, all fusion constructs containing a linker increased the
expression level (by 1.7- to 2.9-fold) (Fig. 2D). The flexible (FL1) and
rigid (RL1) linkers performed similarly, with both showing a 1.7-fold
increase in maximal expression level compared to the VanR-VP16
construct, and 1450- and 1637-fold inductions, respectively, compared
to the repressed state. Interestingly, increasing the length of the flexible
linker (FL1 vs FL2) had only a minimal influence on the performance. In
contrast, increasing the length of the rigid linker (RL1 vs RL2) increased
the maximum expression level from 1.7-fold to 2.9-fold, compared to the
VanR-VP16 construct. This suggests that the stiff linkers may be more
effective in reducing interference between the VanR and VP16 domains
and permitting them to maintain their independent functions. However,
although the longer rigid linker (RL2) improves the maximal expression
by 2.9-fold compared to the direct fusion of VanR and VP16, the basal
expression also increases, thus worsening the fold-induction (Fig. 2D).
Consequently, among the tested linkers, the short rigid linker (RL1) of
fers the best trade-off between increased fold-induction and increased
expression levels in the active state. However, when further fusion do
mains are added, a longer linker might be required to reduce the
interference between the domains. Indeed, the flexible linker FL2 offers
higher fold-induction than the rigid linker RL2 when fusing VanR and
VP16.
To ensure robust conditional gene regulation VanR-VP16 needs to be
efficiently translocated into the nucleus. However, since VanR-VP16 is
not actively targeted to the nucleus, its functionality alone will depend
on mitosis and, consequently, the proliferation rate to access the nucleus
efficiently. Since proliferation can be significantly altered during dif
ferentiation of hiPSCs, we wanted to ensure that VanR-VP16 was
actively translocated to the nucleolus. We created VanR-VP16 constructs
fused to two different nuclear localization signal (NLS) peptides; one
NLS peptide from the large T-antigen of polyoma virus SV40 (NLSSV40)
recognized by importin-α and another NLS peptide from Saccharomyces
cerevisiae regulatory protein GAL4 (NLSG46) recognized by importin-β
(Fig. 2E and S2A, B) (Chan et al., 1998). We assessed different fusion
configurations with the NLS peptide fused to the N-terminus of
VanR-VP16 (pVH250; PmPGK1-NLSSV40VanR-VP16-pA, pVH252;
PmPGK1-NLSG46-VanR-VP16-pA), in between VanR and VP16 (pVH260;
PmPGK1-VanR-NLSSV40-VP16-pA, pVH622; PmPGK1-VanR-NLSG46-VP16
-pA) as a linker, and to the C-terminus (pVH251; PmPGK1-VanR
-VP16-NLSSV40-pA, pVH623; PmPGK1-VanR-VP16-NLSG46-pA) to identify
the best conformation (Figs. S2A and B). For both NLS peptides, the
N-terminal fusion constructs showed the highest gene expression levels
in the active state relative to the other conformations. Compared to the
basic VanR-VP16 construct, the two N-terminal NLS fusion constructs
produced 2.5-fold (pVH250; PmPGK1-NLSSV40VanR-VP16-pA) and
3.3-fold (pVH252; PmPGK1-NLSG46-VanR-VP16-pA) increases in maximal
gene expression (Fig. 2E). This suggests that the importin-β-recognized
NLS peptide is more efficient in promoting nuclear translocation of
VanR-VP16 in hiPSCs. Conventional NLS peptides, including NLSSV40,
that are recognized by importin-α rely on the interaction between
importin-α and importin-β to form functional import complexes (Stew
art, 2007). However, importin-β binding is rate-limiting during nuclear
translocation, and importin-α and importin-β interaction levels can vary
during cell cycle progression, which may result in the observed differ
ence (Fig. 2E) (Yang and Musser, 2006; Yasuhara et al., 2004). Inter
estingly, despite the increased induction levels from the NLSG46 fusion
construct, basal expression levels remain low compared to the NLSSV40

2.2. Rational design and assembly of synthetic gene switch in hiPSCs
To demonstrate how synthetic gene switches can be rationally
designed to make them better suited for implementation in human stem
cells, we selected the vanillic acid (VA)-controlled VanR-VP16 trans
activator (VanA) system as a model system for this work. We screened
and identified key features in the design and rational assembly of the
VanA system that together can be utilized to tune the performance of the
VanA system in hiPSCs according to user-defined requirements
(Fig. 2A). Those features include (i) transcriptional elements regulating
the expression of the transactivator and the corresponding inducible
expression cassette, (ii) structure of the VanR-VP16 fusion construct,
and (iii) post-translational processing of the transactivator to actively
promote nuclear translocation.
To ensure stable long-term transgene expression in human embry
onic stem cells, we chose VanR-VP16 under the control of a moderately
strong phosphoglycerate kinase-1 promoter (pVH238-1; PmPGK1-VanRVP16-pA) and a strong elongation factor 1 alpha promoter (pVH238-2;
PhEF1α-VanR-VP16-pA) (Norrman et al., 2010). Three inducible secreted
Nluc expression cassettes were generated containing different minimal
promoters (Pmin, PCMVmin-2, PCMVmin-1) with different strengths, all
regulated by an operator containing two VanR binding sites
(pVH294–1.1;
OVanO2-Pmin-Nluc-pA,
pVH294–1.3;
OVa
nO2-PCMVmin-2-Nluc-pA, pVH294–1.2; OVanO2-PCMVmin-1-Nluc-pA). We
assessed the different combinations of constitutive and minimal pro
moters in hiPSCs using a fixed amount of reporter plasmid and an
equimolar amount of the VanR-VP16 constructs driven by either PmPGK1
or PhEF1α (Fig. 2B). Comparing the constitutive VanR-VP16 constructs,
the absolute expression levels in the active state using PmPGK1-driven
VanR-VP16 afforded 1.9x, 1.6x, and 1.4x higher transgene expression
than the PhEF1α-driven construct in the active state, in contrast to the
respective expression strengths of PmPGK1 and PhEF1α (Qin et al., 2010;
Wang et al., 2008). This outcome may be attributed to differences in
promoter expression levels between the different cell types and hiPSC
lines (Qin et al., 2010). However, the PhEF1α-driven construct also
affected the basal expression levels of some of the inducible expression
vectors to a larger extent than PmPGK1, and this may indicate an
increased metabolic burden due to excessive VanR-VP16 expression
(Fig. S1) (Lillacci et al., 2018). In accordance with the relative strength
of the minimal promoter, we observed a corresponding increase in ab
solute expression levels between the weaker (Pmin and PCMVmin-2) and
the strong (PCMVmin-1) minimal promoters (Fig. 2B). Among the selected
minimal promoters, we experimentally found that the weakest minimal
promoter (Pmin) showed the best fold-induction levels with 512- and
302-fold inductions in combination with PmPGK1- and PhEF1α-driven
VanR-VP16, respectively. To test whether the maximal expression levels
of the Pmin minimal promoter can be increased without affecting the
fold-induction, we created inducible expression cassettes containing
additional VanR binding sites (Fig. 2C). Increasing the number of VanR
binding sites in the operator from two to four (pVH294–2.1; OVa
nO4-Pmin-Nluc-pA) and six (pVH294–3.1; OVanO6-Pmin-Nluc-pA) resulted
in 9.9x and 13.5x higher expression levels in the active state, respec
tively. Furthermore, since Pmin is able to maintain low basal expression
levels, increasing the number of operator sites two to four or six also
result in improved fold-induction levels. However, there is a diminishing
return when increasing the number of operator sites from four to six
likely because operator sites positioned further away from the tran
scription start site (TSS) contribute less to transcription than the sites
positioned closer. Furthermore, the increased number of operator sites
also increases basal expression in the uninduced state, worsening the
fold-induction levels. Hence, for this system, we can deduce that the
optimal number of operator sites is likely between four to six, and
additional sites, while potentially increasing the absolute expression,
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Fig. 2. Rational design and assembly of a vanillic acid-controlled synthetic gene switch in hiPSCs. (A) Schematic illustration of key features of the design and
assembly: inducible expression cassette minimal promoters (Pmin, PCMVmin-2, PCMVmin-1) and number of VanR binding sites contained in the operator (VanOn),
constitutive promoters for the expression of the transactivator (PmPGK1, PhEF1α), nuclear localization peptides (NLSSV40, NLSG46), and types of linker peptides with
different lengths used for assembling the VanR-VP16 transactivation domain ([GGGGS]n, [EAAAK]n). (B) Combinatorial analysis of constitutive promoters in hiPSCs
for the expression of the VanR-VP16 trans-activator (pVH238-1; PmPGK1-VanR-VP16-pA, pVH238-2; PhEF1α-VanR-VP16-pA) and inducible expression cassette minimal
promoters (pVH294–1.1; OVanO2-Pmin-Nluc-pA, pVH294–1.3; OVanO2-PCMVmin-2-Nluc-pA, pVH294–1.2; OVanO2-PCMVmin-1-Nluc-pA), assessed in terms of the production
of secreted Nluc 24 h after transfection. See Supplementary Table 4 for transfection details. (C) Tuning the induction level of the inducible expression cassette in
hiPSCs by increasing the number of VanR binding sites within the operator (pVH294–1.1; OVanO2-Pmin-Nluc-pA, pVH294–2.1; OVanO4-Pmin-Nluc-pA, pVH294–3.1;
OVanO6-Pmin-Nluc-pA), assessed in terms of the production of secreted Nluc 24 h after co-transfection with PmPGK1-driven VanR-VP16 (pVH238-1; PmPGK1-VanR-VP16pA). See Supplementary Table 5 for transfection details. (D) Assessment of the structural assembly of the VanR-VP16 transactivator in hiPSCs, comparing direct
fusion of VanR and VP16 (pVH238-1; PmPGK1-VanR-VP16-pA), fusion with a short flexible (pVH261; PmPGK1-VanR-FL1-VP16-pA, FL1; GGGGS) or rigid (pVH263;
PmPGK1-VanR-RL1-VP16-pA, RL1; EAAAK) linker, and fusion with a longer flexible (pVH262; PmPGK1-VanR-FL2-VP16-pA, FL2; GGGGSGGGGS) or rigid (pVH264;
PmPGK1-VanR-RL2-VP16-pA, RL2; EAAAKEAAAK) linker, assessed in terms of the production of secreted Nluc 24 h after co-transfection with a Pmin-driven reporter
construct controlled by four VanR binding sites (pVH294–2.1; OVanO4-Pmin-Nluc-pA). See Supplementary Table 6 for transfection details. (E) Tuning the induction
level of the VA-controlled synthetic gene switch in hiPSCs by promoting active nuclear translocation of VanR-VP16 (pVH238-1; PmPGK1-VanR-VP16-pA) with
importin-α (pVH250; PmPGK1-NLSSV40-VanR-VP16-pA) or importin-β (pVH252; PmPGK1-NLSG46-VanR-VP16-pA)-recognized NLS peptide, assessed in terms of the
production of secreted Nluc 24 h after co-transfection with a Pmin-driven reporter construct controlled by four VanR binding sites (pVH294–2.1; OVanO4-Pmin-NlucpA). See Supplementary Table 7 for transfection details. (F) Combinatorial analysis for the final assembly of the VA-controlled synthetic gene switch in hiPSCs using a
Pmin-driven reporter construct controlled by either four (pVH294–2.1; OVanO4-Pmin-Nluc-pA) or six (pVH294–3.1; OVanO4-Pmin-Nluc-pA) VanR binding sites and
different combinations of selected components from previous characterization steps to assemble the transactivator (pVH238-1; PmPGK1-VanR-VP16-pA, pVH263;
PmPGK1-VanR-RL1-VP16-pA, pVH262; PmPGK1-VanR-FL2-VP16-pA, pVH250; PmPGK1-NLSSV40-VanR-VP16-pA, pVH252; PmPGK1-NLSG46-VanR-VP16-pA, pVH629;
PmPGK1-NLSSV40-VanR-RL1-VP16-pA, pVH628; PmPGK1-NLSSV40-VanR-FL2-VP16-pA, pVH300; PmPGK1-NLSG46-VanR-RL1-VP16-pA, pVH624; PmPGK1-NLSG46-VanR-FL2VP16-pA), assessed in terms of the production of secreted Nluc 24 h after transfection. See Supplementary Table 8 for transfection details. (G) Dose-response curves in
hiPSCs of the PmPGK1-driven NLSG46-VanR-VP16 (pVH252; PmPGK1-NLSG46-VanR-VP16-pA) and the basic VanR-VP16 (pVH238-1; PmPGK1- VanR-VP16-pA) fusion
constructs using the Pmin-driven reporter construct controlled by four VanR binding sites (pVH294–1.2; OVanO4-Pmin-Nluc-pA), assessed in terms of the production of
secreted Nluc 24 h after transfection. See Supplementary Table 9 for transfection details. (B–F) VA indicates addition of vanillic acid (500 μM) to the culture medium.
Bars represent the mean ± s.d. of n = 4 biologically independent samples, overlaid with a dot plot of individual data points. (G) Dose-response curves represent a
four-parameter logistic regression curve fitted to the mean ± s.d. of n = 3 biologically independent samples. In panels B–F, the numbers with suffix “x” above the bars
represent fold difference from the adjacent bar or the indicated bar.

peptide, opposite to what would be expected from more efficient
translocation and accumulation of the transactivator in the nucleus. This
may suggest that in addition to the improved translocation, NLSG46 has a
steric effect on VanR-VP16 that lowers the basal expression level when
the system is repressed.
We next performed a combinatorial assessment of selected compo
nents from the previous development steps to identify the optimal as
sembly in the VanA system. We selected two inducible expression
cassettes composed of the tightest minimal promoter (Pmin) controlled
by operators containing four (OVanO4-Pmin) or six (OVanO6-Pmin) VanR
binding sites. Additionally, we generated all combinations of fusion
constructs containing a short rigid linker (RL1; EAAAK) or a long flexible
linker (FL2; GGGGSGGGGS), and the NLSSV40 or NLSG46 peptide
(pVH629; PmPGK1-NLSSV40-VanR-RL1-VP16-pA, pVH628; PmPGK1NLSSV40-VanR-FL2-VP16-pA, pVH300; PmPGK1-NLSG46-VanR-RL1-VP16pA, pVH624; PmPGK1-NLSG46-VanR-FL2-VP16-pA) (Fig. 2F). The
expression levels of all VanR-VP16 constructs scaled with the increased
number of VanR binding sites (Fig. 2F). Additionally, fusion constructs
containing both a linker and NLS peptide (NLSSV40-VanR-RL1-VP16,
NLSSV40-VanR-FL2-VP16, NLSG46-VanR-FL2-VP16), with one exception
(NLSG46-VanR-RL1-VP16), synergistically promoted increased expres
sion levels compared to the respective constructs containing only the
linker (VanR-RL1-VP16, VanR-FL2-VP16) or NLS (NLSSV40VanR-VP16,
NLSG46-VanR-VP16) peptide (Fig. 2F). Interestingly, the combination of
the short rigid linker (RL1) and the NLSG46 peptide (NLSG46-VanR-RL1VP16) reduced the induction levels compared to NLSG46-VanR-VP16,
(Fig. 2F). In comparison, the long flexible linker did not cause inter
ference when combined with NLSG46 (NLSG46-VanR-FL2-VP16), and the
combination of NLSSV40 with either linker (NLSSV40-VanR-RL1-VP16,
NLSSV40-VanR-FL2-VP16) had no apparent negative effect on the in
duction levels (Fig. 2F). The lower degrees of movement caused by the
rigid linker may therefore also impose a steric effect on VanR-VP16 that,
in combination with NLSG46, might interfere with nuclear translocation
and negatively affect the induction level.
The choice of a suitable inducible expression cassette and assembly
of the transactivator (linker and NLS peptide) will depend greatly on the
intended application of the gene switch and the delivery vector used for

stable integration. However, based on systematic comparative analysis
and characterization, the gene switch can be tuned to meet user-defined
needs (Fig. 2F). For this work, we selected the inducible expression
cassette containing four VanR binding sites (OVanO4-Pmin) in combina
tion with the PmPGK1-driven NLSG46-VanR-VP16 fusion construct
(PmPGK1-NLSG46-VanR-VP16-pA) for additional characterization because
of its robust fold-induction levels. By titrating the VA concentration, we
confirmed that the NLSG46-VanR-VP16 fusion construct retains un
changed VA dose-responsiveness (EC50 = 1.16 ± 0.14 μM) compared to
the standard VanR-VP16 construct (EC50 = 1.55 ± 0.52 μM) (Fig. 2G).
2.3. The VanA system can be controlled during generation of all three
germ layers
Next we tested how the VanA system performs during differentiation
into the three germ layers (mesoderm, endoderm, and ectoderm). For
this, we engineered a single expression construct of the VA-controlled
system (pVH438; 5′ ITR-OVanO4-Pmin-Nluc-pA-PmPGK1-NLSG46-VanRVP16-2A-NeoR-pA-3′ ITR) encoding a non-secreted Nluc reporter
(Figs. S3A and B). Following transfection of the complete system vector,
the hiPSCs were specified into definitive endoderm (DE) or mesoderm
(ME) for 3 days (Fig. 3A and B), or into ectoderm (EC) for 5 days
(Fig. 3C). During differentiation, the VanA system was maintained in a
repressed state by the addition of VA and induced by removing VA from
the differentiation medium, activating Nluc expression. Quantification
of Nluc expression levels following 3 days of differentiation showed that
the VanA system can be robustly regulated during DE differentiation
(Fig. 3A), as well as ME differentiation (Fig. 3B). Likewise, the system
can be robustly regulated after 5 days of EC differentiation (Fig. 3C). As
expected, the fold-induction levels of the system, as measured in terms
of Nluc expression, varies among the three lineages. Since proliferation
and metabolism differ depending on the target lineage during differen
tiation, constitutive promoter expression, basal expression levels, and
induction levels of the synthetic gene switch will also vary. Most
importantly, the VanA system did not significantly interfere with the
expression of key DE markers eomesodermin (EOMES), SRY-box tran
scription factor 17 (SOX17), forkhead box A2 (FOXA2), and C-X-C
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Fig. 3. Regulation of the VanA system during the generation of the three germ layers. hiPSCs transiently transfected with the complete VA-controlled expression
vector (pVH438; 5′ ITR-OVanO4-Pmin-Nluc-pA-PmPGK1-NLSG46-VanR-VP16-2A-NeoR-pA-3′ ITR) were specified for 3 days into (A) DE or (B) ME, and for 5 days into (C)
EC. The VanA system was maintained in its repressed state by the addition of VA (500 μM) and induced by the removal of VA from the differentiation medium on the
last day of differentiation, as depicted in panels A–C. Induction of the VanA system was assessed in terms of the intracellular production of non-secreted Nluc. See
Supplementary Table 10 for transfection details. Bars represent the mean ± s.d. of n = 3 biologically independent samples, overlaid with a dot plot of individual data
points. The numbers with suffix “x” above the bars represent fold difference from the indicated bar.

chemokine receptor type 4 (CXCR4) during DE differentiation
(Fig. S4A), ME markers brachyury (T), platelet-derived growth factor
receptor A (PDGFRα), T-box transcription factor 6 (TBX6), and heart and
neural crest derivatives expressed 1 (HAND1) during ME differentiation
(Fig. S4B), or EC markers paired box 6 (PAX6), NESTIN (NES), ortho
denticle homeobox 2 (OTX2), and SRY-box transcription factor 10
(SOX10) during EC differentiation (Fig. S4C).

furthermore, ectopic overexpression of TGIF2 in mouse embryonic stem
cells suppresses in vitro hepatic differentiation and enhances pancreatic
generation (Cerda-Esteban et al., 2017).
To demonstrate the added value of the improved VanA system, we
decided to combine it with the doxycycline (DOX)-controlled reverse
tetracycline transactivator (rtTA) system, currently the best-established
synthetic gene switch for controlling transgene expression in hiPSCs. We
show that the selected setup (OVanO4-Pmin, PmPGK1-NLSG46-VanR-VP16)
exhibits comparable performance to the rtTA system when the systems
are fully induced (Fig. S5A). Furthermore, the two systems can be
multiplexed to control two different transgenes autonomously in hiPSCs
(Fig. S5B). We placed HHEX under the control of rtTA to enable ectopic
regulation of HHEX expression with DOX and TGIF2 under the control of
NLSG46-VanR-VP16 to enable ectopic regulation of TGIF2 expression
with VA. Next, we engineered “all-in-one” piggyBac (PB) transposon
vectors for the respective systems and generate dual stable hiPSCs lines
(iHHEX/iTGIF2 hiPSCs) with autonomous control of HHEX and TGIF2
using DOX and VA, respectively (Fig. 4B). iHHEX/iTGIF2 hiPSCs were
specified into DE cells for 3 days using a standard combination of
chemicals and growth factors (Figs. S6A–C), and then differentiated for
4 days towards PFG using adapted versions of a previously established
protocol specific for downstream pancreatic differentiation (Nostro
et al., 2015). Robust induction of TGIF2 and HHEX relative to their
respective background expression levels was confirmed during initiation
of PG specification by the removal of VA or addition of DOX in the
differentiation medium, respectively (Figs. S6D–E).
Next, to identify the optimal induction conditions of HHEX and
TGIF2 to promote PFG and pancreatic progenitor differentiation, each
system was assessed individually by inducing HHEX or TGIF2 expression
at different time points during differentiation (Figs. S7A and C). When
HHEX was induced by the addition of DOX to the differentiation me
dium during the early stage of PG specification (Dox on D2-3, D2-4, and
D2-5), HHEX promoted increased expression of pancreatic marker
pancreatic and duodenal homeobox 1 (PDX1), hepatic marker albumin
(ALB), as well as PFG markers SRY-box 9 (SOX9) and hepatocyte nuclear
factor 6 (HNF6) (Fig. S7B). However, prolonged HHEX induction
reduced PDX1 expression in favour of higher ALB expression, consistent
with the reported regulatory role of HHEX during hepatic differentiation
(Cho et al., 2012; Inamura et al., 2011; Kubo et al., 2010; Watanabe
et al., 2014). TGIF2 expression was induced by the removal of VA from

2.4. Synthetic gene switches guide posterior foregut lineage specification
As a proof of principle that synthetic gene switches can be utilized in
hiPSCs, we wanted to showcase how they can be used to enhance in vitro
differentiation and guide lineage commitment. For this, we selected
posterior foregut (PFG) and early pancreatic progenitor specification of
iPSC-derived DE cells (Fig. 4Ai). Following in vitro specification, DE can
differentiate into three distinct domains of the primitive gut tube: the
anterior foregut (AFG), posterior foregut (PFG), or midgut/hindgut
(MHG) (Zorn and Wells, 2009). The AFG gives rise to thymus and thy
roid, the PFG to liver and pancreas, and the MHG to the small and large
intestine. To enhance PFG specification of DE cells, we selected hema
topoietically expressed homeobox (HHEX), an early foregut marker that
is essential for correct formation of the liver and ventral pancreatic
domains in vivo (Bort et al., 2004; Martinez Barbera et al., 2000). During
in vitro differentiation HHEX is initially expressed in DE cells and its
expression continues to increase as the DE is specified into PFG, but is
subsequently restricted to hepatic progenitors (Watanabe et al., 2014).
Previous studies have shown that HHEX is indispensable for efficient
generation of hepatic progenitors (Cho et al., 2012; Kubo et al., 2010;
Watanabe et al., 2014). However, results from a HHEX knockdown
experiment in DE cells suggest that HHEX may be required for efficient
exit from the DE state, as well as downstream primitive gut tube (PG)
and PFG specification (Watanabe et al., 2014). Consequently, we spec
ulated that transient HHEX expression might be utilized as a common
enhancer for PG and PFG differentiation of iPSC-derived DE cells
(Fig. 4Aii). To subsequently restrict PFG specification towards pancre
atic progenitors, we selected TGF-β-induced factor homeobox 2 (TGIF2),
a transcription factor that modulates the expression of
BMP/TGF-β-responsive genes (Melhuish et al., 2001) (Fig. 4Aii). TGIF2
suppresses liver formation and promotes pancreatic formation in vivo
during gastrulation in Xenopus (Spagnoli and Brivanlou, 2008), and
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Fig. 4. Synthetic gene-switch-guided posterior foregut lineage specification. (A) Schematic overview of (i) stepwise differentiation of hiPSCs into pancreatic pro
genitors (PP). Key non-specific lineages include anterior foregut (AFG), midgut/hindgut (MHG), and hepatic progenitors (HP). (ii) HHEX/TGIF2-guided differen
tiation of hiPSC-derived definitive endoderm (DE) towards the primitive gut tube (PG) and posterior foregut (PFG). (B) Schematics of VA-controlled TGIF2 (pVH439;
5′ ITR-OVanO4-Pmin-TGIF2-pA-PmPGK1-NLSG46-VanR-VP16-2A-NeoR-pA-3′ ITR) and DOX-controlled HHEX (pVH442; 5′ ITR-OTetO7-Pmin-HHEX-pA-PmPGK1-NLSG46-rtTA2A-PuroR-pA-3′ ITR) “all-in-one” PB transposon vectors used to generate iHHEX/iTGIF2 dual stable hiPSC lines. (C) The mRNA expression levels of HHEX and TGIF2
in iHHEX/iTGIF2 hiPSCs cultured for 24 h in the presence of different combinations of VA and DOX were determined by means of qRT-PCR. VA indicates addition of
vanillic acid (500 μM) and DOX indicates addition of doxycycline (0.75 μg/mL) to the culture medium. Values were normalized to those in the VA (+)/DOX (− )
condition. Bars represent the mean ± s.d. of n = 4 biologically independent samples. (D) Scheme depicting HHEX/TGIF2-guided PG and PFG specification protocol.
iHHEX/iTGIF2 hiPSC-derived DE cells were differentiated towards PG with FGF7 (25 ng/mL) for 3 days, and subsequently towards PFG with FGF7 (25 ng/mL),
noggin (50 ng/mL), and retinoic acid (RA; 2 μM) for 1 day. During differentiation HHEX and TGIF2 was maintained uninduced/repressed (VA on D0-7, No DOX), or
HHEX was induced on day 2–3 by the addition of DOX and TGIF2 was induced on day 3–7 by the removal of VA from the differentiation medium (VA on D3-7, DOX
on D2-3). VA indicates addition of vanillic acid (500 μM) and DOX indicates addition of doxycycline (0.75 μg/mL) to the culture medium. (E) Immunofluorescence
images of PFG cells differentiated using growth-factor-directed (VA on D0-7, No DOX) and TGIF2/HHEX-guided (VA on D0-3, DOX on D2-3) differentiation protocols
and stained for PDX1. Scale bar, 100 μm. (F) Representative flow cytometry results for PDX1+ PFG cells differentiated using growth-factor-directed (VA on D0-7, No
DOX) and TGIF2/HHEX-guided (VA on D0-3, DOX on D2-3) differentiation protocols. Control (white histogram) represents “no antibody” negative control PFG cells.
(G) Quantification of PDX1-expressing PFG cells based on the flow cytometric analysis shown in (F). Bars show mean ± s.d. of n = 3 biologically independent
samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. (H) Relative mRNA expression levels for PP (PDX1), PFG (SOX9, HNF6), HP (ALB),
MHG (CDX2), and AFG (OTX2) genes on day 7 in iHHEX/iTGIF2 hiPSC-derived PFG cells generated with the indicated HHEX and TGIF2 induction conditions (D)
were determined by means of qRT-PCR (n = 4 biologically independent samples). Values were normalized to those in day 0 iHHEX/iTGIF2 hiPSCs. Bars represent the
mean ± s.d. of n = 4 biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.

the differentiation medium, releasing the repression of the VanA system
(Fig. S7D). When TGIF2 was induced during PG and PFG specification
(VA on D0-5, D0-4, and D0-3), TGIF2 was able to restrict PFG specifi
cation towards pancreatic progenitors, as indicated by increased
expression of PDX1 and SOX9, while simultaneously reducing the
expression of ALB, consistent with previous studies in mouse ESCs
(Cerda-Esteban et al., 2017). Taken together, these findings suggest that
in order to promote PFG and early pancreatic progenitor specification
HHEX needs to be transiently induced during the DE to PG transition
while TGIF2 should be induced for the duration of PG and PFG differ
entiation steps. To validate this hypothesis and to assess whether HHEX
and TGIF2 can synergistically guide PFG and pancreatic progenitor
specification, iHHEX/iTGIF2 hiPSCs were differentiated towards DE
with HHEX expression induced on day 2–3 (DOX on D2-3) and then
subsequently towards PG and PFG with TGIF2 expression induced on
day 3–7 (VA on D0-3) (Fig. 4D). Compared to growth-factor-directed
differentiation, the TGIF2/HHEX-guided differentiation protocol resul
ted in a higher percentage of PDX1+ cells (Fig. 4E–G), and we observed
significantly higher expression levels of PFG and pancreatic progenitor
markers PDX1, SOX9, and HNF6 (Fig. 4H). Additionally, the
gene-switch-guided differentiation protocol either reduced or had no
significant effect on extraneous lineage markers, including hepatic
marker ALB, MHG marker caudal type homeobox 2 (CDX2), and AFG
marker orthodenticle homeobox 2 (OTX2). Together, these results
demonstrate that exogenously controlled HHEX and TGIF2 expression
can be used to guide PFG differentiation and specification towards early
pancreatic progenitors and illustrate how synthetic gene switches can be
used to adapt previously established growth-factor-directed differenti
ation protocols to enhance differentiation into a predetermined lineage.

at least partly due to poor adaptation and characterization of synthetic
systems in hiPSCs.
To address this issue, we here present rational design and assembly
guidelines for adapting and tuning the performance of synthetic gene
switches in hiPSCs. We focused on the VanR-VP16 transactivator (VanA)
system derived from Caulobacter crescentus as a model system (Gitzinger
et al., 2012), because this system uses a licensed food additive as inducer
compound and hence may be a suitable candidate for controlling gene
expression during differentiation of hPSCs without affecting the normal
physiology of the target cell type. We show that (i) the transcriptional
elements can be tuned to maximize the performance of the VanA system
in hiPSCs without adding metabolic load; (ii) the structural assembly
(type and length of linker peptide) linking the VanR and VP16 domains
has an important influence on the characteristics of the complete fusion
construct; (iii) the nuclear translocation efficiency of the VanR-VP16
transactivator is a limiting factor for the performance of the gene
switch, and can be improved by the addition of an NLS peptide.
Furthermore, we show that the final assembly needs to be empirically
characterized to identify suitable combinations of (iv) transcriptional
elements, (v) structural assembly, and (vi) post-translational processing
elements, because the combination of certain elements can worsen the
fold-induction levels or interfere with the functionality of the gene
switch. These findings enable the performance of the synthetic gene
switch to be tuned in hiPSCs based on user-defined requirements
through rational design and assembly of selected components.
To illustrate the added value of an additional well-characterized
gene switch, we show that the VanA system can be multiplexed with
the well-established DOX-controlled rtTA system to control two different
transgenes autonomously in hiPSCs. Utilizing the VanA and rtTA sys
tems, we engineered hiPSC lines that stably express TGIF2 and HHEX
under the control of the VanA system and the rtTA system, respectively,
and adapted a previously established protocol specific for downstream
pancreatic differentiation with reportedly high variability among
studies and hPSC lines (Nostro et al., 2015; Rostovskaya et al., 2015;
Wesolowska-Andersen et al., 2020). Because of stage-specific changes in
transcriptional, post-transcriptional, and post-translational regulation
during differentiation, the required expression timing and duration of
effector proteins will differ significantly depending on the desired
lineage and differentiation stage (Dame et al., 2017; Pawlowski et al.,
2017; Sadahiro et al., 2018). With the DOX-controlled rtTA system, we
show that transient induction of HHEX expression during the last day of
DE differentiation enhances PFG differentiation broadly before primar
ily promoting hepatic specification during PG differentiation. While the
regulatory role of HHEX in promoting hepatic differentiation is well
established (Cho et al., 2012; Inamura et al., 2011; Kubo et al., 2010;
Watanabe et al., 2014), these results also demonstrate stage-specific

3. Discussion
Inherent differences between hiPSC lines, and differences in the
quality of chemicals and growth factors used for differentiation can have
significant impacts on differentiation efficiency. This situation may
result in differentiation into non-specific lineages, and consequently
makes costly and time-intensive characterization and optimization
essential when developing differentiation protocols. The use of synthetic
gene switches to accurately control the expression of key transcription
factors and modulate lineage-specification may reduce the dependency
on growth factors and limit non-specific differentiation, potentially
making the development process more robust and cost-effective. To
date, implementation of synthetic gene switches in hiPSCs has been
limited, with the exception of the DOX-controlled rtTA system. Since
synthetic gene switches can differ greatly in their performance between
cell lines and stem cells, the limited usage of other gene switches may be
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functional differences between HHEX induction during DE compared to
PG and PFG differentiation. With the VA-controlled VanA system, we
show that TGIF2 expression is required for the entire PG and PFG dif
ferentiation stages to restricts PFG specification towards early pancre
atic progenitors, in agreement with the stage-specific regulatory role of
TGF-β family signalling during pancreatic differentiation (Cho et al.,
2012; Nostro et al., 2011).
By combining the two gene-switch-guided protocols, we could show
that they can synergistically enhance PFG differentiation and specifi
cation towards early pancreatic progenitors that exhibit characteristic
gene expression patterns with reduced or no induction of extraneous
lineage markers. However, despite yielding a higher percentage of
PDX1+ cell PFG population than growth-factor-directed differentiation
alone, the PDX1+ population is still relatively small, suggesting that
there is room for further improvement. For example, varying copying
number and integration regions of the gene switches cause by random
integration are known to be prone to silencing or downregulation during
propagation and cellular differentiation (Grabundzija et al., 2013;
Randolph et al., 2017; Raya et al., 2009), which might result in het
erogeneous differentiation efficiency of the iHHEX/iTGIF2 hiPSC line.
Furthermore, because the gene switches’ “open-loop” topology makes
them inherently susceptible to noise and perturbations (Del Vecchio
et al., 2016), there might be significant intercellular discrepancies be
tween the actual and the desired expression levels. Consequently, future
work should aim for targeted integration into safe harbour loci to ensure
transgene expression stability (Oceguera-Yanez et al., 2016), and
self-regulating feedback control systems are needed to enable autono
mous regulation of the expression levels and to compensate for external
perturbations cause by phenotypic changes or orthogonal synthetic
systems (Del Vecchio et al., 2017; Szenk et al., 2020). Together, these
advances are projected to advance genetic control systems’ robustness
and their ability to efficiently guide lineage specification to generate
pancreatic progenitor cells and other high-value cell-types.
In summary, we have shown how a synthetic gene switch can be
rationally and systematically assembled in hiPSCs. By expanding the
repertoire of well-characterized synthetic gene switches, this work
should enable researchers to choose the system with the most suitable
characteristics for a given task or to study the effects and interplay of
multiple genes during differentiation of hiPSCs in the future. The gen
eral applicability of the presented approach to assembling genetic sys
tem in stem cells is projected to enable the creation of more complex
synthetic gene networks to guide lineage commitment. As a proof of
principle, we have shown how two synthetic gene switches can be
multiplexed to guide differentiation in a desired direction. By directly
controlling lineage commitment through the expression of key tran
scription factors, synthetic gene switches are expected to reduce the
dependency on exogenous growth factors to overcome the problem of
vendor-to-vendor and batch-to-batch variability, consequently
increasing the robustness of stem cell differentiation protocols while at
the same time reducing the associated costs. Moreover, the highly
tunable characteristics of synthetic gene switches may be helpful to
overcome the intra- and inter-donor variability of hPSCs, which would
be a significant advance towards personalized medicine.

oligonucleotides were performed using T4 polynucleotide kinase (New
England BioLabs, Cat. no. M0201) in T4 DNA ligase buffer (Thermo
Scientific, Cat. no. B69). PCRs were performed with Phusion highfidelity DNA polymerase (Thermo Scientific, Cat. no. F530), according
to the manufacturer’s instructions. All plasmids used in this study are
described in Supplementary Table 1.
Preparation of inducer, chemical, and growth-factor stocks.
Vanillic acid (Sigma, Cat. no. 94770) was dissolved in 100% EtOH to
500 mM and stored at − 20 ◦ C. Erythromycin (Sigma, Cat. no. E5389)
was dissolved in 100% EtOH to 5 mg/mL and stored at − 20 ◦ C. Phloretin
(Sigma, Cat. no. P7912) was dissolved in 100% EtOH to 25 mM and
stored at − 20 ◦ C. Doxycycline (Sigma, Cat. no. D9891) was dissolved in
100% EtOH to 1.5 mg/mL and stored at − 20 ◦ C. Sodium ascorbate
(Sigma, Cat. no. A7631) was dissolved in ddH2O to 1 M (prepared fresh).
CHIR99021 (StemCell Technologies, Cat. no. 72054) was prepared as a
10 mM solution in DMSO and stored at − 80 ◦ C. Activin A (PeproTech,
Cat. no. 120–14P) was prepared as a 100 μg/mL solution in ddH2O
supplemented 0.1% bovine serum albumin (BSA) and stored at − 80 ◦ C.
FGF7 (KGF; PeproTech, Cat. no. 100–19) was prepared as a 100 μg/mL
solution in PBS supplemented with 0.1% BSA and stored at − 80 ◦ C.
Noggin (R&D Systems, Cat. no. 6057-NG) was prepared as a 250 μg/mL
solution in PBS supplemented with 0.1% BSA and stored at − 80 ◦ C.
Retinoic acid (RA; Sigma, Cat. no. R2625) was prepared as a 10 mM
solution in DMSO and stored at − 80 ◦ C.
Cell culture
Human embryonic kidney cells (HEK293T, DSMZ: ACC 635) were
cultured in DMEM (GlutaMAX, high glucose; Gibco, Cat. no. 61965026)
supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma, Cat. no.
F7524) and were routinely passaged using TrypLE Express (1X, Gibco,
Cat. no. 12605010).
In house generated human induced pluripotent stem cells (hiPSCs)
(Heng et al., 2013), and derived stable lines, were propagated
feeder-free in mTeSR1 medium (StemCell Technologies, Cat. no. 85850)
supplemented with Normocin™ (50 μg/mL, Invivogen, Cat. no.
ant-nr-1) on cell culture plates coated with Geltrex basement membrane
matrix (Gibco, Cat. no. A1413302). HiPSC lines were routinely passaged
as aggregates using ReLeSR (StemCell Technologies, Cat. no. 05872). All
cells were maintained at 37 ◦ C in a humidified atmosphere of 5% CO2 in
air and routinely tested for mycoplasma contamination at an accredited
external sequencing facility (GATC Biotech AG).
Transient transfection of immortalized human cell lines
For transient transfection of HEK-293T, cells were seeded into multiwell plates 1 day prior to transfection. After 20–24 h, the spent medium
was aspirated and fresh growth medium supplemented with or without
vanillic acid (VA; 500 μM, Sigma, Cat. no. 94770), erythromycin (EM;
2.0 μg/mL, Sigma, Cat. no. E5389), or phloretin (Phlo; 50 μM, Sigma,
Cat. no. P7912) was added to the cells as indicated in the results section.
Cells were then transiently transfected by mixing the required amount of
DNA with Opti-MEM reduced serum media (Gibco, Cat. no. 31985070)
(see Supplementary Table 2). Thereafter, Lipofectamine 2000 was added
to the solution and mixed thoroughly. The transfection mixture was
incubated for 5–6 min at room temperature and then added dropwise to
the cells. After 24 h, the cell supernatant was collected for the quanti
fication of secreted Nluc.

Materials and methods
Plasmid preparation
Plasmids were generated by digestion with standard restriction en
zymes (New England BioLabs), followed by dephosphorylation of the
plasmid backbones with Antarctic phosphatase (New England BioLabs,
Cat. no. M0289), and then ligation of the backbones and inserts with T4
DNA ligase (Thermo Scientific, Cat. no. EL0011). Phosphorylation of
single oligonucleotides was performed using T4 polynucleotide kinase
(New England BioLabs, Cat. no. M0201), according to the manufac
turer’s instructions. Phosphorylation and annealing of two

Transient transfection of hiPSCs
To rapidly assess and optimize the functionality of the synthetic gene
switches in hiPSCs, cells were seeded as single cells and then transiently
transfected by using Lipofectamine Stem (Invitrogen, Cat. no.
STEM00003) transfection reagent. Details of the number of cells seeded,
multi-well format, expression vectors, the amounts of transfection
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reagent, and induction media used for each experiment are given in
Supplementary Tables 3–17. In brief, 80% confluent hiPSCs were
washed with PBS (without calcium and magnesium, Gibco, Cat. no.
14190169) and dissociated to single cells using StemPro Accutase
(Gibco, Cat. no. A1110501) at 37 ◦ C for 5–10 min, or until the cells were
completely dissociated. Cells were harvested by using 4 vol of DMEM/
F12 (Gibco, Cat. no. 31331028) and gently triturated to further disso
ciate them. The cell suspension was centrifuged at 150×g for 5 min, then
the supernatant was aspirated, and the cells were gently resuspended in
mTeSR1 supplemented with rho kinase inhibitor (Y-27632; 100 μM,
StemCell Technologies, Cat. no. 72304). Cells were counted and then
seeded on Geltrex-coated multi-well plates. After 20–24 h, the spent
medium was aspirated. The cells were washed with PBS and fresh
mTeSR1 supplemented with or without VA (500 μM), EM (2.0 μg/mL),
or Phlo (50 μM) was added as indicated in the results section. Cells were
then transiently transfected by mixing the required amount of DNA with
Opti-MEM reduced serum media (Gibco, Cat. no. 31985070). Lipofect
amine Stem was added to the solution and mixed thoroughly. The
transfection mixture was incubated for 10–12 min at room temperature
and then added dropwise to the cells. For optimal transfection results,
cells were transfected within 30 min after removing the rho kinase in
hibitor. At 24–48 h after transfection, the cell supernatant was collected
for the quantification of secreted Nluc. For quantification of intracellular
Nluc and Fluc, the supernatant was aspirated, and cells were washed
with PBS, and then lysed in Passive Lysis Buffer (1X, Promega, Cat. no.
E1941) for 15 min with orbital shaking at room temperature.
To generate piggyBac transposon-mediated stable polyclonal hiPSC
lines, cells were seeded and transfected as described above and in Sup
plementary Table 11. At 24 h after transfection, the medium was
replaced with fresh mTeSR1 supplemented with VA (500 μM). At 48–72
h after transfection, selection medium was added, consisting of mTeSR1
supplemented with puromycin (0.25 μg/mL, Invivogen, Cat. no. ant-pr1), geneticin (100 μg/mL, Gibco, Cat. no. 10131027), and VA (250 μM)
for 7 days. Subsequently the selection pressure was increased (0.5 μg/
mL puromycin, 200 μg/mL geneticin, and 250 μM VA) for an additional
7 days. Then, the cells were assessed for transgene expression and dif
ferentiation potential.

Directed differentiation of hiPSCs
The VA-regulated TGIF2 and DOX-regulated HHEX stable hiPSCs
(iTGIF2/iHHEX iPSCs) were specified into definitive endoderm (DE) and
subsequently into posterior foregut (PFG) and early pancreatic progen
itor cells as described below. During differentiation TGIF2 and HHEX
transgene expression is regulated by NLSG46-VanR-VP16 and rtTA,
respectively, through the addition/removal of VA and DOX at different
time points, as described in the results section.
First, iTGIF2/iHHEX hiPSCs grown to 80% confluency were disso
ciated and seeded as single cells in mTeSR1 supplemented with VA (500
μM) at a density of 1.0 × 105 cells/cm2 on Geltrex-coated multi-well
pates. At 20–24 h after seeding, spent medium was replaced with fresh
mTeSR1 supplemented with VA (500 μM). At 2 days after seeding, cells
were washed with PBS and DE specification was induced for 24 h in
RPMI (Gibco, Cat. no. 61870010) containing sodium ascorbate (0.25
mM), B-27 supplement (0.25X, Minus Insulin, Gibco, Cat. no.
A1895601), Normocin™ (50 μg/mL), CHIR99021 (3 μM), and activin A
(100 ng/mL). Next, the cells were washed with PBS and cultured for
another 48 h in RPMI containing sodium ascorbate (0.25 mM), B-27
supplement (0.25X, Minus Insulin), Normocin™ (50 μg/mL), and activin
A (100 ng/mL).
iTGIF2/iHHEX hiPSCs-derived DE cells were specified into posterior
foregut (PFG) and early pancreatic progenitor cells using adapted ver
sions of a previously established differentiation protocol specific for
downstream pancreatic differentiation (Nostro et al., 2015). DE cells
were cultured in DMEM/F12 containing sodium ascorbate (0.25 mM),
B-27 supplement (1X, Minus vitamin A, Gibco, Cat. no. 12587010),
Normocin™ (50 μg/mL), and FGF7 (25 ng/mL) for 3 days with daily
medium changes. Next, the cells were washed with PBS and cultured in
DMEM/F12 containing sodium ascorbate (0.25 mM), B-27 supplement
(1X, minus vitamin A), Normocin™ (50 μg/mL), FGF7 (25 ng/mL),
noggin (50 ng/mL), and RA (2 μM) for 24 h.
Analytical assays
Nluc production was measured in cell culture supernatants or in cell
lysate with the Nano-Glo Luciferase Assay System (Promega, Cat. no.
N1110). In brief, samples of secreted Nluc were diluted 20-fold in ddH2O
and a 7.5 μL aliquot of diluted sample was incubated with 7.5 μL NanoGlo buffer/substrate mixture (50:1) for 5 min in black 384-well plates.
Intracellular Nluc was quantified undiluted directly from the cell lysate
using a 7.5 μL aliquot as described above. Fluc production was quanti
fied undiluted directly from the cell lysate with the ONE-Glo Luciferase
Assay System (Promega, Cat. no. E6110). In brief, 7.5–20 μL (empiri
cally determined) of sample was incubated with an equal amount of
ONE-Glo reagent for 5 min in black 384-well plates. Luminescence was
measured with a Tecan Infinite M1000 PRO multiplate reader (Tecan
AG).

Germ layer differentiation of hiPSCs
To assess the functionality of the synthetic gene switches during
differentiation into different lineages, we used the STEMdiff Trilineage
Differentiation Kit (StemCell Technologies, Cat. no. 05230) to generate
the three germ layers (mesoderm, endoderm, and ectoderm). Details of
the numbers of cells seeded, multi-well format, expression vectors, the
amounts of transfection reagent used, and the induction medium are
given in the Results section and in Supplementary Table 10. In brief, 24
h after transfection cells were washed with PBS and lineage specification
was induced as follows: mesoderm differentiation was specified by using
STEMDiff Trilineage Mesoderm Medium supplemented with Normo
cin™ (50 μg/mL) and for 3 days with daily medium changes; endoderm
differentiation was specified by using STEMDiff Trilineage Endoderm
Medium supplemented with Normocin™ (50 μg/mL) for 3 days with
daily medium changes; ectoderm differentiation was specified by using
STEMDiff Trilineage Endoderm Medium supplemented with Normo
cin™ (50 μg/mL) for 5 days with daily medium changes. During dif
ferentiation into the three germ layers the differentiation medium was
supplemented with VA (500 μM). To trigger the VanA system the cells
were washed with PBS and differentiation medium without VA was
added to the cells on day 2 for mesoderm and endoderm differentiation,
and on day 4 for ectoderm differentiation. After 24 h induction, the
differentiation medium was aspirated and cells were washed with PBS
and lysed for either Nluc quantification or gene expression profiling.

Gene expression profiling by RT-qPCR
A Quick-RNA mini prep kit (Zymo Research, Cat. no. R1054) was
used for RNA isolation, and 250 ng of purified RNA was used as a
template for cDNA synthesis (High-Capacity cDNA Reverse Transcrip
tion Kit, Applied Biosystems, Cat. no. 4368814). Gene expression was
quantified using gene-specific primers and SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, Cat. no. 1725271) with an Eppendorf ep
realplex Mastercycler (Eppendorf AG). Results are presented as relative
fold changes normalized to the expression of two endogenous reference
genes (TBP and GAPDH) by using the ΔΔCt method (Schmittgen and
Livak, 2008). All qPCR primers used in this study are listed in Supple
mentary Table 18.
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Flow cytometry analysis

Appendix A. Supplementary data

Cells were dissociated to single cells using Accutase at RT, washed
twice with cold PBS, and fixed for 20 min at 4 ◦ C with 4% formaldehyde
(PFA; Sigma, Cat. no. F8775) in PBS. The fixed cells were washed twice
with cold PBS, then permeabilized and blocked for 30 min at 4 ◦ C in
permeabilization/blocking solution consisting of 0.1% Triton X-100
(Sigma, Cat. no. T8787) and 5% donkey serum (Bio-Rad, Cat. no.
C06SBZ) in PBS. The cells were stained for 30 min at 4 ◦ C in the dark
with antibodies diluted in permeabilization/blocking solution. After
wards, the cells were washed twice with cold PBS supplemented with
1% BSA, and analyzed on a BD Fortessa LSR flow cytometer (BD Bio
sciences) with 10–20.000 events recorded per sample. Antibodies and
effective concentrations used are listed in Supplementary Table 19.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymben.2021.03.009.
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