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1. Introduction

1.1. Microscopy

Cell size and complexity make it hard to study their structure and functions. That is why
one of the most important tools in cell biology is microscopy. Light microscopy is used for both
live and fixed cell imaging. For brightfield cell microscopy, live samples usually have to be
stained to have visible features while fixed samples are thinly cut so that the light can pass
through them. Even then, most cell components are still hard to distinguish. However, better
resolution can be achieved with fluorescence microscopy in which cell components can be

labelled with probes and dyes of many different colors (Alberts et al., 2017).

1.1.1. Fluorescence and confocal microscopy

Fluorescence microscopy is based on the ability of the subject of interest to fluorescence
(Kubitscheck, 2017) which can be produced naturally (autofluorescence) or by external
fluorescent elements, e.g. using a fluorescent dye (secondary fluorescence). When the specimen
is irradiated by excitation light, it is absorbed and re-emitted with lower energy, thus longer
wavelength (Kubitscheck, 2017). Due to low and non-specific intrinsic fluorescence of

biological molecules, different fluorescent probes and dyes have been developed.

Classic widefield microscopy illuminates the whole sample, but to see only one specific point
in a 3D sample it was necessary to find another method for imaging. That led to the development
of confocal microscopy in which the sample is illuminated and scanned portion by portion
(Sanderson et al., 2014). In a selected depth plane, fluorophores are excited by a narrow beam
of laser light. The emission light is then captured by the detectors and the image is displayed
on a computer monitor. For this precise scanning, excitation light and the detector have to be in
focus and that gave this type of microscopy the name confocal. Introduction of pinholes in the
path of the excitation light leads to blocking of all the light that did not come from the region
of focus resulting in a clearer image and improved contrast with a greater signal-to-noise ratio
(Kubitscheck, 2017) (Figure 1.).
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Figure 1. Scheme of the confocal microscope. Excitation light comes from the source and
passes through confocal pinhole aperture to the sample. The beamsplitter (dichroic mirror)
reflects the excitation beam (in green) and splits it from the fluorescence signal (in red).
Adapted illustration (Debarnot et al., 2019).

1.1.2. Super-resolution microscopy

Regardless of confocal microscopy providing a better image quality than regular
fluorescence, a new breakthrough has recently been done with the development of super-
resolution microscopy. This method gives us even better resolution without breaking the actual
diffraction limit (Sanderson et al., 2014). One example is stimulated emission depletion
(STED), in which fluorophores in the outer region of the diffraction limited spot are reversibly
silenced - depleted. This is achieved using a second (STED) laser which has a different
wavelength (Vicidomini et al., 2018). This allows only nonsilenced fluorophores in the ,,donut-
shaped® hole to be activated and emit light, resulting in the possibility to separate features closer

to the diffraction limit (Figure 2.).
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Figure 2. Scheme of a STED microscope setup. (A) The activation laser and the depletion laser
pass through a phase plate at the same time. A focal point on the sample is excited and emits
fluorescence that passes through a pinhole to the detector. (B) At the overlap of the standard
fluorescence and the depletion laser, the fluorescence is depleted. Only the fluorescence from
the focal point is collected in the detector. (C) When the intensity of the depletion laser
increases, the size of the inner ring, the focal point, decreases therefore increasing the

resolution. Adapted illustration (Hiersemenzel et al., 2013).

1.1.3. Fluorescent stains

Fluorescent stains are usually organic, planar molecules that covalently bond with a
functional group or a biomolecule and enable their visualization. These molecules have
aromatic rings with delocalized electrons which, after excitation, emit energy - fluorescence
(Lichtman & Conchello, 2005). There is a plethora of commercially available fluorescent dyes
such as fluorescein isothiocyanate, rhodamine cyanine, and their improved successors such as
Alexa Fluor. Another fluorescent stain widely used in both, fixed and live-cell imaging is 4'6-
diamidino-2-phenylindol, commonly known as DAPI. This stain strongly binds to AT regions
of the DNA, absorbs light in the UV and emits light in the blue spectrum (Kapuscinski, 1995).

However, it also prone to fading after exposure to UV light (Gallardo-Escarate et al., 2007).



An example of a recent method in labelling microtubules is a taxol-derived fluorescent dye
silicone-rhodamine (SiR)-Tubulin. SiR dyes are bright fluorophores that emit in near-infrared
range and are quite photostable (Wirth et al., 2019). SiR-Tubulin is very helpful and reliable in
microtubule visualization in live imaging (Logan & McCartney, 2020). On the other hand, taxol
is known as an antimitotic agent because it stabilizes microtubules by increasing polymerization
and decreasing depolymerization, which results in blocking the cell cycle in G1 or M phase
(Arnal & Wade, 1995). Although the probes themselves do not show such strong stabilizing
effects on microtubules as taxol, they can still exhibit effects on their structure and stability.

Many of these dyes are used as live cell imaging reagents, but it is necessary to notice that
fluorescence imaging of these molecules often produces breakdown products that can be highly
cytotoxic (Ettinger & Wittmann, 2014).

1.2. Fluorescent proteins (FP)

One of the most important fluorochromes for studying live cells today is green
fluorescent protein (GFP) and its variations. GFP was isolated from photoorgans of a jellyfish
species Aequorea victoria meaning it is a biologically safe fluorophore. This protein is of a
specific structure consisting of just 238 amino acids which form a barrel-like structure of beta
sheets (Tsien, 1998). In the center of the beta-barrel is a chromophore - molecule responsible
for the green color that GFP emits (Figure 3.). Since GFP is highly stable and quite small, it
exhibits very mild if any effects on the cell (Logan & McCartney, 2020). Moreover, in
comparison to organic dyes, the cytoplasm is more protected from reactive free radical
breakdown products because the fluorophore is isolated in the fluorescent protein (FP) beta
barrel structure (Ettinger & Wittmann, 2014).

Other variations of FP have been developed by mutagenesis of original GFP resulting in cyan
and yellow FP as well as a range of FP on the other side of spectrum after the discovery of red
fluorescent protein (RFP). Also, FP can be engineered for improved fluorescence, brightness
and longer wavelengths. One of the most commonly used variants of GFP is EGFP (enhanced
GFP) which has mutations at positions F64L and S65T making it brighter. EGFP also has a
shorter maturation time than wild-type GFP (Heim & Tsien, 1996). Using recombinant
technology, FP gene can be encoded downstream of the gene of the protein of interest resulting
in a fusion protein (Yu et al., 2015). Such gene construct is then transferred into the cell and

expressed protein can be observed in vivo. One thing to consider is that in this case expression
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of the fusion protein is not endogenous and it would be more biologically accurate to have it be
expressed endogenously.

Figure 3. Molecular structure of green fluorescent protein. Thick strands are beta sheets, thin
strands are alpha loops and in the center is the chromophore (Remington, 2011).

Except from A. victoria, FP have also been derived from other organisms, mostly of the
Cnidaria phlyum (Prasher et al., 1992). One such protein is TagGFP2 which originates from A.
macrodactyla and is a green fluorescent protein that is constitutively fluorescent. In comparison
to widely used EGFP, TagGFP2 is brighter, has a much shorter maturation time and lower acid
sensitivity. Besides that, TagGFP2 has a larger Stokes shift - the gap between the excitation and
emission maxima (Heim & Tsien, 1996), which means that its self-absorption is lower as well
as higher extinction coefficient resulting in more energy absorbed and available for emission

(Figure 4.). TagGFP2 amino acid sequence is shown in Figure 5.

300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700

A/ nm

Figure 4. Excitation and emission spectrums of EGFP (blue) and TagGFP2 (green). Image
obtained and adapted from https://www.fpbase.org/protein/taggfp2/ ).



https://www.fpbase.org/protein/taggfp2/

1 MSGGEELFAG IVPVLIELDG DVHGHKFSVR GEGEGDADYG KLEIKFICTT
51 GKLPVPWPTL VTTLCYGIQC FARYPEHMKM NDFFKSAMPE GYIQERTIQF
101 QDDGKYKTRG EVKFEGDTLV NRIELKGKDF KEDGNILGHK LEYSFNSHNV
151 YIRPDKANNG LEANFKTRHN IEGGGVQLAD HYQTNVPLGD GPVLIPINHY
201 LSTQTKISKD RNEARDHMVL LESFSACCHT HGMDELYR

Figure 5. Amino acid sequence of TagGFP2 protein. Image obtained and adapted from

https://www.fpbase.org/protein/tagafp2/ .

1.3. Genetic engineering

Genetic engineering uses biotechnological tools to insert or delete nucleotides of
genomic DNA, meaning the genome can be manipulated to make new combinations of genetic
material which can be inherited. Early technologies that enabled precise manipulation of
eukaryotic genes were ZFNs (Zinc-Finger Nucleases) and TALENSs (Transcription Activator-
Like Effector Nucleases). ZFNs have a zinc-finger domain which recognizes a specific 9 — 18
bp long target sequence and binds to it. Then, endonuclease domain Fokl recognizes zinc-finger
domain and cuts the DNA strand at that spot, making a double stranded break (DSB) (Carroll,
2011). TALENS, on the other hand, are proteins consisting of TAL effector DNA binding
domain which consist of 33 — 35 repeating amino acid sequences that are highly conserved
(Joung & Sander, 2013). These amino acid sequences have two variable positions which are
responsible for specific nucleotide recognition and that allowed for the construction of precise
DNA-binding domains. Upon DNA-binding, Fokl domain is activated and makes a DSB which
can then be repaired via non-homologous end joining (NHEJ) or homology-directed repair
(HDR). NHEJ is considered prone to mistakes and often results in point-mutations (insertions
or deletions - indels) which can lead to frameshifts and gene knockouts. HDR uses sister
chromatid or exogenous complementary DNA as a template which allows for insertion of
complete genes in the position of a DSB. One of the drawbacks of these two technologies is
that, because of their size and complexity, such domains and repeating sequences can be
challenging to construct. Moreover, TALENS are sensitive to DNA methylation and ZFNs can
be quite imprecise when it comes to making a DSB. That is why the discovery of CRISPR/Cas
(clustered regularly interspaced short palindromic sequences) system made a revolution in

genetic engineering (Gaj et al., 2013).


https://www.fpbase.org/protein/taggfp2/

1.4. CRISPR-Cas9

1.4.1. Discovery and development of CRISPR system

Bacteria have always been an important organism for scientific research and pioneers in
the whole genome sequencing because of their relatively small genome. One such research that
investigated a part of Escherichia coli chromosome found an interesting structure consisting of
series of short direct repeats interspaced with short sequences (Ishino et al., 1987). Other
bacteria were later found to contain similar repeats and today they are known as clustered
regularly interspaced short palindromic sequences (CRISPR). Together with CRISPR-
associated (Cas) proteins they create a system that provides acquired bacterial immunity against
foreign DNA. During infection, bacteria cut pathogen DNA into fragments and incorporate
them into CRISPR locus inside their own genome. These DNA fragments make protospacers
that interspace the palindromic sequences of this locus. After this locus is transcribed and
processed into CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA), they guide the
cleavage of pathogenic DNA by Cas endonucleases (Xu & Li, 2020). The crRNA recognizes
target DNA sequence only if it is associated with protospacer adjacent motif (PAM). PAM is a
2-5 bp sequence directly downstream of the target sequence (Gleditzsch et al., 2019) and it
defines the location of the cut precisely 3 nucleotides upstream of the PAM sequence (Karvelis
et al., 2015).

In the Type Il CRISPR/Cas system (Figure 6.), crRNA anneals to trans-activating crRNAS
(tracrRNA), which recognizes 20-bp DNA target and utilizes Cas9 protein to make a DSB.
While there are different PAM requirements for a precise cut, one of the systems optimized for
genetic engineering relies on Streptococcus pyogenes derived 5'-NGG-3' PAM that precedes
the target DNA. To further optimize this system for mammalian cells, crRNA and tracrRNA
can be fused together to create single-guide RNA (sgRNA). By redesigning sgRNA, virtually
any DNA sequence can be targeted for cleavage. CRISPR/Cas9 has since allowed for relatively
simple creation of eukaryotic cells bearing precise mutations made by NHEJ and HDR (Ran et
al., 2013).
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Figure 6. CRISPR/Cas9 system. Target sequence is recognized by sgRNA. Cas9 cuts both
strands of target DNA upstream of the PAM sequence and DSB is then repaired via NHEJ or
HDR pathway (Cui et al., 2018).

1.4.2. Cas9 structure and modifications

All Cas9 proteins share a common structure of two distinct parts, REC and NUC. REC
is constituted of three alpha-helix domains: Hel-1, Hel-I11 and Hel-1ll or REC1, REC2 and
REC3, respectively which play a role in binding sgRNA. NUC consists of HNH (histidine-
asparagine-histidine nuclease) and RuvC (Rnase H-like) nuclease domains and a C-terminal
domain that recognizes PAM sequence. After sgRNA finds the target sequence and Cas9
recognizes PAM sequence, HNH domain cuts the strand complementary to the sgRNA (target

strand) and RuvC domain cuts the non-target strand (Jiang & Doudna, 2017).

Above mentioned NHN and RuvC domains can also be mutated for modified function to
execute specific cleavages. One such mutation is aspartate-to-alanine (D10A) mutation in the
catalytic domain of RuvC which transforms Cas9 into a nickase that makes a single-stranded
break. This type of cleavage is preferably repaired through HDR which may decrease the
potential for unwanted indel mutations. REC domains can also be modified to reduce or
completely eliminate nuclease activity of Cas9 creating its deactivated form (dCas9)
(Nishimasu et al., 2014). One example of utilizing dCas9 is that it can be mutated and

repurposed as a transcriptional regulator (Qi et al., 2013). Without nuclease activity, dCas9 can
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also, for example, be fused with an enzyme that converts one base to another thus making a
highly precise point mutation (Komor et al., 2016). Also, dCas9 can be fused with a fluorescent
protein to temporary visualize desired regions in the genome by targeting them with sgRNA-
dCas9-FP complex (Dreissig et al., 2017). These examples opened a whole new spectra of
possibilities for genetic manipulation via CRISPR/Cas9 system.

1.5. CRISPaint

Aforementioned DSB repair pathways, HDR and NHEJ are both used in CRISPR/Cas9
engineering. More challenging gene insertion is usually accomplished using HDR by
integrating a DNA fragment with homology arms into the genome while indel mutagenesis is
mediated by NHEJ which can proceed into two pathways. The first one is canonical NHEJ
(cNHEJ) which repairs DSB by utilizing ligase-4 with minimal or no modification to the
dsDNA ends. More recently described alternative NHEJ (aNHEJ) pathway is applied when
cNHEJ is disabled and repairs DSB using microhomologies (Chiruvella et al., 2013). Although
microhomologies can also be associated with cNHEJ, they are more frequent in aNHEJ

pathways.

To insert foreign DNA using HDR, it has to be constructed with homologous regions which
can be challenging and in the absence of homologous template HDR pathway is largely less
efficient than NHEJ pathway (lliakis et al., 2004). Furthermore, HDR only occurs while cells
are in the S phase (Essers et al., 2002), while NHEJ pathway is active during the whole cell
cycle (Hustedt & Durocher, 2017). Albeit it was previously suggested that NHEJ can be prone
to indels, cNHEJ is not fundamentally defective. Instead of depending on cNHEJ machinery,
the accuracy of end joining is in fact defined by the structure of the DNA ends and cNHEJ
adapts the repair accordingly (Bétermier et al., 2014). While the DNA ends may look different
for some DSBs, Cas9 makes a precise DSB leaving directly ligatable DNA ends resulting in
highly accurate NHEJ (Guo et al., 2018). This is why development of a system that integrates
foreign DNA via cNHEJ would provide a simple and modular way for targeted genome
engineering. Schmid-Burgk et al. (2016) used such approach to establish a new system for gene
tagging: CRISPaint (CRISPR-assisted insertion tagging) that relies on cNHEJ. This is a HDR-
independent modular method for integrating exogenous genetic material into genomic locations
of interest. Precisely, CRISPaint is used to tag endogenous genes and generate C-terminally

tagged fusion proteins allowing their visualization and quantification in microscopy of live cells



(Schmid-Burgk et al., 2016). This system consists of three plasmids that are simultaneously
introduced to the cell (Figure 7.).

—{3-0
Genome
l Cleavage
sgRNA § SgRNA §
2 CAS9 CAS9
I Expression Expression I Cleavage

' U6 sgRNA ' l U6 sgRNA ' Target Tag gene T2A PuroR pA
site

Target selector Frame selector 0-1-2 Universal donor 2A-PuroR

Universal donor system

Figure 7. Scheme of the CRISPaint system with three plasmids. Expression of sgRNAs is under
control of the U6 promotor. A universal donor plasmid delivers a tag gene and a puromycin
resistance gene, which are separated by a T2A self-cleaving peptide that ensures individual
expression. A frame selector cuts the donor plasmid in a way that ensures tag integration in the
right frame. Adapted illustration (Schmid-Burgk et al., 2016).

Target selector plasmid contains Cas9 protein and sgRNA that determines the location of a DSB
in the genome and universal donor plasmid has a short linker peptide (GGSGGSGGGS) in
frame with the tag gene. The sgRNA of the target selector is designed to target the end of the
last exon of the protein of interest. Precise cleavage location in the genome is determined by an
endogenously existing 5-NGG-3' PAM sequence downstream of sgRNA complementary
sequence and the cut is executed 3 nucleotides upstream of PAM. Considering that PAM could
define a cut in between two nucleotides that define a single amino acid, it is important to
compensate for a possible loss of one or two nucleotides. For that reason, the frame selector
plasmid can compensate by cutting the linker peptide in donor plasmid to ensure that the
inserted tag is expressed in the correct reading frame (Schmid-Burgk et al., 2016). For that
reason, the right frame has to be chosen for every protein of interest based on their target
selector. After the donor plasmid is cleaved, it is linearized and integrated into the genome via
NHEJ (Schmid-Burgk et al., 2016).

10



1.6. Microtubule structure

Microtubules are the major component of the eukaryotic cytoskeleton, along with
intermediate and actin filaments. In the interphase, microtubules make up a network involved
in intracellular transport, motility and cell shape maintenance, while during mitosis they are
crucial for executing cell division (Wade, 2009). They are polymers of a tubulin heterodimer
which consists of a and B-tubulin 55 kDa monomers (Figure 8.A). Microtubule is formed of
13 parallel protofilaments (Figure 8.B) making a cylinder shape approximately 25 nm in
diameter (Figure 8.C). Tubulin subunits always stack into protofilaments in the same direction,
meaning that the B-tubulin subunit of one heterodimer is interacting with the a-tubulin subunit
of the next heterodimer. Considering the dissociation properties of the ends of a microtubule,
there is a positive (B-tubulin) and negative (a-tubulin) end. Plus end is more dynamic with rapid
changes between growing and shortening phases, but (de)polymerizations happen on both ends.
These properties are driven by chemical energy released from GTP to GDP hydrolysis at the -
tubulin subunit (Alberts et al., 2017). Nucleating location of microtubules in the cell is at the
microtubule organizing center (MTOC) otherwise known as the centrosome. The minus end of
the microtubule remains attached to the centrosome and the plus end extends into the cell
(Wade, 2009). While microtubules are more stable when they are a part of interphase

cytoskeleton, they become highly dynamic during mitosis (Alberts et al., 2017).

A B
% Free tubulin dimer

o-tubulin

€ B-tubulin

_—

Figure 8. Scheme of the microtubule assembly process. (A) Tubulin heterodimers composed
of a and B-tubulin first form protofilaments. (B) 13 protofilaments assemble to form a single
microtubule (C) that can shrink or grow via (de)polymerization. Adapted illustration
(Borkholder, 1998).
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1.6.1. The mitotic spindle

Cell division in eukaryotes is performed by the mitotic spindle, a microtubule-built
machine responsible for correct segregation of chromosomes into two daughter cells (Walczak
& Heald, 2008). The mitotic spindle has a characteristic and precisely defined arrangement of
microtubules originating from centrosomes - two orthogonally placed centrioles encased in an
amorphous mass. During cell division, centrosomes are positioned at the poles of the spindle
making it bipolar. In the center of the spindle, microtubules attach to centromere regions of
chromosomes via kinetochores - large multi-protein structures assembled at the surface of the
centromere (Musacchio & Desai, 2017).

Most microtubules of the mitotic spindle originate from the poles and are organized in larger
structures called bundles. In the center of the spindle, microtubules from the opposite poles
overlap, forming antiparallel bundles, are called interpolar microtubules or bridging fibers.
Microtubules that stretch from the poles to the cell cortex are called astral microtubules and
those which attach to the kinetochores are called kinetochore microtubules or k-fibers (Figure
9.). One of the essential kinetochore proteins is centromere protein A (CenpA), a histone H3-
like variant which plays a major role in kinetochore assembly and chromosome stability
(Valdivia et al., 2009).

kinetochore hromosome motor proteins and
passive crosslinkers
centrosome /\\

.....

\ spindle
\

overlap polar astral MTs
non-kinetochore microtubules

Figure 9. Components of the mitotic spindle. Kinetochore microtubules attach to the
chromosomes via kinetochores. Non-kinetochore microtubules overlap at the center of the
mitotic spindle (overlap), grow from the centrosome towards the center (polar) and the cell
cortex (astral), (Toli¢, 2018).
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Microtubules also interact with microtubule associated proteins (MAPS) which help to create
the spindle and support its proper function. MAPs include non-motor and motor proteins like
kinesin and dynein that are involved in spindle dynamics (Goodson & Jonasson, 2018). One of
the non-motor MAPs is protein regulator of cytokinesis 1 (PRC1) which ensures steady
overlaps of the antiparallel microtubules. This activity of PRC1 provides stable microtubule
organization and successful progression through anaphase (Jagri¢ et al., 2021). Astrin or Sperm-
associated Antigen 5 (SPAGS5) is another MAP, responsible for proper chromosome
segregation by maintaining secure kinetochore-microtubule attachments (Ying et al., 2020).

To study the dynamics of the mitotic spindle machinery and chromosome segregation, it is
important to observe the cell division under the microscope. Fluorescent dyes and probes are
of great help to visualize the most important structures involved in the mitosis.

2. Aims of the study

The goal of this study is to establish cell lines that endogenously express TagGFP2
tagged protein tubulin. One will be non-tumor cell line and the other one a tumor cell line. For
that purpose, | will use RPE1 and HelLa cells, respectively. I will establish a protocol for
transfection using the CRISPaint three-plasmid system. To evaluate the established cells lines,
I will measure the parameters of the mitotic spindle. I will also try to establish both cell lines
with fluorescently tagged PRC1, Astrin and CenpA which are all proteins of interest in studying

mitosis. | will observe and image the cells on a confocal microscope.

3. Materials and Methods

3.1. Materials

Kits:
QIlAprep Spin Miniprep Kit (Cat. No. 27106 QIAGEN GmbH, Hilden, Germany); NucleoBond
Xtra Midi plus EF (MACHEREY-NAGEL, GmbH & Co. KG, Diiren, Germany); Amaxa Cell

Line Nucleofector Kit R (Lonza, Basel, Switzerland)
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Bacterial culture:

Liquid Luria-Bertani (LB) medium (in 1 L of dH20): 5 g yeast extract
10 g tryptone
10 g NaCl (10 g)

TSB (transformation/storage buffer, 20 mL): 2 g PEG 3350 (polyethylene glycol)
1 mL DMSO (dimethylsulfoxide)
200 uL MgSO4 (1M)
200 uL MgCly (1M)

Plasmids:

pKL114-CRISPaint (gift from Kops Lab, Hubrecht Institute, Utrecht, Netherlands)
pCas9-mCherry-TubB (66942; Addgene, Watertown, MA, USA)
pCRISPaint-TagGFP2-PuroR (80970; Addgene, Watertown, MA, USA)
pCas9-mCherry-Frame+0,+1,+2 (66939,66940,66941; Addgene, Watertown, MA, USA)

pCRISPaint-TagRFP-PuroR (80971; Addgene, Watertown, MA, USA)

Enzymes and buffers:

Bbsl-HF (R3539S), Bsal-HF (R3733S), CutSmart® Buffer, T4 DNA ligase (M0202S) - (New
England Biolabs, Ipswich, USA)

10X Thermo Scientific Tango Buffer (with BSA), dNTP Mix (10 mM each) Cat. No. R0191,
ATP Solution (100 mM) Cat. No. R0441, TriTrack DNA Loading Dye (6X) Cat. No. R1161,
GeneRuler DNA Ladder Mix Cat. No. SM0331, SYBR™ Safe DNA Gel Stain Cat. No. S33102
- (Thermo Fisher Scientific Inc., Waltham, USA)

Phosphate-buffered saline (PBS; ROTI®Cell PBS CELLPURE®, Carl Roth, Karlsruhe,

Germany)

Cell lines:

HeLa mCherry-CenpA (obtained from the lab)

Rpel purosensitive (gift from Holland Lab, Johns Hopkins University, USA)
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Transfection:

FUGENE® HD Transfection Reagent (Promega Corporation, Madison, WI, USA)
Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific Inc., Waltham, USA)

Cell Line Nucleofector™ Kit L (Lonza, Basel, Switzerland)

Immunocytochemistry:

Fixation solution: 8 mL PFA (paraformaldehyde)
2 mL PBS
50 uL glutaraldehyde

Cytoskeleton extraction buffer (CEB):
0,5 % (w/v) Triton X-100
0,1M PIPES (1,4-piperazinediethanesulfonic acid) pH 7
2 mM EDTA (ethylenediaminetetraacetic acid)
1 mM MgCl;

3.2. Methods

3.2.1. Golden Gate assembly

Golden Gate assembly is a cloning method in which one or more DNA fragments can
be assembled and ligated with a plasmid. The assembly occurs in a single reaction using the
activities of Type IIS restriction enzyme and T4 ligase. First step of Golden Gate assembly was
to design oligos for sgRNA of interest in a cloud-based platform Benchling (Benchling Inc.,
San Francisco, CA, USA). Three oligos were designed, targeting proteins important for
studying the dynamics of cell division: Astrin, PRC1 and CenpA (Table 1.). Mixture for
annealing consisted of 1 pL forward oligo (100 uM), 1 pL reverse oligo (100 uM) and 8 pL.
nuclease-free dH.O (NFW) for every sgRNA. Cycle protocol consisted of incubation for 30
minutes at 37 °C, then for 5 minutes at 97 °C and final step was to lower the temperature by 5
°C every 5 minutes, until the temperature reached 25 °C. Mixture was incubated in a PCR
machine. The fragment was inserted in the pKL114-CRISPaint plasmid (Figure 9. A) that has
a SgRNA scaffold and ampicillin (Amp) resistance gene. The mixture for the Golden Gate

Assembly reaction is shown in Table 2.
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Table 1. Sequences of oligos — sgRNAs for annealing.

sgRNA Sequence (5'-3")
F - CACCGCAAAGAACTACAGGGATTGC

Astrin - o AAACGCAATCCCTGTAGTTCTTTGC
orey - CACCGTGATCAGGGCTTCTCAGGAC
R - AAACGTCCTGAGAAGCCCTGATCAC
F - CACCGCGGGGCCTTGAGGAGGGACT
CenpA

R - AAACAGTCCCTCCTCAAGGCCCCGC

Table 2. The reaction mixture for Golden Gate assembly using Bbsl-HF restriction enzyme.

Reactants Volume
Nuclease-free dH.0 11,5 ul
Tango buffer (1x) 2 ulL
Annealed oligos 1/200 2 uL
pKL114 50 ng 1 pL
ATP (10 mM) 2 uL
DTT (10 mM) 1 uL

T4 ligase (400 000 U/ uL) 0,5 uL
BbsI-HF (20 000 units/ pL) 1 pL

Mixture for Golden Gate assembly was incubated on a thermal cycler at 37 °C for 5 min and

then at 21 °C for 5 min interchangeably for 6 consecutive cycles, following ligation at room

temperature for 1 h.

Plasmids constructed from pKL114-CRISPaint plasmid: PRC1, Astrin and CenpA are shown
in Figure 10. and Figure 11.
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PCR1, PCRIminus1, EGF2, UP-40, BAC2, UP-2 M13-FP, M13-fwd, I7,Pvull,Bmrl, +3 Eco0109T, TatT, BsaAl
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Figure 10. (A) Original pKL114-CRISPaint plasmid with all restriction places including Bbsl
which is lost after the Golden Gate assembly. (B) Constructed pKL114-CRISPaint-PRC1

plasmid.
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Figure 11. (A) Constructed pKL114-CRISPaint-Astrin and (B) pKL114-CRISPaint-CenpA
plasmids.
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3.2.2. Bacterial transformation

All work regarding bacteria was performed under sterile conditions: under flame, on
disinfected surfaces and using sterile equipment. Chemically competent bacteria E. coli
(Stellar™ Competent Cells, Clontech, CA, USA) were transformed with plasmids obtained
from the previous reaction. Transformation was executed using the manufacturer’s protocol.
After thawing the frozen bacteria, 50 pL of competent bacterial cells were transformed with 3
ng of plasmid DNA. Tubes were placed on ice for 30 min and then heat shocked for 60 sec at
42 °C. After the heat shock, cells were again placed on ice for 2 min. To recover the bacteria,
450 pL of SOC medium (prewarmed at 37 °C) was added to the tube. Cells were then incubated
for 1 h at 30 °C on a shaker (250 rpm).

When Stellar™ Competent Cells were not available, E. coli C600 were used, but they had to
be made competent first. After thawing the cells, a small amount of them was taken using a
plastic tip, put in 3 mL of liquid LB medium and incubated at 30 °C on a shaker (250 rpm)
overnight. Optical density (OD) was measured the next day and bacteria had to be diluted to
0,1 OD in a 50 mL Falcon tube. Cells were then incubated for around 1 h at 30 °C on a shaker
(250 rpm) or after OD reached the value of 8,0. After that, cells were pelleted by centrifugation
for 10 min at 4 000 rpm at 4 °C. 500 uL cold transformation/storage buffer (TSB) was then
used to resuspend the pellet gently and tubes were incubated on ice for 1,5 h. To transform the
cells, 3 ug of plasmid DNA was added to 50 puL of C600 cells and they were incubated on ice
for another 30 min. Then, 250 pL of TSB + 1 mL of 40 % glucose was added and tubes were
incubated for 1 h at 30 °C on a shaker (250 rpm).

Transformed bacterial mixture was then plated on LB agar solid plates with 1 mg/mL ampicillin
for selection using 100 uL of cells for each plate. Bacteria were incubated at 37 °C overnight.
Individual colonies were then picked using a plastic tip and put into liquid LB medium with 1

mg/mL ampicillin. Tubes were incubated for 9 h at 30 °C on a shaker (250 rpm).

3.2.3. Plasmid isolation

Plasmids cloned in overnight cultures were isolated using QlAprep Spin Miniprep Kit.
The isolation was executed using the manufacturers' protocol. Bacterial overnight culture was
added to a microcentrifuge tube and pelleted by centrifugation in for 3 min at 8 000 rpm at room

temperature. After resuspending bacterial cells in a buffer, lysis buffer was added and the tube
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was inverted 4-6 times. The solution was next neutralized using a neutralizing buffer and cells
were centrifuged for 10 min at 13 000 rpm. The supernatant was then applied to spin columns
and centrifuged for 1 min at 13 000 rpm. After washing the column, plasmid DNA was eluted
using the elution buffer.

The concentration of eluted plasmid DNA was measured on Qubit 4 Fluorometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

To obtain plasmid concentrations sufficient for transfection, plasmid DNA was again cloned in
overnight cultures following previously mentioned protocol and isolated using NucleoBond
Xtra Midi Plus EF Kit.

3.2.4. Restriction digestion

Restriction enzyme digestion was performed on constructed plasmids after both, Golden
Gate assembly and Mini prep to check if they were properly cut and ligated with sgRNA
sequence. Two restriction enzymes were used in the reaction. Bbsl-HF cut the plasmid in the
previous Golden Gate assembly reaction and because of loss of that restriction place, this
enzyme does not cut a successfully constructed plasmid. Second restriction enzyme that was
used was Bsal-HF that makes a cut in a place further from Bbsl-HF restriction place. Empty

plasmid pKL114 was used as negative control. Reaction conditions are shown in Table 3.

Table 3. The reaction mixture for restriction digestion, for a single sample.

Reactants Quantity

Cutsmart buffer (10X) 1 uL

Bbsl-HF (20,000 units/mL) 0,1 uL

Bsal-HF (20,000 units/mL) 0,1 uL

plasmid 150 ng

nuclease free water until final volume reaches 10 uL

Samples were incubated in a thermoblock at 37 °C for 2 h.

Agarose gel-electrophoresis was carried out on a 1,25 % with addition of SYBR Safe gel stain.
Gel-electrophoresis was run gel in 1x TAE Buffer (Tris-acetate-EDTA) at 70 V for 40 min.
Gels were imaged on Uvidoc HD6 (Uvitec, Cambridge, England, UK).
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3.2.5. Plasmid DNA sequencing

To ensure that the whole sequence for sgRNA was inserted in the plasmid as well as in
the right orientation, plasmids had to be sequenced. Samples were prepared by mixing 5 puL of
purified plasmid (100 ng/uL) and 5 pL of sequencing primer U6 (10 pmol/ uL). After labeling,
samples were sent to Macrogen Europe (Amsterdam, Netherlands) where Sanger sequencing

was performed.

U6 forward universal primer: 5' — TAGAAAGTAATAATTTCTTGGG - 3
3.2.6. Cell culture

For the purposes of this experiment, two different cell lines were used. RPEL1 cell line
made purosensitive (RPE1 PuroS) and HeLa cell line stably expressing mCherry-CenpA. Cells
were cultured in a 75 cm? sterile flask in Dulbecco's Modified Eagle Medium (1 g/L D-glucose,
pyruvate and L-glutamine, DMEM, Capricorn Scientific GmbH, Ebsdorfergrund, Germany)
with 10% (vol/vol) heat-inactivated Fetal Bovine Serum (FBS; Sigma-Aldrich, St. Louis,
Missouri, US) and 10000 U/mL penicillin/streptomycin solution (Lonza, Basel, Switzerland).
Cells were kept at 37 °C and 5 % COzin a Galaxy 170 R COz humidified incubator (Eppendorf,

Hamburg, Germany).

Cells were passaged approximately every 48-72 hours or when they reached around 70-80%
confluency. Old medium was aspirated and flask was washed with 10 mL of Phosphate-
Buffered Saline (PBS). Cells were then incubated in 1 mL 1% trypsin/EDTA (Biochrom AG,
Berlin, Germany) for 5 minutes at 37 °C and 5 % CO2. After incubation, approximately 5 mL
of DMEM pre-warmed at 37 °C was added to the cells to inactivate trypsin. Between 0,5 and 1
mL of cell suspension was left the flask and 10 mL of pre-warmed DMEM was added for further
growth.

3.2.7. Transfection using FUGENE HD transfection agent

For plasmid transfection, cells were grown in a 100 mm diameter plate (TC-treated
Culture Dishes, Corning, NY, USA) until reaching ~50% cell confluency. To achieve this
confluency, 240 000 RPE1 PuroS and 600 000 HeLa mCherry-CenpA cells were plated in 10
mL of DMEM.
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Cells were transfected the next day with three plasmids simultaneously by chemical transfection
using FUGENE HD Transfection Reagent (Promega Corporation, Madison, WI USA). Desired
concentration of plasmid DNA for each was 2,5 pug/uL for all plasmids. Frame plasmids used
in transfection were pCas9-mCherry-Frame+1 for TUBB and CenpA targeting plasmids and
pCas9-mCherry-Frame+2 for Astrin and PRC1 targeting plasmids (Figure 12.), pCRISPaint-
TagGFP2-PuroR donor plasmid (Figure 13.) pCas9-mCherry-TubB targeting plasmid (Figure
14.) and constructed targeting plasmids pKL114-CRISPaint-PRC1, pKL114-CRISPaint-Astrin
and pKL114-CRISPaint-CenpA. Reading frame corrections for these proteins and their
corresponding sSgRNAs were chosen with the help of Benchling platform.

Amp-R, AmpR_promoter, Ac1I, XmnI, Sspl PaqCI
AclI,BsrDI,Pvul long_terminal repeat from Moloney murine leukemia virus,+7
BsrDI Bsu36I,Apol
NotI Bsu36l

gag_(truncated), SexAl
pLXSN 5' pBABE 5' hU6-F BamHI
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DrdI

KO.1 5' Ndel
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Xmal, Smal,Acc65I,Kpnl NdeT
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Xbal +3
BmtI ELAG, Psil
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Figure 12. Map of the pCas9-mCherry-Frame+1 plasmid; pCas9-mCherry-Frame0/+2 maps
are the same, the difference is one nucleotide for the compensation of shifted frame.
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Figure 13. Universal donor plasmids pCRISPaint-TagGFP2-PuroR and pCRISPaint-TagRFP-
PuroR. Both plasmids contain puromycin resistance gene for later selection of transfected cell

lines.
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Figure 14. Map of the pCas9-mCherry-TubB plasmid.

Two 150 uL mixes were prepared (Table 4) according to FUGENE HD Transfection Reagent

technical manual.

Table 4. Reaction mixtures for transfection using FUGENE HD transfection reagent.

Reaction mix 1 Reaction mix 2
Reactant Quantity Reactant Quantity
pCas9-mCherry-Frame0/+1/+2 2,5 pug/uL FUGENE 22,5 uL
Universal donor plasmid 2,5 pg/ul Opti-MEM™ 127,5 uL
Target selector plasmid 2,5 pg/ul
Opti-MEM™ to 150 uL

Mixes were allowed to rest at RT for 5 min, then combined to a final volume of 300 pL and left
to rest for another 10 min. Final solution were added dropwise to the dish of cells and dishes

were then incubated at 37 °C and 5 % CO2. The next day the medium with FUGENE was
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aspirated and fresh medium was added to the cells. After 48 h the medium was exchanged for

fresh medium with 3 pL of supplemental antibiotic puromycin.
3.2.8. Electroporation

As an alternative to FUGENE mediated transfection, RPE1 PuroS and HeLa cell lines
were also transfected by electroporation using Amaxa Cell Line Nucleofector Kit R in
Nucleofector 2b device (Lonza, Basel, Switzerland). To pre-warm the medium for
electroporated cells, DMEM was previously put into 75 cm? flasks and left in the incubator.
Two mixtures prepared are shown in Table 5.

Table 5. Reaction mixtures of electroporation.

Reactants Quantity Reactant Quantity
pCas9-mCherry-Frame+1 5ug Nucleofector solution R 110 uL
pCRISPaint-TagGFP2-PuroR S5ug
Target selector plasmid 5ug
Final volume 40 uL

Cells were trypsinized, collected and 1x10° cells were counted and put into a tube. Cells were
then centrifuged and supernatant was completely removed. Cells were resuspended in the
Nucleofector solution R and the whole suspension was added in the plasmid mixture tube.
Suspension was put into a cuvette and then in the electroporation machine (Lonza, Basel,
Switzerland). Around 100 uL of warm DMEM from the flask was added to the cuvette, and
after resuspending, the mixture of cells and plasmids was evenly distributed into the flask. Cells
were then incubated at 37 °C and 5 % CO>. The next day the medium with the Nucleofector
was aspirated and fresh medium was added to the cells. After 48 h the medium was exchanged
for fresh medium with 3 pL of antibiotic puromycin. Medium with supplemented antibiotic was
replaced every 2-3 days. The target selector plasmids used were pCas9-mCherry-TubB and
pKL114-CRISPaint-CenpA.

3.2.9. Fixation and staining

For microscopy imaging, 2x10° of both RPE1 PuroS and HelLa mCherry-CenpA

transfected cells was plated and cells were grown on glass bottom dishes (14 mm, No. 1.5H,
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ibidi GmbH, Griéfelfing, Munich, Germany). The next day, cells were fixed in a fixation
solution (3% PFA + 0,25% GLA) pre-warmed at 37 °C for 10 minutes at room temperature.
Solution was washed off with 3 washes in 1x PBS. For permeabilization, fixed cells were
incubated in 0,5% Triton in 1x PBS for 15 minutes at RT on the shaker at low speed. Triton
was then washed off with 3 washes in 1x PBS, 5 minutes each wash.

To visualize cell membrane, SiR-actin (#SC001, Spirochrome AG, Thurgau, Switzerland) was
added to the fixed cells and for chromosome visualization DAPI stain (D9542, Sigma-Aldrich,
St. Louis, MO, USA). Solution of 0,2 puL of SiR-actin in 1 mL of DAPI (1 pg/mL in PBS) was
added to every dish and cells were incubated for 15 min. The solution was then washed off with

3 washes in 1x PBS, 5 minutes each wash.

3.2.10. Immunofluorescence

For spindle parameters measurements, RPE1 PuroS TUBB-TagGFP2 and HelLa
mCherry-CenpA TUBB-TagGFP2 and their control cells were plated. The next day, the
medium was removed from the dishes and 500 pL of cytoskeleton extraction buffer (CEB) pre-
warmed at 37 °C was added to each sample. Cells were incubated in CEB for 1 min, then fixed
and permeabilized. Next, cells were blocked in blocking buffer, 1% normal goat serum (NGS)
in 1x PBS for one hour at 4 °C on the shaker on low speed. Blocking buffer was washed off
with three washes of PBS, 5 minutes each wash. Primary rat monoclonal anti-a-tubulin antibody
(MA1-80017, Thermo Fisher Scientific Inc., Waltham, USA) was prepared in blocking buffer
as 1:300 dilution, 300 uL for each 3.5 cm dish. Primary antibody was added into the dish and
put into a Petri dish. To prevent drying of antibody solution, Petri dish was inlayed with a wet
paper towel inside, covered and sealed with parafilm. Cells were incubated overnight at 4 °C.
Primary antibody was washed three times with 1x PBS at RT while shaking gently on a shaker,
5 minutes each wash. Secondary donkey anti-rat AlexaFluor 594-conjugated antibody
(#ab150156, Abcam, Cambridge, UK) was diluted in 2% NGS in 1x PBS to 1:1000 and 250
uL of diluted secondary antibody was added on the cells. The dish was covered with aluminum
foil and incubated on the shaker for one hour at room temperature. Secondary antibody was
then washed off with 3 washes in 1x PBS while shaking gently, 5 minutes each wash. Finally,
to visualize chromosomes, cells were incubated in SiIR-DNA (#SC007, Spirochrome AG,

Thurgau, Switzerland), 1 uL in 1 mL PBS solution, for 30 min at room temperature. SiR-DNA
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was then washed off with 2 washes in 1x PBS while shaking gently, 5 minutes each wash. Until

microscopy imaging, samples were stored at 4 °C.

3.2.11. Confocal microscopy imaging

Confocal Z-series stacks and tile regions with multiple positions of fixed, SiR-actin and
DAPI stained cells was performed on Zeiss LSM800 confocal laser scanning microscope with
Airyscan (Carl Zeiss AG, Jena, Germany). Imaging was performed using the 63x/1,4ANA DIC
Plan-Apochromat oil immersion objective (Carl Zeiss AG, Jena, Germany). The system was
controlled with the ZEN 3.5 software (Carl Zeiss AG, Jena, Germany). The 405 nm, 488 nm
and 605 nm laser lines were used to excite DAPI, TUBB-TagGFP and SiR-actin, respectively.
The laser intensities were 1,0 % for the 45 nm line, 4,5 % for the 488 line and 3,0 % for the 605
nm line. Images were made using "Tiles" function which allows capturing of multiple fields in
proximity that are at the end arranged into a grid. For every tile, 7 focal planes were acquired

with z-step size of 1pm.

Confocal microscopy of immunostained cells and live-cell imaging were performed using an
Expert Line easy3D STED microscope system (Abberior Instruments, Gottingen, Germany)
equipped with Olympus 1X83 inverted microscope (Olympus, Tokyo, Japan). STED and
confocal microscopy of immunostained cells were performed with the 100x/1,4NA UPLSAPO
oil immersion objective (Olympus, Tokyo, Japan) and an avalanche photodiode (APD). The
system was controlled with the Imspector Software Package for Data Acquisition and Analysis
(Abberior Instruments, Gottingen, Germany). The 405 nm and 594 nm laser lines were used to
excite SIR-DNA and anti-rat donkey 594 antibody, respectively. The laser intensity was 20 %
for 405 nm line and 30 % for 594 line while STED resolution for 594 nm line was at 50 %. The
xy pixel size was 30 nm and 10-20 focal planes were acquired with z-step size of 300 nm. Live-
cell imaging was performed with the 60x/1,2NA UPLSAPO water immersion objective
(Olympus, Tokyo, Japan) and the APD detector. Cells were kept at 37 °C and 5 % COz in
OKOLAB stage top heating gas chamber (Okolab, Pouzzoli, Naples, Italy). For optimal signal-
to noise ratio, the pinhole diameter was set to 1 AU. To obtain time series images, the xy pixel
size was 100 nm and 10-20 focal planes were acquired with z-step size of 1 um at 60 s time

intervals between frames.
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3.2.12. Image analysis

Microscopy image processing and analysis were performed in ImageJ (National
Institutes of Health, Bethesda, Maryland, US). Images were adjusted for brightness and
contrast. Fixed and stained cell tiles were counted using the 'Multi-point' tool. Length and width
of mitotic spindles in the metaphase were measured on live and immunostained cells.
Measurements of length were performed in ImageJ using the "Straight line" tool and marking
the distance between two spindle poles (Figure 15. A). If both spindle poles were not visible
in a single image slice, distance between poles was calculated using the Pythagorean theorem
in which one non-hypotenuse represents distance between poles in average intensity Z
projection, other is the distance between stacks in which poles are visible and hypotenuse is
calculated for length. Width of the spindle was also measured using the "Straight line" tool in
ImageJ marking the distance between two furthermost microtubules in a spindle (Figure 15.
B). To incorporate every slice of the image, width measurement was performed on average

intensity Z projection.

Figure 15. Measurement of spindle parameters. (A) Measurement of pole-to-pole spindle
length. (B) Measurement of spindle width using Z-projection of average intensities of all stacks.

Images obtained using a confocal microscope.
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4. Results

4.1. Establishment of HelLa cell line stably expressing TUBB-TagGFP2

HeLa mCherry-CenpA cell line was transfected with pCRISPaint-TagGFP2-PuroR
donor plasmid and pCas9-mCherry-TubB target plasmid. Determined frame correction for
insertion of the tag in the right reading frame was +1, thus pCas9-mCherry-Frame+1 plasmid
was also used. Transfection was executed using FUGENE HD transfection agent. Optimal
selection after transfection showed to be addition of puromycin starting with concentration of
2 pg/mL first and continuing with 3 pg/mL. Initial concentration of puromycin was slightly
lower than the one required for selection to reduce cell stress after transfection and gradually
introduce the selection antibiotic. After around one week of selection, cells were checked for
signal on a STED confocal microscope. TagGFP2 signal was visible in the cells and live-cell
images were acquired (Figure 16). EGFP (488 nm) laser line (20 % intensity) was used for
TagGFP2 and STAR 580 (580 nm) laser line (10 % intensity) for mCherry-CenpA were used.
Time series that cover the progression of mitosis through phases were also acquired (Figure
17.) Images were acquired in 60 s intervals to reduce overall laser exposure of the cells. Not

every cell expressed TUBB-TagGFP2 and signal intensity varied between some cells.

Metaphase to anaphase live-cell imaging has shown that these cells divide normally.

Figure 16. (A) Two HeLa mCherry-CenpA TUBB-TagGFP2 cells in the interphase.
Microtubule network is visible in green as a result of successful TagGFP2 tag integration and
expression of TUBB-TagGFP2 fusion protein. (B) HeLa mCherry-CenpA TUBB-TagGFP2
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mitotic spindle, arrow shows slightly visible astral microtubule. Image obtained using STED

confocal microscope. Scale bar 5 um.

Figure 17. HeLa mCherry-CenpA TUBB-TagGFP2 cell division from metaphase to telophase.
TUBB-TagGFP2 is shown in green and mCherry-CenpA in magenta. Image obtained using

STED confocal microscope. Scale bar 5 pm.
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4.2. Establishment of RPEL1 cell line stably expressing TUBB-TagGFP2

RPE1 PuroS cells were transfected under the same conditions as previously described
for HeLa mCherry-CenpA TUBB-TagGFP2 cells. Expansion of transfected RPE1 PuroS cells
lasted for approximately one month before acquiring live-cell images, around four times longer
than HeLa cells. Confocal imaging showed successful integration of TagGFP2 into the genome
and expression TUBB-TagGFP2 fusion protein in RPE1 PuroS cells (Figure 18.). EGFP (488
nm) laser line (20 % intensity) was used for TagGFP2. As in HeLa mCherry-CenpA TUBB-
TagGFP2, these cells also showed slightly varied signal presence and intensity. Time series that
show the progression of mitosis through phases were also acquired and are shown in Figure
19. Metaphase to anaphase live-cell imaging has shown that these cells divide normally. Images
were acquired with EGFP laser at 15 % in 60 s intervals to reduce overall laser exposure of the

cells.

Figure 18. (A) RPE1 PuroS TUBB-TagGFP2 cell in the interphase. Arrows show two
microtubule organizing centers (centrosomes). (B) RPE1 PuroS TUBB-TagGFP2 mitotic
spindle, arrow shows slightly visible astral microtubules. Image obtained with STED confocal

microscope. Scale bar 5 pm.
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Figure 19. RPE1 PuroS TUBB-TagGFP2 cell division from metaphase to telophase. Image

obtained using STED confocal microscope. Scale bar 5 um.

4.3. Transfection efficiency

To evaluate transfection efficiency, large fields of cells were captured using Zeiss
LSMB800 microscope with the function Tiles'. Cells were counted to determine the percentage
of cells stably expressing TUBB-TagGFP2. Figure 20. shows HeLa mCherry-CenpA TUBB-
TagGFP2 cells fixed and stained with DAPI and SiR-Actin. Virtually every cell had signal and

most of them showed signal in the nucleus as well as in the cytoplasm. Signal intensity varied.
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Figure 20. HeLa mCherry-CenpA TUBB-TagGFP2 fixed and stained cells. (A) Green: TUBB-
TagGFP2, blue: DNA (DAPI), red: actin (SiR-actin). (B) Green: TUBB-TagGFP2, strong
signal can be seen in the nucleus of some cells (arrows). Image obtained using Zeiss LSM800
confocal microscope. Scale bar 10 um.

Counting of RPE1 PuroS TUBB-TagGFP2 cells revealed that 97.3 % contained TUBB-

TagGFP2 (Figure 21.), no cells were found to have signal in the nucleus.

Figure 21. HeLa mCherry-CenpA TUBB-TagGFP2 fixed and stained cells. (A) Green:
TUBB-TagGFP2, blue: DNA (DAPI), red: actin (SiR-actin). Image obtained using Zeiss

LSM800 confocal microscope. Scale bar 10 um.
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4.4. Immunofluorescence images

To evaluate spindle morphology of transfected cells, they were fixed and
immunostained for tubulin. This step was required to see the morphology of the spindle in more
detail and precisely measure its parameters. In order to find and image cells in metaphase, SiR-
DNA was added to immunostained cells to visualize the chromosomes. Cells that were found
in metaphase were checked for TagGFP2 signal before acquiring the image to ensure capturing
of successfully transfected cells only. One such mitotic spindle of HeLa mCherry-CenpA tub-
GFP2 recorded after TagGFP2 excitation using the EGFP laser setting (488 nm line) at 30%
intensity is shown in Figure 22.

Figure 22. Maximum intensity Z-projections of HeLa mCherry-CenpA TUBB-GFP2 mitotic
spindle in metaphase. TagGFP2 is depicted in green. Immunocytochemically fixed, imaged on

STED microscope. Scale bar 2 um.

Cells that were in metaphase and possessed TagGFP2 signal were imaged. Example of an image
of a cell in metaphase acquired on a confocal microscope is shown in Figure 23. Spots of SiR-
DNA dye can be visible outside of the spindle area. Figure 24. shows the spindle of a RPE1
PuroS TUBB-TagGFP2 cell immunostained for tubulin in STED resolution.
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Figure 23. HeLa mCherry-CenpA TUBB-GFP2, green: o-tubulin (anti-a-tubulin594),
magenta: chromosomes (sirDNA, 1uM). Immunocytochemically fixed and imaged on STED

microscope, Scale bar 2 um.

Figure 24. RPE1 PuroS TUBB-TagGFP2, green: a-tubulin (anti-a-tubulin594) in STED

resolution. Immunocytochemically fixed and imaged on STED microscope, scale bar 2 pm.
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4.5. Spindle length and width measurements

Metaphase spindle length of RPE1 PuroS TUBB-TagGFP2 and HeLa mCherry-CenpA
TUBB-TagGFP2 cells were measured in ImageJ and statistically analyzed. Non-transfected

controls were also measured for mitotic spindle length to evaluate newly obtained cell lines.

Average lengths of spindles are shown in Figure 25. including standard deviation error bars.
The results suggest that spindles of transfected cells tend to be slightly shorter. Average spindle
length of RPE1 TUBB-TagGFP2 cells is 7,957 um while their control cells have an average
length of 8,615 um. As for HeLa mCherry-CenpA, length of the control cells is 10,573 um,
while average length of HeLa mCherry-CenpA TUBB-TagGFP2 is 8,463 pum.
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Figure 25. Spindle length measurement results. (A) Spindle length of control and TUBB-
TagGFP2 expressing RPE1 PuroS cells; p=0,263; N=11. (B) Spindle length of control and
TUBB-TagGFP2 expressing HeLa mCherry-CenpA cells; p<0,00001; N=12. Statistical
analysis: Mann-Whitney U test, p-value legend:<0,0001 (****), 0,0001-0,001 (***), 0,001—
0,01 (**), 0,01-0,05 (*), >0,05 (not significant=n.s.)
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Average widths of spindles are shown in Figure 26. with standard error bars. These results
show even smaller difference in spindle morphology between control and transfected cells.
Average spindle width of RPE1 PuroS TUBB-TagGFP2 cells is 7,569 um while their control
cells have an average width of 8,283 um. As for HeLa mCherry-CenpA, width of the control
cells is 8,761 um, while average width of HeLa mCherry-CenpA TUBB-TagGFP2 is 8,635 um.
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Figure 26. Spindle width measurement results. (A) Spindle width of control and TUBB-
TagGFP2 expressing RPE1 PuroS cells; p=0.0388; N=11. (B) Spindle width of control and
TUBB-TagGFP2 expressing HeLa mCherry-CenpA cells; p=0.888; N=12. Statistical analysis:
(A) two-tailed t-test, (B) Mann—Whitney U test, p-value legend :< 0.0001 (****), 0.0001-0.001
(***), 0.001-0.01 (**), 0.01-0.05 (*), >0.05 (n.s.).

Lengths of live and fixed and immunostained cells were also separately compared (Figure 27.).
Live cells were measured in the same way as immunostained cells and for the lengths of

immunostained cells, previously shown data was used.

Both cell lines showed shrinkage of the mitotic spindles when fixed in comparison to live

images. Rpel PuroS TUBB-TagGFP2 averaged to 12,019 um when imaged live and 7,957 um
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after immunostaining while HeLa mCherry-CenpA TUBB-TagGFP2 averaged to 11,553 um

when imaged live and 8,462 pum after immunostaining.
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Figure 27. Length difference between live and immunostained RPE1 PuroS TagGFP2 and
HeLa mCherry-CenpA TUBB-TagGFP2 cells. Statistical analysis: two-tailed t-test, p-value
legend:<0,0001 (****), 0,0001-0,001 (***), 0,001-0,01 (**), 0,01-005 (*), >0.0,5 (n.s.).

4.6. Transfection trials results

Cell lines HeLa and RPE1 were also transfected with constructed target selector
plasmids pKL114-CRISPaint-PRC1, pKL114-CRISPaint-Astrin and pKL114-CRISPaint-
CenpA and both universal donor plasmids: pCRISPaint-TagGFP2-PuroR and pCRISPaint-
TagRFP-PuroR. Table 6. shows combinations of plasmids and outcomes of transfection
performed using FUGENE HD transfection agent and Table 7. shows combinations of plasmids
and outcomes of transfection performed using electroporation with Nucleofector solution R in

the Nucleofector 2b device.
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As Table 6. shows two cell lines were established: RPE1 PuroS TUBB-TagGFP2 and HelLa
mCherry-CenpA TUBB-TagGFP2. For RPE1 PuroS, other target-protein combinations
resulted in dead cells after selection. As for HelLa cells only PRC1-TagGFP2 and SPAG5-
TagGFP2 combinations left viable cells after selection, but signal was not present.

Table 6. Outcomes of transfection of two cell lines with combinations of target selector and
donor plasmids. Transfection was performed using FUGENE HD transfection agent. Character

description: successful transfection (+), no signal present (-), dead cells (x).

Target protein-tag

Cell i TUBB-  CenpA- CenpA- TUBB- PRCl-  SPAGS-
ell line

TagGFP2 TagGFP2 ~ RFP  RFP  TagGFP2  TagGFP2
RPE1 ® X X X < <

Hela @ X X X - -

Table 7. Outcomes of transfection of two cell lines with combinations of target selector and
donor plasmids. Transfection was performed using electroporation with Lonza machine and
Nucleofector. Character description: successful transfection (+), no signal present (-), dead cells

(%), unspecific signal (0).

Target protein-tag

Cell line TUBB-TagGFP2  CenpA-TagGFP2
RPE1 - 0
HelLa + -

Electroporation was performed to try for the same combinations via different transfection
method. HeLa mCherry-CenpA TUBB-TagGFP2 was only successfully transfected line. RPE1
PuroS cell line transfected with CenpA-TagGFP2 combination was expanded for three weeks

and exhibited signal (Figure 28.), but in cytoplasm, instead of in the nucleus.
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Figure 28. RPE1 PuroS cell line transfected with CenpA-TagGFP2 plasmid combination
(electroporation). TagGFP2 signal is visible in the cytoplasm. Imaged live on STED confocal
microscope. Scale bar 10 pm.
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5. Discussion

HeLa cell line is widely used in various fields of research such as effects of substances
on cells, gene regulation and also fundamental studies on cellular structure and function. In
addition, they are easy to grow and maintain in cell culture (Svalastog & Martinelli, 2013). For
that reason, it is simpler to establish transfection conditions on them and that is why | used them
in my experiment. However, HelLa cells are near-tetraploid and genetically unstable, which can
make them an unreliable cell line for studying processes such as mitosis (Scott et al., 2020).
This is why, in this experiment, | also used human retinal pigment epithelial (RPE1) cell line
that is near-diploid and has a stable karyotype (Hindul et al., 2022). Due to the trait of normal
cell lines having limited number of cell divisions, they eventually reach senescence and stop
dividing. To maintain their ability to divide, RPE1 cells were immortalized by the human
telomerase reverse transcriptase subunit (hnTERT) (Bodnar et al., 1998). In the process of
immortalization, RPE1 cells were also made puromycin-resistant, but for the purpose of this
experiment, I needed puromycin-sensitive cells to execute the selection of successfully
transfected cells. For that reason | chose RPE1 cells with puro-resistant gene knocked out
(Lambrus et al., 2016).

Here, | explored a novel method of precise insertion of genetic material into genomes
developed by Schmid-Burgk et al. (2016) called CRISPaint. This is a modular system that
utilizes CRISPR-Cas9 to make a site-specific insertion of a tag gene at a C-terminal end of a
desired protein in the genome using three different plasmids. For the purpose of this experiment
| found four target proteins involved in the mitosis that have all been previously C-terminally
tagged, thus were candidates for CRISPaint tagging: p-tubulin (Parker et al., 2018), CenpA
(Smoak et al., 2016), Astrin (Papini et al., 2021) and PRC1 (Polak et al., 2017).

Using CRISPaint | have established two cell lines that endogenously express TagGFP2
tagged B-tubulin: HeLa mCherry-CenpA TUBB-TagGFP2 and RPE1 PuroS TUBB-TagGFP2.
Both cell lines were transfected using FUGENE HD, a nonliposomal transfection reagent
(Wiesenhofer & Humpel, 2000) that is simple to use and delivers a high percentage of
transfection in HelLa cells (Jacobsen et al., 2004). Usage of puromycin resistance cassette
enabled selection and enrichment of transfected cells. Expansion of RPE1 cells took around one
month, which is four times longer than for HeLa cells which showed expression after one week.
This feature of HeLa cells is in line with observations made by Schmid-Burgk et al. (2016).

Both cell lines showed sustained fluorescence through passaging with distinguishable
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microtubule structures, such as microtubule organizing center, inner spindle and even astral
microtubules. Additional expansion period showed high percentage of stably transfected cells
for both cell lines, although signal slightly varied between them. Implementation of further
selection could provide a homogenous cell line and that is why it would be advisable to perform
single-cell cloning. This method is based on diluting the population that contains stably
transfected cells as well as untransfected to screen only for those with successful expression.
That would allow for acquiring a cell line which has close to 100% effective expression of the
protein of interest (Longo et al., 2014). An alternative would be to sort cells on a florescence-
activated cell sorter (FACS), which is a technique used to separate cells based on having or not
having a fluorescence signal (Picot et al., 2012). FACS would also provide a homogenous cell

line, but in much shorter time.

| also observed that HeLa mCherry-CenpA TUBB-TagGFP2 cells contained TUBB-TagGFP2
signal in almost all nuclei of interphase cells, which was not expected as tubulin forms a
microtubule network in the cytoplasm of the interphase cells. This could be attributed to the
localization of BII-tubulin, an isotype of B-tubulin that occurs in nuclei of HeLa and other cancer
cell lines. This isotype of tubulin does not build microtubules, but rather complexes with o-
tubulin in a non-microtubule form (Walss-Bass et al., 2002). The sequence of BII-tubulin has a
94,6 % sequence identity to fI-tubulin (TUBB gene) that | targeted via SJRNA. Moreover, 20
amino acids of the C-terminal are completely identical between BI-tubulin and BII-tubulin,
which means that SgRNA might be targeting both isotypes (Luduena, 2013). In contrast, RPE1
PuroS TUBB-TagGFP2 cells show B-tubulin presence only in the cytoplasm, which is
consistent with the work of Walss-Bass et al. (2002) that suggests that normal cell lines do not

exhibit BII-tubulin localization in the nucleus.

Cells of both established cell lines were imaged in live from metaphase to late
anaphase/telophase to observe the cell division in time. Time series showed that both cell lines
divide normally and in expected time duration (Chakraborty et al., 2008; VVanpoperinghe et al.,
2021).

For evaluating spindle morphology of established cell lines, | performed fixation and
immunostaining of the cells including their non-tag-expressing controls. Tubulin was labelled
with anti-a-tubulin antibody to visualize the spindle in both non-transfected and transfected
cells. I acquired images of the cells in metaphase and measured the length and the width of the
spindle. Average length of RPE1 PuroS TUBB-TagGFP2 was 7,567 pm while their control
cells had an average length of 8,615 um. This result did not show significant difference between
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control and transfected cells. However, differences in HelLa spindle length showed to be very
significant with spindle length of 8,463 um of TUBB-TagGFP2 cells and 10,573 um for control
cells. As for width measurements, RPE1 cells showed only slightly significant difference with
the width of control cells of 8,283 um and of TUBB-TagGFP2 cells 7,569 um. HeLa cells did
not exhibit any significant difference in width between control and stably transfected cells.

Spindle shrinkage was also measured for both cell lines upon fixation which has previously
observed for HeLa cells (Novak et al., 2018). Lengths of Rpel PuroS TUBB-TagGFP2 spindles
averaged to 12,019 um when imaged live and 7,957 um after immunostaining while HeLa
mCherry-CenpA TUBB-TagGFP2 spindle lengths averaged to 11,553 um when imaged live
and 8,462 pum after immunostaining. Lengths for both RPE1 and HelLa in live imaging are

consistent with previously described measurements (Stimac et al., 2022).

For the trials, only interesting result is unexpected localization of CenpA in RPE1 PuroS cells
transfected with TagGFP2 targeting CenpA. Instead of signal in the nucleus, very distinct signal
was present in the cytoplasm. That means that the complete TagGFP2 along with puromycin
resistant gene might have been inserted somewhere else in the genome because cells were

selected in the antibiotic medium.

Next goal of this experiment would be to tag H2B histone to observe chromosome segregation
and compensate for DNA dyes that in my experiments sometimes showed spillage in the other
parts of the cell. Moreover, one of the objectives would be to optimize the protocol for RFP

transfection and targeting other proteins.

This work also demonstrates that tagging using the CRISPaint method is equally successful in
cells that express fluorescent signal from a previously accomplished stable transfection since

HeLa cell line was already stably transfected with mCherry tagged CenpA protein.

To use this system on puromycin resistant cell lines, donor plasmids that have other antibiotic
resistance could be cloned either by modifying pre-existing plasmids of constructing

completely new ones.
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6. Conclusion

I have established two cell lines that endogenously express fluorescently tagged protein
tubulin: RPE1 PuroS TUBB-TagGFP2 and HeLa mCherry-CenpA TUBB-TagGFP2. Confocal
microscopy imaging showed that transfection using the CRISPaint method was successful and
that I optimized the protocol for tagging B-tubulin with TagGFP2. This proved that both tumor
and non-tumor cell lines were capable of transfection and gene manipulation by the CRISPaint
system. Moreover, almost all of the microtubule structures, including centrosomes and astral
microtubules could be distinguished. Tiles images of HeLa mCherry-CenpA TUBB-TagGFP2
cells showed unexpected presence of tubulin in the nuclei which could be BII-tubulin, a -
tubulin isotype present in the nucleus of some cancer cells. Images obtained in time
demonstrated normal cell division of both stably transfected lines. Length measurements of the
mitotic spindle showed shorter spindles for HelLa cells after transfection and no difference for
RPE1 PuroS. As for width, RPE1 PuroS TUBB-TagGFP2 cells were slightly shorter that
control and HeLa cells did not differ between control and transfected.

These cell lines can be further used to study live-cell division dynamics under the confocal
microscope, especially HeLa cells that already have tagged CenpA protein. The CRISPaint

method can be applied to tag other cell lines and with different fluorescent tags.
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