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Summary

HepaRG cells are a suitable in vitro human liver model for absorption, distribution, metabolism, and
excretion (ADME) research and toxicity studies, as they express multiple cytochrome P450 (CYP)
isozymes and exhibit several regulatory pathways in a comparable level to primary human
hepatocytes. CRISPR/Cas9-mediated genome editing of HepaRG cells could thus be a promising tool
for new investigations regarding interindividual differences in ADME processes. However, application
of CRISPR/Cas9 genome editing to HepaRG cells could be challenging because of their non-clonal origin
and the required differentiation process to develop hepatic properties.

Due to their polyclonal origin, it was necessary to investigate whether differentiated clonal HepaRG
cells have a hepatic phenotype comparable to the parental cell line. However, clonal selection of
HepaRG cells resulted in a heterogenous mixture of individual cell clones where many of them lost
their differentiation capability. Further single cell selection of clonal HepaRG cell lines resulted in a
slight stabilization of phenotype but no completely homogenous phenotype was detectable which
would be necessary for investigation of phenotype-genotype relations in genome-edited cell clones.

As HepaRG cells are hard to transfect several CRISPR/Cas9 delivery methods had to be tested. Two
effective working protocols for CRISPR/Cas9-induced genome editing in HepaRG cells were established
in this thesis. Lentiviral delivery of Cas9 and sgRNA was shown to be an effective approach for genome
editing in HepaRG cells. This approach was used to create a HepaRG cell line that constitutively
expresses Cas9 and that retains the ability to differentiate into hepatocyte-like cells with CYP
expression and activity profiles that are highly similar to those of the parent cell line. Transfection of
sgRNAs into these cells can now be used to study the influence of various genes on drug metabolism
and other hepatic functions in a metabolically competent human hepatic cell line.

As a first target for CRISPR/Cas9-induced gene knockout in HepaRG cells the NADPH cytochrome P450
reductase (POR), a ubiquitous flavoprotein localized in the endoplasmatic reticulum, was chosen. POR
is required for the two-electron transfer from NADPH to microsomal CYPs and is therefore essential
for CYP-mediated drug metabolism as well as for other CYP dependent endogenous processes. Genetic
knockout of POR resulted in differential, isozyme-dependent effects on CYP activities. The seemingly
weak impact of POR knockdown on CYP2C8 activity led to the unveiling of a general role of CYB5 as
alternative NADH-dependent electron donor in HepaRG cells, in particular for CYP2C8-dependent
amodiaquine N-desethylation. This was confirmed by CRISPR/Cas9-mediated genetic CYB5A single and
POR/CYB5A double-knockout using transfection of sgRNAS in Cas9 expressing HepaRG cells.

To further characterize the impact of POR knockdown on a more global level, drug metabolizing CYP
protein expression, mMRNA expression of a selected panel of genes and bile acid secretion were
analyzed. POR knockdown influences the mRNA expression of several transcriptional regulators of
hepatic CYP expression, bile acid and lipid homeostasis leading to decreased expression of various CYPs
involved in drug as well as endogenous metabolism. The measured changes in bile acid homeostasis
could be responsible for the observed gene expression patterns. Moreover, additional knockout
experiments of CYP27A1 were performed to further analyze the involvement of POR and CYP27A1 in
bile and lipid homeostasis.



Zusammenfassung

HepaRG-Zellen sind ein geeignetes humanes hepatisches in vitro Modell fur die Erforschung von
Absorptions-, Verteilungs-, Metabolismus- und Exkretions- (ADME) Prozessen sowie fir
Toxizitatsstudien, da sie eine Vielzahl an Cytochrom P450 (CYP) Isozymen exprimieren und mehrere
Regulationssignalwege in einem vergleichbaren AusmaR wie primare menschliche Hepatozyten
widerspiegeln. CRISPR/Cas9-vermittelte Genom Editierung von HepaRG-Zellen kdnnte daher eine
vielversprechende Methode fiir neue Untersuchungen zu interindividuellen Unterschieden in ADME-
Prozessen sein. Die Anwendung der CRISPR/Cas9 vermittelten Genom Editierung auf HepaRG-Zellen
konnte sich jedoch aufgrund ihres nicht-klonalen Ursprungs und des erforderlichen
Differenzierungsprozesses zur Entwicklung hepatischer Eigenschaften als herausfordernd darstellen.

Aufgrund ihres polyklonalen Ursprungs war es notwendig zu untersuchen, ob differenzierte klonale
HepaRG-Zellen einen vergleichbaren hepatischen Phanotyp wie die elterliche Zelllinie aufweisen
wiirden. Allerdings flihrte die klonale Selektion von HepaRG-Zellen jedoch zu einer heterogenen
Mischung einzelner Zellklone, von denen viele ihre Differenzierungsfahigkeit verloren. Weitere
Einzelzellselektion von klonalen HepaRG-Zelllinien fiihrte zwar zu einer leichten Stabilisierung des
Phanotyps, jedoch war kein vollstandig homogener Phanotyp nachweisbar, der fiir die Untersuchung
von Phanotyp-Genotyp-Beziehungen in genom-editierten Zellklonen notwendig ware.

Da HepaRG-Zellen schwer zu transfizieren sind, mussten verschiedene CRISPR/Cas9-
Transportmethoden getestet werden. Zwei effektive Arbeitsprotokolle fiir CRISPR/Cas9-induziertes
Genome Editing in HepaRG-Zellen wurden in dieser Arbeit etabliert. Die lentivirale Applikation von
Cas9 und sgRNA erwies sich als effektiver Ansatz fiir das Genome Editing in HepaRG-Zellen. Mit diesem
Ansatz wurde eine HepaRG-Zelllinie erzeugt, die Cas9 konstitutiv exprimiert und die Fahigkeit behilt,
sich in hepatozytendhnliche Zellen mit CYP-Expressions- und Aktivitatsprofilen zu differenzieren, die
denen der Elternzelllinie sehr dhnlich sind. Die Transfektion von sgRNAs in diese Zellen kann nun
genutzt werden, um den Einfluss verschiedener Gene auf den Medikamentenstoffwechsel und andere
Leberfunktionen in einer metabolisch kompetenten menschlichen Leberzelllinie zu untersuchen.

Als erstes Target fur CRISPR/Cas9-induzierten Gen-Knockout in HepaRG-Zellen wurde die NADPH-
Cytochrom-P450-Reduktase (POR), ein ubiquitdres Flavoprotein, das im endoplasmatischen Retikulum
lokalisiert ist, ausgewahlt. POR wird fir den Zwei-Elektronen-Transfer von NADPH zu mikrosomalen
CYPs benoétigt und ist daher essentiell fir den CYP-vermittelten Arzneimittelmetabolismus sowie fir
andere CYP-abhangige endogene Prozesse. Genetischer Knockout von POR fihrte zu differentiellen,
isozyme-abhdngigen Effekten auf CYP-Aktivitditen. Der scheinbar schwache Einfluss des POR-
Knockdowns auf die CYP2C8-Aktivitat fihrte zur Aufklarung einer allgemeinen Rolle von CYB5 als
alternativer, NADH-abhangiger Elektronendonor in HepaRG-Zellen, insbesondere fiir die CYP2CS8-
abhangige Amodiaquin-N-Desethylierung. Dies wurde durch CRISPR/Cas9-vermittelten genetischen
CYB5A-Einzel- und POR/CYB5A-Doppelknockout mittels Transfektion von sgRNAS in Cas9-
exprimierenden HepaRG-Zellen bestatigt.

Um die Auswirkung des POR-Knockdowns auf einer globaleren Ebene weiter zu charakterisieren,
wurden die Proteinexpression von medikamentenmetabolisierende CYPs, die mRNA-Expression einer
ausgewahlten Gruppe von Genen und die Gallensduresekretion analysiert. Der POR-Knockdown
beeinflusst die mRNA-Expression mehrerer transkriptioneller Regulatoren der hepatischen CYP-
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Expression, der Gallensdure- und Lipid-Homdostase, was zu einer verminderten Expression
verschiedener CYPs fiihrt, die sowohl am Arzneimittel- als auch am endogenen Metabolismus beteiligt
sind. Die gemessenen Veranderungen in der Gallensdure-Homdostase konnten fiir die beobachteten
Genexpressionsmuster verantwortlich sein. Darlber hinaus wurden zuséatzliche Knockout-
Experimente von CYP27A1 durchgefiihrt, um die Beteiligung von POR und CYP27A1 an der Galle- und
Lipid-Homoostase weiter zu analysieren.
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1. Introduction

1.1. Drug metabolism in the liver

Many drugs and other xenobiotics have lipophilic properties which allow them to be easily absorbed
into the body. However, for the subsequent elimination through the kidneys and bile metabolic
modifications are needed to convert them into more hydrophilic substances (Anzenbacher and Zanger
2012). These absorption, distribution, metabolism, and excretion (ADME) processes of drugs are
generally divided into three phases.

Phase | consists of several functionalization reactions, which are mostly oxidative. However, reductive
and hydrolytic functionalizations are also known. Liver-expressed isozymes of the microsomal
cytochrome P450 (CYP) families CYP1, CYP2 and CYP3 are responsible for the majority of phase |
biotransformation processes (Aktories 2013). Other non-CYP oxidative enzymes like alcohol or
aldehyde dehydrogenases, esterases and epoxide hydrolases are also involved in phase | drug
metabolism.

Phase Il drug metabolism includes conjugation reactions mediated by UDP-glucuronosyltransferases
(UGT), glutathione S-transferases (GST), sulfotransferases (SULT) and many others. The conjugation of
glucuronic acid, glutathione, sulfates, and other chemical groups results in increased hydrophilicity.

Phase Il describes transport processes for renal and biliary excretion of the xenobiotic metabolites
(Doring and Petzinger 2014). Transport proteins involved in these processes are the organic anion
(OAT) and cation transporters (OCT) of the solute carrier (SLC) family as well as ATP-binding cassette
(ABC) transporters.

The uptake of drugs and other xenobiotics by transporters is commonly termed phase 0 (Doring and
Petzinger 2014).



1.1.1. Cytochrome P450 monooxygenases

CYP structure and reaction mechanism

CYP enzymes consist of a large family of membrane-bound hemoproteins of approximately 500 amino
acids (45 to 55 kDa) with monooxygenase (also termed mixed-function oxidase) function. All CYPs
harbor a specific signature sequence including a highly conserved cysteine residue, which serves as the
axial ligand to the heme iron (Guengerich et al. 2016). This structural cysteine-thiolate feature is
responsible for the unique spectral properties of CYPs, namely a characteristic absorption band at
approximately 450 nm of the ferrous carbon monoxide complex (Omura and Sato 1962), hence the
designation pigment (P)-450. The highly conserved cysteine is also a major structural distinctive feature
of CYPs compared to hemoglobin, where the fifth heme iron ligand is a histidine.

CYPs generally catalyse the following reaction type consisting of the cleavage of molecular oxygen to
incorporate one oxygen atom into a substrate molecule (R) and the other oxygen atom into water
(Guengerich 2001; Guengerich et al. 2016):

NADPH + H* + 0, + R - NADP* + H,0 + ROH

CYPs do not only catalyse hydroxylations, but also other reactions including desaturations, C-C bond
cleavages, aryl ring couplings, heteroatom dealkylations and oxygenations, ring formations, and
rearrangements of oxygenated chemicals such as prostaglandins (Guengerich et al. 2016). The detailed
steps of the catalytic cycle of CYP enzymes are depicted in Figure 1.
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Figure 1: The catalytic cycle, structure, and redox partners of microsomal CYP enzymes. After substrate binding (R-H) (1)
reduction of Fe3* by one electron transfer from NADPH cytochrome P450 reductase (POR) is possible (2). Fe2*binds O in the
next step (3) and further reduction (4) by either POR or cytochrome b5 (cytb5) leads to compound 0. Dehydroxylation of
compound 0 forms the highly reactive compound I (5), which can transfer the oxygen atom to the substrate forming the
hydroxyl group (ROH) (6,7). After product release (8) the resting state is achieved by binding of H,0. Three uncoupling
reactions and their products are marked with dashed lines (Nebert et al. 2013; Barnaba et al. 2017; Barnaba and
Ramamoorthy 2018). Figure taken and adapted from Barnaba et al. 2017.

In the resting state the ferric heme iron (Fe**) is hexa-coordinated to heme and axially coordinated by
cysteine thiolate (S) and a weakly bound water molecule. The first step of the catalytic cycle includes
substrate binding in the vicinity of the distal region of the heme which displaces the water. This causes
a decrease of the redox potential and allows the first reduction of Fe* by an electron delivered by POR
(Barnaba et al. 2017). After binding of dioxygen to Fe?*, the second reduction of the unstable ferric
superoxo species by either POR or cytochrome b5 and protonation results in formation of the transient
ferric hydroperoxo species (compound 0). Further protonation and dehydration leads to the highly
reactive oxyferryl intermediate (compound I). Compound | abstracts a hydrogen from the substrate RH
to produce a substrate radical. Rebinding of the hydroxyl-radical to the substrate to form a
hydroxylated product (ROH) then restores the resting state of the CYP. The uncoupling of the CYP
reaction cycle however, leads to reactive oxygen species production.



As CYPs are membrane-bound by a single hydrophobic N-terminal transmembrane anchor, it is also
possible to classify CYP enzymes by their intracellular localization and thereby electron donor. CYP

enzymes located in the mitochondria are termed “type 1”, whereas those found on the cytoplasmic
side of the endoplasmatic reticulum (ER, microsomes) are termed “type 1I” (Nebert et al. 2013) (see

Figure 2).

NADPH

NADP*

NADPH

NADP*

Figure 2: Two main CYP-redox partner systems. Upper panel: Type | (mitochondrial) enzymes, the two electrons from NADPH
pass from the flavin (FAD) of adrenodoxin reductase (ADR) to the iron-sulfur adrenodoxin (ADX) and then to the heme of the
CYP. Lower panel: Type Il (microsomal) enzymes, the flavoprotein P450-oxidoreductase (POR) receives electrons from NADPH
to its FAD moiety, transfers electrons to its FMN cofactor, and after a conformational rearrangement, directly transfers
electrons from the FMN to the CYP. Figure taken and adapted from Nebert et al. 2013.

In the mitochrondria, electrons from NADPH are transferred by the membrane-bound flavoprotein
adrenodoxin reductase to a soluble iron-sulfur protein adrenodoxin, which then transfers the electrons
to type | CYPs (Nelson et al. 2008). NADPH cytochrome P450 reductase (POR), a ubiquitous flavoprotein
localised in the ER, is required for the two-electron transfer from NADPH to microsomal CYPs. After
NADPH binding, electrons are shuttled through the flavin adenine dinucleotide (FAD) cofactor to the
flavin mononucleotide (FMN) cofactor, and subsequently to the heme group of the electron acceptor
CYP (Guengerich 2001; Gentry et al. 2018).

Human CYP genes

The 57 human CYP-encoding genes are located over all autosomal chromosomes. Classification
according to sequence similarity divides human CYPs into currently 18 families (indicated by an arabic
numeral) and 44 subfamilies (indicated by a capital letter) (Nebert et al. 2013; Manikandan and Nagini
2018). In addition to protein-coding genes humans have more than 25 pseudogenes, which harbor
mutations that prevent expression of functional proteins. All CYP proteins are considered to be
intrinsically membrane-bound with the majority (50 proteins) located in the ER and the residual seven
in the mitochondrial membranes (Guengerich et al. 2016). The drug-metabolizing CYP isozymes of the
families CYP1 (three genes), CYP2 (19 genes), and CYP3 (four genes) are mostly expressed in the liver
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and are characterized by a broad and overlapping substrate specificity which leads often to diverse
reaction products. CYP isozymes of the families CYP4-CYP51 are responsible for the biotransformation
of endogenous substances like steroid hormones, cholesterol, bile acids and many others.

CYPs in drug metabolism

Collectively, CYP isozymes of the families 1, 2 and 3 metabolize around 70-80 % of all hepatically
cleared drugs, with CYP3A4 as one of the highest expressed isozymes being responsible for the
metabolism of more than 30 % of all clinically prescribed drugs (Zanger et al. 2008; Zanger and Schwab
2013). The main physiological function of drug metabolizing CYPs is the detoxification of xenobiotica.
However, some substances are converted to medically active drugs and others to toxic metabolites.
Examples for clinically used prodrugs are the opiate codeine (CYP2D6), the anti-breastcancer drug
tamoxifen (CYP2D6 and CYP3A4) or the anticancer drug cyclophosphamide (various CYPs) (Ortiz de
Montellano 2013).

Toxification of xenobiotics is seen in multiple cases including aflatoxin B1 (CYP3A4) or benzo[a]pyrene
(CYP1A1) (Guengerich 2008; Aktories 2013). While CYP isozymes of the families 4 to 51 play key roles
in endogenous metabolism, drug-metabolizing CYP isozymes are also involved in cholesterol, steroid
and bile acid biosynthesis, metabolism of polyunsaturated fatty acids such as arachidonic acid and
prostaglandins, as well as activation of vitamins A and D3 to biologically active hormones (Estabrook
2003). Compared to CYP isozymes of the families 4 to 51, drug-metabolizing CYP enzymes have
extremely high inter- and intraindividual variability of expression and function, which can lead to over-
reactions, toxicity or lack of response to a certain drug in a considerable fraction of treated patients
(zanger et al. 2008).

Factors influencing drug metabolising CYP function

In a given population each CYP isozyme varies up to 100-fold due to a combination of (epi)genetic,
non-genetic, as well as environmental mechanisms (Zanger et al. 2014). Genetic and epigenetic factors
include polymorphisms (allelic frequency higher than 1 %) such as single nucleotide polymorphisms or
copy number variations, rare mutations, DNA and histone modifications and non-coding RNAs (Zanger
and Schwab 2013; Fisel et al. 2016). Genetic variations in CYP isozymes of the families CYP4-CYP51 are
usually rare as they may cause inherited metabolic disorders. Non-genetic host factors include sex, age
as well as disease state. Environmental factors, like drug-drug or drug-food interactions also play a role
in influencing inter-and intraindividual variability. Consequently, individuals exhibit a constantly
changing and unique CYP profile with important implications for therapeutic success. Understanding
the interplay of all factors influencing drug-metabolising CYP function would enable the selection of a
more personalized treatment regime.

Regulation in drug metabolism

Regulation of CYP expression in response to environmental stimuli often takes place by activation of a
Xxeno-sensing receptor upon ligand binding. In most cases the activated receptor subsequently
dimerizes with another protein to form a heterodimer, which then binds to a specific recognition
sequence in the promoter region of a target CYP gene (Guengerich 2012). One example for this
mechanism is the regulation of the CYP1 family by the aryl hydrocarbon receptor (AhR), which
dimerizes after ligand binding (e.g., polycyclic aromates) with ARNT (AhR nuclear translocator). Other
nuclear receptors are the constitutive androstane receptor (CAR, NR1/3) or the pregnane X receptor
(PXR, NR1/2) which both dimerize with the retinoid X receptor (RXRa, NR2B1) to regulate
predominantly the expression of the CYP2B, CYP2C and CYP3A subfamilies.



Ligands of CAR are chemically diverse and include steroids, certain drugs and also bilirubin. Ligands of
PXR include certain endogenous or artificial steroids, certain macrolide antibiotics like rifampicin and
many other drugs, noteworthy also hyperforin, an active component of St. John’s wort (Offermanns
and Rosenthal 2008; Guengerich 2012; Manikandan and Nagini 2018). An example of CYP regulation
independent of xeno-sensing nuclear receptors is CYP2E1, which is mainly controlled by internally
regulated signaling pathways, by hepatocyte nuclear factor 1a (HNFla) and by the canonical Wnt/pB-
catenin pathway (Groll et al. 2016). In addition, other transcription factors including peroxisome
proliferator-activated receptors (PPAR), the farnesoid X receptor (FXR), liver X receptor (LXR), HNF
family members, glucocorticoid receptor (GR), and CCAAT/enhancer-binding proteins (C/EBPs)
mediate CYP expression (Manikandan and Nagini 2018).

Direct inhibition of CYP enzymes
Direct CYP enzyme inhibition occurs principally via reversible or irreversible mechanisms mostly due
to drug-drug or drug-food interactions and contributes to inter-and intraindividual CYP variability.

Reversible inhibition can occur by two mechanisms: the competitive inhibition of two substances for
the active site or the allosteric inhibition by binding of the inhibitor to a site other than the active site
(Manikandan and Nagini 2018). Irreversible mechanisms, based on suicide enzyme inhibition, happen
when drugs are transformed by CYPs into reactive species that interact with moieties in the active site
leading to enzyme inactivation. The inhibition of CYP3A4 by the metabolic intermediate of
erythromycin is an example for mechanism-based inhibition (Manikandan and Nagini 2018). Food
components are known to interfere with CYP activity, leading to drug-food interactions. Grapefruit
juice, for example, contains CYP3A4 inhibitors (Offermanns and Rosenthal 2008).



1.1.2. NADPH cytochrome P450 reductase (POR)

POR is considered a further contributor to CYP variability, as it provides electrons mandatory for CYP
function. It is expressed at 5-10 fold lower stoichiometric level in liver compared to total CYP content
and the possibility that it may be a limiting factor for CYP activity has been discussed (Guengerich 2001;
Hart et al. 2008; Gomes et al. 2009) .

POR structure

POR is a ubiquitous microsomal electron transport protein essential to cytochrome P450 (CYP)-
mediated biosynthesis of endogenous substrates like sterols, bile acids and lipids as well as oxidative
metabolism of xenobiotics. Moreover, POR plays a pivotal role for other important non-CYP enzymes
such as heme oxygenase, squalene monooxygenase or cytochrome b5 (CYB5) (Porter 2012; Pandey
and Fliick 2013; Riddick et al. 2013) (see Figure 3).
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Figure 3: Redox partners of POR with corresponding metabolic pathways. HMOX: heme oxygenase (2 genes); SQLE: squalene
monooxygenase; CYP: cytochrome P450 (51 microsomal forms); CYB5: cytochrome B5 (2 genes); MSMO:
methylsterolmonooxygenase; SC5DL: sterol-C5-desaturase; SCD: stearoyl-CoA-desaturase (2 genes); ELOVL: fatty acid
elongase (7 genes). Figure taken from Porter 2012.

In contrast to the multigenic mammalian CYP superfamily, POR is encoded by a single gene. The gene
coding for human POR is located on chromosome 7g11.2 and consists of 15 coding and one
untranslated exon (see Figure 15). It encodes a 82 kDa membrane-bound protein with 680 amino acids
(Shephard et al. 1989; Yamano et al. 1989). The diflavin reductase POR consists of four major domains:
the FAD binding domain, a linker domain, a FMN binding domain, and a hydrophobic N-terminal
transmembrane domain (Wang et al. 1997; Gentry et al. 2018). Similar to microsomal CYP enzymes,
POR is located on the cytoplasmic side of the ER using the N-terminal transmembrane domain as
anchor (Pandey and Fliick 2013).

As depicted in Figure 4, upon NADPH binding to POR, two electrons are transferred to FAD which
triggers a conformational change in the hinge region. This causes the FAD and FMN domains to move



closer. The FMIN domain interacts with CYPs and is therefore able to transfer the electrons to the CYP
heme iron for the catalytic reaction.
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Figure 4: POR structure and electron transfer to microsomal CYPs. Two electrons from NAPDH are transferred over FAD to
FMN, which can pass them over to the heme iron of microsomal CYP enzymes. The two electrons are essential for their mixed
oxidase function. Figure taken from Pandey and Fliick 2013.

As such, POR serves as intermediate between a dual electron donor (NADPH) and single electron
acceptors (CYPs, heme oxygenase, cytochrome b5 etc.) (Pandey and Fliick 2013). Thereby, the dynamic
interplay between POR, CYPs and the ER membrane in protein-protein and protein-lipid complexes is
important for CYP catalytic function and efficiency (Huang et al. 2015; Barnaba and Ramamoorthy
2018; Gentry et al. 2019). Limiting levels of redox partners like POR have been reported to influence
CYP function by supporting the formation and stabilization of CYP-CYP multimers, which have been
shown to exhibit differential substrate binding or kinetic properties compared to CYP monomers (Gut
et al. 1982; Reed and Backes 2012, 2016).

POR knockout studies

Systemic deletion of Por in mice leads to embryonal death around day 13 due to severe disturbances
in retinoid and cholesterol homeostasis, which is comparable to the phenotype in Cyp26 (catabolism
of all-trans-retinoic acid) knockout mice (Abu-Abed et al. 2001; Sakai et al. 2001). Thus, Por is essential
for early-stage development (Shen et al. 2002; Otto et al. 2003; Schmidt et al. 2009). Conditional Por
deletion in the mouse liver results in phenotypically normal and fertile mice with profoundly decreased
hepatic microsomal Cyp function, reduced circulating cholesterol, triglyceride levels, and gallbladder
bile volume, as well as hepatic lipidosis (Gu et al. 2003; Henderson et al. 2003; Wu et al. 2003; Finn et
al. 2007). While mice show decreased hepatic Cyp activity, the Cyp protein amount is increased (Gu et
al. 2003; Henderson et al. 2003). Effects of Por knockout in the liver on drug as well as endogenous
metabolism were extensively studied in mouse models (Gu et al. 2003; Henderson et al. 2003; Weng
et al. 2005; Wang et al. 2005; Finn et al. 2007; Cheng et al. 2014b).



There are several other studies that investigated diminished POR in cellular models. One example is
the siRNA knockdown of POR in human and rat hepatocytes (Feidt et al. 2009; Porter et al. 2011). In
more recent studies CRISPR/Cas9-induced genome editing was used in Hepalclc7 cells for Por
knockout to investigate mechanisms of benzo[a]lpyrene resistance (Sundberg and Hankinson 2019;
Reed et al. 2019b). Moreover, CRISPR/Cas9 or zinc-finger induced knockout or small hairpin RNA
(shRNA) knockdown of POR was used for the investigation of the role of POR as a predictive biomarker
for hypoxia activated prodrug sensitivity (Su et al. 2013; Hunter et al. 2015; Rezende et al. 2017; Hunter
et al. 2019).

PORD in humans

In humans certain POR mutations lead to deficient POR (PORD) characterized by disordered
steroidogenesis. Patients with PORD patients show a broad spectrum of sympthoms including cortisol
deficiency, altered sex steroid synthesis, disorders of sex development and skeletal malformations
resembling the Antley-Bixler syndrome phenotype (Fliick and Pandey 2011; Fukami and Ogata 2014;
Miller 2018). Medical treatment of PORD patients consisting of glucocorticoid and sex steroid
replacement therapy requires individually tailored dosing due to diminished CYP mediated hepatic
drug-metabolism (Tomalik-Scharte et al. 2010; Miller et al. 2011). In vitro experiments showed
variability in human drug metabolizing CYP activities caused by genetic variations in POR (Velazquez et
al. 2019). Yet, no phenotypic changes of livers in PORD patients comparable to the lipidosis observed
in mouse liver were reported up to this date (Miller 2018). However, translation of findings made in
mouse models to the human system is limited, as mice show, for example, a different composition in
CYP enzymes (Takahashi et al. 2016). This has effects on endogenous processes such as a changed bile
acid pool (Li and Dawson 2019; Straniero et al. 2020). In order to improve the understanding of the
role of POR in the human liver, studies in human cell models are needed.

Effects of POR on bile acid synthesis

Bile acid synthesis represents the dominant metabolic pathway of the catabolism of cholesterol and is
a multi-step process mediated by the three POR-dependent CYP enzymes CYP7A1, 7B1, 8B1 and the
mitochondrial, POR-independent CYP27A1 (Sarenac and Mikov 2018) (see Figure 5).
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Figure 5: Overview of the mammalian neutral and acidic bile acid synthesis pathways, which is devided into the neutral and
the acidic pathway. Figure taken from Pandak and Kakiyama 2019.

The classic neutral pathway is initiated by the rate-limiting step of the highly regulated microsomal
CYP7A1. The alternative acidic pathway is initiated by mitochondrial CYP27A1. The rate-limiting step
in this pathway is the transport of cholesterol into mitochondria and to CYP27A1 (sterol 27-
hydroxylase) by steroidogenic acute regulatory protein (STARD1) (Pandak and Kakiyama 2019). The
classical pathway leads to cholic acid (CA) as well as chenodesoxycholic acid (CDCA), while the
alternative pathway leads predominantly to CDCA. Before secretion, primary bile acids are usually
conjugated with taurine (~ 25 % in humans) or glycine (~ 75 % in humans) (Sarenac and Mikov 2018).

Effects of Por on bile acid synthesis were extensively analyzed in mouse models with liver-specific Por
knockout. Por knockout revealed to have diverse effects on the composition of bile acid pools. While
the total amount of bile acids in the liver was only slightly decreased, concentrations of CDCA and its
gut microbial product lithocholic acid (LCA) were increased, which was hypothesized by Cheng et al.
(2014b) to be due to induction of the alternative bile acid synthesis pathway.

Bile acids act as endogenous ligands for FXR, PXR and G protein-coupled bile acid receptor (TGR5
(Gpbar1)), which regulate homeostasis of xenobiotics and lipids, glucose, and energy metabolism (Pols
etal. 2011; Chiang and Ferrell 2018). Differences in bile acid composition may thereby change signaling
as indicated by gene expression analyzes of liver specific Por knockout mice (Wang et al. 2005; Weng
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et al. 2005; Henderson et al. 2013; Mutch et al. 2007). One effect ascribed to changed bile acid signaling
is the generally observed induction of drug metabolizing as well as bile acid synthesizing Cyp expression
(Wang et al. 2005; Weng et al. 2005; Mutch et al. 2007; Henderson et al. 2013). Increased hepatic lipid
accumulation as a result of impaired lipid secretion coupled with increased lipid uptake has also been
attributed to changes in bile acid signaling (Weng et al. 2005; Mutch et al. 2007).

Alternative electron donors for CYPs

Cytochrome b5 (CYB5), a 17 kDa hemoprotein located on the cytoplasmic side of the ER, has been
recognized early on of being capable of delivering the second electron in the catalytic cycle of CYP
enzymes (Hildebrandt and Estabrook 1971; Porter 2002). In addition, CYB5 is known to stimulate CYP
function by allosteric binding without electron transfer (Yamazaki et al. 1996; Porter 2002).

However, the delivery of the first electron by CYB5 is controversially discussed. Despite the fact that
the redox gradient of the first reduction of CYP catalytic cycle is considered too high for CYB5 to
overcome (Guengerich 2001; Barnaba et al. 2017), there is strong evidence that in some cases CYB5
can supply both electrons for CYP mediated catalysis (Pompon and Coon 1984; Porter 2002).
Consequently, the CYB5/CYB5 reductase system has been studied over the years as alternative
electron donor for human drug metabolism in many systems. Those included human liver microsomes
(Yoo et al. 2019), reconstitution of recombinant enzymes (Yamazaki et al. 2002), structural interaction
models (Zhang et al. 2007; Ahuja et al. 2013), and mouse models (Henderson et al. 2013; Henderson
et al. 2014; Henderson et al. 2015). CYB5 shares partially overlapping but not identical binding sites on
CYP with POR (Bridges et al. 1998; Zhang et al. 2005). As it is both substrate and enzyme specific and
shows both stimulation and inhibition of CYP reactions, it has been found difficult to predict the
contribution of CYB5 to xenobiotic metabolism (Gentry et al. 2018; Reed et al. 2019a).

In addition to CYB5, there are other enzymes discussed to be alternative electron donors for CYP
enzymes. Several microsomal CYPs (CYP1A1, 2E1) have been found to be transported to the
mitochondria where the electrons necessary for enzymatic activity are delivered by the mitochondrial
electron transfer system (adrenodoxin and adrenodoxin reductase) (Addya et al. 1997; Neve and
Ingelman-Sundberg 1999; Robin et al. 2001). However, studies of Knockaert et al. (2011) have
indicated this to be predominantly associated with disease states like alcoholic liver disease with highly
induced levels of CYP isozymes.
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1.1.3. Liver models for drug metabolism

Liver, gut and kidney are the primary organs for all ADME processes (Almazroo et al. 2017). As the liver
expresses a large amount of phase I- and ll-related enzymes such as CYPs, GSTs, UGTs and SULTSs, it
plays a major role for drug metabolism. Therefore, in vitro hepatocyte models are essential for
toxicological, pharmacological, and preclinical research. A suitable model should express a broad
spectrum of genes involved in ADME processes, respond to enzyme inducers in a characteristic way
and be capable of displaying a metabolic profile similar to the in vivo situation. Only few cell models
reflect the needed liver characteristics. Among them are primary human hepatocytes (PHH), which are
still regarded as “gold standard”, despite their limited life span and rapidly dedifferentiation in culture.
Additional disadvantages of PHH are restricted accessibility, a complex isolation protocol, difficulties
in transfection and huge variability in functional activities — especially P450 levels — as well as in
magnitude of P450 induction after treatment with prototypical inducers, reflecting large
interindividual variability of ADME genes in the population (Madan et al. 2003; Guguen-Guillouzo and
Guillouzo 2010).

Immortal cell lines isolated from human hepatoma or hepatoblastoma (eg. HepG2, Huh7) are easy to
maintain, have a stable phenotype and show expression of liver specific proteins (Knowles et al. 1980;
Nakabayashi et al. 1982; Castell et al. 2006; Lopez-Terrada et al. 2009). However, as they usually only
express CYP enzymes and liver specific transporters at very low levels (Castell et al. 2006; Westerink
and Schoonen 2007; Guo et al. 2011; Jouan et al. 2016), immortal cell lines are suitable as hepatocyte
models only to a limited degree.

The cell line HepaRG is an exception to those hepatoma cell lines. It is a bi-potent, polyclonal
progenitor cell line isolated from a hepatocellular carcinoma of a female patient with the unique ability
to differentiate into biliary- and hepatocyte-like cells (Gripon et al. 2002). These cells proliferate in
their undifferentiated state, but demonstrate stable and functional expression of a broad range of
liver-specific genes comparable to PHH (Rogue et al. 2012). This includes several CYP enzymes as well
as phase Il enzymes, drug transporters, and liver-specific transcription factors including ligand-
activated nuclear receptors. As such, HepaRG cells are widely accepted as a highly useful model to
study various aspects of drug metabolism, transport and its regulation (Kanebratt and Andersson 2008;
Andersson et al. 2012; Rubin et al. 2015; Klein et al. 2015; Tolosa et al. 2016; Tanner et al. 2018; Kugler
et al. 2020). Apart from in vitro ADME applications, HepaRG cells are used as a model for carbohydrate,
bile acid and lipid metabolism (Madec et al. 2011; Samanez et al. 2012; Sharanek et al. 2014) as well
as for disease states like cholestasis, steatosis and inflammation (Rogue et al. 2014; Klein et al. 2015;
Tanner et al. 2018; Cuykx et al. 2019; Di Cocco et al. 2019; Lichtenstein et al. 2020).

However, transdifferentiation of HepaRG is a time-consuming process (Gripon et al. 2002; Cerec et al.
2007), which is one of the major disadvantages of HepaRG cells. Another limitation of differentiated
HepaRG cells is the low efficiency of plasmid delivery using common transfection reagents or
nucleofection (Laurent et al. 2010; Laurent et al. 2013; Demazeau et al. 2017).

The more recent developed “Upcyte Hepatocytes” present an additional hepatocyte model. Genetic
modification of primary human hepatocytes resulted in expandable, non-cancerous human
hepatocytes of various genetic backgrounds (Burkard et al. 2012; Levy et al. 2015). Comparable to
HepaRG cells cultivation of “Upcyte Hepatocyte” requires a complex differentiation protocol, which is
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albeit less time consuming. While HepaRG cells differentiate into a mixture of biliary- and hepatocyte-
like cells (Gripon et al. 2002), differentiated “Upcyte Hepatocytes“ only show hepatocyte-like
phenotypes (Levy et al. 2015).

Differentiation of induced pluripotent stem cells (iPSC) is a further possibility to gain hepatocyte-like
cells with many hepatocyte characteristics. They show lipid storage, albumin secretion, accumulation
of glycogen, active uptake of low-density lipoproteins and synthesis of urea (Si-Tayeb et al. 2010;
Corbett and Duncan 2019). CRISPR/Cas9 genome editing in patient-derived iPSC further has been
reported to present a unique model system for investigation and treatment of rare liver diseases
(Omer et al. 2017; Corbett and Duncan 2019). However, additional to complex differentiation
procedures, most iPSC to hepatocyte protocols generate cells that are more similar to fetal or newborn
hepatocytes with limited CYP expression and regulation (Baxter et al. 2015; Raju et al. 2018).
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1.2. Genome editing by CRISPR/Cas9-System

Genome editing is the targeted alteration (insertion, deletion, modification, or replacement) of the
genome of a living organism. Until the first application of the clustered regularly interspaced short
palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas 9) system in mammalian cells in 2013
(Le Cong et al. 2013; Mali et al. 2013), transient genome editing was performed using RNA interference
(RNAI) while non-transient methods consisted of engineered meganucleases, transcription activator-
like effector nuclease (TALEN) or zinc-finger nuclease (ZFN) technologies.

RNAi is the RNA mediated post-transcriptional repression of protein translation. For this, single-
stranded RNA molecules bind the mRNA of a certain target protein, which results either in degradation
of the mRNA or in translational repression (Filipowicz et al. 2008). RNAi experiments are limited by
variable knockdown efficiencies, off-target effects and the temporary limit of the knockdown to 2-7
days. However, it has still advantages in cases where permanent knockout is not feasible, for example
when a permanent knockout leads to lethality or compensatory responses (Barrangou et al. 2015;
Zimmer et al. 2019).

TALEN systems are fusion proteins of TALEs derived from the plant pathogen Xanthomonas spp. to the
restriction endonuclease Fokl. The DNA binding domain of the TALE contains a series of 33-35 amino
acid repeats, where two variant amino acids in each repeat specify the target DNA base pair. By
modular assembly of these DNA binding domains, it is possible to target a certain DNA sequence.
Fusion of TALE with repressors or activators enables influencing gene expression (Zhang et al. 2011; Le
Cong et al. 2012). ZFN are also modular DNA recognition proteins generated by fusion of zinc finger-
based DNA binding domains to an independent catalytic Fokl domain via a flexible linker. However,
difficulties in protein design, synthesis and validation of engineered nucleases like TALEN or ZNF
prevented a more widespread use. An example of interest for the use of ZNF mediated genome editing
in clinical settings is the site-specific modification of CCR5, a major co-receptor for HIV in human CD4
T cell (Tebas et al. 2014).

In the field of ADME, only the ZNF technology was used for genome editing before the establishment
of the CRISPR/Cas9 technology. Examples are the selective knockout of drug transporters in C2BBel
cells (Pratt et al. 2012; Sampson et al. 2015), the knockout of endogenous canine transporters in MDCK
Il cells (Gartzke et al. 2015) and the knockout of PXR, BSEP and CAR in HepaRG (Li et al. 2015;
Williamson et al. 2016; Qiu et al. 2016; Mackowiak et al. 2017).

CRISPR sequences were first discovered in 1987 in the genome of E. coli (Ishino et al. 1987) but their
function as an adaptive form of immunity against hostile nucleotides originating from bacteriophages
or plasmids was only elucidated in 2007 (Barrangou et al. 2007). In case of infection, the bacterium
produces Cas proteins with endonucleolytic activity that can process foreign DNA, e.g., phage-derived
double-stranded DNA to 20 bp long fragments. The fragments are integrated as spacers between
palindromic repeats into the bacterial genome, building up the so-called CRISPR arrays. In case of
reinfection, the bacterium then produces a 20 bp long RNA template complementary to the invading
polynucleotides, called CRISPR RNA (crRNA), as well as the trans-activating CRISPR RNA (tracrRNA)
(Deltcheva et al. 2011). These two RNA molecules are complexed with different Cas proteins and bind
to the sequence homologues in the exogenous DNA, unwind it, and induce blunt end double-strand
breaks (DSB) finally leading to the degradation of the hostile nucleic acids. Prerequisite for Cas binding
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to the exogenous nucleic acids is a certain DNA sequence the so called protospacer adjacent motif
(PAM).

CRISPR defense systems are found in 50 % of all sequenced bacterial and 95 % of all sequenced archaeal
genomes, yet they show a huge variability regarding number and types of Cas proteins or PAM
sequences. CRISPR systems have been classified into six distinct types (I-V1), where the Type Il CRISPR
system, consisting of the single Cas9 protein, was harnessed first for genome engineering. This
achievement of Emmanuelle Charpentier and Jennifer A. Doudna was honored with the Nobel Prize in
chemistry 2020 “for the development of a method for genome editing” — the CRISPR/Cas9 system.

For genome editing, a single guide RNA (sgRNA), the fusion of crRNA and tracrRNA, is designed
homologous to a genomic region of interest. These molecules target Cas9 to the region of interest,
where it introduces DSB into the DNA 3-4 bp upstream of the PAM. The only limitation in designing
the sgRNA is in fact the choice of the PAM sequence (Mojica et al. 2009). In case of Cas9 derived from
Streptococcus pyogenes (SpCas9) the sequence is 5'-NGG-3'. Due to the high occurrence of 5'-NGG-3/,
e.g. in the human genome every eight bp (Le Cong et al. 2013), SpCas9 is widely used. More recent
developments in engineered or alternative Cas9 enzymes made it possible to overcome the limitations
of SpCas9 (Manghwar et al. 2019; Araldi et al. 2020). Additionally, alternative enzymes to SpCas9 are
known, for example Cpf, which recognizes the PAM sequence 5'-NTT-3'(Zetsche et al. 2015).

After introduction of DSB, cellular repair mechanisms like error-prone non-homologous end-joining
(NHEJ) or homology directed repair (HDR) with a DNA template lead to a diverse outcome of DNA
alternations. NHEJ repair leads to insertion or deletion of bases (INDEL) that could result in gene
knockout or disrupted translation due to frame shift mutations. This method is used for up to genome
wide loss of function screens (Shalem et al. 2014; Liu and Li 2019). Addition of another sgRNA
(multiplexing) allows deletion of a few bases (Dorr et al. 2017), genes (Simoff et al. 2016) or even
chromosomes (Essletzbichler et al. 2014).

Multiplexing of sgRNAs does not only facilitate the deletion of multiple genes and increases the
efficiency of editing a single locus (Campa et al. 2019), but also enables more complex applications in
basic science, synthetic biology, and biotechnology (McCarty et al. 2020). An example for large-scale
genome engineering in animals is the complete removal of all copies of porcine endogenous retrovirus
using 62 sgRNAs in pig cells (Yang et al. 2015). Combinatorial mapping of genotype to phenotype is
another application which benefits from multiplexed CRISPR technologies. By transfection of barcoded
sgRNA pairs, genes involved in a certain pathway or cellular process can be identified (McCarty et al.
2020).

HDR with a DNA donor enables insertion of single nucleotides (Yin et al. 2016) as well as large pieces
of DNA like genes (Yoshimi et al. 2016). Compared to NHEJ, HDR events happen less often and only in
the S- and G2- phase of dividing cells (lyama and Wilson 2013).

Despite all advantages of the CRISPR/Cas9 system, there are some drawbacks to be considered. DSB
can occur at sites with as many as five mismatches and the rate of those off-target effects can be
similar to those of gene editing at the target site (Fu et al. 2013; Hsu et al. 2013; Lin et al. 2014).
Therefore, alterations in genes unrelated to the target gene are possible. In addition, the genome
editing efficiency can vary depending on target sgRNA, cell line, delivery method and HDR/NHEJ
approach (van Chu et al. 2015; Maruyama et al. 2015; Kosicki et al. 2017; Liu et al. 2019; Liu et al. 2020).
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Current advances in protein engineering of Cas9 led to a large variety of CRISPR/Cas9 applications
other than gene knockout or gene exchange. The basis of all those applications is a nuclease-
inactivated Cas9 protein (dCas9) created by mutations in the nuclease domains RuvC and HNH (D10A
and H840A) (Jinek et al. 2012). The fusion of transcriptional activators (CRISRPa) (Tanenbaum et al.
2014; Konermann et al. 2015; Chavez et al. 2015) or inactivators (CRISPRi) (Gilbert et al. 2013; Qi et al.
2013) has been shown to facilitate precise and robust gene expression modelling. For epigenome
editing, dCas9 has been fused with epigenetic effector domains like DNA methylation or histone
acetylation enzymes (Hilton et al. 2015; Vojta et al. 2016). Base editing, such as C>T editing, or even
diverse point mutations has been performed by fusion of dCas9 or Cas9-nickases with cytidine
deaminases (Komor et al. 2016; Hess et al. 2016). Following these approaches, introduction of precise
substitutions or base edits was made possible without inducing double-strand breaks and thereby
reducing INDELs. The labelling of dCas9 with fluorescent molecules (CRISPRainbow) was used for the
dynamical tracking of DNA loci in living cells (Chen et al. 2013; Ma et al. 2016).

As shown by several authors CRISPR/Cas9 is not limited to genomic DNA, but may be applied to edit
mitochondrial DNA as well as RNA (Jo et al. 2015) (Cox et al. 2017; Abudayyeh et al. 2017). Cleavage
of single-stranded DNA by divergent CRISPR-Cas enzymes was also reported (Ma et al. 2015).

Both Cas9 and sgRNAs can be delivered in different ways to the target cells: Encoded on DNA
expression plasmids, as RNA molecules or as ribonucleoproteins (RNP). Transfection is a mandatory
procedure for each delivery form. While transfection using lipofection reagents is an uncomplicated
and rapid procedure, it does not always result in high transfection efficiencies (Laurent et al. 2010).
Viral transduction with either lenti- or adenoviral particles can increase transduction efficiency but
introduction of additional mutations into the host DNA due to viral integration has been shown to
make these methods not completely predictable (Araldi et al. 2020). The packaging capability of viral
particles is an additional limitation of these delivery methods. Adenoviral particles have been found to
have a packaging maximum of 4.7 kb, SpCas9 itself has 4.2 kb (Kennedy and Cullen 2015).

Transfection of expression vectors, or mRNA can result in a long expression period of Cas9, leading to
off-target effects and adverse cellular responses (Kimberland et al. 2018; Araldi et al. 2020). This can
be prevented using inducible expression systems (Zhang et al. 2019). Using RNPs has several
advantages over plasmids or RNA. For once, it avoids possible problems regarding Cas9 protein folding.
Additionally, it limits the exposition time of the cell towards Cas9 to a few hours, which reduces off-
target cleaving, and integration of the transgene into to the host DNA is avoided, which could cause
mutations (Araldi et al. 2020). Yet, adverse cellular reactions have been observed to not be excluded
using RNPs, as their use may also trigger innate immune responses (Kimberland et al. 2018).

Application of genome editing using CRISPR/Cas9 technology to study human ADME processes has the
major limitation that only few cell models reliably reflect relevant liver functions (Pankowicz et al.
2017; Karlgren et al. 2018; Chen 2020). One of the few recent examples is the modification of the
CYP3A5%*3 |loss-of-function allele to restore enzymatic activity in Huh7 cells (Dorr et al. 2017). Another
example is the removal of endogenous P-gp background in the canine kidney cell line MDCK (Simoff
et al. 2016; Karlgren et al. 2017; Chen et al. 2018).

Furthermore, genome editing approaches to study ADME related processes were performed in
HepaRG cells. Currently there are 11 zinc-finger induced clonal knockout HepaRG cell lines available
(Merck KGaA, Darmstadt, DE), including the transcriptional modulators AHR, CAR, PERK, and PXR, as
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well as the transport proteins BCRP, BSEP, MDR1, MRD3, MRP2, MRP3, and OATP1B3. But only few
research studies are published so far: Bile salt export pump (BSEP) knockout HepaRG cells were used
to analyze responses on bile acid synthesis and hepatotoxicity of the antibiotic mithramycin (Qiu et al.
2016; Sissung et al. 2019). Studies of the CAR transcriptome and mechanisms of PXR activation by
CITCO were performed in CAR knockout HepaRG cell lines (Li et al. 2015; Lin et al. 2020). Additionally,
responses of CYP3A4 and CYP2B6 to prototypical inducers (e.g. CITCO, phenobarbital and rifampicin)
were evaluated in HepaRG PXR knockout cells (Williamson et al. 2016). Furthermore, AhR, CAR and
PXR knockout HepaRG cells were used to elucidate mechanisms behind triazole-mediated steatosis
(Knebel et al. 2019).

The fact that CRISPR/Cas9-mediated genome editing in HepaRG was only reported in a few studies,
highlights the difficulties accompanying the application of this method. One study used CRISPR/Cas9
to inhibit HBV DNA production in infected HepaRG cells (Kennedy et al. 2015). AhR-deficient HepaRG
cells were used for investigation of non-alcoholic fatty liver disease progression induced by
benzo[a]pyrene and ethanol co-exposure (Bucher et al. 2018). In the work of (Wei et al. 2020)
CRISPR/dCas9-mediated modification of DNA methylation was used to verify a correlation between
DNA methylation and drug induced liver injury. Moreover, the depletion of IKKB in HepaRG cells was
performed in a study on NF-kB signaling in virus control (Namineni et al. 2020).
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2. Objectives

HepaRG cells are a widely used human hepatic cell model which expresses multiple CYP activities and
reflects several regulatory pathways. Application of CRISPR/Cas9-mediated genome editing to HepaRG
cells could thus be a promising way for new investigations. However, implementation of CRISPR/Cas9
genome editing to HepaRG cells is expected to be challenging because of their non-clonal origin and
because differentiation is required to develop hepatic phenotype.

Therefore, the primary objective of this thesis was to establish a working protocol for CRISPR/Cas9
induced genome editing in HepaRG cells. As HepaRG cells are hard to transfect several CRISPR delivery
methods had to be tested. At the same time it was necessary to investigate whether single cell
selection is possible in case of HepaRG cells, as the parental cell line itself is not clonal.

As a first target for CRISPR/Cas9-induced gene knockout POR was chosen in order to investigate
multiple POR functions in HepaRG cells. POR knockout is to be expected to reduce CYP activities, but
it is unclear whether different CYP isozymes are equally affected. POR also exerts strong effects on
several other cellular functions like bile acid and lipid homeostasis. Therefore, the effects of POR
knockout in HepaRG cells had to be characterized thoroughly.

Furthermore, to develop a more generally applicable HepaRG-based genome editing system
establishment of a stable Cas9-expressing HepaRG cell line was attempted. To elucidate the usefulness
of the system other genes, especially CYB5A and CYP27A1, were targeted with CRISPR/Cas9. The
resulting single- and double-knockouts were used for further investigations regarding CYB5 as an
alternative electron donor to POR for CYPs and the role of POR and CYP27A1 in bile acid and lipid
homeostasis.
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3. Results

3.1. Generation of clonal HepaRG cell lines

HepaRG cells consist of a heterogeneous, non-clonal mixture of cells isolated from a hepatocellular
carcinoma of a female patient. To study the effects of single cell selection on HepaRG cell growth rates,
morphology and CYP activities were measured after clonal dilution and subsequent differentiation by
dimethyl sulfoxide (DMSO). Furthermore, growth rates of the hepatoma cell lines HepG2 and the
hepatocyte-like cells “Upcyte Hepatocytes” were investigated for comparison. The screening of the
large amount of cell clones was performed using the CYP2C9 P450-Glo assay (Promega, Madison,
USA). The CYP cocktail assay was applied for more detailed characterization of selected cell clones.

For elucidation of the phenotypic stability of clonal HepaRG cells as a prerequisite for CRISPR/Cas9
gene editing experiments, candidate F;-clonal cell lines were diluted to single cells once more (see
Figure 6 for experimental outline). The resulting F>-clonal cell lines were characterized accordingly.
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Heterogeneous parental HepaRG cell line
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Clonal dilution (F, clones)

}

Expansion and differentiation

|

Characterisation:
* Growth rates
* Morphology
* CYP activity (2C9Glo, CYP mix)

Selection of candidate clenes
: R _
_ _

Single cell sorting (FC) (F, clones}

}

Expansion and differentiation

|

Characterisation:
* Growth rates
* Morphology

* CYP activity (2C9Glo)

Figure 6: Experimental outline for generation and characterization of clonal HepaRG cell lines. Heterogeneous parental
HepaRG cells were diluted to single cell F; clone populations, which were characterized after expansion and differentiation
regarding growth rates, morphology and CYP activities (using the 2C9Glo- and the CYP cocktail assay). Selected candidate F;
clones with high CYP activities were cloned to single cells once more using flow cytometry (FC). The resulting F, clones were
characterized after expansion and differentiation regarding growth rates, morphology and CYP activities as well.
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3.1.1. Growth characteristics and morphology of clonal hepatocyte cell lines

As some cell lines proliferate at low seeding density at a highly reduced rate, HepaRG, HepG2 and
“Upcyte Hepatocyte” (batches 122-129-138 and 653-03) cells were seeded at decreasing starting cell
densities (0.1 to 80 cells per well) in 96-well plates. Growth and numbers of cells were observed
microscopically up to 25 days and counted manually (Figure 7). After curve fitting with a logistic growth
model (seeding density and maximum cell count as fixed constraints), doubling times of the selected
cell lines were calculated and compared with published data (see Table 2).
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Figure 7: Growth curves of HepaRG, HepG2 and “Upcyte Hepatocytes” (batches: 122-129-138, 653-03) cells, seeded at
different densities (0.1 to 80 cells per well). Cell number was counted manually in a size-defined field up to 25 days.
Experiment was only performed once, curve fitting was performed with a logistic growth model (seeding density and
maximum cell count as fixed constraints).

Table 2: Calculated and published doubling times of HepaRG, HepG2 and “Upcyte hepatocytes” (batches: 122-129-138 and
653-03) cell lines [95% confidence interval (Cl)].

Cell line Doubling time (calculated) [95% Cl] Doubling time (literature)
1 cell/well 80 cells/well

HepaRG 37 h [37 to 38] 28 h [25 to 32] 24 h?

HepG2 85 h [81 to 89] 46 h [52 to 62] 48 h?

122-129-138 61 h [51 to 71] 25to 30 h3

653-03 73 h [53 to 89] 25to0 30 h?

1(Gripon et al. 2002), 2 (Wen-Sheng 2003), 3 (Schaefer et al. 2015)

HepaRG and HepG2 cell lines showed increasing lag times at lower seeding densities. Doubling times
of around 28 h for 80 cells/well were calculated, which is in good agreement with published data (see
Table 2). Doubling times of cells seeded at lower numbers seem to be slightly increased up to 37 h,
which is marginally higher than published data.
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HepG2 cells had in general lower growth rates than HepaRG cells. Doubling times of around 46 h for
80 cells/well were calculated, which is in line with published data (see Table 2). Doubling times of cells
seeded at lower numbers were increased up to 85 h, which is higher than published data. For clones
of both HepaRG and HepG2 cell lines no apparent morphological differences were seen in the
undifferentiated state (data not shown), even though the HepaRG cell line is of polyclonal origin
(Gripon et al. 2002).

Both “Upcyte Hepatocyte” batches were analyzed only at lower cell densities, showing that the
doubling times for 1 cell/well was around 2 times higher than the published data. In contrast to the
other cell lines striking differences in morphology between individual single-cell clone populations
were observed (Figure 8).

Figure 8: Morphology of selected “Upcyte hepatocyte” clones after clonal dilution. A, B: Exemplary pictures of single cell
clones originating of “Upcyte Hepatocyte” batch 122-129-138. C-E: Exemplary pictures of single cell clones originating of
“Upcyte Hepatocyte” batch 653-03. Scale: 100 um.

Single-cell clone populations varied not only in cell size and quantity of nuclei (see Figure 8, A and B)
but also in shape. For single cell populations of the “Upcyte Hepatocyte” batch 653-03 fibroblast-like
populations (Figure 8, E) as well as cell populations with large vacuoles (Figure 8, D) and round shaped
cells (Figure 8, C) were observed. This could be due to the heterogeneity of the polyclonal parental cell
lines (Burkard et al. 2012). “Upcyte Hepatocytes” have a proliferative capacity for approximately 35
population doublings (Burkard et al. 2012; Schaefer et al. 2015) meaning that clonal cell lines of these
cells are likely not suitable for long-term experiments.

Due to low cell growth rates after clonal dilution for both HepG2 and “Upcyte Hepatocytes” and
strongly different morphologies in the case of “Upcyte Hepatocytes®, these cell lines were not further
evaluated.
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3.1.2. Differentiation potential and CYP activities of F; clonal HepaRG cells

For further characterization of clonal HepaRG cells, 14 single cell clones (K1-14) created by limiting
dilution were expanded to full confluence and differentiated with 2 % DMSO for 2 weeks. CYP activities
of the differentiated Fi1 clonal cell populations were assessed using the CYP cocktail assay and
compared to activities measured in differentiated polyclonal HepaRG cells (Figure 9).
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Figure 9: CYP activities in HepaRG single cell clones. CYP activities measured once in 14 HepaRG single cell clones and
polyclonal HepaRG cells after differentiation with 2 % DMSO for 2 weeks. A: Absolute (pmol/ml) CYP activity levels. B: Relative
CYP activity levels with corresponding CYP activity in polyclonal HepaRG set to 1.

The clonal cells showed much lower activities than parental HepaRG and only few clones (K2, K3, K10
and K11) showed detectable although strongly reduced CYP activities.

As there is a commercially available clonal HepaRG cell line (Li et al. 2015; Williamson et al. 2016),
which shows CYP activities comparable to polyclonal HepaRG cells after differentiation (Brayman et al.
2014), it is reasonable to assume that out of a larger set of screened clones some clones with CYP
activities comparable to parental HepaRG could possibly be isolated.
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3.1.3. Generation and characterization of clonal HepaRG cell lines

As using the CYP cocktail assay to screen hundreds of cell clones was not practicable, the P450-Glo
assay system from Promega (Madison, USA) was used to measure CYP2C9 activity as proxy to preselect
clones of interest. A total of 98 clones created by limiting dilution and differentiated after reaching full
confluence for 2 weeks in 2 % DMSO were screened for CYP2C9-Glo activity. In addition, the
morphology of the differentiated clones as well as the number of cells were determined and
documented microscopically (Figure 10).

A
40! B
aho r,=0.5050
2 30000+ .
= ° polyclonal
.'8 e HepaRG
© L[]
o 200004
[ ]
>
10000
O = . O L]
L ]
o 4% o oy
0 Amamiinr 200 00 0® , :
0 500 1000 1500 2000
number of cells
F G
40000+
[0}
Q
C
2 30000 o S
= o °
8 = 3
8 20000 5
N ‘ >
o . S
> 10000+ ()
%. )
0 . . o— tE- .................. [ L
T T T T T T T
N ¥ ¢ ¢ F L
© (N N I S N N .
N ééo" é@" 4\*"0 %\,\S“ & log CYP2CS activity
P L
'g_C'J {gga ,§_0 éz_O 'g_O
Q&
o e N K\
A P 'S
X ® N

Figure 10: Characterization of HepaRG F; clones. A: Correlation of CYP2C9-Glo activity with cell count per well (in green: data
for polyclonal HepaRG). B-E: Morphology of a selection of differentiated HepaRG single cell clones (H: hepatocyte-like cells,
B: bile duct epithelial-like cells); scale: 100 um. F: CYP2C9-Glo activity in HepaRG single cell clones depending on their
morphology. G: Frequency distribution of CYP2C9-Glo activity in 98 confluent, differentiated HepaRG single cell clones, fitted
with a “sum of two”-Gaussian model (L: low activities, M: medium activities, H: high activities).

Cell numbers below “500”, as well as the morphology “no cells” or “few cells” indicated loss of
confluency due to the differentiation process (Figure 10, A, F). Therefore, a huge proportion of clones
were seemingly harmed by the DMSO conditions. By correlating measured CYP2C9-Glo activity and the
corresponding cell number it was observed that the HepaRG single cell clones showed CYP2C9 activity
only at higher cell densities (Figure 10, A). This is in accordance to the standard HepaRG differentiation
protocol where differentiation is only achieved by treating HepaRG at full confluence with 2 % DMSO
for 2 weeks (Aninat et al. 2006). CYP2C9 activities measured in differentiated single cell clone
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populations were within the range of CYP2C9 activities measured in differentiated polyclonal HepaRG
cells (Figure 10, A).

HepaRG cells have the unique ability to differentiate into two distinct cell types: biliary- and
hepatocyte-like cells (Gripon et al. 2002; Cerec et al. 2007). These cell types have characteristic
morphologies. Hepatocyte-like cells cluster together as piled-up 3D-structures with high contrast
appearance. Biliary-like cells build up the spaces between the hepatocyte clusters appearing with low
contrast (see Figure 36). Confluent differentiated single cell clones could be morphologically
categorized into two distinct phenotypes: differentiated, “HepaRG-like” morphology with hepatocyte-
like cells as well as bile duct epithelial-like cells (Figure 10, B and C) and cells with undifferentiated
morphology (Figure 10, D and E). It is noted that cultures with a higher density of hepatocyte-like
structures showed increased CYP2C9 activity (Figure 10, F).

The measured CYP2C9 activities of the confluent single cell clones were distributed in an apparent
bimodal manner, with one major mode containing clones with low (L) activity level (values near to
background level of 1 to 2.3) and a broader distributed mode of clones with varying CYP2C9 activities.
For later analysis, this broad range was divided into two parts: clones with medium activity (M) and
clones with high activity (H) (Figure 10, G). High activities were comparable to the activity of polyclonal
HepaRG cells.

The percentage of single cell clones that have a differentiated morphology and high CYP2C9 activity,
i.e., that seemed to regain their parental phenotype, was about 16 % of a total of 98 clones.

The present results, in addition to the previously measured CYP activities in clonal HepaRG (Figure 9),
illustrate that single cell selection of polyclonal HepaRG cell line does not result in cell clones with a
homogenous phenotype.

For further characterization in regard to CYP activities and morphology after differentiation, 18 clones
out of all three activity ranges (L, M, H) were selected (high activities: H1-H8, medium activities: M1-
M6, low activities: L1-L4) (Table 3).
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Table 3: Overview of selected HepaRG single cell clones. In bold: characterized clones.

Clone CYP2(C9 activity Morphology Characterization

H1 27572 HepaRG-like CYP activity measurements, cryo stocks
H2 11947 HepaRG-like CYP activity measurements, cryo stocks
H3 14861 HepaRG-like CYP activity measurements, cryo stocks
H4 16416 Flat cells, many dead Growth arrest, no further characterization
H5 23276 HepaRG-like CYP activity measurements, cryo stocks
H6 29572 HepaRG-like CYP activity measurements, cryo stocks
H7 15563 Some HepaRG structures CYP activity measurements, cryo stocks
H8 18324 Some HepaRG structures  Growth arrest, no further characterization
M1 2179 HepaRG-like CYP activity measurements, cryo stocks
M2 7397 HepaRG-like CYP activity measurements, cryo stocks
M3 8300 HepaRG-like CYP activity measurements, cryo stocks
M4 1072 HepaRG-like Growth arrest, no further characterization
M5 3308 Flat cells Growth arrest, no further characterization
M6 2616 Flat cells Growth arrest, no further characterization
L1 847 HepaRG-like CYP activity measurements, cryo stocks

L2 557 Flat cells Growth arrest, no further characterization
L3 557 Flat cells Growth arrest, no further characterization
L4 545 Flat cells Growth arrest, no further characterization

The clones H4, H8, M4, M5, M6, L2, L3 and L4 could not be characterized further because of cell growth
arrest. Single-cell survival is highly cell line-dependent and may be increased by supplementation with

additional serum or conditioned medium (Giuliano et al. 2019). While limiting dilution is considered to

be a very gentle method compared to clonal dilution using flow cytometry, manual clonal colony

picking methods have been shown to be able to increase single cell survival as the clonal colonies share

growth factors (Gross et al. 2015).

The remaining clones were cultivated further, cryo-conserved, differentiated under standard

conditions, and characterized regarding to their CYP activities measured with the CYP cocktail assay

(Figure 11). The morphology of the differentiated cells was additionally documented microscopically
(Figure 12).

25



2000+
mm A2
—_ Em 2B6
|
E 1500 mm 2C8
2 = 2C9
K=
21000 mm 2C19
% mm 2D6
[0v]
mm 374
S 5004
$)
0_
S S S S SR RGP S
B \z\QJQ
4_
A2
- Bl 2B6
g% 34 == 2C8
g§' = 2C9
e, mm 2C19
© 3
¢ N mm 2D6
w2 m A4
9‘9 el

NN N A S SR S U RN

Figure 11: CYP activities in HepaRG F; clones. A: Absolute CYP activities (pmol/ml) measured with CYP cocktail assay of
selected HepaRG single cell clones and HepaRG cells after differentiation with 2 % DMSO for 2 weeks. B: relative CYP-activities
normalized to polyclonal HepaRG cells. Mean and SD of 3 batches of clones and 18 batches of HepaRG cells.

CYP activities in the selected single cell clones were in general lower than in polyclonal HepaRG cells.
The clones showed a broad spectrum of activities, regardless of their similar morphologies (Figure 12,
A). Several of them showed >20 % higher activities compared to the other clones (H1, H6 and M3).
HepaRG clones L1 and H3 showed the lowest CYP activities.
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Figure 12: Morphological and viability analysis of selected HepaRG single cell clones. A: Morphologies of selected HepaRG
single cell clones (H1, H5, H6, M3 and L1), scale: 50 um. B: Viability measurement of selected HepaRG single cell clones (H1,
H5, H6, M3 and L1) using the alamarBlue assay during 1 to 25 days of 2 % DMSO treatment.

Populations of H5, H6 and M3 single cell clones showed similar morphology as differentiated HepaRG
cell with hepatocyte like cells and biliary cells (Figure 12). This contrasts with populations of single cell
clones H1 and L1, which had large gaps in the cell layer. It is noted that the population of single cell
clone B1 showed no differentiated cell morphology at all, but long fibroblast-like cells. A possible
explanation for the cell layer gaps could be either decreasing cell size or increasing cell death during
the differentiation process. Therefore, the viability of clonal HepaRG cells and the parental HepaRG
cells during differentiation with 2 % DMSO (Figure 12, B) was examined using the alamarBlue assay.
While viability of clonal HepaRG cell lines H1, H5, H6 and M3 were in the range of polyclonal HepaRG
cells during differentiation, increased cell death was observed in the case of L1 cells.

Differentiation capability of the single cell clones (H1, H5, H6, M3 and L1) and parental HepaRG cells
was analyzed by comparison of CYP activities pre-and post-2 % DMSO treatment (Figure 13).
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Figure 13: CYP activity induction in HepaRG single cell clones after 2% DMSO treatment for two weeks (H1, H5, H6, M3, L1)
and HepaRG cells (mean/SD, n=3, for HepaRG n=4).
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DMSO treatment had little effect on CYP activities of H1, H5 and L1. CYP2C8 activity remained
unchanged during the differentiation process in both, single cell clones and in HepaRG cells. The
strongest inducibility was seen for CYPs 2B6, 2C19 and 2C9, which is in agreement to the published
induction in mMRNA expression of these genes (Kanebratt and Andersson 2008). Differential CYP activity
induction may be a consequence of different regulation pathways for the individual CYP isozymes.
Furthermore, DMSO is known to induce individual regulatory pathways affecting CYPs in a differential
manner (Cerec et al. 2007).

F1 generation HepaRG single cell clones responded differently to the differentiation process. Only
around 16 % of the clones retained their parental phenotype, characterized by the dual cell
morphology and increased CYP activities after differentiation. However, the majority of clones (as
example L1) seemed to have lost those properties. For these cells, DMSO treatment did not result in
differentiation into hepatocyte-like and biliary cell types with increased CYP activities but was harmful
to the cells. Measurements of additional hepatocyte markers such as CYP3A4 or albumin in a
comparable setup could substantiate these findings.
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3.1.4. Characterization of F; HepaRG clones

To elucidate whether single cell selection of clonal F; generation HepaRG cell lines does result in a
homogeneous phenotype resembling F; clones, the clonal HepaRG F; cell lines H1, H6 and M3 were
separated to single cells into two 96-well plates using flow cytometry. The resulting F, clones were
then proliferated to full confluence and then differentiated for 2 weeks with 2 % DMSO. Afterwards,
the fully confluent clones were screened for CYP2C9-Glo activities. In addition, morphology was
documented before and after differentiation as well as viability and cell number after differentiation.
For comparison of frequency distributions a normalization to the total sum of clones was performed.
The differentiation capability of F; and F, clones was assessed only in populations with differentiated
hepatocyte-like structures (see Figure 14). CYP2C9 activity from these populations were statistically
compared using the Kruskal-Wallis test, as activity was not normal distributed.
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Figure 14: Characterization of single cell clone populations. A: Percentage of surviving single cell clones and percentage of
surviving clones with differentiated morphology. B: Frequency distribution of CYP2C9-Glo activity in confluent HepaRG F;-
clones, H1 and M3 F,-clones, normalized to individual sum of clones, fitted with a “sum of two”-Gaussian model. C: Variation
of CYP2C9-Glo activity in HepaRG Fi-clones, T1, T6 and M3 F,-clones with differentiated hepatocyte-like morphology, mean
of N =22 (HepaRG), 33 (H1), 3 (H6), 57 (M3) with SD, significance was assessed by the Kruskal-Wallis test, as activity was not
normal distributed (***p < 0.001, ****p < 0.0001).

As there were only a few F; clones originating of clonal HepaRG cell line H6 (37 in total and 3 with
differentiated HepaRG-like structures), no meaningful analysis of the CYP2C9 activity distribution was
possible for this cell line (see Figure 14, B).
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F, clones originating from H1 and M3 had in general a higher percentage of clones with differentiated
HepaRG-like morphologies than the clones of the parental cell line. Yet, the single cell survival was
slightly decreased (Figure 14, A). This may be a property of clonal HepaRG cell lines but could also be
due to the different single cell selection method, as F, clones were selected using flow cytometry in
contrast to limiting dilution. As limiting dilution has low efficiency (empty wells or wells containing
multiple cells) flow cytometry was used for F; clones.

Comparison of the frequency distribution of surviving clones from all three analyzed F; cell lines
revealed a decreased amount of clones with low activities of around 2.6 (see Figure 14, B). The
distribution shifted to higher activities and broader in shape. This observation fits to the higher
percentage of clones with differentiated HepaRG-like morphology.

Analysis of clones with differentiated HepaRG-like morphology showed that F, clones originating of
M3 had significantly lower CYP2C9 activities than clones originating from the parental F; cell line as
well as those derived from H1. This could correspond to the parent medium high CYP2C9 activity of
the F1 M3 cell clone (marked by a red dot in Figure 14, C).

These results suggest a more pronounced ability of clonal F, HepaRG cells to differentiate, which
means a slight stabilization of phenotype. Yet, at this stage, no homogeneous phenotype was
detectable which allowed to investigate phenotype-genotype relations in genome-edited cell clones.
It may be possible that a stable phenotype could be selected after several cloning generations.
However, it is also possible that the unique ability of the HepaRG cell lines to differentiate into two
distinct cell types always leads to clones with a broad distribution of phenotypes.
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3.2. Genetic knockout of POR in HepaRG cells

To establish a working protocol for CRISPR/Cas9 induced genome editing in HepaRG cells, two major
points had to be considered: The rational design of targeting sgRNAs and the proper delivery method.
Clonal selection of HepaRG cells was shown to not result in cell clones with a homogenous phenotype
as necessary for genome editing approaches (chapter 3.1). In addition, plasmid delivery into HepaRG
cells using traditional transfection reagents is not very efficient. Therefore, other delivery methods
with high efficiency had to be established. In the following chapters, RNP transfection, lentiviral
transduction of Cas9 and sgRNA and transfection of sgRNAs in Cas9-expressing cells were evaluated
for Cas9 and sgRNA delivery into HepaRG cells.

As a first target for CRISPR/Cas9-induced gene knockout POR was chosen in order to investigate
multiple POR functions in hepatocytes. POR is considered to be a contributor to CYP variability, as it
provides electrons essential for CYP function. Thus, POR knockout is to be expected to reduce CYP
activities, but it is unclear whether different P450 isozymes are equally affected. POR also exerts strong
effects on several other cellular functions like bile acid and lipid homeostasis. Therefore, those cells
had to be characterized thoroughly.

The data presented in the following chapters 3.2.1, 3.2.2, 3.2.4 and 3.3 are summarized in the
publication “Differential effects on human cytochromes P450 by CRISPR/Cas9-induced genetic
knockout of cytochrome P450 reductase and cytochrome b5 in HepaRG cells” by Tamara Heintze,
Kathrin Klein, Ute Hofmann and Ulrich M. Zanger (Heintze et al. 2021).

For this publication, scientific ideas were developed by Tamara Heintze, Kathrin Klein and Ulrich M.
Zanger (80 %, 10 %, 10 %, respectively). Data generation from in vitro experiments was performed by
Tamara Heintze; Ute Hofmann contributed the LC-MS/MS measurements. Analysis and interpretation
of experiments were performed by Tamara Heintze. Paper writing was done by Tamara Heintze,
Kathrin Klein and Ulrich M. Zanger (60 %, 10 %, 30 %, respectively).

3.2.1. Design of sgRNAs

A rational design of the sgRNA is essential for the success of CRISPR/Cas9-mediated genome editing.
For gene knockout with one sgRNA there are several points including the PAM restriction to be taken
into account. First, the sgRNA binding site should be located in an exon of the target gene to ensure
frame shift after NHEJ of the introduced double-strand break. It is also reasonable to pinpoint the
sgRNA near the 5'- end or near a functionally important region of the gene to guarantee functional
knockout. As sgRNAs have differential binding properties several sgRNAs should be chosen.

For the design of sgRNAs there are several online tools available. For this thesis the tools CRISPRdesign
(http://crispr.mit.edu/) (no longer available) and CHOPCHOP (http://chopchop.cbu.uib.no/) (Labun et
al. 2019) were chosen. Both tools rank possible sgRNAs regarding efficiency and predicted off-targets.
While CRISPRdesign screens for sgRNAs in a region of 500 nucleotides of sequence, CHOPCHOP
examines all possible exonic sgRNAs of the target gene. Table 4 lists the selected sgRNAs targeting
POR, while Figure 15 visualizes the target sites of the individual sgRNA in the POR gene.
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Table 4: Selected sgRNAs for genetic POR knockout

Name Sequence Target region

POR#1 5'-TCGTGGGTCTCCTAACCTACTGG-3' Near 5'-end in exon 2

POR#2 5'-GGTCCACACCGACATAGATGCGG-3' 5' of FAD domain in exon 8; near binding site of
zinc finger oligo published in (Su et al. 2013)

POR#3 5'-TGGGACTTGCGCACGAACATGGG-3' 5' of NADPH binding site in exon 13

POR#4 5'-CGTGTTCTACGGCTCCCAGACGG-3' Published in (Rezende et al. 2017), exon 4
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Figure 15: Location of POR-targeting sgRNAs relative to exon structure (gene chr7:75,899,200-75,986,855; GRCh38/hg38)
indicating one 5’-untranslated exon (white) and 15 translated exons as well as binding regions (black) for FAD, FMN, and
NADPH and the transmembrane domain (TM). The positions of for sgRNAs targeting exon 2 (POR#1), the FAD domain in exon
8 (POR#2), the NADPH binding site in exon 13 (POR#3) or the FMN binding site in exon 4 (POR#4) are indicated by arrows
(adapted from Heintze et al. 2021).

For evaluation of the on-target efficiency, efficiency scores for the selected sgRNAs calculated by seven

online available sgRNA design tools were compared (see Table 5). Except for the Horizon design tool,

all others assign higher numbers to higher target efficiencies.

Table 5: Predicted on-target efficiency, highest predicted on-target score is marked in bold.

Name POR#1 POR#2 POR#3 POR#4 Source

CHOPCHOP 51.77 68.65 47.35 57.49 (Labun et al. 2019)

Broad 5,163 6,865 4,896 5,749 (Sanson et al. 2019),

Institute GPP

e-crisp 424,061 677,194 421,508 541,120 (Heigwer et al. 2014)

IDT 43 62 70 64 https://eu.idtdna.com/site/order/des
igntool/index/CRISPR_SEQUENCE

Synthego 0.516 0.686 0.473 0.575 https://www.synthego.com/products
/bioinformatics/crispr-design-tool

Horizon 9.35 3.20 3.05 8.55 https://horizondiscovery.com/en/ord
ering-and-calculation-tools/crispr-
design-tool

GuideScan 49 69 51 56 (Perez et al. 2017)

Most design tools predict sgRNA POR#2 to be most efficient, except for the design tools provided by
Integrated DNA technologies (IDT, Coralville, USA) and Horizon Discovery (Waterbeach, UK).
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3.2.2. sgRNA target sequencing and POR and CYP genotyping

Karyotyping of HepaRG cells showed exchanges between chromosome 12 and 22 and an additional
remodeled chromosome 7 with a deletion between q11 and 21 and two inversions on q21 and 36
(Gripon et al. 2002). The deletions include the genomic region of POR, thus making it diploid in HepaRG
cells. For further elucidation of the POR genotype, and to ensure that no mutations or polymorphisms
interfere with sgRNA/Cas9 binding to the POR sgRNA target sites the entire POR gene including all
exons and adjacent intron regions was sequenced in cellular DNA of HepaRG (see Supplemental table
1). No mutations at sgRNA binding sites were found.

For further characterization of CYP isozym genotypes in HepaRG whole gene sequencing of CYP1A2
(see Supplemental table 2 ) and exon sequencing of CYP2D6 (see Supplemental table 3) and CYP2C8
(see Supplemental table 4) was performed. For CYP2D6, in addition to all coding exons, the area
surrounding the 115 kb downstream enhancer SNPs enhancer SNPs (Wang et al. 2015; Wang et al.
2014) was sequenced. POR and CYP star allele annotation was done according to Pharmacogene
Variation Consortium (PharmVar) guideline at www.PharmVar.org (Gaedigk et al. 2018; Gaedigk et al.
2019). Together with genotyping data for CYP2B6, CYP2C9, CYP2C19, CYP3A4 and CYP3A5 using
OpenArray technology from preexisting studies done by Dr. Roman Tremmel (IKP, Stuttgart) the
following genotypes for HepaRG cells were concluded (see Table 6).

Table 6: Genotypes of POR, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP3A4 in HepaRG cells (adapted from Heintze
et al. 2021)

Gene Genoype Phenotype of variant alleles Method

POR *1/*37 Not known (Gomes et al. 2009) Sequencing
CYP1A2 *1/*1F Higher inducibility Sequencing
CYP2B6 *1/*6 Decreased function OpenArray
CYP2C8 *3/*3 Increased in vitro function (Kaspera et al. 2011) Sequencing
CYP2C9 *2/*2 Decreased function OpenArray
CYP2C19 *1/*1 No variant allele detected OpenArray
CYP2D6 *2/*9 Decreased function (*9) Sequencing
CYP3A4 Not *1B, not *22 No variant allele detected OpenArray
CYP3A5 *3/%3 Splicing defect, severely decreased expression OpenArray

Compared to the common allele POR*28 (A503V), the rare allele (<1 %) POR*37 (A503V + V631l)
carries an additional mutation leading to a second amino acid change. While POR*28 has been shown
to influence CYP activities in diverse ways, POR*37 has not been functionally characterized yet
(www.PharmVar.org) (Gomes et al. 2009; Gaedigk et al. 2018; Gaedigk et al. 2019).

Genotyping of major drug metabolizing CYP isozymes confirmed previously described genotypes for
CYPs 2C9 (*2/*2),2C19 (*1/*1), 2D6 (*2/*9) and 3A5 (*3/*3) (Jackson et al. 2016). In addition, HepaRG
cells were found to be homozygous for CYP2C8*3 and heterozygous for CYP2B6*6.
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3.2.3. Genetic knockout of POR in HepaRG cells via RNP complexes

One possibility to deliver Cas9 into cells is the transfection with RNP complexes consisting of SpCas9
and the targeting sgRNA. Using RNPs limits the exposure time of the cells towards Cas9 to a few hours,
reducing off-target editing. However, as RNPs are delivered to the cells via transfection methods, the
efficiency of this approach is dependent on the transfection rate. In this thesis the Alt-R CRISPR-Cas9
RNP System (Integrated DNA technologies, Coralville, USA) was tested to achieve the CRISPR/Cas9-
induced knockout of POR in HepaRG. sgRNAs (sgRNA POR#1, #2, and #3) targeting different sites in the
POR gene were used (see Figure 15). sgRNA POR#4 was excluded in the following experiment, as it has
similar targeting sites to sgRNA POR#1. In addition, an established sgRNA targeting HPRT1
(Hypoxanthine phosphoribosyltransferase 1) and a non-human targeting sgRNA were used as positive
and negative controls, respectively. RNP complexes were transfected into undifferentiated HepaRG
cells, as transfection efficiency in undifferentiated cells is described to be higher than in differentiated
cells (Laurent et al. 2010). After transfection of undifferentiated HepaRG cells with the RNP complexes
the success of Cas9 delivery was assessed via T7 endonuclease 1 (T7E1) mismatch digest with
subsequent fragment analysis using the Agilent 2100 Bioanalyzer (Agilent Technologies) and POR
expression in the transfected cells was measured by western blotting (see Figure 16). The T7E1
cleavage efficiency is calculated as the relation of the fragment band intensity to the sum of intensity
of uncut and digest fragment bands.
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Figure 16: Analysis of RNP delivery in HepaRG cells. HepaRG cells were transfected with non-targeting RNP (neg. control)
and RNPs targeting HPRT1 (pos. control), POR#1, POR#2, and POR#3. A: Fragment analysis using Agilent 2100 Bioanalyzer
(Agilent Technologies) fragment analyzer after PCR amplification and following T7E1 digest of sgRNAs target regions; DNA
marker: DNA 7500. Expected digestion products are marked by arrows. B: Expected fragment sizes after PCR amplification
and following T7E1 digest of sgRNAs target regions. C: Calculated T7E1 cleavage efficiencies. D: POR protein expression
analysis in transfected cells using western blotting.
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Fragment analysis of the target sites confirmed Cas9-introduced mutations at the predicted target sites
(Figure 16, A). The T7E1 cleavage efficiency was used to estimate the mutation rate at the target site.
As seen in Figure 16, C, the highest mutation rates were seen in the cells transfected with RNPs
targeting HPRT1 (pos. controls) and POR exon 13 (POR#3).

For additional estimation of mutation frequency, the transfected cells were single cell selected using
limiting dilution, and subsequently screened for Cas9-induced mutations with the T7E1 assay. Table 7
lists the frequency of mutated clones in comparison to the T7E1 cleavage efficiency.

Table 7: Estimation of mutation frequency in 35 RNP-transfected HepaRG cells.

Pos. control POR#1 POR#2 POR#3
T7E1 cleavage (%) 31 18 27 33
Mutation frequency (%) 31 16 9 25

The overall cleavage efficiency using RNP delivery in HepaRG cells was 13-33 %, with a slightly lower
mutation frequency of 9-33 %. As the T7E1 assay underestimates the actual mutation frequency due
to its inability to detect single nucleotide changes (Zischewski et al. 2017), this result appears plausible.
Thus, RNPs targeting HPRT1 (pos. control) and POR exon 13 (POR#3) appeared to be most efficient.

However, this mutation frequency did not result in a measurable effect on POR protein expression
levels (Figure 16, D). The low mutation frequency is probably due to a low transfection efficiency of
the RNPs into the HepaRG cells. Further quantification of the mutation rate may be enabled using next
generation sequencing of the target region.

In summary, by RNP transfection genome editing at the predicted target sites in HepaRG cells was
achieved. However, a mutation rate of 25 % was found to not result in a measurable effect on the
protein expression level. As analysis of generated single cell clones would not result in meaningful
results due to heterogeneous phenotype of clonal HepaRG cells (see chapter 3.1), this delivery method
was not analyzed any further.
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3.2.4. Genetic knockout of POR in HepaRG via lentiviral transduction

As single cell selection in HepaRG cannot be reliably used for phenotype-genotype relation analyzes
and transfection of RNPs did not result in satisfactory transfection efficiency (see chapters 3.1 and
3.2.3), a Cas9 delivery method had to be applied which whould lead to a transfection efficiency close
to 100 %. As HepaRG cells are hard to transfect by transfection reagents or nucleofection (Laurent et
al. 2010), Cas9 and sgRNA delivery via lentiviral transduction into undifferentiated, proliferating
HepaRG cells was tested as a potential more successful further option.

For the lentiviral approach, only two sgRNAs were used to reduce emerging cell characterization work
in downstream steps. As on-target efficiencies of the previously described sgRNAs targeting diverse
sites in POR were similiar, sgRNA POR#1 was chosen due to its target site near the 5’-end of exon 2
(Figure 15). As a second sgRNA, sgRNA POR#4, binding near the 5’-FMN binding site in exon 4 (Figure
15), was selected, as it was described in a previously published CRISPR/Cas9-mediated POR knockout
study (Rezende et al. 2017) . Figure 17 visualizes the experimental setup.

SPAX2
P pCMV-
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VSV-G virus
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_\ / Vector control (VC):
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HEK293 FT HepaRG™ \ Transfected with sgRNA POR#1 vector

PORit4
Transfected with sgRNA POR#4 vector

lentiCRISPR v2

construct

gRNA cloning site

Figure 17: Scheme of lentiviral delivery of lentiCRISPRv2 constructs into HepaRG cells.

The lentiCRISPR v2 plasmid was chosen as it is a dual expression system for Cas9 and sgRNA which
produces a high viral titer and provides expression of puromycin N-acetyl-transferase for antibiotic
selection of transduced cells (Sanjana et al. 2014).

For the production of lentiviral particles HEK 293FT cells were transfected with the individual
lentiCRIPSRv2 constructs and the lentiviral packaging and pseudotyping plasmids psPAX2 and pCMV-
VSV-G, respectively. Resulting lentiviral particles were collected, and subsequently used to transduce
undifferentiated HepaRG cells. Further selection with puromycin led to three individual edited HepaRG
cell lines: 1) HepaRG' cells transduced with the empty vector and expressing Cas9, 2) HepaRGPOR#1
cells transduced with the empty vector and expressing Cas9 and sgRNA POR#1, and 3) HepaRG"oR#

cells transduced with the empty vector and expressing Cas9 and sgRNA POR#4.

Characterization of HepaRG POR knockout cells

After puromycin selection and growth to full confluence the transduced cells were differentiated for 2
weeks with 2 % DMSO. Subsequently, the cells were characterized regarding morphology and Cas9
expression (see Figure 18).
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Figure 18: Characterization of transduced HepaRG cells. A: Flow cytometric analysis of undifferentiated HepaRGV¢ (green),
HepaRGPOR# (red) and HepaRGPOR# (orange) in comparison to untransduced HepaRG cells (grey). B: Western blot analysis
of Cas9 expression in lysates of undifferentiated HepaRG"¢, HepaRGPO/#1 and HepaRGPOR#4, Cas9 protein as positive control
(see Supplementary figure 1, for full blot). C-F: Morphology of untransduced, differentiated HepaRG cells compared to
differentiated HepaRGV¢ (D), HepaRGPOR#1 and HepaRGPOR# (F) (H: hepatocyte-like cells; B: biliary-like cells), scale: 200 um.
G: Correlation of sevem CYP activities in transduced vs. untransduced differentiated HepaRG cells. (h) Correlation of mRNA
expression levels of 72 genes in transduced vs. untransduced differentiated HepaRG cells. Adapted from Heintze et al. 2021.

The high transduction efficiency of the lentiviral delivery coupled with puromycin selection led to a
high proportion of HepaRG cells (~77 %) expressing Cas9 (see Figure 18, A and B). To elucidate whether
transduced HepaRG"¢ cells still have their differentiation potential, morphology as well as CYP activities
and mRNA expression profiles after standard differentiation with DMSO for two weeks were compared
to untransduced HepaRG cells. It was observed that HepaRG"“cells showed differentiated hepatocyte-
like as well as biliary cell types comparable to untransduced HepaRG cells (Figure 18, C-F).

Enzyme activities of seven simultaneously determined CYPs in HepaRGY® cells correlated strongly
(rs=0.86) with those in untransduced HepaRG cells, although their absolute activity levels were
observed to be reduced (see Figure 18, G). Expression levels of a set of 72 ADME-related genes were
also slightly lower in HepaRG'® cells compared to untransduced cells but confirmed the high
correlation (rs=0.94) (Figure 18, H).

These findings indicated that HepaRG'‘ cells retain their differentiation potential with the most
important characteristics of HepaRG cells and are therefore suitable for both, genome editing and as
a control cell line.

For CRISPR/Cas9-mediated knockout of POR using lentiviral delivery sgRNAs POR#1 and POR#4 were
chosen. For both sgRNAs comparable efficiency scores were predicted (see Table 5), with sgRNA POR#4
having three predicted off-targets.
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Figure 19: Validation of POR knockout in transduced HepaRG cells. A: T7E1 digest of DNA of transduced HepaRG cells. M:
DNA marker (1 Kb Plus DNA Ladder, Thermo Fisher Scientific); lanes 2-4: digest products of test region POR#1; lanes 5-7:
digest products of test region POR#4; VC: vector control; #1: sgRNA POR#1; #4: sgRNA POR#4. Digested fragments are marked
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activity in transduced differentiated HepaRG cells. POR mRNA was quantified in cell lysates and POR protein and cytochrome
¢ reductase activity were quantified in microsomal fractions. Mean levels + SD are shown relative to vector control (VC) set
at 1 (dark grey: VC, light grey: POR#1, white: POR#4). Statistical significance was assessed by unpaired t-test (*p < 0.05, **p
<0.01, ***p < 0.001, ****p < 0.0001; ns, not significant). Adapted from Heintze et al. 2021.

Using the T7E1 assay, CRISPR/Cas9 editing at the predicted target sites was confirmed for both sgRNAs
(Figure 19, A) with T7E1 efficiencies of 72 % (POR#1) and 62 % (POR#4) and off-target gene editing of
sgRNA POR#4 at the predicted sites was excluded.

Cas9 expression as well as differentiated HepaRG morphology were confirmed in both types of
HepaRG ™R cells (see Figure 18).

Analysis of POR in differentiated HepaRG cells revealed that both sgRNAs were similarly effective and
reduced POR mRNA and protein by 60 to 80 % (Figure 19, B). The minor differences in reduction of
mMRNA and protein between sgRNA POR#1 and POR#4 were not consistent and were considered as
experimental variability. Determination of POR-mediated cytochrome c reductase activity in
microsomal fractions of differentiated HepaRG cells revealed up to 90 % decrease for both sgRNAs.
This is in good agreement with the effects at the mRNA and protein levels.
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The residual POR expression and activity is the result of a mixture of individual cells with homozygous,
heterozygous and no genetic knockout of POR. Therefore, the phenotype of these cells is a POR
knockdown rather than a complete knockout.

For comparison, the difference in POR activity between microsomes form undifferentiated and
differentiated HepaRG was 0.006 + 0.0009 U/mg versus 0.029 + 0.006 U/mg, respectively, and a
similar value was obtained in a pool of human liver microsomal fractions (0.034 + 0.004 U/mg).

Effect of POR knockdown on enzymatic activity of CYP isozymes

For the investigation of the effect of POR knockdown on the most important drug metabolizing CYP
isozymes, microsomal fractions of differentiated HepaRG"® and both types of HepaRG™® cells were
used to measure enzyme activities of seven CYPs simultaneously with the CYP cocktail LC-MS/MS
assay. For a more thorough characterization, kinetic experiments for CYP2C8, CYP2C9 and CYP3A4
were performed using the substrates amodiaquine, tolbutamide and atorvastatin, respectively, and
midazolam as a second CYP3A4 substrate (Figure 20). Calculated kinetic parameters Ky and Vmax are
summarized in Table 8.
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Figure 20: CYP activities in microsomal fractions of HepaRGOR cells. A: HepaRG cells transduced with sgRNA POR#1 (grey)
or POR#4 (white) were differentiated for three weeks and harvested for microsome preparation. Enzyme activities of seven
CYP enzymes were determined simultaneously by cocktail LC-MS/MS assay and given relative to HepaRGVYC. Results are shown
as means + SD of four independent experiments. Statistical significance was evaluated by unpaired t-test (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001). B-E: Kinetic analysis of selected substrate conversions in HepaRG microsomes. HepaRG
cells transduced with vector control (VC, m), sgRNAs POR#1 (A ) and POR#4 (o) were differentiated for three weeks and
harvested for microsome preparation; (B) amodiaquine (CYP2C8); (C) tolbutamide (CYP2C9); (D) atorvastatin (CYP3A4); (E)
midazolam (CYP3A4). Data were analyzed by Michaelis-Menten model (B-D) or by substrate inhibition model (E). Adapted
from Heintze et al. 2021.
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As shown in Figure 20 A, all CYP activities except for amodiaquine N-deethylation were negatively
affected by both sgRNAs. While the effects on individual CYP isozymes differed substantially, the
pattern was similar for both sgRNAs. Across all CYPs measured, 1.4- to 20-fold reductions were
observed in enzyme activity. The strongest effect of POR knockdown was observed for CYP2C9 (85-
95 % reduction of activity), while no significant reduction of CYP2C8 activity was seen. Compared to
other CYP activities, CYP2C8-catalyzed amodiaquine N-deethylation thus appeared to be insensitive
against variable POR levels.

Table 8: Calculated kinetic parameters of selected substrate conversions. Taken from Heintze et al. 2021.

Vmax [95% Cl] Km [95% CI] Ki[95% Cl] Clint [95% CI]
(pmol/mg/min) (1M) (1M)

Amodiaquine VC 34.7 [31.5 to 37.9] 8.3[6.3 to 10.2] 4.2 [3.7 t0 5.0]
POR#1 25.8 [23.7 to 27.9] 6.5 [5.0 to 7.9] 4.0 [3.5t04.7]
POR#4 30.3[27.8 t0 32.9] 6.4 [4.9to 7.8] 4.7[4.2t05.7]
CYP2C8 R 26.1[23.4 to 28.8] 4.2 [2.71t05.8] 6.2 [5.0to 8.7]
CYP2C8 LR 2.0[1.8t02.1] 3.5[2.6t0 4.5] 0.57 [2.5t0 0.69]

Tolbutamide VC 27.7 [25.6 to 29.8] 125 [104 to 148] 0.22 [0.20 to 0.25]
POR#1 2.1[1.5t02.7] 235 [106 to 364] 0.009 [0.007 to 0.014]
POR#4 2.8[2.2t03.3] 240 [147 to 332] 0.01 [0.001 to 0.015]
CYP2CO9R  655([39.4t091.7) 817 [381to 1253] 0.08 [ 0.07 t0 0.10]
CYP2COLR  3.0[2.6t03.3] 214 [170 to 258] 0.01 [0.013 to 0.015]

Atorvastatin V€ 476 [433 to 520] 26.3[20.1 to 32.5] 18.1 [16.0 to 21.5]
POR#1 108 [99.4 to 116] 21.4 [16.8 to 26.0] 5.0 [4.5 to 5.9]
POR#4 179 [166 to 192] 33.1[27.5 to 38.7] 5.4 [5.0 to 6.0]
CYP3A4 R 5.7 [4.9t0 6.5] 34.4 [23.0 to 45.8] 0.17 [0.14 t0 0.21]
CYP3A4 LR 2.2 [1.9t0 2.5] 27.5[17.8 to0 37.2] 0.08 [0.07 to 0.11]

Midazolam V€ 499 [233 to 766) 9.0[0.0to 19.3] 137 [0t0329] 55.4[0to 39.7]

POR#1 136 [79.0 to 193] 12.1[1.7 to 22.4] 286[0to727] 11.2[8.6to 46.5]
POR#4 162 [98.2 to 226] 9.0 [1.2 to 16.7] 191 [0to 424] 18.0[13.5to 81.8]
CYP3A4 R 1.2 [0.93 to 1.5] 2.7 [0.81 to 4.6] 231[0to531] 0.44[0.33t0 1.2]
CYP3A4LR  1.0[0.68to 1.4] 3.5[0.43 t0 6.6] 202 [0to511]  0.29[0.21 to 1.4]

Substrates were incubated at different concentrations with microsomal fractions of HepaRG cells transduced with vector
control (VC) or sgRNA POR#1, POR#4 or with bacterial membrane vesicles containing recombinant CYP2C8, CYP2C9 and
CYP3A4 coexpressed with high (R) or low (LR) levels of POR. Following metabolite quantification by LC-MS/MS, kinetic
parameters Ky and Vmax were determined by Michaelis-Menten model or by substrate inhibition model, and K; was

max

determined by one site competition model. Internal clearance (Clirt) was calculated using this equation: Clj, = . Results
M

are shown with 95% CI (confidence interval) given in brackets. See Figure 20 for further details.

The effects of POR knockdown on kinetic parameters of amodiaquine N-deethylation were surprisingly
small, reducing Vimax by only 26 % (POR#1) and 13 % (POR#4), while substantial reductions in Vmax Were
found for the other substrates (Table 8). Only for tolbutamide an increase in Ky (~ 2-fold) was
observed, effectively reducing intrinsic clearance for CYP2C9 to about 5 % in HepaRG°f compared to
HepaRG"C cells. The kinetic measurements of the conversion of atorvastatin and midazolam by CYP3A4
both showed an approximately 4-fold decrease of Vmax While Ky was not consistently affected.

To further investigate the insensitivity of amodiaquine N-deethylation towards POR knockdown,
additional analyzes were made. Using the potent and specific CYP2C8 inhibitor montelukast (Walsky
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et al. 2005) a similarly strong inhibition of amodiaquine N-deethylation in HepaRG"¢ and in both types
of HepaRG°R microsomes was found (Figure 21 with inhibition parameters summarized in Table 9),
strongly supporting catalysis by CYP2C8. The phenomenon of increased ICso at higher microsomal
protein concentrations observed by Walsky et al. (2005) has been reproduced.
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Figure 21: Inhibition of amodiaquine N-deethylation with montelukast in 2.5 pg (A) and 10 pg (B) of microsomal preparation.
HepaRG cells transduced with vector control (VC, m), sgRNAs POR#1 ( A) and POR#4 (o) were differentiated for three weeks
and harvested for microsome preparation. Data were analyzed by one site competition model. Adapted from Heintze et al.
2021.

Table 9: Inhibition parameters of CYP2C8 mediated amodiaquine conversion by montelukast. Adapted from Heintze et al.
2021.

VC POR#1 POR#4 Liver microsomes
(Walsky et al. 2005)
ICso at 2.5 0.074 0.038 0.046 0.020 £ 0.002
UM (uM) [0.043 to 0.127] [0.012 to 0.124] [0.029 to 0.073]
[95 % Cl]
ICso at 10 0.393 0.084 0.103 0.072 £ 0.005
UM (UM) [0,171 to 0,903] [0.069 to 0.102] [0,045 to 0.237]
[95 % Cl]
Ki at 2.5 0.057 0.030 0.036 0.014 £ 0.001
UM (uM) [0.033 to 0.098] [0.009 to 0.096] [0.022 to 0.056]
[95 % Cl]
Kiat 10 uM 0.178 0.038 0.047
(LM) [0.0775 to 0.410] [0.031 to 0.046] [0.020 to 0.107]
[95 % Cl]

As microsomal fractions of HepaRG cells contain multiple components that could influence CYP2C8
activity, a different system was chosen to test POR sensitivity of amodiaquine N-deethylation, namely
commercially available bactosomes (Cypex Ltd.) which only express recombinant CYP2C8, CYP2C9 and
CYP3A4 in combination with high or low levels of POR. For comparison to the HepaRG microsome
system the same kinetic experiments as described above were performed (Figure 22).
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Figure 22: Kinetic analysis of selected substrate conversions in bactosomes containing recombinant CYP enzymes co-
expressed with high (e) or low levels (m) of POR: (A) amodiaquine (CYP2C8); (B) tolbutamide (CYP2C9); (C) atorvastatin
(CYP3A4); (D) midazolam (CYP3A4). Data were analyzed by Michaelis-Menten model (A-C) or by substrate inhibition model
(D). Adapted from Heintze et al. 2021.

In this system amodiaquine N-deethylation was clearly POR-sensitive, suggesting that CYP2C8 may be
supported by an alternative electron donor in HepaRG cells. The low sensitivity of midazolam
conversion to the variable POR amount in this system is hypothesized to be due to its low conversion
rate.

As a primary candidate for alternatively donating electrons to the CYPs the CYB5/CYB5 reductase
system was obvious, which is lacking in the bacterial membrane vesicles but is expected to be
expressed in HepaRG cells (Li et al. 2015). Leveraging the dependency of CYB5/CYB5 reductase on
NADH rather than NADPH, comparative activity measurements in HepaRG'“and both types of HepaRG"
POR microsomes by incubation with NADH, NADPH or both as cofactors were performed (see Figure 23).
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Figure 23: NAPDH/NADH dependent CYP-activities. Relative CYP-activities in microsomal preparations of differentiated
HepaRG cells transduced with VC (dark grey), sgRNA POR#1 (light grey) and POR#4 (white) with either NADPH (set to 1.0) or
NADH as cofactors. Results are means + SD of 4 independent experiments. Statistical significance was assessed by unpaired
t-test (*p < 0.05, **p < 0.01). Adapted from Heintze et al. 2021.

All seven CYP activities could be supported by NADH alone, albeit at a lower level (~15-50 % compared
to NADPH; Figure 23). All differences of NADH- versus NADPH-supported activities were statistically
significant (P < 0.05; two-way ANOVA with Bonferroni correction). Interestingly, CYP2C8 activity was
least affected by the cofactor change (50 %) and in HepaRG™°® microsomes NADH-dependent activity
was significantly increased (POR#1, 65 %; POR#4, 87 %). Taken together these data suggest
involvement of CYB5 in the various CYP activities, which seemed to be particularly strong for CYP2CS.
To prove this assumption directly genetic CYB5A single- and POR/CYB5A double-knockout cells were
created. These cells are described in chapter 3.3.
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Effect of POR knockdown on CYP protein levels
The effects of POR knockdown on CYP protein expression quantified by western blotting in HepaRG"¢
as well as in both types of HepaRG"°® cells are summarized in Figure 24.
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Figure 24: CYP protein expression analysis in HepaRG-P°R microsomes. A: Exemplary western blots of microsomal fractions
of HepaRG cells transduced with vector control (VC) or sgRNAs POR#1 or POR#4 after differentiation for three weeks (see
Supplementary figure 2 for full blots). B: Protein expression data of CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2D6 and CYP3A4
of 4 independent preparations (means * SD) are shown relative to protein expression in VC (set to 1.0). Statistical significance
was assessed by unpaired t-test. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Adapted from Heintze et al. 2021.

CYP1A2 protein expression level was particulary strong increased by 4.5- and 9-fold for sgRNAs POR#1
and POR#4, respectively, while CYP2C9 and CYP2D6 were decreased by 50-70 % and 30-40 %,
respectively. Protein expression of CYPs 2B6, 2C8 and 3A4 was not markedly changed by POR
knockdown.

Effect of POR knockdown on gene expression

To investigate whether the differences on protein levels were due to mRNA expression changes,
extended gene expression analysis was carried out using qRT-PCR on the Biomark HD System
(Fluidigm). Figure 25 shows mRNA profiles of both types of HepaRG™°® cells in comparison to
HepaRG'C. In addition to mRNA expression levels of the seven CYPs characterized by the LC-MS/MS
cocktail assay, numerous other phase | and phase Il drug/endogenous substrate metabolizing CYPs
were analyzed for further characterization of the effect of POR knockdown in HepaRG cells.
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Figure 25: Gene expression analysis in HepaRG™POR cell lysates. Gene expression analysis of HepaRG cells transduced with
sgRNAs POR#1 and POR#4 and vector control (VC) and differentiated for two weeks was performed by qPCR. The expression
of the indicated genes of different classes is shown as fold-changes relative to VC and represented as heat map (colour code
indicated below). Data of 6 independent experiments were normalized to the geometric mean of GAPDH, RPLPO and ACTB.
Statistical significance was assessed by paired t-test versus VC (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Moreover, mRNA expression levels showed strongly CYP isozyme-dependent effects of POR
knockdown. For CYPs 2B6 and 2C9 mRNA levels were decreased with generally stronger effects seen
for sgRNA POR#4, in agreement with the CYP2C9 protein data. The strong induction of CYP1A2 protein
expression was confirmed by an up to 3.13-fold increase of CYP1A2 mRNA level. Higher mRNA levels
of CYP2C8 as well as unchanged levels of CYP3A4 mRNA were also in good agreement with the protein
data.

For all additional measured drug-metabolizing CYP enzymes (CYP2A6, 2B7, 2E1, 3A5 and 3A7) a
decrease in mRNA expression was observed with generally stronger effects seen for sgRNA#4.
Increased mRNA expression among the phase | enzymes was only observed for CYP1A1 and CYP1A2.
In addition to CYP2E1 and CYP2C9, the two CYP isozymes CYP7A1 and CYP8B1, involved in the bile acid
synthesis, were among the four strongest decreased CYP enzymes. In contrast, mRNA expression of
CYP27A1, which catalyses the first step of the alternative bile acid synthesis pathway, was not affected
by POR knockdown. mRNA expression levels of two further important CYPs involved in lipid and
cholesterol biosynthesis, CYP4A11l and CYP51, respectively, was also decreased, although only
significantly in HepaRGOR# cells.

Furthermore, the expression levels of a broad spectrum of other genes were determined in both types
of HepaRG PR cells compared to HepaRG"C cells. Generally, both sgRNAs influenced gene expression
in the same direction, although somewhat stronger effects were seen in HepaRGPOR* cells. The
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different target positions of sgRNAs POR#1 and POR#4 in the POR gene may be causal to this effect
(Figure 15). Double-strand breaks induced by sgRNA POR#1 may therefore lead to 5’ truncated but still
active protein while genome editing using sgRNA POR#4 resulted in defect POR.

Phase Il enzymes, as well as transporters were generally less strongly affected by POR knockdown
compared to CYP genes and no significant effects were observed. In addition to CYP4A11, two genes
involved in fatty acid processing, namely stearoyl-CoA desaturase (SCD) and cytochrome b5 (CYB5),
which is a required cofactor for several fatty acid desaturase reactions were significantly
downregulated. Furthermore, expression of the fatty acid binding protein (FABP1) was strongly
reduced, but this difference was not statistically significant.

Additionally, several consistent patterns of expression changes for transcriptional regulators were
observed. Thus, several regulators of hepatic CYP expression were consistently downregulated in both
HepaRG™™o® cell lines, including CAR, FXR, LXRa, PPARa, PXR and RXR. By contrast, AHR/ARNT as
transcriptional components of the Ah receptor pathway, which regulates CYPs 1A1/1A2, were not
changed significantly. LRH-1 as regulator involved in sterol signaling was downregulated significantly.
Sterol regulatory element binding transcription factor 1 (SREBF1), as another transcription factor
involved in lipid homeostasis and sterol biosynthesis had a non-significantly decreased mRNA
expression.
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Effect of POR knockdown on bile acid synthesis

Essential steps of bile acid synthesis strongly depend on POR, particularly via the microsomal activities
of CYPs 7A1, 7B1 and 8B1. As a strong decrease of CYP7A1 and CYP8B1 mRNA expression in HepaRG"
POR cells was observed, changes in bile acid secretion to the culture medium were expected. Therefore,
differentiated HepaRG"® and both types of HepaRG™° cells were cultivated for 48 h without serum
supplementation. Bile acids were quantified in the medium by ESI LC-MS/MS (Figure 26).
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Figure 26: Bile acid secretion in HepaRG cells. Relative bile acid secretion into medium of HepaRG cells transduced with
vector control (dark grey) or sgRNAs POR#1 (light grey) and POR#4 (white) and differentiated for two weeks was analyzed
24h and 48h after serum depletion by ESI LC-MS/MS. Respective bile acid amount secreted by HepaRGVC cells at 48h was set
to 1. A: Sum of all bile acids measured: cholic acid, chenodesoxycholic acid, taurocholic acid (TCA), glycocholic acid (GCA),
taurochenodesoxycholic acid (TCDCA), glycochenodesoxycholic acid (GCDCA). B: Secretion of TCA and TCDCA; C: GCA and
GCDCA. Means and SD of 3-7 independent measurements are shown. Statistical significance was assessed by Two-Way Anova
with Bonferroni correction (*p < 0.05, **p < 0.01).
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Indeed, global bile acid secretion into the culture medium was slightly decreased in both types of
HepaRG™™O® cells compared to HepaRGY* (Figure 26, A). More detailed analysis of the individual bile
acids revealed a pronounced decrease of taurocholic acid (TCA) secretion by up to 70 % of both
HepaRG™PO cells (Figure 26, B). In contrast to HepaRG"C cells, which further accumulated TCA in the
medium (see values for 24 h and 48 h in Figure 26), no further increase was seen in the media of
HepaRGP® cells. Taurochenodesoxycholic acid (TCDCA) secretion was not decreased by POR
knockdown but seemed to be slightly increased, albeit not statistically significant.

In agreement with other reports (Burban et al. 2019), glycin-conjugated bile acids were found at much
lower levels (glycin-conjugated bile acids: 4-6 pmol/ml, tauro-conjugated bile acids: 14-30 pmol/ml).
While GCA secretion was not changed by POR knockdown, GCDCA secretion was significantly increased
in both HepaRG*® cells (Figure 26, C).

49



3.2.5. Delivery of sgRNAs using lipofection

As the lentiviral delivery of CRISPR components (Cas9, tracrRNA and crRNAs) is very time consuming
and the delivery via RNP complexes resulted in only ~25 % of mutated cells (see Table 7) a different
delivery method was investigated. HepaRG cells are hard to transfect with plasmids (Laurent et al.
2010), but transfection of siRNAs by lipofection has been shown to be highly successful (Rieger et al.
2015; Kugler et al. 2020).

Therefore, transfection of sgRNAs consisting of complexed tracrRNA and crRNA in Cas9-expressing
HepaRG cells is a promising strategy to achieve CRIPSR/Cas9-mediated genome editing. Atto550-labled
tracrRNA (Integrated DNA technologies) was wused for transfection in Cas9-expressing
undiffernentiated HepaRG'® cells, as the fluorescent marker allows monitoring of transfection
efficiency. sgRNA POR#1 was used for optimization of reverse transfection conditions using 1.2 pl /500
ul Lipofectamine RNAiMax (Thermo Fisher Scientific) (Figure 27). The T7E1 assay was used to verify
genome editing.
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Figure 27: Optimization of transfection conditions. HepaRG'C cells were reverse transfected with sgRNA POR#1 in a
concentration range (0-30 nM) and two concentrations of lipofectamine RNAiMax (1.2 and 2.4 ul/500 pl) A: Fluorescent
microscopic evaluation of transfection conditions using 1.2 ul/500 pl lipofectamine RNAiMax. Scale: 200 um. B: Cell viability
at 96 h post transfection using the alamarBlue assay (Thermo Fisher Scientific), n=1. C: T7E1 assay in HepaRG"¢ cells. DNA
Marker: 1 Kb Plus DNA Ladder (Thermo Fisher Scientific); control: untransfected HepaRGV¢; POR#1 transfected with 30 nM
sgRNA POR#1 and 1.2 ul/500 pl lipofectamine RNAiMax.

Transfection efficiency correlated with amount of sgRNA used (Figure 27, A), while viability reversly
correlated with concentration of sgRNA and Lipofectamine RNAiMax used (Figure 27, B).
Concentration of 30 nM sgRNA at a Lipofectamine RNAiMax concentration of 1.2 pl /500 pl was found
to be most efficient and not overly harmful to the cells. The T7E1 assay verified genome editing at the
predicted target site (Figure 27, C).
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For CRISPR/Cas9-mediated genome editing using sgRNA delivery at other target genes, several sgRNAs
targeting CYB5A, CYP2C8, CYP3A4, and CYP27A1 were designed using the online sgRNA design tool
CHOPCHOP (Figure 28 and Table 10).
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Figure 28: Location of sgRNAs relative to exon structures of CYB5A, CYP2C8, CYP3A4 and CYP27A1 A: CYB5A exon structure
(gene chr18:74,250,846-74,292,016; GRCh38/hg38) indicating 4 translated exons as well as the binding region (black) for
heme. B: CYP2C8 exon structure (gene chr10:95,036,772-95,069,497; GRCh38/hg38) indicating 9 translated exons as well as
the N-terminal transmembrane region and binding regions for substrates and iron (black) C: CYP3A4 exon structure
(chr7:99,756,960-99,784,248; GRCh38/hg38) indicating 13 translated exons as well as the N-terminal transmembrane region
and iron binding region (black). D: CYP27A1 exon structure (chr2:218,781,733-218,815,293; GRCh38/hg38) indicating 8
translated exons as well as the N-terminal transmembrane region and iron binding region (black). The positions of two sgRNAs
per gene are indicated by arrows.

Table 10: sgRNAs targeting CYB5A, CYP2(C8, CYP3A4 and CYP27A1 (PAM sequence in red).

Name Sequenz Rank CHOPCHOP (efficiency score)  Exon
Cyb5#1 5‘- AATCGTACACCTTGTGGTGCAGG-3* 1 (46.71) 2
Cyb5#2 5-“TCGGGCACTCTACAGATGCCAGG-3‘ 4 (53.63) 1
CYP2C8#1  5'-CAAAATTCCGCAAGGTTGTGAGG-3° 1 (53.50) 4
CYP2C8#2 5‘-TCTTACACGAAGTTACATTAGGG-3' 3 (50.04) 6
CYP3A4#1  5'-GATGTTCATTCCCAAAGGGGTGG-3 3 (63.74) 11
CYP3A4#2 5'-AGGTTTCCATGGCCAAGTCTGGG-3' 11 (52.59) 1
CYP27A1#1 5'-GTACCCAGTACGGAACGACATGG-3' 1(67.37) 2
CYP27A1#2 5'-TAACCCGATGGATCTGACGAAGG-3' 5(71.13) 4

For further verification of the transfection protocol undifferentiated HepaRG'* cells were transfected
with sgRNAs CYP2C8#1 and #2 and CYP3A4#1 and #2 which were Atto550 labelled at the tracrRNA.
24 h after transfection, cells were analyzed using flow cytometry (see Figure 29). After additional

96 h cells were harvested for verification of genome editing using T7E1 assayas described in chapter
7.1.5. The specific primers are listed in Table 16 and Table 17.
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sgRNA Transfection efficiency
CYP2C8#1 94.5%
CYP2C8#2 95.7%
CYP3A4#1 95.6 %
CYP3A4#2 95.5 %

10 10 02 10 10 10° 10

FL3-A :: dsRed:-A

CYP2C8#1 CYP2C8#2 CYP3A4i#1 CYP3A4#2
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200bp =
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200 bp

Test region  Undigested Fragment Fragment1 Fragment 2

CYP2C8#1 1018 bp 207 bp 813 bp
CYP2C8#2  810bp 166 bp 644 bp
CYP3A4#1 1217 bp 395 bp 822 bp
CYP3A4#2 816 bp 118 bp 694 bp

Figure 29: Validation of sgRNA transfection protocol with new targets. HepaRGVC cells were transfected with Atto550
labelled sgRNAs CYP2C8#1 and #2 and CYP3A4#1 and #2. A: Analysis of transfection efficiency using flow cytometry after
24 h, turquoise line: untransfected cells. B: T7E1 assay sgRNA target regions. Predicted fragments are indicated with white
arrows. Lane #1 or #2 contain fragments of transfected cells, Lane C contains untransfected cells, lane M contains the 1 Kb
Plus DNA Ladder (Thermo Fisher Scientific). Predicted fragment sizes are listed below the gel pictures.

Flow cytometric analysis of sgRNA transfection revealed rather high transfection efficiencies of over
95 % (Figure 29, A). Therefore, further sorting of fluorescent cells was not necessary any more. In
addition, as shown in (Figure 29, B), genome editing is observed for all tested sgRNAs with the present
transfection protocol. Thus, this novel protocol could be applied immediately and effectively to any
target.
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3.3. Genetic single and double knockout of CYB5A in HepaRG

The diverse CYP activity analyzes in POR knockdown HepaRG cells described in chapter 3.2.4 indicated
an involvement of CYB5 in various CYP activities, especially in CYP2C8-catalyzed amodiaquine
deethylation. In order to substantiate this conclusion, using the previously described protocol (chapter
3.2.5) genetic CYB5A single- and and POR/CYB5A double-knockout HepaRG cell lines were generated
by transfecting HepaRG"® and both types of HepaRGP® cells with a combination of two sgRNAs
targeting CYB5A (see Table 10).

3.3.1. Characterization of genetic single- and double-knockout of CYB5A4

Validation of the genetic CYB5A single and- and POR/CYB5A double-knockout was performed by mRNA
and protein expression measurements (Figure 30).
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Figure 30: Genetic CYB5A single- and POR/CYB5A double-knockout in transduced HepaRG cells. CYB5 mRNA and protein
expression in transduced differentiated HepaRG cells quantified in cell lysates (ctrl: untransfected control cells, KO: cells
transfected with sgRNAs targeting CYB5A). Mean levels are shown relative to vector control (VC) set at 1 with SD bars (dark
grey: VG, light grey: POR#1, white: POR#4). Results are means + SD of three independent experiments. Statistical significance
was assessed by unpaired t-test. Adapted from Heintze et al. 2021.
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Characterization of genetic CYB5A knockout cells following differentiation revealed 50 % knockdown
of CYB5 at the mRNA level and ~60 to 90 % knockdown at the protein level.

3.3.2. Impact of CYB5 knockdown on CYP activities

Effects of the CYB5 single- and POR/CYB5 double-knockdown on CYP activities in differentiated cells
were measured using the LC-MS/MS CYP cocktail assay (Figure 31).
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Figure 31: Effect of CYB5 knockdown on CYP activities. Enzyme activities of seven CYP enzymes were determined
simultaneously by cocktail LC-MS/MS assay in CYB5/POR double-knockdown in VC (dark grey), sgRNA POR#1 (light grey) and
POR#4 (white) cells. Results are means + SD of three independent experiments. Statistical significance was assessed by
repeated measurements ANOVA with Bonferroni correction (*/#p < 0.05, **/##p < 0.01, ***p < 0.001, ****p < 0.0001), #
markers significant changes compared to untransfected HepaRGV¢ cells, * markers significant changes compared to HepaRG'¢
with CYB5 knockdown. Adapted from Heintze et al. 2021.

Although the CYB5 knockdown seemed to decrease all seven CYP activities by 20-40 %, only the
strongest difference seen for CYP2C8-dependent amodiaquine N-deethylase activity was statistically
significant. Most activities were further diminished in the double-knockdown cells, again most
profoundly for CYP2C8 activity. Taken together, these and the former NADPH/NADH experiments
(Figure 23) indicate that several of the human CYP enzyme activities tested for were markedly
influenced by the CYBS5 electron donor system and that amodiaquine N-deethylation showed a
particularly strong dependence on CYB5 with accordingly less dependence on POR.
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3.4. Genetic single- and double-knockout of CYP27A1 in HepaRG

Analysis of secreted bile acids in HepaRG POR knockdown cells indicate an increase in alternative bile
acid synthesis. As CYP27A1 catalyses the first step of the alternative bile acid synthesis, specific
CRISPR/Cas9 mediated knockout of CYP27A1 could substantiate this. Therefore, using the previously
described protocol (chapter 3.2.5) genetic CYP27A1 single- and POR/CYP27A1 double-knockout
HepaRG cell lines were generated by transfecting undifferentiated HepaRG"C and both types of
HepaRG R cells with a combination of two sgRNAs targeting CYP27A1 (see Table 10).

3.4.1. Characterization of single- and double-knockout of CYP27A1

For verification of CRISPR/Cas9 induced double-strand breaks T7E1 digest was performed at sgRNA
CYP27A1#1 and #2 target sites (Figure 32). The specific primers are listed in Table 18.
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Test region  Undigested Fragment Fragment1l Fragment 2

CYP27A1#1 1050 bp 671 bp 379 bp
CYP27A1#2 815 bp 568 bp 247 bp

Figure 32: Verification of CYP27A1 knockout in HepaRG cells. T7E1 digest of DNA of transduced HepaRG cells. CYP27A1#1:
digest products of test region CYP27A1#1, CYP27A1#2: digest products of test region CYP27A1#2. Left lanes DNA marker (1
Kb Plus DNA Ladder, Thermo Fisher Scientific); VC: vector control; #1: sgRNA POR#1; #4: sgRNA POR#4; -27A1: transfected
with sgRNAs targeting CYP27A1. Digested fragments are marked with white arrows. The expected fragment sizes are
summarized below the gel pictures.

As despiced in Figure 32, DNA double-strand breaks could be detected for both sgRNAs in all
transfected cell lines. Characterization of the resulting genetic CYP27A1 single- and POR/CYP27A1
double-knockout cells was done by mRNA expression measurement.
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Figure 33: mRNA expression of CYP27A1 and POR in CYP27A1 single- and POR/CYP27A1 double-knockout HepaRG cells.
CYP27A1 (A) and POR (B) mRNA expression measured in HepaRGVC and both types of HepaRGCR cells transfected with two
sgRNAs targeting CYP27A1. Untransfected cells are depicted as grey bars, CYP27A1 knockdown cells as white bars. Means
and SD of 3 independent measurements are shown. Statistical significance was assessed by Two-Way Anova with Bonferroni
correction (*/#p < 0.05, **/##p < 0.01); * describes differences to untransfected cells, # describes differences to HepaRG"c.
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Transfection of sgRNAs resulted in a significant knockdown of CYP27A1 mRNA expression of 50 % in
HepaRG¢ cells and up to 80 % in both types of HepaRG ™ cells (Figure 33, A). mRNA expression of
POR was not influenced by CYP27A1 knockdown (Figure 33, B).

3.4.2. Impact of CYP27A1 knockdown on bile acid synthesis

The knockdown of CYP27A1 knockdown is expected severely affect bile homeostasis, as it catalyses
the first step of the alternative bile acid synthesis. Secreted bile acids were quantified 48 h after serum
depletion in the cell medium by ESI LC-MS/MS (Figure 34).
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Figure 34: Effects of CYP27A1 single- and POR/CYP27A1 double-knockdown on bile homeostasis. Relative bile acid secretion
into medium of differentiated HepaRGV¢ (dark grey) and both types of HepaRG-POR cells (light grey: POR#1, white POR#4) with
or without transfection (ctrl) with sgRNAs targeting CYP27A1 (-27A1). Bile acids were quantified 48h after serum depletion
by ESI LC-MS/MS. Respective bile acid amount secreted by HepaRGYC cells at 48h was set to 1. A: Sum of all bile acids
measured: cholic acid, chenodesoxycholic acid, taurocholic acid (TCA), glycocholic acid (GCA), taurochenodesoxycholic acid
(TCDCA), glycochenodesoxycholic acid (GCDCA). B: Secretion of TCA and TCDCA and C: GCA and GCDCA. Means and SD of 5
independent measurements are shown. Statistical significance was assessed by Two-Way Anova with Bonferroni correction
(*p <0.05, **p < 0.01). # describes differences to untransfected cells, * describes differences to HepaRGVC.

CYP27A1 knockdown had no significant effect on global bile acid synthesis. A more detailed analysis of
individual single bile acids revealed no effects of CYP27A1 knockdown on CA derivates. However,
significant effects were observed in HepaRG "1 cells for TCDCA.

Por knockout in mice leads to the hepatic accumulation of lipid droplets cells (Henderson et al. 2003;
Gu et al. 2003; Porter et al. 2011). This was ascribed to various changes of bile acid homeostasis, with
CDCA conjugates as most effective regulators (Porter et al. 2011; Chiang and Ferrell 2018). Therefore,
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intracellular lipid droplet accumulation was assessed in CYP27A1 single- and POR/CYP27A1 double-
knockdown cells by nile red staining after serum depletion for 48 h (Figure 35).
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Figure 35: Effects of CYP27A1 single- and POR/CYP27A1 double-knockdown on lipid droplets. Relative lipid accumulation in
differentiated HepaRG"¢ (dark grey) and both types of HepaRGPOR cells (light grey: POR#1, white POR#4) with or without
transfection with sgRNAs targeting CYP27A1 (-27A1). Lipid accumulation stained with nile red after 48 h of serum depletion
was set to 1. Means and SD of 5 independent measurements are shown. Statistical significance was assessed by One-Way
Anova with Bonferroni correction (*p < 0.05, ***p < 0.001).

There was a slight increase of lipid droplets observable in HepaRG ™" cells, however, this effect was
not statistically significant. Additional CYP27A1 knockdown significantly increased lipid droplet
formation in these cells.
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4. Discussion

The application of genome editing methods to study human ADME processes has been limited by the
availability of only a few cell models that reliably reflect relevant liver functions. HepaRG cells are a
suitable human model for ADME research and toxicity studies, as they express multiple CYP activities
and reflect several regulatory pathways at levels and dynamic features comparable to primary human
hepatocytes. In this thesis the requirements for CRISPR/Cas9-mediated genome editing in HepaRG
cells were systematically investigated. Due to their non-clonal origin as well as the required
differentiation process to develop hepatic properties, it was first necessary to study whether clonal
HepaRG cells show a comparable phenotype to the parental non-clonal cells. For delivery of the
CRISPR/Cas9 system in the hard to transfect cells, protocols uing RNPs, lentiviral particles and
transfection of sgRNAs into Cas9 expressing HepaRG cells were then established and compared.

As a first target for CRISPR-induced gene knockout using a lentiviral delivery approach POR was chosen
in order to investigate the influence of POR on drug and endogenous metabolism in the HepaRG cell
model. Additional knockout experiments of CYB5 and CYP27A1 using transfection of sgRNAs into Cas9
expressing HepaRG cells were performed to further analyze the impact of CYB5 as alternative electron
donor for POR and the involvement of POR and CYP27A1 in bile and lipid homeostasis.

4.1. Generation of clonal HepaRG cell lines

HepaRG cells consist of a heterogeneous, non-clonal mixture of cells isolated of a hepatocellular
carcinoma of a female patient with the unique ability to differentiate into biliary- and hepatocyte-like
cells (Gripon et al. 2002). While first studies about HepaRG concluded a clonal character due to a
homogenous morphology after clonal selection (Parent et al. 2004), more recent publications using
clonal HepaRG cells indicate the necessity of selection of a clonal HepaRG cell line with hepatocyte-
specific properties (Brayman et al. 2014; Bucher et al. 2018).

Especially for application of genome editing methods like the CRISPR/Cas9 system, cell lines with a
stable phenotype after clonal selection are needed. Therefore, a study was initiated to characterize
the phenotype of clonal HepaRG cells (chapter 3.1).

Growth behavior and morphology of undifferentiated F; clonal HepaRG cells (Figure 7) were
comparable to the parental cell line, initially confirming the findings of a homogenous morphology
after selection as described in Parent et al. (2004). However, a more thorough analysis of morphology
and CYP activities after differentiation revealed a more diverse picture. Only around 16 % of HepaRG
F1 clones retained their parental phenotype, characterized by the dual cell morphology and increased
CYP2C9 activities after differentiation. The majority of clones seemed to have lost their differentiation
potential. Standard differentiation conditions of 2 % DMSO treatment for two weeks did not result in
differentiation into hepatocyte-like and biliary cell types with increased CYP activities, but was harmful
to the cells. It is hypothesized, that changes in the differentiation protocol may result in differentiation
for certain clones. The fact that the H6 clonal cell line needed an adapted freezing medium (40 %
medium, 50 % FCS, 10 % DMSO) (data not shown) emphasizes this possibility.

Activity measurements of a panel of seven drug-metabolizing CYP enzymes by a LC-MS/MS cocktail
assay additionally revealed that differentiated individual F1 clones not only have different CYP activity
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levels (Figure 11), but also differ in the CYP inducibility by DMSO (Figure 13). This highlights the need
to characterize each F; clone thoroughly.

While previous publications using clonal HepaRG cells for genome editing methods also characterized
selected Fi clones regarding hepatocyte-specific properties before using them for clonal selection
(Brayman et al. 2014; Bucher et al. 2018), they did not analyze whether clonal F, HepaRG cells would
retain their differentiation potential. As a stable hepatic phenotype of the clonal F, HepaRG cells
compared to the clonal F; cells is necessary for meaningful results in a genome editing experiment, this
guestion has to be considered. Therefore, three clonal F; HepaRG cells were separated to single cells
again and characterized with respect to CYP2C9 activity and morphology. Results indicated that F;
clones had a higher percentage of clones with differentiated HepaRG-like morphologies compared to
the clones of the parental cell line. This was mirrored by the decrease in the number of clones with
low activities.

While no homogeneous phenotype was detectable in clonal F; cells, the results suggest at least a slight
stabilization of phenotype. For the investigation of effects of genome editing in cell clones, the
individual clones are required to display a stable phenotype, which only depends on the corresponding
genotype. For clonal F; HepaRG cells this is not guaranteed. Although it is reasonable to expect a stable
phenotype to be selectable after several cloning generations, the unique ability of HepaRG cell lines to
differentiate into two distinct cell types may prohibit such selection by consistently leading to
populations with a broad spectrum of phenotypes.

It was concluded that the clonal selection of mutated HepaRG clones (clonal F; or parental cells) after
CRISPR/Cas9-induced genome editing is not a feasible approach, as the resulting phenotype cannot be
guaranteed to be due to the genome editinig. Therefore, other non-clonal approaches should be
selected.
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4.2. Genetic knockout of POR in HepaRG cells

4.2.1. sgRNA design and delivery methods

To establish a working protocol for CRIPSR/Cas9 induced genome editing in HepaRG cells, two major
points had to be considered: The rational design of targeting sgRNAs and the proper delivery method
(chapters 3.2.1, 3.2.3, 3.2.4 and 3.2.5).

sgRNAs vary strongly in efficiency, which complicates efficiency predictions made by sgRNA design
tools. Factors influencing target efficiency are for instance the position of specific nucleotides in the
target sequence (e.g. GC content), the accessibility of the target site, or the sequence of its flanking
regions (Labun et al. 2019). Folding stability of the sgRNA also correlates strongly with target efficiency
(Xu et al. 2017). For the four selected sgRNAs targeting various sites in the POR gene sgRNA POR#2 was
predicted by the online sgRNA design tool CHOPCHOP to exhibit the highest target efficiency. This was
not reflected by the determined cleavage and mutation percentage, where POR#3 was found to be
most efficient, as predicted by the remaining sgRNA design tools. Differences between predicted and
actual efficiencies could have numerous reasons. By choosing a specific sgRNA design tool one also
chooses certain efficiency prediction models. Those can lead to different efficiency ranking as
illustrated in Table 5. The experimental setup could also lead to differences in efficiency, as slightly
different transfection efficiencies could lead to varying amounts of RNPs in the cells. For efficient
genome editing using CRISPR/Cas9 it is therefore considered best practice to test various sgRNAs or
use a multiplex approach.

Delivery of Cas9 and sgRNAs is possible by various methods: Encoded on DNA expression plasmids, as
RNA molecules or as ribonucleoproteins. For each delivery form transfection is mandatory to integrate
the components into the cells. HepaRG cells are usually kept in a proliferative state and then
differentiated to hepatocyte-like cells by DMSO (Gripon et al. 2002). All delivery methods were
performed in proliferating HepaRG cells, due to two reasons. First, transfection using lipofection
methods or even nucleofection methods in undifferentiated cells is more efficient than in
differentiated cells (Laurent et al. 2010). Secondly, proliferating genome-edited cells can be easily
expanded and stored for further research.

As a first method for targeting Cas9 and sgRNA delivery transfection of RNPs was tested (chapter 3.2.3).
RNP delivery not only limits exposure time of the cells towards Cas9 to a few hours, reducing off-target
editing, but also mitigates the problem of transgene integration into host DNA, which can cause
mutations (Araldi et al. 2020). Transfection of RNPs targeting three different sites in POR resulted in
25 % mutated cell clones. However, this was not deemed sufficient to decrease POR protein expression
in the cell pool markedly. Individual edited clones were not analyzed any further, as the phenotype of
specifically selected clonal HepaRG cells had been shown to be not sufficiently stable for the
investigation of phenotype-genotype relations.

Therefore, a different Cas9/sgRNA delivery method using lentiviral particles was examined (chapter
3.2.4). Lentiviral transduction itself resulted in high transduction efficiencies. Coupled with subsequent
antibiotic selection using puromycin cell populations with over 75 % Cas9-positive cells were
generated. The cells closely resemble original HepaRG cells in their ability to differentiate to the dual
morphology of hepatocyte-like cells surrounded by biliary-like cells and in their CYP expression profile,

portrayed by correlation of gene expression and CYP activity profiles (Figure 18). In HepaRG cells
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transduced with sgRNAs targeting POR, this led to a decrease in POR expression of 60-80 % with 10 %
residual enzymatic activity. Lentiviral delivery is therefore an effective delivery method for Cas9 and
the targeting sgRNA into HepaRG cells. The use of several sgRNAs targeting the same gene
simultaneously may further increase knockdown efficiency, as it increases the probability of loss-of-
function mutation introduction.

Lentiviral delivery of expression cassettes coding for Cas9 and sgRNA leads to their integration into the
host genome resulting in stable expression of Cas9 and sgRNAs. Especially the radom integration of
the expression cassettes makes this approach not completely predictable, as it increases the risk of
off-target editing and adverse cellular responses (Kimberland et al. 2018; Araldi et al. 2020). Editing of
predicted off-targets were excluded in case of sgRNA POR#4 using the T7E1 assay, but no unbiased
whole genome off-target screening was performed. Using inducible expression systems, prolonged
Cas9 expression can be prevented if necessary (Zhang et al. 2019).

Lentiviral transduction is a very time-consuming process, as it requires complex plasmid preparations,
cloning, isolation and titration of viral particles, leading to the transduction of the target cell line.
Therefore, transfection of sgRNAs in Cas9 expressing HepaRG cells was tested as further delivery
approach in this thesis (chapter 3.2.5). While HepaRG cells are hard to transfect with large plasmids
(Laurent et al. 2010), the transfection of siRNAs by lipofection has been reported to be successful
(Rieger et al. 2015; Kugler et al. 2020) and therefore, transfection of the small sgRNAs should also be
possible. A fluorescently labeled tracrRNA was used for monitoring of transfection efficiency. Using
reverse transfection, efficiencies of over 95 % were achieved, i.e. further sorting of cells using flow
cytometry was unnecessary as this procedure would additionally decrease viability of cells.
Transfection of two targeting sgRNAs simultaneously resulted in an overall knockdown efficiency of
60-80 %. Multiplexing additional sgRNAs in combination to increase knockdown efficiency is also
possible in this case. However, the major limiting factor was the Cas9-expressing cell line, where only
75 % of the cells were shown to express Cas9. This limitation may be addressed in future studies by
utilisation of an improved Cas9-expressing HepaRG cell line. A possible approach to achieve
improvement would be the use of Cas9-expressing lentiviral vectors with one antibiotic selection
marker and an additional fluorescent maker, following the work of Zafra et al. (2018) and Jin et al.
(2020) and thereby increasing overall Cas9 expression by enabling a subsequent second selection step
using flow cytometry.

In conclusion, two effective working protocols for CRISPR/Cas9-induced genome editing in HepaRG
cells were established in this thesis. First, lentiviral delivery of Cas9 and sgRNA was shown to be an
effective approach for genome editing in HepaRG cells. And second, transfection of sgRNAs into Cas9-
expressing HepaRG"* cells was demonstrated to be a versatile tool to study the influence of diverse
genes on drug metabolism and other hepatic functions in this metabolically competent human hepatic
cell line, in single knockdown as well as double knockdown setup.
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4.2.2. Effects of genetic POR knockout in HepaRG cells

As a first target for CRISPR-induced gene knockout in HepaRG cells POR was chosen in order to
investigate multiple POR functions in a human hepatocyte model (chapter 3.2). Lentiviral delivery of
Cas9 and either one of two sgRNAs targeting distinct sites in the POR gene resulted in a knockdown in
POR expression of 60-80 % with 10 % residual activity. Residual POR expression and activity is
considered to derive from cells with heterozygous or no knockout that escaped puromycin selection.
In addition, N-terminally truncated target proteins or skipping of the edited exon were found to
partially rescue target activity in CRISPR/Cas9-induced knockout cells (Smits et al. 2019). Knockdown
efficiency of POR in HepaRG cells was in a comparable range with commonly achieved efficiencies of
around 50 % up to 100 % depending on the technology used, as reported in several previous POR
knockout or knockdown studies in mammalian cells (Feidt et al. 2009; Porter et al. 2011; Su et al. 2013;
Hunter et al. 2015; Rezende et al. 2017; Sundberg and Hankinson 2019; Reed et al. 2019b; Hunter et
al. 2019).

POR is required for the transfer of two electrons from NADPH to microsomal CYPs. Therefore, changes
in POR levels are therefore expected to severely influence CYP activity. This has previously been
characterized in hepatic Por knockout mice, showing severely decreased microsomal CYP activities (Gu
et al. 2003; Henderson et al. 2003). In HepaRG cells, the reduction of POR has been observed to have
diverse effects on the various CYP activities (chapter 3.2.4). CYP2C8-catalyzed amodiaquine N-
deethylation was least affected while CYP2C9-catalyzed tolbutamide hydroxylation was the most
affected (Figure 20). The assessment of this finding using kinetic measurements showed that the
reduced CYP activities were generally attributable to reduced Vmax.

Compared to the effect of POR knockdown on other CYP activities, the influence on tolbutamide
hydroxylase activity was remarkably strong. This may be related to the significantly reduced protein
expression of CYP2C9 in HepaRG™°® microsomes (Figure 24). The decreased function allele CYP2C9*2,
which was found to be homozygous in HepaRG cells, may additionally contribute to the strong effect
of POR knockout as it has been described to have lower affinity towards POR (Crespi and Miller 1997).

Unexpectedly, amodiaquine N-deethylation was only reduced by 20 %. The possibility of an analytical
artefact, e.g. via participation of another enzymatic activity, was excluded by inhibition experiments
with the specific and potent CYP2C8 inhibitor montelukast, a leukotriene receptor antagonist used in
the treatment of asthma (Walsky et al. 2005). In commercial bactosomes only expressing CYP2C8 with
two different amounts of POR, a strong influence of POR on amodiaquine N-deethylation was
observed. This indicated the participation of an alternative redox partner that can compensate for
lacking POR in HepaRG cells.

CYB5 was a likely candidate since it has long been known to be able to deliver the second electron in
the CYP catalytic cycle and shares overlapping binding sites on CYPs with POR (Bridges et al. 1998;
Guengerich 2001; Zhang et al. 2005). The ER-bound CYBS5 is regenerated by CYB5 reductase and uses
NADH as cofactor (Porter 2002). Since POR exhibits only marginal NADH-dependent activity (Dohr et
al. 2001), an involvement of CYB5 as electron donor in HepaRG cells was suggested by the observation
that all seven CYP activities could be supported by NADH alone (15-50% for HepaRG'<, chapter 3.3.2,
Figure 23). These findings support and extend previous studies in other systems that indicate that CYB5
can act as sole electron donor for several mouse Cyps (Henderson et al. 2013) as well as for CYP1A1l in
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humans (Stiborova et al. 2016). Furthermore, these findings are further evidence that CYB5 markedly
influences the activity of several drug metabolism activities catalyzed by human CYPs (Yamazaki et al.
2002; Henderson et al. 2013; Henderson et al. 2014; Henderson et al. 2015).

CYP activity measurements in genetic CYB5A single- and POR/CYB5A double-knockout HepaRG cells
directly confirmed the effect of CYB5 on some CYP activities and on amodiaquine N-deethylation in
particular (Figure 31). With the possible exception of CYPs 1A2 and 2D6, the effect of CYB5 knockdown
was even greater in the POR knockdown cells, suggesting that the CYB5/CYB5 reductase system
compensates in part for lacking POR, probably due to unique but overlapping interaction sites for CYB5
and POR (Zhang et al. 2007; Waskell and Kim 2015). The CYB5 knockdown effect was most pronounced
on amodiaquine N-deethylation, especially in the double-knockdown cells. This further demonstrated
a particularly strong role of CYB5 for CYP2C8. The CYP2C8 genotype found in HepaRG cells may
contribute to this finding, as HepaRG cells are homozygous for CYP2C8*3, which is a relatively common
variant reported to show altered interaction properties with POR and CYB5 in vitro (Kaspera et al. 2011,
R Arnold et al. 2019).

While CYP activities in the liver-specific Por knockout mice were mostly decreased, Cyp expression was
generally increased both on protein and mRNA level. This suggested some compensatory mechanisms
ascribed to the activation of transcriptional regulators such as CAR, PXR, SREBP, PPARy and Nrfl and
the repression of PPARa and FXR (Wang et al. 2005; Weng et al. 2005; Cheng et al. 2014a). Activation
and inactivation of those transcriptional regulatos may lead to an increase in Cyp expression but also
to an induction of alternative detoxification enzymes such as alcohol dehydrogenases or
carboxylesterases in the liver and small intestine, which appear to partially compensate for the loss of
microsomal P450 function (Cheng et al. 2014a). In addition, FXR inhibition leads to increased CYP7al
and 8bl, two major CYP enzymes involved in bile acid synthesis, and a decrease of SHP mRNA
expression. Alterations in PPARa and PPARYy target gene expression may be causative to a decrease in
fatty acid oxidation but an increase in fatty acid uptake, which then accounts for the severe hepatic
lipidosis (Weng et al. 2005). However, there are many regulatory pathways that potentially contribute
to the effects of Por knockout but, to date, they have neither been clarified consistently nor have they
been confirmed in a human cell culture system yet (Gu et al. 2003; Henderson et al. 2003). Expression
profiling in HepaRG™® cells in this study revealed changes in CYP mRNA and protein expression that
considerably contrast mouse profiles with CYP1A2 being several-fold increased while CYP2C9 was
several-fold decreased (Figure 24 and Figure 25).

Further analyses, to elucidate possible regulation mechanisms by mRNA expression profiling revealed
the consistent decrease of mMRNA expression of several transcriptional regulators of hepatic CYP
expression, bile acid and lipid homeostasis in both HepaRGTO® cell lines (Figure 25). The observed
downregulation of many CYP enzymes may therefore be a direct consequence. By contrast, AHR/ARNT
as transcriptional components of the Ah receptor pathway which regulate CYPs 1A1 and 1A2 in
particular, were not changed significantly. The induction of CYP1A1 and 1A2 highlights a possible
compensation mechanism through regulation by AHR/ARNT. AHR has been shown to be induced by
endogenous ligands like arachidonic acid derivates (Larigot et al. 2018). In addition, CDCA has been
shown to increase mMRNA expression of CYP1A in hepatoma cell lines (Ibrahim 2015).

Among the nuclear receptors downregulated in HepaRG ™R cells are members of the NRIH (LXR, FXR)
and NR1I (PXR, CAR) subfamilies, which are involved in bile acid and xenobiotic metabolism regulation,
respectively, by sensing the metabolic environment (Endo-Umeda and Makishima 2019). Furthermore,
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the expression of other regulators involved in sterol and lipid homeostasis including PPARa, LRH-1 and
SREBF1 was decreased. The main axis of bile acid regulation consists of FXR, SHP and LRH-1, which
repress the rate-limiting enzyme for bile acid synthesis, CYP7A1. In cooperation with HNF4a they also
repress also CYP8B1, another important CYP enzyme for bile acid synthesis (Shin and Wang 2019). FXR
and LRH-1 are downregulated in HepaRG ™R cells suggesting deregulation of bile acid homeostasis.
While FXR downregulation was also seen in liver specific Por knockout mice (Wang et al. 2005), FXR
target gene expression (CYP8B1, 7A1) was decreased in HepaRG ™R cells suggesting FXR activation
rather than inactivation. CYP7A1 and 8B1 as FXR targets were among the four phase | enzymes

GPOR cells with the strongest decrease, while expression of CYP27A1, involved in

measured in HepaR
the alternative bile acid synthesis pathway, was not changed. In addition, deregulation of lipid and
cholesterol biosynthesis was indicated by the decreased mRNA expression of other enzymes involved
in these metabolic processes (CYP4A11, CYP51, SCD, CYB5, FABP1) which are also target genes for
PPARa, LXRa and SREBF1 (Debeljak et al. 2000; Antoun et al. 2006; Paton and Ntambi 2009; Guzman

et al. 2013).

Taking the mRNA expression data as a basis, quantification of bile acids in HepaRG™® cells was
performed to test the hypotheses developed above (Figure 26). While the sum of all bile acids secreted
by HepaRG™® cells was only slightly decreased, individual bile acid species were very differently
affected by POR knockout. As bile acid homeostasis was changed towards decreased levels of TCA but
unchanged levels of TCDCA in these cells, the observed downregulation of nuclear receptors may be a
possible response to this deregulation. Human FXR, which is not activated in hepatocytes under
physiological conditions, is known to be triggered by higher levels of CDCA, with TCDCA as the most
potent endogenous FXR agonist (Jufica et al. 2016; Chiang and Ferrell 2018). This may explain the
decreases in CYP7A1 and 8B1 mRNA expression. Slightly increased CDCA conjugates in HepaRG ™" cells
indicate increased bile acid synthesis via the acidic pathway (Figure 5) via the POR independent,
mitochondrial CYP27A1 (Monte et al. 2009) as the acidic pathway leads predominantly to CDCA
synthesis (Alnouti 2009; Pikuleva and Waterman 2013). Enhanced alternative bile acid synthesis was
also reported in Por knockout mice, where Por knockout lead to an increase in CDCA and TCDCA in the
liver (Cheng et al. 2014b). Moreover, increased CDCA levels could influence HNF4a target gene
expression, as CDCA reduces the transactivation potential of HNF4a and was shown to inhibit the
expression of endogenous OAT2 mRNA in Huh7 cells (Li et al. 2019). This was also seen in the mRNA
expression analysis, albeit not statistically significant. The level of taurine-conjugates was higher
compared to glycol-conjugates, as reported in other publications (Sharanek et al. 2015; Burban et al.
2019). Regarding bile acid composition, HepaRG cells seem to resemble hepatocytes originating from
NASH or cholestatic patients (Trottier et al. 2012; Lake et al. 2013) rather than primary human
hepatocytes (Sharanek et al. 2015).

As CYP27A1 catalyses the first step of the alternative bile acid synthesis (Figure 5), genetic CYP27A1
single- and POR/CYP27A1 double-knockout HepaRG cell lines were generated to further investigate a
possibly enhanced alternative bile acid pathway (chapter 3.4). CYP27A1 knockdown had no significant
effect on global bile acid as well as on the synthesis of CA derivates. The missing effect of CYP27A1
knockdown is expected, as the main synthesis pathway is not dependent on CYP27A1, even if there
are studies reporting alternative CA synthesis (Pandak and Kakiyama 2019). The only significant effect
was a slight decrease of TCDCA synthesis in HepaRG %" cells. Residual CYP27A1 and POR expression
may be causal to this result, as there are many crossways between the two bile acid pathways that
could lead to a compensation (Chiang 2017).
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Another effect of Por knockout in mice is the hepatic accumulation of lipid droplets (Henderson et al.
2003; Gu et al. 2003; Porter et al. 2011). This has been ascribed to various changes of bile acid
homeostasis, with CDCA conjugates as most effective regulators (Li and Apte 2015). In addition, POR
knockdown in HepaRG cells changed mRNA expression of several genes involved in lipid homeostasis
(Figure 25). Thus, changes in lipid accumulation in HepaRG®R cells were expected. Therefore,
intracellular lipid droplet accumulation was assessed in POR single- and POR/CYP27A1 double-
knockdown cells by nile red staining after serum depletion for 48 h (Figure 35). However, only HepaRG
POR# cells slightly accumulated lipid droplets, an effect increasing with additional CYP27A1 knockdown.
Lipidosis in Por knockout mice was ascribed to excessive loss of bile acids and thereby missing FXR
stimulation, while CDCA administration inhibits lipid accumulation (Porter et al. 2011). As secreted
CDCA levels were rather increased than decreased in HepaRG R cells, this may explain the absence of
additional lipid droplet formation. The alternative pathway, which provides CDCA, is more active in
rodents than in humans (Li and Chiang 2014), therefore more pronounced effects on lipid droplet
formation in a rodent system seems reasonable. Decreased expression levels of LXR/RXR may also
contribute to the absence of lipid droplet formation as it is described that LXR/RXR agonists induce
lipidosis in HepaRG cells (Lasch et al. 2020). Another explanation of the missing lipid accumulation may
consist of the rather complex medium supplements of HepaRG cells. The medium supplement insulin
may stimulate lipid accumulation that hides the effect of POR knockdown (Steneberg et al. 2015).
Hydrocortison could further influence lipid metabolisms in the cells (Macfarlane et al. 2008).

In conclusion, while POR knockdown had a similar effect on bile acid composition as seen in Por
knockout mice, the cellular response seen in the upregulation of CYP isozymes and increased lipid
accumulation is not comparable to the mouse model. However, results regarding bile acid composition
in HepaRG ™R cells are hard to compare with results seen in Por knockout mice.

On the one hand, bile acid homeostasis is preserved by systemic regulation in a tight interplay between
liver and intestine (Chiang 2017). In the liver specific Por knockout mouse this crosstalk has been
observed to affect the magnitude of the Por knockout effects (Cheng et al. 2014b). In contrast, the
HepaRG cell embodies a 2D cell model with hepatocyte-like and biliary-like cells. Changes in bile acid
composition in HepaRG ™R cells may thus not represent the liver-intestinal crosstalk.

On the other hand, bile acid homeostasis varies greatly between different species. Mice have an
additional primary bile acid form, muricholic acid (MCA), a product of the microsomal Cyp2a70
(Takahashi et al. 2016). The taurine conjugates of MCA show FXR antagonistic features (Sayin et al.
2013; Liand Dawson 2019). Changes in bile acid composition could therefore lead to more pronounced
effects on FXR. In certain disease states bile acid signaling also shows large species differences, as
shown in case of cholestasis in humans, which is associated with suppressed bile acid synthesis, while
rodents have increased bile acid synthesis (Straniero et al. 2020).
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5. Conclusion and outlook

The application of CRISPR/Cas9-mediated genome editing has considerable potential as a convenient
tool for ADME research. However, single cell selection of HepaRG cells did not result in clonal cells with
a homogenous phenotype comparable to the parental cells. Moreover, the phenotype of clones
originating of clonal HepaRG cells was quite heterogenous. Therefore, selection of single cell clones
after genome editing is not a practical approach for HepaRG cells. Thus, Cas9 delivery methods had to
be established in HepaRG cells, which result in high transfection and therefore mutation rates. Using
lentiviral transduction, a HepaRG cell line was generated that constitutively expresses Cas9 and that
retains the ability to differentiate into hepatocyte-like cells with cytochrome P450 expression and
activity profiles that are highly similar to those of the parent cell line. This cell line allows simple
transfection with any targeting sgRNAs for single but also double or even multiple knockdown of target
genes. By optimizing this Cas9-expressing HepaRG cell line, even higher knockdown efficiencies than
shown in this thesis could possibly be achieved.

Genetic knockout of POR and CYB5A in HepaRG cells resulted in differential, CYP isozyme-dependent
effects on CYP expression and activities. These data support a general role of CYB5 as alternative
electron donor for drug metabolizing CYPs in HepaRG cells as previously observed in other human drug
metabolism systems. Besides these direct effects on CYP enzyme activities, POR knockdown seems to
have numerous indirect influences on gene and protein expression, most likely as a coordinated
response to changed endogenous metabolites like bile acids. To finally elucidate the regulatory
processes behind these changes, additional analyses have to be performed. Targeted mRNA expression
profiling revealed an impression on changes in expression of genes involved in several metabolic
processes. Untargeted methods like proteomic or whole genome expression profiling could provide
further insights in regulatory processes after POR knockdown. As POR is also involved in cholesterol
biosynthesis, metabolomic analysis of this pathway may be used to further characterize the POR
knockdown phenotype. Furthermore, a more detailed view on selected lipids via a lipidomic approach
could result in more meaningful results than seen with the rather insensitive nile red lipid staining.
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6. Material

6.1. Chemicals

Chemicals

Supplier

20X GE Sample Loading Reagent
2X Assay Loading Reagent
Acetonitril
Acrylamide/Bis-acrylamide (30:0.8)
Agarose

Ammoniumpersulfate (APS)
Amodiaquine

Atorvastatin

Bovine serum albumin (BSA)
Bromophenol blue

Bupropion hydrochloride

Chameleon Duo Pre-stained Protein Ladder
Conditioning Medium

Cytochrome C

Dimethyl sulfoxide (DMSO)

Dulbecco’s phosphate buffered saline (DPBS)
Dulbecco’s Modified Eagle Medium (DMEM)
Ethanol (100%)

Fetal calf serum (FCS)

Formic acid (250 mM)

Geneticin sulfate (G418)
Glucose-6-Phosphate
Glucose-6-Phosphate Dehydrogenase
Glycerol

Glycine

Growth Medium (HCM)

Human insulin, Insuman Rapid (40 I.E.)
Hydrocortisone (50 mg/ml)
L-Glutamine (200 mM)

Lipofectamine® RNAiMax

Methanol

MgCl,

Midazolam

Montelukast

NADH

NADP*

NADPH

Nile red

Nuclease-free water

Opti-MEM

Paraformaldehyde

Passive Lysis Buffer (5X)

Penicilin/Streptomycin (P/S) (10,000 U/ml, 10 mg/ml)

Phenacetine

Fluidigm, South San Francisco, USA
Fluidigm, South San Francisco, USA

Roth, Karlsruhe, DE

Bio-Rad Laboratories, Inc., Hercules, USA
Merck KgaA, Darmstadt, DE

Merck KgaA, Darmstadt, DE

Toronto Research Chemicals Inc, Toronto,
CA

Toronto Research Chemicals Inc, Toronto,
CA

Sigma-Aldrich, Steinheim, DE
Sigma-Aldrich, Steinheim, DE

Chemical synthesis

LI-COR Biosciences, Bad Homburg, DE
upcyte technologies GmbH, Hamburg, DE
Sigma-Aldrich, Steinheim, DE
Sigma-Aldrich, Steinheim, DE

GIBCO, Carlsbad, USA

GIBCO, Carlsbad, USA

Sigma-Aldrich, Steinheim, DE

Merck KgaA, Darmstadt, DE

Fluka, Buchs, Switzerland

Merck KgaA, Darmstadt, DE
Sigma-Aldrich, Steinheim, DE

Merck KgaA, Darmstadt, DE
Sigma-Aldrich, Steinheim, DE

Serva, Heidelberg, GER

upcyte technologies GmbH, Hamburg, DE
Sanofi, Frankfurt, DE

Pfizer, Karlsruhe, DE

GIBCO, Carlsbad, USA

Life Technologies, Carlsbad, DE

Roth, Karlsruhe, DE

Sigma-Aldrich, Steinheim, DE

Gift from Ute Hofmann, IKP, Stuttgart
Gift from AG Nies, IKP, Stuttgart
Sigma-Aldrich, Steinheim, DE
Sigma-Aldrich, Steinheim, DE
Sigma-Aldrich, Steinheim, DE

Santa Cruz Biotechnology, Dallas, USA
Ambion, Austin, USA

Life Technologies, Carlsbad, DE

Alfa Aesar, Haverhill, Massachusetts, USA
Promega, Madison, USA

GIBCO, Carlsbad, USA

Sigma-Aldrich, Steinheim, DE
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Polybrene
Ponceau S-solution
Potassium cyanide

Pre-Culture Medium
Propafenone
Puromycin

Skim milk powder
S-Mephenytoin

Sodium dodecyl sulfate (SDS)

Sodium phosphate

TagMan® PreAmp Master Mix
Tetramethylethylenediamine (TEMED)
Tolbutamide

Tris-HCI
Trypsin-EDTA (0.25 %)
Tween20

William’s E Medium (w/o I-glutamine, phenol red)

B-Mercaptoethanol
Lipofectamine® RNAiMax
TurboFect

1 Kb Plus DNA Ladder

Millipore, Billerica, USA

Sigma-Aldrich, Steinheim, DE

Toronto Research Chemicals Inc, Toronto,
CA

upcyte technologies GmbH, Hamburg, DE
Knoll, Ludwigshafen, DE

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Steinheim, DE

Toronto Research Chemicals Inc, Toronto,
CA

Sigma-Aldrich, Steinheim, DE
Sigma-Aldrich, Steinheim, DE

Applied Biosystems, Foster City, USA
GIBCO, Carlsbad, USA

Toronto Research Chemicals Inc, Toronto,
CA

Roth, Karlsruhe, DE

GIBCO, Carlsbad, USA

Merck KgaA, Darmstadt, DE

GIBCO, Carlsbad, USA

Sigma-Aldrich, Steinheim, DE

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

6.2. Equipment

Equipment

Supplier

6460 Triple quadrupole mass spectrometer
Agilent 2100 Bioanalyzer

Agilent 8453 UV-visible Spectroscopy System
Beckmann Optima L-100XP; Rotor: SW28
Biofuge 22R/ Biofuge pico

Biomark® HD Reader

Centrifuge 5424 R

EnSpire® Multimode Plate Reader
FACSCalibur

Fastblot B44 blotting chamber
FastPrep®-24

Heracell™ 240 incubator

IFC Controller MX

Millipore water purification system MilliQ
NanoDrop™ 2000c

Nucleofector™ 2b Device

Odyssey CLx Infrared Imaging System
Olympus CKX 41 microscope

OPTIMA MaxE ultracentrifuge

PEQLAB Electrophoresis power supply

EV231
PROTEAN® II-/Mini-PROTEAN®-System

Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Beckman Coulter, Brea, USA

Heraeus, Hanau, DE

Fluidigm, San Francisco, USA
Eppendorf, Hamburg, DE

PerkinElmer, Waltham, USA

Becton Dickinson, Franklin Lakes, USA
Biometra GmbH, Goettingen, DE

MP Biomedicals GmbH, Eschwege, DE
Heraeus, Hanau, DE

Fluidigm, San Francisco, USA

Millipore, Molsheim, France

Thermo Fisher Scientific, Waltham, USA
Lonza, Basel, Switzerland

LI-COR Biosciences, Bad Homburg, DE
Olympus, Tokyo, Japan

Beckman Coulter, Brea, Kalifornien, USA
PEQLAB Biotechnologie GmbH, DE

Bio-Rad Laboratories, Inc., Hercules, USA
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ThermoMixer Comfort

TLA-55, MLA-80 ultracentrifuge rotor
Ultracentrifuce tubes, vials

Veriti 384-well Thermal Cycler
Veriti 96-well Thermal Cycler
Vortexer Reax control

7900 HT Real Time PCR System

Eppendorf, Hamburg, DE

Beckman Coulter, Brea, USA
Beckman Coulter, Brea, USA

Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Heidolph Instruments, Schwabach, DE
Applied Biosystems, Foster City, USA

6.3. Consumables

Consumables

Supplier

0.45 PVDF filter

24 well plate, cell culture treated

Amersham Protran Nitrocellulose Blotting
Membrane (0.45 um NC)

C-Chip Counting chambers, Neubauer Imp.
Corning Axygen® P-96-450V-C Storage 96-Well
Assay Microplate with V-Bottom Wells
EASYstrainer™ cell strainer (40 um)

Falcon tube (15 and 50 ml)

Lysing Matrix D

Microplates (96-well)

OptiPlate (96-well)

Rainin filter pipette tips (10, 20-200, 1000 pl)
Rainin pipette

Safe-Lock Tubes (0.5, 1.5, 2 ml)

Stripette® (2, 5, 10, 25 ml)

Ultracentrifuge tubes: Ultra Clear #344058
VisiPlate-24 Black

Roth, Karlsruhe, DE
Corning, Corning, USA
GE Healthcare Life Sciences, Freiburg, DE

NanoEnTek, Seoul, KR
Corning, Corning, USA

Greiner Bio-One GmbH, Frickenhausen, DE
Sarstedt, Nuembrecht, DE

MP Biomedicals GmbH, Eschwege, DE
Greiner Bio-One GmbH, Frickenhausen, DE
PerkinElmer, Waltham, USA
Mettler-Toledo, Greifensee, CH
Mettler-Toledo, Greifensee, CH
Eppendorf, Hamburg, DE

Corning, Corning, USA

Beckman Coulter, Brea, USA

PerkinElmer, Waltham, USA

6.4. Kits

Kit

Supplier

Agilent RNA 6000 Nano Kit

Agilent DNA 7500 Kit

Amaxa Cell line Nucleofector Kit V (VCA-1003)
DNeasy Blood & Tissue Kit
GENECLEAN Turbo Kit

P450-Glo™ (CYP2C9, CYP3A4)

Pierce® BCA Protein Assay Kit
Pierce™ LDH Cytotoxicity Assay Kit
PureYield™ Plasmid Midiprep System
Qiaprep Spin Miniprep Kit

Rneasy Mini Kit

alamarBlue

Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Lonza, Basel, CH

Qiagen, Hilden, USA

MP Biomedicals, Santa Ana, USA
Promega, Madison, USA

Thermo Fisher Scientific, Waltham,USA
Thermo Fisher Scientific, Waltham,USA
Promega, Madison, USA

Qiagen, Hilden, USA

Qiagen, Hilden USA

Thermo Fisher Scientific, Waltham,USA
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6.5. Software

Software Supplier

Agilent ChemStation Agilent Technologies, Santa Clara, USA
BD CellQuest Pro Software Becton Dickinson, Franklin Lakes, USA

CHOPCHOP http://chopchop.cbu.uib.no/
Citavi 6 Swiss Academic Software, Wadenswil, CH
CRISPR design http://crispr.mit.edu/

EnSpire™ Software 4.1
Fluidigm Real-Time CR analysis
Geneious 8.0.5

GraphPad Prism 9

PerkinElmer, Waltham, USA
Fluidigm, San Francisco, USA
Biomatters Ltd, Auckland, NZ
GraphPad Software, San Diego, USA

Image Studio™ Software v3.1

MS Office 2010

Genedata Profiler 13.0

Genotyper Software

SDS version 2.3 TagMan® software
FlowJo 10.7.1

LI-COR Biosciences, Bad Homburg, DE
Microsoft, Redmond, USA

Genedata, Basel, CH

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Becton Dickinson, Franklin Lakes, USA

6.6. Buffers and solutions

Buffer/solution Substance Amount

Collagen I-solution Water (sterile) 49.21 ml
Formic acid 57.5 ul
Collagen Typ 1 (3,37 mg/ml) 732.5 pl
Sterilie filtration

TAE buffer (50x) Acetic acid 57.1ml
EDTA (0,5 M, pH 8) 100 ml
milliQ-H,0 Ad 1,000 ml

DNA sample buffer (5x) Ficoll (20 %) 874 ul
Bromophenol blue (0,5 %) 87.4 pl
EDTA (0,5 M, pH 8) 38 ul

APS (10 %) Ammoniumpersulfate 1lg
milliQ-H,0 Ad 10 ml

Elektrophorese buffer Tris-Base 150 ¢g
Glycine 720 g
SDS (20 %) 250 ml
milliQ-H,0 Ad 5,000 ml

Lammli buffer (5x) SDS (20 %) 10g
1 M Tris-Buffer pH 6,8 30.6 ml
2-Mercaptoethanol 25 ml
Bromophenol blue 100 mg
milliQ-H,0 Ad 75 ml
Glycerole 25 ml

SDS (20 %) SDS 100 g
milliQ-H.0 Ad 500 ml

Skim milk solution (5%) Skim milk powder 10g
milliQ-H,0 Ad 200 ml
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TBS (10x) NaCl 400 g
KCl 10g
Tris-Base 1693¢
Tris-HCl 175¢g
milliQ-H,0 Ad 5,000 ml
TBST (1x) TBS (10x) 500 ml
VE-H,0 4500 ml
Tween20 (50%) 10 ml
Transfer buffer (WB) Tris-Base 29¢g
Glycine 146¢
SDS (20%) 9.25 ml
Ethanol 11
milliQ-H.0 Ad 5,000 ml
Tris-HCL (0,5 M, pH 6.8) Tris-Base 0.928¢
Tris-HClI 38.19¢
milliQ-H,0 Ad 500 ml
Tris-HCL (1,5 M, pH 8.8) Tris-Base 69.03 g
Tris-HCI 28.40¢g
milliQ-H,0 Ad 500 ml
Tris-HCL (1 M, pH 8.0) Tris-HCl 7.878 g
milliQ-H,0 Ad 500 ml
pH 8.0
Tween20 (50%) Tween20 250 ml
milliQ-H,0 250 ml

0.1 M potassium phosphate buffer, pH 7.4, 250 mM Sucrose
0.1 M potassium phosphate buffer, pH 7.4, 10 % glycerol

Homogenisation buffer
Microsome buffer

NADPH regenerating system Glucose-6-Phosphat 20 ul
(10x) Dehydrogenase (500 U/ml)
MgCl, 12.5 ul
NADP* 12.5 pl
Glucose-6-phosphat 10 pl

0.1 M potassium phosphate 195 pl
buffer, pH 7.4

Stopping solution 50 % 250 mM formic acid + 50 % acetonitril

6.7. Cell culture

Table 11: Cell line descriptions

Cell line (supplier) Description

A549 (IKP, AG Aulizky) Adherent, immortalised epithelial lung carcinoma cells of a
male, 58 years old Caucasian.

HEK 293FT (Invitrogen, Carlsbad, Adherent, human embryonal kidney cells; expressing SV40

USA) large T-antigen and allow DNA replication of episomal
plasmids with SV40 origin of replication.

HepaRG (batch HPR101007, passage Adherent bipotent progenitor cells. Able to differentiate

no. 12) (Biopredict International, into hepatocyte-like cells as well as bile duct epithelial cells.

Rennes, FR) Originate from a hepatocellular carcinoma of a woman.
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HepG2 (ATCC, Manassas, USA) Adherent, immortalised epithelial carcinoma cells of a
male, 15 years old Caucasian.

“Upcyte Hepatocytes”: Batches 122- “Upcyte Hepatocytes” retain proliferation capacity and

129-138, 653-06 (upcyte technologies certain hepatic functions and after transfection with

GmbH, Hamburg, DE) oncostatin-M. They are available from different donors.

Figure 36: Used cell lines. A: A549 epithelial lung carcinoma cells (picture copyright ATCC, scale: 100 um). B: HEK 293FT cells
(scale: 100 pum). C: HepaRG cells (batch HPR101007), differentiated under standard conditions for 2 weeks under 2 % DMSO.
H: hepatocyte-like cells, B: biliary-like cells (scale: 200 um). D: HepG2 cells (scale: 200 um). E: “Upcyte Hepatocytes” batch
653-03, day 10 under conditioning medium (scale: 200 um). F: “Upcyte Hepatocytes” batch 122-129-138, day 8 under
conditioning medium (scale: 200 um)
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Table 12: Medium composition for used cell lines

HepG2 and A549

DMEM 500 ml
FCS 50 ml
P/S (10000 U/ml) 5ml
Pyruvate 100 mM 5ml
HEK 293FT

DMEM 500 ml
FCS 50 ml
P/S (10000 U/ml) 5ml
Pyruvat 100 mM 5ml
L-Glutamine 600 mM 5ml
MEM Non-Essential Amino Acids (NEAA) 10 mM 5ml
Geneticin sulfate (G418) 50 mg/ml 0.05 ml
HepaRaG (lenti) cells

William’s E Medium 500 ml
FCS 50 ml
P/S (10000 U/ml) 5ml
L-Glutamine 600 mM 5ml
Insulin (Insuman Rapid; 40 I.E./ml) 2ml
Hydrocortison 50 pg/ml 200 ul
Puromycin (10 mg/ml) (for HepaRG lenti) 250 ul
DMSO (for differentiation) lor2%

“Upcyte Hepatocytes”

Growth Medium (HCM)
Pre-Culture Medium
Conditioning Medium

(HCM + 0.5% DMSO)
(HPM + 0.1% DMSO)
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6.8. Oligonucleotides

Table 13: Oligonucleotides targeting POR

Name Sequence 5'-3' Use

POR ex2 2F CTCTGTCTTCCAGGGACCCA Sequencing POR Exon 2, PCR for T7E1l
assay sgRNA POR#1

POR ex2 2R AGCCTGGGCAATACAGTGAG Sequencing POR Exon 2, PCR for T7E1l
assay sgRNA POR#1

POR ex2 3F GGATGTTCCAGCACACTGAGA PCR for T7E1 assay sgRNA POR#1

POR ex2 3R CCAAGAGTCACCCCAAAATGC PCR for T7E1 assay sgRNA POR#1

por-ex2-f CGTGACACCTGTGTCCCATGA Sequencing POR Exon 3

por-ex2-r CCAGCCGTCTGCTAGACTTGA Sequencing POR Exon 3

por-ex3-f CACCGGAGCCGTGGCTGA Sequencing POR Exon 4

por-ex3-r GACCTGCTCCCTGTCCTACC Sequencin POR Exon 4

POR ex4 1F TGTGTGAGATTGCCTTGGTGA PCR for T7E1 assay sgRNA POR#4

POR ex4 1R ACGGGAAGGCAACTTCCGA PCR for T7E1 assay sgRNA POR#4

por-ex4-f CGGGTTGAACCTTGAACAGGC Sequencing POR Exon 5

por-ex4-r GGGCTGCCTTTCAGATACATGG Sequencing POR Exon 5

por-ex5-f CCAGCAGCTCAGCCAGTGC Sequencing POR Exon 6

por-ex5-r CCTCACGTTCCACGGCCC Sequencing POR Exon 6

por-ex6-f CACCAGGTACCGTTGCCACAT Sequencing POR Exon 7

por-ex6-r GCTGCCCTCGGCACAGGA Sequencing POR Exon 7

POR ex8 1F GGCTCTGTGGCTAGGTTCAA Sequencing POR Exon 8, PCR for T7E1
assay sgRNA POR#2

POR ex8 1R CAGCTGGTCTTGGATGCAGT Sequencing POR Exon 8, PCR for T7E1
assay sgRNA POR#2

por-ex8-f CCTTGGAGACGGAGACTCAG Sequencing POR Exon 9

por-ex8-r GATGTGAGGCTCGGGAGG Sequencing POR Exon 9

por-ex9-f TGGGCCTCCTGACCTGGG Sequencing POR Exon 10

por-ex9-r CCTACAGGCCCAATCCCGC Sequencing POR Exon 10

por-ex10-f CAGAGCTGGCCCAAGGTGTCA Sequencing POR Exon 11

por-ex10-r GGCCCACGGAGCTCGGAAA Sequencing POR Exon 11

por-ex11-f TCCGGCGAGGGCAAGGTG Sequencing POR Exon 12

por-ex11-r CTGCTGTGAGCAGGGCTGG Sequencing POR Exon 12

POR ex13 2F CCATCGCCTCATCCTCCAAG Sequencing POR Exon 13&14, PCR for
T7E1 assay sgRNA POR#3

POR ex13 2R TTAGCAGGTGCTGGACGTAG Sequencing POR Exon 13&14, PCR for
T7E1 assay sgRNA POR#3

por-ex14-f TGAGGCTGGCAGGGCCAC Sequencing POR Exon 15

por-ex14-r CAACTGTGGCAGGCAGGGC Sequencing POR Exon 15

por-ex15a-f GACAAGGCCCTGCCTGCC Sequencing POR Exon 16

por-ex15a-r GGTGGACCTCACCTGGCCT Sequencing POR Exon 16

por-ex15b-f CTCCCTCCCGTAGTCTCCTG Sequencing POR Exon 16

por-ex15b-r CCACCACATGGGTTCCTGGG Sequencing POR Exon 16
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Table 14: Oligonucleotides targeting CYP2D6

Name Sequence 5'-3' Use

Amplifikation CYP2D6 enhancer
2D6ENH-E1F ACCGCACCGAGGCCTTTTTGC fragment

Amplifikation CYP2D6 enhancer
2D6ENH-E1R CGAGGCTGGCGGATCATTTGG fragment
2D6ENH-1F TTTGACAAATGCCTCCCGGT Sequencing CYP2D6 enhancer fragment
2D6ENH-1R ACTGGAACTAGGGTGGTAATGTG Sequencing CYP2D6 enhancer fragment
f1286 CTTTGCAGGCTTCAGGAGCTTGGA Amplification CYP2D6 fragment A
2D6-r3874 AATCTCTGACGTGGATAGGAGG Amplification CYP2D6 fragment A

Amplification CYP2D6 fragment A
F1382(1330) AAGCAGGGGCAAGAACCTCTGGA nested

Amplification CYP2D6 fragment A
2D6-DH-3664-R CTCGCCCTGCAGAGACTC nested
CYP2D6FragmentBfo CCTTCATGGCCACGCGC Amplification CYP2D6 fragment B
h-2D6 GGCTATCACCAGGTGCTGGTGCT  Amplification CYP2D6 fragment B
2D6-4574f CCATCTGGGAAACAGTGCAG Amplification CYP2D6 fragment C
2D6-k ATTGTACATTAGAGCCTCTGGC Amplification CYP2D6 fragment C

Amplification CYP2D6 promoter
Upf GCCTGGACAACTTGGAAGAACC fragment

Amplification CYP2D6 promoter
Uprl669 AGGAAGATGGCCACTATCAC fragment
2222f GCTGGGTCTCCTCCTTCCAC Sequencing CYP2D6 fragment A nested
2D6-2803r TGGCCCGCTGTCCCCACTC Sequencing CYP2D6 fragment A nested
2D6-2803r TGGCCCGCTGTCCCCACTC Sequencing CYP2D6 fragment A nested
*35 nest for TAAGGGAAGGGTCACGCGCT Sequencing CYP2D6 fragment A nested
2D6-FORWARD3751 CCACTGTAAGAAGGGCCT Sequencing CYP2D6 fragment B
2D6-FORWARD3751 CCACTGTAAGAAGGGCCT Sequencing CYP2D6 fragment B
2D6-h for AGCTCAGCACCAGCACCTGGTGA  Sequencing CYP2D6 fragment C
2D6-990r GCACAGATCTCTTGTCCACT Sequencing CYP2D6 promoter fragment
BtsVf GTGCCGGGTCTGTATGTGTG Sequencing CYP2D6 promoter fragment

Table 15: Oligonucleotides targeting CYP1A2 (Geng et al. 2016)

Amplification/sequencing CYP1A2 Promoter
Amplification/sequencing CYP1A2 Promoter

Amplification/sequencing CYP1A2 exon 1
Amplification/sequencing CYP1A2 exon 1
Amplification/sequencing CYP1A2 exon 2
Amplification/sequencing CYP1A2 exon 2
Amplification/sequencing CYP1A2 exon 2
Amplification/sequencing CYP1A2 exon 2
Amplification/sequencing CYP1A2 exon 3
Amplification/sequencing CYP1A2 exon 3
Amplification/sequencing CYP1A2 exon 4
Amplification/sequencing CYP1A2 exon 4
Amplification/sequencing CYP1A2 exon 5
Amplification/sequencing CYP1A2 exon 5
Amplification/sequencing CYP1A2 exon 6

Name Sequence 5'-3' Use
1A2 PromF AATCGATATGGCAATCAAATGCAAA
1A2 PromR CCCGTCTTTCTGTCCCCACT

1A2 Ex1F TAGGCTCCCTACCCTGAACC

1A2 Ex1R AACATGAACGCTGGCTCTCT

1A2 Ex2.1F GTCACTGGGTAGGGGGAACT

1A2 Ex2.1 R AAGGTGTTGAGGGCATTCTG

1A2 Ex2.2F CTGGCACTGTCAAGGATGAG

1A2 Ex2.2R ATTGCAGGACTCTGCTAGGG

1A2 Ex3F CAGGACTTTGACAAGGTGAGC

1A2 Ex3R CATAGCCCAGGCTCAAACC

1A2 Ex4 F CCTGTTCAAGCACAGCAAGA

1A2 Ex4 R AACACAGAGGACAAGCAGAGC
1A2 ExX5F CCTGTTATGTGCCTGCTGTG

1A2 Ex5R GGGGATTCAGGCCTCTTACT

1A2 Ex6 F TCCCAGTGCCCTCTGTGCCA

1A2 Ex6 R GCCTTCCTGACTGCTGAACCTGC

Amplification/sequencing CYP1A2 exon 6
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1A2Int 6.1 F AACAGCCAAGTGCGCAGCCA Amplification/sequencing CYP1A2 intron 6
1A2Int6.1 R TCGCCTGAGGTACCCCACCT Amplification/sequencing CYP1A2 intron 6
1A2Int6.2F AGGTGGGGTACCTCAGGCGA Amplification/sequencing CYP1A2 intron 6
1A2Int6.2R GAGGTGCCTGGGGGAGGGAG Amplification/sequencing CYP1A2 intron 6
1A2 Ex7.1F TTTGGTTCCTTCCCACCTACCCTT Amplification/sequencing CYP1A2 exon 7
1A2 Ex7.1R GAAGAGAAACAAGGGCTGAGTCCCC Amplification/sequencing CYP1A2 exon 7
1A2 Ex7.2F TGCTGTTTGGCATGGGCAAG Amplification/sequencing CYP1A2 exon 7
1A2 Ex7.2R TCTGGTGATGGTTGCACAATTC Amplification/sequencing CYP1A2 exon 7
1A2 3-UTRF AGAATTGTGCAACCATCACCAGAA Amplification/sequencing CYP1A2 3'-UTR
1A2 3-UTRR CCAGTCTCAGGACTCAAGCACCA Amplification/sequencing CYP1A2 3'-UTR

Table 16: Oligonucleotides targeting CYP2C8 (Yeo et al. 2011)

Name

Sequence 5'-3'

Use

2C8 5-UTR 1F
2C8 5-UTR 2F
2C8 5 UTR 3F
2C8 5-UTR 1R
2C8 5-UTR 2R
2C8 5 UTR 3R
2C8 5-UTRF
2C8 5-UTRR
2C8 Ex2 F

2C8 Ex2 R

2C8 Ex4 F

2C8 Ex4 R

2C8 Ex5 F

2C8 Ex5 R

2C8 Ex6 F

2C8 Ex6 R

2C8 Ex7 F

2C8 Ex7 R

2C8 Ex8 F

2C8 Ex8 R

2C8 Ex9 F

2C8 Ex9 R

2C8 gRNA1 1F
2C8 gRNA1 1R
2C8 gRNA2 1F
2C8 gRNA2 1R

TGTCTTTAAATTATCTATGTTCCTTTT
TGGTCAATTTAGAATAAAGGTAATC
GGTGTCCTGTTCTCCCAGAG
CCTTGCTCTGCTCCTTGTTT
CAACTGGATTTATGAACATTACTAGA

TTCATCATTAAAAGAGACTGGAG
GGCAACACTAAAGTGAACTGTGG

CAGCACCAGGACCACAAAAGGT
TGCTGAATGTGTTGAAGTGAGG
GAGGGCTGACAACCAGGAT
CTGATTTTTTTTGGACACAT
TTTTCTTCACTCATACATCATTT
CAGGGCTTGGTGTAAGATACA
ACAGAAGGATTCGATGAATCAC
CTTCTGCTTTTATTTCTGGG
CAAGGTGGAGGATACTGGC
GGCTGGTTGTACTTCTGGAC
GGTTGGAACCAAACCAGCACT
CGTGATGTCCACTACTTCTCCT
ATGATGGTGTATTGTGAGGGTG
GTGCAAGTCACAAATGACTGT
CCTTGGAAAGTCTCAACAGA
AGGATGCGCAATGAAGACCT
GGGTAGTGGCCTCAAGGTG
TCAACCTCCAACTCCTTTGTGC
TTCAATCAGGGCTTGGTGTAAGA

Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 5'-UTR
Amplification/sequencing CYP2C8 exon 2/3
Amplification/sequencing CYP2C8 exon 2/3
Amplification/sequencing CYP2C8 exon 4
Amplification/sequencing CYP2C8 exon 4
Amplification/sequencing CYP2C8 exon 5
Amplification/sequencing CYP2C8 exon 5
Amplification/sequencing CYP2C8 exon 6
Amplification/sequencing CYP2C8 exon 6
Amplification/sequencing CYP2C8 exon 7
Amplification/sequencing CYP2C8 exon 7
Amplification/sequencing CYP2C8 exon 8
Amplification/sequencing CYP2C8 exon 8
Amplification/sequencing CYP2C8 exon 9
Amplification/sequencing CYP2C8 exon 9
PCR for T7E1 assay sgRNA CYP2C8#1

PCR for T7E1 assay sgRNA CYP2C8#1

PCR for T7E1 assay sgRNA CYP2C8#2

PCR for T7E1 assay sgRNA CYP2C8#2

77



Table 17: Oligonucleotides targeting CYP3A4

Name

Sequence 5'-3'

Use

3A4 gRNA1 1F
3A4 gRNA1 1R
3A4 gRNA2 1F
3A4 gRNA2 1R

TGATGGGACTGACTGATGGA
GATTTCAGTCCCTGGGGTGAG
GGCCTGATTAGCACCCCAAG
TCTGTTCAGGGAAACAGGCG

PCR for T7E1 assay sgRNA CYP3A4#1
PCR for T7E1 assay sgRNA CYP3A4#1
PCR for T7E1 assay sgRNA CYP3A4#2
PCR for T7E1 assay sgRNA CYP3A4#2

Table 18: Oligonucleotides targeting CYP27A1

Name Sequence 5'-3' Use

CYP27A1 1F AGTTCCACCAGACACGCATT PCR for T7E1 assay CYP27A1#1

CYP27A1 1R TCATGTCATAGGTGGCCTGG PCR for T7E1 assay CYP27A1#1

CYP27A1 2F TGTCGGACATGGCTCAACTC PCR for T7E1 assay CYP27A1#2

CYP27A1 2R CTTGGAGGGATGAAGGTCGG PCR for T7E1 assay CYP27A1#2
6.9. Plasmids

Name Use Source

pCMV-VSV-G Lentiviral packaging plasmid Addgene

psPAX2 Lentiviral packaging plasmid Addgene

lentiCRISPR v2 Lentiviral Cas9 expression plasmid Addgene

lentiCRISPR v2_#1  Lentiviral Cas9 expression plasmid, coexpressing sgRNA Ligation 002

POR#1
lentiCRISPR v2_#4  Lentiviral Cas9 expression plasmid, coexpressing sgRNA Ligation 004

POR#1
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6.10. TagMan assays

Table 19: TagMan Assays (Thermo Fisher Scientific, Waltham, USA)

Genname (protein)

Assay-ID

ABCB1 (ATP-dependent translocase)

ABCC2 (Canalicular multispecific organic anion transporter 1)
ABCC3 (Canalicular multispecific organic anion transporter 2)
ABCC4 (Multidrug resistance-associated protein 4)
ACTB (Actin, cytoplasmic 1)

AHR (Aryl hydrocarbon receptor)

AHSG (Alpha-2-HS-glycoprotein)

ALDH3A1 (Aldehyde dehydrogenase 3A1)

ARNT (Aryl hydrocarbon receptor nuclear translocator)
ASCL5 (Achaete-scute homolog 5)

CD36 (Platelet glycoprotein 4)

CPT1A (Carnitine O-palmitoyltransferase 1, liver isoform)
CREBBP (CREB-binding protein)

CYB5A (Cytochrome b5)

CYP1A1 (Cytochrome P450 1A1)

CYP1A1 (Cytochrome P450 1A1)

CYP1A2 (Cytochrome P450 1A2)

CYP27A1 (Sterol 26-hydroxylase, mitochondrial)
CYP2A6 (Cytochrome P450 2A6)

CYP2B6 (Cytochrome P450 2B6)

CYP2B7 (Cytochrome P450 2B7 isoform)

CYP2C19 (Cytochrome P450 2C19)

CYP2C8 (Cytochrome P450 2C8)

CYP2C9 (Cytochrome P450 2C9)

CYP2D6 (Cytochrome P450 2D6)

CYP2E1 (Cytochrome P450 2E1)

CYP3A4 (Cytochrome P450 3A4)

CYP3A5 (Cytochrome P450 3A5)

CYP3A7 (Cytochrome P450 3A7)

CYP4A11 (Cytochrome P450 4A11)

CYP51A1 (Lanosterol 14-alpha demethylase)

CYP7A1 (Cytochrome P450 7A1)

CYP8B1 (7-alpha-hydroxycholest-4-en-3-one 12-alpha-hydroxylase)

DPYD (Dihydropyrimidine dehydrogenase [NADP(+)])

EGR1 (Early growth response protein 1)

ELOVL6 (Elongation of very long chain fatty acids protein 6)
FABP1 (Fatty acid-binding protein, liver)

FOS (Proto-oncogene c-Fos)

FOXO1 (Forkhead box protein 0O1)

GAPDH (Glyceraldehyde-3-phosphate dehydrogenase)

Hs01067802_m1
Hs00166123_m1
Hs00978473_m1
Hs00988717_m1
Hs01060665_g1

Hs00169233_m1
Hs00155659_m1
Hs00964880_m1
Hs01121918_m1
Hs04334240 sl

Hs01567185_m1
Hs00912671_m1
Hs00231733_m1
Hs04229876_g1l

Hs00153120_m1
Hs00164383_m1
Hs01070374_m1
Hs01026016_m1
Hs00868409_s1

Hs03044634_m1
Hs00746388_s1

Hs00426380_m1
Hs00258314_m1
Hs00426397_m1
Hs00164385_m1
Hs00559368_m1
Hs00430021_m1
Hs01070905_m1
Hs00426361_m1
Hs04194779 gl

Hs00426415_m1
Hs00167982_m1
Hs00244754_s1

Hs00559278_m1
Hs00152928_m1
Hs00907564_m1
Hs00155026_m1
Hs00170630_m1
Hs00231106_m1
Hs99999902_m1
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GSTA2 (Glutathione S-transferase A2)

GSTML1 (Glutathione S-transferase Mu 1)

GSTP1 (Glutathione S-transferase P)

HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase)
HMOX1 (Heme oxygenase 1)

HNF1A (Hepatocyte nuclear factor 1-alpha)

HNF4A (Hepatocyte nuclear factor 4-alpha)

INSIG1 (Insulin-induced gene 1 protein)

INSIG2 (Insulin-induced gene 2 protein)

JUN (Transcription factor AP-1)

NPC2 (NPC intracellular cholesterol transporter 2)

NROB2 (Nuclear receptor subfamily 0 group B member 2, SHP)

NR1D1 (Nuclear receptor subfamily 1 group D member 1, Rev-erbA-alpha)

NR1D2 (Nuclear receptor subfamily 1 group D member 2, Rev-erb-beta)
NR1H3 (Oxysterols receptor LXR-alpha)

NR1H4 (Bile acid receptor, FXR)

NR1I2 (Nuclear receptor subfamily 1 group | member 2, PXR)

NR1I3 (Nuclear receptor subfamily 1 group | member 3, CAR)

NR2F1 (COUP transcription factor 1)

NR2F2 (COUP transcription factor 2)

NR3C1 (Glucocorticoid receptor)

NR4A1 (Nuclear receptor subfamily 4 group A member 1, NUR77)
NR5A2 (Nuclear receptor subfamily 5 group A member 2, LRH-1)
PGRMC1 (Membrane-associated progesterone receptor component 1)
PGRMC2 (Membrane-associated progesterone receptor component 2)
POR (NADPH--cytochrome P450 reductase)

PPARA (Peroxisome proliferator-activated receptor alpha)

PPARG (Peroxisome proliferator-activated receptor gamma)

RPLPO (60S acidic ribosomal protein P0)

RXRA (Retinoic acid receptor RXR-alpha)

SCD5 (Stearoyl-CoA desaturase 5)

SLC10A1 (Sodium/bile acid cotransporter, NTCP)

SLC22A7 (Solute carrier family 22 member 7, OAT2)

SLCO1B1 (Solute carrier organic anion transporter family member 1B1)
SREBF1 (Sterol regulatory element-binding protein 1)

SREBF2 (Sterol regulatory element-binding protein 2)

STAR (Steroidogenic acute regulatory protein)

SULT1A1 (Sulfotransferase 1A1)

SULT1B1 (Sulfotransferase family cytosolic 1B member 1)

SULT1E1 (Sulfotransferase 1E1)

SULT2A1 (Bile salt sulfotransferase)

UGT1A1 (UDP-glucuronosyltransferase 1A1)

UGT1A3 (UDP-glucuronosyltransferase 1A3)

UGT1AS8 (UDP-glucuronosyltransferase 1A8)

UGT1A9 (UDP-glucuronosyltransferase 1A9)

Hs00747232_mH
Hs01683722_gH

Hs00168310_m1
Hs00168352_m1
Hs00157965_m1
Hs00167041_m1
Hs01023298_m1
Hs01650977_g1

Hs00379223_m1
Hs00277190_s1

Hs00197565_m1
Hs00222677_m1
Hs00253876_m1
Hs00233309_m1
Hs00172885_m1
Hs00231968_m1
Hs00243666_m1
Hs00901571_m1
Hs00818842_m1
Hs01047078_m1
Hs00230818_m1
Hs00374226_m1
Hs00187067_m1
Hs00198499_m1
Hs00175051_m1
Hs00287016_m1
Hs00231882_m1
Hs01115513 m1
Hs02758991 g1

Hs00172565_m1
Hs01682761_m1
Hs00161820_m1
Hs00198527_m1
Hs00272374_m1
Hs00231674_m1
Hs00190237_m1
Hs00986559_g1

Hs00738644 m1l
Hs00234899_m1
Hs00960941_m1
Hs00234219_m1
Hs02511055_s1

Hs04194492 g1

Hs02557804_sH

Hs02516855_sH
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UGT2B15 (UDP-glucuronosyltransferase 2B15)
UGT2B4 (UDP-glucuronosyltransferase 2B4)
UGT2B7 (UDP-glucuronosyltransferase 2B7)
VDR (Vitamin D3 receptor)

Hs03008769_g1
Hs02383831_s1
Hs00426592_m1
Hs01045840_m1

6.11. Bactosomes

Bactosome

Ordering ID (Cypex Ltd., Dundee, UK)

Human CYP2C8R EasyCYP Bactosomes
Human CYP2C8LR EasyCYP Bactosomes
Human CYP2C9R EasyCYP Bactosomes
Human CYP2C9HR EasyCYP Bactosomes
Human CYP3A4R EasyCYP Bactosomes
HumanCYP3A4LR EasyCYP Bactosomes

CYP/EZ017
CYP/EZ047
CYP/EZ006
CYP/EZ019
CYP/EZ002
CYP/EZ010

84



7. Methods

7.1.

7.1.1. mRNA expression analysis

RNA Isolation

Molecular biological methods

For mRNA expression analysis mRNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, USA)
according to manufacturer’s instructions. RNA quantity and quality was determined using the
NanoDrop™ spectrometer (PeqlLab (VWR), Radnor, USA) or the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA) for better estimation of RNA quality before storage of RNA samples at
-80 °C or measurement of mMRNA expression levels.

cDNA synthesis

For pre-mRNA expression analysis the isolated mRNA was reverse transcribed into cDNA using the
TagMan® Reverse Transcription Reagents Kit in 384-well plate format (see Table 20 for components).
Synthesis of cDNA was performed on a Veriti 384-well Thermal Cycler (Veriti, Atlanta, USA) with the
annealing step performed at 25 °C for 10 min, cDNA synthesis at 45 °C for 30 min and the inactivation

of the reverse transcriptase at 95 °C for 5 min.

Table 20: Components for cDNA synthesis

Component Final concentration Volume per reaction (ul)
10 x TagMan RT Buffer 1x 1

MgCl2 (25 mM) 5.5 mM 2.2

dNTP-Mix 500 uM each 2

Random hexamers 2.5 uM 0.5

RNase Inhibitor 0.4 U/ul 0.2

Multiscribe RT (50 U/ul) 1.25 U/l 0.25

RNA 100 ng 3.85

Total volume 10

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) with gene-specific TagMan assays is a method for determining

relative expression levels of certain genes. The TagMan assay principal is explained in Figure 40.

absorbed light

emitted light
FRET
Taq polymerase (Taql\/lan‘@\
forward primer uencher ’ reporter
p - S q probe p
3 5
DNA template
51 31
<

Figure 40: Scheme of a TagMan-Probe.

reverse primer
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In the amplification phase of the PCR the 5-3‘ exonuclease activity of the Taq polymerase degrades
the probe in 5’ to 3’ direction. This leads to separation of quencher and reporter and an increase of
reporter fluorescence. The intensity of fluorescence is proportional to the amount of PCR product. For
guantification of the amount of PCR product the cycle threshold value is determined. This value
corresponds to the first cycle in which light intensity is doubled.

gRT-PCR was either performed on the Biomark HD System (Fluidigm) using microfluidic dynamic arrays
(48.48 Dynamic Array™ IFC) or on the 7900 HT Real Time PCR System. The high-throughput gene
expression platform Biomark HD was used for measuring large sample and gene sets simultaneously,
while the 7900 PCR System was used for measuring fewer genes in small sample sets.

gRT-PCR using the Biomark HD System

Specific target amplification

As the microfluidic dynamic array (Fluidigm, San Francisco, USA) uses small volumes, detection of
low-expressed genes is only possible after specific target preamplification, which increases
concentration of the measured gene. By pooling gene expression assays containing gene-specific
primer sets, up to 100 target genes can be preamplified simultaneously. One ul each of TagMan assay
(20x, listed in chapter 6.9) was diluted with DNA suspension buffer to a final concentration of 0.2x
pooled assay mix. For preamplification the pooled assay mix was combined with PreAmp Master Mix
and cDNA (see Table 21 for composition) and amplified in a Veriti 384-well Thermal Cycler (Veriti)
under the conditions listed in Table 22.

Table 21: Reaction composition for Fluidigm preamplification

Substance Volume per reaction
2x PreAmp Master Mix 2.5 ul

Pooled TagMan assay mix (0.2x) 1.25 ul

cDNA 1.25 pl

Total volume 5 ul

Table 22: Thermal conditions for specific target amplification

Step Temperature Duration Cycles
Enzyme activation 95°C 10 min 1
Denaturation 95°C 15s 14
Annealing/Extension 60 °C 4 min 1
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qRT-PCR on the Biomark HD System

For gRT-PCR on the Biomark HD System (Fluidigm) 10 X TagMan® assays (see Table 23 for components)
as well as the samples (see Table 24) were prepared in 96-well PCR plates. Both plates were sealed,
vortexed, and centrifuged to avoid air bubbles.

Table 23: 10x TagMan® assay mix for qRT-PCR on Biomark HD System.

Components Amount for 1 reaction with overage
20 x TagMan gene expression assay 3.5ul

2 x Assay Loading Reagent 3.5ul

Total volume 7 ul

Table 24: Sample pre-mix for qRT-PCR on Biomark HD System.

Components Amount for 1 reaction with overage
2 x TagMan Universal PCR Master Mix 3ul

20 x GE Sample Loading Reagent 0.3 ul

cDNA 2.7 ul

Total volume 6 ul

After injection of the control line fluid into the 48.48 Dynamic Array IFC using a syringe, it was
equilibrated on the integrated fluidic circuit (IFC) Controller HX for 15 min. Afterwards 5 pl of each
assay and 5 pl of each sample (48 assays vs 48 samples) were transferred into the respective inlets on
dynamic array chip and loaded using the IFC Controller HX. The GE 48x48 Standard v1 protocol was
used for thermal cycling (see Table 25).

Table 25: Thermal protocol for qRT-PCR on the Biomark HD system (GE 48x48 Standard v1).

Step Temperature Duration Cycles
Enzyme activation 95°C 10 min 1
Denaturation 95°C 15s 40
Annealing/Elongation 60°C 1min

gRT-PCR using 7900 HT Real Time PCR System
For qRT-PCR using the 7900 HT Real Time PCR System (Applied Biosystems, Foster City, USA) TagMan

assays (see chapter 6.9) were mixed with cDNA, water and TagMan 2x PCR Master Mix (see Table
26).

Table 26: Compounds for qRT-PCR using 7900 HT Real Time PCR System

Compound Amount
TagMan 2X PCR MasterMix 5ul

20x Assay 0.5 ul
water 2.5 ul
cDNA 2 ul
Total Volume 10 ul
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The reaction mixes were transfered into a MicroAmp® optical 384-well reaction plate (Thermo Fisher
Scientific, Waltham, USA). The qRT-PCR reaction took place under the following thermal cycling
protocol (see Table 27).

Table 27: Thermal protocol for qRT-PCR using 7900 HT Real Time PCR System

Step Temperature Duration Cycles
Enzyme activation 50 °C 2 min 1
Initial DNA denaturation 95°C 10 min 1
DNA denaturation 95°C 15s 50
Annealing/Extension 60°C Imin

Data analysis

Data analysis was performed with Fluidigm Real-Time Analysis software (Fluidigm) or the SDS version
2.4 TagMan® software (Thermo Fisher Scientific). Relative gene expression was quantified according
to the 222 method (Livak and Schmittgen 2001). Gene expression was quantified in biological and
technical multiplates and normalized for more accurate results to the geometric mean of the three
housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein lateral
stalk subunit PO (RPLPQ) and B-actin expression (Vandesompele et al. 2002).
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7.1.2. Cloning of LentiCRISPR v2

cPPT
psi+ RRE| Ue Z2kbfiler EFS  SpCas? FLAG P2A Puro WPRE

\m;i{l

Figure 41: Scheme of lentiCRISPR v2 plasmid. Figure taken from (Sanjana et al. 2014).

lentiCRISPRv2

BsmBl BsmB!

The LentiCRISPR v2 plasmid (Addgene, Watertown, USA) was used for lentiviral knockout of POR in
HepaRG cells. This plasmid contains two expression cassettes, human SpCas9 and the chimeric gRNA.
Following digestion of the vector using BsmBlI, double-stranded oligonucleotides encoding the desired
sgRNA can be cloned into the single guide RNA (sgRNA) scaffold. The single-stranded oligonucleotides
are designed according to the following configurations:

Forward oligonucleotide: 5' CACCG---20 bp Target --- 3'
Reverse oligonucleotide: 5' AAAC---20 bp Target ---C 3'

The restriction digest of lentiCRISPR v2 using BsmBI (see Table 28 for composition) was performed at
55 °C for 2 h with heat inactivation of the enzyme at 80 °C for 20 min.

Table 28: Components for BsmBI restriction digest

Substance Amount
lentiCRISPR v2 2500 ng
10x buffer (3) 5l
BsmB | (NEB) 2.5 ul
Nuclease free H,O Add 50 pl

Afterwards the digestion products were loaded on a 1 % agarose gel and separated for 1 hat 80 V. The
linearized plasmid (14 kb band) was extracted from the gel and cleaned using GENECLEAN Turbo Kit
(Qbiogene, Carlsbad, USA) according to manufacturer’s instructions. DNA concentration was
quantified using NanoDrop™ (Peqlab).

In parallel, reannealing of oligonucleotides was performed (see Table 29 for composition) in a Veriti
96-well Thermal Cycler (Veriti) (Program: 5 min at 95 °C, slow cooling wit 0.1 °C/sec).

Table 29: Components for reannealing of oligonucleotides

Substance Amount
Oligonucleotide F (100 uM) 1l
Oligonucleotide R (100 uM) 1l
10 x T4 ligation buffer 1l
Nuclease free H,0 7 ul

The ligation of oligonucleotides to the linearized plasmid (see Table 30 for composition) was done at
4 °C overnight.
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Table 30: Components for ligation

Substance Amount
Linearized plasmid 50 ng
Oligos 1:200 diluted 2 ul

10 x T4 Ligation Buffer 1ul
Nuclease free H,O Add 10 pl

+ 1 ul T4 Ligase

After ligation One Shot® StbI3™ Chemically Competent E. coli (Thermo Fisher Scientific, Waltham, USA)
were transformed with the ligated plasmid according to manufacturer’s instructions (Invitrogen,
Carlsbad, USA). 1-5 ul of DNA (10 pg to 100 ng) was added to one thawed vial of bacteria. Bacteria
were then incubated for 30 min on ice with a following heat shock at 42 °C for 45 sec and cooling for
2 min on ice. Afterwards 250 ml S.0.C. medium (Invitrogen) was added at RT and the bacteria
suspension was incubated at 37 °C for 1 h under shaking. Then 100 pl of the bacteria suspension was
plated on LB-Ampicilin plates and incubated at 37 °C overnight. Afterwards bacteria colonies were
proliferated for subsequent plasmid preparation.

7.1.3. Plasmid preparation

Mini- as well as midi-preparations of plasmids were carried out according to manufacturer’s
instructions (Qiaprep Spin Miniprep Kit (Qiagen) and PureYield™ Plasmid Midiprep System (Promega,
Madison, USA). Plasmid concentrations were determined using NanoDrop™ (Peqlab).

7.1.4. DNA Isolation

DNA isolation was performed using the QlAamp DNA mini Kit (Qiagen) following the manufacturer’s
instructions. The DNA concentration was determined using NanoDrop™ (PeqLab).

7.1.5. T7 endonuclease 1 mismatch assay

There are several methods to detect CRISPR/Cas9 induced on-target mutations (see Figure 42). These
include mismatch cleavage using a T7 endonuclease 1 (T7E1) or the surveyor™ nuclease, high
resolution melt analysis or the heteroduplex mobility assay by PAGE. In this thesis the T7E1 mismatch
was used because of its high sensitivity and simple application (Vouillot et al. 2015; Zischewski et al.
2017). Basis of this assay is the ability of T7E1 to cut DNA mismatches greater than 2 bp.
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Figure 42: Mismatch-based assays for detection of mutations. Figure taken from (Zischewski et al. 2017).

For detection of Cas9-induced mutations the host DNA was isolated and the Cas9 target region (around
1 kb) was amplified via PCR. In chapter 6.8 all oligonucleotides used for PCR amplification for T7E1
digest are listed. Afterwards the PCR fragments were denaturated and reannealed (see Table 31 for
reaction composition) in a 96-well Thermal Cycler (Veriti) (denaturation conditions: 95 °C for 10 min,
ramp down to 85 °C with -2 °C/s, ramp down to 25 °C with -0.3 °C/s) .

Table 31: Reaction composition for PCR denaturation and annealing pre T7E1 digest

Substance Amount
PCR product 10 pl
10x NEBuffer 2 (NEB, Frankfurt a.M., DE) 1.5l
Nuclease free water 1.5l
Total volume 13 ul

Cas9-induced mutations will result in DNA heteroduplexes, which are recognized and cut by T7E1. For
T7E1 digestion PCR heteroduplexes are mixed with T7E1 (NEB) (see Table 32 for conditions) and
incubated for 1 h at 37 °C. The digestion fragments were analyzed by gel electrophoresis on a 1 %
agarose gel (1h at 80 V) or using the Agilent 2100 Bioanalyzer (Agilent Technologies) fragment analyzer
with the Agilent DNA7500 kit (Agilent Technologies).

Table 32: Components for T7E1 digestion

Substance Amount
PCR heteroduplexes 13

T7E1 (1 U/pl) 2

Total volume 15

7.1.6. Sequencing and genotyping

Sanger sequencing was supplied by Microsynth AG (Gottingen, DE). Per reaction 720-1,200 ng plasmid
or 18 ng per 100 bases DNA in a volume of 12 ul were mixed with 3 pl sequencing primers (see chapter
6.8) (10 pmol/ul) in a 1.5 ml reaction tube and sent to Microsynth. Delivered sequence data were
analyzed with the Geneious 8.0.5 software.
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Genotyping of the most important variants of CYP2B6, 2C9, 2C19 and 3A4/5 was performend using
OpenArray plates with a QuantStudio 12k flex system (Thermo Fisher Scientific) equipped with pre-
desigend TagMan assays (Thermo Fisher Scientific) (see Table 33) in cooperation with Dr. Roman
Tremmel (IKP, Stuttgart). In brief, 3 uL DNA (50 ng/uL), mixed with OpenArray Genotyping MasterMix
was applied on the OpenArray plate using the AccuFill Loader (Thermo Fisher Scientific). The plate was
sealed within 90 s and placed into the real-time PCR machine. The PCR was performed using the
genotyping mode. Genotypes were called using the Genotyper Software (Thermo Fisher Scientific).

Table 33: Pre-designed TaqgMan assays for OpenArray genotyping

Target gene Pre-designed TagMan assay

CYP2B6 AHFBATH, C__60732328_20, AHABIR9

CYP2C9 C__27104892_10, C__25625805_10, C__30634132_70, C__ 27859817 40

CYP2C19 C___ 469857_10, C__25745302_30, C__30634136_10, C__30634130_30, C__25986767_70
C__27861809_10,C_ 27861810_10, C_ 30634128 _10, C__27531918_10

CYP3A4 C__ 1837671_50,C__59013445_10

CYP3A5 C__30203950_10, C__32287188_10, C__26201809_30
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7.2. Protein biochemical methods

7.2.1. Protein quantification with BCA assay

Protein quantification was carried out using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) following the manufacturer’s instruction.

7.2.2. Flow cytometry

Protein expression analysis with flow cytometry

The expression of proteins in single cells of a certain population can be analyzed with flow cytometry.
The target protein is fluorescence marked with antibodies allowing detection of the fluorescent marker
in a rapid fluidic stream, where cells pass a laser detector individually. For antibody staining the
separated cells were fixed in 4 % paraformaldehyde for 10 min at 37 °C and then permeabilized in 90 %
methanol on ice for 30 min. After washing with incubation buffer (5 % BSA/PBS) the cells were stained
with the primary antibody for 1 h at RT. An unstained control sample is treated in parallel with
incubation buffer alone. After a second wash step the cells were incubated with the fluorescence
labelled secondary antibody for 30 min at RT. For analysis with the flow cytometer (FACSCalibur,
Becton Dickinson, Franklin Lakes, USA) the cells were suspended in PBS. Data analysis was done with
the BD CellQuest Pro Software (Becton Dickinson). Table 34 lists all antibodies used for flow cytometry.

Table 34: Antibodies used for flow cytometry

Antigen Type Origin Supplier Article number Dilution
Cas9 (s.p.) Primary Mouse abcam Ab191468 1:200 in 5%
monoclonal BSA/PBS
Mouse IgG Secondary Goat polyclonal Fisher Scientific Ab150113 1:200 in 5%
GmbH BSA/PBS

Clonal dilution of cells with FACS

A special application of flow cytometry is fluorescence-activated cell sorting. Here the cells are
separated after laser detection via vibrations into single droplets containing single cells. The cell-
containing droplets can then be sorted into different vessels like tubes or multiwell plates. Thereby
sorting of special cell populations or even single cell sorting is possible. Cell sorting was done in
cooperation with the flow cytometry core facility in Tlbingen under kind supervision of Dr. Kristin
Bieber using a BD FACS Aria cell sorter or at the Institute for Biochemistry and technical Biochemistry
in Stuttgart under kind supervision of Dr. Pavel Bashtrykov using a Sony CellSorter SH800S. Because
HepaRG cells tend to form cell aggregates, the cells had to be filtered through a cell strainer (40 um)
before sorting into 96-well plates.

7.2.3. Western Blotting

Sample preparation

For western blotting cells were lysed with 5x passive lysis buffer and stored at -80 °C until further used.
Protein was quantified with the BCA assay. For protein detection with western blot 5x lammli buffer
and H,0 (1 part lammli buffer, 4 parts protein/H,0) was added to the thawed and centrifuged samples.
The samples were stored at -20 °C.
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SDS-PAGE

For electrophoretic separation of the different proteins the samples were loaded in appropriate
amounts on a 10 % SDS-polyacrylamide gels. For the compositions and polymerisation conditions of
the gel mixture see Table 35. As a marker the Chameleon Duo Pre-stained Protein Ladder (LI-COR
Biosciences, Bad Homburg, DE) was used. The electrophoresis was conducted for protein stacking at
100 V for 30 min in a PROTEAN® Il or Mini-PROTEAN® cell, then the voltage was increased for protein
separation to 150 V.

Table 35: Gel compositions and polymerisation conditions for 10 % SDS-polyacrylamide gel

Substance Separating gel (10 %) Stacking gel (4 %)
H,0 3ml (12 ml) 1.535 ml (6.1 ml)
Acrylamid/Bis solution 2.5 ml (10 ml) 0.3375 ml (1.35 ml)
(30%)
Tris-Buffer pH 8.8 1.875 ml (7.5 ml) Tris-Buffer pH 6.8 0.625 ml (2.5 ml)
10 % SDS 0.075 ml (0.3 ml) 0.025 ml (0.1 ml)
TEMED 7.5 ul (30 W) 2.5 ul (10 i)
APS 0.075 ml (0.3 ml) 0.025 ml (0.1 ml)

- Polymerisation for ~30 min - Polymerisation for ~60

min (or overnight)

Western blot

After SDS-PAGE the separated proteins in the gel were transferred to a nitrocellulose membrane for
antibody detection. Therefore, filter papers, nitrocellulose membrane and the gel were soaked in
transfer buffer before stacking them in a fast blotting chamber (Fastblot B44) (stacking order: 3 layers
of filter, membrane, gel, 3 layers of filter). The semi-dry blotting was performed for 20 min at 100 mA
(for small 7x9 cm gel). The transfer success was then verified by PonceauS staining for 5 min.
Afterwards the membrane was blocked by incubation in 5 % skim milk for 1 h. This step was followed
by primary and then secondary antibody staining, interrupted by a wash step with 1x TBST. Table 36
lists all antibodies and their usages. The blots were then analyzed in the Odyssey Infrared Imaging
System using the Image Software.

Table 36: Antibodies used for western blotting

Antigen Type Origin Supplier Article Usage
number
Cas9 (s.p.) Primary Mouse monoclonal abcam ab191468 1:5000 in 1%
MM-TBST
B-actin Primary Mouse monoclonal Sigma Aldrich SIGMA 1:5000 in 1%
A5441 MM-TBST
CYP1A2 Primary Mouse monoclonal Krasz/Bethesda clone 26-7-5 1:2000 in 1%
MM-TBST
CYP2B6 Primary Mouse monoclonal BDGentest 458326 1:2000 in 1%
MM-TBST
CYP2C8 Primary Rabbit polyclonal Puracyp Hu-A004 1:1000 in 5%
MM-TBST
CYP2C9 Primary Rabbit polyclonal RDI CYP2C9abr 1:1000 in 1%
MM-TBST
CYP2D6 Primary Mouse monoclonal (Zanger et al. 2001) 1:1000 in 1%
MM-TBST
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CYP3A4 Primary Rabbit polyclonal BDGentest 458234 1:1000 in 1%

MM-TBST
POR Primary Rabbit polyclonal (Gomes et al. 2009) 1:1000 in 1%

MM-TBST
Anti mouse Secondary Goat polyclonal Licor GmbH 926-68070 1:5000-
IRD680/800 /926-32210  10.000 in 1%

MM-TBST
Anti rabbit Secondary Goat polyclonal Licor GmbH 926-68071 1:10.000 in
IRD680/800 /926-32211 1% MM-TBST

7.2.4. Microsome preparation

Microsomes are artificial vesicles re-formed from the endoplasmic reticulum (ER) after cell disruption
and differential centrifugation. They are used for analysis of ER bound proteins like CYPs or POR. For
microsome preparation harvested cells were lysed using lysing matrix D 2 ml vials in homogenisation
buffer (see chapter 6.6) with the FastPrep®-24 (MP Biomedicals GmbH, Eschwege, DE) 2 times for 10
sec at level 6 at 4 °C. The homogenate was then centrifuged with the Beckman Coulter OPTIMA MaxE
ultracentrifuge (rotor MLA-80) for 30 min at 15,000 rpm (10,000 x g) at 10 °C. The supernatant was
centrifuged a second time for 60 min at 45,000 rpm (100,000 x g) at 10 °C. The resulting supernatant
is the cytosolic fraction and is to be stored; the pellet was resuspended in cold microsome buffer see
(chapter 6.6) and transferred into a dounce homogenator. The microsomes were formed by 2-3 strokes
with teflon pistils.

7.2.5. CYP activty measurements

CYP Cocktail assay

Activities of the most prominent liver CYP isozymes CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6 and CYP3A4 were determined with a liquid chromatography tandem mass spectrometry (LC-
MS/MS) cocktail assay (Feidt et al. 2010). For analysis in cultured cells, seven specific substrates for
the corresponding isozymes were supplemented to the medium (see Table 37 for the concentrations).
After incubation for 3 h at 37 °C, 160 ml medium was harvested, mixed with 40 ml 250 mM formic acid
and stored immediately at -20 °C.

Table 37: Composition of CYP cocktail

CcYp Substrate Molecular Stock Solvent Final

isozyme weight concentration concentration
[g/mol] [mM] [uM]

CYP1A2 Phenacetin 179 100 DMSO 50

CYP2B6 Bupropion 256 50 H20 25

CYP2C8 Amodiaquine 465 10 H20 5

CYP2C9 Tolbutamide 270 100 DMSO 100

CYP2C19 S-Mephentoin 218 100 ACN 100

CYP2D6 Propafenone 378 10 MeOH 5

CYP3A4  Atorvastatin 559 5 ACN/H20 35

For absolute quantification of the metabolites formed during incubation time a calibration curve was

prepared consisting of a series of standards and quality controls (see Table 38) in a 96-well plate.
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Table 38: Calibration standards and quality controls for CYP cocktail assay (IS= internal standards, QC=quality control)

Name Volume 250 mM Volume HepaRG Volume stock solutions (ul): EPO-EP8
formic acid (pl) medium (ul)
ISO 10 40 - ep0
IS8 10 35 5 ep8
IS7 10 35 5 ep?7
IS6 10 35 5 ep6
IS5 10 35 5 ep5
IS4 10 35 5 epd
1S3 10 35 5 ep3
IS 2 10 35 5 ep2
IS1 10 35 5 epl
QC7 10 35 5 ep?7
QcC5s 10 35 5 ep5
Qc3 10 35 5 ep3

Afterwards 50 pl of each sample was added to the 96-well plate (Corning Axygen® P-96-450V-C Storage
96-Well Assay Microplate with V-Bottom Wells), followed by adding of 10 ul internal standard
(deuterium labelled metabolite for each substrate) to all samples, standards and quality controls. The
measurement was done with a 6460 triple quadrupole mass spectrometer coupled to a 1200 HPLC
system by the analytic department.

CYP kinetic and inhibition measurements in microsomes

Kinetic measurements of conversion of amodiaquine, tolbutamide, atorvastatin and midazolam in
HepaRG microsomes were performed for determination of kinetic parameter Ky and Vmax. Before the
kinetic experiments protein and time dependency experiments were performed to elucidate protein
amounts and incubation times in the linear range. Microsome amounts, incubation times and
substrate ranges of the kinetic experiments are listed in Table 39.

Table 39: Reaction conditions for kinetic measurements in microsomes

Substrate Microsomes Incubation time Substrate concentrations (LM)
Amodiaquine 20 ug 15 min 50, 20, 10, 8,6,4,2,1,0.5

Tolbutamide 20 ug 30 min 400, 200, 100, 75, 50, 30

Atorvastatin 10 pg 10 min 100, 75, 50, 30, 20, 10,7.5,5,2.5,1
Midazolam 10 ug 10 min 150, 100, 50, 30, 20, 15, 10, 7.5,5,2.5,1

For microsomal kinetic experiments the individual substrate in a certain concentration was mixed with
0.1 N potassium phosphate buffer (pH 7.4) and 10x NADPH regenerating system (see chapter 6.6) and
preincubated at 37 °C for 5 min. Reactions were started by addition of microsomes according to
amounts listed in Table 39. The final reaction volume was 50 pl. After a certain incubation time (see
Table 39) reaction was stopped by addition of 25 pl of stopping solution (see chapter 6.6) and kept on
ice. For quantification of reaction products by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) method 10 pl of internal standard, a deuterium-labelled metabolite for each substrate,
was added to each sample. The measurement was done with a 6460 triple quadrupole mass
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spectrometer coupled to a 1200 HPLC system by the analytic department under supervision of Dr. Ute
Hofmann (IKP, Stuttgart).

The same kinetic experiments were performed in bacterial membrane compartments called
bactosomes (see chapter 6.11) (Cypex Ltd, Dundee, UK). They contain human CYP2C8, CYP2C9 and
CYP3A4 and human POR in high (R) and low (LR) concentrations. Pre-kinetic experiments were
performed to elucidate protein amounts in the linear range. Bactosome amounts, incubation times
and substrate ranges of the kinetic experiments are listed in Table 40.

Table 40: Reaction conditions for kinetic measurements in bactosomes

Substrate Bactosomes Incubation time Substrate concentrations (LM)
Amodiaquine 5 pmol 20 min 100, 50, 20, 10, 8,6, 4, 2,1,0.5,0.25, 0.125
(5 um)

Tolbutamide 5 pmol 20 min 400, 300, 200, 150, 100, 75, 50, 25, 12.5, 6.25
Atorvastatin 5 pmol 20 min 100, 75, 50, 30, 20, 10,7.5,5,2.5,1
Midazolam 5 pmol 20 min 100, 30, 15, 10, 7.5, 6,4, 2,1, 0.5, 0.25

For inhibition of conversion of amodiaquine by the CYP2C8 specific inhibitor montelukast. 10 pg of
microsomes were incubated in 0.1 N potassium phosphate buffer (pH 7.4) and 10x NADPH
regenerating system (see chapter 6.6) for 5min at 37 °C. After addition of 1 ul montelukast
(concentration range: 10, 3, 1, 0.3, 0.1, 0.03, 0.01, 0.001, 0.0001 uM) the reaction mix was incubated
for additional 10 min at 37 °C. The reaction was started by addition of 10 pul amodiaquine and incubated
for 30 min at 37 °C. The final reaction volume was 100 ul with a final amodiaquine concentration of
5 uM. Addition of 50 pl stopping solution (see chapter 6.6) ended the reaction. Further procedures
were according to the kinetic experiments.

For direct comparison of NADPH- and NADH-driven metabolism, 20 pg of microsomes were incubated
in 0.1 N potassium phosphate buffer (pH 7.4) and 1 mM NADPH, NADH or NADPH + NADH for 6 min at
37 °C. After addition 5 pl of CYP substrate cocktail mix with final concentration as described above, the
reaction mix was incubated for 20 min at 37 °C. Further procedures were according to the kinetic
experiments.

Kinetic parameters Ky and Vimax Wwere determined by Michaelis-Menten model or in case of midazolam
by substrate inhibition model. Inhibition parameters ICso and Ki were determined by a one site
competition model using Graphpad Prism V8 software (GraphPad, San Diego, USA). Internal clearance
(Clint) was calculated using the following equation:

Vmax

Clipe = Koy

P450-Glo Assay
As the CYP cocktail assay is not suitable for screening of hundreds of cell clones, the P450-Glo assay
system from Promega was selected for experiments where large sample sets must be screened for CYP
activity. CYP2C9 was selected as proxy for global CYP activities. The assay is based on the specific
conversion of Luciferin-H by CYP2C9 to a product which is detectable in a luminescence reaction
(Figure 43).
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Figure 43: Conversion of the P450-Glo substrate Luciferin-H by CYP2C9 (figure taken and adapted from manufacturer’s
protocol, Promega, Madison, Wisconsin, USA)

The screened cells were treated with 1:50 in medium diluted substrate (Luciferin-H) and incubated for
4 h at 37°C. After incubation 25 ml of supernatant was transferred in a white OptiPlate (96-well)
together with 25 pl luciferin detection reagent and incubated a second time for 20 min in the dark.
Afterwards, luminescence was detected with the EnSpire Multimode Plate Reader.

7.2.6. Cytochrome C reduction assay

The cytochrome C reduction assay is the preferred assay for quantification of POR activity, as POR is
also able to use cytochrome C as electron acceptor. This specific reaction is used as a model for CYP
related POR activity in particular, as it requires two electrons that need to come from FMN through
FAD (Pandey and Fliick 2013). The reduced product is quantified photometrically at a wavelength of
550 nm. This assay was performed following a published protocol (Guengerich et al. 2009). In brief:
after microsomal preparation, a certain amount of protein (15-30 pg) was added together with 10 pl
of 4 mM cytochrome C solution, 10 pl of 100 mM KCN in 1 ml of 0.3 M sodiumphosphate buffer and
measured as a blank at 550 nm. Following addition of 100 ml of 1 mM NADPH solution the reaction
was started and the kinetics were measured for 3 min with the Agilent 8453 UV-visible Spectroscopy
System (Agilent Technologies) and analyzed with the Agilent ChemStation Software (Agilent
Technologies). POR activity was determined using the following formulas:

o U A absorption - dilution factor
Volume activity (—) = -
ml min -€-d

u Volume activity(%)
specific activity (—) : : mg
Mg/ protein concentration (W)

€ (550nm) =21 li_ o extinction coefficient for reduced cytochrome C at 550 nm
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d =1 cm; layer thickness of cuvette

The assay also detects activity of methionine synthase reductase (Olteanu and Banerjee 2001) (100-
fold slower as POR), inducible NO-synthase (NOS2) (Newton et al. 1998) and NADPH dependent diflavin
oxidoreductase (Paine et al. 2000), but at much lower catalytic efficiencies compared to POR.

7.2.7. Quantification of bile acids

Bile acid secretion into medium was measured after incubation of cells with serum free medium for
24 and 48 h. Concentrations of secreted cholic acids (GCA, TCA) as well as chenodeoxycholic acids
(GCDCA, TCDCA) derivates were quantified in the medium by negative electrospray (ESI) LC-MS/MS in
multiple-reaction-monitoring mode on an Agilent 6460 triple quadrupole mass spectrometer (Agilent,
Waldbronn, Germany) coupled to an Agilent 1290 HPLC system (Ghallab et al. 2019; Haag et al. 2015).
The analytical quantification of bile acid was performed in cooperation with Dr. Ute Hofmann (IKP,
Stuttgart).

7.2.8. Quantification of lipid droplets

Nile red, 9-Diethylamino-2-hydroxy-5H-benz[a]phenoxazin-5-one, is used to localize and quantitate
lipids, particularly neutral lipid droplets within cells due to its high specificity for staining lipids, as it is
strongly fluorescent in hydrophobic environment but non fluorescent in water and other polar
solvents. Moreover, staining with nile red does not dissolve the lipid droplet structures (Greenspan et
al. 1985). The excitation maximum of nile red is about 554 nm (green) and the emission maximum is
about 638 nm (red) ("Fluorescence SpectraViewer - Nile Red phospholipids", Thermo Fisher Scientific.
Retrieved November 2020.)

Lipid droplet quantification by nile red staining was performed after incubation of HepaRG cells with
serum free medium for 5 days. 15 pg/pl of nile red (Santa Cruz Biotechnology, Dallas, USA) were added
to the cell medium for 20 min at 37 °C. Nile red fluorescence was analyzed at 580 nm using an EnSpire
Mulitmode plate reader (PerkinElmer, Waltham, USA). For normalization cell vitality was assessed
using the alamarBlue assay (Thermo Fisher Scientific) according to the manufacturer’s instructions.
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7.3. Cell culture methods

7.3.1. Cell culture

Standard cultivation

The cells were cultured in their respective medium (for medium composition see Table 12) ina 5 %
CO; atmosphere at 37 °Cin tissue culture flasks. Every three to four days when cells were at least 85 %
confluent (checked by light-microscopy; Olympus CKX41) they were passaged. The medium was
aspirated, and cell layers were washed with DPBS (Gibco). Then cells were incubated with 2 ml of
0.25 % trypsin-EDTA solution (Gibco) for 5 min at RT. Detached cells were resuspended using 10 ml
medium (37 °C) and 20 to 30 % of the cells were seeded into a new flask. Cell numbers were
determined using C-Chip Counting chambers, Neubauer Imp. (VWR).

Cultivation of HepaRG

For standard cultivation of HepaRG cells (Aninat et al. 2006) one cryo-conserved aliquot (1.5*10° cells)
was thawed in HepaRG medium and cultivated in 25 cm? (T-25) cell culture flasks under refreshment
of medium every 2-3 days. Afterwards the cells were passaged (washing with DPBS, incubation with 1
ml 0.25% trypsin-EDTA solution), seeded on 24 multiwell plates (50,000 cells per well) and cultivated
two additional weeks until full confluency. After this period differentiation of HepaRG cells was started
by adding 1 % DMSO to the medium for 2 days and for 12 additional days 2 % DMSO. By this point the
cells showed a differentiated hepatocyte like morphology and liver specific functions. For cryo
conservation HepaRG cells were stored in liquid nitrogen in HepaRG medium supplemented with 10 %
DMSO.

Collagen coating of cell culture plates

For culturing “Upcyte Hepatocytes” additional coating of cell culture plates is needed for good
attachment of cells. Therefore, the culture plates were incubated with collagen | solution for 30 min
at 37 °C. Afterwards the plates were washed with DPBS and could be stored at 4 °C for up to 1 week.

Cultivation of “Upcyte Hepatocytes”

After thawing “Upcyte Hepatocytes” can be cultivated in growth phase up to 15 passages in
Hepatocyte Culture Medium (HCM). For differentiation the cells were treated for 5 days in pre-culture
medium (HCM + 0.5 % DMSO). Afterwards they were treated in the conditioning phase with
hepatocyte high performance medium (HPM) + 0.1 % DMSO (conditioning medium). The conditioning
phase can be extended up to 18 days; the maximum of CYP expression is expected on day 7 (Schaefer
et al. 2015).

7.3.2. Cell viability measurements

Resazurin assay

Resazurin is a redox indicator is used for vitality measurements of cells. Metabolically active cells
convert it under NAD(P)H usage irreversibly to the pink, strongly fluorescent dye Resorufin (see Figure
44). Its fluorescence is measured at a wavelength of 550 nm.
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Figure 44: Formation of fluorescent resorufin through reduction of resazurin in living cells. Figure taken from (Riss et al.
2016)

For the measurement of cell viability with resazurin cells were treated with 0.15 mg/ml Resazurin in
PBS in a dilution of 1:5. Depending on cell type fluorescence could be measured after an incubation of
1-4 h (for HepaRG 1.5 h) with the EnSpire Multimode Plate Reader (PerkinElmer, Waltham, USA).

LDH assay

The LDH assay is based on lactate release into culture medium of harmed cells. By adding lactate
dehydrogenase (LDH) into the medium the lactate is converted under NAD* usage to Pyruvate. The
resulting NADH can be detected through conversion of INT to the violet formazan.

Damaged cells

A . -
// \\ Pyruvate Q\\\///j\) NADH L\\//,.J INT
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Figure 45: Principle of LDH Assay. Figure taken from supplier’s information, Thermo Fisher Scientific Inc.

For the measurement of cell viability with the LDH assay the Pierce™ LDH Cytotoxicity Assay Kit
(Thermo Fisher Scientific Inc.) was used following the manufacturer’s instructions. 50 ul of medium
was transferred to a 95 multiwell plate and mixed with additional 50 ml of reaction mixture. After
30 min incubation at RT the reaction is stopped by adding of 50 ul of stop solution. Afterwards the
absorbance is measured at 490 and 680 nm with the EnSpire Multimode Plate Reader.

7.3.3. Cell transfection

Transfection of HepaRG cells with RNP complexes

One possibility to deliver Cas9 into cells is the transfection of the ribonucleoprotein sgRNA complexes
(RNP complexes). In this thesis the AlIt-R RNP System from IDT (Skokie, lllinois,
USA) was used. For assembling the RNP complexes 100 uM of the RNA oligos (crRNA and tracrRNA)
were equimolarly mixed, heated at 95°C and then cooled down slowly to RT. The sgRNA complexes
(1 uM) were then mixed with 1 pM Cas9 nuclease in a total volume of 25 pl. After 5 min of incubation
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at RT the RNP complexes were assembled and could be reverse transfected to cells in a 96-well format.
For this purpose, 25 pl of RNP complex was mixed with 1.2 ul Lipofectamine® RNAIMAX transfection
reagent and 23.8 ml Opti-MEM and incubated for 20 min at RT. After incubation 50 ul transfection
complexes were added into a well of a 96-well cell culture plate together with 40,000 cells. 48 h after
transfection cells could be harvested for DNA extraction or could be diluted to single cell clones with
either limited dilution or with FACS.

Transfection of HepaRG"¢ cells with Atto500 labled sgRNA

For genome editing with sgRNAs the complexes of tracrRNA and crRNA were delivered into Cas9
expressing cells. To monitor the transfection efficiency the red fluorescing tracrRNA atto500 was used.
For assembling the sgRNA constructs 100 uM of the RNA oligos (crRNA and tracrRNA) were equimolarly
mixed, heated at 95 °C and then cooled down slowly to RT. Afterwards the 150 pl of complexes
(120 nM) were mixed with 4.8 ul lipofectamine RNAiMax and 45.2 pl Opti-MEM. After 20 min
incubation at RT the transfection complexes were added into a well of a 24 well cell culture plate
together with 400,000 cells. After 24 h cells were harvested for further analyzes or cultivated further.

7.3.4. Lentiviral transduction

Viral production in HEK 293FT cells

Lentiviral vectors are often used to integrate foreign nucleic acids into the genome of a target cell as
they have the unique ability to infect even non dividing cells, which makes them a useful tool for gene
delivery in hard to transfect cells. As HepaRG cells are known to be hard to transfect (Laurent et al.
2010) this method was chosen to deliver Cas9 and the sgRNAs into these cells.

The day before transfection HEK 293FT cells were seeded in T175 flasks (1.6 *107). For transfection
20 pg lentiCRISPR v2 constructs, 10 pg pCMV-VSV-G (Addgene) and 15 pg psPAX2 (Addgene) were
mixed with 70 pl TurboFect (Thermo Fisher Scientific Inc.) in 3.5 ml Opti-MEM. The transfection mix
was incubated for 15-20 at RT and then added to the cells in 31 ml Opti-MEM (3.5 ml transfection mix
per T-175 flask). The cells were incubated afterwards at 37 °Cand 5 % CO,.

Viral harvest

48 h after transfection the viral particles could be harvested. This work had to be be performed in a
“Gentechnik”-S2 lab area. After sterile filtration (0.45 PVDF filter) medium was centrifugated
(Beckmann Optima L-100XP in SW28) with 50,000 x g (16,651 rpm) for 90 min at 10 °C. The pellet
containing the lentiviral particles was resuspended in 50 pl of 1 % BSA/PBS overnight at 4 °C and then
stored at -80 °C until usage.

Relative viral titering with LDH assay

For determination of the optimal viral transduction concentration or MOI (multiplicity of infection)
each charge of viral harvest has to be titered in a model cell line. Optimal cell lines for titering are those
which are easy to infect, easy to kill by the selection drug and, easy to handle. We used A549 human
lung carcinoma cells because they are well suited for titering vectors carrying a puromycin selection
marker (see: Protocol: Relative Viral Titering with a Resazurin (alamarBlue) Cell Viability Assay, The
Broad Institue, Sep 2015).
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For titering, A549 cells in 96-well plates were treated with 10 pg/ml polybrene. The cells were then
infected with 5 pl of lentiviral particles in decreasing dilutions (1:5, 1:10, 1:20, 1:40, 1:80, 1:160, 1:320).
After 48 h incubation to the medium 1.5 ug/ml puromycin was added and after additional 72 h the
puromycin resistance was assessed microscopically as well as with a LDH assay with readout in an
EnSpire Multimode Plate Reader.

Transduction of target cells

Pre transduction medium of HepaRG cells was changed to a medium containing 10 pug/ml polybrene.
Afterwards the viral particles were added in the appropriate dilution determined by titering. 48 h post
transduction HepaRG cells were selected with 5 pg/ml Puromycin (Kennedy et al. 2015).

7.3.5. Statistical methods

All statistical analyzes were performed using Graphpad Prism V9 software (GraphPad Software, San
Diego, USA) or Genedata Profiler 13.0 (Genedata, Basel, CH). Curve fitting of cellular growth was
performed with a logistic growth model with seeding density and maximum cell count as fixed
constraints. HepaRG single cell population analysis was fitted with a “sum of two”-Gaussian model.
Spearman’s correlation coefficients and corresponding tests were used to assess the associations
between parental HepaRG and HepaRGY¢ on CYP activity and gene expression level. For statistical
analysis of the experiments repeated measurements ANOVA with Bonferroni correction, Kruskal-
Wallis test or appropriate paired/unpaired t-test statistics were applied, significance level was set to
p<0.05. Results are shown as means + standard deviation (SD). Kinetic parameters Ky and Vmax Were
determined by a Michaelis-Menten model or by a substrate inhibition model. Inhibition parameters
ICso and Ki were determined by a one site competition model and shown with 95 % CI (confidence

Vmax
Km

interval). Internal clearance (Clin:) was calculated using the following equation: Clj; =
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Supplement

The following tables list sequence variants of POR, CYP1A2, CYP2D6 and CYP2C8 in HepaRG and

“Upcyte Hepatocyte” (batches 122-129-138 and 653-03) cells.

Supplemental table 1: POR sequence variants in HepaRG and “Upcyte Hepatocytes” (batches 122-129-138 and 653-03). In
bold: SNPs as annotated on human Cytochrome P450 (CYP) Allele Nomenclature Website (https://www.pharmvar.org/).

Position SNP, variant Reference HepaRG  122-129-138 653-03
Exon 4 rs369667255 G GA G G
Intron 8 rs2286821 C CT CT CT
Intron 8 rs55783084 C C C CT
Intron 9 rs3815455, 830 C>T C CT CT CT
Intron 9 rs41301394, 831C>T C CT C C
Intron 10 rs4732515 T C T T
Intron 10 rs4732516 C G C C
Intron 13 rs6961174 G A A A
Intron 13 rs2302429, 1399 G>A G G,A G G,A
Intron 13 rs2302431 T C C C
Intron 13 rs2302432 G T T T
Exon 13 rs2228104, 1455 T>C T C C C
Exon 13 rs1057868, 1508C>T (A503V) C CT CT CT
Exon 13 rs372404067 A A A AT
Exon 14 rs782756315 C C C CT
Exon 14 rs1057870 G G,A G G,A
Exon 16 rs17685, 2349 G>A G GA

Supplemental table 2: CYP1A2 sequence variants in HepaRG and “Upcyte Hepatocytes” (batches 122-129-138 and 653-03).
In bold: SNPs as annotated on Human Cytochrome P450 (CYP) Allele Nomenclature Website (https://www.pharmvar.org/).

Position SNP, variant Reference HepaRG
Intron 1 rs762551, -163 C>A C CA
Intron 2 rs34264399 G G,A
Intron 4 rs2472304, 2159G>A G G,A
Intron 5 rs1465142342 C CT
Intron 5 rs558851424 C C,T




Supplemental table 3: CYP2D6 sequence variants in HepaRG and “Upcyte Hepatocytes” (batches 122-129-138 and 653-03).
In bold: SNPs as annotated on Human Cytochrome P450 (CYP) Allele Nomenclature Website (https://www.pharmvar.org/).

Position SNP, variant Reference = HepaRG 122-129-138 653-03
Promoter rs1080985, -1584 C>G C C C G
Promoter rs59099247, -1298G>A G G G,A G
Promoter rs28735595, -1235A>G A A G AG
Promoter rs28624811, -740C>T C CT T T
Promoter rs28633410, -678G>A G A,G AG A
Promoter -7, not annotated A A A AG
Promoter -3, not annotated A A A A,G
Exon 1 rs769258, 31G>A G G G G,A
Exon 1 rs28371696 G G,C G,C G,C
Exon 1 rs146558635 C CG C CG
Exon 1 rs139638916 C CG CG CG
Exon 1 142, not annotated A A A A,G
Exon 1 rs1223156470 G GA GA GA
Exon 1 rs1399750031 G G,C G,C G,C
Intron 1 Intron 1 conversion GGCCT, G/C,C/A, G/C,C/A C/G, C,A,G,

GA A C/G,T/C, T/C,GA/CC, C, CCaG

GA/CC, A/G
A/G
Intron 1 298 not annotated G G G T,G
Intron 1 rs28371699, 310G>T G G,T T T
Intron 1 rs1349821007 C C C CT
Intron 1 rs546029764 A A A A,G
Intron 1 rs28371701, 746 G>C C CG G G
Intron 1 rs28371702, 843 T>G T T,G G G
Exon 3 rs376636053 T T T,C T
Exon 3 rs184023369, 1661G>C G G,C C C
Intron 5 rs5030656, DelAAG/ AAG AAG
2615_2617delAAG AAG

Exon 6 rs16947, 2850C>T (R296C) C c/T T T
Exon 6 rs753667915 G G/A A A
Exon 6 2911, not annotated C C,G C C
Exon 6 rs200234159 T T,A T T
Intron 6 rs28371725, 2988G>A G G GA G
Intron 7 rs1985842, 3384A>C A A,C C C
Intron 7 rs28371730, 3584G>A G GA A A
Intron 7 rs4987144, 3790C>T C CT T T
Exon 9 rs1135840, 4180G>C G G,C C C
Enhancer rs5758550 C C,T T C
Enhancer rs133333 C CT T C




Supplemental table 4: CYP2C8 sequence variants in HepaRG and “Upcyte Hepatocytes” (batches 122-129-138 and 653-03).
In bold: SNPs as annotated on Human Cytochrome P450 (CYP) Allele Nomenclature Website (https://www.pharmvar.org/).

Position SNP, variant Reference HepaRG
Promoter rs35811264 TTTTTTTTT delT
Promoter rs1557044 C A
Promoter rs11572064 C T
Promoter rs372775254 ATATATAT delAT
Promoter rs7912549 G A
Intron 2 rs2275622 A G
Exon 3 rs11572080, 416G >T (R139L) C>A/C>T A
Intron 3 rs11572082 G C
Intron 8 rs2275620 T A
Exon 8 rs10509681, 1196A>G (R399L) T>C G




The following figures show full length blots for Figure 18 and Figure 24.
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Supplementary figure 1: Full length blot of Figure 18, B: Western blot analysis of Cas9 expression in lysates of
undifferentiated HepaRGV¢, HepaRGPOR#1 and HepaRGPOR#4, Cas9 protein as positive control.
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Supplementary figure 2: Full length blot of Figure 24: Exemplary western blots of microsomal fractions of HepaRG
transduced with vector control (VC) or sgRNAs POR#1 or POR#4 after differentiation for three weeks.
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