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ABSTRACT
Endogenous tagging using CRISPR/Cas9 to study protein localization

across human cell types

Mathieu Husser, Ph.D.
Concordia University, 2023

Gene editing technologies have facilitated the genetic manipulation of cells to study
proteins by generating knockouts, point mutations and endogenous tags. Amongst precise edits,
endogenous tags provide valuable tools to study protein localization in live cells. However, precise
gene editing is inefficient in mammalian cells, and generating edited cell lines is time-consuming.
Therefore, most studies of cellular processes in human cells rely on other methods such as over-
expression, and use cancerous or transformed cell lines that are easy to manipulate. For example,
cytokinesis, the physical separation of a cell into two daughter cells at the end of mitosis, is mainly
understood in the context of cancerous HeLa cells. In this thesis, I present tools and protocols to
tag proteins endogenously in multiple human cell lines, which enables the study of cytokinesis
proteins in their native cellular context. I first generated endogenous tags using CRISPR/Cas9
(clustered regularly interspaced short palindromic repeats; CRISPR-associated protein 9) to study
protein localization during cytokinesis in different human cell lines. By characterizing cytokinesis
parameters, I found that cytokinesis occurs differently in different cell lines, suggesting that the
underlying mechanisms regulating cytokinesis differ with cell type. I then engineered an iPS cell
line that facilitates large-scale endogenous tagging by taking advantage of a split mNeonGreen
protein where the tagging fragment is short. Endogenous tagging with this system is efficient and

can be scaled up for high-throughput editing and screening. This work provides new tools to study
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protein localization during cytokinesis and other cellular processes in human cells. It also enables
comparative studies of cellular processes across human cell types to understand cellular function

on the scale of all human cell types.
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CHAPTER 1

Introduction

Adapted from: Husser, M. C., Skaik, N., Martin, V. J. J., & Piekny, A. (2021, Apr 15). CRISPR-

Cas tools to study gene function in cytokinesis. J Cell Sci, 134(8).

1.1 Preamble

Recent advances in gene editing have revolutionized our ability to manipulate genomes.
Gene editing tools can be used to generate gene knockouts or introduce point mutations or knock-
ins at precise genomic locations to help study how cells function. However, precision gene editing
is challenging in cultured mammalian cells. In this thesis, I aimed to use gene editing tools to
facilitate the study of proteins in human cells. I focused on endogenous tagging to visualize
proteins of interest at endogenous expression levels in live cells. In this chapter, I review the use
of common gene editing tools and their limitations in mammalian cells. I also discuss the use of
gene editing to generate endogenous tags to study proteins function in mammalian cells, with a
focus on cytokinesis. This literature review provides the rationale for the work presented in
Chapters 2 and 3, where I generated a number of endogenously-tagged human and mammalian

cell lines and used them to study cytokinesis across multiple cell types.

1.2 Gene editing using CRISPR/Cas9
1.2.1 CRISPR/Cas9
Gene editing technologies rely on the ability to introduce DNA damage at specific genomic

sites and take advantage of DNA repair pathways to introduce the desired changes. Early gene



editing tools consisted of site-specific nucleases or nucleases fused to DNA-binding domains
engineered to target desired genomic sites (generally 500 bp to 1 kb; Adli, 2018). However, these
tools were difficult to reprogram to target new genomic sites (Gupta & Musunuru, 2014). Since
their development in 2012, CRISPR/Cas (clustered regularly interspaced short palindromic
repeats; CRISPR-associated proteins) tools have revolutionized gene editing thanks to their ability
to be easily reprogrammed to target any desired genomic site (Jinek et al., 2012). The most widely
used CRISPR system for gene editing is derived from Streptococcus pyogenes, where its primary
function is to confer bacterial immunity against viruses (Wiedenheft et al., 2012). This system
consists of an RNA-guided endonuclease (SpCas9; generally referred to as Cas9) in complex with
a gRNA (guide RNA; Jinek et al., 2012; Wiedenheft et al., 2012). In the native system, gRNAs
are made up of a crRNA (CRISPR RNA), which directs Cas9 enzyme to a specific target site, and
tracrRNA (trans-activating CRISPR RNA) that mediates interactions with Cas9 (Jinek et al.,
2012). To facilitate their use for gene editing, the crRNA has been fused with the tracrRNA for
their expression as a single molecule referred to as sgRNA (single guide RNA; Jinek et al., 2012).
The sgRNA contains a 20-nucleotide spacer sequence that recognizes a complementary target
sequence (also called protospacer; Fig. 1.1). Cas9 is directed to the genomic target site by the
sgRNA, where Cas9 cleaves the target dsSDNA (double-stranded DNA), resulting in a double-
stranded break (DSB; Fig. 1.1). Cas9 also requires a PAM site (protospacer-adjacent motif; NGG
sequence for SpCas9) to be directly adjacent to the protospacer sequence for cleavage (Fig. 1.1).
Cas9 typically generates blunt DSBs 3 base pairs (bp) upstream of the PAM site within the
protospacer sequence (Fig. 1.1; Jinek et al., 2012). This tool can be reprogrammed to target any
site that is adjacent to a PAM site by changing the sgRNA spacer sequence (Fig. 1.1; Cong et al.,

2013; Jinek et al., 2012; Mali et al., 2013; Pickar-Oliver & Gersbach, 2019).
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Figure 1.1. Gene editing using CRISPR/Cas9. Schematic representation of Cas9 targeting and
DNA repair to introduce different mutations. Cas9 locates the target site (protospacer) dictated by
the sgRNA spacer sequence. Cas9 generates a DSB at the target site, which can be repaired using
a repair template by HDR (green box, left) or without by NHEJ (pink box, right). In HDR, after



end resection, SSTR can repair DSBs using a homologous ssDNA repair template, while HR can
repair the DSB using a homologous dsDNA repair template. Both strategies will introduce
mutations from the repair templates in a precise manner at the target site. In NHEJ, the free DNA
ends are ligated ends back together, which can result in the introduction of indel mutations around
the DSB site. Alt-EJ can also repair DSBs using microhomologies on either side of the break,
resulting in short deletions. Finally, gene editing using CRISPR/Cas9 can also lead to unwanted
mutations (grey box, bottom), including on-target large-scale re-arrangements or incorrect
integrations, or off-target indel mutations or random integrations.
1.2.2 Other CRISPR systems for gene editing

Many CRISPR systems have been identified in bacteria, archaea and viruses, which have
been classified based on their components, organisation and sequence similarity (Makarova et al.,
2020). Type II and V CRISPR systems are often used for gene editing as they rely on a single
effector enzyme to target DNA and sometimes RNA (Cas9 in type II systems and Cas12 in type
V systems). Meanwhile, type I, III and IV CRISPR systems rely on multi-protein effector
complexes, and type VI systems exclusively target RNA. Staphylococcus aureus Cas9 (SaCas9)
has been used as a smaller alternative to SpCas9 (1053 amino acids compared to 1368 amino acids
for SpCas9), which allows it to be packaged into AAV (adeno-associated virus) vectors that carry
up to 5 kb of cargo (Friedland et al., 2015). SpCas9 and SaCas9 have similar activity, but SaCas9
recognizes NNGRRT PAM sequences (Friedland et al., 2015). Other small Cas9 enzymes have
been characterized, which cover a range of PAM sites but are less well characterized (Anzalone et
al., 2020). Type V systems use Cas12 as an effector enzyme and mainly target DNA (Anzalone et
al., 2020; Makarova et al.,, 2020). Amongst Casl2 enzymes, Casl2a derived from
Acidaminococcus sp. BV3L6 and Lachnospiraceae bacterium ND2006 have been more popular
for gene editing (Friedland et al., 2015). Cas12a enzymes are similar in size to Cas9 (1307 and

1228 amino acids, respectively) and require T-rich PAM sequences (TTTN and TTTV,

respectively). Moreover, Cas12a can process ctrRNA arrays (pre-crRNA) into individual crRNAs



that function as gRNAs without a tractrRNA (Paul & Montoya, 2020). This facilitates multiplexed
gene editing where multiple gRNAs are delivered in one array and processed into individual
crRNAs by Casl2a before editing (Campa et al., 2019). Casl2a also generates staggered DSBs
with 4 -5 bp overhangs, as opposed to the blunt DSBs generated by Cas9. The characterization of
different CRISPR/Cas systems with different PAM sites provides more options for target site
selection. However, the S. pyogenes CRISPR/Cas9 system is most characterized system for gene
editing, with many datasets, tools and protocols that can be used to inform new editing

experiments.

1.2.3 DNA damage repair pathways

Gene editing tools induce DNA damage and take advantage of DNA repair pathways to
introduce desired mutations. DSBs are typically repaired by NHEJ (non-homologous end-joining)
or HDR (homology-directed repair; Yeh et al., 2019). Canonical NHEJ (¢c(NHEJ) repairs DSBs by
ligating two blunt ends together (Fig 1.1). Free DNA ends are first recognized by the Ku70/Ku80
protein complex, which recruits DNA-PKcs (DNA-dependent protein kinase catalytic subunit) to
form the DNA-PK complex. This complex then recruits several proteins, including DNA ligase
IV, to ligate the ends back together (Yeh et al., 2019). The protein 53BP1 is also recruited to DSB
sites and inhibits competing repair pathways (Shibata, 2017). Although cNHEJ generally repairs
DSBs correctly, nucleotides can be removed or added to the DNA ends before ligation, resulting
in short insertions or deletions (indel mutations; Fig 1.1; Mali et al., 2013). Another pathway called
alternative end-joining (Alt-EJ; also referred to as alt-NHEJ or MMEJ) can repair DSBs using
short microhomologies (5-25 bp) on either side of the break, causing the loss of intervening

sequence to form short deletions (Yeh et al., 2019). In the Alt-EJ pathway, short-range end



resection of the free 5’ ends is carried out by the MRN (MRE11-RADS50-NBS1) complex, which
is activated by CtIP and BRCA1. End resection exposes microhomologies that can anneal together.
Any remaining flaps are then removed by an endonuclease, gaps are filled by polymerase 6, and
DNA ligase I or III ligate the break (Yeh et al., 2019). BRCA1 is antagonized by 53BP1, which
prevents resection during cNHEJ (Ackerson et al., 2021). The competition between 53BP1 and
BRCA1 establishes the decision point between cNHEJ, which requires blunt DNA ends, and Alt-
EJ or HDR, which require resected ssDNA (single-stranded DNA) ends. Indel mutations resulting
from Alt-EJ and cNHEJ are broadly classified as NHEJ mutations. Indel mutations introduced
within the coding sequence of a gene can result in frame-shifts and gene loss-of-function (Cong et
al., 2013). Because NHE] is the predominant repair pathway in most animal cells, it is the easiest
way to generate loss-of-function mutations. Alternatively, DSBs can be repaired by HDR
(homology-directed repair), which employs a repair template homologous to the damaged region
(Wright et al., 2018). Homologous sister chromatids are generally used for HDR, so this pathway
is only active in S and G2 phases of the cell cycle. For precision gene editing, synthetic repair
templates can be provided to repair the DSB and introduce the desired mutations (Fig. 1.1; Verma
et al., 2017). Repair templates are designed to carry the desired mutations flanked by homology
arms that match the sequence on either side of the DSB. During HDR, short-range end resection
by the MRN complex is followed by long-range resection performed by the EXO1 or DNA2
nucleases, which generates ssDNA tails that are stabilized by RPA proteins (Yeh et al., 2019).
Different HDR pathways are involved in the repair of DNA damage using ssDNA or dsDNA repair
templates. SSTR (single-stranded templated repair) uses a ssDNA repair template and requires
short homology arms for repair (40-80 bp; Fig. 1.1). For this reason, ssODNs (single-stranded

oligodeoxyribonucleotides) are used to introduce point mutations and small knock-ins (<100 bp;



Fig. 1.1; Glaser et al., 2016; Yu et al., 2016). During SSTR, RAD52 mediates the annealing of a
free ssDNA tail, either generated by end resection or directly released by Cas9, to a homologous
ssODN molecule (Yeh et al., 2019). The DNA end is then extended by replicating the ssODN
before dissociating, and the DNA ends are ligated together. ssODNs are generally short (<200 bp),
so dsDNA repair templates (referred to as dsSODNs; double-stranded oligodeoxynucleotides) are
required to carry larger integrations (>200 bp). HR (homologous recombination) uses dsODNs for
repair and requires long homology arms (generally 500 bp to 1 kb). HR comprises multiple related
pathways that result in the repair of DNA breaks by replicating a homologous repair template
(Wright et al., 2018). RPA proteins are first displaced by BRCA2 and replaced with RADS51, which
directs the search for homologous sequences (Yeh et al., 2019). When a homologous sequence is
found, strand invasion occurs, and the free DNA end is extended by polymerase 8. The other DSB
end may undergo strand capture and be extended from the repair template as well. Finally, the
extended DSB ends can anneal and are ligated by DNA ligase I (Yeh et al., 2019). HDR can be
used to introduce precise mutations using repair templates, but it is far less efficient than NHEJ in

mammalian cells, making precision gene editing challenging to achieve.

1.3 Challenges of gene editing
1.3.1 Delivery

Despite the advantages of CRISPR/Cas9 over other gene editing tools, several bottlenecks
limit its widespread use. The methods employed to deliver CRISPR components and repair
templates into cells can be inefficient and/or toxic. The most common approach is to transfect cells
with plasmids expressing Cas9 and a sgRNA, where different sgRNA spacers can easily be cloned

to target specific sites. However, these plasmids are generally large (>8 kb), which results in low



transfection efficiency and high toxicity. On the other hand, the transfection of Cas9 mRNA or
purified Cas9/sgRNA RNP (ribonucleoprotein) complexes results in higher editing efficiency and
lower toxicity compared to plasmid delivery (Kagita et al., 2021; Kim et al., 2014; Liang et al.,
2015). mRNA molecules are less toxic than plasmid DNA, and only need to be delivered to the
cytosol for expression (Sinclair et al., 2023). Meanwhile, Cas9/sgRNA binding can be inhibited
by intracellular RNA molecules, so pre-assembled Cas9/sgRNA RNP complexes are more active
than Cas9 and sgRNAs expressed intracellularly (Kagita et al., 2021; Kim et al., 2014). To
maximize the delivery of CRISPR components, electroporation methods are preferred as they
provide high transfection efficiency and low toxicity (Ghetti et al., 2021; Xu et al., 2021). Viral
transduction is also highly efficient, but some viral vectors have restrictions in cargo size and/or
can integrate into the genome (Asmamaw Mengstie, 2022). Importantly, viral delivery also
requires the generation of viral particles prior to editing. Today, the electroporation of
Cas9/sgRNA RNP complexes, along with the delivery of repair templates either by co-
electroporation or by AAV transduction is the gold standard for gene editing in cultured

mammalian cells.

1.3.2 Targeting efficiency

The efficiency of gene editing using CRISPR/Cas9 is also affected by how efficiently Cas9
cuts DNA at the target site. Cutting efficiency (or targeting efficiency) is dependent on sgRNA
expression and RNP complex formation (Kagita et al., 2021; Mefferd et al., 2015), spacer sequence
(Xu et al., 2015) and chromatin accessibility at the target site (Horlbeck et al., 2016; Kuscu et al.,
2014; Wu et al., 2014). The targeting efficiency of Cas9/sgRNA complexes is determined by the

ability to introduce indel mutations at a target site, as measured by T7 endonuclease I or Surveyor



assays, TIDE (tracking of indels by decomposition) analysis of Sanger sequencing data, or next-
generation sequencing (Sentmanat et al., 2018). Models have been built to predict sgRNA targeting
efficiency based on large-scale sgRNA screens (Concordet & Haeussler, 2018; Cui et al., 2018;
Doench et al., 2016; Hsu et al., 2013; Stemmer et al., 2015). Some tools also predict Cas9 off-
target sites based on similarity with the sgRNA target across the genome (Cui et al., 2018).
Although these tools are useful for design, sgRNA activity can vary and multiple sgRNAs may
need to be tested to find one sgRNA with high cutting efficiency at a desired target site. Using pre-
assembled Cas9/sgRNA RNP complexes can improve cutting efficiency as described earlier
(Kagita et al., 2021; Kim et al., 2014). Moreover, chemical modifications can be added to
chemically synthesized sgRNAs to increase their stability and prevent their degradation, thereby

increasing their efficiency (Allen et al., 2020; Hendel et al., 2015).

1.3.3 Efficiency of precise DNA repair

Although HDR is required to introduce precise mutations using CRISPR/Cas9, this process
is inefficient in mammalian cells. In human cells, HDR activity is restricted to the S and G2 phases
of the cell cycle (Yeh et al., 2019). Moreover, repair by NHEJ is much faster than HDR (as fast as
10 minutes for NHEJ and 7 hours for HDR), and NHEJ proteins inhibit end resection, which is
required for HDR (Fu et al., 2021; Mao et al., 2008; Yeh et al., 2019). Strategies to increase the
frequency of repair by HDR include synchronizing cells in G2 phase using small molecules (Lin
et al., 2014a; Maurissen & Woltjen, 2020), enriching a population of cells in G2 phase by FACS
(fluorescence-activated cell sorting; Yang et al., 2016), or restricting Cas9 activity to the G2 phase
(Gutschner et al., 2016; Matsumoto et al., 2020). These strategies can increase the frequency of

HDR by up to 6-fold, but some cell types are not easily amenable to synchronizing strategies, and



variable effects have been reported in different cell lines (Lin et al., 2014a; Maurissen & Woltjen,
2020; Yang et al., 2016). Another approach is to use small molecule that inhibit NHEJ (Chen et
al., 2022; Chu et al., 2015; Maruyama et al., 2015; Maurissen & Woltjen, 2020; Riesenberg et al.,
2023; Schimmel et al., 2023; Yeh et al., 2019). For example, the small molecules SCR7 and
NU7441 inhibit DNA ligase IV and DNA-PKcs, respectively, and can increase the frequency of
HDR repair by 2- to 3-fold (Maurissen & Woltjen, 2020; Robert et al., 2015; Shams et al., 2022).
The knockdown of NHEJ and Alt-EJ proteins, including Ku70, Ku80, DNA ligase IV and DNA-
PKcs has also been shown to increase the frequency of HDR by up to 3-fold, which can be further
increased by targeting multiple proteins simultaneously (Chu et al., 2015; Paulsen et al., 2017;
Riesenberg et al., 2023; Robert et al., 2015). Similarly, the expression of HDR activators such as
CtIP, RADI18, EXO1 and RADS2, or a dominant-negative S3BP1 protein, increases the frequency
of HDR by up to 3-fold (Canny et al., 2018; Hackley, 2021; Nakade et al., 2018; Nambiar et al.,
2019; Paulsen et al., 2017; Shams et al., 2022). Other strategies have been devised to increase the
frequency of HDR, including melting or crosslinking dsDNA repair templates before transfection
(Ghanta & Mello, 2020; Ghasemi et al., 2023), or co-targeting the repair template to the target site
along with Cas9 (Aird et al., 2018). However, the efficacy of these strategies varies between
different loci and in different cell lines. Overall, using NHEJ inhibitors is the easiest method to
increase the frequency of precise repair by HDR. A new CRISPR/Cas9-based tool termed Prime
Editing (PE) was recently developed, where a Cas9 nickase is used to generate single-stranded
nicks and is fused to a reverse transcriptase to copy desired edits from the 3° end of the sgRNA
(termed pegRNA; Prime Editing gRNA) into the nicked target site (Anzalone et al., 2019). PE
relies on different DNA repair pathways and has demonstrated higher editing efficiency with less

unwanted by-products than HDR (Anzalone et al., 2019; Ferreira da Silva et al., 2022). However,
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although PE provides high editing efficiency to introduce precise point mutations, it does not work
efficiently for integrations larger than 30 bp (Koeppel et al., 2023). Further work is required to
increase the efficiency of precise repair by HDR, and to develop new tools that can introduce a

range of mutations efficiently.

1.3.4 Unwanted editing outcomes

Another challenge with CRISPR/Cas9 editing is that Cas9 can generate DSBs at off-target
sites that closely match the sgRNA target. This can result in the introduction of unwanted indel
mutations at off-target sites (Fig. 1.1; Zhang et al., 2015). To alleviate this, sgRNA design software
often generates off-target scores that consider the number of putative off-target sites across the
genome of interest, and their similarity to the sgRNA target site (Cui et al., 2018). A good sgRNA
should have few predicted off-target sites with low scores or low similarities to the sgRNA target.
Several Cas9 variants have been engineered to have increased specificity by reducing the
frequency of off-target cutting (Slaymaker & Gaudelli, 2021). One of these variants, HypaCas9,
was engineered to enhance its proofreading mechanism, thereby reducing the frequency of
cleavage at mismatched target sites (Chen et al., 2017). Such variants have higher specificity,
measured as the ratio of on-target mutations to off-target cutting, but may also display reduced on-
target activity compared to WT Cas9 (Kim et al., 2023; Vakulskas et al., 2018). Alternatively,
using a Cas9 nickase variant to target two adjacent sites on opposite strands of the DNA will result
in on-target editing without significant off-target mutations (Ran et al., 2013a). In this approach,
two adjacent nicks generate a staggered DSB that can be repaired by NHEJ or HDR. Meanwhile,
off-target cleavage would likely only occur with one of the sgRNAs, resulting in a single-stranded

nick that is easily repaired in an error-free manner (Ran et al., 2013a).
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Another concern is that DNA molecules used for editing (plasmids expressing Cas9 and/or
sgRNAs and repair templates) can be randomly integrated into the genome (Arias-Fuenzalida et
al., 2017; Burgio & Teboul, 2020; Hanss et al., 2019; Lim et al., 2023; Roberts et al., 2017; Saito
et al., 2017; Tanaka et al., 2022; Zelensky et al., 2017). Off-target integrations can go undetected
if they can have no visible effect on the cells. However, they can result in ectopic transgene
expression or disrupt endogenous genes when the integration occurs within a gene. Linear dsSDNA
is more prone to random integration than plasmids or ssDNA molecules (Lim et al., 2023). Random
integrations can also be detected after isolating clones by using specific PCR screening strategies,
measuring integration copy number, or by unbiased sequencing (Dawes et al., 2020; Roberts et al.,
2017; Schjeide & Puschel, 2023; Yan et al., 2020).

Amongst other unwanted outcomes of gene editing, large-scale rearrangements can occur
around the Cas9 target site (Burgio & Teboul, 2020). Specifically, kilobase- to megabase-scale
deletions, insertions, inversions and translocations can occur around the sgRNA target site during
editing (Fig. 1.1; Birling et al., 2017; Boroviak et al., 2017; Burgio & Teboul, 2020; Cullot et al.,
2019; Kosicki et al., 2018; Leibowitz et al., 2021; Liu et al., 2021; Owens et al., 2019; Park et al.,
2022; Weisheit et al., 2020; Zuccaro et al., 2020). Such large-scale re-arrangements are particularly
deleterious because they can go undetected by PCR, which is commonly used for screening. While
it is unclear how frequent these rearrangements are across different loci and cell types, they can be
detected using different methods, including specific PCR detection strategies, copy number
quantification, long-range sequencing, or whole-genome sequencing (Burgio & Teboul, 2020;
Cullot et al., 2019; Kosicki et al., 2018; Zuccaro et al., 2020).

Finally, incorrect integrations of exogenous DNA can also occur at the Cas9 target site

(Burgio & Teboul, 2020; Erbs et al., 2023; Medert et al., 2023; Roberts et al., 2017; Skryabin et
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al., 2020; Tanaka et al., 2022). Incorrect integrations can include entire plasmids, repair templates
with duplicated homology arms, or repair template concatemers, among others (Fig. 1.1). Some
incorrect integrations can be misidentified as correct integrations. It is unclear how frequently
these incorrect integrations occur across different loci and cell lines but they can be identified
using specific PCR strategies, by measuring copy number, or by long-range sequencing or

unbiased sequencing (Burgio & Teboul, 2020; Erbs et al., 2023; Medert et al., 2023).

1.3.5 Clonal isolation

After editing, clonal cell populations often need to be recovered to obtain a homogeneous
cell population for downstream experiments. Methods for clonal isolation include limiting dilution,
colony picking (Cerbini et al., 2015b; Haupt et al., 2018; Kime et al., 2016; Ye et al., 2021), and
high-throughput approaches such as FACS (fluorescence-activated cell sorting) or single-cell
dispensing (Giuliano et al., 2019; Takahashi & Miyaoka, 2023). Specifically, FACS enables the
isolation of many clones at once by sorting individual cells into each well of 96- or 384-well plates.
Cells can be sorted based on fluorescence or indiscriminately, recovered and screened for the
desired edit. However, clonal isolation can be challenging as the rate of single-cell recovery can
be low depending on the cell line. For example, healthy human cells like stem cells are
programmed to undergo apoptosis upon loss of adherence to an extracellular matrix or to other
cells (Wang et al., 2009; Watanabe et al., 2007). When cells show poor single-cell recovery,
protocols can be optimized to increase recovery by using specific media, extracellular matrix
components, or additives such as growth factors or apoptosis inhibitors (Bhargava et al., 2022;
Chen & Pruett-Miller, 2018; Singh, 2019; Tristan et al., 2023). Alternatively, successive rounds

of dilution and screening for the enrichment of edited cells can be carried out to obtain nearly pure
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cell populations while avoiding single-cell isolation (Deneault et al., 2018). Even though single-
cell recovery is inefficient for mammalian cells, it is essential to recover clones that can be

screened for the desired edits.

1.4 Knock-ins and endogenous tags
1.4.1 Design of knock-in experiments

CRISPR/Cas9 can be used to generate gene knock-ins where exogenous DNA sequences
are integrated precisely into the genome. The most common types of knock-ins are gene expression
cassettes and endogenous tags. Expression cassettes comprise a promoter and a gene of interest.
Endogenous tags are protein tags (fluorescent proteins, enzymatic reporters or epitope tags) that
are inserted into and in frame with endogenous genes to allow detection or purification of a protein
of interest. Precise knock-ins are usually generated via the HDR pathway. Short knock-ins (<200
bp) can be made using ssODN repair templates, which requires short homology arms (40-80 bp;
Yang et al., 2013; Yu et al., 2016). ssODNs can be purchased commercially and provide higher
editing efficiency compared to dsSODNs (Eroglu et al., 2023; Glaser et al., 2016; Richardson et al.,
2016). Although long ssODNs can be used for larger knock-ins, they are more difficult to generate
(Eroglu et al., 2023; Inoue et al., 2021). Larger knock-ins (>200 bp) are commonly made using
dsODN:s that carry the integration flanked with large homology arms (generally 500 bp to 1 kb;
Zhang et al., 2017). Since the cloning of dSODNs can be tedious and the efficiency of integration
by HDR is low, several groups have taken advantage of NHEJ-based ligation to generate knock-
ins. For this approach, a linear dsDNA repair template is simply ligated into the DSB by NHEJ
(Bukhari & Muller, 2019). This approach uses repair templates made up of only the integration

with no homology arms, which are easier to assemble. Moreover, NHEJ-based ligation provides
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higher knock-in efficiencies than HDR (He et al., 2016). However, integration of the repair
template by NHEJ can only occur at the DSB site, whereas HDR offers the flexibility of making
integrations within a short distance of the DSB site (usually within 20 nucleotides, with lower
efficiency at a greater distance; Artegiani et al., 2020; Paquet et al., 2016). The linear dSDNA
fragment can also be ligated in either of two orientations (He et al., 2016; Sawatsubashi et al.,
2018; Zeng et al., 2020). Moreover, NHEJ-based ligations can occur with errors, resulting in indel
mutations at the integration junctions (Artegiani et al., 2020; He et al., 2016; Manna et al., 2019;
Sawatsubashi et al., 2018; Shi et al., 2023; Zeng et al., 2020). Finally, off-target integrations are
more frequent when using linear dsSDNA repair templates (Lim et al., 2023; Sawatsubashi et al.,
2018). Several approaches have been devised to overcome these limitations, including the use of
cleavable vectors to deliver linear fragments only when Cas9 is active (Sawatsubashi et al., 2018;
Suzuki et al., 2016; Zeng et al., 2020), frame selection strategies to ligate tags in frame with a gene
(Artegiani et al., 2020; Shi et al., 2023), and re-excision of incorrectly oriented integrations (Manna
et al., 2019). Despite these improvements, NHEJ-based knock-ins are error-prone, and HDR

remains the preferred pathway for precise knock-ins in mammalian cells.

1.4.2 Safe-harbor sites for expression cassette knock-ins

Expression cassette knock-ins require integration sites that allow for stable transgene
expression, referred to as safe-harbor sites (Pavani & Amendola, 2020). Although recent work has
identified new potential safe-harbor sites (Aznauryan et al., 2022; Pellenz et al., 2019), few sites
have been characterized and regularly used as safe-harbors in the human genome. The most widely
used safe-harbor site in the human genome is the AAVSI locus (Adeno-associated virus

integration site 1), which lies in the first intron of the PPP1R12C gene on chromosome 19. This
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site was discovered as an integration site for adeno-associated viruses (Kotin et al., 1990), and was
subsequently used for transgene integration and expression (Bharucha et al., 2021; Oceguera-
Yanez et al., 2016; Smith et al., 2008; Stellon et al., 2022). Most importantly, it has been shown
that transgenes integrated at the AAVSI locus are not subject to the loss of expression by
epigenetic silencing during long-term culturing or cell differentiation (Luo et al., 2014; Oceguera-
Yanez et al., 2016; Ogata et al., 2003; Shin et al., 2020; Smith et al., 2008). Other safe harbor sites
have been found amongst viral integration sites or in large-scale screens, and characterized for
their ability to support high and stable transgene expression, including the CLYBL, ROSA26 and
CCRS5 loci (Aznauryan et al., 2022; Cerbini et al., 2015a; Shin et al., 2020). The ROSA26 locus
has been extensively used for knock-ins in mice (Abe et al., 2011), and has been characterized as

a safe-harbor locus in other mammals (Yuan et al., 2021).

1.5 Tools to study protein localization
1.5.1 Transgene over-expression

In human cells, protein localization is most commonly studied by transfecting a plasmid
that carries the gene coding for a protein of interest fused to a fluorescent protein for visualization
(Kim & Eberwine, 2010). Strong promoters are often used to drive transgene expression, resulting
in high over-expression in cells. Expression vectors can be transfected transiently, where they are
delivered into cells for transient expression, but are not maintained by the cells and are eliminated
after a few days. Most experiments are carried out 24 to 48 hours after transfection, and expression
is extremely variable as each cell gets a different number of plasmid copies to drive expression.
Additionally, transfection can transiently alter cell physiology and gene expression (Fus-Kujawa

et al., 2021; Jacobsen et al., 2009). Alternatively, stable transfection can be achieved by selecting
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for an antibiotic resistance marker carried by the expression vector (Kechad & Hickson, 2017;
Kim & Eberwine, 2010). Mammalian cells can randomly integrate exogenous dsDNA into their
genome at low frequency, so stable cell lines expressing the desired transgenes can be selected and
isolated (Spector & Goldman, 2010). In this case, transgene expression is less variable as every
cell has the same random integration. Cells with stable over-expression can also be generated by
integrating an expression cassette using site-specific recombinases in a cell line that carries
recombination sites (Spitzer et al., 2013). However, stable cell lines can be subject to loss of
expression by epigenetic silencing (Cabrera et al., 2022). Moreover, over-expression can alter cell
physiology and induce artefacts of protein localization and cellular behavior by saturating the cells
with one protein (Gibson et al., 2013; Ratz et al., 2015; Rizzo et al., 2009; Roberts et al., 2017).
As an alternative to over-expression, chemically inducible promoters can be used to titrate
transgene expression to a desired level and induce expression only when needed (Adriaans et al.,

2019; Manukyan et al., 2015; Zanin et al., 2013).

1.5.2 Fixed immunofluorescence

Endogenous proteins can be visualized by staining cells with fluorescently labelled
antibodies (Donaldson, 2015). Since antibodies have high affinity for specific epitopes, staining
tends to be highly specific. Antibodies can also be raised against antigens with specific post-
translational modifications or proteins in a specific conformation (Keller et al., 2019; Yuce et al.,
2005). However, immunofluorescence requires cells to be chemically fixed and permeabilized to
allow the antibodies to reach the intracellular space, which can introduce artefacts and variable
patterns depending on the chemical used (Huebinger et al., 2018; Irgen-Gioro et al., 2022;

Yonemura et al., 2004). Moreover, fixation precludes the imaging of cells over time, providing
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only a static view over a cell’s lifetime. Additionally, staining efficiency and background signal

can vary between samples (Pina et al., 2022).

1.5.3 Endogenous tags

Endogenous tags also allow for the visualization of protein localization in cells. For this, a
protein tag is inserted into the genome in frame with a gene of interest (Fig. 1.2). Fluorescent
proteins are commonly used for endogenous tagging as they allow for measurements of protein
expression and localization (Bukhari & Muller, 2019; Husser et al., 2022). Fluorescent protein tags
are often added to the start or the end of an open reading frame to generate an N-terminal or C-
terminal fusion, respectively, but can also be inserted within proteins. The sites chosen for fusion
should consider accessibility for molecular interactions regions and regions that need to be post-
translationally modified. Linkers can be added to increase the distance between the tag and protein
of interest and to ensure that the tag does not interfere with folding (Chen et al., 2013; Roberts et
al., 2017). Most fluorescent protein-coding genes are <700 bp in size, requiring large repair
templates for integration by HDR, which are often delivered as dsODNs (linear dsDNA or
plasmids), or non-integrative AAV vectors (Fig. 1.2; Gaj et al., 2017). Although endogenous
tagging with fluorescent proteins in mammalian cells is inefficient, tagged cells can easily be
screened by fluorescence microscopy or flow cytometry (Fig. 1.2; Bukhari & Muller, 2019).

Endogenous tagging with fluorescent proteins enables the study of target proteins at
endogenous levels in live, unperturbed cells (Bukhari & Muller, 2019; Dambournet et al., 2014).
While the localization of endogenously-tagged proteins generally agrees with transient

transfection and fixed immunofluorescence, studies have shown that endogenous tags provide less
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complexes or Cas9 mRNA with purified sgRNA, and repair templates are delivered as linear DNA,
plasmids or AAV particles. After co-delivery of CRISPR components and a repair template, the
endogenous tag can be integrated at the target site by HDR (inset, right), and the cells will express
the tagged protein. Tagged cells can be isolated by FACS, recovered, screened and validated to
obtain a clonal endogenously tagged cell line.

variable and more accurate measurements of protein levels and behavior (Doyon et al., 2011;
Grassart et al., 2014; Mahen et al., 2014; Ratz et al., 2015; Strohmeier et al., 2021). Specifically,
an early study of clathrin-mediated endocytosis using gene editing showed that over-expression of
clathrin light chain A slowed down endocytosis, whereas endogenous tagging of clathrin light
chain A recapitulated WT endocytosis dynamics in SK-MEL-2 cells [human melanoma cell line;
(Doyon et al., 2011)]. In a comparative study of over-expressed and endogenously-tagged Aurora
B kinase in HeLa cells, Mahen et al. (2014) measured the concentration and diffusion coefficient
of the tagged protein around chromatin during mitosis. They found that endogenously-tagged
Aurora B kinase is highly enriched at chromatin, while over-expression saturates chromatin-
binding sites and leads to the accumulation of Aurora B kinase in the cytosol. Moreover, the
diffusion coefficient of Aurora B kinase decreased during mitosis in endogenously tagged cell
lines but remained the same throughout the cell cycle when over-expressed. These studies
demonstrate that quantitative measurements of native protein behavior require endogenous protein
levels. Although endogenous tags provide these advantages, as described earlier, the generation of
endogenously tagged cell lines is inefficient and time-consuming. Endogenous tagging also
requires the fusion of a protein of interest with a protein tag, which may affect the folding, activity,
or interactions of the protein of interest. Moreover, functional point mutations are more difficult

to introduce endogenously, which limits their use for functional studies. Comparatively, functional

protein mutants are easy to generate and study using expression vectors. Therefore, studies of
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cellular processes in human cells will benefit from combining the reliability of endogenous tags

with the feasibility of transgene transfection and fixed immunofluorescence.

1.6 Cytokinesis
1.6.1 Overview

Cytokinesis occurs at the end of mitosis to physically separate a cell into two daughter
cells. A RhoA (Ras homolog family member A)-dependent actomyosin contractile ring is
assembled at the equatorial cortex during anaphase and ingresses to pinch in the membrane
between the segregating chromosomes (Fig. 1.3A). The contractile ring is spatiotemporally
controlled by multiple spindle-dependent and -independent pathways to ensure that cells inherit
the correct fate determinants and genetic content (Fig. 1.3B). Failure to do so can cause changes
in ploidy or cell fate, which can lead to the development of diseases, including cancer (D'Avino et
al., 2015; Fededa & Gerlich, 2012; Green et al., 2012; Lacroix & Maddox, 2012; Pollard &
O'Shaughnessy, 2019). Active RhoA (RhoA-GTP; guanosine triphosphate) promotes the assembly
and ingression of the contractile ring by regulating effectors, including formins and ROCK (Rho-
associated protein kinase), to form actin filaments and activate myosin, respectively (Fig. 1.3C;
Piekny et al., 2005; Pollard & O'Shaughnessy, 2019). Ect2 (epithelial cell transforming 2) is the
main GEF (guanine nucleotide exchange factor) that generates RhoA-GTP at the equatorial cortex
(Gomez-Cavazos et al., 2020; Wolfe et al., 2009; Yuce et al., 2005). Active RhoA also recruits
anillin, which is a scaffold protein that tethers the contractile ring to the plasma membrane (Green
et al., 2012; Piekny et al., 2005; Piekny & Glotzer, 2008; Sun et al., 2015). Recent studies have
shown that anillin positively feeds back to reinforce the division plane through the recruitment of

phospholipid PI1(4,5)P2 (phosphatidylinositol (4,5)-bisphosphate) and retention of active RhoA
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Figure 1.3. Overview of cytokinesis. A) A cartoon schematic shows a cell undergoing
cytokinesis. During anaphase, cortical regulators accumulate at the equatorial cortex and assemble
into a contractile ring. As cells progress through telophase, the ring constricts to pinch in the
overlying plasma membrane, followed by formation of an intercellular bridge and midbody to
promote abscission. B) A region of the cell is shown with a formed contractile ring to highlight
the multiple pathways regulating contractile ring assembly. These include signals emanating from
the central spindle (pink), astral microtubules (yellow), chromatin (blue) and kinetochores (grey).
The protein shown in black have a broad localization, or their localization is affected by multiple
pathways. C) The molecular components of the pathways regulating ring assembly are shown.
These pathways regulate the generation and localization of active RhoA or regulate downstream
components at the equatorial cortex (green). Active RhoA recruits and activates effectors (anillin,
formin and Rho kinase) to generate actomyosin filaments and assemble the ring. A central spindle
pathway (pink) promotes the recruitment and activation of Ect2 (RhoA-GEF) to the central spindle
and equatorial cortex through Cyk4-binding. Astral microtubules (yellow) recruit TPX2, which
activates Aurora A kinase to clear F-actin at the polar cortex. A chromatin pathway (blue) relies
on a gradient of Ran-GTP that forms around chromatin and generates an inverse gradient of
importins that control the localization and function of anillin at the equatorial cortex. A
kinetochore-directed pathway (grey) induces relaxation of the polar cortex also by clearing F-actin,
via PP1-mediated dephosphorylation of ERM proteins.

which preferentially binds to PI(4,5)P2 (Budnar et al., 2019). After ingression, the contractile ring

and central spindle transition into a midbody, which is the site of abscission (Fig. 1.3A; El Amine
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etal., 2013; Fededa & Gerlich, 2012; Green et al., 2012; Kechad et al., 2012; Mierzwa & Gerlich,
2014). The different stages of cytokinesis and their regulation have been described extensively in
multiple reviews (Basant & Glotzer, 2018; D'Avino et al., 2015; Fededa & Gerlich, 2012; Glotzer,
2017; Green et al., 2012; Mierzwa & Gerlich, 2014; Ozugergin & Piekny, 2022; Piekny et al.,

2005; Pollard & O'Shaughnessy, 2019 — among others).

1.6.2 Microtubule-dependent regulation of cytokinesis

The central dogma in cytokinesis is that the anaphase spindle provides cues to direct
contractile ring assembly in the equatorial plane. Moving the spindle to a new location generates
active RhoA and causes a new furrow to form in the location that bisects it (Bement et al., 2005;
Rappaport, 1985). The centralspindlin complex is formed by MgcRacGAP (male germ cell Rac
GTPase activating protein, referred to as Cyk4; Cytokinesis defect 4) and MKLP1 (mitotic kinesin-
like protein 1, also known as KIF23). This complex regulates central spindle assembly and recruits
Ect2 (Yuce et al., 2005). In human cells, Ect2 requires binding to Cyk4 to activate RhoA, and the
contractile ring fails to form in cells depleted of Ect2 or Cyk4 (Kamijo et al., 2006; Nishimura &
Yonemura, 2006; Yuce et al., 2005; Zhao & Fang, 2005). In metaphase, Cdk1 (cyclin-dependent
kinase 1) phosphorylates sites in the S loop of Ect2, which inhibits its function. Autoinhibition
occurs because this phosphorylated site binds to the N-terminal BRCT (BRCA1 C-terminus)
domains, causing conformational changes that hinder the C-terminal DH domain (Dbl homology)
required for GEF activity (Hara et al., 2006; Niiya et al., 2006). This mechanism restricts Ect2
activity to the time when it is required. When cells enter anaphase, Ect2 is dephosphorylated, and
Cyk4-binding helps relieve autoinhibition. Cyk4 also requires phosphorylation by Plk1 (Polo-like

kinase 1) to bind Ect2 (Burkard et al., 2009; Hara et al., 2006; Niiya et al., 2006; Petronczki et al.,
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2007; Wolfe et al., 2009; Yuce et al., 2005). As the central spindle extends towards the cortex,
Ect2 is enriched at the overlying membrane (Kotynkova et al., 2016; Lekomtsev et al., 2012; Su
etal., 2011). Both Cyk4 and Ect2 have phospholipid-binding domains required for their function,
and studies suggest that the role of the central spindle may be to position the Cyk4-Ect2 complex
rather than to control its activity (Basant et al., 2015; Frenette et al., 2012; Lekomtsev et al., 2012).
In multiple cell types, active RhoA localizes to a broader zone after the depletion of central spindle
proteins such as PRCI1 (protein regulator of cytokinesis 1) or MKLP1 (Adriaans et al., 2019;
Mollinari et al., 2005; Yuce et al., 2005). Recent studies proposed that the central spindle positions
Cyk4-MKLP1 complexes to activate Ect2 in proximity to the equatorial cortex (Adriaans et al.,
2019; Mishima et al., 2002; Mishima et al., 2004). P1k1 is activated by PRC1 at the central spindle,
where it could access Cyk4 for phosphorylation. Phospho-Cyk4 could then form a complex with
Ect2 that is ‘released’ to the overlying cortex to generate active RhoA. Structural data also revealed
that the PH (pleckstrin homology) domain of Ect2 could autoinhibit the DH domain, and binding
to active RhoA and/or phospholipids relieves this inhibition (Chen et al., 2020). Thus, a model can
be proposed where binding to phospho-Cyk4 and subsequence membrane recruitment both help
relieve Ect2 autoinhibition. Importantly, these models do not provide an explanation for how active
RhoA is spatially restricted to the equatorial cortex.

Several studies propose that astral microtubules, which extend from centrosomes to the
cortex, could prevent cortical regulators from accumulating at the poles (van Oostende Triplet et
al., 2014; Zanin et al., 2013). Astral microtubules may be acting to remove these cortical regulators
in the absence of active RhoA outside the equatorial plane (Tse et al., 2011; van Oostende Triplet
et al., 2014). In Caenorhabditis elegans, Astral TPXL-1/TPX2 (targeting protein for Xklp2)

contributes to the polar clearance of ANI-1/anillin and F-actin by activating AIR-1/Aurora A
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kinase (Aurora/Ipll related kinase 1), although the mechanism is not clear (Fig. 1.3C; Mangal et
al., 2018). Astral microtubules also act in concert with MP-GAP (M phase GTPase activating
protein), which is globally localized and directly inactivates RhoA by stimulating its GTPase
activity (Zanin et al., 2013). Overall, central spindle and astral microtubules take on different roles
by virtue of their position: being bundled by centralspindlin and PRC1 and controlling where Ect2
is active or removing components from the cortex (Foe & von Dassow, 2008; Inoue et al., 2004;

Nishimura & Yonemura, 2006), respectively.

1.6.3 Microtubule-independent regulation of cytokinesis

Spindle-independent pathways also regulate the cortex during cytokinesis via chromatin,
centrosomes and kinetochores (Beaudet et al., 2017; 2020; Cabernard et al., 2010; 2003; Canman
et al., 2000; Kiyomitsu & Cheeseman, 2013; Ozugergin & Piekny, 2020; Rodrigues et al., 2015;
von Dassow et al., 2009; Zanin et al., 2013). A kinetochore-derived pathway induces relaxation of
the polar cortices in cultured mammalian and Drosophila cells (Rodrigues et al., 2015). This is
accomplished by a kinetochore-tethered PP1 phosphatase-Sds22/PPP1R7 (protein phosphatase 1-
suppressor of Dis2 mutant 2; protein phosphatase 1 regulatory subunit 7) complex that
dephosphorylates the ERM (ezrin/radixin/moesin) proteins, which anchor the actin network to the
plasma membrane. This reduces F-actin membrane anchorage and induces relaxation of the polar
cortex (Rodrigues et al., 2015). Several studies also revealed a role for chromatin-associated active
Ran (Ras-related nuclear protein) in coordinating the position of cortical regulators with
segregating chromosomes (Beaudet et al., 2017; Kiyomitsu & Cheeseman, 2013; Rodrigues et al.,
2015). Active Ran (Ran-GTP) is high around chromatin as its GEF, RCCI1 (regulator of

chromosome condensation 1) is bound to histones, whereas RanGAP (Ran GTPase activating
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protein) is enriched in the cytosol. Active Ran displaces importins from NLS (nuclear localization
signal)-containing proteins, which forms an inverse gradient where importins are free to bind to
NLS-containing proteins at the cortex (Ozugergin & Piekny, 2020). Specifically, the NLS of
anillin is required for importin-B-binding and for its cortical localization and function (Beaudet et
al., 2017; 2020). Overall, these different pathways controlling the function of cortical regulators
ensure robust cytokinesis, and their relative contribution could vary in different organisms and
different cell types, depending on cell-intrinsic (e.g. cellular components, size and ploidy) and

extrinsic (e.g. tissue organization and cell junctions) factors.

1.6.4 Regulation of cytokinesis across cell types

Most of our knowledge of the regulation of cytokinesis in human cells comes from studies
of HeLa cells. However, several recent studies have revealed that cytokinesis is regulated
differently in different cell types (Davies et al., 2018; Ozugergin et al., 2022a). In the 2-cell C.
elegans embryo, the AB and Pi1 cells have different speed and timing of ingression during
cytokinesis, and their furrows ingress asymmetrically and symmetrically, respectively (Ozugergin
et al., 2022a). Interestingly, these cells also inherit different levels of myosin from the previous
cell division. In the 4-cell C. elegans embryo, inactivation of the formin CYK-1/mDial
(Cytokinesis defect 1/Diaphanous-related formin 1) induces cytokinesis failure in the ABa and
ABp cells, but not in the EMS and P2 cells (Davies et al., 2018). This specific requirement for
CYK-1 demonstrates the existence of different modes of cytokinesis regulation where the specific
proteins and pathways at play vary from cell to cell and lead to different cytokinesis phenotypes.
In humans, some cells are known to normally fail cytokinesis, including cardiomyocytes (Derks

& Bergmann, 2020; Wang et al., 2017), while others, including neural progenitors, have a unique
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requirement for specific cytokinesis regulators (Li et al., 2016; Tedeschi et al., 2020). However,
the differences in how cytokinesis occurs and is regulated in different human cell types have not

been characterized.

1.6.5 Endogenous tags as imaging tools to study cytokinesis

Few of the proteins involved in cytokinesis have been tagged endogenously in mammalian
cells (Cai et al., 2018; Hoffman et al., 2019; Mahen et al., 2014; Mann & Wadsworth, 2018;
Okumura et al., 2018; Peterman et al., 2020). Meanwhile, endogenous tags have been used to
visualize several cytokinesis proteins in C. elegans, including UNC-59/Septin7 (uncoordinated 59;
Chen et al., 2019), AIR-2/Aurora B kinase (Bai et al., 2020), PLST-1/Plastin-1 (Ding et al., 2017),
CYK-1/mDial (Davies et al., 2018), LET-502/ROCK (lethal 502; Bell et al., 2020) and NMY-
2/non-muscle myosin II (Dickinson et al., 2013). PLST-1/Plastin-1 is a component of the
contractile ring that increases cortical connectivity by cross-linking actin (Ding et al., 2017). In
another study, the endogenous tagging of CYK-1/mDial helped demonstrate a different
requirement for CYK-1/mDial in EMS and P2 cells compared to ABa and ABp cells in the 4-cell
C. elegans embryo (Davies et al., 2018). Endogenous tagging of the RHO-1/RhoA effector LET-
502/ROCK revealed that GCK-1/STK24, 25, 26 (germinal center kinase 1; serine/threonine-
protein kinase 24, 25, 26) and CCM-3/PDCD10 (cerebral cavernous malformation 3; programmed
cell death protein 10) dampen contractility by negatively regulating active RHO-1/RhoA (Bell et
al., 2020). NMY-2/non-muscle myosin II was one of the first proteins to be tagged using CRISPR-
Cas9 in C. elegans (Shown in Fig. 1.4A; Dickinson et al., 2013), paving the way for numerous
studies of the mechanisms regulating cytokinesis and other contractile events during

embryogenesis (Singh et al., 2019; Wernike et al., 2016). Broadly, endogenous tags can be used
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Figure 1.4. Uses of endogenous tags to study cytokinesis. A) Timelapse images show a one-cell
C. elegans embryo expressing endogenously tagged NMY-2 during cytokinesis (times are in
minutes, seconds). The scale bar is 10 pm, and the images are courtesy of Imge Oziigergin. The
cartoon images underneath show the progression of cytokinesis after anaphase onset from both a
side (middle panel, DNA is shown in blue) and end-on view (bottom panel). B) The localization
of cortical NMY-2 can be analyzed using a linescan to measure fluorescence intensity along the
anterior-posterior axis at different time points. As shown in the mock graph, the linescan data can
be used to show the change in fluorescence intensity in the furrow over time. C) Total levels of
endogenous protein in the ring can be measured at different time points, and plotted to show how
these levels correlate with different stages of ring ingression. D) Ring closure kinetics can be
measured and precisely correlated with endogenous protein levels after RNAi or other
perturbations to determine threshold requirements.

to visualize cellular processes in live cells (Fig. 1.4A), measure protein localization and protein
levels over time (Fig. 1.4B and C), or to correlate phenotypes with precise protein levels after

knockdown (Fig. 1.4D).

28



In addition to proteins directly involved in cytokinesis, probes are often used to visualize
cellular markers, including the plasma membrane (e.g. PH domain of PLCy, Phospholipase C
gamma), microtubules (e.g. fluorescent-tagged tubulin or SiR-tubulin), F-actin (e.g. fluorescent-
tagged LifeAct or SiR-actin) or chromatin (e.g. Hoechst or fluorescent-tagged histone). For
example, a GFP-tagged NMY-2 C. elegans strain (Shown in Fig. 1.4A; Dickinson et al., 2013) has
been an invaluable tool to study cytokinesis parameters such as equatorial cortical localization,
ingression speed and ring closure symmetry (Carvalho et al., 2009; Khaliullin et al., 2018; Osoério
et al., 2019). Tools have been developed to tag common cellular markers endogenously in human
cells. These tools include CRISPR constructs to generate mEGFP-TUBA 1B (a-tubulin), mEGFP-
ACTB (B-actin) or mEGFP-MYHI10 (non-muscle myosin heavy chain [IB) in human cells

(Roberts et al., 2017).

1.7 Human cell models
1.7.1 Transformed and cancerous cell lines

Most of our understanding of cellular processes in human cells comes from studies of
cancerous or transformed cell lines. Specifically, HeLa cells (human cervical carcinoma) are the
most studied model to understand human cell physiology, as they were the first stable human cell
line and are easy to manipulate (Hyman & Simons, 2011; Masters, 2002). HEK293 cells
(immortalized human embryonic kidney cells) provide a non-cancerous alternative as they were
immortalized by transfecting sheared adenovirus 5 DNA (Lin et al., 2014b). HEK293 cells are
particularly popular for biochemical experiments, virus production and gene editing, while HeLa
cells are more popular for live imaging experiments. hTERT RPE-1 cells (retinal pigment

epithelial), which are immortalized by the stable expression of the hTERT gene (human telomerase
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reverse transcriptase) to prevent senescence, have become popular as a non-diseased cell line
(Bodnar et al., 1998). Many other cancerous or transformed cell lines have been isolated from a
range of healthy or diseased tissues. However, most differentiated cell lines are in a non-native
transformed or diseased state, and often have genetic abnormalities, instability and heterogeneity
(Ben-David et al., 2018; Cassio, 2013; Landry et al., 2013; Lin et al., 2014b; Liu et al., 2019). For
example, HeLa cells carry a highly amplified and rearranged genome that varies between cells
from the same population (Landry et al., 2013). Even though the genome of HEK293 cells carries
less rearrangements, it is hypotriploid with 62-70 chromosomes and is also heterogeneous (Bylund
et al., 2004). Moreover, since many cellular processes are expected to be differentially regulated
in different cell types, we need to extend our understanding of the mechanisms controlling these

cellular processes beyond a single transformed or diseased cell line.

1.7.2 Pluripotent stem cells

Pluripotent stem cells are healthy, self-renewing and undifferentiated cells that can be
differentiated into any cell type. Human pluripotent stem cells can be embryonic stem cells (ESCs)
derived from the inner cell mass of blastocyst-stage embryos (Lee & Lee, 2011), or induced
pluripotent stem cells (iPSCs), which are derived from adult somatic cells that are reprogrammed
to a pluripotent state (Takahashi et al., 2007). iPSCs closely resemble the characteristics of
embryonic stem cells (ESCs), although some differences exist (Bilic & Izpisua Belmonte, 2012;
Bock et al., 2011; Puri & Nagy, 2012; Shi et al., 2017; Takahashi et al., 2007; Yu et al., 2007).
1PSCs can be generated from somatic cells from any individual and circumvent the need to isolate
cells directly from human embryos. iPSCs are ideal models for biomedical research because they

are healthy, carry a normal and stable genome, can grow in vitro, and can differentiate into any
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cell type derived from the three germ layers (Shi et al., 2017). Efficient protocols have been
developed to culture and differentiate iPSCs into various cell types (Shi et al., 2017; Williams et
al., 2012). Differentiation involves using specific combinations of growth factors or molecules to
activate or inhibit specific signaling pathways. For example, dual-SMAD inhibition using
SB431542 and Noggin to block BMP and TGF-f signaling induces the direct differentiation of
iPSCs into neural progenitor cells via the neuroectodermal lineage (Shi et al., 2012). Neural
progenitor cells can be further differentiated into different types of neurons in the presence of
different factors (Chambers et al., 2009; Shi et al., 2012). Differentiated cells are identified by the
expression of lineage-specific markers. Although human stem cells are rarely used in studies of
cellular processes compared to cancerous or transformed cell lines, they allow for comparative
studies of different human cell types in an isogenic context (Balmas et al., 2023; Dambournet et

al., 2014; Drubin & Hyman, 2017; Hyman & Simons, 2011).

1.8 Thesis overview

Advances in gene editing technologies have facilitated the genetic manipulation of human
cells to study protein function by generating knockouts, point mutations and endogenous tags.
Specifically, endogenous tags provide valuable tools to study protein localization in live cells.
However, precise gene editing is inefficient, and generating edited cell lines is time-consuming. In
this thesis, I present tools and protocols to tag proteins endogenously in multiple human cell lines,
which enables the study of cytokinesis proteins in their native cellular context.

In chapter 2, I aimed to generate endogenous tags using CRISPR/Cas9 to study protein
localization during cytokinesis in different human cell lines. For this, I tagged anillin, Ect2 and

RhoA endogenously for the first time in human cells. I also developed a toolkit of plasmids to tag

31



several cellular markers (plasma membrane, H2B histones, B-actin and o-tubulin) with different
fluorescent proteins, which can be used to study cytokinesis and other cellular processes. I also
tagged anillin in five different transformed and cancerous mammalian cell lines, which presented
distinct challenges for gene editing. I then used these cell lines to characterize cytokinesis
parameters and quantify the localization of anillin during cytokinesis. I found that cytokinesis
occurs differently in these cell lines, showing that the underlying mechanisms regulating
cytokinesis differ with cell type.

The objective of chapter 3 was to facilitate endogenous tagging in human iPSCs to study
protein localization in healthy human cells that can be differentiated into any cell type. I engineered
a ‘parent’ iPS cell line that expresses the mNG2i-10 fragment constitutively to facilitate high-
throughput endogenous tagging with mNG21:. I validated the parental cell line thoroughly to
ensure that the cells behave normally after editing. I then showed that endogenous tagging with
mNG21; is efficient across multiple genes. I also developed efficient protocols for clonal isolation,
screening, and live imaging of edited iPSCs to facilitate future editing efforts and localization
studies in live, healthy human cells.

This work provides new tools to study protein localization during cytokinesis and other
cellular processes in human cells. It also provides plasmids to tag specific proteins in any human
cell lines, and protocols for endogenous tagging in different cell lines. Finally, it paves the way
towards a genome-scale view of protein localization across human cell types in vitro using

endogenously tagged iPS cell lines.
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CHAPTER 2
Cytokinetic diversity in mammalian cells is revealed by the characterization

of endogenous anillin, Ect2 and RhoA

Manuscript published as: Husser, M. C., Ozugergin, 1., Resta, T., Martin, V. J. J., & Piekny, A.
J. (2022, Nov). Cytokinetic diversity in mammalian cells is revealed by the characterization of

endogenous anillin, Ect2 and RhoA. Open Biol, 12(11), 220247.

2.1 Preamble

Endogenous tagging is a promising tool to study proteins in live cells. However, precise
gene editing is inefficient and difficult to achieve in human cells. In this chapter, I aimed to use
CRISPR/Cas9 to introduce fluorescent tags at endogenous gene loci to visualize several proteins
at the endogenous level by fluorescence microscopy. Since cytokinesis has not been well-studied
in the endogenous context and across human cell lines, I targeted several proteins involved in
cytokinesis for endogenous tagging in multiple human and mammalian cell lines. With these cell
lines, I characterized key cytokinesis parameters to compare how it occurs across different cell
types. This work provides new imaging tools to study how cytokinesis is regulated across different

human cell types.

2.2 Abstract
Cytokinesis is required to physically separate the daughter cells at the end of mitosis. This
crucial process requires the assembly and ingression of an actomyosin ring, which must occur with

high fidelity to avoid aneuploidy and cell fate changes. Most of our knowledge of mammalian
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cytokinesis was generated using over-expressed transgenes in HeLa cells. Over-expression can
introduce artefacts, while HeLa are cancerous human cells that have lost their epithelial identity,
and the mechanisms controlling cytokinesis in these cells could be vastly different from other cell
types. Here, we tagged endogenous anillin, Ect2 and RhoA with mNeonGreen and characterized
their localization during cytokinesis for the first time in live human cells. Comparing anillin
localization in multiple cell types revealed cytokinetic diversity with differences in the duration
and symmetry of ring closure, and the timing of cortical recruitment. Our findings show that the
breadth of anillin correlates with the rate of ring closure, and support models where cell size or
ploidy affects the cortical organization, and intrinsic mechanisms control the symmetry of ring
closure. This work highlights the need to study cytokinesis in more diverse cell types, which will

be facilitated by the reagents generated for this study.

2.3 Introduction

Cytokinesis describes the physical separation of a cell into two daughters, which occurs at
the end of mitosis. This process must be tightly spatio-temporally controlled as failure can cause
changes in cell fate and disease (D'Avino et al., 2015; Lacroix & Maddox, 2012). Cytokinesis
occurs via the assembly and ingression of a RhoA-dependent contractile ring that constricts to pull
in the overlying plasma membrane. Multiple pathways regulate ring assembly in cultured cells and
model organisms (Green et al., 2012; Husser et al., 2021; Ozugergin & Piekny, 2021; Pollard &
O'Shaughnessy, 2019). These pathways ensure that active RhoA is enriched in the equatorial plane
to assemble the ring. Ect2 is the guanine nucleotide exchange factor (GEF) that activates RhoA
during cytokinesis and requires binding to phospholipids and the central spindle protein Cyk4

(MgcRacGAP) for its activity (Fig. 2.1A; Gomez-Cavazos et al., 2020; Wolfe et al., 2009; Yuce
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et al., 2005). The depletion of Cyk4 or Ect2 in HeLa cells prevents the accumulation of active
RhoA at the equatorial cortex and leads to cytokinesis failure (Kamijo et al., 2006; Kim et al.,
2005; Nishimura & Yonemura, 2006; Yuce et al., 2005; Zhao & Fang, 2005). Active RhoA (RhoA-
GTP) recruits and activates effectors, including formin and RhoA kinase (ROCK), to generate
actomyosin filaments and assemble the ring (Fig. 2.1A; Piekny et al.,, 2005; Pollard &
O'Shaughnessy, 2019). Anillin is also recruited by active RhoA and acts as a scaffold protein that
tethers the ring to the plasma membrane (Green et al., 2012; Piekny & Glotzer, 2008; Piekny &
Maddox, 2010; Sun et al., 2015). In support of its cross-linking function, the depletion of anillin
in HeLa or S2 cells leads to ring oscillations and cytokinesis failure (Hickson & O'Farrell, 2008;
Piekny & Glotzer, 2008; Piekny & Maddox, 2010). Anillin may also be involved in the retention
of active RhoA at the equatorial cortex, as well as its removal during constriction (Budnar et al.,
2019; Carim et al., 2020; El Amine et al., 2013). Multiple mechanisms control this core cytokinesis
machinery in different model systems, yet their relative requirement remains unknown (Husser et
al., 2021).

Multiple pathways regulate cytokinesis. The central spindle facilitates the recruitment and
activation of Ect2 in proximity to the equatorial cortex where it generates active RhoA (Adriaans
et al., 2019; Basant et al., 2015; Burkard et al., 2009; Frenette et al., 2012; Kotynkova et al., 2016;
Lekomtsev et al., 2012; Mishima et al., 2002; Mishima et al., 2004; Petronczki et al., 2007; Su et
al.,2011; Wolfe et al., 2009; Yuce et al., 2005). Astral microtubules also define the cleavage plane
by removing cortical regulators from the poles (Chen et al., 2021; Lewellyn et al., 2010; Mangal
etal., 2018; Tse et al., 2011; van Oostende Triplet et al., 2014; Zanin et al., 2013), while spindle-
independent pathways polarize the cortex through signals associated with chromatin, centrosomes

and kinetochores (Beaudet et al., 2017; Beaudet et al., 2020; Cabernard et al., 2010; Canman et
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al., 2003; Canman et al., 2000; Kiyomitsu & Cheeseman, 2013; Ozugergin et al., 2022a; Ozugergin
& Piekny, 2021; Rodrigues et al., 2015; von Dassow et al., 2009; Zanin et al., 2013). For example,
studies showed that chromatin-associated active Ran (Ran-GTP; Ras-related nuclear protein)
coordinates the position of the ring with segregating chromosomes (Beaudet et al., 2017; Beaudet
et al., 2020; Kiyomitsu & Cheeseman, 2013; Ozugergin et al., 2022a; Ozugergin & Piekny, 2021).
These pathways also act in concert with the negative regulator of RhoA, MP-GAP (M-phase
GTPase-activating protein), which is globally localized (Zanin et al., 2013). Having multiple
mechanisms to control the function of cortical regulators ensures robust cytokinesis, but their
requirement is expected to differ with cell type.

Studies in different organisms and tissues have revealed differences in the regulators of
cytokinesis (Cabernard et al., 2010; Davies et al., 2018; Fotopoulos et al., 2013; Lewellyn et al.,
2010; Mangal et al., 2018; Ozugergin et al., 2022a; Paim & FitzHarris, 2022; Rodrigues et al.,
2015; van Oostende Triplet et al., 2014). For example, anillin is essential for cytokinesis in cultured
cells (HeLa and Drosophila S2 cells), but not in the early Caenorhabditis elegans zygote, and
Dalmatian dogs carrying an anillin truncation mutant did not have obvious cell division defects
(Hickson & O'Farrell, 2008; Holopainen et al., 2017; Maddox et al., 2005; Piekny & Glotzer,
2008). However, later in C. elegans development, neuronal precursor cells require anillin for
cytokinesis (Fotopoulos et al., 2013; Wernike et al., 2016). Thus, the mechanisms regulating
cytokinesis vary with cell fate, but also with other parameters including size, shape and ploidy. In
the two-cell C. elegans embryo, the somatic AB and germline P cells have different ring assembly
and ingression kinetics with different levels of myosin in the ring (Ozugergin et al., 2022a). In the
four-cell C. elegans embryo, the ABa and ABp cells have stronger requirements for formin-derived

F-actin compared to EMS or P2 cells, which are regulated by cell-extrinsic and intrinsic factors,
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respectively (Davies et al., 2018). The observed cytokinetic diversity in different cell types
highlights the importance of understanding how mechanisms regulating cytokinesis vary during
development. However, most of our knowledge of human cell cytokinesis is derived from the over-
expression of transgenes in HeLa cells, which are cancerous in origin and have lost their epithelial
identity. Given the vast number of human cells with specialized functions, it is likely that the
mechanisms regulating cytokinesis will vary with cell type. For example, liver hepatocytes abort
cytokinesis to gain ploidy for their function (Lacroix & Maddox, 2012; Margall-Ducos et al., 2007;
Wang et al., 2017), while the ring closes asymmetrically in epithelial cells, which could help them
retain apicobasal polarity and be properly positioned after division (Herszterg et al., 2014; Morais-
de-Sa & Sunkel, 2013; Sugioka, 2022; Thieleke-Matos et al., 2017). Understanding how these
different modes of cytokinesis are controlled can help us understand and/or treat cytokinesis-
related pathologies.

Gene editing tools provide an opportunity to study proteins in diverse cell types (Drubin &
Hyman, 2017; Husser et al., 2021). In human cells, cytokinesis has mostly been studied using over-
expressed transgenes fused to fluorescent tags for visualization and/or affinity tags for biochemical
assays. In HeLa cells, the localization of endogenous anillin fixed and stained with antibodies is
similar to anillin over-expression. However, Ect2 and RhoA show inconsistent localization
patterns and/or cause cytokinesis phenotypes when over-expressed (Chalamalasetty et al., 2006;
Piekny & Glotzer, 2008; Yuce et al., 2005). TCA-fixation-based immunofluorescence microscopy
is still one of the most reliable methods to visualize the enrichment of RhoA at the equatorial
cortex (Koh et al., 2021; Schneid et al., 2021; Yonemura et al., 2004; Yuce et al., 2005), and Ect2
over-expression can lead to cytokinesis failure (Chalamalasetty et al., 2006). In addition,

measurements can be confounded by the variability in transgene expression between transfected
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cells, whereas endogenous probes enable more quantitative measurements. There are also several
examples where endogenously tagged proteins cause fewer phenotypes compared to proteins from
over-expressed transgenes, which may not fold properly, fail to assemble into complexes and/or
disrupt downstream processes (Doyon et al., 2011; Gibson et al., 2013; Husser et al., 2021; Mahen
et al., 2014). Moreover, the same tools can be used to introduce genetic edits into different cell
lines derived from the same organism.

The most widely used tool for gene editing is CRISPR/Cas9 (clustered regularly
interspaced short palindromic repeats/CRISPR-associated protein 9) comprised of Cas9 nuclease
and a sgRNA (single guide RNA), which contains a 20-nucleotide target sequence that corresponds
to a genomic target site (Fig. 2.1B and C; Cong et al., 2013; Mali et al., 2013; Pickar-Oliver &
Gersbach, 2019; Wang et al., 2016). Cas9 is targeted to this site by the sgRNA and cleaves the
DNA to introduce a double-stranded break (DSB). Human cells typically repair DSBs by non-
homologous end joining (NHEJ), but can also use the homology-directed repair (HDR) pathway,
which makes use of a homologous repair template to fill in the gap where the DSB was introduced
(Scully et al., 2019; Wright et al., 2018). To introduce a fluorescent marker at a precise location in
the genome of human cells, CRISPR/Cas9 can be used along with a synthetic repair template
designed to carry the fluorescent marker flanked with homology arms for HDR (Fig. 2.1C; Verma
et al., 2017). When introduced in frame with a gene, the fluorescent marker will be expressed as a
fusion with the protein of interest. Efforts to share validated tools for endogenous tagging (sgRNA
sequence and repair template) have made these tags more readily accessible and easy to use (de
Man et al., 2021; Pinder et al., 2015; Roberts et al., 2017; Sakuma et al., 2016; Savic et al., 2015;

Sun et al., 2021; Allencell.org; Addgene.org). However, despite these shared resources and the
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advantages to using endogenous tags, few cytokinesis proteins have been tagged endogenously in
human cells (Mahen et al., 2014; Mann & Wadsworth, 2018; Peterman et al., 2020).

In this work, we generated reagents to endogenously tag anillin, Ect2 and RhoA with
mNeonGreen using CRISPR/Cas9 gene editing, and re-purposed existing constructs to tag cellular
markers with different fluorescent proteins. These reagents were used to characterize the spatio-
temporal localization of endogenously tagged anillin, Ect2 and RhoA during cytokinesis in HeLa
cells for the first time. We then tagged endogenous anillin with mNeonGreen in multiple
mammalian cell lines, including HCT116, HepG2 and MDCK, which are difficult to genetically
modify and have not been used for cytokinesis studies before. In-depth localization studies of
anillin revealed cytokinetic diversity among the cell types. Specifically, we found differences in
the breadth, enrichment and timing of the cortical localization of anillin. By making these tools
available to the cell biology community, we hope to fuel new studies of the mechanisms regulating

cytokinesis in diverse cell types.

2.4 Materials and methods
2.4.1 Cell culture

HEK?293, HeLa and MDCK cells were cultured in Dulbecco’s modified Eagle medium
(DMEM; Wisent) media supplemented with 10% Cosmic calf serum (CCS; Cytoviva). HCT116
cells were cultured in McCoy’s media (Wisent) supplemented with 10% CCS. HepG2 cells were
cultured in Eagle’s minimum essential medium (EMEM; Wisent) supplemented with 10% fetal
bovine serum (FBS; Cytoviva). The cells were maintained in 10 cm dishes in incubators at 37°C

with 5% COz as per standard protocols (Beaudet et al., 2017; Beaudet et al., 2020). For long-term
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storage, cells were washed and resuspended in freezing media (50% FBS, 40% DMEM or EMEM

media and 10% DMSO) and stored in liquid nitrogen.

2.4.2 Cloning

To generate the pX459-HypaCas9-mRuby2 CRISPR construct (Addgene no. 183872), we
digested the pX459V2.0-HypaCas9 plasmid (Obtained from Kato-Inui et al., 2018; Addgene no.
108294) with EcoRI (New England Biolabs) and used the GeneJET gel extraction kit
(ThermoFisher Scientific) to extract the backbone as per manufacturer’s protocols. To prevent re-
ligation the backbone was dephosphorylated with Antarctic phosphatase (New England Biolabs)
as per manufacturer’s instructions. The mRuby2-T2A-Puro insert was generated by amplifying the
mRuby?2 and Puromycin resistance genes with shared overlap, and assembling them by SOEing
(Splicing by Overlap Extension) PCR. This was done by first performing a Phusion PCR reaction
(ThermoFisher Scientific) without primers for 15 cycles, then adding primers to the reaction for
amplification during the remaining 25 cycles. The mRuby2-T2A-Puro PCR product was then
purified and digested with EcoRI for ligation into the dephosphorylated backbone. Clones were
screened by PCR and validated by sequencing the insert region (Eurofins Operon).

The sgRNA spacer sequences were selected using Benchling (Doench et al., 2016; Hsu et
al., 2013) and CCTop (Stemmer et al., 2015) for the ANLN, ECT2, RHOA and MYH10 genes and
the AAVSI locus. Multiple spacers were selected for each target site. One of the AAVSI spacer
sequences was obtained from Oceguera-Yanez et al. (2016) and the spacer sequences for the
H2BCl11, ACTB, MYH10 and TUBAI1B genes were obtained from the Allen Institute for Cell
Science (Roberts et al., 2017; Allencell.org). All sgRNA spacers tested are listed in Table S2.1.

The sgRNA spacers were cloned into the pX459V2.0-HypaCas9 and the pX459V2.0-HypaCas9-
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mRuby2 plasmids using previously described methods (Ran et al., 2013b). Briefly, two
complementary oligos containing the spacer sequence were designed as follows (where (N)20
corresponds to the 20-nucleotide spacer sequence or its reverse complement):

Forward oligo: 5’-CACCG(N)20-3’

Reverse oligo: 5’-AAAC(N)20-3’

Oligos were annealed and ligated into the backbone (pX459V2.0-HypaCas9 or pX459V2.0-
HypaCas9-mRuby?2) pre-digested with Bbsl (New England Biolabs). Two clones were selected
for each sgRNA and sequenced to verify the spacer sequence.

To build the repair templates, the homology arms were first amplified from HEK293
genomic DNA extracted using the Qiagen DNeasy Blood and tissue kit or plasmid DNA by PCR.
For genome sequences that were recalcitrant to PCR amplification, we used touchdown PCR
conditions (Korbie & Mattick, 2008) with 1X GC buffer or 0.5X HF buffer instead of 1X HF
buffer with Phusion polymerase (ThermoFisher Scientific). The fluorescent tags (mNeonGreen,
mRuby2 and TagBFP) were amplified independently using primers that were designed to
introduce overlap with the homology arms (15-51 bp of overlap). The primers used to clone the
repair templates are listed in Table S2.2. The repair templates were assembled by SOEing PCR as
described above, then blunt-end ligated into the pJET1.2 vector using the CloneJET PCR cloning
kit (ThermoFisher Scientific). Multiple clones were screened by PCR and sequencing.

For transgene expression, the coding sequences for anillin, Ect2 and Ect2(C-term) were
cloned into the Golden Gate entry vector pYTKO001 (obtained from Lee et al., 2015; Addgene no.
65108). They were fused to mNeonGreen (Allele Biotech) or mScarlet-1 (obtained from Mastop
et al., 2017; Addgene no. 98839) and assembled into a custom Golden Gate expression vector

(pGG). The Golden Gate assembly reaction was carried out using Bsal (New England Biolabs)
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following standard protocols (Lee et al., 2015). Isolated colonies were picked and screened by

PCR and sequencing.

2.4.3 Transfection, nucleofection and NHEJ inhibition

To improve editing efficiency, all cells were treated with NHEJ inhibitors NU7441 (2 uM;
Tocris Bioscience) and SCR7 (1 uM; Xcess Biosciences) 4 h before transfection and for 48 h after
transfection. HEK293, HelLa and HepG2 cells were seeded in 24-well dishes to reach 60%
confluency on the day of transfection. Cells were transfected using Lipofectamine 3000 and P3000
reagent (ThermoFisher Scientific) according to manufacturer’s instructions. Plasmids were
introduced into HCT116 and MDCK cells using nucleofection with the 384-well HT Nucleofector
and the SE cell line kit (Lonza) as per manufacturer’s instructions. The cells were nucleofected
using the EN-113 program for HCT116 cells, and the CA-152 program for MDCK cells, and the
amount of repair template and plasmid were adjusted per cell type.

For transient transgene expression, vectors (pGG-mNG-Anillin, pGG-mNG-Ect2, pGG-
mScar-Ect2(C-term) and GFP-RhoA) were transfected into HeLa cells plated on coverslips and
grown to 60% confluency, using Lipofectamine 3000 and P3000 reagent (ThermoFisher

Scientific) as per manufacturer’s instructions.

2.4.4 Fluorescence-activated cell sorting

Tagged cells were isolated or enriched by FACS 7-14 days after transfection. The cells
were resuspended thoroughly in FACS buffer comprised of 1 mM EDTA, 25 mM HEPES pH 7.0
and 1% FBS in PBS buffer, then passed through a 35 um strainer to remove large cell clumps and

transferred to 5 ml FACS tubes for sorting. Cells were sorted using a FACSMelody cell sorter (BD
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Biosciences) with gates set to capture individual fluorescent cells. The fluorescent cells were
sorted into individual wells of a 96-well plate containing recovery media (media supplemented
with 20% FBS and 1X Penicillin-Streptomycin; 50 units ml™' penicillin and 50 pg ml™!
streptomycin; Wisent). Alternatively, fluorescent cells were enriched by sorting 15 000 cells into
a FACS tube with recovery media. The enriched population was then resuspended in fresh
recovery media and seeded into one well of a 96-well plate. The cells were left to recover, and
media was supplemented as needed. For flow cytometry, cells were prepared using the same
protocol and measured on different days after transfection. Flow cytometry data was acquired
using the FACSMelody cell sorter and analysed with the R package CytoExploreR (Hammill,

2021).

2.4.5 Genotyping

For genotyping, we first determined whether the tag was inserted into the target locus using
PCR. Clones were expanded by splitting cells from individual colonies in 96-well plates into 48-
well plates, and subsequently into 24-well plates. The target locus was amplified directly from the
cells using the Phire Plant Direct PCR mastermix (ThermoFisher Scientific) in three junction PCR
reactions as per manufacturer’s protocols. The primers used for these reactions are listed in Table
S2.3. The three PCR reactions were designed to amplify the wild-type (WT) locus as well as the
left and right junctions of the integration sites. Touchdown PCR was used to improve the quality
of the PCR products. Six to twelve positive clones were then expanded into 10 cm dishes for
further genotyping. Genomic DNA was extracted using the Qiagen DNeasy Blood and tissue Kkit,
then used to amplify the target locus with Phusion polymerase (ThermoFisher Scientific) by

touchdown PCR. The genotype was verified by extracting PCR products and sequencing the
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tagged and untagged alleles. When possible, homozygous clones carrying only tagged alleles were
selected. Alternatively, heterozygous clones carrying a tagged allele and a wild-type allele were

selected.

2.4.6 Microscopy

The endogenous tags and ectopic fluorescent protein expression were imaged using
microscopy. Cells grown on 6-well plates were imaged 2 and 10 days after transfection on a Leica
DMI6000B inverted epifluorescence microscope with filters for the appropriate wavelengths,
using a 20x/0.35 NA objective, an Orca R2 CCD camera (Hamamatsu) and Volocity software
(PerkinElmer). Single-cell-derived clones were initially screened for fluorescence and localization
7—-10 days after FACS isolation using a Nikon Eclipse TS100 microscope equipped with a DS-
QilMc camera the 10x/0.25NA objective. Clones with uniform expression and expected cellular
localization were selected for further screening.

To image cells during cytokinesis, tagged HeLa, HCT116, HepG2 and MDCK cell lines
were seeded onto acid-etched round coverslips (25 mm, no. 1.5) in 6-well plates and grown to 70%
confluency. The coverslips were transferred to a magnetic chamber (Quorum) with 1 ml media
before imaging. Tagged HEK293 cells were seeded directly onto 4-well p-slides (Ibidi) for
imaging. To visualize chromatin, Hoechst 33342 (Invitrogen) was added to the cells at a final
concentration of 0.4 uM for 30 min prior to imaging. Imaging was performed using an inverted
Nikon Eclipse Ti microscope (Nikon) equipped with a Livescan Sweptfield scanner (Nikon), Piezo
Z stage (Prior), IXON 879 EMCCD camera (Andor), and 405, 488 and 561 nm lasers (100 mW,

Agilent) using the 100x/1.45 NA objective. The cells were kept at 37°C and 5% CO: during
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imaging in an INU-TiZ-F1 chamber (MadCityLabs). Z-stacks of 1 pum thickness were acquired
every 1-2 min using NIS Elements software (Nikon, v.4.0).

To collect images of the over-expressed transgenes, the coverslips were transferred to a
magnetic chamber with 1 ml of media 1 day after transfection, and imaged on a Leica DMI16000B
inverted epifluorescence microscope with filters for the appropriate wavelengths, a 10x/0.25 NA
objective, an Orca R2 CCD camera (Hamamatsu) and Volocity software (PerkinElmer), or a Nikon
Eclipse TiE inverted epifluorescence microscope using LEDs in the appropriate wavelength with
an Evolve 512 EMCCD camera (Photometrics) and NIS Elements acquisition software (Nikon)

using the 60x/1.4 NA objective.

2.4.7 Cell viability assay

To monitor the growth of the different cell lines, we used the WST-8 cell proliferation
assay kit (Cayman Chemical), as per manufacturer’s instructions. For each cell line, 10 000 cells
were seeded per well in a 96-well plate and viability was assayed on days 0, 1, 2, 3 and 5, for a
total of approximately 4 population doubling times. For the assay, the electron mediator solution
and the WST-8 developer reagent were mixed in equal parts, then added to each well and incubated
at 37°C for 2 h. After this, the absorbance at 450 nm was measured on a TECAN Infinite M200

plate reader. The assay was repeated in triplicate for each cell line.

2.4.8 Image analysis
Linescans were performed and measured for each tagged cell line using Fiji. All images
acquired using NIS Elements (Nikon) were opened in Fiji (v.2.3, NIH) and analysed using a macro

modified from Ozugergin et al. (2022a). Briefly, the macro was designed to isolate the green
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channel from the movie file, subtract background signal and perform a bleach correction. The
desired timepoint and Z slices were entered manually, and the macro generated a Z-stack average
projection. A five-pixel-wide line was then traced along the cortex of the cell, from one pole to the
other, along with a straight one-pixel-wide line intersecting the furrow. The macro then measured
the fluorescence intensity of each pixel along the length of the linescan, and positioned the pixels
in relation to the furrow. The average intensity projection of two central Z slices were used for
cortical linescans, while six central slices were used to measure the central spindle in Ect2-tagged
cells. All data was exported for use in Excel (Microsoft) and Prism (v.9.3, GraphPad) for further
analysis. Pixel intensity values were normalized by subtracting the average baseline intensity
(calculated as the average intensity of the first or last 50 pixels of the linescan) from the maximum
intensity value. To obtain breadth measurements, the number of pixels above 50% or 75% of the
peak value were counted and converted to microns. Intensities above 50% were used to compare
the breadth of RhoA to Ect2 and anillin (Fig. 2.3 and S2.4A) to accommodate the relatively low
peak intensity levels for RhoA, while intensities above 75% were used to compare anillin across
cell lines (Fig. 2.4, S2.4B and S2.5). Pixels outside of the peak region that had intensities higher
than the cutoff value were excluded from these calculations. Enrichment at the equatorial (furrow)
versus polar cortex was calculated as a ratio between the average pixel intensity in the breadth and
the poles (the first or last 50 pixels in the linescans). To measure the ratio of the cortical to cytosolic
anillin in metaphase cells, the average intensity of the signal at the cortex was measured by a
linescan drawn around the cortex using the macro described above, while the average intensity of
the cytosol was measured by drawing a region of interest.

Ring closure was measured as described in Ozugergin et al. (2022a). In short, a 250 x 50-

pixel area containing the ring was rotated using SciKit Image (v.0.16.2) to generate an end-on view
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of the ring. The outline of the ring was drawn manually as an ellipse in FIJI and the coordinates
were noted. Best-fit circles for each ellipse were plotted using Python 3 and the Jet colormap. The
centre of the ring in the first timepoint was set to 0,0 and the radius was set to 1, and ellipse
coordinates in the subsequent timepoints were normalized to the first timepoint. Symmetry values
were obtained using the Pythagorean theorem to calculate the distance between the centre of the
cell in the first timepoint and the centre of the ring in the last measured timepoint. Cells with values
less than 0.2 (close to 0) were defined as having symmetric ring closure, while cells greater than
0.2 and greater than 0.6 were considered to have asymmetric and very asymmetric ring closure,

respectively.

2.4.9 Statistical analysis

Box and whiskers plots were generated using Prism (v.9.3, GraphPad) to show median
values (central line), quartiles (box edges) and minimum and maximum values (whiskers).
Statistical significance was tested using a Brown—Forsythe and Welch’s ANOVA, followed by
multiple comparisons using Dunnett’s T3 test, or by Welch #-test (GraphPad Prism v.9.3).
Significance levels were defined as: p > 0.5 non-significant (ns), * p <0.05; ** p <0.01; *** p <

0.001; **** p <0.0001.

2.5 Results
2.5.1 Endogenous tagging of cytokinesis proteins and cellular markers

To study cytokinesis regulators in their native cellular environment, we generated reagents
to endogenously tag anillin (ANLN), Ect2 (ECT2) and RhoA (RHOA) with mNeonGreen in

human cells using CRISPR/Cas9 (Fig. 2.1A-C). We designed sgRNAs to target the ANLN, ECT2
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for ring assembly. Active RhoA recruits and/or activates effectors (anillin, formin and ROCK
proteins) to assemble actomyosin filaments into the contractile ring. B) The experimental
workflow used for endogenous tagging is shown. Cultured cells were transfected with a CRISPR
plasmid and a repair template to express the CRISPR/Cas9 components and integrate the coding
sequence encoding a fluorescent protein. Some cells started to express the fluorescent protein after
several days and were isolated by FACS. Clonal cell lines were then recovered and genotyped to
verify the edits. C) The mechanism of endogenous tagging by CRISPR/Cas9 is shown. A gene-
specific sgRNA directs DNA cleavage by Cas9 at the target site. The DSB generated by Cas9 can
be repaired by HDR using the provided repair template and integrate the coding sequence for a
fluorescent protein at the target site. This will result in the expression of the target protein fused to
a fluorescent protein. D) Representative images show ectopic mNeonGreen expression 2 days after
transfection (left) and nuclear mNeonGreen-anillin signal 10 days after transfection (right). The
scale bar is 25 pm. E) The graph shows the percentage of mNeonGreen-positive cells over time
after transfection with different mNeonGreen repair templates as indicated, assessed by flow
cytometry. A constitutive mNeonGreen expression vector was used as a positive control compared
with the mNeonGreen-anillin, mNeonGreen-Ect2 and mNeonGreen-RhoA repair templates, and
an empty plasmid as a negative control. F-H) Representative flow cytometry plots show
mNeonGreen fluorescence in HEK293 cells 13 days after transfection with constructs designed to
tag anillin with mNeonGreen. Non-transfected cells (F) were used to remove non-fluorescent cells.
A negative control lacking a sgRNA (G) shows residual ectopic expression of mNeonGreen from
the transfection of a repair template alone, while (H) shows cells transfected with both the ANLN-
targeting CRISPR plasmid and repair template. The gate shown in green was used to isolate tagged
cells by FACS. I) A representative image shows a colony of mNeonGreen-anillin tagged HEK293
cells after single-cell isolation and recovery. The scale bar is 50 pm.

and RHOA genes, and corresponding repair templates to integrate the coding sequence of
mNeonGreen in frame with their coding sequences. The repair templates were designed to have 1
kb homology arms flanking the mNeonGreen gene. Three sgRNAs were designed for each gene
(Table S2.1) and cloned into a plasmid expressing the high-specificity HypaCas9 protein. We only
targeted the N-terminus of RhoA because the C-terminus is post-translationally cleaved, but we
targeted both ends of anillin and Ect2 for tagging. The sets of sgRNA-containing CRISPR plasmids
and repair templates were validated by co-transfecting them into HEK293 cells (immortalized

human female embryonic kidney cells with 64 modal chromosomes; hypotriploid) and monitoring

the appearance of a mNeonGreen signal with the expected localization patterns.
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When generating endogenously tagged cell lines, we observed non-specific ectopic
expression of mNeonGreen directly following transfection (Fig. 2.1D). This ectopic signal has
been reported previously (Fueller et al., 2020), and likely arises from ectopic expression from the
repair template rather than genomic integration, as it progressively disappears over approximately
9 days following transfection (Fig. 2.1E). We observed the expected localization pattern for the
tagged proteins starting approximately 4 days after transfection.

Using the workflow in Fig. 2.1B, we generated endogenous N-terminal mNeonGreen
fusions of anillin, Ect2 and RhoA in HEK293 cells. Notably, we did not recover cells with C-
terminal tags fused to anillin, while cells with C-terminal tags fused to Ect2 did not show the
correct cellular localization (data not shown). The C-terminal tag likely disrupts the function of
Ect2, but it is not clear why the tagging was unsuccessful for the C-terminal end of anillin. The
successful repair templates and optimal sgRNAs used for each locus are listed in Table 2.1. After
confirming each tag by visual inspection, single fluorescent cells were isolated by FACS
(fluorescence-activated cell sorting; e.g. Fig. 2.1F-H). Single-cell clones were screened by
fluorescence microscopy (e.g. Fig. 2.1I), PCR and sequencing (e.g. Fig. S2.1) to validate the cell
lines. Finally, this workflow was repeated to generate HeLLa (human female cervical carcinoma
with 82 modal chromosomes; hypertriploid) cell lines expressing mNeonGreen-tagged anillin,
Ect2 and RhoA. We were able to isolate HEK293 and HeLa cell lines where tagged anillin and
Ect2 were homozygous. However, we were unable to isolate homozygous tagged RhoA cell lines
despite screening 72 clones of RhoA-tagged HEK293 and 24 clones of RhoA-tagged HeLa. This
may be due to the low tagging efficiency at this locus, or some impediment to RhoA function

caused by the tag.
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To expand on this toolset, we obtained repair templates and sgRNA sequences from the
Allen Institute for Cell Science (Addgene) and replaced the mEGFP tag with either a red (mRuby?2)
or a blue (TagBFP) fluorophore. We also generated repair templates targeted to the AAVSI1 locus
(Adeno-Associated Virus Integration Site 1) to express membrane-specific tags by fusing
mNeonGreen or mRuby2 with the CAAX domain of K-Ras (Zhou et al., 2012). The repair
templates and sgRNAs that were generated and used in this study are listed in Table 2.1. Notably,
we were unable to obtain MYH10-tagged cells after several attempts using four different sgRNAs
in HEK293 and HeLa cells. Since this protein was tagged successfully in iPSCs (Roberts et al.,
2017), there could be cell-specific differences in how this gene is expressed, or in the efficiency
of repair at this locus. However, the other constructs were used to successfully generate multiple
HEK?293 cell lines expressing different combinations of endogenous tags (Fig. S2.2). We
generated double-tagged H2B-TagBFP; mNeonGreen-anillin cells, which were then used to
generate triple-tagged lines by also tagging the plasma membrane or B-actin with mRuby?2 (Fig.
S2.2A,B). We found no major differences in the growth and viability of the edited lines over 3—4
generation times (5 days) compared to non-edited HEK293 cells (Fig. S2.2C). We also found that
the furrow peaks were well-aligned between double-tagged and single-tagged cells (Fig. S2.2D),

showing that these cells can be used for localization studies when multiple components are tagged.

2.5.2 Endogenous tags are preferable for localization studies compared to transgenes
We then characterized the localization of endogenous mNeonGreen-tagged anillin, Ect2
and RhoA in live HeLa cells by fluorescence microscopy for the first time. To emphasize the

drastic differences in expression between endogenous tags and transiently over-expressed
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transgenes, we compared the levels of fluorescent proteins in multiple cells within fields of view.
Indeed, there was a striking difference in the levels and variability across cell populations where
fluorescent protein tags were transiently over-expressed compared to endogenous tags, which were
weaker and more uniform (Fig. 2.2A,B). While there was some variability in anillin and Ect2
expression levels in the endogenously tagged cell lines, this was expected due to their cell cycle-
dependent turnover, and was much lower compared to cells where they were over-expressed (Fig.
2.2A,B). The transfected cells also showed variable morphology with more rounded cells, likely
due to apoptosis, and/or cell cycle phenotypes (Fig. 2.2B). We also observed binucleate cells
indicative of cytokinesis failure with Ect2 and RhoA over-expression (Fig. 2.2B). These data show
that the endogenous tagging of cytokinesis proteins provides more accurate readouts of protein
expression compared to over-expressed transgenes, which can also cause cytokinesis phenotypes.
This comparison reveals the importance of considering expression levels when generating stable
cell lines from transgenes, as the lines chosen for further study could be extremely different

compared to the endogenous proteins.

2.5.3 Core cytokinesis regulators have distinct spatio-temporal distributions

We then imaged cells during cytokinesis to follow the localization of endogenously tagged
anillin, Ect2 and RhoA (Fig. 2.3A-C). As expected, anillin was enriched at the equatorial cortex
shortly after anaphase onset and remained in the furrow throughout ingression, after which it
localized to the midbody (Fig. 2.3A). We measured this enrichment using a linescan to plot the
intensity of mNeonGreen-anillin along the cortex of cells at the start of furrowing (approx. 9—14
min after anaphase onset; Fig. 2.3D, E, left). To visualize localization over time, we repeated this

analysis every 2 min, starting 2 min before anaphase onset and until furrowing appeared to be
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Figure 2.2. Endogenous tags are more reliable than transient over-expression. A) Fluorescent
(left) and corresponding brightfield (right) images of HeLa cells show anillin (top), Ect2 (middle)
and RhoA (bottom) endogenously tagged with mNeonGreen. B) Fluorescent (left) and
corresponding brightfield (right) images of HeLa cells show exogenous expression of
mNeonGreen-anillin (top), mNeonGreen-Ect2 (middle) and GFP-RhoA (bottom) 24 h after
transfection. *Image taken with a lower exposure time. The scale bars are 100 um. The relative
intensity of mNeonGreen is shown in the corresponding scale.

completed (Fig. 2.3F, G, left). We observed an increase in the enrichment and a gradual decrease
in the breadth of anillin at the equatorial cortex over time, with the enrichment being first visible
4—6 min after anaphase onset (Fig. 2.3G, left). Ect2 initially localized to the central spindle, then
was also visible at the equatorial cortex and remained in both locations during ingression, followed
by its localization to the midbody (Fig. 2.3B and S2.3A). We used linescans to measure the
intensity of mNeonGreen-Ect2 along the cortex at furrow initiation (Fig. 2.3E, middle), and along

the cortex and central spindle over time (Fig. 2.3G, middle, H, I). The localization of Ect2 to the

central spindle preceded the equatorial cortex, which was first visible approximately 6 min after
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Figure 2.3. Endogenous anillin, Ect2 and RhoA show distinct localization patterns during
cytokinesis in HeLa cells. A-C) Time-lapse images show cells expressing endogenous
mNeonGreen-anillin (A), mNeonGreen-Ect2 (B) and mNeonGreen-RhoA (C) during cytokinesis.
mNeonGreen is shown in green and DNA (stained with Hoechst) in magenta. Times are shown in
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minutes and seconds relative to anaphase onset. The scale bar is 10 um. The relative intensities of
mNeonGreen and Hoechst are shown in the corresponding scales. D-E) A schematic (D) shows
the location of the cortical linescan used to plot the intensity of fluorescence at the onset of
furrowing (E, 8—12 min minutes after anaphase onset) in HeLa cells expressing endogenously
tagged anillin (left, n = 16), Ect2 (middle, n = 10) and RhoA (right, n = 10). Individual replicates
are shown in grey, and the average is shown in green. F-G) A schematic (F) shows the location
and timing of the linescans used to plot the fluorescence intensity along the cortex in single HeLa
cells (G) expressing endogenously tagged anillin (left), Ect2 (middle) and RhoA (right) at multiple
timepoints starting 2 min before anaphase onset, and shown in different colours as indicated in the
scale below. H-I) A schematic (H) shows the location and timing of the linescans used to plot the
fluorescent intensity along the midzone of a single HeLa cell (I) expressing endogenously tagged
Ect2 at multiple timepoints starting 2 min before anaphase onset, shown in the same colours as G.
J) A schematic shows how the breadth at the equatorial cortex was calculated for K. K) Box plots
show the breadth of anillin (n = 16), Ect2 (n = 10) and RhoA (n=10) in HeLa cells. L) A schematic
shows how the ratio of protein at the equatorial cortex (furrow) relative to the polar cortex was
calculated for M. M) Box plots show the enrichment of anillin (n = 16), Ect2 (n = 10) and RhoA
(n=10) at the equatorial cortex in HeLa cells. Box plots in K and M show the median line, quartile
box edges and minimum and maximum value whiskers. Statistical significance was determined by
one-way ANOVA (ns, not significant; * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001).

anaphase onset and was narrow compared to anillin. Lastly, we found that RhoA was also enriched
at the equatorial cortex at the onset of ingression (Fig. 2.3C, E, right). Linescans revealed that this
enrichment was visible approximately 6—8 min after anaphase onset (Fig. 2.3C, G, right). This
enrichment appeared weak compared to Ect2 and anillin, likely because of the large pool of
cytoplasmic RhoA. To demonstrate that mNeonGreen-RhoA can be activated, we transiently over-
expressed the C-terminus of Ect2 (Ect2 (C-term); amino acids 420-882), which contains the DH
domain required for nucleotide exchange and activation of RhoA (Yuce et al., 2005). In interphase
and metaphase cells expressing mScarlet-I-Ect2 (C-term), we observed an increase in the cortical
localization of mNeonGreen-RhoA, which reflects an increase in activity since the active form is
membrane-localized (Fig. S2.3B-C; Yuce et al., 2005).

Next, to compare the localization of anillin, Ect2 and RhoA during cytokinesis, we
quantified their breadth and accumulation. To measure breadth, we used the linescans to determine

the number of pixels above 50% of the normalized peak intensity (Fig. 2.3J) and found that while
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the breadth of anillin and RhoA was similar (4.9 + 1.1 and 4.5 + 0.8 pum, respectively), Ect2 was
narrower (2.8 = 0.9 um; Fig. 2.3K). Similar results were obtained when measuring breadth as a
ratio of cortical length to control for variations in cell size (Fig. S2.4A). To measure accumulation,
the ratio of the average pixel intensity of anillin, Ect2 and RhoA in the furrow relative to the polar
cortex was determined (Fig. 2.3L). Our data revealed that anillin was most enriched, with 8.9 +
2.9-fold (n = 16) more protein in the furrow than at the poles compared to Ect2 (3.1 + 0.7-fold, n

= 10) and RhoA (1.7 + 0.1-fold, n = 10; Fig. 2.3M).

2.5.4 Endogenous tagging of anillin in different mammalian cell lines

Next, we tagged anillin with mNeonGreen in different cell lines to facilitate cytokinesis
studies. In addition to the tagged HEK293 and HeLa cells described earlier, we tagged anillin with
mNeonGreen in HCT116 (human male colon cancer with 45 modal chromosomes; near diploid),
HepG2 (human male hepatoblastoma with 55 modal chromosomes, hyperdiploid) and MDCK
(Madin—Darby canine female kidney with 78 or 87-90 modal chromosomes; diploid—
hyperdiploid) cells. Since MDCK cells are not human, we created new sgRNAs and repair
templates suited for the Canis lupus familiaris genome (Table 2.1). These cell lines are rarely used
for gene editing and presented distinct challenges. HCT116 and MDCK cells have low transfection
efficiency using liposome-based methods, requiring nucleofection to increase transfection
efficiency and recover successfully tagged cells. We also used NHEJ inhibitors to increase the
efficiency of integration by HDR. Another limitation was the rate of single-cell recovery after
FACS. While HeLa and MDCK cells recovered well from single-cell isolation (greater than 90%
recovery, data not shown), HepG2 cells showed very low recovery and we initially only recovered

two non-fluorescent clones from 120 isolated HepG2 cells. To resolve this issue, we enriched
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tagged cells by sorting 15 000 fluorescent cells together as a population and allowing them to
recover for a few days. Then, we isolated clones by sorting 10-25 fluorescent cells per well of a
96-well plate and monitoring for the recovery of a single colony in each well. Altogether, these
methods can greatly facilitate gene editing in cell lines that are difficult to edit. By incorporating
these methods into our editing protocols, we successfully obtained multiple heterozygous and
homozygous HeLa, HEK293, HCT116, HepG2 and MDCK cell lines where anillin was

endogenously tagged with mNeonGreen.

2.5.5 Differences in anillin localization correlate with distinct ring closure kinetics

To reveal cytokinetic diversity, we compared differences in anillin localization between
the newly generated mNeonGreen-anillin tagged cell lines. We observed differences in when
anillin was first visible at the cortex, the breadth of anillin at the equatorial cortex and the duration
of ingression after anaphase onset. For example, mNeonGreen-anillin localized to the cortex in
HEK?293, HCT116 and MDCK cells during metaphase, but not in HeLa and HepG2 cells, where
it was strictly cytosolic (Fig. 2.3A, 2.4A-D; —02:00 time-point). All cell lines showed
mNeonGreen-anillin enrichment in the equatorial cortex approximately 4-8 min after anaphase
onset, where it remained in the furrow throughout ingression (Fig. 2.3A, 2.4A-D). However,
linescans of mNeonGreen-anillin along the cortex at furrow initiation (Fig. 2.3E, left and 2.4E-H),
and every 2 min from just before anaphase until the end of furrowing, revealed differences in the
breadth of anillin between the cell lines (Fig. 2.3G, left and 2.41-L). While anillin peaks were broad
in HEK293, HCT116 and MDCK cells, anillin was narrow in HepG2 cells (Fig. 2.4). Also,
furrowing appeared to take much longer in HepG2 and HEK293 cells compared to the other cell

lines (Fig. 2.3A, G, 2.4A-D, I-L).
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Figure 2.4. Endogenous tagging of anillin in different cell lines reveals differences in its
localization during cytokinesis. A-D) Time-lapse images show endogenous mNeonGreen-anillin
in HEK293 (A), HCT116 (B), HepG2 (C), and MDCK (D) cells during cytokinesis. mNeonGreen
is shown in green and DNA (stained with Hoechst) is in magenta. Times are shown in minutes and
seconds relative to anaphase onset. The scale bar is 10 pm. The relative intensities of
mNeonGreen-anillin and Hoechst are shown in the corresponding scales. E-H) Graphs show
fluorescence intensity of mNeonGreen-anillin along the cortex of HEK293 (E, n =9), HCT116 (F,
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n=11), HepG2 (G, n = 13), and MDCK (H, n = 10) cells at furrow initiation. I-L)) Graphs show
fluorescence intensity of mNeonGreen-anillin along the cortex of a single HEK293 (1), HCT116
(J), HepG2 (K) and MDCK (L) cell at multiple timepoints starting 2 min before anaphase onset,
shown in different colors as indicated by the scale.

Next, we quantified the differences in anillin localization and ring closure, using furrow
ingression as a proxy, among the cell lines. First, we compared the duration of ring closure between
the cell lines, starting from anaphase onset until the membrane appeared to be fully closed (Fig.
2.5A, B). While ingression took similar amounts of time on average in HeLa (20.4 = 1.7 min, n =
11), HEK293 (22.3 = 5.2 min, n = 7) and MDCK cells (17.7 + 5.0 min, n = 6; Fig. 2.5B), HepG2
cells ingressed slower (31.0 = 7.0 min, n = 11), and HCT116 cells ingressed faster (12.3 + 1.4 min,
n = 8). We also noted more variability in the duration of ingression in HEK293 and HepG2 cells
compared to the other cell types.

Next, we quantified the cortical localization of anillin prior to anaphase between HCT116
and HepG2 cells, where the difference was most striking. To do this, we measured the ratio of
cortical to cytosolic mNeonGreen-anillin during metaphase (Fig. 2.5C, D). Indeed, anillin was
significantly enriched at the cortex during metaphase in HCT116 cells (1.6 + 0.3-fold), but not in
HepG2 cells (0.6 + 0.1-fold; Fig. 2.5D). Then, we compared the breadth of anillin localization at
the onset of furrowing in the different cell lines (Fig. 2.5E, F). Since anillin localized to the furrow
as a well-defined peak across all cell lines, we measured breadth as the number of pixels above
75% of the normalized peak intensity (Fig. 2.5E, F). The mNeonGreen-anillin furrow was the
broadest in HCT116 cells, narrowest in HepG2 cells, and was similar between HeLa, HEK293 and
MDCK cells (Fig. 2.5F). Similar results were obtained when measuring breadth as a percentage of
cortical length, showing that these differences were independent of cell size (Fig. S2.4B).

mNeonGreen-anillin was similarly enriched in the equatorial cortex of HeLa, HEK293 and

60



A B s D,
c =5 *x Metaphase ©° 25 —
fnaghase on=st Midbody transition 2 n;*** 7~ N ‘8 2
d g 40 fr=n A 3
22— 30 i \ RE15
= v | Ois
G E 9 = Led J s 1
= \\ y o
.% 10 = ~— 5 05 =
Duration of ingression 5 Ratio = R 0
Aa 0 T T T
x}? {]9,5 &\@ QO{L & :verage cc;rtexlvallue o &\.\% @QC;L
Qf</+ s & ¥ verage cytosol value L NS
E F = G H

-

(4]
N
o

-
(4]

It

(4]
(&)

Furrow

éﬁé

Furrow breadth (um)
Ratio of Anillin at the

equatorial:polar cortex
S

Furrow Pole
o breadtl"u S o
0 0
'z’ ) »3’ 5 ~t~ Average furrow value q“’ K3 Q,"V ~l~
NN e o2 ————————— PSP
Q\Q\ QQ ~2~°Q N Ratio Average pole value Q@J“ LR

Figure 2.5. Breadth of anillin but not cumulative levels correlate with the efficiency of ring
closure. A) A schematic shows how the duration of ingression was measured in B. B) A box plot
shows the duration of ingression in HeLa (n = 11), HEK293 (n=7), HCT116 (n=38), HepG2 (n =
11) and MDCK (n = 6) cells. C) A schematic shows how the ratio of cortical to cytosolic
mNeonGreen-anillin was measured for D. D) A box plot shows the enrichment of mNeonGreen-
anillin at the cortex relative to the cytosol during metaphase in HCT116 (n = 8) and HepG2 (n =
12) cells. E) A schematic shows how the breadth at the equatorial cortex was calculated for F. F)
A box plot shows the breadth of mNeonGreen-anillin localization along the equatorial cortex at
furrow initiation in HeLa (n = 16), HEK293 (n=9), HCT116 (n=11), HepG2 (n = 13) and MDCK
(n = 10) cells. G) A schematic shows how the ratio of protein in the furrow relative to the polar
cortex was calculated for H. H) A box plot shows the ratio of anillin at the equatorial cortex
compared to the polar cortex in HeLa (n = 16), HEK293 (n =9), HCT116 (n=11), HepG2 (n =
13) and MDCK (n = 10) cells. Box plots in B, D, F and H show the median line, quartile box edges
and minimum and maximum value whiskers. Statistical significance was determined by one-way
ANOVA in B, F and H, and Welch ¢ test in D (ns, not significant; * p <0.05; ** p <0.01; *** p <
0.001; **** p <0.0001).

HCT116 cells (7.1 £2.4,6.3 £2.3 and 6.3 £+ 1.9-fold enrichment, respectively), while HepG2 cells
had a significantly stronger enrichment (10.4 + 2.6-fold), and MDCK cells had a weaker
enrichment (3.8 + 1.5-fold; Fig. 2.5H). These data suggest that the breadth of anillin localization
rather than accumulated levels correlate with the rate of ingression. This is further supported by

measurements of two distinct populations of cells within the mNeonGreen-anillin HeLa cell line,

which display higher or lower expression levels (Fig. S2.5). Since our genotyping revealed no
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untagged alleles, we presume that this difference in anillin levels is due to aneuploidy causing
heterogeneity and changes in gene expression. Comparing the same parameters in these two
populations of cells revealed no difference in the duration of ingression and breadth of anillin (Fig.
S2.5B-F), but the accumulated levels were higher in one population compared to the other (Fig.

$2.5G, H).

2.5.6 Asymmetric ingression in MDCK cells is intrinsically controlled

We also observed that the furrow ingressed asymmetrically in MDCK cells, but not in the
other cell lines (Fig. 2.4D and 2.6A). MDCK cells acquire apicobasal polarity when grown to
confluency in culture, however to facilitate live imaging studies, our cells were not confluent
(Balcarova-Stander et al., 1984). Since 2D side views of ingression can be misleading, we
measured ring closure using end-on-views. To do this, we plotted the position of the ring over time
starting before anaphase onset until the ring had closed (e.g. two cells are shown in Fig. 2.6B, C).
We also calculated the distance between the centre of the cell at the first timepoint and the center
of the ring at the last timepoint (Fig. 2.6D). We found that ring closure occurred asymmetrically
in 61.9% of cells (symmetry value between 0.2 and 0.6; n = 13/21) and highly asymmetrically in
33.3% of cells (symmetry value greater than 0.6; n = 7/21). Meanwhile, only one cell (n = 1/21)
closed symmetrically (symmetry value less than 0.2; Fig. 2.6D, E). We also measured the levels
of anillin along the ingressing and non-ingressing cortex in an asymmetrically dividing MDCK
cell. We found that anillin was cortical and more broadly distributed along the ingressing versus
non-ingressing cortex until about 6 min after anaphase onset, when a peak of similar intensity
formed on both sides (Fig. 2.6F, G). The peak on the ingressing cortex was also broader and

continued to increase in intensity compared to the non-ingressing cortex (Fig. 2.6F, G). It is
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Figure 2.6. MDCK cells ingress asymmetrically. A) Time-lapse images show endogenous
mNeonGreen-anillin localization in different MDCK cells during cytokinesis where ingression
appeared to be highly asymmetric. mNeonGreen is shown in green and DNA (stained by Hoechst)
is in magenta. The relative intensities of mNeonGreen and Hoechst are shown in the corresponding
scales. Times are shown in minutes and seconds from anaphase onset. The scale bars are 10 um.
B-C) Graphs shows the position of the ring over time in cells that undergoes asymmetric (B) or
highly asymmetric (C) ring closure. D) Schematics show the relative position of the ring as it
closes symmetrically (left; values less than 0.2) or asymmetrically (right; values greater than 0.2).
E) A graph shows the symmetry values for ring closure in 21 cells, ranging from symmetric (less
than 0.2, n = 1) to asymmetric (between 0.2 and 0.6; n = 13/21) and highly asymmetric (greater
than 0.6; n = 7/21). F-G) Graphs show fluorescence intensity of mNeonGreen-anillin along the
ingressing (F) and the non-ingressing (G) sides of the cortex of an asymmetrically dividing MDCK
cell starting 2 min before anaphase onset, with timepoints shown in different colours as indicated
by the scale.

exciting to speculate that the asymmetric distribution of anillin could influence ring closure in
these cells, and the lack of junctions to transmit forces between cells suggests that anillin

distribution and asymmetric ingression are controlled intrinsically.
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2.6 Discussion

In this study, we reveal cytokinetic diversity between different cell types by endogenously
tagging cytokinesis proteins with fluorescent tags and visualizing them by live imaging.
Specifically, we successfully tagged endogenous anillin, Ect2 and RhoA with mNeonGreen and
visualized their localization for the first time in live human cells, enabling robust comparative
studies of these key cytokinesis regulators. A limitation of gene editing tools is the risk of
introducing undesired off-target mutations. To alleviate this issue, we used the high-specificity
HypaCas9 variant, which has the advantage of preserving on-target editing while reducing off-
target cutting (Chen et al., 2017; Kato-Inui et al., 2018). Several approaches have been devised to
reduce the frequency of off-target cutting by Cas9 and the frequency of mutagenic repair, including
the use of paired Cas9 nickases or Cas9-sgRNA ribonucleoprotein complexes (Cho et al., 2014;
Kim et al., 2014). These improvements on CRISPR/Cas9 gene editing tools help generate high-
quality engineered cell lines to ensure robust biological results without artefacts.

To date, most cytokinesis proteins have been studied using over-expressed transgenes in
HeLa cells, which may influence the interpretation of their function. Additionally, probes to
visualize RhoA or its GEF Ect2 have been notoriously difficult to use (Koh et al., 2021; Kotynkova
et al.,, 2016; Piekny et al., 2005; Schneid et al., 2021; Yuce et al., 2005). Comparing the
spatiotemporal localization of endogenous RhoA, Ect2 and anillin revealed that their enrichment
at the equatorial cortex occurs at similar times and aligns with the timing of ring assembly and
ingression. However, while anillin and RhoA broadly localize along the equatorial cortex, Ect2
localizes to a narrower region, suggesting differences in how the cortical localization of Ect2 is
controlled compared to anillin and RhoA. Additionally, Ect2 is first visible at the central spindle,

which supports prior findings that an Ect2—Cyk4 complex first forms at the central spindle during
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mitotic exit and is then released or recruited to the overlying membrane. The localization of anillin
and Ect2 is largely in agreement with previous studies done in HeLa cells using
immunofluorescence with specific antibodies. Given that fixation can cause artefacts and that
epitopes may not be consistently accessible, it was not known whether immunofluorescence
provided an accurate picture of their localization pattern. Our findings clarify any variability in
localization that may have been reported due to differences in chemical fixation and cell cycle
stage (e.g. Piekny & Glotzer, 2008; Yonemura et al., 2004; Yuce et al., 2005). Crucially, this is
the first study to our knowledge that reveals the localization of pools of endogenous RhoA during
cytokinesis, which was predicted to be enriched at the equatorial membrane based on
immunofluorescence after TCA fixation (Piekny et al., 2005; Yonemura et al., 2004; Yuce et al.,
2005). Interestingly, RhoA was visibly enriched at the equatorial cortex after anillin. While the
cytosolic pools of RhoA could obscure weaker cortical signals, this timing could also reflect the
positive feedback between the two proteins, with anillin helping to cluster Pl4,sP> lipids that RhoA
preferentially binds to, and by increasing the residence time of RhoA at the cortex (Budnar et al.,
2019). There is also the caveat that N-terminally tagged RhoA may not be fully functional.
However, its ability to respond to Ect2 over-expression and to accumulate at the equatorial cortex
suggests that it is at least partially functional.

Our knowledge of mammalian cytokinesis is largely derived from studies of HeLa cells,
but the mechanisms regulating cytokinesis are expected to vary with fate, size, ploidy and
geometry. Here, we reveal cytokinetic diversity by comparing the spatio-temporal localization of
endogenously tagged anillin between different cell lines. This includes HeLa cells as well as cell
lines where cytokinesis has not been well-studied (HEK293, MDCK, HepG2, HCT116). We

observed differences in 1) the duration of ingression, 2) the timing and breadth of the cortical
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localization of anillin, 3) the amount of anillin in the furrow and 4) how symmetrically the ring
closes.

The timing of anillin’s cortical localization varies among the different cell types. Anillin is
cortically localized before anaphase onset in HEK293, HCT116 and MDCK cells, but not in HeLa
and HepG2 cells. Previous studies reported that anillin is cortically localized during metaphase in
BHK-21 (baby hamster kidney) and Drosophila S2 cells, but this was not investigated further (EI
Amine et al., 2013; Field & Alberts, 1995; Oegema et al., 2000). Based on recent studies showing
that importin-binding regulates the cortical localization of anillin, we propose that ploidy relative
to cell size or chromatin position could determine whether importins reach sufficient levels to
recruit anillin to the cortex in metaphase (Fig. 2.7A; Beaudet et al., 2017; Beaudet et al., 2020;
Ozugergin et al., 2022a). Importins bind to nuclear localization signals (NLS) in proteins, which
can be competed off by Ran-GTP (Clarke & Zhang, 2008; Xu & Massague, 2004). The RanGEF
RCCI1 is bound to histones and RanGAP is in the cytosol, causing Ran-GTP to be enriched around
chromatin. The strength of this gradient and whether Ran-GTP levels are high enough to impact
importin-binding to cortical NLS-proteins would determine if anillin is localized cortically or not
(Fig. 2.7A; Clarke & Zhang, 2008; Xu & Massague, 2004). Thus, our model is that in cells that
are small and/or have higher ploidy (e.g. HeLa, HepG2), importins cannot recruit anillin to the
cortex during metaphase, but can recruit anillin to the equatorial cortex during anaphase as the
chromosomes segregate (Fig. 2.7A, top). Thus, the Ran pathway could be a dominant mechanism
that controls the breadth of anillin in these cells. In cells that are large and/or have lower ploidy
(e.g. HCT116), Ran-free importins reach sufficient, uniform levels to recruit anillin to the cortex
during metaphase (Fig. 2.7A, bottom), and other mechanisms determine the breadth of anillin

during anaphase. Our model also has implications for cells where chromatin is asymmetrically
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Figure 2.7. Mechanisms controlling ring assembly and constriction in human cells. A)
Cartoon schematics show two different cell types in metaphase, anaphase and telophase, with the
position and strength of Ran-GTP (white) and Ran-free importin (blue) levels. In small cells or
cells with high ploidy (top), Ran-GTP levels reach the cortex, restricting where Ran-free importins
can bind to anillin. In large cells or cells with low ploidy (bottom), Ran-GTP levels are too low to
reach the cortex and Ran-free importins can globally bind to and recruit anillin, requiring other
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pathways to control ring position. B) Cartoon schematics show how the breadth of anillin could
influence ring closure. In cells where anillin is more broadly localized (left), there is more surface
area for the removal of membrane microdomains by anillin—septin complexes, or there could be
stronger actomyosin flows, and/or greater cross-linking of actin filaments to facilitate their
alignment for faster ingression compared to cells where anillin is more narrow (right).
positioned, which could lead to the asymmetric localization of cortical anillin and influence
filament organization for ingression (e.g. MDCK cells; Beaudet et al., 2017; Beaudet et al., 2020;
Husser et al., 2021; Ozugergin & Piekny, 2021). Other mechanisms could also directly or
indirectly control the localization of anillin in the different cell lines. Cells with higher ploidy
would have more kinetochores and associated Sds22 that could increase PP1 phosphatase activity
to downregulate ERM proteins (ezrin, moesin, radixin) and promote the removal of F-actin from
the nearby cortex (Rodrigues et al., 2015). Astral-dependent machinery could also be expressed at
different levels and impact the cortical localization of anillin (e.g. van Oostende Triplet et al.,
2014; Mangal et al., 2018). These mechanisms could be tested using the reagents described here
to study cytokinesis in combination with perturbations that selectively interrogate these pathways.
We also observed that the breadth of cortical anillin at furrow initiation varies among the
different cell lines. Anillin is distributed broadly along the equatorial cortex in HCT116 cells,
while it is narrow in HepG2 cells compared to the other cell lines. Interestingly, HCT116 cells also
ingress faster and HepG2 cells take longer to ingress than other cell lines, suggesting a correlation
between the breadth of anillin localization and the efficiency of ring closure. Importantly, this
correlation does not reflect the amount of anillin in the furrow, rather how it is distributed. A recent
hypothesis paper suggested that an anillin—septin complex controls the removal of membrane
microdomains from the ring to relieve tension during closure (Carim et al., 2020). The model

proposed by the Hickson laboratory would explain our findings as the broader distribution of

anillin in HCT116 cells (Fig. 2.7B, left) could promote more efficient ring closure by providing a
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greater surface area for this “outflow” and removal of microdomains compared to HepG2 cells
(Fig. 2.7B, left; Carim et al., 2020). However, the breadth of anillin could also reflect differences
in other mechanisms that have been experimentally shown to facilitate ingression by promoting
the alignment of actin filaments. These mechanisms include cortical flows in the axial and
equatorial axis, and the distribution of actin cross-linkers (Khaliullin et al., 2018; Leite et al., 2020;
Osorio et al., 2019; Reymann et al., 2016; Sobral et al., 2021; Spira et al., 2017). Future studies
are required to test these models and to reveal how anillin localization affects ring closure kinetics.

We also found that ring closure occurs asymmetrically in MDCK cells. Although these
cells establish apicobasal polarity in culture when grown to confluency (Balcarova-Stander et al.,
1984), we imaged these cells at lower confluency, revealing that intrinsic mechanisms control ring
ingression. Few studies have explored the mechanisms controlling symmetry of ring closure,
which is not well understood (Bourdages et al., 2014; Dorn et al., 2016; Maddox et al., 2007;
Ozugergin et al.,, 2022a; Paim & FitzHarris, 2022). The ring may close at least partially
asymmetrically in many cell types, and the extent of asymmetry could reflect differences in cell
size and fate in addition to adhesion to neighbouring cells (Bourdages et al., 2014). For example,
in the two-cell C. elegans embryo, ring closure occurs asymmetrically in the larger AB daughter
cell fated to become somatic tissue, but not in the smaller P cell fated to become the germline
(Ozugergin et al., 2022a). Inducing changes in cell size or perturbing the Ran pathway affects the
symmetry of ring closure in Pi cells, suggesting that multiple factors control this process
(Ozugergin et al., 2022a). The nature of the ring may lend itself to asymmetric closure. As the ring
pulls in part of the membrane, curvature and flows are induced that promote actomyosin filament
alignment and improve energy-efficiency for faster ingression in that location (Dorn et al., 2016).

However, the asymmetric ingression we observed in MDCK cells was more extreme compared to
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the other cell lines. A recent study showed that apical PAR proteins localize mutually exclusively
to anillin in cells within developing mouse embryos suggesting they could compete for the same
filamentous networks (Paim & FitzHarris, 2022). These proteins could be asymmetrically
distributed prior to establishing full apicobasal polarity, which could cause anillin to be more
broadly distributed along the asymmetrically ingressing cortex (e.g. Fig. 2.6A). However, the
mechanisms controlling their distribution in cells prior to establishing polarity are not clear, nor is
the biological significance of asymmetric closure.

In addition to generating new tools and fundamental knowledge of cytokinesis, our work
provides methodologies for more consistent analysis of cytokinesis. Studies of cytokinesis tend to
differ in how parameters are measured and reported. Previous studies in C. elegans provide a
strong foundation for methodologies that could be universally applied to other cell types (e.g.
Carvalho et al., 2009; Chan et al., 2019; Maddox et al., 2007; Ozugergin et al., 2022a), including
the macros used in this study, which are publicly available. We also expanded on the CRISPR/Cas9
reagents generated by the Allen Institute for Cell Science by tagging multiple cellular components
with different fluorescent proteins, which will be useful for studies of cytokinesis and other
biological processes in human cells. All the reagents used to generate the endogenously tagged
cell lines in this study are available to the community through Addgene. Combining the use of
endogenous tags with quantitative measurements will help capture cytokinetic diversity across a
broader range of mammalian cell types and generate new knowledge of the mechanistic differences

regulating cytokinesis.
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2.7 Supplementary figures and tables

A

Tagged allele fra~ - T T~ - -4 F

] | mNG | ANLN gene

e e o o o - T el oo o o - o - ? o

1- Left junction 2- Right junction
(333 bp) (333 bp)

WT allele = ]

] | ANLN gene

1

3- WT junction
(409 bp)

500 bp — s > iy 1“ o N
400 bp— -~ ‘-.‘
300 bp— _ ' e F
200 bp— e . ;
75 bp— 5 "
Left Right WT Left Right WT Left Right WT Left Right WT Left Right WT Left Right WT
WT HelLa Clone 1 Clone 2 Clone 3 Clone 4 Clone 5
500 bp— r = ] ._":I* I* ré‘ - '-
400bp—  repgr 3+ - <MD NI 0T T N ity
300 bp— L
200ibp=g o - -
75 bp—
Left Right WT Left Right WT Left Right WT Left Right WT Left Right WT Left Right WT
Clone 6 Clone 7 Clone 8 Clone 9 Clone 10 Clone 11
500 bp ———
400 bp— - “ | V) 1
300 bp — e NI DNENE "= R NRNC" ‘“
200 bp—

75 bp— ‘ “*

Left Right WT Left Right WT Left Right WT Left Right WT

Clone 12 Clone 13 Clone 14 Clone 15
Taggedallele '3~~~ "~~~ "~~~ 77" "™ 7 3000 bp—
| | mNG | ANLN gene H
-~ - g 2000 bp—
Tagged allele 1500 bp—" )

(1135 bp) - —‘

_________ 1000 bp— b - g M

WT allele = I -
] | ANLN gene 700 bp—
TS = 500 bp—

P W op e -

WT allele -

(409 bp) 288 EE_ - g
200 bp—

75 bp— "

WT Clone  Clone Clone
HelLa 3 4 15

Figure S2.1. Screening and genotyping of mNeonGreen-anillin in HeLa cells. A) The
schematic shows how a junction PCR strategy was used to screen the mNeonGreen-anillin clones.
Three PCR reactions (left junction, right junction and unedited, WT junction) were used to amplify
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the tagged and untagged alleles. B) Gel images show junction PCR reactions for 15 mNeonGreen-
anillin clones. The presence of each band is highlighted by colored boxes (blue for the left junction,
pink for the right junction, and grey for the WT junction). The clones selected for further screening
are indicated in green. C) Schematics show the PCR genotyping strategy that was used to validate
the mNeonGreen-anillin HeLa cell line, with the tagged allele highlighted in green compared to
the untagged allele in grey. D) Gel images show the PCR products used to genotype the
mNeonGreen-anillin HeLa cell lines. Green boxes indicate bands corresponding to tagged alleles,
while grey boxes indicate untagged alleles. The final clone selected for sequencing and
phenotyping (clone 3) is homozygous for the mNeonGreen insert.
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Figure S2.2. Generation of cell lines expressing multiple endogenous tags for multi-color
imaging. A) A schematic shows the workflow used to generate multi-tagged HEK293 cell lines.
H2B histones were first tagged with TagBFP and FACS was used to obtain an ‘enriched’
population. In this enriched population, anillin or the plasma membrane were tagged with
mNeonGreen and mRuby?2, respectively. Clonal lines were isolated to obtain single and double-
tagged cell lines. Finally, triple-tagged cell lines were generated by tagging B-actin or the plasma
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membrane with mRuby2 in the H2B-TagBFP; mNeonGreen-anillin double-tagged cell line. B)
Images show cells from the multi-tagged HEK293 cell lines generated in A, with H2B-TagBFP in
blue, mNeonGreen-anillin in green and mRuby2-CAAX or mRuby2-actin in magenta. The scale
bars are 25 pm. *This image was taken at a lower focal plane to show the actin filaments. C) A
graph shows the growth of the single-, double- and triple-tagged HEK293 cell lines measured by
absorbance compared to unedited cells (WT) over 5 days (~3-4 population doubling times). D) A
graph shows linescans comparing the fluorescence intensity of mNeonGreen-anillin in single-
tagged HEK293 cells (shown in black with standard deviation in grey) with a double-tagged H2B-
TagBFP; mNeonGreen-anillin HEK293 cell (shown in green).
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Figure S2.3. Ect2 cortical localization correlates with the cortical recruitment of RhoA in
HeLa cells. A) Timelapse images show an end-on ring view of mNeonGreen-Ect2 (green) during
cytokinesis. Times are shown in minutes and seconds relative to anaphase onset, and the scale bar
is 10 pm. The relative intensity of mNeonGreen is shown in the corresponding scale. B-C) A
representative image shows endogenous mNeonGreen-RhoA localization in interphase cells (B)
and in a metaphase cell (C). D-E) Images show endogenous mNeonGreen-RhoA (green; left)
localization in interphase cells (D) and a mitotic cell (E) transiently expressing the C-terminus of
Ect2 tagged with mScarlet-I 24 hours after transfection (magenta; right). The scale bars for the
field-of view images are 20 um, and 10 pm for the metaphase cells.
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Figure S2.4. The breadth of anillin, Ect2 and RhoA is independent of cell size. A) A box plot
shows the breadth of mNeonGreen-anillin (n=16), -Ect2 (n=10) and -RhoA (n=10) in HeLa cells
as a proportion of cortical length. B) A box plot shows the breadth of mNeonGreen-anillin in HeLa
(n=16), HEK293 (n=9), HCT116 (n=11), HepG2 (n=13) and MDCK (n=10) cells as a proportion
of cortical length. Box plots show the median line, quartile box edges and minimum and maximum

whiskers. Statistical significance was determined by one-way ANOVA (ns, not significant; *
p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001).
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Figures S2.5. The breadth of anillin localization correlates with the duration of ring closure
in HeLa cells. A) A graph shows the fluorescence intensity from linescans of mNeonGreen-anillin
along the cortex of ‘high’ (blue, n=8) and ‘low’ (red, n=8) expressing HeLa cells. Individual cells
are shown in light colors and the average for each population is shown in dark colors. B) A
schematic shows how the duration of ingression was measured for C. C) A box plot shows the
duration of ingression in high- (n=6) and low- (n=5) expressing mNeonGreen-anillin HeLa cells
compared to combined populations. D) A schematic shows how the breadth at the equatorial cortex
was calculated for E and F. E) A box plot shows the breadth of mNeonGreen-anillin in high- (n=8)
and low- (n=8) expressing HeLa cells compared to combined populations. F) A box plot shows
the breadth of mNeonGreen-anillin as a proportion of cortical length in high- (n=8) and low- (n=8)
expressing HeLa cells compared to combined populations. G) A schematic shows how the ratio of
protein in the furrow relative to the polar cortex was calculated for H. H) A box plot shows the
ratio of mNeonGreen-anillin in the furrow relative to the polar cortex in high- (n=8) and low- (n=8)
expressing HeLa cells compared to combined populations. Box plots in C, E, F and H show the
median line, quartile box edges and minimum and maximum whiskers. Statistical significance was
determined by one-way ANOVA (ns, not significant; * p<0.05; ** p<0.01; *** p<0.001; ****
p<0.0001).
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Table S2.2. List of primers used for repair template cloning. The primers used to amplify the
homology arms and the fluorescent markers to clone each repair template are shown. The different
parts of the primer sequences are shown in different colors (annealing region in green, tail in red,
protein linker in dark blue and point mutations to abolish Cas9 cutting in light blue).

Construct Terminus | Part Orientati (annealing region / tail / protein linker / point mutations)
pODN-mNG-ANLN N- Left HA Forward ACAAAGCTACTGAAGGCCAACG

pODN-mNG-ANLN N- Left HA Reverse CGCCCCTGCCGTCGGACTACGAGACGATGCAATCGGTGGTICAAATICAGGAAGAGA
EODN-mNG-ANLN N- mNeonGreen Forward CCGACGGCAGGGG ATGGTGAGCAAGGGCGAG

PODN-mNG-ANLN N- mNeonGreen Reverse ACTCACCTCCGTAAACGGATCCATGGAGCCTCCTGAACCTCCCTIGTACAGCTCGTCCATGCC
pODN-mNG-ANLN N- Right HA Forward ATGGATCCGTTTACGGAGGTGA

pODN-mNG-ANLN N- Right HA Reverse ACATCTCCCCGAAAGAATTACCAC

pODN-ANLN-mNG C- Left HA Forward AGCACAGTTTCCAGTACATGGAATG

pODN-ANLN-mNG C- Left HA Reverse AGGCTTTCCAATTGGCTTGTAGCAAGCATCAGGTTGCC

PODN-ANLN-mNG C- mNeonGreen Forward TTGCTACAAGCCAATTGGAAAGCCTGGAGGTTCAGGAGGCAGCATGGTGAGCAAGGGCGAG
PODN-ANLN-mNG C- mNeonGreen Reverse CCTCTAGATAGCCTTGAAATTTCCCAGCTTACTIGTACAGCTCGTCCATGC

pODN-ANLN-mNG C- Right HA Forward TAAGCTGGGAAATTTCAAGGCTATCTAGAGGTTTTIGATGTCATCTTAAGA

pODN-ANLN-mNG C- Right HA Reverse GGCGTTTAAAGGTGATAGGTGACTT

EODN-mNG-ECTZ N- Left HA Forward ICTAGCTTTTAAACTCTICTTAAGTCCTGG

pODN-mNG-ECT2 N- Left HA Reverse CATGATTTGTATICTICTAAATCAGCTGAAAAAATAAA

pODN-mNG-ECT2 N- mNeonGreen Forward TTTTTATTCAAATTTTATITITICAGCTGATITAGAAGAATACAAATCATGGTGAGCAAGGGCGAG
pODN-mNG-ECT2 N- mNeonGreen Reverse TCGTAGAAGTTAGTACTGAATTICTCIGCCATGGAGCCTCCTGAACCTCCCTTGTACAGCTCGTCCATGCC
pODN-mNG-ECT2 N- Right HA Forward CCATGGCAGAGAATICAGTACTAACTTCTACGACGGGAAGGACTAGCTTGGCAGACTCTT
EODN-mNG-ECTZ N- R@HA Reverse AGGACAACTTTCTTTTATCTTTATAACAGGGAC

pODN-ECT2-mNG C- LeftHA Forward TAAATGCTTCATTTTACAACCTTGTIGATGAG

pODN-mNG-ECT2 C- Left HA Reverse AATCAAGTGAGTAGTAGACCGACTAAGCGTGTGACTCCGCCTCTCGAAAAAGCTAGGAAGGCTGACAAGGGAGG
pODN-mNG-ECT2 C- mNeonGreen Forward ACGCTTAGICGGTCTACTACTCACTIGATIGGAGGTICAGGAGGCAGCATGGTGAGCAAGGGCGAG
pODN-mNG-ECT2 C- mNeonGreen Reverse GACGIGTGTATATATTIGTATAGTITGAGATATTAGTACCGATTCACTTIGTACAGCTCGTCCATGCC
pODN-mNG-ECT2 C- Right HA Forward TGAATCGGTACTAATATCTCAAACTATACAAATATATACACACGTCTTACTCAAATAAGAAACTGACTTAAATGGTACTTG
pODN-mNG-ECT2 C- Right HA Reverse CTGACTATAAAAAGGCTATIGTGAAAGATATCACA

pODN-mNG-RHOA N- Left HA Forward TACCCTGCTTGACAAATIGTITCCT

pODN-mNG-RHOA N- Left HA Reverse TGCTGAAACACAAAACACAGATATTACC

pODN-mNG-RHOA N- mNeonGreen Forward G TTCAGCAATGGIGA

pODN-mNG-RHOA N- mNeonGreen Reverse ACCAGTTTITIC ATAGCTGCCATGGAGCCTCCTGAACCTCCCTTGTACAGCTCGTCCATGCC
pODN-mNG-RHOA N- Right HA Forward ATGGCAGCTATICGCAAAAAACTGGTGATIGTIGGTGATGGA

pODN-mNG-RHOA N- Right HA Reverse GCCTGTAATCCCAGCTACTCTACT

PODN-mNG-cfANLN N- Left HA Forward TTTCAGCCCAACACGTCCAC

EODN-mNG-cfANLN N- Left HA Reverse CTCGACTGCGCGACGAC

pODN-mNG-cFANLN N- mNeonGreen Forward CGTCGTCGCGCAGTCGAGCCGCGGAGTCCGGGGCGATGGTGAGCAAGGGCGAG
pODN-mNG-cfANLN N- mNeonGreen Reverse GCTTTCTCACCTCGGTAAATGGATCCATGCTGCCTCCTGAACCTCCCTTGTACAGCTCGTCCATGCC
PODN-mNG-cfANLN N- Right HA Forward ATGGATCCATITACCGAGGTGAGAAAGCCTG

pODN-mNG-cfANLN N- Right HA Reverse GTATGTTCTCAACAAGACTGGCCA

pODN-H2BC11-FP C- Left HA Forward CTTTGCCCAGCAGCTTGTTG

pODN-H2BC1I-FP C- Left HA Reverse GGTGGCCACAGGAGGGT

pODN-H2BCI1-FP C- Right HA Forward TAAACAGTGAGTTGGTTGCAAACTCT

pODN-H2BC11-FP C- Right HA Reverse CCTTTGCTTATATAGATATACCATAAAGGGAAAATAGT

pODN-H2BC11-mR2 C- mRuby2 Forward GGACCCTCCTGTGGC CCATGGTGTCTAAGGGCGAAGAG

pODN-H2BC11-mR2 C- mRuby2 Reverse GATTGAGAGTTTGCAACCAACTCACTGTTTACTIGTACAGCTCGTCCATCCC

pODN-H2BC1 I-TagBFP C- TagBFP Forward GGACCCTCCTGTGGCCACCATGAGCGAACTGATCAAAGAGAACAT

pODN-H2BC11-TagBFP C- TagBFP Reverse GATTGAGAGTTTGCAACCAACTCACTGTTITAATTCAGTTTATGACCCAGCTIGCT

pODN-mR2-ACTB N- Left HA Forward GCTCGAGCGGCCGC

EODN-mRZ-ACTB N- Left HA Reverse CATC GAGCT AGAATAGCC GC

pODN-mR2-ACTB N- mRuby2 Forward GGCTATICTCGCAGCTCACCATGGTGICTAAGGGCGAAGAG

pODN-mR2-ACTB N- mRuby2 Reverse CATGGTACCGGAGCCGGCCTTGTACAGCTCGTCCATCCC

pODN-mR2-ACTB N- Right HA Forward GCCGGCTCCGGTACCATGGATGACGACATIGCAGCGCTCGTCGTCGACA

pODN-mR2-ACTB N- Right HA Reverse TACAGGGATAGCACAGCCTGG

pODN-mR2-MYH 10 N- Left HA Forward AAGTGATGGAGCTTCCTCTGCT

pODN-mR2-MYH10 N- Left HA Reverse CATTGTAAATGGAACGATCCAAAAGCA

pODN-mR2-MYH10 N- mRuby2 Forward GCAATTGCTTTTGGATCGTTCCATTTACAATGGTGTCTAAGGGCGAAGAG

pODN-mR2-MYH 10 N- mRuby2 Reverse CATAGGGATCCGCAGCTTCAGCTCCAGATCGCTGTACTTIGTACAGCTCGTCCATCCC

pODN-mR2-MYH 10 N- Right HA Forward AGCTGAAGCTGCGGATCCCTATGGCACAAAGGACAGGGCTGG

pODN-mR2-MYH 10 N- Right HA Reverse ITAGTATCTGGCTTACATTITICCTCTCTACA

pODN-AAVSI1-EGFP - Left HA Forward CTCAGTCTGGTCTATCTGCCTGG

pODN-AAVSI1-EGFP - Left HA Reverse C CCCACTGTGTGGTCGAGGGGACAGATAAAAGTACCCAGA

pODN-AAVSI1-EGFP - CMV-EGFP Forward CTCGACCACACAGTGGGGCCTAGTAATCAATTACGGGGTCATTAGTTCATAG

pODN-AAVSI1-EGFP - CMV-EGFP Reverse GCTTTTCTGTCACTAAGCCTGTCCCTAGTAAAATTTAACGCGAATTTTAACAAAATATTAACGC

pODN-AAVSI1-EGFP - Right HA Forward ACTAGGGACAGGCTTAGTGACAGAAAAGCCCCATCCT

pODN-AAVSI1-EGFP - Right HA Reverse CCCCACAGTTGGAGGAGAATC

pODN-AAVSI-mNG - mNeonGreen Forward TGACTGACACCGGTCGCCACCATGGTGAGCAAGGGCGAG

PODN-AAVS1-mNG - mNeonGreen Reverse GCATGCATCGTACGTTACTTGTACAGCTCGTCCATGC

pODN-AAVS1-mNG-CAAX |- mNeonGreen-CAAX |Forward CGAATTCAA/ TGAGCAAAGATGGTAAAAAGAAGAAAAAGAAGTCAAAGACAAAGTGTGTAATTATGTAAAGCGGCCGCGACTC
PODN-AAVS1-mNG-CAAX |- mNeonGreen-CAAX  [Reverse TCTTCTTTTTACCATCTTTGCTCATCTITGAATTCGAAGCTTGAGCTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATGCC
pODN-AAVSI-mR2 - mRuby2 Forward TGACTGACACCGGTCGCCACCATGGTGTCTAAGGGCGAAGAG

pODN-AAVSI1-mR2 - mRuby2 Reverse GCATGCATCGTACGTTACTTGTACAGCTCGTCCATCCC

PODN-AAVS1-mR2-CAAX |- mRuby2-CAAX Forward CGAATTCAAAGATGAGCAAA! TGGTAAAAAGAAGAAAAAGAAGTCAAAGACAAAGTGTGTAATTATGTAAAGCGGCCGCGACTC

PODN-AAVS1-mR2-CAAX |- mRuby2-CAAX Reverse TCTTCTTTTTACCATCTTTGCTCATCTTTGAATTCGAAGCTTGAGCTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATCCC
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Table S2.3. List of primers used for genotyping. The primers used to amplify each target locus

for genotyping by PCR are shown.

Gene/locus Orientation [Sequence

ANLN Forward GCCGAGTCCGTCACTGG

ANLN Reverse TTCCTCCCTGAGTTTTATCTGTAGGAC
CfANLN Forward GGAGCAGTTTGGGAGCGTC

CfANLN Reverse ACACCCGCTGCGCAC

ECT2 Forward GAAATTGGTTGAGGGCAAAGGTG
ECT2 Reverse GCCTCCCTTTTCAAAGCTGC

RHOA Forward ATTCTTGTCTTGTTCCTGATCTTAGGG
RHOA Reverse ATTCTAACATGGAAAATGGCATCAGTTG
H2BCI11 Forward TGGGCATCATGAATTCGTTTGTGA
H2BCI11 Reverse TACTTCAGACCAAAAAACACAGTAGCA
ACTB Forward TAATAACGCGGCCGGCC

ACTB Reverse GAAGGAAAGGACAAGAAGCCCTG
MYHI0 Forward TGAGGGCAAACCCATCAGAC

MYHI10 Reverse TTTGATACTAGCTGCCTCAAAACCAT
TUBAI1B Forward TGCAGTGAGCCTAGATGGCA
TUBAI1B Reverse GAAGGTGTTGAAGGAGTCATCTCC
AAVSI1 Forward GTCCACTTCAGGACAGCATGTT
AAVSI1 Reverse CATCGTAAGCAAACCTTAGAGGTTCT
mNeonGreen |Forward CCAAGACCGAGCTCAACTTCA
mNeonGreen |[Reverse GTCACCCTTGGTGGACTTCAG

mRuby?2 Forward TCGTAGTACAACGCGAACACG
mRuby?2 Reverse ATGGTTTGAGTTCCCATGTACGG
mTagBFP Forward GACAACCACCACTTTAAGTGCAC
mTagBFP Reverse CTCATTATTCGCTTCTTTAATGCGTTCC
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Table S2.4. List of cell lines generated in this study. The characteristics of the different

engineered cell lines generated and used in this study are shown.

Parental cell line [Modified locus |Fluorescent tag Zygosity
HEK?293 ANLN mNeonGreen Homozygous
HEK?293 ECT2 mNeonGreen Homozygous
HEK?293 RHOA mNeonGreen Heterozygous
Hela ANLN mNeonGreen Homozygous
HeLa ECT2 mNeonGreen Homozygous
HeLa RHOA mNeonGreen Heterozygous
HCTI116 ANLN mNeonGreen Heterozygous
HepG2 ANLN mNeonGreen Heterozygous
MDCK ANLN mNeonGreen Homozygous
HEK?293 H2BCl11 TagBFP Homozygous
H2BCl11 TagBFP Heterozygous
HEK293 ANLN mNeonGreen Homozygous
HEK293 H2BCl11 TagBFP Heterozygous
AAVSI1 mRuby2-CAAX Heterozygous
H2BCl11 TagBFP Heterozygous
HEK?293 ANLN mNeonGreen Homozygous
AAVSI1 mRuby2-CAAX Heterozygous
H2BCl11 TagBFP Heterozygous
HEK?293 ANLN mNeonGreen Homozygous
ACTB mRuby?2 Heterozygous
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CHAPTER 3
Endogenous tagging using split mNeonGreen in human iPSCs

for live imaging studies

Preprint manuscript (submitted for publication): Husser, M. C., Pham, N. P., Law, C., Araujo,
F. R. B., Martin, V. J. J., & Piekny, A. (2023). Endogenous tagging using split mNeonGreen in

human iPSCs for live imaging studies. bioRxiv, 2023-06.

3.1 Preamble

Endogenous tagging is a powerful tool that facilitates the study of protein in live cells.
However, the generation of cell lines that carry endogenous tags is slow and time-consuming.
Moreover, most studies still use cancerous or transformed cell lines, as stem cells are more difficult
to culture and to edit. In this chapter, I aimed to facilitate endogenous tagging in human iPSCs to
enable more studies of cellular processes in these cells. For this, I engineered an iPS cell line that
expresses the large mNG21.10 fragment of the split mNeonGreen protein, which allows for
endogenous tagging with the short mNG21:1 fragment. This work provides a basis for the generation
of a genome-scale endogenous tag library in human stem cells, which will be useful to study a

large variety of cellular processes.

3.2 Abstract
Endogenous tags have become invaluable tools to visualize and study native proteins in
live cells. However, generating human cell lines carrying endogenous tags is difficult due to the

low efficiency of homology-directed repair. Recently, an engineered split mNeonGreen protein
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was used to generate a large-scale endogenous tag library in HEK293 cells. Using split
mNeonGreen for large-scale endogenous tagging in human iPSCs would open the door to studying
protein function in healthy cells and across differentiated cell types. We engineered an iPS cell
line to express the large fragment of the split mNeonGreen protein (mNG21-10) and showed that it
enables fast and efficient endogenous tagging of proteins with the short fragment (mNG211). We
also demonstrate that neural network-based image restoration enables live imaging studies of
highly dynamic cellular processes such as cytokinesis in iPSCs. This work represents the first step

towards a genome-wide endogenous tag library in human stem cells.

3.3 Introduction

Since GFP was first described as a fluorescent reporter (Chalfie et al., 1994), the use of
fluorescent proteins has become a standard method to study the localization and function of
proteins inside living cells. Generally, reporter protein fusions are transiently or stably expressed
from exogenous plasmids carrying their own promoter. However, expression levels can be quite
high and variable from these strong, non-specific promoters (Husser et al., 2022). Further, over-
expression can induce artifacts of localization and protein-protein interactions, making data
challenging to interpret (Gibson et al., 2013; Mahen et al., 2014). With the advent of gene editing
tools such as CRISPR/Cas9, the genes encoding fluorescent proteins can now be inserted directly
into the genome at a desired locus (Bukhari & Muller, 2019; Husser et al., 2021). CRISPR/Cas9
is used to introduce a double-stranded break at the target site, which can be repaired by homology
directed repair (HDR) using a repair template carrying the fluorescent marker (Verma et al., 2017).
With this approach, the protein of interest is still expressed from its endogenous promoter, fused

with the fluorescent protein. This enables the study of proteins at endogenous expression levels
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and provides more reliable measurements of protein behavior (Dambournet et al., 2018; Doyon et
al.,2011; Husser etal., 2022; Mahen et al., 2014). Endogenous tagging is commonly done in model
organisms such as Saccharomyces cerevisiae, for which whole-genome libraries of endogenous
tags have been generated (Huh et al., 2003). However, gene editing in human cells is less widely
used due to limitations in efficiency caused by transfection and HDR, among other issues. Because
of these bottlenecks, the majority of human proteins have not been tagged and studied at the
endogenous level. Although several efforts have been made to tag multiple proteins endogenously
in various human cell lines (e.g. Husser et al., 2022; Roberts et al., 2017), the generation of a
genome-wide library of tagged proteins in human cells requires higher throughput.

The recently developed self-complementing split fluorescent proteins can be used as tools
for large-scale endogenous tagging (Feng et al., 2017; Feng et al., 2019; Kamiyama et al., 2016;
Tamura et al., 2021; Zhou et al., 2020). In the split mNeonGreen system, the mNeonGreen protein
is expressed as two separate fragments: a large fragment composed of the first ten beta-strands of
mNeonGreen (mNG2i-10) and a short fragment corresponding to the eleventh beta strand
(mNG211; Feng et al., 2017). The two fragments have been engineered to interact and form a
functional fluorescent protein when co-expressed (Feng et al., 2017). This system allows for easy
and efficient endogenous tagging with mNG21: in cells where mNG2i-10 is constitutively
expressed (Cho et al., 2022; Leonetti et al., 2016; Mahdessian et al., 2021). The mNG21: fragment
is only 16 amino acids long, so it can be inserted into the genome by HDR using a repair template
with short homology arms (generally 40-80 bp), which can be purchased commercially as a single-
stranded oligo-deoxynucleotide (ssODN). This enables large-scale tagging using commercially
synthesized ssODNs and sgRNAs to target multiple proteins in parallel (Cho et al., 2022; Leonetti

et al., 2016). However, this approach requires the generation of a parental cell line that
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constitutively expresses the mNG2i-10 fragment. This has been done by random lentiviral
integration followed by antibiotic selection, which is fast but generates a heterogeneous population
where the expression of the large fragment is inconsistent across the cell population and is subject
to epigenetic silencing (Cabrera et al., 2022). Large-scale endogenous tagging in HEK293 cells
was recently achieved by the OpenCell project, with 1,310 proteins tagged to date (Cho et al.,
2022). However, while this library will be a valuable resource for the community, there is a need
to study protein function in other cell types, where the mechanisms regulating biological processes
could vary drastically.

Since their discovery in 2007, human induced pluripotent stem cells (iPSCs) have become
a popular tool to study human cells in developmental contexts and to identify disease-causing
mutations, amongst other valuable applications (Shi et al., 2017; Takahashi et al., 2007). iPSCs
are derived from somatic cells that are reprogrammed to be self-renewing and pluripotent. These
cells can be cultured and differentiated into any desired cell type in vitro using specific protocols
(e.g. Grancharova et al., 2021; Hong & Do, 2019; Oceguera-Yanez et al., 2022). Despite this
incredible resource, few studies have investigated cellular processes in human stem cells and
differentiated cell types with high spatiotemporal resolution (Dambournet et al., 2018; Viana et
al., 2023). For example, several studies describe the regulation of mitosis and cytokinesis in mouse
embryos and embryonic stem cells (Chaigne et al., 2020; Chaigne et al., 2021; Paim & FitzHarris,
2022), but not in human stem cells. Since most of our knowledge of human cell cytokinesis is
derived from diseased and/or transformed cell lines, the field will benefit greatly from studying
iPSCs before and after differentiation in an isogenic context, particularly since they represent

‘healthy’ human cells (Dambournet et al., 2018; Drubin & Hyman, 2017).
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Here, we used the split mNeonGreen system for endogenous tagging in human iPSCs (Fig.
3.1A). First, we engineered a human iPS cell line that constitutively expresses the mNG21-10
fragment. We validated this cell line extensively, and named it “smNG2-P” (split mNeonGreen2
parental cell line). As a proof-of-concept, we efficiently targeted multiple genes for endogenous
tagging with mNG211, and clonally isolated several tagged iPS cell lines. To facilitate this process,
we developed protocols for efficient single-cell isolation by FACS and screening of edited clones
by Nanopore sequencing. Finally, we show how the endogenously tagged iPS cell lines can be
used for live imaging studies of cytokinesis, which is a highly dynamic cellular process. Timelapse
imaging of endogenous tags in iPSCs required the use of an image restoration algorithm to alleviate
cell toxicity and obtain high quality images with high temporal resolution. This work provides the
foundation for a genome-wide endogenous tag library in human stem cells and provides protocols

to efficiently generate and study endogenous tags in human iPSCs.

3.4 Materials and Methods
3.4.1 Cell culture

201B7 iPSCs were obtained from ATCC. Cells were cultured in 6-well plates coated with
iMatrix-511 Silk (Nippi) as per manufacturer’s protocol, in mTeSR Plus media (STEMCELL
Technologies). The cells were kept at 37°C and 5% COz. The cells were passaged every 3-4 days
by dissociating them using Accutase (STEMCELL Technologies) according to manufacturer’s
protocol. After dissociation, the cells were resuspended and 50,000-100,000 cells were transferred
into fresh matrix-coated plates with mTeSR Plus media containing 10 uM Y-27632 (ROCK
inhibitor, STEMCELL Technologies). Fresh media without ROCK inhibitor was fed the next, and

the media was replaced daily until the next passage.
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3.4.2 Constructs

All plasmids were maintained and cloned in Escherichia coli DH5a unless specified
otherwise. Point mutations were introduced into pNCS-mNeonGreen (Allele Biotechnology) by
PCR-based site-directed mutagenesis to convert it to mNeonGreen2 (Feng et al., 2017). The
mNG21-10 fragment was then amplified by PCR. The left and right homology arms for the AAVS1
locus and the puromycin gene were amplified individually from the pAAVSI1-P-CAG-GFP
plasmid (Addgene #80491; Oceguera-Yanez et al., 2016). These fragments were cloned into the
pYTKO089 backbone by Golden Gate using a standard protocol (Lee et al., 2015). Since the CAG
promoter was recalcitrant to amplification by PCR, it was digested directly from pAAVS1-P-
CAG-GFP using Bcell and EcoRI, gel extracted, and ligated into the pre-digested promoter-less
plasmid to generate the pAAVS1-P-CAG-mNG2i-10 repair template. For Bcll digestion, the
plasmids were extracted from methylase-deficient E. coli ER2925. pH2B-mNG211 was generated
by amplifying the H2B gene from an H2B-mRuby plasmid (Beaudet et al., 2017) with primers
designed to add mNG211 on the end of H2B. This gene was then cloned into pEGFP-N1 digested

with BamHI and Notl to replace EGFP with H2B-mNG211.

3.4.3 Transfection

Cells were edited using transfection. Cells were treated with the NHEJ inhibitors NU7441
(2 uM; Tocris Bioscience) and SCR7 (1 uM; Xcess Biosciences) for 4 hours before and 48 hours
after nucleofection, while 10 uM ROCK inhibitor was added to the media 2 hours before
nucleofection to increase recovery. For AAVSI targeting, the pAAVS1-P-CAG-mNG21-10 repair
template was purified prior to nucleofection using the GeneJET plasmid maxiprep kit (Thermo

Fisher Scientific). Synthetic sgRNAs were purchased from MilliporeSigma and Synthego (listed
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in Table S3.3) and ArciTect Cas9-eGFP and SpCas9-2NLS were purchased from STEMCELL
Technologies and Synthego, respectively. sgRNA spacer sequences were obtained from previous
studies (listed in Table S3.3) or designed using Benchling (Doench et al., 2016; Hsu et al., 2013).
Cas9/sgRNA complexes were pre-mixed at room temperature for 15 minutes before nucleofection.
ssODN repair templates were purchased from BioCorp and ThermoFisher Scientific (listed in
Table S3.4). For AAVSI targeting, 201B7 cells were transfected with 1 pg of repair template and
7.5 pmoles sgRNA pre-complexed with 7.5 pmoles Cas9. For endogenous tagging with mNG211,
cells were transfected with 82 pmoles ssODN and 91.5 pmoles sgRNA pre-complexed with 30.5
pmoles Cas9. For transient H2B-mNG211 expression, cells were transfected with 750 ng of plasmid
purified using the GeneJET plasmid miniprep kit (Thermo Fisher Scientific). Briefly, 5x10° cells
were resuspended in 20 pL P3 nucleofection buffer, mixed with the transfection reagents, and
nucleofected using the DN100 program on a 4D-Nucleofector (Lonza). After nucleofection, the
cells were gently resuspended in media and transferred into 6-well plates in mTeSR Plus media
containing CloneR2 reagent (STEMCELL Technologies) for AAVS1 targeting, or 24-well plates
containing mTeSR Plus media with 10 uM ROCK inhibitor for mNG21: tagging or transient

protein expression.

3.4.4 Antibiotic selection

For AAVSI integration, antibiotic selection was carried out as described in Oceguera-
Yanez et al. (2016). Briefly, cells were left to recover for 3 days following transfection. On day 3,
the media was changed to media with 0.5 pg/mL puromycin, which was changed every day for 10
days. Following antibiotic selection, colonies were passaged and allowed to become confluent.

Edited populations were frozen and subjected to clonal isolation by FACS.
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3.4.5 Fluorescence-activated cell sorting, single-cell recovery and flow cytometry

FACS was used to enrich populations of edited cells or for clonal isolation. Cells were
sorted using a FACSMelody cell sorter (BD Biosciences) after recovery from antibiotic selection
or 8 days after nucleofection for endogenous tagging. Briefly, cells were dissociated using
Accutase, resuspended in PBS (Wisent) and then passed through a 35 pm strainer to remove large
cell clumps. Cells were sorted using gates set to capture individual fluorescent cells. Individual
cells or enriched populations of 500 tagged cells were sorted into individual wells of a 96-well
plate containing recovery media [mTeSR Plus media with CloneR2 reagent and Pen-Strep (50
units/mL Penicillin and 50 pg/mL Streptomycin; Wisent)]. To recover clones, cells were kept in
recovery media for 6 days with media changes on days 2 and 4. The media was then changed daily
with mTeSR Plus until day 11. On day 11, the cells were passaged into fresh 96-well plates and
grown to confluency before freezing and screening.

For flow cytometry, cells were prepared and analyzed using the same protocol, and data

was analyzed using the R package CytoExploreR (Hammill, 2021).

3.4.6 Screening clones in 96-well plates

96-well plates containing single-cell clones were imaged on a Cytation 5 microscope
(Agilent) 10 days after sorting. Briefly, 3 x 4 images were acquired for each well using a 4X phase
contrast objective and stitched into one image per well. Laser autofocus was used to find the focal
plane where colonies were expected to be found. Images were exported and analyzed using a
custom ImageJ macro designed to identify wells with colonies. Briefly, the colony segmentation
macro first crops out the well edge from the images, and identifies colonies by subtracting

background signal, performing a Gaussian blur and thresholding high-contrast regions. Finally, it
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outlines objects and overlays them with the original well image for quality control. Finally, the
macro determines object number to exclude wells with debris and/or multiple colonies and

provides a list of positive and negative wells.

3.4.7 Cell lysis for PCR

Cell lysates were generated for all PCR-based assays. Edited clones grown in 96-well
plates were dissociated with Accutase and split into two 96-well plates for freezing and cell lysis.
The cells were washed once with PBS and resuspended thoroughly in 50 pL of QuickExtract
reagent (Lucigen) per well. The resuspended cells were then transferred to PCR-compatible 96-
well plates and placed at 65°C for 15 minutes followed by brief vortexing, then 98°C for 15

minutes, followed by 4°C. Lysates were stored at -20°C and thawed as needed for experiments.

3.4.8 gPCR-based screening

gPCR was performed on the ViiA7 Real-Time PCR system (Applied Biosystems). The
VIC-labelled RNaseP assay was purchased from ThermoFisher Scientific and used as an internal
PCR control. The AmpR-specific primers and hydrolysis probe were taken from Roberts et al.
(2017), and the mNG21-10-specific primers and hydrolysis probe were designed as follows:
Forward primer: 5’>-TACCGCTACACCTACGAGGG-3’
Reverse primer: 5’- GTCATCACAGGACCGTCAGC-3’
Probe: 5’-6-FAM/AT CAA AGG A/ZEN/G AGG CCC AGG TGA TG/IABKFQ-3°
The primers and hydrolysis probes were purchased from ThermoFisher Scientific and IDT,
respectively. The AmpR and mNG21-10 assays were prepared by mixing 18 uM of each primer

with 5 uM of the hydrolysis probe. qPCR reactions consisted of 1 pL cell lysate, 0.5 uL RNaseP
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assay (ThermoFisher Scientific), 0.5 phL mNG21-10 or AmpR assay, 5 uL QuantStudio 3D Digital
PCR Master Mix V2 (ThermoFisher Scientific) and 3 uL water for a final volume of 10 uL. The
qPCR thermocycling conditions were carried out as per manufacturer’s instructions for the
QuantStudio 3D Digital PCR Master Mix V2. The data was analyzed using the ViiA7 software
and clones that were positive for mNG21-10 and negative for AmpR were selected for further

screening by PCR as described below.

3.4.9 PCR screening and sequencing

Integration of the mNG21-10 cassette at the AAVSI locus was verified by amplifying the
left and right junctions of the integration, as well as the WT AAVSI locus. Briefly, 50 pL PCR
reactions were prepared as follows: 10 pL GC buffer (ThermoFisher Scientific), 1 pL 10 mM
dNTP mix (ThermoFisher Scientific), 1 pL DMSO (ThermoFisher Scientific), 0.25 pL of each
primer at 100 uM, 5 pL cell lysate, 0.5 pL. Phusion polymerase (ThermoFisher Scientific) and 32
puL water. The primers used for each PCR reaction are listed in Table S3.5. The following
touchdown cycles were then performed: 98°C for 3 minutes, followed by 40 cycles of: 98°C for
10 seconds, initial annealing at 72°C and decreasing by 1°C every cycle until down to 55°C, and
72°C for 30 seconds per kb; followed by a final extension at 72°C for 10 minutes and hold at 12°C.
The PCR products were run on a 0.8% agarose gel stained with ethidium bromide and analyzed
manually. The bands corresponding to the expected amplicons were gel extracted using the
GeneJET gel extraction kit (Thermo Fisher Scientific) and sequenced by Sanger sequencing

(Eurofins).
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3.4.10 Digital PCR

Digital PCR reactions were prepared as follow: 1.5 uL cell lysate, 8.7 uL QuantStudio 3D
Digital PCR Master Mix V2 (Thermo Fisher Scientific), 0.87 uL RNaseP reference assay (Thermo
Fisher Scientific), 0.87 pL mNG21-10 or AmpR assay (prepared as described above), and 5.46 pL
water. The amount of lysate was calculated based on the number of cells used and the dynamic
range of the QuantStudio 3D system (400-4000 copies/uL), and input lysate volumes were adjusted
as needed to obtain data within this dynamic range. 14.5 pL of the reaction mix was loaded onto
dPCR chips using the QuantStudio 3D Digital PCR 20K Chip Kit V2 (Thermo Fisher Scientific),
taken through PCR thermocycling and analyzed on the QuantStudio 3D system (Thermo Fisher
Scientific) according to manufacturer’s instructions. Data was analyzed using the QuantStudio 3D

AnalysisSuite Cloud Software (Thermo Fisher Scientific).

3.4.11 Karyotyping
G-banding karyotyping was carried out and analyzed by the Banque de cellules
leucémiques du Québec. 22 cells in metaphase were analyzed at a resolution of 400 bands per

haploid karyotype and showed normal karyotypes (46, XX).

3.4.12 Pluripotency marker staining

Cells were fixed and stained for common pluripotency markers to verify the absence of
differentiation. sSmNG2-P cells were dissociated with Accutase, washed once with PBS and fixed
in 4% paraformaldehyde (PFA) in PBS for 30 minutes at room temperature. To stain OCT3/4 and
NANOG, the cells were washed once with PBS and treated with a permeabilization/blocking

solution containing 0.1% Triton X-100 (Sigma) and 5% Normal Donkey Serum (NDS; Jackson
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ImmunoResearch) in PBS for 30 minutes at room temperature. To stain TRA-1-60, which is a cell
surface marker, the cells were washed once and treated with a blocking solution containing 5%
NDS in PBS for 30 minutes at room temperature. The following antibody dilutions were prepared
in permeabilization/blocking solution or blocking solution: 1:25 anti-NANOG antibody (1 pg/mL
final concentration, PCRP-NANOGP1-2D8, DSHB), 1:20 anti-OCT3/4 antibody (10 pg/mL final
concentration; Santa Cruz Biotechnology), or 1:20 Alexa488-conjugated anti-TRA-1-60 antibody
(7.5 pg/mL final concentration; STEMCELL Technologies). The cells were stained in 100 pL of
diluted antibody per 10° cells overnight at 4°C. For unconjugated primary antibodies, the cells
were washed with permeabilization/blocking solution and stained with a 1:400 dilution of
Alexa488-conjugated anti-mouse antibody (Invitrogen) for 1h at 4°C. The cells were then washed
with permeabilization/blocking solution or blocking solution and resuspended in 1 mL PBS before

flow cytometry. Cells stained with only the secondary antibody were used as a negative control.

3.4.13 Trilineage differentiation and differentiation marker staining

Cells were differentiated into the three germ layers to ensure they retained pluripotent
potential after editing. Directed differentiation was performed using the STEMdiff Trilineage
Differentiation Kit (STEMCELL Technologies) as per manufacturer’s instructions. The following
modifications were made: ectoderm differentiation was carried out on 24-well plates coated with
iMatrix-511 Silk by seeding the recommended number of cells (400,000) on day 0, mesoderm
differentiation was carried out on 24-well plates coated with iMatrix-511 Silk by seeding 50,000
cells per well on day 0, and endoderm differentiation was carried out on 24-well plates coated with
Matrigel (Corning) by seeding 20,000 cells per well on day 0. After differentiation, the cells were

harvested by dissociation with Accutase, washed with PBS, fixed with PFA and stained as
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described above for PAX6 (ectoderm lineage), FOXA2 (endoderm lineage) or the cell surface
marker NCAM (mesoderm lineage). The following antibody dilutions were prepared in
permeabilization/blocking solution or blocking solution: 1:45 anti-PAX6 antibody for ectoderm
cells (1 pg/mL final concentration, PAX6, DSHB), 1:240 anti-NCAM antibody for mesoderm cells
(0.25 pg/mL final concentration, 5.1H11, DSHB), 1:50 PE-conjugated anti-FOXA2 antibody (1
pug/mL final concentration, BD Biosciences) and 1:400 dilution of Alexa488-conjugated anti-
mouse antibody (Invitrogen). The cells were stained in 100 pL of diluted antibody per 10 cells

for 1 hour at 4°C. Stained undifferentiated cells and unstained cells were used as negative controls.

3.4.14 Off-target sequencing

Potential off-target sites for the AAVS1 sgRNA were selected from Wang et al. (2014),
Benchling (Hsu et al., 2013) and CRISPOR (Concordet & Haeussler, 2018) based on previous
studies of Cas9 or predicted off-target sites with high scores. Each off-target site was amplified as
described above by touchdown Phusion PCR from 201B7 and smNG2-P cell lysates, and
sequenced by Sanger sequencing (Eurofins). The primers used to amplify the 12 off-target sites
were designed using Primer-BLAST (Ye et al., 2012) and are listed in Table S3.5. No mutations
were found at the predicted off-target cut sites, and all 12 sites sequenced in the edited cell line

matched the sequence from the WT cells.

3.4.15 Mycoplasma test

PCR-based mycoplasma detection was performed using the Mycoplasma PCR detection

kit (Applied Biological Materials) according to the manufacturer’s protocol. For each test, a
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positive and negative control was included. The PCR products were run on a 0.8% agarose gel

stained with ethidium bromide and analyzed manually.

3.4.16 Nanopore sequencing and data analysis

For Nanopore sequencing of mixed edited populations, PCR reactions were carried out as
described above with a stable annealing temperature of 65°C for 30 cycles to minimize non-
specific amplification and PCR bias. The samples were then gel extracted and pooled in equimolar
amounts before library preparation for Nanopore sequencing.

For multiplexed clone sequencing, the edited loci from each clone were amplified
individually and barcoded by PCR prior to Nanopore sequencing. For this, individual clones were
subjected to a first round of PCR to amplify the target loci and add universal adapters with the
primers listed in Table S3.5. The locus-specific primers were designed using Primer-BLAST (Ye
et al., 2012) and the sequence of the universal adapters were taken from Karst et al. (2021). The
first round of PCR was carried out as described above with annealing at 65°C and for 15 cycles.
The PCR products were diluted 1/100 into the second PCR reactions, which contained a unique
pair of barcoding primers for each clone for a specific target locus. The second PCR was carried
out as described above with annealing at 65°C and for 15 cycles. The PCR products for a specific
edited locus were pooled, run on a 0.8% agarose gel and gel extracted. The concentration of pooled
products was then measured and the PCR products for clones edited at different target loci were
then pooled in equal molar ratios before Nanopore library preparation.

Library preparation for Nanopore sequencing was carried out using the NEBNext
Companion Module for Oxford Nanopore Technologies Ligation Sequencing (New England

Biolabs), the Ligation Sequencing Kit V14 and the Flongle Sequencing Expansion (Oxford
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Nanopore Technologies), as per manufacturer’s protocols. The final library concentration was
measured using a Qubit fluorometer (Invitrogen) using the Qubit dsDNA HS assay kit
(Invitrogen), and 5 fmoles of the library were loaded onto a Flongle flow cell and sequenced
overnight.

Basecalling of the Nanopore FASTS files was performed with Guppy (R10.4.1 flow cell,
400 bps, super accuracy configuration) using the Compute Canada server, and low-quality reads
with Q scores below 10 were excluded. Reads were demultiplexed using a custom Bowtie-based
pipeline (https://github.com/frba/nanopore demultiplex). When sequencing amplicons from
mixed edited populations, reads were demultiplexed based on the presence of either of two gene-
specific barcodes (listed in Table S3.6). The FASTQ files were analyzed using CRISPResso2
(Clement et al., 2019) to obtain the frequency of WT, HDR and indel alleles in the population. All
HDR alleles were included in the same category because of the high sequencing error rate. For
clone sequencing, reads were demultiplexed based on the presence of two gene-specific and two
clone-specific barcodes (listed in Table S3.6). The FASTQ reads were aligned to the expected WT
and edited sequences using Minimap2 (Li, 2018), and the alignments were visualized using IGV
(Thorvaldsdottir et al., 2013). The genotypes of edited clones were inferred manually by looking

at the alignments of sequencing reads with the WT and edited alleles for each clone.

3.4.17 Fluorescence microscopy

The fluorescence from mNG21-10/mNG211 complementation was visualized the day after
transfection with the pH2B-mNG21: plasmid using a Cytation 5 microscope (Agilent) equipped
with a 20x/0.45 NA phase contrast objective, a 465 nm LED cube and green filter cube (excitation

469/35 nm, emission 525/39 nm and dichroic mirror 497 nm).
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Cells with mNG211 integrated at endogenous loci were imaged at least 8§ days after
nucleofection on a Leica DMI6000B inverted epifluorescence microscope equipped with a
EL6000 mercury lamp and a GFP3035B filter cube (excitation 472/30 nm, emission 520/35 and
dichroic mirror 495 nm) using a 20x/0.35 NA objective, an Orca R2 CCD camera (Hamamatsu)
and Volocity software (PerkinElmer).

Because of its weak fluorescent signal, the CDH1-mNG21: edited cells were seeded a 35
mm polymer coverslip dish (Cellvis) coated with iMatrix-511 Silk, and imaged on an inverted
Nikon Eclipse Ti microscope (Nikon) equipped with a Livescan Sweptfield scanner (Nikon), Piezo
Z stage (Prior), IXON 879 EMCCD camera (Andor), and a 488 nm laser (50 mW, Agilent) using
the 100x/1.45 NA objective.

For live imaging, cells were adapted to culture on Matrigel (Corning) for at least 2
passages. Cells were passaged as described above, and seeded onto 35 mm polymer coverslip
dishes (Cellvis) freshly coated with Matrigel. The cells were then allowed to grow into colonies
for 4 to 5 days before imaging. Fresh mTeSR Plus media was added to the cells at least 30 minutes
before imaging. To visualize chromatin, Hoechst 33342 (Invitrogen) was added to the cells at a
final concentration of 1.78 uM (1 pg/mL) for 30 minutes prior to imaging. Imaging was performed
using the inverted Nikon Eclipse Ti microscope with the Livescan Sweptfield scanner described
above, equipped with 405 and 488 nm lasers (50 mW, Agilent). The cells were kept at 37°C and
5% COz2 during imaging in an INU-TiZ-F1 chamber (MadCityLabs). Z-stacks of 9 slices at 1 um
intervals were acquired every minute using NIS Elements software (Nikon, version 4.0). For
CARE training, images were collected using low- and high-exposure setting with a 16-slice Z-
stack of 0.75 um intervals. The imaging parameters (laser power and exposure time) used for each

cell line in low- and high-exposure conditions are listed in Table S3.7.
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3.4.18 Image restoration by CARE

For image restoration, we used the CSBDeep neural network developed by Weigert et al.
(2018). Briefly, a training dataset composed of >100 matched 2-channel fluorescent images (green
for mNG and blue for Hoechst) with low- and high-exposure settings was acquired for each tagged
cell line. The training datasets were designed to include cells in interphase and at different stages
of mitosis. We used the Python implementation of CSBDeep to train the standard model of the
neural network for each cell line individually. We then applied this model to restore timelapse Z-

stack 2-channel images of the corresponding cell lines.

3.4.19 Image analysis

All images acquired using NIS Elements (Nikon) were opened in Fiji (Version 2.3, NIH)
for analysis. For signal-to-noise ratio measurements, two regions of interest were drawn over an
area of homogeneous signal inside a cell, and over a region of background signal (in a region with
no cells). The mean pixel intensity and standard deviation (SD) were measured for both regions of
interest, and the signal-to-noise ratio was calculated as follows: SNR = (mean signal - mean
background) / signal SD. The measurement was repeated using the same regions of interest for
matched low- and high-exposure images.

Linescans were performed and measured for tagged cell lines using a macro in Fiji
modified from Ozugergin et al. (2022a). The macro was designed to isolate the 488 nm channel
from the image file, subtract background signal and perform a bleach correction. The desired
timepoint and two central Z slices were picked manually, and the macro generated a Z-stack

average projection. A five pixel-wide line was then traced along the cortex of the cell, from one

98



pole to the other, along with a straight one pixel-wide line to define the midplane. The macro then
measured the fluorescence intensity of each pixel along the length of the linescan and positioned
the pixels in relation to the midplane. For the measurement of tubulin at the central spindle, the
same macro was used to draw a five pixel-wide line across the cell equator. All data was exported
for use in Excel (Microsoft) and Prism (Version 9.3, GraphPad) for further analysis.

For breadth measurements, the number of pixels above 50% of the normalized peak
intensities were counted for each linescan and converted to microns. Pixels with intensities higher
than the cutoff value outside of the peak region were excluded from these calculations. For
measurements of the ratio of cortical to cytosolic protein in metaphase cells, the average intensity
of pixels at the cortex was measured by a linescan as described above, and the average intensity of

pixels in the cytosol was measured by drawing a region of interest over the cytosol.

3.4.20 Statistical analysis

Box and whiskers plots were generated using Prism (Version 9.3, GraphPad) to show
median values (central line), quartiles (box edges) and minimum and maximum values (whiskers).
Statistical significance was tested using a Brown-Forsythe and Welch’s ANOVA, followed by
multiple comparisons using Dunnett’s T3 test, or by Welch’s t test (Graphpad Prism version 9.3).
Significance levels were defined as: p>0.5 non-significant (ns), * p<0.05; ** p<0.01; *** p<0.001;

##3% 50,0001
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3.5 Results
3.5.1 Generation of a split mNeonGreen iPS cell line for efficient endogenous tagging

Our first goal was to generate a human iPS cell line where mNG21-10 is constitutively
expressed. To do this, we generated a repair template that contains a mNG21-10 expression cassette
for integration into the AAVSI1 locus, based on a previously published design (Fig. 3.1B;
Oceguera-Yanez et al., 2016). This cassette contains the CAG promoter to drive high levels of
mNG21-10 expression, and resist silencing at the AAVSI locus over time and during differentiation
(Luo et al., 2014; Oceguera-Yanez et al., 2016). The cassette also includes the gene for Puromycin
resistance, which is expressed upon integration at the AAVSI1 locus via a splicing acceptor and
self-cleaving T2A peptide (Fig. 3.1B). We introduced this mNG21-10 expression cassette into the
201B7 cell line, which was generated by retroviral transduction of reprogramming factors into
dermal fibroblasts and is well-characterized (Takahashi et al., 2007). After transfecting 201B7
human iPSCs with the AAVS1-mNG21-10 repair template and an AAVSI1-targeting Cas9/sgRNA
RNP (ribonucleoprotein) complex, the cells were selected for Puromycin resistance and single-
cell clones were isolated by FACS for screening. Clones were first screened by qPCR for the
presence of the mNG21-10 gene and the absence of the Ampicillin resistance (AmpR) gene, which
was part of the backbone of the repair template (Fig. S3.1A-D). Clones that were positive for
mNG21-10 and negative for the AmpR gene were then screened for integration at the AAVS1 locus
by junction PCR (Fig. S3.1E-H). We found 6 clones that were heterozygous for AAVS1-mNG21-

10 integration, and one clone was selected for full validation (clone 28).

100



A B

AAVS1-mNG2,. repair template

Left HA SA T2A Puro bGH CAG mMNG21.10 B-glo Left HA

AAVS1 locus (PPP1R12C gene)
| I [

AAVS1

[ AAVST
201B7 iPSCs

Integration of MNG2.4o TeceeTeeaceec: T AGAA

Ref T
at the AAVS1 locus SIRISnES sequence . T —

T WT allele
—
[ mavst | AAVS1
201B7 smNG2-P ~

Tagging of POIs Edited allele
with mNG2;, A T2A Puro b A o | B-glo
e.g. H2B histones x

TCTGACCTCTTCTCTTCCTC

j— 1 —

iyl | | A Ty

TC TCTCTTCCTC

201B7 H2BC11-smNG2y,

D .. E

W o F L i
2{ g" 'S T, “ i i Pluripotency markers
5";‘ : 3 A ; é 8 TRA-1-60 OCT3/4 NANOG
P 2 a ' B - 10 14
\ % "
S 4 N N 8 10
i n 3 ‘. @ [ ¥4 §ooaz z Ze £
L 25 »» fe 3 L W & g:
6 6 o 10 " 2 Sa 84 3.8
4
2 2
p N i 2]
g% ¥} B 1% P L] o—< s N o ¥ . ol £ \/ .
" # ® & il = 100 10° 10° 00 10 10° 100 100 100
. Alexa 488 (TRA1-60) Alexa 488 (OCT3/4) Alexa 488 (NANOG)
&
1Y 1
" 2 2 2 x v Secondary antibody control TRA-1-60 staining OCT4 staining Nanog staining
46,XX
Trilineage differentiation 201B7 smNG2-P + pH2B-mNG2;,
Ectoderm (PAX6) Mesoderm (NCAM) Endoderm (FOXA2) Green Brightfield
154 15 124 *
[ 104 }
>10 | 210 > 8
2 2 2 o
g | 8. g,
24
10 10100 100 0 10 100 100100 100 10°
Alexa 488 (PAX6) Alexa 488 (NCAM) PE (FOXA2)
Undifferenti i Ectoderm, i Mesoderm, i Endoderm,
Undifferentiated, stained Ectoderm, stained Mesoderm, stained Endoderm, stained

Figure 3.1. Generation of a split mNeonGreen human iPS cell line. A) A schematic
representation of the split tagging strategy used in this study. An expression cassette carrying the
mNG21-10 fragment was integrated at the AAVSI locus in 201B7 iPSCs to generate the parental
split mNeonGreen2 cell line (smNG2-P). Proteins of interest were tagged endogenously with the
mNG211 fragment to visualize their expression and localization. The structure of mNeonGreen was
generated from PDB (Protein Data Bank, structure identifier SLTP; Clavel et al., 2016). B) A
schematic of the mNG2i-10 expression cassette is shown with the CAG promoter (blue) and
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sequences for stable expression (dark grey), Puromycin resistance marker (pink), and homology
arms (light grey) for integration at the AAVS1 locus. Abbreviations: SA = splicing acceptor, T2A
= Thosea asigna virus 2A peptide, bGH = bovine growth hormone poly-adenylation signal, B-glo
=rabbit B-globin poly-adenylation signal. C) Sequencing chromatograms show the edited AAVS1
allele junctions in the smNG2-P cell line (bottom) compared to the WT allele (top). D)
Representative G-banding karyotype of the smNG2-P cell line shows that the edited cells have a
normal karyotype (46, XX). E) Flow cytometry plots show smNG2-P cells stained for pluripotency
markers TRA-1-60 (left, green), OCT3/4 (center, yellow) and NANOG (right, red) or a secondary
antibody control (blue). F) Flow cytometry plots show differentiated smNG2-P cells stained for
PAXG6 (ectoderm; left, green), NCAM (mesoderm; center, yellow) and FOXA?2 (endoderm; right,
red) compared to undifferentiated cells (blue) and unstained controls (dark colors). G) Fluorescent
and brightfield images show fluorescence complementation after transfecting smNG2-P cells with
a plasmid expressing H2B fused to mNG211. The scale bar is 10 microns.
3.5.2 Validation of the smNG2-P iPS cell line

We further validated clone 28 to ensure that the cells are still healthy and carry only the
desired AAVS1-mNG2i-10 integration. Sequencing of the AAVSI locus revealed that one allele
contains the mNG21-10 expression cassette, while the other allele is unedited (Fig. 3.1C). To ensure
that only one copy of the cassette was integrated properly, we measured the genomic copy number
for mNG21-10 and for the AmpR gene by digital PCR (dPCR). Our data confirmed the presence of
a single copy of mNG21-10 with no ectopic integration (Fig. S3.2A). Next, 12 sites predicted to be
susceptible to off-target editing based on previous studies and prediction software were selected
for sequencing (Concordet & Haeussler, 2018; Hsu et al., 2013; Wang et al., 2014). We found no
differences in the sequence of the 12 off-target sites between the WT 201B7 cell line and our edited
cells (Fig. S3.2B-M). To ensure that the clone 28 cells have a normal genome, we performed G-
banding karyotyping and found no chromosomal abnormalities (46, XX karyotype; Fig. 3.1D). To
verify that clone 28 cells are undifferentiated, we used immunofluorescence staining and flow
cytometry with antibodies specific for TRA-1-60, OCT3/4 and NANOG (Fig. 3.1E). We found

that all three pluripotency markers were expressed. We also found that clone 28 cells retain

pluripotency by successfully differentiating them into ectoderm, mesoderm and endoderm, as
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determined by immunofluorescence staining and flow cytometry with antibodies specific for
PAX6 (ectoderm), NCAM (mesoderm) and FOXA2 (endoderm) (Fig. 3.1F). Clone 28 cells also
have normal iPSC morphology and tested negative for mycoplasma contamination (Fig. S3.2N-
O). Finally, we verified that mNeonGreen fluorescence could be reconstituted in the presence of
the mNGi1 fragment. Transfection of clone 28 cells with a plasmid expressing H2B (histone) fused
to the mNGi1 fragment resulted in the expression of a fluorescent signal localized to chromatin as
expected for the functional complementation of the mNG21-10 and mNG211 fragments (Fig. 3.1G).
After these validation and quality control steps, we chose clone 28 as the AAVS1-mNG21-10 cell

line, which we hereafter refer to as “smNG2-P” (split mNeonGreen2 parental cell line).

3.5.3 Efficient endogenous tagging with mNG2 1 in smNG2-P cells

Since fluorescence could be reconstituted by expressing the mNGi1 fragment in the
smNG2-P cell line, we aimed to integrate mNG21: into different endogenous loci. We selected 17
genes for tagging, some of which had been previously endogenously tagged with the split mNG
system (e.g. ACTB, TUBA1B, KRT18; Cho et al., 2022) or with full-length fluorescent proteins
(e.g. H2BC11, ACTB, ANLN, RHOA; Husser et al., 2022; Roberts et al., 2017), while other genes
had not been tagged previously (e.g. RACGAP1, KRT5, TUBB3, FOXA2). We expected some of
these genes to be expressed at varying levels in iPSCs (e.g. H2BC11, ANLN, SOX2; Iwasaki et
al., 2022), while others were expected to be silent until differentiation into specific lineages (e.g.
KRTS5, KRT14, PAX6, FOXA2). Altogether, these genes cover a range of expression levels,
localization patterns and involvement in different cellular processes. After transfecting smNG2-P
cells with Cas9/sgRNA RNP complexes and ssODNs designed to integrate mNG21: at these loci,

we quantified the proportion of WT, indel and tagged alleles in the edited cell populations by
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Nanopore sequencing (Fig. 3.2A-B). We found that Cas9 targeting was efficient for all loci, as
shown by the high proportion of indels in the edited cell populations. However, the proportion of
tagged alleles was variable, with 37.5% of CDHI1 alleles tagged, while only 0.69% of TUBA1B
alleles were tagged (Fig. 3.2B). This data shows that while endogenous tagging with mNG211 can
be highly efficient, it varies considerably for each locus.

Next, we monitored the reconstitution of mNeonGreen fluorescence in edited populations
by flow cytometry and fluorescence microscopy. As expected for genes that are expressed in
1PSCs, we observed a fluorescent signal in H2BC11, ACTB, TUBA1B, ANLN, RHOA, KRT18,
SOX2, NES and TUBB3-tagged populations (Fig. S3.3A-S). Tagged cell populations were
enriched by FACS, and we used microscopy to determine if their localization was consistent with
prior studies (Fig. 3.2C). Indeed, the fluorescent signal from H2B histone was nuclear, $-actin was
cortical and filamentous, a-tubulin was cytosolic and enriched in mitotic spindles, anillin was
nuclear and enriched at the furrow of dividing cells, RhoA was cytosolic and cortical, keratin 18
was filamentous but distinct from actin, SOX2 was nuclear, Nestin also formed filaments distinct
from actin and keratin, and B-3-tubulin was weakly expressed and cytosolic. Despite the high
tagging efficiency observed for CDHI1, we did not observe any fluorescent signal by flow
cytometry (Fig. S3.3)). However, microscopy revealed that E-cadherin-mNG211 was enriched at
cell junctions (Fig. S3.3T). This suggests that weakly expressed proteins may require different
methods to verify expression following endogenous tagging. We also did not observe any
fluorescent signal from tagged Cyk4 (RACGAPI1 gene) by flow cytometry or microscopy (Fig.
S3.3F). The lack of signal could be due to the low tagging efficiency (Fig. 3.2B), and/or the weak
expression of Cyk4 in stem cells (Iwasaki et al., 2022). Of the other genes that were tagged, there

was no fluorescent signal in the KRT5, KRT14, PAX6, TBXT, NCAMI1 and FOXA2-edited
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Figure 3.2. Efficient endogenous tagging with mNG211 in smNG2-P cells. A) A schematic
shows the workflow used to tag proteins of interest with the mNG21:1 fragment. smNG2-P cells
were transfected with Cas9/sgRNA RNPs and a ssODN repair template to integrate mNG211 at a
target locus. After recovery, the edited populations were frozen, then assessed by Nanopore
sequencing and flow cytometry. B) A bar graph shows the distribution of alleles (WT, indels or
mNG211 tagged) in edited populations. The percentage of mNG21: alleles is indicated in white for
each gene. C) Fluorescent and brightfield images show populations of tagged cells after
enrichment by FACS as indicated. The scale bar is 50 microns.
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populations as expected for differentiation markers, despite their high tagging efficiency (Fig.
3.2B, data not shown). We observed nuclear fluorescence by microscopy in FOXA2-tagged cells
after induction into endoderm (Fig. S3.3U-V), but we did not investigate the expression of the

others as this goes beyond the scope of our study.

3.5.4 Efficient clonal isolation and screening of tagged iPS cell lines

Next, we isolated 5 clonal cell lines expressing H2B histones, B-actin, a-tubulin, anillin
and RhoA tagged with mNG211, as these proteins could easily be detected and have distinct
localization patterns during cell division (Beaudet et al., 2017; Husser et al., 2022; Rodrigues et
al., 2015; van Oostende Triplet et al., 2014). We optimized a protocol to efficiently recover single-
cell clones after FACS (shown in Fig. 3.3A), resulting in an average recovery of 61.4% in 96-well
plates across the 5 genes (Fig. S3.4A). To facilitate screening of clonal recovery in 96-well plates,
we developed an Imagel] macro that automatically identifies positive and negative wells from 96-
well plate images (Fig. S3.4B-QG). Isolated clones were then screened based on their genotype by
multiplexed Nanopore sequencing. We found that clones had diverse genotypes with alleles
containing mNG211, mutated mNG211, indel mutations and WT sequences (Fig. 3.3B). The
diversity of genotypes amongst tagged cells suggests that clonal isolation is important to obtain a
high-quality homogeneous population of cells for further study. For each tagged protein, a single
clone was selected based on its genotype for further study (Fig. 3.3C-G). These cell lines were also
tested for mycoplasma contamination (Fig. S3.4H). Fluorescent images of the final mNG21:-
tagged cell lines acquired using confocal sweptfield microscopy are shown in Figure 3.3H.
Consistent with the expected localization for these proteins, H2B was nuclear during interphase

and localized to condensed chromatin during mitosis, actin was cortical in both interphase and
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Figure 3.3. Efficient clonal isolation and screening of tagged iPS cell lines. A) The protocol
used for single-cell isolation and the recovery of tagged iPSC clones is shown. Tagged cell
populations were pre-treated with ROCK inhibitor Y-27632 for 2 hours before sorting individual
cells into 96-well plates by FACS. Cells were kept in recovery media for 6 days, then colonies
were screened on day 10 to select those for further passaging into 96-well plates on day 11. Fully-
grown clones were frozen on day 15, and cells were genotyped by barcoding PCR followed by
Nanopore sequencing. B) A stacked bar graph shows the distribution of genotypes inferred from
multiplexed Nanopore sequencing for isolated clones of tagged H2BC11, ACTB, TUBAI1B,
ANLN and RHOA (sample size is indicated above each bar). C-G) The genotypes of the final
tagged cell lines are shown: H2BC11-smNG2 (C), smNG2-ACTB (D), smNG2-TUBA1B (E),
smNG2-ANLN (F) and smNG2-RHOA (G). The target gene coding sequence is in blue, indel
mutations are in red and mNGi: tag in green. H) Fluorescent images show the localization of
smNG2 (green) and DNA (stained with Hoechst; magenta) in the final tagged cell lines. The scale
bar is 10 microns.
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mitotic cells, tubulin was cytosolic during interphase and localized to mitotic spindles, anillin was
nuclear during interphase and enriched in the cleavage furrow during cytokinesis, and RhoA was

cytosolic during interphase and cortically enriched during mitosis.

3.5.5 Image reconstitution for live imaging of cellular processes in iPSCs

The endogenously tagged iPS cell lines can be used to study the mechanisms controlling
different cellular processes in healthy cells and how they vary with cell type. Our knowledge of
human cytokinesis is derived from transformed and/or cancerous, differentiated cell lines and has
not been studied in human pluripotent stem cells. In metazoans, cytokinesis initiates by the
assembly of a contractile ring in anaphase which ingresses during telophase to pinch in the
membrane, and then transitions to a stable midbody for abscission (Ozugergin & Piekny, 2022;
Pollard & O'Shaughnessy, 2019). To characterize cytokinesis in human stem cells, we imaged the
mNG211-tagged cell lines from metaphase onwards. Cytokinesis is dynamic and requires imaging
over long periods of time (tens to hundreds of minutes) at frequent intervals. We found that iPSCs
are more sensitive to toxicity compared to transformed cell lines, and cells stopped dividing and
detached after a few minutes of imaging using standard optical settings. To overcome this issue,
we optimized the settings to reduce exposure time and laser power, decrease z-stack depth and
increase imaging intervals so that cells could be imaged for more than 80 minutes. However,
endogenous tags that are weakly expressed are barely detectable using these imaging conditions.
Indeed, the signal-to-noise ratio was very low for H2B, a-tubulin, anillin and RhoA in images
acquired with low-exposure settings that supported cell survival, compared to images acquired
using high-exposure settings that did not support cell viability (Fig. 3.4A). Only B-actin, which is

more highly expressed in iPSCs, had a reasonable signal-to-noise ratio under these conditions,
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Figure 3.4. Image reconstitution for live imaging and quantitative measurements in iPSCs.
A) A graph shows the signal-to-noise ratio measured from low- (pink) and high-exposure (blue)
images of the tagged iPS cell lines as indicated. B) A schematic shows the training and application
of the CARE neural network for image restoration. The neural network developed by Weigert et
al. (2018) was trained on sets of low- and high-exposure images for each tagged cell line and used
to restore timelapse movies. C-E) Comparisons of raw (Input; top panel) and restored timelapse
images (Network; bottom panel) by the CARE neural network are shown for iPSCs expressing
smNG2-anillin (C), smNG2-RhoA (D) and smNG2-actin (E) undergoing cytokinesis (smNG2 in
green; DNA stained with Hoechst in magenta). The scale bars are 10 microns, and time is relative
to anaphase onset (00:00). F) A schematic shows how the duration of ingression was measured in
G. G) A graph shows the duration of furrow ingression (in minutes) in anillin-tagged iPSCs (n =
39). H) A schematic shows how the ratio of cortical to cytosolic protein was measured for I. I) A
graph shows the ratio of smNG2-anillin, smNG2-RhoA and smNG2-actin at the cortex relative to
the cytosol in metaphase cells (n = 10 for each line). J) A schematic shows the location of the
linescans used to plot the intensity of fluorescence along the cortex at the onset of furrowing. K-
L) Graphs show the fluorescence intensity of smNG2-anillin (K) and smNG2-RhoA (L) along the
cortex of tagged cells at furrow initiation (n = 10 for each). M) A schematic shows how the breadth
of protein at the equatorial cortex was calculated for N. N) A graph shows the breadth of enriched
smNG2-anillin and smNG2-RhoA localization at furrow initiation (n = 10 for each). Box plots in
G, I and N show the median line, quartile box edges and minimum and maximum value whiskers.
Statistical significance was determined by Brown-Forsythe and Welch’s ANOVA for I and
Welch’s t test for N (ns, not significant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001).

which was still improved when using higher imaging settings (Fig. 3.4A). To overcome this issue,
we used deep learning-based image restoration to obtain high resolution images from those with
low signal-to-noise ratios caused by low-exposure settings. We trained a CARE (Content-Aware
image REstoration) neural network on sets of matched high- and low-exposure images for each
cell line (Fig. 3.4B; Weigert et al., 2018), and used the trained model to restore timelapse movies
acquired with low-exposure settings (Fig. 3.4C-E and S3.5A-B). The signal-to-noise ratio was
drastically improved for timelapse images of H2B, a-tubulin, anillin and RhoA (Fig. 3.4C-E and
S3.5A-B). Most importantly, this approach allowed us to image live iPSCs with high temporal
resolution.

We then used the restored images to measure several parameters of cytokinesis in human

iPSCs for the first time. We first measured the duration of contractile ring ingression in anillin-
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tagged iPSCs from anaphase onset, and found that it occurs in 18.6 + 4.0 minutes (Fig. 3.4F-G).
We then measured the localization of anillin, RhoA and actin before and during cytokinesis. In
metaphase cells, we found that anillin is cytosolic, while RhoA is weakly enriched at the cortex
and actin is strongly enriched at the cortex (Fig. 3.4H-I). During mitotic exit, anillin accumulates
in the equatorial cortex ~4 minutes after anaphase onset, while RhoA accumulates by ~6 minutes,
and actin remains strongly cortical with some equatorial enrichment by ~4-5 minutes (Fig. 3.4C-
E and S3.5C-E). We also found that actin is enriched at cell junctions, which remodel between
adjacent cells during cytokinesis (Fig. S3.5F). In an extreme example, junctions disappeared, and
foci appeared adjacent to the site of ingression, likely resulting from the mechanical response to
the forces generated by the furrow (Fig. S3.5F). We then measured the breadth of cortically
enriched anillin and RhoA at the onset of ingression and found that anillin forms a narrow peak
(4.1 £ 0.7 pm), while RhoA localizes more broadly (6.6 + 2.2 um; Fig 3.4J-N). The same result
was obtained when measuring furrow breadth as a percentage of cortex length, showing that the
difference between RhoA and anillin localization is independent of cell size (Fig. S3.5G). Finally,
we measured the enrichment of tubulin at the midzone during mitotic exit to verify the presence
of a central spindle in human iPSCs. We found that tubulin is weakly enriched in the midzone ~2
minutes after anaphase onset (Fig. S3.5H-I). This data demonstrates the utility of endogenous tags
to study cellular processes in human iPSCs and differentiated cell types with isogenic backgrounds

by live imaging.

3.6 Discussion

Recent advances in genetic engineering have accelerated the development of tools for

fundamental research. Endogenous tags are particularly valuable as they enable the visualization
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of protein behavior in live cells at endogenous expression levels. Self-complementing split
fluorescent proteins have been used for efficient endogenous tagging, and this approach was
recently used for the construction of the first library of endogenous tags in HEK293 cells, with
1,310 proteins tagged in mixed populations enriched by FACS (Cho et al., 2022). While this library
is a powerful resource for the community, researchers will need to generate single clones of
individual tagged proteins before they can be studied. Further, the knowledge generated by this
library is restricted to this single cell type. Given the predicted diversity in mechanisms controlling
cellular processes across cell types, there is a need to also generate endogenous tags in stem cells
that can be differentiated into multiple cell types. In this study, we generated a fully validated
human iPS cell line expressing mNG21-10 for efficient endogenous tagging with mNG211 in human
stem cells capable of differentiating into any cell type. The 201B7 smNG2-P cell line is
heterozygous for the mNG2i-10 expression cassette which was integrated at the AAVSI1 safe-
harbor locus. Compared to lentiviral delivery, this design minimizes the risk of mNG21-10 silencing
and provides high and consistent expression of mNG21-10 across all cells in the population, even
over time and during differentiation (Oceguera-Yanez et al., 2016). We tagged multiple genes with
mNG211, with efficiencies ranging from 0.69% to 37.5% measured by Nanopore sequencing (Fig.
3.2B). Tagging efficiency with mNG21: in iPSCs was lower than in mouse embryos (40 to 100%
of injected embryos; O'Hagan et al., 2021), and lower than tagging with GFP11 in HEK293 cells
(<1% to 56% tagged alleles; Cho et al., 2022). However, endogenous tagging with mNG211 was
overall more efficient than endogenous tagging with full-length mEGFP in iPSCs (mostly <0.1 to
4%, and up to 24% GFP-positive cells; Roberts et al., 2017). Although different protocols can
cause differences in editing efficiency, our results are consistent with iPSCs being more

challenging to edit compared to other cell types, and mNG211 integrating at higher frequency than
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larger tags. We also found that low endogenous expression levels can limit the detection of tagged
proteins by flow cytometry, similar to previous studies (Cho et al., 2022; Leonetti et al., 2016;
O'Hagan et al., 2021), requiring microscopy with highly sensitive cameras or detectors. Alternative
methods such as fixation and antibody staining can also be used for more sensitive detection of
weakly expressed endogenous tags (O'Hagan et al., 2021). Regardless, the detection of a broader
range of endogenous protein expression in live cells will require further improvements in the
brightness of fluorescent proteins or in the sensitivity of detectors.

We also found that edited cells had diverse genotypes caused by gene editing, including
alleles carrying mutated mNG211 tags and indel mutations, warranting clonal isolation. Such
mutations have been reported previously but are not fully understood (Burgio & Teboul, 2020;
Skryabin et al., 2020). Single-nucleotide mutations may come from mutations introduced during
ssODN synthesis. Meanwhile, ssODN re-arrangements could be caused by microhomologies,
repair by NHEJ instead of HDR, or a combination of NHEJ and HDR repair (Skryabin et al., 2020).
We recommend isolating and screening clonal cell lines to perform quantitative studies of desired
cellular processes, as they provide a more reliable readout of protein expression, where variations
in signal between cells within a population represent true cell-to-cell variability. Clonal isolation
is notoriously inefficient in iPSCs, which are programmed to undergo dissociation-induced
apoptosis upon loss of attachment or cell-cell contact (Bhargava et al., 2022; Chen & Pruett-Miller,
2018; Singh, 2019; Tristan et al., 2023; Watanabe et al., 2007). We optimized a protocol for
efficient single-cell recovery of 201B7 iPSCs after FACS, with up to 80% of wells in a 96-well
plate showing clonal growth after 10 days (Fig. 3.3A and S3.4A). We also created a macro for
image-based colony screening in 96-well plates (Fig. S3.4B-G), and used multiplexed Nanopore

sequencing for high-throughput screening of selected colonies, as many amplicons can be
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sequenced simultaneously (Whitford et al., 2022). Automated instrumentation could be used to
further increase the scale of clonal cell isolation, and to isolate cell lines where transcriptionally
silent genes are tagged endogenously (Roberts et al., 2019). After clonal isolation, we found that
the cells in each edited line had consistent, stable fluorescence. Further, we observed fluorescence
across a range of intensities in the tagged cell lines, as expected for endogenous protein levels,
showing that mNG2i-.10/mNG211 complementation is comparable to full-length fluorescent
proteins.

The goal of endogenous tagging in iPSCs is to enable live imaging studies of diverse
cellular processes for comparative studies among different human cell types. We found that iPSCs
are particularly sensitive to phototoxicity, making it difficult to image weakly expressed
endogenous tags over longer periods of time or with short time intervals. This sensitivity has not
been previously reported in human or in mouse stem cells, likely because imaging conditions are
rarely reported and vary with different setups. In addition, timelapse imaging often involves the
use of overexpressing transgenes or dyes, which generate higher fluorescent signal intensity and
enable the use of optical settings with lower laser power and exposure time (Chaigne et al., 2021;
Roberts et al., 2017). Since many labs have access to spinning disk confocal or epifluorescence
widefield microscopes, image restoration methods provide a way to obtain high-quality images of
iPSCs without compromising on temporal resolution. We used CARE, a content-aware image
restoration neural network developed by Weigert et al. (2018), where training datasets are created
with matched images obtained using low- and high-exposures (Fig. 3.4B-E). With this network,
cells can be imaged over extended periods of time with high temporal resolution using low
exposure settings, and image files can be restored to generate high-quality movies. This approach

allowed us to measure the timing and localization of proteins known to be involved in cytokinesis
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for the first time in live human iPSCs (Fig. 3.4F-J). We found that anillin is recruited to a narrow
band at the equatorial cortex ~4 minutes after anaphase onset, while RhoA is also enriched but
only after ~6 minutes and is more broadly distributed (Fig. 3.41-J and S3.5C). We previously
showed that anillin and RhoA have similar breadths in HeLa cells (Husser et al., 2022). Active
RhoA is generated at the equatorial cortex by the GEF Ect2 which is activated by Cyk4 at the
central spindle (Koh et al., 2022; Mahlandt et al., 2021; Yuce et al., 2005). The formation of a
weak central spindle in iPSCs may explain the broad localization of RhoA (Fig. S3.5G). Indeed,
perturbations that weaken the central spindle result in more diffuse Ect2-Cyk4 complexes and a
broader band of RhoA activation (Adriaans et al., 2019; Kotynkova et al., 2016; Su et al., 2011;
Yuce et al., 2005). Active RhoA is also required for the cortical recruitment of anillin, yet the
localization of anillin in iPSCs is more narrow compared to 6 mammalian cell lines that we
previously characterized (Fig. S3.5G; Husser et al., 2022; Piekny & Glotzer, 2008). Interactions
with other proteins or phospholipids could control the localization of anillin in different cell types
(Ozugergin & Piekny, 2022). In addition, anillin-tagged iPSCs completed ingression in 18.6 + 4.0
minutes; faster than HepG2, HEK293 and HeLa cells, and slower than HCT116 and MDCK cells
(Fig. 3.4G; Husser et al., 2022). Previously, we speculated that the breadth of anillin localization
inversely correlates with the speed of ingression. The iPSCs seem to differ from this model,
suggesting that other factors should also be considered, such as the distribution of other actin
crosslinkers or cortical flows (Khaliullin et al., 2018; Leite et al., 2020; Osorio et al., 2019;
Reymann et al., 2016; Sobral et al., 2021; Spira et al., 2017). Further studies are needed to reveal
the mechanisms regulating cytokinesis in human iPSCs and differentiated cells.

Our work combines approaches to alleviate some of the challenges of gene editing in

human stem cells. High transfection and editing efficiencies can be achieved in iPSCs by using
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electroporation and delivering Cas9/sgRNA RNP complexes instead of plasmids (Kim et al., 2014;
Liang et al., 2015). Using a short tag that can be carried on single-stranded repair templates
(ssODNss) bypasses the requirement for cloning dsODNs with large homology arms. Tagging
efficiency is further increased by using NHEJ inhibitors (Chu et al., 2015; Maruyama et al., 2015;
Maurissen & Woltjen, 2020; Schimmel et al., 2023). Cells with mutated mNG211 tags can be
eliminated by screening single-cell clones based on genotype, using single cell isolation and
image-based colony screening in 96-well plates, combined with multiplexed genotyping of clones
by Nanopore sequencing. Finally, we showed how iPSCs could be imaged with high temporal
resolution using CARE for studies of cytokinesis, an essential dynamic cellular process.
Altogether, this work provides the basis for a high-quality endogenous tag library in human iPSCs,
which will be used to study protein function in human stem cells and across human cell types in

vitro.
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3.7 Supplementary figures and tables
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Figure S3.1. Screening of AAVS1-mNG2i-10 clones. A) A graph shows qPCR amplification
curves for the mNG2i-10 probe across 32 edited clones (blue), WT cells (green) and a positive
control (pink). B) A graph shows the delta Rn values (increase in fluorescence over the 40 qPCR
cycles) to show the presence or absence of the mNG21-10 gene in 32 clones edited clones (blue),
WT cells (green) and a positive control (pink). Clones with delta Rn values above the threshold
were considered positive for mNG2i-10. C) A graph shows qPCR amplification curves for the
AmpR probe in 32 edited clones (blue), WT cells (green) and a positive control (pink). D) A graph
shows the delta Rn values (increase in fluorescence over the 40 qPCR cycles) to show the presence
or absence of the AmpR gene in 32 edited clones (blue), WT cells (green) and a positive control
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(pink). Clones with delta Rn values below threshold were considered negative for AmpR. E) A
schematic shows the strategy for junction PCR screening. Three sets of primers were used to
amplify the WT AAVSI allele (top, pink), and the left (bottom left, blue) and right (bottom right,
green) integration junctions to verify the mNG21-10 insertion. F-H) Gel images show the results of
the junction PCR screening for WT (F), left junction (G) and right junction (H) with WT cells and
6 edited clones. The hatched boxes indicate the relevant DNA band. Clone 28 (green) was selected
for further validation.
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Figure S3.2. Validation of the smNG2-P cell line. A) A bar graph shows the copy number of the
mNG21-10 (green) and AmpR (pink) genes in clone 28 and WT cells determined by digital PCR.
B-M) Sequence chromatograms for 12 AAVS1 off-target sites in AAVS1-mNG21-10 clone 28 cells
are shown below the reference sequence from the human genome. The mismatched sgRNA target
and PAM sites are highlighted in red. N) A brightfield image shows AAVS1-mNG2i-10 clone 28
cells growing on an iMatrix-511 Silk-coated plate. O) A gel image shows the mycoplasma PCR
test with cells from several AAVS1-mNG2i-10 clones, along with positive and negative controls.
Clone 28 is highlighted in green.
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Figure S3.3. Fluorescent signal from endogenous mNG21:1 tags. A-S) Flow cytometry plots
show 17 different cell populations with smNG2 fluorescence after being edited with the mNG211
tag. A negative control transfected with pooled ssODNs and scrambled sgRNAs (R), and an
untransfected control (S) were used to set a gate to identify fluorescent cells (gate shown in green).
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T) Fluorescent images show the localization of smNG2-tagged E-cadherin (green) and DNA
(stained with Hoechst, magenta). The scale bar is 10 microns. U-V) Fluorescent and brightfield
images show the expression of smNG2-tagged FOXA2 in the edited cell population after
differentiation into endoderm (U) but not in the undifferentiated cell population (V). The scale bar
1s 50 microns.
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Figure S3.4. Clonal isolation and screening of tagged clones. A) A bar graph shows the recovery
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Representative images of results from colony screening using the macro in B). H) Gel images

show the results of the mycoplasma PCR test for the final mNG211-tagged cell lines compared to
positive and negative controls.
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Figure S3.5. Protein localization in iPSCs during cytokinesis. A-B) Timelapse images show
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are shown above the same images after restoration by the CARE neural network. The mNG2 signal
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before anaphase onset, shown in different colors as indicated in the scale. F) Timelapse images
show a cell expressing smNG2-actin during cytokinesis. The input images are shown above the
same images after restoration by the CARE neural network. The mNG2 signal is shown in green
and the DNA is stained with Hoechst (magenta). G) A graph shows the breadth of smNG2-anillin
and smNG2-RhoA localization at the furrow as a percentage of cortex length (n = 10 for each). H)
A schematic shows the location of the linescan used to plot the fluorescence intensity along the
midzone of a cell in I. I) A graph shows the fluorescence intensity of smNG2-tubulin along the
cell equator 2 minutes after anaphase onset. For all timelapse images, the scale bars are 10 microns
and times are shown relative to anaphase onset (00:00). The box plot in G shows the median line,
quartile box edges and minimum and maximum value whiskers. Statistical significance was
determined by Welch’s t test (ns, not significant; * p<0.05; ** p<0.01; *** p<0.001; ****
p<0.0001).
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Table S3.1. Characterization and validation of the smNG2-P cell line. The results from the
validation and quality control steps carried out on the smNG2-P cell line are listed.

Characterization Test Result Data
Genotype of the desired edit PR - Positive F¥g. SIE-H
Sequencing Fig. 1C
PCR Fig. S1E-H
Allelic status Sequencing Heterozygous Fig. 1C
Digital PCR Fig. S2A-E
Karyotype G-banding karyotype Normal (46, XX) |Fig. 1D
Pluripotency status Flow cytometry (TRA1-60, OCT3/4, NANOG) Positive Fig. 1E
. L . Directed differentiation and flow cytometry . .
Posit Fig. IF
Differentiation potential (ectoderm: PAX6, mesoderm: NCAM, endoderm: FOXA?2) ostive e
Absence of random integrations |Digital PCR Negative Fig. S2A-E
Off-target mutation analysis Sequencing of the top 12 predicted off-target sites Negative Fig. S2F and Tab. S2
Colony morphology Microscopy Normal Fig. S2G
Contamination status Mycoplasma PCR test Negative Fig. S2H
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Aprys siqy|  0Soypuikg SOX VNUSS I+ osIoASY |  snuuL-N DDLVIDLILLOLOVLLOVID 9XVd

BI0T[O0UR|[Y |  0FOYIUAS SOX VN3 0 premiof| snuwpl)|  YOLOLVOVIOVILILOOIIODL 7X0S

0Z0T “[e 39 IUBISAY | 0BoYJUAS SOX VNU3S 0 preamio ]|  snunuRl-)| OVIOVOIVOOVOHIDOHINOVD THAD

Aprys siqy|  0Soypuikg N VNI - os1oAdy|  snuiusl-N| DOVODLDOLVOLOOLODVIDL PILIN

Aprys syl |  0BopUAS SOX VNS I+ OSIAY|  snuud-N|  VOVOVDHIDDILOVOLLOVIVD RS

70T “[eR 0yD|  03oypuikg SOX VNUSS 91- osady|  snuwdrN| VVOVDOVDOVDOODIDLOLIOL SILAM

Apmis siyy| 03dypukg SOX VNYSS 0T+ OSIAY|  snuuR}-)| DVVIOVVDHODIIDLVVILOV 1dVOOVY

TT0T “[e 10 WSSNH|  03oyuAg SOX VNUSS 01+ 9sIAY |  snumudl-N|  YVOOIILLILLLOVIDVILVVY VOHY

TT0T T80 WSSNH|  03aypuikg SO VNUISS 8- premio | snuu-N|  OIDDOHIVOIILOVIOILILO NINV

L10T “[e 30 $110qoy|  039uAs S9N VNS S osIAY|  snunud-N|  VOODIDIIDIVILOVIOLYD a1vanl

L10T “[e 30 $110qoy|  03d9uAs SOX VNU3S 61+ os1ady|  snuwel-N| DODVDHIVDIVOILDLLOIID qL0v

SI0°[[QUS[[Y| 0BYUAS SOA VNY3S S- osIoAdy|  snumuwis)-) DDDOVLLOVLLLOLIVILOV 1109ZH

910T “'[e 10 ZouE X -£10N330() BWSIS ON | VNJ0eD-+V N YO 11+ pIemIo ] -| LVDDVOVDHOHOHVIIVIOIDDDD ISAVY
suonedyipowr JIP3 0) uONEBIUILIO
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dioyorg HVIOOHHODLIOLVIOOVOIVIOVIOOLDIDDIVIVIOVOIDIIOODDIVVLVILLOVODOVOVIILIIVIIOLODIILIOVOL R ZVXOd
© [ IOVVOLLDDLOVIOOLLLLIOOOVVV.IODDLVLVILYIVLIIIOIDLLOIODDOVYOLIDDODDIDOV.LIOVOVIIOLODDDDILYOILIDLOLLIVILOLIOLIDLLIV

drogorg OLLOVOLLOLOOIVODOOLLYOLOODOLOILOLILOLLLOILILIOOLOLIOLLLOOLOILIIVIID R TAVON
| IOODLOOVOLIOVVOLLODLIVIOIOLLLLIDOOVVV.IODDLVLVOLYIVILVIOIVILLILIOLIOODLIOLLIDIVOLLLLVLLLLLOVIOLOIOLIOLOOVVOLODLO

dronorg DVOIOHVIOOLODIDOLLLLLOVOIOVIDLVOVVVOIIIIODVIDIDOVVIOVIOVVDOIOLVOLVLVODIVLLLD . IXaL
" | OHOVVVVDIOOLOVOOVVILLIOVVILIOVOIIVIODOLOOVOODOLYIDLLIOVIIOILOLOLIDVIVOOLYILIIOV.LYILIIODIIDOVYIIIOVIOIIDIVOIVL

dioporg HVDHILIDLIODLIDOHHDDDHDDHIOHDDDDIOHDOHIVOHIIOLIDDIDODOHIOOLILOIDIDDOLIVLVIIOOIDLIDVOLL ~ cq
" OVVOLLODLIOVIIOLLLLIDOOVVVIOODLVLYILYIIIDLIIVIOIOLYILIDDLILYOIVIOLOLYOOLIDIODDIIODLIVIOIIOLLODLILYOIDIIDOLLIIOVI

droporg D0DIVHOVVDHODHVOHODIDIDIOOODVLLOVOIDOLIVIODIIDIDLILYIIVOVVVVOOVIDOLVOLVLVOIIVLLLIOOOVVY . SIN
© [ VODOLOVOOVVILLOVVILIOVOIIVIOOLOOVODLVOVVOVOOLILIDLODLIDLOVOVOVLYOVOOVYOHOOVOVILIOVILLOVVOLIDLLOVILOOOVIIODD

dxoporg HOOOVHOHIDHIDIOHOOHDIDLIODODDLLIVOIDLILLLIIODIILIDOLOVVIOVIVVOVIDLVVOILODIDOOLVOLY + OXVd
"~ | LVODOVLLLOOOHOHVVVVIOOLOVOOVVILLIVVILIOVOIIVOLYIOVIIOVOVIIOVIDIDINDIDIIDLVVOOLOIDIDDOVOILLYILVIIIDOVOVIVVIID

drojorg VIODLOILIDDDO5D5DIOVIDDHDOIDLODIDDLVVLLOIIDIOLOVIODDDOVOVOILOLOLYIIILIIVIOD ~ XOS
© [ L9DOLOOVOLIOVYOLLIDLIVIIOLLLLOIOOVVVIODILVIVILYOVILIDIDDIIILOLIOILIOVIOLIDIDIDLILLLYVVVVOLLLOLLLLIODLIDILLLYDD

droporg LIDOOLLYDOIIOLLYVOIDVVOLLOLLIOVIIOVILOLYOVIOIIDLIDDIDIDIDLIDLOILOIDLIOVIIDL _ HAD
"~ [99501L0OVOLLOVVOLLIDLOVIIOLLLLIDOOVVVIOOILVIVILVIVIOIDILOVOILILDLIINDIDIOODDLILODDLYIVIOVIIILLLYIOLIOLLLVOLIOOVY

dioporg DOLVOHDIDILIILOODOHVVOLYIOLIOVIILIDLIDVIOLLOVIIDDIOOVIOLIIVOIVOLYIDDILOOVOODLVOLVLVODIVLLL n PLIT
T [D0DOVVVVIODLOVOOVVILLOVVILIOVOIIVOLYIIVIODILILLILIDIILIDIVILIOILIDILIOLOVVIIOVILIVILLOLOLLOIVIOVOIIIVLLLVVIOL

droporg HLOLOIOHIIVIOHVILLIOVIOIILOVIOOHOODIOVODIDLLIDIOLOLOVVOIILOVIOIOILOIOLYIDDIOOVOOOLY + CIy
© [ DLVLVOIIVLLLIIOOVYVVIODILOVOOVVILLIVYVILIOVOIIVOLYDIVIOIOVVIVVOOVIOVIILIDLLOLILLODLIIOLOVLIVIIIVVIIILIOVIOVD

dronoig HODILIDILODIIVILIVVIIVIOLIOLLOIVIILIDILOVIOVILLIDVOLYIOOLODOVODIDLVOLVLVOIIVLLLOIDOVVVVID + QLLAY
" | DLOVHOVVILLOVVILIOVOIIVOLYIOVIVOVIILILIDLILIDLLIDIOLIDIOVOLIDIOVVYIDIILODILODIVIIDIDIDOVIDIDILIDDIDIDDLODOIL

dionorg DOLIOOHVIDOIILIDIILIVIOILILVIVIVOOVVVOVVIVIIVOLOVOLLYIOVIIILLIVILOLODIIOLVLVIOVOVOVIOLVDLVLVOIOIV +| 1avoovy
| LLLDOOOVVVVIOOIOVOOVYILLIVVILIOVOIOVIOOLOOVOOIOVVILIOLVVIILOLLOOLLLLLLIVVIODOVVIVOIVOOVLOIVVILIVIIODLILOVVIOV

droporg IDIOVIVIOLIODLLIDIVOVOVVVOOIOLOIOVOOLVOLODLLOLLYOLODIIVVVOVVOIILLVLOOVIDDILVIODIOOVOOD + VOY
" | LVOLVIVODIVLLLODOOVVYVVIODILOVOOVVILLIVYVILIOVOIOVOLYVIOVILLIOIOLLLIOIOLOLVLIVV.IOOVIOLLYIOLOLLOLLOVOLVY.LODVLIOVY

dronorg JLOIOVOLOVVVVOVOVVDOOVILLYVVIOLLODILOOIVVVOILYDIVOVOIVLIOVOIOILOIIDLIIDIDILVILODILIOVOLLD R NNV
" VVOLLODLOVIOOLLLLODOOVVVIOODLVIVILVIIILIDVIOIOLYIILVOOIVVVIOIDLIIVILIVILIVVVIDDIIIVIOLIDOLIODILVILOODIOHDIOVH

O1J1IUSTO
29ys HMQE u. L.M VOIOLVIODLOLVOOIOVOLOIDLYIODIOOVOHOODILVOLVIVOIIVLLLIDIOOVVVVIOOILOVOOVVILLOVVILIOVOIIVOVIOIIILLODLLLLLLIDLY + d1vdant

drosorg D0I2D20I29LVHIVOHIHOHDIDHILLIDDOIOOHVVIDLOLYDIDDDILIDOIVVIVOILOILDILIVIOLIOLLYDIVDIVOIVOOLVIDOLOOVOIDLVD + qa1ov
| LVLVOOOVLLLOOOOVVVVIDOLOVOOVVILLIVYILIOVOIIVOLYIIVILIOVIDILILLY.LIODDDIDIDIOVIVILIODDLIIVOINDOHHOHIDOHOHVIIDD

droorg IDOLVOOIVOIDVOVVLLLLILIOOIVVLOIIVVILILIOVVVOIDLLOOLLOVOLOVOVVVIOLVOLVIVOIIVLLLOOD + 109z
T OVVVVIODLOVOHOVVILLOVVILIOVOIIVIOOILOOVOOVVVVIDIOVIIVIVIOVYIIVILODIDOVV.LIVIODOVOIDILOLODIDIVIOVVIIODDLIOVODD

Snd0[/oudd
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Table S3.5. List of genotyping primers. The primers used to amplify and sequence each edited
locus are listed.

Locus Orientation |Sequence

AAVSI Forward TCGACTTCCCCTCTTCCGATG

AAVSI Reverse CTCAGGTTCTGGGAGAGGGTAG

ﬁ:}/fnlcﬁ:ml_m Forward TCGACTTCCCCTCTTCCGATG

g’;}’fnlc'ﬁ"('):m] 10 Reverse GAGCCTAGGGCCGGGATTCTC

‘:;‘t’?;::g?l’m Forward TTCCATCAGTACCTGCCCTACC

:;Y?:;gf”m Reverse TGGGGTCCAGGCCAAGTAG

AAVS1_OT1 Forward GGATTTGGGTACATTAACCACTCCG

AAVS1_OTI Reverse TGGAGGGTGACTGGGAAAGTTAG

AAVS1_OT2 Forward CTTGTCAAAGTGTGGGTTTGGTATC

AAVS1_OT2 Reverse TCTGACAACCTCCTAGAACTGACTC

AAVS1_OT3 Forward AAAGAGGGCCATGGGTCTAGC

AAVS1_OT3 Reverse GAGTATCTCATTTGGAGTCAAGGGC

AAVS1_OT4 Forward AATAGGGACAAGAGAGGTCACCC

AAVS1_OT4 Reverse AGTGGTAGGCCAACTTCCCG

AAVS1_OT5 Forward CAGTGGTTACTGGTCCACATCC

AAVS1_OT5 Reverse GACCCATGTTGGAGGATAAGCAG

AAVS1_0OT6 Forward GGAAGGACGGTTCACCACTC

AAVS1_OT6 Reverse CCCCGGACATCAGAGGCTA

AAVS1_OT7 Forward GCCTGTTCAGCTAAGTCCAATTC

AAVS1_OT7 Reverse GTGACTCCTGTGCTTCTAGCTC

AAVS1_OT8 Forward AATTTCAGAGTGGTGCTCCACAAG

AAVS1_OT8 Reverse CACCTTCCCATCCTCTAATGAGAATC

AAVS1_OT9 Forward TGAGGAGGAGGAGAGAATCCG

AAVS1_0T9 Reverse GGACTAAGTGGGGCATCTTCC

AAVS1_OTI10 Forward TTGCAGTTATTGGTTGTCTTGCC

AAVS1_OTI10 Reverse CAGGTGGTGTGGCTAATTCCAG

AAVS1_OTI1 Forward CTTTGCCAGTCACCACACTCG

AAVS1 OT11 Reverse CCACCTTTTTCACGGGGGAAG

AAVS1_OTI2 Forward GGCTTCACCTCCTATTTCTAGTCC

AAVS1_OT12 Reverse ACACACACAGGCCTCAATCG

H2BCl11 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCTATGCCAGAGCCAGCGAAG
H2BCl11 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNAGGAGGAATACAAGCACCAGC
ACTB Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCTGTTTGAACCGGGCGGAG
ACTB Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNCGTGCTCGATGGGGTACTTC
TUBAIB Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNTTGCATGAGTATTTTGTTCCACTTGAC
TUBAIB Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNTTCCTTGCCTGTGATGAGCTG
ANLN Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNGCTGGTTGTGGGAGAGTTCC
ANLN Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNCATTAGCATCTCCCCTGCGG
RHOA Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNAGGTGGATCGGCGTACTAGAAG
RHOA Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNCTTGGACTAAGATGGCAGGATGAG
RACGAPI Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNACACTCCTAGGTATGCAGAATTGG
RACGAPI Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNTCCATACTAACCCTTCTACCCCTG
KRTI8 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNTGCGATATAACTCGGGTCGC
KRTIS8 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNGGTCCCTCCTACCCCTTACC
KRTS Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNAAAGGGGGCATCACCGTTC
KRTS Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNAACCAAATCCACTACCGGCAC
KRTI14 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCAGCAGCAGGCTTCCTCTAC
KRTI14 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNAGGAGAAGCGGGAGGATGAG
CDHI Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCGTTGTTGGTGTTCACTGCTC
CDHI Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNCCAGAAACTCATCTCAAGGGAAGG
SOX2 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNGTTCGGTGGTCAAGTCCGAG
SOX2 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNTACCAACGGTGTCAACCTGC
PAX6 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNTGTTTCAAGCCCCAAAGGGTAG
PAX6 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNAAGAGCCAAGCAAACGCCC
NES Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNGAGTGATGAACGGGCTGGAG
NES Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNGGAGCAGGCAAGAGATTCCC
TUBB3 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCATCAGCCGATGCGAAGGG
TUBB3 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNGTCTCACTCAAGGCTATGCCG
TBXT Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNTGGTCTGTGAGCAACGGC
TBXT Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNTTCATCTGTAAGCCACCTGGG
NCAMI Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCCTCTGGCATCAACTTAGGGC
NCAMI Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNCAAGTGAGTGTGCAACAAAGGG
FOXA2 Forward CAAGCAGAAGACGGCATACGAGATNNNYRNNNYRNNNYRNNNCTCAAGGCCTACGAACAGGTG
FOXA2 Reverse AATGATACGGCGACCACCGAGATCNNNYRNNNYRNNNYRNNNGCAACAACAGCAATGGAGGAG
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Table S3.6. List of barcoding primers. The primers used to add unique barcodes onto locus-
specific amplicons for pooled Nanopore sequencing are shown.

Primer name Orientation [Barcode sequence Primer sequence

H2BCl11 Fwd Forward TCTGCTCCCGCCCCGAAAAAGGGC [Gene-specific primers are listed in Table S5

H2BC11 Rev Reverse TCTTTCTTTGAGAACATGGGTGGC  |Gene-specific primers are listed in Table S5

ACTB Fwd Forward GCGGGGCTGGCGCCCGGTTGGGAG |Gene-specific primers are listed in Table S5

ACTB Rev Reverse AGGGTGAGGATGCCTCTCTTGCTC  |Gene-specific primers are listed in Table S5

TUBAI1B Fwd |Forward AGTCATCAATAGATTGGTTTAAAT  |Gene-specific primers are listed in Table S5

TUBA1B Rev Reverse CTCAGGGTGGAAGAGCTGGCGGTA |Gene-specific primers are listed in Table S5

ANLN Fwd Forward CCCGCCTCAGACTCCTGGTTTTTT Gene-specific primers are listed in Table S5

ANLN Rev Reverse GCTGCGTGAACTCCGCAAATCACA |Gene-specific primers are listed in Table S5

RHOA Fwd Forward TTTGAATTTGAGTATGCTAATAGA  [Gene-specific primers are listed in Table S5

RHOA Rev Reverse AATGGATTCTTCTTTCCAACATTT Gene-specific primers are listed in Table S5

RACGAP! Fwd |Forward CCTTCCTAGGAAATAAAAAACAAC |Gene-specific primers are listed in Table S5

RACGAPI Rev |Reverse GAAAGATGTCTCATCTAAAAGCTC |Gene-specific primers are listed in Table S5

KRTI8 Fwd Forward GCGGCTCGCGCAGGCCGCCACCGT [Gene-specific primers are listed in Table S5

KRT18 Rev Reverse TGAGCCCTCAGGTCCTCGATGATC |Gene-specific primers are listed in Table S5

KRT5 Fwd Forward CTGGGTAACAGAGCCACCTTCTGC |Gene-specific primers are listed in Table S5

KRT5 Rev Reverse CACCTCCAAAGCCATAGCCGCCTC |Gene-specific primers are listed in Table S5

KRTI14 Fwd Forward GTGGATGTTAAAGGCCCATTCAGT [Gene-specific primers are listed in Table S5

KRT14 Rev Reverse ACAGACAGGCCGCCCCCGTAGGTG |Gene-specific primers are listed in Table S5

CDH1 Fwd Forward CGTGGTGTGCCACAAGTCTGGGTG |Gene-specific primers are listed in Table S5

CDHI1 Rev Reverse GAGCTGAAAAACCACCAGCAACGT |Gene-specific primers are listed in Table S5

SOX2 Fwd Forward GCCAGCTCCAGCCCCCCTGTGGTT  [Gene-specific primers are listed in Table S5

SOX2 Rev Reverse ATGGCCATTTTTGCTTTTAACAGT Gene-specific primers are listed in Table S5

PAX6 Fwd Forward ATTTTGTATGCACTGCAGGGCAGA |Gene-specific primers are listed in Table S5

PAX6 Rev Reverse TCCCCTCCCGGGCTGCCGGGCGCG |Gene-specific primers are listed in Table S5

NES_Fwd Forward CAGTCTGAGGAAGTGGGGCAAGGA |Gene-specific primers are listed in Table S5

NES Rev Reverse TTTGCAGGGTGGGAGGTTATATTC |Gene-specific primers are listed in Table S5

TUBB3 Fwd Forward CGGGGCCGCGGCTATAAGAGCGCG |Gene-specific primers are listed in Table S5

TUBB3 Rev Reverse CGGCCCCAAAAAAGAGGGCCACGC |Gene-specific primers are listed in Table S5

TBXT Fwd Forward GCCGTCACCCCGGGCTCCCAGGCA [Gene-specific primers are listed in Table S5

TBXT Rev Reverse ACAGCACCGCTACTGCAGGTGTGA |Gene-specific primers are listed in Table S5

NCAMI1 Fwd Forward TGGAAGAGGAAAGGACTCGTTCTT |Gene-specific primers are listed in Table S5

NCAMI Rev Reverse ACCCTTTCTATAAACCTACAAAAA |Gene-specific primers are listed in Table S5

FOXA2 Fwd Forward ATGCACTACCCCGGCTACGGTTCC  |Gene-specific primers are listed in Table S5

FOXA2 Rev Reverse AACAACAACAACAAAAAAATCAGA |Gene-specific primers are listed in Table S5

BC1 _Fwd Forward CACAAAGACACCGACAACTTTICTT |CACAAAGACACCGACAACTTTCTTCAAGCAGAAGACGGCATACGAGAT
BC2 Fwd Forward ACAGACGACTACAAACGGAATCGA [ACAGACGACTACAAACGGAATCGACAAGCAGAAGACGGCATACGAGAT
BC3 Fwd Forward CCTGGTAACTGGGACACAAGACTC |CCTGGTAACTGGGACACAAGACTCCAAGCAGAAGACGGCATACGAGAT
BC4_Fwd Forward TAGGGAAACACGATAGAATCCGAA [TAGGGAAACACGATAGAATCCGAACAAGCAGAAGACGGCATACGAGAT
BC5_Fwd Forward AAGGTTACACAAACCCTGGACAAG [AAGGTTACACAAACCCTGGACAAGCAAGCAGAAGACGGCATACGAGAT
BC6 Fwd Forward GACTACTTTCTGCCTTTGCGAGAA  [GACTACTTTCTGCCTTTGCGAGAACAAGCAGAAGACGGCATACGAGAT
BC7 Fwd Forward AAGGATTCATTCCCACGGTAACAC [AAGGATTCATTCCCACGGTAACACCAAGCAGAAGACGGCATACGAGAT
BC8 Fwd Forward ACGTAACTTGGTTTGTTCCCTGAA  [ACGTAACTTGGTTTGTTCCCTGAACAAGCAGAAGACGGCATACGAGAT
BC9 _Rev Reverse AACCAAGACTCGCTGTGCCTAGTT [AACCAAGACTCGCTGTGCCTAGTTAATGATACGGCGACCACCGAGATC
BC10 _Rev Reverse GAGAGGACAAAGGTTTCAACGCTT [GAGAGGACAAAGGTTTCAACGCTTAATGATACGGCGACCACCGAGATC
BCI11 _Rev Reverse TCCATTCCCTCCGATAGATGAAAC |TCCATTCCCTCCGATAGATGAAACAATGATACGGCGACCACCGAGATC
BCI12_Rev Reverse TCCGATTCTGCTTCTTTCTACCTG TCCGATTCTGCTTCTTTCTACCTGAATGATACGGCGACCACCGAGATC
BC13 Rev Reverse AGAACGACTTCCATACTCGTGTGA [AGAACGACTTCCATACTCGTGTGAAATGATACGGCGACCACCGAGATC
BC14 Rev Reverse AACGAGTCTCTTGGGACCCATAGA [AACGAGTCTCTTGGGACCCATAGAAATGATACGGCGACCACCGAGATC
BC15 Rev Reverse AGGTCTACCTCGCTAACACCACTG |AGGTCTACCTCGCTAACACCACTGAATGATACGGCGACCACCGAGATC
BC16_Rev Reverse CGTCAACTGACAGTGGTTCGTACT |CGTCAACTGACAGTGGTTCGTACTAATGATACGGCGACCACCGAGATC
BC17 Rev Reverse ACCCTCCAGGAAAGTACCTCTGAT [ACCCTCCAGGAAAGTACCTCTGATAATGATACGGCGACCACCGAGATC
BC18 Rev Reverse CCAAACCCAACAACCTAGATAGGC |CCAAACCCAACAACCTAGATAGGCAATGATACGGCGACCACCGAGATC
BC19 Rev Reverse GTTCCTCGTGCAGTGTCAAGAGAT [GTTCCTCGTGCAGTGTCAAGAGATAATGATACGGCGACCACCGAGATC
BC20_Rev Reverse TTGCGTCCTGTTACGAGAACTCAT  [TTGCGTCCTGTTACGAGAACTCATAATGATACGGCGACCACCGAGATC
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Table S3.7. List of live imaging parameters. For each cell lines imaged, the laser power and
exposure time used to acquire low- and high-exposure images are listed. These parameters were
used to acquire the neural network training dataset, and the low-exposure settings were used to
acquire timelapse images for restoration.

Cell line Imaging condition 405 nm laser, 50 mW. 488 nm laser, 50 mW.

Laser power (%) |Exposure time (ms) [Laser power (%) [Exposure time (ms)
R LG e 00 0 00
NGLACTE | e 50 00 5 00
Sl T T 00 i 00
SNGLANLN i oo 00 50 00
NGRHOA e 00 50 00
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CHAPTER 4

Discussion

4.1 Preamble

Endogenous tagging is the most reliable way to study protein behavior in live cells. This
approach circumvents the need to over-express proteins using strong promoters, which can
generate artefacts and provide misleading results. In this thesis, I generated multiple precisely-
engineered cell lines (Table 4.1) where tagged proteins can be visualized at endogenous levels in
their native cellular context. The constructs used to generate these cell lines are available through
Addgene. Moreover, I developed cell line-specific protocols for gene editing, clone isolation and
screening, as well as imaging protocols to characterize how cytokinesis occurs in different cell
lines. One of these engineered cell lines is an iPS cell line that expresses the large fragment of a
split mNeonGreen protein capable of complementing with the corresponding small fragment to
reconstitute fluorescence. This cell line enables endogenous tagging by inserting the small
fragment of mNeonGreen into any gene of interest and can be used to build a library of tagged
iPSCs to study any protein or cellular process. In this chapter, I summarize the implications and
future directions of this work. The fundamental questions addressed in Chapter 2 revealed
cytokinetic diversity in mammalian cells, highlighting the need to study cytokinesis in more cell
types and in developmentally relevant contexts. Meanwhile, the tools and methodologies
developed in Chapters 2 and 3 are critical to expand our understanding of cytokinesis and will also

benefit fundamental research in cell biology across different fields.
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Table 4.1. Summary of the cell lines generated in this thesis. For each cell line, the target locus,

desired knock-in and zygosity are listed.

Parental cell line |Modified locus |Knock-in Zygosity
HEK?293 ANLN mNeonGreen Homozygous
HEK?293 ECT2 mNeonGreen Homozygous
HEK?293 RHOA mNeonGreen Heterozygous
HelLa ANLN mNeonGreen Homozygous
HelLa ECT2 mNeonGreen Homozygous
HeLa RHOA mNeonGreen Heterozygous
HCT116 ANLN mNeonGreen Heterozygous
HepG2 ANLN mNeonGreen Heterozygous
MDCK ANLN mNeonGreen Homozygous
HEK?293 H2BCl11 TagBFP Homozygous
H2BCl11 TagBFP Heterozygous
HEK293 ANLN ml\gI eonGreen Homozygous
HEK293 H2BCl11 TagBFP Heterozygous
AAVSI CMV-mRuby2-CAAX [Heterozygous
H2BCl11 TagBFP Heterozygous
HEK?293 ANLN mNeonGreen Homozygous
AAVSI CMV-mRuby2-CAAX |Heterozygous
H2BCl11 TagBFP Heterozygous
HEK?293 ANLN mNeonGreen Homozygous
ACTB mRuby?2 Heterozygous
201B7 AAVS1 CAG-mNG2, Heterozygous
201B7 AAVSI CAG-mNG2,_ Heterozygous
H2BCl11 mNG2,; Homozygous
20187 AAVSI CAG-mNG2_g Heterozygous
ACTB mNG2, Heterozygous
20187 AAVSI CAG-mNG2, Heterozygous
TUBAIB mNG2y, Heterozygous
201B7 AAVSI CAG-mNG2, Heterozygous
ANLN mNG2, Homozygous
50187 AAVSI1 CAG-mNG2_ Heterozygous
RHOA mNG2y, Heterozygous
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4.2 Cytokinesis
4.2.1 Cytokinetic diversity

Since Rappaport (Rappaport, 1985) showed the dependence of ring positioning on the
mitotic spindle in sea urchin embryos, cytokinesis has been explored in diverse contexts: frog
embryos and epithelial tissue, Drosophila embryos and cultured S2 cells, C. elegans embryos,
germline and epithelial tissue, mouse embryos and mammalian cell lines (e.g. HeLLa, HEK293,
MDCK, among a few others). These studies have uncovered several pathways that control the
assembly and positioning of the contractile ring, with the assumption that most pathways exist in
most organisms, but that their requirement varies between organisms. Recent studies done in C.
elegans provided insights into the mechanisms regulating cytokinesis in cells with different fates
in the early embryo, which differ in more extreme ways than previously thought (Davies et al.,
2018; Ozugergin et al., 2022b; Ozugergin & Piekny, 2022). While most of our understanding of
cytokinesis in mammalian cells comes from studies of HelLa cells or other cancerous or
transformed cells lines in culture, there is evidence of cytokinetic diversity among mouse or human
cell types. For example, hepatocytes (the major cell type of the liver) become polyploid by
undergoing controlled cytokinesis failure as part of their normal function (Donne et al., 2020;
Margall-Ducos et al., 2007; Tormos et al., 2015). Interestingly, anillin and other cytokinesis
regulators are often over-expressed in liver cancer cells, which must rely on cytokinesis to
proliferate, unlike normal hepatocytes (Lin et al., 2021; Zhang et al., 2018a). In mice, in vivo
knockdown of ANLN does not affect liver size or function, but significantly reduces tumor
progression in different liver cancer models (Zhang et al., 2018a; Zhang et al., 2018b). This finding
highlights the need to understand the mechanisms regulating cytokinesis across different cell types

and in diseases (Bourdages et al., 2014; Lazaro-Dieguez & Musch, 2017; Paim & FitzHarris,
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2022). In Chapter 2, endogenous tagging of anillin in four human cell lines and one canine cell
line revealed differences in cytokinesis, supporting the hypothesis that distinct mechanisms control
these differences depending on genetic background, cell fate and tissue of origin. These findings
also raised the question of whether cytokinesis is regulated differently simply because of different
transcriptional programs, or also as a mechanism to regulate an organism’s developmental
program. More work is required to describe the diversity of cytokinetic programs across healthy
and diseases cell types, and how it interplays with embryo and tissue development.

Cytokinesis occurs via the ingression of a contractile ring. In Chapter 2, I found that the
speed of ingression correlated with the breadth of anillin localization in five cell lines, where cells
with broader anillin had faster ingression. Ingression is driven by actomyosin flows directed
towards the equatorial cortex, which facilitate actomyosin filament alignment and constriction of
the actomyosin ring (Illukkumbura et al., 2020; Khaliullin et al., 2018; Ozugergin et al., 2022b;
Reymann et al., 2016; Silva et al., 2016; Singh & Pohl, 2014). Anillin could control ingression by
positive feedback of RhoA activation at the equatorial cortex to increase actomyosin flow or to
crosslink actin filaments and facilitate their alignment. However, constriction also generates
tension that resists ingression, and the distribution of actomyosin filaments over a broader area
could help spread the resistive forces to reduce their impact on ingression. Ring components also
need to be removed as the ring constricts, and having a broader area for removal may make
ingression more efficient (Carim et al., 2020). Anillin forms a complex with septins, and previous
studies showed that this complex is shed during ingression (Carim & Hickson, 2023; El Amine et
al., 2013; El-Amine et al., 2019; Jananji et al., 2017). A model has been proposed where this
shedding removes membrane microdomains to reduce tension and allow for further constriction

(Carim et al., 2020). To test these models, the breadth of anillin localization could be increased or
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decreased in different cell lines. For example, CRISPRi (CRISPR interference) and CRISPRa
(CRISPR activation) can be used to decrease or increase anillin expression, respectively, to obtain
a narrower or a broader localization of anillin at the equatorial cortex (Husser et al., 2021; Pickar-
Oliver & Gersbach, 2019). The breadth of anillin localization can then be measured, along with
the strength of actomyosin flows, filament alignment and the speed of ingression. Finally, the
outflow of anillin from the ring during ingression could be measured by particle image velocimetry
in cells with different furrow breadths to quantify the removal of ring components during
ingression (Singh et al., 2019). Interestingly, I found that iPSCs undergo ingression relatively
quickly, yet anillin is localized narrowly while RhoA is localized more broadly at the equatorial
cortex. More studies are needed to reveal how contractile components and cytokinesis regulators
localize in 1IPSCs, and to determine the function of anillin in these cells. For example, the affinity
of anillin for different complexes (actomyosin, RhoA or septins) may be different compared to
other cell types. Actomyosin flows into the equatorial region and anillin outflow and shedding
could also vary between cell types.

Cytokinesis occurs differently when cells are part of a tissue, where forces from
neighbouring cells impact ingression kinetics, and cells need to maintain polarity and remodel cell-
cell junctions as they divide (Herszterg et al., 2014; Morais-de-Sa & Sunkel, 2013; Sugioka, 2022;
Thieleke-Matos et al., 2017). For example, we found that actin was enriched at cell junctions in
1PSCs, which were remodeled during and after cytokinesis. Cell polarity influences cytokinesis by
the asymmetric recruitment of cortical regulators, while neighbouring cells provide mechanical
resistance (Herszterg et al., 2014; Sugioka, 2022; Thieleke-Matos et al., 2017). Ingression may
also occur asymmetrically in polarized cells as the cytokinesis machinery competes with actin

filament systems present at cell junctions. MDCK cells are used as a model to study epithelial cell
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physiology as they become polarized at high confluency, form junctions, and can be induced to
form cysts with a lumen (Balcarova-Stander et al., 1984; Gudipaty et al., 2017; Hart et al., 2017;
Yamamoto et al., 2021). Cytokinesis has not been well-studied in mammalian and human epithelial
tissue. The regulation of cytokinesis in epithelial tissue could be studied by disrupting polarity
proteins (e.g. PAR-6 beta) or cell junctions (e.g. ZO-1 or E-cadherin) in the endogenously-tagged
MDCK cell line generated in Chapter 2 (Bruckner & Janshoff, 2018; Paim & FitzHarris, 2022).
The current dogma is that multiple redundant pathways regulate the localization of cortical
regulators for ring assembly and ingression, and their relative contribution varies between cell
types (Husser et al., 2021; Ozugergin & Piekny, 2022). In Chapter 2, we found that the timing and
breadth of anillin localization varied extensively between the different cell lines and correlated (at
least partially) with ploidy, suggesting that the chromatin sensing pathway plays a stronger role in
regulating cytokinesis in cells with high aneuploidy. To show this, the relative contribution of
different pathways could be elucidated by precisely disrupting or activating specific pathways and
measuring the effect on anillin localization. For example, astral microtubules can be stabilized by
knocking down the microtubule depolymerizer MCAK (also known as KIF2C) or via treatment
with microtubule stabilizing compound Taxol (van Oostende Triplet et al., 2014; Zanin et al.,
2013). We previously found that stabilizing microtubules causes a decrease in the breadth and
cortical accumulation of anillin during early anaphase in HeLa cells (van Oostende Triplet et al.,
2014; Zanin et al., 2013). The central spindle can be prevented from forming by knocking down
MKLP1, which forms a complex with Cyk4 required for bundling central spindle microtubules. In
HelLa cells, MKLP1 knockdown causes an increase in the breadth of anillin and active RhoA
localization during early telophase (van Oostende Triplet et al., 2014; Yuce et al., 2005).

Meanwhile, the Ran gradient can be manipulated by changing cell ploidy, by the depletion or over-
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expression of Ran regulators (e.g. RCC1, RanGAP, importin-beta), expressing membrane-tethered
constitutively-active Ran (RanQ69L), or by the optogenetic recruitment or disruption of pathway
components (Beaudet et al., 2017; Ozugergin et al., 2022b; Wang et al., 2020). In HeLa cells,
anillin requires importin binding for cortical recruitment during anaphase, with the astral pathway
restricting this localization to the equatorial cortex. A similar situation could explain why the
breadth of anillin localization is narrower than the breadth of RhoA localization in iPSCs (Chapter
3). Perturbations similar to those performed in HeLa cells can be done in our endogenously tagged
cell lines to reveal how the timing and contribution of the different pathways controlling

cytokinesis changes with cell type.

4.2.2 Using iPSCs to study protein localization

iPSCs are a promising system to study cellular processes in healthy human cells. Unlike
most cell lines cultured in vitro, iPSCs are not cancerous or transformed, carry a normal genome,
and have the potential to differentiate into any cell type derived from the three embryonic germ
layers. These characteristics enable comparative studies of cytokinesis and other cellular processes
across differentiated cell types in an isogenic system (Drubin & Hyman, 2017). iPSCs can also be
used to form organoids, which recapitulate the development and structure of human organs (Kim
et al., 2020). In the future, the derivation of embryo-like structures from human iPSCs will also
allow for the study of early embryonic development (Handford et al., 2023). However,
differentiated cells and organoids are difficult to transfect, and immunofluorescence staining
precludes the study of live cells. Endogenous tags generated in iPSCs prior to differentiation or
organoid formation can provide quantitative readouts of protein expression and localization in live

systems. In Chapter 3, I generated human iPSCs with endogenously tagged proteins that can be
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used for localization studies in live cells. The parental line used to generate these lines will
accelerate endogenous tagging in human iPSCs, which will benefit studies of cellular processes,

cell differentiation, embryonic development, and tissue and organ development.

4.2.3 Applications of endogenous tags beyond localization

In this thesis, I used timelapse imaging to study the localization of endogenously tagged
proteins. However, other methods could also be used with these tags to obtain additional important
information. For example, fluorescence correlation spectroscopy can be used to measure absolute
protein concentration in cells (Yu et al., 2021), while super-resolution microscopy can be used to
reveal finer structural details (Ratz et al., 2015). Endogenous tags can also be used to screen and
identify protein-targeting compounds for therapy (Khachatryan et al., 2023). Finally, biochemical
assays can be performed on endogenously tagged proteins. For example, Cho et al. (2022)
performed pull-downs of proteins endogenously tagged with mNG21: to identify protein-protein
interactions and protein complexes. For biochemical studies, endogenous tagging with epitope tags
or enzymes provides more accurate readouts of endogenous protein complexes than over-
expression (Dolgalev & Poverennaya, 2021; O'Hagan et al., 2021; Vandemoortele et al., 2019).
However, cell lines tagged endogenously with biochemical tags are harder to generate without a

fluorescent marker for isolation and screening.

4.3 Re-purposing tools for endogenous tagging
In Chapters 2 and 3, I generated multiple tools and resources that are available to the
community, including the constructs used for endogenous tagging, as well as the tagged cell lines.

Successful endogenous tagging requires a sSgRNA that can efficiently target a gene at a specific
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site (usually at the start or end of the coding sequence), and a repair template to introduce the
fluorescent tag at the correct site. In Chapter 2, I re-purposed pre-existing designs to endogenously
tag H2B histones, actin, and tubulin with different fluorescent proteins (Allencell.org; Roberts et
al., 2017). This enabled the co-visualization of proteins tagged with fluorescent proteins with
different emission wavelengths. I also showed that endogenous tagging constructs designed to
target the human genome can be used to tag the same protein in any human cell line, although each
cell line presented unique challenges. Other groups have generated and shared similar tools with
the community (de Man et al., 2021; Pinder et al., 2015; Roberts et al., 2017; Sakuma et al., 2016;
Savic et al., 2015; Sun et al., 2021; Allencell.org; Addgene.org). The tools generated in Chapter 2
focused on specific proteins: anillin, Ect2, RhoA, H2B, actin and tubulin. Several of these proteins
are involved in cytokinesis, but also in other cellular processes. For example, RhoA is a small
GTPase that controls actin polymerization and myosin activation in the context of cell migration,
polarity, and adhesion, amongst other cellular processes (Kim et al., 2018a). Furthermore, H2B
histones, actin and tubulin are commonly used to visualize DNA and cytoskeletal structures, which
can be useful for more generally following cell division, cell shape, and other processes (Aoki et
al., 2017; Kiyonari et al., 2019; Melak et al., 2017). Therefore, the utility of these tools extends

well beyond the field of cytokinesis to studies of different cellular processes in human cells.

4.4 Large-scale endogenous tagging in human iPSCs
4.4.1 Mapping genome-wide protein localization

Mapping the localization of all proteins encoded in the human genome has been the subject
of multiple large-scale projects (Cho et al., 2022; Simpson et al., 2000; Thul & Lindskog, 2018).

The Human Protein Atlas aimed to generate and use protein-specific antibodies to reveal protein
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localization in fixed cells and tissues (Thul & Lindskog, 2018). Another approach involves the
generation of whole-genome ORF libraries to express tagged ORFs in human cells to visualize
protein localization (Simpson et al., 2000). However, over-expression can cause localization
artefacts (as shown in Chapter 2; Mahen et al., 2014; Rizzo et al., 2009). Finally, the OpenCell
project aimed to endogenously tag proteins with split mNeonGreen in HEK293 cells, enabling
large-scale endogenous tagging for the first time in human cells (Cho et al., 2022). However, large-
scale endogenous tagging has only been done in HEK293 cells, limiting studies of the tagged
proteins to this cell line. By enabling large-scale endogenous tagging in iPSCs, my work provides
the basis for the visualization of all proteins encoded by the entire genome at the endogenous level
and across a broader range of differentiated cells. This project could be extended to studying
protein localization in tissues and organoids cultured in vitro, as well as during different cell cycle
stages in different cell types. Further editing can be done to model diseases and uncover how
protein localization changes in diseases. Creating such an atlas of human protein localization will

enable comparative studies of protein function across cell types and in pathologies.

4.4.2 High-throughput gene editing

As described in Chapter 3, my work provides tools for large-scale endogenous tagging in
human iPSCs. However, high-throughput gene editing in human cells will require automation to
handle hundreds to thousands of samples at once. Towards this objective, I designed a workflow
for the automation of endogenous tagging in human iPSCs (Fig. 4.1). Using equipment available
in the Concordia Genome Foundry, this workflow automates as many steps as possible, from
nucleofection to the screening of edited clones, using an automated liquid-handling platform

connected to an incubator, microscope and nucleofector. Specifically, the following steps can be
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Figure 4.1. Automation of the endogenous tagging workflow in iPSCs. A theoretical workflow
to automate the generation of endogenously-tagged iPSC cell lines is shown. Starting with the
smNG2-P cell line (top left), the steps required for endogenous tagging, maintenance, clone
isolation and screening are indicated by colored circles. The steps are listed in more detail on the
right. Steps that can be readily automated are shown in pink, steps that can be semi-automated are
shown in blue, and manual steps are shown in brown. Different workflows are shown for the
tagging of silent genes, and workflow decisions are indicated in dashed arrows when required.

fully automated: nucleofection, media changes, monitoring of cell growth and cell passaging; and
the following steps can be semi-automated: sample freezing, cell preparation for lysis and FACS,

and PCR genotyping. iPSC culture has been automated before using different robotic systems,
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often for the purpose of iPSC generation or differentiation (Bando et al., 2022; Boussaad et al.,
2021; Elanzew et al., 2020; Paull et al., 2015; Tristan et al., 2021; Truong et al., 2021). The
decision-making steps required during culturing can also be automated using image-based
measurements of confluency and colony morphology to automatically assess whether the cells are
ready to be passaged daily (Ker et al., 2011). Similarly, as shown in Chapter 3, 96-well plates can
be screened for clonal recovery after FACS using an image-based pipeline, and the positive wells
can be automatically selected for further passaging and analysis. Finally, the analysis of flow
cytometry and sequencing data can also be automated to make decisions that can be verified by

the user.

4.4.3 Challenges of high-throughput endogenous tagging in iPSCs

The isolation of tagged clones by FACS relies on the expression of the tagged protein to
produce a fluorescent signal. However, some genes are not expressed in iPSCs but only in
differentiated cells. Such genes can be tagged endogenously for the purpose of studying protein
expression and function in differentiated cells. For these silent genes, isolating tagged cells can be
challenging as the fluorescent tag is not expressed in undifferentiated cells. In cases where tagging
is very efficient (e.g. PAX6, TBXT and FOXA2 in Chapter 3), many clones can be isolated and
screened at the genetic level until a tagged clone is found. However, when tagging efficiency is
lower (e.g. KRT14 in Chapter 3), hundreds to thousands of clones may need to be screened.
Alternatively, an approach called sub-selection can be used, where an edited population is split
into sub-populations of 100-10,000 cells, which are then screened for the presence of the edited
allele (Fig. 4.1; Deneault et al., 2018; Miyaoka et al., 2014; Sumer et al., 2020). The sub-population

with the highest frequency of edited alleles is then selected for more rounds of splitting and
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screening, until a nearly clonal population is obtained. Other strategies can be used where the tag
is introduced with an antibiotic resistance or fluorescence marker, which can be removed later
(Kim et al., 2018b; Li et al., 2016; Perez-Leal et al., 2021; Roberts et al., 2019). However, larger
knock-ins require larger repair templates that will integrate with lower efficiency compared to
smaller knock-ins.

The automation of endogenous tagging will generate many cell lines that need to be
validated. First, the observed localization of each protein should be verified against existing
knowledge to avoid false positives. For this, localization to different subcellular locations can be
quantified and compared to existing datasets like the Human Protein Atlas (Cho et al., 2022; Thul
& Lindskog, 2018). Proteins that form higher-level complexes often have similar localization
patterns (Cho et al., 2022). Moreover, edited iPS cell lines require extensive quality control, as
shown in Chapter 3 for the smNG2-P cell line. Quality control steps should be simplified and
automated to validate a large number of edited cell lines in parallel. For example, high-throughput
karyotyping can be carried out by selecting a few genomic sites for copy number quantification by
qPCR (D'Hulst et al., 2013). Similarly, the evaluation of pluripotency and differentiation marker
expression can be carried out using RT-qPCR (reverse transcriptase quantitative PCR), which is

more amenable to automation (Kuang et al., 2019; Mittal et al., 2022).

4.5 Conclusion

Despite challenges, precision gene editing is a valuable tool to study how human cells
function. Specifically, CRISPR/Cas9 can be used to generate cell lines that carry endogenous tags,
in which a protein of interest can be visualized in its native cellular environment. In this thesis, I

demonstrated the utility of endogenous tags compared to over-expressed transgenes for studies of
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protein localization by tagging and characterizing several proteins involved in cytokinesis. Future
work should focus on using iPSCs as a model to study cellular processes in a broad range of healthy
human cell types. The tools developed in this work for genome-scale endogenous tagging can

support this effort to study healthy human cells, as well as tissue and organ development in vitro.
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