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Zusammenfassung (Deutsch)

Der ubiquitar vorkommende Umweltschadstoff Benzo[a]pyren entsteht als
Nebenprodukt bei unvollstandiger Verbrennung von organischem Material und wird im
Korper zu dem  hochkarzinogenen  Benzo[a]pyren-diol-epoxid (BPDE)
verstoffwechselt. BPDE reagiert mit der DNA und bildet Addukte, die zu einer
Basensubstitution flhren, falls sie nicht durch die Nukleotidexzisionsreparatur (NER)
entfernt werden. Aus den so entstandenen Mutationen kdnnen sich im Laufe der Zeit
Tumore entwickeln. Es ist bekannt, dass verschiedene Zelltypen unterschiedlich auf
genotoxische Schaden reagieren. Stammzellen und insbesondere pluripotente
Stammzellen (pluripotent stem cells, PSCs), haben eine robuste DNA-
Schadensreparatur. Diese ist essentiell, um zu verhindern, dass sich mutierte Zellen
stabilisieren und so rasch vermehren, dass Tumore entstehen.

Vor diesem Hintergrund wurde in dieser Arbeit zum ersten Mal eine vergleichende
Analyse der DNA-Schadensantwort nach BPDE Exposition in humanen induzierten
pluripotenten Stammzellen (human induced pluripotent stem cells, hiPSCs) und ihren
Nachkommen der ektodermalen und endodermalen Linie durchgefuhrt. Darliber
hinaus wurden auch hiPSC und aus ihnen differenzierte neuronale Vorlauferzellen
(neuroprogenitor cells, NPCs) von Patienten, die am Nijmegen Breakage Syndrom,
einer Erkrankung bei der die DNA-Reparatur defekt ist, und die durch Mikrozephalie,
chromosomale Instabilitat und ein erhdhtes Tumorrisiko gekennzeichnet ist, nach
BPDE Exposition untersucht und mit ihnren gesunden Pendants verglichen.

Transkriptomanalysen  zeigten, @ zusammen mit  Proteinanalysen  durch
Immunfarbungen und Western Blots, dass hiPSC im Vergleich zu NPCs und Zellen
des hepatischen Endoderms eine robustere Reaktion auf BPDE aufweisen. Hierbei ist
in iPSCs die Expression verschiedener Zielgene im Kontext der p-53-vermittelten
DNA-Schadensantwort erhéht. Dies umfasst z.B. den Bypass von DNA-Lasionen,
Zellzyklus-Kontrollpunkte und den extrinsischen Apoptoseweg. Interessanterweise
zeigten die zu neuronalen Zellen differenzierten hiPSC nach BPDE-Exposition eine
erhdohte Expression von Genen der NER und des intrinsischen Apoptosewegs was
starker der in der Literatur beschrieben klassischen Reaktion auf BPDE ahnelt. hiPSCs
und NPCs von NBS Patienten reagierten anders auf die BPDE-Behandlung als
Wildtyp-Zellen. Ihre Apoptoseantwort war reduziert und sie zeigten keinen Anstieg von
p53 oder MDM2-Expression. Insbesondere die NBS-hiPSC zeigten eine erhdhte
Transkription von tumorassoziierten Genen und eine Repression von Genen der DNA-
Reparatur.

Insgesamt hat diese Arbeit die Unterschiede der DNA-Schadensreparatur zwischen
somatischen Zellen und Stammzellen aufgezeigt und dass weitere Untersuchungen
des Effekts von BPDE auf die embryonale Entwicklung notwendig sind. Aufderdem
wurde die spezifische DNA-Schadensantwort auf BPDE von gesunden Zellen und
Zellen mit einer NBS-Mutation untersucht.



Summary (English)

Benzo[a]pyrene diol epoxide (BPDE) is a highly carcinogenic metabolite of the
environmental contaminant Benzo[a]pyrene, which is commonly found as a byproduct
of incomplete combustion of organic matter. BPDE reacts with the DNA to form BPDE-
DNA bulky adducts which, if not removed by the nucleotide excision repair (NER)
pathway, can lead to mutations due to DNA base-pair substitution and consequently
to tumorigenesis. It is well-known that different cell types react differently to genotoxic
insults. Stem cells, and particularly pluripotent stem cells (PSC), have a robust DNA
damage response, essential to avoid the stabilization and fast propagation of mutant
cells that can lead to malignancies.

With that in mind, this work performed for the first time a comparative analysis of the
DNA damage response to BPDE in human induced pluripotent stem cells (hiPSCs)
and their progeny differentiated into cells from the ectoderm and endoderm embryonic
layers. Furthermore, hiPSCs and differentiated neuroprogenitor cells (NPCs) derived
from patients suffering from Nijmegen Breakage Syndrome, a chromosomal instability
disorder characterized by microcephaly, defective DNA repair and increased risk of
malignancies, were also investigated in the context of BPDE exposure and compared
to their healthy counterparts. Transcriptomics analysis, coupled with protein content
analysis through immunostaining and western blots, revealed that hiPSCs have a
robust reaction to BPDE exposure when compared to NPCs and hepatic endoderm
cells, with an enhanced expression of several targets related to the p-53mediated DNA
damage response, including DNA lesion bypass, cell cycle checkpoints and extrinsic
apoptosis.

Interestingly, hiPSCs differentiated into somatic cells (neuronal cultures) were also
subjected to BPDE exposure and showed a response to BPDE more in line with the
classic response seen in the literature in other somatic cells, with enhanced expression
of NER and intrinsic apoptosis markers. Additionally, hiPSC and NPCs harbouring an
NBS mutation reacted differently to BPDE treatment than WT cells, showing less
apoptotic response, no p53 or MDM2 increase and particularly in the case of NBS-
hiPSCs, increased transcription of cancer-related targets and the repression of DNA-
repair pathways transcription. Overall, this work emphasized the differences between
the DNA damage response in somatic cells and stem cells and highlighted the need
for further investigation of the effects of BPDE on the embryonic developmental stage,
while also exploring the differential DNA damage response to BPDE mounted by
healthy cells and those with an NBS mutation.
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1. Introduction

1.1. Human induced pluripotent stem cells

In the past few decades, there has been a worldwide push to replace animal
experimentation and the 3Rs, with its tenets of replacement, reduction and refinement,
serve as a guideline in this goal (1). There are many problems with animal
experimentation including ethical issues and difficulties in recreating specific
pathologies. The pharmaceutical and chemical industries contend with the high costs
of animal experiments as well as a failure rate in translating animal effects to human
subjects of up to 90% (2,3). A promising alternative for animal experimentation is the
use of human pluripotent stem cells (hiPSCs) and their differentiated progeny as in
vitro substitutes. Pluripotent stem cells (PSCs) are characterized by two abilities: they
can undergo unlimited self-renewal, meaning they can proliferate indefinitely; and they
are capable of differentiating into all three germ layers, ectoderm, mesoderm and

endoderm (4). Currently, there are two possible sources for hPSCs.

Embryonic stem cells (ESC) are isolated from the inner cell mass of a pre-implantation
embryo, also called a blastocyst (5) (Thomson et al., 1998). Because of their origin,
there are many ethical and legal issues involved in the use of human ESCs (hESC),
since this discussion is directly linked to the question of when human life begins (6).
The Euro Stem Cell, a cooperation of over 400 stem cell laboratories in the European
Union, has detailed information about the legislation concerning hESC use on different
member countries (www.eurostemcell.org). In Germany, hESCs are highly restricted.
Generation of new hESC lines is a criminal offence and pre-existing lines can only be
imported into the country after approval by the German parliament, and if they were

generated before 1 May 2007.

A relatively recent alternative to ESCs are induced pluripotent stem cells (iPSCs), a
type of pluripotent cell that can be generated from somatic cells. They were first
described by Takahashi and Yamanaka (7), who transfected mouse fibroblasts with
four transcription factors, octamer-binding transcription factor 4 (Oct4), SRY-box
transcription factor 2 (Sox2), MYC proto-oncogene, bHLH transcription factor (c-Myc)
and Kruppel-like factor 4 (KiIf4). These transcription factors were enough to induce

pluripotency.



Their protocol for iPSC generation relied on the use of integrating vectors from
retroviruses for gene transfer, a technique prone to insertional mutagenesis which can
lead to unforeseen consequences such as in vitro immortalization and oncogenesis in
vivo (8). Thus, the use of non-integrative approaches for iPSC reprogramming was
developed in an effort to improve cell safety and stability. Stadtfeld et al. (9) generated
integration-free iPSCs using non-integrative adenoviruses like the Sendai virus. Okita
et al. (10) used episomal delivery to generate iPSCs without viral involvement, by
repeated transfection of expression plasmids containing the complementary DNAs
(cDNASs) of Oct3/4, Sox2, KlIf4 and c-Myc. Other groups have utilized direct delivery of
reprogramming proteins fused with a cell-penetrating peptide (11) and direct delivery

of mMRNA encoding reprogramming factors (12).

iPSCs offer many advantages regarding their use in research. Since they can be
generated from virtually any somatic cell, they bypass the ethical issues of human
embryo destruction. With the appropriate protocol, they can be differentiated into a
plethora of cell types, which makes it easier to do comparative analysis between not
only different cell types, but also different stages of development of each cell type (13).
hiPSCs are advantageous for modeling specific diseases, particularly genetic
disorders. They can be generated from patients suffering from a specific condition and
may reproduce aspects of that condition in vitro. In that same way, they allow for patient
specific modeling and are therefore an attractive platform for personalized medicine
(14). iPSCs can also be the base for the creation of organoids, which are cell
assemblies that mimic organ-like characteristics. They can recapitulate some aspects
of organ development and structural and metabolic features observed in adult organs,
which makes them an attractive model for studying embryogenesis and modeling

genetic diseases, among other applications (15).

However, there are of course disadvantages to the use of iPSCs. While researchers
have improved at generating these cells over the years, it is well-documented that fully
reprogrammed iPSCs retain epigenetic memories from their parental cell line, leading
to differentiation bias (reviewed in Scesa et al. (16)). We have also not managed to
perfect the differentiation of iPSCs into every single cell type and there are particular
difficulties when modeling mature cells, with hepatocytes and cardiomyocytes being
classical examples (17,18). Another aspect to consider is the difficulty of modeling
complex cell-cell interactions, although the technology in this field is rapidly advancing
(19,20).



Despite that, iPSCs are a valuable tool for a broad range of applications, including

toxicity studies (21,22), disease modeling (23—-25) and therapeutic uses (26).

1.2. The use of hiPSC-based models in toxicological
assessment

Toxicological risk assessment encompasses many toxicological disciplines and aims
to determine the harm caused by a substance to the people exposed to it. Some of the
first steps in this assessment is to identify potentially hazardous substances and how
their toxicity manifests (cytotoxicity, carcinogenicity, developmental abnormalities,

genotoxicity, etc...) (27).

Developmental toxicity testing aims to identify substances that can cause disturbances
during embryo-foetal development. Currently, the gold standard for identification of
potential developmental adverse effects of a drug or chemical are animal-based
assays which are time consuming, expensive and do not always reliably translate to
human physiology (28). A classic example is the case of thalidomide, a drug sold
during the 1950s as a cure for morning sickness during pregnancy. Experiments
performed in pregnant rats prior to the drug release in the market led the developers
to believe it was safe to be used during human pregnancy (29), which resulted in an
estimated 10.000 children being born with malformations caused by thalidomide

exposure during development (30).

Besides developmental toxicological evaluation, the identification and investigation of
the effects of DNA-damaging agents (genotoxins) is of high importance. For certain
agents such as cosmetic ingredients, genotoxicity testing on animals has been banned
in the European Union and there are currently no suitable approved in vitro
replacements (https://health.ec.europa.eu/publications/sccs-notes-guidance-testing-
cosmetic-ingredients-and-their-safety-evaluation-12th-revision_en, accessed on
March 2024). While DNA-repair mechanisms remain mostly constant among
mammals, there are marked differences on the efficiency of such repair between
different species (31). And although in vitro tests are also part of the standard battery
of tests used for genotoxic assessment (32), they show high sensitivity, but their

specificity is often lacking (33,34).

The Organisation for Economic Co-operation and Development (OECD) has recently

announced a call for the urgent mobilization of resources to support the validation of
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new tests for the safety of chemicals, with the intent to reduce the use of laboratory
animals in safety testing while still protecting nature and human health (https://web-
archive.oecd.org/2023-01-23/650072-urgent-mobilisation-national-regional-
resources-to-support-the-validation-of-new-methods-safety-testing-of-chemicals.pdf,
accessed on March 2024). This reflects a growing trend on the substitution of animal
models for in vitro and in silico testing for toxicological assessment, both for general

chemicals and in drug development (35,36).

The Food and Drug Administration (FDA) supports and funds the developing of New
Alternative Methods (NAMs) for toxicological testing
(https://www.fda.gov/media/144891/download, accessed on March 2024) and the U.S.
Congress has approved in 2023 the FDA Modernization Act 2.0, stating that drug
developers can now propose alternative methods, including the use of hiPSC-derived
models, for the assessment of drug safety during the pre-clinical phase instead of

mandating the use of animal models (37).

There is a pressing need to develop useful human-relevant model for toxicological
evaluation and hiPSCs-based models can provide a reliable platform for assessment
of different toxicological parameters and allow for the easy testing of the same

compound on different cell types and stages of development.

In the case of developmental toxicology, for example, Cherianidou et al. (38)
established a transcriptomics and hiPSC-based assay where they exposed hiPSCs to
relevant human plasma concentrations of non-teratogenic and teratogenic substances
during cell differentiation into mesodermal precursors and did a genome-wide
expression profiling of the differentiated cells. The test was able to identify
developmental toxicants with high in vivo concordance. Similar transcriptomics-based
tests were performed by differentiating hiPSCs into cardiomyocytes and
neuroepithelial cells, and the combined analysis of hiPSCs differentiated into different

germ layers led to a more accurate prediction of teratogenicity (39,40).

3D hiPSC-based models, such as embryoid bodies and organoids, are an interesting
alternative since they mimic the developing embryo and parts of organ development.
Lauschke et al. (41) employed hiPSC-derived embryoid bodies, which are
subsequently differentiated into cardiomyocytes, to establish an assay that can detect

human-specific teratogens like Thalidomide. Organoids add an extra layer of



complexity in the culture model, being better able to represent individual organs. Yin
et al. (42) created a platform based on the use of hiPSC-derived brain organoids to
investigate heavy metal cadmium deleterious influence on neurogenesis and the
platform can be adapted for in vitro study of abnormal neurodevelopment induced by

different factors.

Despite not being a well-developed area yet, there are a few examples of hiPSC-based
models used to investigate the genotoxic effects of compounds. The chemotherapeutic
agents doxorubicin and cisplatin are genotoxic and their use for treating malignancies
can contribute to the development of secondary cancers (43,44). That makes it
particularly important to understand their DNA-damaging effects on human cells to
come up with strategies to mitigate them. Transcriptomic analysis of hiPSC-derived
cardiomyocytes after exposure to doxorubicin reveals a host of differentially regulated
genes related to DNA damage repair and cell cycle, helping to elucidate the effects of
this drug on the heart (45,46) developed an hiPSC-derived kidney organoid model with
nephron-like structures that, upon being exposed to the genotoxic chemotherapeutic
cisplatin, showed yH2AX foci consistent with DNA damage. hiPSC-derived organoids
can also be useful to model DNA damage. Das et al. (47) optimized a protocol for the
generation of forebrain organoids to study the genotoxic effects of ionizing radiation on

mature neurons and neuroprogenitors.

Studies have shown the feasibility of using hiPSC-based models as a screening
platform to assess developmental toxicity and genotoxicity. In the future, they could
become a reliable and versatile tool in the battery of tests performed during drug
development and the evaluation of chemicals. In particular, the assessment of
hepatotoxicity and neurotoxicity is of great interest. The liver's role in toxin
metabolization means that it is often exposed to potentially harmful substances (48)
while there is mounting evidence that exposure to toxins found in the environment can

lead to neurological issues, including neurodegenerative diseases (49).

1.3. In vitro neural differentiation of hiPSCs

In recent years, iPSC derived from patients have allowed for more detailed study of
the mechanisms behind many genetic neurological diseases such as Huntington's
disease (50), Nijmegen Breakage Syndrome (51), familial Alzheimer's (52) and
Williams syndrome (53). Those cells can be differentiated into neural progenitor cells

(NPCs) and neurons, replicating many of the hallmarks of these genetic afflictions in
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vitro. Another important avenue of research is the use of iPSC-derived neural cells for
neurotoxicological assessment. The use of animal models is the current gold standard,
but it is time-consuming, expensive, and critical from an ethical point of view, while
iPSC-based models are far more suited for high-throughput screening (54). In the past
decade, efforts have been made to establish hiPSC-derived platforms for

neurotoxicological assessment (55-57).

The most common strategy for the generation of NPCs in vitro is called dual-SMAD
inhibition. In this method, the bone morphogenic protein (BMP) pathway and the
transforming growth factor beta (TGF-B)/Activin/nodal growth differentiation factor
(NODAL) pathway are inhibited using small molecules, inducing the differentiation of
iPSCs into NPCs expressing key markers such as paired box 6 (PAX6) and
neuroepithelial stem cell protein (Nestin). The first group to describe dual-SMAD
inhibition used Noggin as a BMP inhibitor and SB431542 an Activin/Nodal/TGF-
inhibitor (58). While SB431542 is currently still widely used for NPC generation, other
molecules are often used in place of Noggin, particularly due to its high cost.
Dorsomorphin is a common replacement (59) and more recently, LDN 193189 has

risen as an effective alternative (60).

NPCs can be further differentiated into many neuron subtypes, including forebrain,
midbrain, hindbrain and spinal cord neurons. A common approach is the use of an
inhibitor of glycogen synthase kinase 3 (GSK3) such as CHIR99021 that induces the
activation of canonical Wingless and Int-1 (Wnt) signaling. Low GSK3 inhibition
patterns the cells towards a forebrain fate, while high inhibition predisposes them to a
hindbrain fate. A medium level of inhibition patterns the cells towards the midbrain and
the combination of Sonic Hedgehog (SHH) and GSK3 inhibitor further specifies NPCs
into ventral midbrain neurons (61). Neuronal maturation is usually achieved by
employing neurotrophic factors, which promote neuron survival and stimulate the
generation of neuronal networks. Some of the most common examples are brain-
derived growth factor (BDNF), insulin-derived growth factor (IGF) and glia-derived
growth factor (GDNF) (62).

A weakness of 2D models is the difficulty in recapitulating the complexity of the human
brain. The use of organoids, 3D assembloids of different neural cells, can partially
circumvent this problem and many protocols have been established for the generation

of organoids from different areas of the brain, called brain region-specific organoids.

6



This can be accomplished using small molecules to stimulate specific patterning,
particularly through the modulation of the Wnt and SHH pathways. Examples include
organoids mimicking the cerebellum (63), forebrain (64) and midbrain (65). Cortical
organoids with mixed cellular identity are also widely used in research. They rely on
dual-SMAD inhibition to stimulate the initial formation of neuroepithelial tissue, which
has the capacity to self-organize into mature cortical organoids (66,67). The addition
of Matrigel, an extracellular matrix, in the culture medium of developing organoids acts
as a 3D scaffold and enhances neuroepithelium formation and organoid maturation
(68).

1.4. In vitro hepatic differentiation of hiPSC

The liver is an essential organ with various functions. They range from protein and
hormone synthesis to bile acid production and nutrient storage. One of the liver's main
roles is the metabolism and detoxification of exogenous substances, which involves
the addition of functional groups and covalent binding of hydrophilic endogenous
molecules to turn exogenous substances more hydrophilic and thus, facilitate their
excretion (69). In some cases, the metabolites produced in this process can be harmful
to the body. A classic example is acetaminophen, a widely used drug that is harmless
in low doses but is metabolized in the liver by the Cytochrome-P450-dependent
monooxygenases (CYPs) family of enzymes into metabolites that can cause

hepatotoxicity (70).

During the development of new drugs or chemicals, important aspects that are
investigated are the effects of hepatic metabolism on the substance, as well as its
hepatotoxicity. Primary human hepatocytes (PHH) are the gold standard for
hepatotoxicity assessment in vitro, but they are derived from human liver biopsies,
have limited expansion in culture, and dedifferentiate in monolayer culture within 24
hours which restricts their application(71,72). Immortalized liver cell lines are easily
accessible and expandable but suffer from the loss of several phenotypic
characteristics found in normal liver cells (73). Animal experiments, besides being

costly and time-consuming, poorly predict human toxicity (74).

Due to these limitations, the use of hiPSC-derived liver cells, such as hepatocyte-like
cells, is an attractive prospect (75,76). They are a human-relevant model that also
allows researchers to account for genetic diversity and its influence in liver metabolism

(77). In addition, it allows the modeling of genetic diseases that influence the liver (24).
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In vitro hepatic differentiation of hiPSCs follows a procedure, which simulates hepatic
differentiation in vivo using small molecules and growth factors. Firstly, the Wnt and
Nodal signaling pathways are stimulated on hiPSCs and lead to the generation of
definitive endoderm (DE). Commonly, Activin A and CHIR99021 are used to that effect.
At this stage, the cells undergo morphological changes and loose markers associated
with pluripotency such as OCT4 and express DE typical markers such as SRY-box
transcription factor 17 (SOX17) (78). Following that, the cells are exposed to dimethyl
sulfoxide (DMSO) to induce the formation of hepatic endoderm (HE), which are
bipotential cells capable of transforming into hepatocytes and cholangiocytes. The
mechanism of action of DMSO is not fully elucidated but after a few days, the cells
express typical markers such as alfa fetoprotein (AFP) and HNF4a and have typical
HE morphology (79). The last step is the maturation of these cells into hepatocyte-like
cells (HLCs), and it is the step with the highest amount of variation between different
protocols. A variety of growth factors can be employed such as Epidermal growth factor
(EGF), hepatocyte growth factor (HGF), Fibroblast growth factor 2 (FGF2), Oncostatin
M (OSM) and/or Bone Morphogenetic Protein 4 (BMP4). Insulin and dexamethasone
are also common additions. At the end of the process, HLCs express several key
markers, including albumin, HNF4a and CYP3A4. Their morphology is similar to

hepatocytes, large cells with tight junctions and multiple nuclei (80).

1.5. DNA damage response and repair in mammalian cells

During our lifetime, our cells are under constant threat of DNA damage, either through
endogenous (e.g. free radicals generated through normal metabolic activity) or
exogenous (e.g. solar radiation, environmental toxins) means. To combat that,
organisms developed the DNA damage response, a set of damage detection systems,
signaling mechanisms and repair pathways responsible for preserving DNA genomic
integrity (81). DNA damage can take different forms and eucaryotes have developed
a variety of mechanisms to repair said damage. This introduction focuses on nucleotide
excision repair (NER), DNA double-strand break repair (DSBR) and translesion DNA
synthesis (TLS) and gives two examples of threats to genomic integrity which are
repaired by or interfere with those repair mechanisms: the genotoxin benzo[a]pyrene
diol epoxide (BPDE) and the genetic disease Nijmegen Breakage Syndrome (NBS).
Lastly, a more detailed look into the protein p53, often dubbed the “guardian of the

genome” (82) for its roles in the maintenance of genomic integrity.



1.51. Nucleotide excision repair (NER)

Nucleotide excision repair is a complex and versatile pathway, capable of repairing
diverse DNA lesions such as bulky adducts and DNA crosslinks. DNA bulky adducts
are caused by the covalent binding of a substance to the DNA. This binding can occur
on different areas of the DNA molecule and depends on the chemical agent performing
the binding (83). DNA crosslinking happens through the covalent binding of two
nucleotides of DNA (84).

It can be caused by endogenous agents, such as the aldehydes produced during lipid
peroxidation (85), or by exogenous agents such as certain chemotherapeutic agents
(86). NER relies on a template to complete its repair mechanism, necessitating an

intact strand of DNA to use as a base (87).

There is a complex system for lesion detection involved in NER with two different
pathways (Figure 1), global genome repair (GG-NER) and transcription coupled repair
(TC-NER). In the case of GG-NER, a protein complex consisting of xeroderma
pigmentosum group C (XPC), human Rad23 homolog B (RAD23B) and Centrin-2
(CETN2) can identify and bind itself to DNA lesions, often assisted by the DNA
damage-binding protein complex (UV-DDB), a dimer comprised of the proteins DDB1
and DDB2 (88). When transcription is stalled at the replication forks, TC-NER
recognition starts with the recruiting of the proteins Cockayne Syndrome A (CSA),
Cockayne syndrome B (CSB) and UV stimulated scaffold protein A (UVSSA) to the
affected area (89). In both pathways, the transcription factor Il H (TFIIH) complex is

recruited, and they then proceed through the same repair mechanism (90).

TFIIH is composed by ten different proteins, xeroderma pigmentosum group D (XPD),
xeroderma pigmentosum group B (XPB), p8, p34, p44, p52, p62, cyclin dependent
kinase 7 (CDK7), Cyclin-H, and ménage a trois-1 (MAT1) (91). This complex performs
lesion verification and recruits the xeroderma pigmentosum group F (XPF)/ERCC
excision repair 1, endonuclease non-catalytic subunit (ERCC1) complex which

performs the incision on the DNA (Graf et al., 2011), and initiates the synthesis of a

new strand mediated by proliferating cell nuclear antigen (PCNA) and DNA
polymerases. The synthesis progress stimulates the excision of the damaged strand

by xeroderma pigmentosum group G (XPG), and the new strand is sealed in by DNA



ligases (Staresincic et al., 2009). If a bulky DNA adduct is not promptly repaired, it can

result in a stalled replication fork which can be bypassed by translesion DNA synthesis.

Global Genome Repair Transcription Coupled Repair

UVSSA CSA

CETN2 mXPC

RAD23B

Uv-DDB ] Transcription
Lesion RNA Pol I blocking lesion
\’ TFIIH complex .
ERCC1 % ‘/
XPF
PCNA
DNA pol XPG

PCNA

H DNA ligases

Figure 1: Nucleotide excision repair (NER) pathway. The start of NER occurs either by
identification of DNA lesions through the global genome repair machinery or by recognition of
stalled replication forks by the transcription coupled repair subpathway. Both pathways result
in the recruiting of the TFIIH complex which verifies the lesion and recruits the XPF/ERCCA1
complex to perform the DNA incision. XPG excises the damaged DNA strand while PCNA and
DNA polymerases synthetize a new strand, which is sealed in by DNA ligases. Figure
generated with BioRender.
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1.5.2. Translesion DNA synthesis (TLS)

Translesion DNA synthesis (TLS) is a pathway that allows the cell to bypass DNA base
lesions that are causing stalled replication forks, in a process known as DNA damage
tolerance (Figure 2). Translesion synthesis DNA polymerases from the Y family (POLn,
I, K, and Rev1), as well and polymerase (, are responsible for this repair pathway in
eukaryotes (92). TLS polymerases lack the proofreading mechanisms present in
replicative polymerases and depending on the type of lesion being repaired, and which
TLS polymerase is doing the repair, the insertion of nucleotides on DNA-damage sites

is prone to mistakes, resulting in the insertion of point mutations in the genome (93).
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Figure 2: Translesion DNA Synthesis. DNA synthesis can be stalled at the replication fork
due to DNA lesions. When that happens, PCNA is mono-ubiquinated and the replicative
polymerase is substituted for a TLS polymerase, which can bypass the lesion. Once the fork
stalling is resolved, PCNA is deubiquinated and normal replication proceeds with DNA
polymerase &. Figure generated with BioRender.

In the occurrence of a stalled replication fork due to a DNA lesion, PCNA is mono-
ubiquinated, allowing for a switch of its partner polymerase from DNA polymerase d to
a TLS polymerase (94). Once this happens, the TLS polymerase can insert a
nucleotide opposite to the replication impediment. PCNA is then deubiquitinated and

DNA synthesis resumes once again with DNA polymerase & (95).

Polycyclic aromatic hydrocarbons (PAH) are organic compounds that can form bulky
DNA adducts, which can either be resolved through NER or bypassed through TLS
(96). The next segment expands upon one such PAH, benzo[a] pyrene (B[a]p), and its

metabolite benzo[a]pyrene diol epoxide (BPDE).

1.5.3. Benzo[a] pyrene and benzo[a] pyrene diol epoxide

Benzo[a]pyrene (B[a]p) is a PAH formed during incomplete combustion of organic
matter, such as exhaust fumes, cigarette smoke and charbroiled food. It is a
widespread environmental contaminant, found in the water, air and soil (97) and a
common presence in human dietary intake worldwide (98). B[a]p is metabolized in the
body by cytochrome P450 enzymes and epoxide hydrolase into Benzo[a]pyrene diol
epoxide, or BPDE, a potent mutagen and carcinogen. BPDE causes bulky DNA
adducts by binding to the N2 atom of guanine (dG-N?-BPDE adduct) and this DNA
damage is repaired mainly through the NER pathway (99), (Figure 3).

B[a]p binds to the aryl hydrocarbon receptor, a transcription factor that regulates the
gene expression of several targets related to xenobiotic response, including the
cytochrome P450 family member CYP1B1. This can lead to increased CYP1B1 protein
production and consequent increase in bioactivation of B[a]p into carcinogenic
metabolites (100). BPDE, which is considered the most carcinogenic of those
metabolites, binds to the DNA and if not removed, can lead to base-pair substitution
mutations via translesion DNA synthesis (101) resulting in tumorigenesis (102).
Evidence suggests that tumor protein p53 (TP53), whose protein product p53 is
important for DNA damage response and tumorigenesis suppression, is a favored
target for BPDE-induced mutagenesis (103,104).
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Cigarette smoking is a strong risk factor for hepatocellular carcinoma (105,106).
Studies carried out on rodent models reveal the presence of BPDE-DNA adducts in
the liver for several days after one-time Bl[a]p exposure, orally or through
intraperitoneal injection (107,108). Chen et al. reported that patients suffering from
hepatocellular carcinoma had a much higher number of BPDE-DNA adducts in tumor
and adjacent nontumor liver tissues than non- hepatocellular carcinoma controls (109).
While the harmful effects of BPDE on the liver are well known, its effects on the

developing liver and on liver progenitor cells have not been investigated.
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Figure 3: Chemical structure of B[a]p, BPDE and BPDE-dG adduct. (A) B[a]p undergoes
metabolization by CYPs and EHs into BPDE. (B) BPDE binds to the N2 atom of guanine,
forming a DNA adduct. CYP: Cytochrome P450. EH: Epoxide hydrolase. Image generated with
BioRender.com.
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Due to its lipophilic nature, B[a]p can cross the placenta to reach the developing fetus
and it has been shown that the placenta of mice, rats and humans can metabolize
B[a]p into BPDE, which can lead to fetal genotoxic exposure. Additionally, the fetuses
themselves are metabolically capable (110-112). Mouse fetuses exposed to BPDE
suffer embryotoxicity and malformations, hinting at a teratogenic effect cause by this
compound (113,114). Teratogenic effects have also been observed in fish exposed to

B[a]p during embryogenesis (115).

Besides direct embryonic exposure, BPDE-DNA adducts are detectable in the sperm
(116) and ovarian cells (117) of cigarette smokers, and these DNA modifications can
be paternally transmitted through the spermatozoa to the embryo (118). The potential
issues that could arise from the presence of BPDE adducts on pre-implantation

embryos are currently unknown.

B[a]p can traverse the blood-brain barrier and there is strong evidence that it and its
metabolites, such as BPDE, can accumulate in the brain and cause neurobehavioral
and neurotoxic effects (119-125). Besides mouse and rat brains being capable of
metabolic activation of B[a]p (111,126), it is also hypothesized that part of the BPDE-
DNA adducts found in rodent brains and cerebellum after B[a]p ingestion may occur
due to B[a]p metabolites being carried via the circulatory system to the brain (127-
129).

In vivo experiments show that the offspring of rats exposed to low levels of B[a]p during
pregnancy have neurological deficits, particularly of cortical neuronal function (130).
Similarly, exposure to B[a]p in adult Medaka fish leads to offspring neurotoxicity (131)
and embryonic exposure to B[a]p in zebrafish also negatively affects the developing

nervous system (132,133).

Despite the growing body of evidence regarding the deleterious effects of B[a]p on
neurodevelopment and brain function, the potential adverse effects of BPDE on the
nervous system are mostly unknown. In the human neuroblastoma cell line SH-SY5Y,
BPDE exposure downregulated genes related to redox regulation (134). BPDE is also
involved in the neuroinflammatory process, being capable of inducing the production
of inflammatory mediators on primary rat cerebral cortex cells, and on rat neuron and

astrocyte cell lines (135).
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There is rising evidence supporting a link between DNA damage and
neurodegeneration. This includes neurodegenerative diseases like amyotrophic lateral
sclerosis (ALS), Parkinson’s disease and Alzheimer’s disease (136-139). It also
applies to diseases which are triggered by exposure to specific genotoxic chemicals,
like Western Pacific amyotrophic lateral sclerosis and Parkinsonism-dementia complex
(ALS/PDC) and the genotoxin methylazoxymethanol (140-142). It is unknown whether
BPDE-mediated genotoxicity in the central nervous system could facilitate the onset of

neurodegenerative afflictions.

1.5.4. DNA Double-Strand Break Repair (DSBR)

DNA double-strand breaks are caused by a break on both strands of DNA. They can
occur in a programmed manner due to the normal DNA metabolism of the cell or can
form due to the actions of an exogenous agent such as radiation and certain

genotoxins (143).

There are two main forms of double-strand break repair in mammalian cells,
homologous recombination (HR) and non-homologous end joining (NHEJ) (Figure 4).
They are regulated by the DNA damage response mediated by the kinases ataxia
telangiectasia mutated (ATM), ataxia telangiectasia and Rad3 related (ATR) and DNA-
dependent protein kinase catalytic subunit (DNA-PK). ATM and ATR are involved in
cell cycle checkpoint activation and inhibition of cell cycle progression in response to
double-strand breaks, allowing for DNA repair and cell survival, while DNA-PK is a
double-strand break sensor and promotes NHEJ (144). HR depends on the presence
of a homologous DNA strand to use as a template during repair, therefore it is mostly
only available during S and G2 phases, while NHEJ acts by ligating the damaged DNA
ends and can be active during the whole cell cycle, at the expense of being a mutation-

prone form of repair (145).

In eukaryotes, chromatin is formed by DNA wrapped around structural proteins called
histones. When a double-strand break occurs one of these histones, H2A histone
family member X (H2AX), becomes its phosphorylated form y-H2AX. Cell cycle
checkpoint protein RAD17 (RAD17) is a DNA damage sensor protein and together with
y-H2AX, they recruit the MRN complex to the damage site (146,147), starting a

recognition and signaling cascade.
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The MRN complex is composed of three proteins: Nibrin (NBN), MRE11 Homolog
Double Strand Break Repair Nuclease (MRE11) and RAD50 double strand break
repair protein (RADS50). Once the MRN complex is bound to the lesion, NBN recruits
ATM, which dissociates from its dimer form into monomers, leading to its
autophosphorylation and thus activation (148). Activated ATM activates different
downstream signaling pathways involved in checkpoint activation and cell cycle arrest,
one of the most important ones being the ATM/checkpoint kinase 2 (CHEK2)/p53 axis
(149). It also phosphorylates targets in all three components of the MRN complex,
controlling MRE11-mediated resection of damaged DNA strands, an essential step for

the start of homologous recombination repair.

The start of homologous recombination repair depends on the end resection of the
damaged strands of DNA performed through the endonuclease activity of the MRN
complex and the CtBP-interacting protein (CtIP) (150). These DNA ends are then
referred to as 3' single-stranded DNA (ssDNA) and are promptly covered by the
replication protein A (RPA) complex. ATR and its partner protein ATR Interacting
Protein (ATRIP) are recruited to damaged DNA strands coated with RPA where ATR
is activated by DNA topoisomerase 2-binding protein 1 (TOPBP1) (151). ATR then
phosphorylates and activates Checkpoint kinase 1 (CHEK1), helping to maintain cell
cycle progression arrest (152). Breast cancer type 1 susceptibility protein (BRCA1) and
Breast cancer type 2 susceptibility protein (BRCAZ2) act as scaffolding to organize the
repair proteins at the lesion site, including DNA repair protein RAD51 homolog 1
(RAD51), which displaces RPA and forms a nucleoprotein filament (153). The RAD51—
ssDNA nucleoprotein filament invades the homologous DNA template, forming a
temporary three-stranded DNA and then displacing the non-sister strand of the invaded
DNA (154). At the same time, the CX3 complex formed by RAD51 homolog C
(RAD51C) and X-ray repair cross complementing 3 (XRCC3) acts in concert with DNA
repair and recombination protein RAD54-like (RAD54) to maintain fork stability and
facilitate homologous DNA pairing (155,156). DNA polymerases can then act to
synthetize the missing DNA and DNA ligase attaches it to the existing incomplete

strands. Finally, the fixed DNA and the template DNA separate from each other (157).

Initiation of non-homologous end joining (NHEJ) repair happens through Ku, a
heterodimer composed of the subunits Ku70 and Ku80 that is able to bind to DNA
double-strand breaks and recruit DNA-PK to the damage site, which is responsible for

starting NHEJ (158).
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Figure 4: DNA double-strand break repair pathways. DNA double-strand breaks induce the
phosphorylation of H2A.X, which in turns recruits the MRN complex, starting damage
recognition and repair. NBN recruits ATM, which autophosphorylates and activates several
downstream targets related to cell cycle arrest. BRCA1 and 53BP1 are key proteins that steer
the repair pathway towards HR or NHEJ, respectively. At the start of HR, MRN and CtIP
perform the end-resection of the damaged DNA strands, which are covered by RPA.
ATR/ATRIP are recruited to the RPA covered strands where ATR phosphorylates and
activates mechanisms of cell cycle arrest maintenance. BRCA1 and BRCA2 acts as
scaffolding for proteins involved in repair, including RADS1, which displaces RPA and forming
nucleoprotein filaments that invade the homologous DNA template. XRCC3, RAD54 and
RAD51C maintain fork stability and facilitate repair by DNA polymerase and DNA ligase.
Alternatively, double-strand breaks can also be detected by Ku70/80, which recruits DNA-PKs
and starts NHEJ. DNA-PK recruits XRCC4, XLF, PAXX and LiglV. The first three form the
scaffolding around the damaged strands, while LiglV performs the DNA end joining.

Once DNA-PK is present, four more factors are recruited to the complex, forming the
scaffolding and repair machinery of NHEJ. They are X-ray repair cross complementing
protein 4 (XRCC4), XRCC4-like factor (XLF), paralog of XRCC4 and XLF (PAXX), and
DNA ligase IV (LiglV) (159). Subsequent autophosphorylation and dissociation of
DNA-PK changes the conformation of the complex and allows for LiglV-mediated DNA

end joining (160).

The repair choice between HR and NHEJ is a complex affair with many key decision
points. One of the main limiting factors that was already mentioned is the presence of
homologous DNA sequences to serve as templates for HR, restricting this repair
pathway to mostly the G2 and S phases. Another influence is which damage
recognition complex first binds to the DNA ends, MRN or Ku70/80, which shifts repair
to HR or NHEJ, respectively. Other proteins are also involved at later stages in the
repair choice, two essential ones being tumor suppressor p53-binding protein 1
(53BP1) and BRCA1 (161).

Germline mutations in genes involved in DSBR cause a host of developmental
disorders linked with increased cancer predisposition. Examples include Ataxia
telangiectasia, caused by mutations on ATM, ataxia telangiectasia-like disorder (A-
TLD), where MRE11 is mutated; and Nijmegen breakage syndrome (NBS), incurred
by mutations on NBS (162). The next section will take a more comprehensive look into

NBS and its pathology.
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1.5.5. Nijmegen Breakage Syndrome (NBS)

Nijmegen Breakage Syndrome (NBS) is a chromosomal instability disorder, which
manifests in patients as an impaired immune system, microcephaly, growth
retardation, premature aging, premature ovarian failure and increased susceptibility to
malignancies such as lymphomas, gliomas, and medulloblastomas (163) (Figure 5). It
is caused by a mutation in the NBS gene, also known as NBN, which codes for the
protein Nibrin (NBN), part of the MRN complex.

Most NBS patients (90%) carry a homozygous founder mutation in the NBS gene, a
five base pair deletion in exon 6 (c.657_661del5). The mutation results in a
hypomorphic defect, generating a truncated version of Nibrin which parts in two
fragments: a 26-kDa protein (NBNp?°) and a 70-kDa protein (NBNp’°) (164).

MRE11 and RAD50, together with Nibrin, form the MRN complex. This complex is
involved in DNA damage signaling and repair, particularly of DNA double-strand
breaks, a pathway that is severely impaired in NBS patients. Due to this deficiency in
DNA repair, NBS patients have marked chromosomal instability, developing breakages
and chromosomal rearrangements (165). That in turn leads to the development of
malignancies, with over 40% of NBS patients developing one by the age of 20,
predominantly hematological cancers (166). Indeed, cells obtained from NBS patients
are particularly sensitive to some DNA-damaging agents such as bleomycin (167).
Moreover, the MRN complex is also involved in cell cycle regulation and apoptosis
(168) and cultures of fibroblasts obtained from NBS patients reveal cells with deficient

cell cycle regulation (167).

Mysregulation of

Best known functions of NBN
NBN can lead to:

» DNA damage sensing and repair
(double-strand breaks, single-
strand breaks)

» Maintanance and proliferation of
neuroprogenitors

Immunodefi .
. . . Microcephaly Cancer
* Neuritogenesis -ciency

Figure 5: General functions of NBN and consequences NBN impairment.
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Another important aspect of NBS is the dysregulation of p53 function. In vitro, NBS
NPCs have less p53 than wild type NPCs and microarray analysis reveals the
downregulation of gene clusters downstream of p53 (51). NBS fibroblasts exposed to
ionizing radiation and NBS iPSC-derived cerebral organoids exposed to bleomycin,
have a delayed and reduced p53-mediated response to DNA damage (169,170).
Considering the importance of p53 signaling for tumor suppression (171) and brain
development and homeostasis (172), this dysregulation likely contributes to the

phenotype observed in NBS patients.

1.5.6. P53 in DNA damage repair

Tumor protein P53 (p53) is a multifunctional protein with roles in the regulation of
apoptosis, cell cycle and the DNA damage response. Its involvement has been
demonstrated during different forms of DNA damage repair, including NER and DSBR
(173). TP53 mutations and/or the dysregulation of p53 function is a common feature in

human cancers (174).

P53 plays a significant role during NER. It acts as a transcriptional regulator towards
XPC and DBB2, enhancing their expression (175,176) and it also localizes to DNA
lesions and helps in the recruiting of DDB1 to the damage site (177), helping in the

identification of DNA lesions and repair initiation.

When a DNA double strand break occurs, ATR and ATM phosphorylate the effector
kinases CHEK1 and CHEK2, which in turn phosphorylate and activate p53. P53
enhances transcription of cyclin-dependent kinase inhibitor 1 (p21) and starts a
cascade which leads to cell cycle arrest, stopping transcription and allowing the cell
time to repair the DNA lesion (178). Besides that, p53 also acts as a transcription factor

by upregulating the expression of RAD51 (179).

Because of its numerous critical roles, p53 has different mechanisms which regulate
its functions. Perhaps its most evolutionarily conserved relationship is with the protein
Mouse double minute 2 homolog (MDM2), which negatively regulates p53 through
ubiquitination, targeting it for degradation by proteosomes (180). Conversely, MDM2
transcription is induced by p53, forming a regulatory feedback loop between the two
(181)
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1.6. Challenges of genetic disease modeling: an overview
focused on NBS

Studying genetic diseases in the laboratory, particularly the ones in which DNA repair
is compromised, like NBS, is a challenging proposition. Cell cultures derived from
patients can suffer premature senescence due to their inability to properly repair DNA
damage (167) while animal models fail to recapitulate key aspects of the disease
(182,183).

The usefulness of primary cell culture is limited. Since this disorder is rare, access to
primary cells from patients can be difficult and premature senescence hinders cell
passaging in vitro. In addition, while they are effective for initial gene function analyses,

they cannot encapsulate the multi-systemic impact of these disorders.

Primary lymphocytes obtained from the peripheral blood of NBS patients can be
cultured for short periods of time, usually for a few days, and have mainly been used
for cytogenetic studies and irradiation exposure experiments (163,184). The
generation of Epstein Barr virus (EBV) transduced lymphoblastoid cell lines (LCL)
immortalizes primary lymphocytes, allowing for extended periods in culture, as well as
freezing and thawing of cells (185). Different groups have generated LCLs from NBS
patients, which are useful for targeted experiments related to Nibrin function (186—
189).

The first attempt to produce a mouse model of NBS was done via the inactivation of
Nbs which allowed for the generation of chimeric Nbs+/- mice. These mice were then
interbred for the generation of Nbs-/- animals but the homozygous mutation led to early
embryonic lethality in utero, associated with poor embryonic development (183).
Although the model was not successful, these results were the first indication that the
phenotype observed in NBS patients and cell lines were not the effect of a complete

absence of Nibrin but rather, of a hypomorphic mutation of NBS.

Williams et al. pursued an alternative approach and generated a mouse model
(Nbs2B/2B) with a phenotype closer to what is seen in humans, by using a hypomorphic
mutation of NBS resulting in a truncated version of Nibrin still compatible with cell
viability. The allele produces an 80kDa NBN protein (NBNp2°) which can still interact
with Mre11, like the NBNp”°. Nbs128/28B murine embryonic fibroblasts (MEFs) are highly

sensitive to ionizing radiation, similar to NBS fibroblasts. Despite that, the animals
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failed to recapitulate important phenotypes observed in NBS such as immune system

defects, higher cancer incidence, ovarian dysgenesis and microcephaly (182).

Recent progress has been made regarding the study of NBS with the introduction of
iPSCs derived from NBS patients (190). The return to pluripotency allows the cells to
bypass premature senescence in vitro and provide a reliable and flexible platform for
studying the influence of the disease during early development as well as how
exposure to different compounds affects the cells carrying the mutation
(561,167,170,191). It is even possible to model key aspects of the disease that are not
present in mouse models. Martins et al. generated cerebral organoids from NBS
patient-derived iPSCs that revealed premature neuronal differentiation, leading to
disrupted cyto-architecture and a smaller size than the wild-type organoids, possibly
recapitulating in vitro the developmental microcephaly associated with the disease
(170).

1.7. Aims of the thesis

Each cell type reacts differently to genotoxic stress. Therefore, the aim of this work
was to do a comparative analysis of the DNA damage response to BPDE in hiPSCs
and their progeny differentiated into cells from the ectoderm and endoderm embryonic
layers. Furthermore, this work also aimed to analyze the differences in the DNA
damage response to BPDE between hiPSCs and NPCS derived from healthy subjects

and those suffering from NBS.
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2. Materials and methods

2.1. Cell culture

hiPSCs were maintained in the incubator at 37°C, 5% CO2 and 5% Oz, in a humid
atmosphere. Differentiated cells were kept in the same conditions, but at 20% O2. All

cell culture was done in sterile conditions under the cell culture hood.

21.1. Human induced pluripotent stem cells (hiPSCs)
maintenance

hiPSCs were maintained in feeder-free conditions, cultivated on Matrigel extracellular
matrix and fed with mTeSR™ Plus, a serum-free media for maintenance and
expansion of iPSCs. 6, 12, or 24-well plates were coated in Corning®Matrigel® hESC-
qualified Matrix for 1 hour at room temperature as per manufacturer specifications and
hiPSCs were plated. Medium change was performed daily. Cell passage was done
with ReLeSR™, an enzyme-free reagent for dissociation and passaging of iPSCs as
aggregates, as specified by the manufacturer. ReLeSR™ was added to the cells for 1
minute, aspirated, then 3-5 minutes later ImL mTeSR™ Plus was added, followed by
gentle tapping of the plate to allow for detachment. The aggregates were seeded on
Matrigel and cells were passaged once a week. For experiments, cells were
dissociated into single cells using accutase and seeded on Matrigel. The hiPSC lines

used in this work are detailed on

Table 1: Cell lines used in this work. M: male, F: female.

Cellline  Gender Genotype Age of Derived = Reprogramming Source
Donor from method
uJ M - 51 years SIX2- Episomal (189)
(ISRM- old positive = reprogramming
UM51) renal cells
iPSC-12 F - Neonatal Dermal Retroviral Cell
fibroblast transduction applications
Inc.
NBS8 F Heterozygous 7 years Dermal Retroviral (188)
NBN 657del5 old fibroblasts transduction
NBS2 Homozygous 3 years Dermal Episomal -
NBN 657del5 old fibroblast  reprogramming
Normal M - Juvenile =~ Juvenile - PromoCell®
human (exact foreskin
dermal age not
fibroblasts specified)
(NHDF)
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UJ hiPSCs (ISRM-UM51) (192) were generated by our working group. NBS8 (190)
hiPSCs were derived from a Nijmegen Breakage Syndrome patient and generated by
our working group, as was the NBS2 hiPSC line (unpublished). iPSC-12 is a
commercially available iPSC line from Cell Applications Inc.

(https://www.cellapplications.com/). Normal human dermal fibroblast (NHDF) is a

commercially available fibroblast line from PromoCell®

(https://promocell.com/product/normal-human-dermal-fibroblasts-nhdf/). NBS2, ISRM-

UM51 and NBS8 are under the ethical approval of the Ethikkommission der
Medizinischen Fakultat der Heinrich-Heine-Universitat Dusseldorf (protocol code:
5704 and date of approval: 22 February 2017; protocol code 5013 and date of
approval: 09 June 2015).

2.1.2. hiPSCs-derived cerebral organoids

hiPSCs were cultivated until 75-90% confluence. The cells were washed once with
DPBS -/- and dissociated with accutase for 5 min at 37°C. The accutase reaction was
stopped with mTeSR Plus and the single cell suspension was centrifuged at 110xg for
3 min. The supernatant was discarded, and the cells were resuspended in mTeSR Plus
supplemented with 10 uM ROCK inhibitor (Y-27632, Sigma-Aldrich) in a concentration
of 10 cells/100 pl of cell suspension was then plated into each well of a 96 well plate,
U-bottom, low attachment (Thermo Scientific) and the plate centrifuged at 100xg for 2
min. The cells were incubated at 37°C with 5% COz2 for 24 hours, after which 50 pl of
the medium was aspirated and replaced by 100 pl of neural induction medium (NiM,
consisting of 47% DMEM/F12 (Gibco), 47% Neurobasal Medium (Gibco), 2% B27 w/o
retinoic acid (Gibco), 1% N2 (Gibco), 1% GlutaMAX (Gibco), 1% MEM non-essential
amino acids (NEEA) (Gibco) and 1% Penicillin/Streptomycin (Gibco). In the following
5 days, 100 pl of medium was replaced daily with fresh NIM supplemented with 10 uM
SB-431542 (Tocris), 500 nM LDN-193189 (Merck) and, until day 3, 10 uM ROCK
inhibitor. On day seven, the neurospheres were collected from the 96-well plate and
transferred to a floating culture in a 10 cm petri dish with 10 mL Neural Differentiation
Medium (NDM, consisting of 95% Neurobasal Medium (Gibco), 2% B27 w/o retinoic
acid (Gibco), 1% N2 (Gibco), 1% GlutaMAX (Gibco), and 1% Penicillin/Streptomycin
(Gibco) supplemented with 20 ng/ml epidermal growth factor (EGF) (Peprotech) and
20 ng/ml fibroblast growth factor 2 (FGF2) (Peprotech). The dish was kept in a shaking
incubator at 60 rpm and medium was replaced every other day with fresh NDM

supplemented with 20 ng/ml EGF and 20 ng/ml FGF2.
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Figure 6: Generation of hiPSC-derived cerebral organoids. (A) Schematics of the
differentiation of hiPSCs into cerebral organoids. (B) Representative brightfield images of
embryoid bodies and cerebral organoids at different culture stages. Scale bar 150um.
Schematics were generated with BioRender.com.

2.1.3. hiPSCs-derived neural progenitor cells (NPCs)

The NPC differentiation followed the same protocol for the cerebral organoid
differentiation until day 7. Instead of being transferred to free floating cultures, ten to
twelve neurospheres were seeded per well in Growth Factor Reduced Matrigel
(Corning) coated 6-well plates and fed daily with NDM supplemented with 20 ng/ml
EGF and 20 ng/ml FGF2. On day 18, neural rosettes were selected with STEMdiff™
Neural Rosette Selection Reagent (Stem Cell Technologies) as per the manufacturer’s
recommendation. The rosettes were then incubated with accutase for 30 min at 37°C
and the resulting cell aggregates were seeded at a density of 1:4 on Growth Factor
Reduced Matrigel (Corning) coated 6-well plates for expansion and fed daily with NDM
supplemented with 20 ng/ml EGF and 20 ng/ml FGF2. For passaging, the NPCs were

incubated with accutase for 5 min at 37°C and the resulting aggregates were seeded
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at a density of 1:4 on Growth Factor Reduced Matrigel (Corning) coated 6-well plates

every 5-6 days.
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Figure 7 Generation of hiPSC-derived NPCs. (A) Schematics of the differentiation of hiPSCs
into NPCs. (B) Representative brightfield images of embryoid bodies, neural rosettes and
NPCs. Scale bar 150um on Day 1, 100um on day 18 and NPCs. Schematics were generated

with BioRender.com.

21.4. hiPSCs-derived neuronal culture

The NPCs generated in 2.1.3 were seeded at a density of 4x104/cm? on plates coated

with Growth Factor Reduced Matrigel (Corning). They were fed every three days with

NDM supplemented with 20 ng/ml of Brain-derived neurotrophic factor (BDNF,

Peprotech) and 20 ng/ml of neurotrophic factor 3 (NT3, Peprotech) for 15 days, for the

development and maturation of neuronal networks.
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Figure 8: Generation of hiPSC-derived Neurons. (A) Schematics of the differentiation of
NPCs into Neurons. (B) Representative brightfield image of neurons. Scale bar 50um
Schematics were generated with BioRender.com.

2.1.5. hiPSCs-derived hepatic endoderm (HE)

hiPSCs were cultivated until 75-90% confluence. The cells were washed once with
DPBS -/- and dissociated with accutase for 5 min at 37°C. The accutase reaction was
stopped with mTeSR Plus and the single cell suspension was centrifuged at 110xg for
3 min. The supernatant was discarded, and the cells were resuspended in mTeSR Plus
supplemented with 10 yM ROCK inhibitor (Y-27632, Sigma-Aldrich). They were then
seeded on Matrigel (Corning) covered plates at a density of approximately 10°
cells/cm?. After 24h, the medium was aspirated in full and replaced with DE medium
(consisting of 97% RPMI (Gibco), 2% B27 wi/o retinoic acid (Gibco), 1% GlutaMAX
(Gibco) and 2 pM Doxycycline (Sigma-Aldrich)). On day 1, DE medium was
supplemented with 2.5 yM CHIR99021 (Sigma-Aldrich) and 100 ng/ml Activin A (Stem
Cell Technologies), and on days 2 and 3, only with 100 ng/ml Activin A. On days 4 to
7, the cells were fed with HE medium (composed of 77.5% DMEM/F12 (Gibco), 20%
Knockout-Serum (Gibco), 0.5% GlutaMAX (Gibco), 2 uM Doxycycline (Sigma-Aldrich)
and 0.01% 2-Mercaptoethanol (Merck)) supplemented with 1% DMSO (Sigma-
Aldrich).
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Figure 9: Generation of hiPSC-derived HEs (A) Schematics of the differentiation of hiPSCs
into HEs. (B) Representative brightfield images of day 1 cells, DEs and HEs. Scale bar 50um.
Schematics were generated with BioRender.com.

2.2. Molecular biology assays

2.2.1. Genomic DNA extraction

Media was aspirated from a well of a 6-well plate, cells washed once with DPBS and
dissociated with 10min incubation with accutase. The reaction was stopped with
DPBS, and the cell solution was centrifuged, and the supernatant discarded. Genomic
DNA was extracted from the cells with the QIAGEN DNA Blood and Tissue DNA
extraction kit (QIAGEN) according to the manufacturer specifications. The amount and
quality of the isolated RNA was measured with the spectrophotometer NanoDrop2000
(Thermo Fisher).

2.2.2. RNA extraction

Media was aspirated from a well of a 6-well plate and the cells washed once with
DPBS. 500 ul of TRIzol® was then added to the well and the plate was moved to a
shaker for gentle shaking for 5min at room temperature (RT). The cell solution was
homogenized and transferred to an Eppendorf tube. The solution can then be kept at
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-80°C until RNA extraction is completed. Total RNA was extracted using the Zymo
Research Direct-zol™ RNA MiniPrep kit according to the manufacturer's instructions.
To avoid DNA contamination, a 30 min treatment with Deoxyribonuclease (DNAse)
was applied. The amount and quality of the isolated RNA was measured with the

spectrophotometer NanoDrop2000 (Thermo Fisher).

2.2.3. cDNA synthesis

The isolated RNA was transcribed into cDNA using the Reverse Transcription
TagMan® Kit (Applied Biosystems Roche, Foster City, USA) following manufacturer’'s
instructions. 500ng of RNA was used for each reaction, diluted to a total volume of 4
gl in DNase/ RNase free water. Then 6yl of Master Mix (1 pl 10X RT buffer, 2.2 pl
1.75mM MgCI2, 2 pl 0.5mM dNTPs, 0.5 pl 2.5mM oligoDT primers, 0.2 ul RNAse
inhibitor (20 U/ul), 0.25 ul Reverse Transcriptase) was added to the mixture. The
samples were loaded in a peqStar 21 Thermocycler and amplified using the following
program: 25 °C for 10 min-annealing, 48 °C for 30 min-reverse transcription and 95 °C
for 5 min-enzyme inactivation. The PCR products were diluted to a final concentration

of 5ng/ ul in nuclease free water and stored at -80 °C.

2.24. Quantitative Real Time Polymerase Chain Reaction (PCR)

gRT-PCR was used to assess the expression levels of genes of interest. Reactions
were carried out in triplicates in a 384-well plate, in a total volume of 10 pl/well (1 I of
5ng/ ul of cDNA sample, 0,5 ul each of forward and reverse primers, 5 ul of 2X Power
SYBR® Green (Applied biosystems) and 3 pl of DNase/RNase-free water). 1 ul of
water was used as negative control for each primer pair. Amplification followed the
program: denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at
95°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30
seconds. Mean values were normalized to the housekeeping gene RPLO and the cycle
threshold (CT) for each sample was determined with the ViiA7 Software v1.2 from
Applied Biosystems. Data was analyzed using Microsoft Excel (Microsoft, Redmond,
USA) and the 2*(-Delta Delta (CT)) method (193). Values are depicted in fold-change,
as mean values with 95% confidence interval. Statistical significance was measured
using 2*way ANOVA and Turkey’s multiple comparison test. P values < 0.05 were

considered statistically significant. Primer sequences are listed on Table 2.
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Table 2: Primer sequences used in this work. All primers were produced by Eurofins

Scientific.
AFP AGCAGCTTGGTGGTGGATGA CCTGAGCTTGGCACAGATCCT
ALB AGCTGTTATGGATGATTTCGCAG CCTCGGCAAAGCAGGTCTC
ATM TTTTCAACCAGTTTTCCGTTACTTC | ACA CTG CGC GTA TAA GCC AAT C
ATR CTGCCACTCAGCTTACCACT AAGCTGTGCTGGGCTACATT
BBC3 TCCTGGGTCCCTGGCCAAGAAG GTGTCACCCCTGCAGCTGGAAC
CASPASE 3 | TCATTATTCAGGCCTGCCGTGGTA | TGGATGAACCAGGAGCCATCCTTT
CDKN1A | GATGTCCGTCAGAACCCATGCG GTCGAAGTTCCATCGCTCACGG
CHEK1 CAAGAAAGGGGCAAAAAGG TGTATGAGGGGCTGGTATCC
CHEK2 TTCAGCAAGAGAGGCAGACC GCGTTTATTCCCCACCACTT
DDB2 GCCATCTGTCCAGCAGGGGC GGGGTGAGTTGGGTGCCACG
cJUN ACCTTGAAAGCTCAGAACTCGG TTAGCATGAGTTGGCACCCAC
GADD45A | CAGGCGTTTTGCTGCGAGAACG TGTGGATTCGTCACCAGCACGC
HNF4a GCACTCGAAGGTCAAGCTA GACTCACACACATCTGCGA
KRT18 GAGGTTGGAGCTGCTGAGAC CAAGCTGGCCTTCAGATTTC
KRT19 CCGCGACTACAGCCACTACT ATTGTCGATCTGCAGGACAATC
MAP2 GTCACAGTGGAGGAAGCAGC CTGGGCTCTTGGTTACTCCG
MDM2 AAACTGGGGAGTCTTGAGGG TGCACATTTGCCTGCTCCTC
muct CCTTGGCTGTCTGTCAGTGCCG ACGATCGGTACTGCTAGGGGGC
NANOG CCTGTGATTTGTGGGCCTG GACAGTCTCCGTGTGAGGCAT
NAP1L1 CATGTTGGCCAGGCTGGTCTCG AAGAAACTGGCTGGGCGTGGTG
ocT4 AGTTTGTGCCAGGGTTTTTG ACTTCACCTTCCCTCCAACC
PAX6 CAGAGAAGACAGGCCAGCAA CCATGGTGAAGCTGGGCATA
POLH GCCCACAACAGCCAAAGCATGC GGGGTTTGAAGAGTGGGGCTGC
RBFOX3 | GGCCAGGCTGTGCGT AATTTCAACCTCCAGGACCGA
SOX1 TTGGCATCTAGGTCTTGGCTCA CGGGCGCACTAACTCAGCTT
sox2 GTATCAGGAGTTGTCAAGGCAGAG | TCCTAGTCTTAAAGAGGCAGCAAAC
TNFRSF10A | CACACCCTGCTGGATGCCTTGG CAAGGACACGGCAGAGCCTGTG
P53 CAG GGC AGC TAC GGT TTC C ShS TTC GCAAMA CAT CTT GTT
TUJ1 ATGAACACCTTCAGCGTCGT CATCCGTGTTTTCCACCAGC
XPC GACCTCAAGAAGGCACACCA TGGCTTCACAGGCAGAAGAG

2.2.5. Immunocytochemistry staining

Immunocytochemistry was done in 12 or 24-well plates. The medium was aspirated

and the cells were briefly washed with DPBS and then immediately fixed with 4%

paraformaldehyde (PFA) 4% for 15 minutes at RT on a shaking platform. The fixed

cells were washed 3 times forSmin with DPBS. For staining of intracellular proteins the

cells were permeabilized with 0.5% Triton-x-100/DPBS for 10min and then washed 2x

with DPBS. Cells were then incubated with blocking buffer containing 10% normal goat

serum (Sigma-Aldritch)/DPBS (for HNF4a staining) or 3% bovine serum albumine
(BSA, Sigma-Aldritch)/DPBS (for all other antibodies) for 1h at RT. After the blocking
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period, cells were incubated with primary antibody diluted in blocking buffer overnight
at 4°C shaking. In the next morning the cells were then washed 3x/5min with DPBS,
then further incubated with a secondary antibody solution diluted in blocking buffer,
supplemented with the nuclear stain Hoechst 33258 (Thermo Fisher) for 2h RT
(antibodies used can be seen in Table 3). Pictures were taken using a Zeiss LMS 700
and analyzed using the software Zen Blue 2.5. When applicable, cells were counted
manually using the programme image J and ratios of treated conditions and control
were calculated using Microsoft Excel, as were standard deviations (SD). Ratios and
SD were visualized as bar graphs. Statistical significance was measured using 2*way
ANOVA and Turkey’s multiple comparison test. P values < 0.05 were considered

statistically significant.

2.2.6. Pl staining and cell cycle FACS analysis

Cells were treated with BPDE for 24h. At the end of treatment cells were harvested
using 0.25 % Trypsin-EDTA (Sigma-Aldritch) and centrifuged at 500xgfor 5min at 4°C.
10 x 10* cells were transferred to FACS tubes (Corning), washed with 1ml of PBS and
centrifuged as stated above. The supernatant was discarded, and the cells were
incubated for 1h in 25l of staining solution composed of 0,1% sodium citrate, 0.1%
Triton-x-100 and 50mg/L of propidium iodide (Invitrogen), diluted in ionized water. Cell
cycle measurement was carried out through FACS on a CytoFlex BA26183 from
Beckman Coulter and analysis were done on CytExpert 2.3. Statistical significance
was measured using 2*way ANOVA and Turkey’s multiple comparison test. P values

< 0.05 were considered statistically significant.

2.2.7. Western blot

2.2.7.1. Protein isolation

Cells were cultivated in a 6-well plate and total protein was extracted with RIPA buffer
(Sigma-Aldrich), with protease and phosphatase inhibitors (Roche, Mannheim,
Germany). First, the cells were washed with ice cold DPBS, then 150 pl of RIPA buffer
mix was added directly to the well and incubated for 5min. The cells were then
scrapped from the well and the solution was transferred to an Eppendorf tube and kept
on ice for 30min under constant agitation. The samples were then centrifuged at
20000xg and 4°C for 20 min. Supernatant was collected in ice-cold Eppendorf tubes

and stored at -80°C for later use.
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2.2.7.2. Protein quantification

Protein concentration of the cell lysate was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher) following the manufacturer’s instructions. All standards and
samples were prepared in duplicate. The BSA standard curve was prepared in 1%SDS
for a final volume of 25 uyl and went from 2000 ug/mL to 25 pg/mL. 5 yl of the samples
were diluted to a final volume of 25 pl. The standard and the samples were platted on
a flat bottom 96-well plate. 200 ul of the Master mixed reagent prepared according to
the manufacture’s instructions were added to the well and then the plate was incubated
at 37°C for 30min. The absorbance was measured at 560nM wavelength using the
ELISA plate reader AF2200 (Eppendorf). Protein concentration was measured using a
linear regression curve stablished from the standard values (Protein Concentration in
Mg/ml = m*Abs560 + b).

2.2.7.3. SDS-page

The samples were diluted to a final volume of 20uL with a protein amount of 20ug in
RIPA buffer containing 4X loading buffer (2.5 ml Tris 1M (pH 6.8), 0.8 g sodium dodecyl
sulfate (SDS) 4 ml Glycerol, 2 ml 2-Mercaptoethanol, 1 mg Bromophenol blue,
adjusted to 10 ml with dH20). They were then heated in a thermoblock at 95°C for 3
minutes and subsequently loaded in completely onto a 10% SDS resolving gel along
with 4 ul of the Protein Marker V protein ladder (PEQLAB Biotechnology, Erlangen,
Germany). Gel electrophoresis was performed at 100 V until the samples reached the
resolving gel and then at 150 V until they reached the bottom of the gel. The running
buffer used was 25 mM Tris, 250 mM Glycine, and 0.1 % SDS in distilled water with a
pH of 8.3.

2.2.7.4. Membrane transfer and blotting

Wet blotting was used to transfer the proteins to a nitrocellulose membrane (GE
Healthcare). The gel was removed from the electrophoresis machine, laid on a
nitrocellulose membrane and sandwiched between 2x Whatman papers and a sponge
on each side. The whole construct was put in a transfer tank filled with transfer buffer
(0.25 mM Tris-base and 0.192 mM Glycine, pH 8.3, and 20% methanol) and
transferred at 0.2A for 3h. Ponceau S was used to confirm protein transfer, and then
washed with 0.05% TBS-Tween-20 (TBS-T).
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After washing, the membrane was blocked for 2h in 5 % milk/TBS-T. The primary
antibodies were diluted in either 5 % milk/TBS-T or 5 % BSA/TBS-T, according to the
manufacturer’s specifications (more details on Table 3) and incubated with the
membrane overnight in a shaker at 4°C, after which they were washed 3x/5min with
TBST and incubated with anti mouse-HRP or anti rabbit-HRP (1:1000) for 2h. After
that, the membrane was washed 3x/5min with TBS-T and then developed using
AmershamTM ECL™ Primary Western Blotting Detection Reagent. Signaling was
visualized using FusionCapt Advance FX7 and band intensities were quantified in the

software Fusion Capt Advance (PeqglLab) using rolling ball background correction.

Table 3: Antibodies and dilutions used on immunocytochemistry (ICC) and Western
blot. For ICC, all antibodies were diluted in 3%BSA/DPBS unless stated otherwise. For
western blot, all antibodies were diluted in 5% BSA/TBS-T unless stated otherwise. CST: Cell
signaling Technologies. R&D: R&D Systems. SySy: Synaptic Systems. gp: guinea pig; gt: goat;
ms: mouse; rb: rabbit. MW: expected molecular weight of protein band.

Western

Antibody Brand ICC Blot ID number
gp GFAP SySy 1:500 - 173004
gt SOX17 R&D 1:50 - AF1924
ms PAX6 SySy 1:1000 - 153011
ms Tuj1 CST 1:750 - TU-20
ms Ki67 CST 1:200 - 94498
1:1000 in
5%
ms p53 CST 1:1000 milk/TBS-T. mAb2524
(MW:
53kDa)
ms SSEA4 CST 1:1000 - 47558
ms TRA-1-60 CST 1:1000 - 4746S
ms TRA-1-81 CST 1:1000 - 47458
1:5000 in
ms b-Actin csT S% 37005
milk/TBS-T
(MW:45kDa)
rb AFP SigmaAldrich 1:300 - HPA023600-100UL
1:1000.
rb cJUN CST (MW: 43 9165S
kDa)
1:1000.
g’agl'o‘:‘:;eg CcST (MW: 17-19 9664S
kDa)
rb anti NANOG CST 1:800 - 4903S
rb anti OCT4 CST 1:400 - mAb2840
1:1000.
rb anti p-cJUN CST (MW: 43 3270S
kDa)
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rb anti pHiston 1:1000.
H2A.X CST 1:150 (MW: 15 9718S
kDa)
rb anti SOX2 CST 1:400 - 3579S
1:1000.
rb CASPASE 3 CST (MW: 35 9662S
kDa)
rb Map2 SySy 1:1000 - 188002
rb MDM2 CcST 1:1000 (90 86934S
kDa)
rb Nestin SigmaAldrich 1:1000 - N5413
rb RPLO Proteintech (;jfgg)
rb S100beta Abcam 1:100 - ab52642
1:250 in
Rb HNF4A Abcam 10%NGS/DPBS - 92378

The ratio of mean signal intensity of protein of interest and housekeeping protein (RPLO
or B-actin) expression was calculated using Microsoft Excel, as were standard
deviations (SD). SD were calculated when two or more biological replicates were
available. Ratios and SD were visualized as bar graphs. Statistical significance was
measured using 2-way ANOVA and Turkey’s multiple comparison test. P values < 0.05

were considered statistically significant.

2.2.8. Southern slot blot

Genomic DNA was extracted as described on 2.2.1 and an amount of 250ng or 500ng
was diluted in TE buffer (1% 1 M Tris-HCI and 0.2% 500 mM EDTA in distilled water)
to a final volume of 100ul. Samples were denatured for 10min at 95°C, cooled on ice,
then 100 pl ice-cold ammonium acetate (2 M) was added to the solution. A
nitrocellulose membrane was soaked in 1M ammonium acetate and placed in the slot
blot apparatus, and 200ul of the prepared DNA solution was pipetted into the slots. A
vacuum pump was used to transfer the DNA solution from the slots to the membrane.
The membrane was washed with 1M ammonium acetate, then with distilled water and
then incubated for 5min with saline-sodium citrate (SCC) buffer made with 1.5M NaCl
and 150mM sodium citrate diluted in distilled water. The DNA was fixed to the
membrane by baking the it for 2h at 80°C, then the membrane was blocked with either
5%milk/TBST or 5%BSA/TBST for 1h RT, washed 3x/5min with TBST and incubated
with primary antibody (more details on dilution on Table 4) overnight at 4°C. The
membrane was then again washed 3x/5min with TBST and incubated with anti-mouse
HRP (1:2000) for 2h RT. The membrane was once again washed 3x/5min with TBST

and the antibody binding was detected using the AmershamTM ECL™ Primary
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Western Blotting Detection Reagent and the ChemiDoc imaging system (Bio-Rad). To
check for DNA loading, membranes were incubated for 5min with methylene blue
solution (0.4g/I-methylene blue in 0.5M sodium acetate), washed with distilled water

and photographed on ChemiDoc.

Table 4: Antibody and dilutions used for Southern blot. ms: mouse.

Antibody Brand Southern Blot nu|!|?ber

msBPDE-DNA | Santa Cruz 1:500 in 5% BSA/TBS-T sc-52625
1:1000 in 5% BSA/TBS-T
1:2000 in 5% BSA/TBS-T
1:1000 in 5% milk/TBS-T
1:2000 in 5% milk/TBS-T

2.2.9. Focused qRT-PCR arrays

In the case of hiPSCs, media was aspirated from a well of a 6-well plate, cells washed
once with DPBS and dissociated with 10min incubation with accutase. The cells pellets
were sent to the Institute of Toxicology (UKD, Germany) where RNA was purified using
the RNeasy Mini Kit (QIAGEN). Normal human dermal fibroblast (NHDF) RNA was
provided by the Institute of Toxicology (Error! Reference source not found.). The f
ocused qRT-PCR arrays were performed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Darmstadt, Germany) with 6000 ng of RNA of
NBS8 hiPSCs and NHDF, and 3600ng of RNA of iPSC-12 hiPSCs. For each PCR
reaction, 20 ng of cDNA of NBS8 hiPSCs and NHDF, and 17 ng of cDNA of iPSC-12
hiPSCs and 0.25 uM of the corresponding primers (Eurofins MWG Synthesis GmbH,
Ebersberg, Germany) were used. Quantitative RT-PCR was performed as follows: 1)
95°C, 10 min; 2) 45 amplification cycles with 95°C, 15 s, 55°C, 15 s, and 72°C 17 s; 3.
95°C, 1 min, 55°C, 1 min, 65°C, 5 s, 95°C, 1 min. Analyses were performed in
triplicates (NBS8 hiPSCs and NHDF) and duplicates (iPSC-12 hiPSCs) using a CFX96
cycler (BioRad) and the SensiMix SYBR Kit (Bioline, London, UK). At the end of the
run, melting curves were analyzed to ensure the specificity of the amplification product.
MRNA expression levels were normalized to those of B-ACTIN and GAPDH. Relative

MRNA expression of untreated control cells was set to 1.0.
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2.2.10. Affymetrix microarray analysis

Total RNA was extracted from iPSCs UM51, iPSC-12 and NBS8, in CTRL conditions
and after 24h treatment with 75nM BPDE. The RNA was sent for analysis to the
Biomedizinisches Forschungszentrum (BMFZ) facility at Heinrich-Heine University,
Duesseldorf. The quality and integrity of the RNA was investigated using a Fragment
Analyzer from Advanced Analytical Technologies. After quality assessment, 100ng of
RNA was hybridized using a Human Clariom S Array (Affymetrix, Thermo Fisher

Scientific).

2.2.10.1. Gene expression analysis

Raw data (CEL files) were received from the BMFZ. The Affymetrix CEL files were
imported into the R/Bioconductor (194) environment, background-corrected and
normalized using the Robust Multi-array Average (RMA) method from the package
oligo (195). Tables of Pearson correlation coefficients were generated using the R-
built-in method “cor”, hierarchical clustering dendrograms with the method “hclust”
using Pearson correlation as similarity measure and “complete linkage” as cluster
agglomeration method. The “heatmap.2” function from the “gplots” package (196) was
applied either with Pearson correlation as similarity measure and color scaling per
gene or with Euclidean distance as distance measure and color scaling over the whole
heatmap. Genes were considered expressed when their detection p-values -
calculated as described in Graffmann et al. (197) were below a threshold of 0.05. Using
these expressed genes, expression was dissected with venn diagrams employing the
R package “VennDiagram” (198) for comparisons between NBS8 BPDE vs
NBS8 CTRL, UJ BPDE vs UJ_CTRL, iPSC12_BPDE vs iPSC12_CTRL, BPDE vs
CTRL (all BPDE vs all CTRL samples), iPSC12 BPDE and UJ BPDE vs
iPSC12_CTRL and UJ_CTRL ( healthy BPDE vs healthy CTRL), NBS8 CTRL vs
iPSC12_CTRL and UJ_CTRL (NBS CTRL vs. healthy CTRL), NBS8 BPDE vs
iPSC12_BPDE and UJ_BPDE (NBS BPDE vs. healthy BPDE). Genes from the
intersection of the venn diagrams, i.e. expressed in both conditions were further filtered
for up-regulation by a ratio > 1.5 and down-regulation by a ratio < 0.67. When there
were replicates, a threshold of 0.05 for the p-value of the differential expression test

from the Bioconductor “limma” package (199) was added to the filter criteria.
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2.2.10.2. Gene ontology (GO) and KEGG pathway analysis

Differentially up- and down-regulated genes were subjected to GO analysis via the
Bioconductor package “GOstats” (200) . Resulting GOs were further filtered for at least
three genes per GO term and conditional on the GO structure, i.e. “GOstats” checks if
there is evidence for over-representation beyond that given by the GO term’s children.
The most significantly over-represented GO terms were plotted in a dot plot indicating
p-value on a color scale, number of contributing genes by point size and ratio of
regulated genes compared to all genes in the term on the x-axis via the Bioconductor
package “ggplot2” (201) . KEGG pathways and genes associated with them were
downloaded from the KEGG database (202) in February 2023 . Over-represented
KEGG pathways were calculated for up- and down-regulated genes employing the R-
built-in hypergeometric test. The most significantly over-represented KEGG pathways

were plotted in a dot plot analogously to the dot plot of GO terms.

2.2.10.3. Metascape analysis

The enrichment analysis tool Metascape (203) was used to compare input gene lists
extracted from the microarray data to thousands of available gene sets defined by their
involvement in biological processes, protein localization, enzymatic function, pathway
membership, among other features. The top non-redundant enrichment clusters are

represented in bar graphs.

2.3. Treatment and assays

2.3.1. BPDE treatment

BPDE (Santa Cruz Biotechnology) was dissolved in DMSO (SIGMA) at a concentration
of 40mM and the aliquots were kept at -80°C for up to six months. The doses used on
iPSC, NPC, neurons HE experiments were selected based on IC90 and IC80 values
following Resazurin (2.2.11.2) testing on iPSCs. The doses used on organoids were
selected based on IC50 testing values for CellTiter-Glo 3D Cell Viability Assay. For
hiPSCs and NPCs treatment, the cells were cultured until 60-70% confluence, then
their medium was replaced with fresh medium containing BPDE or vehicle control
(0.02% DMSO). For HEs, the cells were cultivated until day 7 of differentiation and then
treated. Organoids were treated at day 20. The cells were exposed to BPDE for72h in
the case of neurons, 24h for the other 2D cultures and both for the organoids;

thereafter, the medium was discarded, and the cells were prepared for analysis.
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2.3.2. Resazurin reduction assay

A 0.15 mg/ml stock solution of resazurin was prepared by dissolving 5mg of resazurin
in powder form in 50mL of sterile PBS. The solution was filtered through a 0.2 ym
syringe filter and kept at 4°C until use. Cells were cultivated in triplicates on a 96-well
plate and continuously exposed to BPDE in concentrations raging from 10nM to 21uM
for 22h, then medium supplemented with resazurin stock solution in a 1:10 dilution was
added to the culture. The plates were returned to 37°C and incubated for 2h to allow
the cells to metabolize resazurin into resorufin, which is a fluorescent compound. The
fluorescence was measured using a microplate fluorimeter (Eppendorf PlateReader
AF2200) equipped with a filter set of 560nm excitation and 590nm emission.
Measurements of cell cultures treated with increasing doses of BPDE and normalized
according to the manufacturer’s protocol were imported into the R environment (204).
The packages dr4pl (205)(An et al. 2019) and ggplot2 (201) were employed to use a
logistic model for curve-fitting, plotting the curve and calculating the 1C50 and
additionally 1C80 and 1C90.

2.3.3. CellTiter-Glo 3D Cell Viability Assay

The viability of cerebral organoids after BPDE exposure was evaluated using the
CellTiter-Glo 3D Cell Viability Assay (Promega). Day 20 cerebral organoids were
continuously exposed to BPDE for 24h or 72h, in concentrations ranging from 0.01 yM
to 100 uM. At the end of the treatment, the organoids were transferred with 100 pL of
cell culture medium to a black Eppendorf tube and allowed to reach room temperature.
An Eppendorf tube with only culture medium, without organoids, was prepared as a
negative control. Then, 100 pL of CellTiter-Glo 3D Cell Viability Assay reagent was
added to each Eppendorf. The solution was mixed vigorously to induce cell lysis and
incubated at room temperature for 25min. After that, the mixture was transferred to a

polypropylene tube (Corning) and read at the Luminometer Lumat LB9507.

2.3.4. 5-ethynyl-2'-deoxyuridine (EdU ) incorporation assay

The fluorescence staining for incorporated EdU was performed using the Click-iT™
EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye (Invitrogen), as instructed
by the manufacturer. hiPSCs were treated for 24h with BPDE, then labelled with EdU.
In order to not disturb cell proliferation, the EdU stock solution was diluted in mTeSR

Plus to a concentration of 20 yuM and only 100 uL of cell culture media was replaced
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by this EdU solution, for a final in-culture concentration of 10 yM. The cells were
incubated with EAU for 2h and afterwards the medium was aspirated, and the cells
were washed, fixed and permeabilized as described in 2.2.5. The EdU Reaction Mix
was prepared fresh as described by the manufacturer and used within 15min of
preparation. 100 uL of EAU Reaction Mix was added to each well and the plate was
incubated for 30min at RT, protected from light and under gentle agitation. Then cells
were washed once with the washing buffer provided in the kit, then once with DPBS.
Hoechst 33258 was used for DNA staining. Pictures were taken using a Zeiss LMS
700 and analyzed using the software Zen Blue 2.5. EAU+ cells were counted manually
using the programme image J and ratios of treated conditions and control were
calculated using Microsoft Excel, as were standard deviations (SD). Ratios and SD
were visualized as bar graphs. Statistical significance was measured using 2*way
ANOVA and Turkey’s multiple comparison test. P values < 0.05 were considered

statistically significant.
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3. Results
3.1. Stabilization of a new NBS-derived iPSC line — NBS2

A former member of our working group, Dr. Soraia Martins, attempted to generate a
new NBS-derived iPSC line through episomal reprograming, named NBS2. The
generation was only partially successful. The line was unstable, showing elevated
death rates while in culture and after passaging, and was highly prone to differentiation.
Immunocytochemistry revealed the presence of classic pluripotency markers such as
OCT4, but also the presence of markers of the ectoderm lineage, like nestin and PAXG6.
(Figure 10).
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Figure 10: Immunocytochemistry of non-stable NBS2 iPSC. The NBS2 iPSC line was
unstable and prone to spontaneous differentiation. (A) Red arrow shows an iPSC colony and
white arrow shows a differentiated cell. (B and C) Immunocytochemistry revealed the
presence of key pluripotency markers such as SOX2, TRA-1-81, OCT4 and TRA-1-60, (D) but
also many cells stained with ectoderm lineage markers like Nestin and PAX6. Scale bars
200um in figure A and 100um on B, C and D.

In an attempt to stabilize the line, during culture as well as after passaging, several
passaging reagents were tested in search of one that provided higher cell viability and
minimal iPSC spontaneous differentiation. All attempts were done using a clump

passaging technique, passaging the cells in aggregates instead of single cells.

A PBS-/- B TrypLE + Rock inhibitor

iy

C Accutase + Rock inhibitor | ReLeSR
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Figure 11: NBS2 iPSC maintenance and splitting protocol testing. iPSCs passaged with
different reagents. (A) PBS -/-; (B) TrypLE + Y-27632; (C) Accutase + Y-27632; and (D)
ReLeSR. (E) Close up of an iPSC colony, showing small cells, tightly packed cells with high
nuclei to cytoplasm ratio. The dotted ovals highlight iPSC colonies. Scale bars 200um.

Phosphate buffered saline (PBS) without Ca2+ and Mg2+ (Figure 10A); TrypLE, a
recombinant enzyme used for dissociating mammalian cells, in combination with the
rock inhibitor Y-27632, which supresses disassociation-induced apoptosis (206)
(Figure 11B); and Accutase, an enzyme mixture with proteolytic activity, also in
combination with Y-27632 (Figure 11C), were all unsuccessful. Eventually ReLeSR
was chosen as the best candidate, an enzyme-free iPSC passaging and selection
reagent (Figure 11D) which after a few passages, resulted in less cell death and good
iPSC colony formation (Figure 11E). that provided higher cell viability and minimal

iPSC spontaneous differentiation.

3.1.1. Immunocytochemistry characterization of NBS2

Once the cells were stable after passaging and maintaining good colony formation,
they were characterized through immunocytochemistry. They were stained for six
pluripotency markers; the transcription factors OCT4, SOX2 and Nanog homeobox
(NANOG); and the surface markers TRA-1-81, TRA-1-60 and stage-specific embryonic
antigen-4 (SSEA4). The maijority of the NBS2 iPSC culture stained for these key
markers (Figure 12, A to F).
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Figure 12: NBS2 iPSC immunocytochemistry characterization. (A, B and C) Staining for
transcription markers OCT4, SOX2 and NANOG. (D, E and F) Staining for surface markers
TRA-1-60, TRA-1-81 and SSEA4. Scale bars 100um.

3.1.2. Karyotyping of NBS2 revealed severe
chromosomal aberration

Once the cells were stable after passaging, maintaining colony formation and iPSC
morphology and markers, we proceeded to the next step of the characterization, the
karyotyping. The cells were cultivated under the conditions described on 2.2.1 and sent
for analysis at the Institut fur Humangenetik at UKD — Dusseldorf. Chromosomal
content analysis of NBS2 iPSCs revealed an abnormal karyotype, with all of the 25
investigated mitosis containing a partial trisomy, characterized by a duplication of the
long arm of chromosome 1 (46,XX,dup(1)(q12942)[25]) (Figure 13 and Supplementary
Figure 3). The karyotyping of the parental fibroblast line could not be performed due to
a lack of mitosis of the fibroblasts, however, the Institute for Medical Genetics - Charité
Berlin who provided the original fibroblasts did not report the severe phenotype in the
patient that is associated with the mutation. Further work with the NBS2 line was
discontinued due to the mutation.
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Figure 13: Karyotype analysis of NBS2. The chromosome content analysis revealed a
duplication of the long arm of chromosome 1, highlighted by the dotted red line.

3.2. Generation of neuronal cell lineage from NBS-mutant
hiPSCs

An attempt was made to generate 2D cultures of neuronal progenitor cells and
neuronal cells, derived from induced pluripotent stem cells, following an established
in-lab protocol. Two WT iPSC lines, UJ and iPSC-12, as well as the NBS-patient
derived line NBS8, were utilized in the process. The protocol uses dual SMAD inhibition

to generate NPCs from neural rosettes which can be plated in 2D for further passage

and expansion or treated with BDNF and NT3 to generate neuronal cultures.

Figure 14: NBS8 NPC expansion methods. (A) Attempts to expand NBS8 NPCs in 2D faced
high cell death and low proliferation rates. (B) 3D expansion of NBS8 NPCs as neurospheres
partially circumvented these problems. Scale bars (A) 50um and (B) 200um.

While the generation of NPCs from the WT cells worked with little issue, the NBS8
NPC generation suffered complications. Attempts to expand or passage the NBS8
NPCs in a 2D monolayer were faced with high cell death and low proliferation rates.
As an alternative, after neural rosette selection, instead of being treated with accutase
to form aggregates and seeded in 2D (Figure 14A), they were kept in the form of
neurospheres as floating cultures in a shaking incubator (Figure 14B). This yielded
better NPC survival and proliferation, and NBS8 NPCs were therefore only plated in

2D for experiments.
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Once NPCs were generated, the generation of neuronal cultures followed and the
NBS8 line once again had difficulties. UJ NPCs behaved as expected during neuronal
differentiation, with the progressive formation of neuronal clusters and robust neuronal
arborization (Figure 15A and B). In contrast, the NBS8 NPCs had impaired neuronal
differentiation, with high rates of cell death and an almost absence of neuronal
formation and arborization (Figure 15C and D).

Day 7 Day 14

uJ

NBS8

Figure 15: Impairment of the neuronal differentiation in the NBS8 line. (A and B) Neuronal
differentiation in the UJ line shows progressive formation of neuronal clusters and neuronal
arborization. (C and D) The NBS8 line has impaired neuronal differentiation, showing higher
rates of cell death and poor neuronal formation and arborization. Scale bar 50um.

To better understand the phenotype and cellular composition of the cultures, we did
an immunocytochemistry for class Il beta-tubulin (TUJ1), a marker for immature
neurons; microtubule-associated protein 2 (MAP2), a marker for mature neurons; and

S100 calcium-binding protein B (S100B) and Glial fibrillary acidic protein (GFAP), both
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astrocyte markers. The UJ neuronal cultures revealed a dense TUJ1+ and MAP2+
neuronal network and the absence of GFAP+ or S100B+ cells (Figure 16A and C). The
NBS8 neuronal cultures also had no GFAP+ or S100B+ cells, but they showed a much-
reduced number of TUJ1+ cells, with scarce arborization. And although most cells were
MAP2+, their morphology was highly abnormal. Unlike the neurons in the UJ culture
which show small cell bodies from where neurites and axons extend, the NBS8 cells
had large cell bodies with virtually no processes extending from them (Figure 16B and
D).

NBS8

NBS8

Figure 16: NBS8 neuronal cultures have an abnormal phenotype. Day 14 neuronal
cultures were stained for TUJ1, GFAP, MAP2 and S100B. (A and C). UJ neuronal cultures
have a network of TUJ1+ and MAP2+ cells and no presence of GFAP+ or S100B+ cells. (B
and D) The NBS8 neuronal culture has no GFAP+ or S100B+ cells, but it shows very few
TUJ1+ cells and MAP2+ cells with abnormal morphology. Scale bar 50um.
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3.3. Generation of cerebral organoids from hiPSCs and
viability after BPDE exposure

With the intention to investigate the effects of BPDE exposure on neural cells, we
generated cerebral organoids derived from WT (UJ) and NBS8 hiPSCs using an
established protocol (170). At day 20 in culture the cerebral organoids show SOX2 and
neuroepithelial stem cell protein (Nestin) positive neural precursors aligned in neural
rosettes, which are ventricular zone like structures. The rosettes are surrounded by
doublecortin (DCX) positive neuroblasts and TUJ1+ neurons, forming the beginnings

of a cortical plate (Figure 17A and B).

A

Figure 17: 20-day old cerebral organoids immunocytochemistry characterization. (A)
Immunocytochemistry for DCX+ neuroblasts (in red) and Nestint NPCs (in green). (B)
Immunocytochemistry for SOX2+ NPCs (in orange) and TUJ1+ neurons (in green). Hoechst
(in blue) was used for DNA staining. The dotted lines delineate a neural rosette with SOX2+
neural precursors, surrounded by TUJ1+ neurons.

We measured the average diameter of our brain organoids and discovered that the
NBS8-derived organoids were on average 25% smaller than their wild —type

counterparts (Figure 18A and B).
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Next, we wished to analyze the cell viability of the organoids after BPDE exposure.
Therefore, we used the CellTiter-Glo 3D Cell Viability Assay, which quantifies ATP as
a marker for the presence of metabolically active cells and generates a luminescent
signal that can be read at a luminometer. Organoids derived from UJ showed no
significant drop in viability in any of the observed time points and concentrations.
Meanwhile, organoids derived from NBS8 showed loss of viability after 72h of BPDE

exposure, starting at 20% loss of viability at 5uM and reaching a loss of 33% of viability
at 100uM (Figure 18C).
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Figure 18: NBS8 cerebral organoids are smaller and more sensitive to BPDE exposure
than WT organoids. (A) Representative brightfield images of NBS8 and UJ cerebral
organoids at CTRL conditions and after 72h of 100uM BPDE exposure. Scale bar 100um. (B)
Bar graph of the average diameter of UJ and NBS8 20-day old cerebral organoids. N=8, mean
+/- standard deviation, ***p<0.005. (C) Bar graph of cerebral organoid viability after 24h and
72h of BPDE exposure. N=3, mean +/- standard deviation. *p<0.05, **p<0.01.
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3.4. Basal expression of genes related to the DNA damage
response in healthy and NBS-patient derived hiPSC, and
human fibroblasts

NBS-mutant hiPSCs have been reported as having an abnormal gene expression
when compared to WT hiPSCs, particularly of genes relating to cancer, cell cycle and
apoptosis (51). Therefore, focused qRT-PCR arrays comprised of 76 gene targets
(Table 5) related to the response to exposure to genotoxic agents, including genes
involved in detoxification, DNA damage response, cell cycle regulation, DNA damage
repair and cell death, were used to evaluate the basal levels of these genes in healthy
(iPSC-12) and NBS-patient derived (NBS8) hiPSCs, as well as in normal human
dermal fibroblasts (NHDF). In a first instance, gene expression was compared between
NBS8 hiPSCs vs iPSC-12 hiPSCs. Next, gene expression of NBS8 hiPSCs and iPSC-
12 hiPSCs was compared against that of NHDF.

Table 5: List of genes involved in genotoxic exposure response investigated in iPSC-12
hiPSCs, NBS hiPSCs and NHDF through focused qRT-PCR array.

ATRX ATP-dependent helicase ATRX
ABCB1 ATP Binding Cassette Subfamily B Member 1
indi assette Subfamily G Member 2 (JR Blood

ABCG2 gg’us’)'“d'”g C y (

AKAP1 A-Kinase Anchoring Protein 1

AKT1 AKT Serine/Threonine Kinase 1

ATG3 Autophagy Related 3

ATG7 Autophagy Related 7

BAX BCL2 Associated X, Apoptosis Regulator

BBC3 BCL2 Binding Component 3

BCL2 BCL2 Apoptosis Regulator

BECN1 Beclin 1

BRCA1 Breast Cancer Type 1 Susceptibility Protein

BRCA2 Breast Cancer Type 2 Susceptibility Protein

BRIP1 BRCAT1 Interacting Helicase 1

CALCR Calcitonin Receptor

CASP2 Caspase 2

CDC25A Cell Division Cycle 25A

CDKN1A Cyclin Dependent Kinase Inhibitor 1A

DDB2 Damage Specific DNA Binding Protein 2

DDIT3 DNA Damage Inducible Transcript 3

ERCCA ERCC.Excision Repair 1, Endonuclease Non-Catalytic
Subunit
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EXO1

FANCC

FANCD2

FAS

FEN1

GADDA45A

GPX1

GPX4

GSTM1

HDAC1

HDAC4

HDACG6

HMOX1

HSPB1

LAMP1

LIG1

LIG3

LIG4

MGMT

MLH1

MPG

MSH6

NEIL1

NEIL2

0GG1

PARP1

PINK1

POLB

POLD1

POLE

POLI

PPARGC1A

PRKN

RAD18

RADS51

RAD52

REV1

RNF168

RNF8

SIAH1

SIRT1

SIRT7

SOD1

Exonuclease 1

Fanconi Anemia Complementation Group C
FA Complementation Group D2

Fas Cell Surface Death Receptor

Flap Structure-Specific Endonuclease 1

Growth Arrest And DNA Damage Inducible Alpha

Glutathione Peroxidase 1
Glutathione Peroxidase 4
Glutathione S-Transferase Mu 1
Histone Deacetylase 1

Histone Deacetylase 4

Histone Deacetylase 6

Heme Oxygenase 1

Heat Shock Protein Family B (Small) Member 1

Lysosomal Associated Membrane Protein 1
DNA Ligase 1

DNA Ligase 3

DNA Ligase 4

0O-6-Methylguanine-DNA Methyltransferase
MutL Homolog 1

N-Methylpurine DNA Glycosylase

MutS Homolog 6

Nei Like DNA Glycosylase 1

Nei Like DNA Glycosylase 2

8-Oxoguanine DNA Glycosylase
Poly(ADP-Ribose) Polymerase 1

PTEN Induced Kinase 1

DNA Polymerase Beta

DNA Polymerase Delta 1, Catalytic Subunit
DNA Polymerase Epsilon, Catalytic Subunit
DNA Polymerase lota

PPARG Coactivator 1 Alpha

Parkin RBR E3 Ubiquitin Protein Ligase
RAD18 E3 Ubiquitin Protein Ligase

RAD51 Recombinase

RADS52 Homolog, DNA Repair Protein
REV1 DNA Directed Polymerase

Ring Finger Protein 168

ing Finger Protein 8

Siah E3 Ubiquitin Protein Ligase 1

Sirtuin 1

Sirtuin 7

Superoxide Dismutase 1
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SOD2 Superoxide Dismutase 2

TDG Thymine DNA Glycosylase

TOP2B DNA Topoisomerase |l Beta

TOPBP1 DNA Topoisomerase |l Binding Protein 1
TP53 Tumor Protein P53

TP73 Tumor Protein P73

ULK1 Unc-51 Like Autophagy Activating Kinase 1
UNG1 Uracil DNA Glycosylase 1

UNG2 Uracil DNA Glycosylase 2

XRCCA1 X-Ray Repair Cross Complementing 1
XRCC3 X-Ray Repair Cross Complementing 3
XRCC4 X-Ray Repair Cross Complementing 4

3.4.1. NBS8 hiPSCs have differentiated gene expression
of genes related to genotoxic exposure response when
compared to a WT hiPSC line

In the interest of discovering whether the expression of genotoxic response related
genes was different between NBS8 hiPSC and the WT iPSC-12 hiPSCs, 76 genes
were compared in a focused qRT-PCR array. Among the 76 genes related to genotoxic
exposure response (Table 5), 8 genes were identified as differentially regulated in
NBS8 hiPSCs (Figure 19). Fas cell surface death receptor (FAS), heat shock protein
family B (Small) member 1 (HSP1B), PPARG coactivator 1 alpha (PPARGC1A) and
X-Ray repair cross complementing 4 (XRCC4) were upregulated (between 2-fold to 3-
fold), while ATP binding cassette subfamily g member 2 (JR Blood Group) (ABCG2),
calcitonin receptor (CALCR), DNA damage inducible transcript 3 (DDIT3) and growth
arrest and DNA damage inducible alpha (GADD45A) were downregulated (between
0.3-fold and 0.5-fold). Of particular interest, both HSP1B and XRCC4 are associated
with the repair of DNA double-strand breaks (207,208), a pathway which is known to
be deficient in NBN-impaired cells. From the downregulated genes, CALCR, DDIT3
and GADD45A all have links to positive regulation of apoptosis upon cell stress
(209,210), hinting at a lower basal apoptotic response in NBS8 hiPSCs, although FAS
was upregulated (2.1-fold). Of note, ABCG2 is an important component of the cellular

efflux transport system (211).
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relative gene expression
(x-fold compared to iPSC-12)
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CALCR A
DDIT3 A

FAS -
GADDA45A -
PPARGC1A -

Figure 19: NBS8 hiPSCs have differentiated gene expression of genes related to
genotoxic exposure response. Graph of 8 genes which were differentially regulated in NBS8
hiPSCs among the focused qRT-PCR array for 76 genes related to genotoxic exposure
response. Fold change of NBS8 is shown, iPSC-12 hiPSCs were used as control. Mean of 3
technical triplicates, +/- standard deviation of the mean. Dashed lines mark 2- and 0.5 -fold.

3.4.2. hiPSCs have upregulated expression of dozens of
DNA damage response related genes when compared to
human fibroblasts.

Generally speaking, the DNA damage response is more robust in pluripotent stem cells
than in their differentiated progeny (212). With that in mind, a gRT- PCR focused array
was used to assess the gene expression of 76 genes related to genotoxic exposure
response in the hiPSC lines NBS8 and iPSC-12, and in NHDF (Supplementary Figure
2). Among the 76 investigated genes, 27 were upregulated in both hiPSCs when

compared to NHDF, while one was downregulated (Figure 20).

The downregulated gene was Cyclin Dependent Kinase Inhibitor 1A (CDKN1A, 0.2-
fold), which codes for p21, a cell cycle arrest protein. Conversely, cell division cycle
25A (CDC25A, > 17-fold), which is essential for the progression of the cell cycle, was
upregulated. Remarkably, the levels of tumour suppressor protein 73 (TP73, >10-fold),
a member of the p53 family, were upregulated in hiPSCs. The other 25 upregulated

genes included targets involved in different pathways of DNA damage repair.

RADS1, which is involved in double-strand break repair (DSBR), was upregulated over

60-fold. Ten other DSBR related genes were also increased: BRCA1 (> 9-fold), BRCAZ2
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(> 10-fold), Fanconi Anemia complementation group C (FANCC, > 3-fold), Fanconi
Anemia complementation group D2, (FANCD2, > 12-fold), flap structure-specific
endonuclease 1 (FEN1, > 2.5-fold), DNA ligase 3 (LIG3, > 4.5-fold), X-Ray repair cross
complementing 3 (XRCC3, > 7-fold), ring finger protein 168 (RNF168, > 3.5-fold), ring
finger protein 8 (RNF8, > 2.5-fold) and XRCC4 (> 2-fold).

Uracil DNA glycosylase 2 (UNG2), one of the glycosylases involved in the repair of
small DNA lesion through base excision repair (BER), was increased by over 33-fold,
although its mitochondrial isoform UNG171 was unchanged. Other four components of
the BER pathway were also upregulated, DNA ligase 1 (LIG1, > 3-fold), Nei like DNA
glycosylase 1 (NEIL1, > 3.5-fold), Nei like DNA glycosylase 2 (NEIL2, > 2.5-fold) and
DNA polymerase beta (POLB, > 3.5-fold).

The genes exonuclease 1 (EXO1, > 5-fold) and MutS homolog 6 (MSH6, > 3.5-fold)
are components of the mismatch repair pathway (MMR), which is responsible for
recognizing and repairing DNA base-base and insertion-deletion mismatches (Kunkel
and Erie, 2015).

Regarding components of the nucleotide excision repair pathway, DDB2 (> 3-fold) was
upregulated, as was DNA polymerase epsilon (POLE, > 5.5-fold). DNA polymerase D1
(POLD1, > 4.5-fold) is also involved in NER, while simultaneously being involved in
translesion synthesis (TLS). The last upregulated DNA polymerase, DNA polymerase
iota (POLI, > 2.5-fold), is only involved in TLS. Overall, the results indicate that hiPSCs,
both WT and mutant, possess a more robust expression of dozens of genes involved

in DNA damage response than NHDF.
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Figure 20: NBS8 and iPSC-12 hiPSCs have upregulated expression of genes related to
genotoxic exposure response when compared to NHDF. Graph of 28 genes which were
differentially regulated in NBS8 and iPSC-12 hiPSCs among the focused gRT-PCR array for
76 genes related to genotoxic exposure response. Fold change of NBS8 hiPSC and iPSC-12
hiPSCs is shown, NHDF were used as control. Mean of 3 technical triplicates, +/- standard
deviation of the mean. Dashed lines mark 2- and 0.5 -fold.

3.5. Effects of BPDE exposure on healthy and NBS-derived
hiPSCs

The effects of BPDE exposure in pluripotent stem cells are poorly understood, as are
the effects of BPDE on NBS-mutant patients. With the intention to remedy both gaps
in research, hiPSCs derived from NBS patients and healthy subjects were exposed to
BPDE for 24h in the concentrations of 25nM and 75nM. The cells were then harvested
and analysed as described in this chapter.

3.5.1. Southern Blot analysis of BPDE-DNA adducts

To assess the repair of DNA adducts, the southern blot (SB) protocol for BPDE-DNA
adducts from Christmann et al (213) was followed, where the authors loaded 500 ug
of DNA in a nylon membrane. The membrane was then blocked with 5% milk/TBS-T
and a BPDE-DNA antibody was used to identify the adducts diluted 1:500 in
5%BSA/TBS-T. UJ, iPSC-12 and NBS8 hiPSCs were treated with 75nM of BPDE for
2h and 6h, and then subjected to the same procedure described above. Analysis of
the membranes with chemiluminescence revealed no differences between the bands

from the ctrl and treated samples (Figure 21A). The DNA on the membranes was
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stained with methylene blue (Figure 21B) and used as loading control to calculate band

density and confirm the visual observations (Figure 21C)

A| BPDE-DNA |8/ DNA

(V) iPSC-12 NBS8 uJ iPSC-12 NBSS8

1 2 1 2 1 2 | 1 2 12_12
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Figure 21: Southern blot (SB) for BPDE-DNA adducts. UJ, iPSC-12 and NBS8 hiPSCs
were treated with 75nM of BPDE for 2h and 6h. Two samples from independent experiments
were measured per condition and are indicated by the numbers 1 and 2. (A) Membrane was
stained for BPDE-DNA adducts and photographed via chemiluminescence. (B) Membrane
was stained with the DNA dye methylene blue to confirm DNA loading. (C) Methylene blue
was used as loading control to quantify relative band intensity. N=2, mean +/- standard

deviation shown.

These results were unexpected, since BPDE-DNA adducts should not be present in
control conditions and furthermore, are expected to be increased after BPDE
treatment. The original protocol was modified and, using only the UJ samples, a lower
load of DNA (250 pg) was tested in different blocking conditions and antibody dilutions.
Diluting the antibody in milk resulted in an extremely weak signal, although the control
sample still appears stained (Figure 22A). Blocking the membrane in 5% BSA/TBS-T
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and varying the concentration of the antibody diluted in the same solution also resulted
in the same intensity of staining at all conditions (Figure 22B). This issue was likely

caused by nonspecific antibody binding and precluded the BPDE-DNA adduct

analysis.
A 5% MILK/TBS-T B 5% BSA/TBS-T
1:1000 1:2000 1:1000 1:2000
1 2 1 2 1 2 1 2
< CTRL |
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Figure 22: Testing of different blocking and staining conditions of BPDE-DNA southern
blot. UJ hiPSCs were treated with 75nM of BPDE for 2h and 6h. Two samples from
independent experiments were measured per condition and are indicated by the numbers 1
and 2. Membranes were stained with the DNA dye methylene blue to confirm DNA loading.
(A) Membrane was blocked with 5% Milk in TBS-T and stained with BPDE-DNA antibody
diluted in 5% Milk in TBS-T at the concentrations of 1:1000 and 1:2000. (B) Membrane was
blocked with 5% BSA in TBS-T and stained with BPDE-DNA antibody diluted in 5% BSA in
TBS-T at the concentrations of 1:1000 and 1:2000.
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3.5.2. Affymetrix Microarray Analysis and Venn
Diagrams generated from transcriptomic data

Affymetrix microarray analysis was performed as described on 2.2.10. The hiPSC lines
UJ, iPSC-12 and NBS8 were exposed to BPDE for 24h at 75nM or kept in control
conditions. To better identify Gene Ontologies (GO) and KEGG pathway targets that
are directly activated by BPDE, we pooled the results of all samples into control and
BPDE treated, as shown on Figure 23A. This allowed us to investigate the
transcriptional changes caused by BPDE regardless of the mutation. We identified 513
targets that were present exclusively after BPDE exposure, as well as 254 targets
which were upregulated and 56 targets which were downregulated. Our other
objectives were to reveal the transcriptional downstream effects of the mutation, both
in the absence of stimulus and after BPDE treatment. For such, we compared the WT
and NBS8 lines in control conditions (Figure 23B) and after genotoxic exposure (Figure
23C). With the most relevant targets thus identified, we used them to generate the
Gene Ontologies (GO) and KEGG pathways, as well as Metascape analyses, which

are more thoroughly explored in the next chapters.
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Objective 1: Investigate the
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of mutation.
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Figure 23: Venn Diagrams of differentially regulated genes extracted from microarray
analysis. WT and NBS8 hiPSCs were treated with 75nM BPDE for 24h, then harvested and
subjected to Affymetrix analysis. The expression profiles were extracted, and the results
investigated regarding the effects of (A) BPDE on hiPSCs as well as the differences between
the WT and mutant lines, both in (B) control and (C) treated conditions.
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3.5.3. BPDE treatment enhances expression of targets
related to the extrinsic apoptotic pathway

To investigate the effects of BPDE on the cell viability of hiPSCs, cells were treated
with BPDE for 24h in concentrations ranging from 30nM to 63uM and cell viability was
measured using the resazurin assay (Figure 24). iPSC-12 and UJ cells showed similar
sensibility to BPDE treatment, with an ic50 of 290nM and 380nM, respectively. NBS8
cells were the least sensitive, with an ic50 of 790nM. Further BPDE exposure
experiments were performed with the concentrations of 25nM, corresponding roughly
to a non-cytotoxic dose (ic90) and 75nM, representing a mildly cytotoxic dose (circa
ic80).

UJ iPSCs iPSCs-12 NBS8

ic50 = 380nM, ic80 = 70nM, ic90 = 27nM ic50 = 290nM, ic80 = 50nM, ic90 = 19nM ic50 = 790nM, ic80 = 90nM, ic90 = 29nM
conc_uM NBSB_iPSCs_1ic50 = 0.38 ic80 = 0.07 ic80 = 0.027 10nM
CTRL , & 30nM

1000 CTRL
904

10nM

1uu+
CTRL

757

90nM \ 270nM col

Response
Response
Response

507

301
254

Figure 24: Dose-response curve of BPDE-treated hiPSCs. hiPSCs were treated with
increasing concentrations of BPDE for 24h and resazurin assay was performed to measure
cell viability. Dot plot graph represents the dose-response curve, with each dot representing
the mean of three biological triplicates. +/- standard deviation is shown.

The gene ontology extracted from 254 genes upregulated after BPDE treatment
(Figure 23A) revealed several clusters related to both positive and negative regulation
of cell death (Figure 25). Notably, several genes related to the extrinsic apoptotic
signaling pathway were upregulated including all four known receptors for TNF-related
apoptosis-inducing ligand (TRAIL): TNF Receptor Superfamily Member 10A
(TNFRSF10A), TNFRSF10B, TNFRSF10C and TNFRSF10D. qRT-PCR for
TNFRSF10A confirmed its upregulation in all three lines (mean > 1.7-fold) (Figure
26B), while the expression of the intrinsic apoptosis genes BCL2 associated X,
apoptosis regulator (BAX) and Bcl-2-binding component 3 (BBC3) remained
unchanged (Figure 26C and D).
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Both the extrinsic and intrinsic apoptotic pathways depend on caspases to induce cell
death, therefore an executioner caspase essential in both pathways, caspase 3
(CASP3), was investigated. CASP3 expression was increased (mean > 1.7-fold) after
BPDE treatment in both WT cell lines, but notin NBS8 (Figure 26D). Caspase 3 protein
expression was unchanged in all three lines, but the expression of cleaved caspase 3,
the active form of caspase 3, was enhanced particularly in the WT lines and far less in
NBS8 (Figure 26E).
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Figure 25: BPDE upregulates clusters related to both positive and negative regulation
of cell death in hiPSCs. hiPSCs were treated with BPDE for 24h, then had their RNA
harvested for affimetrix microarray. Gene ontology was extracted from 254 genes upregulated
in hiPSCs after BPDE treatment in microarray analysis. Apoptosis related clusters are
highlighted in orange.
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Figure 26: BPDE exposure differentially regulates apoptotic markers on WT and NBS8
hiPSCs. hiPSCs were treated with BPDE for 24h, then had their RNA harvested for gqRT-PCR.
(A) qRT-PCR for TNFRSF10A. (B) gRT-PCR for BAX. (C) gRT-PCR for BBC3. (D) qRT-PCR
for CASP3. Error bar depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01, *** =
p<0.001. Dashed lines mark 1.5-fold. (E) Western blot for caspase 3 and cleaved caspase 3.
B-actin was used as loading control. N=2, mean +/- standard deviation shown, *p<0.05.

3.5.4. BPDE exposure does not impact pluripotency

In order to assert whether BPDE exposure had an effect on iPSC’s pluripotency, the
microarray data was used to generate a heatmap (Figure 27A) of twelve key genes
associated with regulation of pluripotency: SOX2, DNA Methyltransferase 3 Beta
(DNMT3B), FGF2, POU Class 5 Homeobox 1 (POU5F1), NANOG, Cadherin 1
(CDH1), Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2),
Transforming Growth Factor Beta 1 (TGFB17), Cerberus 1, DAN Family BMP
Antagonist (CER1), BMP4, Gremlin 1, DAN Family BMP Antagonist (GREM1) and
Inhibin Subunit Beta A (INHBA). The expression of major pluripotency maintenance
genes such as SOX2 and POU5F1 remained high after BPDE treatment, while the
expression of genes that trigger differentiation such as BMP4 and GREM1 remained
low. The transcriptomic results are supported by the qRT-PCR data (Figure 27B),
which shows no difference in the relative expression of the pluripotency maintenance
genes OCT4, SOX2 and NANOG. As further confirmation, we performed OCT4
immunostaining on the hiPSCs and saw no difference in expression after genotoxic
exposure (Figure 27C).
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Figure 27: 24h of BPDE exposure does not affect pluripotency. WT and NBS8 hiPSCs
were treated with 25nM and 75nM BPDE for 24h. RNA was extracted for microarray analysis
or cells were fixed for immunocytochemistry. (A) Euclidean heatmap made with data extracted
from microarray analysis represents relative expression of key genes involved in pluripotency
maintenance after 24h of 75nM BPDE exposure. (B) BPDE treatment did not alter OCTH4,
SOX2 and NANOG transcription as confirmed via qRT-PCR. (C) nor did it alter OCT4
expression as seen on immunocytochemistry. N=3. Error bar depicts 95% confidence interval.
Scale bar 50um. Dashed lines mark 1.5-fold.
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3.5.5. BPDE exposure enhances gene expression of cell
cycle arrest related genes, but does not impact cell cycle

The gene ontology extracted from 513 genes exclusively regulated after BPDE
treatment (Figure 23A) revealed the cluster “DNA damage response, signal
transduction by p53 class mediator resulting in cell cycle arrest” with four regulated
genes, cyclin dependent kinase inhibitor 1A (CDKN1A); mucin 1, cell surface
associated (MUCT1); polo like kinase 2 (PLK2) and proline rich acidic protein 1 (PRAP1)
(Figure 28).
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Figure 28: GO from 513 genes exclusively regulated after BPDE exposure in hiPSCs
extracted from Affymetrix analysis reveals upregulated cluster associated with p53-
mediated cell cycle arrest. WT and NBS8 hiPSCs were treated with 75nM BPDE for 24h.
RNA was extracted for microarray analysis. Relevant cluster is highlighted in red.

We performed gRT-PCR for CDKN1A, MUC1 and another p53 inducible, DNA damage
and cell cycle arrest associated gene, growth arrest and DNA damage inducible alpha
(GADD45A). The qRT-PCR revealed that all three cell lines had upregulated levels of
GADD45A after BPDE exposure (mean > 3-fold). CDKN1A was upregulated more

intensely on NBS8 (mean 1.6-fold at 25nM and 2.9-fold at 75nM) and slightly in iPSC-
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12 (mean 1.6-fold at 75nM), while MUC1 was upregulated in the WT lines only (mean
1.6-fold) (Figure 29).
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Figure 29: BPDE differentially increased the expression of cell cycle regulators
CDKN1A, GADD45A and MUC1 in NBS8 and WT hiPSCs. WT and NBS8 hiPSCs were
treated with 25nM and 75nM BPDE for 24h, then RNA was extracted for gqRT-PCR. Error bar
depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01, *** = p<0.001. Dashed lines mark
1.5-fold.

To investigate if these transcriptional changes caused by BPDE influenced hiPSCs
proliferation we stained them for antigen Kiel 67 (Ki67), a nuclear marker present
during all active phases of the cell cycle (G1, S, G2, and mitosis) (214). The number of
Ki67+ cells remained constant on all tested concentrations, including the highest

concentration of 500nM which causes widespread cell death (Figure 30).

Ctrl 75nM 500nM

Figure 30: Ki67+ cell numbers remain constant after BPDE treatment in hiPSCs.
Representative immunocytochemistry for Ki67 in control conditions and after 24h of BPDE
exposure at 75nM and 500nM. Scale bar 50um.

65



5-ethynyl-2'-deoxyuridine (EdU) is an analog of thymidine that is incorporated into DNA
only during active DNA synthesis (215). Using EdU staining, we saw that BPDE

exposure had no effect on the number of cells in S phase (Figure 31).
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Figure 31: BPDE exposure does not affect percentage of cells in S phase in hiPSCs.
hiPSCs were treated with BPDE for 24h at 25nM and 75nM, then stained for EdU. (A)
Representative images of EdU staining of hiPSCs after CTRL, 25nM and 75nM treatment.
Scale bar 50um. (B) Bar graphs representing the percentage of EdU positive cells on each cell
line after 24h treatment. N=3, mean +/- standard deviation.
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Lastly, we performed a cell cycle analysis using propidium iodide staining and flow

cytometry and confirmed that cell cycle distribution on all three lines was unaffected

after BPDE exposure (Figure 32).
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Figure 32: Cell cycle distribution is unaffected after 24h of BPDE exposure in hiPSCs.
hiPSCs were exposed to 25nM or 75nM of BPDE for 24h. Cell cycle distribution was analyzed
via propidium iodide staining measured by FACS and presented here in percentage as bar
graphs. N=3, mean +/- standard deviation.

3.5.6. BPDE differentially regulates DNA damage
response in WT and NBS8 hiPSCs

The enrichment analysis tool Metascape was used to compare the input gene list of
254 genes upregulated after BPDE exposure to thousands of available gene sets
defined by their involvement in biological processes, protein localization, enzymatic
function, pathway membership, among other features. Two of the top non-redundant

enrichment clusters were related to the p53 signaling pathway with a total of 26

upregulated genes (Figure 33).
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Figure 33: Metascape analysis of 254 genes upregulated in UJ, iPSC-12 and NBS8
hiPSCs after BPDE exposure. hiPSCs were exposed to 75nM of BPDE for 24h, then RNA
was extracted for microarray analysis. P53-related clusters are highlighted in red.

Among them were three known regulators of p53 signaling, cJUN, MDM?2 and protein
Phosphatase, Mg2+/Mn2+ Dependent 1D (PPM1D), as well as other genes involved
in p53-mediated DNA damage response such as GADD45A, Sestrin 1 (SESNT),
POLH, BTG Anti-Proliferation Factor 2 (BTG2) and Stratifin (SFN). qRT-PCR was
performed to assert whether TP53 itself was upregulated. The results show that TP53
was downregulated (mean < 0.5-fold) in both WT lines (Figure 34A), while p53 protein
expression was increased (Figure 34B). Both gene and protein expression remained
unchanged in NBS8 (Figure 34A and B).
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Figure 34 TP53 and p53 expression differs between WT and NBS8 hiPSCs after BPDE
treatment. hiPSCs were exposed to 25nM and 75nM of BPDE for 24h, then RNA was
extracted for qRT-PCR and protein for western blot analysis. (A) qRT-PCR for TP53. Error bar
depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01. Dashed lines mark 0.6 -fold. (B)
Western blot for p53. B-actin was used as loading control. N=2, mean +/- standard deviation
shown, *p<0.05.

Two targets related to p53 regulation, MDM2 and cJUN, were measured in an attempt
to clarify the differences in the expression of TP53 and p53 between WT and NBS8
cells after BPDE treatment. MDM2 gene expression was exclusively downregulated
(mean 0.56 -fold) in NBS8 (Figure 35A), while its protein levels were increased only in

the WT cells Figure 35B)
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Figure 35 BPDE exposure increases expression of MDM2 in WT hiPSCs. hiPSCs were
exposed to 25nM and 75nM of BPDE for 24h, then RNA was extracted for qRT-PCR and
protein for western blot analysis. (A) gqRT-PCR for MDM2. Error bar depicts 95% confidence
interval. N=3, ** = p<0.01. Dashed lines mark 0.6 -fold. (B) Western blot for MDM2. -actin
was used as loading control. N=2, mean +/- standard deviation shown, ** = p<0.01, *** =
p<0.001.

A similar pattern was observed with cJUN. The mRNA levels (mean > 3.2 -fold) and
protein expression were both increased in WT cells after treatment, but unchanged in
NBS8 (Figure 36A and B).
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Figure 36: cJUN expression is increased in WT hiPSCs after BPDE treatment. hiPSCs
were exposed to 25nM and 75nM of BPDE for 24h, then RNA was extracted for qRT-PCR and
protein for western blot analysis. (A) gqRT-PCR for cJUN. Error bar depicts 95% confidence
interval. N=3, *** = p<0.001. Dashed lines mark 1.5-fold. (B) Western blot for cJUN. RPLO
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was used as loading control. N=2, mean +/- standard deviation shown, * = p<0.05, ** = p<0.01,
*** = p<0.001.

Since the transcriptional activities of cJUN are stimulated by its phosphorylation at
serines 63/73, the protein levels of serine 73 p-cJUN were also measured and were
revealed to be increased in the WT hiPSCs (Figure 37).
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Figure 37: Serine 73 phospho- cJUN expression is increased after BPDE exposure in
WT hiPSC cells. hiPSCs were exposed to 25nM and 75nM of BPDE for 24h, then protein was
extracted for western blot for serine 73 p-cJUN. RPLO was used as loading control. N=2, mean
+/- standard deviation shown, * = p<0.05.

Next, we evaluated the mRNA expression of four upstream components of the p53
signaling cascade, ATR, ATM, and their respective downstream effectors, CHEK1 and
CHEK2. BPDE exposure did not affect the expression of ATM, CHEK1 or CHEK?2
however, it sharply upregulated ATR expression (mean 7.1 -fold) in the NBS8 cell line
(Figure 38A).
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Figure 38: BPDE upregulated ATR expression in NBS8 hiPSCs. hiPSCs were exposed to
25nM and 75nM of BPDE for 24h, then RNA was extracted for qRT-PCR for (A) ATR, (B) ATM,
(C) CHEKZ2 and (D) CHEK1. Error bar depicts 95% confidence interval. N=3, *** = p<0.001.
Dashed lines mark 1.5- and 0.6 -fold.

ATR is a multifunctional kinase, acting upon many targets. Among its roles is the
phosphorylation of H2AX during DNA repair, therefore the levels of y-H2AX (the
phosphorylated form of H2AX) were measured to assert whether ATR upregulation
influenced y-H2AX levels. Western blot revealed an increase in y-H2AX expression in
all three hiPSC lines, but it was particularly prominent in the WT cells (Figure 39),
suggesting that it is not directly linked to ATR levels.
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Figure 39 BPDE exposure increased the proteins levels of y-H2AX. hiPSCs were exposed
to 25nM and 75nM of BPDE for 24h, then protein was extracted for western blot for y-H2AX.
B-actin was used as loading control. N=1.

Lastly, p53 is highly involved in NER, regulating the expression of targets such as XPC
and DDB2, and it has also been implicated in the transcriptional regulation of
translesion synthesis DNA polymerases in reaction to DNA damage (173). After BPDE
exposure the gene expression of the translesion synthesis DNA polymerase POLH
was upregulated (mean > 1.8-fold) in all three cell lines (Figure 40A). Interestingly,
XPC and DDB2 were upregulated exclusively in NBS8, and in both tested
concentrations. XPC was upregulated by 1.5-fold in both concentrations, while the
regulation of DDBZ2 increased in a dose-dependent manner, 1.6-fold at 25nM and 3-
fold at 75nM (Figure 40B and C).
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Figure 40: BPDE differentially modulated the gene expression of NER genes in WT and
NBS8 hiPSCs. hiPSCs were exposed to 25nM and 75nM of BPDE for 24h, then RNA was
extracted for gqRT-PCR (A) POLH, (B) XPC and (C) DDB2. Error bar depicts 95% confidence
interval. N=3, * = p<0.05, ** = p<0.01, *** = p<0.001. Dashed lines mark 1.5-fold.

3.5.7. BPDE exacerbates the cancerous transcriptional
profile of NBS8 hiPSCs

Upon comparing genes extracted from the microarray analysis of WT and NBS8 hiPSC
in control conditions (Figure 23B), we identified several enhanced KEGG pathways
associated with cancer in the mutant line, with dozens of exclusively regulated genes
(Figure 41). Remarkably, besides pathways which are associated with specific cancer
types such as “Melanoma” and “Acute Myeloid Leukemia”, the pathway “Platinum drug
resistance”, containing genes which confer resistance to chemotherapeutic drugs, was

also represented.
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BPDE treatment exacerbated this cancerous profile. The heatmap on Figure 42A
shows the expression of the 27 genes identified in the cancer related KEGG pathways
and gene ontologies in hiPSCs before and after BPDE exposure. UJ and iPSC-12 have
in general a low expression of these genes of which a few are enhanced after BPDE
treatment. But the NBS8 samples cluster together showing high expression of these
genes in control conditions with several being even further enhanced after BPDE

exposure.

A comparison between the GO and KEGG pathways from exclusively regulated genes
of WT and NBS8 hiPSCs after BPDE exposure further exposes the cancer related
transcriptional changes in the NBS8 line (Supplementary Figure 4 and Supplementary

Figure 5).

An examination of the GO generated from 441 genes exclusively regulated in NBS8
after exposure to BPDE (Figure 23C) reveals the clusters “positive regulation of
extracellular signal-regulated kinase 1 (ERK7) and ERK2 cascade”, C-X-C motif
chemokine 12 (CXCL12)-activated C-X-C motif chemokine receptor 4 (CXCR4)
signaling pathway and “positive regulation of vascular endothelial growth factor
(VEGF) production” (Figure 42B). These pathways are involved in several

characteristics related to poor cancer prognosis (216—218). The KEGG pathways (

Figure 42C) have the enhanced pathways “Transcriptional misregulation in cancer” and
“‘Melanoma”, besides “(Mitogen-Activated Protein Kinase) MAPK signaling pathway”
and “Ras-related protein 1 (RAP1) signaling pathway”, all of which are frequently
involved in oncogenesis, poor cancer prognosis and chemotherapeutic resistance
(219).
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Figure 41: In control conditions, NBS8 hiPSCs have enhanced cancer related KEGG pathways compared to WT hiPSCs. hiPSCs were
treated with BPDE for 24h, then had their RNA harvested for Affymetrix microarray. Cancer-related pathways are highlighted in purple. (A) KEGG
pathways from 230 genes exclusively regulated in WT hiPSCs in control conditions. (B) KEGG pathways from 890 genes exclusively regulated
in NBS8 hiPSCs in control conditions.
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Figure 42: BPDE exposure exacerbates the cancerous transcriptional profile of NBS8
hiPSCs. Cells were treated with 75nM of BPDE for 24h, then had their RNA extracted and
used for microarray analysis. (A) Pearson heatmap of the expression of the genes present in
the enhanced cancer related GO and KEGG pathways before and after BPDE treatment. (B)
Cancer related GO clusters from 441 exclusively regulated genes in NBS8 hiPSCs after BPDE
exposure (C) Cancer related KEGG pathways from 441 exclusively regulated genes in NBS8
hiPSCs after BPDE exposure.

3.5.8. NBS8 hiPSCs exposed to BPDE have
downregulated genes involved in DNA damage repair

After BPDE treatment, the microarray showed that 327 genes were downregulated in
WT hiPSCs and 335 genes were downregulated in NBS8 hiPSCs. A metascape
analysis of these downregulated genes (Supplementary Figure 6) revealed in NBS8
hiPSCs the cluster “regulation of response to DNA damage stimulus”, with 28
downregulated genes. A heatmap generated from these genes revealed that the
majority of them are either slightly upregulated or unchanged in WT cells after BPDE
exposure, while most are downregulated in NBS8 after treatment (Figure 43). The
downregulation of one of the affected genes, NAP1L1, was confirmed through gqRT-
PCR (mean 0.5- fold) (Figure 44B). Seven of those genes, replication protein A2
(RPA2), SET Domain And Mariner Transposase Fusion Gene (SETMAR), tumor
Protein P53 Binding Protein 1 (TP53BP1), INO80 Complex ATPase Subunit (INO80),
SWI/SNF-Related, Matrix-Associated Actin-Dependent Regulator Of Chromatin,
Subfamily A, Containing DEAD/H Box 1 (SMARCAD1), Minichromosome Maintenance
9 Homologous Recombination Repair Factor (MCM9) and Nucleosome Assembly
Protein 1 Like 1 (NAP1L1) are directly involved in different points of the double-strand

break repair cascade (Figure 44B).
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Figure 43: Pearson’s heatmap of 28 DNA damage response and repair genes
downregulated in NBS8 hiPSCs after BPDE exposure. hiPSCs were treated with 75nM of
BPDE for 24h, then had their RNA extracted and used for microarray analysis.
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Figure 44: Exposure to BPDE downregulates genes related to DNA damage repair in NBS8 hiPSCs. WT and NBS8 hiPSCs were treated
with 25nm and 75nM of BPDE for 24h, then had their RNA extracted and used for microarray analysis and gqRT-PCR. (A) Metascape analysis of
273 genes downregulated in NBS8 after BPDE exposure. (B) gRT-PCR for NAP7L1. N=3, **p<0.01. Dashed lines mark 0.6 -fold. (C) Diagram of
the double-strand break repair pathway. In green, the downregulated DSBR related genes and the repair step in which they are involved.
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3.6. Effects of BPDE exposure on healthy and NBS-patient
derived neural progenitor cells (NPCs)

UJ, iPSC-12 and NBS8 hiPSCs were differentiated into NPCs in order to assert
whether there are differences in the DNA damage response to BPDE between
pluripotent and progenitor cells. NPCs were exposed to BPDE at the concentrations of
25nM and 75nM for 24h, then investigated for key markers identified in BPDE exposed
hiPSCs.

3.6.1. Characterization of NPCs derived from NBS-
patient and WT hiPSCs

The WT hiPSCs UJ and iPSC-12, as well as the NBS patient-derived NBS8 hiPSCs,
were differentiated into neural progenitor cells (NPCs) as described on 2.1.3. RNA was
isolated from the NPCs and used to evaluate the expression of the pluripotency marker
OCT4, the dual pluripotency and NPC-associated marker SOX2, and the NPC markers
SRY-Box Transcription Factor 1 (SOX7) and PAX6. The NPC gene expression was
compared to RNA from their parental, undifferentiated hiPSCs. NPC cultures were also
immunostained with antibodies against the NPC markers SOX2, Ki67, SOX1, Nestin,

and the neuron marker TUJ1.

OCT4 analysis shows that it was downregulated (< 0.05-fold) in all three lines after
NPC differentiation, while the levels of SOX2 remained constant. SOX7 gene
expression was upregulated between 50-fold to 150-fold in all lines, while the levels of
PAX6 reached around 6000-fold higher than in the hiPSC control (Figure 45).
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Figure 45: Transcriptional characterization of hiPSC-derived NPCs. NPC’s RNA was
harvested for gRT-PCR analysis. Gene expression of key markers was compared to their
undifferentiated parental hiPSCs. NPCs no longer express OCT4, while maintaining
comparable expression of SOX2. NPCs also express SOX1 and PAX6, two key NPC
transcription factors. N=3. Error bar depicts 95% confidence interval.
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To confirm that the transcription of NPC markers translated into protein expression,
NPCs were stained for the transcription factors SOX2 and SOX1, the proliferation
marker Ki67, and the structural proteins Nestin and TUJ1 (Figure 46). Over 90% of
cells were stained for SOX2 (Supplementary Figure 7A) and Nestin (Supplementary
Figure 7B), while around 85% were stained for SOX1 (Supplementary Figure 7C) and
between 55% and 60% were positive for Ki67 (Supplementary Figure 7D). Lastly,
TUJ1+ neurons were only sporadically seen in the culture, averaging about one per

well of a 24-well plate. Both gene expression and immunocytochemistry indicated the

successful differentiation of NPCs.

Figure 46: Immunocytochemistry characterization of hiPSC-derived NPCs.
Representative immunocytochemistry of hiPSC NPCs for key NPC markers SOX2, Ki67,
SOX1, Nestin, and the neuron markerTUJ1. Scale bar 50um.

3.6.2. BPDE exposure does not influence the expression
of key NPC markers

NPCs were treated with 25nM and 75nM of BPDE for 24h. and gqRT-PCR was used to

investigate whether the treatment affected the gene expression of key NPC markers.

The gene expression levels of SOX2, SOX1 and PAX6 remained stable after genotoxic
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exposure (Figure 47Figure 1). To confirm these findings, the NPCs were
immunostained for SOX2, SOX1 and nestin, and the number of cells positive for all
three markers were also unchanged after BPDE treatment (Figure 48; Supplementary

Figure 8, Supplementary Figure 9, Supplementary Figure 10).
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Figure 47: Expression of key markers SOX2, SOX1 and PAX6 remain unchanged in
NPCs after BPDE exposure. NPCs were exposed to 25nM and 75nM of BPDE for 24h, then
RNA was extracted for gRT-PCR for SOX2, SOX71 and PAX6. N=3. Error bar depicts 95%
confidence interval. Dashed lines mark 0.6 -fold.
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Figure 48: BPDE exposure on NPCs does not affect immunocytochemistry of key NPC
markers. NPCs were exposed to BPDE at 25nM and 75nM concentrations for 24h, the fixed
for key NPC markers SOX2, Ki67, SOX1, Nestin and the neuron marker TUJ1. Percentage of
positive cells shown. Total cell number was calculated using DAPI stained nuclei. N=3, mean
+/- standard deviation shown. Scale bar 50um.
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3.6.3. NPCs are more resistant to the cytotoxic effects of
BPDE than hiPSCs

NPCs were exposed to BPDE for 24h at the concentrations of 25nM and 75nM, then
were analysed for key apoptotic markers and the results were compared with the ones
obtained from their parental hiPSCs. While TNFRSF10A and CASP3 were upregulated
in hiPSCs after BPDE treatment, no regulation occurred in NPCs. The intrinsic

apoptotic markers BBC3 and BAX remained unchanged in both cell types (Figure 49).

Upon investigating the protein expression of caspase 3, as well as that of its active
form cleaved caspase 3, it was revealed that BPDE exposure had a lessened effect
on cleaved caspase 3 levels in NPCs when compared to hiPSCs. A slight upregulation
of cleaved caspase 3 could be seen on iPSC-12 NPCs after BPDE exposure, but levels
remained stable on both other NPC lines (Figure 50). These results suggest that
hiPSCs showed a lower resistance to BPDE cytotoxicity after 24h of exposure than
their differentiated NPCs.
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Figure 49: BPDE exposure does not influence the gene expression of key apoptotic
markers on NPCs. hiPSCs and NPCs were treated with 25nM and 75nM of BPDE for 24h,
then RNA was extracted for qRT-PCR for TNFRSF10A, CASP3, BAX and BBC3. N=3,
*p<0.05, **p<0.01, ***p<0.001. Error bar depicts 95% confidence interval. Dashed lines mark
1.5-fold.
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Figure 50: BPDE exposure is less cytotoxic on NPCs compared to their parental hiPSCs.
NPCs were treated with 25nM and 75nM of BPDE for 24h, then protein was extracted for
western blot for caspase 3 and slightly cleaved caspase 3. N=1, RPLO was used for loading
control.

3.6.4. NPCs have a differentiated DNA damage response
to BPDE exposure when compared to hiPSCs

A set of key DNA damage response targets were chosen to be investigated from the
results of the microarray analysis of hiPSC exposed to BPDE, as well as targets known
to be regulated by BPDE in the literature. NPCs derived from hiPSCs had a different
DNA damage response when compared to their undifferentiated hiPSCs under the
same treatment conditions. While ATM, CHEK1 and CHEKZ2 maintained a stable gene
expression in both hiPSCs and NPCs after BPDE treatment, the upregulation of ATR
which was noted in NBS8 hiPSCs after exposure to both 25nM and 75nM BPDE (1.6-
fold and 7.1-fold respectively) was not observed in their differentiated NPC progeny
(Figure 51).
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Figure 51: NPCs exposed to BPDE had no changes in the gene expression of DNA
damage response targets. hiPSCs and NPCs were treated with 25nM and 75nM of BPDE
for 24h and RNA was harvested for gqRT-PCR for ATM, ATR, CHEK1 and CHEK2. N=3,
***p<0.001. Error bar depicts 95% confidence interval. Dashed lines mark 1.5-fold.

With the intent to analyze the p53-mediated DNA damage response, the gene
expression of p53 was measured, as well as that of the p53 regulators MDM2 and
c¢JUN and the p53-inducible cell cycle regulators CDKN1A and GADD45A. While TP53
(Figure 52A) was downregulated after BPDE exposure in WT hiPSC and MDM?2
(Figure 52B) was downregulated in NBS8 hiPSCs, the same was not seen in WT NPCs
and NBS8 NPCs. cJUN, CDKN1A and GADD45A which were all upregulated in hiPSC
after treatment were unchanged in NPCs, with the exception of GADD45A which was
slightly upregulated (1.8-fold) in iPSC-12 NPCs (Figure 52C to E).

Investigation of the protein expression of MDM2 in NPCs after BPDE exposure
revealed a similar pattern to that observed in hiPSCs, with the expression being
enhanced in WT NPCs after treatment, but unchanged in NBS8 NPCs. Interestingly,
p53 protein expression was only enhanced in iPSC-12 NPCs after genotoxic exposure,

while the expression of cJUN was unchanged in all three NPC cell lines (Figure 53).
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Figure 52: BPDE exposure on NPCs differentially regulated TP53, and gene targets
related to cell cycle control and p53 modulation when compared to hiPSCs. hiPSCs and
were treated with 25nM and 75nM of BPDE for 24h and RNA was harvested for gqRT-PCR for
(A) TP53, (B) MDM2, (C) cJUN and (D) CDKN1A and (E) GADD45A. N=3, *p<0.05, **p<0.01
***p<0.001. Error bar depicts 95% confidence interval. Dashed lines mark 1.5- and 0.6-fold.

Next, the gene expression of three p53-inducible genes related to bulky DNA-adduct
repair, POLH, XPC and DDB2, was investigated. In hiPSCs, the expression of POLH
was upregulated in all three cell lines after BPDE treatment, which was not seen in
NPCs (Figure 54A). XPC and DDB2 were upregulated in NBS8 hiPSCs in both tested
concentrations, but in NPCs XPC expression was unchanged after BPDE exposure
(Figure 54B) and DDBZ2 was only upregulated at 75nM (1.5-fold) and less than in their
hiPSC counterparts (3-fold) (Figure 54C).
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Figure 53: BPDE exposure enhanced the protein expression of MDM2 on WT NPCs, but
not on NBS8 NPCs. NPCs were treated with 25nM and 75nM of BPDE for 24h and protein
was harvested for western blot for p53, MDM2 and cJUN. N=1. RPLO was used as loading

control.
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Figure 54: DDB2 expression is enhanced in NBS8 hiPSCs and NPCs after BPDE
exposure. hiPSCs and NPCs were treated with 25nM and 75nM of BPDE for 24h and RNA
was harvested for gRT-PCR for (A) POLH, (B) XPC and (C) DDB2. N=3, *p<0,05, **p<0,01
***p<0,001. Error bar depicts 95% confidence interval. Dashed lines mark 1.5-fold.
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Lastly, the effects of BPDE on the expression levels of y-H2AX were evaluated.
Remarkably, while there was no difference in the levels of y-H2AX after BPDE
exposure, the levels of endogenous y-H2AX in NBS8 NPCs were six-fold higher than
in their WT counterparts (Figure 55). This phenomenon was not observed in hiPSCs
and could indicate a higher basal level of DNA-double strand breaks in NBS-derived
NPCs than in WT NPCs.
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Figure 55: NBS8 NPCs have an enhanced endogenous expression of y-H2AX when
compared to WT NPCs. NPCs were treated with 25nM and 75nM of BPDE for 24h and protein
was harvested for western blot for y-H2AX. N=1. RPLO was used as loading control.

3.7. Effects of BPDE exposure on hepatic endoderm derived
from WT hiPSCs

In order to investigate the DNA damage response to BPDE in progenitor cells of the
endoderm lineage, UJ and iPSC-12 hiPSCs were differentiated into HE cells and
exposed to BPDE at the concentrations of 25nM and 75nM for 24h, then evaluated for
key markers identified in BPDE exposed hiPSCs. The results were compared to those
obtained from their parental hiPSCs.
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3.71. Characterization of HE derived from wild-type
hiPSCs

UJ and iPSC-12 hiPSC were differentiated into hepatic endoderm (HE) following the
protocol described on 2.1.5. RNA was isolated at the last day of differentiation and
used to evaluate the expression of the HE-associated markers HNF4a, AFP, Keratin
18 (KRT18) and keratin 19 (KRT19), as well as the pluripotency associated marker
OCT4 and the hepatocyte-associated marker albumin (ALB). The HE gene expression
was compared to RNA extracted from primary human hepatocytes (PHH) and from
fetal liver, while their parental, undifferentiated hiPSCs were used as control.
Furthermore, HE cultures were immunostained with antibodies against AFP and

HNF4a, to confirm their protein expression.

OCT4 analysis shows that it was downregulated in both cell lines after HE
differentiation (< 0.001-fold), in levels comparable to PHH and fetal liver (Figure 56A).
Conversely, HNF4a was upregulated between 250 and 500-fold, once again
comparable to the two liver lines (Figure 56B). AFP was upregulated in comparable
amounts in HE and fetal liver cells, but not in PHH (Figure 56C), while ALB was sharply
upregulated in PHH and fetal liver (between 4x10° and 9x108-fold), while comparatively

very little upregulated in HE cells (around 200-fold)(Figure 56B).
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Figure 56: Characterization of hiPSC-derived HE cells. HE cells transcription was compared to fetal liver cells
and primary human hepatocytes (PHH) through qRT-PCR. Their undifferentiated parental hiPSCs were used as
control. HE cells no longer express (A) OCT4, while expressing (B) HNF4a, (C) AFP and modest levels of (D) ALB.
Immunocytochemistry for (E) AFP and (F) HNF4a confirms the expression of both markers. N=3 for HE cells and
N=1 for hiPSCs, fetal liver cells and PHH. Error bar depicts 95% confidence interval.

Immunocytochemistry for AFP (Figure 56E) and HNF4a (Figure 56F) revealed wide
spread expression of both markers in the HE cultures. Additionally, the HE cells
expressed both KRT718 (mean >5-fold)(Figure 57A) and KRT19 (mean >16-
fold)(Figure 57B), markers associated with liver differentiation and cholangiocyte
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differentiation, respectively, while neither PHH nor fetal liver had any KRT719
expression. The results indicate the successful differentiation of both hiPSCs lines into
HE cell.
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Figure 57 HE cells express keratinocyte markers related to cholangiocytes and
hepatocytes. HE cells express both (A) KRT18, a hepatocyte associated marker and (B)
KRT19, a cholangiocyte associated marker. N=3 for UJ HE and N=1 for the rest. Error bar
depicts 95% confidence interval.

3.7.2. BPDE downregulates the gene expression of key
HE markers

Next, to assess whether BPDE exposure had an influence on the progenitor state of
HE cells, UJ and iPSC-12 HEs were subjected to 25nM and 75nM of BPDE for 24h,
then analysed for key HE markers. Immunocytochemistry for AFP did not reveal any
perceivable difference in expression after BPDE exposure (Figure 58A and B),
consistent with the results observed in AFP’'s gene expression (Figure 58C).
Interestingly, 25nM, but not 75nM, of BPDE downregulated (mean < 0.6 -fold) the gene
expression of HNF4a in both cell lines (Figure 58D), although no difference could be

visually observed in the immunocytochemistry (Figure 58E and F).
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Figure 58 BPDE treatment altered the gene expression of HNF4a but had no visible
difference on HNF4a immunostaining. HE cells were treated with 25nM and 75nM of BPDE
for 24h. (A) AFP immunocytochemistry. qRT-PCR for (B) AFP and (C) HNF4a. N=3, **p<0.01.
Error bar depicts 95% confidence interval. Dashed lines mark 0.6-fold. (D) HNF4a
immunocytochemistry. Scale bar 50uM.

BPDE did not interfere with the expression of ALB (Figure 59A), but 75nM treatment
downregulated (mean 0.63-fold) the expression of KRT18 (Figure 59B) in iPSC-12 HE,
as well as KRT19 (mean < 0.6- fold) in both cell lines (Figure 59C). It is possible that
BPDE exposure interferes with the HE cells capacity for differentiation into hepatocytes

and cholangiocytes.
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Figure 59: BPDE exposure downregulates KRT18 and KRT19 gene expression. HE cells
were treated with 25nM and 75nM of BPDE for 24h, then RNA was extracted for gRT-PCR for
(A) ALB, (B) KRT18 and (C) KRT19. N=3, **p<0.01, ***p<0.001. Error bar depicts 95%
confidence interval. Dashed lines mark 0.6-fold.
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3.7.3. HE cells have a less pronounced apoptotic
response to BPDE when compared to their parental hiPSC
lines

Key apoptotic response markers which were evaluated in hiPSCs after BPDE
exposure were also investigated in their differentiated HE progeny. In hiPSCs,
genotoxic exposure upregulated the gene expression of the extrinsic apoptotic marker
TNFRSF10A and of the executioner caspase CASP3, but no difference was seen after
treatment in HE cells (Figure 60A and B). The expression of the intrinsic apoptotic
markers BAX and BBC3 were unchanged in both hiPSCs and HE cells (Figure 60C
and D). The protein expression of caspase 3 in HE cells was also measured and no

change was observed after BPDE treatment (Figure 60E).
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Figure 60: BPDE upregulated genes related to apoptosis in hiPSCs, but not in
differentiated HE cells treated with the same concentrations. UJ and iPSC-12 hiPSCs and
HE cells were treated with 25nM and 75nM of BPDE for 24h, the RNA was extracted for qRT-
PCR and protein for western blot. gRT-PCR for (A) TNFRSF10A, (B) CASP3, (C) BAX and
(D) BBC3. N=3, *p<0.05, **p<0.01, ***p<0.001. Error bar depicts 95% confidence interval.
Dashed lines mark 1.5- and 0.6-fold. Western blot for (E) caspase 3. N=2, mean +/- standard
deviation shown. B-actin was used for loading control.

3.94. BPDE exposure upregulates CHEK2 gene
expression in HE cells

Using the results obtained through the microarray analysis of hiPSC exposed to BPDE,
as well as information obtained from the literature, selected targets were investigated
through gRT-PCR and western blot to evaluate the DNA damage response of HE in
comparison to their parental hiPSC lines. Interestingly, the same concentration of
genotoxin treatment elicited a different response in hiPSCs than that observed in HE
cells. ATM was upregulated (mean 1.9- fold) at 25nM in iPSC-12 HE cells (Figure 61A)
and, most notably, both tested concentrations of BPDE upregulated by 2 to 4-fold the
gene expression of CHEK2, exclusively in HE cells (Figure 61B). The expression of
ATR and CHEK1 remained unaffected in all lines and concentrations (Figure 61C and
D).
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Figure 61: BPDE upregulated ATM and CHEK2 expression in HE cells. UJ and iPSC-12
hiPSCs and HE cells were treated with 25nM and 75nM of BPDE for 24h then RNA was
harvested for qRT-PCR for (A) ATM, (B) CHEK2, (C) CHEK1, and (D) ATR. N=3, ***p<0.001.
Error bar depicts 95% confidence interval. Dashed lines mark 1.5- and 0.6-fold.

Next, the gene expression of a known downstream target of ATM and CHEK2, p53,
was measured. TP53 expression was downregulated in hiPSCs after BPDE exposure
but not in HE cells, and the p53 regulators MDM2 and cJUN also had no difference in
expression in the HE cells. Additionally, the gene expression of p53-inducible cell cycle
regulators COKN1A and GADD45A was also unchanged (Figure 62). Western blot for
MDM2, p53 and cJUN revealed that the protein levels of these targets also remained

constant after BPDE exposure (Figure 63).
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Figure 62: BPDE exposure did not affect the gene expression of genes related to p53-
mediated cell cycle regulation in HE cells. UJ and iPSC-12 hiPSCs and HE cells were
treated with 25nM and 75nM of BPDE for 24h, then RNA was extracted and used for qRT-
PCR of TP53, MDM2, cJUN, CDKN1A and GADD45A. N=3, *p<0.05, **p<0.01, ***p<0.001.
Error bar depicts 95% confidence interval. Dashed lines mark 1.5- and 0.6-fold.
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Figure 63: Protein levels of MDM2, p53 and cJUN in HE cells were not affect by BPDE
exposure. HE cells were treated with 25nM and 75nM of BPDE for 24h, then protein was
extracted and used for western blot for p53, MDM2 and cJUN. N=2, mean +/- standard
deviation shown. RPLO was used for loading control.

Lastly, the expression of XPC, DDB2 and POLH, all p53 inducible genes related to
bulky adduct repair, was also assessed. XPC and DDBZ2 had no difference in
expression either in hiPSCs or HE cells, but POLH was upregulated in both hiPSC
lines, but only in iPSC-12 HE cells (1.5- fold). Overall, the same concentration of
genotoxin treatment elicited a less pronounced response in HE cells than that observed
in hiPSCs, with less regulation of DNA damage response components, although the

upregulation of CHEK2 was only observed in HE cells.
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Figure 64: BPDE did not alter the gene expression of p53-inducible DNA repair genes
XPC, POLH and DDB2 in HE cells. UJ and iPSC-12 hiPSCs and HE cells were treated with
25nM and 75nM of BPDE for 24h, then RNA was extracted and used for qRT-PCR for XPC,
DDB2 and POLH. N=3, *p<0.05, ***p<0.001. Error bar depicts 95% confidence interval.
Dashed lines mark 1.5- and 0.6-fold.

3.8. Effects of BPDE exposure on neuronal cultures derived
from UJ hiPSCs

After observing the different responses of hiPSC, NPCs and HE cells to BPDE, UJ
hiPSCs were differentiated into pos-mitotic neurons to investigate the effects of BPDE
in non-progenitor cells. Since pos-mitotic cells have a less robust DNA damage
response than proliferating cells, and with the intent to investigate a longer-term effect

of BPDE exposure, UJ neurons were exposed to BPDE for 72h before analysis.

3.8.1. Characterization of neuronal cultures derived from
UJ hiPSCs
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UJ hiPSC were differentiated into NPCs and subsequently in neuronal cultures
following the protocol described on 2.1.4. RNA was isolated at the last day of
differentiation and qRT-PCR was done to evaluate the expression of neuron-
associated markers, the structural proteins class Ill beta-tubulin (TUBB3, codes for the
protein TUJ1) and MAPZ2, as well as the transcription factor RNA binding fox-1 homolog
3 (RBFOX3). The gene expression of the pluripotency marker OCT4 and the NPC
marker PAX6 were also analysed, along with SOX2. The neuronal culture gene
expression was compared to RNA extracted from UJ NPCs and their parental,
undifferentiated hiPSCs were used as control. Neuronal cultures were also

immunostained for TUJ1 and MAP2, and two astrocyte markers GFAP and s100b.

OCT4 was downregulated in NPCs and neuronal cultures compared to hiPSC (0.01-
fold), while SOX2 expression remained constant in all cultures. PAX6 was upregulated
by 8000-fold in NPCs and eight times less (1000-fold) in neuronal cultures. In neuronal
cultures, TUBB3 was upregulated 27-fold, MAP2 100-fold and RBFOX3 40-fold, while
the upregulation in NPCs was far more modest at 2-fold, 3-fold, and 1.8-fold

respectively (Figure 65).
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Figure 65: Characterization of hiPSC-derived neuronal cultures. Neuronal culture gene
expression was measured and compared to NPCs. Their undifferentiated parental hiPSCs
were used as control. qRT PCR for OCT4, TUBB3, MAP2, RBFOX3, PAX6 and SOX2. N=3,
Error bar depicts 95% confidence interval. N=3. Error bar depicts 95% confidence interval.
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Next, neuronal cultures were immunostained for TUJ1, a marker for immature neurons,
and GFAP, a marker for astrocytes. TUJ1 staining revealed neuron clusters with a
dense TUJ1+ neuronal network, while no GFAP+ cells could be identified. Staining for

MAP2, a marker for mature neurons, and s100b, another astrocyte marker, similarly

showed intense MAP2+ arborization and a lack of s100b+ cells (Figure 66).

Figure 66: Immunocytochemistry characterization of hiPSC-derived neuronal cultures.
Day 14 UJ neuronal cultures were stained for TUJ1, GFAP, MAP2 and s100b. Cultures showed
a network of TUJ1+ and MAP2+ cells and no presence of GFAP+ or S100B+ cells. Scale bar
50um.

3.8.2. BPDE upregulated targets related to the intrinsic
apoptotic pathway in neuronal cultures

Apoptotic targets involved in the extrinsic and intrinsic apoptotic pathways, as well as
the executioner caspase caspase 3 had their gene expression measured through qRT-
PCR after 72h of BPDE exposure. The expression levels of the extrinsic apoptotic
marker TNFRSF10A remained unchanged after treatment, and the same was
observed with CASP3. Conversely, the intrinsic apoptosis markers BAX and BBC3
were upregulated after treatment by 1.8-fold and 1.7-fold respectively (Figure 67).
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Figure 67: BPDE upregulated the gene expression of intrinsic apoptosis genes in
neuronal cultures. Day 14 UJ neuronal cultures were treated with BPDE for 72h and had their
RNA extracted for qRT-PCR analysis for BAX, BBC3, TNFRSF10A and CASP3. N=3,
***p<0.001. Error bar depicts 95% confidence interval. Dashed lines mark 1.5-fold.

Next, the protein expression of caspase 3 and its active form cleaved caspase 3 were
also assessed. BPDE exposure did not influence the expression of caspase 3, but

upregulated cleaved caspase 3 (Figure 68).
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Figure 68: Cleaved caspase 3 was upregulated in neuronal cultures after BPDE
exposure. Day 14 UJ neuronal cultures were treated with BPDE for 72h and had their protein
extracted for western blot analysis of caspase 3 and cleaved caspase 3. RPLO was used as
loading control. N=2, **p<0.01. +/- standard deviation shown.

3.8.3. BPDE exposure upregulates targets related to the
p53-mediated DNA damage response in neuronal cultures

With the intention of evaluating the p53-mediated response to BPDE, the gene
expression of TP53, as well as that of two p53 regulators, MDM2 and cJUN, were
measured. Both TP53 and cJUN gene expression was stable after treatment, while
MDM2 was upregulated (mean 1.5- fold) (Figure 69A). The protein levels of these
targets were measured and corroborated with the results seen in the gqRT-PCR, with
the expression of p53 and cJUN remaining stable, while MDM2 expression was
increased (Figure 69B).

100



>

O CTRL O3 25nM B 75nM

Induction (x-fold)
__H
1—1
-
]
—1
I
I
g I

MDM2

M 90kDa p53 MDM2 c¢JUN

P53 S s W 53kDa
CJUN gt il W 134Da

RPLO S b W 34kDa

percentage (%)
percentage (%)
percentage (%)

Figure 69: BPDE upregulated the gene and protein expression of MDM2 in neuronal
cultures but had no effect on p53 or cJUN expression. Day 14 UJ neuronal cultures were
treated with BPDE for 72h and had their RNA and protein extracted for gRT-PCR and western
blot analysis. (A) gqRT-PCR for MDM2, TP53 and cJUN. N=3, *p<0.001. Error bar depicts 95%
confidence interval. Dashed lines mark 1.5-fold. (B) Western blot for MDM2, p53 and cJUN.
RPLO was used as loading control. N=2, *p<0.05. +/- standard deviation shown.

Next, the gene expression of four known upstream targets in the p53-mediated DNA
damage cascade were investigated, ATR, ATM, CHEK1 and CHEK2. The first three
genes did not change their expression after BPDE treatment, but the kinase CHEK?2

was upregulated (1.5-fold) in both tested concentrations (Figure 70).
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Figure 70: BPDE upregulated the gene expression of CHEK2 in neuronal cultures. Day
14 UJ neuronal cultures were treated with BPDE for 72h and had their RNA extracted for gRT-
PCR analysis for ATR, ATM, CHEK1 and CHEK2. N=3, ***p<0.001. Error bar depicts 95%
confidence interval. Dashed lines marks 1.5-fold.

CHEK?Z is an important player in cell cycle regulation after DNA damage response and
it has also been linked to senescence. Therefore, we assessed the gene expression
of CDKN1A and GADD45A, which are p53 targets that have been associated with both
cell cycle regulation and senescence after cellular DNA damage (220,221). gqRT-PCR
revealed the upregulation of CDKN1A expression (2.5-fold) after 75nM of BPDE
exposure, but no difference in GADD45A levels (Figure 71).
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Figure 71: Exposure to BPDE upregulated the gene expression of CDKN7A in neuronal
cultures. Day 14 UJ neuronal cultures were treated with BPDE for 72h and had their RNA
extracted for qRT-PCR analysis for COKN1A and GADD45A. N=3, ***p<0.001. Error bar
depicts 95% confidence interval. Dashed line mark 1.5-fold.

Lastly, to investigate the p53-mediated bulky DNA repair response of neuronal cultures
after BPDE exposure., the gene expression of POLH, XPC and DDB2 was measured.
The TLS DNA polymerase POLH did not differ in expression after BPDE treatment,
while the NER components XPC and DDBZ2 were upregulated in a dose-dependent
manner, with the highest BPDE concentration inducing a 3-fold upregulation of XPC
and a 2.2-fold upregulation of DDB2 (Figure 72).
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Figure 72: BPDE upregulated the gene expression of XPC and DDB2 in a concetration-
dependent manner in neuronal cultures. Day 14 UJ neuronal cultures were treated with
BPDE for 72h and had their RNA extracted for gqRT-PCR analysis. The levels of POLH
remained stable after treatment, while XPC and DDB2 were upregulated in both tested
concentrations. N=3, ***p<0.001. Error bar depicts 95% confidence interval. Dashed line marks
1.5-fold.

3.9. Summary of results from BPDE exposure experiments
in hiPSCs and their differentiated progeny

Different cell types react differently to genotoxic exposure; therefore, this study
evaluated the effects of the genotoxin BPDE in hiPSCs and their differentiated progeny
of NPCs, HE cells and neurons. Additionally, the effects of BPDE on hiPSC and NPCs
with an NBN-impairment and how it differed from the effects on WT cells were also
assessed. Microarray analysis was conducted in NBS patient-derived and WT hiPSCs
exposed to BPDE. Those results, together with the available literature of the effects of
BPDE in other cell types, gave us a set of targets to investigate at the mRNA and
protein level. The results are summarized in Figure 73 and Figure 74.

103



Set of key genes investigated through qRT-PCR
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two crosses indicate over 1.5x -fold or over 2x -fold increase in expression compared to control,
respectively. The minus sign indicates a downregulation of at least less than 0.6x -fold. Blocked
cells indicates that the target was not investigated in that cell line.
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Set of proteins investigated through Western Blot
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Figure 74: Summary table of results from the set of proteins investigated after BPDE
exposure. Cells were exposed to BPDE in the concentrations of 25nM and 75nM for 24h or,
in the case of neuronal cultures, 72h. Then, their protein was extracted and used for western
blot. The table summarizes the results obtained from the investigation of proteins related to
the DNA damage response. Empty cells indicate no change in expression. One and two
crosses indicate over 150% or over 200% increase in protein expression compared to control,
respectively. Blocked cells indicates that the target was not investigated in that cell line.

An observation from the summary is that NBS8 cells, particularly NBS8 hiPSCs,
present a different DNA damage response upon BPDE exposure than their WT
counterparts. For example, NBS8 hiPSCs upregulate the mRNA expression of XPC
and |, genes involved in NER, while showing a lesser upregulation of targets involved
in the apoptotic response such as cleaved caspase 3. Secondly, the different cell types
have a differentiated response to BPDE exposure. hiPSCs have generally a more
robust DNA damage response, with the regulation of several targets related to cell
cycle checkpoint, apoptosis, and DNA damage repair. NPCs had a very moderate
response, as did HE cells. Neuronal cultures which were exposed to BPDE for 72h had
a focused response of NER, cell cycle regulators and intrinsic apoptosis markers which
more closely resembles that of a classic BPDE response observed in the literature in

other somatic cells.
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4. Discussion

4.1. Discussion of results from NBS2 line stabilization and
characterization

The reprogramming of fibroblasts of NBS patients into iPSCs suffers from many
hurdles due to the genomic instability of the fibroblasts and their tendency to enter
premature senescence in culture. Roughly only 1 in 10 attempts of reprogramming are
successful (167). The NBS2 line reprogramming was paused early in development due

to the difficulty in keeping the reprogrammed cells alive and in their iPSC state.

Cell culture passaging techniques can have a huge impact on culture quality,
particularly for pluripotent stem cells. An optimized passaging protocol can reduce
DNA damage and apoptosis, increasing cell survival and stability (222). We tried
different reagents for cell passaging, both enzyme-based (accutase and TrypLE) and
non-enzyme based (PBS and ReLeSR) (Figure 11). The enzyme-based methods were
associated with the use of Y-27632, an inhibitor of Rho kinase (ROCK) activity which
has been reported to enhance cell survival and colony formation of ESCs and iPSCs
(206,223). The best results were obtained with the use of ReLeSR, a reagent that
allows for cell passaging without the need for centrifugation or cell scraping, therefore
reducing the need for cell manipulation. Furthermore, it also selectively dissociates

iPSCs, helping to separate them from differentiated cells.

The subsequent immunocytochemistry characterization of NBS2 iPSCs confirmed the
presence of key pluripotency markers in most cells (Figure 12). However, the karyotype
of these cells revealed the presence of a partial trisomy on the long arm of
chromosome 1 (1q trisomy) (Figure 13). Patients with a partial 1q trisomy are rare and
often present dysmorphic features, severe psychomotor retardation, heart defects and
intellectual disability. It is suspected that this phenotype is partially caused by
dysregulated WTN signaling (224). While the karyotype of the parental fibroblast that
gave rise to the NBS2 line could not be obtained, the Institute for Medical Genetics -
Charité Berlin, did not report that the donor of the fibroblasts had the severe phenotype
associated with the mutation. This makes it likely that the mutation was acquired during
the reprograming process.
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Due to the severity of the phenotype associated with the mutation and our inability to
stabilize another, non-mutated clone, the NBS2 line was not characterized further, and

its development was discontinued.

4.2. Discussion of results from difficulties in the
neurodifferentiation of NBS-impaired iPSC lines

Among the clinical manifestations of NBS, progressive microcephaly is one of the most
striking (166) and studying its etiology has helped scientists to identify the roles of the

Nibrin protein in nervous system homeostasis and development.

Highly proliferative neuroprogenitors generate elevated levels of DNA damage and
thus, require a functional DNA damage repair machinery. Accumulation of DNA
damage due to defective repair can lead to ceased proliferation and apoptosis (225).
Our attempts to generate NPCs from an NBS patient-derived iPSC line reinforces that
notion. NBS8 NPCs suffered from excessive death and low proliferation rates (Figure
14A), consistent with findings that show that NBN has a prominent role in the
proliferation and homeostasis of neuroprogenitors (226,227). The expansion of NPCs
as 3D floating spheres has been reported to have increased efficiency (228) and in the
case of NBS8 NPCs, it was capable of partially overcoming the low expansion

efficiency of the 2D culture method (Figure 14B).

The further differentiation of NBS8 NPCs into 2D neuronal cultures was severely
impaired. iPSC-derived NPCs can be differentiated into cortical lineage neurons
through culturing with different neurotrophic factors, forming neuronal networks and
expressing characteristic markers like TUJ1 and MAP2 (66,229). During the
differentiation into neuronal cultures, WT cells showed progressive neuronal formation
and arborization, visible both in brightfield microscopy (Figure 15 A and B) and through
immunocytochemistry for TUJ1 and MAP2 (Figure 16 A and C). NBS8 cultures, on the
other hand, developed almost no visible arborization or network formation (Figure 15
C and D) and had very few TUJ1+ cells (Figure 16 B). The NBS8 culture had extensive
MAP2 staining, but the MAP2+ cells showed abnormal morphology and virtually no
neurite formation (Figure 16D). Several studies regarding NBN function in
neurodevelopment help explain this phenotype. Research done on iPSC models
derived from NBS patients reveals transcriptional dysregulation in NBS-NPCs when
compared to WT-NPCs, with the downregulation of dozens of genes related to neural

system development and neurogenesis (51). In that same vein, hiPSC-derived NBS
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cerebral organoids are smaller than their WT counterparts, suffering with disrupted
cyto-architecture and premature differentiation (170). Moreover, NBN is important
during neurodevelopment in both migrating and post-mitotic neurons in ways which are
independent to DNA damage repair. Nbn deletion compromises neurite arborization in
post-mitotic neurons and neuronal migration through the cortical layers during mice
development, due to a dysregulation of the Notch signaling pathway (230). The
evidence suggests that NBS8 NPCs in culture have difficulty generating viable and
morphologically typical neurons due to a combination of transcriptional dysregulation

of neurogenesis and aberrant Notch activity.

4.3. Discussion of results from effects of BPDE on the
viability of cerebral organoids derived from WT- and NBS8
iPSCs

hiPCS have enormous potential when it comes to disease modelling. While some
hurdles still haven’t been surpassed, such as differentiation bias due to poor epigenetic
reprogramming and the difficulties in modelling mature, adult-like cells (16,20), the
advantages are undeniable, particularly the generation of cells with the genetic

background of specific diseases (14).

Our lab has previously generated cerebral organoids from iPSCs derived from NBS
patients, which recapitulated certain aspects of the disease (170). We attempted to
investigate the effects of BPDE in the same model. At day 20, our cerebral organoids
showed neural rosettes composed of neuroprogenitors and the formation of a cortical
plate of neurons. We identified that the NBS8 organoids were smaller than their WT
counterparts by about 25%, a phenomenon observed before in NBS-derived iPSC

cerebral organoids (Martins et al., 2022).

Since there are no experiments in the literature using BPDE on 3D in vitro cultures, the
doses used on the cell viability assay were based on data from 2D cultures of somatic
cells (213). NBS8 organoids showed 25% loss of viability after 72h of exposure to the
highest dose of 100uM of BPDE and on brightfield microscope the outer cell layer of
the NBS8 organoids was surrounded by debris. WT organoids, on the other hand,
suffered no detectable loss of viability in any of the concentrations. Since the NBS8
organoids were 25% smaller than the WT ones, there was a concern that any
differential effects that could be observed from BPDE treatment were due mostly to

their difference in size and the possibility that BPDE could diffuse better through the
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smaller organoids. It is a known problem that cerebral organoids often suffer from poor
diffusion, which can lead to necrotic cores due to oxygen and nutrients not being able
to reach the inner organoid (231). In a living organism, B[a]p and its metabolites can
travel through the circulatory system to reach cells in the whole body (127-129), but
our organoids lack vascularization. These factors led our cerebral organoid model to

be deemed not suitable for investigating the effects of BPDE exposure.

4.4. Discussion of results from basal expression of genes
related to the genotoxic exposure response in healthy and
NBS-patient derived hiPSC, and human fibroblasts

Cells which suffer from NBN-impairment, such as those derived from NBS patients,
have a disturbed response to genotoxic exposure, with a delayed CHEK2- and p53-
mediated DNA damage response (169,232). Moreover, in control conditions, these
cells have been reported to have downregulated transcription pathways related to cell
cycle, mitosis and apoptosis inducing genes, while having upregulation of pathways

related to mitosis- and apoptosis-inhibiting genes (51,167).

Using a focused qRT-PCR array, we investigated the gene expression levels in NBS8
hiPSCs of 76 genes involved in different aspects of the response to genotoxic agents
and compared them to WT hiPSCs. In general, the expression of these markers
remained similar between the mutated and WT lines, with only 8 genes identified as
differentially regulated genes (Figure 19). 2 of the 4 downregulated genes in NBS8
hiPSCs, CALCR, and DDIT3, are known positive regulators of apoptosis (209,210),
agreeing with previous results that suggest NBS hiPSCs have deficient pro-apoptotic
signalling (51), but FAS, a death receptor which plays an important role in extrinsic
apoptosis (233), was upregulated, although it is worth noting that non-apoptotic
functions of this protein have recently been described in stem cells (234,235)
(Solodeev et al., 2018; Rippo et al., 2013). GADD45A, which was also downregulated,
is a protein with diverse functions. It has been implicated as enhancing the
reprograming efficiency of somatic cells into iPSCs (236). Upon genotoxic stress, it
assumes multiple roles related to cell cycle arrest, DNA repair and apoptosis (237,238).
The last downregulated gene, ABCGZ2, is a xenobiotic transporter and key player in the
resistance to genotoxic compounds in many cancer cell types (239), which could play

a role in exacerbating NBS8 cells deficient genotoxic exposure response. However,
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HSP1B and XRCC4, both involved in DSBR, were upregulated, which may hint at a
compensatory mechanism against NBS hiPSCs deficient DSBR (51).

The DNA damage response (DDR) machinery is of extreme importance in stem cells
as it allows for highly proliferative progenitors to maintain their genomic integrity during
endogenous and exogenous DNA damaging episodes (240). Pluripotent stem cells in
particular have shown to have higher base levels of gene expression of DDR genes,
particularly those involved in DSBR, than terminally differentiated and even progenitor

cells such as bone marrow stromal cells, osteoclasts and fibroblasts (241-243).

To further our understanding of the differences in the DDR between hiPSCs and
differentiated cells, the focused array was also performed with normal human dermal
fibroblasts (NHDF), and the results were compared to the two hiPSC lines (Figure 20).
28 genes were found to be differentially regulated. CDKN1A is a cell cycle regulator
that negatively regulates the transition to the G1 and S phases. The highly proliferative
state of pluripotent stem cells is maintained partially through CDKN1A repression
(244), and accordingly, the two hiPSC lines had much lower expression of this gene.
Conversely, they also had a much higher expression of CDC25A, a key positive
regulator of cyclin-dependent kinases and promoter of all active phases of the cell cycle
(245) (Shen and Huang, 2012). This suggests that the proliferation difficulties of NBS-
hiPSCs are not directly related to CDKN1A or CDC25A transcriptional dysregulation.
Interestingly, the levels of TP73, but not its homolog, TP53 (Supplementary Figure 2),
were also upregulated in hiPSCs. P53 overexpression is well-known for inducing
differentiation of pluripotent stem cells (246), but the role of p73 in these cells is poorly
understood, although previous research has shown that overexpression of p73 can
enhance hiPSC generation and that cells generated in this way are resistant to
differentiation (247).

The 25 other genes which were found to be upregulated in hiPSCs are all implicated
in DNA damage repair, more specifically in DSBR, BER, MMR, NER and TLS. 11 of
them are involved in DSBR, a pathway known to be particularly effective in stem cells
(248). 5 components of the BER pathway were also upregulated, as well as two
components of the MMR pathway and 4 genes related to the response to bulky DNA
adducts. These results corroborate with hESC and hiPSC data found in the literature

(241-243) and indicate that our hiPSCs, regardless of the presence or absence of an

110



NBS mutation, possess a more robust DNA damage response in several pathways
than NHDF.

4.5. Discussion of results from effects of BPDE exposure on
healthy and NBS-patient derived hiPSCs

B[a]p is an important environmental contaminant. Its most carcinogenic metabolite,
BPDE, has been reported as forming DNA-adducts in human eggs and sperm, and
those adducts can be paternally transmitted to the embryo (116—118). Moreover, B[a]p
can be carried through the maternal circulatory system to reach the developing
embryo, which are themselves metabolically capable (110,111). Despite that, the
potential harmful effects of BPDE exposure on stem cells, and particularly ESCs, are
poorly understood. In this study we sought to clarify the effects of BPDE exposure on
ESCs by utilizing a hiPSC model. Furthermore, we also investigated BPDE effects on
hiPSCs derived from NBS patients, which are deficient in DNA damage repair.

To assess the kinetics of BPDE-DNA adducts formation and repair, a southern blot
using an anti-BPDE-DNA adduct antibody was performed (Figure 21) according to a
previously described protocol (213). It was unsuccessful, however, showing staining at
control conditions and no difference in band intensity after BPDE treatment. Extensive
testing of the antibody in different staining conditions was carried out but the issue
persisted (Figure 22). Since BPDE treatment elicited a response at the mRNA and
protein level consistent with DNA damage response and repair of bulky adducts in
different cell types (as shown in the subsequent results), it was concluded that the

antibody is binding non-specifically to DNA.

BPDE stimulates the transcription of DDR genes and evokes the DNA damage repair
machinery in exposed somatic cells, particularly of processes related to cell cycle
regulation, inflammation, NER , cancer onset and apoptosis. To elucidate the effects
of BPDE on hiPSCs at the transcriptional level, we performed for the first time a whole-
genome transcriptomic analysis of hiPSCs, both WT (UJ and iPSC-12) and NBS
patient-derived (NBS8), exposed to BPDE. The bioinformatics analysis of the resulting
dataset revealed GOs and KEGG pathways which were regulated after BPDE

treatment in hiPSCs, but also differentially regulated between WT and mutant cells.

The GO analysis of genes which were upregulated after BPDE exposure on hiPSCs

revealed several upregulated clusters regarding both positive and negative regulation
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of apoptosis (Figure 25). Curiously, while reports of BPDE exposure on somatic cells
reported the upregulation of the intrinsic apoptotic pathway, and genes such as BAX
and BBC3 (249-251), hiPSCs showed a distinct upregulation of the extrinsic apoptotic
pathway, confirmed through qRT-PCR (Figure 26 A, B and C). Closer examination of
the cell death response, however, revealed some interesting differences between the
WT and mutant lines. Upon BPDE exposure, the ic50 of NBS8 hiPSCs was double that
of the WT lines (Figure 24). It was also observed that, although the gene expression
of TNFRSF10A was upregulated in all three cell lines, the expression of the
executioner caspase CASP3 was only upregulated in WT cells, and the same was
observed in the protein expression of cleaved caspase 3, the active form of the
caspase 3 protein (Figure 26). NBN-impaired cells have been reported as having
deficient cell cycle and apoptosis regulation (51,167) (Halevy et al., 2016; Mlody et al.,
2017), which translates into a delayed genotoxic exposure response, with suboptimal
cell cycle arrest that leads to deficient apoptotic response and continued proliferation
after DNA damage (51,169,232) and the results seen here seem in agreement with a

disturbed apoptotic response in the NBS8 hiPSCs.

Although the occurrence of unresolved DNA damage is detrimental to all cells, it is
particularly catastrophic in stem cells, since it can result in the stabilization and fast
propagation of mutants and lead to malignancies (240). As was already mentioned,
pluripotent stem cells have highly efficient DNA repair systems, but in case of failure
to repair DNA lesions they will either rapidly undergo apoptosis (252) or suffer a p53-
mediated loss of pluripotency by repressing the transcription factors OCT4 and

NANOG, as well activating genes associated with differentiation (253,254).

Interestingly, our results show that 24h of BPDE exposure on hiPSCs did not influence
the gene expression of OCT4 and NANOG, or that of targets associated with triggering
differentiation such as BMP4 or GREM1 (Figure 27 A and B). The nuclear expression
of OCT4 also remained stable (Figure 27C). This suggests that our cells retained their
pluripotency for at least 24h after BPDE exposure. Momcilovic et al. observed similar
results in hiPSCs exposed to y-irradiation, indicating that this is not an occurrence

restricted only to BPDE as a genotoxic agent (242).

BPDE treatment has been documented to induce cell cycle arrest, although the exact
nature of the arrest seems dependent on the treatment dose, the cell type, and the

phase in the cell cycle that the cells were in at the start of treatment (213,255,256).
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The GOs of hiPSC exposed to BPDE revealed an upregulated cluster related to DNA
damage-induced cell cycle arrest, where CDKN1A, MUC1, PRAP1 and PLK2 were
present (Figure 28). Further analysis was conducted and showed that CDKN1A and
MUC1, a p53-associated cell cycle regulator (257), were differentially regulated in the
WT and mutant lines after BPDE exposure (Figure 29), lending support to the reports
of perturbed cell cycle arrested signalling after genotoxic exposure in NBN-impaired
cells (51,169,232). GADD45A, on the other hand, was upregulated in all cell lines after
treatment. GADD45A is known to stimulate cell cycle arrest upon genotoxic exposure
(258,259) and it is also a documented component of the NER pathway and important
for the repair of bulky DNA adducts (260-262). But, despite BPDE exposure inducing
the upregulation of cell cycle arrest-related genes, Ki67 stainings (Figure 30), EdU
incorporation assays (Figure 31) and cell cycle analysis via flow cytometry for PI
(Figure 32) all indicated that hiPSCs had no change in the number of cells in S-phase
and no change in their cell cycle distribution. This could be related to the timepoint of
the analysis, since it has been shown that hiPSCs exposed to y-irradiation show cell
cycle arrest at the G2/M phase in the first 9h after exposure, but after 24h their cell

cycle distribution returns to the same pattern as non-irradiated controls (242).

Different cell types exposed to BPDE present a p53-mediated DNA damage response,
with the upregulation of p53 and several of its upstream and downstream effectors.
Among them are included the NER components DDB2 and XPC
(213,249,251,263,264); the TLS polymerase POLH (213,264); mouse double minute
2 (MDM2), a p53 regulator (249,250,265); and transcription factor JUN (cJUN), a
member of the activator protein 1 (AP-1) family of transcription factors (249,250,265).

Bioinformatic analysis of hiPSC exposed to BPDE revealed upregulated clusters
related to the p53 signalling pathway (Figure 33) and investigation of the gene and
protein expression of p53, MDM2 and cJUN, as well as ser 73 phospho-cJUN, revealed
a general pattern of upregulation of these targets in WT hiPSC and little or no

regulation in NBS8 cells (Figure 34, Figure 35, Figure 36, Figure 37).

TP53 gene expression was downregulated and p53 expression was increased in WT
hiPSCs after BPDE exposure, while NBS8 hiPSCs showed no p53 regulation (Figure
30). To better understand the lower levels of p53 protein in NBS8 cells we measured
the mRNA and protein levels of MDMZ2, a p53-inducible protein that acts as a

downregulator of p53, targeting it for degradation, and acting as an inhibitor of p53
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transcriptional activities (181,266). MDM2 was significantly increased in WT hiPSCs
but not in NBS8 hiPSC, however, so it is unlikely that the low levels of p53 in NBS8
hiPSC are caused by MDM2-mediated degradation.

cJUN has a variety of roles during the DNA damage response. It can exert a protective
effect, functionally interacting with p53 to enhance DNA repair (267), repressing p53
and p21 mRNA expression to allow for cell cycle progression and proliferation (268)
and it plays a role in genotoxic resistance and activation of DNA damage repair (269—
271). It is interesting to note that the phosphorylation of cJUN at ser-63/73 by c-Jun N-
terminal kinases (JNKs) seems to be essential for its protective role against DNA-
damaging agents (270,271). However, cJUN has also been linked to cellular stress-
induced apoptosis, which seems to occur through the sustained upregulation of cJUN
levels and, at least in some cell types, enhanced extrinsic apoptotic signalling
(272,273). The upregulation of cJUN and ser-73 p-cJUN in BPDE treated WT hiPSCs
could help explain the downregulation of TP53 and the low or no upregulation of
CDKN1A mRNA levels seen in these cells and hint at a protective effect being elicited,
however, a possible apoptotic effect through the extrinsic apoptotic pathway cannot be
discarded. Lastly, cJUN activation may play a role in the maintenance of the pluripotent
state after genotoxic exposure, since it has been linked to inhibiting the exit of the
pluripotent state in ESCs (274).

In hESCs, DNA damage induces the activation of the ATR/CHEK1 and ATM/CHEK2
response pathways, which leads to phosphorylation of CDC25A by CHEK1 and
CHEKZ2, promoting cell cycle arrest. Remarkably, this arrest seems to be largely p21-
independent, since although there is a p53-mediated upregulation of CDKN1A
transcription after damage, there is no p21 accumulation in the hESCs (275). We see
that ATM, ATR, CHEK1 and CHEK?Z transcription remained largely unchanged after
BPDE exposure in hiPSCs, except for a sharp upregulation of ATR in NBS8 hiPSCs
(Figure 38). It has been shown that cells which are deficient in p53 elicit an ATR-
dependent checkpoint signalling that enhances cell survival (276). Considering the
known difficulties with the p53-mediated damage response faced by NBN-impaired
cells (169,170,232), the increase in ATR could be due to a compensatory DDR
mechanism. ATR is known to phosphorylate H2AX following replicative stress (277),
therefore we also investigated the protein levels of y-H2AX, often used as a marker for
DNA double-strand breaks (Figure 39). However, the levels of y-H2AX were higher after

BPDE treatment in WT hiPSC than in NBS8 hiPSCs, and furthermore, correlated
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closely with the expression levels of cleaved caspase 3, making it more likely that y-

H2AX increase observed here is linked to its role in the apoptotic process (278).

We also investigated the gene expression of targets downstream of the p53 pathway
which are involved in the repair and bypass of bulky DNA adducts, XPC, DDB2 and
POLH. The increase of XPC, DDB2 and POLH after BPDE exposure has been
identified in vitro in a variety of cell types (213,249,251,263,264), and it is also present
in the mouth buccal cells of humans 24h after cigarette consumption (213), indicating
it to be an important part of the response to BPDE in somatic cells. Interestingly, both
XPC and DDB2, DNA damage sensors and key components of the NER pathway
(279), were only significantly upregulated after BPDE treatment in NBS8 hiPSCs, but
not in WT hiPSCs. POLH expression, however, was upregulated in all three hiPSC
lines. POLH is a TLS DNA polymerase, and it is involved in the error-prone bypass of
BPDE-adducts by inserting an adenine molecule opposite to the dG-N?-BPDE adduct
(280,281). Induction of POLH by BPDE has been implicated in enhanced cell survival,
but at the expense of a higher number of genomic mutations (213,249), and it could
be a worrying adaptative response in hiPSCs. Besides indirectly enhancing the
mutation frequency in exposed cells, BPDE has also been described as an activator of
cancer-related transcription networks (250). In control conditions, NBS8 hiPSCs have
enhanced cancer-related transcription when compared to WT hiPSCs (Figure 41),
something which has been previously noted (167). Interestingly, BPDE exposure
further exacerbated this cancerous profile in NBS8 hiPSC while the effects on WT
hiPSC weren’t nearly as drastic (Figure 42). No GO or KEGG pathway associated with
cancer occur in BPDE treated WT hiPSCs, but it enhances several in NBS8 hiPSCs
that are associated with metastasis, angiogenesis and poor cancer prognosis, such as
ERK1/2 and MAPK signalling (282), the CXCL12-activated CXCR4 signalling pathway
(216), vascular endothelial growth factor production (218) and RAP1 signalling (283).

Another effect of BPDE exposure which was exclusive to NBS8 hiPSCs was the
downregulation of 28 genes which are involved with DNA damage repair, among them
7 genes directly involved with DSBR (Figure 43, Figure 44). Repression of DNA repair
components by BPDE has been described before in somatic cells (264,284 ) and it has
been linked to the p21/DREAM/ E2F Transcription Factor 1 (E2F1) pathway, in which
p21 overexpression leads to activation of the DREAM complex and E2F1 abrogation,
resulting in transcriptional repression of several DNA repair pathways (264). While the

mechanisms of DNA repair repression in NBS8 hiPSCs were not investigated, it is
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worth noting that CDKN1A (p21) gene expression was upregulated almost twice as
much in NBS8 hiPSCs than in iPSC-12 hiPSCs, and not at all in UJ hiPSCs (Figure 29),
which may provide a link to the differences in DNA repair genes expression between
WT and NBS8-hiPSCs. Regardless, this DNA repair repression may be particularly
detrimental to NBS-hiPSCs since they are already deficient in DNA damage repair,
and this could contribute to an even greater mutational load and formation of

malignancies.

Overall, hiPSCs show a p53-mediated response to BPDE exposure. However, NBS8
hiPSCs have a lessened response compared to WT hiPSCs, with less apoptosis and
no p53, cJUN or MDM2 increase. Furthermore, NBS8 hiPSCs suffer from repression
of DNA damage response transcription and enhanced transcription of cancer-related

pathways after BPDE treatment.

4.6. Discussion of results from effects of BPDE exposure on
NPCs derived from healthy and NBS-patient derived hiPSCs

Since PSCs and their differentiated progeny react differently to genotoxic insults
(241,243), we differentiated WT and NBS patient-derived hiPSC into NPCs and
exposed them to 25nM and 75nM of BPDE for 24h, the same conditions used on the
hiPSCs. From the findings obtained in the investigation of the effects of BPDE
exposure in hiPSCs, we acquired a set of DNA damage response targets which were
also investigated on the hiPSC-derived NPCs.

Our hiPSC-derived NPC cultures had predominant mRNA and/or protein expression
of key NPC markers, such as SOX2, SOX1, PAX6, and Nestin, as well as the
proliferation marker Ki67, while only sporadically developing TUJ1+ neurons (Figure
45, Figure 46). This indicated that the differentiation was successful and that the
cultures were stably maintaining proliferating NPCs. Reportedly, stem cells have varied
mechanisms to prevent and repair DNA damage and when that fails, resulting in the
accumulation of genomic mutations, to induce cell senescence, terminal differentiation
and/or apoptosis (285—-288). Neural stem cells are no exception and have been shown
to lose stem cell markers and suffer cell cycle arrest and terminal differentiation
following ionizing radiation-induced DNA damage (289,290) and excessive DNA
damage to NPCs has been linked to premature neuronal differentiation during
embryonic development (291). We investigated the effects of BPDE exposure on the

expression of key NPC markers and concluded that there were no significant
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differences between control and treated conditions, including in the number of
proliferating NPCs as measured by Ki67 staining (Figure 47; Figure 48). It is possible
that the timepoint of 24h, associated with the low doses of BPDE, were not enough to
induce the loss of progenitor markers. In the literature, NPCs subjected to ionizing
radiation suffered marked cell death and loss of Ki67 staining in the first 24h, while the

loss of stem markers was only prominent starting at 48h post exposure (289,290).

Investigation into the gene expression of apoptotic markers, both of the extrinsic and
intrinsic apoptosis pathways, and of Caspase 3 and cleaved caspase 3 protein
expression, revealed that NPCs had a weaker apoptotic response to BPDE exposure
than their hiPSC progenitors (Figure 49; Figure 50). The analysis of several DDR
markers that were modulated after BPDE exposure in hiPSCs followed a similar trend.
The mRNA expression of ATM, ATR, CHEK2, CHEK1, TP53, MDM2, cJUN, POLH,
XPC and CDKN1A was unchanged in NPCs after BPDE treatment, while GADD45A
was slightly upregulated in iPSC-12 NPCs and DDB2 was slightly upregulated in NBS8
NPCs. The protein expression of cJUN was stable in all NPC lines after BPDE
exposure, while p53 was increased in iPSC-12 NPCs only and MDM2 was only
increased in the WT NPCs. This is in line with previous observations in the literature
which describes that PSCs have less resistance to several types of genotoxic-induced
apoptosis than differentiated cells, while also having a stronger DDR in reaction to the
same amount of genotoxic exposure (241,243,292), but it is the first time that the same
effect has been demonstrated in relation to BPDE exposure. Lastly, measurements of
y-H2AX through western blot showed that it was not upregulated in reaction to BPDE
exposure in NPCs (Figure 55), unlike their hiPSC counterparts (Figure 39). However,
the levels of endogenous y-H2AX in NBS8 NPCs in control conditions were more than
six times higher than in the WT NPCs, something which was not observed between
WT hiPSCs and NBS8 hiPSC. It has been previously reported that WT and NBS
patient-derived hiPSCs have the same number of y-H2AX foci in control conditions as
detected through immunocytochemistry (51) but in cerebral organoids derived from
NBS-hiPSCs, there is an increased number of y-H2AX foci in the NPCs when
compared to WT organoids (170). Double-strand breaks are abundant in developing
NPCs and seem to play a role in neural function and neuronal formation (293) and it is
possible that the deficient repair in NBS NPCs may result in the accumulation of

endogenous double-strand breaks.
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In summary, NPCs maintained their stem cell characteristics after BPDE exposure and
had a weaker DNA damage response than their parental hiPSCs. The notable
exception was MDM2 protein expression, which was increased in WT cells in both
hiPSCs and NPCs after treatment, but not on NBS8 hiPSCs and NPCs.

4.7. Discussion of results from effects of BPDE exposure on
HE cells derived from healthy hiPSCs

Once we had investigated the effects of BPDE in NPCs, which are progenitor cells of
ectodermic origin, we then wished to compare the effects of this genotoxin in progenitor
cells of endodermic origin. Therefore, we differentiated hiPSCs derived from healthy
donors (UJ and iPSC-12) into hepatic endoderm (HE) cells, liver progenitors which can
differentiate into different liver cell types such as cholangiocytes and hepatocytes
(294), then exposed them to 25nM an 75nM of BPDE for 24h.

Our hiPSC-derived HE cells no longer expressed the pluripotency gene OCT4 (Figure
56A), while expressing AFP (Figure 56C), which is produced mostly produced in the
fetal liver during development (295), at levels comparable to the fetal liver. hiPSC-HE
cells also expressed HNF4a (Figure 56B), a transcriptional regulator essential for liver
development and function (296), while only expressing modest levels of ALB (Figure
56B), whose production is almost exclusive to hepatocytes (297).
Immunocytochemistry confirmed the protein expression of AFP and HNF4a (Figure
56). Lastly, hiPSC-HEs expressed both KRT18 and KRT19 (Figure 57), which are
associated with hepatocytes and cholangiocytes, respectively (298). These results
indicate the successful differentiation of hiPSCs into HE cells, with characteristics

similar to that of progenitors in the developing liver.

Interestingly, BPDE exposure downregulated HNF4a mRNA expression, but only on
the lowest concentration (Figure 58D), and no difference was observed on HNF4a
nuclear staining after treatment (Figure 58 E and F). Loss of HNF4a in hepatocytes
has been previously linked to induce dedifferentiation and formation of hepatocellular
carcinoma (299,300). B[a]p exposure in HepaRG and HepG2 cells, both human
hepatic in vitro lines, has been shown to downregulate HNF4a mRNA expression
(301,302), but no information related to exposure in liver progenitors is available, and

neither is any information related to direct BPDE exposure.
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Accumulation of DNA damage in hepatic progenitors has been associated with the
activation of cellular senescence and to negatively interfere with their proliferation and
differentiation (303,304). BPDE exposed HE cells, showed a downregulation of the
MRNA levels of KRT19, a hepatic progenitor and cholangiocyte marker, after BPDE
treatment. Low KRT19 levels have been suggested to interfere with the cholangiocyte
differentiation process of liver progenitor cells (305). Of note, CHEK2 gene expression
was upregulated in both cell lines and in both tested concentrations. Upon the induction
of genotoxic stress, CHEK2 acts by inducing cell cycle arrest, stimulating the initiation
of DNA repair, and inducing senescence and apoptosis (306,307). Interestingly, while
exposure to other DNA damaging agents such as 1,2-Dimethylhydrazine and ionizing
radiation in somatic cells has been described as increasing CHEK2 expression
(308,309), such effect has never described after BPDE exposure. Overall, BPDE
exposure elicited a less robust DNA repair response in HE cells than what was seen
in hiPSCs, with the notable exception of CHEK2 gene upregulation, while also inducing
KRT19 and HNF4a downregulation. While that could point to BPDE interfering with the
HE cells status as progenitors and their differentiation capacity (303,304), more

investigation is needed to elucidate these findings.

4.8. Discussion of results from effects of BPDE exposure on
neuronal cultures derived from healthy hiPSCs

Once we had investigated the effects of BPDE exposure on pluripotent stem cells, as
well as their derived progenitors NPCs and HE cells, we wished to evaluate these
effects on non-progenitor cells. For that end, we differentiated UJ hiPSCs into neuronal
cultures composed of MAP2+ and TUJ1+ networks of neurons (Figure 66), then
exposed them to 25nM and 75nM BPDE for 72h.

Since B[a]p is highly lipophilic, it can easily cross the blood-brain barrier and the
placenta, and several studies point to the nervous system being the target of
deleterious B[a]p-induced effects, both during neurodevelopment and after
(119,121,125,127,128). BPDE-DNA adducts can be found in the brain of rabbits, rat
and mice after B[a]p exposure (127,129,310) and it is likely that B[a]p metabolites can
reach the brain through the circulatory system, as well as the brain itself being capable
of metabolizing B[a]p (128). Despite that, the possible effects of BPDE exposure on
CNS cells have been poorly investigated. Here we have, for the first time, studied this

genotoxin in the context of human neuronal exposure.
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BPDE elicited an apoptotic response in these cultures, more specifically upregulating
genes related to the intrinsic apoptotic pathway such as BAX and BBCS3, but not
TNFRSF10A or CASP3 (Figure 67). Moreover, cleaved caspase 3 expression was also
upregulated (Figure 68). Induction of apoptosis through the BBC3/BAX/caspase
cascade pathway is a well-documented characteristic of BPDE exposure in somatic
cells (249-251). Interestingly, human neuroblastoma cell lines exposed to BPDE only
show apoptotic signaling in doses 6 times higher than the highest dose used in our
work (134), suggesting that actual human neurons may be more sensitive to BPDE

exposure than previously thought.

Next, we wished to assess the p53-mediated response to BPDE exposure. We saw
that p53 itself was not upregulated either at the mRNA or protein levels, but that the
p53 regulator MDM2 was (Figure 69). It’s interesting to note that increased expression
of MDM2 in the brain has been correlated to enhanced neuronal survival following a
variety of insults, including DNA damaging events, and the mechanism is linked to
MDM2-targeted p53 degradation (311-314). Further investigation of upstream
components of the p53-mediated DNA damage response cascade revealed the
upregulation of CHEK2 mRNA, while downstream in the cascade CDNK71A was also
upregulated (Figure 70 and Figure 71). Interestingly, DNA damage in post-mitotic
neurons has been reported to induce p21-dependent senescence, a cell stress
response characterized by apoptosis resistance and the secretion of pro-inflammatory
markers, and that is associated with neurodegenerative diseases like Alzheimer’'s and
ALS (315,316). Additionally, the overexpression of CHEK2 in somatic cells triggers a
seemingly p53 independent but p21 dependent senescence phenotype (220). BPDE
has been reported as inducing senescence in different proliferating somatic cells
(264,317,318) and these results warrant a further look into the possible induction of

senescence in post-mitotic neuronal cells by BPDE.

Lastly, we also investigated the mRNA expression of XPC and DDB2, components of
NER, and POLH, part of the TLS pathway (Figure 72). As mentioned previously, these
three targets have been shown to be activated by BPDE exposure in different somatic
cell types in vitro and in vivo, and seem to be an integral part of the BPDE exposure
response in these cells (213,249,251,264). XPC and DDBZ2 were upregulated after
BPDE treatment in a dose-dependent manner, which agrees with what is observed in
the literature in somatic cells, who show a sustained upregulation of XPC and DDB2

for up to 96h after BPDE exposure (213). POLH was not upregulated.in our neuronal
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cells after BPDE treatment, however, it's important to note that TLS is a form of
replication-dependent repair, which naturally precludes it from being used by the post-
mitotic neurons, where forms of replication-independent repair like NER, BER and
DNA single-strand break repair are predominant (319). Since POLH-mediated TLS has
been implicated in enhancing the survival of somatic cells after BPDE exposure (213),

the lack of this pathway in neurons could have detrimental effects on their survival.

In summary, BPDE exposure in neurons elicited an intrinsic apoptotic response, as
well as the upregulation of NER and cell cycle arrest/senescence markers, but not of
TLS.

4.9. Concluding remarks

To the best of our knowledge, this is the first time the effects of BPDE exposure on
hPSCs have been investigated, and it's also the first time these effects have been
compared in human cell types of increasing maturation and originating from different
different embryonic layers: PSCs (hiPSCs), ectodermic progenitors (NPCs),
endodermic progenitors (HE cells) and post-mitotic, somatic cells (neurons).
Additionally, we also assessed the effects of BPDE on hiPSC and NPCs with an NBS

mutation, and how it differed from the effects on WT cells.

We saw that hiPSC and NPCs harbouring an NBS mutation reacted differently to BPDE
treatment than WT cells, showing less apoptotic response, no p53 or MDM2 increase
and particularly in the case of NBS-hiPSCs, increased transcription of cancer-related

targets and the repression of DNA-repair pathways transcription.

We also saw that different cell types react differently to BPDE exposure. hiPSCs had
a robust response compared to NPCs and HE cells, enhancing the mRNA and/or
protein expression of several targets related to DNA damage response, apoptosis and
cell cycle checkpoints. The neuronal cultures were exposed to BPDE for a longer
period of time than the stem cells so a direct comparison between them must be done
carefully, but their DNA damage response was more similar to that observed in other
somatic cells in the literature, with enhanced expression of NER, intrinsic apoptosis

and cell cycle regulator markers.

This work is only the beginning and further research is needed to confirm some of our
observations and elucidate the mechanisms behind them. One key point is that, while
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we observed in our cells a DNA damage repair response consistent with that elicited
by BPDE-DNA adduct formation, we were unable to confirm the presence of BPDE-
DNA adducts through Southern blot, which will need to be addressed in the future with
other identification methods. Other highlights worth of more investigation are the hints
pointing to potential senescence in neuronal cultures exposed to BPDE and the
mechanisms behind the drastic differences between the response of WT and NBS-

mutated cells to BPDE exposure.

Overall, the data here presented emphasises the differences in the DNA damage
response between pluripotent stem cells, progenitor cells and somatic cells and
highlights the necessity for further investigation of the effects of BPDE on the
embryonic development stage, while also exploring the differential DNA damage

response to BPDE mounted by healthy cells and those with an NBS mutation.
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genotoxic exposure response in hiPSCs and NHDF Fold change of NBS8 and iPSC-12
hiPSCs is shown, NHDF were used as control. Mean of 3 technical triplicates, +/- standard

Supplementary Figure 2: Comparative gene expression of 76 genes involved in
deviation of the mean.
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Supplementary Figure 4: BPDE treatment enhances cancer-related GO clusters in NBS8 ihPSCs. Cancer-related clusters are highlighted
in purple. (A) GO from 448 genes exclusively regulated in WT hiPSCs after BPDE treatment. (B) GO from 441 genes exclusively regulated in

NBS8 hiPSCs after BPDE treatment.
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Supplementary Figure 5: BPDE treatment enhances cancer-related KEGG pathways in NBS8 ihPSCs. Cancer-related clusters are
highlighted in purple. (A) KEGG pathways from 448 genes exclusively regulated in WT hiPSCs after BPDE treatment. (B) KEGG pathways from
441 genes exclusively regulated in NBS8 hiPSCs after BPDE treatment.
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A WT_ctrl vs WT_BPDE.metascape (327 downregulated genes)
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Supplementary Figure 6: Exposure to BPDE downregulates DNA damage response genes in NBS8. (A) Metascape analysis from 327
genes downregulated in WT hiPSCs after BPDE treatment. (B) Metascape analysis from 335 genes downregulated in NBS8 hiPSCs after BPDE
treatment. Cluster “regulation of response to DNA damage stimulus” is highlighted in green.
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Supplementary Figure 7: Percentage of positive cells stained with key NPC markers in
immunocytochemistry. DAPI stained nuclei was used as control. N=7, +/- standard deviation
is shown. (A) SOX2, (B) Nestin, (C) Ki67 and (D) SOX1.
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Supplementary Figure 8: Immunocytochemistry of NPCs after BPDE treatment stained
for SOX2 and Ki67. Percentage of positive cells is shown. Total cell numbers were calculated
by DAPI stained nuclei. N=3, +/- standard deviation. Scale bar 50um.

152



-
[
- .
o =F ;
DNA NESTIN "
s c
Ig 2
~ S
wv
=
[ =
[Tp]
~
Nestint NPCs
150
| 0
7 72 . ;
5 |2l e
v |5 \HaE e o
& = |70 9949 97
% = CTRL 25nM 75nM
[Tp] N BPDE concentration (nM)
~N 2
B
~ uJ
= IPSC-12
[ =
M B3 NBS8
-l
o
-
(&
2
s a
L% m
& z
O
7))
b=
c
(V]
M~

Supplementary Figure 9: Immunocytochemistry of NPCs after BPDE treatment stained
for nestin and tuj1. Percentage of positive cells is shown. Total cell numbers were calculated
by DAPI stained nuclei. N=3, +/- standard deviation. Scale bar 50um.
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Supplementary Figure 10: Imnmunocytochemistry of NPCs after BPDE treatment stained
for SOX1. Percentage of positive cells is shown. Total cell numbers were calculated by DAPI

stained nuclei. N=3, +/- standard deviation. Scale bar 50um.
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