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Abstract

The determination of genotoxicity is an important element in the safety assessment of
various substances, with the purpose of preventing a number of chemicals from affecting
human health. Genotoxicity testing is required for all classes of chemicals, drugs and
biological agents, which can lead to a wide range of diseases, cancer included. In the last
decades, there has been an ongoing shift towards developing new effective testing methods,
since a single test is not sufficient for the detection of all relevant genotoxic aspects;
consequently, a variety of complementary testing techniques and methodologies have to be
used. In addition, increasing emphasis is given to alternative in vitro models, which focus
on the genotoxic effects of chemicals and environmental contaminants, thereby
contributing to the reduction of animals used in preclinical testing.

In toxicology, hepatocellular two-dimensional (2D) cell models are being conventionally
used for determining the damaging effects of chemicals in wvitro. Nevertheless, there is a
demand for new approaches as currently existing models often yield misleading results
because they lack expressions of important metabolic enzymes. In this respect, newly
developed in vitro three-dimensional (3D) cell-based models are gaining importance as they
more realistically imitate the in wvivo cell behavior. In the in vitro conditions 3D models
give more accurate results compared to 2D cultures; as such, they offer an attractive
alternative to animal testing. Even though 3D cell models are better than 2D cell models,
they lack standardization, in particular in terms of cultivation protocols and adequate
characterization, which prevent their general use in the field of genotoxcicity.

This thesis aims to validate and optimize an approach for testing the genotoxic activity

of chemicals on a hepatocellular in vitro 3D cell model (spheroid) developed from a human
hepatocellular carcinoma (HepG2 and HepG2/C3A) cell line by the forced floating method
and cultured in a dynamic bioreactor (CelVivo BAM /bioreactor) system. We showed that
the newly developed 3D cell models better illustrate in vivo conditions than traditional
monolayer cell cultures, since they have improved cell-matrix and cell-cell interactions, as
well as preserved in vivo cell phenotypes. Moreover, we showed decreased proliferation over
the cultivation period and a higher expression of liver-specific functions and genes encoding
phase I and II metabolic enzymes in 3D models compared to 2D models.
In the present study, we applied novel hepatocellular in vitro 3D models cultured under
static and dynamic conditions for the assessment of cytotoxicity and genotoxicity of
xenobiotic compounds. Compared to 2D cell models the applied in vitro 3D cell models
showed increased stability and viability, thus enabling long-term exposures, which is
particularly important in studying genotoxic compounds at lower concentrations, to which
humans are exposed in everyday life. Moreover, transcriptomic analyses revealed that 3D
cell models express genes related to metabolism and characteristic of hepatic cells to a
higher extent than 2D models, showing a higher sensitivity to the detection of indirect-
acting genotoxic compounds.

We believe that the newly developed hepatocellular 3D cell models, due to their more
complex structure and improved metabolic capacity, provide a suitable experimental model
for genotoxicity studies as well as the regulatory testing of new chemicals and products.
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Despite that, 3D cell models must be further characterized and validated in terms of cell
division and response to genotoxic stress in order to better know their behavior and
properties. The 3D models have the potential to bridge the gap between in vitro and animal
studies.
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Povzetek

Ocena genotoksic¢nosti je pomemben element pri dolo¢anju varnosti najrazlicnejsih snovi,
in sicer z namenom, da bi preprecili vpliv Stevilnih kemikalij na zdravje ljudi. Zato je
testiranje genotoksi¢nosti potrebno za vse razrede kemikalij, zdravil in bioloskih
dejavnikov, ki lahko privedejo do stevilnih bolezni, vkljuéno z rakom. Posledi¢no se v
zadnjih desetletjih vedno bolj spodbuja razvoj novih ucinkovitih metod testiranja, saj en
sam test ne zadostuje za odkrivanje vseh pomembnih genotoksi¢nih uc¢inkov; zato je torej
za testiranje potrebno uporabiti razlicne komplementarne tehnike in metodologije. Poleg
tega je vse vecji poudarek na alternativnih in witro modelih, ki se osredotocajo na
genotoksi¢ne ucinke kemikalij in onesnazevalcev okolja ter tako znatno prispevajo k
zmanjsanju stevila zivali, ki se uporabljajo v predklini¢nih testiranjih.

Trenutno se za ugotavljanje skodljivih ucinkov kemikalij uporabljajo tradicionalni in
vitro dvodimenzionalni (2D) modeli jetrnih celic. Pojavlja pa se vedno veéje povprasevanje
po novih pristopih, kar pomeni, da je treba trenutno obstojece modele izboljsati in
nadgraditi, saj pogosto dajejo lazno pozitivne rezultate, kar je posledica manjka
pomembnih presnovnih encimov v celicah teh modelov. Zaradi tega se povecuje
pomembnost novo razvitih in wvitro tridimenzionalnih (3D) celi¢nih modelov, ki bolj
realisticno posnemajo vedenje celic in vivo in dajejo natancnejse rezultate v pogojih in vitro
v primerjavi z 2D kulturami. Tako novo razviti 3D celiéni modeli predstavljajo privla¢no
alternativo poskusom na zivalih. Ceprav imajo 3D celi¢ni modeli veliko boljsih lastnosti od
tradicionalnih 2D celi¢cnih modelov, jih je za nadaljnjo uporabo treba standardizirati.
Predvsem je treba prilagoditi protokole gojenja in jih ustrezno okarakterizirati, kar bo
omogocilo njihovo vsesplosno uporabo na podrocju genetske toksikologije.

Cilj doktorske disertacije je validirati in optimizirati metodo za testiranje genotoksi¢ne
aktivnosti kemikalij na jetrnem in vitro 3D celicnem modelu (sferoid), ki smo ga razvili iz
dveh cloveskih hepatocelularnih karcinogenih celi¢nih linij (HepG2 in HepG2/C3A) z
metodo, ki uporablja centrifugalno silo za nastanek sferoidov ter gojenjem sferoidov v
staticnem sistemu in v dinami¢nem bioreaktorskem (CelVivo BAM /bioreaktor) sistemu.
Pokazali smo, da novo razviti 3D celi¢cni modeli boljSe posnemajo pogoje in wvivo kot
tradicionalne 2D celi¢ne kulture, saj imajo tako izboljsane povezave med celicami in
matriksom ter med samimi celicami kot tudi ohranjen in vivo fenotip celic. Pokazali smo,
da se v novih jetrnih 3D modelih proliferacija celic zmanjsuje s ¢asom gojenja, v primerjavi
z 2D modeli pa je poveCano izrazanje jetrno specificnih funkcij in genov, ki kodirajo
presnovne encime faze I in II.

V doktorski disertaciji smo nove jetrne in wvitro 3D modele, gojene v stati¢nih in
dinamic¢nih pogojih, uporabili za oceno citotoksi¢nosti in genotoksi¢nosti modelnih telesu
tujih spojin. V primerjavi z 2D modeli so 3D modeli pokazali vecjo stabilnost in zZivost
celic. 7 izrazenimi lastnostmi 3D modeli omogocajo proucevanje dolgodobne
izpostavljenosti razlicnim spojinam. Pomembnost tega se kaze pri preucevanju
genotoksi¢nih spojin pri nizjih koncentracijah, ki smo jim ljudje vsakodnevno izpostavljeni.
Poleg tega so analize na transkriptomski ravni pokazale, da 3D celi¢ni modeli izrazajo gene,
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ki so povezani z metabolizmom in lastnostmi jetrnih celic, v ve¢ji meri kot 2D modeli, kar
kaze na vecjo obcutljivost za odkrivanje posredno delujocih genotoksi¢nih spojin.

Z raziskavami smo pokazali, da novo razviti 3D modeli jetrnih celic zaradi svoje bolj
zapletene strukture in izboljSane presnovne sposobnosti zagotavljajo primeren
eksperimentalni model za Studije genotoksi¢nosti in regulatorno testiranje novih kemikalij
in izdelkov. Kljub temu pa je potrebno 3D celiéne modele nadalje opredeliti in preveriti
obnasanje glede delitev celic in odziva na genotoksicni stres, da bi bolje poznali vedenje in
lastnosti celic v 3D modelu. Novi jetrni 3D modeli nakazujejo moznost premostitve vrzeli
med raziskavami in vitro in Studijami na zivalih.
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Chapter 1

Introduction

1.1 Genotoxicity Risk Assessment to Protect Human and
Animal Health

The determination of genotoxicity is an important part of the safety assessment of multiple
types of products, including industrial chemicals, pesticides, pharmaceuticals, food
additives, cosmetics and veterinary drugs, with the purpose to protect human, animal and
environmental health (Corvi & Madia, 2017; Jacobs et al., 2020). This is particularly
important due to the increased number of chemicals with limited toxicological data to
which humans are potentially exposed (Claxton et al., 2010). A very important toxicity
mechanism is damage to the genetic material, particularly when considering the
carcinogenicity of chemical substances (Guo et al., 2019). The induced DNA damage when
not repaired, lead to irreversible damage, such as gene mutations and chromosome
aberrations that can be transmitted to the next generation when it occurs in germ cells.

For a sufficient assessment of genotoxic effects, three important endpoints need to be
evaluated (structural chromosome aberrations, gene mutation and numerical chromosome
aberrations) and the following procedure is estimated stepwise, starting with a cascade of
short-term in wvitro genotoxicity tests endorsed by several international organizations
(OECD, THC etc.) (Corvi et al., 2013). If a compound is positive in one or more of these
basic tests, further in vitro mechanistic studies are performed, followed in specific cases by
in vivo testing (Corvi & Madia, 2017; Kirkland et al., 2007) to determine the health risk
for humans (Kirkland et al., 2005). At this time, genotoxicity assays are conducted on
metabolically non-competent rodent or human cell lines (human lymphoblast cells (TK6),
mouse lymphoma cells (L5178Y) or Chinese hamster lung cells (V79)), meaning that an
increased number of compounds is subject to earlier and often unnecessary in vivo
genotoxicity testing (Fowler et al., 2012; Watson et al., 2014).

Although many of these in witro assays are being used successfully to predict
genotoxicity, they cannot fully replace animal tests, which are currently used to assess the
safety of substances (Corvi et al., 2013). Furthermore, Kirkland et al. (2005, 2006; Kirkland
and Speit, 2008) questioned the specificity of these tests in a series of articles. The above-
mentioned limitations and misleading positive results signal the necessity to develop
improved three-dimensional (3D) human models that are more relevant in regards to in
vivo conditions and could be considered as a practical alternative (Saleh & Genever, 2011).
Moreover, the 3R strategy (reduce, replace, refine) employed by EU REACH (Registration,
Evaluation, Authorization and restriction of Chemicals) focuses on the reduction and
optimization of the use of animals for in vivo testing (Corvi & Madia, 2017; Pfuhler et al.,
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2009) and highlights the need for the development of new cell-based in vitro models that
can more realistically mimic in vivo cell behavior and can provide more reliable results
compared to 2D conditions.

1.2 Xenobiotics

Xenobiotics are chemical compounds (plant ingredients, drugs, pesticides, cosmetics,
flavorings, food additives, industrial chemicals and environmental pollutants) present in
living organisms but foreign to them, meaning that they do not appear within the normal
metabolic pathways (Park et al., 2014). The majority of these chemical compounds enter
the body through one’s diet, drinking water, air, and drug administration, they are usually
present in higher-than-normal concentrations and later encounter a large set of
detoxification processes (Patterson et al., 2010). Drug metabolism or xenobiotic metabolism
is a biochemical modification of xenobiotics supported by metabolic enzymes to enable
excretion hydrophilic products in living organisms. The process has three phases: i) Phase
I, enzymes (cytochrome P450 oxidases) introduce reactive or polar groups into xenobiotics;
ii) Phase II, the modified compounds are conjugated to polar compounds catalyzed by
transferase enzymes; iii) Phase III, the conjugated xenobiotics are further processed, and
in the next step recognized by efflux transporters and pumped out of cells (Patel & Jyoti
Sen, 2013). Organic xenobiotics that induce a damaging effect or toxicity can be classified
into two types, i.e. direct-acting and indirect-acting compounds (Mackowiak & Wang,
2016; Patel & Jyoti Sen, 2013). Direct-acting xenobiotics are electrophilic and can directly
react with a biomolecules to produce toxic effect. On the other hand, indirect-acting
chemicals are not primarily reactive, so they require an activation step into reactive
electrophilic intermediate. In general, the majority of environmental pollutants are indirect-
acting (Park et al., 2014).

1.3 Hepatocellular Cell Models in Genotoxicity Studies

1.3.1 Two-dimensional (2D) cell models

Harrison developed the cell culturing process in 1907 during his investigation into the
source of nerve fibres (Harrison et al., 1907). Later on, major improvements were made to
the 2D cell culture technique, such as the development of culture flasks, blood plasma as
the source of nutrition was supplemented by a synthetic medium and the development of
antibiotics and antifungals that are appropriate for cell cultures (Breslin & O’Driscoll,
2013).

The standard toxicological approach to evaluating toxicity requires complex in vivo
studies. Due to concerns about animal wellbeing and the recommendations of the 3R
strategy, the development of suitable in wvitro culture systems has become a priority in
toxicology research (Soldatow et al., 2013). The liver is the main organ involved in the
metabolism of various xenobiotics in which the detoxification process usually takes place,
meaning that some nontoxic compounds might be converted into toxic intermediates
(Hinson et al., 2010). The main function of a hepatocellular in vitro model is to be able to



1.3 Hepatocellular Cell Models in Genotoxicity Studies 3

detect relevant endpoints, in particular assessing the toxicity of novel xenobiotic
compounds (Kyffin et al., 2018).

Traditionally, in vitro cell cultures are typically grown as a monolayer (2D) on a flat
surface, most frequently in culture flasks or, occasionally, in Petri-dishes, which enables
cell-to-cell contact only at their periphery. As a result, cells are forced into a monolayer
morphology rather than piling on top of one another, which allows the cells to receive a
homogenous amount of nutrients and growth factors from the medium (Antoni et al., 2015;
Edmondson et al., 2014; Wrzesinski & Fey, 2015). The cells cultured in 2D systems can
often proliferate more rapidly than in the in wivo conditions, and more cells are
synchronized in the same point of the cell cycle, as necrotic cells are usually detached from
the surfaces and can be easily removed through a change of the medium (Antoni et al.,
2015; Edmondson et al., 2014; Fey & Wrzesinski, 2012; Hoffman, 1993; Kyffin et al., 2018).
Cells grown in monolayer conditions are generally flattened and stretched, which would
not appear in vivo (Figure 1.1) (Tibbitt & Anseth, 2009). Moreover, many cellular
processes, including cell differentiation, proliferation, apoptosis, as well as gene and protein
expression, can be affected by the unnatural cell morphology in the 2D culture compared
to in vivo models (Kyffin et al., 2018; Smith et al., 2012). Consequently, 2D cultured cells
may not adequately mimic the in vivo microenvironment and can therefore unmorally
respond to toxic insult, which then lead to misleading results.

Figure 1.1: The effect of changing the cells grown into an in vitro 2D (monolayer) cell
model. Over the time of cultivation, the cells adopt a flattened morphology (Reprocell
USA, 2020).

1.3.1.1 Primary human hepatocytes (PHH)

It is generally accepted that human primary hepatocytes (PHH) serve as the gold standard
for metabolic and toxicity studies. This is due to their human origin and the expression of
phase I and II metabolic enzymes relevant to the human metabolism of xenobiotic and
other characteristics, such as the expression of liver-specific transporters, ammonia
detoxification, glucose metabolism, as well as albumin production and urea secretion (Fey
& Wrzesinski, 2012; Godoy et al., 2013; Harris et al., 2004; Kyffin et al., 2018; LeCluyse,
2001).

Nevertheless, there are serious drawbacks related to the application of isolated PHH in
vitro. These include: complex isolation and culturing of cells, inability to expand, rapid
dedifferentiation and loss of the hepatic phenotype, genetic and metabolic differences due
to the polymorphism of donors often present in the metabolic enzymes, limited availability
and high costs related to the performance of the experiments. As a consequence of these
limitations, PHH are not suitable for routine use for genotoxicity testing, so a lot of research
has shifted towards using hepatocellular-derived cell lines and other alternatives (Drewitz
et al., 2011; Dvorak, 2016; Kyffin et al., 2018; Otto et al., 2008).
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1.3.1.2 Hepatocarcinoma-derived cell lines

In recent decades, test systems with hepatocellular carcinoma-derived human cell lines,
such as HepG2, C3A, HepaRG, HuH6, and many others (Table 1.1), which are easily
assessable, have a high reproducibility of results, and the preserved activity of certain
metabolic enzymes in vitro, have been introduced to routine genotoxicity testing (Donato
et al., 2015; Guillouzo et al., 2007; Shah et al., 2018; Waldherr et al., 2018; Wrzesinski &
Fey, 2013). The aforementioned cells are a good compromise between ease of culturing and
the expression of several important enzymes involved in xenobiotic metabolism (Bazou et
al., 2008; Nakamura et al., 2011; Wilkening et al., 2003) as they possess several phenotypic
characteristics and the nuclear transcription factor (Nrf2) expression. This is of great
importance for drug metabolism and toxicity response, as well as some functional properties
of hepatocellular cells (Duret et al., 2007; Hurrell et al., 2019).

Nonetheless, the crucial limitations while using these cell lines cultured in 2D are the
low expression of CYP450 enzymes, xenobiotic receptors, and phase II enzymes (Chang &
Hughes-Fulford, 2009; Kyffin et al., 2018). As a result, liver cell functions in vivo are not
adequately expressed. Therefore, such cell models may produce misleading toxicological
data which leads to unnecessary follow-up animal testing (Gerets et al., 2012). The above-
mentioned limitations have led to the development and optimization of new alternative
three-dimensional (3D) cell models, which more closely mimic in vivo conditions and give
more promising results regarding human exposure, although 3D models have still not
replaced two-dimensional (2D) models on a large scale.

Table 1.1: Properties/characteristics of hepatocarcinoma-derived cell lines presented as
advantages and dissadvantages.

Cell lines

Properties/characteristics
(2D models)

-Nuclear transcription factor (Nrf2) expression (Ishikawa et al., 2013);

-Wild-type tumor suppressor TP53 expression (Lee & Park, 2015);

-Availability (Castell et al., 2006);

-Growth without limitation and the lack of inter-donor variation ensuring reproducible
results (Castell et al., 2006);

-Simple handling with easy culture protocols (Jennen et al., 2010).

HepG2

-The phenotype of in vivo hepatocytes is not completely represent;
-Many phase I and II enzymes are not sufficiently expressed (Jennen et al., 2010);
-The assessment of many genotoxic compounds utilizing the HepG2 cell line is

inaccurate (Castell et al., 2006).

-More advantageous characteristics are demonstrated compared to the parent HepG2
cells (Fey & Wrzesinski, 2012);

-Express wild-type tumor suppressor TP53 (Lee & Park, 2015);

-A more reflective model for hepatotoxicity studies (Fey & Wrzesinski, 2012);
-Contact-inhibited growth characteristics: increased alpha-fetoprotein and albumin
production, ability to proliferate and thrive in glucose-deficient media (Fey &
Wrzesinski, 2012);

-More differentiated and have a more metabolically active hepatocellular phenotype in

HepG2/C3A (a
subclone)

comparison with the parent HepG2 cell line (Nelson et al., 2017).
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-When grown as 2D, they showed low functionality and an altered phenotype compared
to human hepatocytes in vivo (Gaskell et al., 2016);
-Low CYP activity and poor sustainability (Nelson et al., 2017).

-Hepatocellular carcinoma-derived cell line;

-Express wild-type tumor suppressor TP53 (Jennen et al., 2010);

-Several phase II enzymes and membrane transporters are expressed which are
comparable to freshly isolated or cultured primary human hepatocytes (Jennen et al.,
2010),

-An undifferentiated morphology acquires when seeded at a low density (Mandon et al.,
2019);

-Improved CYP450 expression together with a better liver-specific functionality
(Mandon et al., 2019);

-More sensitive to expression of phase I and II enzymes when compared with HepG2
cells (Kyffin et al., 2018).

HepaRG

-Require long culture procedure (cost and time consuming) (Kyffin et al., 2018);
-Availability to all researchers is limited (Mandon et al., 2019);

-Derived from an individual with poor alleles for CYP2D6, CYP3A5 and CYP2C9
(Kammerer & Kiipper, 2018);

-2D cultures of HepaRG cells do not have urea production pathway (Liibberstedt et al.,
2011);

-The liver metabolizing function are represent of only one single donor (Kammerer &
Kiipper, 2018).

1.3.2 Three-dimensional (3D) cell cultures

1.3.2.1 A systematic overview of the field

When culturing the cells in 3D systems, they form aggregates and spheroids (Figure 4)
(Mehta et al., 2012). The use of 3D models has significantly increased over the past decade,
as novel preclinical test systems and as alternatives to animal testing due to a growing
desire to implement the 3R strategy in research (Augustyniak et al., 2019; Bahinski et al.,
2014; Pfuhler et al., 2020). The relevance of developing new advanced in vitro models is
also highlighted in the KEuropean chemical safety legislation’s REACH program
(Registration, Evaluation, Authorisation and Restriction of Chemical substances
(2007/2006)), as they decrease both the cost and the time for hazard characterization and
risk assessment.

In order to provide a quantitative systematic review of research on hepatocellular 3D
models, and specifically hepatocellular 3D models in human toxicology, we conducted a
bibliometric analysis, which allowed us to identify the most significant publications,
authors, journals and countries in the field of 3D models. To do so, we first collected
bibliographic and citation data from the Web of Science core collection using the
appropriate operators OR and AND, as well as the following search terms: “3D cell model,”
“3D cell culture,” “three-dimensional cell model,” “three-dimensional cell culture,”
“spheroid,” “hepatocyte,” “liver,” “HepG2,” and “in wvitro”. Our search yielded 1535
publications analyzing hepatocellular 3D models.
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A quick overview of the dataset reveals that the three oldest published papers stem
from 1991. The number of publications gradually increased from 3 in 1991 to 41 in 2008.
In the last couple of years, the field started growing exponentially, from 97 published
articles in 2015 to 178 and 166 published articles in 2018 and 2019, respectively (Figure
1.2). These results suggest that the research filed studying hepatocellular 3D models is
relatively young. Furthermore, the number of citations increased even more, from 3109 in
2014 to 6050 citations in 2018. This exponential increase in research activity shows the
importance of and interest in applying and developing hepatocellular 3D cell models. In
the last 5 years, the research field has also become substantially globalized. A map of
countries publishing articles on hepatocellular 3D models reveals that research is conducted
on nearly all continents in the world. The main leader in the research field is the USA with
508 published articles, followed by China (286), Japan (266) and Germany (179).
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Figure 1.2: The number of publications (left) and the number of citations per year (right)
on 3D models, showing an increased interest in applying hepatocellular 3D cell models.

To get a better grasp of the structure of the research field we used bibliographic
coupling, which was introduced by Kessler in 1963 and connects authors, publications and
journals based on the number of citations they share (Dominko & Verbi¢, 2019). Using this
approach, we utilized the VOSviewer software package to form and visualize clusters (for
a thorough discussion see Eck and Waltman (2010)). VOSviewer forms a map in three
steps. First, it requires a similarity matrix as input and uses the proximity index to
normalize it. Second, it uses the similarity matrix obtained in the first step to construct a
map. Items with a higher degree of similarity are located closer to one another by
minimizing the weighted sum of the squared Euclidean distances between all item pairs.
Third, it performs three different types of transformations, specifically translation, rotation
and reflection, in order to produce consistent results.

The map of the most important journals (Figure 1.3) allows us to disentangle the
structure of the research field on hepatocellular 3D models. We see four different clusters
of journals. The blue cluster generally represents journals that are focused on the
biochemical engineering of hepatocellular 3D cell models and the engineering of organs and
tissues from a hepatocellular source. The green cluster is strongly connected with the blue
cluster and contains journals that deal with biomaterials. The red cluster of journals is
interested in topics that concern cancer biology and stem cell applications and
development. The smaller yellow cluster of journals addresses the connection between
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(geno)toxicology research, pharmaceutical applications and the metabolism of xenobiotics.
The leading journals in the “engineering” cluster are Biotechnology and Bioengineering,
Tissue Engineering Part A, Artificial Organs and Tissue Engineering. Furthermore, the
leading journals in the “biomaterials” cluster are Biomaterials, Scientific Reports and Acta
Biomaterialia. In the “cancer biology” cluster, the leading journals are PLOS One and Cell
Biology, while in the “(geno)toxicology” cluster, Toxicology in Vitro and Archives of
Toxicology are the leading ones. We can observe numerous connections between the
journals indicating a higher degree of interactions between clusters, meaning that there are
some strong connections, most notably between journals in the “engineering” cluster and
journals in the “biomaterials” cluster, as well as journals in the “biomaterials” and
“(geno)toxicology” clusters. We can also observe that hepatocellular 3D models are gaining
importance in journals concerned with toxicology.
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Figure 1.3: Groups of journals in the field of hepatocellular 3D cell cultures. The results
were obtained using bibliometric coupling (VOSviewer). Each colour assigned by the
VOSviewer software represents a different cluster. The blue cluster represents journals that
are focused on the biochemical engineering and the engineering of organs and tissues from
a hepatocellular source. The green cluster represents journals focused on biomaterials, while
red cluster represents journals concerning cancer biology and stem cell applications and
yellow cluster stands for journals focused on (geno)toxicology research, pharmaceutical
applications and the metabolism of xenobiotics.

1.3.2.2 Hepatocellular 3D cell models — spheroids

Spheroids are 3D spherical cellular structures representing one of the most common way
to culture cells in 3D (Figure 1.4) (Mehta et al. 2012). Spheroids contain cells in different
stages, which often comprises proliferating, quiescent, apoptotic, hypoxic, and necrotic cells
(Kim, 2005). Because of the more natural 3D shape, cell-cell interactions and cell-
extracellular matrix interactions that appear in spheroids more accurately imitate the
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natural in vivo environment and create a complex microenvironment (Elje et al. 2019;
Godoy et al. 2013; Mandon et al. 2019; Pfuhler et al. 2020; Shah et al. 2018; Stampar et
al. 2019; Wrzesinski and Fey 2013). Due to the 3D environment, cell growth is undisturbed
in comparison to 2D models, as regular trypsinization is not needed (Wrzesinski et al.,
2014; Wrzesinski & Fey, 2013).
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Figure 1.4: The effect of changing the cells grown in an in vitro 3D (spheroid) model. The
presence of an ECM allows the cells to maintain a 3D structure and organization (Reprocell
USA, 2020).

Spheroids provide a closer depiction of cell polarization, while in a two-dimensional form
(monolayer) the cells are only partially polarized (Breslin & O’Driscoll, 2013). Spheroids
are usually comprised of three main zones: i) an outer proliferating rim, ii) an inactive
viable zone, and iii) an inner necrotic core, which can occur because of the lower diffusion
of nutrients and oxygen creating hypoxic conditions (Asthana & Kisaalita, 2012; Mehta et
al., 2012; Wrzesinski et al., 2014) (Figure 1.5). This kind of cellular heterogeneity is
remarkably similar to in vivo tissues (Mehta et al., 2012).
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Figure 1.5: A map of the usual zones of cell proliferation in a three-dimensional spheroid,
where the models of oxygenation, nutrition, and CO2 removal are shown (Edmondson et
al., 2014).

An additional important advantage of hepatocellular 3D cell models compared to 2D cell
models is that they enable prolonged exposures due to their increased stability since they
retain a high cell viability and stable morphology over several weeks (Bell et al., 2016).
Finally, through an analysis of gene expression, microRNA abundance and metabolic
profiles, it has been demonstrated that spheroids have a phenotype significantly more
relevant to in vivo as compared to 2D monolayer cultures (Smith et al., 2012; Stampar et
al., 2019; Wrzesinski et al., 2014).
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1.3.2.3 Techniques for forming spheroids

In order to produce in wvivo-like structures, several static and perfusion techniques for
culturing 3D cell models (spheroids) have been studied. These include non-adhesive
surfaces, spinner flasks, hanging drop cultures, bioreactors, and micro-moulding (Breslin &
O’Driscoll, 2013; Fey & Wrzesinski, 2012; Ravi et al., 2015). Although these techniques,
which we detail below, offer several advantages, many of them are expensive, technically
challenging, and require appropriate facilities (Shah et al. 2018). Two relatively simple
methods for generating 3D spheroids are the forced floating method (Ivascu & Kubbies,
2006) and the hanging drop method (Kelm et al., 2003). The advantages of both methods
are that they are easy to handle, are generally reproducible, the produced spheroids are
densely packed rather than loose cell aggregates, and they show low variability in size
(Breslin & O’Driscoll, 2013). Particularly when using the forced floating method, the
generated spheroids are easily accessible for experimentation on single spheroids. In
addition, the method is compatible with high-throughput drug testing since these spheroids
are usually generated in a 96- or 384- well plate, which facilitates the production of large
numbers of morphologically homogenous spheroids (Ivascu & Kubbies, 2006). The more
advanced techniques are dynamic-based approaches for the creation of spheroids, which
can be split into two categories: (i) spinner flask bioreactors (Jong, 2005) and (ii) rotating
bioreactors (Fey & Wrzesinski, 2012; Goodwin et al., 1993). In general, the formed
spheroids are placed into a bioreactor and the content is kept in motion, that is, either
gently stirred or the container is rotated. The rotation creates a flow of media around the
spheroids, resulting in a higher diffusion of nutrients and oxygen into the spheroids and
preventing the formation of a necrotic core (Breslin & O’Driscoll, 2013; Fey & Wrzesinski,
2012; Gong et al., 2015).

1.3.2.4 Hepatocellular 3D models in toxicology

The branch of research concerning the use of hepatocellular in vitro 3D models in the field
of genotoxicity is still relatively young. While at first hepatocellular 3D cell models were
mostly used for drug development, extensive improvement has recently been made to the
development of 3D cell models used for studying genotoxic effects, for instance
chromosomal instability (Shah et al. 2018) and DNA damage (Elje et al. 2019; Mandon et
al. 2019; Stampar et al. 2019) induced by chemicals and environmental samples (Hercog et
al., 2020). For this purpose, progress in the establishment of robust protocols has been
made for skin, airway and liver tissue equivalents (Basu et al., 2020; Pfuhler et al., 2020).
Even so, the integration of in wvitro 3D cell culture models is prevented by the lack of
protocol standardization and insufficient characterization of the spheroids. An analysis of
publications describing the application of 3D models in toxicology using bibliographic
coupling confirms that their use for the purpose of toxicity testing is fairly new.
Furthermore, Figure 1.6 shows that these publications can be found in three distinct
clusters, each of which investigates different aspects of using hepatocellular 3D models.
The blue cluster can be divided into two smaller parts. The first part mainly represents
publications describing hepatocellular 3D cell models for application in ecotoxicological and
environmental studies, and the second part concerns pharmacological studies. The majority
of the publications can be found in the red cluster. These publications concern the following
topics: in wvitro drug-induced responses, long-term induced hepatotoxicity, xenobiotic
metabolism, and repeated dose toxicity. The green cluster can be further split into three
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sub-clusters of publications. The first sub-cluster of publications concerns the application
of new 3D models for accurate risk assessment and environmental health, the second sub-
cluster concerns the use of 3D models for (geno)toxicity assessment as an alternative to
monolayer culture, and the last sub-cluster consists of publications investigating key
physiological functions of hepatocellular 3D models.

Before concluding, we would like to mention some of the limitations of this study. These
concern primarily the fact that all our data was selected exclusively from Web of Science.
As a result, we could not systematically assess the selection bias or, more specifically, we
were unable to verify whether our analysis included all the relevant publications.
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Figure 1.6: Clusters of publications using hepatocellular 3D cell models in the field of
toxicology. Each colour assigned by the VOSviewer software represents a different cluster.
The blue cluster represents publications describing hepatocellular 3D cell models in
ecotoxicological and environmental studies and pharmacological studies. The green cluster
represents publications describing the application and use of new 3D models for accurate
risk assessment and environmental health, for (geno)toxicity assessment as an alternative
to monolayer culture. The red cluster represent publications describing the in wvitro drug-
induced responses, long-term induced hepatotoxicity, xenobiotic metabolism, and repeated
dose toxicity.

1.4 Scientific Problems and Aims of the Thesis

Liver cell lines cultured in 2D conditions are the most commonly used system for
investigating the damaging effects of xenobiotic compounds in vitro (Soldatow et al., 2013).
Nevertheless, most hepatocellular cells grown in monolayer (2D) conditions lack the
relevant characteristic of hepatic cells, mostly due to the limited expression of drug-
metabolizing enzymes (Kirkland et al. 2007; Shah et al. 2018; Wrzesinski and Fey 2013).
These shortcomings can lead to misleading results and can make interpretation of the
outcomes questionable (Guo et al., 2019). Therefore, a demand for establishing improved
experimental models in toxicological studies has arisen (Corvi et al., 2013). In genetic
toxicology, the 3R strategy strongly encourages taking advantage of alternative in wvitro
models to assess the genotoxic effects of chemicals and environmental contaminants in
order to reduce the use of animals in preclinical testing (Pfuhler et al., 2009). Recent three-
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dimensional (3D) cultures, which better reflect in wvivo conditions, are considered an
effective model for drug development and toxicological studies. They also have improved
cell-cell and cell-matrix interactions, as well as preserved complex in vivo cell phenotypes
(Aucamp et al., 2017; Loessner et al., 2010). Especially hepatocellular 3D models generally
exhibit a higher level of liver-specific functions, including metabolic enzymes, in comparison
to 2D cell models (Elje et al. 2019; Mandon et al. 2019; Stampar et al. 2019).

The determination of the genotoxic potential is the critical element of safety assessment
for all sorts of substances, such as chemicals, food additives, pharmaceuticals, cosmetics
ingredients, etc. (Corvi et al., 2013). Currently, there is an ongoing trend to develop
standardized and robust in vitro 3D models, which better imitate the in vivo environment
for the toxicity assessment of critical endpoints of the above-mentioned substances
(chemicals, food additives, pharmaceuticals, etc.) (Elje et al., 2020; Guo et al., 2019; Hurrell
et al., 2019; Mandon et al., 2019; Pfuhler et al., 2020). Therefore, the first aim of the
doctoral thesis was to develop, optimize, validate, and characterize the technique and
culture conditions for obtaining viable HepG2 3D cell models (spheroids) with enhanced
characteristics of hepatic cells. For this purpose, we tested different initial densities of cells
for the development of spheroids, which were cultivated for different periods of time.
Furthermore, we performed an expression profile of selected genes that code for cell
proliferation, drug-metabolizing enzymes, transporters, and liver-specific factors.

In the next part, we focused on the genotoxic effects of selected model compounds
representing different classes of genotoxic carcinogens which require metabolic activation
to electrophilic intermediates: polycyclic aromatic hydrocarbon benzo(a)pyrene (B(a)P),
mycotoxin aflatoxin B1 (AFB1), two heterocyclic aromatic amines (PhIP and IQ), and
direct-acting compound etoposide (ET). All selected compounds are known to cause DNA
damage; therefore, the second aim was to determine whether there are differences in the
assessment of genotoxic effects between 2D and 3D cell models.

We developed and optimized a novel approach for studying genotoxic effects and
processes related to genotoxicity using multi-labelling with antibodies and detection by
flow cytometry, which allows high-throughput analyses. Therefore, the third aim was to
show that the newly developed HepG2 3D model can be used for genotoxicity assessment
by applying the flow cytometric analysis and microscopy, and to show that the developed
model is more sensitive for the detection of adverse genotoxic effects of various compounds
compared to 2D cultures. Furthermore, we evaluated the testing approach by applying the
developed methodologies to the evaluation of the (geno)toxic effects of an environmental
natural pollutant, the cyanobacterial toxin cylindrospermopsin (CYN). The fourth aim
was to successfully assess the influence of CYN on cell proliferation, DNA damage induction
and the expression of genes involved in cell proliferation, cell death, metabolism, and
response to DNA damage.

In the last part of the PhD thesis, the spheroids developed from hepatocellular
HepG2/C3A cells were cultured for 21-days using the advanced dynamic clinostat micro-
tissue culturing technique. Here, the spheroids are cultured in rotating bioreactors, where
the rotation causes growth media to flow around the spheroids. These conditions enable a
higher diffusion of oxygen and nutrients to the inner part of the spheroids and prevent the
formation of a necrotic core (Fey & Wrzesinski, 2012; Gong et al., 2015; Lin et al., 2008).
As bioreactors enable prolonged culturing of spheroids (several weeks), which results in the
development of structures with tissue-like characteristics and stable physiological functions,
such as bile canaliculi-like structures and sinusoid-like channels we wanted to evaluate the
appropriateness of the model for genotoxicity assessment. Thus, the fifth aim was to
determine the influence of non-cytotoxic concentrations of BaP and PhIP after 24 h and
96 h of exposure on the formation of DNA damage in 21-day-old C3A spheroids. The
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sixth aim was to show that the 3D model utilizing HepG2/C3A spheroids grown under
dynamic clinostat conditions can represent a promising in vitro model, which can be applied
in genotoxicity studies and can contribute to a more reliable assessment of the genotoxic
activity of pure chemicals as well as complex mixtures.

1.5 Research Hypotheses

1. The static in vitro HepG2 3D cell model better reflects in vivo conditions
compared to traditional 2D cell models. Specifically, it is hypothesized
that:

- the time of cultivation and initial density of cells in the spheroids influence the
outcome and sensitivity of the 3D cell model;

- the hepatocellular 3D cell model has improved cell-cell and cell-matrix interactions,
preserved in wvivo cell phenotypes, and that it is capable of creating a more complex
microenvironment compared to the 2D monolayer;

- the proliferation of cells is decreased in the 3D cell model, which is more similar to in
vivo conditions;

- the hepatocellular 3D cell model has a higher expression of liver-specific functions
compared to 2D models.

2. The HepG2 in vitro 3D cell model differs in liver-specific properties and
the gene expression of metabolic enzymes compared to traditional 2D
monolayer HepG2 cultures. Specifically, it is hypothesized that:

- hepatic characteristic (morphologic and functional) are more strongly expressed in a
3D cell system compared to a 2D system,;

- the expression of genes encoding phase I and II metabolic enzymes is higher in the 3D
cell model compared to the 2D cell model.

3. Dynamic culturing conditions in bioreactors enable the formation of
reproducible and uniform HepG2/C3A spheroids suitable for prolonged
exposure studies. Specifically, it is hypothesized that:

- the constant flow of media results in a higher diffusion of nutrients and oxygen into
the inner parts of the spheroids and a concomitant diffusion of waste products out of the
spheroids, which maintains high cell viability;

- the genes encoding hepatic markers are expressed in the dynamic 3D cell model.

4. The hepatocellular in vitro 3D cell model (grown under static and
dynamic conditions) is suitable for the evaluation of the (geno)toxic
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effects of direct and indirect-acting genotoxic compounds. Specifically, it
is hypothesized that:

- the higher stability and viability of hepatocellular 3D cell models allows long-term
exposures to genotoxic compounds at lower concentrations compared to 2D cell model;

- the 3D cell model is more sensitive for the detection of indirect-acting genotoxic
compounds due to a higher gene expression of metabolic enzymes

1.6 Publications Included and the Candidate's Contributions

The first manuscript, titled ‘Characterization of an in wvitro 3D cell model developed
from human hepatocellular carcinoma (HepG2) cell line,” provides important data on the
characterization, optimization and validation of the hepatocellular in wvitro 3D cell model.
The influence of spheroidal age on cell proliferation and metabolic status was studied over
a 17-day cultivation period, gaining greater insight into the morphological and physiological
characteristics of HepG2 spheroids. I am the first author of this publication. Together with
the co-authors, I designed and performed the experiments for the validation of the 3D cell
model. I also performed the analysis, conducted an interpretation of the obtained data, and
drafted the manuscript.

In the second manuscript, entitled ‘Development of in vitro 3D cell model from
hepatocellular carcinoma (HepG2) cell line and its application for genotoxicity testing,” the
formed spheroids were compared to a 2D monolayer. The results showed a higher sensitivity
of the 3D model for detecting DNA damage induced by indirect-acting genotoxic
compounds and improved metabolic capacity, which may contribute to a more reliable
genotoxicity assessment of chemicals. I am the first author of this publication. Together
with the co-authors, I designed the study, prepared the spheroids, performed all the in
vitro experiments, and conducted the analysis and interpretation of the data. I collaborated
in the design and validation of the applied flow cytometry method for the simultaneous
analysis of proliferation, cell cycle distribution, and yH2AX formation. I also prepared the
manuscript.

The third manuscript, ‘HepG2 spheroids as a biosensor-like cell based system for
(geno)toxicity assessment,’ is focused on the hepatocellular 3D spheroid model and the
application of flow cytometric methodologies for the assessment of DNA damage and
related pathways. The approach was validated by a detection of the cytotoxic and
genotoxic activities of the indirect-acting compounds B(a)P and PhIP, studied by the MTS
assay and flow cytometry by measuring the yH2AX foci, respectively. I am the first author
of this publication. In collaboration with the co-authors, I designed and performed all the
experiments using well-established techniques — the MTS assay, flow cytometry, confocal
microscopy, and qPCR. T analyzed and interpreted the data, and I supervised the work of
an MSc student, a co-author who performed the MTS assays and prepared the cells for the
flow cytometry. I also prepared the manuscript.

The fourth manuscript, ‘Application of an advanced HepG2 3D cell model for
studying genotoxicity of cylindrospermopsin,’ focuses on the effect of cylindrospermopsin
exposure on HepG2 cells in 3D spheroids. I am the co-author of the study. Together with
the other authors, I designed and performed the experiments for the formation of spheroids
and the qPCR experiments. I also collaborated in the design and validation of the applied
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flow cytometry method for the simultaneous analysis of proliferation, cell cycle progression,
and yH2AX formation.

The fifth manuscript, ‘Method for spheroids disassemble into core and rim for
downstream applications such as flow cytometry, comet assay, transcriptomics, proteomics
and lipidomics,” highlights the protocol for disassembling 21-day old spheroids into the core
and the rim. In addition, the manuscript shows the widespread use of spheroids for
measuring various endpoints. I am the co-author of the study. Together with the other
authors, I designed the protocol for the disassembly of the spheroids and prepared part of
the manuscript.

In the sixth manuscript, ‘Hepatocellular carcinoma (HepG2/C3A) cell-based 3D
model for genotoxicity testing of chemicals,” we aimed to develop an approach for the
genotoxicity testing of chemicals using 21-day old spheroids formed from HepG2/C3A cells
utilizing the dynamic bioreactor system. The genotoxic effects were assessed in spheroids
exposed to model genotoxic compounds BaP and PhIP for a short and prolonged period of
time. Cytotoxicity was evaluated with the ATP assay, genotoxicity with the comet assay,
and the deregulation of selected genes was assessed using nanolitre-scale g-PCR. T am the
first author of this publication. Together with the co-authors, I designed and performed all
the experiments as well as analyzed the results and prepared the manuscript.
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Abstract: In genetic toxicology, there is a trend against the increased use of in vivo models as
highlighted by the 3R strategy, thus encouraging the development and implementation of
alternative models. Two-dimensional (2D) hepatic cell models, which are generally used for
studying the adverse effects of chemicals and consumer products, are prone to giving misleading
results. On the other hand, newly developed hepatic three-dimensional (3D) cell models provide an
attractive alternative, which, due to improved cell interactions and a higher level of liver-specific
functions, including metabolic enzymes, reflect in vivo conditions more accurately. We developed
an in vitro 3D cell model from the human hepatocellular carcinoma (HepG2) cell line. The spheroids
were cultured under static conditions and characterised by monitoring their growth, morphology,
and cell viability during the time of cultivation. A time-dependent suppression of cell division was
observed. Cell cycle analysis showed time-dependent accumulation of cells in the G0O/G1 phase.
Moreover, time-dependent downregulation of proliferation markers was shown at the mRNA level.
Genes encoding hepatic markers, metabolic phase I/Il enzymes, were time-dependently deregulated
compared to monolayers. New knowledge on the characteristics of the 3D cell model is of great
importance for its further development and application in the safety assessment of chemicals, food
products, and complex mixtures.

Keywords: 3D cell model; HepG2; cell proliferation; cell cycle; gene expression

1. Introduction

In recent years, considerable efforts have been made to develop hepatic in vitro 3D cell models
with higher predictability for detecting the genotoxic effects of chemicals and environmental
particular liver, which is the main target organ of chemical activation and detoxification processes
[1,2]. In toxicology, it is nowadays recommended to use alternative in vitro models for the
implementation of the 3R (reduce, refine, and replace) strategy as well as considering the inaccurate
prediction of animal models due to inter-species variability. This demands an urgent need for
advanced, robust, cost, and time-efficient in vitro models for the safety assessment [3,4]. It is widely
recognised that human primary hepatocytes (PHH) are the golden standard for studying metabolism
and toxicity, as they are of human origin and express metabolic enzymes that are relevant for human
metabolism of xenobiotics [5-9]. However, there are several shortcomings related to the application
of PHH such as limited availability, the complexity of isolation and culturing of cells as their
expansion in culture is not possible, short life span, rapid dedifferentiation, loss of many hepatocyte
functions and hepatic phenotype when cultured in monolayer cultures, high costs associated with
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the performance of the experiments, and the most important—genetic and metabolic differences due
to polymorphism of donors. Due to the above-mentioned facts, PHH are not suitable for routine use
for genotoxicity testing [5,10-12]. Alternatively, hepatic carcinoma-derived cell lines, such as HepG2,
C3A, HepaRG, HuH6, and many others, are frequently used in genotoxicity studies, due to their
unlimited growth, availability, and high reproducibility of results. These cell lines [13-16] have
several phenotypic characteristics and some functional properties of liver cells [17,18] and therefore,
represent an effective compromise between the ease of culturing and the expression of several key
enzymes involved in xenobiotic metabolism [19-21]. However, the major limitations of hepatic cells
cultured in two (2D) dimensions are the low expression of CYP450 enzymes, xenobiotic receptors,
and phase II enzymes [5,22] and thus, inadequate expression of liver cell function in vivo.
Consequently, it is highly plausible that such cell models give inaccurate and false-positive results
[23].

In drug development and hepatotoxicity research, there is a high demand for establishing new,
reliable, and uniformed models [24] with higher predictability for the consequences of human
exposure. The report from the Workshop on Genotoxicity Testing (IWGT) recommends focusing on
the development of 3D models, which better reflect the in vivo conditions and are capable of creating
the complex microenvironment with the purpose of advancing our understanding of complex
biological phenomena [4]. Another important advantage of 3D cell models compared to 2D cell
models is that they enable prolonged exposures, due to their increased stability as they retain high
cell viability and morphology over the period of several weeks [25]. Many static and perfused
techniques for culturing 3D cell models (spheroids) are available, such as non-adhesive surfaces,
hanging drop cultures, spinner flasks, bioreactors, and micro-moulding [9,26,27]. Each of these
techniques offers various advantages; however, many are technically challenging, expensive, and
need appropriate facilities [28]. The most important advantages of culturing cells in the form of 3D
are increased cell-cell and cell-matrix interactions and higher expression of liver-specific functions
(albumin content, urea synthesis, and expression of cytochromes), thus providing a physiologically
more relevant model in vivo [29-35]. In recent years, hepatic 3D cell models are, in addition to being
used for drug development, also applied for studying genotoxic effects, such as chromosomal
instability [28] and DNA damage [32,35,36] induced by various chemicals and environmental
samples [37]. Although 3D cell models are superior to 2D cell models, the lack of standardisation of
3D cell culture protocols and insufficient characterisation of the spheroids prevent the integration of
3D cell culture models into the field of toxicology research, particularly due to variability in structure
and composition of the formed spheroids [38,39].

The aim of the present study was to characterise the HepG2 cells grown in 3D conformation in
terms of hepatic properties and the mRNA expression profile of selected genes coding for cell
proliferation, drug-metabolising enzymes, transporters, and liver-specific factors. The HepG2
spheroids were formed by the forced floating method from an initial cell density of 6000 and 3000
cells/spheroid. As the age of the spheroids can influence the outcome and sensitivity of the cell model
[40], spheroid growth, quality parameters (surface area and perimeter), and viability of cells were
monitored over a period of 6 days and 12 days, respectively. The viability of cells in spheroids was
determined by the Live/Dead staining using confocal microscopy, while the proliferation of cells
(KI67 marker) in spheroids of different age and cell cycle analysis was assessed with flow cytometry.
The mRNA expression of selected hepatic markers, genes involved in cell proliferation, and those
involved in phase I/Il metabolism in spheroids with an initial density of 3000 cells/spheroid was
assessed using real-time quantitative PCR (Fluidigm).

2. Materials and Methods

2.1. Chemicals

Minimum essential medium eagle (MEME), penicillin/streptomycin, Na-pyruvate, non-essential
amino acids (NEAA), L-glutamine, NaHCOs, dimethylsulphoxide (DMSQO), methylcellulose,
propidium iodide (PI), and fluorescein diacetate (FDA) were purchased from Sigma (St. Louis, MO,
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USA). Trypsin-EDTA (0.25%), foetal bovine serum (FBS), and TRIzol® reagent were obtained from
Gibco (Praisley, Scotland, UK). Hoechst 33258 dye was obtained from Invitrogen (Waltham, MA,
USA). Phosphate-buffered saline (PBS), methanol, and ethanol were purchased from PAA
Laboratories (Dartmouth, NH, USA). Triton X-100 was obtained from Fisher Sciences (Massachusetts,
NJ, USA), while the high capacity cDNA archive kit, TagMan Universal PCR Master Mix (4440038),
and TagMan Gene Expression Assays were from Applied Biosystems (Massachusetts,, NJ, USA). The
PreAmp GrandMasterMix (TA05-50) was obtained from TATAA Biocenter AB (Goteborg, Sweden).
GE 48.48 Dynamic Array Sample & Assay loading Reagent Kit—10 IFCs (85000821) and 48.48
Dynamic Array: Gene expression chip were obtained from Fluidigm (South San Francisco). Anti-Ki-
67-FITC (130-107-586) antibodies and REA Control (I)-FITC (131-104-611) were obtained from
Miltenyi Biotec (Bergisch Gladbach, Germany).

2.2. Cell Culture and Formation of 3D Spheroids

The HepG2 cell line was obtained from the ATCC cell bank (HB-8065™) and was grown in
MEME media supplemented with 10% FBS, 1% NEAA, 100 TU/mL pen/strep, 0.1 g/mL NaHCO3, 0.1
g/mL Na-pyruvate, and 2 mM L-glutamine at 37 °C in 5% CO: atmosphere. The spheroids were
developed by the forced floating method described in Stampar et al. (2019) [35] using a growth
medium supplemented with 4% methylcellulose [41]. Two culture conditions for spheroids
formation were used. The spheroids with an initial density of 3000 cells/spheroid and 6000
cells/spheroid were seeded and grown for 12 and 4 days, respectively, depending on the specific
endpoint measured. The culture media was changed every 2-3 days to obtain the optimal growth of
spheroids.

2.3. Monitoring the Growth and Morphology of Spheroids

The surface area of at least 10 spheroids with the initial density of 3000 cells/spheroid and 6000
cells/spheroid was monitored during the time of cultivation (up to 12 and 4 days, respectively). The
surface area (mm?) of each spheroid was monitored microscopically every day and determined by
planimetry at 40x magnification using the NIS elements software 4.13 v (Nikon Instruments, Melville,
NY, USA) connected with the Ti Eclipse inverted microscope (Nikon, Japan). Evaluation of the
spheroid growth was determined three times independently.

2.4, Quantification and Viability Determination of the Whole Spheroid by Live/Dead Staining

At least three spheroids for each condition (3000 and 6000 cells/spheroid) were stained and
monitored during the time of cultivation. The culture media were replaced with FBS-free media
supplemented with FDA (8 pg/mL) and incubated for 1 h in darkness at 37 °C in a 5% CO:
atmosphere. After staining, the cells were washed with PBS. Subsequently, PI (20 pg/mL) was added
and incubated in the dark for an additional 5 min. Following the incubation, the staining mixture was
washed with PBS and substituted with fresh serum-free MEME media (100 pL). The staining was
performed according to [37] with modifications. The Z-stacks images of single spheroids were
captured using the confocal laser scanning microscope Leica TCS SP8 at 100x magnification. Z-stacks
of optical sections were captured across the entire spheroid thickness using excitation and emission
(PI: 493/636 nm, FD A: 488/530 nm) settings for simultaneous dual-channel recordings; approximately
50 Z-stacks per spheroid were taken. Z-stacks were processed and analysed using the Leica confocal
software and presented as a “maximum intensity projection image” gallery. Three independent
experiments were performed (N = 3). The quantification of Z-stacks was proceeded in the program
Image-Pro 10 (Media Cybernetics, Inc., Rockville, MD, USA), where at least 20 Z-stacks per spheroid
were quantified. The percentage of dead cells in the spheroid was calculated as a ratio between the
spheroid area and the number of dead cells.
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2.5. Analyses of Cell Cycle and Cell Proliferation by Flow Cytometry

The analyses of cell cycle and cell proliferation in spheroids were performed with flow
cytometry. The cells from spheroids with an initial density of 3000 and 6000/cells were collected
during the time of cultivation for 18 and 4 days, respectively. For the analysis, 30 spheroids per
sample were collected and dissociated with enzymatic digestion and mechanical degradation, as
described by Stampar et al. (2019). The obtained single-cell suspension was washed (1x PBS), fixed in
ethanol, and kept at —20 °C until the analysis (for details see Hercog et al. (2019 [42]; 2020 [37])). After
the fixation step, the cells were washed in cold PBS, centrifuged, and labelled with anti-KI67-FITC
(50-fold diluted antibodies in 1% BSA). Subsequently, the cells were washed with BSA and PBS and
afterwards stained with Hoechst 33258 dye (diluted in 0.1% Triton X-100 1:500). The cell analyses
were performed on a MACSQuant Analyzer 10 (Miltenyi Biotech, Bergisch Gladbach, Germany),
where the FITC intensity, corresponding to the proliferation marker KI67+, was detected in the Bl
(525/550 nm) channel and the analysis of the cell cycle was proceeded in the V1 (450/550 nm) channel.
Rea-FITC control (Miltenyi Biotec, Bergisch Gladbach, Germany) was used to exclude unspecific
binding. The experiments were repeated in three independent biological repetitions, where each time,
2.5 x 10* single cells per experimental point were recorded. The obtained data were analysed and the
graphics were prepared in Flow]Jo software V10 (Becton Dickinson, Franklin Lakes, NJ, USA). The
cell cycle distribution of the solvent control and treated samples and KI67-positive cells for each day
was compared to the first day of the measurements. The statistical analysis for cell cycle was
performed by the two-way ANOVA with Bonferroni’s multiple comparisons test, alpha 0.05%, while
the statistical significance of KI67-positive cells was assessed by one-way ANOVA with Dunnett’s
multiple comparisons test, ®0.05, both using GraphPad Prism V6 (GraphPad Software, San Diego,
CA, USA).

2.6. The qPCR Analyses of the Expression of Selected Genes

For the gene expression analysis, only spheroids with a density of 3000 cells/spheroid were
collected during the time of cultivation (every two to three days, starting with day three of
cultivation). The basal expression of the selected genes was determined in HepG2 monolayer cultures
(2D) cultured for 2 days (this is usually the time when in 2D, the gene expression is evaluated after
the exposure to various compounds; 24 h for cells to attach to the surface of the plastic and 24 h of
subsequent exposure) and in spheroids (3D) cultured for 3, 5, 7, 10, 12, 14, and 17 days. Total mRNA
was isolated from one T25 plate in the case of 2D and from a pool of 25 spheroids per sample in the
case of 3D, using the TRIzol reagent. The quality and the concentration of total mMRNA were measured
with a NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, Wilmington, DE, USA), while
degradation was checked by gel-electrophoresis (BioRad Power PAC 3000 and UVP Chem Studio
PLUS, Analytik Jena AG, Upland, CA, USA). The cDNA High Capacity Archive Kit was applied for
the reverse transcription of 1 ug of total mRNA per sample. The expression of selected genes was
quantified by the qPCR on 48.48 Dynamic Array™ IFC method, where TagMan Universal PCR
Master Mix and the pre-amplificated (TATAA PreAmp GrandMasterMix, Tataa Biocenter,
Gothenburg, Sweden) Tagman Gene Expression Assays were used. To eliminate the effects of
inhibition and to assess the performance of a primer set, a series of 5-fold dilutions of each target gene
was analysed. The qPCR experiments were performed on 48.48 Dynamic Array™ IFC chips for gene
expression on the BioMark HD machine system (Fluidigm, UK) and data were analysed with an open
web program QuantGenious [43]. Experiments were repeated three times independently, each time
in two replicates. The difference (2D versus 3D) in gene expression greater than 1.5-fold was
considered as up/downregulation (relative expression >1.5 or <0.66, respectively).

The selected genes: ALB (albumin, Hs00910225_m1); AFP (a-fetoprotein), Hs00173490_m1;
ALDH3A1 (aldehyde dehydrogenase 3 family member A1), Hs00964880_m1; TOP2A (topoisomerase
2-a), Hs01032137_m1; PCNA (Proliferating cell nuclear antigen), Hs00427214_g1; KI67 (cellular
marker for proliferation), Hs01032443_m1; CCND1 (encodes the cyclin D1 protein), Hs00765553_m1;
CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), Hs00355782_m1; CYP1A2 (cytochrome P450
family 1 subfamily A member 2), Hs00167927_m1; CYP1A1 (cytochrome P450 family 1 subfamily A
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member 1), Hs01054797_g1; CYP3A4 (cytochrome P450 family 3 subfamily A member 4),
Hs02514989_s1; AHR (aryl hydrocarbon receptor), Hs00169233_ml1; UGT2B7 (UDP
glucuronosyltransferase  family 2 member B7), Hs00426592_ml; UGTI1IA1 (UDP
glucuronosyltransferase 1 family, polypeptide Al), Hs02511055_s1; SULTIC2 (sulfotransferase
family 1C member 2), Hs00602560_m1; SULT1B1 (sulfotransferase family 1B member 1),
Hs00234899 m1; NATI (N-acetyltransferase 1), Hs02511243 s1; NAT2 (N-acetyltransferase 2),
Hs01854954_s1; HIF1a (Hypoxia-inducible factor 1-alpha), Hs00153153_m1; BBC3 (p53 upregulated
modulator of apoptosis), Hs00248075_m1 were pre-amplificated. In all experiments, GAPDH
(Human Endogenous Control, Hs99999905_m1) and HPRTI (Hypoxanthine
phosphoribosyltransferase 1), Hs02800695_m1) were used as reference genes.

The different tests were performed between the 2 days old monolayer and spheroids on day 3
and all subsequent days with the two-way ANOVA (Dunnett’s test) by multiple unpaired t-test
analysis using the Sidak-Bonferroni method (* p < 0.05, * p < 0.05, respectively). The statistical
significance within days was conducted by the two-way ANOVA, considering Tukey’s multiple
comparisons test (+ p <0.05).

3. Results and Discussion

The 2D cultures traditionally used for studying the genotoxic effects of chemicals have several
limitations, which consequently lead to misleading results. This has become even more evident with
the development of in vitro models that enable the growth of cells in three dimensions (3D), which is
physiologically more similar to in vivo conditions [44]. However, before 3D cell models can be
integrated for genotoxicity testing research, there is a need for the development and subsequent
standardisation of robust models that accurately predict the possible effects of studied compounds
[45].

To our knowledge, the present study is the first where a comprehensive characterisation of the
HepG2 3D cell model was performed. Based on previous results, two initial cell densities of 3000 and
6000 cells per spheroid were selected for the development of 3D cell models [35]. The HepG2
spheroids were formed by the forced floating method and cultured under static conditions for several
days. During the time of cultivation, the spheroids were characterised by measuring the surface area,
and viability of cells in spheroids. The characterisation is a very important step in the development
of 3D cell models as the obtained data provide the information on whether the model is comparable
to the liver in vivo conditions and is thus, more accurate than traditional monolayer culture.

3.1. The Effects on Growth and Morphological Changes over Time

The growth of at least 10 spheroids with the initial density of 3000 cells/spheroid (Figure S1A,B)
and 6000 cells/spheroid (Figure S1C,D) was daily measured from 24 h to 7 days. The surface area was
monitored by light microscopy and planimetry. The size of the spheroids varied according to the
number of cells seeded in each well and increased with time of incubation. The spheroids with an
initial density of 3000 cells/spheroid (Figure S1A) grew time-dependently from the first day of
seeding. At the end of the cultivation (7 days), the surface area (0.39 + 0.01 mm?) increased 95%
compared to the surface area at 24 h (0.2 + 0.02 mm?) (Figure S1B). In contrast to this, the spheroids
with an initial density of 6000 cells/spheroid (Figure S1C) grew slower and the surface area after 7
days of cultivation increased for only 20% (0.56 + 0.03 mm?) compared to 24 h (0.45 + 0.05 mm?) (Figure
51D). At both initial densities, the spheroids maintained uniform spherical shape over the course of
the culturing. These results show a steady growth of spheroids during the time of culture, which is
in line with other studies on HepG2 spheroids [18,32]. The increase in the average surface area was
higher at the lower initial cell density, meaning that the cells proliferated at a higher rate compared
to spheroids with higher initial density, which was also reported by Lee et al. (2009) [46]. Based on
these results, we concluded that 3000 cells per well was the more optimal density for the formation
of spheroids that could be used for long-term exposures; therefore, this density was selected for
further characterisation of the spheroids.
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3.2. Determination of Live/Dead Cells in Spheroids over Cultivation Time

Live/Dead staining enabled us to investigate at which initial density and time of cultivation the
viability of cells started to decrease and consequently, form the necrotic core. A very well-known
limitation of aged spheroids is the formation of a necrotic core, which results from the accumulation
of metabolic waste products and insufficient diffusion of oxygen/nutrients into the centre of the
spheroid starting at a diameter above 200 to 500 um, as reported by Nath and Devi (2016) [47]. The
visual analysis of HepG2 spheroids by confocal microscopy verified the time-resolved viability of the
cells in a 3D culture, which was more or less stable over the cultivation time. In Figure 1A,B,
representative spheroids from day 3 until day 12 and day 6 in the case of 3000 and 6000 cells/spheroid,
respectively, stained with FDA (live) and PI (dead) are shown. Although the percentage of PI-positive
cells in spheroids with an initial density of 3000 cells/spheroid increased from 10 days of cultivation
onwards, we noticed that only a few dead cells were observed in the centre of the spheroids, meaning
that no necrotic core was formed. The quantification of Pl-positive cells representing dead cells
confirmed a time-dependent increase in non-viable cells that was significant after 10 and 12 days,
reaching 14.5% and 18.9% on average (Figure 1C,D), respectively. In spheroids with an initial density
of 6000 cells/spheroid, a higher percentage of dead cells compared to 3000 cells/spheroid was
observed already after 3 days of cultivation that was 8.4% and 4.0% on average, respectively.
Correlating these results with the spheroid growth data, the spheroids with an initial density of 3000
cells/spheroid gradually increased in size and stayed uniformly spherical with limited degrees of
necrosis up to day 12. However, in larger spheroids, small patches of death cells started to occur
approximately on day 4 and by day 6, reached 16.5% dead cells on average with the visible formation
of a necrotic core. Spheroids usually consist of three main zones—an outer proliferating rim, a
quiescent viable zone, and an inner necrotic core that can develop due to lower diffusion of nutrients
and oxygen forming hypoxic conditions [48-50]. In cancer research, the zones in larger tumour
spheroids with a necrotic core resemble the cellular heterogeneity of solid in vivo tumours [51] and
the necrosis occurring in the centre of the spheroid is a desirable characteristic as it mimics in vivo
conditions. However, in genetic toxicology, where a model has to recapitulate an in vivo-like liver
microenvironment, this is an undesirable characteristic. There are only a few studies so far that
specifically determined the size or time at which hepatic spheroids develop necrosis that is associated
with the cell type, cell number, and culture conditions [32,52]; therefore, the present study contributes
new knowledge on the formation of a necrotic core in spheroids with time of cultivation. Previously,
in encapsulated 3D HepG2 aggregates, no necrotic core was observed up to three days of culturing,
while with prolonged cultivation, the thickness of aggregates disabled the determination of necrotic
cells in the centre of the 3D cell model [19]. Elje et al. reported [32] a small necrotic core in HepG2 3D
spheroids developed in hanging drops after 1 day of culturing, which was more represented as
separate dead cells ; however, the viability was stable over time and the cells were cultured for up to
21 days. Furthermore, in hepatic C3A spheroids with initial density of 2500 cells/spheroid, small
patches of cell death started to occur approximately at day 14 and, by day 18, a necrotic core was
formed [52]. Altogether, these studies, including ours, show that necrosis occurs in the core of the
spheroid with time of cultivation and depends on the cell type and 3D conformation.
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Figure 1. Images of Live/Dead-stained spheroids(A,B) and the quantification of the percentage of PI-
positive cells in images of spheroids (C,D) captured over the period of cultivation at different
densities (A—C) 3000 cells/spheroid and (B-D) 6000 cells/spheroid. The cells in spheroids were stained
with FDA (green, live cells) and PI (red, dead cells). The Z-stacks were obtained using a confocal
microscope at 100x magnification (N = 3). A “maximum intensity projection image” of the spheroid
was generated from 50 Z-stacks images (A,B). Z-stacks were quantified with the Image-Pro 10
software (C,D) where at least 20 Z-stacks per spheroid were measured and the percentage of dead
cells in the spheroid was calculated (N = 3). The statistical significance was calculated with the Student
t-test, with alpha 0.05, * p < 0.05, ** p < 0.01, *** p <0.001, *** p < 0.0001.

3.3. Distribution of Cells within the Cell Cycle and Cell Proliferation during the Time of Cultivation

Previous studies on HepG2 3D models reported a strong decrease in cell proliferation, which is
associated with a time-dependent cell differentiation process [32,53]. In our study, the proliferation
of cells and their distribution within the cell cycle of spheroids with the initial density of 3000 and
6000 cells/spheroid were determined by flow cytometry over the time of cultivation, with
simultaneous detection of the fluorescent signals of FITC corresponding to the proliferation marker
K167 and Hoechst 33258 corresponding to the cell cycle distribution. It is well known that KI67 protein
is present during all active phases of the cell cycle (G1, 5, G2, and M), and it is absent from the resting
cells (GO) [54,55]. Therefore, the novel approach of simultaneous staining allowed us to further
distinguish the distribution of cells in the GO (non-proliferating) and G1 (proliferating) phase. The
results showed that the overall number of proliferating cells and the number of proliferating cells
within the GO/G1 phase decreased over the time of cultivation, which is clearly the consequence of
the time-dependent increase in non-proliferating cells (G0) within the G0/G1 peak (Figure 2A-C). The
percentage of proliferating cells gradually declined with the time reaching 50% decrease after
approximately 7 and 2 days of cultivation at an initial density of 3000 (Figure 2A) and 6000 (Figure
2B) cells/spheroid, respectively. At higher cell density, we noticed that already after 24 h, only 65.5%
of cells proliferated and by day 4, only 28% of cells expressed KI67 protein, meaning that at day 4,
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the majority of cells did not proliferate. On the contrary, at lower initial cell density, the decrease in
cell proliferation was slower. After 3 days of spheroid cultivation, 82% of cells proliferated, while
with further cultivation, the proliferation rate decreased to approximately 68%, 54%, and 13% after
5,7, and 18 days, respectively. The same trend was observed for proliferating cells within the G0/G1
phase. Similarly, a decrease in the number of proliferating cells in HepG2 spheroids and spheroids
cultured in hydrogels was reported by Ramaiahgari et al. (2014) [31] and Lee et al. (2009) [46]. Our
results clearly showed that spheroids with lower initial density maintain the proliferation of cells at
a higher rate and over the longer period compared to the spheroids with higher initial density,
meaning that spheroids with lower initial density are more suitable for long-term exposures.

3000 cells/spheroid
A 3000 celisispheroid hes cfgg” cells/spheroid
100 g 100 g
, &
5 a0 S ™ 5 80
x o _ 3
£ w ! 8% w - 2 60
§ 33 ]
k- nd = °
P HE = a°
HE § 3
£ =
: =18 I ;
I W B 4 % & I T @ U 61160 s G2
Time (days) Time (days)
B 6000 calisispherkd 8000 cells/spheroid 6000 cellspheroid
100 3 100 g 100
7 2 s
G o 2= § ®
x
r g5 2w
Le 8% w £
= . B £
2 a0 = 3
£ - e " - - e
2 g S
B s 2 & 20
s £ =
a ° o
. . , ; £ 3 |
24n 2 3 H 2h H 3 1 61160 s Gam
Time (days) Time (days)
D )
-] l 3days l Sdays || \ 7 days 12days || 14 days
| |
| i
=, = . e e s | i
FJRAr JMar Yar Jare| Maar "aar 2mar 2aar Nare | anar JAaF JSar NS N | AN AANY MM MR A0~ AAAF M 5

Vi-VioBlue A

Figure 2. The proliferation of cells and the distribution of cells in different phases of the cell cycle
during the time of cultivation. Percentage of KI67-positive cells and the percentage of KI67-positive
cells within the GO/G1 phase of cell cycle overtime at density 6000 cells/spheroid (A). Percentage of
KI67-positive cells and the percentage of KI67-positive cells within the G0/G1 phase of cell cycle
overtime at density 3000 cells/spheroid (B). Distribution of cells in different phases of the cell cycle
over the period of cultivation (C). Representative overlays of simultaneous staining with Hoechst for
the cell cycle (red) and anti-KI67 antibody (blue) (D). The results are presented as the mean + SD (N
= 3). The statistical analysis was conducted in GraphPad Prism 6, by the two-way ANOVA using the
Bonferroni multiple comparisons test, * p <0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.

The cell cycle duration determines the unique doubling time of the cells [26] that is coordinately
controlled by cyclin-dependent kinases and their cyclin partners, whose levels fluctuate throughout
the phases of the cell cycle [56] (Figure 2C). In the G1 phase of the cell cycle, crucial decisions on DNA
replication and completion of the cell division are made [57]. From the obtained results, we can see
that at the initial density of 3000 cells/spheroid, the distribution of cells by phases does not change
over time of cultivation. At all measured time points during the time of cultivation, approximately
67.7 £ 3.4% of proliferating cells were in the G1 phase, 14 + 1.8% of cells were in the S phase, and 15.8
* 1.7% were in the G2 phase, meaning that the cell cycle was not disturbed during 18 days, only the
ratio of proliferating/non-proliferating cells in GO/G1 cells changed. On the contrary, in spheroids
with the initial density of 6000 cells/spheroid, a slight increase in proliferating cells in the G1 phase
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over the time of cultivation was observed, with 61.3% of cells in G1 after 24 h reaching up to 73.9%
after 4 days, with a concurrent decrease in cells in the S and G2 phase from 21% and 17% after 24 h
to 13.8% and 11.77% after 4 days, respectively (Figure 2D), suggesting cell cycle arrest and thus, the
accumulation of cells in the GO/G1 phase with a time of spheroid cultivation. The cell cycle arrest can
lead to the inhibition of cell proliferation and/or apoptosis [56], which is in line with the obtained
data of the KI67 proliferation marker. These results again show that spheroids with lower initial
density maintain a higher rate of cell proliferation compared to spheroids with higher initial density.

3.4. Gene Expression in Spheroids

For the first time, analysis of the expression of genes involved in the proliferation (TOP2A4,
PCNA, KI67, CCND1, and CDKN1A), apoptosis (BBC3), genes of hepatic markers (AFP and ALB), and
gene a transcription factor encoding aryl hydrocarbon receptor (AHR), phase I (CYP1A1, CYP1A2,
and CYP3A4), and phase II (UGT1A1, UGT2B7, SULT1B1, SULTIC2, NAT1, and NAT2) xenobiotic-
metabolising enzymes was studied in HepG2 spheroids. Gene expression was evaluated in spheroids
formed from the lower initial density, namely 3000 cells/spheroid that were cultured for 3, 5, 7, 10,
12, 14, and 17 days. Data for the individual genes were compared to the expression of genes from the
monolayer culture at the age of 2 days and are presented as the ratio between 2D (at 2 days of
culturing) and 3D at the corresponding time point.

3.4.1. Expression of Genes Involved in Cell Proliferation

Cell proliferation can be regulated by several factors, such as mitogens, growth factors, and
survival factors [58]. We studied the genes PCNA, KI67, and TOP2A over the time of culturing, as the
expression of the genes involved in the process of cell proliferation may be affected by the time the
cells are in culture. A proliferating cell nuclear antigen (PCNA), a protein with an important role in
DNA replication, has many cell cycle-dependent properties and its absence leads to cell cycle arrest
in the S and G2/M phase [59]. Another important proliferation marker KI67 encodes a nuclear antigen
during the G1, 5, and G2-M phases of proliferating cells, meaning that it is present during all active
phases of the cell cycle, except the GO phase [60,61]. The expression of TOP2« is cell cycle-dependent
and encodes DNA topoisomerase, which is an enzyme that controls and alters the topologic states of
DNA during transcription [60,62]. The results showed that all three studied genes, TOP2A, PCNA,
and KI67, were time-dependently downregulated compared to 2 days old monolayer culture (Figure
3A). The major shift in the downregulation of the proliferation markers occurred approximately at
day seven.

The changes in KI67 on the mRNA level showed the same trend as the data obtained with flow
cytometry, where a decrease in KI67-positive cells over the time of cultivation, with approximately
50% of proliferating cells, was detected at day seven. As described before, HepG2 cells accumulated
in the G1/GO phase, due to arrested division in the GO phase, which is especially noticeable at the
initial density of 6000 cells/spheroid. The low proliferation rate in the 3D model can therefore be
effectively utilised for studying the effects of long term exposure to various compounds, which is not
feasible in a 2D model as the confluence limits the duration of culturing [31,63]. A decrease in cell
proliferation in different 3D cell models overtime was reported in several studies with HepG2, using
extra-cellular matrix-based hydrogel [31] and spheroids prepared by the hanging drop method [32],
and HepG2/C3A, culturing in rotating bioreactors [30]. The occurrence of reduced proliferation over
the time of cultivation may also have an impact on the decreased expression of cyclin protein coding
genes that control cell cycle progression [64]. In our study, the expression of cyclin protein coding
gene CCND1 was downregulated and a decrease in the first seven days was noticed from a —4.76-fold
change after 3 days of cultivation to —-8.33-fold change after 7 days of cultivation (Figure 3B). The
CCND1 encodes the cyclin D1 protein, whose elevated expression has been reported in many human
tumours and correlates with increased cell proliferation and differentiation due to the reduced G1/5
transition [65]. The expression of CDKN1A, which is the cell cycle-related gene responsible for the
G2/M checkpoint [66], was downregulated (-9.09-fold at day 3) compared to monolayer culture. We
noticed a slight increase in CDKNI1A expression with time of incubation reaching the maximal level
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at day 7 (-7.14-fold) (Figure 3B). After the seventh day, the expression of both cyclin protein coding
genesremained unchanged, which, compared to 2D monolayer culture, indicates the non-
proliferating differentiated phenotype of HepG2 spheroids as described by Hiemstra et al. (2019) [67]
and by Ramaiahgari et al. (2014) [31].
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Figure 3. Relative expression of genes involved in the proliferation process (A,B) and apoptosis (C)
over time from 3 to 17 days. The significant difference between (i) the monolayer culture (2D) and the
spheroids (3D) (+ p < 0.05, ++ p < 0.01, +++ p < 0.001); (ii) the first day (at day 3) of measurement and
all subsequent days (* p < 0.05, ** p <0.01, ** p <0.001); and (iii) within days (t+1 p <0.01, +tt p <0.001)
was calculated in GraphPad Prism 6, by two-way ANOVA considering Dunnett’s multiple
comparisons test. Results are presented as the mean + SD (N = 3). The dotted line denotes the
expression of the corresponding gene in monolayer culture (1-fold change), the grey line indicates up-
or downregulation of genes with the threshold set at 1.5-fold, which is more than 1.5 or less than 0.66
relative expression, respectively.

Altogether, the results suggest that the expression of gene markers related to the proliferation
and division of cells decreased over time. Similarly, the expression of BBC3, a gene related to
apoptosis, was downregulated in spheroids at the age of 3 days (-8.7-fold) compared to monolayer
culture; however, with further incubation, the expression of BBC3 increased, reaching the highest
level after day 12 (=2.56-fold change) and then, declining again (Figure 3C). The pro-apoptotic protein
BBC3 interacts with anti-apoptotic Bcl-2 family members, resulting in mitochondria-induced
apoptosis and cell death through the caspase cascade [68]. It was reported that the diffusion of oxygen
into the centre of spheroids is difficult if a diameter is larger than 200 um (larger spheroids), which
consequently causes hypoxia in the core [49]. Live/Dead stained spheroids (density 3000
cells/spheroid) showed no signs of necrosis in the centre; however, in spheroids with a higher initial
density (6000 cells/spheroid), necrosis was observed at day 6. This could be related to the hypoxia as
reported by Ramaiahgari et al. (2014) [31] (Figure 3). We further investigated the transcription level
of the HIFla gene, one of the hypoxia-inducible factors, which mediates cellular adaptation to
hypoxic conditions [69]. The obtained results showed that at lower initial density (3000
cells/spheroid) during 17-day cultivation, the HIFlo was downregulated compared to monolayer
culture and the changes were significantly different from day 7 onwards with no further time-
dependent deregulations (Figure 3C), which indicates that no excessive hypoxia was present in
HepG2 spheroids up to 17 days.
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3.4.2. Expression of Genes Encoding Hepatic Markers

Long-term cultivation of HepG2 cells in 3D conformation led to the enhancement of the
expression of liver-specific markers, as shown for alpha-fetoprotein (AFP) and albumin (ALB)
compared to monolayer culture (Figure 4). Alpha-fetoprotein is involved in pleiotropic activities
affecting the processes of cell differentiation and growth regulation [70]. Compared to 2D, AFP
expression in spheroids was 4.57-fold higher, which was statistically significant, at the age of 3 days
and reached the maximal mRNA level at day 7 (6.84-fold). With further cultivation, the expression of
AFP did not change much. Similarly, the expression of ALB in 3D significantly differed from the
expression in 2D and was 4.95-fold upregulated at day 7. The ALB expression gradually increased
and reached the maximal level at day 10 (9.56-fold) with a slightly decrease after 12 and 17 days (7.67-
fold and 8.03-fold, respectively). Albumin is a stable protein and has a serum half-life of 20 days. Its
synthesis is typically regulated on the transcriptional level [71]. Previously, the elevated expression
of albumin in HepG2 spheroids compared to monolayer cultures was reported at mRNA [22,35] and
protein [31] levels. Altogether, these studies show that hepatic functions are strongly enhanced in 3D
systems compared to the 2D monolayer cultures [15,18,19,25,38,53].
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Figure 4. Monitoring the mRNA expression of hepatic markers over time. The significant difference
between (i) the monolayer culture (2D) and the spheroids (3D) (+++ p< 0.001) and (ii) the first day (at
day 3) of measurement and all subsequent days (* p <0.05, ** p <0.01, *** p <0.001); was calculated in
GraphPad Prism 6, by the two-way ANOVA considering Dunnett’s multiple comparisons test.
Results are presented as the mean + SD (N = 3). The dotted line denotes the expression of the
corresponding gene in monolayer culture (1-fold change); the grey line indicates up- or
downregulation of genes with the threshold set at 1.5-fold, which is more than 1.5 or less than 0.66
relative expression, respectively.

3.4.3. Expression of Genes Involved in the Xenobiotic Metabolism

Biotransformation of xenobiotic substances is divided into phase I and II reactions, where phase
I reactions include the transformation of a parent compound to more polar metabolite(s), while phase
II biotransformation results in metabolic inactivation by conjugating reactions including
glucuronidation, sulfation, acetylation, methylation, glutathione, and amino acid conjugation. In
general, the respective conjugates are more hydrophilic than the parent compounds and are excreted
from the organism [72,73]. The most important enzymes from phase I reactions belong to the
superfamily CYP450 and play an important role in cellular metabolism and homeostasis, and
detoxification and metabolic activation of xenobiotic compounds into reactive metabolites [74,75]. In
general, hepatocellular carcinoma monolayer cell cultures exhibit low expression of drug-



2.1 Characterization of In Vitro 3D Cell Model Developed from Human Hepatocellular Carcinoma
(HepG2) Cell Line 27

Cells 2020, 9, 2557 12 0f20

metabolising enzymes including CYPs and therefore, do not represent ideal alternative systems to
human hepatocytes for drug metabolism and hepatotoxicity testing [76]. Recently, several published
studies have described the higher expression of CYP enzymes in hepatic cells cultured in 3D
conformation [6,18,21,25,28,31,35,77]. Moreover, it has been reported that HepG2 spheroids
developed by the forced floating method are metabolically competent, thus expressing various
CYP450 enzymes, and are sensitive for detecting the genotoxic effects of indirect-acting genotoxic
compounds [35]. In the present study, we evaluated the gene expression of CYP1A1, CYP1A2,
CYP3A4, AHR, and ALDH3A1 in 3D spheroids at the age of 3, 5, 7, 10, 12, 14, and 17 days, and
compared to the expression of monolayer culture at the age of 2 days (Figure 5). The results revealed
that all studied CYPs were clearly upregulated in a 3D model compared to 2D (Figure 5A). The basal
mRNA level of CYP1A1 was approximately 2-fold higher than in monolayer culture and remained at
the same level throughout the whole duration of the spheroid cultivation. Similarly, the expression
of CYP1A2 remained constant from day 5 onwards. CYP3A4, the major hepatic CYP contributing to
the metabolism of more than 50% of xenobiotic substances [76], was reported not to be expressed in
HepG2 cells grown in monolayer [20], which strongly limits the use of HepG2 cells for the assessment
of the drug metabolism. As already previously shown [35,67,78], the results of the present study
confirmed the significant upregulation of CYP3A4 from day 3 onwards (2.16-fold) with a gradual
increase in the mRNA level, reaching the highest level at day 12 (5.76-fold). Altogether, these results
demonstrate that HepG2 cells grown in 3D conformation show differentiation into more
metabolically competent cells when compared to monolayer cultures. The expression pattern of
metabolic genes closer to primary hepatocytes has also been reported for several hepatocellular
carcinoma cell lines grown under certain prolonged culturing conditions. For instance, the confluent
growth of Huh?7 cells resulted in a cell phenotype change and an increase in the CYP3A4 mRNA level,
protein content, and activity after 4 weeks in confluent culture [79], while differentiated HepaRG cells
expressed higher levels of CYPs compared to non-differentiated [80,81]. Additionally, HepG2 cells
grown in 3D conformation expressed an increased level of CYP1A1, CYP1A2, and CYP3A4 genes [35],
while HepG2/C3A cells grown in 3D under dynamic conditions for 3 weeks showed elevated
expression of CYP1A1 and CYP3A4 [77] compared to 2D cultures.

Another phase I enzyme ALDH3AI1 (Figure 5C), a member of aldehyde dehydrogenase 3 family
that catalyses the aliphatic and aromatic aldehydes to the corresponding acids [82,83], was
downregulated already in 3 days old spheroids (-3.45-fold) and with further cultivation, the
expression of ALDH3A1 dropped sharply (-12.8-fold and —20-fold at 10 and 14 days, respectively).
Low basal expression of ALDH3A1 in the normal liver was reported by Muzio et al. (2012) [84], while
induced levels were determined in liver, colon, bladder, and lung [82,85,86]. The results showing low
gene expression are in line with the decreased proliferation of HepG2 cells in spheroids, as itis known
that the activation of ALDH3A1 stimulates the proliferation [84], thus the low mRNA level of
ALDH3A1 corroborates decreased cell proliferation and arrested cell cycle determined by the flow
cytometry. The expression of drug-metabolising enzymes including CYP1A1, CYP1A2, and
ALDH3A1 is regulated by the activation of nuclear factors such as aryl hydrocarbon receptors (AhR)
[87]. The basal expression of the AHR gene in HepG2 spheroids at the age of 3 days did not
significantly differ from the expression in monolayer culture; however, with further incubation, it
slowly increased over the time of incubation, reaching the maximal level (1.41-fold) at 17 days.
Altogether, the obtained results are in line with the findings of Ramaiahgari et al. (2014) [31], Shah et
al. (2018) [28], and Stampar et al. (2019 [35]; 2020 [77]), who described that HepG2 spheroids express
higher mRNA levels of phase I metabolic enzymes, which is an important physiological function of
hepatic cells in vivo [88].

The enzymes from phase II drug metabolism represent the detoxification step of xenobiotic
compounds with the main pathway by the formation of glucuronide conjugates by
glucuronosyltransferases (UGTs). In HepG2 spheroids (Figure 5B), the basal mRNA level of UGT1A1
compared to monolayer culture showed great upregulation from day 3 onwards that was time-
dependent, reaching a maximal level at day 12 (5.74-fold). Subsequently, the UGT1A1 mRNA level
decreased (4.13-fold at day 14) and remained constant during further cultivation. Time-dependent
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elevation of UGT1A1 expression in HepG2 spheroids was already previously reported by
Ramaiahgari et al. (2014) [31] and étampar et al. (2019) [35]. For the gene UGT2BY7, slight but not
significant upregulation was detected at day 3 (1.49-fold); however, its expression did not increase
with time. Previously, it has been demonstrated that dynamic HepG2/C3A spheroids expressed an
increased mRNA level of UGT2B7 after three weeks of culturing [77]. In addition to glucuronidation,
sulfonation is very important in the biotransformation of xenobiotics [89], where sulfotransferases
(SULTSs) catalyse the sulfate conjugation of a variety of exogenous chemicals and endobiotics using
3’-phosphoadenosine-5'-phosphosulfate as the donor [90]. On the other hand, in the reaction, pro-
carcinogens are converted into highly reactive intermediates that can act as chemical mutagens and
carcinogens by covalently binding to DNA [91]. The results showed that the mRNA level of SULT1B1
was significantly upregulated (2.89-fold) already after 3 days of culturing; however, the expression
was downregulated after prolonged cultivation (-2.13 fold and -3.33-fold at 12 and 17 days,
respectively). On the contrary, SULTIC2 was significantly elevated already at day 3 (3.09-fold) and
the expression sharply increased with time (6.16-fold by day 17). Another important group of phase
II enzymes is N-acetyltransferases (NAT) that catalyse the activation of aromatic and heterocyclic
amines via O-acetylation, while N-acetylation of the parent amines is considered a detoxification step
[73]. The gene encoding NAT1 was not importantly deregulated in HepG2 spheroids —at most, it was
slightly downregulated (-1.5-fold at day 17). In contrast, the expression of NAT2 was significantly
elevated with the highest expression observed at day 12 (3.95-fold). Transcriptomic analyses revealed
that in dynamic HepG2/C3A spheroids, NAT1 was not importantly deregulated when compared to
2D culture, while NAT2 was significantly downregulated in 25 days old culture [77]. NATs are
substrate-specific and have distinct tissue distribution, where NAT1 has a ubiquitous tissue
distribution and its expression is related to cancers, while NAT2 activity has been described in the
liver, colon, and intestinal epithelium [73]. In the present study, many crucial genes that are involved
in the activation and detoxification of xenobiotic substances and are in HepG2 monolayer cultures
expressed at a very low rate, or are even not detectable, were clearly expressed in HepG2 3D
spheroids.

In a study on HepG2 spheroids, Elenberger et al. (2018), based on ultrastructural and organo-
typic functional investigations, identified clearly different phases of HepG2 spheroids, including an
early phase (day 3 to 6), mid-stage phase (day 6 to 12), and late phase (day 15 to 18), all showing
significant differences in cell-to-cell interactions, specialised microstructures such as the formation of
bile canaliculi, and metabolic activities including albumin and urea secretion. Similarly, the results of
the present study suggested three stages of spheroid formation; the early stage at the age of 3-6 days,
mid-stage at the age of 7-12 days, and the late stage at the age of >14 days. In HepG2 spheroids, the
expression of hepatic markers and metabolic genes from phases I and II changed over time of
cultivation with important changes observed by day 7. The highest mRNA levels for the majority of
metabolic genes were noticeable at 10 to 12 days, which, with further cultivation, gradually declined,
suggesting that the aforementioned cultivation time is long enough for HepG2 cell differentiation
and the development of a metabolically competent cell model with the quantitative and qualitative
expression of phase I and II metabolic enzymes compared to a 2D cell model. In addition to metabolic
activity, we noticed an important change in cell proliferation at day 7 with a slight increase in cell
death, which turned out to be significant after 10 days of cultivation. Taken together, our study
demonstrated that the spheroidal age needs to be considered as an important parameter in the
development of spheroid-based in vitro models.
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Figure 5. The mRNA expression of selected genes involved in the I (A) and II (B-C) phase of
metabolism over time from day 3 to day 17. The significant difference between (i) the monolayer
culture (2D) and the spheroids (3D) (+ p < 0.05, ++ p < 0.01, +++ p< 0.001); (ii) the first day (at day 3) of
measurement and all subsequent days (* p < 0.05, ** p <0.01, ** p <0.001); and (iii) within days (+ p <
0.05, t+ p<0.01, ++1 p < 0.001) was calculated in GraphPad Prism 6, by two-way ANOVA considering
Dunnett’s multiple comparisons test. Results are presented as the mean + SD (N = 3). The dotted line
denotes the expression of the corresponding gene in monolayer culture (1-fold change), the grey line
indicates up- or downregulation of genes with the threshold set at 1.5-fold, which is more than 1.5 or
less than 0.66 relative expression, respectively.
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4. Conclusions

In vitro, 3D cell models compared to traditional monolayer cultures better resemble the cell
organisation of tissues and organs and thus, more accurately mimic the in vivo microenvironment.
In recent years, they have also become a promising tool in the field of genetic toxicology in order to
reduce, replace, and refine animal experiments. Nevertheless, before 3D models can be routinely used
for genotoxicity assessment, they have to be comprehensively characterised and growth conditions
need to be optimised to allow for the reproducibility and comparability of the results. Furthermore,
systematic characterisation allows us to identify all the crucial advantages and disadvantages, which
is of high importance for the further use of the new 3D models. To our knowledge, the present study
is the first where a 3D HepG2 cell model was systematically characterised and standardised including
advanced cell cycle and proliferation analysis by flow cytometry, and gene expressions. In the present
work, we developed uniform 3D HepG2 spheroids of similar size and shape grown under static
conditions. The influence of spheroidal age on cell proliferation and metabolic status was studied
over a 17-day cultivation period to gain a deeper understanding of the morphological and
physiological characteristics of HepG2 spheroids. Based on new knowledge obtained within our
study, we can conclude that the initial cell density for the formation of spheroids is very important
in order to obtain spheroids with viable dividing cells, which is a prerequisite for studying the
adverse geno-/toxic effects, as a division of cells is necessary for damage to be incorporated into DNA.
Compared to the 2D monolayer cultures, HepG2 spheroids showed a time-dependent reduction in
cell proliferation with cell division arrested in the GO/G1 phase of the cell cycle. Moreover, the
spheroids revealed increased liver-specific functions and demonstrated strong physiological
relevance concerning gene expression of hepatic markers and metabolic enzymes, in particular for
sulfotransferases in phase II, thus indicating differentiation into more metabolically competent cells;
this, however, has to be further confirmed at the protein level. We believe that the 3D HepG2 cell
model with characterised cell growth and proliferation, as well as known expression of hepatic
markers and metabolic enzymes, will contribute to a more reliable assessment of genotoxic activity
of chemicals, due to its higher physiological relevance for human exposure and may, therefore,
provide an alternative to animal models, which comply with the 3Rs policy to reduce in vivo testing.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4409/9/12/2557/s1, Figure
S1: The growth and morphology of spheroids (planimetry) monitored during 7 days of cultivation. The surface
area of spheroid size was measured every 24 h (A-B: initial density of 3000 cells/spheroid and C-D: initial density
of 6000 cells/spheroid). The images were taken using an inverted microscope at 40x magnification (N =3). Results
are presented as the mean = SD (N = 10). The statistical analysis was performed in GraphPad Prism 6, by the one-
way ANOVA using the Dunnett's multiple comparisons tests, ** p < 0.01, *** p < 0.001.
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Abstract

The evaluation of genotoxicity plays an important role within hazard identification and risk assessment of chemicals and
consumer products. For genotoxicity assessment, in vitro hepatic cells are often used as they have retained certain level of
xenobiotic metabolic activity. However, current protocols are designed for the use on 2D monolayer models that are asso-
ciated with several limitations due to the lack of numerous biological functions, which results in the loss of many hepatic
properties. In this respect, an attractive alternative are three-dimensional (3D) models. The aim of our study was to develop
physiologically more relevant 3D cell model (spheroids) from the human hepatocellular carcinoma (HepG2) cell line for
genotoxicity testing. The spheroids were prepared by the forced floating method, which had been optimized for the production
of a large number of uniform spheroids. The sensitivity of the spheroids to detect genotoxicity was determined by the comet
assay after the exposure of spheroids to non-cytotoxic concentrations of model indirect acting genotoxic compounds, namely
polycyclic aromatic hydrocarbon (B(a)P), mycotoxin (AFB1), two heterocyclic aromatic amines (PhIP and IQ) and a direct
acting etoposide (ET). All five tested compounds concentration dependently induced DNA damage. Higher sensitivity of 3D
cell model compared to 2D monolayer culture was noticed particularly for detection of the genotoxicity of the heterocyclic
aromatic amines and BaP. Deregulation of mRNA expression (qQPCR) by genotoxic compounds revealed that HepG2 cells
in 3D express important genes encoding phase I and II metabolic enzymes, as well as DNA damage responsive genes in
an inducible form. The newly developed HepG2 3D model shows improved sensitivity for detecting genotoxic compounds
compared to 2D cultures and can provide a suitable experimental model for genotoxicity assessment.

Keywords In vitro 3D cell model - Genotoxic - Comet assay - Gene expression

Introduction

Electronic supplementary material The online version of this Human exposure to genotoxic chemicals is of particular
article (https://doi.org/10.1007/s00204-019-02576-6) contains concern as they induce DNA-damage that is considered
supplementary material, which is available to authorized users. to play a crucial role in the etiology of diseases includ-
ing cancer, infertility, malformation in the offspring,
arthritis and other human disorders (Altindag et al.
2007; Hoeijmakers 2009). Therefore, for human hazard
and risk assessment genotoxicity data are obligatory for
newly developed chemicals and products such as drugs,
cosmetics, food and feed additives, pesticides etc. (Corvi
and Madia 2017). The guidelines for genotoxicity testing
require in the first stage a battery of in vitro tests with
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the metabolism of chemicals in human body and often
the obtained results are misleading. Consequently, in vivo
experiments have to be performed, which are in addition
to being costly associated with ethical issues. Nowadays,
EU legislation regulates the use of laboratory animals in
order to protect their wellbeing and welfare [Directive
on the protection of animals used for scientific purposes
(2010/63)].

Human primary hepatocytes are generally considered
as the gold standard for chemical metabolism and toxicity
studies (LeCluyse 2001); however, their limited availabil-
ity, short life span, genetic and metabolic inter-donor differ-
ences, rapid dedifferentiation, loss of hepatocyte functions
and hepatic phenotype in two-dimensional (2D) cultivation
as well as relatively high cost represent a significant limita-
tion for routine in vitro genotoxicity testing (Gomez-Lechon
et al. 2004; den Braver-Sewradj et al. 2016). In the attempts
to develop more predictive in vitro genotoxicity models sev-
eral human hepatic tumor cell lines including HepG2 (Majer
et al. 2004), C3A (Fey and Wrzesinski 2012), HepaRG (Le
Hégarat et al. 2014), Huh6 (Waldherr et al. 2018) and others,
have been demonstrated to express certain xenobiotic metab-
olizing enzymes and are able to detect genotoxic effects of
certain genotoxic compounds that require enzymatic activa-
tion when tested in vitro. However, compared to normal liver
cells the expression levels of key metabolic enzymes are gen-
erally much lower in these cell lines (Wilkening et al. 2003;
Guo et al. 2011; Gerets et al. 2012). Traditionally, these
in vitro cell based assays are performed using two-dimen-
sional (2D) monolayer cells cultures, which poorly reflect
in vivo conditions. In 2D monolayer cultures the cells lack
numerous biological functions like cell-cell and cell-matrix
contacts, which results in decreased cell differentiation,
flattened morphology of cells with altered cytoskeleton,
reduced viability, and altered cell signalling pathways and
most importantly reduction or loss of many hepatic enzymes
involved in metabolism of xenobiotic substances (Edmond-
son et al. 2014; Wrzesinski and Fey 2015). It is increas-
ingly recognized that cells grown in a three dimensional
(3D) environment more closely represent normal cellular
functions due to the improved cell-to-cell and cell-to-matrix
interactions, and by mimicking the in vivo architecture of
natural tissues and organs (Zhang and Yang 2011; Fey and
Wrzesinski 2012; Gunness et al. 2013). Moreover, 3D cell
cultures can be grown undisturbed over a longer period of
time compared to monolayer cultures, which makes them
an appropriate model for long-term repeated dose studies
(Wong et al. 2011). Therefore, tremendous effort has been
put into the development of a variety of 3D cell models,
which hold the promise for applications in drug discovery,
cancer cell biology, stem cell research, safety studies and
many other cell-based analyses to bridge the traditional 2D
monolayer cell culture models and whole-animal systems.
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The aim of the present study was to develop and opti-
mize the technique and culture conditions for obtaining a
viable hepatic 3D cell culture model (spheroid) using HepG2
cells for genotoxicity testing. The spheroids were prepared
by the forced floating method. The basal gene expression
of selected xenobiotic metabolic enzymes in spheroids was
compared to the expression in 2D monolayer cultures. The
response of 3D spheroids to model genotoxic compounds
was evaluated by the comet assay that detects DNA dam-
age and compared to the response of 2D monolayer HepG2
culture. The selected model compounds represent differ-
ent classes of genotoxic carcinogens that require metabolic
activation to electrophilic intermediates: polycyclic aromatic
hydrocarbon benzo(a)pyrene (B(a)P), mycotoxin aflatoxin
B1 (AFB1), two heterocyclic aromatic amines (PhIP and IQ)
and etoposide (ET). Additionally, in 3D spheroids modula-
tion of the expression of selected genes involved in xenobi-
otic metabolism and DNA damage response upon exposure
to model genotoxic compounds was evaluated using the real-
time quantitative PCR.

Materials and methods
Chemicals

Minimum essential medium eagle (MEME), Na-pyruvat,
L-glutamine, non-essential amino acids (NEAA), NaHCO,,
penicillin/streptomycin, methylcellulose, dimethylsulph-
oxide (DMSO), phenazine methosulfate (PMS), benzo(a)
pyrene (B(a)P, CAS-No. 50-32-8) and aflatoxin B1 (AFBI,
CAS-No. 1162-65-8) were obtained from Sigma (St. Louis,
MO, USA), amino-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP, CAS-No. 105650-23-5) and 2-Amino-3-methyl-
3H-imidazo[4,5-f]quinoline (IQ, CAS-No. 76180-96-6) were
obtained from Toronto Research Chemicals Inc. (Canada),
while etoposide (ET) was from Santa Cruz Biotechnology
(St. Cruz, USA). Foetal bovine serum (FBS), trypsin—-EDTA
(0.25%), low melting point agarose (LMP), normal melting
point agarose (NMP) and TRIzol® reagent were purchased
from Gibco (Praisley, Scotland, UK), and CellTiter 96®
AQueous cell proliferation assay [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; MTS] was from
Promega, Madison, WI, USA. Ethanol, methanol and phos-
phate buffered saline (PBS) were obtained from PAA Labo-
ratories (Dartmouth, NH, USA). Triton X-100 was obtained
from Fisher Sciences (New Jersey, USA) and GelRed solu-
tion from Biotium (Fremont, CA), while the high capac-
ity cDNA archive kit, TagMan Gene Expression Assays,
TagMan PreAmp Master Mix Kit and TagMan Universal
PCR Master Mix were obtained from Applied Biosystems
(New Jersey, USA). The stock solutions of B(a)P (9.9 mM),
AFB1 (3.2 mM), PhIP (20 mM), 1Q (100 mM), and ET
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(25 mg/mL) were prepared in dimethylsulphoxide (DMSO)
and were stored at —20 °C.

Cell culture

HepG?2 cells were obtained from the Cell bank—ATCC,
HB-8065™ and were grown in MEME supplemented with
10% FBS, 100 IU/ml pen/strep, 1% NEAA, 0.1 g/mL Na-
pyruvate, 0.1 g/mL. NaHCO3 and 2 mM L-glutamine at
37 °Cin a 5% CO, atmosphere. Cells were routinely checked
for mycoplasma using the MycoAlert™ kit from Lonza
(Walkersville, MD, USA).

Generation of 3D spheroids

The spheroids were prepared with the forced floating
method in 96-well U-bottom low attachment plates (Fal-
con, Corning Corporation, New York, USA) using growth
medium supplemented with 4% methylcellulose. In each
well 500-6000 cells/well were seeded and the plates were
subsequently centrifuged for 1.5 h at 28 °C and 850g for
cells to aggregate and form spheroids that were incubated
for 0-96 h at 37 °C in a humidified atmosphere with 5%
CO,. The images of spheroids were taken daily for 4 days by
light microscopy using a camera attached to the Ti Eclipse
inverted microscope (Nikon, Japan) and NIS elements soft-
ware 4.13 v (Nikon Instruments, Melville, NY, USA).

Treatment of HepG2 monolayer cultures
and spheroids with model genotoxic compounds

Cells grown in a monolayer (2D) culture were prior to the
treatment seeded onto 96 well plates (Corning Costar Cor-
poration, New York, USA) at the density of 10,000 cells/
well for the MTS assay and to 12 well tissue culture treated
plates (Corning Costar Corporation, New York, USA) at
the density of 80,000 cells/well for the comet assay. The
exposure of 3-day old spheroids to tested compounds was
performed in 96-well plates with one spheroid per well at
the density 6000 cells/well. The monolayers and spheroids
were exposed to indirect/direct acting genotoxic compounds:
polycyclic aromatic hydrocarbon (B(a)P; 10, 20 and 40 pM);
mycotoxin aflatoxin B1 (AFB1; 10, 20 and 40 pM); two
heterocyclic aromatic amines (PhIP; 50, 100, 200 pM and
1Q; 50, 100, 250 pM); and etoposide (ET; 0.17, 1.7, 17 pM)
for 24 h. The concentrations of the model genotoxic com-
pounds were selected based on our previous studies and are
in the range of concentrations that did not reduce the viabil-
ity of HepG2 cells in monolayer cultures by more than 30%
(Pezdirc et al. 2013; Gajski et al. 2016), which is the recom-
mended cytotoxicity limit value for testing the induction of
DNA damage with the comet assay (Tice et al. 2000). In all
experiments, the negative control (growth medium) and the

solvent control (medium containing DMSQO) were included.
The final concentration of the solvent in the solvent control
medium was for each exposure adjusted according to the
solvent concentration in exposure conditions.

Cell viability test

Cell viability of monolayers and spheroids after 24-h expo-
sure to model genotoxic compounds was determined with
the MTS assay according to the manufacturer’s instructions
(Promega) with minor modifications (Hercog et al. 2017).
Briefly, after the exposure the freshly prepared mixture
of MTS: PMS solution (20:1) was added to each well and
incubated for additional 3 h. Afterwards, the cell viability
was measured using the spectrofluorimeter (Synergy MX,
BioTek, Winooski, VT, USA) at 490 nm. Three independ-
ent experiments were performed each time in 4-5 replicates
where each replicate represented one well or one spheroid,
respectively. Statistical significance between treated groups
and the solvent control was determined by the One-way
ANOVA, and p <0.05 was considered as statistically sig-
nificant (GraphPad Software, La Jolla, CA, USA).

Comet assay

The induction of DNA strand breaks after the exposure to
model genotoxic compounds was evaluated with the comet
assay according to Singh et al. (1988) with minor modifica-
tions (Waldherr et al. 2018) for the monolayer cell culture
and for spheroids. Prior to performing the comet assay on
spheroids the procedure for obtaining single cell suspen-
sion was optimized by mechanical degradation and enzy-
matic digestion. After the exposure, each spheroid was left
in trypsin—-EDTA (0.25%, Gibco) for 3 min and subsequently
using a cut tips the spheroid was split into a single cell sus-
pension. The viability of cells in the suspension was checked
with trypan blue staining. The following steps were per-
formed as for the monolayer cell culture. Briefly, 30 pL of
cell suspension was mixed with 70 pL of 1% LMP agarose
and added to the fully frosted slides that had been covered
with a layer of 1% NMP agarose. The slides were lysed (0.1
M EDTA, 2.5 M NaOH, pH 10, 0.01 M Tris and 1% Tri-
ton X-100) for 1 h at 4 °C, unwound and electrophoresed
(300 mM NaOH, 1 mM EDTA, pH 13) for 20 min at 25 V
and 300 mA (0.5-1 V/cm). The slides were then neutralized
(0.4 M Tris buffer; pH 7.5) and the gels were stained with
Gelred (Biotium, Fremont CA). The images were captured
and analyzed using a fluorescence microscope (Eclipse 800,
Nikon, Japan) equipped with a Basler camera and the image
analysis software Comet IV (Perceptive Instruments, UK).
One spheroid represented one unit and at least two sphe-
roids per experimental point were analysed. Five to six inde-
pendent experiments were performed wherein 50 randomly
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selected nuclei were analyzed per experimental point. The
results are expressed as % of tail DNA. One-way ANOVA
and Dunnett’s Multiple Comparison test were used to ana-
lyse the differences in the percentage of tail DNA between
treatments and control and for comparing the exposed
groups to the control group (p <0.01 was considered as sta-
tistically significant).

The gene expression analysis

The expression of ALBUMIN, and selected genes involved in
the xenobiotic metabolism and DNA damage response was
analysed by quantitative real time PCR (qPCR). The expres-
sion of ALBUMIN and the basal expression of selected meta-
bolic genes were determined in HepG2 monolayer cultures
and in spheroids. Further, the induction of genes involved
in the xenobiotic metabolism and DNA damage response
was determined in spheroids exposed to the highest con-
centrations of model compounds used in this study (B(a)P:
40 uM, AFB1: 40 pM, PhIP: 200 pM, 1Q: 250 uM and ET:
17 uM). Total mRNA was isolated from a pool of 30 sphe-
roids for each studied compound and control, using TRIzol
Gibco BRL (Paisley, Scotland). Purity and concentration
of isolated mRNA were determined using NanoDrop 1000
Spectrophotometer (Thermo Fischer Scientific, Wilmington,
USA). The cDNA High Capacity Archive Kit was used for
the reverse transcription of 1 pg of total mRNA per sample.
Quantification of selected genes was performed by using
the qPCR method where TagMan Universal PCR Master
Mix and the following Tagman Gene Expression Assays
were used: ALB (ALBUMIN, Hs00910225_m1), MDM?2
(oncogene, E3 ubiquitin protein ligase), Hs00234753_m1;
TP53 (tumor protein P53), Hs00153349_m1; GADD45«a
(‘growth arrest and DNA damage-inducible gene, alpha’),
Hs00169255_m1; ERCC4 (excision repair cross-comple-
menting rodent repair deficiency, complementation group
4), Hs00193342_m1; CDKNIA (cyclindependent kinase
inhibitor 1A0), Hs00355782_ml; UGTIA1 (UDP glucuron-
osyltransferase 1 family, polypeptide A1), Hs02511055_s1;
CYPIAI (cytochrome P450 family 1 subfamily A mem-
ber 1), Hs01054797_gl; CYPIA2 (cytochrome P450 fam-
ily 1 subfamily A member 2), Hs00167927_m1; CYP3A4
(cytochrome P450 family 3 subfamily A member 4),
Hs02514989_s1; GAPDH (Human Endogenous Controls,
Cat. No: 4310884E, Applied Biosystems, USA). GADPH
was used as a reference gene in all experiments. To evaluate
the performance of a primer set and to eliminate the effect of
the inhibition, a serial of tenfold dilutions of each target gene
was analysed in the control sample. The gPCR experiments
were performed on VIA Real-Time PCR System machine
(The Applied Biosystems™). Data were analyzed using the
relative quantification according to the solvent control with
an open web program quantGenius (Baebler et al. 2017).
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Difference greater than 1.5-fold was considered as up/down-
regulation (relative expression > 1.5 or < 0.66, respectively).
To obtain fold change from relative expression for down-reg-
ulated genes (RE < 1) we calculated the inverse value of the
relative expression (1/RE). Three independent experiments
were performed each time in duplicates prepared from a pool
of 30 spheroids. The statistical analysis was performed by
unpaired parametric 7 test analysis using the Welch’s correc-
tion, without assuming an equal SD (*p <0.05).

Protein expression

The expression of the selected proteins in spheroids was
determined by western blot. The proteins were isolated from
a pool of 60 spheroids for each studied compound (BaP:
40 uM, AFB1: 40 pM, PhIP: 200 pM, IQ: 250 uM and ET:
17 uM) and control in three independent experiments. Ten
ug of total protein were applied to SDS/PAGE electropho-
resis with 40% polyacrylamide gel. After the electropho-
resis the gel with the resolved proteins was transferred to
immune-Blot®PVDF-Membrane (162-0218, Bio-Rad). The
membrane was probed with the rabbit monoclonal primary
antibody against UGT1A1 (1:1000, ab170858, Abcam, UK),
rabbit polyclonal primary antibody against CYP1A1 (1:500,
ab79819, Abcam,UK), rabbit polyclonal primary antibody
against CYP1AZ2 (1:1000, ab3569, Abcam, UK), rabbit poly-
clonal primary antibody against CYP3A4 (1:500, ab176310,
Abcam, UK), rabbit polyclonal primary antibody against
SULT1A1 (1:500, ab38411, Abcam, UK), mouse polyclonal
primary antibody against NAT2 (1:500, 88443, Abcam, UK),
and mouse monoclonal primary antibody against P53 (1:500,
ab1101, Abcam,UK). GAPDH rabbit polyclonal primary anti-
body (1:2000, ab9485, Abcam, UK) represented the control
for equal loading. The membrane was incubated with anti-rab-
bit (1:2500, W401B, Promega, USA) or anti-mouse (1:2500,
W402, Promega, USA) secondary antibody conjugated to
horseradish peroxidase. Chemiluminiscence was developed
by Amersham ECL detection reagent (GE Helthcare, UK)
according to the manufacturer’s protocol and detected with
BioSpectrum Imaging System (UVP, Cambridge, UK).

Results
Characterization of spheroids

To determine the optimal condition for producing the sphe-
roids the initial seeding cell densities were set at 500, 1000,
3000, 6000 and 10,000 cells per well. The growth of sphe-
roids was monitored over 96 h of cultivation. At all initial
seeding densities uniform spheroids were formed already
after 24 h of cultivation (Fig. 1). The measurements of
spheroid surface area demonstrated linear increase in the
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Fig. 1 Influence of initial cell
density on growth and morphol-
ogy of spheroids. The HepG2
spheroids (3D) were formed
from single cell suspension with
different starting cell densities/
well by using the forced floating
method. Microscope images of
spheroids taken at 24, 48, 72
and 96 h of cultivation (scale
bar= 100 um/0.01 cm)

500

72 hours 48 hours 24 hours

96 hours

growth of spheroids with slightly higher growth rate at ini-
tial cell densities > 3000 cells/well (Supporting information
Table S1). Based on these data spheroids produced with the
starting cell density of 6000 cells/well and 72 h of cultiva-
tion were selected for further experiments.

The basal mRNA expression of ALBUMIN and metabolic
enzymes CYPIAI, CYPIA2, CYP3A4 was significantly
higher in HepG2 cells cultivated in 3D cultures compared
to 2D cultures, while the mRNA expression of UGTIAI
was higher in 3D cultures compared to 2D, but the differ-
ence was not statistically significant (Fig. 2). In spheroids,
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Fig.2 Basal mRNA expression of albumin and genes encoding xeno-
biotic metabolic enzymes CYPIAI, CYPIA2, CYP3A4 and UGTIAI
in monolayer (2D) and spheroid (3D) HepG2 cell cultures. Results
are presented as mean+ SD of three independent biological and two
technical replicates prepared. Significant difference in mRNA expres-
sion in 3D cultures compared to 2D cultures was determined with the
unpaired parametric ¢ test analysis using the Welch’s correction, with-
out assuming an equal SD (*p <0.05)

Cells/well
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the expression of CYPIAI and CYPIA2 was more than 5
and 15-fold higher, respectively, whereas the expressions of
CYP3A4 and UGT1A1I were approximately 2-fold higher in
spheroids than in 2D monolayer cultures.

Response of 2D and 3D HepG2 cell cultures
to the exposure to model genotoxic compounds

The viability of HepG2 cells grown in monolayer (2D) and
spheroid (3D) culture was determined after 24 h exposure
to four indirect acting model genotoxic compounds B(a)P,
AFBI1, PhIP and IQ and a direct ET with the MTS assay.
The results of the MTS assay showed that at the applied
exposure conditions the sensitivity of 2D and 3D HepG2
cell cultures towards cytotoxicity of the tested compounds
is comparable (Fig. 3). In neither of the two models the cell
viability was reduced by more than 30%, therefore, the same
concentrations of the tested compounds were used in further
experiments.

The induction of DNA strand breaks was determined with
the comet assay in HepG?2 cell spheroids after 24-h expo-
sure to model genotoxic compounds, AFB1, B(a)P, PhIP, IQ
and ET and was compared to the induction of DNA damage
in monolayer culture under the same exposure conditions
(Fig. 4). The cells in the single cell suspension were obtained
from spheroids by enzymatic digestion and mechanical deg-
radation and showed > 80% viability determined by trypan
blue staining (data not shown). In the comet assay, the back-
ground level of DNA strand breaks (control) was consist-
ently lower in 3D compared to 2D cell model. Exposure to
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Fig.3 The viability of HepG2 cells in monolayer (2D) culture and in
spheroids (3D) after 24-h exposure to direct/indirect genotoxic com-
pounds determined with the MTS assay. Results are presented as %
viable cells +SD normalized to the solvent control and performed in

B(a)P and AFB1 induced concentration dependent increase
in DNA damage in 2D and 3D models. In the 3D model,
B(a)P induced significant increase in DNA damage at lower
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three independent biological with 4-5 technical replicates. The statis-
tical analysis was performed by the one way analysis of variance—
ANOVA (*p<0.05, **p<0.01, ***p <0.001 and ****p <0.0001)

concentration than in the 2D model (> 10 pg/mL vs > 20 pg/
mL, respectively). AFB1 induced DNA damage was in
both cell models observed at > 20 ug/mL. The heterocyclic
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Fig.4 The induction of DNA damage in HepG2 cell monolayer (2D)
cultures and spheroids (3D) after the exposure to indirect model gen-
otoxic compounds B(a)P, AFB1, PhIP, 1Q, and direct acting ET. The
cell models were exposed to graded doses of genotoxic compounds
for 24 h and solvent control (0). DNA damage was determined with
the comet assay and is expressed as % tail DNA. Fifty cells were ana-

lyzed per experimental point in each of the 5-6 independent experi-
ments. The distribution of the data is presented in box-plots. Sig-
nificant difference (One-way ANOVA, Dunett’s test) between treated
cells and the solvent control is indicated with *p <0.05, **p<0.01,
###kp <0.001 and **¥¥p <0.0001
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amines 1Q and PhIP induced no increase in DNA damage in
the 2D culture model, while in spheroids both compounds
concentration dependently increased the amount of DNA
strand breaks at concentrations > 100 pM and >50 pM,
respectively. Etoposide, a direct acting genotoxic compound,
induced DNA damage in both cell models at concentration
> 1.7 pM. Higher level of DNA damage was observed in the
2D model compared to the 3D model; however, at the same
time the background level of DNA damage was much lower
in 3D cell model.

Influence of model genotoxic compounds on gene
expression in HepG2 spheroids

The mRNA expression of selected genes encoding phase
I and II metabolic enzymes and genes involved in DNA
damage response was analyzed after 24 h of exposure of
spheroids to the highest tested concentration of the model
genotoxic compounds B(a)P (40 uM), AFB1 (40 uM), PhIP
(200 uM), IQ (250 pM) and ET (17 uM) with gPCR. Rela-
tive quantities of mRNA of the selected genes in exposed
groups compared to the solvent controls are presented in
Figs. 5 and 6.

Expression of genes involved in the xenobiotic
metabolism

After 24 h of exposure of spheroids to B(a)P (40 uM) the
expression of CYPIAI (13.8-fold), CYPIA2 (2.0-fold),
UGTIAI (3.61-fold), NAT! (2.5-fold) and SULTIBI (1.8-
fold fold) were up-regulated compared to control. AFB1
(40 pM) did not significantly affect the expression of
genes encoding phase I enzymes (CYPIAI, CYPIA2 and

Fig.5 The mRNA expression 20+
of selected genes involved

in the metabolism after 24 h
exposure to model genotoxic
compounds. Three independent
experiments were performed
cach time in duplicates prepared
from a pool of 30 spheroids. An
up-regulation and down-regu-
lation of > 1.5 and <0.66-fold
change, respectively, compared
to control was considered as
positive response. The statistical
analysis between cells treated
with BaP, AFB1, PhIP, IQ, ET
and the solvent control group
was performed by the Student’s
ttest (*p <0.05)
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Fig.6 The mRNA expression of selected genes involved in DNA
damage response after 24 h exposure to model genotoxic compounds.
Three independent experiments were performed each time in dupli-
cates prepared from a pool of 30 spheroids. The statistical analysis
was performed by Student’s r test analysis (*p <0.05). An up-regu-
lation and down-regulation of >1.5 and <0.66-fold change, respec-
tively, compared to the control was considered as positive response

CYP3A4), while it significantly up-regulated the expression
of genes encoding phase II enzymes: UGTIAI (4.7-fold),
NATI (1.9-fold), NAT2 (1.7-fold) and SULT1B1 (1.8-fold).
The exposure to 1Q (250 uM) up-regulated the expression
of phase I metabolic genes CYPIAI (3.5-fold), CYPIA2
(1.7-fold) and CYP3A4 (2.3-fold), and phase II metabolic
genes UGTIAT (2.1-fold), NAT2 (2.6-fold), SULTIAI (2.4-
fold) and SULTIBI (2.1-fold); however, the expressions of
CYP3A4, NAT2 and SULTIAI were not significantly dif-
ferent from the control. PhIP (200 uM) up-regulated the
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mRNA expression of phase I metabolic genes CYPIA2 (1.8-
fold) and CYP3A4 (2.0-fold) and phase II metabolic genes
UGTI1AI (3.0-fold), NAT1 (1.5-fold), SULTIAI (1.5-fold)
and SULT!BI (1.9-fold). The direct acting genotoxic com-
pound ET (17 pg/mL) up-regulated studied genes encoding
phase I enzymes (CYPIA1 for 2.4-fold and CYPIAZ2 for 2.3-
fold. The expression of CYP3A4 was also increased; how-
ever, difference from the control was not significant, while
ET did not affect the genes encoding phase II metabolic
enzymes (Fig. 5).

The protein expression was further confirmed with the
Western blot analysis at the same exposure conditions (Sup-
porting information Figure S1).

Expression of genes involved in DNA damage
response

The exposure of spheroids to B(a)P and AFB1 significantly
up-regulated the expression of TP53 (1.5-fold both com-
pounds), CDKNIA (11.4-fold and 16.6-fold, respectively)
and GADD45a (2.93-fold and 2.1-fold, respectively), while
the expression of MDM2 and ERCC4 was not affected. The
heterocyclic amine 1Q upregulated only the expression of
CDKNIA (12.6-fold), while PhIP, deregulated none of the
studied genes involved in DNA damage response at applied
conditions. ET significantly up-regulated only MDM2
(1.7-fold) and GADD45a (3.4-fold) compared to control.
The mRNA expression of ERCC4 was not affected by the
exposure to any of the studied model genotoxic compounds
(Fig. 6).

Discussion

Currently, the assessment of genotoxic activity of chemicals
mainly relies on in vitro 2D cell models, which however,
have many limitations and poor predictability for in vivo
conditions (Mazzoleni et al. 2009; Soldatow et al. 2013).
Thus, improved in vitro cell-based systems that will more
realistically mimic in vivo cell behaviours and provide more
predictive results for in vivo conditions are needed. In the
present study, we developed a hepatic in vitro 3D cell model
(spheroids) from HepG2 cells for the assessment of geno-
toxic activity of chemicals.

First, the protocol for obtaining uniform, reproducible and
viable spheroids using the forced floating method with cen-
trifugation was developed and optimized. Spheroids devel-
oped from the initial culture consisting of 6000 cells/well
showed uniformity in shape and size, slow steady growth
as well as high cell viability after 96 h of growth. Previ-
ously, it has been shown that cell contact inhibition in 3D
cell models leads to low cell proliferation (Li et al. 2008;
Shah et al. 2018), which was also observed in our newly

developed model. The forced floating method proved to be
simple, easy to manipulate for experimental purposes and a
low cost method that offers the advantage of obtaining a high
number of uniform spheroids in a very short time. Compared
to monolayer cultures the spheroids expressed higher levels
of mRNA of albumin a typical functional characteristic of
hepatocytes and xenobiotic metabolizing enzymes CYPIAI,
CYPIA2 and CYP3A4 (Fig. 2), the production of which is
an important physiological function of hepatocytes in vivo
(Snykers et al. 2009). The result is in line with previous
studies, which showed that HepG2 3D spheroids developed
by the hanging-drop method exhibit higher levels of expres-
sion of genes encoding phase I and II drug metabolizing
enzymes as well as xenobiotic transcription factors, and
transporters compared to 2D systems (Ramaiahgari et al.
2014; Takahashi et al. 2015; Shah et al. 2018; Hurrell et al.
2019). Ramaiahgari et al. (2014) demonstrated time depend-
ent elevation of albumin mRNA expression in HepG2 cell
spheroids that was significantly higher than in 2D cultures
after 7 days of cultivation.

The response of HepG2 spheroids to the exposure of
indirect (B(a)P, AFB1, PhIP and IQ) and direct (ET) acting
model compounds was determined by measuring the induc-
tion of DNA damage by the comet assay. In spheroids, after
24 h exposure to non-cytotoxic concentrations, all tested
compounds induced significant, concentration dependent
increase in DNA damage. Under the same exposure con-
ditions in HepG2 monolayer cultures PhIP and IQ were
inactive as has been reported before (Wilkening et al. 2003;
Tomc et al. 2018) and the lowest concentration at which B(a)
P induced significant increase in DNA damage was higher
in 2D culture than in spheroids. The sensitivity of spheroids
for the detection of genotoxic activity of AFB1 and the direct
acting genotoxic ET was comparable to that of the mon-
olayer culture. These data clearly indicate higher sensitivity
of HepG2 spheroids for detecting genotoxic activity of het-
erocyclic aromatic amines PhIP and IQ and a polyaromatic
hydrocarbon B(a)P. Recently the comet assay was applied on
spheroids developed by hanging drop method and genotoxic
activity of direct acting compounds alkylating agent MMS,
and hydrogen peroxide was assessed (Elje et al. 2019); how-
ever, no indirect genotoxic compounds were included in the
study to confirm the metabolic activity of the spheroids.

In mammalian cells most of the xenobiotic metabolizing
enzymes are inducible in response to the xenobiotic expo-
sure (Denison and Whitlock 1995; Xu et al. 2005; Westerink
and Schoonen 2007). Therefore, in addition to their basal
expression also their inducibility is important for proper
response of exposed cells and detection of genotoxic effects
of indirect acting genotoxins. The inducibility of metabolic
enzymes in spheroids was investigated by measuring the
changes in the mRNA expression of selected genes encod-
ing phase I (CYPIAI, CYPIA2, CYP3A4) and II (UGTIAI,
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NATI, NAT2, SULTIAI and SULTIBI) enzymes after the
exposure to the model genotoxic compounds. The expres-
sions of genes CYPIAI, CYPIA2 and/or CYP3A4 were up-
regulated by all studied compounds except AFB1. B(a)P is
metabolically activated predominantly by CYPIAI in combi-
nation with microsomal epoxide hydrolase that results in the
formation of DNA reactive dihydrodiol epoxides (Stiborova
et al. 2014; Ewa and Danuta 2017). The representatives of
heterocyclic aromatic amines, PhIP and IQ, are metaboli-
cally activated preferentially by CYPIA to N-hydroxy-HAA
metabolites that are further metabolized by glucuronidases,
sulfotransferases and, to a lesser extent, by N-acetyltrans-
ferases, to produce a DNA reactive nitrenium ion (Turesky
2010). Predominant enzymes involved in AFB1 bioactiva-
tion in human liver are CYPIAZ2 and subfamily CYP3A that
lead to the formation of DNA reactive epoxide intermedi-
ate (Kamdem et al. 2006; Lee et al. 2009), however their
expression was not changed in spheroids. Numerous studies
demonstrated that in animals aflatoxicosis causes decrease
in cytochrome P450 activity (Guerre et al. 2000) that is
partly associated with decreases in CYP mRNA expression
in AFB1 treated rabbit hepatocytes, which may explain
the observed lack of the changes in mRNA expression of
CYPIAlL CYPIA2 and CYP3A4. ET causes formation of
topoisomerase [I-induced DNA strand breaks by inhibiting
the ability of topoisomerase II to ligate cleaved DNA mol-
ecules (Bromberg et al. 2003). Its genotoxic activity does not
depend on the metabolic activation; however, ET metabo-
lism is mediated by CYP enzymes (Zhou et al. 2004), which
explains the observed upregulation of the gene expression
of phase I enzymes. Induction of the mRNA expression
of CYPIAI, CYPIA2 and CYP3A4 upon exposure to indi-
rect acting genotoxic compounds in HepG2 2D monolayer
cultures has been reported in numerous studies. However,
recently Shah et al. (2018) reported significantly higher
activities of CYP1A1 and CYP1A2 in HepG2 hanging drop
spheroids compared to monolayers after exposure to BaP
and PhIP that was associated with induction of higher levels
of micronuclei.

Changes in the expression of genes encoding the major
classes of phase II enzymes (glucuronosyltransferases;
UGTs, N-acetyltransferases; NATs and sulfotransferases;
SULTs) involved in the detoxification of xenobiotic sub-
stances (Wilkening et al. 2003; Shimada 2006) were in
HepG2 spheroids deregulated after the exposure to all indi-
rect acting genotoxic compounds [B(a)P, AFB1, PhIP and
1Q]. The up-regulation of the expression of UGTIAI that
encodes glucurnosyltransferase that catalyzes conjugation of
reactive species and enables their elimination was previously
reported also in HepG2 monolayer cultures (Pezdirc et al.
2013). In spheroids all indirect acting genotoxins induced
up-regulation of gene expression of N-acetyltransferases
(NAT1 and NAT2) and sulfotransferases (SULTIAI and
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SULTI1BI), which was not the case in HepG2 2D monolayer
cultures as reported previously (Pezdirc et al. 2013). As
already mentioned sulfotransferases and N-acetyltransferases
activate N-hydroxy-HA A metabolites to produce a DNA
reactive nitrenium ion (Turesky 2010), which explains why
PhIP and IQ genotoxic activity was detected only in sphe-
roids. The expression of phase I and II enzymes in HepG2
spheroids after the exposure to genotoxic compounds was
confirmed also at the protein level. Altogether, these results
show that 3D spheroids from HepG2 cells express certain
phase I and phase IT metabolic enzymes that are transcrip-
tionally induced by the exposure to indirect acting genotoxic
compounds.

Chang and Hughes-Fulford (2009) investigated cellu-
lar and molecular differences between HepG2 monolayers
and spheroids using the whole human genome microarray
and results revealed that significantly more genes related
to extracellular matrix, cytoskeleton, and cell adhesion
were expressed in monolayer cells. On the other hand, they
showed that genes involved in liver-specific functions of
xenobiotic and lipid metabolism were upregulated in sphe-
roids of age 3—7 days (Chang and Hughes-Fulford 2009).
Similarly also Terashima et al. (2015) reported that the
expression of CYP1A1 and CYP1A2 at mRNA and protein
levels was higher in 3D spheroids compared to 2D mon-
olayer cells (Terashima et al. 2015).

Recently, Luckert et al. (2017) described that metabolic
competence of HepG2 cells is not primarily the result of
3D culture but a consequence of the duration of cultivation.
They cultivated HepG2 cells for 21 days in 2D monolayer
and reported that the cells exhibit comparable biochemi-
cal characteristics, CYP activities and gene expression pat-
terns as 3D culture systems applied under different culture
conditions (collagen sandwich, Matrigel and Alvetex scaf-
fold) (Luckert et al. 2017). However, it has to be noted that
although HepG2 cells in the mentioned study had been cul-
tivated in a form of a monolayer cultures, after 21-days in
culture the cells formed 3D structures.

When comparing the levels of the phase I and phase II
enzymes in HepG?2 cell line to primary human hepatocytes,
it has to be noted that substantially higher gene expression
levels and enzyme activities are detected in the primary cells
(Wilkening et al. 2003; Westerink and Schoonen 2007; Guo
et al. 2011; Gerets et al. 2012). However, the rapid decline of
their functionality under in vitro culture conditions (Richert
et al. 2006), polymorphism and high variability in the cell
quality between different donors and very restricted avail-
ability of fresh liver tissue from healthy individuals (Gomez-
Lechon et al. 2003; Godoy et al. 2013; den Braver-Sewradj
et al. 2016) hinder their use for routine genotoxicity testing
and screening purposes.

Genotoxic stress triggers transcriptional activation
of genes regulating DNA repair, cell-cycle arrest and
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apoptosis (Hollander et al. 1997). It has been demonstrated
that changes in the expression of tumour suppressor TP53
and its downstream regulated DNA damage response genes
such as CDKNIA and GADD45a involved in cell cycle
arrest, and MDM?2 a negative regulator of TP53 expression,
can be considered as markers of genotoxic stress (Ellinger-
Ziegelbauer et al. 2005; Hreljac et al. 2008; 2egura et al.
2008; Petkovi¢ et al. 2011; Straser et al. 201 1; Pezdirc et al.
2013). Statistically significant up-regulation of the TP53
gene and protein was detected only in B(a)P and AFBI1
exposed spheroids. It is known that TP53 is usually not up-
regulated at the transcription level as it is in response to
DNA damage predominantly activated at the protein level,
through its phosphorylation by DNA damage-responsive
kinases (Zhou and Elledge 2000). The western blot analysis
confirmed that all tested compounds elevated the expression
of the TP53 protein. The genes involved in cell cycle arrest
were up-regulated by B(a)P, AFB1, IQ and ET. B(a)P and
AFBI1 up-regulated the expression of both cell cycle arrest
genes CDKNIA and GADD45a, 1Q elevated the expression
of CDKNIA and ET the expression of GADD45a. Although
the exposure to PhIP induced DNA damage in spheroids, it
did not affect the expressions of the DNA damage respon-
sive genes. Similar gene expression changes were observed
in HepG2 monolayer cultures after 24 h exposure to B(a)P
and 1Q (Pezdirc et al. 2013). However, on the contrary to this
study PhIP in 2D monolayer cultures induced an increase in
the expression of CDKNIA and GADD45a (Pezdirc et al.
2013). The expression of MDM2 was at the applied experi-
mental conditions up-regulated only by ET. In HepG2 mon-
olayer cultures exposure to ET in addition to the up-regula-
tion of the expressions of MDM?2 and GADD45 upregulated
also the expression of CDKNIA (Novak et al. 2016). The
expression of ERCC4 that is involved in nucleotide excision
repair and is regulated by transcription factor AP-1 (Christ-
mann and Kaina 2013) was not affected by the exposure to
any of the genotoxic compounds.

In vitro 3D cell models provide more accurate models of
tissues and organs and better reflect physiological processes
in vivo compared to 2D culture system. These systems are
already applied for disease studies, pharmacokinetic studies
and drug development. Despite obvious advantages of 3D
models over 2D models, there have been only a few attempts to
use 3D cellular systems for the genotoxicity testing (Shah et al.
2018; Reisinger et al. 2018). The exception are skin in vitro 3D
models that have been developed and validated as a response
to the restriction of the use of animal experiments for testing
cosmetics [Regulation on cosmetic products (1223/2009)].
Thus, physiologically more relevant hepatic in vitro 3D cell
models with higher expression of metabolic enzymes provide
an opportunity to develop a cost-effective and reliable test
system for routine genotoxicity testing applicable for a wide
range of chemicals and products. This would mean that with

enhanced performance of in vitro testing battery and improved
in vitro experimental models fewer in vivo follow-up studies
are necessary. This complies with the 3R strategy (replace,
reduce, refine) to reduce the use of animals for experimental
purposes. Moreover, because of the intrinsic aberrant expres-
sion of liver functions in 2D models, the 3D models will be a
valuable tool for studying the mechanisms of action of geno-
toxic compounds.

Conclusions

We optimized the forced floating method for the production
of 3D spheroids from HepG2 cells. The method proved to be
simple and enabled obtaining a high number of uniform sphe-
roids in a very short time. The background levels of mRNA
expression of albumin and selected genes encoding phase I and
phase II xenobiotic metabolic enzymes were in 3D cultures
significantly higher than in the 2D monolayer cultures. The
results of the genotoxicity testing of selected model genotoxic
compounds demonstrated that 3D spheroids are compared to
traditional 2D model more sensitive for detecting DNA dam-
age induced by certain indirect acting genotoxic compounds.
Genotoxicity of heterocyclic aromatic amines PhIP and IQ was
detected only in the 3D cultures, whereas genotoxicity of BaP
was detected at lower concentration than in 2D culture. Upon
exposure to the model genotoxic compounds the 3D spheroids
from HepG?2 cells responded with upregulated expression of
phase I and phase II metabolic enzymes that are transcription-
ally induced by the exposure to indirect acting genotoxic com-
pounds. The developed 3D HepG2 cell model can contribute
to more reliable genotoxicity assessment of chemicals and may
provide the bridge between in vitro and in vivo experiments.
However, prior to the routine use it has to be further optimized
and validated in terms of response to different classes of geno-
toxic compounds as well as for detection of other genotoxicity
endpoints such as induction of micronuclei.
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11 Abstract: In the present study, hepatic 3D spheroids developed from human hepatocellular
12 carcinoma (HepG2) cell line were used as a biosensor-like system for detection of (geno)toxic effects
13 induced by chemicals. Two genotoxic agents, benzo(a)pyrene B(a)P and amino-1-methyl-6-
14 phenylimidazo[4,5-b]pyridine (PhIP) with well-known mechanisms of action were used for the
15 validation of the system. HepG2 spheroids grown for 3 days under static conditions were exposed
16 to graded doses of BaP and PhIP for 24 and 72 hours. The planimetry (spheroid surface area) was
17 used to monitor the growth of spheroids, while the viability was assessed by confocal microscopy
18 with quantitative image analysis (Live/Dead staining of cells). Further, multi-parametric flow
19 cytometric analysis was applied for simultaneous detection of specific end-effects ranging from cell

20 cycle analysis (Hoechst staining), cell proliferation (KI67 marker), and DNA double-strand breaks
21 (yYH2AX) induced by genotoxic compounds. The results showed that BaP dose-dependently reduced
22 the growth of the spheroids and affected cell proliferation by arresting HepG2 cells in S and G2

23 phase with concomitant reduction of cell number in G1 phase depending on the concentration and
24 time of exposure. Furthermore, it induced DNA double-strand breaks (dsb) after 24 and 72 hours of
25 exposure. Simultaneous staining of YH2AX lesions and cell cycle analysis revealed that 60 % of cells

26 in GO/G1 phase had DNA dsb after BaP (10 uM) exposure, while after prolonged exposure only 20
27 % of cells contained DNA dsb indicating efficient repair of DNA lesions. In the case of PhIP, no

28 influence on the spheroid size was noticed; however, the accumulation of cells in G2 phase was
29 noticed after both treatment times. At the same time, the evaluation of DNA damage revealed that
30 at 200 uM PhIP 50 % of cells in G0/G1 phase had DNA dsb that was after 72-hour exposure present
31 in approximately 40 % of cells, showing lower repair capacity as in the case of BaP. Altogether, the
32 results revealed that developed approach can due to simultaneous detection of several parameters
33 provide more insight into the mechanism of action of genotoxic compounds and can thus contribute
34 to a more reliable genotoxicity assessment of chemicals as a high-content and high-throughput
35 screening tool.

36

37 Keywords: in vitro 3D cell model, HepG2, flow cytometry, cell cycle, proliferation, »H2AX
38

39 1. Introduction

40  During the last decades, concern has been raised about the possible adverse genotoxic effects of
41 various compounds on human health due to increased development of new chemicals and consumer
42 products, such as drugs, cosmetics, food and feed additives and similar, which are widely used in
43 our everyday life [1]. Genetic damage is considered to be an important mechanism of toxicity [2]
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involved in the onset of diseases such as cancer, infertility, a malformation in the offspring,
neurodegeneration, arthritis, and other human disorders [3-5]. Presently, genotoxicity data of
chemicals are as recommended by the authoritative international organizations, obtained using a
battery of short-term genotoxicity tests, which are usually conducted on bacteria and rodent or
human cell lines [6]. Positive results are then confirmed in animal models, which are many times
unnecessary due to often misleading results obtained with in vitro 2D test systems. One of the key
elements contributing to the relatively high proportion of false positive in wvitro results is the
inadequate representation of enzymes involved in the metabolism of xenobiotic compounds in cell
lines used for routine genotoxicity evaluation [7]. As these cells are grown in monolayer cultures they
do not reflect the physiological properties of tissues and are not appropriate for prediction of in vivo
behaviour [8]. Moreover, currently used animal models, mostly rats and mice, have a weak
correlation with humans and thus fail to predict the human outcome, are costly, and are associated
with several ethical issues [9]. On the other hand, primary human hepatocytes are considered as a
golden standard in drug development and toxicity testing [10]; however, in 2D cultures, they rapidly
dedifferentiate resulting in the loss of their hepatic phenotype and functionality. Besides, they have
limited availability, inter-donor variability, and relatively high cost, which makes them an
inappropriate model for routine in vitro genotoxicity testing [11,12]. Thus, there is an urgent need for
the development of reliable and physiologically relevant, human-derived in vitro cell models that will
give predictive results for human exposures to genotoxic chemicals and will enable efficient
screening. Recently, the Workshop on Genotoxicity Testing IWGT) recommended to focus on the
development of alternative in vitro 3D systems with enhanced liver-like functions to provide cost-
effective and reliable tools for the safety assessment of chemicals that will enable high-throughput
screening [13] and will follow the “3R” principles (Reduce, Refine and Replace) related to the use of
animals for research purposes [14]. The advantage of cells grown under 3D arrangement is the fact
that they are surrounded by natural extra-cellular matrix (ECM), which promotes tissue specific
architecture, direct cell-cell and cell-extracellular matrix interactions, and thus provides in vivo-like
environment by recapitulating structures and functionality of the native tissue [15,16]. The spheroids
enable prolonged exposures, due to their increased stability as they retain high cell viability and
morphology over several weeks [13,17-23]. Due to the improved characteristics of 3D cell models
over traditional 2D cell cultures, the use of liver spheroids in genetic toxicology has increased
markedly in the last few years. So far, the liver spheroids have been applied for detection of DNA
strand breaks [13,23-27] and chromosomal damage [19,28-30].

The threats and issues of genotoxic compounds necessitate not only a sensitive detection regimen but
also the employment of a rapid, broad-spectrum screening tool that can be used for high-throughput
detection of genotoxic agents. Therefore, in the present study, we developed a testing approach
utilizing in vitro 3D cell model combined with detection techniques based on microscopy and flow
cytometry. The spheroids developed from a human hepatocellular carcinoma cell line (HepG2)
grown under static conditions were used for detection of cytotoxic and genotoxic effects induced by
model indirect-acting genotoxic compounds, polycyclic aromatic hydrocarbon (BaP) and heterocyclic
aromatic amine (PhIP), which were used for the functional evaluation of the proposed testing
approach. The influence of BaP and PhIP on the spheroid growth was monitored with planimetry by
light microscopy, while the viability was assessed with fluorescent Live/Dead staining using FDA
and PI, respectively, and detected by confocal microscopy. Further, a flow cytometric approach for
simultaneous detection of specific lesions in the same cell ranging from cell cycle analysis (Hoechst
staining), cell proliferation (KI67 antibodies), and DNA double-strand breaks (YH2AX antibodies)
was developed. By applying two genotoxic agents (BaP and PhIP) with well-known mechanisms of
action we investigated whether sensing of fluorescent signals within exposed cells corresponding to
specific lesions could be suited as a high-throughput screening approach for detection of (geno)toxic
compounds.
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94 2. Results and discussion

95  There is an ever-increasing need for the development of fast, reliable and physiologically relevant in

96 vitro models for the safety assessment of various chemicals, and, more recently, for the screening of

97 pharmaceuticals, food and agricultural products, and environmental samples, which all emerged as

98  a major concern due to significant impact on human health. Currently, there is an ongoing trend to

99  develop standardized and robust in vitro hepatic 3D cell models, which closely resemble in vivo
100  microenvironment and can be used for toxicity assessment of critical endpoints of the above-
101 mentioned substances [2,13,26,27,31]. Moreover, it was highlighted that hepatic 3D cell models are
102 more sensitive than monolayer cultures [15,21,24,25,29,32-34]. Several studies showed that HepG2
103 spheroids represent a robust metabolically competent in vitro cell model, which can be applied for
104 the screening purposes in the (geno)toxicity assessment of various substances [24-26,35]. A huge
105  advantage of this model is the support of both acute and long-term repeated studies [23,25,29,30,36].
106 In the present study, we evaluated the sensitivity of the HepG2 spheroid model for detection of
107  cytotoxic and genotoxic activity of (geno)toxic compounds. For this purpose, we selected two model
108  indirect-acting genotoxic compounds, benzo(a)pyrene (BaP) and 2-Amino-1-methyl-6-
109  phenylimidazo[4,5-blpyridine (PhIP), for which it is well known that they induce genotoxic effects in
110 the form of chromosomal aberrations [19,37,38] and DNA strand breaks [39,40]. To validate HepG2
111 spheroid model two approaches were used: i) three-day old spheroids were exposed to higher non-
112 cytotoxic concentrations of BaP and PhIP for 24 hours to investigate their short-term influence on the
113 cell cycle, cell proliferation and formation of DNA double-strand breaks; and ii) three-day old
114  spheroidswere exposed to lower concentrations of BaP and PhIP for 72 hours to investigate the effects
115  of environmentally relevant concentrations, which are applicable for human exposure (Fig. 1). The
116  prolonged exposure allows cells to metabolize genotoxic compounds and to repair induced DNA
117 damage. Nevertheless, if DNA double-strand breaks persist in genetic material, this lesions may lead
118 to mutations, which are transmitted to the next generation of somatic cells, causing an increase in the
119  number of diseases including cancer development [41].
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120
121 Figure 1. The formation of HepG2 spheroid cultures and a novel approach for testing cytotoxic and
122 genotoxic activity of (geno)toxic compounds. The HepG2 cells were seeded onto 96 microtiter plates
123 and were cultured tor three days and subsequently treated with model genotoxic compounds B(a)P
124 and PhIP for additional 24 and 96 hours. After the treatment, cell viability, Live/Dead staining and
125 planimetry measurements were performed. Flow cytometric analysis was done on single-cell
126 suspension simultaneously stained tor three endpoints, Hoechst for determination of the cell cycle;
127 FITC tor proliferation detection and APC for detection of DNA double-strand breaks.
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2.1. The impact of BaP and PhIP on growth and viability of HepG2 spheroids

The growth of spheroids was monitored after the exposure to graded concentrations of Bal’ for 24 h
(0.1, 1, 10 in 20 uM) and 72 h (0.001, 0.01, 0.1, 1 in 10 uM) and graded concentrations of PhIP for 24 h
(50, 100, 150 in 200 puM) and 72 h (25, 50, 100, 150 in 200 pM). The changes in the growth and
morphology of spheroids were monitored by measuring and quantifying the average spheroid area
by planimetry. After 24 hours, BaP at 20 uM statistically significantly decreased the average surtace
area (0.37 + 0.02 mm?) of spheroids (initial density of 6.000 cells/spheroid) when compared to solvent
control spheroids (0.49 + 0.01 mm?) (Fig. 2 A-B). The positive control, etoposide (1.7 uM) decreased
the average surface area to 0.46 + 0.02 mm?. Similarly, reduced growth of spheroids with the initial
density of 3.000 cells/spheroid was determined after prolonged exposure of 72 hours to BaP. The
spheroid surface area significantly differed from the solvent control (0.40 + 0.05 mm?2) at 10 pM BaP
(0.32+0.03 mm?) as well as at 1.7 uM ET (0.31 + 0.03 mm?) (Fig. 2 C-D).

With B(a)P treated spheroids
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Figure 2. Planimetry of three-day-old spheroids monitored after (A-B) short-term (24 hours) and (C-
D) long-term (72 hours) treatment with graded concentrations of BaP. The growth of spheroids was
monitored at 10X magnification (Nikon Instruments) with the Ti Eclipse inverted microscope (Nikon).
ET (1.7 uM etoposide) was a positive control. The results are presented as the mean +SD (N=10). The
statistical analysis was conducted in Graph Pad Prism 6, by the one-way ANOV A using the Dunnett’s
multiple comparisons tests, *p<0.05, *p<0.01, **p<0.001.

PhIP (50, 100, 150 and 200 uM), on the other hand, after 24 hours did not significantly influence the growth
of spheroids. (Fig. 3 A-B). The average surface area of the control spheroids was 0.48 + 0.01 mm? while the
one of the PhIP treated spheroids at 200 uM accounted for 0.46 = 0.03 mm? and 0.43 + 0.01 mm? for positive
control. After prolonged (72 h) exposure of spheroids to PhIP (200 M), a trend of reduced spheroid growth
(0.37 £ 0.06 mm?) was observed compared to solvent control (0.41 = 0.05 mm?) but was not statistically
important (Fig. 3 C-D). The positive control (ET at 1.7 uM) significantly reduced the growth of spheroids
(0.32+0.03 mm?). Similar results were reported for 21-day old HepG2/C3A spheroids grown in bioreactors
under dynamic conditions that were exposed for 24 and 96 hours to BaP (40 and 4 pM, respectively) and
PhIP (200 and 400, respectively) [23].



2.3 HepG2 Spheroids as a Biosensor-Like Cell Based System for (Geno)toxicity Assessment

(Submitted) 55
Int. J. Mol. Sct. 2020, 21, x FOR PEER REVIEW 5o0f 21
With PhIP treated spheroids
A) Microscopy: 24 h; 6.000 cells/spheroid B) Planimetry: 24 h; 6.000 cells/spheroid
Solvent control PhIP 50 uM a 0.6
1000 L s 5 W E
PHIP 150 uM PhIP 200 uM X " ©
3 : - Loz
Z 0.
e © :
w o R
= = i 004l . T : .
0 50 100 150 200 ETAT
Concentration (uM)
C) Microscopy: 72 h; 3.000 cells/spheroid D) Planimetry: 72 h; 3.000 cells/spheroid
& 4 g F3 '1\ 061
9
«‘E‘ 0.4 *
| €
g
| S 02
0.0 T T T T T T
0 25 50 100 150 200 ETH.7
Concentration (pM)
157 |
158 Figure 3. Planimetry of three-day old spheroids monitored after (A-B) short-term (24 hours) and (C-
159 D) long-term (72 hours) treatment with graded concentrations of PhIP. The growth of spheroids was
160 monitored at 10X magnification (Nikon Instruments) with the Ti Eclipse inverted microscope (Nikon).
161 ET (1.7 uM etoposide) was used as a positive control. The results are presented as the mean = SD
162 (IN=10). The statistical analysis was conducted in Graph Pad Prism 6, by the one-way ANOVA using
163 the Dunnett’s multiple comparisons test, *p<0.05.
164  The impact of BaP and PhIP on spheroid’s cell viability was measured with the tetrazolium-based (MTS)
165 assay (Fig. 4) and with differential staining of the whole spheroid with FDA and FI (Fig. 5). Spheroids with
166  theinitial density of 6.000 and 3.000 cells/spheroid grown for 3 days were exposed to graded concentrations
167 of each compound. The MTS assay results revealed that BaP did not affect the viability of cells at applied
168 conditions (Fig. 4 A-B), which is in line with results reported by [24]. In 21-day old HepG2/C3A spheroids
169 grown in dynamic bioreactors, BaP at 40 uM and 4 pM after 24- and 96-hour exposure, respectively,
170 reduced cell viability measured by the ATP content [23], while in 10-day old HepaRG spheroids 24-hour
171 exposure to B(a)P at concentrations of up to 20 pM no effect on cell viability was reported [27]. On the other
172 hand, we showed that PhIP at 400 pM after 72-hour exposure significantly decreased cell viability inHepG2
11713 spheroids for approximately 24 % (Fig. 4 D). Previously, a slight though significant decrease in cell viability
174  upon 24-hour exposure of HepG2 spheroids to PhIP (200 pM) [24] and 21-day old HepG2/C3A spheroids
175 to PhIP (400 uM) [23] was reported. In monolayer cultures, significant effects of PhIP on HepG2 cell
176 survival were also shown; however, at lower concentrations [24,38] compared to 3D cultures. A positive
177 control, etoposide (1.7 pM) after 72-hour exposure significantly reduced cell viability for approximately 20
178 % (Fig. 4 Band D).
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179
180 Figure 4. Cell viability of HepG2 spheroids after 24 and 72 hours of exposure to graded concentrations
181 of (A-B) BaP and (C-D) PhIP determined with the MTS assay. The results were normalized to the
182 solvent control (0.2 % DMSQO for BaP and 1 % DMSO for PhIP). Etoposide at 1.7 uM was used as a
183 positive control. The results are given as a mean value of three independent experiments = SD. The
184 statistical analysis was performed by the one-way analysis of variance - ANOVA, using Dunnett’s
185 multiple comparisons tests (*p < 0.05, ** p < 0.01).

186 Further, Live/Dead staining of the whole spheroid was conducted on spheroids treated with the highest
187 BaP (24 h: 20 uM, 72 h: 10 uM) (Fig. 5 A-B) and PhIP (24 h: 200 pM and 72 h: 200 uM) concentration (Fig. 5
188  C-D). After quantification of fluorescent images, where red fluorescently stained nuclei are used to estimate

189 dead cells and green fluorescently stained cells present the total number of live cells, an increased
190 percentage of dead cells was determined at 20 uM BaP after 24-hour exposure, but was not significantly
191 different from the control spheroids, while significant increase compared to control was determined after

192 96-hour exposure to 10 uM BaP. No increased red fluorescence corresponding to dead cells was notified
193 after 24-hour exposure to PhIP, while after 96-hour exposure to 200 M PhIP the percentage of dead cells
194 increased significantly. The positive control, etoposide, significantly increased the percentage of dead cells
195 (approximately 45 %) after 72 hours. Image-based analysis allows the visualisation of spheroids along the
196  Z-axis, thus enabling the observation of cells located inside and not just on the surface of spheroids. This
197  enables to differentiate the occurrence of dead cells within the spheroid.
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Figure 5. The images of Live/Dead staining and the quantification of Z-stacks of spheroids recorded
after 24 and 72 hours of exposure to (A-B) BaP and (C-D) PhIP. Etoposide 1.7 uM was considered as
a positive control. The live spheroids were stained with FDA (green, live cells) and PI (red, dead cells).
The Z-stacks were obtained using a confocal microscope at 100x-magnification and a collection of 50
Z-stacks images was presented as a gallery of ‘maximum intensity projection image’. The
quantification was conducted with ImagePro 10 software, where at least 20 stacks per spheroid were
measured, and the percentage of dead cells in the spheroid was calculated (n=3). The statistical

significance was calculated with the Student t-test, with *p<0.05.

2.2. The impact of BaP and PhIP on cell cycle, cell proliferation and DNA damage

The impact of BaP and PhIP at two different time points (24 and 72 hours) on cell cycle, cell
proliferation, and DNA double-strand break formation were studied with a new approach by
simultaneous measurement of fluorescent signals of the dye Hoechst 33258 for cell cycle analysis and
anti-bodies, FITC coinciding to the proliferation marker K167, and APC coinciding to DNA double-
strand breaks detected by flow cytometry. This approach enables to study several end-points at the
same time in the same cell and could be used as a high-throughput screening tool for determination
of (geno)toxic effects induced by various chemicals and complex mixtures.

The single-cell suspension from HepG2 spheroids was obtained by mechanical degradation and
enzymatic digestion as described by Stampar et al., (2019). The viability of cells was determined by
Trypan blue staining and the cell suspension accounted for > 80 % of viable cells (data not shown).

The cell cycle of proliferating eukaryotic cells consists of four phases, namely G1, S, G2, and M and
is regulated at several checkpoints, with the most important being G1/S and G2/M, where crucial
decisions on DNA replication and the completion of the cell division are made [42]. In the case of
DNA damage, the cell cycle is arrested until the damage is repaired, which causes the accumulation
of cells in one of the checkpoints. If the DNA damage cannot be repaired, the cells undergo apoptosis
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[43] or mutations can occur [44]. In HepG2 spheroids after 24-hour exposure, BaP arrested the cells
in S phase in a concentration-dependent manner with concomitant reduction of the cell number in
the G1 phase. At 20 pM BaP reduced also the number of cells in the G2/M phase (Fig. 6 A). After
prolonged exposure, a significant decrease of cells in G1 and concomitant significant increase of cells
in G2/M was noticed in HepG2 spheroids exposed to 10 uM BaP (Fig. 6 C). This is in line with
previous reports showing that DNA damage induced by BaP activates the S-phase and G2/M
checkpoints in human cell lines (e.g. HepG2, MCEF?7), allowing the majority of cells to survive [45—48].
Consequently, a part of cells re-enters the cell cycle while carrying significant amounts of residual
damage, which persist even when the cells complete the first and enter the second cycle, leading to a
new round of checkpoint kinase 1 (Chk1) activation. Activation of Chk1 holds the cell in the G2 phase
until ready to enter the mitotic phase. This delay allows time for DNA damage to be repaired or the
occurrence of cell death if DNA damage is irreparable. However, such repeated Chk1 activations are
leading to failure of the cells to divide correctly and increase the frequency of mitotic abnormalities
[49,50]. Our results, calculated by a multinomial logistic regression, confirmed that BaP arrested cells
in the S and G2/M phase after short and prolonged exposure, respectively (Fig. 6 B, D). However, the
effect on the cell cycle was lower compared to monolayer cultures as described by Stellas et al.
(2014)[48]. This can be ascribed to the difference in physiological attributes (both structural and
metabolically) between 3D and 2D cell models [51]. Furthermore, the calculated predicted
probabilities (see Fig. 6 B, D), which tell us the probability that a cell is in a particular phase of the
cell cycle at a particular concentration of the genotoxic compound, showed a clear accumulation of
cells in the S phase (by 16.4 percentage points) with a decrease of cells in the G1 and G2 phase (-12.4
and -3.9 percentage points, respectively), upon 24-hour exposure to BaP (20 uM), meaning that
probably the interruption of DNA synthesis had occurred, which was also reported in other studies
[45,46]. The arrest in DNA synthesis probably occurs because of the intra-S checkpoint, which enables
the recognition of the damaged DNA and time to correct it, while avoiding the irreversible errors
during replication [52].

After prolonged exposure (72h) of spheroids to BaP’ (10 uM), the predicted probability indicated a
significant decrease of cell number in G1 (by -9.0 percentage points) and a concomitant increase of
cells in the G2 phase (by 9.9 percentage points), clearly showing the arrest of cells in the G2/M phase
of the cell cycle. In the case of PhIP, the effect on the predicted probability at 24-hour exposure for
each phase of the cell cycle was minimal, while after prolonged exposure time (72 hours), the
predicted probability of the cells to be in the Gl phase started gradually to decrease in a
concentration-dependent manner (Fig. 6 F, H). At the same time, the predicted probability of cells to
be in S and G2 phase began to increase. Additional pairwise comparisons of the predicted
probabilities were conducted using the Bonferroni correction to account for the multiple
comparisons, which allowed us to identify the differences between each treatment. The pairwise
comparisons, presented in the supplementary Tables 51-54, confirmed the effect of BaP on the cell
cycle distribution after 24 and 72 h and a negligible effect of PhIP after 24 h and a stronger effect after
72 h of exposure. In line with our results, is the study on HepG2 monolayer culture, where PhIP at
200 uM induced the accumulation of cells in S phase and decreased the number of cells in G0/G1
phase after 24-hour exposure [38]. Furthermore, Zhu et al. (2000)[53] also reported accumulation of
human lymphoblastoid TK6 cells in S phase upon short-term exposure (20 and 40 h) to PhIP in
particular at higher PhIP (5-10 ug/ml corresponding to 2.3-4.5 puM) concentrations. In HepG2
spheroids, a positive control, etoposide, a DNA topoisomerase inhibitor, clearly arrested the cells in
G2 phase at both exposure times, which complies with its well-known mechanism of action [35,54].
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Figure 6. Distribution of cells across the phases of the cell cycle measured after 24 and 72 hours of
exposure to BaP (A, C) and PhIP (E, G) and the predicted probabilities of BaP (B, D) and PhIP with 95
% Cls (F, H). Etoposide 1.7 uM was considered as a positive control. The cell cycle results are

presented as the mean * SD (N=3). The probabilities were calculated in Stata 15 using a multinomial

logistic regression *p<0.05. The effects are shown with respect to the corresponding solvent control

(marked as 0). Statistically significant differences compared to corresponding solvent control are
marked with * (*p<0.05).
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It is known that cells grown in 3D conformation have reduced proliferation [22,36], which leads to
self-organization and differentiation of cells in spheroids [31,32]. Thus, we further studied the effects
of BaP and PhIP on the proliferation of the same cell population from the HepG2 spheroids as
evaluated for the cell cycle distribution by flow cytometric detection of anti-KI67 antibody through
the fluorescent signals of FITC corresponding to the proliferation marker KI67. The Ki-67 protein is
an excellent marker for determining the so-called growth fraction of a given cell population [55] since
it is present in all active phases of the cell cycle (G1, S, G2, and mitosis) and is absent from the resting
cells (G0). We notified that 43.2 = 4.3 % of cells from control spheroids that were for four days in
culture (3 days of spheroid formation + additional 24 hours) proliferated, while upon 24-hour
exposure to BaP at 20 uM only 32.1 + 7.4 % cells proliferated clearly showing the impact of BaP on
cell proliferation. Further, we determined that only 28.1 + 5.7 % of cells from control spheroids that
were for six days in culture (3 days of spheroid formation + additional 72 hours) proliferated. BaP at
1 and 10 uM reduced cell proliferation to 19.8 + 7.6 % and 18.6 + 9.9 %, respectively, (Fig. 7 A, B),
indicating the influence of BaP on HepG2 cell division even after prolonged exposure. On the
contrary, PhIP at applied exposure conditions (24 and 72 hours) did not significantly affect cell
proliferation compared to control (Fig. 7 C, D); however, a trend of decreased proliferation was
noticed. A decrease of approximately 7.1 % of KI67 positive cells compared to the control group was
noticed after 24-hour exposure to 200 uM PhIP. In spheroids, exposed to the positive control,
etoposide, the increased percentage of Ki-67 positive cells was measured (for approximately 52 %),
however, this was not due to increased cell proliferation but was due to the accumulation of viable
cells in G2 phase as shown in the cell cycle analysis (Fig 6 E, G).

A:BaP 24 h B:BaP 72 h
601

» *
E 40 2
+ 8 40
¢
X ©
5 204 x
= o 204
° ES

o 0

0 0.1 1 10 20 ET1.7 T T T T T y iy
: 0 0.001 0.01 0.1 1 10 ET1.7
Concentration (1M) Concentration (uM)

C:PhIP 24 h D: PhIP 72 h

60+ b 601
© ) *
8 404 8 a0- T
< £
) ]
X X -
5 204 5 20 I+ T T =
ES ES

0 50 100 150 200 ET1.7 0 25 50 100 150 200 ET1.7
Concentration (pM) Concentration (pM)

Figure 7. The percentage of KI67 positive cells (A, C) and the percentage of KI67 positive cells within
the GO/G1 phase (B, D) of the cell cycle after 24 and 72 hours of exposure to graded concentrations of
BaP (A, By and PhIP (C, D). PC=1.7 uM etoposide. The results are presented as the mean + SD (N=3).
The statistical analysis was conducted in Graph Pad Prism 6, by the two-way ANOVA using the
Bonferroni multiple comparisons test, **p<0.01.

The third end-point measured in the same population of cells isolated from HepG2 spheroids was
phosphorylated histone H2AX (YH2AX) that was reported as a promising early and sensitive marker
for DNA double-strand breaks and DNA adducts [56]. The results from our study showed that BaP
after 24 and 72-hour exposure induced dose-dependent increase of DNA double-strand breaks in
HepG2 spheroids, which significantly differed from control 21 uM at both exposure times (Fig. 8 A,
B). This was confirmed by the calculated predicted probabilities (Fig. 8 E-F), which enabled us to
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310  estimate the differences in the amount of DNA double-strand breaks between the solvent control and
311  the treated samples. Previously, using the comet assay as a detection method, BaP was shown to
312 induce DNA single-strand breaks in spheroids developed from HepG2 cells at > 10 puM [24],
313 HepG2/C3A cells at = 40 uM [23] and HepaRG cells at 20 uM [27] after 24 hours of exposure. Besides,
314  micronuclei formation upon BaP at 3 — 8 uM [19] was reported in 3D HepG2 hanging drop spheroids
315  [19] and the induction was 2-fold higher compared to HepG2 monolayer culture [19], revealing that
316  HepG2 spheroids are a very sensitive cell model for detection of genotoxic agents. When comparing
317  theresults of all three assays we can conclude that flow cytometric analysis of YH2AX lesions proved
318  to be the most sensitive method as it detected DNA damage at the lowest BaP concentration. It is
319  known that y-H2AX assay is more precise and sensitive than the comet assay [57], while the
320  formation of y-H2AX foci was reported to correlate with the formation of micronuclei [58].
321  Furthermore, the results of the present study clearly showed that cell defence against DNA damage
322 was activated in HepG2 cells, which was indicated by the induction of cell-cycle arrest. BaP (20 uM)
323  induced DNA DSBs, which was followed by the arrest of cells in the S phase of the cells cycle (Fig. 8
324 A and 6 A). It is known that DNA DSBs induce the arrest of cells in the S-phase of DNA synthesis,
325  which occurs via a p53-independent ATM pathway [59]. Additionally, using FlowJo software we
326  conducted an advanced analysis by combining the results of cell cycle analysis and YH2AX positive
327  cells. The simultaneous staining and measurement of these two endpoints enabled us to accurately
328  detect in which cell phase the cells with DNA dsb were. Further, we calculated the proportion of
329  yH2AX positive cells in each phase of the cell cycle (GO/G1, S, G2) relative to all cells included in the
330  analysis (Fig. 8 I-L). Clear dose dependent increase in the percentage of cell with DNA dbs in G0/G1
331 phase after 24 h of exposure to BaP was determined, while after 72h much lower percentage of cells
332 with DNA dsb was detected in G0/G1 (Fig. 8 I-]). On the contrary, no important differences in the
333 amount of cells with DNA dsb were determined for the S and G2 phase when compared to control.
334  Moreover, from the results it can be seen that after 24 hours at 10 and 20 uM BaP DNA dsb were
335 detected approximately in 67 % and 92 % of cells that were in G0/G1 phase, respectively. After 72
336  hours, DNA dsb were detected in only =20 % of the cells that were exposed to 10 uM BaP. Altogether,
337  this suggests that DNA dsb induced by BaP were repaired in HepG2 spheroids. Previously, in hepatic
338  spheroids developed from HepG2/C3A cells, a subclone of HepG2 cells [60] that were grown for 21
339  days in bioreactors and were exposed to BaP for 24 (40 pM) and 96 (4 uM) hours, increased gene
340  expression of CYP1A1 was reported [23]. Similarly, in HepG2 spheroids grown for three days and
341 exposed to BaP (40 uM) for 24 hours the mRNA level of CYP1A1 and CYP1A2 [24] encoding the
342 most important phase I enzymes involved in metabolic activation of BaP [61]. In the same study, also
343 the genes encoding phase II enzymes (detoxification), namely UGT1A1 and SULTB1 were
344  upregulated [24], suggesting that BaP is metabolized in HepG2 spheroids already within 24 hours of
345  exposure.

346  The second model genotoxic compounds, PhIP significantly increased DNA dsb at =200 and =25 uM
347  after 24 and 72-hour exposure, respectively (Fig. 8 C-D), which was confirmed by the linear prediction
348  (Fig. 8 G-H). Previously, PhIP was reported to induce DNA damage after 24 hours in HepaRG
349 spheroids at 40 pM [27] and HepG2 spheroids at > 50 uM [24] determined with the comet assay.
350  Moreover, in 21-day old HepG2/C3A spheroids grown under dynamic clinostat conditions DNA
351 strand breaks induced by PhIP (= 200 uM) were determined after 24 hours with the comet assay,
352  while after prolonged exposure of 96 hours no DNA damage was detected [23]. Beside DNA strand
353 breaks, PhIP (= 3 uM) induced the formation of micronuclei in HepG2 spheroids as reported by [19].
354  In the present study, by analyzing the percentage of yH2AX positive cells in each phase of the cell
355  cycle (GO/GL, S, G2) relative to all measured cells in the corresponding group (Fig. 8 K-L), a dose
356  depended increase of yH2AX positive cells was determined in G0/G1 phase of PhIP exposed
357  spheroids after both exposure times. After 24-hour exposure to PhIP at 150 and 200 uM, 42 % and 49
358 % of yH2AX positive cells, respectively, were detected in GO/G1 phase, while after 72 hours 31 % and
359 44 % of cells with DNA dsb were measured (Fig. 8 K-L). Similarly, as in the case of BaP also here no
360  important differences in the percentage of YH2AX positive cells in the S and G2 phase were noticed.
361 Several studies are showing that PhIP is metabolised in hepatic spheroids. Increased activities of
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CYP1A2 enzyme [19], and upregulated mRNA expression of several phase I and II metabolic
enzymes [23,24] were reported upon exposure of spheroids to PhIP. Altogether, the literature data
and results obtained within the present study indicate that PhIP is metabolised and detoxified in
hepatic spheroids and that DNA damage induced by PhIP is repaired as already suggested in the
previous study [23]. After 24 hours, etoposide-induced DNA dsb in approximately 30 % of cells
within G0/G1 and G2 phase each (Fig. 8 I-L), while after 72 hours DNA dsb were detected in more
than 70 % of cells within G2 phase, while less than 10 % of cells within G0/G1 and S phase were
YH2AX positive.
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Figure 8. Relative values of APC fluorescence corresponding to anti-yH2AX labelled sites (A-D); the
predicted probabilities of BaP and PhIP with 95 % Cls (E-H) and (I-L) after 24 and 72 hours of exposure
to graded concentrations of BaP and PhIP. PC = 1.7 uM etoposide. Significant difference between the
treated sample and the solvent control (0) for yYH2AX was tested using the R software with the Mixed
Effects Models (nlme) package by REML and is indicated by * p < 0.05, ** p < 0.01, ** p < 0.001 and
% p < 0.0001. The effects of probability were calculated in Stata 15 using a multinomial logistic
regression *p<0.05. The effects are shown with respect to the solvent control (marked as 0). The results
for the proportion of YH2AX positive cells in each phase (G0/G1, S, G2) relative to all cells in the cell
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379 cycle are presented as the mean + SD (N=3). The statistical analysis was conducted in Graph Pad Prism
380 6, by the one-way ANOVA using the Bonferroni multiple comparisons test, a=0.05.
381
382 3. Materials and Methods
383
384 3.1 Chemicals
385  Benzo(a)pyrene (B(a)P CAS-No. 50-32-8), minimum essential medium eagle (MEME) and its
386  supplements, fluorescein diacetate (FDA), propidium iodide (PI) and dimethylsulphoxide (DMSO)
387  were obtained from Sigma (St. Louis, MO, USA). Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
388  (PhIP; CAS-No. 105650-23-5) was obtained from Toronto Research Chemicals Inc. (Canada).
389 Etoposide (ET) was obtained from Santa Cruz Biotechnology (St. Cruz, CA, USA), while Hoechst
390 33258 dye was purchased from Invitrogen (Waltham, MA, USA). CellTiter 96® AQueous cell
391 proliferation assay (MTS) was obtained from Promega, (Madison, WI, USA). Phosphate buffered
392 saline (PBS) and ethanol were obtained from PAA Laboratories (Dartmouth, NH, USA), while Foetal
393 bovine serum (FBS), Triton X-100 from Fisher Sciences (New Jersey, USA), TRIzol® reagent and
394 trypsin-EDTA (0.25 %) were from Gibco (Praisley, Scotland, UK). Anti-H2AX pS139 (130-107-586),
395  while Anti-Ki-67-FITC (130-107-586), REA Control (I)-FITC (131-104-611) and REA Control (I)-APC
396  (131-104-615) antibodies were obtained from Miltenyi Biotec (Bergisch Gladbach, Germany).
397
398 3.2 Cell culture, the formation of spheroids and treatment conditions
399 The HepG2 cells (HB-8065™) provided by the ATCC-Cell bank, were cultured in MEME media
400  containing 10 % FBS, 100 IU/ml pen/strep, 1 % NEAA, 0.1 g/mL Na-pyruvate, 0.1 g/mL NaHCO3 and
401 2 mM L-glutamine grown under standard cell culture conditions (at 37 °C, 5 % CO: atmosphere and
402 95 % humidity). The spheroids were prepared by the forced floating method, using a growth medium
403  supplemented with 4 % methylcellulose as described in Stampar et al. (2019)[24]. In the study, two
404  initial densities of 3000 and 6000 cells/spheroid were used and grown for 72 hours under standard
405  cell culture conditions. Afterwards, the growth media was replaced with fresh media containing
406  benzo(a)pyrene (BaP) or amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). The spheroids
407  were exposed to BaP at concentrations 0.1, 1, 10, 20 and 40 uM for 24 h, and 0.001, 0.01, 0.1, 1, 10 uM
408  for 72 h; and PhIP at concentrations 50, 100, 150, 200 uM for 24 h, and 25, 50, 100, 150, 200 uM for 72
409 h. In all experiments, solvent (0.2 and 1 % DMSO for BaP and PhIP, respectively) and appropriate
410  positive controls (PC) were included.
411
412 3.3. Determination of cytotoxic activity by MTS assay
413  The viability of spheroids was determined by the tetrazolium-based (MTS) assay, which was
414  performed as described in the manufacturer’s protocol with slight modifications [24]. After 24 and
415  72-hour exposure of spheroids to graded concentrations of BaP and PhlIP, a freshly prepared MTS:
416 PMS solution (20:1) was added to each well (one spheroid per well) and incubated for 3 hours at 37°.
417  The absorbance was measured using the spectrofluorimeter (Synergy MX, BioTek, USA) at 490 nm.
418  The experiments were performed in three independent biological replicates and each time five
419  spheroids per treatment were measured. Etoposide (1.7 uM) was used as a PC. The difference
420  between treated groups and the solvent control was analyzed by the One-way ANOVA with the
421  posthoc multiple comparisons Dunnett’s test using GraphPad Prism V6 (GraphPad Software,
422 California USA). * p < 0.05 was considered statistically significant.
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3.4. Monitoring of growth and morphology of spheroids

The surface area of at least ten spheroids with the initial density of 6.000 cells/spheroid and 3.000
cells/spheroid was monitored after 72h of culturing and additional 24h (altogether 96 hours old
spheroids), and 72h of treatment (altogether 144 hours old spheroids), respectively, with BalP and
PhIP at applied concentrations. The surface area (mm?2) of each spheroid was determined by
planimetry using the NIS elements software 4.13 V at 100x magnification (Nikon Instruments,
Melville, NY, USA) connected to the Ti Eclipse inverted microscope (Nikon, Japan). Growth
monitoring was conducted in three independent biological replicates.

3.5. Determination of the ratio of Live/Dead cells in the spheroids by Confocal Z-stack imaging

Three live spheroids were stained and monitored after 24 and 72-hour exposure to BaP (20 and 10
uM, respectively) and PhIP (200 uM) for each condition (6.000 and 3.000 cells/spheroid, respectively).
The cultured media was substituted with the FBS-free media with FDA stain [8 pg/mL; live cells] and
incubated in the dark for Th at 37 °C in a 5 % COz atmosphere. Afterwards, the spheroids were washed
with PBS and stained with PI [20 ug/mL; death cells] and incubated for additional 5 minutes. The
spheroids were washed again with PBS and placed in 100 pL of fresh serum-free MEME media. The
Leica confocal software connected to confocal microscope Leica SP’8 TCS at 100x magnification was
used to capture the Z-stack images of single spheroids. Etoposide (1.7 uM) was used as a PC. Along
the entire thickness of the spheroid, the Z-stacks of optical sections were taken using suitable
excitation and emission settings for simultaneous dual-channel recordings (PL: 493/636 nm, FDA:
488/530 nm). At least 50 Z-stacks per spheroid were taken. The Image-Pro 10 software (Media
Cybernetics, USA) was used for the image analysis and the quantification of the proportion of dead
cells. At least 20 stacks per spheroid were quantified, and the percentage of dead cells in the spheroid
was calculated as a ratio between the whole spheroid area and the number of dead cells. Z-stacks of
spheroids were processed and analysed by the Leica confocal software (LCS) and presented as a
‘maximum intensity projection image’ gallery. The analysis provided a numerical value for the area
of the spheroid. The difference between the treated groups and the solvent control was analysed by
the Student t-test using GraphPad Prism V6 Software. * p < 0.05 was considered statistically
significant.

3.6. Simultaneous measurement of the cell cycle, cell proliferation and gamma-H2AX positive cells by flow
cytometry

The flow cytometric analysis of the cell cycle, cell proliferation, and gamma-H2AX positive cells was
performed on the spheroids treated with Bal’ and PhlP for 24 (initial density 6.000 cell/well) and 72
hours (initial density 3.000 cells/spheroid) of exposure as described in gtampar et al. (2020a)[36]. Flow
cytometry was conducted on a single-cell suspension, for which a pool of 30 spheroids per sample
was processed, according to Stampar et al. (2019; 2020b)[23,24]. The obtained single-cell suspension
was washed with PBS, fixed in ethanol, and stored at -20°C overnight until analysis (for details see
Hercog et al. 2019 [62]). Afterwards, fixed cells were washed in cold PBS and labelled with anti-H2AX
pS139-APC and anti-KI67-FITC (50-fold diluted antibodies in 1 % BSA), washed with PBS, and
subsequently stained with Hoechst 33258 dye (diluted in 0.1 % Triton X-100 1:500). The flow
cytometric measurements were conducted on a MACSQuant Analyzer 10 (Miltenyi Biotech,
Germany). Hoechst fluorescence related to DNA content for cell cycle analysis was detected in the
V1 (450/500nm) channel; FITC fluorescence, related to the proliferation marker KI67+, was detected
in the B1 (525/500nm) channel; and APC fluorescence, related to DNA double-strand breaks (DSBs),
was detected in the R1 (655-730 nm) channel. Rea-FITC and rea-APC controls (Miltenyi Biotec,
Germany) excluded the unspecific binding of antibodies. The experiment was repeated four times
independently, where 10.000 (for gamma-H2AX) and 20.000 (for proliferation and cell cycle) single
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472 cells per experimental point were recorded. In all experiments, solvent (0.2 % DMSO for BaP and 1
473 % DMSO for PhIP) and appropriate positive (PC; Etoposide: 1.7 uM) controls were included. The
474  obtained data were analysed and graphically presented in the Flow]Jo software V10 (Becton
475 Dickinson, New Jersey USA).
476
477  3.6.1 Statistical analysis of the results obtained by flow cytometry
478  The analysis of the frequency distributions of cells in the cell cycle (the percentage of cells in the
479 G0/G1, S, and G2 phase) was conducted by the multinomial logistic regression, and further post
480  estimation tests in Stata 15 (StataCorp LLC, USA). The multinomial logistic regression is an advanced
481  classification technique that allowed us to predict the probabilities of different possible outcomes
482  (G0/G1, S, and G2) given a set of independent variables. Specifically, it enabled us to assess the effect
483  of different concentrations of model genotoxic compounds on the cell cycle distribution. The
484  difference in the amount of KI67 positive cells in exposed and control cell populations was tested by
485  the one-way ANOVA with Dunnett's multiple comparison test, using GraphPad V6 Software. The
486  proportion of yH2AX positive cells in each phase (G0/G1, S, G2) relative to all cells in the cell cycle
487  was determined in FlowJo software V10 (Becton Dickinson, New Jersey USA) and the statistical
488  significance was tested by the one-way ANOVA with Dunnett's multiple comparison test, using
489  GraphPad V6 Software. The statistically significant difference in the APC fluorescence between
490  treated and control groups was tested using exported .csv values in the R software with the Mixed
491  Effects Models (nlme) package by REML [63]. Furthermore, additional marginal effects were
492 calculated in Stata 15 (StataCorp LLC, USA) for an easier assessment of the results.
493
494 4. Conclusions
495  The significant increase of chemicals to which humans can be exposed calls for the development of
496  rapid and reliable research methodologies and approaches to monitor their (geno)toxic activities and
497  possible adverse human health effects. In the last few years, there is an ongoing shift for the
498  development of novel 3D cell-based systems, which can provide a better understanding of the
499  processes taking place in living cells and organs. In this context, hepatic spheroids represent an
500  alternative to an animal model that can be due to the improved structural, physiological and
501  metabolic properties exploited for broad applications, including (geno)toxicity studies. Furthermore,
502  high-throughput and high-content flow cytometry has developed into a leading technology that
503  supports many applications designed to study the nature of individual cells within homogeneous or
504  mixed cell populations. In the present study, HepG2 spheroids were used as a biosensor-like model
505  for high content screening combining confocal microscopy and quantitative image analysis, which
506  allowed us to address biological questions related to the cell viability and growth of spheroids
507  affected by time and genotoxic agents. Further, simultaneous staining of multiple endpoints in the
508  same cell ranging from DNA double-strand breaks (yH2Ax), proliferation marker (KI67) and cell
509  cycle using specific antibodies and fluorescent signalling combined with flow cytometry enabled us
510  to track the cells with damaged DNA within the cell cycle. Validation of biosensor-like HepG2
511 spheroids by applying two genotoxic agents, benzo(a)pyrene and amino-I-methyl-6-
512 phenylimidazo[4,5-b]pyridine with well-known mechanisms of action confirmed that sensing of
513 fluorescent signals within the exposed cells corresponding to specific lesions represents a powerful
514 tool for the identification of (geno)toxic compounds. Thus, the resulting confocal imaging coupled
515 with multi-parametric flow cytometry in 3D hepatic spheroids represents an advanced biosensor-like
516  approach that can provide more insight into the mechanism of action of genotoxic compounds due
517  tothe ability of simultaneous measurement of several parameters and its applicability in toxicologjical
518  studies as a high-content and high-throughput screening tool.
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Cylindrospermopsin (CYN) is an emerging cyanotoxin increasingly being found in freshwater cyano-
bacterial blooms worldwide. Humans and animals are exposed to CYN through the consumption of
contaminated water and food as well as occupational and recreational water activities; therefore, it
represents a potential health threat. It exhibits genotoxic effects in metabolically active test systems, thus
it is considered as pro-genotoxic. In the present study, the advanced 3D cell model developed from
human hepatocellular carcinoma (HepG2) cells was used for the evaluation of CYN cyto-/genotoxic ac-
tivity. Spheroids were formed by forced floating method and were cultured for three days under static
conditions prior to exposure to CYN (0.125, 0.25 and 0.5 pg/mL) for 72 h. CYN influence on spheroid
growth was measured daily and cell survival was determined by MTS assay and live/dead staining. The
influence on cell proliferation, cell cycle alterations and induction of DNA damage (YH2AX) was deter-
mined using flow cytometry. Further, the expression of selected genes (qPCR) involved in the metabolism
of xenobiotics, proliferation, DNA damage response, apoptosis and oxidative stress was studied. Results
revealed that CYN dose-dependently reduced the size of spheroids and affected cell division by arresting
HepG2 cells in G1 phase of the cell cycle. No induction of DNA double strand breaks compared to control
was determined at applied conditions. The analysis of gene expression revealed that CYN significantly
deregulated genes encoding phase I (CYPIAIL, CYP1A2, CYP3A4, ALDH3A) and Il (NAT1, NAT2, SULT1BI,
SULT1C2, UGT1A1, UGT2B7) enzymes as well as genes involved in cell proliferation (PCNA, TOP2a),
apoptosis (BBC3) and DNA damage response (GADD45a, CDKN1A, ERCC4). The advanced 3D HepG2 cell
model due to its more complex structure and improved cellular interactions provides more physiolog-
ically relevant information and more predictive data for human exposure, and can thus contribute to
more reliable genotoxicity assessment of chemicals including cyanotoxins.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

cyanotoxins is cylindrospermopsin (CYN) that is produced by many
cyanobacterial species including Anabaena sp., Aphanizomenon sp.,

Cyanobacterial blooms are of increasing concern since their
occurrence in the environment is expanding due to water eutro-
phication and climate change (Mantzouki et al., 2018; O'Neil et al.,
2012; Visser et al., 2016). Cyanobacteria produce a wide range of
secondary metabolites including highly toxic cyanotoxins that can
pose threat to human and animal health. One of the emerging
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Chrisosporum ovalisporum, Raphisiopsis raciborskii, Lyngbya wollei,
Oscillatoria sp., Raphidiopsis sp., Umezakia natans etc (Rzymski and
Poniedzialek, 2014). Its producers are mainly native to subtropical
areas (de la Cruz et al., 2013), but CYN has recently been identified
also in inland waters of North America and Europe (Sukenik et al.,
2012; Svircev et al., 2019) as well as in reservoirs for urban water
supply (Buratti et al., 2017; Miller et al.,, 2017; Poniedziatek et al.,
2012), indicating that species producing the toxin are spreading
to temperate regions.

Humans may be exposed to CYN through several routes, where
dermal and inhalation exposure may occur with professional (e.g.
fishing), recreational (sports) or domestic (e.g. showering) use of
contaminated water. The most frequent way of human exposure, is
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‘he oral route, which occurs through the ingestion of contaminated
Irinking water or accidental swallowing of water during recrea-
-ional activities. In the environment, the concentrations of CYN in
surface waters can reach up to several tens of pg/L (Mohamed and
4]-Shehri, 2013; Moreira et al., 2017), while during the blooming
season the concentrations of CYN can reach concentrations such as
589 pg/L (Saker and Eaglesham, 1999) and up to 800 pg/L (Shaw
>t al., 2000).

CYN is a polyketide-derived alkaloid with a guanidine moiety
;ombined with a hydroxymethyluracil group attached to its tricy-
zlic carbon skeleton (Ohtani et al,, 1992). The primary target organs
of CYN toxicity are the liver and kidney; however, also other organs
‘e.g. spleen, thymus, lung, heart, and lymphocytes) can be affected
‘Falconer and Humpage, 2006). CYN displays a wide range of toxic
sffects, with protein synthesis inhibition (Froscio et al.,, 2001) being
‘he main known mechanism of action. An interplay between the
1ydroxyl and guanidine functional groups appears to be the key for
ZYNs toxicity (Evans et al., 2019); however, detailed information of
ts molecular mode of action remains unclear. In addition to being
1epatotoxic (Runnegar et al,, 2002) and generally cytotoxic, it is
levelopmentally toxic (Berry et al., 2009), immunotoxic (Moosova
at al., 2019; Poniedzialek et al., 2014), dermatotoxic, and there are
ndications of its endocrine disrupting (Liu et al., 2018; Young et al.,
2008) and neurotoxic activity (for review see: Hinojosa et al., 2019).

At the molecular level, CYN is inhibiting glutathione synthesis
‘Runnegar et al,, 1994, 1995) resulting in generation of reactive
axygen species and lipid peroxidation (Evans et al., 2019; Liebel
>t al,, 2011; Poniedziatek et al., 2015). Its genotoxic activity is
manifested in the form of DNA strand breaks (Humpage et al., 2005;
sieroslawska and Rymuszka, 2015; Straser et al., 2013b, 2013a;
Zegura et al,, 2011a, 2011b) and chromosomal damage (Bazin et al.,
2010; Hercog et al., 2017; Humpage et al., 2000; Sieroslawska and
Rymuszka, 2015; Straser et al., 2011; Zegura et al.,, 2011a, 2011b).
ZYN is considered to be pro-genotoxic, meaning that metabolic
activation is required for its cytotoxic and/or genotoxic effects;
10wever, the exact metabolic pathway remains unclear. Numerous
ndirect evidences are showing that various isoforms of cytochrome
2450 (CYP450) family are involved in its metabolic activation (Bazin
2t al., 2010; Froscio et al., 2003; Hercog et al.,, 2017; Humpage et al.,
2005; Kittler et al., 2016; Straser et al., 2013c, 2013a, 2011; Zegura
at al, 2011a, 2011b), while not much literature data exists on the
nvolvement of phase Il enzymes in CYN detoxification.

Recently US Environmental Protection Agency (EPA, 2015) and
Zuropean Food Safety Agency (Testai et al,, 2017) published docu-
ments prioritizing the identification of CYN adverse health effects,
‘hus there is an urgent need to elucidate its molecular mechanisms
of action in detail.

In the present study, cytotoxic and genotoxic activity of CYN was
studied in three dimensional (3D) in vitro cell model (spheroids)
ieveloped from human hepatocellular carcinoma cell line (HepG2).
Zompared to the traditional two dimensional (2D) cell cultures, cell
ine derived hepatospheres possess improved cell-cell and cell-
matrix interactions, resulting in higher cell differentiation, cell
mnorphology and cytoskeleton architecture that more closely
-esemble in vivo cellular functions (Fey and Wrzesinski, 2012;
Sodoy et al, 2013; Zhang et al, 2016). Primary liver cells are
considered the best approximation to in vive situation; however,
spheroids formed from hepatocyte cell lines appear equally useful
‘or determination of cytotoxic effects in vitro, while the classical 2D
cultured cell models show significantly lower correlation (Fey and
Wrzesinski, 2012). Another advantage of 3D cell models is that
-hey allow prolonged exposures due to their higher stability as they
-etain cell viability, morphology, and functionality over a period of
several weeks (Bell et al., 2016).

The spheroids obtained from HepG2 cells show increased level

of liver-specific functions and expression of markers of differenti-
ated and polarized hepatocytes (Kelm et al., 2003; Luckert et al.,
2017; Mueller et al., 2011; Ramaiahgari et al., 2014). In HepG2
spheroids bile canaliculi-like structures are formed (Kelm et al.,
2003; Ramaiahgari et al., 2014) and thus spheroids possess func-
tional bile transport (Luckert et al, 2017; Mueller et al, 2011).
Moreover, gene expression patterns including liver-specific genes
and genes involved in xenobiotic metabolism are markedly
different compared to monolayer cultures (Chang and Hughes-
Fulford, 2009; Hurrell et al., 2019; Luckert et al., 2017; Stampar
et al.,, 2019).

In our study, the HepG2 spheroids were exposed to non-
cytotoxic concentrations of CYN and the influence on spheroid
growth, cell division, and DNA damage was studied with micro-
scopy and flow cytometry. To explore molecular mechanisms un-
derlying CYN induced cellular effects, deregulation of the
expression of selected genes involved in metabolism of xenobiotics
(phase I and II), DNA damage response, cell proliferation, apoptosis
and oxidative stress upon exposure of 3D spheroids to CYN was
analysed using the qPCR.

2. Materials and methods
2.1. Chemicals

Cylindrospermopsin (CYN) was obtained from Enzo Life Sci-
ences GmbH (Lausen, Switzerland). A 0.5 mg/mL stock solution of
CYN was prepared in 50% methanol and stored at —20 °C. Minimum
essential medium eagle (MEME) and its supplements, benzo(a)
pyrene (BaP), fluorescein diacetate (FDA) and propidium iodide (PI)
were obtained from Sigma (St. Louis, MO, USA), while the etoposide
(ET) was from Santa Cruz Biotechnology (St. Cruz, CA, USA).
Hoechst 33258 dye was purchased from Invitrogen (Waltham, MA,
USA). Methanol and phosphate buffered saline (PBS) were from
PAA Laboratories (Dartmouth, NH, USA). Foetal bovine serum (FBS),
trypsin—EDTA (0.25%) and TRIzol® reagent were from Gibco
(Praisley, Scotland, UK). Triton X-100 was from Fisher Sciences
(New Jersey, USA). CellTiter 96® AQueous cell proliferation assay
(MTS) was from Promega, (Madison, WI, USA). qPCR reagents (High
capacity cDNA Transcription Kit, TagMan Gene Expression Assays,
TATAA PreAmp Grand Master Mix (2x), and TagMan Universal PCR
Master Mix) were from Applied Biosystems (Foster City, CA, USA).
Anti-H2AX pS139 (130-107-586) and Anti-Ki-67-FITC (130-107-
586) antibodies were from Miltenyi Biotec (Bergisch Gladbach,
Germany).

2.2. Cell culture and spheroids formation

HepG2 cells (ATCC, HB-8065™) were cultured at 37 °C and 5%
CO, in MEME medium supplemented with 1% non-essential amino
acids, 2.2 g/L NaHCO3, 2 mM L-glutamine, 1 mM sodium pyruvate,
100 IU/mL penicillin/streptomycin and 10% FBS.

The spheroids were prepared by the forced floating method
according to (Stampar et al, 2019) with minor modifications.
Briefly, the cells (5000 cells/well) in growth media supplemented
with 4% methylcellulose were centrifuged at 900 g for 1.5 h at 28 °C
in 96-well U-bottom low attachment plate to form spheroids.
Subsequently they were cultured for 3 days at 37 °C and 5% CO,
prior treatment. Afterwards, the growth media was replaced with
fresh media containing cylindrospermopsin (CYN) at concentra-
tions 0.125, 0.25 and 0.5 pg/mL and the spheroids were incubated
for additional 72 h. In all experiments, untreated (growth media),
solvent (0.05% methanol) and appropriate positive (PC) controls
were included.
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2.3. Monitoring of growth and morphology of spheroids

Five spheroids per treatment were monitored over 72 h of
cultivation. The surface area of each spheroid in each treatment
condition was measured every 24 h and the image of each spheroid
was captured using NIS elements software 4.13 v (Nikon In-
struments, Melville, NY, USA) connected with Ti Eclipse inverted
microscope (Nikon, Japan). Spheroid growth was monitored in
three independent parallels. Etoposide [1 pg/mL] was used as a PC.
The difference between treated spheroids and solvent control was
analysed by the Two-way ANOVA with Fisher's LSD test using
GraphPad Prism V6 for Windows (GraphPad Software, California
USA). p < 0.05 was considered statistically significant.

2.4. Cell viability test

The tetrazolium-based (MTS) assay was performed according to
the manufacturer’s protocol with minor modifications (Stampar
et al., 2019). Briefly, after 72 h exposure to CYN, a freshly pre-
pared MTS:PMS solution (20:1) was added to each well corre-
sponding to one spheroid. After 3 h of incubation, the absorbance
was measured at 490 nm using the spectrofluorimeter (Synergy
MX, BioTek, USA). The experiment was repeated three times inde-
pendently and each time eight spheroids per treatment were
included. Etoposide [30 pug/mL] was used as a PC. The difference
between treated groups and the solvent control was analysed by
the One-way ANOVA using GraphPad Prism Software. p < 0.05 was
considered statistically significant.

2.5. Confocal z-stack imaging of life/dead stained spheroids

After 72 h of CYN exposure, the culture media was replaced with
FBS-free media with FDA stain [8 pg/mL] and incubated in darkness
for 1 h. Afterwards, PI [20 pug/mL] was added and incubated for
additional 5 min. Z-stack images of single spheroids were taken
using the confocal microscope Leica SP8 TCS at 100x magnification.
Etoposide [1 pg/mL] was used as a PC. The image analysis and the
quantification of the ratio of dead cells was performed using the
Image-Pro 10 software (Media Cybernetics, USA). At least 40 Z-
stack images per spheroid were recorded through the entire vol-
ume of the spheroid using excitation and emission settings for
simultaneous dual channel recordings and at least three spheroids
per treatment point were included in the analysis. The difference
between treated groups and the solvent control was analysed by
the One-way ANOVA using GraphPad Software. p < 0.05 was
considered statistically significant.

2.6. Flow cytometric analyses of cell cycle, cell proliferation and
gamma-H2AX formation

For the analyses of the cell cycle, cell proliferation and gamma-
H2AX formation single-cell suspension was prepared with enzy-
matic digestion and mechanical degradation according to (Stampar
et al., 2019) with modifications. After the exposure, 30 spheroids
per treatment were collected in a tube, washed in PBS and incu-
bated in trypsin—EDTA (0.25%, Gibco) for 4 min, Next, the spheroids
were disintegrated into a single-cell suspension using 200 L pipet
tips. The obtained single cells were washed in PBS, fixed in ethanol
and stored at —20 °C until analysis (for details see (Hercog et al.,
2019)). Fixed cells were washed in cold PBS and labelled for
simultaneous detection of three endpoints. First, they were labelled
with anti-H2AX pS139-APC and anti-Ki67-FITC (50-fold diluted
antibodies in 1% BSA), washed with PBS, and subsequently stained
with Hoechst 33342 dye (diluted in 0.1% Triton X-100 1:500). Flow
cytometric analyses were carried out on a MACSQuant Analyzer 10

(Miltenyi Biotech, Germany). APC fluorescence, corresponding to
DNA double strand breaks (DSBs), was detected in R1
(655—730 nm) channel; FITC fluorescence, corresponding to the
proliferation marker Ki67-+, was detected in the B1 (525/50 nm)
channel and Hoechst fluorescence corresponding to DNA content
for cell cycle analysis was detected in V1 (450/50 nm) channel.
Unspecific binding of antibodies was excluded based on rea-FITC
and rea-APC controls (Miltenyi Biotec, Germany). The experiment
was repeated three times independently where each time 10%
single cells per experimental point were recorded. Etoposide [1 ng/
mL] was used as a PC.

Flow cytometry data were analysed and graphically presented in
the Flow]o software V10 (Becton Dickinson, New Jersey USA). The
comparison of the cell cycle distribution of cells in the solvent
control and treated samples was done by two-way ANOVA with
Fisher's LSD test, while the significance of Ki67 positive cells was
tested by one-way ANOVA with Dunett's multiple comparison test
both using GraphPad Software. The statistical significance in the
change of APC fluorescence was tested using exported.csv values in
the R software with Linear and Nonlinear Mixed Effects Models
(nlme) package (Pinheiro et al., 2007).

2.7. The qPCR analyses of the expression of selected genes

The expression of selected genes was determined in spheroids
exposed to the highest concentration of CYN [0.5 pg/mL], solvent
control and B(a)P [30 uM] as a PC. Total mRNA was isolated from a
pool of 32 spheroids per treatment, using TRIzol reagent, according
to manufacturer’s instructions. The mRNA concentration and
quality were spectrophotometrically determined using NanoDrop
1000 (Thermo Fischer Scientific, Wilmington, USA). 1 ug of total
isolated mRNA per sample was reverse transcribed using The High
capacity cDNA Transcription Kit. The experiment was repeated in
three parallels with two technical repetitions. The BioMarkTM HD
System to perform real-time quantitative PCR (qPCR) analysis on
the 48.48 Dynamic Array™ was employed to analyse the level of
expression of selected genes (Table 1) according to the manufac-
turer’s instructions. The relative quantification of gene deregulation
was performed with the QuantGenious web-based tool (Baebler
et al., 2017) comparing the Ct values of reference (GAPDH and
HPRT1) and target genes using the standard curve. Relative gene
expression >1.5-fold or <0.66 compared to control was considered
as up- or down-regulation, respectively. The significance of the
difference between treated groups and the solvent control was
analysed by two tailed Student’s t-test with Welch's correction
using GraphPad Software.

3. Results and discussion

In the last decade, the toxicity and genotoxicity and potential
carcinogenicity of CYN has been extensively studied using tradi-
tional monolayer (2D) cell culture models in vitro. However, 2D
cultures are associated with inherent weaknesses, which reduce
their reliability for predicting of the effects in vivo in whole or-
ganisms. Recently we developed in vitro 3D cell model from HepG2
cells by the forced floating method (Stampar et al., 2019) that was in
the present study used for studying the cyto-/genotoxic effects and
the underlying molecular mechanisms of toxin activity.

3.1. The effects of CYN on HepG2 spheroid morphology and cell
viability

The exposure of HepG2 spheroids to CYN for 72 h caused dose-
dependent decrease of spheroid’s growth (Fig. 1C). At the end of
exposure the average surface area of control spheroids cultivated in
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fable 1
Senes included in the gene expression analyses.

Gene symbol

Full Gene Name

Tagman Gene Expression Assay

Housekeeping gene GAPDH

Glyceraldehyde-3-Phosphate Dehydrogenase
HPRT1 Hypoxanthine Phosphoribosyltransferase 1

Hs02758991_g1
Hs02800695_m1

Metabolism of xenobiotics CYPIAT Cytochrome P450 Family 1 Subfamily A Member 1 Hs01054797_g1
CYP1A2 Cytochrome P450 Family 1 Subfamily A Member 2 Hs00167927_m1
CYP3A4 Cytochrome P450 Family 3 Subfamily A Member 4 Hs02514989_s1
ALDH3A1 Aldehyde Dehydrogenase 3 Family Member Al Hs00964880_m1
AHR Aryl Hydrocarbon Receptor Hs00169233_m1
NAT1 N-Acetyltransferase 1 Hs02511243_s1
NAT2 N-Acetyltransferase 2 Hs01854954_s1
SULT1B1 Sulfotransferase Family 1 B Member 1 Hs00234899_m1
SULT1C2 Sulfotransferase Family 1C Member 2 Hs00602560_m1
UGTIA1 UDP Glucuronosyltransferase Family 1 Member A1l Hs02511055_s1
UGT2B7 UDP Glucuronosyltransferase Family 2 Member B7 Hs00426592_m1
Oxidative stress HIF-1a Hypoxia Inducible Factor 1 Subunit Alpha Hs00153153_m1
DNA damage response and cell cycle arrest CDKN1A Cyclin Dependent Kinase Inhibitor 1 A Hs00355782_m1
GADD45w Growth Arrest And DNA Damage Inducible Alpha Hs00169255_m1
ERCC4 ERCC Excision Repair 4, Endonuclease Catalytic Subunit Hs00193342_m1
CCND1 Cyclin D1 Hs00765553_m1
Proliferation MKI67 Marker Of Proliferation Ki-67 Hs01032443_m1
PCNA Proliferating Cell Nuclear Antigen Hs00427214 g1
TOP2 « DNA Topoisomerase Il Alpha Hs01032137_m1
Apoptosis BBC3 BCL2 Binding Component 3 Hs00248075_m1

nedium with solvent (0.05% methanol) was 0.451+0.040 mm?,
while the surface area of spheroids exposed to 0.5 pg/mL CYN was
1.433+0.039 mmZ. When the spheroid growth was normalized to
ts size at the treatment point (time 0), the measurements revealed
‘hat after 72 h CYN inhibited spheroid growth for 8% on average
w~hen compared to the solvent control (p = 0.0003) (Fig. 1A and C).
Ztoposide, the positive control, after 72-h exposure decreased the
spheroid area for 31% on average compared to solvent control
‘p < 0.0001). CYN affected the surface and the integrity of spher-
sids, which was less compact than that of control ones (Fig. 1B). The
oosened and detached cells on the surface were viable (Fig. 2).
3asu et al. (2018) described similar effects of CYN (1.04 pg/mL) on
‘he surface of spheroids developed from liver stem cells HL1-hT1.
[he surface of control spheroids was generally smooth, while in
ZYN treated spheroids it was ruffled and disintegrated. Previously,
straser et al. (2013b) reported CYN induced morphological changes
n HepG2 cells cultured in a monolayer. In cells exposed to CYN,
‘ormation of a compact monolayer of cells was reduced and a less
irm attachment of cells to the surface of the culture plates and to
2ach other was reported, which is in line with our observations on
‘he surface of the spheroids. There are several indications that CYN
affects the cytoskeleton of cells (reviewed in Mathe et al., 2017),
which results in changed cell morphology and intracellular bonds,
w~hich may explain the observed effects.

The exposure of the spheroids to CYN for 72 h did not signifi-
antly reduce the viability of cells. No difference between cells from
YN treated and control spheroids was observed with the
etrazolium-based (MTS) assay (Fig. 3A), while the live/dead
staining of the whole spheroid showed a trend of dose dependent
ncrease in the ratio of dead cells that was however not statistically
significant (Fig. 3B). The positive control, etoposide significantly
-educed cell viability (Fig. 3). Contrary to these results, under the
same exposure conditions, in 2D HepG2 cultures, CYN reduced cell
siability for approximately 50% (Straser et al., 2013b). Higher cell
survival in 3D compared to 2D HepG2 cultures has been observed
also after the exposure to two heterocyclic aromatic amines PhIP
ind 1Q, a polycyclic aromatic hydrocarbon B(a)P, and a mycotoxin
AFB1, (Stampar et al,, 2019). Li (2008) reported that HepG2 cells
cultured in 3D are more resistant to drug-induced apoptosis and
‘he same phenomenon has been observed in several studies where
cells cultured in 3D showed higher resistance to anticancer drugs

than cells cultured in 2D, irrespective of the compound’s mecha-
nism of action (Karlsson et al.,, 2012; Loessner et al., 2010; Patra
et al,, 2016). Similar pattern of chemoresistance as developed in
3D spheroids is observed also in vivo (Sodek et al., 2009). Lower
sensitivity of 3D culture vs. 2D can result from the differences in i)
physical and physiological characteristics (interactions between
neighbouring cells and extracellular matrix influencing cellular
decision-making process); ii) presence and spatial arrangement of
membrane receptors; iii) gene expression levels; iv) cell stages and
v) drug accessibility and local pH (reviewed in Edmondson et al.,
2014). The difference in CYN cytotoxic effects obtained in 3D vs.
2D models is in line with higher resistance of 3D models towards
cytotoxic compounds.

3.2. The effects of CYN on cell cycle, cell proliferation and DNA
damage

The effects of CYN on cell cycle, cell proliferation and DNA
damage was determined by flow cytometry with simultaneous
measurement of the fluorescent signals of Hoechst 33342 for cell
cycle determination, FITC corresponding to proliferation marker
Ki67 and APC corresponding to DNA DSBs. The effect of CYN on the
cell cycle was observed at concentrations >0.25 pg/mL (Fig. 4A).
Compared to solvent control, the number of cells in GO/G1 phase
was increased together with the reduction of the number of cells in
S phase. The proliferation marker Ki67 was equally present in the
cells of treated and control spheroids (Fig. 4B). However, the
simultaneous staining with Hoescht and anti-Ki67 antibody
enabled us to analyse the distribution of Ki76 positive cells across
the cell cycle phases (Fig. 4D) and therefore to distinguish between
cells in GO and G1 phase (Kim and Sederstrom, 2015) since Ki67 is
not present in GO phase. The ratio of Ki67 positive cells in GO/G1
phase was similar in the control and CYN treated groups (approx-
imately 55%) (Fig. 4C), which means that the increased number of
cells in GO/G1 after CYN exposure was not due to the increased
number of non-proliferating cells (G0), but represents G1 cell cycle
arrest (Fig. 4A). In etoposide (PC) exposed spheroids 68% of cells in
GO/G1 cells were Ki67 negative (Fig. 4C), meaning that less cells
were dividing.

In G1 phase of the cell cycle, crucial decisions on DNA replication
and completing the cell division are made in cells. Genotoxic stress
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Fig. 1. A: Monitoring of the spheroids at different times of exposure to CYN (0.125, 0.25 and 0.5 pg/mL) and controls. For each treatment, a representative image sequence of the
same spheroid is shown. The scale (400 pm) corresponds to all images; B: The surface of spheroid cultivated in the medium with solvent [0.05% methanol] and CYN [0.5 pg/mL]
treated for 72 h; C: The area of spheroids at different times of cultivation and exposure to CYN and PC (ET [1 pg/mL]).

of various sources leads to activation of p53 protein which regulates
the transcription of genes involved in G1/S cell-cycle arrest,
including the cyclin-dependent kinase inhibitor 1 (p21) (Bartek and
Lukas, 2001).

CYN [1 pg/mL] induced cell cycle arrest at GO/G1 phase was
observed also in human lymphocytes (Poniedzialek et al., 2014). On
the contrary, Straser et al. (2013b) reported that in the HepG2
monolayer culture 72 h exposure to CYN [0.5 pg/mL] decreased the
number of cells in GO/G1 phase and caused S-phase cell cycle arrest.
In the same study CYN induced DNA DSBs were observed (Straser
et al.,, 2013b), while the results from the present study showed no
increase of YH2AX positive cells corresponding to DNA DSBs in
HepG2 spheroids (Fig. 4E). The S-phase DNA synthesis arrest is
specifically related to DSBs via the p53-independent ATM pathway
(Kastan and Lim, 2000). This explains why the cells in spheroids
exposed to CYN were not arrested in S phase as has been previously

observed by Straser et al. (2013b). These results suggest differences
in the mechanisms of action of CYN in 2D and 3D models. In
HepaRG cells exposed to CYN, Huguet et al. (2019) reported cell
cycle alternations with G2/M arrest and the induction of YH2AX,
but at concentrations at which the cell viability was reduced to 50%
[>1.3 pg/mL] and 10% [5.2 pg/mL]. The DNA DSBs observed at such
high cytotoxicity may not reflect genotoxic activity but correspond
to degradation of DNA in the process of apoptosis or necrosis
(Miller et al., 1999).

3.3. The effects of CYN on the expression of selected genes

To elucidate the molecular mechanisms involved in CYN
induced toxicity and genotoxicity we analysed changes in the
transcription of selected genes involved in metabolic trans-
formation, oxidative stress, DNA damage response, proliferation
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and apoptosis (Table 2). Nowadays, CYN is generally recognized as
Jro-genotoxic compound, which requires metabolic activation by
-ytochrome P-450 (CYP450) enzymes to cause genotoxic effects
Straser et al,, 2011). The cytochrome P450 (CYP) enzymes are
mnembrane-bound hemoproteins that play a pivotal role in the
letoxification of xenobiotics, cellular metabolism and homeostasis.
‘nduction or inhibition of CYP enzymes is a principal mechanism
‘or metabolism-based drug-drug interactions. CYP enzymes can be
ranscriptionally activated by various xenobiotics and endogenous
substrates through receptor-dependent mechanisms and conse-
juently CYP-mediated biotransformation may result in metabolic
activation of environmental chemicals to reactive carcinogenic
sroducts (Manikandan and Nagini, 2017). In metabolically incom-
setent in vitro models, CYN does not induce genotoxic effects

(Fessard and Bernard, 2003; Lankoff et al., 2007; Puerto et al., 2018),
while in metabolically active models CYP450 inhibitors reduce
toxic effects of CYN in vitro (Bazin et al., 2010; Humpage et al., 2005;
Kittler et al., 2016) and in vivo (Froscio et al., 2003). The HepG2
spheroids used in the present study have been shown to be
metabolically competent and sensitive for detecting the effects of
indirect genotoxic compounds (Stampar et al, 2019). CYN upre-
gulated the expression of CYP1A1 (13.2-fold) and CYP3A4 (2.45-
fold), suggesting their role in the activation of the toxin, while
the transcription of CYP1A2 was not significantly affected. Another
phase I enzyme ALDH3A1, a member of aldehyde dehydrogenase 3
family, which oxidizes various aldehydes to the corresponding
acids (Lindahl, 1992), was also strongly upregulated (30.7-fold).
Moreover, the transcription of AHR, the main nuclear factor in the
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Table 2
Relative expression of selected genes after the exposure of HepG2 spheroids to CYN [0.5 pg/mL] for 72 h. BaP [10 pM] treatment was included as PC.
CYN [0.5 pg/mL] BaP [10 pM]

function gene Average SD p-value average SD p-value

metabolism of xenobiotics CYP1A1 13.16 224 0.00155 i 340.91 21.51 0.00002 i
CYP1A2 0.86 0.03 0.00421 *E 11.93 174 0.00089 ek
CYP3A4 245 0.69 0.04072 * 2.00 0.46 0.03709 *
ALDH3A1 30.74 9.50 0.01144 * 270.28 103.16 0.02099 *
AHR 4385 0.38 0.00014 b 215 0.18 0.00076 X
NAT1 5.36 0.41 0.00011 o 2.85 0.10 0.00001 wEE
NAT2 0.61 0.33 0.168972 4.69 2.68 0.12311 *
SULTIB1 256 1.91 0.31259 2.65 1.63 0.22543
SULT1C2 232 0.02 0.00000 b 1.51 0.12 0.00412 b
UGT1AT 12.69 197 0.00111 ** 61.73 4.81 0.00006 EEE
UCT2B7 243 0.09 0.00003 ok 11.82 0.64 0.00002 rk

oxidative stress HIF1« 213 0.26 0.00331 b 1.88 0.08 0.00011 R

DNA damage response and cell cycle arrest CDKN1A 10.58 054 0.00001 bk 22.02 3.17 0.00072 ok
GADD45a 32.74 5.11 0.00093 b 4.76 0.59 0.00082 e
ERCC4 527 031 0.00004 b 1.90 0.11 0.00033 i
CCND1 1.46 0.08 0.00119 *E 1.96 0.21 0.00303 rx

proliferation PCNA 047 0.03 0.00001 b 1.82 0.08 0.00016 b
TOP2a 0.40 0.03 0.00001 ok 0.49 0.06 0.00024 rEk
MKI67 0.73 0.08 0.01061 * 042 0.05 0.00006 X

apoptosis BBC3 4.75 0.85 0.00334 *E 3.34 0.33 0.00055 ik

regulation of CYPs and ALDHs (Omiecinski et al.,, 2011), was upre-
gulated (4.85-fold), indicating that aryl hydrocarbon receptor
(AHR) mediated induction of the transcription of phase I enzymes.
CYN upregulated the mRNA level of all studied phase II enzymes,
with the exception of NAT2, which was downregulated (—1.64-
fold). The highest relative expression was observed for UGT1A1
(12.7-fold) and NATI (5.4-fold), while SULTIAl, SULT1C2, and

UGT2B7 were approximately 2.4-fold upregulated. The results are
in line with previously reported deregulation of the expression of
genes encoding metabolic enzymes in HepG2 monolayer culture
exposed to 0.5 pg/mL CYN for up to 24-h (Hercog et al, 2017;
Straser et al, 2013¢, 2011). CYN upregulated the expression of
CYP1A1 also in human peripheral blood lymphocytes (Zegura et al.,
2011a, 2011b). Recently, strong downregulation of genes encoding
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:nzymes involved in the metabolism of xenobiotics was detected in
‘he differentiated HepaRG monolayer culture exposed to CYN [>
).2 pg/mL] for 24 h together with reduced activity of cytochromes
2450, including CYP3A4 [> 0.66 pg/mL] (Huguet et al.,, 2019). These
lata are contrary to our results; however, also to other published
data (Bazin et al., 2010; Froscio et al,, 2003; Hercog et al,, 2017;
Jumpage et al., 2005; Kittler et al., 2016; Straser et al., 2013¢, 2011;
Zegura et al., 2011a, 2011b). Up to date, there are no literature data
describing deregulation of the enzymes SULT1B1, SULT1C2, and
JGT2B7 following cell exposure to CYN. Our study demonstrated
sotential involvement of enzymes encoded by these genes in CYN
etoxification. From the obtained data we can conclude that in the
3D HepG2 cells model CYN upregulated the expression of metabolic
zenes especially those involved in detoxification (phase II) to a
righer extent than previously reported in 2D cultures, further
supporting the evidence that there are differences in metabolic
sathways between 2D and 3D cell cultures. More efficient meta-
yolism of CYN in 3D spheroids not only through the activation
dhase but also through the detoxification is in alignment with its
-educed cytotoxic and genotoxic effects as well as lower effects on
oroliferation in 3D spheroids compared to 2D cultures, which is
lescribed above.

One of the CYN mechanisms of action is generation of reactive
axygen species (ROS) and induction of oxidative stress (Evans et al.,
2019; Liebel et al., 2011; Poniedziatek et al., 2015; Runnegar et al.,
1994, 1995), which corresponds to the upregulation of HIFI1A
'2.13- fold) in the present study. The HIF1A gene is constitutively
axpressed at low levels; however, its expression is often signifi-
;antly upregulated in response to hypoxia and may also be upre-
sulated by ROS (Yeo, 2019).

Despite no increase in YH2AX positive cells was observed under
‘he conditions applied in the present study, the genes involved in
JNA damage response were highly upregulated, showing genotoxic
activity of CYN in HepG2 spheroids. The up-regulation of DNA
lamage responsive genes CDKN1A, GADD45a, MDM2, and ERCC4
apon CYN exposure has already been described in HepG2 mono-
ayer cultures (Bain et al., 2007; Hercog et al., 2017; Straser et al.,
2013¢, 2011), human peripheral blood lymphocytes (Zegura et al.,
2011a, 2011b) and human dermal fibroblasts (Bain et al., 2007).

DNA damage is followed by rapid induction of the GADD45
srotein family members resulting in cell cycle arrest. Afterwards,
‘he cell undergo apoptosis or DNA repair mechanisms in which
5ADDA45 proteins play an active role (Tamura et al., 2012). The
5ADD45-mediated cell cycle arrest is induced primary via the
’DK1/Cyclin B1 complex, which is responsible for the G2/M
sheckpoint. However, through interaction with p21 (encoded by
“DKN1A), GADD45 proteins modulate G1/S transition (reviewed in
‘Tamura et al, 2012)), which was also observed in the present
study. Likewise, ERCC4 is also induced by genotoxic stress, espe-
sially chemicals causing covalent helix-distorting adducts. ERCC4
acts as an essential element of DNA nucleotide excision repair
‘NER) pathway (Manandhar et al, 2015). The upregulation of
SADD45a (32.7-fold), CDKN1A (10.6-fold) and ERC(4 (5.27-fold)
-ogether with cell-cycle arrest discussed above is an indication of
JONA damaging effects of CYN in HepG2 spheroids. The positive
ontrol, benzo(a)pyrene, a well-known indirectly acting genotoxic
sompound at concentration of 10 uM induced similar deregulation
>f DNA damage responsive genes as CYN that was, used at 8.3-times
ower concentrations (0.5 pg/mL corresponds to 1.2 pM) (Table 2).

The CCND1 encodes the cyclin D1 protein, which binds to cyclin-
iependent kinases 4 and 6 and regulates progression from G1 into
5 phase of the cell cycle (reviewed in Bertoli et al., 2015). Elevated
2xpression of cyclin D1 has been reported in many human tumours
ind correlates to increased cell proliferation and differentiation due
0 shortened G1/S transition (Snoj et al, 2009). In our study,

upregulation of the expression of CCNDI, although statistically
significant was less than 1.5-fold that is considered as biologically
irrelevant. The lack of upregulation of the expression of CCND1 is in
line with the observed G1 cell cycle arrest. Although no significant
reduction of the proliferation marker Ki67 measured using flow
cytometry and qPCR (at the mRNA level) was observed, down-
regulation of PCNA (—2.13-fold) and TOP2« (—2.5-fold) by CYN
indicated the toxin's negative impact on the cell proliferation.
Proliferating Cell Nuclear Antigen (PCNA) is a protein associated
with DNA polymerase alpha; thus it plays a critical role in DNA
synthesis and is highly abundant in cells during the G1/S phase of
the cell cycle, while in quiescent and senescent cells the levels of
PCNA mRNA and protein are low (Kelman, 1997). Topoisomerase II
alpha (TOP2a) is a protein essential for DNA condensation before its
replication and the segregation of chromosomes in mitotic cells
(Colozza et al, 2005). The expression of TOP2a is cell cycle-
dependent and its elevated protein as well as mRNA levels are
recognized as a marker of cell proliferation (Neubauer et al., 2016).
Several authors reported reduced cell proliferation upon exposure
to CYN. It significantly decreased the mitotic index and cell prolif-
eration in CHO—K1 cells (Lankoff et al.,, 2007), proliferation of T-
lymphocytes was significantly reduced after exposure to CYN at
1 pg/mL (Poniedziatek et al., 2014) and in 2D HepG2 culture CYN
(0.5 pg/mL, >24 h) reduced proliferation measured as the ratio of
Ki67 positive cells by immunostaining (Straser et al, 2013b).
Moreover, negative impact of CYN on proliferation was observed at
the gene transcription level in HepG2 (Straser et al., 2013c) as well
as in HepaRG (Huguet et al., 2019) monolayer cultures. Therefore, it
can be concluded that CYN is inhibiting cell proliferation in variety
of 2D in vitro models as well as in the 3D HepG2 model as shown by
the present study.

Finally, we analysed the influence of CYN on the apoptosis by
measuring the expression of BBC3. The BBC3 gene encodes the Bcl-
2-binding component 3 also known as ‘p53 upregulated modulator
of apoptosis (PUMA). This pro-apoptotic protein interacts with anti-
apoptotic Bcl-2 family members resulting in mitochondria induced
apoptosis and cell death through the caspase cascade. The
expression of BBC3 is regulated on the transcription level by p53
and not by post-translational modifications (Nakano and Vousden,
2001). In the present study, BBC3 was upregulated (4.75-fold) after
72 h exposure to 0.5 pg/mL CYN, suggesting that in HepG2 spher-
oids one of the mechanisms of CYN action is the induction of
apoptosis. There are several reports that CYN induces apoptosis in
CHO—K1 cells (Fessard and Bernard, 2003; Gécsi et al,, 2009;
Lankoff et al., 2007), primary human lymphocytes (Pichardo et al.,
2017; Poniedziatek et al., 2014) and primary rodent hepatocytes
(Lopez-Alonso et al., 2013). However, other authors are reporting
less conclusive results (Straser et al., 2013c) or even no apoptotic
effects in hepatic HepG2 (Straser et al., 2013a) and HepaRG cells
(Huguet et al,, 2019) nor in human lymphocytes (Bojana Zegura
et al,, 2011a, 2011b).

The results represent relative mRNA expression normalized to
solvent control.

4. Conclusions

In experimental toxicology, a lot of effort has recently been
focused on the development and use of advanced in vitro models to
reduce, replace and refine animal experiments. Compared to the
classical 2D cultures, 3D cell models in vitro resemble cell organi-
zation of tissues and organs and thus better mimic in vivo micro-
environment, which is an important aspect in cellular responses
and cell survival after exposure to various compounds. In the pre-
sent study, the advanced 3D cell model in vitro (spheroids) from
HepG2 cells was used for studying the adverse effects of
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cyanobacterial toxin cylindrospermopsin for the first time. The
toxin affected the growth and the shape of HepG2 cells in spher-
oids. The formation of YH2AX positive cells corresponding to DNA
double strand breaks was not detected; however, at the same time,
strong up-regulation of DNA damage responsive genes CDKNIA,
GADD45¢, and ERCC4 was observed confirming the genotoxic ac-
tivity of CYN. The cell cycle status was altered after the exposure to
CYN and several genes involved in cell cycle regulation were
deregulated, indicating that the TP53-pathway was importantly
involved in cell cycle arrest induced by CYN. Further, phase I and
phase 1l metabolic enzymes that are transcriptionally induced by
the exposure to indirect-acting genotoxic compounds were up-
regulated, which confirmed that metabolism plays an important
role in CYN activation and its toxic and genotoxic activity, where
genes such as CYP1Al, CYP3A4, ALDH3A1 as well as their main
transcription factor AHR play a significant role. Even more impor-
tantly, results on the mRNA induction of phase Il enzymes NATI,
SULT1B1, SULT1C2, UGT1A1, and UGT2B7 suggested their involve-
ment in CYN detoxification pathways. The developed 3D HepG2 cell
model can contribute to more reliable genotoxicity assessment of
chemical compounds, including cyanobacterial toxins, due to its
higher physiological relevance for human exposure.
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fractions, and further into viable single cell suspension provides an opportunity to
bridge the gap from 3D cell culture to current state-of-the-art analysis methods.
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Abstract

Cells cultured in a monolayer have been a central tool in molecular and cell biology, toxicology, biochemistry
etc. Therefore, most methods for adherent cells in cell biology are tailored to this format of cell culturing.
Limitations and disadvantages of monolayer cultures, however, have resulted in the ongoing development of
advanced cell culturing technigues. One such technique is culturing cells as multicellular spheroids, that had
been shown to mimic the physiological conditions found in vivo more accurately. This chapter presents a novel
method for separation of the spheroid rim and core in mature spheroids (>21 days) for further analysis using
advanced molecular biology techniques such as flow cytometry, viability estimations, comet assay,
transcriptomics, proteomics and lipidomic. This fast and gentle disassembly of intact spheroids into rim and
core fractions, and further into viable single cell suspension provides an opportunity to bridge the gap from

3D cell culture to current state-of-the-art analysis methods.

Key words (5-10 keywords): 3D cell culture, HepG2/C3A, spheroids, rim and core, flow cytometry, comet

assay, transcriptomics, proteomics, lipidomic
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1 Introduction

For more than a century monolayer (2D) cultures have been used as a valuable model for cell-based in vitro
studies. Recently several limitations, such as the loss of tissue-specific architecture, mechanical and
biochemical identity and cell-to-cell communication, have been increasingly recognized as a significant
drawback of such systems [1]. At the same time, three-dimensional (3D) cell cultures have emerged as a new
approach providing environment physiologically more relevant and data with more predictive power for in
vivo conditions f2]. Cells in the 3D culture differ morphologically and physiclogically from cells in monolayer
cultures and provide a more accurate insight into the responses to stimuli, drug metabolism and general cell
function [3]. Creation of multicellular spheroids or organoids is one of the ways for providing 3-dimensional
microenvironment for cells grown in cell cultures. Three main zones can be observed in those multilayer cell
aggregates: an outer proliferating rime, viable non-proliferating zone and an inner core that contains cell
remnants. Cells from different zones within the spheroid have different morphology [4]. It is currently
understood that these zones are formed in response to the exposure of cells to different micro-environment
factors such as access to nutrients, CO, and oxygen levels [5] [6]. In cancer research, the zones of spheroids
are thought to represent the behaviour of cells in larger tumours, where a necrotic core appears at the centre
of tissue mass. The different physiological states of cells mimic the cellular heterogeneity of solid in vivo

tumours [7].

The availability of accurate, robust and cost-effective in vitro assays for 3D cell cultures is an increasingly
important challenge for applications in basic research, toxicity testing and safety assessment [3]. The existing
3D cell models vary widely due to the diverse requirements of different cell lines and applications, and each

model has its own advantages and limitations [8] [9]. The methods described in this chapter are applicable to
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spheroids obtained with a scaffold independent system and had been tested on HepG2/C3A spheroids

cultured for 21-days.

The protocol provides an efficient method for disassembly of spheroids into the core and rim fractions and to

obtain a single cell suspension. This new approach allows for the application of a wide variety of existing

techniques enabling us studying the biological processes taking place in the inner and outer fraction of the

spheroid. Within this protocol we provide guidelines for how to prepare samples from spheroids core and rim

for downstream applications technigues such as comet assay, flow cytometry, transcriptomics, proteomics

and lipidomic. Figure 1 presents the summary of methods described.

2 Materials

A sterile laminar flow hood, humidified incubator with 5 % CO; at 37 °C and a centrifuge are required in

several steps of the protocol.

2.1 Separation of spheroids into core and rim fractions and single cell

suspension in sections

Materials from this section are used in protocols described in 3.1

1.

Eppendorf tubes 1.5 mL

0.5 % Trypsin/EDTA

Hanks Balanced Salt Solution without calcium and magnesium (HBSS)
Cut P1000 tip (Note 1) and cut P200 pipette tip (Note 2)

Foetal Bovine Serum (FBS)
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3 Methods

This chapter utilises spheroids created using AggreWell plates (STEMCELL Technologies UK), rotary bioreactors
and the CelVivo bio array matrix (BAM) system (CelVivo Denmark) as described before by Fey and Wrzesinski
[10] and by Wrzesinski et al. in this issue. It can also be applied to multicellular spheroids and organoids created
with other systems. All handling is performed at room temperature, all liquids are preheated to 37 °C unless

otherwise stated.

3.1 Spheroid disassembly

This protocol presents a technique to separate the inner core and outer rim fractions of intact spheroids, and
subsequently single cell suspensions either from intact spheroid or core/rim fraction. Figure 2 shows the

overview over the workflow of spheroid formation and disassembly.

3.1.1 Single cell suspension from spheroid

Preparing a single cell suspension is a critical step, when spheroids had been grown for several weeks and tight
connections between cells have been formed. Spheroid disassembly, enzymatic digestion and mechanical
dissociation are the major steps leading to the degradation of the intracellular connections and to the isolation

of viable single cells.

1. Harvest desired number of spheroids at specific age (suggested at 21 days) and transfer them to an
Eppendorf tube with 200 ul HBSS (Note 3).

2. Create diluted trypsin/EDTA solution (0.05%) by mixing 9 m| cool HBSS into a 15 ml falcon tube with 1
ml trypsin/EDTA 0.5% (Note 4).

3. Transfer an appropriate number of spheroids to an Eppendorf tube containing 200 ul of 0.05 %
trypsin/EDTA in HBSS.

4. Incubate spheroids for 8 minutes at 37 °C (this refers to the spheroids of the age of 21 days) (Note 5).



90

3.1.2

Chapter 2. Scientific Publications

Gently aspirate the spheroids using a P200 pipette (uncut tip). Repeat approximately 50 times or until
the spheroid breaks into smaller fragments.

Add 200 ul of FBS to deactivate/quench the trypsin.

Aspirate the solution into the pipette tip for additional 5 times to create a single cell suspension.
After obtaining a single cell suspension examine viability of cells usingi.e. trypan blue staining (section

3.2.1.1).

Separation of spheroids into core and rim fractions

This protocol can only be performed on spheroids with a mature core, for system described in this article the

core will be mature after approximately 21 days of culturing.

1.

3.13

Prepare diluted trypsin solution (0.05 %) (step 3.1.1.2) (Note 4).

Collect the spheroids from the bioreactor and transfer them to a petri dish (35 mm) containing 3 ml
growth media, use a cut pipette tip in all steps unless indicated otherwise (Note 2, 6 and 7).

Select one spheroid at a time and transfer to an Eppendorf tube containing 200 pl HBSS.

After few seconds transfer the spheroid to a new Eppendorf tube containing 200 pl 0.05%
trypsin/EDTA.

Incubate at 37 °C for 4 minutes (the time depends on spheroid size and compactness).

Aspirate the spheroid while still in trypsin/EDTA solution, aspirate and drain 30 times until rim peels
off (Note 8).

Immediately transfer the core to an Eppendorf tube containing 200 ul FBS.

Add 200 pl of FBS to the Eppendorf tube with the spheroid rim.

Single cell suspension from core and rim

To generate single cell suspensions from each spheroid part, first perform the separation of spheroids into

core and rim fractions (section 3.1.2 step 1-6), then follow this procediire
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1. Transfer the core to a new Eppendorf tube containing 200 pl 0.05 % trypsin/EDTA and incubate it
for additional 2 minutes at room temperature.

2. After incubation, resuspend spheroid core 10 times with a cut P200 pipette tip (Note 9) until single
cell suspension in obtained. Add 100 pl of FBS.

3. Keep the spheroid rim in the original tube.

4. Resuspend it with a cut P200 pipette tip 5 times to obtain a single cell solution (Note 10). Add 100
pl FBS.

5. Centrifuge both spheroid parts (core/rim) for 5 minutes at 140 g at 37 °C.

6. Remove supernatant and resuspend cells in a solution of choice or snap freeze cells for later

analysis.

3.2 Applications

This section presents how samples created with the above protocols can be used to analyse cells for viability

and by comet assay, flow cytometry, transcriptomics, proteomics and lipidomic.

3.2.1 Cell viability

Estimating cell viability is an essential tool to evaluate the cell culture population. All viability estimations
highlighted in this chapter, require disassembly of the spheroid. As such, sterile conditions are not necessary
as the cells are subsequently not cultured. Table 1 summarises commonly used viability methods with their

strengths and weaknesses highlighted.

TABLE 1: BENEFITS AND SHORTCOMINGS OF THREE FREQUENTLY USED VIABILITY ASSAYS.

Advantages Disadvantages
Trypan blue staining Quantify number of cells Quickly overstains
Fast (automated) Chance of induced cell death

Hard to discriminate live/dead
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ATP assay Works directly on intact spheroids,  No exact estimation of the number of
rim/core fraction and single cells dead cells
(low probability of induced cell Slow (40 min, incubation)
death) Can over/underestimate ATP since
Evaluates entire spheroid amount is not the same in core and rim

Requires sophisticated equipment

(luminometer)

Flow cytometry and Quantify number of cells Possibility of induced cell death

propidium iodide Fast Possibility to overstain

staining Semi-Automated Requires sophisticated equipment (flow
High number of cells evaluated in cytometer)

short time, giving more reliable

results

3.2.1.1 Trypan blue staining

This protocol was adopted from [11]. The single cell suspension can also be used in automated cell counters.

1. Prepare a 0.2% solution of trypan blue, in HBSS with calcium and magnesium in an Eppendorf tube.

2. Prepare single cell suspension from spheroid(s) of interest as described in sections 3.1.1 or 3.1.3.
(Note 11).

3. Transfer and mix single cell suspension with staining solution to attain a final concentration of 0.2%
trypan blue (Note 12).

4. Use a haemocytometer and light microscopy to quantify the amount of dead and live cells in sample

(Note 13).

3.2.1.2 ATP assay
ATP is present in all living cells and the amount of ATP within the spheroid can be used as an indicator of the
relative number of viable cells. For more detailed protocol for conducting ATP assay for measurement of

viability in spheroids follow the procedure as described before by Fey and Wrzesinski [12] and Wrzesinski et
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al., in this issue. As the assay utilises cell lysis to release ATP from the cells, it can be applied directly on intact

spheroids as well as spheroid fractions and single cell suspension.

1

8.

Mix CellTiter-Glo reagents and leave on a shaker for 5 minutes at room temperature at 300 rpm.
Harvest spheroids from a bioreactor and transfer them to a petri dish containing growth media
(Note 14).

Prepare an appropriate ATP standard for the size of the spheroids-of-interest. As spheroids grow
during the experiment the standard may need to be adapted throughout the experiment (Note 15)
Add samples, ATP standards and negative control (blank) to a 96 well plate, in triplicates.

Add CellTiter-Glo reagents to each well with content and mix gently by pipetting.

Facilitate thorough cell lysis by additional pipetting in wells containing spheroids and confirm
complete spheroid destruction (only single cells visible) prior to incubation period by light
microscopy.

Wrap the plate in aluminium foil and incubate for 40 minutes on shaker at 300 rpm at room
temperature.

Determine luminescence signal of samples using plate reader.

3.2.1.3 Flow cytometry using propidium iodide

Viability can be estimated by combining spheroid disassembly with propidium iodide staining [13].

1. To analyse spheroids by flow cytometer, the single cell suspension must be prepared from the

spheroids (whole or core/rim) as described in sections 3.1.1 or 3.1.3.
Mix cells with a solution of 10 pg/ml propidium iodide (P1) at a ratio of 1:1.
Load cells on flow cytometer.

Estimate viability based on 10.000 events.
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3.2.2 Comet assay

The comet assay (single cell gel electrophoresis) is a simple and sensitive technique for detecting DNA damage,
caused by compounds of interest. With this method, different types of strand brakes can be observed such as
DNA double-strand breaks (DSB) and single-strand breaks (SSB), alkali Ilabile sites (ALS) like
apurinic/apyrimidinic (AP) sites, DNA-DNA and DNA—protein cross-links, and SSB associated with incomplete

excision repair. The protocol is presented as described previously by Zegura and Filipic [14].

1. Prepare aviable single cell suspension by following the procedure described in sections 3.1.1 or 3.1.3.

2. Evaluate viability of the cell suspension (section 3.2.1). The comet assay can be performed up to 25 %
decrease of viability.

3. Mix 30 pL single cell suspension with 70 pL 1% low melting point (LMP) agarose.

4. Transfer 70 pL of the mixture of LMP and cell suspension to fully frosted slides (or slides covered with
0.5% NMP) covered with a layer of 1% NMP (normal melting point) agarose.

5. Add lysis buffer (0.1 MEDTA, 2.5 M NaOH, pH 10, 0.01 M Tris and 1% Triton X-100) to the slides and
incubate for 1 h at 4 °Cin darkness (Note 16).

6. Perform DNA denaturation for 20 minutes in alkaline solution (300 mM NaOH, 1m M EDTA, pH 13) at
4°C to allow DNA unwinding and subsequently conduct the electrophoresis for 20 minutes at 0.7-1
V/cm (Note 17). Neutralize the nuclei in neutralisation buffer (0.4 M Tris buffer; pH 7.5) for 15 minutes
in darkness.

7. Stain the gels with Gelred or similar stain (e.g. acridine orange).

8. Analyse the comets using a fluorescence microscope and the image analysis software (e.g. Comet IV
from Instem, UK).

9. The experiment should be carried out on at least 5 spheroids each considered as a separate unit and

at least 50 nuclei should be analysed from each spheroid.
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3.2.3 Flow cytometry

Flow cytometry is a powerful technology in cell biology as it allows high-throughput analysis of large number
of cells. It is a technique that utilises fluorescent dyes to quantify and identify cellular components and cell
types. In flow cytometry, cells treated with one or more fluorochrome(s) undergo monochromatic excitations
by one or more laser(s) and the resulting fluorescence is collected by detectors in the machine [15]. The
technique can effectively be applied to the 3D cell culture model as it can be disassembled into the highly
homogenous viable single cell suspension. This makes the tool ideal to keep track of cellular populations within

the spheroid.

1. In order to analyse spheroids by flow cytometer, the viable single cell suspension must be prepared
first as described in sections 3.1.1 -3.1.3.

2. Prepare a staining solution by mixing fluorochromes of interest (table 2) (Note 18).

3. Mix single cell suspension with staining solution and incubate in the dark for appropriate time (Note
19 and 20).

4. If you use multicolour staining each dye can contribute to the signal on several detectors. Therefore,
it is essential to perform the calibration of the lasers prior to starting an experiment especially when
applying a new cell line.

5. Run cell suspension through a strainer in order to remove larger cellular aggregates and to prevent
clogging of the tubes in the flow cytometer.

6. Load cells on flow cytometer in an approximate concentration of 10°cells/ml.

Table 2: Examples of flow cytometry applications used in cell culturing, adapted from [16].

Flow cytometry application Source of fluorescence
Quantifying cells in specific cell cycle phases Anti-Ki67, anti-PCNA, Hoechst 33342, 7AAD &

Chromomycin A3
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Measure level of active proliferation

Quantifying cell viability

Identifying differentiation states and quantifying
amount of differentiation

Quantifying cell types in co-cultures

Identifying or isolating cell types in immunology
Measuring cell activation and signaling

Measuring specific antigen response

Identifying mechanism of cell death

Measuring phagocytosis

Perform generational tracking

Measure level of protein expression

3.2.4 Omics

Chapter 2. Scientific Publications

Bromodeoxy uridine (BrdU) and conjugated anti BrdU
dye

Carboxyfluoroscein succinimidly ester (CFSE)
Fluorescent diacetate (FDA), propidium iodide (PI) &
Hoechst 33342

Conjugated antibodies for differentiation markers

Endogenous fluorescence in reporter cell lines
Conjugated antibodies for lineage markers

Calcium indicators: Indo-1 & fluo-3

Biotinylated MHC multimers, in combination with
fluorescent streptavidin

JC-1, anti-APO 2.7, fluorogenic caspase substrates &
anti-annexin-V

pH sensitive-fluorescently tagged biomolecules or
bacteria

Carboxyfluoroscein succinimidly ester (CFSE)

Inducible expression of fluorescent protein

Omics analysis have developed immensely in the last 10 years and are highly used technologies aiming to
collectively characterize and quantify pools of biological molecules, subsequently translating into function and
dynamics of an organism. Due to the heterogeneity of cells within spheroids, the rim and core separation

protocol could be performed prior to omics analysis to increase information output.

3.2.4.1 Washing and freezing of samples
It is important to perform extensive washing after collecting the spheroids to avoid contaminating the sample

with growth media components such as foetal calf serum which can interfere with the final results.
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1. Transfer intact spheroids or spheroid core and rim (prepared as in 3.1.2) into separate Eppendorf
tubes.

2. Remove growth media or any other solutions and gently wash with 500 pl HBSS.

3. For proteomics and lipidomic experiments repeat the washing step five times to remove
contaminating FBS proteins and lipids.

4. Remove all liquid after the final wash step using for an example a gel loading tip.

5. Add RNA stabilisation and storage solution such as RNAlater for samples destined for transcriptomics
or store samples without any liquid for later proteomics and lipidomics analysis.

6. Snap freeze samples in liquid nitrogen and store at —80 °C (Note 21).

3.2.4.2 Sample preparation for transcriptomic

High-throughput quantitative, real-time, reverse-transcription PCR (QPCR) is the method of choice for
measuring the relative level of expression of selected gene transcripts in a given tissue or cell type, and after
pharmacologic or genotypic manipulation [17]. The presented protocol had been described in detail by Buh

et al. and Stampar et al. [18] [19] previously. A short summary of the protocol follows below.

1. Prepare spheroids or spheroid core and rim according to the protocols from section 3.2.4.1 and 3.1.2,
respectively (Note 22).

2. Each sample for transcriptomic analysis should contain at least 1 pg of RNA.

3. Isolate total mRNA using TRIzol Gibco BRL (Paisley, Scotland) or similar.

4. Measure the concentration and the purity of the isolated RNA (Note 23).

5. Transfer 1 pg of total RNA from each sample to a fresh Eppendorf tube.

6. Apply the cDNA High Capacity Archive Kit (Biosystems, New Jersey, USA) or similar, to generate cDNA
from each sample (reverse transcription).

7. Select TagMan probes for genes of interest and carry out the pre-amplification of genes with the

PreAmp GrandMasterMix (TATAA Biocenter AB, Gteborg, Sweden) or similar.
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8. Prepare TagMan Universal PCR Master Mix and add the mixture to each sample.

9. To evaluate the performance of a primer set and to eliminate the effect of the inhibition a serial of 10-
fold dilutions of each target gene should be performed.

10. Perform gPCR on 48.48 Dynamic Array™ IFC method (BioMark HD machine system, Fluidigm, UK) or
on a classic Q-PCR on 384 plate (VIA Real-Time PCR System machine, Applied Biosystems™) or similar
equipment.

11. Analyse data using the relative quantification according to solvent control (Note 24)

3.2.4.3 Sample processing for proteomics

Proteomics using mass spectrometry enables to quantification and identification of thousands of proteins in
one experiment. This protocol presents a method of how to prepare samples from spheroids for bottom-up
label free LC-MS using a one-pot buffer [21] and filter aided sample preparation [22]. This protocol is selected

due to its speed and applicability to handling a high number of samples [23].

1. Prepare spheroids or spheroid core and rim according to the protocols from section 3.2.4.1and 3.1.2,
respectively.

2. Thaw the frozen samples on ice.

3. Add lysis buffer (50 mM TEAB, 1% SDC, 10 mM TCEP 40 mM chloroacetamide, protease and
phosphatase inhibitors) so that the final protein concentration is within 1-5 pg/pl.

4. Disintegrate cells by pipetting using a regular P200 pipette tip (Note 25).

5. Heatsamples for 10 minutes (80 °C), vortex for one minute and sonicate to lyse cells, fragment nucleic
acids and inactivate enzymes (Note 26).

6. Determine protein concentration in the sample using e.g. amino acids analysis [24] or ProStain™

Protein Quantification Kit (ActiveMotif) or any other method compatible with the lysis buffer.
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7.

10.

11.

12.

Transfer 100 ug protein to spin filter (Vivacon 500, Sartorius), dilute samples to equal total volume of
buffer and mix gently by pipetting.

Centrifuge at 14,000 g for 15 minutes., wash with 100 pl 50 mM ammonium bicarbonate (ABC),
centrifuge at 14,000 g for 15 minutes and repeat wash for a total of three washes (Note 27).
Transfer the filters to a fresh low-binding Eppendorf tubes, add 1 pg trypsin and dilute sample in ABC
to a volume of 50 pl. Incubate samples at 37 °C overnight (Note 28)

Centrifuge at 14,000 g for 10 minutes, add 1 pg trypsin diluted in 50 pl ABC and incubate for four hours
at37°C.

Centrifuge filter at 14,000 g for 10 minutes, add 100 pl ABC to filters, centrifuge filters at 14,000 g for
10 minutes, lyophilize peptides and store at =20 °C.

Resuspend samples in 2% acetonitrile/0.1% trifluoroacetic acid, quantify the amount of peptides with

e.g. amino acid analysis [24] and analyse 1 ug peptide using LC-MS/MS

3.2.4.4 Sample preparation for lipidomics

Quantification and identification of several hundred of lipids in biological samples is achieve using mass

spectrometry combined with liquid chromatography LC-MS [25]. We present a simple method for lipid

extraction from intact spheroids and core and rim spheroid fractions. Here we present a brief summary of the

protocol published by Matyash et al. [26]. All steps of the protocol should be performed in a laminar flow hood

due to harmful vapours from the chemicals used.

1.

Collect spheroids or spheroids rim and core as described in 3.2.4.1. and 3.1.2 respectively.

Add 100 pl PBS and thaw the samples on ice (Note 29).

Disintegrate spheroids by repeated pipetting with a normal pipette tip.

Sonicate spheroid homogenates (Note 30), determine protein content (Note 31) and transfer
equivalent of 200 pg protein to an Eppendorf tube.

Add internal standards (Note 32) and vortex samples for 10 minutes.
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6. Add 300 ul methanol, vortex for 10 minutes, add 500 ul methyl-tert-butyl ether, vortex for 10 minutes,
add 250 pl H20 and centrifuge at 1,2000 g for 10 minutes

7. Collect upper organic layer in glass vial, repeat step 5 and collect organic layer in same glass vial.

8. Lyophilize lipids and store at —20 °C with argon gas to void oxidation of lipids.

9. Resuspend sample in 30 pL chloroform/methanol (1:1, 10 mM ammonium acetate) and analyse using

LC-MS/MS.

4 Notes

1: Cut the bottom end of pipette tip P1000 to create a larger opening of approximately 2 mm in diameter,

keep the tip sterile.

2: Cut the bottom end of pipette tip P200 so the diameter of the opening is larger than the spheroid

(approximately 1.5 mm in diameter for 21 days old spheroids), keep the tip sterile.

3: The number of harvested spheroids depends on which method you intend to perform subsequently. Single

cell suspension from an intact spheroid can be obtained at any spheroid age.
4: Thaw trypsin at 4 °C to limit auto digestion.

5: Incubation time depends on the size and compactness of the spheroids. Optimize incubation time of the
protocol for each spheroid type. Too long exposure to trypsin may damage the cell membrane and cause cell

death.

6: Leave the petri dish with spheroids in a sterile incubator at 37 °C with humidified 0.5% CO, atmosphere,
whenever it is not being used. Spheroids should not be kept in the petri dish for prolonged periods of time.

Collection should be carried out in sterile conditions.
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7: Cut P200 pipette tip is needed as the diameter of spheroids is too large to make it through the original

opening.

8: Start with gentle resuspensions and gradually get more vigorous. The rim will look like a light and transparent

sheet and the inner core will be a small dark compact lump of cells.

9: After 10 resuspensions, no visible pieces of core should be present. Keep in mind that core is more compact,

therefore longer time or more resuspension is needed.
10: In this step, you will get the single cell suspension of the rim, while the core is still incubating in trypsin.

11: Be aware that the cells can lose membrane integrity during disassembly to single cell suspension if

incubation in trypsin is not properly adjusted.

12: Single cell suspension should be prepared immediately before trypan blue staining, as cells are being

treated harshly and can die outside of the bioreactor.

13: Evaluate viability immediately after mixing staining solution and cell suspension as trypan blue will

eventually penetrate the cell membrane of even live cells.

14: Ensure that after collection the spheroids are kept in growth media in a humidified incubator until

analysed.

15: It is preferable to analyse a single spheroid per well as the signal can be too high for the plate reader for

larger spheroids.

16: The method should be adapted to optimal conditions for every cell type. Perform all the following steps of

the protocol at 4°C in the dark to prevent additional DNA damage occurring during the assay.
17: Always use identical settings to obtain comparable and reproducible results.

18: If needed exclude unspecific binding with isotopic controls.
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19: Incubation is carried out in the dark as to avoid photo bleaching; the incubation time depends on

characteristics of antibodies.

20: If you use multicolour staining each dye can contribute to the signal on several detectors. Therefore, it is
essential to perform the calibration of the lasers prior to starting an experiment especially when applying a

new cell line.

21: For experiments where several time points are analysed, all samples can be stored frozen and subsequent

sample preparation can be performed in parallel.

22: A pool of at least 25 spheroids or at least 35 parts of each fraction - core and rim at the age of 21 days is

sufficient to obtain a desired amount of mRNA.

23: For reliable results obtained with gPCR, it is essential to check the purity and degradation (gel-
electrophoresis) as well as the concentration of isolated mRNA (NanoDrop 1000 Spectrophotometer) before

starting the experiment.
24: Freely available program such as QuantGenious [20] can be used.

25: Add as low volume of buffer as possible to keep a high protein concentration; however enough buffer to

stop processes if necessary. Five spheroids aged 21 days can be properly dissolved in 100 pl buffer.
26: Cycle between 15 seconds of sonication and 30 seconds pause to avoid overheating of the sample.
27: If some samples do not fully pass through the filter, increase the number of washes.

28: If you intend to digest another amount of protein maintain a ratio of 1:100 of trypsin to protein.

29: Use as low volume of liquid as possible; however enough to dissolve it. For this protocol 100 ul is sufficient

to dissolve 5x 21-days old spheroids.

30: Cycle between 15 seconds of sonication and 30 seconds pause to avoid overheating of the sample.
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31: Lipid content is not measured directly but is assumed to be relative to the protein concentration. Each 21-

day old spheroid should contain at least 200 pg protein.

32: The internal standard should contain lipid species that are to be identified in the samples. Use as low
concentration of the standard as possible to avoid losing peaks of interest. Include a lipid standard for each

class of interest as the internal standard.
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Figure Captions

Figure 1

Overview over the methods presented in this manuscript. Step 1 —spheroid processing and separation into
core and rim or single cell suspension; Step 2 — evaluation of cell population by measuring cell viability; Step

3 —analysis by comet assay, flow cytometry, transcriptomics, proteomics and lipidomic.
Figure 2

Overview over the spheroid disassembly workflow steps with key processes indicated.
Figure 3

Separation of 32 days old HEPG2/C3A spheroids into core and rim structures. A) three individual intact
spheroids aged 32 days; B) one spheroid disassembled into rim (arrow) and core fractions. Scale bar equals 1

mm.
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Figure1 Click here to access/download;Figure;Core and Rim - Figure 1.tif £
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Figure2 Click here to access/download;Figure;Core and Rim - Figure 2.tif £
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The major weakness of the current in vitro genotoxicity test systems is the inability of the indicator cells to ex-
press metabolic enzymes needed for the activation and detoxification of genotoxic compounds, which conse-
quently can lead to misleading results. Thus, there is a significant emphasis on developing hepatic cell models,
including advanced in vitro three-dimensional (3D) cell-based systems, which better imitate in vivo cell behav-
iour and offer more accurate and predictive data for human exposures. In this study, we developed an approach
for genotoxicity testing with 21-day old spheroids formed from human hepatocellular carcinoma cells (HepG2/
C3A) using the dynamic clinostat bioreactor system (CelVivo BAM/bioreactor) under controlled conditions. The
spheroids were exposed to indirect-acting genotoxic compounds, polycyclic aromatic hydrocarbon [PAH; benzo
(a) pyrene B(a)P], and heterocyclic aromatic amine [PhIP]) at non-cytotoxic concentrations for 24 and 96 h. The
results showed that both environmental pollutants B(a)P and PhIP significantly increased the level of DNA strand
breaks assessed by the comet assay. Further, the mRNA level of selected genes encoding metabolic enzymes from
phase I and I, and DNA damage responsive genes was determined (qPCR). The 21-day old spheroids showed
higher basal expression of genes encoding metabolic enzymes compared to monolayer culture. In spheroids,
B(a)P or PhIP induced compound-specific up-regulation of genes implicated in their metabolism, and dereg-
ulation of genes implicated in DNA damage and immediate-early response. The study demonstrated that this
model utilizing HepG2/C3A spheroids grown under dynamic clinostat conditions represents a very sensitive
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and promising in vitro model for genotoxicity and environmental studies and can thus significantly contrib-
ute to a more reliable assessment of genotoxic activities of pure chemicals, and complex environmental sam-
ples even at very low for environmental exposure relevant concentrations.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cell-based assays play an important role in the drug development
process and safety assessment of chemicals and drugs as a fast, cost-
effective and straightforward approach to reduce animal testing
(Burden et al, 2015; Pfuhler et al, 2020; Schechtman, 2002).
Genotoxicity testing is an essential element of the safety assessment
of nearly all types of compounds on the market. It is also a very impor-
tant issue when evaluating the possible adverse health effects of com-
plex environmental samples to which humans can be exposed in their
everyday life, to avoid unforeseen genotoxic effects on human health
and the environment as well (Dix et al., 2007). The testing begins with
a series of in vitro bacterial and mammalian cell-based assays, and in
case of positive results, it is followed by in vivo testing in rodents. How-
ever, in vitro genotoxicity tests with mammalian cells are prone to mis-
leading results. One of the crucial elements contributing to a relatively
high percentage of in vitro misleading results is an insufficient represen-
tation of enzymes implicated in the metabolism of genotoxic com-
pounds in cell lines used for routine genotoxicity testing (Kirkland
etal,, 2007). Over the last two decades, test systems with human hepa-
tocellular carcinoma-derived cell lines such as HepG2 with the retained
activity of specific metabolic enzymes in vitro have been introduced to
the routine genotoxicity testing (Shah et al,, 2018; Yang et al., 2018).
Traditionally, in vitro test systems are based on monolayer [two-dimen-
sional (2D)] cell cultures, which are associated with inherent limitations
(Edmondson et al., 2014; Wrzesinski and Fey, 2015). The most impor-
tant is the lack of multiple biological functions such as cell-to-cell and
cell-to-matrix contacts. These result in reduced cell differentiation,
modified cell signalling pathways, and the reduced expression and ac-
tivities of several hepatic enzymes implicated in the metabolism of xe-
nobiotic substances (phase I and Il enzymes) (Aucamp et al., 2017;
Edmondson et al., 2014; Hurrell et al., 2019).

Furthermore, 2D cell cultures do not adequately mimic the natural
cell microenvironment represented by surrounding extracellular matrix
and nearby cells. The 3R's strategy (reduce, replace, refine), focus on the
reduction and optimization of the use of animals for in vivo testing
(Corvi and Madia, 2017; Pfuhler et al.,, 2009). To follow this strategy it
is essential to develop alternative in vitro cell-based systems, which
more realistically resemble in vive cell behaviour and microenviron-
ment and thus ensure additional predictive data compared to 2D
conditions.

The hepatic 3D cell models exhibit a greater level of liver-specific
functions, including metabolic enzyme activities. Furthermore, the cell
morphology and their biochemical properties are more similar to
in vivo tissues (Aucamp et al., 2017; Loessner et al., 2010). Spheroids
represent a very promising 3D cell model that can be cultured under
static or dynamic conditions, using many techniques, ranging from
hanging drop cultures, spinner flasks, non-adhesive surfaces, micro-
moulding, NASA rotary system (developed by National Aeronautics
and Space Administration), bioreactors, and many more (Basu et al.,
2020; Breslin and O'Driscoll, 2013; Lin et al., 2008), each offering nu-
merous advantages and disadvantages.

In addition to mechanistic studies (Elje et al.,, 2019; Mandon et al.,
2019; Stampar et al,, 2019), 3D models have also proven to be a very
useful tool in environmental toxicology, including effect-based moni-
toring of various environmental natural and man-made pollutants
(Basu et al., 2018; Hercog et al., 2020). The 3D models allow long-
term repeat dose studies (Wong et al., 2011) enabling the exposure to

lower concentrations of pollutants that are relevant for the environ-
ment and thus, real human exposure.

In the present study, the spheroids were developed using the ad-
vanced dynamic clinostat micro-tissue culturing technique, which ap-
plies rotating bioreactors, which provide better resemblance to in vivo
conditions than 2D cell cultures (Fey and Wrzesinski, 2012; Wojdyla
et al., 2016; Wrzesinski and Fey, 2015). The rotation of bioreactors
causes the flow of growth media around the spheroids, resulting in
higher diffusion of oxygen and nutrients into the spheroids and
preventing the generation of a necrotic core (Fey and Wrzesinski,
2012; Gong et al., 2015; Lin et al., 2008). During prolonged culturing
of several weeks, the spheroids develop structures with characteristics
resembling tissues and stable physiological functionality such as bile
canaliculi-like structures and sinusoid-like channels (Wrzesinski and
Fey, 2013). Due to the advanced morphology and biochemical proper-
ties, the spheroids grown under dynamic conditions provide more pre-
dictive data for human exposure in comparison to classically cultured
(2D) immortal or primary human hepatocytes and therefore represent
an alternative approach for animal studies (Wrzesinski and Fey, 2013,
2015). Moreover, a dynamic clinostat micro-tissue culturing technique
enables the formation of up to three hundred spheroids in one bioreac-
tor at the same time (Fey and Wrzesinski, 2012) and thereby offers a
simple high-throughput system for culturing uniform spheroids,
where several down-stream techniques can be applied and various end-
point measured on the same population of spheroids that is particularly
suitable in the environmental contamination studies.

This study aimed to develop an approach for genotoxicity testing of
chemicals using 21-day old spheroids formed from human hepatocellu-
lar carcinoma (HepG2/C3A) cells utilizing the dynamic bioreactor
(CelVivo BAM/bioreactor) system (Fig. 1). The age of 21 days was se-
lected, since after this time the spheroids reach maturity and provide
metabolically competent cell model (Fey and Wrzesinski, 2012;
Wrzesinski et al,, 2013; Wrzesinski and Fey, 2013). For the spheroid for-
mation, the hepatocellular HepG2/C3A cell line (HepG2 cell subclone)
was chosen due to its strong contact-inhibited growth characteristics,
high transferrin and albumin production, alpha-fetoprotein synthesis,
and the ability to grow in media containing a physiological level of glu-
cose (lyer et al.,, 2010; Sun et al,, 2014; Tamta et al., 2012; Wrzesinski
et al, 2013). When cultured in the form of spheroids HepG2/C3A cells
have several advantages over other cell lines, such as reduced prolifera-
tion, the reestablishment of crucial functions (cholesterol and urea syn-
thesis, cellular organization and expression of cytochrome P450) and
can be utilised for studying long-term repeated dose exposures
(Nibourg et al., 2012; Ramaiahgari et al., 2014; Wrzesinski and Fey,
2013). In addition, the HepG2/C3A spheroids have epigenetic markers
that are present in the liver but are lost when cultured under 2D condi-
tions (Tvardovskiy et al., 2015). However, recovery of physiological
functions when grown in 3D is not limited to HepG2/C3A but is also
seen with other cell lines, such as HepaRG, HepG2 and many others
(Mandon et al., 2019; Stampar et al.,, 2019; Wrzesinski and Fey, 2013,
2015; Young and Young, 2019). The response of 21-day old HepG2/
C3A spheroids for detection of indirect-acting genotoxic chemicals
were tested with two model genotoxic compounds; benzo(a)pyrene
(B(a)P) and 2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine
(PhIP) that are ubiquitously found in the environment and thus repre-
sent a risk for human health. Environmental pollution is a wide-
reaching problem associated with the health of the ecosystem and
humans, as well as global climate change (Hartig et al., 2014). Human
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Fig. 1. The formation of the 3D HepG2/C3A spheroid cultures and treatment approach for genotoxicity assessment. First, the HepG2/C3A cells were seeded in the AggreWell™ plates and
were left for 24 h at 37 °C. After that, the aggregates were transferred to the pre-wetted bioreactors. Spheroids were cultivated for 21 days until treated with B(a)p and PhIP for 24 and 96 h.
After the treatment different end-point measurements were performed (cell viability, DNA damage and gene expression).

exposure to B(a)P is inevitable and is associated with pollution of the
natural environment (water, air, soil), as well as with the intake of
food, mainly grilled, charcoal-broiled, and smoked meat and fish
(Baan et al., 2009). The second indirect-acting genotoxic chemical
used in the present study belongs to the group of heterocyclic aromatic
amines (HAAs) (Skog et al,, 1998) and occurs in almost all types of food
of animal origin (meat and fish) heated at high temperatures (Baird
et al., 2005). PhIP has been detected not only in products of animal ori-
gin, but also in wine, beer (Manabe et al., 1993), and smoked cheese
(Naccari et al., 2009), meaning that humans can be exposed to PhIP in
their everyday environment due to their lifestyle. Moreover, it can
occur in rainwater and cigarette smoke condensate (Naccari et al.,
2009).

In the present study, the spheroids were exposed to BaP or PhIP for
24 and 96 h, and DNA damage was studied with the comet assay,
which detects DNA lesions in the form of DNA strand breaks. To explore
the metabolic competence of the spheroid model, the basal and induced
mRNA level of genes, encoding selected enzymes implicated in xenobi-
otic metabolism induction, was determined. Besides, the effects of the
tested compounds on deregulation of selected genes involved in the re-
sponse to DNA damage and immediate-early response related to carci-
nogenesis were investigated.

2. Materials and methods
2.1. Chemicals

Dulbecco's Modified Eagle's Medium with 1 g Glucose/L (DMEM),
GlutaMAX, Hanks' buffered saline solution and Trypsin-EDTA (10x;
0.50%) were from Gibco (Carlsbad, CA). Normal (NMP) and low (LMP)
melting point agaroses, TRIzol® reagent and Trypan Blue (15250-061)
were from Gibco (Praisley, Scotland, UK). Foetal calf serum (FCS),
dimethylsulphoxide (DMSO), DEPC-treated water (w4502), non-
essential amino acids (NEAA), penicillin/streptomycin (pen/strep),
and benzo(a)pyrene (B(a)P; CAS-No. 50-32-8) were purchased from
Sigma (St. Louis, USA). Cell-Titer-Glo luminescent cell viability assay
(G7571) was obtained from Promega (Madison, USA). Amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine (PhIP; CAS-No. 105650-23-5)
was from Toronto Research Chemicals Inc. (Canada). Methanol, ethanol,

and phosphate-buffered saline (PBS) were from PAA Laboratories (Dart-
mouth, NH, USA). GelRed solution was from Biotium (Fremont, CA) and
Triton X-100 from Fisher Sciences (New Jersey, USA). TagMan Gene Ex-
pression Assays, the high capacity cDNA kit, and TagMan Universal PCR
Master Mix (4440038) were purchased from Applied Biosystems (New
Jersey, USA). The PreAmp GrandMasterMix (TAQ05-50) was from TATAA
Biocenter AB (Goteborg, Sweden). GE 48.48 Dynamic Array Sample and
Assay loading Reagent Kit — 10 [FCs (85000821), and 48.48 Dynamic
Array: Gene expression chip were obtained from Fluidigm (South San
Francisco, USA). The B(a)P (9.9 mM) and PhIP (20 mM) stock solutions
were prepared in DMSO and stored at —20 °C.

2.2. Cell culture

The immortalized human hepatocellular carcinoma cell line, HepG2/
C3A, was bought at American Type Culture Collection (ATCC, CRL-
10741). Cells were grown at standard culture conditions as described
by Wrzesinski and Fey (2013) in DMEM (31885-023) supplemented
with 10% FCS (Sigma F7524), 0.5% pen/strep (15140-122), 1% NEAA
(11140-035), 1% GlutaMAX (35050-038), at 37 °C, 5% CO, atmosphere
(Wrzesinski and Fey, 2013). HepG2/C3A cells were used between pas-
sage 6 and 9 and were regularly checked for mycoplasma (MycoAlert™
kit; Lonza, Walkersville, MD, USA).

2.3. Development of 3D spheroids and culture conditions

The spheroids made of HepG2/C3A cells were created using
AggreWell™ 400 plates (Stemcell Technologies, 27845) as described
by Wrzesinski and Fey (2013). In brief, the plates were first prewashed
with the DMEM growth medium. Subsequently, the air bubbles
were cleared away from the well surfaces by prefilling the plates with
growth medium (0.5 ml) and centrifuging for 3 min at 3000g. Subse-
quently, 1.2 x 10° cells were added to the well resulting in 1000 cells
per spheroid initially. The plates were centrifuged for 3 min at 100g
and left overnight for spheroid formation. After the formation of spher-
oids, they were detached from the AggreWell™ plate by washing the
well with growth medium pre-warmed to 37 °C and subsequently col-
lected into a Petri-dish, and their quality was examined by microscopy
(Olympus IX81, 4x). Cell aggregates, unlike the major population, if
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any, have been removed to facilitate uniformity and the remaining
spheroids were transferred, with cut p200 pipette tips, into the pre-
equilibrated bioreactors (CelVivo BAM/bioreactor), which was subse-
quently filled with growth medium. The spheroids were cultured at
37 °C and 5% CO, for 21 days, replacing medium accordingly to 48/48/
72 hour schedule (Fey and Wrzesinski, 2012). The day of the transfer
of cell aggregates from AggreWell™ plates into the bioreactors is de-
fined as day 0 (Wrzesinski and Fey, 2013). Optimal growth conditions
were achieved by rotating bioreactors at appropriate speeds using the
16 axels BioArray Matrix drive BAM v4 (CelVivo, Blommenslyst)
(Wojdyla et al., 2016).

2.4. Treatment of HepG2/C3A spheroids with model genotoxic compounds

After the spheroid cultures were matured for 21 days in bioreactors,
spheroids have been divided into experimental subpopulation (50
spheroids in each bioreactor). The spheroids were treated with
indirect-acting genotoxic compounds, namely polycyclic aromatic hy-
drocarbon benzo(a)pyrene (B(a)P) and heterocyclic aromatic amine
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) for 24 and
96 h. The spheroid size corresponded to approximately 9 million cells
or 1.5 mg protein after 24 h of exposure and approximately 7 million
cells or 1 mg protein after 96 h of exposure. The protein content was cal-
culated from the standard curve (planimetry standardised table histor-
ical data) correlating the protein content and spheroid size. To initiate
the chemical treatment, the rotation of bioreactors was terminated for
a short time to allow the spheroids to descend to the bottom of the bio-
reactor. The media was replaced with fresh media containing B(a)P or
PhIP. The concentrations of B(a)P and PhIP in the treatment media
were adjusted to doses resulting in spheroids exposure to 0.15 and
0.011 ug B(a)P/ug cellular protein (corresponding to 40 and 4 uM) for
24 (short term) and 96 h (long term), respectively or 0.34 and 0.68 pg
PhIP/ug cellular protein (corresponding to 200 and 400 uM) for 24-
hour exposure and 0.246 pg PhIP/ug protein (corresponding to
100 uM) for 96-h. The dose is given as g of chemical per pg of cellular
protein (ug/ug P). The unit was converted from the concentration
(mM) to the dose (e.g., mg compound per mg cellular protein) based
on the size of spheroids (Fey and Wrzesinski, 2012; Piccinini et al.,
2015; Wrzesinski and Fey, 2015). The doses of genotoxins were selected
according to previous studies with 2D models of HepG2 cells (Gajski
et al.,, 2016; Pezdirc et al,, 2013). The solvent (medium containing
DMSO0) and negative (growth medium) controls were included in all ex-
periments. The final solvent dose was adjusted to be the same as the
amount of the solvent in the exposure conditions. The experiments
were performed in three independent repetitions and several spheroids
were used for each time point and dose. The number of spheroids
depended on the end-point evaluated.

2.5. Measurement of the surface area of spheroids (planimetry)

Spheroids were cultivated under dynamic clinostat conditions for
21 days, as described previously. Before and after the treatment, the
quality, compactness, size, and roundness of at least 15 spheroids
were documented at 4x magnification by light microscopy (Olympus
IX81 motorized microscope). The images of spheroids were taken
with the Olympus DP71 camera and analysed with Olympus AnalySiS
Docu program (Soft Imaging System) where the spheroid area was
measured in pm?. This procedure was described in details by Fey and
Wizesinski in 2012.

2.6. Viability of spheroids after the treatment with genotoxic compounds —
ATP assay

The 21-day old spheroids were treated with indirect-acting model
genotoxins, B(a)P and PhIP, for 24 (short term) and 96 h (long term)
in rotating bioreactors. In each bioreactor, 50 spheroids were grown.
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The viability of cells in spheroids was assessed after the treatment by
measuring the ATP content of spheroids referring to the manufacturer's
protocol (CellTiter-Glo, Cat. no. G7571) with minor modifications de-
scribed by Wrzesinski and Fey (2013). Briefly, five spheroids from
each treatment were collected at specific time points and each trans-
ferred to a well of microtiter plates (Nunc, 165306). The final volume
of the growth medium was 100 pl, and spheroids were lysed by shaking
in the darkness (40 min). Luminescence was determined using the
FluoStar Omega® luminometer (BMG Labtech, Germany). Three inde-
pendent experiments were performed. Data were normalized to the ref-
erence ATP standard curve, to the untreated control, and the surface
area of each spheroid (determined with planimetry). Statistical rele-
vance between solvent control and treated groups was calculated by
unpaired parametric ¢-test with Welch's correction (*p < 0.05).

2.7. DNA damage induced by genotoxic compounds - comet assay

After the treatment, a suspension of viable single cells was obtained
by the combination of enzymatic digestion and mechanical degradation.
Each spheroid was put in trypsin-EDTA (0.05%; 3 min) and afterwards,
using cut pipette tips, disassembled into a suspension of single cells.
The viability of the single cells was immediately evaluated by staining
with Trypan Blue (0.4%). The comet assay was conducted according to
Straser et al. (2011) with modifications by Stampar et al. (2019). The
images were captured with the fluorescence microscope Eclipse 800
(Nikon, Japan) with a Basler camera and analysed using Comet IV
image analysis software (Perceptive Instruments, UK). Each spheroid
represented one unit, and at least four spheroids were investigated
per experimental point. In each spheroid, 50 randomly captured nuclei
were analysed, and experiments were repeated three times indepen-
dently. The results are shown as % of tail DNA. Statistic calculations
were done by one-way ANOVA using Dunnett's Multiple Comparison
test to test the differences in % of tail DNA of treatments vs control,
and to compare the treated groups to solvent control (*p < 0.01).

2.8. Gene expression analysis

The expression of studied genes involved in the metabolism of xeno-
biotics, immediate-early response and response to DNA damage were
determined by quantitative real-time PCR (qPCR) on gene expression
48.48 Dynamic Array™ [FC (Fluidigm, US). The basal mRNA level of
studied liver-specific and metabolic genes was determined in HepG2/
C3A monolayers (2D) cultured for 48 h and in spheroids (3D) cultured
for 22 and 25 days in bioreactors under dynamic conditions. Further,
the expression of studied metabolic genes and genes encoding response
to DNA damage and immediate-early response were evaluated in 21-
day old spheroids exposed to B(a)P (0.15 pg/ug P and 0.011 pg/ug P for
24 and 96 h, respectively) or PhIP (0.34, 0.68 ng/ug P and 0.25 ug/ug P
for 24 and 96 h, respectively). From the pool of 25 spheroids for each
genotoxic compound and control, the mRNA was isolated using TRIzol
Gibco BRL. The mRNA concentration and the purity were assessed
using NanoDrop 1000 Spectrophotometer (Thermo Fischer Scientific,
Wilmington, USA), while degradation was checked by gel-
electrophoresis (BioRad Power PAC 3000 and UVP Chem Studio PLUS,
Analytik Jena AG, US). Reverse transcription of total mRNA (1 ug) per
sample was performed using the cDNA High Capacity Archive Kit. Quan-
tification of studied genes was determined with qPCR on 48.48 Dynamic
Array™ IFC method where TagMan Universal PCR Master Mix and pre-
amplificated (TATAA PreAmp GrandMasterMix) Tagman Gene Expres-
sion Assays listed in Table 1 were applied. All genes were preamplified.
To eliminate the effects of inhibition and to evaluate the performance of
the primer set, a serial of 5-fold dilutions of each target gene was
analysed. The qPCR experiments were run on 48.48 Dynamic Array™
IFC chips for gene expression on the BioMark HD machine system
(Fluidigm, UK). The program QuantGenious was used for data process-
ing using the relative quantification regarding solvent control (Baebler
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Table 1
The list of Tagman gene expression assays.
Gene Entire gene name Assay ID
symbol
Cellular function Reference genes GAPDH Human Endogenous Control Hs99999905_m1

HPRT! Hypoxanthine phosphoribosyl transferase 1 Hs02800695_m1

DNA-damage response genes P53 Tumour protein P53 Hs00153349_m1
MDM2 Oncogene, E3 ubiquitin-protein ligase Hs00234753_m1
GADD45cc  Growth arrest and DNA damage-inducible gene, alpha Hs00169255_m1
CDKN1A  Cyclin dependent kinase inhibitor 1A0 Hs00355782_m1
ERCC4 Excision repair cross-complementing rodent repair deficiency, complementation group 4 Hs00193342_m1

Immediate-early response genes JUNB JunB proto-oncogene, AP-1 transcription factor subunit Hs00357891_s1
Myc V-myc avian myelocytomatosis viral oncogene homolog Hs00153408_m1

Genes involved in metabolism CYP1A1 Cytochrome P450 family 1 subfamily A member 1 Hs01054797_g1
CYP1A2 Cytochrome P450 family 1 subfamily A member 2 Hs00167927_m1
CYP3A4 Cytochrome P450 family 3 subfamilies A member 4 Hs02514989_s1
UGT1A1 UDP glucuronosyltransferase 1 family, polypeptide A1 Hs02511055_s1
UGT2B7  UDP glucuronosyltransferase family 2 member B7 Hs00426592_m1
NAT1 N-acetyltransferase 1 Hs02511243_s1
NAT2 N-acetyltransferase 2 Hs01854954_s1
SULT1B1  Sulfotransferase family 1B member 1 Hs00234899_m1
SULT1C2  Sulfotransferase family 1C member Hs00602560_m1

Hepatic markers ALDH3A1  Aldehyde dehydrogenase 3 family member A1 Hs00964880_m1
ALB Albumin Hs00910225_m1

et al,, 2017). If the difference was higher/lower than 1.5-fold, than the
expression was considered as up/down-regulation (relative expression
>1.5 or <0.66 fold change, respectively). The inverse value of the rela-
tive expression (1/RE) was calculated, to acquire a fold change from
the relative expression for down-regulated genes (RE < 1). The expres-
sion of each gene was assessed in duplicates and three experiments
were done independently. Statistical analysis was done by the multiple
unpaired t-tests with the Sidak-Bonferroni method (*p < 0.05).

3. Results and discussion

Invitro 3D cell cultures are experimental models increasingly used in
preclinical studies, pharmacology, and toxicology. Recently, they have
been applied also for studying the adverse effects of natural toxins and
complex environmental samples and proved to be a very sensitive
model (Basu et al,, 2018; Flampouri et al., 2019; Hercog et al., 2020).

In genetic toxicology, the use of 3D culture models is still in its in-
fancy, but at a recent International Workshop on Genotoxicity Testing
(IWGT), their use for genotoxicity testing was recognized as very prom-
ising (Pfuhler et al., 2020). However, for the use in routine genotoxicity
testing, further development and validation is needed (Pfuhler et al.,
2020). In the present study, we established and validated a genotoxicity
test system with 21-day old spheroids developed from the HepG2/C3A
cell line that enables short-term and long-term exposure to xenobiotic
pollutants under controlled dynamic clinostat conditions. One of the
very important and crucial issues in genotoxicity studies is that the ap-
plied model enables long-term and repeated exposures to low doses of
studied compounds, which is very important for the risk assessment of
environmental contaminants. Namely in the environment, animals and
humans can be continuously and/or repeatedly exposed to very low
concentrations of various compounds.

3.1. The influence of model genotoxic compounds on HepG2/C3A spheroid
growth and viability of cells

To determine the influence of B(a)P and PhIP on the growth of 21-
day old spheroids, the surface area (planimetry) of at least 15 spheroids
per experimental point was measured after 24 and 96 h of exposure
(Fig. 2). The average surface area of spheroids exposed to B(a)P was af-
fected after 24 h (0.15 pg/ug P) and 96 h (0.01 pg/ug P) exposure. After
24 hour and 96 hour exposure, the surface area was 0.97 + 0.19 mm?
and 0.98 & 0.07 mm?, respectively, while the surface area of the control

group was 1.23 + 0.11 mm? and 1.14 + 0.23 mm?, respectively. The re-
sults of PhIP exposure revealed that the heterocyclic aromatic amine
(HAA) affected the growth of HepG2/C3A spheroids only after short (24
h) exposure. The surface area of spheroids exposed to PhIP at the dose
of 0.34 and 0.68 pg/ug P was 1.20 & 0.10 mm? and 1.17 + 0.07 mm?,
respectively, while the average control surface area was 1.27 + 0.11
mm? and 1.23 + 0.11 mm?, respectively, after a short exposure. After
96 hour exposure to 0.246 pg/ug P of PhIP, the surface area was 1.16 +
0.13 mm? and in control group 1.14 & 0.23 mm?.

The effect of B(a)P and PhIP on the viability of HepG2/C3A spheroids
was determined by measuring ATP content. The results showed that
B(a)P and PhIP after 24 h at higher dose, reduced ATP content for
16.5% and 24.4% on average, respectively, while PhIP at lower dose did
not affect the cell viability (Fig. 3A). After 96 h of exposure B(a)P or
PhIP did not decrease the ATP content (Fig. 3B). As the reduction of
ATP content at applied doses was less than 30%, which is considered as
non-cytotoxic effect (Zegura et al., 2009), no significant disturbances
of mitochondrial functions were expected; therefore, these doses were
used for further experiments.

Recently it was described that cell viability of HepG2 spheroids cul-
tured for 3 days under static conditions, exposed to B(a)P (up to 40 pM)
for 24 h was not affected in their cell viability measured by MTS assay,
while PhIP (> 200 pM) decreased cell viability by approximately 20%
on average (Stampar et al., 2019). Similarly, in 10-day old HepaRG
spheroids after 24 h of exposure, B(a)P at concentrations of up to
20 uM did not decrease cell survival, while cytotoxic effects were de-
scribed for PhIP (> 320 uM) (Mandon et al., 2019).

3.2. The influence of model genotoxic compounds on DNA damage induc-
tion determined with the comet assay

Comet assay was recently applied in various hepatic 3D cell models
(Elje etal,, 2019; Mandon et al., 2019; §tampar etal, 2019), and here we
successfully implemented the method on 21-day old HepG2/C3A spher-
oids grown under dynamic clinostat conditions. The spheroids were
treated with B(a)P and PhIP for 24 and 96 h, and first, the method for
obtaining the viable single-cell suspension was optimized. Before
conducting the comet assay, the viability of single-cell suspension
was determined by Trypan blue staining, and it was higher than 80%
(data not shown). Results showed that B(a)P (0.15 pg/ug P) and PhIP
(0.34 pg/ug P and 0.68 Lg/ug P) after 24 h of treatment induced statisti-
cally significant increase in the amount of DNA strand breaks (Fig. 4A
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Fig. 2. The average surface area =+ SD (mm?) of control and exposed spheroids after 24 h (A} and 96 h (B) determined with planimetry. The % of the solvent in different treatments after 24 h
was adjusted to the 0.5% ata lower dose of PhIP (white columns) and the 1% at the higher dose of PhIP and B(a)P (grey columns). The experiments were repeated three times independently
and each time at least five spheroids were measured. The % of the solvent after 96 h was adjusted to 0.5%. The images of representative spheroids after 24 h (C) and 96 h exposure (D) are
shown. The images were captured using the Olympus [X81 microscope and an Olympus DP71 camera at 4x magnification. Statistics analysis was conducted in Graph Pad Prism 6 (unpaired

parametric t-test with Welch's correction).

and B). Similar results have been reported for HepG2 spheroids grown
under static conditions that were exposed to B(a)P (2 10 uM) and
PhIP (2 50 uM) for 24 h (Stampar et al,, 2019). In line with our results,
induction of DNA damage has also been observed in HepaRG spheroids
exposed to B(a)P at 220 pM and PhIP at 240 pM as well as other pro-
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genotoxic compounds including cyclophosphamide, 7,12-
dimethylbenz[a]anthracene, 2-acetylaminofluorene and acrylamide
with the exception of 2-amino-3-methylimidazo[4,5-f]quinolone
(Mandon et al., 2019). Comet assay on HepG2 spheroids has also been
applied to assess genotoxicity of the direct-acting compounds methy!l
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Fig. 3. The relative ATP content in HepG2/C3A spheroids (3D) after 24 (A) and 96 (B) hour treatment to B(a)P and PhIP determined with the ATP assay. Three independent experiments
were performed and each time five spheroids from each bioreactor were collected at specific time points. The % of the solvent in different treatments after 24 h was adjusted to the 0.5% ata
lower dose of PhIP (white columns) and to the 1% at the higher dose of PhIP and B(a)P (grey columns). The % of the solvent after 96 h was adjusted to 0.5%. Results are presented as relative
ATP/ug protein £ SD normalized to corresponding solvent control. The statistical analysis was conducted in Graph Pad Prism 6 (unpaired parametric t-test with Welch's correction).
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Fig. 4. Determination of DNA damage after the exposure of HepG2/C3A spheroids to indirect-acting model genotoxic compounds B(a)P and PhIP and solvent control (0) for 24 and 96 h by
the comet assay (% tail DNA). Fifty nuclei were measured per experimental point and presented in box-plots. Three independent experiments were performed. (One-way ANOVA,

Dunnett's test; **** p < 0.001).

methane sulfonate and hydrogen peroxide by Elje et al. (2019). After
prolonged exposure (96 h) of HepG2/C3A spheroids to B(a)P, DNA
damage was observed at approximately 10-times lower doses (0.011
pg/ug P) compared to doses used for 24 hour exposure (Fig. 4D), indicat-
ing high sensitivity of the system for detecting B(a)P genotoxicity. On
the contrary, PhIP did not induce DNA damage in HepG2/C3A spheroids
(Fig. 4C) after prolonged exposure to doses of 0.246 pg/ug P. The expla-
nation for the observed effect can be the metabolism of PhIP after
prolonged exposure and/or repair of DNA damage within 96 h of expo-
sure as HepG2/C3A spheroids have been shown to have a very high level
of DNA repair enzymes (Wrzesinski et al., 2014). It is also possible that
the used dose of PhIP was too low to induce DNA damage although it
was only 25% lower than the dose used for 24 hour exposure (0.246
ug/ug P vs. 0.34 pg/ug P, respectively).

3.3. Gene expression

3.3.1. Basal mRNA expression in 3D compared to 2D monolayer system
The basal mRNA expression of studied liver-specific and phase I and
phase Il metabolic enzymes was determined in HepG2/C3A spheroids
cultivated for 22 days (21 days plus additional 24 h) and 25 days
(21 days plus additional 96 h). In HepG2/C3A monolayer cultures
(2D), mRNA expression was determined after 2 days (1 day plus addi-
tional 24 h) of cell cultivation. The mRNA expressions of albumin (1.4-
fold and 2.2-fold, respectively), ALDH3A1 (3.5-fold and 1.6-fold,

respectively) and metabolic enzymes of phase I, CYP3A4 (1.1-fold and
3.2-fold, respectively), CYP1AT (3.5-fold and 2.5-fold, respectively),
and phase II, UGT2B7 (2.2-fold and 1.6-fold, respectively) and SULT1C2
(3.4-fold and 5.9-fold, respectively), were up-regulated after 22 days
and 25 days of cultivation compared to the 2D system cultured for
2 days (Fig. 5). The obtained results are in line with observations de-
scribed by Stampar et al. (2019), and Shah et al. (2018) who demon-
strated that HepG2 spheroids grown under static conditions expressed
higher mRNA levels of metabolic enzymes, which is a crucial physiolog-
ical function of hepatocytes in vivo (Snykers et al., 2009). Similarly,
higher mRNA levels of genes encoding phase I and II drug-
metabolizing enzymes (Ramaiahgari et al., 2014; Whitlock, 1999), nu-
clear receptors and xenobiotic transcription factors (Hurrell et al.,
2019; Ramaiahgari et al., 2014, 2017) as well as a time-dependent in-
crease of albumin (Ramaiahgari et al., 2014) was described in HepG2
spheroids, when compared to monolayer cultures. We have noticed
that the basal mRNA levels of UGT1A1 (0.5-fold and 0.6-fold, respec-
tively) and NAT2 (0.2-fold and 0.26-fold, respectively) were expressed
to a lower extent in the dynamic clinostat 3D HepG2/C3A cell system
compared to 2D cell culture (Fig. 5), while the expressions of SULT1B1
(1.3-fold and 1.09-fold, respectively) and NAT1 (0.85-fold and 1.15-
fold, respectively) were not biologically importantly deregulated. Previ-
ously, Chang and Hughes-Fulford (2009) showed that the expression of
metabolic and synthetic functional genes changes differently with the
time of cultivation in 3 to 7-day old HepG2 spheroids when compared
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Fig. 5. Relative basal mRNA expression in 3D HepG2/C3A spheroids cultured under dynamic conditions for 22 (A) and 25 (B) days compared to 2-day old monolayer cultures. Data are
presented as an average + SD (N = 3). The dotted line denotes the expression of the corresponding gene in monolayer culture (1-fold change). A significant variance in mRNA
expression in 3D compared to 2D cultures was assessed with the one-way ANOVA using multiple comparisons (Dunnett's) (* p < 0.05, **p < 0.01).

to monolayer cultures. Therefore, our results are not surprising since the
expression of genes in spheroids changes over time.

3.3.2. The impact of model genotoxic compounds on mRNA level in HepG2/
C3A spheroids

Further, the changes in the transcription of studied genes involved in
the metabolism (phase I and II), immediate early response and response
to DNA damage were analysed after the exposure to genotoxic com-
pounds. Relative mRNA level of the studied genes in treated groups
compared to solvent controls are shown in Figs. 6 and 7.

Most of the xenobiotic-metabolizing enzymes are inducible
(Braeuning et al., 2009; Denison and Whitlock, 1995; Mitchell and

B(a)P; 24h: 0.15 pg/ug P

Warshawsky, 2003). Therefore, induction of the mRNA level of studied
genes encoding phase I (CYP3A4, CYP1A1, CYP1A2, and ALDH3AT) and Il
(UGT1A1, UGT2B7, SULTIC2, SULT1B1, NAT2, NAT1) enzymes was
investigated after the treatment of spheroids to B(a)P and PhIP for
24 or 96 h. B(a)P is primarily metabolized in the liver by human cyto-
chromes (CYP1A1/CYP1B1) and epoxide hydrolase to carcinogenic in-
termediates that covalently bind to DNA to start the carcinogenic
process (Melendez-Colon et al., 1999; Nebert et al., 2004; Qin and
Meng, 2010; Whitlock, 1999). In HepG2/C3A spheroids, B(a)P after 24
h up-regulated the expression of CYP3A4 (12.3-fold), CYP1AT1 (295.6-
fold), CYP1A2 (3.9-fold), UGT1A1 (13.6-fold), UGT2B7 (14.7-fold), NAT?
(4.0-fold), NATT (8.0-fold) and ALDH3AT1 (345.9-fold). This is in line

B(a)P; 96h: 0.011 pg/ug P
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Fig. 6. The mRNA level of selected genes involved in the metabolism after 24 and 96 h of exposure of 21-day old HepG2/C3A spheroids to genotoxic compounds, B(a)P and PhIP. The dotted
line denotes biologically significant differences in gene expression (1.5-fold change). The expression of each gene was assessed in duplicates and three independent experiments were
performed. The statistical analysis between exposed and control groups was done by the multiple t-test analysis using the Sidak-Bonferroni method (*p < 0.05). An up-/down-regulation
of 21.5 and <0.66-fold change, respectively, compared to the corresponding solvent control was considered a positive response.
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Fig. 7. The mRNA expression of studied genes involved in DNA damage response and the immediate-early response in 21-day old HepG2/C3A spheroids after 24 and 96 h of exposure to
model genotoxic compounds. The dotted line denotes biologically significant differences in gene expression (1.5-fold change). The expression of each gene was assessed in duplicates and
three experiments were done independently. The statistical variance was tested using the multiple t-tests and the Sidak-Bonferroni method (“p < 0.05). An up-/down-regulation of 1.5
and <0.66-fold change, respectively, compared to the control, was considered as a positive response.

with previous findings demonstrating that B(a)P in HepG2 monolayer
cultures up-regulated genes encoding important cytochromes
(CYP1A1, CYP1A2, and CYP3A4) (Bartosiewicz et al., 2001; Ewa and
Danuta, 2017; Lee et al, 2006, 2009; Stiborovi et al, 2014).
Glucuronosyltransferases (UGTs), N-acetyltransferases (NATs) and
sulfotransferases (SULT) belonging to phase Il enzymes, act on the oxi-
dized products generated from phase I and thus represent an important
detoxification pathway (Gamage et al., 2006; Li et al., 2008). B(a)P up-
regulated UGT1A1 (13.8-fold), UGT2B7 (14.6-fold), NAT1 (7.9-fold) and
NAT2 (5.7-fold) and down-regulated SULT1C2 (0.28-fold) and SULT1B1
(0.36-fold). The up-regulation of UGT1A1 by B(a)P has previously been
observed in HepG2 cell monolayer cultures (Pezdirc et al., 2013) and
in HepG2 spheroid cultures (Stampar et al., 2019). On the contrary,
NATZ2 was not deregulated in HepG2 monolayer cultures (Pezdirc et al,,
2013) and HepG2 spheroids (Stampar et al., 2019), while in the latter
cell model NATI was upregulated (Stampar et al,, 2019).

PhIP is metabolized to a DNA-binding product by CYP1A2- and
CYP1A1-catalyzed N-hydroxylation (Wilkening et al., 2003), while the
major PhIP detoxification pathway is considered UGT-mediated
glucuronidation and sulfotransferation and to a lesser extent N-
acetyltransferation (Turesky, 2011; Turesky and Le Marchand, 2011).
However, O-esterification of N-hydroxy-derivatives catalyzed by N-
acetyltransferases (NATs) and sulfotransferases (SULTs) also produces
N-acetoxy HAAs derivatives, which after heterocyclic cleavage produces
DNA reactive nitrenium ion (Turesky, 2011). The 24-hour exposure of
HepG2/C3A spheroids to PhIP was performed at two doses, 0.34 ug/ug
P and 0.68 pg/ug P. At the lower dose PhIP up-regulated CYP3A4 (1.8-
fold), UGT1A1 (2.3-fold) and SULT1B1 (3.0-fold) and down-regulated
CYP1A1 (0.32-fold) and ALDH3AT (0.16-fold). In contrast, at 0.68 pg/ug
P PhIP up-regulated phase I metabolic genes CYP3A4 (6.1-fold),
CYP1A1 (6.0-fold) and CYP1A2 (1.6-fold), and phase Il metabolic genes
UGT1A1 (29.1-fold), UGT2B7 (2.5-fold), SULT1B1 (2.4-fold), SULT1C2

(3.9-fold), NAT1 (2.3-fold) and NAT2 (5.2-fold), while ALDH3A1 (0.74-
fold) was not importantly deregulated. Similar metabolic gene deregu-
lation by PhIP was described in metabolically competent HepaRG cells,
where increased mRNA and activity levels of CYP1A1, CYP1A2 and
CYP1B1 were described by Dumont et al. (2010). Presumably, this is
the consequence of the activation of the aryl hydrocarbon receptor
(AHR), the key nuclear factor in the regulation of CYPs and ALDHs
(Omiecinski et al., 2011). Also in HepG2 monolayer cultures, PhIP up-
regulated genes encoding phase I (CYPTAT and CYPIA2) (Pezdirc et al.,,
2013; Viegas et al., 2012) and phase II (NAT2 and UGT1A1) (Pezdirc
et al.,, 2013) metabolism, while SULT1A1 was not expressed in HepG2
cells under the tested experimental conditions. The results of our
study clearly demonstrate that in HepG2/C3A, spheroids SULTs were
expressed at the mRNA level and were up-regulated upon PhIP
exposure.

After 96 hour exposure, B(a)P up-regulated all studied genes in-
volved in metabolism; CYP3A4 (2.8-fold), CYP1A1 (218.8-fold), CYP1A2
(2.4-fold), UGT1A1 (176.2-fold), UGT2B7 (8.8-fold), NATI (3.0-fold),
NAT2 (7.5-fold), SULT1C2 (2.9-fold), SULTIB1 (11.3-fold) and ALDH3A1
(397.6-fold). The up-regulation of some of these genes was after
96 hour exposure more pronounced than after 24 h exposure to a higher
dose. In PhIP (0.25 pg/ug P) exposed HepG2/C3A spheroids, CYPIA2
(3.47-fold) and UGT1A1 (10.35-fold) were up-regulated to a higher ex-
tend than after 24-hour exposure to 0.34 pug/ug P of PhIP (Fig. 6), while
the expressions of other studied genes were not significantly different
from their expressions in control spheroids. This may indicate that
PhIP (0.25 pg/ug P) has been efficiently metabolized and detoxified dur-
ing 96 h of exposure, which stopped upregulation of the expression of
CYPs, SULTs, and NATs or the exposure dose was not high enough to up-
regulate the expression of these enzymes.

The cellular response to the exposure to genotoxic chemicals de-
pends on the cellular defence, particularly, DNA damage repair
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mechanisms (Dumont et al., 2010). DNA damage triggers the activa-
tion of p53 network, where tumour suppressor p53 plays an essential
role in controlling cellular proliferation in the context of DNA damage
by activating the transcription of many crucial genes involved in cell
cycle arrest and DNA repair, apoptosis, differentiation and senes-
cence (Vogelstein et al., 2000). The cyclin-dependent kinase inhibitor
1A gene (CDKN1A) that encodes p21 is a p53-dependent key regula-
tor of cell fate by triggering cell cycle arrest in G1 phase under multi-
ple stress conditions including DNA damage (Warfel and El-Deiry,
2013).Itis directly involved in DNA repair, including nucleotide exci-
sion repair (NER) (Cazzalini et al., 2010). The GADD45« is another
gene that is regulated by p53 and is implicated in the regulation of
several cellular functions, such as DNA damage and repair, cell cycle
checkpoint, signalling transduction and maintenance of genomic sta-
bility (Tamura et al., 2012). It controls the cell cycle G2-M check-
point, the DNA repair process and apoptosis (Wang et al., 1999).
MDM2 protein, a product of a proto-oncogene, is under non-
stressed conditions the negative regulation of TP53 (Michael and
Oren, 2002). It enhances the tumorigenicity of the cells and promotes
survival of the cells and the progression of the cell cycle (Deb, 2003).
The ERCC4 gene has a vital role in DNA damage repair processes and
in maintaining genomic stability. It is activated by DNA damaging
compounds that induce covalent helix-distorting adducts and plays
acentral role in DNA NER (Manandhar et al,, 2015). An important cel-
lular response to carcinogens is also gene regulation via the tran-
scription factor, the activator protein 1 (AP-1) that is composed of
JUN and FOS protein dimers, known as homologs of retroviral
oncoproteins. JUN-B is implicated in many essential cell processes,
including differentiation, proliferation, and tumorigenesis (Hess
etal., 2004). Another oncogene that is considered as a critical regula-
tor of cell proliferation is MYC. Its deregulation is associated with the
genesis of most human tumours (Adhikary and Eilers, 2005). The
immediate-early response genes (MYC and JUN), which coordinate
the expression of further genes required for subsequent cell cycle
progression (Kohn, 1999), enable ligands of AHR to act as influential
tumour promoters and carcinogens (Marlowe and Puga, 2005).
Transcriptomic analyses revealed that in HepG2/C3A spheroids, ex-
posure to B(a)P for 24 and 96 h caused transcriptional activation of
TP53 (1.8-fold and 2.9-fold, respectively), and its down-stream regu-
lated genes CDKNI1A (29.5-fold and 46.5-fold, respectively),
GADD45c (13.5-fold and 10.4-fold, respectively) and MDM2 (1.9-
fold and 3.7-fold, respectively) as well as ERCC4 (3.3-fold and 3.2-
fold, respectively). Higher levels of the expressions of TP53 and
CDKN1A after prolonged exposure (96 h) correlate with the more
pronounced increase of DNA damage after prolonged exposure. In
HepG2 cells grown in monolayer, 24 hour exposure to B(a)P up-
regulated the mRNA level of CDKN1A and GADD45¢, whereas the ex-
pression of TP53 was not affected, while MDM2 was down-regulated
(Pezdirc et al., 2013). In 21-day old spheroids at both 24 and 96 h of
exposure, B(a)P up-regulated the expression of JUNB (26.4-fold and
9.5-fold, respectively), while MYC was significantly down-regulated
(0.2-fold) after 24 h. Modifications in the expression of growth-
related genes associated with the exposure to xenobiotics may be
associated to tumorigenesis in target organs, for this reason, the sig-
nificantly induced expression of JUNB by B(a)P may implicate the
process of B(a)P induced carcinogenesis (Goldsworthy et al., 1994;
Mehta, 1995). Altogether, the results showed that all genes associ-
ated with DNA damage response were greatly upregulated upon ex-
posure to B(a)P at all applied conditions, which correlate with its
genotoxic activity.

The heterocyclic aromatic amine PhIP after 24 hour exposure at dose
0.34 pg/pg P slightly, but not significantly upregulated only the expres-
sion of GADD45« (2.0-fold) and JUNB (2.45-fold). The higher dose of
PhIP (0.68 pg/ug P) upregulated the expression of CDKN1A1 (3.8-fold),
MDM2 (1.71-fold), ERCC4 (2.0-fold) and JUNB (2.7-fold). The upregula-
tion of GADD45¢ after exposure to PhIP was also described in HepG2
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monolayer cultures (Pezdirc et al., 2013). After 96 h of exposure, no sig-
nificant mRNA deregulation of genes involved in the response to DNA
damage was observed, except for JUNB gene (1.8-fold), which belongs
to immediate-early response genes (Fig. 7). These findings support the
results obtained with the comet assay, where PhIP induced increased
DNA strand break formation after 24 h but not after 96 hour exposure.
These results imply the lower genotoxic potential of PhIP compared to
BaP, as well as a different mechanism of action.

4. Conclusions

In recent years, considerable efforts have been brought to the devel-
opment of a wide range of in vitre 3D cell models. These have shown
promising results for their usage in drug discovery, stem cell research,
cancer cell biology, and recently also in genetic and environmental tox-
icology to reduce disparities between the traditional 2D cell models and
whole-animal systems. Moreover, in vitro 3D cell models can be used to
fulfil the 3R (reduce, refine and replace) strategy to avoid unnecessary
animal experiments with inaccurate predictions for humans due to spe-
cies variability.

We optimized the comet assay method to determine the genotoxic
activity of indirect-acting genotoxic compounds in 21-day old HepG2/
C3A spheroids cultured in bioreactors under dynamic clinostat condi-
tions and studied the effects of genotoxic compounds on the expression
of genes encoding xenobiotic metabolic enzymes and enzymes involved
in DNA damage and immediate-early response. The dynamic clinostat
culturing conditions that allow growth and generation of a high amount
of uniform spheroids for a prolonged time without the addition of extra-
cellular matrix enable a constant supply of nutrients entering the spher-
oid. The formed spheroids enable long-term exposure studies where
low for human exposure relevant doses of chemicals including complex
environmental mixtures can be applied. Based on the results of our
study, 21-day old HepG2/C3A spheroids proved to be metabolically
competent; the basal levels of mRNA of the studied genes encoding
phase I and phase Il metabolic enzymes were significantly higher in
3D cultures compared to 2D cultures. The 3D spheroids also responded
to the exposure to indirect-acting model environmental pollutants,
benzo(a)pyrene [B(a)P], and 2-amino-1-methyl-6-phenylimidazo(4,5-
b)pyridine [PhIP] with compound-specific mRNA deregulation of
those genes. The genotoxic activity of B(a)P and PhIP was confirmed
in HepG2/C3A spheroids after short and prolonged exposure. Both com-
pounds induced increased DNA strand break formation and compound-
specific deregulation of the expression of DNA damage and immediate-
early responsive genes. Our study demonstrated that high viability of
HepG2/C3A spheroids and the dynamic 3D model enables their use for
prolonged exposure studies, which is of great importance for detecting
and predicting the genotoxic effects relevant for chronic human expo-
sure to a low dose of genotoxic compounds, which can be found in the
human environment. Therefore, the HepG2/C3A 3D cell model cultured
under dynamic conditions, as a result of more complex structure and
better metabolic capacity, represents a very sensitive system and can
provide more physiologically important information and more predic-
tive information for human health risk assessment and therefore, can
contribute to more trustworthy genotoxicity assessment of chemicals
and complex environmental samples.
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Chapter 3
Discussion and Conclusions

In the last decade, the safety testing of chemicals and products has been at the forefront
of the European legislation and the EU REACH initiative. In the field of genotoxicity, the
3R strategy has stimulated a contemporary trend against the use of in vivo models. The
strategy supports the reduction, replacement and refinement of animal models in preclinical
testing. For this reason, the development and implementation of alternative models are
strongly encouraged. In this perspective, hepatocellular 3D in vitro cell-based models are
gaining importance as they more accurately imitate in vivo cell behavior and provide more
predictive results for in vivo conditions compared to traditional 2D monolayer cultures. In
the doctoral dissertation, we have provided the missing data on the validation of 3D models
with a comprehensive and innovative toxicological approach for testing the genotoxic
activity of chemicals and environmental pollutants.

Firstly, we developed and optimized the forced floating method for the assembly of 3D
spheroids from HepG2 cells (Stampar et al., 2019). The method has been proved to be
simple and enables to obtain a high number of uniform spheroids in a very short period.
The formed 3D cell models revealed increased liver-specific functions and proved a stronger
physiological relevance relating to the gene expression of metabolic enzymes and hepatic
markers compared to 2D monolayers. These properties indicate differentiation into more
metabolically competent cells. Therefore, in our research, the hepatocellular 3D spheroids
were used as an improved in vitro model for the assessment of the cytotoxic and genotoxic
activity of chemicals and environmental pollutants which humans can be exposed to in
their everyday life, in order to put in place appropriate safety measures aimed at avoiding
unforeseen effects on human health and the environment. Despite the urgent need to
establish reliable and sensitive models with higher predictability regarding the
consequences of human exposure, which was highlighted in the Workshop on Genotoxicity
Testing (IWGT), for routine use, the 3D models need to be thoroughly characterized and
subsequently standardized to allow the comparability and reproducibility of results. In our
study, we characterized the hepatocellular 3D model by monitoring its growth, morphology,
and cell viability over the time of cultivation. Flow cytometry was used to analyze the
changes in the cell cycle distribution (Hoechst staining) and the effect of the time of
cultivation on the proliferation of cells (KI67 proliferation marker), which were isolated
from the spheroids. The obtained results show that the applied hepatocellular 3D cell model
has improved metabolic capacity and can better reflect in vivo conditions compared to
traditional HepG2 2D monolayer cultures. Based on the obtained results, we confirmed our
first and second hypotheses.

Secondly, the bibliometric analysis of the research field, showed a considerably increased
use of hepatocellular 3D cell models for various toxicological endpoints, such as: the
micronucleus test to detect chromosomal damage (Shah et al., 2018); the comet assay,
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which can provide an early prediction of genotoxic insult (Dusinska and Collins 2008; Elje
et al. 2019, 2020; Mandon et al. 2019; Pfuhler et al. 2020; Stampar et al. 2019); and the
detection of double-strand brakes (yH2AX) with flow cytometry (Hercog et al., 2020),
which correlate with the micronuclei test and can predict cancer development. In our study
we therefore applied the above mentioned hepatocellular 3D in vitro model grown under
static conditions to assess the toxic and genotoxic effects of indirect-acting compounds
(B(a)P, AFB1, PhIP and 1Q)), which required metabolic activation, and direct-acting (ET)
model genotoxic agents by measuring the induction of DNA damage using the comet assay.
Moreover, genotoxicity was tested by the determination of double-strand brakes (yYH2AX)
when exposing HepG2 spheroids to B(a)P and PhIP for short (24 h) and prolonged (72 h)
periods of time. Furthermore, the HepG2 3D cell model was also applied to detect the
cytotoxic and genotoxic effects of the cyanobacterial toxin cylindrospermopsin (CYN). The
obtained results showed increased sensitivity of the HepG2 3D cell model for the detection
of indirect-acting genotoxic compounds compared to the 2D cell model, higher metabolic
activity, and properties enabling long-term exposure studies. With these findings, we can
partially confirm the fourth hypothesis.

Finally, the culturing of spheroids under dynamic conditions is a very promising
approach offering better similarity to in vivo conditions than monolayer cultures (Fey and
Wrzesinski 2012; Wrzesinski and Fey 2015; Wojdyla et al. 2016). The spheroids are grown
for several weeks in bioreactors, the rotation of which generates a flow of the media around
the spheroids, resulting in a higher diffusion of nutrients and oxygen into the spheroids
and preventing the formation of a necrotic core (Fey & Wrzesinski, 2012; Gong et al., 2015;
Lin et al., 2008). In our study, the toxicity and genotoxicity of two model genotoxic
compounds, B(a)P and PhIP, was studied on a dynamic system (rotating bioreactors) by
exposing 21-day-old HepG2/C3A spheroids to both compounds for short and prolonged
periods of time by using the ATP assay, the comet assay, planimetry, and gene expression
(qPCR) analyses. The advanced 3D cell model revealed improved characteristics of hepatic
cells and can therefore provide more relevant and predictive information for human risk
assessment compared to 2D conditions. With the presented results, we can confirm our
third and partially our fourth hypothesis.

We believe that these new findings will contribute to the development of more accurate
models for genotoxicity testing giving more predictive results that will significantly
contribute to the measures for the prevention and reduction of the impact of genotoxic
pollutants on human health and other organisms in the environment. Importantly, the test
system also, offers an alternative to animal models, which is in accordance with the 3R
policy aimed at reducing in vivo testing.
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Supplementary Material of Included

Publications

A.1 Supplementary Material of Publication 2.1

A density: 3000 celis spheroid density: 3000 cells/spheroid

Time (days)

€ density: 6000 cells/spheroid D density: 6000 cells/spheroid

Time (days)

Figure S1. The growth and morphology of spheroids (planimetry) monitored during 7 days of
cultivation. The surface area of spheroid size was measured every 24 h (A-B: initial density of 3000
cells/spheroid and C-D: initial density of 6000 cells/spheroid). The images were taken using an inverted
microscope at 40x magnification (N = 3). Results are presented as the mean + SD (N = 10). The statistical
analysis was performed in GraphPad Prism 6, by the one-way ANOVA using the Dunnett’s multiple
comparisons tests, ** p < 0.01, *** p < 0.001.
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A.2 Supplementary Material of Publication 2.2

Supporting Tables and Figures

Supporting Table S1.: The planimetry of formed spheroids after 24, 48, 72 and 96 h. The planimetry
of 5 spheroids per endpoint was measured by using the microscope Nikon Eclipse Ti at 40x
magnification. Data represent average area + SD.

24h 48h 72h 96 h
Cells/well | average | SD average | SD average | SD average | SD
(96 u- area (mm2) | area (mm2) | area (mm2) | area (mm2)
bottom (mm2) (mm2) (mm2) (mm2)
well)
500 0.022 0.003 0.019 0.006 0.028 0.009 0.044 0.006
1000 0.051 0.010 0.052 0.011 0.063 0.009 0.079 0.008
3000 0.112 0.015 0.115 0.009 0.135 0.013 0.157 0.016
6000 0.218 0.015 0.220 0.023 0.236 0.027 0.255 0.031
10000 0.278 0.027 0.284 0.011 0.296 0.004 0.316 0.036

Protein expression

ET 1Q PuP BaP AFBl DMSO

CYPIAL — e — 73kda
— 58kda

CYPIA2 ——— —— — 75kda
— z = » 55kda

CYP3AS 73 kda
.- s8kda

i 35kda

NAT2 I - __——-——_...___l 34kda
UGT1A1 — rdr
- $5kda

= 50 kda

TPS3 L " 55 kda
|’? === l 53 kda

GAPDH I__._.._—-—--l 40kda

Supporting Figure S1.: The expression of selected proteins (CYP1AI, CYP1A2, CYP3A4, NAT2,
SULTIAIL, UGT1Al, TP53 and GAPDH used as internal control) in spheroids after the exposure (24h)
to B(a)P (40 uM), AFBI (40 uM), PhIP (200 uM), 1Q (250 uM) and ET (10 pg/mL), and solvent control
(DMSO).
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A.3 Supplementary Material of Publication 2.3

Table 51: Comparative analysis of BaP treated samples for 24h at different concentration levels,

where the same letter represents no statistically different predicted probabilities (%).

Prediction Predicted Std.Er. Groups

probability
G1
DMSO 0.757 0.003
BAPO1 0.734 0.002
BAP1 0.681 0.003 E
BAP10 0.669 0.003 E
BAP20 0.633 0.003
ET 0.428 0.002
5
DMSO 0.086 0.002 A
BAPO1 0.102 0.001
BAP1 0.113 0.002 B
BAP10 0.118 0.002 B
BAP20 0.250 0.002
ET 0.094 0.001 A
G2
DMSO 0.156 0.002 C
BAPO1 0.164 0.002 C
BAP1 0.206 0.002 D
BAP10 0.214 0.003 D
BAP20 0.117 0.002 B

ET 0.478 0.002
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Table S2: Comparative analysis of BaP treated samples for 72h at different concentration levels,

where the same letter represents no statistically different predicted probabilities (%).

Prediction Predicted Std.Err. Groups

probability
G1
DMSO 0.630 0.001
BAP0.001 0.666 0.002
BAP0.01 0.640 0.002
BAPO0.1 0.607 0.002 F
BAP1 0.601 0.001 F
BAP10 0.540 0.002 E
ET 0.367 0.002
5
DMSO 0.141 0.001
BAP0.001 0.153 0.001 A
BAP0.01 0.159 0.001 A
BAPO.1 0.169 0.001
BAP1 0.178 0.001 B
BAP10 0.131 0.002
ET 0.086 0.001
G2
DMSO 0.229 0.001 D
BAP0.001 0.181 0.001 B
BAP0.01 0.201 0.001
BAPO0.1 0.223 0.001 CD
BAP1 0.221 0.001 C
BAP10 0.328 0.002

ET 0.547 0.002 E
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Table S3: Comparative analysis of PhIP treated samples for 24h at different concentration levels,

where the same letter represents no statistically different predicted probabilities (%).

Prediction Predicted Std.Err. Groups
probability

G1

DMSO 0.715 0.001

PhIP 50 0.705 0.002 E

PhIP 100 0.706 0.001 E

PhIP 150 0.704 0.002 E

PhIP 200 0.703 0.002 E

ET 0372 0.002

S

DMSO 0.116 0.001 B

PhIP 50 0.116 0.001 B

PhIP100 0.093 0.001 A

PhIP150 0123 0.001

PhIP 200 0.099 0.001

ET 0.092 0.001 A

G2

DMSO 0.169 0.001 C

PhIP 50 0179 0.001

PhIP 100 0.201 0.001 D

PhIP 150 0172 0.001 C

PhIP 200 0.198 0.001 D

ET 0.536 0.002

129



130 Appendix A. Supplementary Material of Included Publications

Table S4: Comparative analysis of PhIP treated samples for 72h at different concentration levels,

where the same letter represents no statistically different predicted probabilities (%).

Prediction Predicted Std.Err. Groups

probability
G1
DMSO 0.725 0.002
PhIP 25 0.706 0.002
PhIP 50 0.687 0.002
PhIP 100 0.670 0.002 G
PhIP 150 0.663 0.001 G
PhIP 200 0.664 0.002 G
ET 0.209 0.001
S
DMSO 0.128 0.001 A
PhIP25 0.125 0.001 A
PhIP 50 0.143 0.001 B
PhIP100 0.153 0.001 CD
PhIP 150 0.166 0.001 E
PhIP 200 0.156 0.001 D
ET 0.095 0.001
G2
DMSO 0.147 0.001 BC
PhIP25 0.169 0.001 E
PhIP 50 0.170 0.001 E
PhIP100 0177 0.001 F
PhIP150 0.171 0.001 E
PhIP 200 0.180 0.001 F

ET 0.696 0.002
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