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Zusammenfassung |

Zusammenfassung

Heterozygote BRCA2 Mutation wurden bisher primér mit Krebs in Verbindung gebracht,
wahrend bekannt ist, dass homozygote BRCA2 Mutationen zu Fanconi Anamie fiihren, welche
oft mit neurologischen Entwicklungssymptomen einhergeht. BRCA2 spielt eine Hauptrolle in
der homologen Rekombination (HR) und ist essenziell fiir die Neurogenese zu verschiedenen
Zeitpunkten im Zellzyklus. Formaldehyd kann DNA-Doppelstrangbriiche (DSBs) induzieren
und BRCA2 durch Haploinsuffizienz direkt hemmen oder abbauen. Darauf basiert die
Hypothese, dass Formaldehyd induzierter Stress einen anderen Einfluss auf Zellen mit BRCA2
Mutation hat als auf wildtypische Zelle.

In der vorliegenden Studie wurden die Auswirkungen einer Formaldehydbehandlung auf
neuronale Vorlauferzellen mit BRCA2 Mutation untersucht, wobei der Schwerpunkt der
Experimente auf den Auswirkungen auf die BRCAl und BRCA2 Expression, auf
Doppelstrangbriiche, Zellzyklusverdnderungen und Zellproliferation lag.

Aus einer Hautstanzen einer BRCA2 Patientin wurden Fibroblasten isoliert und zu induzierten
pluripotenten Stammzellen (iPSCs) reprogrammiert. In Kontroll-iPSCs wurden passende
isogene Kontrollen via CRIPSER/Cas9 hergestellt und alle Zelllinien in neuronale
Vorlauferzellen (NPCs) differenziert. Zusatzlich wurden 3D-Kulturen, Neurospheres, generiert
und untersucht. Fibroblasten, NPCs und Neurospheres wurde anschlieend mit Formaldehyd
behandelt und analysiert.

Die Ergebnisse zeigten, dass Formaldehyd die BRCA2 Protein- und RNA-Level in beiden
Genotypen reduzierte und zu signifikant niedrigeren BRCA2 RNA- und Protein-Leveln in
heterozygoten BRCA2 NPCs fihrte. Unabhdngig vom Genotyp wurde durch die
Formaldehydbehandlung die Anzahl der Doppelstrangbriiche in beiden Zelllinien erhéht,
wahrend sich die Proliferation verringerte. AuBerdem verdanderte die Behandlung die
Verteilung der Zellen wahrend des Zellzyklus. Formaldehyd fuhrte zu einer Anhaufung von
Zellen in der G2-Phase und reduzierte die Proliferationsrate. Im Gegensatz dazu fiihrte die
BRCA2 Mutation dazu, dass mehr Zellen in der S-Phase und weniger in der G1-Phase waren.
In 3D Neurospheres, welche aus NPCs mit hoher Passage hergestellt wurden, fiihrten beide
Faktoren, Formaldehyd plus BRCA2 Mutation, zusammen zu einer geringeren GroRe, ergo
weniger Proliferation.

Diese Ergebnisse zeigen eine spezifische Sensitivitat (alter) neuronaler Vorlauferzellen mit
BRCA2 Mutation gegeniiber Formaldehyd, was auf einen Zusammenhang zwischen Stress,
Formaldehyd und Alterung hindeutet. Die Ergebnisse bilden die Basis fur zukinftige Studien
zur Aldehydtoxizitat, den Auswirkungen des Alterns und dem Einfluss von BRCA2
(Mutationen) auf die neuronale Entwicklung, mit potenziellen Implikationen fir die genetische
Beratung von BRCA2 Patienten.
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Abstract

Heterozygous mutations in the BRCA2 gene have mostly been associated with cancer, while
homozygous/compound heterozygous mutations lead to Fanconi Anemia often with
neurodevelopmental symptoms. BRCA2 plays a key role in homologous recombination (HR)
throughout the whole cell cycle and is essential for neurogenesis. Since formaldehyde can
induce DNA double-strand breaks (DSBs) and directly inhibit or deplete BRCA2 via
haploinsufficiency, formaldehyde-induced stress may differentially affect cells carrying
BRCA2 mutations.

This study investigated the effects of formaldehyde exposure on neuronal cells derived from
BRCA2 mutation carriers, focusing on its effects on BRCA2 expression, DSBs, and cell
proliferation. Patient-derived fibroblasts were reprogrammed into induced pluripotent stem
cells (iPSCs), from which isogenic controls via CRISPR/Cas9 were generated, and which were
differentiated into neural progenitor cells (NPCs) and neurospheres to compare wildtype and
heterozygous BRCA2 genotypes. Those cells were treated with formaldehyde.

The results showed that formaldehyde reduced BRCAZ2 protein and RNA levels in both
genotypes and led to significantly lower levels of BRCA2 RNA and protein in heterozygous
BRCA2 NPCs. Furthermore, formaldehyde exposure increased the number of double-strand
breaks and decreased proliferation independent of genotype. It moreover, altered cell cycle
distribution, inducing G2-phase arrest and reducing proliferation rates. Contrarily, BRCA2
mutations caused S-phase accumulation and decreased the time spent in the G1-phase. In 3D
neurospheres generated from aged NPCs, both factors formaldehyde treatment and BRCA2
heterozygosity together led to reduced proliferation.

These findings show a specific sensitivity of BRCA2-deficient neuronal cells to formaldehyde,
indicating a connection between stress, formaldehyde, and ageing. The results provide a
fundament for future studies on aldehyde toxicity, implications of aging, and BRCA2-related
neurogenetic risk, with potential implications for genetic counseling in BRCA2 mutation
carriers.
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Introduction 1

1 Introduction
1.1 BRCA2 and its functions/ involvement

1.1.1 The BRCAZ2 gene and its involvement in genetic disorders

Breast Cancer Susceptibility Gene 2 (BRCA2) is an essential player in maintaining genomic
stability and preventing tumorigenesis. It was first described in 1994 by Wooster and colleagues
(Wooster et al., 1994) and was found to be located on the long arm of Chromosome 13 (13q12-
g13). The coding sequence of BRCA2 consists of 11,385 base pairs, which translates into a
protein of 3,418 amino acids (Tavtigian et al., 1996). The gene is composed of 27 exons, with
exon 11 being the longest exon with 1643 amino acids (Andreassen et al., 2021; Tavtigian et
al., 1996) and showing some highly conserved sequences. Different types of mutations in the
BRCAZ2 gene are associated with several genetic disorders.

Heterozygous or monoallelic loss of BRCA2 has been associated with several types of cancer.
It is primarily associated with an increased susceptibility to hereditary breast and ovarian
cancer, also known as HBOC. The specific type of cancer can vary based on the mutation site
but is not restricted to that specific site. In 1997, Gayther and colleagues idlentified the Ovarian
Cancer Cluster Region (OCCR) (Gayther et al., 1997; Neuhausen et al., 1998; Thompson &
Easton, 2001) in exon 11 of the gene, which leads to different types of cancers, including
ovarian, colorectal, stomach, pancreatic, and prostate cancer, when mutated (Risch et al., 2001).
Breast cancer, on the other hand, is suggested to be associated with mutations outside of the
OCCR (Risch et al., 2001) and mainly in the breast cancer cluster regions (BCCR) (Hollis et
al., 2017). Prostate cancer in males has an increased probability to develop when BRCA2 is
mutated (Edwards et al., 2003; Giusti et al., 2003), especially in the prostate cancer cluster
region (PrCCR) (Nyberg et al., 2020). In 2023 even a pancreas cancer cluster region (PcCCR)
has been identified in the BRCA2 gene, which lies outside the OCCR (Chian et al., 2023).

PrCCR PcCCR PrCCR
™ D D D ™ \ \
HELICAL T
DO00Q c el §
BRC Repeats OB OB OB NLS
BCCR BCCR OCCR OCCR BCCR

Figure 1 Overview of the cancer cluster regions, modified from (Stella et al., 2022)

However, it is important to note that not all individuals carrying BRCA2 mutations necessarily
will develop cancer during their lifetime. The lifetime risk of developing breast cancer is
estimated to be around 45 -85%, while it is only 10-27% for ovarian cancer, depending on the
study reporting and their cohort (Breast Cancer Study Group, 2000; Evans et al., 2008; Kurian
et al., 2017; Torres et al., 2017). The lifetime risks of being diagnosed with breast or ovarian
cancer in individuals not carrying any BRCA mutation are 13% and 1.1%, respectively (The
website of the National Cancer Institute, 2023).

In 1971 Alfred G. Knudson introduced a hypothesis regarding cancer and its relation to tumor
suppressor genes such as BRCA2. He postulated that if a tumor suppressor gene is
heterozygously mutated,, e.g., due to genetic inheritance, it can still function properly. But if a
second hit (somatic event in the second allele) in the same gene leads to homozygous or
compound heterozygous mutations and therefore an inactivation of both alleles, it would show
a loss of function of the protein. This loss of function would lead to cancer, as the DNA damage
could no longer be repaired properly. (Chernoff, 2021; Knudson, 1971). A second hit can come
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from various factors. Examples are ionized radiation, epigenetic alterations, or failed DNA
replication events (compare 1.5). Until today, there are studies supporting the hypothesis
postulated more than 50 years ago (Y.-P. Li et al., 2022).

Homozygous/ compound heterozygous mutations or biallelic loss in the BRCA2 gene have been
associated with Fanconi anemia (Howlett et al., 2002). This disorder, occurring with a
frequency of approximately 0.4% in the population (Schroeder et al., 1964), is characterized by
a diversity of symptoms that can vary in severeness depending on the position of the mutations
within the BRCA2 gene (Radulovic et al., 2021). The symptoms of Fanconi anemia include
anemia, neurodevelopmental delays, skeletal aberrations (Schroeder et al., 1964), café-au-lait
spots (Weinberg-Shukron et al., 2018), high rates of leukemia, and specific solid tumors (Alter
et al., 2007). Interestingly, microcephaly (Rump et al., 2016; Weinberg-Shukron et al., 2018)
and intellectual disability (Rump et al., 2016) have been described as symptoms. Additionally,
in 2005, Kennedy and D’Andrea described that cells from patients with Fanconi anemia are
hypersensitive to DNA interstrand crosslinking agents (Kennedy & D’ Andrea, 2005).

A loss of BRCA2 causes genome instability due to chromosome breakage (Tutt et al., 1999) and
chromosomal abnormalities (Gretarsdottir et al., 1998).

BRCA2-deficient cells display genetic instability (Venkitaraman, 2003), and it has also been
seen that haploinsufficiency of BRCA2, without complete loss of the wild-type allele, might be
enough to increase levels of DNA damage (Karaayvaz-Yildirim et al., 2020).

Most of the mutations in the BRCA2 gene that have been described are nonsense or frameshift
mutations leading to truncated protein products (Connor et al., 1997; Friedman et al., 1997,
Tavtigian et al., 1996; Weber, 1996; Wooster et al., 1995), and if there is a nonfunctional
BRCAZ2 mutant, it cannot translocate into the nucleus (Spain et al., 1999). Many of the mutations
in the BRCA2 gene lead to alternative splicing, especially when occurring at highly conserved
domains of the protein ((Acedo et al., 2012; Easton et al., 2007; Fackenthal et al., 2016; Miki
et al., 1996; Xiping et al., 2017) and could also end in exon skipping (Caputo et al., 2018;
Fackenthal et al., 2002; Pensabene et al., 2009).

Data from mice expands the picture of BRCA2 and its potential loss. In mice Brca2 is located
on Chromosome 5 and translates into a protein with 3328 amino acids, being 90 amino acids
shorter than the human BRCAZ2 protein. The overall identity between the murine and the human
protein is 59% and shows a similarity of 72%, while on a nucleotide level the homology is 74%.
(Sharan & Bradley, 1997)

If the Brca2 gene is heterozygously mutated in mice, the mice show a phenotype resembling
the one of the wildtype mice, not showing an increased risk to develop cancer. But when both
alleles are mutated and show a loss of function, the mice are strongly affected (Ludwig et al.,
1997). Suzuki and colleagues showed in 1997 that mice carrying homozygous mutations in
Brca2 show embryonic lethality before E.8.5 and defective cellular proliferation, even though
apoptosis was normal in those mice (Suzuki, De La Pompa, et al., 1997). Hakem and colleagues
could confirm those results one year later (Hakem et al., 1998). Mice with a conditional
knockout of Brca2 in the central nervous system (Brca2->®-P-Nestin-cre) display
microcephaly with neurogenesis defects, particularly in the cerebellar development (Frappart
et al., 2007a). Therefore, Brca2 is essential for normal neurogenesis and the prevention of the
generation of medulloblastoma brain tumors, which had been found in Brca2es"¢;p537 but
not in p53”- mice (Frappart et al., 2007b; Frappart & McKinnon, 2007).
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1.1.2 BRCA2 and the cell cycle

BRCAZ2 has several functions and roles, heavily depending on the cell cycle phase.

The cell cycle in general is a precisely regulated process consisting of G1-, S-, G2-, and M-
phases with which the cell regulates its maintenance, growth, and proliferation. In the G1-
phase, right after cell division, the cell grows. In S-phase, following G1-phase, the DNA is
replicated, while in the upcoming G2-phase, the cell continues to grow and prepares itself for
the division, which is happening during mitosis (M-phase). G1-, S-, and G2-phases together
form the so-called interphase.

It has been observed that in BRCA2 heterozygously mutated cells, more cells are in the G2/ M-
(Patel et al., 1998a; Warren et al., 2003), and G1-phases (Patel et al., 1998b) compared to
wildtype cells. Fridlich and colleagues in 2015 showed that BRCA2 heterozygous cells, when
treated with hydrogen peroxide, accumulate in S-phase, as this compound induces DSB
(Fridlich et al., 2015a). This data suggests that cells with a BRCA2 mutation cannot repair the
increased number (due to the hydrogen peroxide) of DSB as efficiently and fast as wildtype
cells, which makes them accumulate in S-phase, where DNA repair takes place.

To achieve their proliferative capacity, proliferating neural progenitors have a shortened cell
cycle. During the cell cycle of these cells, miRNA-4673 has been shown to silence the
transcription of BRCA2, relaxing the G1/S cell cycle checkpoint. This leads to an approximately
2.5-fold acceleration of the interphase and amplifies the proliferative capacity. Therefore, a
delay in the differentiation of human neural progenitors can be observed (Farahani et al., 2019).
BRCA2 is also responsible for normal cell cycle progression in the cleavage process. A loss of
BRCAZ2 delays and prevents the cell division, thus extending the cell (Daniels et al., 2004).
Senescence is a cellular state in which proliferation is stopped. It is a mechanism for the cell to
stop proliferation, e.g., if too much damage has happened to the cell. Senescence mainly occurs
in the G1-phase of the cell cycle, but it can also occur in the G2-phase (Gire & Duli¢, 2015).
Depletion of BRCA2 has been associated with cellular senescence. (Carlos et al., 2013)

The expression of BRCA2 is regulated in a cell cycle-dependent manner, peaking at the
boundary between G1- and S-phase (Rajan et al., 1996).

Depending on the phase of the cell cycle and the number of chromatids available in each phase,
the cell chooses different pathways to repair its double-strand breaks (DSB). Those DSB need
to be repaired, as it otherwise leads to genome instability and potential tumorigenesis (Krenning
et al., 2019a). How DSBs occur is described in 1.5.

There are two different pathways for the cell to choose from to repair the DSB: the error-free
homology-directed repair (HR) and the error-prone non-homologous end joining (NHEJ),
which often leads to sequence alterations.

The cell can only do HR if it has a matching DNA sequence, specifically a sister chromatid.
Otherwise, it will use NHEJ. (X. Zhao et al., 2017) A sister chromatid is only available after
the DNA has been replicated in S-phase. Therefore, HR primarily occurs during late S- and G2-
phase (Mao et al., 2008b; Shibata et al., 2011; Wei et al., 2015). Accordingly, HR factors, like
BRCA2 and RADS51, are down-regulated by miRNAs during the G1-phase (Choi et al., 2014),
which facilitates NHEJ repair of DSB in this phase. Furthermore, BRCAL inhibits BRCA2
during the G1- phase (Orthwein et al., 2015).

In accordance with this inhibition, HR-deficient cells show a stronger sensitivity to DSB-
inducing agents in late S/G2-phase compared to G1-phase (Rothkamm et al., 2003). And DSBs
can initiate a (reversible) cell cycle arrest in G1- and G2-phases (Krenning et al., 2019a).
NHEJ, on the other hand, is not restricted to the G1-phase but can be used during the whole cell
cycle (X. Zhao et al., 2017).
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1.1.3 BRCA2 and homologous recombination

BRCA2 plays a major role in HR during the S-phase of the cell cycle (Xia et al., 2001). The
regulation of HR is complex and requires several proteins interacting in a specific manner with
each other, with BRCA2 playing a key role in the orchestration (compare Figure 2).

After a DSB occurs, it is detected by a complex of MRE11, RAD50, and NBS1. Next ATM
phosphorylates yYH2AX, MDC1, and RNF8, which then trigger the complex formation of
BRCA1 with RAP80 and ABRAXAS. After BRCAL has located to the site of DSB, it forms a
big complex with MRE11, RAD50, NBS1 and CtIP to induce the 5°- end resection of the DSB.
For the strand inversion, BRCA1 gets phosphorylated by CHK2 and forms a complex with
PALB2 and BRCA2. (Sadeghi et al., 2020) BRCAZ2, as a dimer, interacts with two oppositely
oriented sets of RAD51 (Moynahan et al., 2001; Shahid et al., 2014). USP21, PLK, and Cyclin
D1 support the formation of the binding of RAD51 to BRCA2, while A-CDK2 via a
phosphorylation of Ser3291 in the C-terminus of the BRCAZ2 inhibits the formation (Esashi et
al., 2005; Sadeghi et al., 2020). BRCA2 binds the still monomeric RAD51 through its BRC
repeats (Galkin et al., 2005; M. Lee et al.,, 2004) and facilitates and stabilizes the
oligomerization of RAD51 via its C-terminal domain (Ambjgrn et al., 2021; Esashi et al., 2005).
Once the strand inversion took place, RAD51 is loaded onto the nascent DNA strands, a process
again controlled by BRCA2 (Shahid et al., 2014). With the DNA homolog, the DSB can be
repaired, and an unwinding of strands can happen. Therefore, a DNA lesion has been repaired
in a high-fidelity manner, and genome integrity can be ensured (Thorslund & West, 2007).

Double strand break
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Figure 2 The pathway of HR- directed repair from Sadeghi et al., 2020

Homologous recombination does not only take place during HR but also during the Fanconi
anemia pathway, which the cell relies on when an interstrand crosslink (ICL) happens. Also
here, BRCAZ2 is important to resolve the DNA lesion during the homologous recombination
(Fradet-Turcotte et al., 2016).
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Furthermore, BRCA2 plays an essential role in protecting stalled replication forks. A
replication fork is stalled in its progression whenever there is an obstacle in its way. An obstacle
can be caused by template damage, slow-moving or paused transcription complexes with
covalent protein-DNA complexes, and non-B-form DNA structures, like unrelieved positive
superhelical tension (Gupta et al., 2013). Whenever the replication fork is stalled and replication
is paused, it is highly vulnerable to collapsing. To ensure that the cell can protect the replication
fork, different mechanisms come into play: the single-stranded DNA is protected via RPA,
mediated fork reversal is inhibited by RAD51, and nucleolytic fork degradation is suppressed
(Liao et al., 2018). As long as the stalled replication fork is protected, fork degradation or
reversal does not happen, and the replication fork can recover and restart the DNA replication
again.

In this scenario, BRCAZ2 protects the newly formed, nascent DNA (Lomonosov et al., 2003)
from degradation via MRE11 nuclease at stalled replication forks (Schlacher et al., 2011a). It
also stabilizes RAD51 nucleoprotein filaments (Liao et al., 2018), preventing fork reversal
(Lomonosov et al., 2003). This function of BRCAZ2 in protecting stalled replication forks is
necessary to promote proper DNA synthesis. Furthermore, DSB can happen during the stalling
or collapsing of the replication fork. Also here, HR and BRCA2 come into play for the repair.
(Ait Saada et al., 2018)

1.1.4 Other functions of BRCA2

Beyond its roles in DNA replication and repair during S-phase, BRCA2 has been associated
with various processes throughout the whole cell cycle (Futamura et al., 2000; Martinez et al.,
2015). It has been shown that BRCA2 has transcriptional activation potential (Milner et al.,
1997) in the G1- phase and that it functions in the regulation of R-loop metabolism (Bhatia et
al., 2014) in the G1- and S-phases. Additionally, there is the already described HR-repair and
the replication fork stabilization in S-phase as well as telomere maintenance in S-phase. G2/M
checkpoint maintenance happens at the border of the G2- and M-phases and is mediated via
BRCAZ2 interacting with PALB2 (Menzel et al., 2011; Simhadri et al., 2018). During mitosis,
BRCAZ2 functions as a scaffold protein for proper spindle assembly checkpoint (SAC)
activation (Martinez et al., 2015), assuring proper segregation of chromosomes through
acetylation of B4BR1. Furthermore, it serves as a scaffold protein in the cytokinetic midbody,
ensuring proper cytokinesis (Daniels et al., 2004).

Finally, BRCAZ2 also plays a fundamental role during meiosis. Due to the interaction with
DMC1, it creates genetic variability through reciprocal crossovers, facilitating random
combinations of alleles and traits (Thorslund & West, 2007).

Figure 2 gives an overview and summary of the functions of BRCA2 during the cell cycle.
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On a cellular level, BRCA2 has a strong influence on the number of cells in specific contexts,
as it can influence proliferation and apoptosis. The highest expression of BRCA2 can be found
in rapidly proliferating cells (Chodosh, 1998; Orii et al., 2006; Rajan et al., 1996) as well as
during brain development (Petryszak et al., 2016). A link between highly proliferating cells in
breast cancer and high BRCA2 expression has been found (Satyananda et al., 2021). And during
the early proliferation phase in embryogenesis, DSBs are repaired by HR to conserve the
genetic information. If this cannot happen, embryonic lethality at early stages of development
is observed. (Huang et al., 2012)

If cells carry a truncated BRCAZ protein, a proliferation impediment can be observed, which
worsens with successive aging /passaging of the cells (Patel et al., 1998a).

On the other hand, BRCA2 suppresses the proliferation via stabilizing MAGE-D1 and inhibits
tumor cell proliferation in vitro and tumor growth in vivo (Tian et al., 2005; S.-C. Wang et al.,
2002). In hereditary tumors cell proliferation did not differ significantly between BRCA1- and
BRCAZ2-associated tumors. Furthermore, apoptosis was not different comparing hereditary and
sporadic tumors. (Levine et al., 2002). In a study investigating the in vitro and in vivosensitivity
of cancer cells towards TRAIL-R-mediated apoptosis, BRCA2 mutations led to a strongly
increased susceptibility (De Toni et al., 2016). Furthermore, it could be observed that a loss of
Brca2 increases the likelihood of a mouse T-lineage cell to show chromosomal aberrations and
a deregulation of apoptosis in the absence of p53 (Cheung et al., 2002). Going along with an
impairment of the DNA damage repair, BRCA2 inactivation leads to cell death (Heijink et al.,
2019).
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1.2 Human neurogenesis

Neurogenesis is the generation of neurons. During neurogenesis progenitor cells proliferate and
produce neurons, which migrate, differentiate, and integrate into the existing network (Braun
& Jessberger, 2014). Several factors can influence neurogenesis. To those belong external
factors, like growth factors and neurotransmitters, as well as internal factors like transcription
factors (e.g., BRCA2) and epigenetic modulators (DNA/histone modifications) (H. Liu & Song,
2016; Yao et al., 2016).

Neurogenesis occurs during embryonic and early postnatal development and probably also
during adulthood (compare later in the text). Several different cell lines emerge during
neurogenesis, including neurons, glia cells, and astrocytes. (Mira & Morante, 2020)

A review from Zhang and colleagues from 2023 was the source for the following description
of neurogenesis (compare also Figure 4): During the embryonic development neurulation takes
place, which is the transformation of the neural plate into the neural tube, where later the brain
and the spinal cord develop from. The neural tube consists of three different regions: the
prosencephalon, mesencephalon, and rhombencephalon. The prosencephalon is again divided
into the diencephalon and telencephalon. In the telencephalon symmetrically dividing
neuroepithelia (NE) cells can be found, which form the ventricular zone (VZ). During initiation
of neurogenesis initiation NE cells go through distinct morphological, molecular, and mitotic
changes, which transform them into apical RG (aRG) cells, also called ventricular radial glia
(VRG) cells. Those cells are highly polarized with their cell body in the VZ, while extensions
reach into the ventricular and pial surfaces. Those aRGs generate neurons in small amounts but
mainly produce basal progenitors (BPs). Those BPs form the subventricular zone (SVZ) and
produce neurons. The SVZ is divided into two layers, the inner and the outer SVZ (ISVZ and
OSVZ, respectively).

The BPs in the SVZ consist of two types of cells: the outer radial glia (0RG) cells and the basal
intermediate progenitors (bIP), both being highly proliferating. oRG cells show both division
modes: symmetrically (producing two oRGs) or asymmetrically, producing one daughter oRG
cell and either one bIP or one neuron. bIPs divide several times before they produce postmitotic
neurons.

Later during the embryogenesis, around gestational week (GW) 17, the vVRGs transform into
truncated radial glia (tRG) cells via losing contact with the pial surface and continue only with
processes contacting the ventricular surface. As, therefore, the migration scaffold for the
neurons is lost, the oRGs serve as a new scaffold for migration into the cortical plate (CP).
Next to the VZ at the beginning of the neurogenesis there is also the preplate (PP), which is
located between the VZ and the pial surface. This preplate contains different types of early-
born neurons, like the predecessor neurons, Cajal-Retzius (CR) cells, and subplate (SP) cells.
After the CP appeares and neurons from the CP migrate into the PP, the PP divides into the
marginal zone (SZ) and subplate (SP). This happens around 17-18 GW. The MZ lies above the
CP and will eventually form layer I of the mature cortex. The SP is located between the CP and
the intermediate zone (1Z) in the developing cortex and is a transient zone. It is moreover,
important for axon guidance and the formation of neural circuits.

The neurons generated in the VZ and SVZ migrated radially through the SP into the CP. As
neurons are generated sequentially, different layers of the cortex appear. First, deep-layer (DL)
neurons are generated, which will build layers 5 and 6. Second, layer 4 neurons are produced.
Third, upper-layer (UL) neurons for layers 2 and 3 are mainly produced from oRGs.
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As soon as the neurons reach their distinct layer during their migration, they receive a signal to
start differentiating, which means extension and elaboration of dendrites and formation of
synaptic connections.

Gliogenesis follows the neurogenic period, but both processes happen in parallel for a while.
The generation of oligodendrocyte precursor cells (OPCs) and astrocytes from RG cells
happens after neurogenesis and continues also postnatally.
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Figure 4 Overview of human neurogenesis in the progression of development from Zhang et al., 2023. A description of the
process can be found in the text above, the abbreviations are: neuroepithelial (NE) cells, radial glial (RG) cells, ventricular
zone (VZ), intermediate progenitors (IPs), outer subventricular zone (OSVZ), inner subventricular zone (ISVZ), outer radial
glia (oRG) cell, upper-layer (UL) neuron, ventricular radial glia (vRG) cells, truncated radial glia (tRG), deep-layer (DL),
subplate (SP), Cajal-Retzius (CR), intermediate zone(lZ), cortical plate (CP), marginal zone (MZ), preplate (PP)

If neurogenesis still occurs during adulthood was and, in small parts, still is under discussion.
Recent literature states that adult neurogenesis cannot be found in humans (Duque et al., 2021),
but only in mice and rats. In humans, hippocampal neurogenesis is almost undetectable after it
already drops significantly in childhood (Sorrells et al., 2018). It is also suggested that the
methods that are currently used to investigate the question have their limitations and would
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need more critical regulations to answer the question (Moreno-Jiménez et al., 2021). The
investigation of adult neurogenesis can only be done postmortem and there are systematic
limitations. Often information about the living conditions, like drug usage, physical activity,
sleep pattern, medication, diet, and potential comorbidities of the donor, which could be an
influence on the tissue, is not given. Furthermore, often the regular procedures of storing the
brains at brain banks, with formalin and paraffin-embedding or flash-freezing, are different
from what would be needed for experiments regarding adult neurogenesis. Moreover, fixation
procedure and duration might differ between different brain banks, which makes it harder to
reach homogeneity between the samples. And last but not least, it needs special training of the
researchers to be able to detect the right brain region, detect falsely negative or positive signals,
and distinguish high autofluorescence and nonspecific staining, which characterizes aged
human brain tissue, from proper signals. (Moreno-Jiménez et al., 2021)

Some studies, on the other hand, state that neurogenesis also occurs postnatally and throughout
adulthood in predominantly two brain regions: the subgranular zone of the hippocampal dentate
gyrus and the SVZ lining the lateral ventricles. Those regions are called neurogenic niches.
NSCs that can be found in those regions can renew themselves and differentiate into neurons,
astrocytes, and oligodendrocytes (Reynolds & Weiss, 1992; Richards et al., 1992).
Additionally, recent publications follow this hypothesis, as, for example, Kempermann and
colleagues stated in 2018 that there is “no reason to abandon the idea that adult-generated
neurons make important functional contributions to neural plasticity and cognition across the
human lifespan” (Kempermann et al., 2018). Evidence on how adult neurogenesis takes place
has also been studied (Mira & Morante, 2020).

Furthermore, some groups already draw the connection between adult neurogenesis and human
brain diseases like Alzheimer’s, Parkinson’s, Huntington’s, and brain tumors (Braun &
Jessberger, 2014; H. Liu & Song, 2016; C. Zhao et al., 2008). One study found that adult neural
stem/progenitor cells and /or newborn neurons migrate chemokine-guided to the region of brain
lesions,, e.g., after a stroke or neurodegenerative diseases like Parkinsons’s disease (Braun &
Jessberger, 2014; M. Li et al., 2012). Another study saw that in postmortem brains of
Huntington’s patients, an increased number of proliferating cells in the SVZ correlated with the
degree of the disease’s severity and the number of CAG repeats. Furthermore, those
proliferating cells were expressing the cannabinoid CB1 receptor, which is preferentially lost
in HD patients. (H. Liu & Song, 2016)

Regarding Alzheimer’s disease, there are some contradicting results in several studies regarding
an increase or a decrease in neurogenesis. But commonly it could be shown that microglial
activity in postmortem AD brains is increased, pointing towards adult hippocampal
neurogenesis. (Gemma & Bachstetter, 2013; H. Liu & Song, 2016)

However, studies on human neurogenesis are limited, but neurogenesis can also be modelled in
vitro. iPSCs can be reprogrammed from,, e.g., fibroblasts, and further differentiated into either
2D or 3D structures. If neurogenesis should be investigated in 2D culture, iPSCs can be
differentiated into NPCs, which still have the capacity to proliferate and can also further be
differentiated into glia cells, astrocytes, or neurons. Those neurons can migrate and mature until
they resemble all layers of the cortical brain. (Késeberg, 2023)

Proliferation and migration in neuronal tissues can also be analyzed in 3D culture. A simpler
way is to work with neurospheres, 3D structures generated from NPCs. Those can be used for
proliferation and migration analysis in a more brain-like structure and a short procedure of a
maximum of five days until the first analysis time point. (Zhou et al., 2016)
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A more advanced model to study brain-like structures is organoids. Depending on the brain
region of interest, different organoids, like forebrain or hindbrain organoids, can be generated.
Those models have the benefit that they can be generated in the lab from iPSCs but still
resemble important structures of the human brain, like ventricular structures or XX,
Additionally, they recapitulate major developmental processes during neurogenesis. They first
mimic early neurogenesis with a diverse stem cell pool, later form several types of neurons, and
resemble all stratified cortical layers. And afterwards they perform gliogenesis with astrocytes
specific for humans. (Yang et al., 2022)

Moreover, they can also model diseases and neurodegenerative disorders and resemble disease-
specific phenotypes if genetically modified. And they could be used for drug screening,
deciphering environmental from genetic causes for diseases, and the analysis of the influence
of specific genes during neurodevelopment. (C. T. Lee et al., 2017; Yang et al., 2022)
Currently there are still several limitations of brain organoid research. One is the growing of
brain organoids over a long time period without the development of a necrotic core within the
organoids themselves. Another one is the lack of high-fidelity cell types, meaning that not all
cell types of the brain,, e.g., vascular cells, immune cells, and other non-neural cells, and the
vascular system, usually present in the brain, can be mimicked in the organoids leading to an
atypical microenvironment. Additionally, typical regions of the brain, like the hypothalamus,
are not present in organoids, so there is a lack of arealization. (Andrews & Kriegstein, 2022;
Qian et al., 2019)

Furthermore, brain organoids resemble the embryonic brain in its development, but not the
mature brain. Until the organoids reach a point where they are more mature and suitable for
some experiments, they cost a lot of resources. Up-speeding processes are currently under
investigation. (Qian et al., 2019)

Some studies are already reporting the investigation of interaction between the brain and other
tissues like the vascular system (Cakir & Park, 2022), but a very complex system with several
different tissues cannot be generated at the moment.

1.3 BRCAZ2 and the brain

BRCA2 is required for neurogenesis. In studies with mice, it has been shown that Brca2
nullizygous mice only survive until E8.5 (Ludwig et al., 1997), and cellular proliferation is
impaired in Brca2 mutants (missing exons 10 and 11 homozygously) in vivo and in vitro
(Suzuki, De La Pompa, et al., 1997). Mice with a conditional knockout of Brca2 in the brain
displayed microcephaly, as well as callosal agenesis and hippocampal hypoplasia (Keil et al.,
2020).

Brca2 is not only required for normal neurogenesis but also for the prevention of
medulloblastoma brain tumors (Frappart et al., 2007b; Frappart & McKinnon, 2007). In 2010,
it could be shown that defective DSB repair causes enhanced tumorigenesis and chromosomal
instability in p27-deficient mice. P27 interacts with Cdk, and Cdk activity can be directly linked
to DNA repair and BRCA2 (Ratner et al., 2019; See et al.,, 2010). CDK mediates the
phosphorylation of Ser3291 in the C-terminus of BRCA2 and therefore blocks the interaction
between BRCA2 and RAD51. This inhibits RAD51-mediated DNA repair. (Esashi et al., 2005)
Compare 1.1.3.

Also, in humans it has been seen that ovarian cancer patients with a heterozygous BRCA2
mutation have an increased risk of developing brain metastasis compared to patients without a
BRCA2 mutation (Ratner et al., 2019). Furthermore, patients with BRCA2 mutations seem to
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show poorer survival when developing astrocytomas, the most common brain tumor, compared
to patients without a BRCA2 mutation. (Sousa et al., 2017, 2020)

1.4 BRCAZ2 and neurodevelopmental/ -psychiatric disorders

The brain is constantly working, and during these cellular processes, it is in constant need of
energy and oxygen. Oxygen is supplied in the form of reactive oxygen species (ROS) and is
produced by mitochondria. ROS is important for normal function of neuronal tissues, as it helps
with synaptic plasticity, memory, neuronal differentiation and polarization, axon outgrowth,
neurotransmission in mature neurons, and homeostasis in neuronal processes (Biswas et al.,
2022; Massaad & Klann, 2011; Oswald et al., 2018). However, ROS can also have detrimental
effects. If there is an overproduction of ROS in neuronal mitochondria, it can lead to an increase
in surface levels of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptors containing GluAl and NR2B subunits, which leads to
impaired glutamatergic signaling, calcium overload, and excitotoxicity. Due to the alteration in
glutamatergic signaling, it contributes to the progression of frontotemporal dementia (Esteras
et al., 2022). Increased levels of ROS are also linked to proliferation and lineage specification
(Adusumilli et al., 2021). In NPCs, ROS levels are dependent on the NPCs’ specific cell state.
When NPCs are in quiescence, they show elevated levels of ROS, but as they are active in
proliferation and differentiation, lower levels of ROS can be found (Adusumilli et al., 2021).
On a molecular level, ROS leads to DSBs, which need to be repaired,, e.g., by BRCA2 (Fridlich
et al., 2015a) and BRCA1 (Gorodetska et al., 2019a). High levels of ROS, especially
accumulated in neurons, lead to DNA damage and impaired DNA damage repair.

Impaired DNA damage repair has been associated with neurodegeneration (Madabhushi et al.,
2014), (neuro-) psychiatric disorders, and intellectual disability (Raza et al., 2016; Shiwaku &
Okazawa, 2015; Suberbielle et al., 2013). A neurodegenerative disorder, which has been
connected to accumulated DSBs in neuronal tissues, is Alzheimer’s disease (Alt et al., 2017,
Alt & Schwer, 2018; Shanbhag et al., 2019).

As already mentioned before, BRCA2 plays a pivotal role in DNA damage repair. Especially in
the brain, it is highly important to sustain genome stability and prevent neurodegeneration
(Mckinnon, 2013; McKinnon, 2017). If DNA damage accumulates over time, it can lead to
ultimate neuronal loss and has been connected to neural deterioration (Harman, 1981).

Bipolar disorder and autism spectrum disorder (ASD) are two common neuropsychiatric
disorders. Both have been associated with mutations in the BRCA2 gene in computational
approaches. In a genome-wide association study (GWAS), SNPs in BRCA2 and PALB2 were
significantly associated with bipolar disorder, suggesting that altered DNA repair in neuronal
tissue might be responsible for the pathophysiology of bipolar disorder (Tesli et al., 2010). Also,
in ASD, two de novo missense mutations in the BRCA2 gene have been associated with ASD.
ASD patients and their parents had been sequenced to find a potential genetic cause for ASD.
BRCA2 showed two de novo mutations (Neale et al., 2012b), indicating a potential connection
between BRCA2 and neuropsychiatric disorders.

1.5 DNA damage

The term “DNA damage” describes any kind of alteration of DNA structure that impairs normal
functioning. To the group of DNA damage belong several different types of damages, including
single- and double-strand breaks (Galano et al., 2018; Morimoto et al., 2019), adduct
formations, ICLs, intrastrand crosslinks or DNA-protein crosslinks, and the loss of a purine or
pyrimidine base. Furthermore, alkylation, deamination, methylation, and hydrolysis of bases
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are also DNA damages, as well as damage of the sugar/backbone (Ahmad et al., 2015). Also,
oxidative damages via ROS belong to this group (Poetsch, 2020). (Chatterjee & Walker, 2017)
DNA damage can be induced by a diverse variety of exogenous and endogenous factors.
Exogenous sources of DNA damage are external agents and behaviors that can influence DNA.
lonizing radiation (IR), e.g., at medical procedures as well as from sunlight or radioactive
elements, can harm DNA. Various further environmental sources (Burgio et al., 2018; Nurul et
al., 2019) like smoking, a common habit, have been linked to DNA damage (Yamaguchi, 2019).
Furthermore, effects of alcohol abuse on DNA damage have been studied as well
(Garaycoechea et al., 2018; Mulderrig et al., 2021). Chronic stress, an overall factor in modern
life, can also lead to DNA damage (Flint & Bovbjerg, 2012). And finally, chemical agents, like
industrial pollutants, heavy metals, and toxins, as well as anti-cancer chemotherapeutic agents,
can pose a significant threat to DNA stability (Pizzino et al., 2017).

Endogenous sources of DNA damage, arising internally within our cells, are equally diverse.
Reactive oxygen species (ROS), generated during normal cellular metabolism, can lead to DNA
damage (Galano et al., 2018; Morimoto et al., 2019; Pizzino et al., 2017). Failed DNA
replication events that can happen almost any time in the cell can introduce errors and damage
(Kunkel & Erie, 2015). The juxtaposition of repair events, where repair mechanisms intersect
with one another, has also been connected to DNA damage. Furthermore, DNA damage can
arise as natural intermediates during V(D)J recombination, a critical process in the development
of lymphocytes.

Concluding, several different factors can lead to DNA damage, which has various effects on
the cell, its metabolism, and its function (compare Figure 5).

DNA damage can be repaired with several different pathways (compare Figure 5), in the so-
called DNA damage response (DDR). Which pathway is chosen by cells depends mostly on the
kind of damage and the current cell cycle stage. The main pathways for lesions on the base level
are either base excision repair (BER) or mismatch repair (MMR). In BER a damaged base is
repaired, which could, if not repaired, lead to mispairing or breaks in replicating DNA. With
MMR, a mismatch of two bases can be repaired. Those mismatches appear,, e.g., during
replication when a base is accidentally inserted or deleted in a repetitive DNA sequence. Some
papers also mention a repair pathway called direct reversal of DNA damage, which works by
easily reversing a (e.g., UV-induced) damaged base. (Hakem, 2008)

For multiple damages or bulky base damages, the cell uses the nucleotide excision repair (NER)
pathway. NER is chosen when bulky DNA adducts are present either throughout the genome
or in actively transcribed genes. Two different sub-pathways are used: global genome NER (G-
NER) and transcription-coupled NER (TC-NER), respectively. (Hakem, 2008)

Furthermore, breaks build a group of DNA damage. There are single- and double-strand breaks.
Single-strand breaks (SSB) can lead to replication or transcription breakdown and can be
repaired via three different sub-pathways: direct SSB, indirect SSB, or TOP1-SSB. DSBs are
either repaired by NHEJ or HR, already described in 1.1. In the previous chapter the
involvement of BRCAZ2 in DSB repair has already been described, as well as in replication fork
protections, which also play a role when there is a DSB (compare Figure 5). (Chatterjee &
Walker, 2017; Hakem, 2008; Tiwari & Wilson, 2019)
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Figure 5 Overview of DNA damage with its causes and consequences from Tiwari & Wilson, 2019. The focus during this
work is on DSBs and the involvement of BRCA2 during DNA repair and replication fork protection. The link
between DNA damage and neurological diseases is also displayed in this figure.

There are two more types of repair pathways, which are missing in the figure. Those are DNA
crosslinks, either inter-, intra-, or DNA-protein crosslinks and translesion synthesis (TLS)
pathway. Crosslinks are always covalent bindings either between two nucleotides on the same
strand, between two strands, or between DNA and proteins. Those crosslinks can be resolved
by the proteins, inter alia BRCA2, of the Fanconi anemia pathway via HR (Fradet-Turcotte et
al., 2016). (Chatterjee & Walker, 2017)

With the translesion synthesis (TLS) pathway, the cell can continue its replication even though
the DNA is still damaged. It’s a tolerance pathway, where low-fidelity polymerases continue
the replication in regions of DNA damage and (mis)incorporate some nucleotides. (Chatterjee
& Walker, 2017; Vaisman et al., 2012)

1.6 Formaldehyde

Formaldehyde, chemically known as methanal (CH-0), is a simple but highly reactive aldehyde
(Kalapos, 1999). It can ubiquitously be found in the environment as a metabolic product of,,
e.g., tobacco smoke, motor vehicles, cosmetics, industrial emissions, and methanol (Bernardini
et al., 2020). Formaldehyde can be taken up via ingestion, inhalation, and absorption (Tulpule
& Dringen, 2013). Additionally, it is also an endogenous product of cellular metabolism, like
histone demethylation, methanol oxidation, and the oxidative deamination of methylamine
(Cloos et al., 2008; Kou et al., 2022; O’Sullivan et al., 2004; P. H. Yu et al., 2003). It can be
found in every cell type of the human body (Tyihak et al., 1998), and due to its water solubility
and reactivity, it can easily diffuse into many organs and tissues (Leng et al., 2019; Q. Liu et
al., 2018). Formaldehyde can also accumulate in certain tissues like the brain, which is
important in regard to tissue-specific toxicity. Formaldehyde can result from the oxidation of
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methanol by catalase and alcohol dehydrogenase 1 (ADH1) via a non-enzymatic reaction of
methanol with hydroxyl radicals (Harris et al., 2003; Lees-Murdock & Walsh, 2008;
MacAllister et al., 2011). Usually, formaldehyde is further metabolized in cells into formate,
which can be fragmented into CO2 and water (Kalasz, 2003; Tyihéak et al., 1998), compare
Figure 6, or it can be released from the body as a sodium salt in urine (Friedenson, 2011).
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Figure 6 from Bernardini et al., 2020 describing the formaldehyde metabolism with its main exogenous and endogenous
sources and catabolic reactions in humans

Formaldehyde acts in a dose-dependent manner. It has been shown that low doses (0.5-0.1mM)
of formaldehyde reduce apoptotic activity and enhance cell proliferation, while 1mM leads to
an increase in apoptosis and reduced mitotic activity (Mo & He, 2017; Nadalutti et al., 2020).
A high dose of 10mM caused necrotic cell death (Szende & Tyihak, 2010), while necrosis also
depends on cell density (Mo & He, 2017). Furthermore, the cell cycle is affected by
formaldehyde. Low doses suffice to deplete S-phase, so less time is spent in S-phase.
Additionally, formaldehyde-treated cells show an arrest in the G2/M phase of the cell cycle,
while controls show an undisturbed cell cycle. (Nadalutti et al., 2020; Ortega-Atienza et al.,
2015)

Formaldehyde has several influences on the cell and can cause several DNA lesions (Cheng et
al., 2003). It can inhibit chromosome assembly (D. Chen et al., 2017) and introduce cross-links.
Pontel and colleagues found that formaldehyde can introduce interstrand crosslinks between
adjacent purine bases (Chaw et al., 1980), which can be repaired by alcohol dehydrogenase 5
(Pontel et al., 2015). Grafstrom and colleagues furthermore found that there are also crosslinks
between DNA and proteins (Grafstrom et al., 1983), DPCs (DNA-protein crosslinks). Those
DPCs can cause stalled replication forks and can introduce DSBs. It has been shown that cells
from Fanconi anemia patients are hypersensitive to DNA interstrand crosslinking agents, like
formaldehyde (Kennedy & D’Andrea, 2005). And it is likely that homologous recombination-
deficient cells (e.g., BRCA2) are hypersensitive to formaldehyde because of those DPCs
(Ridpath et al., 2007).
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Formaldehyde can stall the replication fork (Tan et al., 2017) and can induce DSB (Kumari et
al., 2012; Tan et al., 2017). Even in mitochondria, formaldehyde can induce DSB (Nadalutti et
al., 2020). It can also cause single-strand breaks in DNA, which lead to genomic instability and
mutations, and inhibit resealing of single-strand breaks produced by ionizing radiation.
(Grafstrom et al., 1983)

Formaldehyde can induce oxidation of specific RNA transcripts, which is often an early process
in carcinogenesis analogous to oxidative events in early stages of neurodegenerative diseases
(Gonzalez-Rivera et al., 2020a).

Taken together, formaldehyde is an endogenous and exogenous factor that can induce DNA
damage via several ways to harm the cell.

In a study in 2018, an RNAI screen for pathways that decrease cellular formaldehyde toxicity
was performed. Four inter-related pathways, which are homologous recombination, DSB
repair, ionizing radiation response, and DNA replication, were found (Juarez et al., 2018).
lonizing radiation can lead to DSBs, and HR is part of DSB repair; therefore those pathways
are related. Furthermore, BRCA2 plays a role in HR and helps to protect DNA replication forks
(as already described in 1.1) and is therefore involved in all of the mentioned pathways. It could
potentially help to mitigate the effect of formaldehyde, even though BRCA2 was not explicitly
found as a gene to mitigate the effect of formaldehyde.

Finally, adverse effects between formaldehyde and reproduction and development have been
detected. Mostly in males a positive association between formaldehyde exposure and
reproductive toxicity was found. Potential underlying reasons are DNA damage, oxidative
stress, and altered levels and function of enzymes, hormones, and proteins, as well as apoptosis.
(Duong et al., 2011) Additionally, during pregnancy, C-14 formaldehyde can cross the placenta
through diffusion and enter fetal tissue (Thrasher & Kilburn, 2001), where it can accumulate
(Pidoux et al., 2015) and impair the fetal defense against allergic stimuli and infectious agents.
(Maiellaro et al., 2014; Silva lbrahim et al., 2015)

1.7 Formaldehyde in the Brain

Formaldehyde can easily enter the brain through the blood-brain barrier (BBB) (Bernardini et
al., 2020) and it has been proposed that formaldehyde is produced locally in the brain, as
astrocytes and neurons have the potential to generate and oxidize formaldehyde (Tulpule et al.,
2013; Tulpule & Dringen, 2012).

The concentration of formaldehyde in brains of healthy adult humans, mice, and rats has been
shown to be 0.2- 0.4mM, while it is around 0.1mM in blood (Heck et al., 1982; Tong et al.,
2011a; Tong, Han, Luo, Wang, et al., 2013a). Moderate levels of formaldehyde can be
extinguished and metabolized quickly. In vitro even an acute exposure of high concentrations
(up to ImM) of formaldehyde for up to 3h does not lead to severe toxicity in astrocytes or
neurons (Tulpule et al., 2013; Tulpule & Dringen, 2012). Brain cells might be able to tolerate
acute exposures to formaldehyde due to rapid metabolism of formaldehyde to formate, which
is less harmful (Oyama et al., 2002). In humans, high levels of formaldehyde lead to
neurotoxicity, where the effect depends on the concentration and duration of formaldehyde
exposure (Kilburn, Seidman, et al., 1985; Kilburn, Warshaw, et al., 1985; Songur et al., 2008,
2010). Additionally, neuronal cells are more sensitive to the toxicity of formaldehyde compared
to other cell types (Mo & He, 2017).

Formaldehyde is the most important carcinogen in outdoor air pollutants (Zhu et al., 2017), and
those are causing factors for neurodevelopmental (like ASD) and neurodegenerative (like
Alzheimer) disorders (Costa et al., 2017). Furthermore, an impairment of adult neurogenesis
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even due to only an acute exposure to a high concentration (250-300 pg/m?® for 6 h) of air
pollution has been found (Costa et al., 2017).

As formaldehyde at a certain concentration can induce apoptosis in cells, it has been linked to
neurodegenerative processes (Szende & Tyihak, 2010).

Formaldehyde has also been linked to cognitive decline in humans (Kilburn et al., 1987; Tong
et al., 2011a), and it even has been shown that accumulated aging-associated formaldehyde
contributes to cognitive decline during aging in rats (Heck et al., 1982; Tong, Han, Luo, Li, et
al., 2013), as well as that “excess endogenous formaldehyde is a critical factor in memory loss
in age-related memory-deteriorating diseases” (Tong, Han, Luo, Wang, et al., 2013a). A
bioinformatic approach by Rana and colleagues supports the link between formaldehyde and
brain diseases and tumors (Rana et al., 2021). Some studies investigating the effect of
formaldehyde on the aged brain have also already been published. It has been described that
formaldehyde gradually accumulates in brains of mice in their aging process from six to 24
months (Kou et al., 2022; Tong, Han, Luo, Wang, et al., 2013b). And if formaldehyde is injected
intraperitoneally or intrahippocampally into healthy rats, it resembles the age-related memory
decline in old rats (Tong, Han, Luo, Li, et al., 2013). Excessive formaldehyde in the brain has
been shown to lead to cognitive decline via inhibition of NMDA receptors (Kou et al., 2022).
In humans, formaldehyde levels in the urine, which are highly elevated among the 70-year-old
probands, can be associated with cognitive decline (Tong et al., 2017; J. Yu et al., 2014).
Another study working with a knockout mouse model of the aldehyde dehydrogenase-2
(ALDH2) knockout saw that formaldehyde accumulation due to the knockout of ALDH2
impairs memory. This is consistent with observations of patients with Alzheimer’s disease
(AD). (Ai et al.,, 2019) Furthermore, urine levels in AD patients show an increase in
formaldehyde, which positively correlates with the degree of dementia observed in those
patients (Heck et al., 1982; Tong et al., 2011b).

Finally, it needs to be mentioned that other aldehydes also have an influence on the brain,
primarily acetaldehyde through the uptake of alcohol. Acetaldehyde is a metabolic product of
ethanol and chemically similar to formaldehyde. Tan and colleagues could show that
acetaldehyde has the same effects on heterozygous BRCA2 cells as formaldehyde (Tan et al.,
2017) (compare 1.8).

Moderate intake of alcohol seems to have a neuroprotective effect on the brain via improved
vasculature (Kotsopoulos et al., 2021). If alcohol is consumed in high doses during pregnancy,
this can lead to fetal alcohol syndrome (FAS) (Nutt et al., 2021). FAS is the most common non-
heritable cause for intellectual disability and comes along with prenatal and/or postnatal growth
retardation, facial dysmorphology, abnormal brain growth with microcephaly, central nervous
system dysfunctions, and neurobehavioral disabilities (Denny et al., 2017; Mattson et al., 2019;
Niccols, 2007). The alcohol consumed by the mother reduces the transport of taurine, which is
essential for proper developmental neurogenesis (Lui et al., 2014). When rats were exposed to
alcohol during their in-utero development, this led to significant changes in neurogenesis and
synaptic formation in the adult rats (Singh et al., 2009).

1.8 BRCAZ2 and formaldehyde

BRCA2 and formaldehyde have several connection points. Formaldehyde, as already elucidated
in 1.6, can induce DNA damage in the form of DSB, ICL, and DPCs. Those types of damage
require repair; otherwise, there remains a big threat to the DNA. If mutations persist due to DSB
and ICLs, this leads to cancer via genome instability (Hashimoto et al., 2016) or to disturbance
of chromatic transactions like replication and transcription if DPC are not resolved (Stingele et
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al., 2016; H. Zhang et al., 2020). Homology-directed repair, where BRCAZ is involved, as well
as NER helps to eliminate those damages (Williams et al., 2013; H. Zhang et al., 2020).
Furthermore, within one study it has been shown that there are four pathways that decrease the
toxicity of formaldehyde in cells. Those are homologous recombination, DSB repair, ionizing
radiation response, and DNA replication (Juarez et al., 2018), and BRCA2 plays a role in all of
those pathways (compare 1.6).

Fifteen years ago, it was also shown that formaldehyde has an adverse effect on mutant chicken
DT40 carrying a mutation in the BRCA2 gene. The cells showed an increase of DPCs induced
by formaldehyde. They showed hypersensitivity to formaldehyde going along with a reduced
survival under exposure to formaldehyde. (Ridpath et al., 2007) And BRCA2-deficient cells,
biallelic and heterozygously mutated, are more susceptible to myeloid leukemia, induced by
formaldehyde, compared to healthy cells. (Friedenson, 2011)

Furthermore, formaldehyde can stall the replication fork (see 1.6). BRCA2 helps to protect
stalled replication forks (compare 1.1.3). Another important factor is that formaldehyde can
selectively deplete BRCA2 via proteasomal degradation (Tan et al., 2017). This induces
BRCA2 haploinsufficiency. Interestingly, Tan and colleagues could also show that
heterozygous BRCA2 cells have an even increased sensitivity for BRCA2 haploinsufficiency
introduced by formaldehyde. The haploinsufficiency of BRCA2 leads to replication fork
stalling and unplanned RNA-DNA hybrids (R-loops), which promote genome instability
through MRE-dependent degradation of nascent DNA. They furthermore showed that
heterozygous BRCA2 cells were sensitive to acetaldehyde, another chemical compound of
aldehydes. (Tan et al., 2017)

The sensitivity of BRCA2-deficient cells to acetaldehyde has also been detected by Tacconi and
colleagues and goes along with stalled replication forks and increased DNA damage with G2/M
arrest and cell death in those cells (Tacconi et al., 2017).

Until now, it has not been investigated which effect formaldehyde has on neuronal cells
carrying a BRCA2 mutation.

1.9 BRCAL in the story

Breast cancer susceptibility gene 1 (BRCAL) is located on the long arm of chromosome 17 at
g.21.31 and is translated into a protein with 1,863 amino acids and around 210kDa. Eight
different isoforms are known. Like BRCA2, BRCAL is a tumor suppressor gene and has several
different functions. In all its functions and different roles, BRCAL1 very often closely
accompanies BRCA2. Both expression patterns are strikingly similar (Connor et al., 1997); their
spatial and temporal expression patterns are virtually indistinguishable during embryonic
development (Chodosh, 1998), and both have been found to be expressed in proliferating cells
in mice (Blackshear et al., 1998). They are often regulated (Rajan et al., 1996), colocalizing
(Garcia-Higuera et al., 2001), and functioning together, as both play a role in HR-directed
repair. DSBs can also occur during a replication fork stalling or collapsing and could be repaired
by HR, where BRCAL is involved. (Ait Saada et al., 2018; Noordermeer & van Attikum, 2019).
Different than BRCA2, BRCAL is additionally involved in NHEJ.

BRCAL was shown to be essential for cell proliferation during embryogenesis, as a full
knockout of BRCAL is lethal (Hakem et al., 1998), while embryos carrying a heterozygous
conditional knockout of BRCAL1 develop normally (Shapiro et al., 2016).

In 2009, it has been shown that BRCAL1 is necessary for the development of the mouse cerebral
cortex. BRCAL could prevent apoptosis in early neural progenitors and therefore ensure normal
brain size during embryonic neurogenesis. (Pulvers & Huttner, 2009). Further studies also
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revealed the involvement of BRCAL in brain development. (Pao et al., 2014). Further, it has
been shown that the transplantation of overexpressed BRCAL into an ischemic stroke in NSCs
facilitates functional recovery and cell survival after transplantation (Xu et al., 2019). Patients
carrying a BRCA1 germline mutation show an increased risk of developing brain metastasis
from breast cancer compared to patients without a BRCA1 mutation.

A depletion of BRCA1, implying reduced DNA repair capabilities, has been associated with the
neurological disorder Alzheimer’s Disease (Wezyk et al., 2018) via increased DNA double-
strand breaks, neuronal shrinkage, and synaptic plasticity impairments. This led to learning and
memory deficits. (Suberbielle et al., 2015) Furthermore, an upregulation of BRCAL in
postmortem AD brains could be found, going along with a hypomethylation of the gene. Those
effects could also be found in AD mice (Mano et al., 2017). (Wezyk & Zekanowski, 2018)
And widening the picture, BRCAL with its cytosolic mislocalization could be associated with
the pathogenesis of several tauopathies, not only AD (Nakamura et al., 2020).
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Figure 7 LEUNG 2021 shows the involvement of BRCAL in neurodegeneration primarily via cellular senescence. BRCA1
is one example of DNA repair genes and a depletion of BRCA2 has also already been associated with senescence (Carlos et al.,
2013).

An association between formaldehyde and BRCA1 has also already been investigated. Tan and
colleagues determined whether formaldehyde also depletes BRCA1l and leads to a
haploinsufficiency, as it does with BRCA2 (compare 1.8). But cells carrying a BRCAL mutation
were not affected by formaldehyde. (Tan et al., 2017) Those results, also already elucidated in
1.8, are supported by another study from 2017, only finding a relation between acetaldehyde-
induced effects and BRCA2 deletion, but not BRCA1-deficient cells (Tacconi et al., 2017).
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Interestingly, ethanol, the metabolic precursor of acetaldehyde, induced an ROS-mediated
depletion of BRCALl (Drake & Wells, 2021). And when mice carrying a heterozygous
conditional knockout of BRCAL are treated with ethanoln they show more oxidatively damaged
DNA and embryopathies compared to wildtype littermates (Shapiro et al., 2016).

1.10 Diagnostics: 3 out of a cohort of 161 patients with developmental disorders carry a
BRCA2 mutation
In the diagnostics of the human genetics department in Mainz, 161 patients presented with
developmental delay, mild to moderate intellectual disability, or behavioral anomalies. To find
a genetic cause for their disease, the exomes of those 161 patients were sequenced by NGS.
Surprisingly, three out of those 161 patients carried heterozygous BRCA2 mutations that were
predicted to be pathogenic. All three presented with learning difficulties as well as behavioral
abnormalities, and none had a family history of BRCA2-associated cancer. Those heterozygous
mutations are predicted to lead to a loss of function of BRCA2. Three out of 161 is 1.8%, which
is significantly higher (one-sample t-test, p<0.0001) than the population frequency of BRCA2
mutations of max. 0.51% (depending on population) (Maxwell et al., 2016). Interestingly, those
3 patients presented with unfavorable social backgrounds, including substantial stress exposure
during pregnancy.
From one of the three patients, it was possible to receive a skin biopsy, which could be used
for this project. The heterozygous mutation of this patient was an insertion of an adenine at
position 4631 in exon 11 of the BRCA2 gene (c.4631delA).
At the time point of skin biopsy, the female patient was nine years old and presented with a
severe delay in speech development, mild intellectual disability, attention deficit disorder, and
memory problems. Furthermore, she had an impaired visuomotor integration. She did not show
any aggression, nor were her social features impaired.
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2 Aim of the study

Until now, heterozygous mutations in the BRCA2 gene have mostly been associated with
cancer, while homozygous/compound heterozygous mutations lead to Fanconi Anemia with
symptoms like microcephaly, neurodevelopmental delay, and intellectual disability. BRCA2
usually functions throughout the whole cell cycle, is very important for proliferating cells, and
also affects the cell cycle itself. In the brain, BRCA2 is essential for neurogenesis and has
already been associated with neurodevelopmental disorders, like ASD and bipolar disorder.
BRCA2 also plays a major role in HR-directed repair and replication fork protection. Therefore,
BRCA2 is heavily involved in the repair of DNA damage induced by various external and
internal stressors. One of those stressors is formaldehyde, which can lead to DSBs and stop
replication forks. Furthermore, formaldehyde has a direct effect on BRCA2 by inhibiting
BRCA2 as well as selectively depleting BRCAZ2, which leads to haploinsufficiency.
Additionally, heterozygously mutated BRCA2 cell lines are even more sensitive to
formaldehyde.

In the diagnostics of the human genetics department, it has been found that three out of a cohort
of 161 patients with developmental disorders carry a BRCA2 mutation leading to a loss of
function of protein. In at least one of those patients, external stress during pregnancy has been
attested.

Taken all those facts together, the hypothesis of this study is that proliferating, neuronal,
heterozygous BRCA2 cells are more sensitive to a formaldehyde treatment compared to
wildtype cells.

In order to prove the hypothesis, the first aim of this study was to generate and characterize
necessary cell lines. Those were fibroblasts from male and female wildtype cells as well as cells
isolated from a patient’s skin biopsy. The patients' fibroblasts were reprogrammed into iPSCs,
and the wildtype iPSCs were genome-edited via CRISPR/Cas9 to generate isogenic controls.
Those cell lines were further differentiated into NPCs and neurospheres to generate neuronal
2D and 3D models, respectively.

An important factor in the characterization of the cell lines was the analysis of RNA and protein
levels of BRCA2 and BRCAL in all cell lines to find out if BRCA2 is differentially expressed
between wildtype and heterozygously mutated BRCA2 cells.

In order to see if BRCA2 RNA and protein levels change due to a formaldehyde treatment and
if BRCA2 gets depleted by formaldehyde, the next aim was the establishment of a proper
formaldehyde concentration to treat the cells with. This was first established and tested in
fibroblasts and subsequently transferred to NPCs. After potential alterations in RNA and protein
levels due to treatment were analyzed, further effects were examined.

The third aim of the study was to investigate molecular effects of formaldehyde. Two effects
were analyzed: the amount of DSBs after formaldehyde treatment and alteration in cell cycle.
DSBs were analyzed to see if formaldehyde induces DSBs in treated cells, as it has already
been described before. And to see if there is a difference in the amount of DSBs in BRCA2-
mutated cell lines compared to wildtype, as the protein amount is reduced by half due to the
mutation. The cell cycle was analyzed to see if it is altered due to formaldehyde and if BRCA2-
mutated cells would be affected differently. The cell cycle was of interest, as it has already been
shown that there are more cells in G2/M-phase in BRCA2 mutation cell lines and that cells get
arrested in G2/M-phase due to a formaldehyde treatment.

As a last aim, cellular effects in 2D and 3D were analyzed, focusing on proliferation and
migration to see if the molecular alterations lead to any cellular changes.
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3 Material and Methods
3.1 Material
3.1.1 Equipment and software

Table 1 Overview of equipment used in this work. Standard laboratory equipment (e.g. centrifuges, PCR cycler) is not
included.

Name Manufacturer Model
4D-Nucleofector Lonza AAF-1002B + AAF-
1002X

Trans-Blot Turbo Transfer System Bio-Rad # 1704150

Fusion FX Vilber Fusion FX
Nanodrop™ Thermo Fisher Scientific ND-ONEC-W

OneC Spectrophotometer

Revolve Microscope Echo Revolve

StepOnePlus™ System Thermo Fisher Scientific 4376600
Table 2 Overview of software used in this work

Name Manufacturer

BioEdit mBio

Crispr.mit.edu Zhang Lab

Fiji ImagelJ

FlowJo v.10.9.0 BD Biosciences

Fusion FX Vilber

Leica Application Suite X Leica Microsystems

Office Microsoft

Primer3 GitHub

Prism GraphPad

3.1.2 Chemicals and cell culture media and supplements
Table 3 Overview of chemicals used in this work

Name Manufacturer
Acrylamide Carl Roth
Agar Carl Roth
Agarose AppliChem
Ampicillin AppliChem
APS Sigma
Aqua-Poly/Mount Tebu Bio
Boric acid Carl Roth
Bromophenol blue Carl Roth
BSA Carl Roth
CaClz Carl Roth
EDTA AppliChem
Ethidium bromide Carl Roth
Fluoromount-G, withDAPI eBioscience
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Name Manufacturer
Thermo
Formaldehyde ScientificT™
Glycerin Carl Roth
Glycine Carl Roth
HEPES Carl Roth
Isopropanol Carl Roth
Kanamycin AppliChem
Milk powder Carl Roth
Na:HPO. Carl Roth
NaCl Carl Roth
NaOH Carl Roth
PFA Carl Roth
PhosStop Roche
Protease inhibitor Roche
Proteinase K AppliChem
SDS Carl Roth
Sodium bicarbonate Sigma
TEMED Invitrogen
Tris Carl Roth
Triton X 100 Carl Roth
Tryptone Carl Roth
Tween20 Carl Roth
Urea Carl Roth
Yeast extract Carl Roth
-mercaptoethanol Carl Roth

Table 4 Overview of cell culture media and supplements used in this work. Certain compositions are given in the methods

part.

Name Manufacturer Ordering Number

Accutase Thermo Fisher Scientific A1110501
Advanced DMEM Gibco Life Technologies 12634

B27+ VitA-supplement Gibco Life Technologies 17504001
B27-supplement Gibco Life Technologies 12587010
bFGF Gibco Life Technologies PHG0264
CloneR™ 10X Cloning Supplement Stemcell Technologies 5889

DMEM Gibco Life Technologies 41966-029
DMEM with GlutaMAX™ Gibco Life Technologies 10569-010
DMEM/F-12 Gibco Life Technologies 11320033
DMEM/F-12 GlutaMAX™ Gibco Life Technologies 31331-028
DMSO Carl Roth 175223617
DPBS Gibco Life Technologies 14190-169
ESC-qualified FBS Gibco Life Technologies 16141-079
FBS Gibco Life Technologies 10270-106
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Name Manufacturer Ordering Number
FGF Stemgent 130095863
Gelatin Sigma 61393-100ML
Geltrex Gibco Life Technologies Al1413301
GlutaMax™ Life Technologies 35050-038
HBSS Sigma H6648-11
Heparin Biogen Scientifica 13256029
IMDM Gibco Life Technologies 12440-053
Insulin Sigma 19278-5ml
KOSR Gibco Life Technologies 10828-028
Laminin Sigma L2020-1mg
Matrigel Corning 356234
mTeSR™1 Stemcell Technologies 85851 + 05827
N2-supplement Gibco Life Technologies 17502048
NEAA Gibco Life Technologies 11140-050
Neural Induction Supplement Gibco Life Technologies A1647801
Neurobasal Gibco Life Technologies 21103049
Opti-MEM Gibco Life Technologies 51702490
PBS Gibco Life Technologies 14190-094
Pen/Strep Gibco Life Technologies 15140-122
Poly-Ornithine Sigma P3655-50mg
Recombinant Murine EGF Peprotech GmbH 315-09-100
Rock Inhibitor Stemcell Technologies 72302
RPMI 1640 Gibco Life Technologies 51254487
TrypLE™Express (Trypsin) Gibco Life Technologies 12604-013
3.1.3 Kits and enzymes
Table 5 Overview of Kits used in this work
Name Manufacturer az?ﬁg:rg
Click-iT™ EdU Ale_xa Fluor™ 647 Flow Invitrogen™ C10419
Cytometry Assay Kit
: : . . Thermo Fisher
CytoTune™-iPS 2.0 Sendai Reprogramming Kit Scientific A16517
EndoFree Plasmid Maxi Kit QIAGEN 12362
High Pure RNA lIsolation Kit Roche 11828665001
Trans-Blot Turbo RTA Midi 0.2 um Biorad 1704271
Nitrocellulose Transfer Kit
P3 Primary Cell 4D-Nucleofector™ X Kit L Lonza V4XP-3024
PSC Neural Induction Kit Thermo Fisher A1647801
Scientific
QuickExtract DNA Extraction Lucigen QE09050
Weste_rn _nghtnlng® Plus-ECL, Enhanced PerkinElmer NEL 103001EA
Chemiluminescence Substrate
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Table 6 Overview of enzymes used in this work

Name Manufacturer | Ordering number
Afll NEB R0520S
Exonuclease | NEB M0293S
FastStart™ Taq DNA Polymerase Roche 12032953001
Gibson Assembly® Master Mix NEB E2611S
Phusion Polymerase NEB M0530S
PrimeScript™ RT Master Mix TaKaRa RR036Q
Shrimp alkaline phophatase (SAP) NEB MO0371S
SYBR® Premix Ex Taq™ II TaKaRa RR820L
3.1.4 Primers
Table 7 Overview of primers used in this work senescence.
All primers were ordered at Sigma-Aldrich and diluted 1:10 before use.
Name Sequence
DNA

BRCAL_ indel5_F GCCAGTCATTTGCTCCGTTT

BRCAL indel5_R TCCCATTTCTCTTTCAGGTGACA

BRCAZ2_indel2_F TGAAAGAAAGTGTCCCAGTTGGT

BRCAZ2_indel2_R CACAGCTGCCCCAAAGTGTA

gPCR

BRCAL_hinterMut_F | GAGTCTGGGCCACACGATTT

BRCAL_hinterMut_R | TGAAGACAGAGCCCCAGAGT

BRCAZ2_hinterMut_F | CAAAAACAACTCCAATCAAGCA

BRCAZ2_hinterMut_R | AGAAGAAACAAAGGCAACGC

GAPDH_f CCACATCGCTCAGACACCAT
GAPDH_r AAATCCGTTGACTCCGACCTT
KLF4_f CCCACATGAAGCGACTTCCC
KLF4_r CAGGTCCAGGAGATCGTTGAA
NANOG_f AAGGTCCCGGTCAAGAAACAG
NANOG_r CTTCTGCGTCACACCATTGC
NESTIN_f CCAGATCGCTCAGGTCCTG
NESTIN_r AGCTGAGGGAAGTCTTGGAG
OCT4_f GTGTTCAGCCAAAAGACCATCT
OCT4_r GGCCTGCATGAGGGTTTCT
PAX6_f ACCCAAGAGCAAATTGAGGC
PAX6_r CCATTTGGCCCTTCGATTAGA
SOX2_f TGGACAGTTACGCGCACAT

SOX2_r CGAGTAGGACATGCTGTAGGT




Material and Methods 27

3.1.5 Plasmid and gRNA constructs

Table 8 Plasmids used in this work

Name Manufacturer| Ordering number
Cas9-GFP Ralf Kiihn
gRNA cloning vector Addgene 41824
Table 9 gRNAs used in this work
Name Sequence
BRCAZ2_indel2 CCAGGGACAACCCGAACGTGATG
BRCAL1_indel5 AAAGTGGTGGTATACGATAT

3.1.6 Antibodies

Table 10 Overview of primary antibodies used in this work

Protein Host Manufacturer Ordering
number
BRCAl Merck/ Sigma 0OP92
BRCA?2 Merck/ Sigma OP95
NESTIN mouse Merck MAB5326
TRA-1-60 Millipore 4360
yH2AX Merck 05-636
ACTIN Sigma A2066-200UL
NANOG R&D Systems AF1997
PAX6 rabbit BioLegend 901301
SERPINH1 Sigma-Aldrich S5950
SOX2 Abcam ab137385
Table 11 Overview of secondary antibodies used in this work
Name Manufacturer

Goat anti-mouse 1gG Alexa Fluor488 Invitrogen
Goat anti-mouse IgG HRP Jackson
Goat anti-rabbit 1IgG Alexa Fluor594 Invitrogen
Goat anti-rabbit IgG HRP Jackson

3.1.7 Media

All media were warmed up to 37°C before use.

3.1.8 Coatings

Fibroblasts during its isolation, iPSCs in regular culturing, during reprogramming and in
differentiation to NPCs as well as NPCs and neurospheres in migration experiment needed a
special coating of the plastic ware for proper growing of cells. As neurospheres in the
proliferation stage were cultured in low-attachment U-bottom-shaped 96-well plates, they did
not need a coating for plasticware.

3.1.8.1 Gelatin coating

Plates needed to be coated with gelatin for the isolation of fibroblasts from skin biopsies.
Therefore, gelatin was warmed up at 37°C and diluted to 0.1% gelatin in DBPS. After an

incubation of 30-60min at 37°C, plates were ready for use.
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3.1.8.2 MEF culture dish

Mouse embryonic fibroblasts (MEF) culture plates, so-called feeder cells, were used during the
reprogramming of fibroblasts into iPSCs. Therefore, MEFs were thawed in 1ml of DMEM with
10% ESC-qualified FBS, 1% NEAA, and 0.1% B-mercaptoethanol. Once cells were thawed,
they were counted, and 2.5 x 105 cells per well of a 6-well plate were seeded. One full six-well
plate per reprogrammed cell line was prepared and could be used two days later.

3.1.8.3 Geltrex

A Geltrex coating is needed for regular culturing of iPSCs and in the first weeks of
differentiation into NPCs. Therefore, Geltrex is thawed in 1 ml of DMEM-F12 + Glutamax.
Once thawed, the 1 ml is mixed with another 11ml of DMEM-F12 + Glutamax, and 2 ml were
plated into one well of a six-well plate. After incubation of at least 1h at 37°C, coated plates
could be used.

3.1.8.4 Poly-Ornithine-Laminin-Coating (PL)

PL-coated plates were used for standard culturing of NPCs, during all experiments with NPCs,
and for neurospheres in migration experiments. Therefore, 50mg poly-L-ornithine is dissolved
in 100ml of H20, and 5.5ml of this was mixed with 45ml of boric acid (4,6g boric acid in 500ml
H:0, pH 8.35 (adjusted with NaOH)). 1.5ml per one well of a six-well plate were coated, and
plates were incubated at 37°C overnight. On the next day, the plates were washed thrice with
2ml of HBSS per well and covered with 1.5ml of laminin. Therefore, 1mg laminin was diluted
in 200ml HBSS. After a cool-down phase of circa 3h in the fridge, the plates could be frozen at
-20°C. For using the plates, they were placed into the incubator to warm up for at least 30min
until they were ready for use.

3.1.8.5 Coverslips

To stain cells, they needed to grow on coverslips with the appropriate coating for each cell line.
Therefore, coverslips were moved in 70% ethanol until completely covered and placed
vertically into a 12-well plate, one coverslip per well. Under UV-light exposure for at least
30min, coverslips were dried and could be tipped to fall horizontally into the wells. Afterwards
they could be covered with the desired coating.
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3.1.9 Cells

Table 12 Overview of cells used in this work

Patient | Donor age Sex Cells Cell type Mutation BRCA Abg{ﬁ;’:g'on
1263/16 Fibroblasts
1263/16 S21 iPSCs ) BRCAZ2/1 4 BRCAZ
1263/16 S21 NPCs (+/+) -
NPCs
1263/16 S21 .
BRCA253 | 'T°C8 BRCAZ
1263/16 S21 €.4524 4525in (+) 3_BRCA2™
BRCA2 53 NPCs sA
NPCs
1263/16 26 years Male 1263/16 S21 iPSCs | c.[4523_4524i
BRCAZ2 62
nsAJ; BRCA2 »
1263/16 S21 4 BRCA2(D
BRCA? 62 NPCs [4518_4523del| (-/-)
NPCs CCAGGG]
1263/16 S21 .
BRCAL11 | "o |c2030 2045de BRCAL
1263/16 S21 ITTTTACAAA (+) d_BRCAI™
BRCAL1 11 NPCs ACCCATA
NPCs
1262/16 Fibroblasts
1262/16 J11 | iPSCs ] BRCAIL| e
1262/16 J11 NPCs (++) -
NPCs
1262/16 26 years Female 1262/16 J11 .
BRCA222 | o8
c.[4524_4526d| BRCA2 .
1262/16 J11 elinsGC] (+) ¢_BRCA2"
BRCA2 22 NPCs
NPCs
369/20 9 years Female 396/20 Fibroblasts c.4631|_;\1631de B(R:_C/:,;AZ ¢p BRCA2M
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Table 13 Overview of cells used in each experiment
Experiment 3 BRCA2(™ (3 BRCA2(™ |3 BRCA2? |3 BRCA1™? [0 BRCA2(™ |2 BRCA2M) |9p BRCA2M)
Characterization |+ + + + + + +
BRCAL1/2 + + + + + +
expression (only RNA) (only RNA)
Formaldehyde
establishment in + +
fibroblasts
Formaldehyde +
treatment in + +
fibroblasts (only RNA)
Formaldehyde +
treatment in NPCs
2D proliferation
+ + + +

assay
2D proliferation + +
assay - recovery
Cell cycle + + + +
yH2AX - FACS |+ +
yH2AX - Staining |+ +
Neurospheres -

A + + + +
over time
Neurospheres - + +
5h formaldehyde
Neurospheres -
24h formaldehyde |+ +
low passage
Neurospheres -
24h formaldehyde |+ + + +

high passage
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3.1.10 Media
Table 14 Overview of media used for different cell types and culturing steps

fibroblasts

isolation from | fibroblast extraction | DMEM

skin biospy media FBS 20%
Pen/Strep 1%

feed fibroblast media IMDM
FBS 15%
Pen/Strep 1%

freeze fibroblast media | DMSO 10%

+DMSO

iIPSCs

during reprogramming DMEM

reprogramming | fibroblast media ESC-qualified FBS 10%
NEAA 1%
-mercaptoethanol 0.1%

iPSC media DMEM/F- 12

KOSR 20%
NEAA 1%
-mercaptoethanol 0.1%
Pen/Strep 1%
bFGF 0.04%
-mercaptoethanol 0.1%

feed mTeSR mTeSR
Pen/Strep 1%

wash wash media DMEM
F12+GlutaMAX

split PBS/EDTA 0.9g NaCl and 250ul 1M EDTA in
500ml PBS, steril filtered

freeze IPSC freezing media | mTeSR 65%
KOSR 25%
DMSO 10%

NPCs

basic NM DMEM F12+ | 1/2
GlutaMAX
Neurobasal 1/2
N2-Supplement 1%
B27 2%
Pen/Strep 1%

feed NM+FGF FGF 1:1000

split NM+KOSR KOSR 20%

freeze NM+KOSR+DMSO | DMSO 10%
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Neurospheres
proliferation NS media DMEM F12+ | 1/2
GlutaMax
Neurosbasal 1/2
N2-Supplement 1%
B27 2%
GlutaMax 2mM
NEAA 1%
bFGF 10ng/ml
EGF 10ng/ml
Pen/Strep 1%
migration Neurobasal + DMEM/F-12,
N2-Supplement 1%
B27 + VitaminA 2%
Pen/Strep 1%
NPC differentiation
1st week of | Neural Induction | Advanced DMEM 1/2
NPC media (NIM) Neurobasal 1/2
differentiation N2-Supplement 1%
B27 2%
Pen/Strep 1%
after 1st week | Neural Expansion | Neurobasal
until switch to | Media (NEM) N2-Supplement 1%
PL-coated B27 2%
plates
Pen/Strep 1%
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3.2 Methods
3.2.1 Workflow
An overview of the performed experiments and the workflow can be understood in Figure 8.

Generation
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2 BRCA2 2 BRCA2
o Isolation Repro Differenti
— gy
gramming ation
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/
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——

Proliferation Migration

Figure 8 Overview of the workflow during this project senescence. Fibroblasts of a male and a female wildtype person had
already been reprogrammed before, while fibroblasts of a person carrying a BRCA2 mutation were reprogrammed into iPSCs
during this project. The wildtype iPSCs were genome-edited to introduce a mutation in the BRCA2 or BRCA1 gene. All
generated iPSCs were differentiated into NPCs, and neurospheres were generated as a 3D model. Fibroblasts, iPSCs, and NPCs
were characterized, and BRCA2 and BRCA1 protein and RNA expression were determined. Fibroblasts, NPCs, and
neurospheres were treated with formaldehyde, and again BRCA2 and BRCAL protein and RNA levels were analyzed.
Additionally, the influence of BRCA2 mutation and formaldehyde on the number of double-strand breaks (DSB), cell cycle,
and proliferation rate in NPCs were analyzed. Neurospheres were investigated regarding proliferation and migration.

3.2.2 Cell culture

3.2.2.1 Pellets

From cell pellets it is possible to isolate DNA, RNA, or protein. Oftentimes cells were treated
with formaldehyde before, and pellets were stored until further processing. DNA and RNA
isolation was performed after pellets were stored at -80°C to, e.g., isolate all replicates for the
same experiment at the same time. Protein was isolated directly.

Cells were washed twice with DPBS to remove all residual media, and DPBS was added again.
Cell scrapers were used to scratch the cells from the well/petri dish, and more DPBS was added
to collect the cells in a 15ml Falcon. Fibroblasts and iPSCs were centrifuged at 200g for 4min,
while NPCs were centrifuged at 300g for 4min. The supernatant was discarded, and the cell
pellet was resuspended in 1ml of DPBS to transfer the cells into a 1.5ml tube. After another
centrifugation at 4509 for 5min, the supernatant was discarded again, and the pellet was stored
at -80°C as fast as possible.
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3.2.2.2 Counting

It is necessary to count the cells if a certain number of cells is needed. For example, when
seeding or freezing a certain number of cells or for a proliferation assay (described in detail
here 0)

For counting cells, they need to be detached from the surface and in suspension. For every cell
type, the first steps of splitting (compare methods of each cell type) until resuspension of the
cells in 1ml media after centrifugation are performed. 10l of this cell suspension was put into
a Neubauer Z&hlkammer (counting chamber), and cells are counted. Cells on the upper and
right borders of the area counted were taken, while the lower and left borders were not counted.
The equation to calculate the cells per microliter is the following:

Number of cells counted

= cell per pl

counted area (mm2) * chamber depth (mm) *dilution

The required number of cells was used.

3.2.2.3 PFA fixation

A PFA fixation of cells was necessary to fix cells at a certain time point in their proliferation.
Cells for fixation can either be in suspension or on coverslips, to later be able to stain them with
the antibodies of interest.

Here the fixation of cells on coverslips is described. For the description of the fixation of cells
in suspension, see 3.2.2.10.

For fixation and subsequent staining of cells, the cells were seeded on coverslips in 12-well
plates with appropriate coating (3.1.10) per cell type. Once the cells reach a confluency of 80-
90%, the media is removed, and cells are washed with DPBS and incubated with 4% PFA for
15-20min at room temperature. Afterwards, cells were washed thrice with DPBS for 5-10min
at room temperature and stored at 4°C until further processing. Storing is possible for up to a
maximum of 6 months in plates with a sufficient volume of DPBS and sealed with parafilm.

3.2.2.4 Morphology

The morphology of all used cells was checked every time before dealing with the cells. If the
morphology was as supposed to be, work was continued; if not, cells were either discarded or
cleaned, depending on the cell type.

3.2.2.5 Fibroblasts

Fibroblasts were used from a female patient carrying a BRCA2 mutation and from a female and
a male control. Those cells were used to establish some experiments and were also
reprogrammed into iPSCs, whose genomes were further edited to repair or introduce the
heterozygous BRCA2 mutation.

3.2.2.5.1 Isolation

Fibroblasts were isolated from skin biopsies from the patient and control cell lines. Control cell
lines were already generated before, so only the patient cell line was isolated for this project.
For the fibroblast isolation, the protocol from Vangipuram and colleagues (Vangipuram et al.,
2013) was followed with slight modifications.

In a petri dish under the microscope and laminar hood, the skin biopsy was cut into 15-20 pieces
containing all skin layers. Those pieces were equally distributed into a 6-well plate coated with
gelatin (3.1.8.1) and filled with 800pul of fibroblast extraction media. Every second day 200ul
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of media were added to compensate for media loss through evaporation. After one week, the
medium was increased to 2ml per well and thereafter changed every other day completely. After
3-4 weeks, the fibroblasts reached 80% confluency in the well and were split into two 175¢cm?
flasks as described in 3.2.2.5.4. After 2-3 days, fibroblasts reached confluency again and were
split into three 175cm? flasks. When reaching confluency again, cells were frozen with 1 million
cells per vial following the protocol described in 3.2.2.5.5 and using fibroblast extraction media
containing 10% DMSO.

3.2.2.5.2 Thawing

To thaw cells, the vials were brought from -80°C or liquid nitrogen to the cell culture and
warmed quickly between the palms. Once all ice was melted, cells were taken up in 5ml of
fibroblast media and transferred into a 15ml falcon. After centrifugation, the supernatant was
discarded, and the pellet was resuspended in 1ml of culturing media as well as transferred into
a 25cm? flask.

3.2.2.5.3 Culturing
The fibroblasts were regularly cultured in 25cm? flasks at 37°C with 5% CO. Media was
completely changed every fourth day. Fibroblasts were used until passage 10.

3.2.2.5.4 Splitting

Fibroblasts were usually split once they reached 100% confluency and looked packed, but at
the latest after 10days of culturing on the same ground. For splitting fibroblasts, cells were
washed first once with 10ml of DPBS. Three milliliters of trypsin were added to the flask to
cover the whole surface, and flasks were incubated at 37°C for 5min. By slightly tapping the
flask, cells were detached from the surface and resuspended in 7ml of media. All cells were
collected in a 15ml falcon and spun at 200g for 4min to pellet cells. After centrifugation, cells
were resuspended in fibroblast media (amount depending on number of cells), and the wanted
amount of cell suspension was seeded into new flasks or petri dishes already filled with 8ml of
media.

For taking pellets, cells were usually split 1:3 on two petri dishes and back in one flask. For
formaldehyde treatment, cells were usually split 1:5 on four petri dishes (two dishes for protein
and two for RNA isolation, treated and untreated cells each) and back in one flask for the
continuation of culturing.

3.2.2.5.5 Freezing

The process for freezing cells was similar to splitting cells with washing with DPBS once and
detaching with trypsin for 5min at 37°C. After collecting the cells with media in a 15ml Falcon
and centrifugating for 4min at 200g, the pellet was resuspended in fibroblast media. Via
counting, the suspension was diluted to 1 million cells per ml, and DMSO was added to reach
a concentration of 10% DMSO in the media. One million cells per vial were frozen in labeled
freezing vials and transferred to -80°C in freezing containers as fast as possible. For long-term
storage, cells were transferred to liquid nitrogen.

3.2.2.6 iPSCs

Induced pluripotent stem cells were reprogrammed from fibroblasts and used in this work to
either repair patient cells or introduce a heterozygous, out-of-frame mutation into wildtype
control cells via CRISPR/Cas9. Having two cell lines only differing in one mutation is called



Material and Methods 36

an isogenic pair and lets you relate your differences between the cell lines to the mutation
difference. (Kyrousi et al., 2021) Those cells were then further differentiated into NPCs.

3.2.2.6.1 Reprogramming

For the reprogramming of fibroblasts into iPSCs, the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit from Thermo Fisher Scientific and the protocol for reprogramming
fibroblasts in a feeder-dependent way was followed with slight modifications here described
briefly: Two days before the planned transduction of fibroblasts with the viruses, the fibroblasts
were split following the usual protocol (3.2.2.5.4) and seeded in two 6-well plates with 200-
220-240-260-280-300%10° cells per well. On the day of transduction, the cells of one well,
which was 30-60% confluent, were harvested by washing with DPBS, trypsinizing for 5min at
37°C and collecting all cells with fibroblast media. These cells were counted and used for
determining the current number of cells in the parallel well (on the other 6-well plate) and
calculating the volume of virus needed. This equation is necessary to calculate the volume of
viruses:

CIU
cell

MOl ( ) * number of cells

mL) = volume of virus[ul]

titer of virus (%—g) * 10A(_3)(M_L
MOI is the multiplicity of infection, meaning the ratio of virus to cell. The MOls suggested by
the protocol were used (KOS / hc-Myc MOI=5, hKIf4 MOI=3) and the titters of the viruses
were KOS / hKIf4=130.000.000 and hc-Myc= 110.000.000.

The volumes of viruses were added to 1ml warm fibroblast media and mixed thoroughly. The
media of the parallel well was removed, and prepared virus media was added. After an
overnight incubation with the viruses, the media was changed completely. Media was changed
completely every second day while culturing for another 6 days. One or two days before
passaging the transduced fibroblasts, the 6-well MEF culture plate was prepared. On day 7 after
transduction, fibroblasts were split using the usual splitting procedure (3.2.2.5.4) and seeded as
a gradient in 5-10-20-40-80-100*10° cells per well in the MEF culture dish. After an overnight
incubation at 37°C, the media was changed to iPSC medium and thereafter changed every
second day completely. From day 8 on, cells were monitored daily to determine the appropriate
time point to transfer the emerging colonies into 12-well plates. After 3-4 weeks, the colonies
were big enough to be transferred to 12-well plates and were manually scratched from the MEF
culture plate with a 200ul tip and placed into the new well. Only one colony per well in order
to guarantee a homogenous population. As the colony grew bigger, differentiated cells were
manually removed by cleaning the cells (see 3.2.2.6.6), and homogenous, not-differentiated-
looking clones were expanded onto Geltrex-six-well plates. At this stage, cells were
characterized and frozen and treated to get virus-free. To get cells virus-free they were kept at
39°C for 24h, and a PCR (3.2.4.1.4) was run afterwards to prove that all viruses disappeared.
As soon as the characterization showed healthy, normal, virus-free iPSCs, cells could be
continued to work with.

3.2.2.6.2 Thawing
IPSCs were thawed as described before (3.2.2.5.2) using wash media to collect the cells in a
15ml falcon and mTeSR to resuspend and seed the cells after centrifugation.
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3.2.2.6.3 Culturing

IPSCs were regularly cultured on Geltrex-coated plates at 37°C with 5% CO». Daily, the media
was fully changed with 2ml of wash media per well of a 6-well plate to wash the spent media
away and directly after changed again with 2ml of fresh and warm mTeSR per well. iPSCs were
used until passage 40, with genome editing starting around passage 17.

3.2.2.6.4 Splitting

At the latest after 7 days or when an 80-90% confluence was reached, the cells were split. For
splitting cells, each well was washed twice with 1ml of PBS+EDTA before being incubated
with 1ml of PBS+EDTA for 2min at room temperature. PBS+EDTA was removed and 1ml of
mTeSR was added to each split well. With the help of a cell scraper, cells were detached from
the plate. After adding another 2.5ml of mTeSR, the cell colonies were broken apart by pipetting
the suspension up and down 5 times. The usual splitting ratio was 1:6 or 1:12 into fresh Geltrex-
coated plates already filled with 2ml mTeSR per well. Media was changed only two days after
splitting.

3.2.2.6.5 Picking

Picking of a single colony is necessary during reprogramming as well as during normal iPSC
culture to expand cells from one good-looking colony without differentiation. For picking, the
colony was slightly scratched and detached from the surface using a cell scraper and transferred
into a new Geltrex-coated well with the help of a 200ul pipette. Depending on the size of the
colony, it was broken apart or left as one piece to grow bigger.

3.2.2.6.6 Cleaning (removal of differentiated cells)

Cleaning of iPSCs means the removal of wrongly differentiated cells within one well of iPSCs
to maintain a homogenous population of iPSCs. Therefore, a Pasteur pipette was formed with
a Bunsen burner into a certain structure looking like a bent finger. The thin glass part was heated
and pulled apart to generate a very thin piece. This piece was melted into a bulb. Roughly 2cm
behind the bulb, the glass was bent into a 45° angle and again in a 90° angle after 4-5cm. After
every use the front bulb was heat sterilized.

The cleaning procedure was performed under a microscope placed in the laminar hood. All
wrongly differentiated colonies were manually removed by scratching them away with the glass
tool. The differentiation can appear white or black under the microscope or as colonies looking
heterogenous or frayed at the borders.

The whole procedure for one full plate was maximally performed within 30min; otherwise,
cells were dying due to being at room temperature for too long. After cleaning, cells were
washed and fed with fresh mTeSR.

3.2.2.6.7 Freezing

For freezing iPSCs, cells were detached from the plate as described in the splitting procedure
(3.2.2.6.4), but wash media was used to collect the cells in a 15ml Falcon. After centrifugation,
the number of freezing vials was determined by assessing the cell pellet size. The pellet was
resuspended in an appropriate volume of freezing media (3.1.10), and 1ml of the suspension
was frozen per vial. Vials in freezing containers were directly stored at -80°C. For long-term
storage the cells were transferred to liquid nitrogen the day after.
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3.2.2.6.8 Genome Editing with FACS sorting
The genome editing process consists of two steps. First electroporation of iPSCs with gRNA-
vector and Cas9-plasmid and after two days sorting of one single cell per well of a 96-well plate
via FACS, which is possible because of GFP in the Cas9 plasmid.
For the electroporation, cells with a passage below 20 were seeded in one 6-well plate well. As
soon as they reached an 80-90% confluency and looked healthy, they were fed in the morning
with 3ml of fresh media, and the electroporation procedure was carried out in the afternoon.
Therefore, cells were washed twice with DPBS and incubated with 1ml of trypsin for 6min at
37°C. For the resuspension of cells and the collection of all cells in a 15ml Falcon, 1ml of DPBS
was added and the cells were first in the well, and again in the 15ml Falcon resuspended. Not
too harsh, but harsh enough to break the colonies apart and generate a single cell suspension.
Single-cell status was checked while counting the cells. If they were not single cells yet, they
were resuspended again. 800.00 cells per electroporation/ gRNA +10% were transferred into a
fresh 15ml Falcon and centrifuged at 300g for 5min. Resuspension and counting of cells were
not supposed to take longer than 10min to decrease the probability of cells dying.
After centrifugation, cells were resuspended in 100ul per gRNA + 10% electroporation buffer
(82l of P3 + 18ul of supplement). 100l of the cell suspension was transferred to tubes already
prepared with 2.5ug Cas9 plasmid + 2.5ug gRNA. After pipetting up and down once, the whole
suspension was transferred into electroporation cuvettes, tapped on the bench once to remove
any air bubbles, and electroporated in the Lonza 4D-Nucleofector™ X Unit with the program
CB-150.
Afterwards, 100ul of warm RPI media was added to the cells, and they were incubated for 8min
at 37°C. 500ul of mTeSR+ Rock inhibitor (1:1000) was added to the cells, and the full volume
was transferred into a prepared 6-well plate well with 2ml of mTeSR+ Rock inhibitor. After
24h, the media was fully changed to first the wash media and second to mTeSR. After another
24h, cells could be sorted.
For FACS sorting of single cells into a 96-well plate, the Geltrex-coated plate was prepared
with 100ul of mTeSR + 10% CloneR and kept until usage at 37°C. Cells were washed twice
with DBPS and incubated again with 1ml of trypsin at 37°C for 5min. 1-3ml of DPBS were
used to collect all cells in a 15ml Falcon and cells were resuspended in a falcon via pipetting
against the wall of the falcon to generate a single-cell suspension. The status of the cells was
checked again in a Neubauer counting chamber. If the cells were single-cells, they were
centrifuged at 300g for 4min, if not, they were pipetted again against the wall until they reached
single-cell status. After centrifugation, the supernatant was removed, and cells were
resuspended in 200ul of mTeSR+ 10% CloneR and transferred into FACS tubes.
During FACS sorting, which was performed at the Flow Cytometry Core Facility 911 by [}
using a “FACS Aria”, one single, GFP-positive cell was sorted in one well of a
96-well plate, and afterwards the plate was kept at 37°C for 48h. After those 48h, the media
was completely change with 100ul of mTeSR + 10% CloneR and after another 48h, the media
was fully changed to 100ul of mTeSR. Cells were kept on the 96-well plate for a maximum of
10days or until the well reached a 80-90% confluence. During this time, the media was changed
every second day and meanwhile adapted in the volume of mTeSR depending on the
consumption/ color of media in the well.
Cells were split from one well of a 96-well plate to one well of a 12-well plate. Therefore, cells
were washed with 200ul of DPBS and incubated with 100ul of trypsin for 5min at 37°C. The
reaction was stopped with 100ul of wash media, and with a 200ul pipette, the colony was
detached from the plate and transferred into a 15ml Falcon prepared with 3ml of wash media.
After a centrifugation of 300g for 5min, the supernatant was removed. The pellet was
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resuspended in 200ul of mTeSR + 10% CloneR and 10-20ul were pipetted into a 1.5ml tube,
while the rest was plated into the 12-well plate well containing 1ml of mTeSR + 10% CloneR.
After 48h, the media was fully changed to mTeSR. While being on the 12-well plate, the
sequence of the colony was determined to see if the cells carry the mutation of interest. If so,
they were expanded, frozen, characterized, and continued to work with. If not, the cells were
discarded.

For sequencing, the 1.5ml tube with 10-20plof cell suspension was used. 50ul of QuickExtract
DNA extraction solution was added to the 1.5ml tube. The tube was vortexed for 15sec followed
by an incubation of 6min at 65°C. After another vortexing of 15sec, the tube was again
incubated for 2min at 98°C and then the DNA was stored at 4°C for short-term storage or at -
20°C for long-term storage until sequencing (3.2.4.1.5).

3.2.2.7 NPCs

Neural progenitor cells (NPCs) are used in this work to be able to investigate proliferation and
cell cycle of neuronal, proliferating cells being treated with/without FA. Furthermore, they were
used to investigate a 3D model, neurospheres, generated from NPCs to explore proliferation
and migration. Mainly the male control cell line and its isogenic counterpart with a
heterozygous mutation in the BRCA2 gene were used.

3.2.2.7.1 Differentiation

iPSCs were differentiated into NPCs following the protocol “Induction of Neural Stem Cells
from Human Pluripotent Stem Cells Using Gibco PSC Neural Induction Medium” from
Thermo Fisher Scientific, here described quickly.

As soon as a healthy, homogenous-looking well of iPSCs reached a 70-80%, it was split
following the regular protocol (3.2.2.6.4), and cells were plated as a gradient with 200-300-
400-500-700-1000p1 per well. After 24h, the media was changed completely to 2.5ml of NIM
(neural induction media) per well. After 48h, the media was changed completely with 2.5ml
fresh NIM per well. After another 48h, the media of wells that might be split later, was changed
with fresh NIM in a volume depending on the cell density in the well. The more cells, the more
media was given. After 24h, one day before splitting, the media of the chosen wells was
changed completely again, giving as much media as needed to not starve the cells until the next
day. On day 7 one well of differentiated cells was split from P-1 to PO. The well with the best-
looking morphology and confluency was chosen. The splitting procedure was as described here:
cells were washed with DPBS and afterwards incubated with 1ml pre-warmed Accutase for 5-
8min at 37°C until almost all cells detached. For detaching the rest of the cells 1ml of DPBS
was added to the well, and the whole volume was pipetted up and down in the well. Cells were
passed through a 100um cell strainer and transferred into a 15ml Falcon. After a centrifugation
step of 300g for 4min, the supernatant was discarded. The cell pellet was resuspended again in
5ml of DPBS and spun again for 4min at 300g. After discarding the supernatant, the cell pellet
was resuspended in 1ml of NEM (neural expansion media) + Rock inhibitor (final concentration
of 5uM) and counted. A gradient of 200-300-400-500-700-1000*10° cells was seeded into a
Geltrex-coated, 6-well plate already prepared with 2ml of warm NEM. After 24h, the media
was changed completely with 2ml of NEM media. Every second day, the media was fully
changed with a volume so the cells would not starve. After 6-7 days, cells in the wells reach
confluency and were ready to be split again. For the first 3-4 passages, the appendix B protocol
was used to split the cells, as a lot of wrongly differentiated cells needed to be removed. For
this splitting, cells are washed with DPBS and incubated with 1ml of Accutase for 3-4min at
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room temperature to detach all wrongly differentiated cells. Accutase was removed, and cells
were washed with DPBS and incubated again with 1ml of Accutase at 37°C for 3-4min.
Afterwards, the procedure already described above for splitting from P-1 to PO was followed.

As soon as the cells looked homogenous on the Geltrex plate, cells were split onto PL-coated
plates, following NPCs splitting procedure (3.2.2.7.4), and expanded from there on. After
characterization via RT-gPCR and staining, cells were ready to be used for further experiments.

3.2.2.7.2 Thawing

Cells were thawed as described before (3.2.2.5.2), and 5ml of NM + KOSR media was used to
take up the cells. After centrifugation, cells were resuspended in 1ml of NM +FGF and seeded
in a PL-coated plate already prepared with 2ml NM+FGF.

3.2.2.7.3 Culturing
NPCs were regularly cultured at 37°C with 5% CO2 on PL-coated plates. A full media change
with 2.5ml of NM + FGF was performed every other day. NPCs were used until passage 20.

3.2.2.7.4 Splitting

Splitting of NPCs was following the same procedure as already described for fibroblasts
(3.2.2.5.4) but using NM+KOSR to stop the trypsin reaction after incubation. To plate cells, the
pellet was resuspended after centrifugation in NM+ FGF and counted (3.2.2.1). Usually 150-
200k cells were seeded per one well of a six-well plate, depending on the exact cell line and its
proliferation speed. Regularly, the aim was to have a densely confluent well after 7days.

3.2.2.7.5 Freezing

For freezing NPCs, the splitting procedure was followed until the counting step. Via counting,
the total number of cells was determined, and after another centrifugation at 300g for 4min,
cells were resuspended and diluted in NPC freezing media to a concentration of 1 million cells
per milliliter. One milliliter was aliquoted per vial and directly frozen at -80°C in a freezing
container. For long-term storage, cells were transferred to liquid nitrogen.

3.2.2.8 Formaldehyde treatment

Formaldehyde treatment was first established in fibroblasts and later translated to NPCs. For
formaldehyde treatment, cells were cultured until they reached confluency but would still
proliferate. In the afternoon before treatment, cells were fed again so they would not starve
overnight. On the next morning the media was removed, and fresh media with either OmM or
0.2mM formaldehyde was added. After an incubation of 5h at 37°C, cells were washed once
with DPBS and proceeded depending on the experiment. Either cell pellets (3.2.2.1) were taken,
cells were fixed (3.2.2.3) for staining (3.2.4.3.3) or cell cycle analysis (3.2.2.10) or counted
(3.2.2.1) for the proliferation assay (3.2.2.9).

For establishing the treatment 5h incubations of formaldehyde with concentrations of 0, 0.1,
0.2 and 0.3mM were tested, and the concentration was chosen, where the BRCA2 protein
concentration in BRCA2(*") cells in a western blot had almost completely vanished, while it
was still clearly detectable in BRCA2™**) cells. This concentration was 0.2mM and was
continued to work with in all further experiments. (Furthermore, this concentration is still in
the range of naturally occurring concentrations of formaldehyde in the brain.)

Fibroblasts were treated in 10cm dishes, while NPCs were treated in a 6- or 24-well plate. The
number of dishes and wells per condition depended on the performed experiment.
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The regular treatment of NPCS plus subsequent analysis via RT-gPCR and western blot was
performed by ||l for her medical PhD under my supervision.

3.2.2.9 Analysis of DSB in NPCS with y H2AX staining w/o subsequent FACS analysis
Analysis of DNA double-strand breaks in NPCS with and without formaldehyde treatment was
performed to see if there is an increase in BRCA2() cells compared to BRCA2+*) cells due to
formaldehyde treatment. This was done in two ways: first, to see the amount of damage in
different conditions and second, to investigate the number of foci per nuclei in each condition.
For the first experiment, cells were treated with and without formaldehyde, stained with a
yH2AX antibody, and median fluorescence intensity of the cell population was measured via
FACS.

One million cells per well were seeded 48h before treatment. On the day of treatment, media
was exchanged for fresh media without or with a concentration of 0.2mM formaldehyde. After
incubating for 5h at 37°C, cells were washed once with DPBS and then fixed as already
described in 3.2.2.10, and stored overnight at 4°C.

On the next day, the pellet was resuspended in 750pl of 0.1% saponin +5% FCS in PBS (PERM)
and incubated for 30min at 4°C for permeabilization. Cells were centrifuged at 300g for 4min
and resuspended in 100pl with the yH2AX antibody (1:250). After incubating for 20 min at
37°C in a water bath, cells were spun again at 300g for 4min and washed once in 600l PERM.
The pellet was resuspended in 100pl of AlexaFluor647 Gt-Anti-ms (1:400) and incubated for
20min at 37°C in a water bath in the dark. Cells were spun, washed with 600ul PERM, and
incubated with DAPI in PBS (1:1000) for 20min at room temperature. After pelleting the cells
once, they were washed with PBS once and resuspended in 300ul of PBS for FACS analysis.
FACS analysis was performed by the Flow Cytometry Core Facility 911 with || Gz
. A “FACS Aria” was used to measure the samples, while data analysis was performed
with FlowJo and the help of || GGG

For statistical data analysis, the Prism software was used. If comparing only two conditions, an
unpaired, two-tailed t-test was performed, and if comparing more groups, a one-way ANOVA
with multiple comparisons comparing the mean of a column with the mean of every other
column.

For the second analysis, cells were also treated with and without formaldehyde and stained with
yH2AX, but then analyzed microscopically. The intensity of yH2AX foci was determined with
a program from .

Therefore, 250,000 cells per well were seeded in a 12-well PL-coated plate with coverslips. On
the next day, the media was changed, and cells were treated for 5h at 37°C without and with
0.2mM of formaldehyde. After treatment, cells were fixed, as already described in 3.2.2.3. Cells
were then stained with ms-anti- yYH2AX (1:500) and alexaFlour488-Anti-ms (1:400) as
described in 3.2.4.3.3. Pictures of at least 300 nuclei of each condition were taken with an
ECHO Revolve microscope, and 300 nuclei were analyzed in Fiji with a modified script from
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image = getTitle();

roiManager("reset");

run("Clear Results");

run("Split Channels");

selectWindow(image + " (blue)");

waitForUser(""Please adjust brightness and contrast");

run("Median...", "radius=10");

setAutoThreshold("Mean dark™);

run("Convert to Mask™);

run("Watershed");

run(*Analyze Particles...”, "size=50-Infinity display exclude clear add");
selectWindow(image + " (green)");

run("Set Measurements..."”, "area integrated redirect=None decimal=3");
run("Clear Results™);

roiManager("deselect™);

roiManager("Measure");

waitForUser(""Please copy data from the result table for gammaH2AX intensity");

run("Close All");
print(“finish analyzing "+image);

3.2.2.10 Cell cycle analysis with subsequent analysis by FACS in NPCs
Cell cycle analysis was performed to compare cell cycle stages between BRCA2**) and
BRCA2() NPCs without and after formaldehyde treatment. Therefore, the Click-iT™ EdU kit
from Invitrogen™ was used.
Once cells reached confluence in the 6-well plate, media was discarded, and fresh media w/o
formaldehyde (0.2mM) and with EdU (10uM) was added for an incubation of 5h at 37°C.
Afterwards, cells were washed with DPBS, trypsinized for 5min at 37°C and the reaction was
stopped with 1% BSA in PBS. Cells were collected via centrifugation at 300g for 4min, and
resuspended in 0.5ml of 4% PFA for fixation. After incubating for 15min at room temperature,
cells were spun again at 300g for 4min, and the PFA was discarded. Cells were washed once
with 1%BSA in PBS, and after centrifugation, cells were stored covered with 0.5ml 1%BSA in
PBS at 4°C overnight.
On the next day, supernatant was removed, and the pellet was resuspended in 1ml 0 0.5% Triton
in PBS for permeabilization and incubated for 15min at room temperature. After a
centrifugation of 300g for 4min, the supernatant was removed and the pellet was washed once
with 0.5ml of 1% BSA in PBS. In the meantime, the Click reaction buffer was prepared
following the instructions from the kit. For the Click-iT reaction, 0.5ml buffer was added to the
cells and mixed well. After an incubation of 30min at room temperature in the dark, the pellet
was washed with 0.5% Triton in PBS and spun again at 300g for 4min to remove the
supernatant. For the DAPI staining, the cell pellet was resuspended in 300l DAPI (0.1pg/ml)
in PBS and incubated for 15min at room temperature in the dark. The pellet was washed twice
with PBS, resuspended in 300ul PBS and brought to the Flow Cytometry Core Facility 911 to
. Using a “FACS Aria”, the measurement of the samples was performed,
while the data analysis was done with FlowJo and the help of || GG
For the statistical data analysis, the Prism software was used. If comparing only two conditions,
an unpaired, two-tailed t-test was performed, and if comparing more groups, a one-way
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ANOVA with multiple comparisons comparing the mean of a column with the mean of every
other column.

3.2.2.11 Proliferation assay in NPCs (counting)

The proliferation assay is based on the number of cells within wells at given time points before
and after a potential treatment. BRCA2**) and BRCA2*) cells with and without formaldehyde
treatment can be compared.

Therefore, 200,000 NPCs were seeded in each well of a PL-coated 24-well plate. After 48h,
when cells were confluent, wells were washed with DBPS, and the first timepoint was harvested
by trypsinization and collected with DMEM F12+ GlutaMAX and a 1ml pipette in a 2ml tube.
The well was washed again with DMEM F12+ GlutaMAX and 1ml pipette. During a
centrifugation of cells from the first time point at 300g for 4min, media of the rest of the wells
Is changed to fresh media with 0.2mM formaldehyde or without FA. Plates were incubated at
37°C for 5h. The supernatant of the centrifuged cells was discarded, and the pellet was
resuspended in 100ul DPBS and counted (see 3.2.2.1).

At the other time points were directly after the end of the formaldehyde treatment, 1, 2, 3 and
4 days after formaldehyde treatment. Cells were harvested and counted, as just described for
time point 1.

For each time point, two wells were harvested and counted to take the average of those wells.
For statistical analysis, more groups were compared using a one-way ANOVA with multiple
comparisons, comparing the mean of a column with the mean of every other column.

3.2.2.12 Neurospheres

For the generation of neurospheres, a published protocol (Zhou et al., 2016) was followed,
which is described shortly. In order to generate neurospheres, NPCs were cultured until they
reached 100% confluency in the well. Cells were washed with 2ml DPBS per well and
trypsinized with 1ml per well for 5min at 37°C. The trypsinization reaction was stopped with
2ml of NM +KOSR and cells were collected in a 15ml falcon. After a centrifugation of 4min at
300rpm, the supernatant was removed, and the cell pellet resuspended in 1ml of neurospheres
media. Cells were counted, and 120,000 cells in 120ul media were seeded in 1 well of a 96-
well plate. With this method it is possible to analyze two aspects: proliferation of neurospheres
and migration of cells away from neurospheres. For proliferation, neurospheres were just
cultured in a 96-well plate with 100pl of media being added on day 5.

For the migration assay, on day 3, neurospheres were transferred with a cut 200ul tip to a PL-
coated 6-well plate with 500l of neurobasal media and spread equally across the surface. The
neurospheres were covered with media but were not floating, so they could attach to the surface,
and cells could migrate out from the neurosphere. If necessary, neurobasal media was added on
day 4, 5, and 8.

Pictures for the analyses were taken on day 5, day 8, and day 10. For proliferation a 10x
magnification was used, while for migration a 4x magnification was sufficient.

The analysis of the pictures was performed with the software Fiji. For the proliferation analysis,
a code was used to run a batch analysis:
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run("Duplicate...”, " ");

run("16-bit");

run("Threshold...");

setThreshold(0,X);

setOption("Blackbackground”, false);

run("Convert to Mask™);

run("Close");

run(""Set Measurements...", "werea Feret's redirect=None decimal=3");
run("'Set Scale...", "distance=1.1025 known=1 unit=[ 1%m] global");
run("Analyze Particles...”, "size=100000-Infinity circularity=0.1-1.00 show=CQutlines
display™);

The threshold (X) was manually adapted, depending on the brightness of pictures. If pictures
could not be analyzed automatically, a circle was drawn manually around the neurospheres. For
comparisons, the Feret diameter of neurospheres was used. If comparing only two conditions,
an unpaired, two-tailed t-test was performed, and if comparing more groups, a one-way
ANOVA with multiple comparisons comparing the mean of a column with the mean of every
other column.

When using NPCs, they were between passage P7 and P20. Below P14, they were categorized
as young, while P17-P20, they were handled as old NPCs.

When treating neurospheres with FA, two cell lines were compared in each batch. Both cell
lines were pipetted into the same 96-well plate, so 48 wells of the plate were filled with each
cell line. Two 96-well plates were used for one batch. Therefore, one plate could be treated with
FA, while the other one did not encounter formaldehyde at all.

Formaldehyde treatment took place on day 3 of neurosphere generation. Therefore, 120l with
0.4mM formaldehyde were added into each well to reach a concentration of 0.2mM
formaldehyde in the well. For the untreated group, media without any formaldehyde was added.
After 5h or 24h of treatment, the whole media was removed from the well, and 100ul of fresh,
warm media were added per well. During the 24h treatment, plates were sealed with parafilm
to inhibit evaporation.

Batches of neurospheres were generated under the same conditions and later taken together for
analysis.

Cell lines used to generate neurospheres were the male control NPCs with their isogenic
counterparts carrying a heterozygous mutation in either the BCRA2 or the BRCA1 gene or
having gone through the genome editing process but coming out wild type.

3.2.3 Bacterial culture

Bacterial culture was necessary for generating gRNAs for genome editing. Those gRNAs were
generated from primers (designed and chosen with the software CRISPOR), cloned into
vectors, and transfected into E. coli for multiplication. The E. coli culture needed to be
harvested, and DNA needed to be prepared and purified from the E. coli culture.

3.2.3.1 Cloning

Cloning of gRNAs into vectors consists of several steps, namely “vector linearization”,
“annealing” of oligos to gRNA primers, and “Gibson assembly” using the Gibson Master Mix.
For vector linearization, meaning cutting the vector, the following mixture was incubated for
15min at 37°C, followed by 20min at 65°C for inactivating the enzyme.
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Table 15 Overview of ingredients and their volume/ amount for vector linearization

Ingredient Volume/ Amount
Restriction Enzyme Afl 11, 1ul

gRNA cloning vector 1lug

Cut Smart Buffer Sul

H20 43ul

X 50ul

For oligo annealing, annealing of proper overhangs to gRNAs to fit in the vector, the following
mix was incubated after 30sec at 95°C, for 10min at 72°C.

Table 16 Ingredients and their volume for oligo annealing

Ingredients Volume
5* High Fidelity Phusion Buffer 4ul
dNTPs 0.4ul
Primer forward 1l
Primer reverse 1l
High Fidelity Phusion Polymerase | 0.2ul
H20 13.4ul
> 20pl

Afterwards, the samples and the linearization of the vector were checked in an agarose gel. If
everything worked, vector and gRNAs could be annealed with the Gibson Assembly MasterMix
for 60min at 50°C.

Table 17 Ingredients and their volume for Gibson assembly

Ingredients Volume
Linearized vector 3ul
Anneald gRNAs 7ul
Gibson MasterMix 10ul

> 20pl

After the assembly, a transformation of the complete vector into E. coli took place (3.2.3.2).

3.2.3.2 Transformation

Transformation of constructs into E. coli is used to multiply the amount of DNA. This was
either used for freshly prepared vectors with inserted gRNAs or as a retransformation for
multiple existing constructs like the Cas9 vector. For a retransformation, a lower amount of
construct is needed. Different constructs carry different antibiotic resistances, like kanamycin
or ampicillin, which needed to be paid attention to.

For the transformation, 5ul of gRNA-vector or 1pl of Cas9-construct, were added to 250pl of
competent E. coli; the tube was flicked once, and incubated for 30min on ice. After a heat shock
of 90sec at 42°C in a water bath, the tube was put on ice again for 2min. 300pl of warm LB
media were added to the tube, and it was shaken for 30min at 37°C. 250ul of gRNA- E. coli
and 100ul of Cas9- E. coli were plated onto LB plates containing kanamycin and ampicillin
remittances, respectively. The plates were kept at 37°C overnight.

Until the next day, colonies emerged on the plates, and colony PCRs were run to amplify the
region of interest. In this case, the potentially inserted gRNAs and Cas9 constructs. Colony
PCRs are standard PCRs, described here in 3.2.4.1.4, but parts of the colonies were used for the
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PCR reaction instead of DNA. Therefore, the colony was taken up from the plate with a 200l
tip, swirled in the PCR tube, and released in a pre-culture tube filled with 3ml of LB media+
appropriate antibiotics for further incubation. If the gel revealed the insertion of a gRNA into
the vector, the pre-culture tube was shaken overnight at 30rpm and 37°C to multiply the number
of E. coli.

On the next day, DNA isolation of DNA in E. coli was performed using the miniprep system
without columns.

3.2.3.3 Miniprep

For the miniprep, the buffers from the Maxiprep kit were used.

For the miniprep, 1.5ml of the E. coli culture was decanted into a 1.5ml tube. The other half of
the culture was stored at 4°C for inoculating a maxiprep later. A maxiprep was performed in
case the gRNAs/ Cas9 of interest was in the DNA and furthermore, inserted into the right
direction into the vector.

The 1.5ml tube was centrifuged for 5min at 6000rpm and the supernatant was discarded by
drying the tube upside down on a paper tissue. The pellet was dissolved in 100ul of P1 buffer.
100p1 of P2 buffer were added, and the tube was inverted several times to mix liquids. After an
incubation of 5min at room temperature, 100ul of P3 buffer was added, and the tube was
vortexed to mix everything. After another incubation of 5min at room temperature, the tube
was centrifuged for 10min at 14.000rpm. The supernatant was transferred with a pipette into a
fresh tube filled with 1ml of 100% ethanol, not touching any of the cell debris. The tube was
centrifuged at 14.000rpm for 10min and the supernatant was decanted. The DNA pellet was
washed with 150l of 70% ethanol and centrifuged for 5min at 14.000rpm. The supernatant
was removed making sure as much as possible of the ethanol was removed. The pellet was dried
at 50°C and resuspended in 50ul of distilled water.

The DNA was sent for sequencing (see 3.2.4.1.5) to see if the desired insert was there in the
correct direction.

3.2.3.4 Maxiprep

A maxiprep was used to amplify the desired construct in huge amounts. Therefore, 1.5ml of the
pre-culture that was still left was poured into 300ml of LB media + appropriate resistance and
was shaken overnight at 37°C at 30rpm. After 16h, the protocol for the kit “Endofree Plasmid
Maxi Kit” from Qiagen was followed to perform the Maxiprep. Only slight modifications were
made, which are mentioned here. All 300ml of starting culture were used, and the
centrifugations were performed at 5000rpm for 1h at 4°C. At the end the concentration of the
DNA was determined with the Nanodrop (3.2.4.1.3) and diluted to 1pg/pl.

3.2.4 Molecular Methods

3.24.1 DNA

3.2.4.1.1 Karyotyping: iPSCs

A karyogram of iPSCs was performed to see if there were any major structural or numerical
aberrations in cells after reprogramming and genome editing, as those processes could lead to
big changes in chromosomes. The karyogram was performed by the cytogenetic department of
the human genetics institute in Mainz. As a preparation for that, cells were split in 2 wells of a
6-well plate and cultured until 70-80% confluent and then handed to ||| . Dividing
cells were stopped with colcemid in their metaphase. Afterwards it is possible to analyze
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metaphases of cells and determine if there were any chromosomal, numerical, or structural
aberrations in the cells.
It was only continued to work with the cells if no aberrations were found.

3.2.4.1.2 DNA isolation

DNA often needs to be isolated to see if there are any changes in the DNA sequence, e.g., after
willingly introducing a mutation by genome editing or vector generation. A protocol that was
established in the lab was followed and is described here in detail.

After thawing a cell pellet (3.2.2.1), it was resuspended in 200ul SE-Buffer and aliquoted into
three parts containing 10%, 20% and 50% of the suspension. It was continued to work with all
three aliguots, since at the beginning it was not sure which aliquot had the right number of cells
to give the best result. After filling up each aliquot to 200l again, 20l of 10%SDS and 20pl
of proteinase K were added, and the tube was incubated at 50°C and 350rpm for 1h. Thereafter,
60ul of 6M NaCl were added, and the sample was vortexed for 15sec to then be centrifuged for
15min at 6000rpm at room temperature. The supernatant, containing DNA, was transferred into
a fresh tube, and 600ul of 100% ethanol were added. Due to shaking the tube carefully, DNA
precipitated and could be collected at the bottom of the tube by centrifuging for 20min at
14000rpm at room temperature. After the supernatant was discarded, the pellet was washed
with 1000pl of 70% ethanol and spun for 5min at 14.000rpm at room temperature. The
supernatant was discarded. The wash step was repeated once. The pellet was left to air-dry with
an open lid for around 30min at 37°C, until the pellet was dry and all ethanol evaporated. DNA
was solved in 20pl of sterile H.O while incubating at 37°C for 30min. The concentration could
then be determined with a nanodrop (3.2.4.1.3).

3.2.4.1.3 Nanodrop measurement

After RNA, DNA, or protein isolation, the concentration of each sample was determined using
a Nanodrop device. In the Nanodrop software, it was chosen which concentration should be
determined, and the instructions of the device were followed. After choosing the right
measurement, 1ul of blank solution, the solution in which the RNA, DNA, and protein were
eluted into, was added on the Nanodrop. Afterwards, the samples were measured one after the
other using again 1ul. The concentration in the sample was given by the device and, if
necessary, diluted to the needed concentration.

3.24.14 PCR

With the help of a polymerase chain reaction (PCR), it is possible to amplify certain, targeted
parts in the DNA. In every reaction step the product is doubled and can at the end be used for
subsequent analyses. Standard PCR protocol was followed and is not described here in detail.
The primers were usually designed to give a product of 300-500bp with the targeted mutation
in the middle and to have a melting temperature of 60°C. Primers were designed using the
software Primer3.

A negative and a positive control, if possible, were always taken along to control the
experiment.
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Table 18 Overview of regularly used ingredients and their amounts for one PCR reaction

Ingredient Amount [pl]
PCR buffer 2.5ul
dNTPs 0.5ul
Primer F+R (10nM) 1l
Taq (FastStart) 0.2ul
H20 Up to 25 pl
DNA 100ng
> 25 ul
Table 19 Regularly used cycling steps for PCR reaction
Step 1 95°C 5min
Step 2 95°C 30sec
Step 3 60°C 30sec
Step 4 72°C 40sec
Go back to Step 2 for 34 more times
Step 5 72°C 10min
Step 6 12°C 0

After PCR the product was checked using standard agarose gel electrophorese. Therefore, 5ul
of PCR product and 2pl of DNA staining dye (OrangeG) were loaded into a pocket of a gel,
and current was applied at 100-180Watt for 10 - 40min. Afterwards, the gel was analyzed using
UV light.

3.2.4.1.5 Sequencing

At several points in this work, it was necessary to analyze the DNA sequence of a product, e.g.,
after genome editing or gRNA generation. A standard Sanger sequencing was performed at
Starseq, a company at the JGU.

After a cleanup of the PCR product via Exo-Sap digestion, the sample was sent to Starseq, and
the results were analyzed using the software BioEdit.

For Exo-Sap digestion, the following reaction was used and incubated for 15min at 37°C and
15min at 90°C. The tube could be kept at 12°C afterwards if necessary.

Table 20 Ingredients and their volume for one Exo-Sap digestion reaction

Ingredients Amount
H.0 4.875pl
Ex1 0.225ul
SAP 0.9ul
PCR-Product 25l

For the sequencing 1ul of cleaned-up PCR product, 1pl of forward or reversed primer and 5pl
of H>O were mixed and sent for sequencing.

3.24.2 RNA

3.2.4.2.1 RNA isolation

RNA isolation was performed with the High Pure RNA Isolation Kit from Roche following the
slightly modified protocol of the manufacturer. Here described shortly.

The cell pellet was resuspended in 200ul of DPBS, 400ul of Lysis/-Binding Buffer were added,
and the sample was vortexed for exactly 15s. After transferring the sample into the High Filter
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Tube, inserted into the Collection Tube, the sample was centrifuged for 30s at 8000g. 90ul of
DNase Incubation Buffer and 10pl of DNase | were mixed and added on the glass filter fleece
of the High Filter Tube. After an incubation of exactly 15min at RT, the flowthrough was
discarded, and 500ul of Wash Buffer | were added to the Filter Tube. The flowthrough was
again discarded after a centrifugation of 30sat 8000g, and 500l of Wash Buffer Il were added.
Again, a centrifugation of the sample for 30s at 8000g was performed, and the flowthrough was
discarded. 200l of Wash Buffer 11 were added again, and a centrifugation for 2min at 13.000g
was run to remove any residual wash buffer. The Filter Tube was then transferred into a labeled
1.5ml Eppendorf tube and 30ul of elution buffer were added directly on the glass fleece. After
an incubation of 1min, the sample was spun for 1min at 8000g, so RNA would be collected in
the Eppendorf tube.

3.2.4.2.2 cDNA synthesis

For cDNA synthesis, RNA is reverse transcribed into cONA and can then be used in, e.g., RT-
gPCR. Therefore, RNA is diluted to a concentration of 100-500ng/ul; otherwise volumes that
need to be pipetted would be too small and more prone to error.

PrimeScript™ One Step RT-PCR Kit, Ver.2 from TaKaRa Bio was used to transcribe RNA
into cONA. For one reaction, a maximum of 500ng of RNA could be used. RNA is diluted with
water to a concentration of 500ng in 8, and 2ul of TaKaRa solution were added. The sample
was incubated in a PCR cycler for 15min at 37°C and for 5s at 85°C. It could be stored at 4°C
for short-term storage, at -20°C for long-term storage, or directly be diluted to 5ng/ul and used
for RT-qPCR.

3.24.2.3 RT-gPCR

RT-gPCR is the abbreviation for reverse transcriptase quantitative polymerase chain reaction
and is built on the main principle that SYBR green, a fluorescing dye, can intercalate into the
minor groove of cDNA, which is doubling in every PCR cycle. With every cycle the amount of
cDNA is doubled, the double amount of dye can intercalate, and the fluorescent intensity is
doubled. A threshold is set for the intensity of the fluorescence, and the cycle at which the
intensity is reached can be determined. Therefore, the expression level of the gene of interest
in the sample can be determined.

With RT-qPCR, it is possible to analyze several genes at the same time, always relating them
to a housekeeping gene that is constantly expressed in all tissues. In this project GAPDH was
used as a housekeeping gene.

First, one master mix per gene was pipetted with 0.4ul of the primer, forward and reverse
combined and diluted to 10uM, 5.2ul of TaKaRa solution, and 2.4ul of H2O per reaction.
Next, a transparent 96-well plate was put on a cooling block, and 2ul of cDNA with a
concentration of 5ng/pl were pipetted at the bottom of the wells without touching other parts of
the well. For each gene, triplicates of the sample were pipetted into a 96-well plate.

Eight microliters of the master mix were pipetted at the upper border of each well, without
touching the cDNA.

After plating all samples with all master mixes for all genes and the negative controls (only
master mix, no cDNA), the plate was sealed with a transparent foil, spun to collect all liquid at
the bottom of the wells, and placed into the plate reader.

The program of the plate reader started with a holding stage at 95°C for 15min. Afterwards, 40
cycles were run with 95°C for 15sec, 60°C for 30sec and 72°C for 40sec. Data was collected at
72°C. Subsequently, a melt curve was run with 60°C for 1min and up to 95°C for 15sec with
0.3°C per step.
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The analysis of the run was performed manually by transferring the raw data into an Excel file.
For each gene, the ACt values given by the device were used and divided by the mean of the
control sample to generate the AACt values. Those values were then used for statistical analysis
and the presentation of results via Prism, different for each experiment.

3.2.4.3 Protein

Proteins of interest were investigated within three different methods in this work. First, proteins
were isolated from cell pellets right after harvesting cell pellets and were used for western blot
analyses to quantify the protein amount of a protein of interest in certain cells. Second, cells
could also be fixed on coverslips and stained with primary and secondary antibodies for proteins
of interest. And third, cells could be fixed in suspension and stained for proteins of interest that
could be quantified via FACS.

3.2.4.3.1 Protein isolation

Cell pellets (compare 3.2.2.1) were generated from the sample of interest, but instead of
transferring the pellet into a 1.5ml tube, it was resuspended in an appropriate volume of Magic
Mix and pipetted up and down to be fully resuspended; if the suspension was too viscous, more
Magic Mix was added. The whole suspension was transferred into spin columns and centrifuged
at 12.000rpm for 2min. The flowthrough containing proteins was transferred into a fresh 1.5ml
tube and stored at -80°C until further processing.

3.2.4.3.2 SDS gel-electrophoresis and western blot

SDS gel electrophoresis and the subsequent western blot are used to quantify the amount of a
protein of interest in a sample.

Via SDS gel electrophoresis it is possible to separate proteins within a sample, after protein
isolation (3.2.4.3.1), by size. Therefore, all samples are diluted with H,O to the same
concentration and mixed with loading dye (Magic Mix + bromophenol blue) in a 2:1 (protein:
loading dye) ratio. After a denaturation at 95°C for 2min, samples plus markers (HiMark for
big proteins and PAGE ruler for small proteins) were loaded in the prepared gel. The gel
consisted of two parts, stacking and separating gel. Samples were loaded into the stacking gel,
which collects all samples at the border to the separating gel, in which they were separated by
size. Usually, a 6% separating gel for BRCA1 and BRCAZ2 proteins were used as well as a 10%
separating gel for the housekeeping protein ACTIN. Gels were run for 60min at 200V within a
running buffer (3g Tris, 14.4g Glycin, 1g SDS for 1L) and transferred onto nitrocellulose
membranes with a TurboBlot device, a semi-dry method using the Trans-Blot Turbo RTA Midi
0.2 um Nitrocellulose Transfer Kit from Biorad. Therefore, a stack of paper, membrane, gel
and paper was built and put into the device. The whole stack was wet carefully with blotting
buffer. The chosen program of the device was the high molecular weight program, which
provides blotting conditions of 1.3A, 25V for 10min. A Ponceau staining was performed to
check that the blotting of proteins onto the membrane worked as expected. Afterwards the
membrane was blocked with 5% milk powder in DPBS for 60min at room temperature while
rolling on a roller in a 50min Falcon. Membranes were washed three times for 5min at room
temperature with PBST (2 PBS tablets, 1ml Tween for 1L) and incubated overnight at 4°C with
the target antibodies. On the next day, the membrane was washed again three times for 5min at
room temperature with PBST and thereafter incubated with the secondary antibody for 60min
at room temperature.

After another washing for three times 5min at room temperature with PBST, proteins were
detected using the ECL kit (based on the HRP principle) in the Fusion FX device from Vilber
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Subsequent analysis and quantification of proteins was performed with Fiji. Therefore, pictures
for AKTIN, BRCAL, and BRCA2 were opened at the same time. A box, which fitted all bands,
was drawn and put around every band. Several lanes could be marked, and all lanes of one blot
could be plotted as curves. The background of the blot/ the part below the curve, was subtracted
from the curve, and the area under the curve was determined. With those areas, statistics were
performed afterwards. Therefore, the area of the BRCAL and BRCA2 bands was normalized
against the area of AKTIN. Afterwards they were set into relation with the control sample
within the blot, and subsequently statistics were calculated.

Table 21 Recipe for 10% and 6% separating gel and for stacking gel

Ingredients: 1gel/10% | 1 gel/ 6% Ingredients: 1 gel
H20 1.9ml 4.2ml H20 1.4ml
1.5M TrispH 8.8 | 1.3ml 2ml 0.5M TrispH 6.8 | 250ul
30% Acrylamide | 1.7ml 1.6ml 30% Acrylamide | 330ul
10% SDS 50pl 80pl 10% SDS 20pl
10% APS 50pl 80ul 10% APS 20pl
TEMED 2ul 8ul TEMED 2ul

3.2.4.3.3 Staining (Fibroblasts, iPSCs, NPCs)

For staining, cells need to be fixed on coverslips and washed thrice with DPBS. DPBS was
removed, and 1ml of blocking solution (5% BSA, 0.3% Triton X100 in DPBS) was added per
well. After an incubation of 30- 60min at room temperature, the supernatant was removed, and
coverslips were put upside down on 50ul of primary antibody on a 12-well plate covered with
parafilm. After incubating overnight at 4°C in a Styrofoam box with wet tissues, coverslips
were placed back into the 12-well plated cells facing upwards and washed thrice for 5min at
room temperature with 1ml of wash buffer (0.3% TritonX 100 in DBPS). For incubating the
secondary antibody, coverslips were again put onto the parafilm-covered 12-well plate with
50ul of secondary antibody. After an incubation for 60min at room temperature in the dark,
coverslips were put back into the 12-well plate and washed again thrice with wash buffer. For
mounting two coverslips on one slide, coverslips were taken out from the 12-well plate, dried
on a tissue, and placed upside down onto 10ul of Fluoromount on slides. After a hardening
phase of 24h at 4°C, it was possible to take pictures of the cells. The microscope for taking
pictures was the revolve from ECHO.
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4 Results

4.1 Cell line generation and characterization

Before performing any experiment with the cell lines, it was necessary to confirm that the cells
showed the typical cell type-specific morphology and expression pattern. Otherwise, potential
observed differences between cell lines could be caused by mutation or by abnormal
characteristics of the cell line. An overview of all cell lines can be found in Table 12.

4.1.1 Fibroblasts

In this project, three different fibroblast lines were used. A male and a female control cell line,
both having BRCA2 and BRCA1 wildtype alleles, and an additional cell line derived from a
female patient carrying a heterozygous mutation in the BRCA2 gene.

4.1.1.1 Morphology
All three cell lines showed an elongated cell morphology and grew in monolayers (Figure 9)
with a steady growth rate that is typical for fibroblasts.

& BRCA2G) Q@ BRCA2G™) 9p BRCA2GH)

Figure 9 Morphology of three fibroblast cell lines. Bright-field pictures of fibroblasts with an elongated morphology. The
picture of @p_BRCA2(") shows fewer cells compared to the wildtype samples as this picture was taken two days after splitting,
while the other two pictures were taken four days after splitting. The scale bar has a length of 200um.

4.1.1.2 Immunofluorescent staining

All three fibroblast lines were stained for SERPINHL1 (Figure 10), a protein binding specifically
to collagen. Both skin fibroblasts and SERPINH1 play an important role in the generation of
collagen. The key protein SERPINH1 functions as an essential chaperone for efficient folding
of collagen triple helices in the endoplasmic reticulum (ER). Therefore, SERPINH1 can be
used as a marker for fibroblasts. SERPINHL is located in the cytoplasm.
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DAPI overlay
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Figure 10 Immunofluorescent staining for SERPINHL1 in the three fibroblast cell lines. All three cell lines show SERPINH1
expression in their cytoplasm. DAPI is staining the nucleus of each cell. The magnification in these pictures is 10x.

4.1.2 iPSCs

In this project six different iPSC lines were used. The male and female fibroblast cell lines
described above had already been reprogrammed by || | N to generate iPSC
lines for another project. Those cell lines were used as control cell lines, and their genomes
were additionally edited via CRISPR/Cas9. From the male cell line, three different isogenic cell
lines were generated, while from the female cell line, one isogenic cell line was generated.

4.1.2.1 Genome editing

Four genome-edited cell lines were generated via CRISPR/Cas9. For the male cell lines, the
wildtype cell line & BRCA2(*) was used for genome editing. & BRCA2(*?) was a male cell
line carrying a heterozygous mutation (c.[4524_4525insA]) in the BRCA2 gene. The cell line
4 BRCA2M) carried two compound heterozygous mutations in the BRCA2 gene:
c.[4523_4524insA]; [4518 4523delCCAGGG]. One heterozygous mutation in the BRCAL
gene, ¢.[2030_2045delTTTTACAAAACCCATA], could be found in the & BRCA1™" cell
line.

In the female wildtype cell line, @ BRCA2(**) a heterozygous mutation
(c.[4524_4526delinsGC]) was inserted into the BRCA2 gene, generating the cell line
Q@ BRCA2(),

The mutations in BRCA2 were inserted in exon 11 of the BRCA2 gene, in close proximity to
the mutation of the patient fibroblast cell line. The mutation in the BRCA1 gene was also
inserted in exon 11, which is the largest exon of the BRCAL gene and with its structure, binding
domains, and size, similar to exon 11 in the BRCA2 gene; compare Figure 11.
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Figure 11 Scheme of BRCA2 and BRCAL gene . Depicted are the main structural elements, exon 11 as the biggest exon in
both genes, and the target sites for the gRNAs, as well as the site of the patient’s mutation in the BRCA2 gene.

In both cell lines, male and female, the same gRNA targeting the BRCA2 gene was used. For
editing BRCA1, a different gRNA was used.

Sequencing chromatograms of those four cell lines are depicted in Figure 12 .
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Figure 12 Sequencing chromatograms of the genetically modified cell lines §_BRCA2¢"), & BRCA2H, 3 _BRCA1%*"and
Q@ BRCA2™", Red arrows indicate the mutation site in each chromatogram. & BRCA2*") and @ BRCA2*) were sequenced
with a forward primer for BRCA2, while & BRCA2() was sequenced with a reverse primer.
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4.1.2.2 Karyotype

The karyotype of each cell line was analyzed in the diagnostics department of the Institute of
Human Genetics at the University Medical Center in Mainz.

All male cell lines showed a 46, XY karyotype, while both female cell lines showed a 46, XX
karyotype. Numerical or structural aberrations could not be detected in any of the cell lines
(Figure 13).
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Flgure 13 Karyotypes of all iPS ceII Ilnes All karyotypes show regular karyotypes for the male cell I|nes Wlth 46, XY and the
female cell lines with 46, XX without any numerical or structural aberrations.
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4.1.2.3 Morphology
Bright-field pictures of iPSCs show cells in compact colonies with sharp borders and in
monolayers (Figure 14). Cells have a round shape and prominent nuclei, accounting for around
90% of total cell volume. Cells showed a steady growth rate.

Figure 14 Morphology of all iPSC lines. Bright-field pictures show compact iPSC colonies in monolayers with
round single cells, and prominent nuclei within cells. The scale bar has a length of 200pm.

sharp borders,

4.1.2.4 Immunofluorescent staining

iPSCs were stained with antibodies against the pluripotency markers NANOG and TRA-1-60
(Figure 15). NANOG is a transcription factor controlling stem cell proliferation, renewal, and
pluripotency and is localized in the cell’s nucleus, therefore overlaying with a DAPI staining
(Gong et al., 2015). TRA-1-60 is also a marker for pluripotent stem cells but localizes on the
cell surface (Neganova et al., 2016). A negative control staining in iPSCs without the primary
antibody controlled for non-specific binding of the secondary antibody and background
fluorescence in the cells. Positive controls with cells that had already been characterized as
iPSCs were always taken along.
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DAPI NANOG overlay
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Figure 15 Immunofluorescent staining of all iPS cell lines. The staining showed that all cell lines expressed the pluripotency
markers NANOG and TRA-1-60. For the negative control, cells were not stained with the primary antibody. All other steps of
the staining protocol remained the same. Magnification in these pictures is 10x.
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A close-up of the cells of each cell line is depicted in Figure 16. The close-up showed merged
staining of DAPI, NANOG, and TRA-1-60.

d BRCA2G™ d BRCA2GM

d BRCA2(-) d BRCAIG?

@ BRCA2G™) ? BRCA2G

Figure 16 Close-ups of merged staining pictures of all iPSC lines. The expressions of DAPI, NANONG, and TRA-1-60 could
be observed in every cell line. The magnification of cells is 10x.

4.1.3 NPCs
Neural progenitor cells (NPCs) were used in this work to investigate the effect of formaldehyde
on RNA and protein levels, proliferation, quantity of DSB, and cell cycle analysis. In addition,
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neurospheres were generated from these cells to investigate the effect of formaldehyde on
proliferation and migration in a 3D model. NPCs from six different iPSC lines were used. Male
and female wildtype NPCs had already been generated before by |G
Genome-edited NPCs carrying mutations in either the BRCA2 or BRCA1 gene were generated
for this project. Cells were cultured until passage 20.

4.1.3.1 Morphology

All NPCs grew in monolayers, as expected. They showed slightly elongated structures. Most
cells showed a regular phenotype and no axon-like structures, which would point towards
spontaneous differentiation. Growth rate was consistent over time within the same cell line and
similar for all cell lines.

Y

igure 17 Morphology 0 all NPC lines. Bright-field pictures show NPs growing ioay. Sinl cells partly isplay
elongated structures. The scale bar has a length of 400pm.

4.1.3.2 Immunofluorescent staining

NPCs were further characterized by immunofluorescent staining of the markers SOX2, PAX6,
and NESTIN. All cell lines stained positively for the three markers. As expected, transcription
factors SOX2 and PAX6 co-localized with DAPI in the nucleus. The intermediate filament
protein NESTIN could be detected in the cytoplasm of the cells. A negative control staining in
NPCs without the primary antibody controlled for non-specific binding of the secondary
antibody and background fluorescence in the cells. SOX2 is a transcription factor, which is
essential for stem cell self-renewal and cellular reprogramming (Avilion et al., 2003; S. Zhang
et al., 2020). It is expressed in iPSCs and NPCs. PAXG6 is also a transcription factor and is
expressed in multiple cell types during development and maintenance of the CNS (Ochi et al.,
2022). It is only expressed in NPCs but not in iPSCs. NESTIN is an intermediate filament and
strongly expressed in NPCs (Bott et al., 2019).
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Figure 18 Immunofluorescent staining of SOX2 and NESTIN in all NPC lines. The staining showed that all cell lines
expressed the markers SOX2 and NESTIN. For the negative control, cells were not stained with the primary antibody. All other

steps of the staining protocol remained the same. The magnification in these pictures, besides  BRCA2(/), is 10x. For
Q@ BRCA2() it is a magnification of 4x.
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Figure 19 Immunofluorescent staining of PAX6 and NESTIN in all NPC lines. The staining showed that all cell lines
expressed the markers PAX6 and NESTIN. For the negative control, cells were not stained with the primary antibody. All other
steps of the staining protocol remained the same. The magnification in these pictures is 10x.

4133 RT-gPCR

NPCs were also characterized via RT-gPCR to check if markers for pluripotency, stem cells,
and NPCs are expressed at expected levels. Four biological replicates were used, and the AAct-
method was applied for the analysis. First, ct-values of the genes of interest of each NPC and
iIPSC line were normalized against GAPDH expression of the same cell lines. This generated



Results 63

Act-values. Second, Act-values of the NPCs were normalized against the mean of the Act-values
of iPSCs. This produced AAct-values, which were plotted in the graph.

As can be observed in Figure 20, the pluripotency markers NANOG and OCT4 in NPCs were
downregulated between 5- and 10-fold on the log2 scale compared to iPSCs. The stem cell
marker SOX2 was similarly expressed in NPCs compared to iPSCs, which is as expected, as it
is a general marker for stem cells. As expected, NPC markers NESTIN and PAX6 were
upregulated 5- to 10-fold on a log2 scale in all cell lines compared to iPSCs. KLF4 was
downregulated in & _BRCA2) and ¢ _BRCA2™*") cells, which is as expected. In §_BRCA2(+)
cells KLF4 was equally expressed in NPCs compared to iPSCs, while it was upregulated in
4 BRCA1™*") NPCs compared to iPSCs.

NANOG OCT4 KLF4 SOX2 NESTIN PAX6

-
v
]

104 .

expression normalized against
GAPDH and mean of respecitve iIPSCs
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Figure 20 RT-gPCR results for the characterization of NPCs. RNA expression was analyzed via RT-gPCR, and ct-values
were normalized against GAPDH and the mean of the normalized ct-values of the wildtype iPSCs. Each dot resembles one
biological replicate of the cell line. Statistics were not applied. RT-qPCR results showed that in all cell lines the pluripotency
markers NANOG and OCT4 were downregulated compared to the expression in iPSCs, while the stem cell marker SOX2
showed similar levels and NPC markers PAX6 and NESTIN were upregulated. KLF4 was inconsistent between cell lines.

A hypothesis is that & _BRCA1®") cells might be less differentiated compared to the other cell
lines. They showed higher AAct-values of NANOG and OCT4 levels and even positive AAct-
values for KLF4 compared to the other cell lines. As the expression of SOX2, NESTIN and
PAX®6, the staining (4.1.3.2), and the morphological analysis (4.1.3.1) were regular and as
expected, work continued with these cells.

As the analysis was only qualitative, but not quantitative, no statistics were applied, and the cell
lines were not compared with each other. The question of this experiment was not to compare
the different cell lines with each other but to compare expression levels of certain markers
between different cell types within each cell line.

The control cell lines were not characterized via RT-qPCR, as those had been analyzed before
and were not necessary as controls for the edited cell lines in this analysis. Controls were always
internal within one cell line: NPCs relative to iPSCs.
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4.2 BRCAZ2 and BRCAL1 RNA and protein expression in all cell types

In order to investigate if and how RNA and protein expression was influenced by the introduced
mutations in the different cell lines and cell types, RNA and protein expression levels of
BRCAL and BRCA2 in fibroblasts, iPSCs, and NPCs were examined. With this information on
changes in RNA and protein levels due to a mutation, it is possible to link further results to
those mutations.

For this experiment, characterized cell lines, introduced in 3.1.9, were used. Those cell lines
were male wildtype and female patient fibroblasts, as well as male wildtype iPSCs and NPCs
with their isogenic cell lines; compare Table 12.

4.2.1 RNA

RNA expression levels of all cell types of all cell lines were determined by RT-qPCR. The AAct
method was applied for the analysis. First, ct-values of the genes of interest were normalized
against GAPDH expression in each cell line, for each cell type, and for each replicate. This led
to Act-values. Then, Act-values were normalized against the mean of Act-values of iPSCs. So,
fibroblasts and NPCs against the mean of iPSCs. And Act-values of iPSCs against their own
mean. This produced AAct-values, which were plotted in a graph.

For comparisons within each cell type, the mean of AAct-values of each sample was calculated
and set into relation to the mean of AAct-values of the respective wildtype sample (Table 22).
Therefore, the average BRCA1 and BRCA2 expression of each cell type could be depicted. For
example, in NPCs, BRCAL expression in the wildtype sample was set to 100%. BRCAL
expression was 84% in the &_BRCA1*") NPC sample, and it could be stated that there was a
reduction of averagely 16% of BRCA1 RNA level in the & _BRCA1™*") sample compared to the
wildtype sample. In the & BRCA2™*") sample, BRCA1 expression was 102%. No reduction
could be observed, which is as expected, as there is no mutation in the BRCA1 gene in this cell
line.

Table 22 Means of A4 ct-values of all biological replicates within one cell type of each cell line for the BRCA1 and BRCA2
genes

Cell type Cell line : BRCA2 [%] | BRCAI [%]
T

broblasts 4 BRCA2' <+/).) 100 100
Op BRCA2 34 56
@ BRCA2"” 100 100

PSCe &_BRCA2:/_ ')) 80 107
4 BRCA2 48 110
2 BRCA1'""” 94 113
2 BrRCA2'"” 100 100

NPCs 3_BRCA2:/_ ')) 61 102
& BRCA2 54 105
& BRCA1'""” 74 84

For BRCA2 RNA expression, very low levels could be found in fibroblasts compared to iPSCs
(Figure 21). In the @p_BRCA2™*") cell line, BRCA2 expression was reduced by 66% (100%
@_Brea2™) - 34% (gp_Brea2™’) = 66%) compared to the male wildtype fibroblast cell line
(compare Table 22).
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In iPSCs, BRCA2 levels were reduced by 20% in the & BRCA2() and by 52% in the
4 BRCA2¢M) cell lines compared to the §_BRCA2*) cell line. In the &_BRCA1™") cell line,
BRCA2 expression was averagely reduced by 6%.

In NPCs, a similar picture could be observed with average reductions of 39% (8_BRCA2(+/'))

and 46% (S_BRCAz('/')) for the mutated BRCA2 cell lines and 26% for the & _BRCA1™") cell
line.

Statistically, a one-way ANOVA with multiple comparisons was performed. Comparisons of
RNA expression were between all fibroblast cell lines. In iPSCs and NPCs, all cells carrying a
mutation were compared to wildtype cells. None of the comparisons revealed any significant
differences.

Results are shown in Figure 21.
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Figure 21 RNA expression of BRCA2 in male cell lines and the patient fibroblast cell line. BRCA2 RNA expression was
analyzed via RT-qPCR, and ct-values were normalized against GAPDH and the mean of the normalized ct-values of the
wildtype iPSCs. Each dot and arrow resembles one biological replicate of the cell line. BRCA2 RNA expression decreased in
BRCA2-mutated samples compared to wildtype samples in fibroblasts, iPSCs, and NPCs. Even though those differences were
statistically not significant.

Furthermore, BRCAL RNA levels (Table 22 and Figure 22) were determined in those samples.
NPCs showed the highest BRCAL levels, which were lower in iPSCs and lowest in fibroblasts;
compare Figure 22. In &_BRCA2™*" fibroblasts, BRCA1 levels were reduced by 44% compared
to &_BRCA2() fibroblasts.

In iPSCs, similar BRCA1 expression levels were found in all cell lines tested. The difference
between BRCAL expression levels was maximally 13% on average. Those 13% were found by
comparing the & _BRCA1™") cell line to the wildtype sample, with higher levels in the
4 BRCA1™") cell line.

In NPCs, BRCA1 expression was reduced by 16% in the &_BRCA1¢") cell line compared to
the wildtype sample. The other cell lines showed similar BRCAL expression levels.
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Statistically, a one-way ANOVA with multiple comparisons was performed. Comparisons of
RNA expression were between fibroblast cell lines. And in iPSCs and NPCs, comparing all
cells carrying a mutation to the wildtype cells. None of the comparisons revealed any significant
differences.
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Figure 22 RNA expression of BRCAL in all male cell lines and the patient fibroblast cell line. BRCA1 RNA expression was
analyzed via RT-gPCR and ct-values were normalized against GAPDH and the mean of the normalized ct-values of the
wildtype iPSCs. Each dot and arrow resembles one biological replicate of the cell line. BRCAL RNA expression is lower in
fibroblasts and higher in NPCs compared to iPSCs.
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4.2.2 Protein

BRCA1 and BRCAZ2 Protein expressions were measured via western blot, normalized against
ACTIN protein expression, and the relative expression of each sample was calculated against
the mean of §_BRCA2(*'*) iPSCs. It was normalized against the iPSCs wildtype sample, as the
BRCA2 expression was highest in this wildtype sample: iPSCs show the highest BRCA2
protein expression compared to fibroblasts and NPCs and the analysis should be similar to the
RNA analysis. For the comparison within each cell type (Table 23), average means of the
samples were calculated in the same way as it had already been described for RNA levels
(compare Table 22 and Table 23).

Table 23 BRCA1 and BRCAZ2 protein levels in all cell lines relative to corresponding levels in wildtype cell lines.
Cell type Cell line BRCA2 %] | BRCAI [%)]
7
fibroblasts g—B;Séiz(H_) 411:0 ;(1)0
p_
& BrRCA2™” 100 100
3 BRCA2"" 49 75
1PSCs 3 BRCA2™” 50 112
3 BRCA1"” 70 107
7 BRCA2) 100 100
3 BRCA2"" 57 11
NPEs 3 BRCA2™” 91 142
B )
4 BRCAI1 101 145

The western blot (compare Figure 23) showed differences in band intensity of BRCA2 and
BRCA1 depending on cell type and cell line. ACTIN and Ponceau staining revealed little
differences in protein loading. The BRCA2 band can be found at a size of approximately
380kDa, while BRCAL has a size of approximately 220kDA and ACTIN of approximately
45kDA. BRCA2 and BRCAL bands show the expected size and a lower intensity in cell lines
with mutations in the respective gene compared to wildtype cells.
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Figure 23 Representative Western blot of BRCA2, BRCA1, and ACTIN expression in all male samples and the patient
sample. BRCA2 and BRCAL blots were normalized against the same ACTIN blot. Two control samples, wildtype iPSC
proteins from a different project, were taken along on all blots to serve as an optional additional loading control, which was not
needed for the analysis. The ponceau staining is also shown. The bands show differences due to cell type and cell line. The red
arrows indicate the bands of interest. At a size of approximately 380kDa, the BRCA2 band can be found; between 238 and
268kDa, the BRCAL1 band is visible, and shortly above 40kDa, the band for ACTIN can be observed. The BRCA2 band showed
lower intensity for BRCA2-mutated samples, and the BRCAL band showed a lower intensity for BRCA1 mutated samples.

BRCAZ2 protein expression was lowest in fibroblasts, higher in NPCs, and highest in iPSCs; see
Figure 24.

As can be seen in Table 23, BRCAZ2 protein expression was reduced by 52% in §_BRCA2(+)
fibroblasts. In iPSCs, BRCAZ2 protein expression in mutated BRCA2 cell lines was reduced by
51% and 50% for & BRCA2() and & _BRCA2¢"), respectively. The & _BRCA1™") cell line
showed an average reduction in BRCA2 protein expression of 30%.

In NPCs, results were similar for the &_BRCA2™*") cell line, with BRCA2 being reduced by
43% compared to the wildtype sample, but only a 9% decrease in BRCA2 expression could be
measured in the &_BRCA2(") cell line compared to the wildtype sample.

For & _BRCA1®*") NPCs, no difference in BRCA2 expression compared to wildtype NPCs
could be detected.

Statistically, a one-way ANOVA with multiple comparisons was performed. Comparisons of
protein expression were between all fibroblast cell lines and in iPSCs and NPCs, where all cells
carrying a mutation were compared to wildtype cells. In iPSCs the protein expression of
4 BRCA2™*") was significantly lower compared to &_BRCA2™**) all other comparisons were
not significantly different (see Figure 24).

Different from western blots (Figure 23), the table (Table 23) shows protein expression of all
biological replicates together and not just one biological replicate.



Results 69

BRCA2

2.0+ *

relative expression normalized against
ACTIN and mean of & BRCA2*") [PSCs

fibroblasts 1PSCs NPCs

Figure 24 Protein expression of BRCA2 in all male samples and the patient fibroblast cell line. BRCA2 protein expression
was analyzed via western blot, and protein expression was first normalized against the housekeeping gene, ACTIN, and second
against the mean of the normalized protein expression of the wildtype iPSCs. Each dot and arrow resembles one biological
replicate of the cell line. Fibroblasts, iPSCs, and NPCs were depicted with BRCA2 protein expression having been decreased
around 50% in BRCA2-mutated samples (except &_BRCA2(") NPCs). In iPSCs, protein expression of §_BRCA2(+") was
significantly lower compared to §_BRCA2(+),

Also, BRCAL protein levels were determined in all cell lines; compare Figure 25 and Table 23.
Fibroblasts showed the lowest expression levels compared to iPSCs and NPCs. In iPSCs and
NPCs protein expression showed very high differences between biological replicates within
cell lines.

Mathematically, cell lines can be compared as follows; biologically the data is widely spread,
S0 no statement can be made about differences in expression.

In fibroblasts, an average reduction in BRCA1 protein expression of 19% could be detected in
the &_BRCA2™*") cell line compared to _BRCA2+™),

In iPSCs, BRCAL protein levels were averagely decreased by 25% in & _BRCA2™") cells
compared to wildtype cells. In 3_BRCA2() and 4 _BRCA1¢") cell lines, increases of BRCA1
protein levels of 12% and 7%, respectively, were found.

In NPCs, all isogenic cell lines showed a higher average expression of BRCAL compared to the
wildtype cell line: 11% for & BRCA2™*") cells and 42% and 45% for & BRCA2" and
Jd BRCA1™) cells, respectively.

Statistically, a one-way ANOVA with multiple comparisons was performed. Comparisons of
protein expression were between all fibroblast cell lines and in iPSCs and NPCs, where all cells
carrying a mutation were compared to wildtype cells. None of the comparisons revealed any
significant differences.

The spread of data of the biological replicates was very wide.
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Figure 25 Protein expression of BRCAL in all male samples and the patient fibroblast cell line. BRCAL protein expression
was analyzed via western blot, and the protein expression was first normalized against the housekeeping gene, ACTIN, and
second against the mean of the normalized protein expression of the wildtype iPSCs. Each dot and arrow resembles one
biological replicate of the cell line. BRCAL protein expression was very variable between the biological replicates within each
sample.

4.3 Establishment of formaldehyde treatment on all cell lines in fibroblasts and NPCs
and investigation of its effects
It is hypothesized that cells carrying a heterozygous BRCA2 mutation were more sensitive to
formaldehyde treatment than wildtype cells. It has been shown that formaldehyde selectively
depletes BRCA2 protein via proteasomal degradation. In cells that already have reduced
BRCAZ2 levels due to heterozygous mutations, this further depletion makes them more
susceptible to formaldehyde-induced haploinsufficiency. Furthermore, the hypothesis is that
formaldehyde has an influence on BRCAZ2 protein levels, while BRCA1 protein levels are
supposed to not be affected. Those effects have already been observed in 2017 by Tan and
colleagues (Tan et al., 2017); see 1.8.
To test if formaldehyde has an influence on the expression of BRCA2 and BRCAL, their RNA
and protein expression was analyzed after formaldehyde treatment. Therefore, the optimal
formaldehyde concentration for treatment had to be figured out first. The optimal concentration
was found when BRCA2 protein levels were decreased to undetectable levels in western blot
in @p_BRCA2(") cells but not in §_BRCA2™™) cells. The establishment of treatment was first
performed in fibroblasts and subsequently adapted to NPCs and neurospheres.

4.3.1 Determining the formaldehyde concentration for treatment

To find the optimal formaldehyde concentration, fibroblasts were treated with different
formaldehyde concentrations for five hours at 37°C. The concentrations were 0OmM, 0.1mM,
0.2mM, and 0.3mM. Those concentrations resemble the naturally occurring concentrations in
the brain (whole brain and hippocampus from mouse, rat, and human) of up to 0.4mM (Heck
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et al., 1982; Tong et al., 2011b; Tong, Han, Luo, Wang, et al., 2013a). Additionally, previous
studies already used a concentration of 0.2mM formaldehyde to treat their cells with (Kumari
et al., 2012; Tan et al., 2017). After treatment, cells were pelleted, and protein lysates were
prepared and analyzed by western blotting. For each western blot, protein concentrations were
determined via Nanodrop. To control for equal loading, Ponceau staining was performed, and
in addition, levels of the housekeeping protein ACTIN were determined by incubating the
membrane with specific antibodies.

Increasing formaldehyde concentrations reduced BRCAZ2 protein levels in both the
@p BRCA2() and the @ BRCA2(*™ cell lines. As expected, BRCA2 protein levels were
lower in the formaldehyde-treated @p BRCA2(/) cell line than in the @ BRCA2(7 cell line.
Ponceau staining as well as ACTIN staining revealed equal loading. A formaldehyde
concentration of 0.2mM was chosen for further treatment because this concentration reduced
BRCA2 protein levels strongly in @p BRCA2™) cells but not in @ _BRCA2" cells (Figure
26).

¢_BRCA2G™ @p_BRCA2"
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Figure 26 Western blot of fibroblasts (2_BRCA2™™") and Qp BRCA2™) treated with different concentrations of
formaldehyde. @ BRCA2*%) as well as @p_BRCA2M" fibroblasts were treated with formaldehyde concentrations of 0OmM to
0.3mM for 5h at 37°C. At a concentration of 0.2mM formaldehyde, the BRCA2 band was still visible in § BRCA2t) cells,
while the BRCA2 band was not detectable anymore in p_ BRCA2() cells.

The experiment was performed once for the establishment and eight times in a final quantifying
experiment; see 4.3.2.

4.3.2 Effects on BRCA2 and BRCAL RNA and protein level of formaldehyde treatment in
fibroblasts

To test if formaldehyde has an influence on the expression of BRCA2 and BRCAL, their RNA

and protein expression was analyzed after formaldehyde treatment.
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RNA levels were determined via RT-gPCR, while protein levels were determined via western
blot with subsequent quantification. For RT-qPCR, the AACT method was applied, and values
were normalized against GAPDH. For western blot, relative expression was generated by
normalizing against ACTIN. Because it was not possible to generate all biological replicates at
the same time and use the same 96-well plate (QPCR) or load them on the same gel (western
blot), a normalization to control for differences between runs was used in addition. Therefore,
within each RT-gqPCR and western blot run, all values were normalized against the mean value
of the untreated @ BRCA2(") sample. For both experiments, one-way ANOVA testing with
multiple comparisons was performed. Comparisons of interest were between both untreated
samples, to determine the effect of the mutation; between the untreated and the treated sample
within each cell line, to determine the effect of formaldehyde; and between both treated
samples, to determine the effect of formaldehyde and mutation together.

Those differences were also calculated as percentages by using means of the biological
replicates and are also displayed in the graphs; compare Figure 27 and Figure 29.

The experiment was performed in the female fibroblast lines, namely @ BRCA2* and
Qp_BRCA2(H),

Without treatment, the baseline expression of BRCA2 RNA (compare Figure 27) was
significantly lower (reduced by 56%; p-value <0.0001) in the p_BRCA2*") cell line compared
to the @ BRCA2(' cell line. Upon formaldehyde treatment, BRCA2 RNA expression was
reduced in both cell lines: In the @_BRCA2**) cell line it was reduced by 59% (p<0.0001) and
in the @p_BRCA2") cell line by 53% (p=0.0001) when compared to the respective untreated
cell lines. This suggests that formaldehyde treatment reduces BRCA2 expression in both. the
wildtype cell line (2 _BRCA2(") and in the cell line carrying the patient mutation
(?p_BRCA2(7)), Of note, BRCA2 RNA expression in formaldehyde-treated Qp BRCA2(*")
cells was further reduced by 49% (p=0.0003) when compared to @ BRCA2('® cells. This
indicates that formaldehyde reduces BRCAZ2 expression to a much lower level in cells carrying
a mutation in the BRCA2 gene and therefore already showing a lower baseline BRCA2
expression than in wildtype cells.

When studying RNA levels of BRCAL, similar results could be observed. The difference
between the untreated Qp BRCA2(/) and untreated ¢ _BRCA2™ cell lines was significant
(p<0.0001), with @p BRCA2*") cells having 40% less BRCA1 RNA. This suggests that a
mutation in the BRCA2 gene influences BRCAL expression. Additionally, significantly lower
BRCAL RNA levels could be detected in treated compared to untreated conditions (40%
(p<0.0001) for the wildtype cell line and 43% (p=0.0016) for the patient sample), suggesting
that formaldehyde leads to a reduction of BRCA1 RNA. Moreover, the 43% reduction of the
treated Qp BRCA2™") sample compared to the treated @ BRCA2(*) sample was also
significant (p=0.0007). This indicates that formaldehyde also reduces BRCA1 RNA levels in
cells already showing a lower baseline expression of BRCA1 in an untreated condition.

The results in the untreated condition were expected, as BRCA2 and BRCA1 are often co-
regulated, but the effect of formaldehyde had so far only been published on the protein level.
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Figure 27 RNA levels of BRCA2 and BRCAL in untreated (UT) and formaldehyde-treated (0.2mM) fibroblasts. RNA
expression was analyzed via RT-qPCR and normalized against GAPDH and untreated @ BRCA2t**), Each circle and
arrowhead represents one biological replicate of the respective cell line. Mean = SD, one-way ANOVA with multiple
comparisons, **p<0.01, ***p<0.001, ****p<0.0001. The percentages indicate the mean difference between both samples. For
both genes, similar expression patterns in the samples can be observed. The untreated @p BRCA2) cell line had lower
baseline levels of BRCAL1 and BRCA2 compared to the untreated wildtype cell line. Formaldehyde decreased BRCA2 and
BRCAL RNA levels in both treated samples, and treated $p _BRCA2() samples showed the lowest BRCA2 and BRCA1
expression compared to the other samples.

Moreover, BRCA2 and BRCAL protein levels after formaldehyde treatment were analyzed and
compared to untreated samples. Proteins are the primary functional molecules in cells, so
changes in protein level potentially induced by formaldehyde (Tan et al., 2017) could affect
cellular processes and activities. In Figure 28, two representative samples of the western blot
can be seen. Ponceau staining as well as the ACTIN band showed a consistent loading between
all samples. The BRCA1 band also looked consistent in intensity between all samples, while
BRCA2 bands appeared weaker in the 9p BRCA2*") samples and in the formaldehyde-treated
@ BRCA2(' sample compared to the untreated @ _BRCA2('*) sample.



Results 74

9 BRCA2 9p BRCA2 9 BRCA2 9p BRCA2

=) ) =) M)

02 02 02 il
UT: oM UE .if UT mM UT oM
BRCA2 J—
BRCAI1 o . "y .
ACTIN | B e e o —

Ponceaun

Figure 28 Western blot for the quantification of formaldehyde treatment in fibroblasts. Two representative biological
replicates of _BRCA2**) and Qp_BRCA2(") cell lines, untreated or treated with 0.2mM formaldehyde for 5h at 37°C.

Observations from western blot pictures could be confirmed after quantifying the bands; see
Figure 29. BRCAZ protein levels differed significantly between both untreated samples, with a
reduction of 61% in the untreated @p BRCA2*") sample (p=0.0217). The difference between
both formaldehyde-treated samples was 74%, but as the BRCA2 expression itself was not that
high in both samples and the biological replicates in the $ BRCA2(/*) sample showed a wider
spread, this difference was statistically not significant (p=0.9176). This also accounted for the
comparison between untreated and treated @p_BRCA2(*) samples. The difference was 82%,
but it was not statistically significant with a p-value of p=0.3037. The comparison of untreated
and treated samples within the ¢ _BRCA2*™ cell line showed a difference of 72%, which was
statistically significantly different (p=0.0071). In contrast to BRCA2, BRCAL1 protein
expression was similar in all samples.
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Figure 29 Quantification of protein levels of BRCA2 and BRCAL in untreated (UT) and formaldehyde-treated (0.2mM)
fibroblasts. Protein expression was analyzed via western blot and normalized against the housekeeping gene ACTIN, and
untreated ¢ _BRCA2(/"), Each circle and arrowhead represents one biological replicate of the respective cell line. Mean + SD,
one-way ANOVA with multiple comparisons, *p<0.05, **p<0.01. The percentages indicate the mean difference between both
samples. BRCAL levels are not significantly different between any of the samples, while BRCA2 levels are lower in
Qp_BRCA2(") samples and in the formaldehyde-treated @ BRCA2(/*) sample compared to the untreated @ BRCA2(+*)
sample.

Differences between RNA and protein levels within fibroblasts could be observed. But
expression differences between samples due to mutation or formaldehyde treatment were
similar between BRCA2 RNA and protein expression. Reduced BRCA2 RNA and protein
baseline expression could be found in untreated samples, suggesting a reduction due to the
mutation. Also, formaldehyde reduced BRCA2 RNA and protein levels in wildtype and
heterozygously mutated BRCAZ2 cells, leading to very low levels in &_BRCA2™") cells.
BRCAL expression levels were not similar when comparing RNA and protein expression. On
the RNA level influences of the BRCA2 mutation and formaldehyde could be observed on
BRCAL RNA expression, while on the protein level no differences between samples could be
observed.

Those results suggest that BRCA2 and BRCAL1 RNA are co-regulated in these cells and that
formaldehyde can influence both RNAs. Furthermore, the previous observation by TAN and
colleagues (Tan et al., 2017) that formaldehyde influences only BRCA2 but not BRCAL protein
expression could be confirmed.

The results in untreated samples on RNA and protein levels in BRCA2 and BRCA1 resembled
the results already observed in the BRCA2 and BRCA1 expression analyses (compare 4.2).

4.3.3 Effects of formaldehyde treatment on BRCA2 and BRCAL1 RNA and protein levels in
NPCs

After formaldehyde treatment had been established in fibroblasts, the optimal formaldehyde

concentration of 0.2mM was also used for NPC samples. The sample collection, quantification

of RNA (via RT-gPCR) and protein levels (via western blot), and data analyses were performed

by . 2 medical student working on this project. Methods and analyses were the

same as already described for fibroblasts in 4.3.2
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In untreated ¢ BRCA2) NPCs, baseline RNA levels were 45% lower than in untreated
4 BRCA2(™ NPCs. Upon formaldehyde treatment, BRCA2 RNA levels dropped
significantly by 77% in & BRCA2(+/+) samples and by 74% in & BRCA2(+/-) samples
compared to untreated controls (p<0.0001 for both). This suggests that formaldehyde, as
already seen in fibroblasts, reduces the levels in both cell lines to a strong degree. The difference
between both treated samples was 39%, but statistically not significant (p=0.1727). Similarly,
BRCAL RNA levels decreased significantly in treated samples compared to untreated ones. The
reductions were 68% for ¢ BRCA2M (p<0.0001) and 69% for & BRCA2(") (p<0.0001),
suggesting that formaldehyde has a strong influence on both samples.
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Figure 30 RNA levels of BRCA2 and BRCAL in untreated (UT) and formaldehyde-treated (0.2mM) NPCs. RNA expression
was analyzed via RT-gPCR and normalized against GAPDH and untreated §_BRCA2(*. Each dot and arrow resembles one
biological replicate of the cell line. Mean £ SD, one-way ANOVA with multiple comparisons, ****p<0.0001. The percentages
indicate the mean percentual difference between both samples. BRCA2 and BRCA1 RNA levels were significantly lower in
treated samples compared to untreated counterparts. Only BRCA2 RNA levels, but not BRCA1, showed a lower RNA baseline
in &_BRCA2(") compared to &_BRCA2(*) NPCs.

Significant differences in BRCA2 protein levels were observed across all comparisons. BRCA2
protein levels in untreated & BRCA2®*") NPCs showed 54% lower protein levels compared to
untreated ¢ BRCA2**) NPCs (p<0.0001).

In both cell lines, treated samples exhibited notably lower protein levels. Specifically, in
4 BRCA2(™ samples, treated cells showed a 46% reduction in BRCA2 protein levels
compared to untreated cells, which was statistically significant (p=0.0004). Similarly, in
4 BRCA2(M samples, treated cells had a 56% reduction in BRCAZ2 protein levels compared
to untreated cells, also statistically significant (p=0.0086). This suggests that formaldehyde also
has a strong influence on protein levels and not only RNA levels.

Additionally, treated & _BRCA2(*) NPCs exhibited a 62% reduction in BRCA2 protein levels
compared to treated § BRCA2™**) NPCs, with this difference being statistically significant
(p=0.0458). Suggesting that formaldehyde reduces the levels even more in cells already
showing lower baseline levels.

In BRCAL protein levels no significant differences between any samples could be found.
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These findings indicate that while BRCA2 protein levels were significantly affected by
treatments, BRCAL1 protein levels remained relatively stable across the different sample groups.
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Figure 31 Protein levels of BRCA2 and BRCAL in untreated (UT) and formaldehyde-treated (0.2mM) NPCs. Protein
expression was analyzed via western blot and normalized against the housekeeping gene, ACTIN, and untreated §_BRCA2(/),
Each dot and arrow resembles one biological replicate of the cell line. Mean + SD, one-way ANOVA with multiple
comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The percentages indicate the mean percentual difference
between both samples. In all comparisons within BRCA2 protein levels, significant differences could be found. BRCA1 protein
levels did not differ significantly, neither between different treatment conditions nor between cell lines.

There were notable differences comparing BRCAL1 and BRCA2 RNA and protein levels in
NPCs. Expression patterns of BRCA2 RNA and protein were similar, both showing decreased
levels due to mutation or formaldehyde treatment. Specifically, untreated & BRCA2®*) NPCs
had approximately 50% less BRCA2 RNA and protein expression compared to ¢ BRCA2(),
Formaldehyde treatment further decreased BRCAZ2 expression in both mutant and wild-type
samples.

In contrast, BRCAL expression levels showed different patterns for RNA and protein. BRCA1
RNA levels decreased significantly following formaldehyde treatment, whereas BRCAL
protein levels did not exhibit significant changes compared to untreated samples.

When comparing NPCs to fibroblasts, BRCA2 RNA and protein expression levels were similar
in both cell types.

Untreated & BRCA2(*") samples showed a roughly 50% reduction in BRCA2 RNA and protein
expression in both NPCs and fibroblasts. Formaldehyde treatment led to a decrease in BRCA2
RNA and protein levels in both cell types.

Regarding BRCAL protein levels, no significant differences were observed between samples in
either NPCs or fibroblasts. However, BRCA1 RNA levels differed between fibroblasts and
NPCs. In untreated ¢ BRCA2(") NPCs, BRCA1 RNA levels were similar to those in
& BRCA2(™) NPCs. In contrast, fibroblasts showed a 40% decrease in BRCA1 RNA levels
in & BRCA2*") compared to & BRCA2(. Formaldehyde treatment decreased BRCAL1
RNA levels in both cell types: approximately 70% in NPCs and 40% in fibroblasts.

These results highlight the differential impact of mutation and formaldehyde treatment on
BRCA1 and BRCA2 expression at both RNA and protein levels in NPCs and fibroblasts.
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4.4 Experiments in 2D culture

4.4.1 Analysis of DNA double-strand breaks in NPCS with yH2AX staining via FACS
Formaldehyde induces DNA DSBs, which can lead to changes in the cell cycle, potentially
affecting cell proliferation. If and how strong the effect of formaldehyde in the cells of this
experiment was, should be determined. DSBs induced by formaldehyde might be the cause of
other potential effects.

Those DSBs can be marked with a yH2AX antibody, binding DSBs specifically. Two cell lines
were used for this experiment: &_BRCA2(+) and &_BRCA2™*") NPCs. Those cell lines were
used, as the main focus in this work was on the male cell lines, comparing wildtype cells and
cells carrying a heterozygous mutation in the BRCA2 gene.

Those cells were either untreated or treated with 0.2mM formaldehyde for 5h and subsequently
fixed, stained with a yH2AX antibody, and labeled with the fluorescent antibody Alexa
Fluor488. With a flow cytometry analysis, median fluorescent intensity (MIF) of the yH2AX-
positive cells was determined and compared between samples with a one-way ANOVA with
multiple comparisons. The FACS run was performed with the help of ||| from
the Flow Cytometry Core Facility 911, University Medical Center Mainz, and the analysis was
performed with the FlowJo software.

To measure yH2AX-positive cells, cells were gated in the following way: Initially, all cells
were gated, followed by gating for single cells and cleaning to remove any debris. Then,
yH2AX-positive cells were gated by plotting counts on the y-axis against fluorescent dye
(Comp Alexa Fluor 647A) on the x-axis. Compare Figure 32.
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Figure 32 FACS analysis of yH2AX staining. To identify yH2AX-positive cells, cells were stained with a primary antibody
against yYH2AX and a secondary antibody AlexaFluor488, as well as with DAPI. The gating strategy included gating on cells
(left column), subsequently gating for single cells (second column), gating on live cells by excluding dead cells (third column),
and gating on yYH2AX-positive cells (right column). One representative sample for each experimental condition and a negative
control without yYH2AX-staining are depicted. Numbers represent cell percentages in indicated gates. The samples had at least

four independent biological replicates per experimental condition and did not differ significantly.

From these cells, median fluorescent intensity (MIF) was calculated with the FlowJo software.
All samples were analyzed in the same way. No significant differences between the means of
MIFs could be observed (Figure 33), suggesting that neither mutation nor formaldehyde
treatment has an influence on the amount of DSBs in the cells.
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Figure 33 Median fluorescent intensity (MFI) of antibody-positive cells in untreated and formaldehyde-treated cells
(0.2mM). At least four biological replicates per sample were analyzed via FACS after staining with yYH2AX, AlexaFluor488
and DAPI. Mean + SD, one-way ANOVA with multiple comparisons. There was neither a significant difference in MFI of
yH2AX-positive cells comparing treated to untreated samples of both cell lines nor a significant difference comparing both
treated samples.

4.4.2 Analysis of DNA double-strand breaks in NPCS with yH2AX staining via microscopy
To analyze DNA double-strand breaks with a second approach, a yH2AX staining with
subsequent analysis via fluorescent microscopy was performed: This time cells were seeded on
coverslips, treated, fixed, and stained with a primary yH2AX antibody and a secondary
AlexaFluor488. Therefore, the fluorescence microscope Revolve from ECHO with a 10x
magnification was used. Pictures were analyzed with a slightly modified script from |||}
I 2 PhD student from the collaborator’s lab. In this script, the area of 300 nuclei per
sample and its YH2AX staining intensity are determined automatically. Each experimental
sample consisted of three biological replicates with 300 analyzed nuclei. Afterwards, a manual
calculation of the fluorescent intensity per area was performed. Data was statistically analyzed
with a one-way ANOVA with multiple comparisons.

In the immunofluorescent staining it could be seen that DAPI was detectable in all cell lines in
the nucleus. The staining of yH2AX was detectable in both treated samples but not in the
untreated samples. A substantial difference between both treated samples was not visible in the
pictures; compare Figure 34 and Figure 35.
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Figure 34 Representative immunofluorescent staining of yH2AX and DAPI in untreated and formaldehyde-treated (0.2mM)
NPC and a negative control without yH2AX staining. After a treatment with and without formaldehyde (0.2mM) for 5h at
37°C, cells were fixed and stained with yH2AX, labeled with Alexa Fluor488, and DNA was stained with DAPI. The staining
showed that in treated samples, YH2AX staining was detectable, while only slightly present in untreated samples. Magnification
in these pictures is 10x.
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Figure 35 Close-up of immunofluorescent staining of yH2AX and DAPI in untreated and formaldehyde-treated (0.2mM)
d_BRCA2(t) and &_BRCA2*) samples

The mean fluorescent intensity per area was 42.79 for the §_BRCA2%**) sample and 39.69 for
the &_BRCA2(*") sample. Both untreated samples did not differ significantly, indicating that
the BRCA2 mutation is not increasing the number of DSBs. For the treated & BRCA2(**)
sample, the mean fluorescent intensity per area was 63.28, while it was 55.66 for the treated
4 _BRCA2(M) sample. Statistically significant differences (p<0.0001) could be observed
between untreated and treated samples in each cell line, suggesting that formaldehyde increases
the amount of DSBs in both cell lines. According to statistics, the treated §_BRCA2(*") sample
shows a significantly lower mean fluorescent intensity per area compared to the §_BRCA2(**)
sample. This means that there are fewer DSBs in those cells. The difference itself, however,
was not big (63.28 and 55.66 mean fluorescent intensity per area), but due to the high number
of nuclei analyzed, statistics revealed the difference as significant.
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Figure 36 yH2AX fluorescent intensity per area of untreated and formaldehyde-treated cells (0.2mM). yH2AX fluorescent
intensity and area per nuclei were determined after yH2AX staining with an automated script. Manually, the intensity was
divided by area. 300 nuclei per biological replicate were analyzed. Three biological replicates per experimental sample were
generated. Mean + SD, one-way ANOVA with multiple comparisons, ****p<0.0001. Significant differences could be observed
between untreated and treated samples in each cell line, as well as between both treated samples.

The results of the FACS analysis and the staining of DSBs differ in their message. The FACS
analysis indicates no difference between samples, neither due to mutation nor due to
formaldehyde treatment. The staining of yH2AX-positive cells reveals significant differences
due to formaldehyde treatment. Staining is a more sensitive tool for the analysis of DSBs
compared to FACS. The reasons for this are, first, a higher specificity of fluorescence
microscopy, as the discrimination between background and true DSBs is better. And second, it
is easier to detect low levels of DNA damage in fluorescent microscopy, as also single DSBs
are highlighted, while with FACS the average signal across the nucleus is measured. (Durdik
etal., 2021)

As the differences between the samples are highly significant in the fluorescent analysis and
the FACS analysis is less sensitive, it could be assumed that formaldehyde leads to an increase
of DSBs.

4.4.3 Cell cycle analysis in NPCs via FACS

As both BRCAZ2 and formaldehyde are associated with the cell cycle, it is analyzed within this
project. DSBs and differences in RNA and protein expression due to a BRCA2 mutation or a
formaldehyde treatment could lead to changes in the cell cycle. Those changes in the cell cycle
might influence proliferation of the cells, which should be analyzed in this work.

BRCA2 expression and function heavily depend on the cell cycle, with cells carrying a
heterozygous mutation in the BRCA2 gene accumulating more in the G2/M-phase and G1-phase
compared to wildtype cells. Interestingly, a loss of BRCA2 extends the cell cycle as it impairs
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the completion of cell division by cytokinesis (Daniels et al., 2004); compare 1.1. Low doses
of formaldehyde are already enough to shorten the S-phase, so less time is spent in the S-phase.
Additionally, treated cells show an arrest in the G2/M phase of the cell cycle, while controls
show an undisturbed cell cycle (Nadalutti et al., 2020; Ortega-Atienza et al., 2015).
Furthermore, DSBs, e.g. induced by formaldehyde or not repaired properly due to a mutation
in the BRCA2 gene, can initiate a (reversible) cell cycle arrest in the G1- and G2- phases
(Krenning et al., 2019).

4.4.3.1 Analysis of cell cycle after formaldehyde treatment in male isogenic pair

The cell cycle of untreated and 0.2mM formaldehyde-treated & _BRCA2¢ and & _BRCA2¢*")
NPCs was analyzed. The G1-, S-, and G2-phases of the cell cycle were investigated, which
leads to a lot of comparisons statistically. To focus on the comparisons of interest and not lose
power due to p-value adjustments, first, untreated samples were compared. Second, both treated
samples and third, the treated sample were compared to the untreated sample within each cell
line. Those comparisons were statistically analyzed with a one-way ANOVA. In an explorative
manner of the experiment, further t-tests were performed. In both cell lines each single phase
of the cell cycle was compared between treated and untreated samples.

The Click-iT™ EdU kit was used, where an EdU-labeled thymidine analog is incorporated into
replicating DNA. With a click reaction, the EdU analog gets fluorescently labeled with
AlexaFluor647A. In the FACS run, which was performed with the help of ||| G
DAPI and AlexaFluor647A can be detected and analyzed. The analysis was performed with the
FlowJo software, and the G1-, S- and G2-phases were investigated.

Comparing Figure 37, samples were gated for cells, and this set was subsequently gated for
single cells and again cleaned by excluding any debris. By plotting DAPI against the fluorescent
dye (AlexaFluor647A) different cell cycle phases could be gated (defined by the black
rectangles). The chosen cell cycle phases were the usual G1-, S- and G2-phases, as well as G1+.
G1 is the cell population with one copy of DNA and no inserted EdU, so not replicating. G2-
phase is the set of cells with the double amount of DNA and no EdU, as they are not replicating.
S-phase is the group of cells with inserted EdU, as those cells are replicating and incorporating
modified nucleotides, and brings the cells from haploidy to diploidy. Furthermore, there was a
group of cells (G1+) with inserted EAU and haploid status. Those cells are also in G1 phase,
but as the treatment lasted for 5h they entered the G1-phase after having been in S-phase, so
after incorporating EdU. For the analysis, G1 and G1+ cells were taken together as G1.
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Figure 37 FACS analysis of the cell cycle phases cells. Gating strategy included gating on cells (left column), subsequently
gating for single cells (second column), gating on live cells by excluding dead cells (third column), and gating on different cell
cycle phases (right column). Numbers indicate the percentage of cells in each gate. Gated cell cycle phases were G1-, S- and
G2-phase, as well as G1+. G1+ and G1 were taken together for the analysis. One representative sample for each experimental
sample is depicted.

The mean percentage of the total number of cells of all male samples is depicted in Table 24.
In the untreated &_BRCA2"*) sample, 69.21% of all cells could be found in G1-phase, 22.26%
in S-phase, and 3.96% in G2-phase. Those percentages add up to 95.43%; the remaining 4.57%
were excluded in the gating process, as those cells were not single cells or were counted as
debris.

Table 24 Mean percentage of the number of cells per cell cycle phase in untreated and 0.2mM formaldehyde-treated
4 _BRCA2t™Mand & _BRCA2() NPCs

0.2mM
uT Formaldehyde
G1-phase 69.21 68.94
4 BRCA2(+/+)[S-phase 22.26 16.60
G2-phase 3.96 9.18
G1-phase 58.18 63.75
& BRCA2(+/-)|S-phase 34.89 23.67
G2-phase 3.45 7.71
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When first the untreated samples of both cell lines, & _BRCA2() and & BRCA2*), were
compared, differences in the cell distribution could be observed. For the BRCA2(") cell line,
significantly (p=0.0039) fewer cells could be found in G1-phase, but significantly (p=0.0009)
more in S-phase. The G2 phase showed no difference in cell number between the two cell lines
when analyzed with a one-way ANOVA with multiple comparisons.
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Figure 38 Cell cycle with its G1-, S-, and G2 phases comparing untreated & BRCA2(" and & _BRCA2™*") samples. The
percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of nine biological replicates per
experimental sample was analyzed with the Click-iT™ EdU kit and FACS analysis. Mean + SD, one-way ANOVA with
multiple comparisons, **p<0.01, ***p<0.001. The &_BRCA2(") sample showed significantly fewer cells in the G1-phase,
while there were significantly more cells in the S-phase compared to wildtype cells.

Both cell lines were also treated with formaldehyde, with a concentration of 0.2mM for 5h, and
analyzed in the same way as the untreated samples.

The treated & BRCA2™*") sample showed significantly (p=0.0198) more cells in S-phase
compared to the treated §_BRCA2**) sample.
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Figure 39 Cell cycle with its G1-, S-, and G2 phases comparing formaldehyde (0.2mM)-treated 3 BRCA2**) and
& BRCA2(H) samples. The percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of nine
biological replicates per experimental sample was analyzed with the Click-iT™ EdU kit and FACS analysis. Mean + SD, one-
way ANOVA with multiple comparisons, *p<0.05. The & BRCA2+") sample showed significantly more cells in the S-phase
compared to wildtype cells. The G1- and G2-phase did not differ significantly between both treated samples.

Another comparison drawn was the analysis between treatment conditions within one cell line.
The analysis was performed with a one-way ANOVA with multiple comparisons.
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In the &_BRCA2*™ cell line no differences in the number of cells of the several phases
comparing untreated and treated samples could be observed. In the §_BRCA2™") cell line S-
phase showed significantly (p=0.0005) fewer cells in the treated sample compared to the
untreated sample.
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Figure 40 Cell cycle with its G1-, S-, and G2 phases in untreated and treated &_BRCA2t*™*) (A) and §_BRCA2(H) (B)
samples. Percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of nine biological replicates per
experimental sample were analyzed with Click-iT™ EdU kit and FACS analysis. Mean = SD, one-way ANOVA with multiple
comparisons, ***p<0.001. The S-phase had significantly fewer cells in the treated § BRCA2(*") sample compared to the
untreated sample. All other comparisons did not reveal any differences between the samples.

A further analysis approach was tested to get another view on the data, as the starting hypothesis
only said that there are changes in the cell cycle but did not specify those changes. Therefore,
the analysis was further extended by comparing each single phase of the cell cycle within each
cell line between treated and untreated samples with a t-test.

In the &_BRCA2™™) cell line, the number of cells in G1-phase was not significantly different
between the untreated and treated samples. And while there were significantly (p=0.0305)
fewer cells in the S-phase, there were significantly (p=0.0056) more cells in the G2- phase of
the treated compared to the untreated sample.
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Figure 41 Analysis with t-tests of G1-, S-, and G2 phases in untreated and treated BRCA2**) samples. The percentage of
the total number of cells per cell cycle phase is plotted. The cell cycle of nine biological replicates per experimental sample
was analyzed with the Click-iT™ EdU kit and FACS analysis. Mean * SD, unpaired t-test, two-tailed, *p<0.05, **p<0.01. S-
phase had significantly less and G2-phase significantly more cells in the treated sample compared to the untreated sample. The
percentage of cells in the G1-phase did not differ between the untreated and treated samples.
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In the &_BRCA2™ cell line, similar results as in the &_BRCA2*™ cell line were obtained,
with significantly (p=0.0063) fewer cells in the S-phase and significantly (p=0.0002) more cells
in the G2-phase in treated compared to untreated samples.
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Figure 42 Analysis with t-tests of G1-, S-, and G2 phases in untreated and treated §_BRCA2(*") samples. The percentage of
the total number of cells per cell cycle phase is plotted. The cell cycle of nine biological replicates per experimental sample
was analyzed with the Click-iT™ EdU kit and FACS analysis. Mean + SD, unpaired t-test, two-tailed, *p<0.05, **p<0.01. The
S-phase had significantly fewer and the G2-phase significantly more cells in the treated sample compared to the untreated
sample.

4.4.3.2 Analysis of cell cycle after formaldehyde treatment in female isogenic pair

Also, in the female isogenic pair, ¢ BRCA2%**) and © BRCA2™*) NPCs, the cell cycle was
analyzed. This time only two biological replicates of each cell line and treatment condition
could be analyzed. Regarding statistics, several groups would need to be compared, similar to
the procedure in male cells. In the male cells, this was done with one-way ANOVAs with
multiple comparisons. A one-way ANOVA is a parametric test, requiring a normal distribution
of data, which cannot be determined by two replicates only. In order to still be able to compare
the results from the male and the female cells, the same statistical analysis strategy needs to be
applied. To change the one-way ANOVA in the male cells to a nonparametric test would lead
to less accurate results. Therefore, no one-way ANOVAs were used in the female samples, and
only t-tests were performed in this data set comparing the single phases of the cell cycle.

The experimental procedure with the FACS gating strategy and cell cycle phases was the same
as for the male isogenic pair; compare 4.4.3.1.

The mean percentage of the total cell number of all female samples is depicted in Table 25Table
24, similar to Table 24 in the experiment with male cells.

Table 25 Mean percentage of cell number per cell cycle phase in untreated and 0.2mM formaldehyde-treated ¢ BRCA2(+*)
and Q_BRCA2t") NPCs

0.2mM
uT Formaldehyde
G1-phase 53.18 56.12
4 BRCA2(+/+)S-phase 27.15 20.25
G2-phase 10.12 15.90
G1-phase 45.13 47.60
& _BRCA2(+/-)|S-phase 34.70 24.65
G2-phase 9.80 15.25
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As in the male cell line, there were on average more cells in S-phase, as well as fewer cells in
the G1-phase in the untreated @ BRCA2(*") cell line compared to the § BRCA2™*) cell line.
No difference could be seen in the G2-phase.
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Figure 43 Cell cycle with its G1-, S-, and G2 phases comparing untreated _BRCA2(+/+) and 2_BRCA2") samples. The
percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of two biological replicates per experimental
sample was analyzed with the Click-iT™ EdU kit and FACS analysis. No statistics were performed; mean + SD is displayed.
The BRCA2(++) sample showed fewer cells in the G1- phase, while there were more cells in the S-phase compared to wildtype
cells.

When analyzing the treated samples, more cells in S-phase, as well as fewer cells in G1-phase
were found in the treated 9 BRCA2™*) cell line compared to the § BRCA2™*) cell line. In the
male samples (Figure 39), similar results in S-phase in the &_BRCA2*") cell line were seen.
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Figure 44 Cell cycle with its G1-, S-, and G2 phases comparing formaldehyde (0.2mM)-treated Q_BRCA2*" and
Q@ BRCA2%" samples. The percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of two
biological replicates per experimental sample was analyzed with the Click-iT™ EdU kit and FACS analysis. No statistics were
performed; mean + SD is displayed. The BRCA2(+) sample showed fewer cells in the G1- phase, while there were more cells
in the S-phase compared to wildtype cells.

In the female cell lines, the analysis within each cell line comparing untreated to treated samples
was performed. In the © _BRCA2™*) cell line there were no differences between untreated and
treated cells in any of the cell cycle phases. In the treated samples of ¢ BRCA2™*), there were
significantly fewer cells in S-phase compared to the untreated samples.

Those results resemble the ones already found in the male cell lines.
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Figure 45 Cell cycle with its G1-, S-, and G2 phases in untreated and treated 9_BRCA2*"") and @_BRCA2¢") samples. The
percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of two biological replicates per experimental
sample was analyzed with the Click-iT™ EdU kit and FACS analysis. No statistical test was performed; mean + SD is
displayed. The strongest difference could be observed in the S-phase of the §_BRCA2(*/) sample showing fewer cells in the
treated compared to the untreated sample.

As for the male lines, cell cycle phases of the female samples were analyzed separately with a
t-test comparing treated and untreated samples within each cell line.

For both cell lines, significantly fewer cells in treated samples compared to untreated samples
in S-phase could be found. The p-value for the wildtype sample was p=0.0351 and p=0.0071
for the §_BRCA2*") sample. In the G2-phase, more cells in the treated samples compared to
the untreated ones could be seen, even though no statistically significant differences could be
observed. Those results also resemble the findings of the male cell lines.
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Figure 46 Analysis with t-tests of G1-, S-, and G2 phases in untreated and treated _BRCA2%"*) and Q_BRCA2*") samples.
The percentage of the total number of cells per cell cycle phase is plotted. The cell cycle of two biological replicates per
experimental sample was analyzed with the Click-iT™ EdU kit and FACS analysis. Mean + SD, unpaired t-test, two-tailed,
*p<0.05, **p<0.01. S-phase had significantly fewer cells in the treated samples compared to the untreated samples. The
percentage of cells in the G1-phase and G2-phase did not differ between the untreated and treated samples.

The results suggest that there are two effects that influenced the cell cycle: one is due to the
BRCA2 mutation, and the other one is caused by the formaldehyde treatment. In ¢ BRCA2*")
samples more cells were in S-phase and fewer in G1l-phase compared to wildtype cells.
Moreover, in formaldehyde-treated samples the number of cells in S-phase was decreased, but
the number of cells in G2-phase was increased. The results were significant in male cells and
similar in female cell lines, which only had two biological replicates per cell line.

4.4.4 Proliferation assay in NPCs

Proliferation assays in the male isogenic pair and female isogenic pair in NPCs were performed
to investigate a potential difference in the proliferation rate between samples due to the BRCA2
mutation. Furthermore, cell lines were treated with 0.2mM formaldehyde and compared to their
untreated counterparts to see if the treatment had an influence on cell proliferation in 2D culture.
The number of cells per sample was counted manually with a counting chamber over several
days depending on the experiment.

4.4.4.1 Analysis of proliferation in 2D after formaldehyde treatment in NPCs

To analyze the influence of a formaldehyde treatment on proliferating NPCs, cells were
untreated or treated with 0.2mM formaldehyde. The number of cells was manually counted
right before and after (Oh) treatment and on four following days at the same time; compare
Figure 47 and Figure 48. Over time it could be seen that untreated NPCs of § BRCA2™*/*) and
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4 BRCA2™1) cells proliferated continuously, while formaldehyde-treated samples barely
proliferated. No significant differences in the number of cells between untreated & BRCA2(*
Yand §_BRCA2(*™*) NPCs could be found in any of the experiments.

On days 3 and 4 after treatment, significant differences in cell number between untreated and
treated samples were observed, with treated samples showing significantly fewer cells. No
difference could be seen between both treated samples on any of the days. Formaldehyde-
treated samples did not increase in cell number during the days after formaldehyde treatment.
A one-way ANOVA with multiple comparisons, comparing all four samples within each day,
was performed, but only the comparisons of day 3 and day 4 are displayed in the graphs. As
only those comparisons showed differences between samples, while the comparisons on the
other days did not show differences.
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Figure 47 Proliferation assay in untreated and 0.2mM formaldehyde-treated male NPCs. §_BRCA2®**) and & _BRCA2(+/)
cells were used with five biological replicates per sample. The number of cells was manually counted with a counting chamber
right before and after (Oh) the treatment and on the four following days. Mean + SD, one-way ANOVA with multiple
comparisons, ****p<0.0001. Significant differences could be found 3 days and 4 days after treatment comparing the untreated
to the treated samples within each cell line. There is no difference comparing both cell lines, neither in their untreated nor in
their treated conditions on day 3 and day 4. As well as no significant differences between any of the samples at other time
points.

The results were similar for both isogenic pairs (males and females). The only difference was
the strength of the treatment effect on day 3 between male and female cell lines, with the male
cell lines showing a stronger decrease in proliferation rate due to formaldehyde treatment
(p<0.0001) than the female cell lines. In the female cell lines, the p-values for the comparison
on day 3 were p=0.0191 for the 9 BRCA2™** sample and p=0.0056 for the § BRCA2™*")
sample. On day 4 it was p<0.0001. The formaldehyde-treated samples increased slightly in cell
number during the days after formaldehyde treatment.

Three biological replicates for the female isogenic pair were used, while there were five
biological replicates for the male isogenic pair.
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Figure 48 Proliferation assay in untreated and 0.2mM formaldehyde-treated female NPCs. ¢ BRCA2(+*)and @ BRCA2(+"
) cells were used with three biological replicates per sample. The number of cells was manually counted with a counting chamber
right before and after (Oh) treatment and on four following days. Mean * SD, one-way ANOVA with multiple comparisons,
*p<0.05, **p<0.01, ****p<0.0001. Significant differences could be found 3 days and 4 days after treatment, comparing
untreated to treated samples within each cell line. There is no difference comparing both cell lines, neither in their untreated
nor in their treated conditions.

4.4.4.2 Long-term analysis after treatment

The reason to perform a long-term analysis was to analyze if the number of cells in
formaldehyde-treated samples would increase again over time, as within four days after
treatment the number of cells did not increase; compare 4.4.4.1.

The male isogenic pair was used for this experiment, and the number of cells was determined
before and 1, 2, 4, 7, and 9 days after the 5h treatment with 0.2mM formaldehyde.

Figure 49 shows that in both cell lines, &_BRCA2™" and 4 BRCA2(*/), the number of cells
in both untreated and treated samples increased over time. The increase of cells in the untreated
samples started already 2 days after formaldehyde treatment, while in the treated samples only
7 days after treatment did the number of cells increase.
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Figure 49 Number of cells over time in & _BRCA2(") and §_BRCA2( samples untreated and formaldehyde-treated
(0.2mM). The number of cells was manually counted with a counting chamber right before and after (Oh) treatment and on four
following days. Three biological replicates per sample were used. Mean = SD. In both cell lines, &_BRCA2(*/*) and
& BRCA2(H) the number of cells in both samples, untreated and formaldehyde-treated, increased over time, already starting
at Day 2 in the untreated samples, while only starting at Day 7 in the treated samples.
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To analyze the influence of formaldehyde on cell numbers, cell numbers were taken into
relation: at each of the six time points, the cell numbers of the treated samples were divided by
the cell numbers of the untreated samples. With this approach it is possible to implement the
formaldehyde treatment in the data and compare both cell lines.

It could be seen that for both cell lines, the number of cells decreased after treatment, stayed
low until day 4, and increased again at 7 and 9 days after treatment. Furthermore, there was no
significant difference between & BRCA2*) and & BRCA2(*?) NPCs. Therefore,
formaldehyde did not differ in its effect on both cell lines.
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Figure 50 Relation of number of cells of treated to untreated samples in both cell lines. Mean + SD. Formaldehyde did not
affect the cell lines differently.

Proliferation was consistently ongoing in all cell lines. Treatment with formaldehyde decreased
the number of cells in both isogenic pairs, but the cells recovered and started to grow again.
There was no different effect of formaldehyde on the &_BRCA2™*" and & _BRCA2™*") cell
lines.

4.5 Experiments in 3D culture

Besides the analysis in 2D culture, 3D culture experiments were also performed. They were
performed to see if subtle changes, due to a BRCA2 mutation or a treatment with formaldehyde,
were detectable in brain-like structures.

Neurospheres are 3D structures that are generated from NPCs. With these neurospheres it is
possible to analyze two parameters: cellular proliferation and migration.

Both parameters were analyzed within one batch of neurospheres. One quarter of the
neurospheres was used for migration analysis and three quarters for proliferation analysis.
Regarding the exact protocol, please refer to the methods section.

First, neurospheres were observed over a period of 10 days to see if the neurospheres
proliferated and cells migrated out of the neurospheres regularly and increasingly over time.
Second, neurospheres were treated with 0.2mM formaldehyde for 5h, to see if formaldehyde
has any influence on proliferation or migration over a period of 10 days. As no effect of
formaldehyde could be observed, the incubation time with formaldehyde was increased to 24
hours with an analysis on Day 5. There was no effect of the extended treatment on either
proliferation or migration. As cells carrying a BRCA2 mutation might accumulate more DNA
damage over time and be more susceptible to a formaldehyde treatment compared to wildtype
cells, older cells (with a passage higher than 15) were used to generate neurospheres, and the
experiment with a 24h incubation of formaldehyde was repeated. An effect on proliferation
could be observed.
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Which isogenic pair, male or female, was used for the exact experiment is indicated in each
chapter. For the last experiment all male isogenic cell lines were used.

4.5.1 Neurospheres - proliferation

For proliferation analysis, neurospheres were cultured up to 10 days in low-attachment, round-
bottom-shaped 96-well plates, and pictures were taken on day 5, day 8, and day 10. The Feret
diameter of each neurosphere was determined with a script from ||| | | . 2 PhD student
in the lab. Outliers in the data (ROUT Q=1%) had been identified and removed. The data, if
necessary, was analyzed with a one-way ANOVA and multiple comparisons.

45.1.1 Proliferation over time

Proliferation of neurospheres generated from the male and female isogenic NPC pairs was
measured over time by analyzing pictures taken on day 5, day 8, and day 10; compare Figure
51. For the analysis, the Feret diameter of each neurosphere was automatically determined.

Day5 Day8 Day10

& BRCA2G) O 2

J_BRCA2(9 @ & e,

Figure 51 Representative white-light pictures of neurospheres growing over time. Representative pictures of neurospheres of
4 _BRCA2%*) and &_BRCA2(") cells were taken on Day 5, Day 8, and Day 10. The scale bar is 1000um.

The neurospheres of all cell lines grew continuously over time (Figure 52). Neurospheres were
not treated with formaldehyde in this experiment.
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Figure 52 Proliferation of neurospheres over time. In male and female BRCA2(/*) and BRCA2(") neurospheres, the Feret
diameter increased over time, being measured on day 5, day 8, and day 10.

4.5.1.2 Proliferation after 5h formaldehyde treatment

For this experiment, neurospheres were treated with 0.2mM of formaldehyde for 5h at 37°C on
day 3. Afterwards they were left to grow and were analyzed again on day 5, day 8, and day 10.
The female isogenic pair (?_BRCA2(**) and @ BRCA2(*") was used for the experiment.

It could be observed that the neurospheres grew steadily over time, as in the previous
experiment; see 4.5.1.1. No significant difference between the untreated and the treated sample
in any of the cell lines, nor at any time point (Figure 53), could be observed.
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Figure 53 Proliferation of untreated and 5hour formaldehyde (0.2mM)-treated neurospheres. Each dot and arrow represents
one neurosphere. Mean + SD, one-way ANOVA with multiple comparisons. There was no significant difference between the
untreated and treated samples in both cell lines at any time point.
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4.5.1.3 Proliferation after 24h formaldehyde treatment

No significant differences could be found between untreated and formaldehyde-treated samples
after five hours of treatment. Therefore, the incubation time with formaldehyde was increased
to 24h. The treatment started on day 3 of the assay and was stopped on day 4. Analysis was
again performed on Day 5.

4.5.1.3.1 Neurospheres generated from NPCs with a passage < 15

The male isogenic pair (¢_BRCA2™* and & _BRCA2™*")) was used for this experiment, and
neurospheres were generated of NPCs that had a passage lower than 15.

No significant differences in treated compared to untreated neurospheres could be found on day
5. As the results did not differ between untreated and treated samples on day 5, the later time
points, day 8 and day 10, were not analyzed.
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Figure 54 Proliferation of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on day 5. Each dot and arrow
represents one neurosphere. Mean + SD, one-way ANOVA with multiple comparisons. Neurospheres were generated from
NPCs with a passage lower than 15 and did not show any significant differences between treated and untreated samples in
regard to Feret diameter.

4.5.1.3.2 Neurospheres generated from NPCs with a passage > 15

This 24h formaldehyde treatment was performed in neurospheres generated from NPCs with a
passage between 15 and 20.

As significant differences between untreated and formaldehyde-treated samples could be seen
in the &_BRCA2™") cell line on day 5, day 8 and day 10 were also analyzed.

The mean Feret diameter of the neurospheres of all samples can be found in Table 26.

On day 5, a difference could be found in Feret diameter between untreated 5 BRCA2('*) and
4 _BRCA2™") neurospheres, with & BRCA2(") neurospheres being significantly (p=0.0025)
smaller in diameter. Furthermore, formaldehyde treatment caused an even smaller Feret
diameter in BRCA2(") treated neurospheres. The p-value for the comparison between treated
and untreated & BRCA2(") neurospheres was p=0.0042. Compared to treated § BRCA2(**)
neurospheres, treated §_BRCA2™") neurospheres were significantly (p<0.0001) smaller.

On day 8 the difference in Feret diameter between both untreated neurosphere batches was not
visible anymore, whereas a difference between untreated and treated wildtype samples could
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be detected (p=0.021). The difference between both treated neurosphere samples remained
(p<0.0001).

On day 10, the effect of formaldehyde on both cell lines continued to be present (p=0.0175 for
4 _BRCA2™" samples and p=0.0225 for §_BRCA2™*") sample), while there was no difference
between both untreated and both treated samples anymore.
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Figure 55 Proliferation of untreated and 24h formaldehyde (0.2mM)-treated neurospheres with >15 passages on days 5, 8,
and 10. Neurospheres were generated from NPCs with a passage higher than 15. Each dot and arrow represents one
neurosphere. Mean + SD, one-way ANOVA with multiple comparisons, *p<0.05, **p<0.01, ****p<0.0001. Formaldehyde
seemed to affect the neurospheres differently depending on the cell line and day of analysis.

When comparing the values between day 5, day 8, and day 10, no increase in Feret diameter
over time could be observed. Usually, it would have been expected that the Feret diameter
would increase from day 5 to day 8 to day 10 due to proliferation of the neurospheres. Also
similar to the results observed in neurospheres generated from young NPCs, compare 4.5.1.1..
The cells, which were used for this experiment, had a passage higher than 15 and were frozen
and thawed between the generation of cells and the experiment.

In addition to the male isogenic pair §_BRCA2™**) and & BRCA2(), the experiment was also
performed in neurospheres generated from 3 BRCA2() and & _BRCA1*?) NPCs with a

passage higher than 15.
As can be observed in Figure 56, also the other cell lines did not show a continuous, high

proliferation from day 5 until day 10.
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Figure 56 Proliferation in all neurospheres generated from old NPCs on days 5, 8, and 10. The graphs showed proliferation
of all neurospheres, either untreated or treated with formaldehyde. The increase of Feret diameter was not as high as in the
experiment over time in neurospheres generated from young NPCs; compare Figure 52.

In order to compare continuous proliferation between old and young neurospheres, proliferation
over time was calculate; see Table 26. For this analysis, proliferation of neurospheres from
experiment one (4.5.1.1 Proliferation over time) and four (4.5.1.3.2 Neurospheres generated
from NPCs with a passage > 15) were examined.

To do so, the means of the Feret diameter of all neurospheres on each day were listed, and the
difference between day 5 and day 10 was calculated. This difference was subsequently
presented as a percentage from the mean on day 10; compare Table 26. As an example: in the
4 _BRCA2™) neurospheres generated from young NPCs, the increase/change from day 5 to
day 10 is 70.31um. Those 70.31um are 13.18% of 533.39um, which is the Feret diameter on
day 10.

Regarding the untreated samples from the fourth experiment: in & BRCA2(*'*) and
4 _BRCA2™") neurospheres, proliferation was not visible; instead, a reduction over time could
be detected. The reduction was 5.79% in &_BRCA2™* from day 5 to day 10 and 2.55% in
4 BRCA2%). In & BRCA2(and & _BRCA1™*") samples, neurospheres showed an increase of
4.44% and 7.05% respectively. Also, in the treated samples, the change is not consistent:
increases in diameter of up to 8.01% (4 _BRCA2(")) were visible, while also a reduction of up
t0 9.45% (J_BRCA2™™) was visible.

All cells, which were used for this experiment, had a passage higher than 15. But only
4 BRCA2*""and & BRCA2™*") cells were frozen and thawed between the generation of cells
and the experiment, while & BRCA2") and the & _BRCA1™") samples were continuously
cultured after differentiation into NPCs to quickly reach a passage higher than 15 and had not
been frozen between the generation of cells and the experiment.

In neurospheres generated during the first experiment, the increase was 70um for & _BRCA2(+*)
and 83um for &_BRCA2(*"), which was an increase of 13% and 14% of Feret diameter.

Therefore, it can be concluded that the increase in neurospheres generated from NPCs with a
passage higher than 15 is not as regular as in neurospheres generated from NPCs with a lower
passage.
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Table 26 Calculation of Feret diameter over time in neurospheres generated from old and young NPCs

Experiment 24h formaldehyde treatment, generated from old NPCs over time, from young NPCs
Cell line 3 BRCA2“™ |3 BRCA2™"| 3 BRCA2™” |3 BRCA1™|Z BRCA2™™ |2 BRCA2M?
Treatment condition uTt uT uTt uTt uT uT
Mean of Day 5 444,76 424,67 497,28 438,47 463,08 501,82
Day 8 417,50 399,36 526,44 450,07 504,60 544,04
Neurospheres
Day 10 420,43 414,10 520,39 471,71 533,39 585,37
change from Day 5 to Day 10 |-24,33 -10,57 23,11 33,24 70,31 83,54
change to Day 10 [%] -5,79 -2,55 4,44 7,05 13,18 14,27
Treatment condition 0-2mM 0-2mM 0.2mM 0-2mM
Formaldehyde [Formaldehyde|Formaldehyde [Formaldehyde
Day 5 433,70 404,86 483,38 434,36
Mean of
Day 8 393,56 354,63 519,96 425,25
Neurospheres
Day 10 396,25 389,91 525,46 454,97
change from Day 5 to Day 10 [-37,45 -14,95 42,08 20,61
change to Day 10 [%] -9,45 -3,83 8,01 4,53

When comparing neurospheres only within each day, the following can be observed:

On day 5, a significant difference between untreated and treated conditions in both BRCA2-
mutated samples could be observed. Treated cells in the & BRCA2(*) sample showed
significantly smaller ferret diameters compared to untreated neurospheres with a p-value of
p=0.0001. Accordingly, the treated neurospheres in the & BRCA2(") sample also showed
significantly lower ferret diameters due to formaldehyde treatment compared to untreated
neurospheres with a p-value of p=0.0098. 4 BRCA2™*/") and 4 BRCA1™") neurospheres did
not show any differences due to treatment.
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Figure 57 Proliferation of untreated and 24h formaldehyde (0.2mM)-treated neurospheres with >15 passages on day 5 .
Neurospheres were generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean
+ SD, one-way ANOVA with multiple comparisons, **p<0.01, ***p<0.001. Neurospheres showed significant differences
between treated and untreated samples in regard to Feret diameter in mutated BRCA2 cells.

On day 8, the effect of formaldehyde was visible in three of the four samples (not in the
4 _BRCA2¢") sample), with the Feret diameter having been smaller in treated compared to
untreated samples. The p-values of those comparisons were p=0.0026 for the §_BRCA2™+),
p<0.0001 for the & _BRCA2(), and p<0.0001 for the &_BRCA1™") sample.
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Figure 58 Proliferation of untreated and 24h formaldehyde (0.2mM)-treated neurospheres with >15 passages on day 8.
Neurospheres were generated from NPCs with a passage higher than 15. Each dot and arrowhead represents one neurosphere.
Mean = SD, one-way ANOVA with multiple comparisons, **p<0.01, ****p<0.0001. The neurospheres showed significant
differences between treated and untreated samples in regard to Feret diameter in all samples besides BRCA2("),

On day 10, the effect of formaldehyde also disappeared in the & BRCA1™*") sample and was
only visible in &_BRCA2™** (p=0.0171) and & _BRCA2®*") (p=0.0211) samples comparing
untreated and treated samples.
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Figure 59 Proliferation of untreated and 24h formaldehyde (0.2mM)-treated neurospheres with >15 passages on day 10.
Neurospheres were generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean
+ SD, one-way ANOVA with multiple comparisons, *p>0.05. They showed significant differences between treated and
untreated samples in regard to Feret diameter in wildtype and &_BRCA2(*-) samples.

4.5.2 Neurospheres - migration

Not only can proliferation be investigated with the neurosphere assay, but also migration of
cells from the neurospheres into the periphery. The same experimental setup regarding time
schedules and analysis method as for the proliferation analysis was performed; compare 4.5.1.
In the following experiments migration was analyzed: over time, after 5h formaldehyde
treatment, after 24h formaldehyde treatment, and after 24h formaldehyde treatment in
neurospheres generated from NPCs with a passage >15.
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To analyze migration, neurospheres were placed into PL-coated 6-well plates on day 3 of the
assay, only slightly covered with neuronal media, and cultured at 37°C with 8% CO.. After a
24h treatment with formaldehyde, cells were transferred into 6-well plates on Day 4, right after
the end of the incubation with formaldehyde. Being attached to the ground, cells could migrate
out of the neurospheres, and pictures were taken on day 5, day 8, and day 10. The Feret diameter
of each neurosphere was determined, and a second circle was manually drawn around the outer
ends of the migrating cells. From those two circles the Feret diameter was calculated, and it
was possible to subtract the Feret diameter of the inner circle from the Feret diameter of the
outer circle, and therefore the average migrated distance of the cells could be determined.
Outliers in the data (ROUT Q=1%) had been identified and removed. The data, if necessary,
was analyzed with a one-way ANOVA and multiple comparisons.

45.2.1 Migration over time

Migration of cells of neurospheres generated from the male and female isogenic NPC pairs was
measured over time by analyzing pictures taken on day 5, day 8, and day 10, compare Figure
60.

Day5 Day8

& BRCA2

& _BRCA2G

Figure 60 Representative white light pictures of neurospheres migrating over time.' Representative pictures of neurospheres
of §_BRCA2(t™ and &_BRCA2¢") cells taken on day 5, day 8, and day 10. The inner circle covered the neurospheres, while
the outer circle involved the migrated cells. The scale bar is 1000pum.

In all cell lines, the cells continuously migrated out of the neurospheres over time; compare
Figure 61. Neurospheres were not treated with formaldehyde in this experiment.
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Figure 61 Migration of cells out of neurospheres over time. In male and female BRCA2(**) and BRCA2(*") neurospheres,
migration increased over time, being measured on day 5, day 8, and day 10. Migration distance was calculated by subtracting
the Feret diameter of the inner circle from the Feret diameter of the outer circle.

4.5.2.2 Migration after 5h formaldehyde treatment

For this experiment, neurospheres were treated with 0.2mM formaldehyde for 5h at 37°C on
day 3. Afterwards they were placed into the PL-coated six-well plate, media was changed, and
they were allowed to grow and migrate. Analysis was performed on day 5, day 8, and day 10.
The female isogenic pair § BRCA2**) and @ BRCA2™*") was used for this experiment.

It could be observed that cells migrated out of the neurospheres over time as in the previous
experiment. There was no significant difference between untreated and treated samples in any
of the cell lines at any time point (Figure 62).
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Figure 62 Migration of untreated and 5 hours formaldehyde (0.2mM)-treated neurospheres. Each dot and arrow represents
one neurosphere. Mean * SD, one-way ANOVA with multiple comparisons. There was no significant difference in the migrated
distance between the untreated and the treated sample in both cell lines at any time point.
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4.5.2.3 Migration after 24h formaldehyde treatment

No significant differences could be found between untreated and formaldehyde-treated samples
when the treatment lasted for five hours. Therefore, the incubation time of formaldehyde was
increased to 24h. Treatment started on day 3 of the assay and was stopped on day 4. Immediately
after the treatment was over, neurospheres were placed into PL-coated 6-well plates.

4.5.2.3.1 Neurospheres generated from NPCs with a passage < 15

Analysis was again performed on day 5, but as the results did not differ between untreated and
treated samples, day 8 and day 10 were not analyzed. The male isogenic pair (§_BRCA2(**)
and & _BRCA2(*")) was used for this experiment, and neurospheres were generated of NPCs
that had a passage lower than 15.

No significant differences in treated compared to untreated neurospheres could be found.
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Figure 63 Migration of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on day 5. Neurospheres were
generated from NPCs with a passage lower than 15. Each dot and arrow represents one neurosphere. Mean = SD, one-way
ANOVA with multiple comparisons. There were no significant differences between treated and untreated samples in regard to
migrated distances.

4.5.2.3.2 Neurospheres generated from NPCs with a passage > 15

As the proliferation assay was performed in neurospheres generated from NPCs with a passage
higher than 15, migration was also analyzed in these older NPC cultures.

On day 5, the migrated distance did not differ between any of the samples.

On day 8, a significant difference (p=0.0474) between both untreated samples could be
observed, with & _BRCA2™*") neurospheres having migrated less compared to §_BRCA2(**)
neurospheres.

On day 10, this difference even increased in significance (p<0.0001), while additionally a
significant difference (p=0.0221) between the untreated and treated & BRCA2(*'*) samples
could be observed. The data points on day 10 showed a high standard deviation, and especially
in the &_BRCA2™* samples, there seem to be two subgroups in the data set.
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Figure 64 Migration of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on days 5, 8, and 10. Neurospheres
were generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean + SD, one-
way ANOVA with multiple comparisons, *p<0.05, ****p<0.0001. There were no significant differences between treated and
untreated samples in regard to migrated distances on day 5. Day 8 and day 10 showed differences between samples.

In addition to the & _BRCA2™*™ and & BRCA2™*") isogenic pair, the experiment was also
performed in neurospheres generated from & BRCA2() and 4 BRCA1®*) NPCs with a
passage higher than 15.

On day 5, no differences in the migrated distances between untreated and treated samples in
each cell line could be detected.
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Figure 65 Migration of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on day 5. Neurospheres were
generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean + SD, one-way
ANOVA with multiple comparisons. There were no significant differences between treated and untreated samples in regard to
migrated distances in any of the samples.
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Similarly, on day 8, no differences between the untreated and the treated samples in each cell
line could be detected. The data showed a wider spread in the & BRCA2(+*), & BRCA2™*") and
4 _BRCA1™") samples; compare Figure 66 and Table 27.

Table 27 Overview of samples and their standard deviation in the analysis of migration on day 8 in neurospheres generated
from a passage higher than 15

Sample Treatment condition [Standard deviation

J _BRCA2( uT 42,97
&_BRCA2™ [ 9 2mM Formaldehyde 173,46
3 _BRCA2* uT 181,64
3_BRCA2™ | 0.2mM Formaldehyde 170,51
d_BRCA2") uT 46,34
3_BRCA2™ | 0.2mM Formaldehyde 43,97
d BRCA1¢" uT 143,75
3_BRCA1™) | 0.2mM Formaldehyde 164,40

The standard deviations were between 42.7 and 181.64 for the samples (compare Table 27) and
therefore showed differences of up to 4.5 times between samples.
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Figure 66 Migration of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on day 8. Neurospheres were
generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean + SD, one-way
ANOVA with multiple comparisons. There were no significant differences between treated and untreated samples in regard to
migrated distances in any of the samples.

A significant difference (p=0.027) between untreated and treated samples in & _BRCA2(+*)
cells could be observed on day 10, as well as two subgroups within both &_BRCA2™**) samples
(Figure 67). In the other samples no significant differences between untreated and treated
samples could be seen.
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Figure 67 Migration of untreated and 24h formaldehyde (0.2mM)-treated neurospheres on day 10. Neurospheres were
generated from NPCs with a passage higher than 15. Each dot and arrow represents one neurosphere. Mean + SD, one-way
ANOVA with multiple comparisons, *p<0.05. There were no significant differences between treated and untreated samples

regarding migrated distances in three of the samples. Only in the §_BRCA2(/*) sample could a significant difference between
untreated and treated samples be detected.
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5 Discussion

BRCAZ2 is a tumor suppressor gene that encodes a protein of 3418 amino acids (Tavtigian et al.,
1996). If heterozygously mutated, BRCA2 leads to an increased risk for the patient to develop
HBOC; if homozygously mutated, the patient is suffering from Fanconi Anemia, with
symptoms like microcephaly and intellectual disability (Rump et al., 2016; Weinberg-Shukron
et al., 2018). BRCA2 has its main function in the HR repair of DNA damage, namely DSB and
ICL (Fradet-Turcotte et al., 2016). It is furthermore involved in the protection of stalled
replication forks (Liao et al., 2018; Lomonosov et al., 2003; Schlacher et al., 2011b) and has
several additional functions depending on the cell cycle stages (Martinez et al., 2015).

In the brain, BRCA2 mutations had been associated with decreased cellular proliferation and
abnormal brain development in mice (Ludwig et al., 1997; Suzuki, de la Pompa, et al., 1997).
It could furthermore be shown that BRCA2 mutations lead to an increased probability of
developing brain metastasis in humans (Ratner et al., 2019). BRCA2 mutations have also been
associated with neuropsychiatric diseases like ASD and bipolar disorder (Neale et al., 2012a;
Tesli et al., 2010). Additionally, there is the connection between impaired DNA damage repair
and neurodegeneration. Accumulated DSBs in the brain of BRCA2 mutation carriers have been
linked to neurodegeneration (Madabhushi et al., 2014), (neuro-) psychiatric disorders, and
intellectual disabilities (Raza et al., 2016; Shiwaku & Okazawa, 2015; Suberbielle et al., 2013).
BRCAZ2 is influenced by formaldehyde (Tan et al., 2017). Formaldehyde is a highly toxic
chemical compound and occurs exogenously and endogenously in the body (Kalapos, 1999). It
can accumulate in certain tissues, like the brain, to concentrations of up to 0.4mM (Heck et al.,
1982; Tong et al., 2011b; Tong, Han, Luo, Wang, et al., 2013a). It can induce DNA damage
(Juarez et al., 2018) and has neurotoxic effects in the brain (Kilburn, Seidman, et al., 1985;
Kilburn, Warshaw, et al., 1985; Songur et al., 2008). When accumulated in the brain over time,
it has been connected to age-related memory decline (Kilburn et al., 1987; Tong et al., 2011b),
as well as brain diseases and tumors (Rana et al., 2021).

In the interaction with BRCA2, formaldehyde can stall the replication fork and at the same time
inhibit BRCA2. This leads to a haploinsufficiency of BRCA2, where heterozygously mutated
BRCAZ2 cells are more affected by formaldehyde compared to wildtype cells (Tan et al., 2017).
However, the connection between BRCAZ2 sensitivity to formaldehyde and formaldehyde
accumulation in the brain has not been drawn so far.

In the diagnostics of the human genetics department in Mainz, 161 patients presented with
developmental delay, mild to moderate intellectual disability, or behavioral anomalies. After
sequencing, three patients could be determined to be carrying a heterozygous loss-of-function
BRCA2 mutation. From one patient, it was possible to receive a skin biopsy, which was used
for the study. The study aimed at analyzing the effects of formaldehyde on neuronal tissue of
BRCA2 mutation carriers and its effects on cell proliferation and brain function.

5.1 BRCA2 protein and RNA expressions are decreased in cells carrying a BRCA2
mutation heterozygously or homozygously

In this study protein and RNA expression of BRCAZ2 in several cell lines were tested to examine
basic, untreated expression. Therefore, fibroblasts, iPSCs, and NPCs with or without BRCA2
mutation were analyzed by RT-gPCR and Western blotting.

Comparing the different expression levels of fibroblasts, iPSCs, and NPCs, it could be observed
that fibroblasts always showed the lowest RNA and protein levels of BRCA2 compared to the
other two cell types. In the human protein atlas (Karlsson et al., 2021; The Human Protein Atlas,
2023) the same results can be observed. TPM (transcripts per million) is the unit in which those
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expression levels are given in the protein atlas (Y. Zhao et al., 2021). The RNA expression of
BRCA2 in fibroblasts has been reported to be very low (3.8nTPM) and higher in
undifferentiated cells (15.6nTPM for BRCA2). Observations of this study confirmed the results
of a previous study that had examined BRCAZ levels in iPSCs, NPCs, and fibroblasts and found
that the expression of BRCAZ2 is higher in pluripotent cells compared to fibroblasts (Shimada
etal., 2019).

BRCAZ is differently expressed in various tissues of the body. The highest expression of
BRCAZ2 can be found in rapidly proliferating cells (Chodosh, 1998; Orii et al., 2006; Rajan et
al., 1996) undergoing differentiation (Bernard-Gallon et al., 2001) as well as during brain
development (Petryszak et al., 2016). With our results we can support those findings. The
reason for higher BRCA2 levels in proliferating cells is its important function in genomic
stability during DNA replication and cell cycle progression (Rajan et al., 1996). Proliferating
cells require BRCA2’s homologous recombination (HR) repair function to resolve DNA
double-strand breaks and stalled replication forks (Gorodetska et al., 2019b).

Another aim of these experiments was to find out if a heterozygous or homozygous BRCA2
mutation has an influence on RNA and protein levels of BRCAZ2. In fibroblasts, it was found
that the heterozygously BRCA2-mutated cell line, the patient cell line, always showed a lower
expression compared to the wildtype cell line. BRCA2 RNA and protein expression were
around 50% expressed in this cell line compared to wildtype. This can be explained by a
heterozygous mutation in BRCAZ in this cell line. A deletion of an adenine leads to a frameshift
and is predicted to cause nonsense-mediated decay (NMD) in the cells. NMD is a control system
through which mRNAs carrying a premature stop codon can be degraded and do not lead to a
truncated or abnormal protein (Lykke-Andersen & Jensen, 2015). The reduction on the RNA,
and protein level might be explained by the mutation and the potential NMD. The primers for
the RT-gPCR were designed to bind in front of the mutation to additionally test if NMD is
happening. As reduced levels of BRCA2 in the RNA can be detected, it could be assumed that
NMD is happening.

The mutation of the heterozygous BRCA2 cell line is classified as pathogenic by varsome and
ClinVar, citing several studies that investigated this mutation (Borg et al., 2010; Kurian et al.,
2008; Rebbeck et al., 2018; Turkovic et al., 2010; S. Zhang et al., 2011). If a mutation is
classified as pathogenic, this indicates a mutation being strongly associated with disease
causation. An example is a mutation leading to a frameshift in a gene where loss of function is
disease-associated, as in our samples (The Human Genomics Community, 2023).

The heterozygously mutated BRCA2 cell line (3 BRCA2*") also showed lower BRCA2 RNA
and protein expression in iPSCs and NPCs compared to wildtype cells. On the protein level, the
expression was reduced by 50%, while the reduction on the RNA level was a bit less. The
mutation in this cell line is an insertion of an adenine at a very similar position to the patient
cell lines. This insertion also leads to a frameshift and is predicted to cause NMD. The mutation
itself is classified as likely pathogenic by varsome.

If a BRCA2 heterozygosity in cells leads to a decrease in BRCA2 RNA and protein, it has also
already been investigated before (Tan et al., 2017; Tannenbaum et al., 2007). In 2006 Arnold
and colleagues (Arnold et al., 2006a) found that in lymphoblastoid cell lines carrying a
heterozygous BRCA2 mutation, BRCAZ protein levels were reduced by 50%, while RNA levels
remained stable. The relationship between heterozygous mutations and RNA levels appears
influenced by mutation type (truncating vs. missense) and post-transcriptional regulation (M.
Lee et al., 2021; Lima et al., 2025). If a mutation leads to a minor isoform encoding truncated
proteins, NMD seems to happen to prevent dysfunctional proteins and is therefore reducing
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RNA levels. Also, if certain BRCA2 mutations produce unstable transcripts with premature
termination codons, it can lead to a reduction of functional mMRNA through degradation.

The mutations in this study are in exon 11 of the BRCA2 gene, which can be found in the
middle of the gene. A frameshift leads to an early stop codon and theoretically, to a truncated
protein. Nevertheless, a shortened protein could not be found in our western blot analysis,
supporting the hypothesis of NMD.

The compound heterozygously mutated BRCA2 cell line (3 BRCA2) showed, like the
heterozygously mutated BRCAZ cells, a reduction of the BRCA2 RNA and protein expression
in iPSCs as well as a reduction of RNA levels in NPCs. Similar to the heterozygously mutated
cells, those reductions were also around half. The mutations in these cell lines are two different
ones: one allele carries an insertion of an adenine, one base position in front of the mutation of
the heterozygously mutated cell lines. The other allele carries a deletion of 6 bases in the same
region. The first mutation leads to a frameshift predicting to cause NMD (classified as likely
pathogenic by varsome), while the second one is in-frame and therefore classified as a mutation
of uncertain significance, as the protein coding length changes in a non-repetitive sequence but
not conserved region. As the second mutation is in-frame a protein is probably still produced
and only shortened by two amino acids. Therefore, an expression like that found in the
heterozygously mutated BRCA2 cell line would be expected and was also found.

In all its functions and different roles, BRCA2 is very often closely accompanied by BRCAL.
Both expression patterns are strikingly similar (Connor et al., 1997). Their spatial and temporal
expression patterns are virtually indistinguishable during embryonic development (Chodosh,
1998), and both have been found to be expressed in proliferating cells in mice (Blackshear et
al., 1998). They are often co-regulated (Rajan et al., 1996), colocalizing (Garcia-Higuera et al.,
2001) and functioning together, as both play a role in HR-directed repair. DSBs can also occur
during a replication fork stalling or collapsing and could be repaired by HR, where BRCA1 is
involved. (Ait Saada et al., 2018; Noordermeer & van Attikum, 2019). Different from BRCA2,
BRCAL1 is additionally involved in NHEJ.

In this study, BRCAL protein and RNA levels in fibroblasts, iPSCs, and NPCs were also
checked, finding that BRCAL levels, as BRCAZ2 levels, were lowest in fibroblasts compared to
iPSCs and NPCs. In the human protein atlas and two studies (The Human Protein Atlas, 2023
Momcilovic et al., 2010; Shimada et al., 2019) the same results were found with TPMs for
BRCAL1 of 5.2n TPM for fibroblasts and 21.8nTPM for undifferentiated cells.

Generally, a lower expression of BRCA2 in the brain compared to BRCAL can be observed in
this project, as well as in the database of the GTEx Portal (on November 8", 2023). TPMs were
on average two to three times higher for BRCA1 compared to BRCA2, depending on the exact
brain region. BRCAL has a broader range of functions compared to BRCA2, e.g., in DNA repair
it is not only involved in the HR-directed repairs together with BRCA2, but also in single-strand
annealing and NHEJ after DSB. Furthermore, BRCAL is additionally involved in oxidative
stress response and transcriptional regulation (De Siervi et al., 2010; Gorodetska et al., 2019b;
Mullan et al., 2006; Welcsh et al., 2002; X. Zhang & Li, 2018). BRCA1 directly influences
chromatin structure and remodeling as well as gene silencing through interactions with histone
deacetylases and polycomb-repressive complexes. These activities position BRCAl as a
regulator in a broader ranger compared to BRCAZ2, potentially enabling higher baseline levels
(Gorodetska et al., 2019b).

In fibroblasts carrying a heterozygous BRCA2 mutation, BRCA1 RNA and protein expressions
were reduced by half. A study in 1996 found that BRCA1 and BRCA2 are often coordinately
expressed in mammary epithelial cells (Rajan et al., 1996). As fibroblasts, mammary epithelial
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cells are differentiated cells, and the study might give an explanation why also BRCAL is
downregulated in our fibroblasts.

Different than in fibroblasts, in iPSCs BRCA1 RNA and protein expressions are similar for all
cell lines, independent of whether they carry a BRCA2, BRCA1, or no mutation. Those results
were as expected, as a previous study by Tannenbaum and colleagues could already show that
in undifferentiated HT 29 cells carrying a heterozygous BRCA2 mutation, BRCA1 RNA and
protein levels were not reduced (Tannenbaum et al., 2007).

In NPCs, BRCAL RNA levels were similar for all BRCA2-mutated cell lines and the wildtype
cell line in NPCs.

The heterozygously BRCA- mutated cell line showed a reduction of BRCAL RNA in NPCs
compared to the wildtype cell line. In this cell line, a deletion of 16 base pairs in one allele of
the BRCA1 gene causes the heterozygosity. This mutation leads to a frameshift and is predicted
to cause NMD. Therefore, it is classified as likely pathogenic by varsome. The mutation might
be responsible for the reduction of BRCA1 expression in the heterozygously mutated BRCA1
cell line.

Taken together, fibroblasts showed lower expression of BRCA RNA and protein compared to
iIPSCs and NPCs, and BRCAL expression is higher than BRCA2 expression in all cell lines.
BRCA2 and BRCA1 RNA and protein levels were reduced in BRCA2-mutated cell lines,
probably due to NMD and the coregulation of BRCA2 and BRCA1.

(All varsome analyses were done on November 7, 2023).

5.2 Formaldehyde influences BRCA2 RNA and protein expression

Formaldehyde is an environmental toxin and can be found in every cell of the body (Bernardini
et al., 2020; Tyihak et al., 1998). Formaldehyde can be taken up via ingestion, inhalation, and
absorption (Tulpule & Dringen, 2013). Additionally, it is also an endogenous product of cellular
metabolism, like histone demethylation, methanol oxidation, and the oxidative deamination of
methylamine (Cloos et al., 2008; Kou et al., 2022; O’Sullivan et al., 2004; P. H. Yu et al., 2003).
Concentrations of both, free and reversibly bound, endogenous formaldehyde in human blood
occur between 2-3mg/l (World Health Organization, 2010). In the brain, concentrations of
formaldehyde can be up to 0.4mM (Heck et al., 1982; Tong et al., 2011a; Tong, Han, Luo,
Wang, et al., 2013a). Formaldehyde can easily enter the brain through the blood-brain barrier
(Bernardini et al., 2020), and it has been proposed that formaldehyde is produced locally in the
brain, as astrocytes and neurons have the potential to generate and oxidize formaldehyde
(Tulpule et al., 2013; Tulpule & Dringen, 2012).

After formaldehyde treatment, BRCA2 and BRCA1 RNA were reduced in both fibroblast and
NPC lines. A reduction due to formaldehyde on BRCA2 or BRCA1 RNA levels had not directly
been described before. It has been shown that formaldehyde rather reacts with RNA than DNA
(Yamada et al., 2019). As RNA is single stranded and does not show secondary structures, its
nucleobases are easier accessible by formaldehyde (McGhee & von Hippel, 1977; Penniston &
Doty, 1963). Molecularly formaldehyde reacts with the amino group of the nucleobases and
oxidizes RNA (Gonzalez-Rivera et al., 2020b). Gonzalez-Rivera and colleagues could show
that formaldehyde can lead to selective RNA oxidation, which altered the expression of many
transcripts involved in chromatin modification and p53-mediated DNA-damage responses. In
the computational analysis of their data, the BRCA1 mRNA, among others, was often found to
be deregulated after formaldehyde treatment. (Gonzalez-Rivera et al., 2020b) Interestingly, the
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oxidation of RNA seems to be a highly selective process, and some mRNA species are more
susceptible to oxidation than others. Oxidation of RNA can lead to several cellular processes.
One is the impact on protein synthesis by disrupting the translation process, leading to stalling,
errors during translation, and a potential production of truncated proteins. Another mechanism
induced by RNA oxidation is the activation of cellular surveillance mechanisms like NMD,
which degrades damaged RNA to prevent an accumulation of faulty proteins. Other options are
the repair of oxidized bases in the RNA and apoptosis of the cell induced by signaling pathways
after oxidative RNA modification. (X. Chenetal., 2022; Kong & Lin, 2010; Tanaka & Chock,
2021) In general, oxidized RNA is supposed to be removed by the cell quite fast as it is not
tolerable. A working group showed that, after HelLa cells were pulsed with sub-millimolar
levels of hydrogen peroxide, which induces oxidation of RNA, their ratio of 8-oxoG/guanosine
in total RNA dropped about 50% within 1h (Z. Li et al., 2006). If the exposure lasts longer, as
in the experiment of this work, a constant removal of oxidized RNA might happen, leading to
the observed low RNA levels.

It would be interesting to investigate if BRCA2 and BRCAL1 RNA are oxidized after
formaldehyde treatment and which cellular process and effect on protein level are induced in
the cells.

Taking protein levels after formaldehyde treatment into consideration as well, an interesting
picture arises: In fibroblasts and NPCs, a quantification after 0.2mM formaldehyde treatment
revealed reduced BRCAZ2 protein levels in both cell lines compared to untreated cells, while
BRCAL1 protein levels were not reduced. In 2017 was found that formaldehyde has a direct
effect on the BRCA2 protein. It has been shown that it can selectively deplete the BRCA2
protein via proteasomal degradation. The proteolysis of BRCA2 via formaldehyde is a very
specific process, as other proteins involved in homologous recombination, the Fanconi anemia
repair pathway, or non-homologous end joining, like BRCA1l, RAD51, PALB2, XRCC3,
FANCI, or FANCD2, KU80, KU70, and XRCC4, were at most modestly affected by
formaldehyde. (Tan et al., 2017) The protein results go along with this paper, indicating a
posttranslational proteasomal depletion of BRCA2 and not a reduction of BRCA2 due to
reduced RNA levels. Also, low BRCAL RNA levels but high BRCAL protein levels support the
hypothesis of proteasomal depletion of BRCA2.

The reduction of BRCA2 protein was seen in both cell lines, wildtype and heterozygous BRCA2
cells. In wildtype fibroblasts and NPCs, those differences were significant as well as in
heterozygous BRCA2 NPCs, while in heterozygous BRCA2 fibroblasts the decrease was not
significant. That the effect in heterozygous BRCA2 fibroblasts is not significant can possibly
be explained by the high variability of the data in this sample in the western blot analysis.

The reduction of BRCA2 protein was stronger in heterozygously mutated BRCA2 cells
compared to wildtype cells. Tan and colleagues also observed this and suggested that
formaldehyde, together with a heterozygous BRCA2 mutation status, leads to
haploinsufficiency and a loss of function cellular phenotype (Tan et al.,, 2017). They
hypothesize that heterozygous BRCAZ2 levels are usually enough to maintain cell survival but
due to formaldehyde treatment they drop under a certain level leading to a loss of function
phenotype.

In this study, observations confirm the hypothesis that indeed, in both cell types, fibroblasts and
NPCs, formaldehyde treatment leads to a dramatic reduction of BRCAZ2 protein levels. These
levels are comparable to compound heterozygous or homozygous situations in patients with
Fanconi’s anemia, suggesting that increased cellular formaldehyde concentrations can
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accelerate a heterozygous BRCA2 mutation into a full loss of protein status. When BRCA2
protein is fully gone, neuronal effects as seen in Fanconi’s anemia are to be expected. These
include effects on neuronal proliferation and migration (Jarysta et al., 2021; Xie et al., 2024;
Zippora E et al., 2020). In an MRI study with Fanconi’s anemia patients, it was found that the
incidence of abnormalities in size and morphology of the pituitary, as well as the posterior fossa
and corpus callosum, is higher in the patient group compared to healthy controls (Stivaros et
al., 2015). This hints towards an impact of the disease in the early stage of development of the
central nervous system (Stivaros et al., 2015).

5.3 Formaldehyde increases the number of DSBs in cells

DSBs are an intensive harm for the cell, as due to the break of both strands, it is not sure if and
how much DNA is missing at the position of the break. There are two ways for cells to repair
DSBs. The NHEJ pathway, which leads to potential insertions or deletions at mutation sites,
and the error-prone HR-directed repair. HR-directed repair requires a sister chromatid as a
template to repair DSBs error-free (X. Zhao et al., 2017). If DSBs are not repaired or falsely
repaired, genomic instability with chromosomal aberrations and tumorigenesis can occur
(Krenning et al., 2019b). BRCA2 plays a major role in the HR-directed repair, and it has been
shown that if BRCAZ is disturbed in its function, chromosomal instability and tumorigenesis
are more likely to happen (See et al., 2010).

In this work, it was asked if there are differences in the number of DSBs comparing wildtype
and BRCA2-mutated cells, if formaldehyde increases DSBs, and if heterozygously mutated cells
were more affected by this than wildtype cells.

No differences in the number of DSBs between wildtype and BRCA2-mutated cells could be
observed. This result is as expected, as BRCA2 does not affect the formation of DSBs but rather
the repair of DSBs (C. C. Chen et al., 2018). DSBs occur spontaneously in the cells during
normal processes like DNA replication or are induced via exogenous factors like ionized
radiation. This happens at similar rates in all cells independent of BRCA2 mutations. (Vilenchik
& Knudson, 2003) Wildtype cells use error-free HR pathways, and cells carrying mutations in
the BRCA2 gene still predominantly rely on the HR pathway but additionally need to rely on
error-prone mechanisms like NHEJ or single-strand annealing. This leads to increased genomic
instability in those mutated cells but not necessarily to a higher number of DSBs. (Chaudhuri
& Nussenzweig, 2017; Tutt et al., 2001)

One could think that cells, like heterozygous BRCA2 cells, with a mutation in the HR-repair
system, might be slower in repairing DSBs and therefore show an accumulation of DSBs. But
BRCA2-mutated cells rely partially on NHEJ instead of HR (Tutt et al., 2001), and Mao and
colleagues could show that NHEJ is a faster way to repair DSBs compared to the HR pathway.
They saw that NHEJ takes approximately 30min while HR needs around 7h or longer to
complete the DSB repair. (Mao et al., 2008a) Therefore, an accumulation of DSBs and a higher
number of DSBs in those cells is unexpected and confirmed with the results in this study.

In the staining and microscopy-based experiments, significantly more DSBs were detected in
formaldehyde-treated samples compared to untreated samples. This is plausible, as
formaldehyde can induce DSBs. Grafstrom and colleagues found that formaldehyde induces
crosslinks between DNA and proteins (Grafstrom et al.,, 1983), DPCs (DNA-protein
crosslinks). Those DPCs can cause stalled replication forks and thereby introduce DSBs. It has
been shown that cells from Fanconi anemia patients are hypersensitive to DNA interstrand
crosslinking agents, like formaldehyde (Kennedy & D’Andrea, 2005). And it is likely that
homologous recombination-deficient cells (e.g., BRCA2-deficient cells) are hypersensitive to
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formaldehyde because of those DPCs (Ridpath et al., 2007). Another mechanism of how
formaldehyde can induce DSBs is via stalling the replication (Kumari et al., 2012; Tan et al.,
2017). To analyze stalled replication forks, fiber assays could be performed next.

XPF, TDP1, and EXO1 are DNA repair genes, and it has been described that cells with genomic
mutations in those genes show an increase in DSBs, genomic instability, and chromosomal
breaks due to formaldehyde treatment. Those results highlight the importance of DNA repair
mechanisms towards formaldehyde toxicity. (Gao et al., 2023; Kumari et al., 2011; Nakano et
al., 2020)

BRCA2 is also a gene necessary for DNA repair, and it was analyzed if treated BRCA2 cells
show a higher or lower number of DSBs compared to treated wildtype cells. A very small, but
significantly lower number of DSBs was detected in formaldehyde-treated mutant samples
compared to formaldehyde-treated wildtype samples. This is surprising, since it was expected
to see more rather than fewer DSBs in mutant samples.

Formaldehyde leads to more DSBs via stalled replication forks, especially via DNA-protein
crosslinks (Blouin & Saini, 2024; Gao et al., 2023; Kumari et al., 2011). Those stalled
replication forks lead to DSBs. BRCA2 is responsible for stabilizing stalled replication forks
by protecting the nascent strand at those sites and therefore preventing degradation (Rickman
et al.,, 2020).

When there is a mutation in the BRCA2 gene, the protection of stalled replication forks is
deficient, and more DSBs can occur (Schlacher et al., 2011b). Additionally, BRCA2 cells next
to HR also rely on NHEJ. This is more error-prone and leads to more mutations and more
genomic instability, which has already been described in 2017 (Chaudhuri & Nussenzweig,
2017). Taken together, it would be expected that in cells carrying a heterozygous BRCA2
mutation, NHEJ and less protection of stalled replication forks would be seen. Leading to high
levels of genomic instability and therefore a higher sensitivity towards DNA-damaging agents
like formaldehyde. This higher sensitivity would again lead to more DSBs. In this study those
expectations could not be proven. Consequently, it would be interesting to check which repair
pathway the cells used after formaldehyde treatment and how much genomic instability could
be found.

Other studies have already investigated the number of DSBs in treated wildtype and
heterozygous BRCAZ2 cells, finding higher numbers of DSBs in BRCA2 cells. Different from
this study, they used y-irradiation and mitomycin C to induce DSBs (Arnold et al., 2006b) or
only y-irradiation (Baert et al., 2017) for their treatment. y-irradiation directly induces DSBs,
while formaldehyde only induces DPCs and stalled replication forks leading to DSBs in a
second step and not directly. Additionally, BRCA2 plays a role in the protection of stalled
replication forks, as we have already seen.

Taking statistics into consideration to explain the unexpected differences between treated
wildtype and BRCAZ cells, it can be highlighted that the difference between both samples was
highly significant, but the effect itself was small. (Compare 42.79 for the untreated
4 BRCA2(" sample, and 39.69 for the untreated ¢ BRCA2(") sample and for the treated
4 BRCA2%™ sample it was 63.28, while it was 55.66 for the treated § BRCA2*") sample).
Both cell lines showed an increase of circa 30% in DSBs due to formaldehyde treatment. The
high significance appeared statistically significant because of the high number of cells (n=300)
analyzed.

The fact that the effect is subtle might also explain why it could only be detected with
microscopy but not via FACS (Forment & Jackson, 2015; Kilgas et al., 2021; Reddig et al.,
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2018). The spatial resolution of microscopy is as good as one individual yH2AX focus per cell.
YH2AX foci are markers for DSBs. Therefore, as little as one DSB per cell can be visualized,
detected, and quantified. FACS-based analyses (flow cytometry), on the other hand, measure
the overall fluorescence intensity of cells. This is helpful for cells with a lot of DNA damage,
but it is difficult to detect only little DNA damage and differences between samples with little
damage. Depending on background fluorescence and gating strategies, even bigger effects
might be necessary to detect differences between samples. As in this study only a few DSBs
per nuclei could be found, microscopy is the better method for analyzing those small
differences.

Summarizing, it was found that formaldehyde leads to an increase of DSBs in wildtype and
BRCA2-mutated cells. The intensity of the effect of formaldehyde was roughly the same in both
cell lines.

Acetaldehyde is the metabolic product of ethanol (C2HsOH) and reacts often similarly to
formaldehyde, being the metabolic product of methanol (CH3OH). Tan and colleagues
performed their experiments with formaldehyde as well as with acetaldehyde and could show
the same results with both components (Tan et al., 2017). In 2017, Tacconi and colleagues could
see that cells (carcinoma H1299 cells and colorectal adenocarcinoma DLD1 cells) carrying a
BRCA2 mutation show an increased sensitivity towards acetaldehyde. An accumulation of
replication-associated DNA damage led to checkpoint activation, a G2/M arrest, and cell death.
In this study the effects of formaldehyde on the cell cycle were analyzed next.

5.4 BRCAZ2 and formaldehyde have differing effects on the number of cells in each cell
cycle stage

It has just been shown that formaldehyde induces DSBs in the cells and hypothesized that this
is due to stalled replication forks. Those stalled replication forks occur during the DNA
replication process. Consistently, several previous studies could already show that a
formaldehyde-induced accumulation of DSB happens, especially during DNA replication (Gao
et al., 2023; Kumari et al., 2012; Nakano et al., 2020). DNA replication takes place during the
S-phase of the cell cycle.

The cell cycle consists of four different phases: G1-, S-, G2- and M-phase and within one cycle,
the cell divides once. In the G1-phase, the cell usually grows and prepares itself for DNA
replication in the S-phase. In the G2/ M-phase the cell is also growing, this time with double
the amount of DNA, and prepares itself for dividing into two cells in M-phase. Both in the S-
phase and in the M-phase it is important for the cell to have intact, repaired DNA without too
much harm. Thereby, the cells ensure that no defective DNA is passed on in the cell division.
(Schafer, 1998) Before the cell can progress to the next cell cycle step, it needs to pass a
checkpoint, which ensures that the DNA and the cell are properly prepared. The cell must pass
four main different checkpoints during one cell cycle: the G1/S checkpoint, the G2/M
checkpoint, the S/M checkpoint, and the metaphase checkpoint during mitosis (Murray, 1994;
Z. Wang, 2022). Depending on the checkpoint, different requirements are necessary for the cell
to continue cell cycle progression. The DNA always needs to be undamaged, and for the G2/M
checkpoint, all parts of the DNA need to be replicated to pass the checkpoint. Furthermore, the
cell size must be sufficient for the cell to pass the G2/M checkpoint. In the metaphase
checkpoint, the chromosome spindle attachment is checked, and to pass the G1/S checkpoint,
the cells need to have sufficient nutrients and growth factors. (Barnum & O’Connell, 2014)
During the S/M checkpoint, the cell makes sure that DNA is undamaged and not too many DNA
replication forks are stalled and arrested (Willis & Rhind, 2009).
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In this study it was hypothesized that both a BRCA2 mutation and formaldehyde would
influence the cell cycle. With the help of flow cytometry, changes in the number of cells in each
cell cycle phase under different conditions could be analyzed. First, the effect of BRCA2 was
analyzed by comparing untreated heterozygous BRCA2 and wildtype cells. Second, the
influence of formaldehyde treatment was investigated by comparing treated to untreated cells
within one cell line. And third, both effects, BRCA2 mutation and formaldehyde treatment, were
taken into consideration by comparing treated heterozygous BRCA2 samples to treated wildtype
samples.

First, it was found that untreated heterozygous BRCAZ2 cells show more cells in S-phase
compared to wildtype cells. Cells with less BRCAZ2 protein usually take longer to repair DNA
damage (Leung & Hazrati, 2021) and might accumulate in the S-phase. Mutations in BRCA2
have been found to influence the usual distribution of cells in the cell cycle. The depletion of
BRCAZ2 has been shown to be associated with senescence of the cell (Carlos et al., 2013) as the
efficiency of the DNA repair machinery is reduced (Leung & Hazrati, 2021). A connection
between untreated cells carrying a BRCA2 mutation and an S-phase arrest has not been shown
before. However, it had been demonstrated that an increase in DNA damage is slowing down
cell cycle progression, especially slowing down S-phase (Kumar & Huberman, 2004). In their
study, Kumar and Huberman found that the intra-S-phase checkpoint is responsible for the
slowing down in the S-phase. The DNA damage they introduced by methyl methane sulfonate
was replication fork pausing. Their experiment was performed in fission yeast, but they could
also relate their results to vertebrates, which use similar proteins in their pathway.

BRCAZ2, as used in this study, plays a major role in the protection of stalled replication forks. In
the previous experiment in this study, DNA damage was only checked by analyzing differences
in the number of DSB which could not be found. Stalled replication forks themselves were not
analyzed but would be an interesting parameter to investigate. An increase in stalled replication
forks due to a BRCA2 mutation could slow down S-phase progression at an intra-S-phase
checkpoint. As a next step, it would be interesting to analyze if the intra-S-phase checkpoint is
altered in heterozygous BRCA2 cells.

To broaden the picture, further cell cycle checkpoints could be analyzed, as Willis and Rhind
found that an accumulation of arrested DNA replication forks leads to a prevention of mitosis
through the S/M checkpoint (Willis & Rhind, 2009).

Next to changes in the number of cells in S-phase, untreated heterozygous BRCA2 cells also
showed a lower number of cells in G1-phase compared to wildtype cells. When discussing this
result, a factor in the analysis needs to be taken into consideration: the G1-phase was put
together from two sets of cells in G1-phase (compare results). One set of cells without
incorporated EdU, so cells in the G1-phase before going through the S-phase. And one set of
cells with incorporated EdU, so cells that had gone through the DNA replication once already.
Taking both G1-phases together, it was shown that fewer cells could be found in the G1-phase
in heterozygous BRCA2 cells compared to wildtype cells. This might hint towards wildtype
cells progressing normally through the cell cycle, not accumulating in the S-phase as
heterozygous BRCAZ2 cells, and therefore showing more cells in the G1-phase. Heterozygous
BRCAZ2 cells are probably stuck in S-phase, as seen by the increase of cells there. Proof of this
hypothesis could be done by measuring the total cell cycle duration of synchronized cells.
Second, the influence of formaldehyde was analyzed, finding that no differences in the cell
cycle phases between untreated and treated wildtype cells could be found. In the heterozygous
BRCA2 samples on the other side, fewer cells in the S-phase in the treated sample compared to
the untreated sample could be found.
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This partially resembles the results of Nadalutti and colleagues from 2020 and Ortega-Atienza
and colleagues from 2015. They found that formaldehyde has substantial effects on the cell
cycle, as formaldehyde treatment leads to a reduced time spent in the S-phase (Nadalutti et al.,
2020; Ortega-Atienza et al., 2015). Interestingly, both working groups saw changes in the cell
cycle in wildtype cells. Nadalutti used primary human fibroblasts, and Ortega-Atienza used
human lung epithelial cells. In this experiment, NPCs were used, either wildtype or with a
mutation in the BRCA2 gene. Effects of formaldehyde were only observed in mutated BRCA2
cells and not in wildtype cells. Referring to those two studies, it would be expected to see
differences in cell distribution in the cell cycle in both NPC lines.

The question arose why the wildtype NPCs in this study did not show differences in the cell
cycle due to formaldehyde treatment. An idea was whether NPCs might be better prepared in
protecting their cell cycle against toxins, compared to fibroblast or epithelial cells, as changes
in the cell cycle lead to alterations in brain development (X. Chen et al., 2015; Garcia-Garcia
etal., 2012; Homem et al., 2015). Two studies investigated the cell cycle in neural progenitor
cells (Nam et al., 2010; Ueno et al., 2006). Nam and Nakayama used etoposide, an anti-tumor
agent, to cause DNA damage in murine fetuses. They found that this drug induces S-phase
accumulation and G2/M arrest in the mouse fetal brain. The S-phase accumulation happened
due to an acceleration of the G1/S transition rather than by inhibition of S-phase progression.
(Nam et al., 2010) Ueno and colleagues also investigated the cell cycle in the developing fetal
brain of mice. They used 5-azacytidine to induce DNA damage and a deregulation of
proliferation and cell death. They found abnormal mitosis, S-phase and G2-phase accumulation,
and apoptosis of neural progenitor cells mainly in G1-phase. Their data suggests that G2/M
progression was blocked. (Ueno et al., 2006) Therefore, it can be concluded that changes in the
cell cycle seem to be possible in NPCs, at least with other toxins than formaldehyde.
Formaldehyde was used by Nadalutti and Ortega-Atienza for their experiments. Their treatment
was conducted with 250uM formaldehyde for 24h (Nadalutti et al., 2020) and 100uM for 3h
(Ortega-Atienza et al., 2015). Those formaldehyde exposures are higher and lower than in this
experiment, where cells were treated with a formaldehyde concentration of 200uM for 5h.

So, it could be assumed that changes in the cell cycle of wildtype NPCs due to formaldehyde
are likely, but interestingly not seen here.

Another thought and possible explanation, which has already been proven by Tan and
colleagues, is that BRCA2 cells are more sensitive to formaldehyde compared to wildtype cells
(Tan et al., 2017). Therefore, an effect on the cell cycle might be visible faster or stronger than
in cells without a BRCA2 mutation. The effect of formaldehyde might be too subtle to be visible
in wildtype cells. Already in the previous experiment analyzing DSBs in NPCs, it was
hypothesized that the effect is too subtle to be detected properly.

Additionally, it should be highlighted that Nadalutti, Ortega-Atienza, Nam, and Ueno, and
colleagues all found that formaldehyde leads to an arrest of the cell in G2/M. The G2 cell cycle
arrest hints towards an increase in DNA damage in the preceding S-phase leading to an
activation of the checkpoint when entering the G2-phase (Ortega-Atienza et al., 2015).
Depending on the statistical analysis, more cells in the G2-phase could be observed in this study
as well. All analyses were first calculated with one-way ANOVASs, where it is possible to
compare two variables within one calculation. The aim was to first analyze the effect of the
BRCA2 mutation (variable a) on all phases of the cell cycle (variable b), second the effect of
formaldehyde (variable c) on all phases of the cell cycle (variable b), and third the effect of both
(variable a +c) on all phases of the cell cycle (variable b). Furthermore, it was the idea to
perform the analysis in an explorative manner; therefore, a t-test for each cell cycle phase
individually was performed. With this analysis, it could be found that after formaldehyde
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treatment in both cell lines, fewer cells were found in S-phase, but more cells in G2-phase. This
goes along with the previous findings that formaldehyde accumulates cells in the G2-phase of
the cell cycle and reduces the time spent in the S-phase, independent of genotype (Nadalutti et
al., 2020; Nam et al., 2010; Ortega-Atienza et al., 2015; Ueno et al., 2006).

Statistically, it is not surprising that differences between an analysis with a t-test and a one-way
ANOVA can be observed. A t-test only compares the mean values of two samples, while a one-
way ANOVA takes three or more samples into calculation. The more calculations are
performed within one data set with one test, the higher is the likelihood for a Type | error.
Therefore, the p-value needs to be adjusted. The more samples are taken into consideration, the
more the p-value needs to be adjusted. The higher the p-value is adjusted, the less likely it is to
show significantly different results. (Mishra et al., 2019)

Third, the effect of both formaldehyde and BRCA2 mutation together on the cell cycle was
analyzed. When comparing formaldehyde-treated samples, more cells in the S-phase in
heterozygous BRCA2 cells compared to treated wildtype cells could be observed. But the
genotype effect, with heterozygous BRCA2 cells having fewer cells in the G1-phase compared
to wildtype cells, was gone. These results resemble observations by Fridlich and colleagues
with hydrogen peroxide (Fridlich et al., 2015b). They found that hydrogen peroxide leads to an
accumulation of cells in S-phase in BRCA2-mutated cells compared to wildtype cells.

They explain their results with hydrogen peroxide being a reduced oxygen species (ROS). ROS
can lead to DSBs, which need to be repaired. BRCA2 and BRCAL1 are involved in the repair of
oxidative DNA damage (Pagano et al., 2003) and can be seen as “caretakers against ROS”
(Vurusaner et al., 2012). ROS can furthermore lead to checkpoint activation in the cell cycle.
One checkpoint marker is phosphorylated Chk1, which is activated through DNA damage and
initiates cell cycle checkpoints, arrest, and DNA repair, and shows elevated levels after
formaldehyde treatment (Gao et al., 2023). Tacconi and colleagues could also show that BRCA2
cells treated with acetaldehyde had an accumulation of toxic replication-associated DNA
damage, which led to checkpoint activation, G2/M arrest, and cell death (Tacconi et al., 2017).
As formaldehyde leads to the generation and accumulation of ROS (Ungureanu et al., 2024)
and increasing formaldehyde concentrations are followed by increasing concentrations of ROS
(Ke et al., 2014), this might hint towards an underlying molecular mechanism in the cell cycle
in this study. Furthermore, reduced BRCA2 and BRCA1 RNA levels after formaldehyde
treatment, as already observed and discussed in a previous experiment in this study, also suggest
an increase of ROS due to formaldehyde. In a next study, it might be interesting to investigate
the ROS levels and checkpoint markers in NPCs and see if those are elevated in the
heterozygous BRCA2 cells and especially under formaldehyde treatment. If ROS levels or
checkpoint markers are elevated, this hints towards a potential molecular mechanism
responsible for the changes in the cell cycle via cell cycle checkpoint activation.

Summarizing all results from this experiment, two effects play a role in the alteration of the cell
cycle within this experiment. One is the BRCA2 mutation leading to an increase of cells in S-
phase as well as a decrease in G1-phase. These results indicate that those cells need longer to
repair the DNA damage in the replicating DNA compared to cells with the full amount of
BRCAZ2 protein. The other effect is due to formaldehyde, which leads to a reduction of cells in
S-phase and an accumulation of cells in G2-phase. This suggests that cells arrest in the G2-
phase and are not going to divide as too much DNA damage occurred with which the cell cannot
cope. Taking both effects together, BRCA2 and formaldehyde show contradicting effects, and
formaldehyde seems to revert the effect of the BRCA2 mutation. The BRCA2 mutation is
increasing the number of cells in S-phase, and formaldehyde is reducing the number of cells in
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S-phase. BRCAZ2 is the stronger effect compared to formaldehyde, as more cells can still be
found in S-phase in formaldehyde-treated heterozygous BRCAZ2 cells compared to treated
wildtype cells. (Comparing the cells in S-phase within this experiment, most S-phase cells can
be found in untreated BRCA2 cells. Treated BRCA2 cells showed fewer cells in S-phase,
followed by untreated wildtype cells and treated wildtype cells showing the least cells in S-
phase.)

The same experiment and calculations were performed for the female isogenic pair, and similar
results were obtained. Sometimes the differences were not so prominent, but this might be due
to the sample size of n=2.

5.5 Formaldehyde treatment leads to a slowdown of proliferation independent of
genotype
Proliferation of cells depends on proper cell cycle progression. Changes in the cell cycle can
lead to changes in proliferation. If cell cycle regulators signal for cell growth and division,
proliferation increases, while quiescence or cell cycle arrest leads to decreased proliferation.
Proliferation was analyzed next.
The regular population doubling time (PDT) for NPCs depends on the subtype and the
differentiation method. The PDT is on average between 1.2 and 2.1 days. (M. Zhang et al.,
2018) In this study, it could be seen that the PDT was more than one day for both cell lines in
the untreated condition confirming those previous results by Zhang and colleagues.
Exogenous factors, like formaldehyde, can influence cell cycle progression, which has already
been shown in the cell cycle experiment in this study. The effect of formaldehyde on cells
heavily depends on its concentration. Concentrations between 0.1mM and 0.5mM promote cell
proliferation (Mo & He, 2017; Nadalutti et al., 2020). While concentrations of about 1mM
increase DNA damage in the form of DNA adducts, DPCs, and oxidative stress (Hester et al.,
2003). It can even lead to apoptotic cell death (Tyihék et al., 2001). Concentrations higher than
1mM are cytotoxic and lead to necrosis of cells (Kastner et al., 2011; Mo & He, 2017; Tyihak
etal., 2001). (Szende & Tyihéak, 2010)
Heterozygous BRCA2 and wildtype cells treated with formaldehyde showed significantly fewer
cells in treated conditions compared to untreated three and four days after treatment. Taking the
presented studies into regard, it is surprising, as a concentration of 0.2mM formaldehyde has
been shown to promote proliferation.
On the other hand, a lower number of cells after formaldehyde treatment goes along with the
previous cell cycle results, where also an increased number of cells could be found in the G2-
phase after formaldehyde treatment. A possible explanation could be an irreversible G2/M
arrest of the cells. Kumari and colleagues (Kumari et al., 2012) investigated the effect of
formaldehyde on G2/M arrest in XPF-deficient cells. They found that cells would go into G2/M
arrest and not divide anymore depending on the concentration of formaldehyde. A treatment of
four hours with 0.2mM formaldehyde was the limit for wildtype cells to overcome the G2/M
arrest. Higher concentrations of formaldehyde seem to bring the cells into an irreversible G2/M
arrest. Further studies, already presented in the previous chapter (compare 5.4), could show
similar results.
In this study, damaged NPCs might go into an irreversible G2/M arrest, so only undamaged or
less damaged cells could proliferate, taking a while to increase the cell number. Both genotypes
would be affected in a similar manner, therefore reacting similarly. A confirmation that those
few cells still proliferate could be seen in the long-term experiment as the number of cells
increased again after day 4 in both cell lines.
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Another question opens up with these results: why is there no difference between the
heterozygous BRCA2 and the wildtype cell line? In the cell cycle experiment it could be found
that the effect of formaldehyde is present in both cell lines but also that the BRCA2 mutation
plays a role. This role, increasing the number of cells in S-phase, is even bigger compared to
the effect of formaldehyde, which is reducing the number of cells in S-phase but increasing
them in G2-phase. Therefore, it would be expected to potentially see differences in proliferation
between both cell lines.

Frappart and colleagues (Frappart et al., 2007a) investigated the effect of BRCAZ2 on cell cycle
and proliferation and found that there is an increase of G2/M cells after Brca2 loss in their
mouse line. To analyze if this cell cycle alteration changes proliferation, they performed a BrdU
incorporation to quantify proliferation. They could not find differences between mutant and
wildtype genotypes and broadened their investigation by analyzing apoptosis. Significant
differences in apoptosis could be found between mutant and wildtype genotypes, which they
use as an explanation for the microcephaly they also found in the mutant mice. The mutant
mouse line they used leads to a homozygous deletion of Brca2, which is also present in Fanconi
anemia patients. One of the symptoms of Fanconi anemia is microcephaly, and Frappart states
that this is due to apoptosis of NPCs and not due to proliferation defects. A direct comparison
of this study with heterozygous BRCA2 cell lines is not possible. But the idea remains to
compare apoptosis in heterozygous BRCA2 and wildtype samples in a next step.

Even though the heterozygosity of BRCA2 leads to more cells in S-phase, the remaining
BRCAZ2 activity in heterozygous cells seems sufficient for most cells to eventually complete
DNA replication and continue through the cell cycle. Therefore, the overall proliferation is not
significantly impacted. Differences in proliferation speed were not analyzed but could give a
hint on a slower cell cycle progression in heterozygous BRCA2 cells.

While heterozygous BRCA2 cells progress through the cell cycle and proliferate, they might
accumulate subtle genomic instability or DNA damage over time. Therefore, it would be
interesting to analyze older NPCs to see if they show increased genomic instability and an
altered proliferation behavior.

5.6 Less proliferation in neurospheres generated from aged cells

Regarding the brain, one of the benefits of 3D cultures compared to 2D cultures is the better
reflection of the intrinsic spatial development of brain tissue (Bez et al., 2003; Zhou et al.,
2016). Further benefits are the polarity of the 3D model, cell-to-cell interactions within the
model, and the method of division of cells (Jensen & Teng, 2020; Kapatczynska et al., 2018),
as those characteristics lead to a more detailed and correct reproduction of the brain and can
potentially display smaller effects.

As changes in the amount of protein, the number of DSBs, the number of cells in S-, G1-, and
G2-phase in the cell cycle, and changes in proliferation were visible in 2D cell culture,
neurospheres were generated to investigate those effects in a 3D model. The neurospheres
themselves primarily consist of NPCs, which can migrate out of the neurospheres and
differentiate into neurons when attached to the ground and supplemented with proper media.
(Zhou et al., 2016) With neurospheres it is possible to investigate two parameters within the
same experiment: proliferation and migration. All previous results hinted towards a potential
deregulation of proliferation in NPCs due to a BRCA2 mutation and formaldehyde treatment.
In experiments with neurospheres generated from NPCs with young passages (<15), no
proliferation effect of either the BRCA2 mutation or formaldehyde (independent of treatment
duration with either 5h or 24h) was seen.
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That the BRCA2 mutation has no effect on the Feret diameter, the characteristic to determine
proliferation in neurospheres, is not surprising. Also, in 2D culture the heterozygous BRCA2
cells did not differ in proliferation compared to wildtype cells. As already elaborated in the
previous chapter, the remaining BRCAZ2 activity in heterozygous cells seems sufficient to
complete DNA replication, continue through the cell cycle, and proliferate normally in 2D
culture as well as in the 3D model.

As neurospheres are a 3D model, cells grow in a tissue-like structure, and single cells are not,
as in 2D monolayers, easily exposed to chemicals. The 3D structure provides more protection
and makes penetration and altered cellular metabolism by formaldehyde more difficult. (Duval
et al., 2017; Kapalczynska et al., 2016) This can be an explanation for why an effect of
formaldehyde is missing in neurospheres generated from young NPCs, especially as they were
treated with the same concentration of formaldehyde as the 2D culture.

In experiments using neurospheres generated from NPCs with a higher passage (> 15),
however, differences in Feret diameter of neurospheres were found. This observation had been
described before: comparing cells from younger and older individuals, differences in
proliferation rate were found (Hara et al., 1987; Tomasetti et al., 2019). Tomasetti and
colleagues (Tomasetti et al., 2019) found that there was a significant decrease in stem cell
proliferation of human colonic, duodenal, esophageal, and posterior ethmoid sinonasal tissue
with age. They compared healthy tissue from individuals between 20-29 years old and 80-89
years old. Hara and colleagues (Hara et al., 1987) found that highly purified B cells from an
aged group (70-91 years) proliferated less compared to those cells from a young group (22-29
years).

A possible explanation for the underlying molecular mechanism of the reduced proliferation is
genomic instability. More precisely: accumulated DNA damage leading to a slowed division
rate in older cells. A proof for a slower cell cycle progression in older cells has already been
given in 2019 (Tomasetti et al., 2019). And that accumulated DNA damage could lead to slower
cell cycles by cells stopping division, going into a G2/M arrest, or slowing their cell cycle
progression was presented by Kumar and Huberman in 2004 (Kumar & Huberman, 2004). The
hypothesis of accumulated DNA damage in older cells has also already been investigated in
several studies as reviewed by Chen and colleagues in 2007. (J. H. Chen et al., 2007). One paper
should be highlighted here: Riibe and colleagues investigated aging and DNA damage in
hematopoietic stem/progenitor cells of healthy individuals of different ages. (Ribe et al., 2011)
They found an increase of endogenous YH2AX foci, a measurement for DSBs, with advancing
donor age, and they discovered that the extent of DNA damage increase seems to be determined
by the individual DSB repair capacity. They concluded that age-related DNA damage increase
goes along with physiological aging of stem cells and that aging could change the ability of
stem cells to repair DNA damage, leading again to an increase of DNA damage.

Pan and colleagues also investigated stem cells, more precisely NPCs, at different passages by
determining the susceptibility to viral infections. They found signs of differentiation, increased
viral entry, and more efficient production of infectious progeny in NPCs with higher passages,
and they stated that the proliferative capacity of NPCs decreased with increasing culture
time/number of passages. (Pan et al., 2013) At higher passages, NPCs seem more vulnerable,
and a subtle effect of, for example, formaldehyde, is more likely to be seen.

Regarding formaldehyde, it was also described before that formaldehyde has an age-related
effect impairing adult neurogenesis. It has been shown that formaldehyde gradually
accumulates in the brains of mice and rats in their aging process from six to 24 months (Kou et
al., 2022; Tong, Han, Luo, Wang, et al., 2013b) and leads to cognitive decline during aging in
rats (Heck et al., 1982; Tong, Han, Luo, Li, et al., 2013). If formaldehyde is injected
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intraperitoneally or intrahippocampally into healthy rats, it resembles the age-related memory
decline in old rats (Tong, Han, Luo, Li, et al., 2013). In humans, formaldehyde levels in urine,
which are highly elevated among the 70-year-old probands, can be associated with cognitive
decline (Tong et al., 2017; J. Yu et al., 2014).

It is hypothesized that NPCs with a higher passage accumulate more DNA damage, show
changes in the cell cycle like a slowdown of S-phase or a G2/M lead to arrest, and therefore
have less proliferative capacity. It is hypothesized that neurospheres generated from old NPCs
show smaller Feret diameters compared to neurospheres generated from young NPCs.
Furthermore, BRCA2-mutated neurospheres might even be more affected, and formaldehyde
could also lead to a decrease in Feret diameter.

Therefore, neurospheres from four different cell lines (wildtype/with heterozygous BRCA2
mutation/with compound heterozygous BRCA2 mutation/with  BRCA1 mutation) were
generated from NPCs with a passage higher than 15. All neurospheres grew slower compared
to neurospheres generated from young NPCs, which fits into the picture of less proliferation in
aged cells, probably due to an increase in DNA damage.

The slower growth was more prominent in wildtype and heterozygous BRCA2-mutated
neurospheres compared to compound heterozygous BRCA2 and heterozygous BRCA1
neurospheres. Before those two NPC lines (wildtype and heterozygous BRCA2) were used for
neurosphere generation, both cell lines, due to regular cell culture and the previous experiments,
were often frozen and thawed, which might lead to high levels of genomic instability. Intensive
freeze and thaw cycles lead to membrane ruptures, reduced viability and function, oxidative
stress, and altered cell properties, which often result in cells dying or showing less proliferative
capacity (Cottle et al., 2022; McGann et al., 1988; Serra et al., 2022). (Compound heterozygous
BRCA2 and heterozygous BRCAL1 NPCs were explicitly generated for this experiment and
therefore cultured and passaged straightforwardly without many freeze and thaw cycles in
between.)

Until day 10, instable growth could be observed in wildtype and heterozygous BRCA2-mutated,
independent of formaldehyde treatment. Formaldehyde furthermore, led to a decrease in Feret
diameter in both neurosphere lines and they did not recover until day 10 after formaldehyde
treatment, as shown by persisting significant differences in Feret diameter due to treatment until
day 10.

Mechanistically, formaldehyde probably leads to an irreversible G2/M arrest of the cells, as
was already seen and discussed in the cell cycle and proliferation experiments of this study.
Interestingly, heterozygous BRCA2 neurospheres were already affected on day 5, while
wildtype neurospheres only showed an effect of formaldehyde from day 8 on. A stronger effect
of heterozygous BRCA2 neurospheres is expected, as BRCA2 had been associated with
proliferation previously: It is important for the cell proliferation during embryogenesis (Suzuki,
De La Pompa, et al., 1997). High expression of BRCA2 was associated with high proliferation
in breast cancer (Satyananda et al., 2021), but also in proliferating tissue in general
(Marmorstein et al., 2001; Rajan et al., 1996). If BRCA2 is depleted due to (compound)
heterozygous mutations, proliferation might also be impaired in the old cells. In 1998 it was
described that cells carrying a truncated BRCA2 show a proliferation impediment that worsens
with successive passaging (Patel et al., 1998a). In this study, different from younger cells, older
cells with already accumulated DNA damage could not cope with more DNA damage coming
from formaldehyde. And BRCA2 cells were even more affected, which is supported by our
finding that also compound heterozygous BRCA2 neurospheres differ significantly due to
formaldehyde treatment already on day 5. On day 5, the immediate toxic effect of formaldehyde
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plays a role. Probably the cell cycle was slowed down, and cells were not dividing due to the
formaldehyde treatment, which has already been seen in the 2D culture in this work.
Interestingly, the effect of formaldehyde on day 5 could not be observed in either the wildtype
neurospheres or in the BRCA1-mutated neurospheres. In both cell lines, the effect only appeared
on day 8 after treatment with smaller Feret diameters in treated neurospheres. As already
previously explained, both cell lines, wildtype and heterozygous BRCAL, are not as sensitive to
formaldehyde as cell lines with mutations in the BRCA2 gene. Therefore, only a progressive
effect of formaldehyde might hit them. In 2013, Lai and colleagues investigated the effects of
formaldehyde until 7 days after exposure on rabbit corneal epithelial cells. (Lai et al., 2013)
They exposed those cells to concentrations between 5 and 600ppm formaldehyde. This is
equivalent to 0.17 to 19.99mM formaldehyde, and 0.2mM that was used in this study is close
to their lower limit. Among other things, they investigated cell count and survival rate after
formaldehyde exposure. To determine the survival rate of cells, they exposed them to different
concentrations (5-600ppm) of formaldehyde for 3min and evaluated cell viability with an MTT
assay. After all treatments, the survival rate was decreased, significantly decreased after
exposure to concentrations of 20-600ppm formaldehyde. To measure cell count, they exposed
the cells to 100ppm formaldehyde for various times (0-30min) and examined cell count 1 to 7
days after exposure. They found that after 3min and 5min exposure, cells continue to grow as
untreated cells in the first three days but then slow down their growth. An exposure of 10, 15,
20, and 30min led to significantly fewer cells on day 1 after exposure compared to untreated
cells. After 10 and 15min exposure, the number of cells stayed approximately stable until day
7, and in the 20 and 30min treatment conditions, the cell count decreased continuously. This
shows that formaldehyde leads to acute and progressive effects even at low concentrations of
formaldehyde.

It can be concluded that already low concentrations of formaldehyde, like 5ppm, lead to a
decrease in survival rate, and the longer the exposure to formaldehyde lasts, the lower the cell
count is, already on day 1. The long-term effect of formaldehyde seems to depend on the
exposure time and then again on the ability of cells to deal with the harshness of the treatment.
The longer the incubation time, the harsher the treatment for the cells is. In this study an
incubation duration of 5h with a concentration of 0.2mM formaldehyde was conducted. As
already mentioned, BRCA2-mutated neurospheres seem to be able to cope worse with this
formaldehyde exposure compared to wildtype or BRCAl-mutated neurospheres, already
showing an effect on day 5 after treatment. Wildtype and BRCA1-mutated neurospheres on the
other side only show an effect by day 8 after treatment.

Cells that can continue to grow after formaldehyde treatment are only undamaged or less
damaged cells, which are not stuck in a G2/M arrest and take a while to increase the cell number
again. By day 10 neurospheres seem to have overcome the effect of formaldehyde, as the means
of the Feret diameters increased from day 8 to day 10. The difference between untreated and
treated neurospheres is lower in the wildtype and heterozygously mutated BRCA2 neurospheres
and disappeared in the BRCAl-mutated neurospheres and compound heterozygous BRCA2
neurospheres (here already on day 8).

That the effect stays longer in wildtype and heterozygously mutated BRCA2 neurospheres
compared to BRCA1-mutated and compound heterozygous BRCA2-mutated neurospheres is as
expected due to their repetitive freeze and thaw history.

Taken together, the effects of the BRCA2 mutation and formaldehyde are only visible in
neurospheres generated from old NPCs. Wildtype and heterozygously mutated BRCA2
neurospheres are more strongly affected due to their freeze and thaw history compared to
compound heterozygous BRCA2 and BRCAL1 mutated neurospheres. Formaldehyde decreases
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the Feret diameter in neurospheres, and neurospheres carrying any BRCA2 mutation show
earlier effects compared to wildtype and BRCA1-mutated neurospheres.

Next experiments would be interesting to prove the hypothesis of an interaction between
formaldehyde, BRCA2, and aging. The hypothesis is that in BRCA2-mutated old cells
formaldehyde leads to an unbearable increase in DNA damage, which delays the cell cycle with
a slowdown of the S-phase or a G2 arrest, leading to less proliferative capacity. Next to an
analysis of genomic instability, it would be helpful to perform the DSB, cell cycle, and
proliferation experiments with old NPCs with heterozygous, homozygous, and without BRCA2
mutations.

5.7 No differences in migration, neither due to BRCA2 mutation nor due to
formaldehyde treatment
Within the neurospheres assay, it was also possible to check the influences of BRCA2 mutations
and formaldehyde on the migration of cells. A connection to migration has already been
observed in other proteins of the Fanconi anemia pathway, like FANCD2 (Xie et al., 2024) and
Fancg (Jarysta et al., 2021).
In this study there are no differences in migration due to BRCA2 mutations or formaldehyde
treatment.
A connection between BRCA2 and migration has only sparsely been drawn before in literature.
Arbini and colleagues found that a loss of BCRAZ inhibits migration during the development of
prostate tumors (Arbini et al., 2011). Furthermore, it was found that a deletion of BRCA2
promotes migration on the extracellular matrix, while a BRCA2 overexpression inhibits cancer
cell migration and invasion (Moro et al., 2008). Also, formaldehyde has been linked to cell
migration before in tumor cells. The difference in this study compared to our study is that
internal formaldehyde levels were elevated or decreased by promoting or inhibiting cell
migration (Quan et al., 2023). An external application with formaldehyde on migrating cells
was not analyzed before.
All three studies focus on the work with cancer cells, while the cells in this study were neuronal
cells, where no information due to migration is currently available.
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6 Conclusion

The study aimed at analyzing the effects of formaldehyde on the neuronal tissue of BRCA2
mutation carriers and its effects on cell proliferation and brain function.

The hypothesis of this study was that formaldehyde, given as an exogenous factor to neural
progenitor cells, would deplete BRCA2 protein levels. In wildtype cells, this would decrease
BRCAZ2 concentrations to levels of BRCA2 expression of heterozygous BRCA2 cells, while in
heterozygous BRCA2 cells, the concentrations would be so low that normal functioning would
not be possible anymore. As BRCA2 is involved in DNA damage repair and the cell cycle, both
influencing proliferation, those characteristics would be altered after formaldehyde treatment.
The experiments were mainly performed in wildtype and heterozygous BRCA2 NPCs
differentiated from genome-edited iPSCs. It could be shown that BRCA2 protein and RNA
expressions were decreased in fibroblasts and NPCs carrying a BRCA2 mutation
heterozygously or compound homozygously. Additionally, formaldehyde decreased BRCA2
protein and RNA levels in wildtype as well as heterozygous BRCA2 NPCs, while, regarding
BRCAL, only RNA levels were decreased after formaldehyde treatment in both cell lines.
Mechanistically, formaldehyde led to an increase in the number of DSBs in both NPC lines.
The number of cells in the G1-, S-, and G2-phase of the cell cycle was contrarily influenced by
the BRCA2 mutation and formaldehyde. The BRCA2 mutation led to an increase of cells in S-
phase as well as a decrease in G1-phase, while formaldehyde reduced the cells in S-phase and
accumulated the cells in G2-phase, which suggests that cells arrest in G2- phase. It was found
that BRCA2 has a stronger effect compared to formaldehyde. Nevertheless, a formaldehyde
treatment led to a slowdown of proliferation independent of genotype in 2D culture. In 3D
culture, the effect of both a heterozygous mutation in BRCA2 and formaldehyde, less
proliferation, is visible in neurospheres generated from aged NPCs.

The presented results partly confirm previously published data, but beyond that, they are
pointing towards a link between BRCA2, formaldehyde, ROS, and aging, which has not been
investigated before.

In order to strengthen the results and investigate the link further, several experiments might be
beneficial. The investigation of the dose-dependent effects of formaldehyde and experiments
with another aldehyde like acetaldehyde and cells with homozygous deletions of BRCA2 would
strengthen basic assumptions behind the results. An analysis of ROS levels, stalled replication
forks, genomic instability, and total cell cycle duration of synchronized cells would shed light
on the molecular mechanism behind the effect of formaldehyde. And to prove the link between
BRCAZ2, formaldehyde, and aging, it would be helpful to repeat the experiments with old NPCs
and study apoptosis and proliferation speed in all cells. An inclusion of a heterozygous BRCA1
mutated cell line could support the starting hypothesis following Tan and colleagues (Tan et
al., 2017), that only BRCA2 is influenced by formaldehyde via proteasomal degradation and not
BRCA1. Additionally, in vitro analysis with brain organoids and in vivo experiments in mice
with a Brca2 knockout might round off the story, and questionnaires with BRCA2 and BRCAL
patients could complement the picture.

Taking together with this work, it could be shown that formaldehyde has a specific effect on
BRCA2 mutation carriers by alternating proliferation-relevant parameters in neural progenitor
cells. An important fundament is laid for proof of the hypothesis, and at the end, genetic
counseling of patients with BRCA2 mutation might need to be adapted.
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8 Attachment
8.1 List of Abbreviations

Abbreviation | explanation

Mg microgram

pl microliter

AD Alzheimer’s disease
a-amino-3-hydroxy-5-methyl- 4-isoxazolepropionic

AMPA acid

ASD autism spectrum disorder

ATM Ataxia-telangiectasia mutated

BBB blood brain barrier

BER base excision repair

BO brain organoids

BRCA1 Breast cancer susceptibility gene 1

BRCA?2 Breast cancer susceptibility gene 2

CDK?2 Cyclin-dependent Kinase 2

CHK?2 Checkpoint kinase 2

CO2 carbon dioxide

CP cortical plate

CR Cajal-Retzius

CtIP CtBP interacting protein

DDR DNA damage response

DL deep-layer neuron

DNA Deoxyribonucleic acid

DPC DNA-protein crosslink

DSB Double-strand breaks

EdU 5-Ethynyl-2’-deoxyuridine

FACS Fluorescence activated cell sorting

FAS fetal alcohol syndrome

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GFP Green fluorescent protein

GluAl Glutamate lonotropic Receptor AMPA

gr gram

GWAS a genome-wide association study

h hour

HR homology-directed repair

ICL interstrand crosslink

indel insertion/ deletion

IPs intermediate progenitors

iPSCs induced pluripotent stem cells

ISVZ inner subventricular zone

1z intermediate zone

kDA

kilo Dalton
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Abbreviation | explanation

KLF4 Kruppel-like factor 4

I liter

MDC1 Mediator of DNA damage checkpoint protein 1
min minutes

ml milliliter

mM millimolar

MMR mismatch repair

MRE11 Meiotic Recombination 11

MZ marginal zone

NANOG Homeobox protein

NBS1 nibrin

NE neuroepithelial cells

NER nucleotide excision repair

NESTIN neuroepithelial stem cell protein

NGS next generation sequencing

NHEJ non homologous end joining

NMDA N-methyl-D-aspartate

NPCs neural progenitor cells

NR2B N-methyl D-aspartate receptor subtype 2B
NSCs neural stem cells

OCT4 octamer-binding transcription factor 4
oRG outer radial glial cells

OSvz outer subventricular zone

PALB2 Partner and localizer of BRCA?2
PAX6 Paired box protein 6

PLK Polo-like-Kinase

PP preplate

RAD50 DNA repair protein 50

RAD51 RADS51 recombinase

RAP80 ubiquitin interaction motif containing 1 protein
RG radial glial cells

RNA ribonucleic acid

RNF8 E3 ubiquitin-protein ligase

ROS reactive oxygen species

rpm rounds per minute

sec second

SERPINH1 | heat shock protein 47

SOX2 sex determining region Y (SRY)- box 2
SP subplate

SSB singel-strand breaks

TLS translesion synthesis

tRG truncated radial glial cells
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Abbreviation

explanation

UL upper-layer neuron

USP21 Ubiquitin specific peptidase 21
VRG ventricular radial glial cells
VZ ventricular zone

yH2AX

Histone H2AX
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