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Abstract

The auxin-inducible degron (AID) system is becoming a widely used method for rapid and
reversible degradation of target proteins. This system has been successfully used to study gene and
protein functions in eukaryotic cells and common model organisms, such as nematode and fruit
fly. To date, applications of the AID system in mammalian stem cell research are limited.
Furthermore, standard mouse models harboring the AID system have not been established. Here
we have explored the utility of the A1 safe-harbor locus for integration of the 7//R1 transgene, an
essential component of auxin-based protein degradation system. We have shown that the HZ1
locus can support constitutive and conditional 7/R1 expression in mouse and human embryonic
stem cells, as well as in mice. We demonstrate that the AID system can be successfully employed
for rapid degradation of stable proteins in embryonic stem cells, which is crucial for investigation
of protein functions in quickly changing environments, such as stem cell proliferation and
differentiation. As embryonic stem cells possess unlimited proliferative capacity, differentiation
potential, and can mimic organ development, we believe that these research tools will be an
applicable resource to a broad scientific audience.
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Introduction

Mouse and human embryonic stem cells (ESCs) are powerful tools for studying mammalian
gene and protein function. The unlimited proliferative capacity and differentiation potential
of ESCs allows for gain-and loss-of-function studies of numerous molecular processes and
signaling pathways involved in stem cell maintenance, differentiation, and disease (Avior et
al., 2016; Fisher et al., 2017; Gerlai, 2016; Lancaster and Huch, 2019; Li et al., 2018).
Moreover, the ability of ESCs to contribute to embryonic development has facilitated the
generation of transgenic mouse models and evaluation of protein function at the organism
level (Gerlai, 2016; Tam and Rossant, 2003). Despite ESCs and mouse models being a
versatile platform for the study of protein function /n vivo, the current toolkit for achieving
depletion of proteins of interest has limitations. Conventional RNA or gene targeting-based
strategies to ablate protein function act at the pre-translational level. Gene knockout methods
generally rely on the mutation or excision of a critical part of a gene, which results in
irreversible protein loss or production of non-functional protein (Housden et al., 2017). Gene
silencing at the RNA level involves blocking or destruction of target RNA sequences, which
prevents translation of the corresponding protein. RNA targeting methods can be hindered
by off-target effects and incomplete downregulation of protein expression (Housden et al.,
2017). Time required for protein depletion using DNA or RNA level-acting approaches can
span a few days and is dependent on mRNA stability and protein half-life. Extended protein
depletion time can activate adaptive cellular response and prevent or hinder the evaluation of
loss-of-function phenotype (El-Brolosy and Stainier, 2017; Housden et al., 2017). Thus,
specific functions of highly stable proteins during dynamic phases of the cell cycle, stem cell
differentiation, and stages of organism development cannot be accurately defined.

The development of systems for direct protein degradation have enabled studies of gene and
protein functions in a simplified and prompt way. To date, several strategies utilizing
conditional degrons or specific antibodies for controlling protein expression have been
reported (Clift et al., 2017; Natsume and Kanemaki, 2017). The most widely used of these is
the auxin-inducible degron (AID) technology. The AID system requires expression of Oryza
sativa F-box transport inhibitor response 1 (TIR1) protein, which interacts with the native
SCF E3 ubiquitin-ligase complex, and an AlD-tagged target protein of interest (Nishimura et
al., 2009). Addition of auxin mediates interaction between an AlD-tagged protein and the
TIR1-SCF E3 ubiquitin ligase complex, which leads to acute target protein degradation by
the proteasome. Therefore, the AID system bypasses the aforementioned issues with
traditional gene knockout and RNA interference (RNAI) systems. The AID system has been
efficiently applied in vertebrate cells, yeast, nematodes and flies (Wood et al., 2016; Holland
et al., 2012; Morawska and Ulrich, 2013; Perez-Arnaiz et al., 2016; Trost et al., 2016; Zhang
etal., 2015; Bence et al., 2017). However, limited applications have been reported in ESCs
(Baker et al., 2016; Brosh et al., 2016; Friman et al., 2019; Nora et al., 2017; Owens et al.,
2019; Sybirna et al., 2020).

Functionality of the AID system depends on robust expression of the 7/R1 transgene (Nora
etal., 2017). The site of 7/R1 integration is a very important factor to consider, particularly
for ESCs, to ensure that 7/R1is expressed and the AID system remains functional during
differentiation. Approaches used to introduce the 7/R1 expression cassette in human somatic
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cells have relied on random integration using viral vectors and, most recently, CRISPR-
Cas9-mediated AAVSI safe harbor locus targeting (Holland et al., 2012; Natsume et al.,
2016; Wutz et al., 2017). In human ESCs (hESCs), 7/R1 expression cassettes have been
randomly integrated using lentiviral and PiggyBac transposon vectors (Brosh et al., 2016;
Sybirna et al., 2020). However, random integration of a transgene limits control of protein
production, is prone to transgene silencing, and can introduce variability in the obtained
results (Irion et al., 2007; Nora et al., 2017; Smith et al., 2008). Moreover, disruption of the
genome by random integration events can have significant consequences that are not always
readily apparent (Sakurai et al., 2010; Staal et al., 2008). In mouse ESCs (mESCs) 7/R1 has
been integrated at 7/GRE and RosaZ6loci (Nora et al., 2017; Baker et al., 2016). A potential
drawback of 7/GRE and Rosa26 loci is that they are located within endogenous genes and
can display differential transgene expression depending on the promoter and specific cell
type (Casola, 2010; Nora et al., 2017; Zeng et al., 2008).

To extend applications of the AID system in stem cell and animal research, we have
evaluated the Hipp11 (H11) safe harbor locus as a potential site for integration of the 7/R1
expression cassette (Hippenmeyer et al., 2010; Tasic et al., 2011; Zhu et al., 2014). The H11
locus is located in a transcriptionally active intergenic region and is advantageous over the
more widely used RosaZ6 locus due to higher rate of recombination, targeting efficiency,
and level of transgene expression /n vivo in mice (Hippenmeyer et al., 2010; Tasic et al.,
2011; Chen-Tsai, 2020). Similarly, transgene targeting into the human A1 locus is efficient
and permits stable transgene expression in hESCs and their differentiated derivatives, which
makes this locus preferential compared to commonly used AAVS1, ROSAZ6, and HPRT1
loci (Smith et al., 2008; Di Domenico et al., 2008; Irion et al., 2007; Zhu et al., 2014).

To assess the functionality of the AID system with HZ1 locus-integrated 7/R1, we AID-
tagged core components of the structural maintenance of chromosomes complex, SMC5/6.
The SMC5/6 complex is required for maintaining genome stability through its involvement
in DNA replication, homologous recombination, and chromosome segregation (Aragén,
2018). Our previous studies utilizing the Cre recombinase-mediated conditional knockout
(cKO) approach have shown that core proteins of the SMC5/6 complex are highly stable and
require at least two days to achieve protein depletion (Hwang et al., 2017; Pryzhkova and
Jordan, 2016).

In this study, we present successful integration of the AID system into mouse and human
ESCs and detail the production of transgenic mice that express 7/RZ in a constitutive and
Cre-inducible manner. We show that the A7 locus can be utilized for 7/R1 expression and
demonstrate that the AID system is effective for degradation of stable, long-lived proteins.
These research tools will be a valuable resource to a broad scientific research audience.

2. Materials and methods

2.1. Mouse use and care

All mice were bred at Johns Hopkins University (JHU, Baltimore, MD) in accordance with
the National Institutes of Health and U.S. Department of Agriculture criteria and protocols
for their care and use were approved by the Institutional Animal Care and Use Committees
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(IACUC) of JHU. The following mouse strains were used: C57BL/6J (B6/J), stock number
000664 (Jackson Laboratory (JAX)); 129S1/SvimJ (129S1), stock number 002448 (JAX);
B6.Cg- £qil/379(5ox2-cre)IAme)y ( Sox2-Cre), stock number 008454 (JAX); B6.129S2-
Emx1tmi(cre)Kijy (Emx1-Cre), stock number 005628 (JAX); Spol1-Cre (Lyndaker et al.,
2013), B6(Cq)- 7yrc-24J (B6 albino), stock number 000058 (JAX); Hsd: ICR (CD-1)
(Envigo).

2.2. Transgenic mice generation

Chimeric mice were generated using methods previously described (Nagy et al., 2003).
Briefly, blastocyst stage embryos were obtained from superovulated females mated to same
strain males. Targeted embryonic stem cells were injected into the blastocyst of each embryo
(~12-15 per embryo). Following injection, surviving embryos were surgically transferred to
oviducts of pseudo-pregnant CD-1 females (Envigo) (~15 embryos/female). B6 mESCs
were injected into B6 albino blastocysts. 129 mESCs were injected into B6/J blastocysts.
Chimeras were further bred to females of the same genetic background as that of the ES
cells. Obtained transgenic animals were further bred to establish colonies.

2.3. mESCs

B6 mESCs used in this study were established and maintained in 2i/LIF medium as
previously described (Pryzhkova and Jordan, 2016). 129S6/SvEvTac (129S6) mESCs
(Taconic Biosciences) were obtained from JHU Transgenic Mouse Core. mESCs from TIR1
transgenic animals were established and maintained in 2i/LIF medium as described in
(Pryzhkova and Jordan, 2016) with exception that mESCs were established from pooled
embryos. Briefly, mMESC culture medium included 1:1 mixture of DMEM/F12 (Gibco) and
Neurobasal medium (Gibco) with 1% N2 supplement (Gibco) and 2% B27 supplement
(Gibco), 1 mM L-Glutamine (Gibco), 1% MEM NEAA (Gibco), 50 uM p-mercaptoethanol
(Gibco), 50 pg/ml BSA (Sigma), 10 ng/ml human LIF (PeproTech), 1 uM MEK inhibitor PD
0325901 (Cayman) and 3 pM GSK-3 inhibitor CHIR 99021 (Cayman). Cells were grown
under feeder-free conditions on 0.2% gelatin (Sigma) and passaged every 3 days with
TrypLE Express (Gibco). Essential reagent information is provided in Table S3.

2.4. Neural differentiation

A day before passaging mESCs were switched to a neural differentiation medium consisting
of 2i medium without human LIF, MEKi and GSK-3i, and supplemented with 10 ng/ml
human bFGF (PeproTech). Cells were passaged as small clumps onto uncoated cell culture
vessels. One third of medium was replaced with fresh medium every other day. Cells were
grown in suspension with gentle mechanical dissociation at the time of medium change. In a
parallel experiment, 5% FBS (HyClone) was added to neural differentiation medium.

2.5. hESCs

hESC line H1 (WiCell, Madison, WI, USA) was used in this study. The use of the hESC line
was approved by JHU institutional stem cell research oversight committee (protocol
ISCRO00000089). hESCs were maintained in Essential 8 medium (Gibco) on Geltrex
(Gibco)-coated tissue culture plates as previously described (Pryzhkova and Jordan, 2020).
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Cells were routinely passaged every 5 days with 0.5 mM EDTA in PBS with a split ratio of
1:6-1:10. Key reagent information is provided in Table S3.

2.6. Primary cultures

Primary cell cultures were maintained in DMEM/F12 (Gibco) supplemented with 10% FBS
(HyClone) and penicillin-streptomycin (100 U/100 pg, Gibco). Mouse lung tissue was
minced with scissors and placed in culture medium onto cell culture vessels. Tail tips were
first embedded into Geltrex (Gibco) to allow for cell outgrowth. Cells were passaged with
0.05% trypsin—-EDTA (Gibco). Following expansion cells were collected for analysis.

2.7. ESC transfection and chemical treatment

Plasmids were delivered into mouse and human ESCs using LipoJet (SignaGen).
Transfection was performed following manufacturer protocol in 6-well plates overnight,
unless specified differently. In total, 2 pg of DNAs were added into one well. Two plasmids
were used for gene targeting: one carrying Cas9 nuclease and gRNA(s), and a second
carrying donor DNA for site-specific recombination. A ratio 1:2 was used for Cas9-gRNA
vector and donor DNA vector. Selection was initiated 24 h after removal of transfection
reagents for mMESCs and 48 h for hESCs.

mMESCs were selected with 80 pg/ml hygromycin (Sigma) or 1 pg/ml puromycin (Sigma) for
the first 2-3 days, then the dose was decreased to 50 pg/ml hygromycin or 0.5 pg/ml
puromycin. Cells were grown in the presence of selective drugs until single cell-derived
clones were expanded and stocks were frozen.

hESCs were selected with 0.25 pg/ml puromycin until single colonies have appeared. Then
individual colonies were picked and expanded. After establishing, hESC lines were
continuously grown in the presence of 0.5 ug/ml puromycin. For SMC6targeting hESC
transfection was performed for 48 h and in the presence of 5 uM ROCK:i (Hello Bio).
Selection with 100 pg/ml G418 (Corning) was started 24 h after removal of transfection
reagent and in the presence of ROCK:i for first 2-3 days. Then cells were continuously
grown in the presence of 50 pg/ml G418.

Puromycin and G418 were withdrawn from cell culture medium a day before passaging and
on the day of passaging. Drugs can be safely added back to the medium once cells have
attached. To establish homozygous and heterozygous hESC lines, cells were plated at low
density as small clumps or as single cells (in the presence of 5 uM ROCK:i). Established
colonies were genotyped and expanded.

In all experiments, mouse and human ESCs were treated with 100 uM indole-3-acetic acid
(IAA, Sigma) for the time specified, except 500 UM IAA was used for SMC6 protein
depletion in hESCs.

2.8. DNA construct design

The design of Cas9-gRNA vector including eSpCas9(1.1) and two gRNAs is described in
(Pryzhkova and Jordan, 2020). This vector was used to target mouse and human A1 loci
and mouse Smc5 gene. pX330 (Addgene, #42230) including SpCas9 and one gRNA was
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used for human SMC6 targeting. gRNAs were selected using Zhang Lab software (Hsu et
al., 2013). gRNA sequences are provided in Table S1.

Donor vector design for human A1 locus targeting is described in (Pryzhkova and Jordan,
2020), except instead of fluorescent protein coding sequence there is HA-tagged 7/R1
sequence (pRAIDRS, kind gift from Dr. Brosh). The vector utilized for human A1 locus
targeting also was used for mouse A1 locus targeting with modifications: homology arms
were amplified from B6 mouse genomic DNA so that 5° homology arm (689 bp) spans 3 bp
away from the cut site and 3" homology arm (720 bp) spans 5 bp away from the cut site. To
make 7/RI vector for conditional expression, this vector was cut at SgrDI restriction site
between EF1a promoter and 7/R1 sequence, and PCR-amplified floxed STOP cassette
(Addgene, #85006) was incorporated using In Fusion HD cloning kit (Clontech).

Donor vector for mouse Smc5 targeting includes a part of intron and the last Srmc5 exon
amplified from B6 mouse genomic DNA, followed by DDK-tagged mini-AID (AID47)
(pRAIDRS, kind gift from Dr. Brosh). Donor vector also includes hygromycin resistance
gene driven by mouse PGK promoter and flanked by LoxPsites (Addgene, #51423).
Homology arms were amplified from B6 mouse genomic DNA. The 5" homology arm (971
bp) and 3" homology arm (1019 bp) span 5 bp away from the cut sites. To prevent recutting
of donor DNA with Cas9 nuclease, the first nucleotide in 5" homology arm was replaced so
that PAM sequence became “NGC”.

Donor vector for human SMC6targeting includes DDK-tagged mini-AlD (AlD46)
(Addgene, #101713) (Lambrus et al., 2018), followed by floxed neomycin resistance gene
driven by human PGK promoter. The 5 homology arm (328 bp) restores the cut site in the
last exon of SMC6 gene, and 3" homology arm (330 bp) starts 1 bp away from cut site,
immediately from STOP codon.

To facilitate conditional TIR1 expression in cell culture we used pCAG-Cre:GFP (Addgene,
#13776).

GenBank (Snapgene) files containing plasmid maps and sequences are provided as
Supplementary information.

2.9. Genotyping

DNA was extracted using the GeneJet Genomic DNA purification kit (Thermo Scientific)
and 25 ng was used for each PCR. Alternatively, cells were lysed with Lairds buffer (100
mM Tris pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) and proteinase K. DNA was
precipitated with isopropanol. The pellet was resuspended in molecular grade water (Sigma),
and 25 ng DNA were used for each PCR. PCR reactions were set with AccuStart 11 PCR
SuperMix (Quanta BioSciences) (Pryzhkova and Jordan, 2020). Primers and PCR conditions
are listed in Table S4.

2.10. Semi-quantitative RT-PCR

Total RNA was isolated using PureLink RNA kit (Ambion) followed by DNase | (RNase-
free, Ambion) treatment. First strand cDNA synthesis was carried out using M-MuLV
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reverse transcriptase and random primer mix (NEB) under following conditions: 25 °C for 5
min, 42 °C for 1 h, 65 °C for 20 min. PCR amplification of cDNA samples was set with
AccuStart 11 PCR SuperMix (Quanta BioSciences) (Pryzhkova and Jordan, 2020). Primers
and PCR conditions are listed in Table S5.

2.11. Western blot analysis

Cell lysates were prepared in RIPA buffer (Santa Cruz Biotechnology) supplemented with
protease inhibitor cocktail (Roche). Equal amounts of proteins were fractionated by SDS-
PAGE and transferred to PVDF membrane (Bio-Rad). For protein analysis, 6.5% gels were
used for SMC5 and SMC6 and 7.5% gels were used for TIR1. For some gels 0.5% 2,2,2-
trichloroethanol (TCE) was added into resolving gel to visualize protein load for each
sample. Antibodies used are provided in Supplementary Table S6. All blocking and
incubation with antibodies was performed in Western Blocker Solution (Sigma). Signal was
detected using Clarity Western ECL Substrate (Bio-Rad) and imaged using Syngene XR5
system. SMC5 protein depletion in mESCs was analyzed using GeneTools software
(Syngene).

2.12. Immunocytochemistry

Single mESCs were fixed in suspension in 10% formalin (Sigma) for 15 min at room
temperature, washed in PBS (Life Technologies) and ~50,000 cells were spun onto glass
slides using Shandon Cytospin 4 centrifuge (Thermo Fisher Scientific).
Immunocytochemistry was performed as previously descried (Pryzhkova and Jordan, 2020).
Cells were mounted with Vectashield Mounting Medium with DAPI (Mector Laboratories).
Antibodies used are provided in Table S6.

2.13. Microscopy

Immunofluorescence analysis and image capture were performed using either a Zeiss Axio
Imager.A2 and AxioCam MRm (Zeiss), Zeiss CellObserver Z1 microscope linked to an
ORCA-Flash 4.0 CMOS camera (Hamamatsu), or Keyence BZ-800 and BZ-X800 Viewer
and Analyzer software. Images were processed using ZEN 2012 blue edition imaging
software (Zeiss) or BZ-X800 Viewer and Analyzer software (Keyence). Photoshop (Adobe)
was used to prepare figure images (Hwang et al., 2017; Pryzhkova and Jordan, 2020).

2.14. Statistical analysis

Statistical tests were performed with RStudio and GraphPad Prism 8. For mESC mitotic
analyses, statistical significance was assessed by Pearson’s chi-squared test. Yates’
continuity correction was applied, since data were binomially distributed and discrete with
sample size less than 100. Percentage of normal anaphases in untreated and 1AA-treated
groups were compared. At least 50 cells were analyzed per cell line for each experimental
condition. The weighted mean with weighted standard deviation of three experiments is
shown on graphs. For mESC growth analysis, statistical significance was assessed by
unpaired Student’s ftest (two-tailed) using the mean and standard deviation of four
experiments. For all analyses, a value of p < 0.05 was considered significant.
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3. Results

3.1. Integration of TIR1 expression cassette into H11 locus in mMESCs

In this study, we used CRISPR-Cas9 genome editing to incorporate a 7//R1 expression
cassette into the AZ7 locus in C57BL/6J (B6) and 129S6/SvEvTac (129) mESC lines
(Hippenmeyer et al., 2010; Tasic et al., 2011; Chen-Tsai, 2020). We employed the
Streptococcus pyogenes Cas9 (eSpCas9(1.1)) nuclease, which has been optimized to reduce
chances of off-target mutations (Slaymaker et al., 2016). In addition, we adopted a dual-
guide RNA (gRNA) targeting approach, which introduces two double-strand breaks in
genomic DNA and has been reported to increase homologous recombination and gene
targeting efficiency in ESCs (Chen et al., 2015; Oji et al., 2016). A pair of gRNASs were
chosen to introduce genomic deletion of 1175 bp in the AZ7 locus (Fig. 1a, Table S1).

The donor vector included codon-optimized sequence for Oryza sativa TIR1 auxin receptor
(TIR1) driven by the elongation factor 1a. (EF1la) promoter (Fig. 1a) (Brosh et al., 2016). To
be able to evaluate TIR1 expression directly, we added human influenza hemagglutinin (HA)
tag at the C-terminus. The donor construct harbored a puromycin N-acetyltransferase (Puro)
cassette conferring puromycin resistance driven by mouse phosphoglycerate kinase-1 (PGK)
promoter (Fig. 1a). Tissue-specific transgene expression is often required when using ESCs
for differentiation studies or to create transgenic animals. Thus, we generated two versions
of donor construct for 7/R1 expression. One construct (V1-TIR1) was designed for
constitutive expression of 7//R1 and has Puro selection cassette flanked by LoxPsites (Fig.
1a). This construct was introduced into B6 and 129 mESCs. The second construct (V2-
TIR1) includes a STOP cassette flanked by LoxPsites that is positioned between £F1a
promoter and 7/RZ transgene. The Puro selection cassette within the V2-TIR1 construct is
flanked by FRT sites (Fig. 1a). This construct allows for conditional Cre recombinase-
mediated 7/R1 expression. This DNA construct was integrated into A1 locus of 129
mMESCs.

After puromycin selection, we genotyped B6 mESCs with V1- 7/R1 (B6V1-TIRL) (Fig. 1b,
Fig. Sla, b) and identified 39% heterozygous and 28% homozygous clones (Table S2, Fig.
S1b). Other clones contained one targeted allele and one allele harboring a deletion and were
excluded from further studies (Table S2, Fig. S1b). Immunoblotting for TIR1 expression
using anti-HA tag antibodies allowed for efficient detection of protein expression (Fig. 1c).

For 129 mESCs with constitutive V1- 7/R1 (129 V1-TIR1) we obtained 23% homozygous and
23% heterozygous clones (Table S2, Fig. S1c). In 129 mESCs with conditional V2-T/R1
(129 V2-TIRLy we jdentified 17% homozygous and 28% heterozygous clones (Table S2, Fig.
S1d). The decreased targeting efficiency with VV2- T/R1 probably reflects the increase in the
size of the donor DNA construct due to incorporation of STOP cassette (~1.4 kb). We
further evaluated 129 V2-TIRl mESCs at different time points after transient Cre recombinase
transfection (Fig. 1d, e, Fig. S2a—c). The efficient STOP cassette excision and TIR1 protein
expression were readily detected by twelve hours post- transfection (Fig. 1d, €). All analyzed
clones demonstrated TIR1 expression after Cre-mediated STOP cassette removal (Fig. 1d, e,
Fig. S2a—c).
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It has been reported that transgene expression can variegate upon ESC differentiation (Nora
etal., 2017). To ensure stable TIR1 protein levels in differentiated cells, we cultured
B6V1-TIRI mESCs under neural differentiation conditions and verified the presence of the
protein after twenty days of culture (Fig. S2d, ). Furthermore, the addition of auxin did not
affect TIR1 levels, although levels of protein were decreased in differentiated cells (Fig. S2d,

e).

Thus, we have shown that the HZ7 locus can be efficiently targeted using CRISPR-Cas9
technology and successfully used for constitutive and Cre-inducible TIR1 expression in B6
and 129 mESCs.

3.2. Evaluation of TIR1 expression in mice

Transgenic mouse models are a versatile tool for studying gene and protein functions,
investigating mammalian development, and disease modeling (Ericsson et al., 2013). Mice
with integrated AID system would allow for precise control of protein expression /n vivo. To
generate 7/R1 transgenic mice, we utilized B6V1-TIRl mESCs constitutively expressing
7/IR1 and 129 V2-TIRl mESCs with conditional 7/R1 expression. The B6Y1- TIR1 and 129
V2-TIRL mESCs successfully contributed to chimera formation and underwent germline
transmission (Fig. 2, Fig. S3a).

To ensure that an active and functional 7/RZ transgene was stably inherited by the next
generations, the progeny of mouse founders from both strains were evaluated for 7/R1
transgene expression at the RNA and protein level (Fig. 2a, b, Fig. S3b). mESCs established
from blastocysts of B6Y1-TIR1 transgenic mice demonstrated protein expression level similar
to that of the original transgenic mESCs (Fig. 2b). We also established mESCs from
embryos of 129 V2 TIR mice. These cells were transiently transfected with the Cre
recombinase construct to remove the floxed STOP cassette and allow for transgene
expression (Fig. S2a). As with the parental 129 V2 TIR1 mESCs, Cretransfection led to
upregulation of TIR1 protein expression in rederived mESCs (Fig. 2b). Additionally, we
evaluated the efficiency of STOP cassette removal in vivo. For this experiment, 129 V2-TIR1
transgenic mice were bred with mice carrying the germ cell-specific Spo11-Cretransgene to
generate animals constitutively expressing 7//21, which were used to obtain blastocysts and
derive mESCs (Fig. 2a). As shown in Fig. 2b, TIR1 protein was readily detected in mESCs
following Cre excision mediated /in vivo.

We next assessed the presence of 7/RZ RNA in different tissues of B6Y1-TIR1 mice, such as
lungs, tail tip fibroblasts, and cortex (Fig. 2¢c). 7/RZ RNA was readily detected in all 20
transgenic mice analyzed. We also bred B6V1-T'R1 mice with mice carrying Sox2-Creand
assessed 7/R1 expression after excision of the puromycin selection cassette, confirmed by
genotyping (Fig. S3c, d). Our results show that the selection cassette can be removed /in vivo
using Cre recombinase without affecting 7//R1 expression (Fig. 2c).

To evaluate Cre-inducible 7/R1 expression, we bred 129 V2-TIRL mice with £mx1-Cre mice
(Fig. 2a). Embryonic cortices at 12.5 days post coitum (dpc) were analyzed for STOP
cassette excision and transgene expression (Fig. 2d, e, Fig. S2a). Our results demonstrate
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that Cre-mediated STOP cassette removal allowed for 7/R1 transgene expression in 129
V2-TIRL mice Jn vivo.

Thus, our study shows that TIR1-expressing mESCs established from B6 and 129 mouse
strains contribute to the germline and allow for the transmission of a functional transgene to
the progeny. Further generation and evaluation of transgenic mice carrying both 7//R1 and
AlD-tagged genes of interest will demonstrate the functionality of the AID system in vivo.

3.3. Smcb5 locus targeting and evaluation of auxin-mediated protein degradation

The structural maintenance of chromosomes complex, SMC5/6, plays a crucial role in DNA
replication, DNA damage repair, and chromosome segregation (Aragon, 2018). We have
previously shown that SMC5/6 complex is indispensable for ESC genome integrity
(Pryzhkova and Jordan, 2016). In that study, we used mESCs harboring a Srmc5 conditional
knockout allele mutated using tamoxifen-inducible Cre recombinase. However, the
conditional knockout system required up to two days for protein depletion in cell culture. In
contrast, the AID system offers fast and reversible protein degradation, thus, permitting the
evaluation of immediate effects of protein loss on cellular processes (Baker et al., 2016;
Brosh et al., 2016; Natsume et al., 2016; Nora et al., 2017).

To validate the AID system functionality in our mESC lines we employed a similar targeting
strategy as described for the H17 locus. Two gRNAs were selected to make double-stranded
DNA breaks in the last intron of Smc5and adjacent 3° UTR region (Fig. 3a, Table S1). After
homology-directed repair the removed fragment is replaced by the last Smce5 exon tagged
with A/Dand DDK; followed by a floxed hygromycin resistance cassette (Fig. 3a). In our
study we used a human codon- optimized minimal required AID degron (AID47) (Brosh et
al., 2016).

One homozygous and one heterozygous B6V1-TIRL mESC lines and one heterozygous 129
V2-TIRL mESC line were used for Smc5 locus targeting. After hygromycin selection,
obtained clones were genotyped as shown in Fig. 3b and Fig. S4a. The Smc5 locus targeting
resulted in 35% (8 clones) Smc5-AlD heterozygous and 22% (5 clones) Smc5-AlD
homozygous B6Y1-TIRI mESC clones. Due to efficient targeting, only a few 129 V2-TIR1
mMESC clones were screened. Two clones, Smc5-A/D heterozygous and homozygous, were
analyzed for each parental 7/R1 transgenic mESC line (Fig. 3c-h).

After addition of auxin to targeted B6Y1-T'Rl mESCs we observed robust depletion of SMC5
after one hour of treatment (Fig. 3d, f, Fig. S4b, ¢, Fig. S5a, b). SMC5 depletion was
detected using antibodies against SMC5 protein and DDK tag in both Smc5-AlD
homozygous and heterozygous cell lines (Fig. 3d, f, Fig. S4b, c). Expression of TIR1 from
one or two alleles did not affect the efficiency of SMC5 protein depletion (Fig. 3d, f, Fig.
S4b, ¢, Fig. S5a, b). Similar results were obtained in 129 V2-TIRL cell lines (Fig. 3g,h, Fig.
S4d, e, Fig. S5¢). After 24 h of transient Cre transfection cells were treated with auxin.
Efficient SMC5 depletion was observed after one hour of treatment (Fig. 3h, Fig. S4d, e,

Fig. S5c).
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Our results demonstrate functionality of the AID system in mESCs, when TIR1 protein is
expressed constitutively or conditionally from the A1 locus. Furthermore, we show that the
AID system is superior over conventional approaches for perturbing gene functions and
allows for rapid degradation of stable proteins.

3.4. AID system allows for rapid evaluation of SMC5 depletion phenotype

In a previous study, we showed that conditional mutation of Srm¢5in mESCs using
tamoxifen-inducible recombinase results in chromosome missegregation, mitotic catastrophe
and cell death, observable four to five days after the initiation of tamoxifen treatment
(Pryzhkova and Jordan, 2016). In contrast, significant decrease in cell number was readily
detected two days after auxin treatment (Fig. 4a). Smc5-A/Dhomozygous B6Y1-TIRL
mMESCs treated for two and five days with auxin showed decline in cell numbers by 2.4- and
14-fold, respectively, compared to untreated control (Fig. 4a). Cell growth was not
significantly affected in auxin-treated Smc5-A/D heterozygous cells (Fig. 4a).
Complementing our previous findings, we observed an increase in chromosome
missegregation, lagging chromosomes and DNA bridges during mitosis (Fig. 4b, ¢). More
specifically, 66% of abnormal mitotic cells were observed as early as 12 h after auxin
treatment. The percentage of cells with mitotic abnormalities increased to 85% after 48 h, in
striking contrast to an average of 28% for control cells (Fig. 4b).

These results confirm the crucial role of the SMC5/6 complex in maintenance of genome
integrity in pluripotent stem cells, as well as underline the superiority of the AID system
over conventional techniques used to evaluate protein functions.

3.5. Incorporation of AID system into hESCs

Introducing the AID system into hESCs provides the opportunity to investigate functions of
diverse proteins not only in stem cells, but also their differentiated derivatives, in a
physiologically-relevant and human species-specific manner (Avior et al., 2016; Gabdoulline
et al., 2015). So far, the use of the AID system in hESCs has been limited, and further
improvement is needed to extend its applications in human stem cell research (Brosh et al.,
2016; Sybirna et al., 2020). Previous work has relied on random integration of 7/R1
expression cassette using a lentiviral vector or the PiggyBac transposon system (Brosh et al.,
2016; Sybirna et al., 2020). However, random integration of a transgene introduces
uncertainty and variability and can have undesired consequences (Irion et al., 2007; Sakurai
et al., 2010; Smith et al., 2008; Staal et al., 2008). Therefore, we sought to incorporate
constitutive 7/R1 transgene into the human A1 locus, which has been reported as a safe,
transcriptionally active locus providing robust expression of inserted transgenes in hESCs
(Zhu et al., 2014). We have previously shown that the A1 locus can be targeted using
CRISPR-Cas9 approach and allows for stable constitutive expression of fluorescent proteins
in hESCs (Pryzhkova and Jordan, 2020). Therefore, we incorporated a 7/R1 expression
cassette into the A7 locus using the same strategy as described for mESCs (Fig. 5a). After
selection with puromycin, we genotyped drug-resistant clones to confirm transgene
integration (Fig. 5b, Fig. S6a, b). Five from eight successfully targeted heterozygous clones
demonstrated sustained TIR1 expression (Fig. 5¢).
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To validate the functionality of the AID system, we tagged SMC6in hESCs stably
expressing TIR1. We used a single gRNA to make a DNA double-strand break near the stop
codon. The donor construct contained the codon-optimized minimal-required AID degron
(AID46) followed by a DDK tag and floxed neomycin resistance cassette (Fig. 5d) (Lambrus
et al., 2018). Successful SMC6targeting was confirmed by genotyping and protein
expression analysis (Fig. 5e, f, Fig. Séc, d). Similar to the phenotype observed with mESCs,
SMC6 depletion dramatically affected hESC proliferation (Fig. S7a). Auxin treatment of
parental TIR1-expressing hESC line did not cause negative effects on cell growth (Fig. S7b).

Next, we performed subcloning of the mixed population of cells and established
heterozygous (15 clones) and homozygous (13 clones) SMC6-A/D cell lines. Cell lines were
genotyped, and AID-tagged version of SMC6 was confirmed by western blot (Fig. 5g, h,
Fig. S6e). SMC6 depletion was observable after 2-3 h of auxin treatment and appeared to be
less efficient compared to one hour in mouse ESCs (Fig. 5i, Fig. S6f, Fig. 3d, f, h).

Thus, we have shown that the human A7 locus can be successfully utilized for integration
of 7/R1transgene. Furthermore, we have demonstrated that the AID system can be
employed for studying SMC5/ 6 complex functions in hESCs.

4. Discussion

The AID system ensures specific, fast, titratable, and reversible degradation of a target
protein and affords the opportunity to investigate complex biological processes in a fine-
tuned manner in mammalian ESCs (Fig. 6). Limited studies have employed the AID system
to investigate ESC genomic organization, DNA damage response, factors required to
maintain stem cell pluripotency, as well as human germ cell specification (Brosh et al.,
2016; Friman et al., 2019; Nora et al., 2017; Sybirna et al., 2020). Early reports utilizing the
AID system in somatic, cancer and ES cells relied on expression of an AlD-tagged transgene
and the suppression of endogenous gene function by RNAI, which greatly limited
applications of the AID system (Brosh et al., 2016; Holland et al., 2012; Nishimura et al.,
2009). The development of CRISPR-Cas9 genome-editing technology has streamlined the
process of endogenous gene tagging in mESCs (Baker et al., 2016; Natsume et al., 2016).
However, optimal integration site for 7//R1 expression cassette still needs further
improvement. The sustained expression of auxin-interacting F-box protein TIR1 is a
requisite for efficient AlD-tagged protein degradation by the proteasome (Nora et al., 2017).
Initial experiments in human somatic cells employed random, virus-mediated 7/R1
transgene integration (Holland et al., 2012; Lambrus et al., 2015). Later, the AAVSI safe
harbor locus was evaluated and used for defined TIR1 expression (Li et al., 2019; Natsume
et al., 2016; Sathyan et al., 2019). However, prior to our work, only random lentivirus and
transposon- based incorporation of 7/R1 expression cassette was utilized in hESCs (Brosh et
al., 2016; Sybirna et al., 2020). These approaches can result in the disruption of endogenous
genes, multiple integration sites and variegation of transgene expression, potentially
resulting in obscured phenotypes (Irion et al., 2007; Nora et al., 2017; Sakurai et al., 2010;
Smith et al., 2008; Staal et al., 2008). In mESCs, 7/R1 transgene was integrated into
commonly used Rosa26 and T/GRE loci using CRISPR- Cas9 (Baker et al., 2016; Nora et
al., 2017). Although, 7/GRE was reported to be preferential for TIR1 expression in mESCs
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over RosaZ6, both loci are positioned in endogenous genes and transgene expression is
affected by the local transcriptional activity (Casola, 2010; Strathdee et al., 2006; Zeng et al.,
2008).

In our study we used CRISPR-Cas9 technique and chose dual gRNA approach to
incorporate 7/R1 expression cassette into human and mouse safe-harbor locus H21 (Chen et
al., 2015; Qji et al., 2016). The A1 locus has been reported to be superior to other
commonly used loci in mouse and human genomes due to intergenic location, stable
transgene expression, and higher targeting efficiency (Hippenmeyer et al., 2010; Tasic et al.,
2011; Zhu et al., 2014). We have successfully generated homozygous and heterozygous
TIR1 transgenic mESC lines and demonstrated stable protein expression in cell lines with
constitutive and conditional 7/RZ1 expression. A previous study utilizing random 7/R1
integration in mESCs has mentioned downregulation of TIR1 protein levels upon
differentiation into neural lineage (Nora et al., 2017). We confirmed the persistence of TIR1
after continuous mESC culture under neural differentiation conditions, albeit at lower levels
(Fig. S2d, e).

To evaluate the AID system functionality, we AlD-tagged core proteins of SMC5/6 complex
in mouse and human ESCs. Our previous studies have shown that SMC5 and SMC6 proteins
are very stable and require extended time to undergo degradation (Hwang et al., 2017;
Pryzhkova and Jordan, 2016; Gaddipati et al., 2019). Attempts to study SMC5/6 functions in
human somatic cells using RNAi approach appeared complicated due to off-target effects
and induction of non- related phenotypes (Wu et al., 2012). Moreover, the phenotype
observed after SMC5/6 protein depletion using approaches acting at DNA and RNA level
seems to be species- and cell type-dependent (Fazzio and Panning, 2010; Gallego-Paez et
al., 2014; Nishide and Hirano, 2014; Stephan et al., 2011). Initially, we employed a
tamoxifen-inducible conditional knockout strategy to investigate the role of SMC5/6
complex in mESCs and embryonic fibroblasts. While efficient genomic DNA excision and
protein depletion requires two days in mESCs, up to five days is needed for mouse
fibroblasts (Gaddipati et al., 2019; Pryzhkova and Jordan, 2016). Here, we have
demonstrated that the AID system outperforms traditional approaches employed for SMC5/6
complex studies. The AID system allows for degradation of highly stable proteins within
only one hour of auxin addition and detection of a distinct phenotype, such as inability to
segregate chromosomes properly, as early as twelve hours after auxin addition (Fig. 4b, c).
Moreover, we have demonstrated the applicability of the AID system for SMC6 protein
depletion in hESCs (Fig. 5i, Fig. S6f). Previous studies have shown that ubiquitous
expression of TIR1 can cause auxin-independent “basal degradation” of some proteins of
interest, leading to the recent development of systems with improved control (Li et al., 2019;
Natsume et al., 2016; Sathyan et al., 2019; Yesbolatova et al., 2019). However, we did not
observe a significant effect of this phenomenon in our study, likely due to the stability and
high expression of SMC5 and SMC6 proteins.

While ESCs have enormous potential for reconstructing biological processes in cell culture
in vitro, mice continue to be the most widely used system for /n vivoresearch (Ericsson et
al., 2013; Gerlai, 2016). Current studies utilizing the AID system are limited to research on
mouse oocytes and early developmental stage embryos, and evaluation of phenotype by
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means of fluorescence microscopy (Borsos et al., 2019; Camlin and Evans, 2019; Gu et al.,
2018; Miura et al., 2018). The generation of mouse models with an integrated AID system
provides the opportunity to study protein functions in a timely manner at an organism level
(Fig. 6). Ubiquitous expression of TIR1 would allow for the simultaneous depletion of a
protein of interest in the whole organism, whereas conditional Cre-mediated TIR1
expression would be more suitable for loss-of-function experiments in specific tissues.
Numerous mouse strains carrying Cretransgene regulated by tissue-specific promoters have
been developed (Kim et al., 2018). This widely extends applications of mouse models with
an integrated AID system. In our study, we have generated transgenic mouse strains with
either constitutive or conditional 7/RZ expression. We have shown that constitutive
transgene expression is readily detected at RNA level in different tissues of mice, and 7/RI
expression can be activated /n vivo using tissue-specific Cre recombinases. Furthermore, we
have demonstrated stable transmission of the functional transgene to progeny.

Further studies are needed to assess TIR1 expression in mouse tissues at the protein level
and to assess the functionality of the AID system /n vivo. Generation of mice with an
integrated AID system requires AlD-tagging of the gene of interest. The development of
CRISPR-Cas9 technology has made mouse genome targeting in zygotes more simple and
efficient compared to traditional approaches, including pronuclear microinjection of
recombinant DNA or blastocyst injection with mESCs preselected for the desired transgene
(Chen et al., 2016; Qin et al., 2015; Troder et al., 2018; Wang et al., 2016). CRISPR-Cas9
technology currently allows tagging of endogenous mouse genes precisely and with high
efficiency using PCR-amplified DNA oligonucleotides up to 1 kb long with only ~ 35 bp
homology arms (Paix et al., 2017). The length of commonly used truncated AID tags ranges
from 132 bp to 204 bp (Brosh et al., 2016; Lambrus et al., 2018; Morawska and Ulrich,
2013; Natsume et al., 2016). Thus, AlID tagging endogenous genes of interest in mouse
zygotes obtained from TIR1-expressing mice shows promise to be feasible and efficient

(Fig. 6).

Auxin is inexpensive, widely available and can be administered to mice at doses exceeding
50 mg/kg per day without adverse effects during fetal or post-natal development (John et al.,
1979; Mourd&o et al., 2009). Since the AID system has not been tested in mice, further
adjustments of auxin doses will be required to obtain satisfactory protein depletion.
Alternatively, the AID system can be utilized in ex vivo organotypic culture, often required
in mouse research (Croft et al., 2019; Sato et al., 2015; Shamir and Ewald, 2014).

In closing, we have evaluated the A1 locus for ubiquitous and conditional 7/R1 expression
in mouse and human ESCs, as well as in mice. We have demonstrated the superiority of the
AID system over traditional approaches for loss-of function studies of stable proteins. We
believe that the research tools we have developed can help advance stem cell research and be
extended to /n vivo experiments in mice.
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Fig. 1.

Integration of 7/R1 expression cassette into mouse A1 locus and evaluation of protein
expression. (a) Schematic representation of A1 locus targeting strategy and DNA donor
construct design. (b) An example of expected PCR products used for the identification of
targeted homozygous (Hom) and heterozygous (Het) mESC clones. Arrows indicate 2782 bp
wild type (WT), 1607 bp deletion (Del), and the two insertion (Ins) bands, 1027 bp (3" arm)
and 922 bp (5" arm). (c) Western blot analysis of TIR1 expression in B6Y1-TIRl homozygous
(Hom) and heterozygous (Het) mESC clones using anti-HA tag antibodies, a-tubulin was
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used as a loading control. Numbers above each lane represent the clone isolate number. (d)
Genotyping of homozygous (Hom, VV2-5) and heterozygous (Het, VV2—-6) 129V2-TIRl mgSC
clones showing expected PCR products upon Cre-mediated STOP cassette excision 12 and
24 h post-transfection. Arrows show 1652 bp fragment indicative of 7/R1 transgene with
present STOP cassette (No excision) and 269 bp fragment indicative of 7/R1 transgene with
excised STOP cassette (Excision). (e) Western blot analysis of TIR1 expression in
homozygous (Hom, VV2-5) and heterozygous (Het, VV2—6) 129V2-TIRL mESCs 12 and 24 h
post-transfection. -actin served as a loading control. B6V1-TIRI mESCs were used as a
control for TIR1 expression. Full-length blots are presented in Fig. S8.
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Fig. 2.

E\?aluation of T/R1transgene expression in mice. (a) An outline of B6V1-TIR1 and
129VZTIR transgenic mice analysis. (b) Western blot analysis of TIR1 expression in mESCs
derived from B6Y1-TIR1 and 129V2-TIR1 transgenic mice with or without the floxed STOP
cassette, which was excised /n vivo. (¢) RT-PCR analysis of 7/R1 expression in different
tissues from wild type (WT) and B6V1-TIRL transgenic mice: primary cultures of lung cells,
tail tip fibroblasts (TTF) and cortex tissue. Mice were analyzed at postnatal day 2 through
day 10. Two pairs of primers (7/R1-1 and 7/R1-2) were used to detect RNA expression of
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TIR1. Gapdhwas used as an internal control. Reverse transcriptase-negative reactions are
provided for each sample. B6V1-TIRI mESCs were used as a positive control for 7/R1
expression (d) PCR genotyping of 12.5 dpc wild type (WT) and 129V TIR embryonic
cortices showing /in vivo excision of the floxed STOP cassette, mediated by EmxZ-Cre. Two
WT and two 129V TIRL mice from breeding with £mx-Cre mice were used for analysis.
Arrows show 420 bp internal PCR control (Cpxm) band (Control), 281 bp Cretransgene
(Cre), 1652 bp fragment of 7/R1 transgene with STOP cassette (No excision) and 269 bp
fragment of 7/R1 transgene with excised STOP cassette (Excision). (e) RT-PCR analysis of
TIR1 expression in 12.5dpc wild type (WT) and 129V2-TIRL embryonic cortices from (d).
Full-length blot and gels are presented in Fig. S10.
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Fig. 3.

Smc5 locus targeting and evaluation of auxin-mediated protein degradation. (a) Schematic
representation of Smc5locus targeting strategy and DNA donor construct design. (b) An
example of expected PCR products used for the identification of targeted homozygous
(Smc5Hom) and heterozygous (Smc5 Het) mESC clones: 746 bp and 1020 bp wild type
(WT) fragments, 1641 bp - integration at 3"arm site (3") and 1775 bp - integration at 5" arm
site (5"). (c) PCR genotyping of H11 and Smc5locus of wild type (WT), parental B6V1-TIR1
V1-13 7/R1homozygous ( 7/R1 only) and its derivatives Smc5-A/D homozygous (Smc5
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Hom) and heterozygous (Smc5 Het) mESC lines. Arrows indicate the presence or absence of
characteristic wild type (WT) and transgene insertion (Ins) bands. (d) Western blot analysis
of auxin (IAA)-induced SMC5-AID protein depletion at 30 min, 1 h, and 2 h of treatment in
B6V1-TIRL mESCs from (c). SMC5-AID protein levels were assessed using anti- SMC5 and
anti-DDK antibodies. Unt — cells not treated with auxin. () PCR genotyping of AZZ and
Smc5locus of wild type (WT), parental B6V1-TIR1 \/1-19 7/R1 heterozygous ( 7/R1 only)
and its derivatives Smc5-A/D homozygous (Sme5Hom) and heterozygous (Smc5 Het)
mESC lines. Arrows indicate the presence or absence of characteristic wild type (WT) and
transgene insertion (Ins) bands. Genotyping results of A7 locus for “ 7/R1 only” sample
was enhanced to show the presence of the WT band. (f) Western blot analysis of auxin
(IAA)-induced SMC5-AID protein depletion at 30 min, 1 h, and 2 h of treatment in
B6V1-TIRI mESCs from (e). SMC5-AID protein levels were assessed using anti-SMC5 and
anti-DDK antibodies. Unt — cells not treated with auxin. (g) PCR genotyping of HZZ and
Smc5 locus of Sme5-AlD homozygous (Sme5Hom) and heterozygous (Smc5 Het) mESC
lines derived from parental 129V2-TIR1 \y2_1 T/R1 heterozygous mESC line. Arrows
indicate the presence or absence of characteristic wild type (WT) and transgene insertion
(Ins) bands. (h) Western blot analysis of SMC5-AID protein depletion in 129V2-TIRL mESCs
from (g). At 24 h post-transfection with Cre recombinase cells were treated with auxin
(IAA) for 1 h and 3 h. SMC5-AID protein levels were assessed using anti-SMC5 antibodies,
TIR1 upregulation was detected using anti-HA tag antibodies. B6V1-TIRl mESCs were used
as a control for wild type SMC5 and TIR1 expression. Full- length blots are presented in
Fig. S11.
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Fig. 4.
Evaluation of SMC5 depletion phenotype in mESCs. (a) Quantification of cell growth in

SMC5-depleted and control B6Y1-TIRI mESCs at two and five days of auxin (IAA)
treatment. Unt — cells not treated with auxin. Smc5Het and Smc5Hom — Smc5-AlD
heterozygous and homozygous mESCs, respectively. Data are shown as the mean + SEM (n
= 4). Asterisks (*) indicate significant differences between groups (*p = 0.0104, ***p =
0.0005, ns — not significant, unpaired two-tailed Student’s #test). (b) Twelve to sixteen hours
after passaging parental B6V1-TIRl mESCs ( 7/R1 only) and its derivatives Smc5-AlD
homozygous (Smc5Hom) and heterozygous (Smc5 Het) mESCs were treated with auxin for
12, 24 and 48 h. Not treated with auxin cells (Untreated) were harvested at 48 h. The graph
shows quantification of anaphase cells undergoing normal and abnormal mitosis. Data are
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shown as the mean + SD (n = 3). Asterisks (*) indicate significant differences between
groups (***p <0.00047, Pearson’s chi-squared test with Yates’ continuity correction). (c)
Representative images of mitotic cells: normal anaphase, missegregation, lagging
chromosomes and anaphase bridges. Scale bar represents 10 um.
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Fig. 5.

Integration of AID system into hESCs. (a) Schematic representation of A1 locus targeting
strategy and DNA donor construct design. (b) The example of expected PCR products used
for the identification of 7//R1 transgenic hESCs. Arrows indicate 2204 bp wild type (WT)
and 1017 bp (3" arm) and 911 bp (5" arm) insertion (Ins) bands. Het — heterozygote. (c)
Western blot analysis of TIR1 expression in hESC clones using anti-HA tag antibodies, a-
tubulin was used as a loading control. Numbers above the panel represent the clone isolate
number. (d) Schematic representation of SMC6 locus targeting strategy and DNA donor
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construct design. (e) PCR genotyping of SMC6-A/D and T/R1 transgenic hESCs. SMC6-
A/IDonly and 7/RI only transgenic hESCs served as controls. Expected PCR products for
the identification of SMC6-A/D transgenes are as follows: A/D-tag 558 bp, DDK tag 605
bp, neomycin selection cassette (Neo) 927 bp and 923 bp wild type (WT). (f) Western blot
analysis of AID- and DDK-tagged SMC6 expression in transgenic hESCs. SMC6-AID
protein levels were assessed using anti-SMC6 and anti-DDK antibodies. (g) Example of
expected PCR products used for identification of SMC6-AID and -DDK-tagged
homozygous (Hom) and heterozygous (Het) transgenic hESCs. Not subcloned SMC6-AID +
TIR1 cells (mix) were used as a control. Band sizes are described in (b) and (e). (h) Western
blot analysis showing characteristic bands for wild type, heterozygote and homozygote
SMC6-AID cell lines, respectively. SMC6 protein levels were assessed using anti-SMC6
antibodies. (i) Western blot analysis showing the depletion of AID-tagged SMC6 protein in
homozygous cell line upon auxin addition. Full-length blots are presented in Fig. S12.
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Summary of proposed applications of AID technology in stem cell research and transgenic
mice. hESCs with integrated AID system can be differentiated directly into tissue-specific
cell types or in 3D organoid culture and used for multiple applications, such as studying
gene and protein functions, disease modeling and developmental studies. Mice with
integrated AID system offer an opportunity to study protein functions /n vivo and model
diseased phenotypes at an organism or organ level. AID tagging of mouse endogenous genes
can be efficiently performed by co-electroporating CRISPR-Cas9 system components and
donor DNA oligos into zygotes. Constitutive or conditional (Cre-mediated) 7//R1 expression
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can be employed to perform the research in a tissue or cell type-specific manner. RNP —
ribonucleoprotein consisting of the Cas9 protein in complex with a targeting gRNA, GOI-
AID - gene of interest tagged with AID, POI-Cre — Cre recombinase expression driven by
the promoter of interest.
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