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Abstract
Human pluripotent stem cells (hPSCs) have emerged as a promising cells source in cardiac research.
The differentiation of hiPSCs towards cardiomyocytes (CMs) and the combination with CRISPR-Cas9
genome editing technology has provided new opportunities for disease modeling, drug screening and
tissue engineering. In this research, it was attempted to insert a construct for doxycycline-inducible
expression of channelrhodopsin 2 (ChR2) into the AAVS1 genomic safe harbor (GSH) locus of hPSCs by
CRISPR-Cas9 mediated homology directed repair (HDR) to enable optogenetic pacing of hPSC-derived
CMs (hPSC-CMs). In order to validate transgene expression in the AAVS1 locus of hPSCs and hPSC-CMs,
this study showed successful synthetization and characterization of a doxycycline-inducible construct
for the expression of the red florescent protein mRuby2. As a proof of concept, hPSCs were cotransfected with the inducible mRuby2 construct and sgRNA-Cas9 plasmid targeting the AAVS1 GSH
locus. PCR screening showed successful insertion of the inducible construct in the AAVS1 locus.
Surprisingly, doxycycline treatment did not result in mRuby2 signal, which requires further
investigation. This study also successfully showed the exchange of the mRuby2 gene with ChR2 coupled
to Enhanced Yellow Fluorescent Protein (EYFP) tag (ChR2-EYFP) by sticky-end PCR cloning. It is
recommended to start directly with targeting of the inducible construct for ChR2-EYFP expression in
hPSC to evaluate transgene insertion and expression, instead of using the mRuby2 construct. Taken
together, this study describes the creation of a doxycycline-inducible construct which contains unique
restriction sites facilitating the rapid creation a new hPSC line with any genetic alteration of interest
involved in cardiac research.
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Samenvatting
Humane pluripotente stamcellen (hPSCs) zijn een veelbelovende bron van cellen in onderzoek naar
het hart. De differentiatie van pluripotente stamcellen naar hartspiercellen (cardiomyocyten)
gecombineerd met CRISPR-Cas9 biedt nieuwe kansen voor het modelleren van hartspierziekten, het
testen van medicijnen en weefselregeneratie. Dit onderzoek beoogde om een construct voor
doxycycline-induceerbare expressie van channelrhodopsin 2 (ChR2) in de AAVS1 genomic safe harbor
(GSH) locatie van hPSCs te plaatsen middels CRISPR-Cas9 gemedieerde homologe recombinatie. Het
uiteindelijke doel is het bereiken van optogenetische manipulatie van hPSC afgeleide cardiomyocyten.
Om de expressie van het transgen te valideren in de AAVS1 locatie laat deze studie de productie zien
van een doxycycline-induceerbaar construct voor de expressie van het rood fluorescerende eiwit
mRuby2. Als “proof of concept” werden hPSCs getransfecteerd met het doxycycline-induceerbare
mRuby2 construct en de sgRNA-Cas9 plasmide gericht op de AAVS1 locatie. PCR analyse laat de insertie
van het induceerbare construct in de AAVS1 locatie zien. Verassend genoeg leidde doxycycline
behandeling van de getransfecteerde cellen niet tot mRuby2 expressie, wat verder onderzoek vereist.
Deze studie laat ook de vervanging van het mRuby2 gen zien door ChR2 gekoppeld aan een geel
fluorescerend eiwit zien middels “sticky-end PCR klonering”. Het wordt aanbevolen om direct te
starten met de transfectie van het doxycycline-induceerbare ChR2 construct in hPSC om de expressie
van het transgen te valideren in de AAVS1 locatie. Concluderend, deze studie beschrijft de creatie van
een doxycycline-induceerbare construct dat unieke restrictie-enzym locaties bevat dat het mogelijk
maakt om snel een nieuwe hPSC lijn te creëren met elke gewenste genetische aanpassing met als doel
om onderzoek te doen naar het hart.
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Abbreviations
AAVS1

Adeno-associated virus site 1
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CRISPR associated protein
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C-C Motif Chemokine Receptor 5

ChR2

Channelrhodopsin 2

CLYBL

Citrate lyase beta-like

CM

Cardiomyocyte

CMV

Cytomegalovirus

CRISPR

Clustered regularly interspaced short palindromic repeats

crRNA

CRISPR-RNA

CVD

Cardiovascular disease

DSB

Double strand break

EF1α

Elongation factor 1 alpha

EYFP

Enhanced yellow fluorescent protein

FACS

Fluorescence-activated cell sorting

GFP

Green fluorescent protein

GSHs

Genomic save harbors

HAL

Left homology arm

HAR

Right homology arm

HDR

Homology directed repair

hESC

Human embryonic stem cells

hPSC

Human pluripotent stem cells

hPSC-CMs

Human pluripotent stem cell-derived cardiomyocytes

iPSC

Induced pluripotent stem cells

MEF

Mouse embryonic fibroblasts

NHEJ

Nonhomologous end joining

PAM

Protospacer Adjacent Motif

PPP1R12C

Phosphatase 1 regulatory subunit 12C

sgRNA

Single-guide RNA

TALENs

Transcription activator-like effector nucleases

tracrRNA

Trans-activating crRNA

TRE

Tetracycline Response Elements

ZFNs

Zinc-finger nucleases
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1. Introduction
1.1 Pluripotent stem cells in cardiovascular research
Cardiovascular disease (CVD) is the leading cause of death globally. The prevalence of CVD increased
from 271 million in 1990 to 523 million people in 2019 [1]. CVD refers to a class of diseases that involves
structure and function of the heart and blood vessels. Diseases affecting the heart are often related to
cardiac remodelling, which is defined as a group of molecular, cellular and interstitial changes that
clinically manifest as changes in size, shape and function of the heart after injury [2]. The understanding
of pathophysiological mechanisms involved in cardiac remodeling is crucial in the development of new
therapeutic strategies [3].
In order to investigate molecular mechanisms of cardiac disease, it is necessary to generate
predictive human in vitro cell models that reflect human disease [4-6]. Since primary human cardiac
cells are difficult to obtain from biopsies and to maintain in culture for extended periods of time due
to their finite lifespan and limited proliferation properties [5,6], efforts have been conducted to find
alternatives to this cell type. Human pluripotent stem cells (hPSCs) have emerged as a promising cells
source in cardiac research [7-11]. HPSCs possess intrinsic properties of unlimited self-renewal and
potential to differentiate into any somatic cell types in the body, which makes it possible to generate
large numbers of cardiac cells from both healthy individuals and patients [6]. There are two types of
PSCs: embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSC). ESCs are derived from the
inner cell mass of developing embryos and are used in a wide range of applications. However, the
strong ethical concerns and immunological rejection are main limitations [12,13]. In 2006, it was
discovered that human somatic cells could be reprogrammed to a pluripotent state by a cocktail of
four transcription factors: OCT4, SOX2, KLF4 and MYC [13,14]. These reprogrammed cells are called
iPSC. Advantages of iPSCs are their human origin, easy accessibility, avoidance of ethical issues and the
potential to use patient-specific iPSCs [13].
Both ESCs and iPSCs have been extensively used in disease modeling, drug testing and
regenerative medicine in cardiac research [15-17]. The combination of PSCs with genome editing
technology have been used to increase the understanding of molecular mechanisms of cardiac
diseases and to investigate new treatment options (Figure 1) [18]. One of the rising technologies to
genetically modify PSCs is CRISPR-Cas9. The next paragraph describes the basic principles of CRISPRCas9 genome editing in PSCs technology.
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Figure 1: Pluripotent stem cells (PSCs) include induced pluripotent stem cells (iPSC) and embryonic stem cells
(ESCs). IPSCs are reprogrammed from somatic cells of healthy individuals or patients. Both iPSCs and ESCs are
differentiated towards cardiomyocytes (CMs) and used for disease modeling or drug discovery and screening. The
possibilities of PSCs are increased by genome editing technologies, such as CRISPR-Cas9, either to induce diseaseassociated mutations or to make fluorescent PSC-derived CMs reporter lines. Figure reproduced from [18].

1.2 CRISPR-Cas9 genome editing
Genome editing or gene editing is a technology to manipulate the DNA in a diverse range of cell types
and organisms. Zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENs) are two well-known genome editing platforms [19,20]. Both techniques use a sequencespecific DNA-binding protein fused to an endonuclease, facilitating targeted double-strand breaks
(DSBs) within the DNA [20]. In addition to these techniques, the genome editing technique CRISPR-Cas
has been gaining much attention in biotechnology in the last decade [19-21]. It is a simple but powerful
technique to alter DNA sequences and modify gene functions. CRISPR-Cas has several advantages
compared to ZFNs and TALENs, including the higher targeting efficiency and ability to facilitate
multiplex genome editing [21]. Furthermore, the design and production of CRISPR-Cas is relatively
simple, cheap and fast. The CRISPR-Cas genome editing technique is based on the adaptive immune
system of prokaryotic organisms. In those organisms, CRISPR (clustered regularly interspaced short
palindromic repeats) is a DNA sequence array containing short variable sequences and continuously
repeating DNA sequences. The variable sequences, called protospacers, are derived from previously
invading organisms [21]. The CRISPR array is transcribed into a precursor RNA transcript that is further
processed into smaller units, called CRISPR-RNA (crRNA). The crRNAs are combined with one or more
CRISPR-associated (Cas) proteins to form the active Cas-crRNA complex [22]. Three types of CRISPR
systems have been identified from which type II CRISPR system is one of the best characterized [21,22].
Type II CRISPR system uses a structural non-coding RNA sequence known as trans-activating crRNA
(tracrRNA) that assists in the maturation of crRNA [21-23]. The tracrRNA forms a complex with each
individual crRNA and the Cas9 nuclease and this complex target foreign nucleic acids (Figure 2A). The
crRNA unit contains a 20-nucleotide guide sequence which is responsible for recognition and binding
to the target sequences. This results in cleavage and degradation of the target DNA sequence by the
11

Cas9 nuclease. However, it is important that the target sequence contains a Protospacer Adjacent
Motif (PAM) directly after the targeted DNA region. This short, conserved sequence of 2-5 nucleotides
is required to discriminate between self and foreign DNA [24]. PAMs differ between variants of the
CRISPR–Cas system. The Cas9 nuclease for example, recognize only a PAM sequence of 5’-NGG-3’
(where “N” can be any nucleotide base) [21].
CRISPR-Cas9 genome editing uses a simplified version of the biological version. The RNA
components of the CRISPR-Cas9 system can be fused together to create chimeric, single-guide RNA
(sgRNA). This chimeric RNA strand is generated by fusing the 3′ end of crRNA to the 5′ end of tracrRNA
(Figure 2B) [25]. This simple, rational design of sgRNA is robust and allows rapid implementation of
CRISPR-Cas9 system for genome editing. By changing the 20-nucleotide guide sequence within the
synthetic sgRNA, the Cas9 nuclease can be directed toward any target to make a DSB. There are two
main considerations in the design of the 20-nucleotide guide sequence [21]: 1) The target sequence
must immediately precede the PAM sequence of 5’-NGG-3’ which allows cleavage by the Cas9 enzyme
and 2) the guide sequence should be specific to minimize off-target activity. After designing the sgRNA,
the sequence can be delivered by several methods depending on the desired application. The most
straightforward approach is to construct an expression plasmid encoding the Cas9 protein and the
sgRNA (Figure 2C) [26]. In this method, two single stranded oligonucleotides (encoding the 20nucleotide guide sequence) are annealed and ligated into a plasmid containing both Cas9 and the
remainder of the sgRNA. This plasmid can be transfected into cells to induce cleavage at a specific
location.
B)

A)

C)

Figure 2: The mechanism of introducing a double-strand break (DSB) by CRISPR-Cas9. A) Base-paring between
CRISPR-RNA (crRNA) with trans-activating crRNA (tracrRNA) guides the Cas9 nuclease (in blue) to cleave the
target DNA. B) The chimeric single-guide RNA (sgRNA) sequence is generated by fusing the 3′ end of crRNA to the
5′ end of tracrRNA mimicking the dual-RNA structure. This sgRNA consist of a 20-nucleotide guide sequence at
the 5’site followed by a hairpin structure retaining the interactions between crRNA and tracrRNA. Figure
reproduced from [25]. C) The expression plasmid containing both sgRNA and Cas9. The expression plasmid can
be transfected into cells to mediate targeted cleavage. Figure adapted from [21].
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1.3 Homology directed repair
The Cas9 nuclease creates a DSB at a specific location (between the 17th and 18th bases in the target
sequence) determined by the sgRNA sequence [21]. The cell recognizes DNA damage and the DSBrepair machinery is activated. There are two mechanism for DNA damage repair in mammalian cells:
Nonhomologous end joining (NHEJ) and homology directed repair (HDR). NHEJ is the most
predominantly pathway to repair DSBs [27], in which broken DNA strands are ligated. This is a rapid
and efficient procedure, but often results in insertion and deletion mutations [28]. On the other hand,
HDR requires an undamaged homologous DNA template to repair the DSB. CRISPR-Cas9 mediated HDR
can be utilized by introducing an exogenous repair template into the cell to make defined modifications
at the target locus [21]. The repair template contains the desired insertion or modification with
homology arms flanking the insertion sequence (Figure 3A). Using the natural DNA-repair mechanism,
the desired modification is made with high precision.
The HDR template containing the desired insertion can be constructed in several ways. Most
of the methods requires ligation at restriction enzyme sites present in the backbone vector and the
insert. However, the options are limited by the available restriction sites. In contrast, In-Fusion®
cloning is a ligation-independent cloning method based on the annealing of complementary ends of
the insert and the backbone vector (Figure 3B) [29]. The different parts of the template contain at least
a 15-base-pair overlap at their ends, which can be engineered in PCR primers used to amplify the
intended DNA fragment. One of the advantages of In-Fusion® cloning is the option of cloning more
fragments at the same time in a single reaction, making it a fast and simple cloning procedure [30].

A)

B)

Figure 3: A) The mechanism of homology directed repair (HDR): Cleavage of the target DNA by the sgRNA guided
Cas9 nuclease results in a double-strand break (DSB). Addition of an exogenous repair template, with two regions
homologous to each side of the DSB, results in HDR. The desired gene is inserted in the target DNA. Figure adapted
from [31]. B) HDR template containing different DNA fragments inserted in an expression vector using the InFusion® cloning reaction mechanism. The coloured regions represent overlap region between the different parts
of the HDR template. Each part is generated by PCR with primers that include the 15-base-pair overlap (marked
in blue). Figure adapted from [29].
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1.4 Genomic safe harbor locations
The previous paragraphs discussed the principles of CRISPR-Cas9 genome editing and insertion of
foreign DNA by HDR. The question is: Where to insert the transgene to maximize efficacy and safety?
The so-called “genomic save harbors” (GSHs) are suitable locations for the stable integration of
transgenes to achieve predictable expression without adverse effects on the host cell [32,33]. There
are five GSH criteria proposed in order to avoid activation of adjacent genes and gene disruption: 1)
The distance should be at least 50 kb from the 5’ end of any gene, 2) the distance should be at least
300 kb from any cancer-related gene, 3) the distance should be at least 300 kb from any microRNA, 4)
the location should be outside a transcription unit and 5) the location should be outside the ultraconserved region of the human genome [34]. Although no GSH has yet been fully validated for reliable
and safe therapeutic transgene addition, there are a few sites which has been extensively tested. 1)
the adeno-associated virus site 1 (AAVS1), 2) the C-C Motif Chemokine Receptor 5 (CCR5) gene and 3)
the human ortholog of the mouse Rosa26 locus [32,33]. There is some functional data available on
robustness and expression of the integrated transgenes and their effects on surrounding genome.
AAVS1 is a naturally occurring site of integration of the Adeno-associated virus (AAV) on
chromosome 19 (position 19q13.42). The AAVS1 target site lies in the first intron of the gene
phosphatase 1 regulatory subunit 12C (PPP1R12C) (Figure 4, red arrow) and disruption of PPP1R12C
is not associated with adverse effects [35,36]. This GSH has gained a lot of interest, because this locus
allows stable, long term transgene expression in many cell types, including ESCs and iPSCs [36,37].
Smith et al. showed that transgene expression from the AAVS1 locus in hESCs was maintained and the
transgene expression was shown to be stable during hESC differentiation into the three primary germ
layers [37]. In the study of Oceguera-Yanez, a green fluorescent protein (GFP) reporter gene was
introduced into the AAVS1 locus of iPSCs. It was reported that the GFP expression levels in iPSCs are
maintained upon differentiation into cardiomyocytes (CMs) [36]. These studies indicate that the AAVS1
GSH location is suitable for the insertion of transgenes. The next paragraph describes an example of
transgene expression in cardiac research.

Figure 4: The adeno-associated virus site 1 (AAVS1) on chromosome 19. The transgene integration site is present
in the first intron of the gene phosphatase 1 regulatory subunit 12C (PPP1R12C) (red arrow). Figure adapted
from [32].
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1.5 Channelrhodopsin
The utilization of genetic engineering with optical technology has led to the development of cardiac
optogenetics, in which light sensitive proteins are introduced in CMs making them responsive to
certain wavelength light pulses [38,39]. In this way, it is possible to manipulate and control cardiac
cells and tissue using light. Optogenetics has several advantages compared to electrical stimulation:
The traditional electrical stimulation carries disadvantages such as toxicity to the tissues, lack of cellular
specificity of the stimulation and limited duration of stimulation, whereas optogenetics allow temporal
and spatial precise modulation of cellular activity [40,41]. Optogenetic pacing of cardiac tissues can be
achieved through the genetic insertion of light-sensitive ion channels in CM or hPSC-CMs.
Channelrhodopsin 2 (ChR2) is one of the key molecules used for light-induced stimulation of CMs [4245]. ChR2 consists of seven transmembrane proteins and is activated by absorption of blue light
(470 nm), causing photochemical isomerization of the all-trans retinal to 13-cis retinal. This results in
opening of the channel and cations (sodium, potassium and calcium ions) enter the cells, inducing an
action potential (Figure 5) [46].

Figure 5: Channelrhodopsin 2 (ChR2) is a light-gated cation channel, consisting of 7 transmembrane proteins. The
photochemical isomerization from all-trans retinal to 13-cis retinal occurs when illuminated by blue light
(470 nm). This change introduces an influx of cations (mainly Na+), causing depolarization and generation of
action potentials. The Enhanced Yellow Fluorescent Protein (EYFP) is connected to the C-terminus of ChR2 to
provide a fluorescent tag for visualization of the fusion construct. Figures reproduced from [46].

1.6 Aims and objectives
This research aims to insert a doxycycline-inducible ChR2 gene into the AAVS1 GSH locus of hPSCs by
CRISPR-Cas9 mediated HDR to enable optogenetic pacing of hPSC-derived CMs (hPSC-CMs). To achieve
this aim, several objectives are defined: The first objective is to design and construct a HDR template
for doxycycline-inducible expression of the red fluorescent protein mRuby2 to validate transgene
expression in the AAVS1 locus of hPSCs and hPSCs-CMs. The second objective is to target doxycyclineinducible mRuby2 in the AAVS1 locus of hiPSCs or hESCs. The third objective is to replace the mRuby2
gene by the ChR2 gene coupled to Enhanced Yellow Fluorescent Protein (EYFP) tag in the HDR
construct and insert the ChR2 into the AAVS1 locus of PSCs.
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2. Materials and methods
2.1 sgRNA-Cas9 plasmid
To achieve HDR at the AAVS1 GSH location, a DNA repair template containing the desired sequence
should be delivered into the human PSCs together with the sgRNA-Cas9 plasmid. Previously, Van den
Bos designed three different guide sequences targeting the AAVS1 region [47], based on the article of
Smith et al. [37]). The guide sequences were inserted in the pSp-Cas9(BB)-2A-puro plasmid as
described by Ran et al. (2013) [21]. The presence of the 20-nulceotide guide sequence within the pSpCas9(BB)-2A-puro plasmid was tested with Sanger sequencing (Eurofins Genomics). See
Supplementary experimental procedures for extended description and sequencing primer.

2.2 HDR template generation
The HDR template consists of a pENTR1A backbone plasmid carrying two homology arms (matching
the AAVS1 locus), the gene encoding for the red fluorescent protein mRuby2 (λex = 559 nm,
λem = 600 nm), the minimal promotor Tetracycline Response Elements (TRE) and a constitutively active
promotor elongation factor 1 alpha (EF1α) before the gene encoding for the TetOn3G transactivator
protein. The HDR template fragments were amplified with the Phusion High-Fidelity PCR Kit (Thermo
Fisher Scientific™). The genomic DNA of hiPSCs (LUMC0020iCTRL-06) was used to obtain the right
homology arm (HAR) and left homology arm (HAL). The fragments mRuby2, TRE3G promoter and EF1αTetOn3G were amplified from commercially available plasmids (Addgene #54614, #96964 and
#104543, respectively). The primers used for amplification of HDR template fragments were designed
with the In-Fusion® cloning tool in SnapGene (SnapGene® software from GSL Biotech; available at
snapgene.com). The PCR products were loaded on an agarose gel and the desired DNA fragments were
isolated and purified with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel), according to the
manufacturer’s protocol (Figure 6).

Figure 6: Schematic overview of the amplification and isolation of HDR template fragments.
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The different fragments of the HDR template were inserted in the pENTR1A by a two-step In-Fusion®
cloning mechanism. The pENTR1A plasmid (Addgene #2525) was linearized at the AjiI (BmgBI)
restriction site and mRuby2, the TRE3G promotor and HAR were inserted using the In-Fusion® HD
Cloning Kit (Takara Bio). The plasmid was transformed and expanded in One Shot® TOP10 Competent
E. coli Cells (Invitrogen™). Subsequently, plasmids were isolated and purified with the PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen™) or PureYield™ Plasmid Midiprep System (Promega Corporation)
according to the manufacturer’s protocol (Figure 7). The isolated plasmids were analysed by restriction
enzyme digestion and sent for Sanger sequencing. After confirmation of the insertion of mRuby2,
TRE3G and HAR into the pENTR1A plasmid, the plasmid was opened at the BcuI (SpeI) restriction site
present between mRuby2 and pENTR1A vector. The HAL and EF1α-TetOn3G fragments were inserted
in the linearized pENTR1A plasmid by In-Fusion® cloning. After bacterial transformation, expansion and
isolation, the plasmids were analysed by restriction enzyme digestion, sent for Sanger sequencing and
stored for transfection in hPSCs. See Supplementary experimental procedures for extended
description, vector maps, In-Fusion® cloning primers and sequencing primers.

Figure 7: Schematic overview of plasmid transformation into TOP10 Competent E. coli, expansion of the selected
bacterial clones and isolation of the plasmid.

2.3 Targeting of hPSCs with the HDR template
Stem cells (hESCs and hiPSCs) were maintained in Essential 8™ medium on 0.5 μg/cm 2 vitronectin
(Gibco™, Thermo Fisher Scientific™) at 37°C, 5% CO2 and were passaged twice a week. One day before
transfection, HiPSCs and hESCs were seeded in a 6-well on irradiated mouse embryonic fibroblasts
(MEFs) in hESC medium. The stem cells were transfected with 4 µg sgRNA-Cas9 plasmid and 3 – 4.5 µg
of HDR plasmid using Lipofectamine™ Stem Transfection Reagent (Invitrogen™, Thermo Fisher
17

Scientific™) according to manufacturer's instructions. The cells were incubated in 37 °C and 5% CO2 or
32 °C and 5% CO2 for 24 h. The presence of the puromycin resistance gene in the sgRNA-Cas9 plasmid
allowed selection of the transfected cells. After 24 h of puromycin exposure, the cells were recovered
for several days on MEFs before passaging the cells to vitronectin coated wells in Essential 8™ medium.
The cells were grown for several days and treated with doxycycline (Doxycycline Hydrochloride, Ready
Made Solution, Sigma-Aldrich) 24 h or 48 h before fluorescence-activated cell sorting (FACS). Different
doxycycline concentrations (ranging from 10 ng/ml to 10 µg/ml) were tested. The mRuby2 positive
cells were sorted with a 488 nm laser and a 600/60 nm emission filter using the SH800S Cell Sorter
(Sony Biotechnology) after exclusion of dead cells and debris according to side and forward scatter.
The positive cell population was seeded on vitronectin coated wells for further analysis. The genomic
DNA was analysed for the insertion of the HDR template into the AAVS1 locus by PCR and agarose gel
electrophoresis. See Supplementary experimental procedures for extended description and primers.

2.4 Transient transfection HDR (mRuby2) plasmid
HESCs were seeded in vitronectin coated plates (24-well plate) one day before transfection. The stem
cells were transfected with 250 – 500 ng plasmid using Lipofectamine™ Stem Transfection Reagent for
48 h at 30 °C. The plasmids that were used for transient transfection were mRubyII-N1 (Addgene
#54614) and the HDR plasmid. The cells that were transfected with HDR template were treated with
doxycycline (concentrations ranging from 10 ng/ml to 1000 ng/ml) 24 h after transfection. Cells were
observed 24 h and 54 h post transfection using λex = 540 nm with the Nikon Eclipse Ti2 Inverted
Microscope. See Supplementary experimental procedures for extended description.

2.5 ChR2 cloning
The mRuby2 gene in the HDR template was replaced with human ChR2 coupled to EYFP (λex = 513 nm,
λem = 527 nm) . The mRuby2 gene was removed from the HDR template by restriction enzyme digestion
using the restriction sites SgsI (AscI) and XmaJI (AvrII). The ChR2-EYFP gene was amplified from the
plasmid tol2-CAG::ChR2-YFP (Addgene #59740) with “sticky-end PCR” primers. Sticky-end PCR is based
on the article of Zeng [48] and requires four PCR primers and reactions in two separate tubes. After
mixing, denaturing and annealing both PCR products, circa 25% of the final products contains
overhangs corresponding to the SgsI (AscI) and XmaJI (AvrII) restriction sites (Figure 8). The ChR2-EYFP
fragment was ligated into the HDR template using the T4 DNA Ligase kit (Promega Corporation)
according to the manufacturer’s protocol. The plasmid was transformed in bacteria, expanded and
isolated before restriction enzyme digestion analysis and Sanger sequencing. See Supplementary
experimental procedures for extended description, sticky-end PCR primers and sequencing primers.
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Figure 8: The principle of sticky-end PCR. The primers 1 and 2 differ in their 5’ overhang corresponding to the
SgsI (AscI) restriction site. The primers 3 and 4 contain overhangs corresponding to the XmaJI (AvrII) restriction
site. The PCR reactions were performed in two separated tubes using primers 1 and 3, and primers 2 and 4,
respectively. The PCR products were mixed, denatured and annealed, which means that 25% of the desired
product can be used for ligation in the HDR template.

2.6 Transient transfection HDR (ChR2-EYFP) plasmid
The transfection of the HDR (ChR2-EYFP) plasmid was performed as described in paragraph 2.4. The
plasmids that were used for transient transfection were tol2-CAG::ChR2-YFP (Addgene #59740) and
the HDR (ChR2-EYFP) plasmid. The cells that were transfected with HDR (ChR2-EYFP) plasmid were
treated with doxycycline (concentrations ranging from 10 ng/ml to 1000 ng/ml) 24 h after transfection.
Cells were observed 24 h and 54 h post transfection using λex = 470 nm with the Nikon Eclipse Ti2
Inverted Microscope. See Supplementary experimental procedures for extended description.
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3. Results
3.1 Sanger sequencing sgRNA-Cas9 plasmids
The guide sequence was inserted at the BpiI (BbsI) restriction sites in the sgRNA-Cas9 plasmid between
the U6 promoter and the gRNA scaffold (Figure 9A). Sanger sequencing confirmed the correct guide
sequence within the sgRNA-Cas9 plasmid (Figure 9C-D). The location of the three different sgRNAs
targeting the AAVS1 GSH locus with respect to each other is depicted in Figure 9E.
A)

B)

sgRNA1

C)

sgRNA2

D)

sgRNA3

E)

Figure 9: A) Part of the pSpCas9(BB)-2A-Puro plasmid containing Cas9 and the sgRNA scaffold. Digestion of the
plasmid with the BpiI (BbsI) restriction enzymes (blue outline) allows the direct insertion of the 20-nucleotide
guide sequence. B-D) Sequencing results of the insertion of the guide sequence of sgRNA1, sgRNA2 and sgRNA3,
respectively. E) Location of the different 20-nucleotide guide sequences within the PPP1R12C gene.

3.2 HDR template generation
The sgRNA-Cas9 plasmids targets the first intron of the PPP1R12C gene to achieve insertion of
doxycycline-inducible mRuby2 by HDR (Figure 10). The HDR template contains five different DNA
fragments: EF1α-TetOn3G, TRE3G promoter and mRuby2 flanked by two homology arms, which allows
integration in the genomic AAVS1 locus. The HDR template for doxycycline-inducible expression of
mRuby2 was constructed in a two-step In-Fusion® cloning mechanism (Figure 11A). In the first step,
the HAR, TRE3G promotor and mRuby2 fragments were inserted in the linearized pENTR1A plasmid.
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In the second step, the HAL and EF1α-TetOn3G fragments were inserted in the pENTR1A plasmid
containing the first three fragments. The protein Teton3G can only bind to the TRE promotor when
bound to the antibiotic tetracycline (or tetracycline derivatives like doxycycline). This means that the
fluorescent protein mRuby2 is only expressed in the presence of doxycycline (Figure 11B).

Figure 10: Schematic overview of CRISPR-Cas9 genome editing at the AAVS1 genomic safe harbor (GSH) location
on chromosome 19 (position 19q13.42). The AAVS1 target site lies in the first intron of the gene phosphatase 1
regulatory subunit 12C (PPP1R12C). The Cas9 nuclease creates a double-strand break (DSB) determined by a 20nucleotide guide sequence and the homology directed repair (HDR) machinery is activated in the presence of an
exogenous repair template.
A)

B)

Figure 11: A) Schematic overview of the In-Fusion® cloning reaction mechanism. In-Fusion® cloning requires a 15base-pair overlap between the different parts, indicated by the same colours at the termini of the vector or
fragment. The different fragments of the HDR template are inserted in the backbone vector by a two-step InFusion® cloning mechanism: Left panel) The pENTR1A vector is linearized at the AjiI (BmgBI) restriction site and
the mRuby2, TRE3G promotor and HAR are inserted in the backbone vector. Right panel) The vector is opened at
the BcuI (SpeI) restriction site between the pENTR1A plasmid and mRuby2 and the HAL and EF1α-TetOn3G are
inserted. The HAL and HAR allow the insertion of the inducible mRuby2 gene at the AAVS1 GSH location. B)
Working mechanism of the construct. The constitutively active promotor EF-1α is located before the gene
encoding for the TetOn3G transactivator protein. The protein TetOn3G can only bind to the TRE promotor in the
presence of the antibiotic tetracycline (or tetracycline derivatives like doxycycline). This means that the
fluorescent protein mRuby2 is only expressed in the presence of doxycycline.
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3.2.1 HDR template generation step 1
The fragments HAR (532 bp), TRE3G (400 bp), mRuby2 (760 bp), EF1α-TetOn3G (2146 bp) and the
HAL (571 bp) were successfully amplified (Figure 12, left panel). Initially, the HAL fragment could not
be produced. New HAL forward primers were designed, which resulted in HAL fragments of the correct
size after PCR amplification (Supplementary figure 1). The PCR reaction of the fragments was
performed in large amounts and the correct PCR product was extracted from the agarose gel. As an
example, the amplification of the HAL is shown (Figure 12, right panel). The backbone plasmid
pENTR1A (2717 bp) was linearized with the AjiI (BmgBI) restriction enzyme (Figure 13, left panel). The
linearized plasmid was extracted from the agarose gel and it was shown that only the linearized
plasmid was isolated (Figure 13, middle panel). The HAR, TRE3G promotor and mRuby2 were inserted
into the linearized pENTR1A vector by In-Fusion® cloning (Figure 13, right panel).
The pENTR1A plasmid with the inserted HAR, TRE3G and mRuby2 were transformed in TOP10
competent E. coli cells. Ten bacterial colonies were selected and grown. Subsequently, the plasmids
were isolated and analysed with restriction enzyme digestions (data shown for one plasmid). Digestion
with the restriction enzymes XmaJI (AvrII) and BcuI (SpeI) should results in two fragments and digestion
with the restriction enzyme BpiI (BbsI) should results in four fragments (Figure 14). The experimental
data showed indeed two fragments after XmaJI (AvrII) and BcuI (SpeI) digestion and the three largest
fragments after BpiI (BbsI) digestion (Figure 14, right panel). Sanger sequencing confirmed successful
insertion of the first three fragments (Figure 15).

Figure 12: Left panel) Results of the PCR reaction on an agarose gel of the HAR (532 bp), TRE3G promoter (400
bp), mRuby2 (760 bp), EF1α-TetOn3G (2146 bp) and HAL (571 bp). The TRE3G promotor also showed an amplified
DNA fragment just above 500 bp. Right panel) The PCR reaction of the HAR, TRE3G, mRuby2, EF1α-TetOn3G and
HAL was performed in large quantities and the DNA fragments were extracted from the gel. As an example, the
agarose gel of the HAL is shown.
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Figure 13: Left panel) The backbone vector pENTR1A was linearized with the AjiI (BmgBI) restriction enzyme. The
intact supercoiled pENTR1A plasmid is indicated by number 1. The linearized plasmid (2717 bp) is indicated by
number 2. The digestion was performed in large amounts and the plasmid was extracted from the agarose gel.
There is also some intact pENTR1A plasmid visible. Middle panel) The isolated linearized plasmid was checked on
gel (number 3). This indicates that only the linearized plasmid is isolated from gel. Left panel) The first three
fragments can be inserted in the linearized pENTR1A vector by In-Fusion® cloning.

Figure 14: Left panel) The pENTR1A plasmid with the inserted HAR (orange), TRE3G (green) and mRuby2 (red).
The restriction sites BpiI (BbsI), BcuI (SpeI) and XmaJI (AvrII) are shown. Right panel) The restriction enzymes
BcuI (SpeI) and XmaJI (AvrII) cuts the plasmid into two fragments with the length of 3624 bp and 725 bp
(number 1). The plasmid digested with BpiI (BbsI) results in four fragments (number 2) of which the three largest
fragments are visible at the expected height. The intensity of the lane becomes lower if the size of the fragment
decreases.
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Figure 15: Top panel) Six different sequencing primers were designed covering the inserted HAR (orange), TRE3G
(green) and mRuby2 (red). Middle panel) Schematic overview of the sequencing results. The brown bars represent
a complete match with the simulated sequence. Bottom panel) Sequencing details of transition between mRuby2
and TRE3G. The simulated double-stranded DNA sequence is shown at the top. The results (graph at the bottom)
are perfectly aligned with the simulated sequence, confirming successful insertion of the HAR, TRE3G and mRuby2
without any insertions, deletions or mutations.

3.2.2 HDR template generation step 2
The pENTR1A plasmid with the inserted HAR, TRE3G and mRuby2 was opened at the BcuI (SpeI)
restriction site present between mRuby2 and pENTR1A. The linearized plasmid (4349 bp) was
extracted from the agarose gel (Figure 16, left panel) and a small sample was used to check successful
extraction of the linearized plasmid (Figure 16, middle panel). The EF1α-TetOn3G and HAL were
inserted in the linearized pENTR1A vector by In-Fusion® cloning (Figure 16, right panel) and amplified
in bacteria.
Restriction enzyme digestion of the isolated plasmid with BpiI (BbsI) should result in five
fragments and digestion with XmaJI (AvrII) and BcuI (SpeI) should result in two fragments (Figure 17).
The digested plasmids were loaded on agarose gel and the results resembled the simulated data,
except for the 169 bp fragment after BpiI (BbsI) digestion (Figure 17, right panel). Sanger sequencing
confirmed successful insertion of EF1α-TetOn3G and HAL (Figure 18). It is worth mentioning that the
PAM sequence in the HDR template was mutated to prevent Cas9 from cutting the template during
transfection. The C → G mutation in the HAL and the C → T mutation in the HAR corresponds to PAM
sequence inactivation of sgRNA1 and sgRNA3, respectively (Figure 18, bottom panel). The PAM
sequence of sgRNA2 is disturbed by insertion of the TRE3G fragment.
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Figure 16: Left panel) The pENTR1A plasmid with the inserted HAR, TRE3G and mRuby2 (“step 1 HDR plasmid”)
was linearized with the BcuI (SpeI) restriction enzyme. The “non-linearized” plasmid is indicated by number 1. The
linearized plasmid (4349 bp) is indicated by number 2 and extracted from the agarose gel. Middle panel) The
linearized plasmid was successfully isolated. Right panel) The fragments EF1α-TetOn3G and HAL can be inserted
in the “step 1 HDR plasmid” by In-Fusion® cloning.

Figure 17: Left panel) The restriction sites BpiI (BbsI), BcuI (SpeI) and XmaJI (AvrII) are shown in the pENTR1A
plasmid with the inserted homology arms (orange), TRE3G (green), mRuby2 (red) and EF1α-TetOn3G (Blue).
Right panel) The results of the restriction enzyme digestion suggested that the HAR, TRE3G, mRuby2, EF1αTetOn3G and HAL were inserted. The plasmid digested with BpiI results in five fragments, of which the four largest
fragments are visible at the expected height (number 1). The restriction enzymes BcuI and XmaJI cuts the plasmid
into a 6294 bp fragment and 725 bp fragment (number 2).
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Figure 18: Top panel) Nine different sequencing primers were designed covering the inserted homology arms
(orange), TRE3G (green), mRuby2 (red) and EF1α-TetOn3G (Blue). Middle panel) Schematic overview of the
sequencing results. The brown bars represent overlap with the simulated sequence, confirming successful
insertion of homology arms, TRE3G, mRuby2 and EF1α-TetOn3G. Bottom panel) Sequencing details of the
transition between the HAL and TetOn3G gene. The simulated double-stranded DNA sequence is shown at the
top. The results (graph at the bottom) are perfectly aligned with the simulated sequence, except for the PAM
sequence of guide RNA1 and guide RNA3. The C → G mutation in the HAL and the C → T mutation in the HAR
were deliberately made to prevent Cas9 re-cutting the target site.

3.3 Targeting of hPSCs with the inducible construct
Both hiPSCs and hESCs were co-transfected with the sgRNA-Cas9 plasmid and the inducible HDR
template using the chemical transfection reagent lipofectamine (Figure 19). After puromycin antibiotic
selection, the cells were treated with doxycycline and the positive mRuby2 cells were sorted.

Figure 19: Schematic overview of the CRISPR-Cas9-mediated targeting of doxycycline-inducible mRuby2 in human
induced pluripotent stem cells (hiPSCs) or human embryonic stem cells (hESCs) on mouse embryonic fibroblasts
(MEFs). After transfection, the cells were treated with puromycin to select sgRNA-Cas9 transfected cells.
Treatment with doxycycline should result in fluorescent mRuby2 expression.

HiPSC survival after puromycin selection was superior in the condition transfected with the
HDR template and sgRNA3 compared to the other sgRNAs (sgRNA1 and sgRNA2). The hiPSC
transfected with HDR template and sgRNA3 were treated with 2 µg/ml doxycycline for 24 h and this
seemed to result in a positive and negative mRuby2 population as detected by flow cytometry
(Figure 20A). There was little difference in mRuby2 expression between transfection with 3 µg (low)
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and 4.5 µg (high) HDR template, 1.35% and 1.64% mRuby2-positive cells respectively. The gates that
were set to exclude dead cells and debris are shown in Supplementary figure 2. The positive cell
population was sorted and plated for further analysis. Unfortunately, the cells were lost due to
bacterial contamination. PCR screening of the genomic DNA of the mRuby2-negative cell population
suggested that a DSB was made at the sgRNA3 location (Figure 20B-C).
Targeting of hESCs was performed in parallel, since previous work showed successful insertion
of genes in hESCs with CRISPR-Cas9 mediated HDR [49]. Surprisingly, the majority of the cells survived
puromycin selection; especially the “cold shock” transfection at 32 °C showed around 80% confluency
one day after puromycin selection compared to 0% confluency of hESCs in the control well
(Supplementary figure 3). Treatment with doxycycline in various concentrations (10 ng/ml – 10 µg/ml)
for 24 h to 48 h did not result in mRuby2 signal (Figure 21A). The flow cytometry data is shown for the
“cold shock” transfections and the remaining plots of the other conditions are shown in
Supplementary figure 4. However, a PCR screening showed insertion of EF1α-TetOn3G, TRE3G and
mRuby2 genes in the DNA (Figure 21B, data shown for the sgRNA3 condition). To test it if the
doxycycline-inducible construct is properly working, a transient transfection was performed.

A)

B)

C)

Figure 20: A) Flow cytometry plots depicting the percentage of mRuby2 positive hiPSC cells after doxycycline
stimulation (2 µg/ml for 24 h) of targeted cells with sgRNA3 and low HDR (3.0 µg) or high HDR (4.5 µg) template.
B) Schematic representation of the location of the double-strand break (DSB) made by sgRNA3 (purple) within the
AAVS1 locus (orange). C) PCR screening of the negative cell population after sorting of the hiPSCs suggest that a
DSB was made at the sgRNA3 location. At the DSB location, the sequencing results showed multiple peaks
indicating indels.
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A)

B)

Figure 21: A) Flow cytometry plots showing the percentage of mRuby2 positive hESC cells after doxycycline
stimulation (1 µg/ml for 48 h). The conditions that are shown in this figure are sgRNA1 – 3.0 µg HDR template,
sgRNA2 – 3.0 µg HDR template and sgRNA3 – 3.0 µg HDR template, which were transfected in “cold shock” . The
control was transfected, but not stimulated with doxycycline. B) PCR screening of the hESCs cells after transfection
showed the insertion of EF1α-TetOn3G, mRuby2 and TRE3G fragments in the AAVS1 locus. Results shown for
sgRNA3.

3.3.1 Transient transfection
HESCs were transfected with the inducible HDR template and the mRubyII-N1 plasmid (as positive
control). The mRuby2 gene in the mRubyII-N1 plasmid is under expression of a cytomegalovirus (CMV)
promotor and mRuby2 expression was shown 48 h after transfection (Figure 22A). Compared to the
positive control, the intensity of fluorescence and the number of mRuby2 positive cells is far lower in
the inducible construct after doxycycline stimulation (1000 ng/ml for 30 h) and difficult to distinguish
from autofluorescent dead cells and debris (Figure 22B).
It was hypothesized that the lack of signal in the stable transfection and the low signal in the
transient transfection was caused by absence of the poly(A) tail after the TetOn3G gene. Therefore, a
new HDR template was made in which the poly(A) tail after the TetOn3G fragment was incorporated.
A)

Positive control
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B)

HDR template

Figure 22: Fluorescent mRuby2 expression in hESCs 48 h after transfection with A) mRubyII-N1 plasmid (as
positive control) and B) the doxycycline-inducible HDR template. The HDR template was stimulated with 1000
ng/ml doxycycline for 30 h. The intensity of mRuby2 signal and the number of mRuby2 positive cells is significantly
lower in the HDR template and difficult to distinguish from background.

3.4 HDR template 2.0
The new HDR template, called HDR template 2.0, was produced as described in paragraph 3.2.2.
Because the HDR template was generated in two steps, it was possible to reuse the “step 1 HDR
plasmid” produced in 3.2.1. and the corrected EF1α-TetOn3G fragment with SV40 poly(A) tail and the
HAL were inserted via In-Fusion® cloning. New In-Fusion® cloning primers connecting the HAL with the
EF1α-TetOn3G fragments were designed, which resulted in fragments of the correct size after PCR
amplification (Supplementary figure 5). The insertion of the HAL and EF1α-TetOn3G (including poly(A)
tail) was confirmed with Sanger sequencing (Figure 23).

Figure 23: Sequencing results of the HDR template 2.0. The sequencing primers are the same primers used in
figure 18. Top panel) Schematic overview of the sequencing results. The brown bars represent overlap with the
simulated sequence, confirming successful insertion the HAL, EF1α promoter and TetOn3G including the SV40
poly(A) tail. Bottom panel) Sequencing details of the transition between TetOn3G gene and the SV40 poly(A) tail.
The simulated double-stranded DNA sequence is shown at the top. The results (graph at the bottom) are identical
to simulated sequence.
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3.4.1 Transient transfection HDR template 2.0
The HDR template 2.0 (including the poly(A) tail after the TetOn3G protein) was tested in a transient
transfection. HESCs were transfected with the HDR template 2.0 and the mRubyII-N1 plasmid (as
positive control). Expression of the mRubyII-N1 plasmid was shown both 24 h and 48 h after
transfection (Supplementary figure 6). However, no fluorescence was observed in the inducible HDR
template 2.0 after doxycycline stimulation (100 - 2000 ng/ml for 48 h), suggesting that the presence of
the poly(A) tail after the TetOn3G does not improve mRuby2 expression in the inducible construct.

3.5 HDR (ChR2-EYFP) template
One of the main advantages of the designed HDR construct is that any gene can be inserted at the
location of the mRuby2 gene. The restriction sites XmaJI (AvrII) and SgsI (AscI) on both sites of the
mRuby2 gene allow easy replacement of the mRuby2 gene. In this case, the ChR2-EYFP was inserted
in the HDR template for doxycycline-inducible expression of ChR2 (Figure 24). The EYFP is connected
to the C-terminus of ChR2 to provide a fluorescent tag for visualization of the fusion construct.

Figure 24: Schematic overview of the two restriction sites on both sites of mRuby2 in the HDR template. Restriction
enzyme digestion creates a linear construct with sticky-ends. The ChR2-EYFP fragment is generated by sticky-end
PCR, which generates PCR products containing cohesive ends compatible with the restriction sites XmaJI (AvrII)
and SgsI (AscI). This facilitates the insertion of the ChR2-EYFP fragment into the HDR template.

3.5.1 HDR (ChR2-EYFP) template generation
The HDR template 1 for doxycycline-inducible expression of mRuby2 was digested with the SgsI (AscI)
and XmaJI (AvrII) restriction enzymes, resulting in the removal of the mRuby2 gene (Figure 25,
left panel). The digested plasmid was extracted, checked on gel and compared with the complete HDR
template and linearized HDR template (Figure 25, right panel). The results suggested successful
removal of mRuby2 from the HDR template.
The plasmid tol2-CAG::ChR2-YFP (Addgene #59740) was isolated from bacteria and sent for
Sanger sequencing. This plasmid contains human CHR2(H134R) carrying a single point mutation at
position 134 (histidine to arginine). This gain-of-function mutation generates larger photocurrents
1

The HDR template used for the ligation of ChR2-EYFP in the HDR template does not contain the poly(A) tail behind the
TetOn3G gene. Sticky-end PCR cloning was performed before the “HDR template 2.0” was produced.
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than wild-type ChR2 [43,50]. The presence of ChR2-EYFP within the plasmid was confirmed with Sanger
sequencing (Figure 26, top and middle panel). A small part of the sequence before the ChR2 could not
be sequenced, but it was assumed that the sequence matches the sequencing results deposited on the
Addgene website. Three different sets of sticky-end PCR primers were developed and tested. PCR with
all primer sets resulted in a single sharp band of the correct size on agarose gel (results not shown).
One set of sticky-end primers was chosen (Figure 26, bottom panel).
The ChR2-EYFP fragments were successfully amplified by PCR using primers 1 and 3, and
primers 2 and 4 (Figure 27, left panel). The fragments were isolated from the agarose gel and were
mixed in equimolar concentrations, followed by denaturation and annealing. This means that 25% of
the final products carry cohesive ends compatible with the overhangs generated by the SgsI (AscI) and
XmaJI (AvrII) restriction digestion of the HDR template (Figure 27, right panel). The ChR2-EYFP
fragment was ligated into the HDR template without mRuby2. The plasmid with the inserted ChR2EYFP fragment was transformed in TOP10 competent E. coli cells. Two bacterial colonies were selected
and the plasmids were isolated and subsequently analysed with restriction enzyme digestion and PCR
(Figure 28, data shown for one plasmid). Restriction enzyme digestion showed DNA fragments
corresponding with the simulated digestions (Figure 28, right panel number 1 and 2). The presence of
the ChR2-EYFP fragment was confirmed by PCR (Figure 28, right panel number 3) and Sanger
sequencing (Figure 29).

Figure 25: Left panel) The HDR plasmid with was digested with the restriction enzymes XmaJI (AvrII) and SgsI
(AscI), resulting in the removal of mRuby2 from the HDR template. The digested plasmid (6233 bp) was extracted
from the agarose gel. Right panel) Comparison between the complete HDR template (number 1), linearized
plasmid with the XmaJI (AvrII) restriction enzyme (number 2) and isolated plasmid after XmaJI (AvrII) and SgsI
(AscI) digestion (number 3).
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Figure 26: Top panel) The ChR2-EYFP fusion fragment within the tol2-CAG::ChR2-YFP plasmid was sequenced
with six different sequencing primers. Middle panel) Schematic overview of the sequencing results. The brown
bars represent overlap with the simulated sequence, confirming correct sequence of ChR2-EYFP. Bottom panel:
Sticky-end primers used for amplification of ChR2-EYFP 2. The primer overhangs are compatible with the
overhangs generated by the SgsI (AscI) and XmaJI (AvrII) restriction digestion of the HDR template.

Figure 27: Left panel) Results of the PCR reaction of ChR2-EYFP using primers 1 and 3, and primers 2 and 4. The
fragments (1712 bp) were extracted from the agarose gel. Right panel) The PCR products were mixed, denatured
and annealed. One-quarter of the final product contains sticky-ends ends which can be ligated into the HDR
template.

2

The designed sticky-end primers did not amplify the bGH poly(A) tail behind the EYFP gene. New sticky-end PCR primers for
amplification of ChR2-EYFP with poly(A) after EYFP were designed and ordered (Supplementary experimental procedures).
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Figure 28: Right panel) The restriction sites BpiI (BbsI), XmaJI (AvrII) and SgsI (AscI) are shown in the HDR template
with ChR2 (purple) and EYFP (yellow). Right panel) Results of the restriction enzyme digestion and PCR of ChR2EYFP. The size of the fragments corresponds to the simulated data, suggesting that the ChR2-EYFP fragment is
inserted in the HDR template.

Figure 29: Top panel) The HDR (ChR2-EYFP) template was sequenced with ten primers. Middle panel) Schematic
overview of the sequencing results. Insertion of ChR2-EYFP was confirmed (brown bars represent a match with
the simulated sequence). Bottom panel) Sequencing details of the transition between EF1α promoter and EYFP
and the transition between TRE3G and ChR2. The simulated double-stranded DNA sequence is shown at the top
and the sequencing results are shown at the bottom.
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3.5.2 Transient transfection HDR (ChR2-EYFP) plasmid
The tol2-CAG::ChR2-YFP plasmid (as a positive control) and HDR (ChR2-EYFP) plasmid were tested in a
transient transfection to evaluate YFP expression. The tol2-CAG::ChR2-YFP plasmid showed bright YFP
expression 48 h after transfection in hESC (Figure 30). The HDR (ChR2-EYFP) plasmid showed some YFP
positive cells after doxycycline stimulation (100 ng/ml for 30 h). However, the intensity and number of
positive cells in the HDR (ChR2-EYFP) plasmid after doxycycline stimulation (100 ng/ml for 30 h) is
lower compared to the positive control (Figure 30).

Positive control

HDR (ChR2-EYFP) template

Figure 30: Enhanced yellow fluorescent protein (EYFP) expression in hESCs 48 h after transfection with
A) tol2-CAG::ChR2-YFP plasmid (as a positive control) and B) the doxycycline-inducible HDR (ChR2-EYFP)
template. The HDR template was stimulated with 100 ng/ml doxycycline for 30 h. The intensity of EYFP
signal and the number of EYFP positive cells is lower in the HDR template compared to the positive
control.
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4. Discussion
HiPSCs-CMs represent a promising cell source in cardiac research [9,51,52] and the development of
genome editing technologies such as CRISPR-Cas9 extended the possibilities even more [18]. CRISPRCas9 is rapidly becoming the most popular choice of site-specific gene editing. It has been shown that
CRISPR-Cas9 genome editing is superior to TALENs and ZFNs in the targeted introduction of exogenous
DNA [53,54]. In this study, it was attempted to insert a construct for doxycycline-inducible fluorescent
protein expression in the AAVS1 GSH locus of hPSCs by CRISPR-Cas9 mediated HDR. The inducible
construct can be utilized to rapidly create a new hPSC line with any genetic alteration of interest, such
as fluorescent reporter constructs. Fluorescent PSC reporter lines play an important role in cardiac
research. Fluorescent reporters have been shown to contribute to a better understanding of molecular
mechanisms involved in differentiation of PSCs towards CMs and to their applications in cardiac
diseases, such as cell-based therapies, drug discovery and toxicity screenings [55]. For example, it was
shown that insertion of a fluorescent reporter coupled to the transcription factor COUP-TFII (using
CRISPR-Cas9 gene editing) in hPSC-CMs allows identification and selection of atrial and ventricular
CMs, since PSC differentiation to CMs yields heterogeneous CM populations [49]. Furthermore,
reporter genes allow fast and straightforward visualization of exogenous genes, such as exogenously
introduced ChR2 coupled to EYFP [56].

4.1 HDR template construction
In order to introduce the doxycycline-inducible construct in the genome of PSC, three different sgRNACas9 plasmids targeting the AAVS1 locus were designed and characterized [47], increasing the change
of acquiring a successfully targeted stem cell line. The inducible construct consists of five different
fragments, the HAL, EF1α-TetOn3G, TRE3G, mRuby2 and HAR, which were inserted in the backbone
vector by In-Fusion® cloning. Previous attempts to insert the five different parts of the template in one
step failed, likely because of the large number of DNA fragments used in a single cloning
reaction [47,57]. This study showed successful synthetization and characterization of the inducible
construct by a two-step In-Fusion® cloning mechanism.
One of the major advantages of this construct is the use of a doxycycline-inducible promoter,
which allows high quantitative and temporal control of gene expression [58]. Several studies reported
the utilization of doxycycline-inducible gene expression in (PSC derived) CMs. For example,
doxycycline-inducible systems were used to induce pluripotency in human ventricular CMs [59] or to
enhance cardiac and pacemaker cell differentiation from stem cells [60]. Moreover, it proved a
valuable genetic tool for the analysis of spatiotemporal gene function and CM lineage tracing during
development [61], and was applied to study mechanisms of cardiac hypertrophy [62,63].

35

4.2 CRISPR-Cas9-mediated targeting in PSCs
In this study, both hESC and hiPSC were co-transfected with the inducible construct and sgRNA-Cas9
plasmid to validate mRuby2 expression after stable integration in the AAVS1 locus. The chemical
transfection reagent lipofectamine was used to introduce the HDR template and Cas9 plasmid in PSCs.
The transfection was performed with three different sgRNAs and different HDR template
concentrations. Moreover, various doxycycline concentrations and stimulation times were tested to
induce the expression of mRuby2.

4.2.1 HiPSCs
After puromycin selection, hiPSC survival was highest in the cells transfected with the inducible
construct and sgRNA3, so it was decided to continue with this sgRNA condition. The targeted hiPSCs
were treated with doxycycline, which appeared to result in a positive and negative mRuby2 population
as shown by flow cytometry. However, there was no negative control (hIPSCs without doxycycline
stimulation) incorporated in the flow cytometry measurement, which means that mRuby2 expression
could not be confirmed. Nevertheless, the mRuby2-positive cells were sorted and plated for further
analysis, but unfortunately these cells were lost due to a bacterial contamination.
Flow cytometry measurement showed that the size of the positive mRuby2 population is quite
small, suggesting low transfection efficiency. The cells transfected with low (3 µg) HDR template
concentration resulted in 1.35% mRuby2-positive cells and high (4.5 µg) HDR template concentration
resulted in 1.64% mRuby2-positive cells. Some studies showed that increasing the distance between
the insert and the cut site larger than 10 bp decreases HDR efficiency [64,65]. The distance from the
insert to the DSB is 18 bp in case of sgRNA3, which may have caused a low HDR efficiency. Another
factor that can contribute to HDR efficiency is the length of the homology arms. Byrne et al. reported
that the optimal length of homology arms is around 2 kb in case of HDR-mediated gene targeting in
hiPSCs [66]. However, the homology arms used in this study are much shorter, around ~550 bp in
length. The length is based on the studies of Han Li et al. and Zhang et al., which reported that the
optimal length of the homology arms ranges from 350-700 bp [67] and increasing the homology arm
length only slightly enhances HDR [68]. Furthermore, it appears that the length of the homology arms
is less important than quality control of the targeted cells [69], so therefore the length of homology
arms was chosen to be ~550 bp in length. PCR screening showed the presence of the EF1α-TetOn3G,
TRE3G and mRuby2 fragments in the genomic DNA of HESC targeted cells, suggesting that ~550 bp
homology arms are sufficient to achieve integration in the AAVS1 locus.

4.2.2 HESCs
In parallel to targeting the doxycycline-inducible construct in hiPSCs, targeting in hESCs was also
performed, because previous work showed successful insertion of fluorescent reporter in hESCs with
CRISPR-Cas9 mediated HDR [49]. Transfection with “cold shock” conditions (32 °C and 5% CO2) was
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compared to transfection at normal cell culture conditions (37 °C and 5% CO2), since Guo et al. reported
that “cold shock” transfection enhanced HDR rates two- to ten-fold in iPSCs [70]. This study showed
that “cold shock” transfection was superior in cell survival compared to transfection at 37 °C after
puromycin selection, suggesting that transfection efficiency was higher with “cold shock”. However,
subsequent doxycycline treatment following CRISPR-Cas9-mediated insertion of the inducible mRuby2
in hESCs did not result in mRuby2 expression, as determined with flow cytometry. Surprisingly, PCR
screening showed successful insertion of the EF1α-TetOn3G, TRE3G and mRuby2 fragments in the
genomic DNA. The cells were treated with doxycycline in a concentration range from 10 ng/ml to 2
µg/ml for 24 h and 48 h. Numerous studies reported similar concentrations and stimulation times [7174], so it is likely that doxycycline stimulation is not the limiting factor. Doxycycline concentration of
10 µg/ml was also tested to induce mRuby2 expression, but this concentration led to cytotoxic effects
which was also previously reported [75].
In order to evaluate fluorescent expression of the inducible construct, a transient transfection
in hESCs (without integration in the AAVS1 locus) was performed. The doxycycline-inducible mRuby2
signal was very low compared to the positive control (a constitutively expressed mRuby2 plasmid) and
difficult to distinguish from background signal. Concluding, this study successfully showed the insertion
of a construct for doxycycline-inducible mRuby2 expression in the AAVS1 GSH locus of hPSCs by
CRISPR-Cas9 mediated HDR. Unexpectedly, doxycycline treatment did not result in mRuby2
expression, suggesting that the inducible construct is not functioning.

4.3 Poly(A) tail
The construct was extensively screened and it was observed that the poly(A) tail after the TetOn3G
gene was missing, which was possibly the cause of the absence of fluorescent signal. The poly(A) tail is
important for stability of the mRNA, regulate mRNA transport from the nucleus [76] and promote
translation initiation [77]. It has been shown that the poly(A) tail strongly influences transgene
expression [78] and transgenes with poly(A) tail are up to 10 times more active than transgenes
without polyadenylation [76]. The absence of the poly(A) tail after the TetOn3G gene might explain
why the expression of mRuby2 is not (or in limited amount) induced by doxycycline. Therefore, a new
construct (HDR template 2.0) was successfully made with a SV40 poly(A) tail after the TetOn3G gene.
The HDR template 2.0 (including the poly(A) tail after the TetOn3G protein) did still not result
in fluorescent expression of mRuby2 in a transient transfection experiment after stimulation with
various concentrations of doxycycline for 24 h - 72 h. Close observation of the inducible construct does
not reveal any abnormalities in the sequences of the different fragments, although there is one residue
(tyrosine) added at the C-terminal of the mRuby2 fragment before the stop codon (because of the InFusion® cloning primer design) compared to the mRuby2 sequence present in the commercially
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available mRubyII-N1 plasmid (Addgene #54614). The effects of the addition of this amino acid are
unknown, but is expected that it does not influence fluorescent expression. Furthermore, there is a
SV40 poly(A) tail present 121 bp after the mRuby2 gene in the mRubyII-N1 plasmid, but mRuby2
expression without poly(A) tail is also reported (Addgene #59148) [79]. Another parameter is the
distance between the TRE3G protomer and mRuby2 gene, which is 27 bp (and 21 bp including Kozak
sequence). In literature distances of the TRE3G promoter to the functional gene are reported in the
same range (from 6 bp [80] to 35 bp [81]), so this should not be a problem. Further investigation is
required to determine the cause of the absence of fluorescent expression.

4.4 Channelrhodopsin
The inducible construct developed in this study has the unique capability to exchange the inducible
transgene. The restriction sites on both sites of the inducible mRuby2 gene allows the incorporation
of any intended gene in the construct, such as ChR2. Various studies reported the introduction of ChR2
into ESCs followed by differentiation into CMs [56,82,83], which can be used for different cardiac
optogenetics applications [41]. One of the applications is the development of high-throughput assays
that use light-based actuation to study electrophysiological properties of ChR2-expressing CMs in vitro
and in vivo [45]. Furthermore, optogenetics has been used to disturb cardiac tissue rhythm to
investigate the mechanism of arrhythmia [45]. These applications highlight the possibilities of the
insertion of ChR2 into PSCs in cardiac research.
This study showed the exchange of the mRuby2 gene with the ChR2-EYFP fusion by sticky-end
PCR cloning. Sticky-end PCR cloning is a simple and versatile approach to clone genes into plasmids
without restriction enzyme digestions of the PCR products required for traditional restriction
cloning [84]. The HDR (ChR2-EYFP) template were transiently transfected in hESCs to evaluate YFP
expression. There were a few YFP positive cells visible after doxycycline stimulation. Surprisingly,
compared to mRuby2 expression, the intensity of EYFP expression was much higher, even though the
poly(A) tail after the TetOn3G protein and EYFP were missing. This suggests that the exchange with
mRuby2 by EYFP in the inducible construct increased fluorescent protein expression.

4.5 AAVS1 GSH location
In this study the AAVS1 locus was chosen as location of transgene insertion because the AAVS1 locus
is extensively studied as a GSH location [32,33]. Multiple studies showed stable, long term transgene
expression in ESCs and iPSCs [36,37,85]. For example, Yu et al. reported that GFP expression levels
were stable in ESC-derived CMs in which the DNA fragment containing GFP was inserted into the AAVS1
locus of the PPP1R12C gene of ESCs [85]. Despite the promising data of the AAVS1 GSH, unexpected
and variable transgene expression inhibition was also observed in hESCs, indicating that the AAVS1
cannot be considered as a universally GSH location for faithful transgene expression [86]. Furthermore,
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it was shown that robust AAVS1 targeted transgene expression in hiPSCs was silenced upon
differentiation to hiPSC-CMs [87]. If it appears that the insertion of the inducible construct (with
mRuby2 or ChR2-EYFP) in the AAVS1 location resulted in transgene silencing in hPSCs or hPSC-CMs, it
might be better to choose a different GSH location.
Recently, the citrate lyase beta-like (CLYBL) locus was reported as a promising GSH [88]. CLYBL
lies in a gene-deficient region on chromosome 13 (13q32.2) and was one of the identified random
integration hot spots of the phage-derived phiC31 integrase [89]. CLYBL is a mitochondrial enzyme
with unknown function with the highest expression in brown fat and kidney [90]. Although the CLYBL
locus is less studied compared to the AAVS1 locus, it was reported that transgene expression in intron
2 of the CLYBL locus resulted in 5~10-times higher transgene expression than the AAVS1 locus in
human hiPSCs and the transgene expression was maintained during self-renewal and differentiation
into hiPSCs-CMs [88]. Transgene integration in the CLYBL locus has minimal effects on global and local
gene expression, whereas the integration of the transgene in PPP1R12C resulted in upregulation of the
oncogenes NLRP2 with 3.5-fold and PTPRH with 3.0-fold [88]. This indicate that the CLYBL locus might
be more promising as GSH than the AAVS1 locus.
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5. Experimental recommendations and future outlook
Unfortunately, multiple attempts of introducing a construct for doxycycline-inducible fluorescent
protein expression in the AAVS1 GSH locus of hPSCs did not result in visible fluorescent protein
expression. It was shown that EF1α-TetOn3G, TRE3G and mRuby2 were inserted in the genome of PSCs
by PCR, suggesting successful integration in the genome. Unexpectedly, no fluorescence was observed
after stimulation with doxycycline. The addition of a SV40 poly(A) tail after the TetOn3G gene did still
not result in an increase in fluorescent signal. Therefore, several recommendations to achieve
successful inducible expression of mRuby2 in the AAVS1 locus are described below.

5.1 Towards successful targeting of hPSCs with the inducible construct
It is recommended to validate mRNA and protein expression levels of the different genes present in
the inducible construct after transfection. The mRNA levels of the TRE3G promoter, the constitutively
active promotor EF1α, the TetOn3G protein and mRuby2 can be determined by qPCR. The TetOn3G
protein expression can be detected and measured in a western blot, using the commercially available
TetR monoclonal antibody (Takara Bio).
Furthermore, it could be useful to make a new construct amplifying the TRE promoter and
fluorescent gene from the same plasmid. Commercially available plasmids such as pAAV-TRE-mRuby2
(Addgene #99114) and AAVS1-TRE3G-EGFP (Addgene #52343) showed successful doxycycline induced
expression of mRuby2 and EGFP respectively [80,91]. Those plasmids contain a fluorescent protein
behind the TRE promoter, so it is already established that the construct is working. Another option is
to construct a HDR template without the doxycycline-inducible part to constitutively express a
fluorescent protein. This can help in fast evaluation of transgene integration in the AAVS1 locus.
Thereafter, the construct can be easily adapted to make it doxycycline-inducible.
The final and most straightforward option is to directly start with targeting of the inducible
HDR (ChR2-EYFP) template in hPSCs, instead of using the doxycycline-inducible mRuby2 construct.
Since the intensity of inducible EYFP expression was much higher than mRuby2 expression, it is
recommended to use the HDR (ChR2-EYFP) template to evaluate transgene insertion and expression
in the AAVS1 locus of hPSCs and hPSC-CMs.

5.2 Increase HDR efficiency
After co-transfection of this HDR construct with the sgRNA-Cas9 plasmid, HDR efficiency can be
evaluated based on fluorescent signal. Because the HDR efficiency was not determined in this study,
several recommendations are described to increase transgene insertion in case of low HDR
efficiency (< 5%). Improving the HDR efficiency is currently a major topic in CRISPR-Cas9 genome
editing and various strategies have been developed [92-95], including the addition of small molecules
that promote HDR either directly or indirectly interfere with several steps of NHEJ. One of the
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strategies that can be readily implemented to improve HDR efficiency is the use of a linearized HDR
plasmid [96-98]. Another possibility is to use a HDR template selection marker besides the sgRNA-Cas9
plasmid puromycin selection marker to select dual-transfected cells, increasing the change of selecting
HDR modified cells. It might also be worthwhile to test an HDR template with increased homology arm
sizes. The insert (EF1α-TetOn3G, TRE3G and mRuby2) is quite large (~3.2 kb) and Li et al. reported that
increasing homology arm size can compensate for increased insert size [99]. However, it should be
kept in mind that the presence of long homology arms, while enhancing the targeting efficiency, also
increases random integration [100].

5.3 Future outlook
After targeting hPSCs with the inducible ChR2-EYFP construct, the fluorescent cells will be sorted and
clonally expanded. If the doxycycline-inducible ChR2 gene is successfully inserted into the AAVS1 GSH
locus of hPSCs, the new clonal cell line will be differentiated towards hPSC-CMs to validate if inducible
expression is also present in hPSC-CMs. This should enable optogenetic pacing of the hPSC-CMs. Laser
light or LEDs are commonly used light sources for optical stimulation of ChR2, whereas monitoring of
the response of hPSC-CMs can be done by both electrophysiological readouts and optical
readouts [41]. One of the future applications is the combination of ChR2 expressing hiPSC-CMs with of
engineered heart tissues (EHTs), which allows the optical stimulation of 3D advanced cardiac models.
In those EHTs, PSCs-CMs are combined with fibroblast (or other cardiac related cells) in a hydrogel and
transferred to a casting mold with elastic micropillars. EHTs can be used for studying basic features of
cardiac muscle tissue, disease modeling, in vitro drug testing and regenerative medicine [101-105],
because the EHTs resemble better the native heart. The enhanced maturation of CMs compared to a
standard 2D culture may be one of the reasons [101,106,107]. As example, optical stimulation of ChR
expressing CMs improved EHT maturity and increased electrophysiological properties [108].
Furthermore, chronic optical tachypacing of hiPSC-CMs in EHTs can be used to study the development
and mechanism of arrythmia and to test anti-arrhythmic drugs [109].
Besides ChR2, another example of an important target in cardiac research is the Myocyte
Enhancer Factor 2 (MEF2) transcription factor. This transcription factors plays an important role in
cardiac development and differentiation [110,111]. However, activation of MEF2 is also involved in
cardiac hypertrophy and pathological cardiac remodelling, although the underlying mechanisms
remain poorly understood [112,113]. Different studies measured the MEF2 transcriptional activity
using a reporter gene under the control of copies of the desmin MEF2 DNA-binding site in
cardiomyoblasts [114], CMs [115,116] and transgenic mice [117]. The MEF2 binding site can inserted
in the HDR construct before a fluorescent protein gene. In this way, activity of MEF2 can be measured
using fluorescent signal after integration of the construct within the AAVS1 locus.
41

6. Conclusion
This study describes the production of a doxycycline-inducible construct intended for CRISPR-Cas9mediated HDR, with the aim to create a new hPSC line with any gene of interest involved in cardiac
research. The inducible construct was synthesized by a two-step In-Fusion® cloning mechanism. The
EF1α promoter provides consistent long-term expression of the TetOn3G transactivator protein. This
TetOn3G protein can bind to the TRE3G promoter in the presence of doxycycline, which allows high
quantitative and temporal control of mRuby2 gene expression. A main advantage of the inducible
construct is that any gene can be inserted instead of the mRuby2 gene due to restriction sites on both
sites of mRuby2. This study showed the replacement of mRuby2 by the gene encoding for ChR2 by
sticky-end PCR cloning. PSCs were co-transfected with the inducible mRuby2 construct and sgRNACas9 plasmid targeting the AAVS1 GSH locus, which is a suitable location for stable integration of
transgenes. It was shown that the Cas9 nuclease made a DSB at the location determined by the 20nucleotide guide sequence within the sgRNA and PCR screening suggested successful insertion of the
EF1α-TetOn3G, TRE3G and mRuby2 genes in the AAVS1 location. Surprisingly, doxycycline treatment
did not result in fluorescent mRuby2 signal, with or without the presence of the poly(A) tail after the
TetOn3G gene. Concluding, this study showed the development and insertion of a doxycyclineinducible construct in the AAVS1 GSH locus of hPSCs by CRISPR-Cas9 mediated HDR. Unexpectedly,
doxycycline treatment did not result in mRuby2 expression and the reason of the absence of signal
requires further investigation.
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Supplemental information
Supplementary figures

Supplementary figure 1: PCR reaction of the HAL fragment with the originally designed primers (number 0) did
not result in a product. Four new In-Fusion® cloning forward primers were designed and tested (number 1 – 4).
Those primers were located on a slightly different location on the AAVS1 GSH locus. The PCR product with the
brightest band (nr. 2) was used in the In-Fusion® cloning reaction.
A)

B)

Supplementary figure 2: Flow cytometry plots with gates showing the mRuby2 positive hiPSC cells after
doxycycline stimulation (2 µg/ml for 24h) of targeted cells with sgRNA3 and A) low HDR (3.0 µg) or B) high HDR
(4.5 µg) template.
A)

C)

B)

Supplementary figure 3: Comparison of hESC survival between transection at 37 °C with “cold shock” transfection
after puromycin selection. A) In the control condition, all the hESC cells died. B-C) Cell survival at “cold shock” was
superior to transection at 37 °C. Large hESC colonies can be seen in the “cold shock” condition.
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Supplementary figure 4: Flow cytometry plots with gates showing the mRuby2 positive hESC cells after
doxycycline stimulation of CRISPR-Cas9-mediated targeting of doxycycline inducible mRuby2. Conditions:
A) Control without doxycycline stimulation
B) sgRNA1 – 3.0 µg HDR template stimulated with 1 µg/ml doxycycline for 24h.
C) sgRNA1 – 4.5 µg HDR template stimulated with 1 µg/ml doxycycline for 24h.
D) sgRNA2 – 4.5 µg HDR template stimulated with 1 µg/ml doxycycline for 24h.
E) sgRNA1 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 24h.
F) sgRNA3 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 24h.
G) sgRNA3 – 4.5 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 24h.
H) sgRNA3 – 4.5 µg HDR template stimulated with 100 ng/ml doxycycline for 48h.
I) sgRNA3 – 4.5 µg HDR template stimulated with 1 µg/ml doxycycline for 48h.
J) sgRNA1 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 48h.
K) sgRNA1 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 2 µg/ml doxycycline for 48h.
L) sgRNA2 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 100 ng/ml doxycycline for 48h.
M) sgRNA2 – 3.0 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 48h.
N) sgRNA3 – 4.5 µg HDR template (“cold shock” transfection) stimulated with 1 µg/ml doxycycline for 48h.
O) sgRNA3 – 4.5 µg HDR template (“cold shock” transfection) stimulated with 2 µg/ml doxycycline for 48h.
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Supplementary figure 5: New In-Fusion® cloning primers were designed to amplify the HAL and the EF1αTetOn3G fragment with poly(A) tail after the TetOn3G gene. The HAL (571 bp) and EF1α-TetOn3G (2272 bp) were
successfully amplified. The fragments were extracted from the agarose gel and used for Fusion® cloning reaction.

A)

B)

C)

Supplementary figure 6: Fluorescent mRuby2 expression in hESCs 48h after transfection. A) Fluorescence and
B) merged image (fluorescence and brightfield) of cells transfected with mRubyII-N1 plasmid (as positive control).
C) Merged image (fluorescence and brightfield) of doxycycline inducible HDR template 2.0. The HDR template was
stimulated with 1000 ng/ml doxycycline for 48 h. The settings (exposure time and light intensity) were the same
used to image mRubyII-N1 plasmid expression. There are no fluorescent cells visible.

53

Supplementary experimental procedures
sgRNA-Cas9 plasmid
The sgRNA-Cas9 plasmids were designed and produced by Van den Bos [1]. In short, Van den Bos
designed partially complementary oligonucleotides (encoding the 20-nucleotide guide sequence)
targeting the AAVS1 GSH location using the CRISPR Design tool [2]. The oligonucleotides were ligated
into the BpiI (BbsI) restriction sites in the pSp-Cas9(BB)-2A-puro plasmid as described by Ran et al. [2].
There were three different guide sequences produces for the AAVS1 region, based on the article of
Smith et al. [3]). Sanger sequencing (Eurofins Genomics) with the U6 forward primer was performed
to confirm the presence of the 20-nulceotide guide sequence within the pSp-Cas9(BB)-2A-puro plasmid
(Supplementary table 1).
Supplementary table 1: Sequencing primer sgRNA-Cas9 plasmid
Fragment
Primer names
Sequence 5’-3’
sgRNA-Cas9
U6 Forward
GAGGGCCTATTTCCCATGATTCC

Generation of the HDR template fragments
The HDR template and primers were designed with the In-Fusion® cloning tool in SnapGene
(SnapGene® software from GSL Biotech; available at snapgene.com). The HDR template contains five
DNA fragments: The red fluorescent protein mRuby2 (λex = 559 nm, λem = 600 nm), the minimal
promotor TRE3G, the constitutively active promotor EF1α before the gene encoding for the TetOn3G
transactivator protein and two homology arms, which allows integration in the genomic AAVS1 locus.
The designed primers contain homologous overlapping ends between adjacent DNA fragments, which
allows the In-Fusion® cloning reaction in the pENTR1A backbone vector (Supplementary table 2-3).
The PAM sequence was mutated to prevent Cas9 from cutting the HDR template during transfection
(Supplementary table 3, nucleobases marked in red)
Genomic DNA of hiPSCs (LUMC0020iCTRL-06) was used to amplify the homology arms, HAR
and HAL. First, genomic DNA was isolated with the QuickExtract™ DNA Extraction Solution (Lucigen).
The cells were resuspended in PBS with a density of 600 cells/µl and 30 µl was spun down for 5 min in
a PCR tube mini centrifuge. The PBS (circa 28 µl) was removed from the cell pellet and 30 µL
QuickExtractTM DNA Extraction Solution was used to dissolve the cell pellet. The tube was heated to
65 °C for 15 min, 68 °C for 15 min and 98 °C for 10 min. Subsequently, the isolated DNA was used to
amplify the HAR and HAL. The fragments mRuby2, TRE3G promoter and EF1α-TetOn3G were amplified
from the plasmids mRubyII-N1 (Addgene #54614), pTRE3G-GSX2 (Addgene #96964) and PB-EF1aTetOn3G (Addgene #104543), respectively. The plasmids are available in Supplementary experimental
procedures, “Vector maps”. The Phusion High-Fidelity PCR Kit (Thermo Fisher Scientific™) was used to
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amplify the 5 fragments (HAR, HAL, mRuby2, TRE3G promotor and EF1α-TetOn3G). PCR amplifications
were carried out using the T100™ Thermal Cycler (Bio-Rad) in a 20 µL mixture containing 5X Phusion
GC buffer, 200 µM of each dNTPs, 0.5 µM forward primer, 0.5 µM reverse primer, 3% DMSO and 0.02
U/µl Phusion DNA polymerase. In case of the HAL and HAR, 1 µl of isolated DNA was used, whereas
the plasmid concentration was in the range of 0.5 pg to 10 ng. A 2-step PCR protocol was used, with
initial denaturation at 98 °C for 30 seconds followed by 29 cycles of denaturation at 98 °C for 10
seconds and annealing/extension at 72 °C for 30 seconds. Then the final extension was done at 72 °C
for 10 minutes. In case of the HAL and HAR the number of cycles was increased to 35 and 40 cycles,
respectively. The annealing/extension step was increased to 1 minute instead of 30 seconds in case of
EF1α-TetOn3G. The pENTR1A plasmid (Addgene #2525) was used as backbone vector to insert the 5
fragments. The pENTR1A plasmid was linearized with the AjiI (BmgBI) restriction enzyme (Thermo
Fisher Scientific™) at 37 °C for 45 minutes.
The PCR products and linearized plasmids were mixed with 6X DNA Gel Loading Dye (Thermo
Fisher Scientific™) and were loaded on a 1% agarose gel consisting of UltraPure™ Agarose-1000
(Invitrogen™), 1X Tris-acetate-EDTA (TAE) Buffer and 1:10000 diluted SYBR™ Safe DNA Gel Stain
(Invitrogen™). As reference, the 1 Kb Plus DNA Ladder (Invitrogen™) was used. The running time was
90 minutes at 90 volts and the gel was visualized with FluorChem™ M imaging system (ProteinSimple).
After confirmation of the correct DNA fragment on the gel, the PCR reaction was repeated in large
volumes (100 – 200 µL) and the desired DNA fragments were isolated and purified with the NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel). After DNA isolation, the concentration was measured with
the NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific™) and 200-400 ng of the extracted
DNA was loaded on an agarose gel to confirm successful isolation of the HDR template fragments.
Supplementary table 2: HAL In-Fusion® cloning forward primers
Nr.
Primer names
Sequence 5’-3’
0
HAL_pENTR1A_RS
CCCTGGCCAGTGCACTAGGCCGCCCGCCCGC
1
HAL Fwd GH1
TGGCCAGTGCACTAGGCGTCTGATGCTGCGC
2
HAL Fwd GH2
TGGCCAGTGCACTAGCTGCACCAGGTCAGCGC
3
HAL Fwd GH3
TGGCCAGTGCACTAGCAGGTCCACCCTCTGCG
4
HAL Fwd GH4
TGGCCAGTGCACTAGCCGTTGCCAGTCTCGATCC
Supplementary table 3: In-Fusion® cloning primers of the HDR template
Fragment
Primer names
Sequence 5’-3’
RobustHAR-Prom-Fw
TAAACTCGCCGGAACTCTGCTCT
HAR primers
CTAAC
RobustHAR-pENTR1A-Rv
TATCTGACAGCAGACAGGGGAG
GCGGGACG
Prom-robustHAR-Fw
GTTCCGGCGAGTTTACTCCCTAT
CAGTGATAGAGAACGTATGAA
TRE3G primers
Prom-mRuby2-Rv
GGTGGCGGTCGACTTTACGAGG
GTAGGAAGT
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Length (bp)
532

400

Fw-mRuby2-promotor-XmiI
mRuby2 primers
mRuby2-pENTR1A AjiI Rv
Teton-RobustHAL-Rv
EF1α-TetOn3G primers

Fragment 2.FOR-Fw

AAVS1-HAL-FWD-GH2
HAL primers
RobustHAL-TetOn-Rv

AAGTCGACCGCCACCGCCTAGG
CGCCACCATGGTGTCTAAGGGC
G
CCCTGGCCAGTGCACTAGTACTT
GTACAGCTCGTC
CTGTGCCCTTAGTTACCCGGGGA
GCATGTCA
GACGAGCTGTACAAGTACTAGT
AAGCGGATTACATCCCTGGGGG
CTTTGGGG
TGGCCAGTGCACTAGCTGCACC
AGGTCAGCGC
TAACTAAGGGCACAGCAAGGGC
ACTCG

760

2146

571

Vector maps
B)

A)

C)

A) pTRE3G-GSX2 plasmid (Addgene #96964), B) mRubyII-N1 plasmid (Addgene #54614) and C) PB-EF1a-TetOn3G
plasmid (Addgene #104543)
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In-Fusion cloning and transformation
The different fragments of the HDR template were inserted in the linearized pENTR1A by a two-step
In-Fusion® cloning mechanism. In the first step, mRuby2, the TRE3G promotor and HAR were inserted
in the linearized pENTR1A plasmid using the In-Fusion® HD Cloning Kit (Takara Bio). The 10 µl reaction
mixture contains 60 ng linearized pENTR1A, 90 ng mRuby2, 90 ng TRE3G, 50 ng HAR and 2 µl of the 5X
In-Fusion HD enzyme premix. The reaction mixture was incubated at 50 °C for 15 minutes. Thereafter,
the reaction mixture was transformed into One Shot® TOP10 Competent E. coli Cells (Invitrogen™).
The cells (50 µl) were thawed on ice for 20 minutes and 5 µl of the In-Fusion reaction mixture was
added to the cells. After 30 minutes incubation on ice, the cells were heat-shocked at 42°C for 30
seconds followed by 2 minutes incubation on ice. Thereafter, 250 µl of S.O.C. Medium (Invitrogen™)
was added and the cells were incubated at 37 °C at a shaker for 1 hour. The cells were divided and
plated on three LB agar (Miller, Fisher BioReagents™) plates containing 50 µg/ml Kanamycin for
selection. The pENTR1A vector contains a kanamycin resistance gene and a cell division B gene (ccdB)
gene to select the successfully transformed bacteria. The ccdB gene, encoding for a lethal protein, is
present in the cloning region of the vector. If the ccdB gene is not disturbed or removed, a toxic protein
is produced causing chromosomal damage to the bacterial cell and eventually cell death [4]. The LB
agar plates were incubated overnight at 37 °C. The next day ten colonies were picked and each colony
was grown in 3 ml LB broth (Miller, Fisher BioReagents™) overnight at 37 °C. Half of the bacterial cell
suspension was used for plasmid isolation. The plasmids were isolated and purified with the PureLink™
Quick Plasmid Miniprep Kit (Invitrogen™) according to the manufacturer’s protocol. The isolated
plasmids were analysed by digestion with the restriction enzyme BpiI (BbsI) (Thermo Fisher
Scientific™). Three plasmids were selected and the corresponding bacterial clone was grown in 150 ml
LB broth overnight at 37 °C. The plasmids were isolated and purified with the PureYield™ Plasmid
Midiprep System (Promega Corporation) according to the manufacturer’s protocol. The isolated
plasmids were analysed by restriction digestions with the enzymes BpiI (BbsI), XmaJI (AvrII) and BcuI
(SpeI) (Thermo Fisher Scientific™). Finally, the sequences were checked by Sanger sequencing (Eurofins
Genomics). The sequencing primers of the HDR template step 1 are shown in Supplementary table 4.
After confirmation of the insertion of mRuby2, TRE3G and HAR into the pENTR1A plasmid, the
plasmid was opened at the BcuI (SpeI) (Thermo Fisher Scientific™) restriction site present between
mRuby2 and pENTR1A. The HAL and EF1α-TetOn3G fragments were inserted in the linearized pENTR1A
plasmid using In-Fusion® HD Cloning kit as described earlier. The 10 µl reaction mixture contains 60 ng
linearized pENTR1A, 50 ng HAL and 90 ng EF1α-TetOn3G. Bacterial transformation, plasmid isolation
and plasmid analysis were performed in the same way as described in the first step. The sequencing
primers of the HDR template step 2 are shown in Supplementary table 5.
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Supplementary table 4: Sequencing primers HDR template step 1
Nr
Primer names
Sequence 5’-3’
1
SeqpENTR1A Fwd
CCGGTACCGAATTCGCTTA
2
Seq Ruby mRev
CTTGGACGTGGTAAACGAG
3
Seq Ruby mFwd
CTCGTTTACCACGTCCAAG
4
Teton3G-seq-1
GAGAGCTCGTTTAGTGAACC
5
AAVS1-seq-5
AGTAGAGCTCAAAGTGGTCCG
6
SeqpENTR1A Rev
GCTGGGTCTAGATATCTCG
Supplementary table 5: Sequencing primers HDR template step 2
Nr
Primer names
Sequence 5’-3’
1
SeqpENTR1A Fwd
CCGGTACCGAATTCGCTTA
2
Seq Teton Fwd
CTGTTCCTCCAATACGCAG
3
Seq Teton Rev
AAGTCATACCGCTGTGCTC
4
Seq EF1a Rev
GTGAGTCACCCACACAAAG
5
Teton3G-seq-2
ACAGTCCCCGAGAAGTTGG
6
Seq Ruby mRev
CTTGGACGTGGTAAACGAG
7
Seq Ruby mFwd
CTCGTTTACCACGTCCAAG
8
AAVS1-seq-5
AGTAGAGCTCAAAGTGGTCCG
9
SeqpENTR1A Rev
GCTGGGTCTAGATATCTCG

Stem cell culture
Stem cells (hESCs and hiPSCs) were maintained in Essential 8™ medium on 0.5 μg/cm 2 vitronectin
(Gibco™, Thermo Fisher Scientific™) at 37°C, 5% CO2 and were passaged twice a week. Passaging of
hESCs and hiPSCs on vitronectin was done using 0.5 mM EDTA (Invitrogen™, Thermo Fisher Scientific™)
until the cells were loosely adherent to the culture plate. The EDTA was aspirated and the cells were
detached by gentle washing with Essential 8™ medium. After counting, the cells were seeded to wells
coated with vitronectin.

Stem cell transfection, selection and sorting
HiPSCs and hESCs were seeded in a 6-well one day before transfection at a density of 40 K per cm 2 on
30 K per cm2 irradiated mouse embryonic fibroblasts (MEF feeder cells) in hESC medium (DMEM/F12based medium containing 20% knockout serum replacement (Thermo Fisher Scientific™) and 10 ng/mL
basic fibroblast growth factor (bFGF) (Miltenyi Biotech)). The stem cells were transfected with 4 µg
sgRNA-Cas9 plasmid and 3 – 4.5 µg of HDR plasmid using 10 µl Lipofectamine™ Stem Transfection
Reagent (Invitrogen™, Thermo Fisher Scientific™) according to manufacturer's instructions. The cells
were incubated in 37 °C and 5% CO2 or 32 °C and 5% CO2 for 24 h. The presence of the puromycin
resistance gene in the sgRNA-Cas9 plasmid allowed selection of the transfected cells. After 24 h of
0.5 µg/ml puromycin exposure, the cells were recovered for several days on MEFs in hESC medium.
The cells transfected at 32 °C were incubated for 3 days at 32 °C, including puromycin selection.
Passaging of hESCs and hiPSCs on MEFs was done by dissociation using 1xTripLE Select (Thermo Fisher
Scientific™). The TripLE Select was inactivated by dilution in hESC medium and the cells were
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centrifuged at 240*g for three minutes. The cell pellet was resuspended in Essential 8™ medium and
seeded to vitronectin coated plates without feeder cells. The cells were grown for several days and
treated with doxycycline (Doxycycline Hydrochloride, Ready Made Solution, Sigma-Aldrich) 24 h
or 48 h before fluorescence-activated cell sorting (FACS). Different doxycycline concentrations
(ranging from 10 ng/ml to 10 µg/ml) were tested. The stem cells on vitronectin were treated with 0.5
mM EDTA until the cells were loosely adherent and the cells were dissociated with FACS buffer (PBS,
0.5% BSA and 2 mM EDTA). The cell suspension was added into a Falcon™ Round-Bottom Polystyrene
Test Tubes with Cell Strainer Snap Cap. The mRuby2 positive cells were sorted with a 488 nm laser and
600/60 nm emission filter using the SH800S Cell Sorter (Sony Biotechnology) after exclusion of dead
cells and debris according to side and forward scatter. Subsequent data analysis was performed with
the FlowLogic Software.
The positive cells were collected into tube containing a small amount of culture medium and
the cell suspension were centrifuged at 240*g for three minutes. The cell pellet was resuspended in
Essential 8 medium plus 100 µg/ml Primocin™ (InvivoGen) and seeded on vitronectin coated wells.
Insertion of the HDR template into the AAVS1 locus was validated by PCR and subsequent agarose gel
electrophoresis. The primer used for sequencing of the AAVS1 DSB region is shown in Supplementary
table 6, whereas the primers used for screening of the insertion of EF1α-TetOn3G, mRuby2 and TRE3G
in the AAVS1 locus are the same primers used for In-Fusion® cloning (Supplementary table 4). The
procedure of genomic DNA isolation and PCR reactions volumes and settings were the same as
described in Supplementary experimental procedures “Generation of the HDR template fragments”.
The only difference is that the number of PCR cycles was increased to 40.
Supplementary table 6: Sequencing DSB region (AAVS1) of sorted cells
Nr
Primer names
Sequence 5’-3’
1
Seq HAL1
CTCTCTTCCGCATTGGAGTC

Transient transfection HDR plasmid
HESCs were seeded at a density of 40 K per cm 2 on vitronectin coated plates (24-well plate) one day
before transfection. The stem cells were transfected with 250 – 500 ng plasmid using 2 µl
Lipofectamine™ Stem Transfection Reagent for 48 h at 30 °C and 5% CO2. The plasmids that were used
for transient transfection were mRubyII-N1 (Addgene #54614) and the HDR plasmid. After 24 h, an
additional 0.5 ml of Essential 8™ medium was added to the transfected hESCs. The cells that were
transfected with HDR template were treated with doxycycline (concentrations ranging from 10 ng/ml
to 1000 ng/ml) 24 h after transfection. Medium was refreshed after 48h. Cells were observed 24 h and
54 h post transfection using λex = 540 nm with the Nikon Eclipse Ti2 Inverted Microscope.
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HDR template 2.0
The HDR template with poly(A) tail after the TetOn3G fragment, called “HDR template 2.0”, was
generated as described in Supplementary experimental procedures “Generation of the HDR template
fragments”. The pENTR1A plasmid with mRuby2, TRE3G and HAR was used to insert the HAL and EF1αTetOn3G. The new In-Fusion® cloning primers connecting the HAL with the EF1α-TetOn3G fragments
are shown in Supplementary table 7. The PAM sequence was mutated in the HAL Rev1 primer
(nucleobase marked in red). In-Fusion® cloning, bacterial transformation, plasmid isolation and
plasmid analysis were performed in the same way as described in Supplementary experimental
procedures “In-Fusion cloning and transformation”.
Supplementary table 7: EF1α-TetOn3G and HAL In-Fusion® cloning primers HDR template 2.0
Fragment
Primer names
Sequence 5’-3’
Length (bp)
EF1a-Teton3G Fwd1
CTGTGCCAACTTGTTTATTGCAG
EF1α-TetOn3G primers
CTTATAATGGTTACAAA
2272
EF1A-Teton3G Rev
CTGTACAAGTACTAGATTACATC
CCTGGGGGCTTTG
AAVS1-HAL-FWD-GH2
TGGCCAGTGCACTAGCTGCACC
HAL primers
AGGTCAGCGC
571
HAL Rev1
AACAAGTTGGCACAGCAAGCGC
ACTCG

ChR2 cloning
The mRuby2 gene in the HDR template was replaced with human ChR2 coupled to EYFP (λex = 513 nm,
λem = 527 nm) . The mRuby2 gene was removed from the HDR template by restriction enzyme digestion
using the restriction sites FastDigest SgsI and FastDigest XmaJI (Thermo Fisher Scientific™) at 37 °C for
20h. The digested plasmid was loaded on a 1% agarose gel and the HDR template without mRuby2 was
isolated and purified from the agarose gel as described in Supplementary experimental procedures
“Generation of the HDR template fragments”. The concentration was measured and 200 ng of the
isolated fragment was loaded on an agarose gel to confirm successful isolation.
The ChR2-EYFP gene was amplified from the plasmid tol2-CAG::ChR2-YFP (Addgene #59740).
The plasmid was delivered in bacteria as agar stab. The bacteria were streaked on LB agar plates
containing 50 µg/ml Kanamycin and incubated overnight at 37 °C. The next day 2 different colonies
were picked and each colony was grown in 3 ml LB broth at 37 °C. After 8 hours, the 3 ml culture was
added to 150 ml LB broth and the bacteria were grown overnight at 37 °C. Glycerol stocks were made
from the bacterial culture and the plasmids were isolated and purified using the PureYield™ Plasmid
Midiprep System according to the manufacturer’s protocol. The ChR2-EYFP sequence was determined
with Sanger sequencing. The sequencing primers of the tol2-CAG::ChR2-YFP plasmid are shown in
Supplementary table 8.
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Subsequently, three different sets of “sticky-end PCR” primers were developed, based on the
article of Zeng [5]. The primers contain overhangs corresponding to the SgsI (AscI) and XmaJI (AvrII)
restriction sites (Supplementary table 9, overhangs marked in red). Each primer set consists of four
PCR primers and PCR reactions were performed in two separated tubes using primers 1 and 3, and
primers 2 and 4, respectively. Reaction volumes of the PCR amplifications were the same as described
in Supplementary experimental procedures “Generation of the HDR template fragments”. A 2-step
PCR protocol was used, with initial denaturation at 98 °C for 30 seconds followed by 35 cycles of
denaturation at 98 °C for 10 seconds and annealing/extension at 72 °C for 60 seconds. The final
extension was done at 72 °C for 10 minutes. The PCR products were loaded on a 1% agarose gel and
the desired DNA fragments were isolated and purified (as described in Supplementary experimental
procedures “Generation of the HDR template fragments”). The isolated DNA fragments (obtained after
PCR amplification with primers 1 and 3 and primers 2 and 4) were mixed, denatured for 4 minutes at
94 C and annealed for 1 minute at 65 C and 15 minutes at 21C.
The ChR2-EYFP fragment was ligated into the HDR template without mRuby using the T4 DNA
Ligase kit (Promega Corporation) according to the manufacturer’s protocol. The was 100 ng of vector
used and the molar ratio vector: insert was 1:12. (The chosen ratio vector: insert was 1:3 and because
the ChR2-EYFP PCR mixture contains 25% of the desired product, the final ratio vector: insert was 1:12)
The ligation reaction mixture was incubated at room temperature for 3 hours. Thereafter, 5 µl of the
reaction mixture was transformed into TOP10 Competent E. coli cell. Bacterial transformation,
bacterial growth and plasmid isolation were performed in the same way as described in Supplementary
experimental procedures “In-Fusion cloning and transformation”. The isolated plasmids were analysed
by restriction digestion with the enzyme BpiI (BbsI) and PCR of ChR2-EYFP using the sticky-end primers
1 and 4. Finally, the insertion of the ChR2-EYFP fragment were checked by Sanger sequencing. The
sequencing primers of the HDR (ChR2-EYFP) are shown in Supplementary table 10.
Supplementary table 8: Sequencing primers tol2-CAG::ChR2-YFP plasmid
Nr
Primer names
Sequence 5’-3’
1
Seq EYFP Rev
CAATGCGATGCAATTTCCTC
2
Seq EYFP-ChR2 Rev
CAGATGAACTTCAGGGTCAG
3
Seq EYFP Fwd
CTGACCCTGAAGTTCATCTG
4
Seq ChR2 Rev
CAGTAACATTGATCCTCAGG
5
Seq ChR2 Fwd
GCAAAGAATTCCTCGAGTC
6
pCAGGS-5
GGTTCGGCTTCTGGCGTGTGACC
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Supplementary table 9: Sticky-end PCR primers HDR (ChR2-EYFP) plasmid
Fragment
Primer names
Sequence 5’-3’
Sticky-end primers
ChR2 StE3 Rev1:
CGCGCCGCAGGAATTCTTACTTG
1 and 3
TACA
ChR2 StE3 Fwd2:
GTCCTCGAGTCTAGCTGGATCCC
Sticky-end primers
2 and 4

ChR2 StE3 Fwd1:

Length (bp)

CTAGGTCCTCGAGTCTAGCTGG
ATCC
CCGCAGGAATTCTTACTTGTACA
GCTCG

ChR2 StE3 Rev2:

1712

1712

Supplementary table 10: Sequencing primers HDR (ChR2-EYFP) plasmid
Nr
Primer names
Sequence 5’-3’
1
SeqpENTR1A Fwd
CCGGTACCGAATTCGCTTA
2
Seq Teton Fwd
CTGTTCCTCCAATACGCAG
3
Seq Teton Rev
AAGTCATACCGCTGTGCTC
4
Seq EF1a Rev
GTGAGTCACCCACACAAAG
5
Teton3G-seq-2
ACAGTCCCCGAGAAGTTGG
6
Seq EYFP-ChR2 Rev
CTGACCCTGAAGTTCATCTG
7
Seq EYFP Fwd
CAGATGAACTTCAGGGTCAG
8
Seq ChR2 Rev
CAGTAACATTGATCCTCAGG
9
AAVS1-seq-5
AGTAGAGCTCAAAGTGGTCCG
10
SeqpENTR1A Rev
GCTGGGTCTAGATATCTCG

Transient transfection HDR (ChR2-EYFP) plasmid
HESCs were seeded at a density of 40 K per cm 2 on vitronectin coated plates (24-well plate) one day
before transfection. The stem cells were transfected with 250 – 500 ng plasmid using 2 µl
Lipofectamine™ Stem Transfection Reagent for 48 h at 30 °C and 5% CO2. The plasmids that were used
for transient transfection were tol2-CAG::ChR2-YFP (Addgene #59740) and the HDR (ChR2-EYFP)
plasmid. After 24 h, an additional 0.5 ml of Essential 8™ medium was added to the transfected hESCs.
The cells that were transfected with HDR (ChR2-EYFP) plasmid were treated with doxycycline
(concentrations ranging from 10 ng/ml to 1000 ng/ml) 24 h after transfection. Medium was refreshed
after 48h. Cells were observed 24 h and 54 h post transfection using λex = 470 nm with the Nikon Eclipse
Ti2 Inverted Microscope.

HDR (ChR2-EYFP) template 2.0
The HDR (ChR2-EYFP) template with bGH poly(A) tail behind the EYFP with poly(A) tail was designed
and two sets of new sticky-end PCR primers for amplification of ChR2-EYFP with poly(A) after EYFP
were designed and ordered (Supplementary table 11, overhangs marked in red). The PCR primers
ChR2 StE3 Fwd 1 and Fwd 2 are the same primers as depicted in Supplementary table 9.
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Supplementary table 11: Sticky-end PCR primers HDR (ChR2-EYFP) plasmid with poly(A) tail after EYFP
Fragment
Primer names
Sequence 5’-3’
Length (bp)
Sticky-end primers
ChR2 StE PolyA1:
CGCGCCTCAGAAGCCATAGAGC
1 and 3
2012
ChR2 StE3 Fwd2:
GTCCTCGAGTCTAGCTGGATCCC
Sticky-end primers
2 and 4

ChR2 StE3 Fwd1:

CTAGGTCCTCGAGTCTAGCTGG
ATCC
CCTCAGAAGCCATAGAGCCCAC
CG
Sequence 5’-3’
CGCGCCGGTTCTTTCCGCCTCAG
AAG
GTCCTCGAGTCTAGCTGGATCCC

ChR2 StE PolyA2:
Fragment
Sticky-end primers
1 and 3

Primer names
ChR2 StE PolyA3:
ChR2 StE3 Fwd2:

Sticky-end primers
2 and 4

ChR2 StE3 Fwd1:

CTAGGTCCTCGAGTCTAGCTGG
ATCC
CCGGTTCTTTCCGCCTCAGAAGC
CA

ChR2 StE PolyA4:
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2012

Length (bp)
2025

2025
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