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4
NEURAL PROGENITOR CELLS

CHARACTERIZATION AND

LABELLING

In this chapter, we introduce the murine neural progenitor cells line C17.2 and confirm
its multipotency via differentiation into a mixed population of neurons and astrocytes.
Further, several fluorescent labels are explored as well as the transduction with fluorescent
reporters with the focus to label cell nucleus and body. The genetically modified cell line is
used for time-lapse imaging and data analysis in chapter 5.
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4.1. INTRODUCTION

Neural progenitor cells (NPCs) are multipotent stem cells of the central nervous sys-
tem (CNS) which reside in specific niches in adults and embryos [1]. They have the ca-
pacity for continuous self-renewal and can differentiate into the three major cell lineages
of the nervous system: neurons, astrocytes, and oligodendrocytes [2]. This is crucial for
embryonic as well as adult neurogenesis. Additionally, NPCs secrete neurogenic fac-
tors which contribute to a healthy neural microenvironment [3]. Transplantation stud-
ies of NPCs into injured or degenerating CNS are promising and show high potential
for the treatment of neurodegenerative disorders like Parkinson’s, Alzheimer’s, ALS, or
stroke/ischemia [4, 5]. Since the discovery of neural progenitor cells, research effort has
been focused on increasing our understanding of these cells [6]. A crucial breakthrough
was the establishment of the first protocols in the 1990’s, enabling isolation of NPCs from
rodent brains and their culture under laboratory conditions [7].

Meanwhile, primary NPCs have been successfully isolated not only from rodents but
also from human foetal brains [8, 9]. As extracted primary cells resemble the phenotypic
profile of original tissue the closest, they remained to the present a prominent source
to obtain NPCs for research purposes. However, primary cells have only a limited lifes-
pan in culture. The common reason is the genetical predetermination of somatic cells
to undergo growth arrest or cell death after a finite number of cell divisions. This finite
number is explained by the Hayflick limit stating that upon each cell division the telom-
eres, which protect chromosome stability, shorten, and mitosis stops completely when
telomeres reach a critical length [10]. Despite the multipotent nature of NPCs, which
suggests continuous proliferation capacity in vivo, in vitro isolated primary NPCs also
undergo cell death and show phenotypical or genotypical modifications after several
subcultures. Next to telomere shortening, this can be due to the artificial culture en-
vironment which leads to cell stress and subsequently to an accumulation of abnormal-
ities and senescence-associated changes. Additionally, isolated NPCs are of polyclonal
origin and thus exhibit various degrees of potency and commitment. In culture, this re-
sults in a variation of properties and population heterogeneity. The limited stability of
primary NPCs in culture generates a recurrent need for newly isolated samples from ro-
dents or (human) foetal tissue.

To circumvent this problem and maintain cells indefinitely in culture it is possible
to genetically modify them and thus generate an immortal cell line. Immortalization is
essentially a partial deregulation of the cell cycle resulting in continuous proliferation
of cells. This can be achieved through a variety of chemical or viral methods. A widely
used technique is inserting v-myc into the cellular genome using a replication-defective,
infective retroviral vector. Myc is a family of transcription factors that control many cel-
lular processes. It regulates the cell cycle by stimulating proliferation and stemness,
and repressing differentiation [11]. Villa et al. (2000) compared several immortalizing
genes in their capability to produce a stable human NPC line (hNS1 and hNS2, formerly
HNSC.100) and found that v-myc was the most effective option [12]. The authors sug-
gest that v-myc preserves the telomeres due to expression of high telomerase activity,
avoiding accumulation of chromosomal abnormalities and aging-associated modifica-
tions upon cell division. Next to hNS1, more neural progenitor lines have been estab-
lished using v-myc including C17.2, HC2S2, and MAH cells [13–15]. The stable, clonal
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NPC lines have been successfully employed for neural transplantation studies [16–18].
The genetic modifications that cells undergo to become immortal can result in loss

of their natural characteristics, and thus not resemble their in vivo tissue of origin suffi-
ciently. The closest approach to the tissue in vivo is using pluripotent stem cells. Pluripo-
tent stem cells have a higher potential than multipotent stem cells, as they can differen-
tiate into any cell type. However, these cells are usually more laborious to culture and
their differentiation is a complex process which can be challenging to implement in the
laboratory for the first time. Additionally, differentiation to neurons and glia cells can
take up to several weeks, thus lengthening the timeframe of every experiment. For this
reason immortalized cell lines are used for convenience as they are generally easy to
handle and widely recognized and have been employed in this study.

The focus of this study was to set up experiments and gain initial data into basic NPC
migration and behaviour. For this, the immortalized murine cell line C17.2 was selected.
This is a multipotent cell line which can differentiate into a mixed culture of neurons
and glia cell within 7 days [19]. In their progenitor state, the cells grow adherent to sub-
strate allowing to seed them homogeneously distributed onto various surfaces. Culture
requirements are relatively simple and include the widely used Dulbecco’s Modified Ea-
gle’s Media (DMEM) mixtures, fetal calf serum (FCS), and two neurotrophic factors (NGF
and BDNF) [19]. This multipotent cell line was isolated from the cerebellum of a neona-
tal mouse and immortalized using a v-myc transfection [15]. C17.2 neural progenitors
are used as a model system and have been employed in numerous studies including CNS
toxicity [20, 21], differentiation research [22], and neural regeneration [23, 24]. In the lat-
ter, these cells integrated into the diseased or injured CNS of animals and underwent
neural differentiation. Although, as mentioned above, immortalized cell lines can di-
verge from their in vivo counterparts, they have many advantages, are widely published,
and thus act as a practical model system.

In this chapter, the C17.2 cell line is characterized in culture and a dual-transduced
monoclonal cell line is established exhibiting a nuclear and an actin label.

4.2. RESULTS AND DISCUSSION

4.2.1. CHARACTERIZATION OF C17.2 CELLS

C17.2 NPCs were purchased from Sigma (♯07062902) and cultured as advised by the
provider in serum-containing media (details see Materials). The cells were maintained
in culture for up to 25 passages. Under these conditions the progenitor state of the cells
remained stable: no spontaneous neural differentiation or other changes were observed.
In their undifferentiated state, C17.2 cells showed a homogeneous, elongated morphol-
ogy with multiple processes (Figure 4.1 a).

In contrast to the by Sigma advised surface coating with Poly-L-Lysine (PLL), the
cells were grown on laminin-coated dishes. Initially, cells were cultured on PLL - coated
dishes but showed stress signs and exhibited higher death rates. Laminin was consid-
ered as an alternative coating as this extracellular matrix-protein is widely employed for
neural cultures. A comparison by growing the cells on laminin and PLL for 20 passages
showed a healthier cell appearance on laminin-coated surfaces with lower death num-
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bers and no signs of any morphological changes (data not shown). Thus, laminin was
selected for the daily culture protocol. To confirm the progeny state of the cells and to
verify its preservation on laminin, an immunofluorescence targeting the neuroepithelial
stem cell protein (nestin) was performed. Nestin is a cytoskeletal intermediate filament
which is found during early development of the CNS and is characteristic for neural pro-
genitor cells. It is related to essential functions like proliferation, differentiation, and
migration [25]. As expected, cultured C17.2 cells showed a high expression of nestin [19]
on both surface coatings (Figure 4.1 c, e).

C17.2 are a particularly interesting cell line due to their multipotent capacity and
were shown to produce a mixture of neurons and astrocytes [19]. To confirm their ability
for neural maturation, cells were cultured in differentiation media following the protocol
established by Lundqvist et al. (2013). After 7 days, C17.2 produced as expected a mixed
neural population (Figure 4.1 b). Morphological analysis showed typical neuronal phe-
notypes with small, spherical bodies and variable branches of neurites building a com-
plex network (Figure 4.1 b, inset). Additionally, among the neurons, more flattened cells
were found resembling astrocytes (Figure 4.1 c; inset, white arrow) [19]. An immunoflu-
orescence analysis confirmed protein expression of the neuronal marker βIII-tubulin
(Figure 4.1 d) [26], as well as the presence of the glial fibrillary acidic protein (GFAP) (Fig-
ure 4.1 f) [27].

In summary, cultured C17.2 cells were confirmed to be in their immature state and
differentiated as expected into a neural population.
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Figure 4.1: C17.2 NSCs in their immature and differentiated state. C17.2 NSCs in their immature and dif-
ferentiated state. Immature C17.2 cells show an elongated cell body with processes (a) and express the neural
progenitor marker nestin when cultured on laminin (c) and PLL-covered (e) surfaces. Differentiated C17.2 cells
yield a neural network (b) with neurons showing small cell bodies and expressing the neuronal marker βIII-
tubulin (d). Additionally, astrocytes showing a flat morphology (inset, white arrow) express the glial marker
GFAP (e). The scale bar is 200 µm for (a-b) and 100 µm for (c-f).
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4.2.2. FLUORESCENCE LABELS EXAMINATION
The objective of the study was to analyse NPC migration and behaviour by acquiring

time-lapse imaging data using a fluorescence confocal microscope. Thus, fluorescent la-
bels of cell nuclei and cell bodies were required. Ideally, the label should yield a stable
signal over at least 24 h of data acquisition, a sufficiently high intensity for a clear signal
at a 20x magnification (lens used here for tracking analysis), not interfere with the cel-
lular functions and preferably absorbing at longer wavelengths. Exposing living cells to
laser pulses of high intensity light can have a phototoxic effect, and particularly near UV
range light can induce DNA damage. Several commercially available products have been
assessed as possible fluorescent markers and are listed below. Hoechst 33342, FM4-64,
Fluorescein diacetate (FDA), NeuroFluor™ CDr3, NucSpot® Live 650, were available in
stock and thus tested for their usability. Whereas BioTracker, CellTracker, and SiR Actin
labels were purchased with consideration to the above-mentioned requirements.

Hoechst 33342 (ThermoFisher) is a well-known and popular nuclear dye for living
cells. Testing it at concentrations 2-5 µM produced the best results at 5 µM (Figure 4.2
a). Although the nuclei labelling was successful, the signal intensity was not very high
and variable among cells. Additionally, the clear disadvantage of Hoechst is its absorp-
tion at 405 nm. As mentioned before, blue light is damaging to living cells compared to
longer wavelengths, which becomes particularly problematic during frequent and long-
term exposure of time-lapse imaging.

BioTracker 488 Green Nuclear Dye (Merck) was tried as an alternative nuclear label.
This label is advertised as having higher photostability than Hoechst 33342 and has the
advantage of absorbing in the green spectra which is moderately less toxic to living cells.
Following the manufacturer’s protocol, the labelling failed as the dye adsorbed onto the
laminin-coated surface on which C17.2 cells were grown (Figure 4.2 b). The approach
to label the cells in suspension before seeding was tested but yielded no nuclear signal
(data not shown). In contrast, in parallel tested breast cancer cell line MDA-MB-231 did
show nuclear staining (not shown). Lastly, NucSpot® Live 650, a nuclear dye advertised
for long-term live cell imaging, was tested but yielded no fluorescence. Thus, all tested
nuclear labels were discarded as an option for C17.2 tracking.

In parallel, several markers to visualize the cellular body were tested. Fluorescein
diacetate (FDA) is commonly used as a viability probe as it fluoresces upon intracellu-
lar enzymatic activity. It absorbs in the green spectra and yields a cytoplasmic staining.
Concentration of 50 µg/ml generated strongly labelled cells but impacted their health
and lead to plasma membrane blebbing - a characteristic of injured cells - and cell death
(data not shown). Lower tested concentrations did not produce a sufficiently strong sig-
nal. Additionally, upon laser exposure the dye bleached visibly within seconds.

NeuroFluor™ CDr3, a red fluorescent dye selectively labelling neural progenitor cells,
was also tested. The staining was successful visualizing the cell cytoplasm (Figure 4.2 d).
However, the label was not distributed homogeneously throughout the cell, thus making
it difficult to distinguish the cell contours. Furthermore, time-lapse imaging resulted in
fast bleaching of the dye within 2 h.
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Figure 4.2: Testing of various fluorescence labels with C17.2 cells. Testing of various fluorescence labels with
C17.2 cells. The nuclear label Hoechst 33342 produced a clear but partially weak signal (a), whereas BioTracker
adsorbed to the laminin surface and failed to label cell nuclei (b). The cytoplasmic label CellTracker produced
an insufficiently strong fluorescence with background noise (c), whereby the fluorescence of neural progenitor
label CDr3 was not homogeneously distributed throughout the cell body (d). FM4-64 produced only a weak
staining of the cell membrane (e). SiR Actin produced heterogeneous fluorescence intensity among cells with
insufficiently clear actin label and dye clumping (f). Scale bar for (a-f) is 100 µm.
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Next, CellTracker™ Deep Red Dye (ThermoFisher) is advertised as a multigenera-
tional tracking dye with retention times above 72 h and non-toxic to cells. Along with
its absorption maxima at 630 nm, it made an interesting candidate for planned experi-
ments. However, the produced signal was very low with some accumulation of the dye
around the nucleus and partial adsorption to the substrate (Figure 4.2 c). Testing dif-
ferent concentrations and incubation times, as well as labelling the cells in suspension
before seeding did not change the outcome.

FM™ 4-64 Dye (ThermoFisher) was considered as an alternative as it is visualizing
cell contours although it has a broad absorption spectrum between 300 - 600nm (max-
imum at 515nm) and short retention times of only several hours. It is a lipophilic dye
staining cellular membrane and commonly used to study endocytic pathways. But this
dye did not produce a sufficiently strong signal at 20x magnification and thus was also
discarded as a label.

The optimal way to visualize the cell body for the experiments was considered to be
a label of the cytoskeleton protein actin. However, availability of actin labels for living
cells is still limited due to its dynamic nature that makes it highly challenging to produce
a label which does not interfere with its polymerization. SiR actin (tebu-bio) is based
on the fluorescent silicon rhodamine (SiR) and is advertised as showing high labelling
specificity of F-actin in live cells with low background. With its absorption maxima at
652 nm it was a promising candidate. The manufacturer advises to use concentrations
below 100 nM for time-lapse imaging to avoid interference of the probe with actin. La-
belling produced a highly heterogeneous signal among individual cells as well as within
the cell. Figure 4.2 f shows several over-exposed cells while other exhibit a weak signal.
Also, the actin visualization within the cell was suboptimal with localized higher and
lower signal intensity. Different concentrations and incubation times have been tested,
but none yield a satisfactory result (data not shown). Thus, also this label was discarded
as an alternative.

In summary, several commercially available fluorescence markers have been tested
on C17.2 but none produced an effective labelling. Although fluorescent labels have rev-
olutionized cell research, their success still faces challenges. A label needs to be cell-
membrane permeant, specifically bind to the region of interest, show only fluorescence
when specifically bound, not impair cell function, have a sufficient retention time within
the cell, exhibit high fluorescence intensity, be photostable, and have a homogeneous
distribution among and within cells. Generally, the response to exogenously introduced
chemicals and proteins can vary among different cell types and even cell cultures es-
tablished in different laboratories, thus complicating their application. Another reason
for the failed fluorescence dye labelling could be high activity of transmembrane efflux
pumps. Nestin-positive neural stem cells were found to express transmembrane ABC-
transporters [28], which actively pump out toxins and other molecules from the cell inte-
rior. Additionally, C17.2 NSCs were found to be more sensitive to neurotoxins compared
to other neural cell lines. This information coupled with our observations suggests that
C17.2 cells can be challenging to label using fluorophore dyes and thus require other la-
belling methods.
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4.2.3. DUAL-TRANSDUCTION WITH NUCLEAR AND ACTIN LABEL
An attractive alternative to using fluorescent dyes is to introduce genes coding for

fluorescent proteins into the cellular genome. A transfection (non-viral) or transduc-
tion (viral) can also lead to impairment of cellular functions as it integrates exogeneous
genes randomly into the cellular genome and thus can disrupt DNA transcription. The
clear advantage of this method is the generation of cells which continuously express flu-
orescent molecules bound to the protein of interest, thus circumventing many compli-
cations which fluorescent dyes show. As non-viral transfection is known to be ineffi-
cient in neural progenitor cells and can be toxic [29, 30], the commercially available Bac-
Mam 2.0 transduction system was tested on C17.2 cells. BacMam uses a modified insect
virus (baculovirus) which is advertised to be ready-to-use and produce a transient pro-
tein expression for up to 5 days. The systems CellLight™ Nucleus-RFP and CellLight™
Actin-GFP were tested with different protocol parameters, however no labelling signal
was achieved (data not shown).

As published data showed successful transduction of C17.2 cell using a lentiviral vec-
tor [31, 32], this method was selected to eventually obtain a stable cell line with bright
and homogeneous nuclei and actin labels. Lentiviral transduction demands higher safety
measures and GMO-approval, as well as several weeks of time to establish a transduced
cell line. Thus, this method was only selected after the possibility of using fluorescence
dyes was ruled out.

For the nuclear label, the commercial product IncuCyte® NucLight™ Red Lentivirus
Reagent (EF-1 Alpha, Puro) from Essen BioScience was purchased. It is advertised to pro-
duce a homogeneous expression of a nuclear-restricted red fluorescent protein, mKate2.
The result was a 100% transduction efficiency showing a uniform and strong fluores-
cence signal of mKate2 (see signal distribution in Figure 4.3 c). For the dual label, the
nuclear-labelled cells were transduced with an in-house lentivirus reagent by Dr. Sylvia
de Dévédec (LACDR), expressing GFP lifeact. Lifeact is a marker visualizing the cytoskele-
tal element F – actin, without interfering with its dynamics [33]. The result was a high-
efficiency transduction but with a heterogenous signal intensity (Figure 4.2 a, c). Fur-
thermore, as both vectors incorporated a puromycin resistance for selection, many cells
showed either the nuclear or the actin label (Figure 4.2 a).
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Figure 4.3: Dual-transduced nuclear- and actin-labelled C17.2 cells. Dual-transduced nuclear- and actin-
labelled C17.2 cells. Dual-transduction produced a heterogeneous intensity of GFP-lifeact among cells with
homogeneous fluorescence of mKate2-nucleus label, whereby several cells exhibited only one of the two labels
(a). FACS data confirmed the presence of broad GFP fluorescence intensity and narrow mKate2 fluorescence
intensity distribution (c); each point equals one cell. Black square shows the fluorescence parameters of the
cell population selected for sorting. After FACS sorting and clone selection, 100 % of the cell population ex-
pressed double labels for actin and nuclei with homogeneous and strong fluorescence among (b) and within
cells (d).

To obtain a pure culture of dual-labelled cells showing a homogeneously high fluo-
rescence signal, Fluorescence-Activated Cell Sorting (FACS) was performed. Hereby, the
fluorescence signal for a sample of the cell population is measured and cells express-
ing the desired signal intensity can be selected for further culture. The rest will be dis-
carded. Figure 4.2 c shows the homogeneous signal intensity for mKate2 (nucleus) and
the broadly heterogeneous signal distribution for GFAP (actin). The black square rep-
resents the parameter window for signal intensity based on which individual cells were
selected for further culture. To establish a monoclonal cell line exhibiting the same loca-
tion of gene insertion, FACS equipment was programmed to select single cells and direct
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them into single wells of a 96-well plate with a feeder-layer. Feeders are growth-arrested
cells which condition the media and thus enable an individual cell to survive and pro-
liferate. A cell in isolation without conditioned media by its neighbours or feeder-cells
would undergo growth arrest or cell death. The individual C17.2 cells were observed in
culture over the following weeks. As the location and number of the inserted genes is not
controlled, many monoclonal cell populations exhibited failed proliferation or changed
morphology. Eventually one clone was selected based on its normal morphology and
proliferation characteristics, as well as homogeneous and strong fluorescence signal of
both labels (Figure 4.2 b). A close-up of two cells supports the homogeneous distribu-
tion of the nucleus and actin-bound fluorophores (Figure 4.2 d). This transduced mon-
oclonal cell line was expanded and used for experiments shown in this thesis.

4.2.4. CONCLUSIONS

This chapter introduced the multipotent neural progenitor cell line C17.2 and con-
firmed its immature state as well as its capacity for neural differentiation. Additionally, a
range of commercial fluorescent dyes has been tested to find a suitable nuclear and cell
body label for fluorescence time-lapse imaging, but none produced a sufficient result.
Lastly, viral transduction has been successfully employed to establish a monoclonal cell
line with a homogeneous and strong fluorescence signal within the nucleus and actin
of C17.2 neural progenitors. Although cell morphology and proliferation suggested no
visible interference with cellular function, viral transduction can negatively affect neural
differentiation [29] and should still be tested for.

4.3. MATERIALS AND METHODS

4.3.1. CELL CULTURE

C17.2 cells (Merck, 07062902) were maintained in plastic p60 (9cm2)) plastic cul-
ture dishes in 5 mL Dulbecco’s Modified Eagle Medium with phenol red (DMEM; Sigma),
supplemented with 2 mM Glutamine (Gibco), 10% fetal calf serum (FCS; Biowest), 100
U/mL penicillin and streptomycin (P/S; Duchefa) under standard culturing conditions
(humidified, 37 °C atmosphere containing 5.0% CO2). Culture dishes were pre-coated
with 1-2 µg/mL laminin (Merck, L2020) in DMEM for at least 1 h in the incubator at 37
°C. For poly-l-lysine (PLL) coating, dish was covered with 10 µg/ml PLL (Sigma, P6282)
in sterile distilled water for 5 min at room temperature. Then the solution was removed,
and the dish dried with an open lid in the sterile hood for at least 1 h. Cells were split
every 3-4 days when reached confluency of 80 - 90% and seeded 1 - 2 x 105 cells per p60
dish. Cells were cultured for up to 25 passages.

4.3.2. CELL DIFFERENTIATION

For neural differentiation, cells were seeded on laminin-coated dishes with 5 x 103
cells per cm2 in complete growth medium. On the next day, cells were washed twice
with Phosphate Buffered Saline (PBS; Merck) and differentiation media added. Differen-
tiation media consisted of DMEM : F12 (ThermoFisher) with N2 supplement (Invitrogen,
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17502-048), 10 ng/ml brain-derived neurotrophic factor (BDNF; R&D systems, 248-BDB)
and 10 ng/ml nerve growth factor (NGF; Merck, N6009). Media was refreshed every sec-
ond day. Protocol is based on publication by Lundqvist et al. (2013) [19].

4.3.3. IMMUNOFLUORESCENCE (IF)
Cells were cultured on laminin-coated 8-chambered microscopy slides (ibidi, 80821).

For this, uncoated (hydrophobic) µ-Slide 8 Well (ibidi, 80821) were exposed to UV for 30
min and incubated with laminin as described for regular cell culture above. For IF, cells
were washed 2x with PBS and fixed for 10 min using 4% paraformaldehyde (PFA; Gibco).
After 2x washing steps with PBS, cells were permeabilized with 0.1% TritonX for 5 min.
Washed twice with PBS and incubated for 1 h in blocking buffer (1% bovine serum al-
bumin (BSA; Gibco) and 0.3% Triton X (xxx) in PBS). Primary antibodies were diluted in
blocking buffer as followed: Nestin (BioLegend, 839801) 1:1000,βIII-tubulin (BioLegend,
MMS-435P) 1:1000, GFAP (Merck, HPA056030) 1:500. Cells were incubated with primary
antibody solution overnight at 4 °C and washed 3x with PBS. Secondary antibodies were
diluted in blocking buffer as followed: Alexa 488 goat anti-rabbit (ThermoFisher, ♯A-
11034) 1:500, Alexa 568 anti-mouse (Abcam, ab175701) 1:500. Cells were incubated with
secondary antibodies for 1 h at room temperature in the dark. After three washing steps
with PBS, the cells were ready to be imaged.

4.3.4. FLUORESCENCE DYE LABELLING
For all labelling tests, cells were grown on laminin-coated 35 mm µ-Dishes (ibidi,

81151). For this, uncoated µ-Dishes were exposed to UV for 30 min and incubated with
laminin as described for regular cell culture above. All protocols were repeated at least
twice. All incubation steps were performed at 37°C in the dark.

Hoechst 33342 (ThermoFisher, 62249)
Cells were washed twice with PBS and incubated with 5 µM Hoechst 33342 in complete
media for 30 min in the incubator. Then, cells were washed again twice with PBS and
covered with complete media.

BioTracker™ Nuclear Dye (Merck, SCT120)
Cells media was removed, cells covered with BioTracker solution (diluted 1:1000 and
1:500 in culture medium) and incubated for 10 - 30 min at 37°C and imaged. Alter-
natively, trypsinized cells were incubated in a falcon tube with the BioTracker solution
for 20 min, centrifuged, resuspended in fresh media, and seeded onto a laminin-coated
dish.

NucSpot® Live 650 (Biotium, 40082)
Cell media was removed, cells covered with NucSpot solution (diluted 1:1000 and 1:500
in culture medium) and incubated for 10 - 30 min at 37°C and imaged. Alternatively,
trypsinized cells were incubated in a falcon tube with the NucSpot solution for 20 min,
centrifuged, resuspended in fresh media, and seeded onto a laminin-coated dish.
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CellTracker™ Deep Red Dye (ThermoFisher, C34565)
Cells were washed with PBS and incubated with CellTracker solution (250 nM, 1 µM,
5µM, and 25 µM in serum-free culture medium) for 15-45 min. Then staining solution
was removed and cells covered in complete culture medium. Alternatively, trypsinized
cells were incubated in a falcon tube with the CellTracker solution for 30 min, centrifuged,
resuspended in fresh media, and seeded onto a laminin-coated dish.

Fluorescein Diacetate (FDA; Merck, F7378)
Cells were washed with PBS and incubated with 20 µg/ml and 50 µg/ml FDA solution.
Cells were ready to be imaged almost immediately.

FM4-64 (ThermoFisher, T13320)
FM™ 4-64 Dye (N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexa-
trienyl) Pyridinium Dibromide). Cells were washed with PBS and incubated for 10 min
in FM4-64 staining solution (2 µg/ml and 5 µg/ml in cell medium).

SiR Actin (Tebu-bio, SC006)
Cells were covered with SiR staining solution of 100 nM and 1µM diluted in cell medium.
Also, the addition of 10 µM verapamil (efflux pump inhibitor) was tested. After incuba-
tion of 1 h of 1 µM, and from 6 h - 12 h for 100 nM (as advised by manufacturer) cells
were imaged. For better signal-to-noise ratio staining solution has been replaced with
fresh cell medium.

CellLightTM Nucleus-RFP and Actin-GFP, BacMam 2.0 (ThermoFisher, C10603 and C10506)
Cells were used at 30 - 50 % confluency. BacMam solution was mixed with media to 30,
40, and 50 particles per cell (PPC) and incubated with cells for 16 h.

NeuroFluor™ CDr3 (Stemcell, ♯01800)
Cells were incubated for 1.5 h with 1 - 2 µM CDr3 solution in cell medium. Staining
solution was removed, cells washed twice with PBS, and fresh medium added.

4.3.5. LENTIVIRAL DUAL-TRANSDUCTION AND FACS SORTING

Cells were seeded 24 h before and reached about 30% confluency. For the initial
transduction with IncuCyte® NucLight Red Lentivirus Reagent (Sartorius, 4476), six dif-
ferent concentrations and combinations of the lentivirus reagent (3 - 6 MOI) with and
without Polybrene (4 – 8 µg/mL) were applied and incubated overnight. Then cell me-
dia was refreshed and incubated for another 24 h. For stable cell line generation, a kill
curve was performed on C17.2 cells, and the optimal puromycin concentration of 100
µg/ml determined. 48 h after transduction, cells were maintained in cell medium with
100 µg/ml puromycin. Medium was refreshed every 2 -3 days until only living cells were
present, which were further cultured and expanded.

For dual-transduction, NucLight Red-transduced C17.2 cells were seeded 24 h before
and reached 30% confluency for transduction. Cells were transduced with GFP-lifeact
by Dr. Sylvia de Dévédec (LACDR, Leiden University) at different concentrations, and
selected by culturing in cell medium with 100 µg/ml puromycin.
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Fluorescence activated cell sorting (FACS) was performed at the LUMC Flow cytom-
etry Core Facility (FCF). Cell population was sorted using GFP and mKate2 fluorescence
channels. Single cells were seeded into a 96-well plate containing a layer of feeder-cells.
Feeder cells consisted of mouse fibroblasts (MEFs) which were treated with mitomycin
to inactivate proliferation and were seeded the day before at low concentration. Sorted
C17.2 cells were growth in full medium and split when reached a confluency of 80 - 90%.
Cells exhibiting normal growth rate and typical C17.2 morphology, as well as stable ex-
pression of GFP (actin label) and mKate2 (nucleus label) were expanded. Other cells
were discarded.

4.3.6. FLUORESCENCE MICROSCOPY
Images of live and fixed cells were acquired on a Nikon Ti Eclipse inverted micro-

scope (Nikon Corporation, Japan) equipped with a Yokogawa 10,000 rpm spinning disc
unit (Andor Technology Ltd., United Kingdom) and a stage-top miniature incubation
chamber (Tokai Hit, Japan; INUG2E-TIZ) with a TIZD35 sample holder mounted on a
Nikon Ti-S-ER motorized stage. The cells were imaged using a 20x (Nikon Plan Apo WD
1.0, numerical aperture (NA) 0.75), or a 60x (Nikon Oil Plan Apo λ, NA 1.4). An Agi-
lent MLC400B monolithic laser combiner (AgilentTechnologies, Netherlands) was used
for excitation at 405 nm, 488 nm, 561 nm, and 640 nm in combination with a Semrock
custom-made quad-band dichroic mirror for excitation wavelengths 400 – 410, 486 –
491, 460 – 570, and 633 – 647 nm. The emission was filtered using a Semrock quad-band
fluorescence filter (TR-F440-521-607-700), which has specific transmission bands at 440
± 40 nm, 521 ± 21 nm, and 607 ± 34 nm, or otherwise a Semrock TR-F447-060 for λexc
= 405 nm or a Semrock TR-F607-036 for λexc = 561 nm. All images were captured by an
Andor iXon Ultra 897 High-speed EM-CCD camera. Image acquisition was automated
using NisElements software (LIM, Czech Republic).
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