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Zusammenfassung

1 Zusammenfassung

Etwa 30 % der Gesamtbevolkerung und 70 % aller (ibergewichtigen Patienten sind von der nicht-
alkoholischen Fettlebererkrankung (nonalcoholic fatty liver disease (NAFLD)) betroffen. Durch
kalorienreiche Erndhrung und Bewegungsmangel lagern Hepatozyten Fett ein. Die frihen Stadien sind
gutartig und reversibel, kénnen sich jedoch in eine nicht-alkoholische Steatohepatitis mit chronischer
Entziindung und weiter zur Fibrose, Zirrhose und zum hepatozelluldren Karzinom entwickeln. Bis heute

ist nicht verstanden, warum die Erkrankung bei einigen Patienten in dieser Weise fortschreitet.

Induzierte pluripotente Stammzellen (induced pluripotent stem cells (iPSCs)) sind ein wertvolles
Werkzeug, um Krankheiten in vitro nachzustellen und neue Medikamente zu entwickeln oder zu
testen. Um das im ISRM vorhandene Portfolio an NAFLD-Zelllinien zu vervollstandigen, wurden im
Rahmen dieser Arbeit zwei neue iPSC-Linien von Fettleberpatienten mit 30-40 % bzw. 70 % Steatose
generiert. Eine embryonale Stammzelllinie und iPSC-Linien von flinf Spendern wurden zu hepatozyten-
dhnlichen Zellen (hepatocyte-like cells (HLCs)) differenziert. Hierbei zeigte sich, dass die Zelldichte flr
den Differenzierungserfolg essentiell ist. Bei geringer Zelldichte entwickelten sich statt HLCs
sogenannte endodermale Epithelzellen (endoderm derived epithelial cells (EDECs)). Dies konnte durch
Manipulation der Notch-, wingless-related integration site (WNT), hedgehog (Hh), and transforming

growth factor (TGF)B -Signalwege nicht verhindert werden.

Nach Behandlung der HLC mit Olsidure (oleic acid (OA)) konnten die NAFLD-Charakteristika
Fetteinlagerung und erhohte Perilipin 2 Expression in allen Linien reproduziert werden. Die HLCs
wiesen ein NAFLD-assoziiertes Transkriptom und micro-RNA Profil auf, welches vergleichbar mit dem
von Patienten war. Mit Hilfe der HLCs konnte gezeigt werden, dass Stoffwechselknotenpunkte wie das
Peroxisome proliferator-activated receptor (PPAR)o. Netzwerk unter OA-Einfluss differentiell reguliert
sind. Eine Aktivierung von PPARa mittels Fenofibrat reduzierte die Expression von Genen, die an der
Biosynthese von Phospholipiden und Cholesterin beteiligt sind. Des Weiteren wurden HLCs mit
AdipoRon, einem synthetischen Analogon des Adiponektins, welches einen mit positiven Einfluss auf
die B-Oxidation und die Insulinsensitivitat hat, behandelt. Auch hier konnten positive Verdnderungen
des Transkriptoms wie z.B. die Hochregulation des PI3K-AKT-Signalwegs in OA-behandelten Zellen

festgestellt werden.

Aufgrund differentieller Genotypen der Spender und ihrer individuellen Krankheitsauspragung
konnten Unterschiede zwischen den Zelllinien in Bezug auf GroRe und Verteilung der Fetttrépfchen
sowie der Genexpression beobachtet werden. Unabhdngig von der Behandlung konnte ein Steatose-

Phanotyp mit niedriger Expression von Genen des Fettexports, der Fett- und Cholesterinsynthese, der
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Zusammenfassung

Glukoneogenese, der B-Oxidation und des FGF21-Signalwegs in den HLCs aus Steatosepatienten
identifiziert werden. Diese Befunde belegen die Eignung des etablierten iPSC-basierten
Zellkulturmodells zur Untersuchung der Atiologie von NAFLD und zur patientenspezifischen Testung

moglicher therapeutischer Interventionen als Baustein der personalisierten Medizin.
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2 Abstract

Nonalcoholic fatty liver disease (NAFLD) is a prominent condition in our modern world, affecting up to
30 % of the general population and 70 % of obese patients, with increasing incidences. It develops as
a consequence of a high caloric diet and lack of physical exercise, when hepatocytes store excess fat.
While the early stages are benign and reversible, patients can develop nonalcoholic steatohepatitis,
characterized by chronic inflammation, which can progress to fibrosis, cirrhosis, and hepatocellular
carcinoma. The phenotype is rather complex and the causes and mechanisms of disease progression

are not yet understood.

Induced pluripotent stem cells (iPSCs) are a valuable tool for disease modelling as well as drug
development and testing. For this study, two novel iPSC lines from steatosis patients with 30-40 % and
70 % steatosis, respectively, were derived to complement the panel of patient specific iPSC lines
available at ISRM. One embryonic stem cell line and five iPSC lines from different donors were

differentiated into hepatocyte like cells (HLCs).

Our work showed that cellular density is an essential factor for differentiation success. Insufficient
density favoured an endoderm derived epithelial cell (EDEC) fate over HLCs, which could not be
reverted by interfering with Notch, wingless-related integration site (WNT), hedgehog (Hh), and
transforming growth factor (TGF)P signalling pathways, respectively. HLCs stored fat and up-regulated
perilipin 2 expression in response to treatment with high levels of oleic acid (OA), thus reproducing
prominent features of NAFLD. In addition, their transcriptome and micro-RNA profile recapitulated

alterations seen in NAFLD patients.

The in vitro model revealed metabolic hubs, such as the peroxisome proliferator-activated receptor
(PPAR)a signalling network, as being differentially regulated in response to OA treatment. Activation
of PPARa by Fenofibrate resulted in reduced expression of genes involved in biosynthesis of
phospholipids and cholesterol. Treatment with AdipoRon, an analogue of adiponectin, which is known
to improve B-oxidation and insulin sensitivity, confirmed several NAFLD specific positive effects on

transcriptome level such as up-regulation of PI3K-AKT-signalling in OA treated cells.

In accordance with the various genetic backgrounds and disease phenotypes of the donors, differences
between the cell lines regarding gene expression and lipid droplet profile could be observed. Overall,
we identified a steatosis related phenotype, independent of OA treatment, which is characterized by
low expression of genes involved in lipid export, fat and cholesterol synthesis, gluconeogenesis, B-
oxidation and FGF21 signalling in the high steatosis lines. Our observations confirm the suitability of
the iPSC-based in vitro model to study the aetiology of NAFLD and - as part of a personal medicine

approach- to test intervening drugs with respect to the patient-specific genetic background.
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3 Introduction

3.1 Nonalcoholic fatty liver disease (NAFLD)

NAFLD is defined by storage of more than 5 % fat inside of hepatocytes (steatosis) in the absence of
other triggers such as alcohol consume, virus infection, or drug-mediated injury (Tacke et al., 2022).
This disease comprises a spectrum of phenotypes, ranging from simple steatosis over nonalcoholic
steatohepatitis (NASH) to liver fibrosis/cirrhosis and cancer. Initially, the fat storage is benign,
reversible, and even beneficial, because it protects the cells from lipotoxicity and provides energy in
times of fasting (Geltinger et al., 2020). However, 5 — 10 % of the patients develop NASH with
hepatocyte ballooning, formation of Mallory-Denk-bodies and, most critically, also inflammation and
massive function loss. From there on, liver fibrosis, cirrhosis, and hepatocellular carcinoma can
develop, which finally result in the necessity of a liver transplant (Buzzetti et al., 2016)

Fig. 1).
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Fig. 1 Scheme of NAFLD development. NAFLD develops as a consequence of a high caloric diet and sedentary
lifestyle. NAFLD is defined as > 5 % fat storage by hepatocytes. It is a multifactorial disease and additional hits
lead to the development of nonalcoholic steatohepatitis (NASH), cirrhosis and finally hepatocellular carcinoma.
Modified from https://theconversation.com?, and Wruck et al. 2015, published under a creative commons licence
http://creativecommons.org/licenses/by/4.0 and reproduced with friendly permission of the publisher.

cancer

In the United States, NASH is already the second most common cause for liver transplantation after

hepatitis C virus infection (Wong et al., 2015). As early stages of NAFLD do not cause any severe

1 Benoit Arsenault, Université de Québec, Université Laval, and Emelie Gobeil Université Laval
https://theconversation.com/uncovering-the-genetic-causes-of-fatty-liver-disease-a-growing-health-concern-
176641, accessed on 11.09.2023
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symptoms, the disease is likely to be underdiagnosed and current data on patient number are difficult
to obtain (Alexander et al., 2018). A study by Younossi et al. from 2016 estimates that about 52 million
people with NAFLD/non-cirrhotic NASH lived in Germany, France, Italy, and the United Kingdom,
causing an approximate annual cost of about 35 billion € to the health care system (Younossi et al.,
2016a). For Germany, it is predicted that NAFLD cases without NASH rise by 7.2 % from 15.12 million
cases to 16.21 million in 2030. NASH cases are expected to rise within this time period by 43 % from
3.33 million cases to 4.74 million (Estes et al., 2018). Thus, NAFLD and its potential consequences are

not only an individual health problem but also a burden to the economy.

NAFLD develops as a consequence of our high-caloric modern Western diet in combination with a lack
of physical exercise. It affects around 25-30% of the general population and 31.6 % of

obese / overweight children (Younossi et al., 2016b, Cholongitas et al., 2021).

It is not fully understood yet, why only 5-10 % of the patients develops NASH and the majority does
not (Buzzetti et al., 2016). Disease progression is attributed to several “hits” that result in liver damage,
including insulin resistance, diet, hormones/adipokines secreted from the adipose tissue, gut

microbiota and genetic as well as epigenetic factors (Buzzetti et al., 2016).

While NAFLD is tightly connected to type 2 diabetes mellitus and obesity, it can also occur
independently of these conditions, even in lean patients. Up to now it is not known how exactly
diabetes and NAFLD influence each other (Tilg et al., 2017, Stefan and Cusi, 2022). However, NAFLD
patients often suffer from metabolic syndrome and cardiac failure is a main cause of death in these
patients (Mantovani et al., 2022). In addition, they have a higher incidence of extrahepatic cancers,
coeliac disease, osteoporosis, and bone fractures (Loosen et al., 2022, Roderburg et al., 20223,

Roderburg et al., 2022b).

The tight connection of NAFLD to the metabolic syndrome is the basis for recent approaches to re-
label the disease into metabolic fatty liver disease (MAFLD) instead of NAFLD. This has been intensively
discussed, because changes of the disease definition result in changes of the diagnostic criteria (Eslam
et al., 2020, Mendez-Sanchez et al., 2021). MAFLD includes steatosis patients with relevant metabolic
risk factors regardless of other causes such as high alcohol consumption or hepatitis C infection. In
contrast, NAFLD excludes the latter patients but includes lean patients without metabolic risk factors
(Kaya et al., 2022). This discordance is partly reflected in an overall reduced mortality rate in NAFLD

patients compared to MAFLD patients (Huang et al., 2021, Kaya et al., 2022).

After intense debate and the evaluation of four online surveys, which assessed the opinions of 236
panellists from 56 countries, the three large pan-national liver associations (American Association for

Study of Liver Disease, European Association for Study of the Liver and La Asociacién Latinoamericana
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para el Estudio del Higado) agreed in June 2023 on replacing the term NAFLD with MASLD (short for
metabolic dysfunction-associated steatotic liver disease) which evokes less negative associations. The
term “steatotic liver disease” (SLD) will now be employed as an umbrella term for all liver diseases with
steatosis phenotype regardless of their origin and steatohepatitis will be retained for the severe forms

of the disease (Rinella et al., 2023).

While NAFLD is a multifactorial disease mainly related to an imbalance in calorie intake and
expenditure, a few genetic polymorphisms have been described, which predispose patients for
developing the disease. These are mainly patatin-like phospholipase domain containing protein
(PNPLA) 3 rs738409 (1148M) (Romeo et al., 2008) and transmembrane 6 superfamily member 2
(TM6SF2) rs58542926 (E167K) (Kozlitina et al., 2014). Interestingly, the PNPLA3 M/M variant is most
common in Hispanics (frequency 0.49), the ethnic group with the highest susceptibility for NAFLD and
much less in European Americans (0.23) and African Americans (0.17) (Romeo et al., 2008). While the
PNPLA3 mutation increases both, steatosis and fibrosis, the TM6SF2 variant seems to predominantly
increase hepatic fat accumulation (Krawczyk et al., 2017).

Due to metabolic differences in rodents and humans, it has been difficult to study the molecular
mechanisms of NAFLD/NASH and there exists no United States Food and Drug Administration (FDA) or
European Medical Agency (EMA) approved therapy (Sumida et al., 2019, Harrison et al., 2023). Several
drugs which are successful for the treatment of diabetes or elevated blood fats failed to reduce

NAFLD/NASH (Boeckmans et al., 2019, Francque and Vonghia, 2019).

Currently, there are four different anti NASH drugs in phase 3 clinical trials: Obeticholic acid (Intercept
Pharmaceutical), Resmetirom (Madrigal Pharmaceuticals Inc), Lanifibranor (Inventiva), and
Semaglutide (Novo Nordisk) (Harrison et al., 2023). Of these, the oral pan-peroxisome proliferator-
activated receptor (PPAR) agonist Lanifibranor and the glucose-like peptide (GLP)-1 receptor agonist
Semaglutide are the most promising ones. Lanifibranor is the only drug in phase 3 trials that could
reduce both fibrosis and NASH and might therefore be the first EMA approved anti NASH drug.
Semaglutide is already approved for the treatment of type 2 diabetes and obesity and was successful

in reducing NASH without worsening fibrosis (Harrison et al., 2023).

3.2 Induced pluripotent stem cells as a tool for disease modelling

To understand the molecular mechanisms underlying human diseases, cell culture models as well as
animal studies are essential. Cell lines based on tumour cells are often applied. They have the
advantage of unlimited proliferation and the disadvantage of chromosomal, metabolic, and epigenetic

aberrations (Geraghty et al., 2014, Franzen et al., 2021). A better alternative, regarding metabolism
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and physiology, are primary cells. Naturally, they are only available in limited numbers, rarely from
healthy donors and always associated with ethical issues. In addition, they are only usable for short-
term experiments. This is especially true for human primary hepatocytes (PHH), which dedifferentiate

almost immediately in conventional monolayer cell culture (Godoy et al., 2013).

When animals are used to study human diseases, their differential metabolism, immune system, and
gene function compared to humans is often problematic. This explains, why animal models fail
frequently in predicting drug toxicities and why so many clinical trials must be aborted due to serious
side effects and many drugs have to be withdrawn from the marked (Kaplowitz, 2005, Sun et al., 2022).

In 2021 drug attrition rate even reached 95% (Loewa et al., 2023).

Since the discovery of induced pluripotent stem cells (iPSCs) by Shinya Yamanaka in 2006/7 (Takahashi
and Yamanaka, 2006, Takahashi et al., 2007) novel, more complex cell culture models, which better
resemble the human system, have been developed. iPSCs can be obtained from every cell of the human
body, by overexpressing a cocktail of pluripotency associated genes, namely octamer-binding
transcription factor (OCT) 3/4, sex determining region Y-box (SOX) 2, krippel-like factor (KLF) 4, c-MYC,
or OCT4, SOX2, NANOG and LIN28 (Takahashi and Yamanaka, 2006, Takahashi et al., 2007, Yu et al.,
2007). After a period of 2-4 weeks, the transcriptome and epigenome of the reprogrammed cells is
profoundly remodelled, and they re-express their endogenous pluripotency factors. While initially
fibroblasts have been predominantly reprogrammed, nowadays almost all cell types have been used
as a source (Ray et al., 2021). Especially urine derived cells are interesting as a starting material,

because of their inherent stem cell character and their non-invasive accessibility (Bento et al., 2020).

iPSCs can be differentiated into almost all cell types, and differentiation protocols are constantly
improved to increase maturity and functionality of the resulting cells. However, up to now the cells
differentiated from iPSC resemble more foetal than adult cells and still substantial work is necessary
to obtain fully functional cells (Baxter et al., 2015, Camp et al., 2017, Wu et al., 2018). While initially
the goal was to get pure populations of each isolated cell type, it became apparent that mixed cultures,
containing different cell types from one tissue, reach higher levels of maturity. They are more suitable
to model complex diseases, which depend on cell-cell interactions (Takebe et al., 2017, Takahashi et
al., 2018, Saglam-Metiner et al., 2023). Nowadays, this is frequently combined by transferring the cells
into 3D systems, where optimized cell-cell contacts, matrix conditions, and perfusion with medium

give ideal support (Lancaster and Huch, 2019).
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3.3 Liver function and anatomy as a basis for modelling the organ

The liver is a complex organ, which is essential for keeping up the bodies’ metabolic equilibrium, for
detoxifying xenobiotics, and for the synthesis of plasma proteins and bile acids (Schulze et al., 2019).
Micro-anatomically, it consists of distinct functional subunits, the so-called liver lobules (Si-Tayeb et

al., 2010, Godoy et al., 2013) (Fig. 2).

@ rortal vein
@ Hepaticartery Portal triad
@ sBileduct

Central vein

= Stellate cells
Kupffer cells

Zone

ooeoooaooeooooe
O

B-Oxidation

Gluconeogenesis Lipogenesis

Glycogen Storage TAG storage
Glycolysis

Urea synthesis

Phase Il Metabolism

] CYP expression
ALB expression

GLS2 expression )
GLUL expression

Fig. 2: Micro-anatomy, zonation and function of the liver lobules. Idealized scheme of hepatic lobules, to
facilitate an understanding of the liver architecture which can only be found in this way in pig liver (upper
image). Each lobule begins at a branch of the hepatic artery, portal vein, and bile duct. This ensemble is known
as portal triad. Blood flows from here to the central vein, while bile flows into the opposite direction.
Hepatocytes constitute about 80% of the liver mass. Cholangiocytes line the bile ducts and sinusoidal
endothelial cells the blood vessels. Kupffer cells - liver specific macrophages- are located in the blood vessels.
Stellate cells reside in the Space of Disse, a gap between hepatocytes and blood vessels. Hepatocytes in zone 1,
close to the portal triad (periportal hepatocytes), get into contact with oxygen rich blood (red) and have distinct
functions and gene expression compared to pericentral hepatocytes in zone 3 close to the central vein, which
receive blood with reduced oxygen (blue). Mid-lobular cells reside in zone 2 in the middle of the gradient. (ALB
= Albumin, CYP = Cytochrome P450, GLS2 = Glutaminase, GLUL = Glutamate-Ammonia Ligase, TAG =
Triacylglyceride, WNT = Wingless-related integration site). Figure credits: Own creation.
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Each lobule is arranged around the central vein, which transports blood from the liver back to the
heart. A branch of the hepatic artery and the hepatic vein as well as a bile duct form the so-called
portal triad. While the hepatic artery supplies the liver with oxygen rich blood, the portal vein delivers
blood rich of nutrients directly from the gut. The blood flows through small intrahepatic capillaries
lined with fenestrated sinusoidal epithelial cells towards the central vein. It passes the hepatocytes

that line the blood vessels on its way (Si-Tayeb et al., 2010, Godoy et al., 2013).

Hepatocytes are epithelial cells that show cell polarity. The basolateral membrane faces the Space of
Disse, a small space between sinusoids and hepatocytes, where hepatic stellate cells reside as pericytes
(Haussinger and Kordes, 2019). Hepatocytes take up nutrients and oxygen from the sinusoidal blood
via their basolateral cell membrane which is equipped with microvilli. Shear stress from the blood flow
is important for hepatocyte maturation and function (Rashidi et al., 2016). The apical surfaces provide
contact between hepatocytes, which form bile canaliculi. Bile, that is produced by hepatocytes, flows
through the bile canaliculi towards the cholangiocyte-lined bile duct and from there to the gall bladder
and finally reaches the gut (Schulze et al., 2019). Bile canaliculi at the apical surface of the hepatocytes

are separated by tight junctions from the basolateral membrane.

Hepatocytes are the main functional cells of the liver, which comprise about 80 % of the cell mass
(Schulze et al., 2019). Depending on their position along a gradient of oxygen, nutrients, hormones,
and wingless-related integration site (WNT) signalling between the portal triad and the central vein
(Fig. 2), they fulfil distinct functions. Hepatocytes in zone 1, close to the portal triad, are receiving
oxygen and nutrient rich blood and perform metabolic functions such as B-oxidation of fatty acids or
ureagenesis. Hepatocytes in zone 3, close to the central vein, are predominantly involved in detoxifying
reactions and have high levels of cytochrome P450 (CYP) activity (Cunningham and Porat-Shliom,

2021).

CYP enzymes are responsible for phase | xenobiotic metabolism. They oxidise xenobiotics and prepare
them for further modification by phase Il enzymes or direct excretion (Esteves et al., 2021). This
process mainly detoxifies foreign molecules, but it can also activate therapeutic or toxic effects of
otherwise inert molecules such as the mycotoxin aflatoxin B1, one of the most potent hepatotoxins
(Gallagher et al., 1996). As a consequence of the high CYP activity, zone 3 hepatocytes are the first
ones affected in toxin-induced liver damage (Cunningham and Porat-Shliom, 2021). CYP mediated drug
metabolism is of major interest for the pharma industry, as CYPs are capable to inactivate or activate
pharmacologically relevant molecules. This has a major impact on their plasma concentration and thus
on the efficiency of the drug (Ingelman-Sundberg et al., 2007). Phase | metabolism is followed by phase

Il metabolism where a plethora of enzymes is responsible for conjugating xenobiotics with small
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residues such as glucuronic acid that increase their water solubility and finally prepares them for

excretion via the urine or the bile (Watjen and Fritsche, 2010).

Although the liver has a very high regenerative potential, hepatocytes cannot be functionally
maintained in vitro. They de-differentiate within the first 24 hours and lose their important de-toxifying
functions (Godoy et al., 2013) Therefore, they are of limited suitability to study long-term drug effects

in vitro (Godoy et al., 2016).

3.4 Invitro differentiation of hepatocyte like cells for disease modelling

IPSC-derived hepatocyte-like cells (HLCs) have emerged as a promising tool for the effective study of
human hepatic diseases (Rashid et al., 2010, Jozefczuk et al., 2011, Choi et al., 2013, Eggenschwiler et
al., 2013, Graffmann et al., 2016, Matz et al., 2017, Niemietz et al., 2018, Graffmann et al., 2021, Sinton
et al., 2021) .

Interestingly, there exists no generally valid protocol as a gold-standard for the in vitro differentiation
of HLCs. On the contrary, a plethora of different protocols are being used (Fig. 3). They are mostly
based on four major underlying patterns but vary substantially in the individual steps (Graffmann et

al., 2022).

In general, the protocols aim to reproduce the in vivo development. They subdivide the whole process
into either three or four steps. In three step protocols, the cells are first pushed into definitive
endoderm (DE), followed by hepatic endoderm (HE) and finally HLCs (Cameron et al., 2015), while in
four step protocols DE cells are guided into foregut/anterior definitive endoderm before moving on to

HE and finally HLC (Hannan et al., 2013b).
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DE (3-5 days) HE (3-7 days) Hepatoblast (3-7 days) -> HLC (>5 days)
RPMI + B27 KO-DMEM+ KO-SR L15 or Hepatozyme
ActA 1% DMSO HGF or Dihexa
A WNT3A or Chir OsM

Dexa or Hydrocortison
Insulin

RPMI + B27 +BSA/KOSR Hepatocyte culture medium Hepatocyte culture medium
ActA FGF2 HGF OosM
B WNT3A or (Ly) BMP4 (KGF or SB or OSM) Dex
NaBu (sB) (HGF)
4-5% 0, 4-5% 0,
DMEM F12 or RPMI + B27 DMEM F12 + KO-SR DMEM F12 + KO-SR
ActA 1% DMSO Dex
C WNT3A HGF

FGF2
KOSR gradient

CDM-PVA RPMI + B27 RPMI + B27 CDM or hepatozyme or Hepatocyte Basal Medium
Act A ActA Act A ActA or FGF10, RA, SB FGF10 HGF
D FGF2 LY294002 FGF2 BMP4 (OSM, FGF4, EGF)
BMP4
FGF2
Chir

Fig. 3: Basic elements of the four most common hepatocyte-like cell (HLC) differentiation protocols. A plethora
of HLC differentiation protocols have been developed during the recent years. Most of them are based on one
of four distinct core protocols A-D with variation in cytokine and small molecule combination, concentration, and
treatment duration. The work presented herein was performed in 2D using a variation of the 3-step protocol
presented in A with L15 medium, HGF and Dexametahsone (Dexa) in the last step.

ActA = Activin A; BMP = Bone morphogenic protein; CDM-PVA = Chemically defined medium with polyvinyl
alcohol; CHIR = CHIR99061; Dexa = Dexamethasone; EGF = Epidermal growth factor; FGF = Fibroblast growth
factor; HGF = Hepatocyte growth factor; KGF = Keratinocyte growth factor; KOSR = knock out serum replacement;
Ly = Ly294002; NaBu = Sodiumbutyrate; OSM = Oncostatin M; RA = Retinoic Acid; SB = SB431542; WNT =
Wingless-related integration site. Figure taken from Graffmann et al 2022 published under the CC BY-NC-ND
license (http://creativecommons.org/licenses/bync-nd/4.0/) and reproduced with friendly permission of the
publisher.

Distinct cocktails of cytokines and small molecules are used to induce the differentiation steps
(Graffmann et al.,, 2022). While Activin A (ActA) is essential for the induction of DE, it can be
supplemented with either WNT 3A or fibroblast growth factor (FGF) 2 and bone morphogenic protein
(BMP) 4 activation in combination with phosphoinositide 3-kinase (PI3K) inhibition. For HE induction,
there exist two main strategies. It can be either achieved by exposing the cells to 1 % DMSO or by a
combination of FGFs and BMPs. Cells in the HE stage resemble the biopotent hepatoblast stage in vivo
and are capable to differentiate into either HLCs or cholangiocyte like cells (CLCs) (Fougere-
Deschatrette et al., 2006, Si-Tayeb et al., 2010, Miyajima et al., 2014). For the final HLC step, three
distinct media are frequently employed: Leibovitz (L)15 medium (Thermo Fisher Scientific),
HepatoZYME-SFM (Thermo Fisher Scientific), or hepatocyte basal medium (Lonza). They are commonly
supplemented with 10-100 ng/ml hepatic growth factor (HGF), 10 - 20 ng/ml oncostatin M (OSM),
1 ug/ml insulin, 0.1 uM dexamethasone (Dexa) or 10 uM hydrocortison alone or in various
combinations. While HGF seems to be essential at this step, the effect of OSM is still under debate. It

has been shown that OSM stimulates hepatic differentiation and function in primary hepatocytes as
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well as in HLCs (Kamiya et al., 2001, Levy et al., 2015, Chen et al., 2018, Danoy et al., 2020) while there
is also evidence that it promotes de-differentiation of HLCs as well as growth of endothelial cells

(Demyanets et al., 2011, Chen et al., 2018).

Besides the medium, the coating which mimics the extracellular matrix, is important for HLC
maturation. While initially cells have been grown on Matrigel, more recently also different laminins
have been used which resulted in considerable increase of CYP activity (Takayama et al., 2013b,

Cameron et al., 2015, Ong et al., 2018).

Another approach for increasing HLC activity is to culture them in a 3D environment which also mimics
the natural situation more accurately. It is possible to build pure HLC-organoids, however, organoids
that comprise several hepatic cell types have proven to be more useful in terms of HLC function and

disease recapitulation (Takebe et al., 2013, Sgodda et al., 2017, Rashidi et al., 2018, Ouchi et al., 2019).

Besides disease modelling, HLCs can be useful for drug testing (Takayama et al., 2013a, Takayama et
al., 2014, Wilson et al., 2015, Bircsak et al., 2021). Their low level of CYP activity still prevents them
from being used systematically in pharmacology but with increasing maturity conveyed by novel
protocols, these cells might soon become essential parts of the drug- and toxin-testing pipelines. Until
then, they can at least be used to test drug efficiency for treatment of selected diseases (Choi et al.,

2013, Lichtmannegger et al., 2016, Pastore et al., 2017).

3.5 Understanding Lipid droplet formation and lipid metabolism

Hepatocytes store fat in the form of lipid droplets (LDs). In these entities, cholesterol and
triacylglycerides (TAGs) are tightly clustered inside a shell of proteins which mainly belong to the family
of perilipins (PLIN). LDs grow according to the availability of TAGs up to a diameter of 5 uM in steatotic
human hepatocytes (Schott et al., 2019, Brekk et al., 2020). LDs can take up a considerable space of
the cells and thus impair their normal function. On the other hand, they protect the cells against
lipotoxicity from free fatty acids (FFAs) and are a reservoir of high-energy containing TAGs which
provide energy in starving periods (Geltinger et al., 2020). Their outer protein shell changes with their
size from initially predominantly PLIN3 to PLIN1 in very big LDs (Pawella et al., 2014). One factor, which
is present throughout the growth cycle of LDs, is PLIN2, an important gatekeeper for LDs, protecting
them from lipases (Magne et al., 2013, Kaushik and Cuervo, 2015, Kaushik and Cuervo, 2016). PLIN2
knockout in mice prevented NAFLD and obesity and significantly improved their health status during a

high fat diet (McManaman et al., 2013, Carr et al., 2014).

TAG degradation mainly follows two distinct pathways: lipolysis or lipophagy (Fig. 4). During enzymatic

lipolysis, Adipose triglyceride lipase (ATGL, also known as PNPLA2) binds to its co-factor comparative
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gene identification-58 (CGI-58) and docks onto the surface of an LD (Lass et al., 2006, Smirnova et al.,
2006). It releases diacylglycerides (DAGs) plus FFAs which then get degraded in more steps until finally
the FAs enter B-oxidation. ATGL shares its co-factor CGI-58 with the closely related PNPLA3 enzyme.
The 1148M single nucleotide polymorphism (SNP) in PNPLA3 is the largest genetic driver known to
increase the risk of developing NAFLD. It has been shown in mice and in a human hepatic cell line, that
PNPLA3 1148M binds CGI-58 more tightly than the wt version, depriving ATGL of its co-factor and thus
impairing lipolysis (Wang et al., 2019).

The other way for LD degradation is a special form of autophagy, called lipophagy (Singh et al., 2009).
In this case, the TAGs of the LD get digested inside lysosomes which are equipped with the enzyme
Lipase A (LAL/LIPA) (Schott et al., 2019). It has long been believed that both pathways act separately
from each other, but recent studies indicate that LDs are initially degraded by lipolysis until their size
is reduced to a format that is suitable for lipophagy (Schott et al., 2019). Usually, autophagy levels are
high during starvation and low in the fed stage. However, cells can up-regulate lipophagy as a response
to acute challenges with lipids and thus prevent excessive lipid storage. If lipid overload becomes
chronic, as a result of a high-caloric diet, turnover via lipophagy is reduced (Singh and Cuervo, 2011).
In addition, PNPLA3 1148M also seem to impair lipophagy by reducing the interaction of LDs with the

autophagosome (Negoita et al., 2019).

The proteins of the perilipin family play a major role for coordinating lipolysis and lipophagy. PLIN3,
which predominantly covers smaller LDs, promotes lipophagy (Garcia-Macia et al., 2021) while PLIN2
prevents lipolysis and lipophagy (Listenberger et al., 2007, Tsai et al., 2017). PLIN2 and 3 levels on the
LDs are regulated via chaperone mediated autophagy (CMA). Defects in the CMA system result in

reduced levels of lipolysis and lipophagy (Kaushik and Cuervo, 2015, Garcia-Macia et al., 2021).

Recently, the PLIN2 polymorphism S251P has been described. In this protein variant, an a-helix is
disrupted and it is associated with lower rates of lipolysis, higher intracellular LD content, smaller LDs

and reduced plasma TG levels (Magne et al., 2013, Sentinelli et al., 2016, Faulkner et al., 2020).
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Fig. 4: Scheme of LD metabolism. Fatty acids (FA) get sequestered and stored as triacylglycerides (TAG) in lipid
droplets (LDs). LDs are covered by various proteins such as Perilipin (PLIN) 2 and 3. PLIN2 prevents access of the
lipase ATGL (also called PNPLA2) to the LD and thus impairs LD degradation. When ATGL can access the LD, it
pairs with its co-factor CGI-58 and catalyses the hydrolyzation of TAG into diacylglyceride (DAG) and FA. These
products get further metabolized until they are finally used in -oxidation. ATGL-activity is dependent on the
availability of the co-factor CGI-58 which also interacts with PNPLA3. This interaction is particularly strong for the
mutant isoform 1148 M, which results in reduced ATGL activity.

Smaller LDs can be degraded by lipophagy and Lipase A (LIPA), which is promoted by the presence of PLIN3 on
the LD surface. Chaperone-Mediated Autophagy (CMA) regulates levels of PLIN2 and 3 on the LD surface and
thus influences activity levels of lipolysis and lipophagy.

Lipid catabolism is increased during fasting. Metabolic signs of energy depletion such as high NAD* levels or a
high AMP/ATP ratio activate SIRT1 and AMPK, respectively. They both activate PGC-1a, which increases
Peroxisome proliferator-activated receptors (PPAR)a activity. The latter enhances B-oxidation, lipophagy, and
FGF21 signalling and is in a feed-forward-loop activated by FAs and by FGF21 induced PGC-1a. While these
adaptations are rather slow, SIRT1 can also be activated directly by ATGL, thus initiating the feedback loop in a
faster way. (AMP = adenosine monophosphate, AMPK = AMP-activated protein kinase, ATGL = Adipose
triglyceride lipase, ATP = adenosine phosphate, CGI-58 = Comparative gene identification-58, CMA = Chaperone-
Mediated Autophagy, DAG = Diacylglyceride FA = Fatty Acids, FGF = Fibroblast growth factor, LD = Lipid droplet,
LIPA = Lipase A, PGC-1a = PPARy co-activator 1 a, PLIN = Perilipin, PNPLA = Patatin-like phospholipase domain
containing protein, SIRT = Sirtuin). Figure credits: own creation.
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3.6 Regulation of lipid metabolism

3.6.1. Peroxisome proliferator-activated receptors (PPAR) family

Metabolic regulation is a highly complex process and not yet fully understood. Peroxisome
proliferator-activated receptors (PPARs) are nuclear receptors that control metabolic processes in the
body. There exist three family members, PPARa, y, and B/6 with distinct tissue distribution and
function (Moreno et al., 2010). PPARa is mainly expressed in cells with high oxidative capacity such as
hepatocytes, cardiomyocytes, renal tubular cells, and brown adipocytes. The PPARy splice-variant 1
can be found ubiquitously, while variant 2 is present in adipocytes and 3 in adipocytes, macrophages,
and colon. While PPARy2 expression is low in healthy liver, it increases during steatosis (Pettinelli and

Videla, 2011). PPAR B/6 is ubiquitously present.

All three family members are bound to co-repressors and get activated by specific ligands. In the
activated state, they form heterodimers with retinoid X receptor (RXR), enter the nucleus and act as

transcription factors (Moreno et al., 2010).

Hepatic PPARa gets activated by FFAs which are released from adipose tissue or hepatic LDs during
fasting (Tanaka et al., 2017). In the activated state, it pairs with the co-activators PPARy co-activator 1
o (PGC-1a) (Vega et al., 2000) and RXR (Kliewer et al., 1992) and thereby induces transcription of genes
important for [B-oxidation, gluconeogenesis, and ketogenesis. It also activates hepatic FGF21
production (Badman et al., 2007, Goto et al., 2017). FGF21 is a hormone-like factor that modulates
lipid and glucose metabolism in mice (Fisher et al., 2011) and has already been used in human clinical

trials against type 2 diabetes (Gaich et al., 2013).

While FFAs directly activate PPARa, deacetylation of the co-factor PGC-1a also increases PPARa
mediated effects. In addition, PGC-1a also pairs with other PPAR family members, as well as hormone
receptors and non-nuclear receptor transcription factors to increase mitochondrial biogenesis,

respiration rates and uptake/utilization of substrates for energy production (Canto and Auwerx, 2009).

PGC-1ais regulated on the transcriptional level and its activity is controlled by several posttranslational
modifications (Fernandez-Marcos and Auwerx, 2011). During fasting, its transcription is up-regulated
via glucagon and cyclic adenosine monophosphate (cAMP) signalling (Cao et al., 2005). On the
posttranslational level, PGC-1a gets activated by AMP-activated protein kinase (AMPK)-mediated
phosphorylation or by deacetylation via sirtuin (SIRT) 1 and repressed by insulin-mediated AKT
signalling (Moreno et al., 2010). AMPK and SIRT1 are both metabolic master regulators, which get
activated in energy depleted stages. Activity of the serine/threonine kinase AMPK is regulated by the

cellular AMP/ATP ratio, which is low in the fed state and high during fasting (Gonzalez et al., 2020).
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SIRT1 is a member of the highly conserved family of sirtuins and regulates, amongst others, energy
homeostasis, longevity, and DNA damage (Lagouge et al., 2006, Yuan et al., 2007). Like all SIRT family
members, SIRT1 activity is dependent on NAD* and thus has been regarded as an energy sensor, being
mainly active in energy depleted conditions, characterized by high NAD* levels (Canto and Auwerx,

2009).

However, activation of SIRT1 by changes in NAD* levels is quite slow and very fast SIRT1 activations,
which occur for example as a response to B-adrenergic signalling, cannot be explained by this effect.
Instead, B-adrenergic signalling, mediated by c-AMP and protein kinase A (PKA) has recently been
identified as an independent regulatory pathway (Khan et al., 2015, Sathyanarayan et al., 2017). PKA-
mediated SIRT1 phosphorylation at Ser434, which is part of the active centrum, stimulates SIRT1

activity and increases deacetylation and thus activity of PGC-1a (Gerhart-Hines et al., 2011).

3.6.2 Adipokines

Hepatic lipid storage is not only regulated independently on the cellular level, but it is influenced by
metabolic processes in other organs, especially white adipose tissue (WAT). Adipocytes are not an inert
reservoir for storing excess lipids in case of obesity, but they also produce a variety of signalling
molecules, so called adipokines. One important factor of this family is Adiponectin, which is down-
regulated in obesity (Kadowaki and Yamauchi, 2005, Vuppalanchi et al., 2005, Wruck et al., 2015).
Adiponectin is associated with a variety of positive effects on hepatocytes such as increased B-
oxidation, insulin sensitivity, and autophagy, as well as reduced gluconeogenesis, lipogenesis,
inflammation, and fat storage. In 2013, a small molecule analogon called AdipoRon has been
synthesized (Okada-lwabu et al., 2013). Similar to Adiponectin, AdipoRon improves insulin sensitivity
and reduces fasting blood glucose levels in high fat diet-induced obese mice. It could also reduce liver
TAG levels in wild-type mice on a high fat diet and prolonged the lifespan of db/db mice (Okada-lwabu
et al., 2013), which are homozygous for a leptin receptor mutation associated with hyperglycemia and

obesity.

3.7 The role of microRNAs in NAFLD

miRNAs are short, noncoding RNAs consisting of 20-22 nucleotides. They are synthesized by RNA
polymerase Il and subsequently activated by several processing steps until they reach their mature
form. MiRNAs regulate their target mRNAs, which have a complementary nucleotide sequence within

their 3’UTR, by binding and marking them for degradation or by repressing translation (Bartel, 2004).
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Target recognition depends on the seed-sequence, a 6 nucleotides long sequence at the 5‘-end of the
miRNA (Bartel, 2009). MiRNA mediated regulation of gene expression is a complex process, as every
miRNA can target and regulate several mRNAs and a specific mMRNA can be regulated by several miRNAs
(Ambros, 2004, Doench and Sharp, 2004). Interestingly, miRNAs do not only act in the cells where they
have been synthesized but can also be exported to act in other cell types and are thus accessible as
potential biomarkers for diseases such as NAFLD (Cermelli et al., 2011, Pirola et al., 2014, Thomou et

al., 2017).

Serum levels of miRNAs such as miRNA-34a, miRNA-122, miRNA-192, and miRNA-375 have been
associated with NAFLD and/or disease progression to NASH (Pirola et al., 2014, Liu et al., 2018, Lopez-
Pastor et al., 2020). Counterintuitively, hepatic levels of these miRNAs do not correspond to those
measured in serum and can even be inversely correlated, which might be a characteristic phenomenon

for hepatic diseases (Pirola et al., 2014, Liu et al., 2018).

Especially miRNA-122 has been extensively analysed, as it is the most prevalent miRNA in the liver and
is increased in serum of NASH patients but not early stage NAFLD patients (Pirola et al., 2014, Liu et
al., 2018). In mice, inhibition of hepatic miRNA-122 reduced the hepatic expression of genes involved
in lipogenesis, fatty acid oxidation, bile acid metabolism, lipid transport, and transcriptional regulation

of lipid homeostasis (Esau et al., 2006, Tsai et al., 2012)

4 Aim of this study

The aim of this work was to establish iPSC derived HLCs to study NAFLD. The first part of this project
comprised the generation of two novel iPSC lines from obese NAFLD patients to complement the panel
of available patient derived and healthy cell lines at the ISRM (Graffmann et al., 2018a, Graffmann et
al., 2018b). The second part consisted in the improvement of the HLC differentiation protocol to
increase cellular maturity and mimic the in vivo situation as good as possible. Also, increasing
robustness and reproducibility of the hepatic differentiation protocol was necessary, which could be
partly obtained by reducing the presence of non-HLC cell types in the final culture (Graffmann et al.,,

2018c).

In the third part, two studies were performed to (i) reveal genome wide expression changes during
early steps of NAFLD development depending on the respective genotypes of iPSC donors and to (ii)
establish the cell culture model as a means to test putative anti-NAFLD drugs in the future (Graffmann

et al., 2016, Graffmann et al., 2021).
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5 Summaries of own research articles

5.1 Establishment and characterization of an iPSC line from a 35 years old high grade
patient with nonalcoholic fatty liver disease (30 — 40 % steatosis) with homozygous
wildtype PNPLA3 genotype

Graffmann, N., Bohndorf, M., Ncube, A., Kawala, M.-A., Wruck, W., Kashofer, K., Zatloukal, K.,
and Adjaye, J.

Stem cell research (2018) 31, 113-116

and

5.2 Establishment and characterization of an iPSC line from a 58 years old high grade
patient with nonalcoholic fatty liver disease (70 % steatosis) with homozygous
wildtype PNPLA3 genotype.

Graffmann, N., Bohndorf, M., Ncube, A., Wruck, W., Kashofer, K., Zatloukal, K., and Adjaye, J.
Stem cell research (2018) 31, 131-134.

In order to model diseases with iPSCs, it is important to have several cell lines from patients and healthy
controls available in the laboratory. Especially a disease like NAFLD, which is of multifactorial origin,
needs several cell lines to cover a variety of distinct genotypes. Therefore, the novel iPSC lines $18 (5.1)
and S11 (5.2) have been generated to complement the ISRM-pool of available iPSCs for disease

modelling (Table 1).

Table 1: iPSC lines from steatosis patients and controls established in the ISRM. Table modified from Graffmann
et al. 2021, published wunder the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0) and reproduced with friendly permission of the publisher. Cell
lines CO2, S08, S11, and S12 were used in that same publication. PNPLA3 genotype |/| homozygote wildtype, I/M
heterozygous, N.A. = not applicable.

ID gender | age | BMI | steatosis grade PNPLA3 diabetes reference
genotype type 2

B4 m 0 N.A. | none I/l none (Wang and Adjaye, 2011)

AF f 0 N.A. | none unknown none (Drews et al., 2015)

co2 | f 19 |21 non-obese I/M unknown (Kawala et al., 2016a)

S08 m 61 | 46 obese, high 1/l No (Kawala et al., 2016b)
steatosis

S11 f 58 | 45 obese, high 1/l No (Graffmann et al.,
steatosis 2018b)

S12 f 50 |35 obese, low 1/1 No (Kawala et al., 2016c)
steatosis

S18 f 35 |41 obese, high 1/1 No (Graffmann et al., 2018a)
steatosis

To generate the iPSCs, fibroblasts from high steatosis patients, that were obtained in a collaboration
project with Prof. Zatloukal from the University of Graz, were expanded and transfected with a cocktail

of episomal plasmids coding for OCT4, SOX2, NANOG, LIN28, c-MYC, and KLF4.
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Fig. 5: Characterization of the iPSC line S18. (A) S18 cells are homozygous for the PNPLA3 wildtype C/C
(corresponding to I/l on protein level) genotype. (B) Morphology of the iPSC colonies. (C) Flow cytometric analysis
revealed 98.75 % OCT4 positive cells. (D, E) Immunocytochemistry for the pluripotency associated transcription
factors OCT4, NANOG, and SOX2 (D) and the surface markers TRA1-60, TRA1-81, and SSEA4 (E) was positive. (F)
Fully reprogrammed cells expressed the endogenous OCT4 while the transgene (exogenous OCT4) was not
detectable by PCR. (G) The potential to differentiate into all three germ layers was shown by
immunofluorescence for the ectoderm markers NESTIN and PAX6, the mesoderm marker smooth muscle actin
(SMA), and the endoderm marker AFP. (1) Cells clustered together with the embryonic stem cell (ESC) line H1 and
away from the original fibroblasts. (J) Similarity between S18 cells and H1 ESCs on transcriptome level was 0.94.
Figure reproduced from Graffmann et al. 2018 under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/) and with friendly permission of the publisher.
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Formation of iPSCs was enforced by inhibiting TGFB-, MEK-, and ROCK-signalling as well as by activating
canonical WNT-signalling with Chir99021.

As soon as colonies were visible, they were picked and transferred to Matrigel coated plates for further
expansion. The resulting iPSC lines were fully characterized to confirm their pluripotency (Fig. 5,
showing representative results for the cell line S18). Expression of the pluripotency associated
transcription factors OCT4, SOX2, and NANOG was confirmed by immunofluorescence (Fig. 5D) and in
case of OCT4 also flow cytometry (Fig. 5C) after the cells had lost the reprogramming plasmids (Fig.
5F). Likewise, expression of surface markers stage-specific embryonic antigen-4 (SSEA4), TRA-1-60, and
TRA1-81 was confirmed by immunofluorescence (Fig. 5E). The cells were capable of spontaneous
differentiation into all three germ layers via formation of embryoid bodies (EBs). The presence of
differentiated cells was demonstrated by staining for Nestin/paired box (PAX) 6 (ectoderm), a-smooth-
muscle-actin (mesoderm) and SRY-Box (SOX)17/AFP (endoderm) (Fig. 5G). The cells had no
chromosomal aberrations (Fig. 5H) and their transcriptomes correlated to that of pluripotent cells with
an R? of >0.94 (Fig. 51, J). In addition, we could confirm that they were indeed generated from the
parental fibroblast cells by small tandem repeat analysis. Thus they matched all criteria for newly

generated iPSCs (Tigges et al., 2021) and could be used for further experiments.

In addition to the minimum of characterization necessary for newly generated iPSCs, we also
determined the PNPLA3 genotype of these cells (Fig. 5A). PNPLA3 is one of the very few factors, where
a genetic polymorphism has been linked to a predisposition of developing NAFLD. As expected from
the low frequency of the mutant PNPLA3 M/M allele (European Americans (0.23) and African
Americans (0.17) (Romeo et al., 2008)), S11 and S18 have the wildtype form of PNPLA3.
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5.3 Modeling Nonalcoholic Fatty Liver Disease with Human Pluripotent Stem Cell-
Derived Immature Hepatocyte-Like Cells Reveals Activation of PLIN2 and Confirms
Regulatory Functions of Peroxisome Proliferator-Activated Receptor Alpha.

Graffmann, N., Ring, S., Kawala, M.A., Wruck, W., Ncube, A., Trompeter, H.l., and Adjaye, J.
Stem cells and development (2016), 25, 1119-1133.

(Some of the published and herein discussed data are part of the Master Thesis of Sarah Ring and
Marie-Ann Kawala, and the PhD thesis of Dr. Wasco Wruck)

In this study, a cell culture model to analyse the molecular mechanisms of NAFLD was established.
Human embryonic stem cells (ESCs) as well as iPSCs derived from fibroblasts of a healthy donor (line
B4 Table 1), were differentiated into hepatocyte like cells (HLCs) via the 3-step protocol (Fig. 3 A). HLCs
were characterized in terms of marker expression and showed the expected functionality in terms of

CYP activity, urea synthesis, and indocyanine green dye uptake.

HLCs were capable to store fat in the form of lipid droplets (LDs) when fed with 50 uM oleic acid (OA)
dissolved in Ethanol. OA treatment was associated with fundamental changes in the transcriptome
with many pathways involved in lipid- and glucose metabolism being affected such as lipid oxidation,
lipid homeostasis, glycolysis or glucose homeostasis. By testing the expression of selected lipid-
metabolism associated genes, it was confirmed that the HLC-based model recapitulates gene
expression changes characteristic for liver biopsies derived from patients with different levels of

steatosis (Wruck et al., 2015).

Importantly, PLIN2, a protein covering LDs, was upregulated after OA treatment as well as many
targets of the PPAR pathways such as fatty acid binding protein (FABP), carnitine palmitoyltransferase
(CPT1A), and 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS2).

PLIN2 is important for LD growth and restrains access of triacylglyceride digesting enzymes such as
ATGL to the droplets (Fig. 4). In this study, it was shown for the first time, that PLIN2 is also actively
involved in LD formation in pluripotent stem cell (PSC) derived HLCs. From mouse studies, it is known
that reduced PLIN2 levels prevent the formation of fatty liver and PLIN2 knockout mice have health
benefits (McManaman et al., 2013, Carr et al., 2014). However, it was not possible to significantly
reduce LD levels in HepG2 cells with siRNAs against PLIN2. This is probably due to other PLIN family
members which still cover the LDs and can replace PLIN2. In addition, it might be necessary to extend
the incubation time beyond 48 hours. Nonetheless, characteristic changes on the transcriptome level
could be observed, indicating that PLIN2 has a major influence on metabolic gene transcription. For
example, the AMPK complex member AMP-activated protein kinase catalytic subunit alpha (PRKAA) 2

was down-regulated in PLIN2 siRNA / EtOH-treated cells and up-regulated after OA induction. It is
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known that AMPK is upregulated during starvation (Gonzalez et al., 2020) and at least its catalytical

subunit can act as a nutrient sensor in the NAFLD in vitro model.

In addition, downregulation of PPARa and y after PLIN2 siRNA treatment was observed. As they are
both involved in lipid metabolism, the role of PPARa in the HLC based NAFLD in vitro model was further
analysed. By using the small molecules Fenofibrate (agonist) and GW6471 (antagonist) PPARa activity
was modulated. Again, this had no visible influence on LD formation but on the transcriptome level
major effects could be observed, especially on genes involved in lipid, glucose, and purine metabolism.
It was apparent, that activation and inhibition of PPARa activity had opposing effects on gene
expression, which corresponded well with the beneficial effects of PPARa induction in patients.
Inhibition of PPARa resulted for example in downregulation of genes involved in lipid catabolism such
as CPT1A, Hydroxyacyl-CoA Dehydrogenase (HADH), and LIPA, while activation using Fenofibrate
reduced expression of genes involved in biosynthesis of phospholipids and cholesterol such as 1-
acylglycerol-3-phosphate O-acyltransferase (AGPAT2) and 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR).

In addition, the regulation of PPARa did not simply result in opposing expression changes but had
effects of distinct entities of the metabolism. For example, genes of the purine metabolism were
regulated in samples treated with Fenofibrate independent of OA treatment, while this group was not
regulated in OA-treated cells in combination with PPARa reduction. Especially aminoimidazole
carboxamide ribonucleotide (AICAR), which is an intermediate product in de-novo purine synthesis
(Warren et al., 1957, Daignan-Fornier and Pinson, 2012), seems to play a key role connecting purine
synthesis to other metabolic processes. It is able to activate the starvation sensor AMPK (Asby et al.,
2015) for which we already assumed increased activity in OA-treated cells after PLIN2 siRNA treatment
based on increased expression of its catalytic subunit PRKAA2. The genome wide analysis revealed that
genes directly preceding AICAR biosynthesis were upregulated or exclusively expressed after

Fenofibrate mediated PPARa induction, indicating the presence of a feedback loop.

While mRNAs were up- and down-regulated after OA treatment, all 84 liver specific miRNAs analysed
were down-regulated in at least one cell line in response to the treatment. It has indeed been
described before that miR-122 is downregulated in steatotic hepatocytes while higher levels are
measured in the patients’ blood (Cermelli et al., 2011, Pirola et al., 2014). Besides miR-122, this study
focused on miR-106b which is highly expressed in liver cirrhosis and hepatocellular carcinoma (HCC)
(Tan et al., 2014). One potential target gene for miR-122, namely C3 and PZP-like alpha-2-
macroglobulin domain-containing protein 8 (CPAMD) 8, as well as two for miR-106b, namely atlastin

(ATL) 3, and ephrin type-A receptor (EPHA) 7 were checked in more detail. While luciferase assays
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confirmed that these genes were regulated by the corresponding miRNAs, they were also upregulated

after OA treatment which indicate that they might play a role for disease development.
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Fig. 6: Schematic overview of inducers of NAFLD and potential intervention points (taken from Graffmann et
al. 2016). The transition from a healthy liver (upper panel) toward a fatty liver (lower panel) is shown. Factors
that promote NAFLD are shown on the left. Besides diet related inducers that are in this study mimicked by OA
addition to the medium, intrinsic factors like insulin resistance promote NAFLD. From a global perspective, the
triggers result in increased free fatty acids and reactive oxygen species. A global downregulation of hepatic
miRNAs such as miR-122 was also observed. Eventually, every trigger results in an upregulation of PLIN2
expression and an increase in lipid storage within hepatocytes. Beneficial processes that might reduce fat content
of hepatocytes are shown on the right side. In general, PPARa activation (here by application of Fenofibrate)
decreases the amount of stored fat by inducing B-oxidation. Besides fibrates, which activate PPARa, it is also
regulated by AMPK, which senses the low energy state of a cell as measured by the ratio between AMP and ATP.
AMPK expression increases in response to PLIN2 knockdown and its activity might be regulated by intermediates
of purine metabolism, which is in turn regulated by PPARa. This indicates a possible positive feedback loop that
has to be verified by additional experiments. Besides PPARa modulation, a direct reduction of PLIN2 expression
could also be beneficial. AMP = adenosine monophosphate; AMPK = adenosine monophosphate-activated
protein kinase; ATP = adenosine triphosphate; NAFLD = nonalcoholic fatty liver disease; OA = oleic acid; PLIN =
Perilipin; PPARa = peroxisome proliferator-activated receptor alpha. Original figure under the terms of the
Creative Commons Attribution Noncommercial License (http://creativecommons.org/licenses/by-nc/4.0/) and
with friendly permission of the publisher.

In summary, the data indicate that PSC-derived HLCs are suitable for studying NAFLD as (i) they
accumulate LDs when fed with a high-fat medium and (ii) they differentially express genes of relevant
metabolic hubs and NAFLD-associated miRNAs when treated with high levels of OA and (iii) some of

these metabolic hubs are easily targetable with small molecules.
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5.4 Cell fate decisions of human iPSC-derived bipotential hepatoblasts depend on cell
density.

Graffmann, N., Ncube, A., Wruck, W., and Adjaye, J.
PloS one (2018). 13, e0200416

(Some of the published and herein discussed data are part of the Master Thesis of Audrey Ncube)

In vitro differentiation of hepatocytes from PSCs is a very delicate process, which reacts in sensitive
ways to any disturbances. Here, the influence of cell density on cellular fate during HLC differentiation
was studied (Graffmann et al., 2018c). During in vivo development, the cells first adopt definitive
endoderm fate and continue to differentiate into hepatic endoderm. By the time the so-called liver
bud, a three-dimensional structure invading the surrounding tissue, forms, the cells have developed
into hepatoblasts, biopotential cells that can differentiate into hepatocytes and cholangiocytes
(Fougere-Deschatrette et al., 2006, Si-Tayeb et al., 2010, Miyajima et al., 2014). This stage is difficult
to dissect in vitro. Most likely biopotential cells are present during the end of HE and the first days of
HLC-stage. The decision between hepatocyte and cholangiocyte fate depends on interactions of the
Notch, WNT, TGFB, and Hedgehog signalling (Hh) pathways (Hussain et al., 2004, Decaens et al., 2008,
Zong et al., 2009, Omenetti and Diehl, 2011, Raynaud et al., 2011, Zong and Stanger, 2011, Cordi et al.,
2016). In the differentiation culture, the formation of non-hepatocyte like cells, which are still epithelial
but do not foster the typical hepatic polygonal shape, can frequently be observed. These cells form
predominantly in regions of low cell density and we refer to them as endoderm derived epithelial cells

(EDECs).

In this study, ESCs and iPSCs derived from human fetal foreskin fibroblast (B4, Table 1) and amniotic
fluid (AF, Table 1) were used for differentiation. We could show for the first time that also amniotic

fluid derived iPSCs can differentiate into HLCs.

The development of EDECs was forced by splitting cells at the HE stage, where they presumably consist
of biopotential hepatoblasts, into low density. EDECs grew spontaneously and consistently under low
density cell culture conditions. They have an epithelial morphology and are much bigger than HLCs

with distinct intracellular filamentous structures visible (Fig. 7A).

On the molecular level, they are characterized by the expression of the cholangiocyte markers SOX9,
osteopontin (OPN), cystic fibrosis transmembrane conductance regulator (CFTR), and cytokeratin
(CK)19 as well as the hepatocyte markers HNF4a and CK18, but do neither express the mature
hepatocyte marker ALB nor the progenitor marker AFP (Fig. 7B,C). They express both E-Cadherin, which

is a marker for epithelial cells, and Vimentin, which is present on mesenchymal cells. In healthy organs,
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these two markers are mutually exclusive, but they occur together during cancer (Tajima et al., 2010,

Yamashita et al., 2018).
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Fig. 7: Characterization of EDECs. (A) Brightfield picture demonstrates the morphological differences between
HLCs and EDECs. (B,C) Representative Immunofluorescence for ALB as an HLC marker and CK19 as a
Cholangiocyte marker in HLCs (left) and EDECs (right). Figure modified from Graffmann et al 2018c, under the
terms of the Creative Commons Attribution License, https://creativecommons.org/licenses/by/4.0) and
reproduced with friendly permission of the publisher.

In contrast to HLCs, EDECs did not show any classical hepatocyte functionality, such as urea synthesis

and CYP3A4 activity.

In order to enforce HLC differentiation despite low-density culture conditions, several well-known
signalling pathways, that are involved in cell fate decision of hepatoblasts, namely Notch, WNT, Hh,
and TGFp signalling were modulated. In all cases, immunofluorescence showed that predominantly
EDECs were present in the culture with marginal amounts of HLCs. This indicates that the low density
gives strong differentiation cues to the cells which cannot be overcome by interfering with the above

mentioned signalling pathways.

Notch signalling is an important pathway for the development of cholangiocytes in vivo, as known from

Alagille syndrome, where mutations in the genes coding for Jagged 1 (JAG1), a canonical NOTCH ligand,
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or NOTCH2 receptor, result in impaired intrahepatic bile duct formation and cholestasis development

(Li et al., 1997, Oda et al., 1997, McDaniell et al., 2006).

Therefore, the consequences of blocking this signalling pathway were studied in more detail. ESC and
iPSC derived EDECs were treated with one of two different y-secretase inhibitors during differentiation
in low-density.RT-gPCR demonstrated that application of the y-secretase inhibitors down-regulated
expression of hepatocyte markers (CK18) and the hepatocyte-associated transcription factors FOXA2,
PROX1. Interestingly, the cholangiocyte-associated transcription factor SOX9 was up-regulated after y-
secretase inhibition, while the characteristic cholangiocyte markers CK19 and OPN were down-
regulated. For OPN and SOX9 these effects depended on the dose of applied y-secretase inhibitor,
while CK19 expression changes were largely independent of y-secretase inhibitor dose. We reasoned
that the very early cholangiocyte marker SOX9 might not be entirely dependent on Notch signalling,
while the later markers OPN and CK19 are. Especially, down-regulation of OPN, which was only weakly
expressed in the cells, might imply impaired maturation.

The hepatocyte promoting transcription factors PROX1 and FOXA2 were down-regulated in EDECs
derived from both cell lines after y-secretase inhibition which supports the immunofluorescence-based

data, that the cells do retain EDEC fate after NOTCH inhibition.

In contrast, the expression of ¢/EBPa changed in opposing directions after treatment with the two
distinct y-secretase inhibitors. In general, NOTCH signalling is responsible for down-regulation of
¢/EBPa expression in cholangiocytes (Tanimizu and Miyajima, 2004). As a dose-dependent up-
regulation of ¢/EBPa after compound E treatment was observed, this implies an effective reduction of
NOTCH signalling. c/EBPa is crucial for hepatocyte development. It activates the transcription of
hepatocyte markers such as albumin (Tan et al., 2007) and limits their proliferation (Diehl, 1998). In
parallel, it inhibits the expression of cholangiocyte-promoting transcription factors (Yamasaki et al.,
2006). However, the cells were still in a very immature state so that effects of different ¢/EBPa levels

were probably not visible yet.

In order to further investigate the effects of NOTCH inhibition on the cell fate, transcriptome analyses
for cells with and without NOTCH inhibitor treatment was performed. Two distinct but closely related
cell types were obtained via the high- and low-density differentiation paths, independent of NOTCH
inhibition. The hepatocyte promoting transcription factor ¢/EBPa was higher expressed in HLCs than
in EDECs, while EDECs expressed the cholangiocytes-associated marker G protein-coupled bile acid
receptor 1 (GPBAR1) also named TGR5 (Keitel and Haussinger, 2013) as well as SOX17, an early
endoderm marker, which indicates an immature phenotype. In general, HLCs expressed more genes

related to metabolic functions, transcription, and cell cycle as investigated by gene ontology (GO) term
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analysis, while in EDECs, the predominant GO-terms were related to structural features, signalling
pathways, apoptosis, and proliferation. NOTCH inhibition reduced developmental and differentiation
related genes in EDECs, while it increased the expression of genes related to cell cycle. Together, this

mirrors a reduced differentiation potential of the y-secretase inhibitor-treated cells.

In conclusion, low density during HLC differentiation results in the development of EDECs rather than
HLCs. This process could not be reverted by inhibiting involved signalling pathways, in particular
NOTCH, WNT, Hh, or TGFB. However, it is still possible that combinations of distinct inhibitors, different
concentrations or treatment at different time points might have an effect. The fact that EDECs often
appear during HLC differentiation, if the starting population has not been seeded densely enough,
implies that cell-cell contacts are important for the development of HLCs. Therefore, strict adherence
to a high density is essential for successful HLC differentiation. Alternatively, this effect might be
simulated by repressing Yes-associated protein (YAP) signalling, a well know driver of proliferation and
growth whose cell-cell contact-mediated inactivation by Hippo signalling increases cellular maturation

(Cai et al., 2021).

5.5 A stem cell based in vitro model of NAFLD enables the analysis of patient specific
individual metabolic adaptations in response to a high fat diet and AdipoRon
interference.

Graffmann, N., Ncube, A., Martins, S., Fiszl, A. R., Reuther, P., Bohndorf, M., Wruck, W., Beller,
M., Czekelius, C., and Adjaye, J.

Biol Open. (2021).

Lipid metabolism in hepatocytes is controlled by a complex metabolic network, which centres around
PPARa and AMPK. One important signalling molecule that activates this network is adiponectin
(Yamauchi et al., 2007, Liu et al., 2012), an adipokine which is synthesized by adipocytes. In general,
adiponectin has favourable effects on the human metabolism and its synthesis is reduced with
increasing bodyweight (Kadowaki and Yamauchi, 2005, Vuppalanchi et al., 2005, Wruck et al., 2015).
Adiponectin is capable to reduce gluconeogenesis and lipogenesis in hepatocytes (Combs and Marliss,
2014). High fat diet-induced obese mice, that have been treated with a small-molecule analogue
named AdipoRon, showed improved insulin sensitivity, reduced fasting blood glucose levels, and

lowered liver triacylglycerides (Okada-lwabu et al., 2013).

In this study, iPSCs from four donors with distinct grades of steatosis (CO2 = control, SO8 and S11 =
high steatosis, S12 = low steatosis, see Table 1) were differentiated into HLCs and the effect of

AdipoRon on lipid storage and metabolism was elucidated (Graffmann et al., 2021).
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Fig. 8: OA treatment increases LD number and size in HLCs and influences their metabolism. (A,B),
Representative immunofluorescence pictures for LD (BODIPY 493/593, green) formation in HLCs derived from
a low steatosis cell line (CO2, A) and a high steatosis cell line (511, B). LDs are covered by PLIN2 (red). (C,D)
quantification of LDs in the two cell lines. Condition A = ctrl., B =2 uM AdipoRon, C =200 uM OA, D = 200 uM
OA + 2 uM AdipoRon. (E) Summary of gene expression levels in the four analyzed cell lines after OA induction
and with AdipoRon. Figure adapted from Graffmann et al. 2021 under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0) and reproduced with friendly permission
of the publisher.
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The HLCs expressed characteristic markers of hepatocytes and showed CYP3A activity. They were all
capable to store lipids in LDs and up-regulated PLIN2 expression as a response to OA overload (Fig. 8
A-D). Interestingly, the LD pattern varied from clearly separated, big round droplets in the cells from
the healthy donor (Fig. 8 A) to a plethora of very tiny diffusely distributed ones in cells from the
diseased donors (Fig. 8 B). However, in all cases number and size of LDs, as well as the occupied area
increased after OA treatment (Fig. 8 C, D). Unexpectedly, AdipoRon treatment did not reduce the size

or number of LDs in the HLCs.

The presence the of the two adiponectin receptors ADIPOR1 and 2 was confirmed on mRNA level,
while at least the liver specific ADIPOR2 could also be detected by Western Blot. Proteins of the major
Adiponectin signalling pathways, such as cAMP response element-binding protein (CREB), AMPK, and
AKT, as well as their respective phosphorylated active forms were present, albeit with major variations
between the four lines. RT-gPCR of metabolic regulators (PPARa, PPARy, PGC-1a, PRKAA2), B-oxidation
related factors (CPT1A, HADH, enoyl-CoA hydratase, short chain (ECHS) 1), lipid and cholesterol
metabolism associated factors (HMGCR, AGPAT2), the lipid export factor apolipoprotein C2 (APOC2)
and  gluconeogenesis  genes  (glucose-6-phosphatase  catalytic-subunit  (G6PC) and
phosphoenolpyruvate carboxykinase (PCK) 1) revealed rather cell line and OA treatment specific

expression patterns than an influence of AdipoRon.

Detailed analysis of the regulation of genes of the PPARa/adiponectin network revealed a down-
regulation of the important signalling factor FGF21 after OA treatment. The expression of FGF21 is
regulated by PPARa and y, while FGF21 itself regulates adiponectin synthesis and PPARy expression
(Goetz, 2013). FGF21 reduction after OA treatment was confirmed in Western Blot for three out of
four lines while the FGF21 receptor B-KLOTHO (KLB) was expressed in all cell lines, albeit on low levels
in the high-steatosis ones. As hepatic FGF21 expression increases in fasting periods (Inagaki et al., 2007,
Galman et al., 2008), low levels after OA-overload are expected as a healthy response. The failed
reduction in one of the high-steatosis lines might indicate metabolic dysregulation as for example seen
in FGF21 resistant obese patients (Zhang et al., 2008, Gallego-Escuredo et al., 2015). The general low
KLB expression in the high steatosis lines independent of treatment, might be a sign for reduced FGF21

signalling in these cells.

To discern the influence of AdipoRon on the cells in a setting of limited variability, microarray analysis
for the CO2-HLC, which are derived from a healthy donor, were performed. The comparison of control
and OA-treated cells with data from our previous study (Graffmann et al., 2016) revealed striking
similarities given that different cell lines and a different induction protocol have been used. In silico

analysis of the common significantly up-regulated pathways employing the Kyoto Encyclopedia of
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Genes and Genomes (KEGG) algorithm (Kanehisa et al., 2017) pointed to a strong association with

metabolism as well as with adipocytokine and AMPK signalling in both studies.

A comparison of regulated KEGG pathways in control and OA-treated CO2 cells revealed, that
AdipoRon treatment of control cells reduced amongst others drug metabolism pathways and chemical
carcinogenesis, while pathways related to cytokine signalling as well as amino acid and folate
biosynthesis were up-regulated. Folate homeostasis is an important factor for DNA methylation and
necessary for proper epigenetic transcription control (Crider et al.,, 2012) as well as for lipid
metabolism. Reduced folate levels are associated with NAFLD (da Silva et al., 2014). Thus, AdipoRon
seems to be relevant to protect transcriptomic and metabolic integrity in the control cells. Similarly,
AdipoRon treatment of OA-induced cells resulted in a down-regulation of drug metabolism related
pathways and chemical carcinogenesis, while it increased signalling related pathways such as MAPK,
RAP1, and PI3K-AKT signalling, the latter being an important mediator of insulin action (Boucher et al.,
2014). However, neither AKT nor phospho-AKT levels changed in Western Blot analyses. Although no
direct, cell line independent effect of AdipoRon on any analysed pathway could be discovered by

Western Blot or RT-qPCR, the array data indicated a beneficial influence on the cells.

The study demonstrated that HLCs could reproduce essential features of steatosis, independent of the
donor’s health situation and that AdipoRon positively affected metabolism and signalling pathways in
general but could not reduce LD formation. A detailed analysis of metabolic pathways after OA
treatment showed strong inter-individual variation, which could explain the differences seen in disease
progression within patients. Nevertheless, we could identify a steatosis-related phenotype, |
independent of the treatment, which was characterized by low expression of genes involved in lipid
export, fat and cholesterol synthesis, gluconeogenesis, B-oxidation, and FGF21 signalling in the high

steatosis lines (Fig. 8 E).
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6 Discussion

6.1 The role of iPSCs for disease modelling

Patient derived iPSC lines are an indispensable tool for modelling diseases and to study their molecular
basis as well as possible treatment options. In this regard, it can be differentiated between
monogenetic diseases, which are caused by an isolated genetic mutation and are frequently inborn,
and multifactorial diseases such as NAFLD and most types of cancer, which arise as a consequence of
the combination of genetic variants and environmental cues. iPSCs are useful in both settings. For
monogenetic diseases, patient derived iPSCs can be differentiated in comparison to iPSCs from a
healthy donor and different behaviour is frequently attributed to the mutation. Even better controls
have been developed by using the clustered regularly interspaced short palindromic repeats
(CRISPR)/cas9 technology to either revert or introduce mutations at the target locus and thus

generating cell lines which differ only at this exact position (Brooks et al., 2022).

Multifactorial diseases are more difficult to capture, as it is never clear which combination of factors
plays a role and how the single hits are to be weighted. Therefore, it is important to study the
behaviour of cells from different donors to figure out disease-associated pathways. Only with patient-
derived cells, it is ensured that the cells really contain all the prerequisites on the genetic level to

develop the disease even though not all of them might be known yet.

In order to model NAFLD, we have collected fibroblasts from donors of different disease stages and
selected several for reprogramming to end up with a healthy control cell line, a low steatosis and three
high steatosis lines (5.1 and 5.2; Table 1) (Kawala et al., 2016a, Kawala et al., 2016b, Kawala et al.,
2016¢, Graffmann et al., 2018a, Graffmann et al., 2018b). Four of these lines (CO2, S08, S11, S12) were
used for the experiments presented herein (5.5), alongside with human fetal foreskin (5.3) and

amniotic fluid-derived iPSC (5.4) as well as embryonic stem cells (5.3).

One drawback of this multi-cell line approach is, that every iPSC line has its individual differentiation
capacity (Hannan et al., 2013a, Asplund et al., 2016, Volpato and Webber, 2020). This adds another
level of variability to the in vitro studies. In some cases, it might be useful to determine certain
endpoint criteria defining the “final” state rather than just a common differentiation end-date to study

the most similar cell population as possible.
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6.2 Using iPSCs to model liver diseases

Pluripotent stem cells have been widely used to study hepatic development (Jozefczuk et al., 2011,
Matz et al., 2017) and to model hepatic diseases, ranging from congenital diseases such as alpha-1-
antitrypsin (A1AT) deficiency (Wilson et al., 2015, Werder et al., 2021) over virus infections (Schwartz
et al.,, 2012, Wu et al., 2012) to the multifactorial metabolic disease NAFLD (Lyall et al., 2018, Sinton et
al., 2021, Graffmann et al., 2022). Interestingly, several different approaches comprising at least 3 and
up to 6 steps, reproducing the developmental steps with varying levels of accuracy, lead to HLCs with
more or less limited functions. While most protocols rely only on small molecules and cytokines to
induce HLC fate, it is also possible to push the cell into the desired direction by overexpression of
hepatic transcription factors such as HEX, SOX17, FOXA2, HNF4a, or HNFla (Inamura et al., 2011,
Takayama et al., 2012a, Takayama et al., 2012b, Nagamoto et al., 2016, Boon et al., 2020).

Successful HLC differentiation is defined by the presence of typical hepatocyte markers such as ALB,
A1AT, HNF4a, or Transthyretin (TTR) on transcript and protein level. On a functional level, HLCs need
to be able to store glycogen and fat and have active transporters as demonstrated by uptake and
release of cardiogreen dye. Ideally, the cells are also polarized, which is demonstrated by localized
expression of transporters such as multidrug resistance protein (MDR) 1. Most importantly, especially
with regard of their usefulness for the pharmaceutic industry, is the presence of functional and

inducible CYP molecules.

For our studies, we decided to focus on a straight-forward 3-step protocol, which comprises DE
induction by ACTA and Chir99021 (canonical WNT signalling activation) treatment, HE induction by
DMSO, and HLC induction by HGF, OSM, Dexa, and Insulin. This combination has been shown to result
in decently mature cells which have cytochrome activity that can even be boosted by using laminins as
a matrix instead of Matrigel (Takayama et al., 2013b, Cameron et al., 2015, Ong et al., 2018). Laminins
are an attractive matrix because they are very specific for the respective cell type and -being xenofree-
also suitable for good manufacturing practice (GMP) cell production. However, we realized that the
culture is less stable than on Matrigel, especially in the early days of differentiation. This is possibly
due to a lack of the laminin compatible integrins which only get expressed properly in later stages

(Kanninen et al., 2016). Therefore, we decided to continue our work on Matrigel coated dishes.

Protocols of higher complexity tend to produce cells of higher maturity. The most sophisticated
approach in this regard has been provided by Ang et al.. They apply a distinct set of cytokines almost
every day, which leads to the production of pure and relatively mature HLCs (Ang et al., 2018).

Unfortunately, complicated protocols are usually more expensive and much more error prone than
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less complex regimen. This is mirrored by the fact that most laboratories still use much more simple

protocols.

We realized that cell density in the first half of the differentiation is essential to obtain HLCs (5.4).
When seeding cells in a low density after the HE stage, we obtained epithelial cells with a distinct
morphology and no hepatic function, which we named EDECs. When starting the differentiation with
an insufficient number of cells, EDECs inevitably occur during the differentiation process and
frequently cells even lift off the culture dish during DE stage. When studying EDEC formation, we used
small molecules to inhibit relevant signalling pathways, in particular Notch, WNT, Hh, or TGFp.
However, none of them was capable to revert the cell fate decision. While it is possible that higher
concentrations of the single factors or a combination thereof pushes the cell fate more effectively into
HLCs, the most robust regimen to prevent aberrant differentiation is seeding the initial iPSCs at a very
high density ( > 80 % of a fully confluent plate). Interestingly, cell-cell contact also seems to be
indispensable in later stages, as studies on liver bioprinting suggest, that this an essential factor for

success (Goulart et al., 2019).

6.2.1 Increasing maturation in iPSC-derived HLCs

In vitro-derived HLCs resemble more foetal than adult hepatocytes (Baxter et al., 2015). This is a
common problem in the field of iPSC-based disease modelling and limits the usefulness of all these
models (Camp et al., 2017, Wu et al., 2018). They are very suitable to analyse developmental disorders,
the impact of selected mutations on certain basic cellular functions, or drastic toxin effects but are not
good yet for detecting subtle changes in very elaborate pathways, which might even need cell-cell
interactions and are also only of limited use for studying diseases of higher age such as Alzheimer’s

disease.

There are two main approaches to improve the cellular models. First, the maturity of the cell type of
interest can be enhanced by using small molecules and second, several cell types can be mixed to
foster cell-cell interactions and thus increase maturity and function of all involved cell types. While the
first approach can be done in 2D and 3D cultures, the latter applies predominantly to 3D cultures, as

the floating environment enables the cells to form structures and interactions in a more natural way.

A good indicator of HLC maturity is the ratio of ALB and AFP expression. In vivo, AFP is only present in
foetal HLCs as well as in cancer cells, while ALB is the mature form expressed by adult hepatocytes. In
cell culture, both factors are detectable, and a reduction of AFP expression is an indicator for more

maturity. The lack of maturity reflects the limitations of the current culturing protocols, which do not
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provide unambiguous differentiation cues for the cells. A recent single cell study revealed, that iPSC-
derived HLCs express, beside liver related genes, also intestinal ones, all in one cell. This indicates that
the separation of the two lineages is not complete in culture. Enhancement of farnesoid X receptor
(FXR) helped to reduce the unwanted intestinal gene expression and pushed the cells more into the

hepatic direction (Nell et al., 2022).

The main goal in all approaches to increase maturity in HLCs, is to increase CYP activity, which is of
tremendous interest for the pharmaceutical industry. Except for the foetal CYP3A7 and CYP19A1,
expression levels of most CYP molecules are low in children and increase in adults (Robinson et al.,
2020). Some small molecules have been used to increase maturation. One of the earliest factors was
functional proliferation hit 1 (FPH1) which helped to mature HLCs (Shan et al., 2013). When studying
treatment options for malaria infection, it turned out that this small molecule could increase CYP

function, thus enabling drug activation and inhibition of parasite growth (Ng et al., 2015).

More recently, the effects of thyroid hormones triiodo-L-thyronine (T3) and L-thyroxine (T4) have been
studied. Especially T3 showed a positive effect. We and others were able to reduce the expression of
the foetal genes AFP and CYP3A7 and increase the expression of ALB when using T3 alone or in
combination with T4 (T3/T4) (Bogacheva et al., 2021, Ncube et al., 2021, Ma et al., 2022). Withey et al.
observed higher levels of the transcription factors c/EBPa and HNF4a after treatment with a
combination of T3 and a TGF-B inhibitor and did not only measure higher ALB secretion but also
increased CYP activity (Withey et al., 2022). Interestingly, pathway analysis demonstrated that
treatment with T3/T4 had a major impact on PPAR pathways and thus might be involved in metabolic
control (Ncube et al., 2021). Beneficial PPAR pathway modulation could also be a reason for the

therapeutic effect of the thyroid hormone receptor B agonist Resmetirom.

T3/T4 also affected TGF-B and mitogen-activated protein kinase/extracellular-signal-regulated kinase
(MAPK/ERK) signalling (Ncube et al., 2021), two pathways that are involved in hepatic maturation
(Gordillo et al., 2015, Tormos et al., 2017, Fortier et al., 2019). In particular, TGF-B activity induces de-
differentiation by promoting epithelial to mesenchymal transition (EMT) and our data indicate a lower
presence of mesenchymal genes after T3/T4 treatment (Ncube et al., 2021), indicating that T3/T4
might be able to replace other small molecules that are sometimes used to prevent the formation of

mesenchymal cells during differentiation.

Another approach of increasing HLC maturity, which will in the future be included into our protocol, is
using 3D differentiation conditions. The big advantage of this concept is that the microenvironment of
the cells is closer to the in vivo situation. The replacement of a stiff culturing surface with soft matrices
and cell-cell contact in all dimensions is much more physiological and allows the cells to engage in their

natural 3-fold polarity. While it is easier to generate 3D hepatic spheroids, which only consist of HLCs,
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organoids with mixed cell types usually gain higher levels of maturation (Takebe et al., 2013, Takebe
et al., 2014, Collin de I'Hortet et al., 2019, Ouchi et al., 2019, Lucendo-Villarin et al., 2020). There exist
almost unlimited options for forming the 3D complexes and for keeping them in culture. Cells will find
each other without external support in 96 well low-attachment plates but can also be forced into
structures by using nanopillars (Takayama et al., 2013a, Nagamoto et al., 2016), compressing systems
(Gieseck et al., 2014), or bioprinters (Faulkner-Jones et al., 2015, Ma et al., 2016, Goulart et al., 2019).
Blood flow and its associated shear stress can be simulated in microfluidic chambers (Freund et al.,

2012).

3D culture can be either initiated right from the beginning, or at later, preferably during the HE stage.
If 3D culture is initiated at later differentiation stages, it seems to be important that cells do not

completely lose their cell-cell contact when re-seeding them (Goulart et al., 2019).

It is possible to directly generate distinct cell types from iPSCs in one culture, although this approach
can lead to an undesired dominance of cells other than HLCs, especially mesenchymal stem cells
(MSCs) (Rashidi et al., 2018, Ouchi et al., 2019), or to differentiate cells into HE/HLC stage and mix
them later with defined numbers of cholangiocytes, endothelial cells and/or MSCs, which ideally can
all be derived from iPSCs of the same donor (Takebe et al., 2013, Takebe et al., 2014, Asai et al., 2017,
Camp et al., 2017, Lucendo-Villarin et al., 2020, Meseguer-Ripolles et al., 2021). HLCs can be cultured
for more than one year in 3D systems (Rashidi et al., 2018) and organoids get vascularized after
transplantation into mice (Takebe et al., 2013, Takebe et al., 2014, Camp et al., 2017, Takebe et al.,
2017).

For future toxicological or pharmaceutical studies, it is important that the organoids have comparable
sizes and are relatively small without a necrotic core. However, organoids will perform better in assays
when testing lipophilic substances which can penetrate into their core and might not be suitable for

hydrophilic substances which only reach the outer surface of the organoid.

6.3 IPSC-based in vitro models for NAFLD

Focusing on easily accessible markers such as CYP activity and ALB/AFP ratio is a straightforward means
to assess if a certain treatment can increase maturation. However, depending on the disease that
should be studied, this might not be the best way. In vivo, the function of a hepatocyte highly depends
on its position along the porto-central axis of the liver lobule (Fig. 2). Only the cells close to the central
vein have high CYP activity, while those close to the portal triad are more active in general metabolic

pathways such as -oxidation, gluconeogenesis, or glycogen storage (Cunningham and Porat-Shliom,
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2021). Therefore, HLCs with low CYP-activity might not necessarily be too immature for modelling
metabolic diseases, they might rather resemble zone 1 hepatocytes which also in vivo would be more

involved in the metabolic processes of interest.

We and others have successfully used iPSC-derived HLCs to study distinct aspects of metabolic
derailment in the context of NAFLD (Lyall et al., 2018, Collin de I'Hortet et al., 2019, Ouchi et al., 2019,
Gurevich et al., 2020, Lucendo-Villarin et al., 2020, Ramli et al., 2020, Sinton et al., 2021). In 2016, we
showed for the first time, that iPSC and ESC derived HLCs can recapitulate key features of NAFLD. The
cells were able to store fat after treatment with oleic acid (OA) and we saw genome wide gene
expression changes that mirrored those seen in NAFLD patients (Graffmann et al., 2016), although
there were major differences between the two cell lines. Importantly, the cells reacted to treatment
with a PPARa agonist/antagonist in a similar way that was expected from patient data. In brief, PPARa
inhibition with GW6471 reduced expression of lipid catabolism genes, which most likely results in
increased lipid storage, while the PPARo agonist Fenofibrate could reduce enzymes for cholesterol and
phospholipid synthesis, thus most likely also reducing lipid storage. Unfortunately, clinical trials
showed that Fenofibrate as well as other fibrates are not capable to significantly improve NASH in
patients (Fernandez-Miranda et al., 2008, Boeckmans et al., 2019). However, pan-PPAR activators such

as Lanifibranor are still promising candidates (Harrison et al., 2023).

Besides gene expression, we also screened for miRNA expression and identified miR-106b and -122 as
candidate factors involved in NAFLD development. We could confirm the in silico predicted genes
CPAMDS, ATL3, and EPHA7 as new miR-122 and miR-106b targets, respectively. None of these were
described as steatosis markers at that time, while ATL3 and EPHA7 are meanwhile listed as human
fatty liver associated genes by the harmonizome (Rouillard et al., 2016). ATL3, which is differentially
regulated in NAFLD/NASH (Ahrens et al., 2013, Murphy et al., 2013), is known as a receptor for ER-
phagy, a process where ER particles are digested by autophagosomes. As autophagic processes are
important for lipid turnover, this might provide a link to NAFLD that is worth investigating in more

depth in the future (Duwaerts and Maiers, 2021).

To study NAFLD in more detail and test for another possible treatment option, we next used a set of
four iPSC lines (CO2, S08, S11, S12, Table 1) derived from patients with high and low levels of steatosis
as well as from a healthy control (Graffmann et al., 2021). Also in this study, we observed huge inter-
individual differences, which reflect the complexity of the disease that occurs in every patient cohort.
Variations were observed on every level of analysis, from the size and distribution of LDs, via gene
expression to the protein level. The first point confirmed observations made earlier by Gurevich et al.
who also reported distinct LD patterns in HLCs derived from donors of different disease stages

(Gurevich et al., 2020). Summarizing our observations, we realized that the high steatosis lines had
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lower expression of genes involved in lipid export, fat, and cholesterol synthesis as well as in
gluconeogenesis, B-oxidation, and FGF21 signalling than the low steatosis lines. This might contribute

to the increased tendency of fat storage in these patients.

In contrast to our expectations, we could not see a clear beneficial effect of treating the cells with 2 uM
of the small molecule AdipoRon, a mimic of Adiponectin. Neither fat incorporation was reduced, nor
proteins of the major Adiponectin signalling pathways, CREB, AMPK, and AKT were up-regulated in
Western Blot. By analysing transcriptome data, a positive influence of AdipoRon on several pathways
including folate metabolism, AKT signalling, and chemical carcinogenesis was observed, indicating

effects that might become more pronounced with different treatment schemes.

Nonetheless, the iPSC-based model for NAFLD is rather robust, as transcriptome analyses revealed
similar affected GOs and pathways when comparing HLCs derived from two independent healthy

donors after treatment with either EtOH dissolved OA or BSA-coupled OA.

While the high inter-individual differences that we observed make it difficult to clearly identify disease-
associated factors, it undoubtedly reflects the mixed phenotypes seen in patients. It is not clear yet,
why only 5-10% of patients develop the severe NASH phenotype with high levels of chronic
inflammation from an initially mild NAFLD, which then can proceed towards fibrosis, cirrhosis, and
HCC. To address this question, immune reactions and inflammation can me mimicked by the addition

of pro-inflammatory cytokines into the HLC-based model.

In a next step, we will enhance the steatosis model by incorporating besides HLCs also other major cell
types of the liver such as immune cells mediating inflammation, endothelial cells, and stellate cells as

an important regulatory element that can also trigger the later steps of fibrosis.

7 Conclusion

NAFLD or MASLD are umbrella terms for a complex disease-spectrum that proceeds from simple
steatosis to severe chronic hepatic inflammation seen in NASH towards liver cirrhosis and cancer. To
increase our understanding of this disease, in vitro liver models are a valuable tool. For these models
it is essential to keep the cells at a high density in order to get a high percentage of HLCs and not EDECs

at the end of the differentiation protocol.

The studies presented herein demonstrate that HLCs derived from healthy controls as well as from

NAFLD patients are capable to recapitulate the NAFLD phenotype in terms of lipid storage, gene
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expression, and miRNA profile. While there were substantial inter-individual variations regarding all
analysed aspects, iPSC-derived HLCs from patients with hepatic steatosis had lower expression of
genes involved in lipid export, fat, and cholesterol synthesis as well as in gluconeogenesis, B-oxidation,

and FGF21 signalling than the low steatosis lines, potentially contributing to a more severe phenotype.

The HLCs responded to PPARa activity modulation by small molecules in a similar way as observed in
patients. Importantly, activation of PPARa. resulted in a reduced expression of enzymes for cholesterol
and phospholipid synthesis, most likely contributing to reduced fat storage. Effects detected by
AdipoRon treatment were less obvious and comprised a positive influence on pathways such as folate

metabolism, AKT signalling, and chemical carcinogenesis, when analysing transcriptome data.

Overall, the in vitro model is useful for studying NAFLD development and testing anti-NAFLD drugs.
Based on the knowledge obtained over the last years, we will continuously improve it by 1) employing
small molecules to increase HLC maturity, Il) transferring it into 3D to provide the cells with a more
natural environment and Ill) by the incorporation of other liver cell types fostering cellular
communication and also to mimic the natural environment. As more accurate liver functions will be
achieved in vitro, the model will not only be useful to study a single disease such as NAFLD but can also
stepwise complement or even replace animal experiments for drug and toxin tests and thus become

part of the growing field of personalized medicine.
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8 Abbreviations

2D

3D
A1AT
AFP
AGPAT
AICAR
AMP
AMPK
APOC2
ATL3
ATP
BMP
BSA
cAMP
CD
Cas9
CFTR
CK
CMA
cDNA
c-MYC
CPAMDS8
CPT1A
CRISPR
CYpP
DE
Dexa
DILI
DNA
e.g.

EB
ECAD
ECHS1
EDEC
EMA
EMT
EPHA7
ERK
ESC

et al.
EtOH
FCS
FDA
FGF
FOXA2
FXR
G6PC
GLP

Abbreviations

Two dimensional

Three dimensional

a-1-antitrypsin

Alpha-foeto protein
1-acylglycerol-3-phosphate O-acyltransferase
Aminoimidazole carboxamide ribonucleotide
Adenosine-monophoshpate

AMP-activated protein kinase
Apolipoprotein C2

Atlastin 3

Adenosine-triphoshpate

Bone morphogenetic protein

Bovine serum albumin

Cyclic adenosine-monophoshpate

Cluster of differentiation

CRISPR-associated 9

Cystic fibrosis transmembrane conductance regulator
Cytokeratin

Chaperone mediated autophagy
Complementary DNA

Cellular MYC

C3 and PZP-like alpha-2-macroglobulin domain-containing protein 8
Carnitine palmitoyltransferase

Clustered regularly interspaced short palindromic repeats
Cytochrome P450

Definitive endoderm

Dexamethasone

Drug-induced liver injury
dDesoxyribonucleic acid

Exempli gratia (for example)

Embryoid body

E-cadherin

Enoyl-CoA hydratase, short chain 1
Endoderm derived epithelial cell

European medical agency
eEpithelial-mesenchymal-transition

Ephrin type-A receptor 7
Extracellular-signal-regulated kinase
Embryonic stem cell

Et aliae (and others)

Ethanol

Foetal calf serum

Food and Drug Agency

Fibroblast growth factor
Forkhead-box-protein A2

Farnesoid X

Glucose-6-phosphatase catalytic-subunit
Glucose-like peptide
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HADH
HE
hESC
HGF
Hh

HLC
HMGCR
HNF
hPSC
iPSC
JAG
KEGG
KLF4
KO-SR
MAFLD
MAPK
MASLD
MET
miRNA
MSC
NANOG
oCT
OSM
OSN
PAX
PCK1
PGC-1a
PHH
PLIN
PPAR
P/S
RbAp
RNA
RT-gPCR
RXR
SIRT
SLD
SOX
SRY
SSEA4
T3

T4
TGFB
TR

TTR
VIM
YAP

Abbreviations

Hydroxyacyl-CoA dehydrogenase

Hepatic endoderm

Human embryonic stem cell

Hepatocyte growth factor

Hedgehog

Hepatocyte-like cell
3-hydroxy-3-methylglutaryl-coenzyme A reductase
Hepatocyte nuclear factor

Human pluripotent stem cell

Induced pluripotent stem cell

Jagged canonical notch ligand

Kyoto Encyclopedia of Genes and Genomes
Krippel-like factor 4

Knock out serum replacement

Metabolic associated fatty liver disease
Mitogen-activated protein kinase
metabolic dysfunction-associated steatotic liver disease
Mesenchymal to epithelial transition

Micro RNA

Mesenchymal stem/stromal cell

Nanog homeobox

Octamer-binding transcription factor
Oncostatin M

Osteopontin

Paired box

Phosphoenolpyruvate carboxykinase 1
PPARYy co-activator 1a

Primary human hepatocyte

Perilipin

Peroxisome proliferator-activated receptor
Penicillin/ Streptomycin

Retinoblastoma protein associated protein
Ribonucleic acid

Reverse transcription quantitative polymerase chain reaction
Retinoid X receptor

Sirtuin

steatotic liver disease

SRY-box transcription factor

Sex determining region Y

Stage-specific embryonic antigen-4
Triiodo-L-thyronine

L-Thyroxine

Transforming growth factor B

Thyroid hormone receptor

Transthyretin

Vimentin

Yes-associated protein
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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of the metabolic syndrome and its prevalence increases continuously. Here, we reprogrammed
fibroblasts of a high grade NAFLD patient with homozygous wildtype PNPLA3 genotype. The induced pluripotent stem cells (iPSCs) were characterized by im-
munocytochemistry, flow cytometry, embryoid body formation, pluritest, DNA-fingerprinting and karyotype analysis.

Resource table.

Unique stem cell line
identifier
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stem cell line
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Contact information of
distributor

Type of cell line
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Additional origin info

Cell Source

Clonality

Method of
reprogramming

Genetic Modification

Type of Modification

Associated disease

Gene/locus

Method of
modification

* Corresponding author.

HHUUKDi008-A
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Institute for Stem Cell Research and
Regenerative Medicine

James Adjaye, James.Adjaye@med.uni-
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iPSC

Human

Age: 35

Sex: female

Ethnicity: unknown

Fibroblasts

Clonal

Episomal-based plasmid expressing OCT4,
SOX2, NANOG, KLF4, c-MYC and LIN28
No

N/A

Nonalcoholic fatty liver disease (NAFLD),
high grade steatosis

PNPLA3

N/A
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Name of transgene or N/A
resistance

Inducible/constitutive N/A
system

Date archived/stock  N/A
date

Cell line repository/  N/A
bank

Ethical approval Ethical committee University of Graz under

license 20-143 ex 08/09

Resource utility

NAFLD, an increasing health and economic burden in the western
world, can be modelled in vitro by using hepatocyte like cells derived
from iPSCs. Being a multifactorial disease, cells from donors of different
genetic backgrounds are needed to get an idea of disease progression as
well as of treatment opportunities.

Resource details

The 1148M (rs738409 C > G) polymorphism in patatin-like phos-
pholipase-3 (PNPLA3) is one of the very few SNPs that have been di-
rectly linked to nonalcoholic fatty liver disease (NAFLD) (Romeo et al.,
2008). However, the mutant allele does not necessarily promote the
disease phenotype and the wildtype allele is not protective against it.

Here, we reprogrammed fibroblasts from a 35 year old female high
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Normal Fig. 1 panel B
Phenotype Quantitative analysis: Flow cytometry OCT 4: 98.75% positive Fig. 1 panel C
Qualitative analysis, Expression of pluripotency- associated markers: OCT4, NANOG, Fig. 1 panel D and E
immunocytochemistry SOX2, TRA-1-60, TRA-1-81 and SSEA4
Genotype Karyotype (G-banding) and resolution 46 XX 150-300 Bd Fig. 1 panel H
Identity Microsatellite PCR (mPCR) OR Not tested N/A
STR analysis PCR, three sites tested, matched submitted in archive with
journal
Mutation analysis (IF TaqMan Assay PNPLA3 1148M: homozygous wildtype Fig. 1 panel A
APPLICABLE) Southern Blot OR WGS Not tested N/A

Microbiology and virology Mycoplasma

Mycoplasma testing by PCR

Negative

Differentiation potential Embryoid body

Expression of proteins related to all 3 germ layers was assessed by

Supplementary Fig. 1

Fig. 1 G

immunocytochemistry:
Endoderm: AFP

Ectoderm: Nestin

Mesoderm: a-smoothmuscle actin

Donor screening (OPTIONAL)
Genotype additional info
(OPTIONAL)

HIV 1 + 2 Hepatitis B, Hepatitis C
Blood group genotyping
HLA tissue typing

N/A
N/A
N/A

N/A
N/A
N/A

grade (30-40%) steatosis patient with homozygous wildtype PNPLA3
genotype (Fig. 1A) by nucleofecting two episomal-based plasmids (7F1)
coding for OCT4, SOX2, NANOG, LIN28, c-MYC and KLF-4. S18 cells
have the typical iPSC morphology (Fig. 1B) and express the plur-
ipotency associated transcription factors OCT4, NANOG, SOX2
(Fig. 1C,D) as well as the characteristic surface markers SSEA-4, TRA-1-
60 and TRA-1-81 (Fig. 1E). At this stage, the cells had lost the repro-
gramming plasmids, which was confirmed by RT-PCR with primers
specific for exogenous and endogenous OCT4 (Fig. 1F). After formation
of embryoid bodies (EBs), the cells differentiated spontaneously into all
three germ layers and expressed AFP (endoderm), NESTIN (ectoderm),
and a-smoothmuscle actin (SMA, mesoderm; Fig. 1G). They have a
normal 46, XX karyotype (Fig. 1H).

Pluritest analysis revealed a high similarity to the human embryonic
stem cell line H1 with a Pearsons correlation of 0.9434 (Fig. 11,J). DNA
fingerprinting was performed with the primers D75796, D1751290 and
D21S2055 and clearly confirmed that the cells were originating from
the parental fibroblast line (STR Analysis).

A PCR-based Mycoplasma contamination test was negative
(Supplementary Fig. 1).

Materials and methods
Cell culture

Fibroblasts were cultured in DMEM high glucose (Gibco), supple-
mented with 1% Penicillin-Streptomycin (P/S, Gibco), 1% Glutamax
(Gibco), and 10% fetal calf serum (Gibco) at 37 °C, 5% CO, and 5% O,.
iPSCs were cultured on matrigel (Corning) coated dishes in StemMACS
iPS-Brew XF Medium (Miltenyi) with 1% P/S at 37 °C, 5% CO2 and 5%
02.

Derivation of iPSCs

Fibroblasts in the logarithmic growth phase were reprogrammed by
using a combination of the two episomal based plasmids
PEP4EO2SCK2MEN2L and pEP4EO2SET2K (7F1) (Yu et al., 2011)
coding for OCT4, SOX2, NANOG, LIN28, c-MYC and KLF-4. 600,000
fibroblasts were resuspended in 100ul nucleofection solution
VP1-1005 (Lonza) containing 3 ug of each plasmid. Cells were nuce-
lofected using the Nucleofector II (Lonza), program U-023. Afterwards,
cells were plated onto one well of a matrigel coated 6 well plate in
N2B27medium.

Reprogramming efficiency was enhanced by inhibiting TGFf-sig-
naling with 0.5uM A-83-01, MEK-signaling with 0.5uM PD0325901,
ROCK-signaling with 10puM Y-27632 and activating WNT-signaling
with 3 uM CHIR99021.

DNA fingerprinting analysis

The STR analysis was performed by PCR using primers D7S796,
D10S1214, and D21S2055 (STR Analysis). For primer sequences refer
to Table 2.

PNPLA3 genotyping

For PNPLA3 genotyping, genomic DNA was isolated and analyzed
with the TagMan Assay ID C-7241_10 (Applied Biosystems).

Embryoid body (EB) formation

Cells were cultured as embryoid bodies (EBs) to confirm their three-
lineage differentiation potential. Sub-confluent iPSCs were transferred
into a T25 flask and cultured for one week in an upright position in
DMEM high glucose, containing 10% FCS, 1% P/S and 1% NEAA
(Gibco). Afterwards, EBs were plated onto a gelatin coated 12-well
plate and cultured for another 3-4 days.

Immunofluorescence stainings

Cells were fixed with 4% paraformaldehyde (PFA) (Polysciences).
Unspecific binding sites were blocked by incubating for 2h at room
temperature (RT) in blocking buffer, consisting of 10% normal goat or
donkey serum, 1% BSA, 0.5% Triton, and 0.05% Tween. Primary an-
tibodies were diluted according to Table 2 in staining buffer (blocking
buffer diluted 1:2 with PBS) and incubated overnight at 4 °C. Cells were
washed 3 times with PBS/0.05% Tween. Afterwards they were in-
cubated for 2h at RT with secondary antibodies, diluted 1:500 in
staining buffer. Nuclei were stained with Hoechst (Thermo Fisher Sci-
entific). Cells were washed again 3 times with PBS/0.05% Tween.
Images were captured using a fluorescence microscope (LSM700; Zeiss)
with Zenblue software (Zeiss). Individual channel images were pro-
cessed and merged with Fiji.
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Table 2
Reagents details.

Stem Cell Research 31 (2018) 113-116

Antibodies used for immunocytochemistry/flow-citometry

Antibody Dilution Company Cat # and RRID

Pluripotency Markers Rabbit anti-OCT4 1:400 Cell Signaling Technology Cat# 2840S, RRID:AB_2167691
Pluripotency Markers Rabbit anti-SOX2 1:400 Cell Signaling Technology Cat# 3579S, RRID:AB_2195767
Pluripotency Markers Rabbit anti-NANOG 1:800 Cell Signaling Technology Cat# 4903S, RRID:AB_10559205
Pluripotency Markers Mouse anti-Tra-1-60 1:1000 Cell Signaling Technology Cat# 4746S, RRID:AB_2119059
Pluripotency Markers Mouse anti-Tra-1-81 1:1000 Cell Signaling Technology Cat# 4745S, RRID:AB_2119060
Pluripotency Markers Mouse anti-SSEA4 1:1000 Cell Signaling Technology Cat# 4755S, RRID:AB_1264259
Differentiation Markers Goat anti-Sox17 1:50 R and D Systems Cat# AF1924, RRID:AB_355060
Differentiation Markers Rabbit anti-AFP 1:200 Cell Signaling Technology Cat# 2137S, RRID:AB_2209744
Differentiation Markers anti-Nestin 1:250 Sigma-Aldrich Cat# N5413, RRID:AB_1841032
Differentiation Markers anti-aSMA 1:1000 Dako Cat# MO0851,

RRID:AB_2223500
Secondary antibodies anti-mouse-Cy3 1:2000 Thermo Fisher Scientific Cat# A10521, RRID:AB_2534030
Secondary antibodies anti-rabbit-Alexa488 1:2000 Thermo Fisher Scientific Cat# A27034, RRID:AB_2536097
Nuclear Co-Staining Hoechst 33,258 1:5000 Thermo Fisher Scientific Cat# H3569, RRID:AB_2651133

Primers

Target

Forward/Reverse primer (5’-3")

OCT4 Plasmid
OCT4 endogenous

Episomal plasmids
Endogenous OCT4

e.g. House-Keeping Genes (qQPCR) NA

e.g. Genotyping PNPLA3

e.g. Targeted mutation analysis/sequencing NA
Fingerprinting D7S796
Fingerprinting D2152055
Fingerprinting D10S1214
Mycoplasma 16 S rRNA gene

OCT4ex-F 5-AGTGAGAGGCAACCTGGAGA-3’ OCT4ex- R 5’-AGGAACTGCTTCCTTCACGA-3’
0OCT4end-F 5-AGTTTGTGCCAGGGTTTTTG-3’ OCT4end-R 5’-ACTTCACCTTCCCTCCAACC-3’

NA

TaqMan SNP Genotyping Assay, Cat# 4351379, Assay ID C-7241_10

NA

TTTTGGTATTGGCCATCCTA/GAAAGGAACAGAGAGACAGGG
AACAGAACCAATAGGCTATCTATC/TACAGTAAATCACTTGGTAGGAGA
ATTGCCCCAAAACTTTTTTG/TTGAAGACCAGTCTGGGAAG
GGGAGCAAACAGGATTAGATACCCT/TGCACCATCTGTCACTCTGTTAACCTC

Flow cytometry

Cells were harvested and stained with an APC coupled OCT4 anti-
body (Miltenyi) for 10 min at 4 °C. Afterwards, they were washed with
PBS and fixed with PFA. Analysis was performed on a CyAn ADP with
Summit4.3 software (Beckman Coulter).

Karyotype analysis

Karyotype analysis was performed at the Institute of Human
Genetics and Anthropology, Heinrich-Heine-University, Diisseldorf
(Table 1).

Microarray-based transcriptome analysis

PrimeView Affymetrix microarrays were used to determine global
gene expression. 1 ug of total RNA was used and all preparations were

116

performed by the Biologisch-medizinisches Forschungszentrum
(BMFZ), Heinrich-Heine University, Diisseldorf. The dendrogram was
generated using the package affy of the R/Bioconductor software
(Gentleman et al., 2004).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scr.2018.07.015.
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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of the metabolic syndrome and its prevalence increases continuously. Here, we reprogrammed
fibroblasts of a high grade NAFLD patient with homozygous wildtype PNPLA3 genotype. We characterized the induced pluripotent stem cells (iPSCs) by im-
munocytochemistry, flow cytometry, embryoid body formation, pluritest DNA-fingerprinting, and karyotype analysis.

Resource table.

Unique stem cell line identifier HHUUKDi007-A
Alternative name(s) of stem cell line S11
Institution Institute for Stem Cell Research and Regenerative Medicine
Contact information of distributor James Adjaye, James.Adjaye@med.uni-duesseldorf.de
Type of cell line iPSC
Origin Human
Additional origin info Age: 58
Sex: female
Ethnicity: unknown
Cell Source Fibroblasts
Clonality Clonal

Method of reprogramming
Genetic Modification

Episomal-based plasmid expressing OCT4, SOX2, NANOG, KLF4, c-MYC and LIN28
No

Type of Modification N/A

Associated disease Nonalcoholic fatty liver disease (NAFLD), high grade steatosis
Gene/locus PNPLA3

Method of modification N/A

Name of transgene or resistance N/A

Inducible/constitutive system N/A

Date archived/stock date N/A

Cell line repository/bank N/A

Ethical approval

Ethical committee University of Graz under license 20-143 ex 08/09
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography normal Fig. 1 B
Phenotype Flow cytometry OCT 4: 98.3% positive Fig. 1 panel C
Immunocytochemistry Expression of pluripotency- associated markers: OCT4, NANOG, Fig. 1 panel D and E
SOX2, TRA-1-60, TRA-1-81 and SSEA4
Genotype Karyotype (G-banding) and resolution 46 XX Fig. 1 panel H
150-300 Bd
Identity Microsatellite PCR (mPCR) OR Not tested N/A
STR analysis PCR, two sites tested, matched submitted in archive with journal
Mutation analysis (IF TaqMan Assay PNPLA3 1148M: homozygous wildtype Fig. 1 panel A

Southern Blot OR WGS
Mycoplasma

APPLICABLE)
Microbiology and virology
Negative

Differentiation potential Embryoid body

Not tested
Mycoplasma testing by PCR

Expression of proteins related to all 3 germ layers was assessed by

Supplementary file 1

Fig. 1G

immunocytochemistry:
Endoderm: AFP
Ectoderm: Nestin

Mesoderm: a-smoothmuscle actin

Donor screening (OPTIONAL)
Genotype additional info
(OPTIONAL)

HIV 1 + 2 Hepatitis B, Hepatitis C
Blood group genotyping
HLA tissue typing

N/A
N/A
N/A

N/A
N/A
N/A

Resource utility

Hepatocyte like cells derived from iPSCs serve as a valuable model
for studying NAFLD, an increasing health and economic burden in the
western world. Cells from donors of distinct genetic backgrounds are
needed for disease modelling in order to gain insights into its etiology.

Resource details

A polymorphism in patatin-like phospholipase-3 (PNPLA3) has been
associated with an increased risk in developing nonalcoholic fatty liver
disease (NAFLD) (Romeo et al., 2008). The mutant 1148M (rs738409
C > Q) allele increases the risk of developing NAFLD in the presence of
other risk factors such as an imbalance between calorie intake and
expenditure. However, the wildtype allele is not protective against it
and the same risk factors can promote the development of NAFLD in
patients with homozygous wildtype PNPLA3 genotype.

Here, fibroblasts from a 58 year old female high grade (70%) stea-
tosis patient with homozygous wildtype PNPLA3 genotype (Fig. 1A)
were reprogrammed by nucleofecting two episomal-based plasmids
(7F1) coding for OCT4, SOX2, NANOG, LIN28, c-MYC and KLF-4. S11
cells have the typical iPSC morphology (Fig. 1B). Flow cytometry and
immunocytochemistry confirmed that they express the pluripotency
associated transcription factors OCT4, NANOG, SOX2 (Fig. 1C,D) as
well as the characteristic surface markers SSEA-4, TRA-1-60 and TRA-1-
81 (Fig. 1E). These analyses were performed after RT-PCR with primers
specific for exogenous and endogenous OCT4 proofed that the cells had
lost the reprogramming plasmids (Fig. 1F). The cells were able to form
embryoid bodies (EBs), which differentiated spontaneously into all
three germ layers and expressed AFP (endoderm), NESTIN (ectoderm),
and a-smoothmuscle actin (SMA, mesoderm; Fig. 1G). They have a
normal 46, XX karyotype (Fig. 1H).

Global gene expression analysis was performed to determine the
stem cell characteristics of the cells. This revealed a high similarity to
the human embryonic stem cell line H1 with a Pearsons correlation of
0.9546 (Fig. 11,J). DNA fingerprinting with the primers D7S796 and
D21S2055 clearly confirmed that the cells originated from the parental
fibroblast line (STR Analysis).

A PCR-based Mycoplasma contamination test was negative
(Supplementary file 1).
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Materials and methods
Cell culture

Fibroblasts were cultured in DMEM high glucose (Gibco), supple-
mented with 1% Penicillin-Streptomycin (P/S, Gibco), 1% Glutamax
(Gibco), and 10% fetal calf serum (Gibco) at 37 °C, 5% CO, and 5% O..
iPSCs were cultured on matrigel (Corning) coated dishes in StemMACS
iPS-Brew XF Medium (Miltenyi) with 1% P/S at 37 °C, 5% CO2 and 5%
02.

Derivation of iPSCs

Fibroblasts in the logarithmic growth phase were reprogrammed
by using a combination of the two episomal based plasmids
pEP4EO2SCK2MEN2L and pEP4EO2SET2K (7F1) (Yu et al., 2011)
coding for OCT4, SOX2, NANOG, LIN28, c-MYC and KLF-4. 600,000
fibroblasts were resuspended in 100pul nucleofection solution
VP1-1005 (Lonza) containing 3 ug of each plasmid. Cells were nuce-
lofected using the Nucleofector II (Lonza), program U-023. Afterwards,
cells were plated onto one well of a matrigel coated 6 well plate in
N2B27medium.

Reprogramming efficiency was enhanced by inhibiting TGF-sig-
naling with 0.5uM A-83-01, MEK-signaling with 0.5uM PD0325901,
ROCK-signaling with 10uM Y-27632 and activating WNT-signaling
with 3 uM CHIR99021.

DNA fingerprinting analysis
STR analysis was performed by PCR using primers D7S796 and

D21S2055 (STR Analysis) (see Table 1). Primer sequences are shown in
Table 2.

PNPLA3 genotyping

For PNPLA3 genotyping, genomic DNA was isolated and analyzed
with the TagMan Assay ID C-7241_10 (Applied Biosystems).

Embryoid body (EB) formation

Cells were cultured as embryoid bodies (EBs) to confirm their three-
lineage differentiation potential. 70% confluent iPSCs were transferred
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Table 2
Reagents details.

Stem Cell Research 31 (2018) 131-134

Antibodies used for immunocytochemistry/flow-citometry

Antibody Dilution Company Cat # and RRID

Pluripotency Markers Rabbit anti-OCT4 1:400 Cell Signaling Technology Cat# 2840S, RRID:AB_ 2167691
Pluripotency Markers Rabbit anti-SOX2 1:400 Cell Signaling Technology Cat# 3579S, RRID:AB_2195767
Pluripotency Markers Rabbit anti-NANOG 1:800 Cell Signaling Technology Cat# 4903S, RRID:AB_10559205
Pluripotency Markers Mouse anti-Tra-1-60 1:1000 Cell Signaling Technology Cat# 4746S, RRID:AB_2119059
Pluripotency Markers Mouse anti-Tra-1-81 1:1000 Cell Signaling Technology Cat# 4745S, RRID:AB_2119060
Pluripotency Markers Mouse anti-SSEA4 1:1000 Cell Signaling Technology Cat# 4755S, RRID:AB_1264259
Differentiation Markers Goat anti-Sox17 1:50 R and D Systems Cat# AF1924, RRID:AB_355060
Differentiation Markers Rabbit anti-AFP 1:200 Cell Signaling Technology Cat# 2137S, RRID:AB_2209744
Differentiation Markers anti-Nestin 1:250 Sigma-Aldrich Cat# N5413, RRID:AB_1841032
Differentiation Markers anti-aSMA 1:1000 Dako Cat# MO0851,

RRID:AB_2223500
Secondary antibodies anti-mouse-Cy3 1:2000 Thermo Fisher Scientific Cat# A10521, RRID:AB_2534030
Secondary antibodies anti-rabbit-Alexa488 1:2000 Thermo Fisher Scientific Cat# A27034, RRID:AB_2536097
Nuclear Co-Staining Hoechst 33258 1:5000 Thermo Fisher Scientific Cat# H3569, RRID:AB_2651133

Primers

Target

OCT4 Plasmid
OCT4 endogenous

Episomal plasmids
Endogenous OCT4

Genotyping PNPLA3
Fingerprinting D17S51290
Fingerprinting D21S2055
Mycoplasma 16 S rRNA gene

Forward/Reverse primer (5-3")

OCT4ex-F 5’-AGTGAGAGGCAACCTGGAGA-3’ OCT4ex- R 5’-~AGGAACTGCTTCCTTCACGA-3’
OCT4end-F 5-AGTTTGTGCCAGGGTTTTTG-3’ OCT4end-R 5-ACTTCACCTTCCCTCCAACC-3’
TaqMan SNP Genotyping Assay, Cat# 4351379, Assay ID C-7241_10
GCAACAGAGCAAGACTGTC/ GGAAACAGTTAAATGGCCAA
AACAGAACCAATAGGCTATCTATC/ TACAGTAAATCACTTGGTAGGAGA
GGGAGCAAACAGGATTAGATACCCT/ TGCACCATCTGTCACTCTGTTAACCTC

into a T25 flask and cultured for seven days in an upright position in
DMEM high glucose, with 10% FCS, 1% P/S and 1% NEAA (Gibco). EBs
were plated onto a gelatin coated 12-well plate and cultured for another
3-4 days.

Immunofluorescence stainings

Cells were fixed with 4% paraformaldehyde (PFA) (Polysciences).
Unspecific binding sites were blocked by incubating for 2h at room
temperature (RT) in blocking buffer, consisting of 10% normal goat or
donkey serum, 1% BSA, 0.5% Triton, and 0.05% Tween. Primary an-
tibodies (Table 2) were diluted in staining buffer (blocking buffer di-
luted 1:1 with PBS) and incubated overnight at 4 °C. Cells were washed
3 times with PBS/0.05% Tween. Afterwards, they were incubated for
2h at RT with secondary antibodies, diluted 1:500 in staining buffer.
Nuclei were stained with Hoechst (Thermo Fisher Scientific). Cells were
washed again 3 times with PBS/0.05% Tween. Images were captured
using a fluorescence microscope (LSM700; Zeiss) with Zenblue software
(Zeiss). Individual channel images were processed and merged with
Fiji.

Flow cytometry

Cells were harvested and stained with an APC coupled OCT4 anti-
body (Miltenyi) for 10 min at 4 °C. Afterwards, they were washed with
PBS and fixed with PFA. Analysis was performed on a CyAn ADP with
Summit4.3 software (Beckman Coulter).
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Karyotype analysis

Karyotype analysis was performed at the Institute of Human
Genetics and Anthropology, Heinrich-Heine-University, Diisseldorf.

Microarray-based transcriptome analysis

PrimeView Affymetrix microarrays were used to determine global
gene expression. 1 ug of total RNA was used and all preparations were
performed by the Biologisch-medizinisches Forschungszentrum
(BMFZ), Heinrich-Heine University, Diisseldorf. The dendrogram was
generated using the package affy of the R/Bioconductor software
(Gentleman et al., 2004).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scr.2018.07.011.
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Modeling Nonalcoholic Fatty Liver Disease
with Human Pluripotent Stem Cell-Derived Immature
Hepatocyte-Like Cells Reveals Activation
of PLIN2 and Confirms Regulatory Functions
of Peroxisome Proliferator-Activated Receptor Alpha

Nina Graffmann; Sarah Ring, Marie-Ann Kawala, Wasco Wruck, Audrey Ncube,
Hans-Ingo Trompeter? and James Adjaye’

Nonalcoholic fatty liver disease (NAFLD/steatosis) is a metabolic disease characterized by the incorporation of
fat into hepatocytes. In this study, we developed an in vitro model for NAFLD based on hepatocyte-like cells
(HLGs) differentiated from human pluripotent stem cells. We induced fat storage in these HLCs and detected
major expression changes of metabolism-associated genes, as well as an overall reduction of liver-related
microRNAs. We observed an upregulation of the lipid droplet coating protein Perilipin 2 (PLIN2), as well as of
numerous genes of the peroxisome proliferator-activated receptor (PPAR) pathway, which constitutes a reg-
ulatory hub for metabolic processes. Interference with PLIN2 and PPAR« resulted in major alterations in gene
expression, especially affecting lipid, glucose, and purine metabolism. Our model recapitulates many metabolic
changes that are characteristic for NAFLD. It permits the dissection of disease-promoting molecular pathways

and allows us to investigate the influences of distinct genetic backgrounds on disease progression.

Introduction

NONALCOHOLIC FATTY LIVER disease (NAFLD) is a wide-
spread disease in the western hemisphere. Due to a high-
fat diet and a lack of exercise, hepatocytes of NAFLD patients
accumulate fat in the form of lipid droplets (LDs) [1]. This is
often associated with type 2 diabetes and considered part of
the metabolic syndrome [1]. Insulin resistance and obesity-
associated chronic inflammation of adipose tissue are critical
factors for the development and progression of NAFLD [2,3].
This is often seen as a “‘first hit” manifesting in the rather
benign accumulation of LDs, called steatosis. A ““second hit”’,
frequently due to an increase of reactive oxygen species-
mediated stress, induces the progression toward nonalcoholic
steatohepatitis (NASH), which is accompanied by liver in-
flammation and fibrosis [3]. Approximately, 29% of patients
with NASH develop cirrhosis. Up to 27% of these further de-
velop hepatocellular carcinoma [1].

Hepatocytes store triacylglycerides (TAGs) in LDs as a
reaction to an overload with free fatty acids. These are either
derived directly from the diet or result from inflammation
induced lipolysis in adipose tissues [2]. The occurrence of

LDs in >5% of hepatocytes is the main diagnostic criterion
for NAFLD [1].

In LDs, TAGs are enclosed by a lipid monolayer, which is
encapsulated by distinct proteins, predominantly from the
PAT (Perilipin/ADRP/TIP47) family [4-6]. Perilipins regu-
late hydrolysis of TAGs by controlling the activity of lipases
and their access to LDs [7-9]. Perilipin 2 (PLIN2 or Adipo-
philin, ADRP) is ubiquitously expressed and plays a major role
in the formation of LDs [10—12]. PLIN2 expression correlates
with LD content in hepatocytes [13]. A reduction of PLIN2
expression with antisense oligonucleotides reduced liver TAG
content and decreased the expression of genes involved in fatty
acid and steroid metabolism in mice [14,15]. In addition,
PLIN2 knockout mice develop neither obesity nor NAFLD
when fed a high-fat diet because they have a higher energy
turnover compared to their wild-type counterparts [16].

Nutrition and energy uptake are important factors for the
development of NAFLD. However, there exist major differ-
ences between humans and mice. Various established diets
reproduce effects of NAFLD/NASH in mice. Unfortunately,
they fail to mirror the whole spectrum of symptoms observed
in humans. While high-fat diets induce obesity and NAFLD,
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mice generally do not proceed toward NASH even if the diet
is supplemented with fructose. To induce NASH, mice are
usually fed with a methionine—choline-deficient diet. A major
drawback of this diet, however, is the fact that mice do not
become obese, which is a major risk-factor for NAFLD in
humans [17,18]. In addition, there exist several knockout
mouse models, none of which is capable of reflecting all
aspects of the disease [17].

Several groups have used human hepatocarcinoma cell
lines or immortalized primary hepatocytes to model NAFLD
[19,20]. However, cancer-derived cell lines are of limited
use for dissecting the molecular basis of NAFLD as they
harbor genomic and hence functional aberrations compared
to healthy primary liver cells [21,22]. The use of liver
biopsy-derived primary human hepatocytes for modeling
NAFLD is also limited because they can only be cultivated
for a few days before the onset of dedifferentiation [23] or
have to be immortalized by virus-mediated transduction
with SV40. In addition, liver biopsies, especially those from
the early stages, are very rare.

To overcome these limitations, we in this study aimed at
dissecting the molecular basis of NAFLD using hepatocyte-
like cells (HLCs), which were in vitro derived from human
pluripotent stem cells (hPSCs). We used the human embry-
onic stem cell (ESC) line H1, as well as induced pluripotent
stem cells (iPSCs), derived from fetal foreskin fibroblasts of a
healthy individual [24,25]. We were able to monitor the ac-
cumulation of fat in the HLCs, as well as major biochemical
alterations concerning lipid, glucose, and purine metabolism.
Our new model system is suitable for the analysis of disease
triggering factors, as well as new therapeutics.

Material and Methods
Cell culture

HepG?2 cells (ATCC®HB-8065TM) were cultured in DMEM
low glucose with 10% FCS, 1% Penicillin/Streptomycin, and
1% GlutaMAX (Gibco). For fat induction, cells were induced
with 50 uM oleic acid (OA) (Stock solution 100 mM in ethanol).
As control, cells were treated with the corresponding amount of
ethanol. Fat induction was performed 24 h after passaging.

Differentiation of hPSCs into HLCs

hPSCs were cultured on Matrigel (Corning) coated plates in
TeSR E8 medium (STEMCELL Technologies). Medium was
changed daily and spontaneously differentiated cells were re-
moved manually before splitting the cells. One or two days
after passaging, differentiation into definitive endoderm was
induced with definitive endoderm medium: 96% RPMI 1640,
2% B27 (without retinoic acid), 1% GlutaMAX (GIx), 1%
Penicillin/Streptomycin (P/S) (all Gibco), 100 ng/mL Activin
A (Peprotech), and for the first 3 days, 50ng/mL. WNT3A
(R&D). After 5 days, medium was changed toward hepatic
endoderm medium as follows: 78% Knockout DMEM, 20%
Knockout serum replacement, 0.5% GIx, 1% P/S, 0.01% 2-
Mercaptoethanol (all Gibco), and 1% DMSO (Sigma).

After 5 days, differentiation was continued with HLC
medium as follows: 82% Leibovitz 15 medium, 8% fetal
calf serum, 8% Tryptose Phosphate Broth, 1% GIx, 1% P/S
(all Gibco) with 1 uM Insulin (Sigma), 10 ng/mL hepatocyte
growth factor (HGF) (Peprotech), 20 ng/mL Oncostatin M
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(OSM) 209 a.a. (Immunotools), and 25ng/mL Dex-
amethasone (DEX) (Sigma) (Fig. 1A). During the whole
differentiation period, medium was changed daily.

Fat induction in HLCs was performed on day 12 of the dif-
ferentiation process. Interference with peroxisome proliferator-
activated receptor alpha (PPAR) activity was performed by
treatment with 50 pM Fenofibrate (agonist) or 2 uM GW6471
(antagonist, both from Cayman Chemical) in parallel with OA
induction (Fig. 1C).

Liver-specific biochemical assays of HLCs

The amount of urea produced by the cells over a period of
24h was determined from the cell culture supernatant using
the QuantiChrom™ Urea Assay Kit (BioAssay Systems) ac-
cording to the manufacturer’s recommendations. Cytochrome
p450 3A4, 3AS, and 3A7 activity was measured with the
P450-Glo™ CYP3A4 Assay Luciferin-PFBE (Promega) using
a luminometer (Lumat LB 9507; Berthold Technologies).
The presence of active transporter proteins was assessed by
the uptake and release of Indocyanine Green dye. Cells were
incubated for 30 min with 1mg/mL Cardiogreen (Santa
Cruz Biotechnology, Inc.). Afterward, they were washed
with PBS and images were captured with a light microscope
(Primo Vert; Zeiss). Subsequently, cells were cultured in
their usual medium for 6 h and images were again captured.

Staining of LDs

Paraformaldehyde-fixed cells were incubated for 20 min
with either a 60% working solution of Oil Red O (Sigma) or
with BODIPY 493/503 (1 pg/mL; Life technologies) in
PBS/0.05% Tween. After washing, images were captured
with a light microscope (Primo Vert; Zeiss) or a fluores-
cence microscope, respectively (LSM700; Zeiss).

Immunocytochemistry

For intracellular antibody staining, paraformaldehyde-fixed
cells were permeabilized and unspecific binding sites were
blocked by incubating for 2h at room temperature with
blocking buffer (1xPBS with 10% normal goat or donkey
serum, 1% BSA, 0.5% Triton, and 0.05% Tween). Afterward,
blocking buffer was diluted 1:2 with 1 xPBS and cells were
incubated with the primary antibody overnight at 4°C. Cells
were washed thrice with 1 xPBS/0.05% Tween and incubated
with the secondary antibody, for 2h at room temperature.
Cells were washed as above and images captured using a
fluorescence microscope (LSM700; Zeiss).

Extracellular stainings were performed in the same man-
ner without detergents. The following primary antibodies were
used: Alpha Fetoprotein, Albumin (Sigma) E Cadherin (CST),
HNF40 (Abcam), SOX17 (R&D), and PLIN2 (Proteintech).
For details on antibodies, see Supplementary Table S1; Sup-
plementary Data are available online at www.liebertpub.com/
scd. DNA was stained with Hoechst 33342. Individual channel
images were processed and merged with Photoshop CS6.

Western blot

Cells were lysed in 1 X RIPA buffer (50 mM Tris HCI, pH
8, 150 mM NaCl, 1% IGEPAL (NP-40), 0.1% SDS, 1 mM
EDTA, and 0.5% Na-Deoxycholate) with protease inhibi-
tors. Twenty microgram of protein was analyzed by western
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| | | I
| | | |
Plate DE-Medium HE-Medium HLC-Medium
iPSC RPMI 1640 96% KO-DMEM 76.5% L15 82%
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FIG. 1.

Differentiation of hPSCs into HLCs. hPSCs were differentiated into HLCs using a three-step protocol (see also

Materials and Methods section) (A). Morphological changes of the differentiating cells are documented for each stage. At
the definitive endoderm (DE) stage, the dense cell—cell contact is lost, and cells acquire the typical endodermal morphology.
The characteristic polygonal shape of hepatocytes is already evident at the hepatic endoderm (HE) stage. This morphology
is even more pronounced at the HLC stage (B). Two days before the end of differentiation, steatosis was induced with
50uM OA, and control cells were treated with an equal volume of ethanol. To interfere with LD formation, PPARa
modulators were also added on the same day (C). HLCs, hepatocyte-like cells; hPSCs, human pluripotent stem cells; LD,
lipid droplet; OA, oleic acid; PPARa, peroxisome proliferator-activated receptor alpha.

blot with antibodies against PLIN2 (Proteintech) and ACTIN
(CST). HRP coupled secondary antibodies were obtained
from Abcam. Chemiluminescence was detected on a Fusion
FX instrument (PeqLab) and analyzed with Fusion Capt
Advance software (PeqLab) using rolling ball background
correction.

RNA isolation and quantitative real-time polymerase
chain reaction

For RNA isolation, up to 500,000 cells were lysed in
500 pL TRIzol. RNA was isolated with the Direct-zol™ RNA
Isolation Kit (Zymo Research) according to the user’s manual,
including the DNase digestion step. Reverse transcription of
up to 1 pg RNA was performed with the TagMan Reverse
Transcription (RT) Kit (Applied Biosystems). Primers were
purchased from MWG; sequences are provided in Supple-
mentary Table S2. Real-time PCR was performed in technical
triplicates with Power SYBR Green Master Mix (Life tech-
nologies) on a VIIA7 or StepOnePlus (both Life technolo-
gies) machine. Mean values were normalized to actin and,
subsequently, to the ethanol control. In case of siRNA ex-
periments, data were normalized to the ethanol-treated nt
siRNA sample. Experiments were carried out in biological

duplicates and are depicted as mean values (log2) with
standard error of the mean. Unpaired student’s z-tests were
performed for calculating significances.

Transcriptome and bioinformatics analysis

Microarray experiments were performed using the Affy-
metrix PrimeView chip (BMFZ, Diisseldorf). Details of data
analysis are given in Supplementary Methods.

Liver-specific microRNA array

cDNA synthesis was carried out using the miScript IT RT
Kit (QIAGEN) according to the user’s manual. Quantitative
reverse transcription polymerase chain reaction (QRT-PCR)
and data analysis were performed according to the user’s
manual (miScript miRNA PCR Array; QIAGEN). All val-
ues were normalized to six different housekeeping genes
(snoRNA/snRNA).

microRNA target gene validation

microRNA target gene validation was performed in
HEK?293T cells as previously described [26,27]. In brief, 3’
untranslated region (UTR) fragments of putative target
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genes were cloned at the 3” end of the Firefly luciferase open
reading frame (ORF) in dual-luciferase reporter vector
pmirGLO (Promega). Ds-oligonucleotides spanning the
predicted microRNA binding sites for ATL3 (hsa-miR-
106b) and CPAMDS (hsa-miR-122) were used (Supplemen-
tary Table S3), whereas the 3,406-bp EPHA7-3" UTR was
represented by a 1,384-bp PCR fragment covering two pre-
dicted hsa-miR-106b binding sites (Supplementary Table S4).
Normalization for effects of endogenous HEK293T micro-
RNASs on the given 3’ UTR was achieved by transfection of
both empty pmirGLO, as well as pmirGLO/3” UTR, into
HEK?293T cells. Pairwise cotransfections of empty pmirGLO
or pmirGLO/3” UTR with the microRNA mimic of interest
(Supplementary Table S5) (Dharmacon) were performed.
Firefly and Renilla activities were determined 24h after
transfection. All transfections were performed in at least two
independent biological experiments with quadruple transfec-
tions each. Mean values with standard deviations are shown.
Significances were calculated with unpaired Student’s #-test,
kP <0.001.

PLIN2 knockdown

PLIN2 knockdown was performed by transfecting 5 pmol
PLIN2 siRNA or a nontarget (nt) control siRNA (Thermo
Scientific) into 100,000 HepG2 cells using lipofectamine
RNAIMAX (Life Technologies). Forty-eight hours post
transfection, the cells were harvested for further analyses.

Results

Pluripotent stem cells differentiate into HLCs
and show characteristic activities of liver cells

We differentiated hPSCs into HLCs using a three-step
protocol, which is based on published protocols [28-30], but
has been adapted in our laboratory to optimize the indi-
vidual differentiation steps (Fig. 1A). We used the estab-
lished ESC line H1 and an iPSC line derived from fetal
foreskin fibroblasts [25] to compare two distinct hPSC
lines. Morphological changes were monitored at every
step of the differentiation process (Fig. 1B). ESCs and
iPSCs behaved similarly during differentiation. At the de-
finitive endoderm stage, they adopted a typical flat and
elongated shape; then at the hepatic endoderm stage, cells
from both sources started to adopt the polygonal shape that
is characteristic for hepatocytes. At the maturation step, that
is, the HLC stage, the vast majority of the cells had acquired
the polygonal morphology.

Stainings with antibodies for the hepatocyte markers al-
bumin, HNF4a, and E-Cadherin were all positive for HLCs
derived from ESCs and iPSCs (Fig. 2A). In addition, several
activity tests indicated that HLCs behave like hepatocytes
(Fig. 2B-D). They were able to synthesize urea (Fig. 2B)
and expressed active transporters as demonstrated by their
ability to take up and release indocyanine green dye
(Fig. 2C). Another important characteristic of hepatocytes is
the activity of phase I enzymes, for example, members of
the Cytochrome p450 family, which was strongly increased
in HLCs compared to undifferentiated hPSCs (Fig. 2D).
Thus, we can reliably generate functional HLCs from ESCs,
as well as from iPSCs, which are suitable for disease
modeling.

GRAFFMANN ET AL.

HLCs can be induced to accumulate LDs

To analyze early steatosis in cell culture, we first estab-
lished a protocol for the induction of LDs in HLCs, which is
based on the addition of 50 uM OA for 48 h into the me-
dium. For both cell types, we observed similar increases in
LD accumulation with Oil Red O and BODIPY 493/503
staining (Fig. 3A, B). PLIN2 expression increased consis-
tently after induction with OA (Fig. 3C). In addition, we
analyzed the expression of several other genes involved in
lipid metabolism to get a first impression of the immediate
impact of fatty acid overload (Fig. 3C and Table 1). All
factors were selected, because they were significantly reg-
ulated in liver cells of patients with high levels of steatosis
compared to low-level steatosis [31]. In all cases, except for
ACADSB, the expression changes in HLCs mirrored those
observed in patient liver biopsies [31].

We decided to further focus on increased PLIN2 expres-
sion as an indicator and marker for the induction of stea-
tosis, because its role during progression of the disease has
been analyzed extensively [13-16].

Transcriptome and associated pathway
analysis of HLCs after steatosis induction

We next wanted to know how the induction of steatosis
with OA affects the transcriptomes 48 h post treatment. To
achieve this, we induced steatosis in HLCs derived from H1
ESCs and iPSCs as described above. Ethanol-treated cells
were used as a solvent control. We found that ~ 13,000
genes were significantly expressed in H1- or iPSC-derived
HLCs, respectively (Fig. 4A, B). In both cases, about 200
genes were exclusively expressed in the control cells, while
129 (H1) and 186 (iPSC) genes were exclusively expressed
in OA-treated cells (Fig. 4A, B).

Analysis of the genes that were higher or exclusively
expressed in HLCs treated with OA revealed significant
enrichment of gene ontology (GO)-terms related to lipid
metabolism and transport (Fig. 4C and Supplementary
Table S6). As OA is dissolved in ethanol, it is not possible to
completely rule out an ethanol-mediated influence on the
expression of metabolically relevant genes. However, GO
analysis for genes, which were exclusively expressed in
ethanol-treated control cells, did not reveal any nonethanol-
related metabolic pathways. Instead, pathways connected to
signaling and nonhepatic development were enriched
(Fig. 4C and Supplementary Table S7).

Overall, the individual regulated genes, as well as the
associated GO categories and pathways, differed between
both cell lines. This probably reflects innate discrepancies of
the differentiation propensity of ES and iPS cells, as well as
of course their different genetic background. Nonetheless,
numerous genes associated with the PPAR pathway, which
plays a major role in the regulation of lipid metabolism,
were upregulated after OA treatment of HLCs derived from
HI or iPSCs (Supplementary Fig. S1).

Heatmap analysis of several factors involved in lipid and
glucose metabolism, as well as in insulin signaling, revealed
that although the absolute transcription levels of many fac-
tors differed between H1- and iPSC-derived HLCs, the
OA-induced changes were frequently qualitatively similar
(Fig.4D). To get amore detailed insight into the transcriptional
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changes that occur early in steatosis, we expanded our panel of
directly investigated genes (Table 1) and included more factors
relevant for lipid metabolism (CPTIA, CPT2,and HADH). We
also added APOC2 as another lipid binding protein and
GSK3A, which regulates glucose metabolism (Fig. 4E). Inter-
estingly, only CPTIA and APOC?2 were consistently upregu-
lated in both samples, while we observed only minor and
opposed expression changes for the other factors.

Many liver-specific microRNAs are downregulated
in HLCs after induction of steatosis

Next, we analyzed whether induction of steatosis in H1-
and iPSC-derived HLCs alters expression of liver-specific
microRNAs. To this end, we used the liver finder micro-

RNA array composed of 84 liver-related microRNAs. In-
terestingly, we found most microRNAs downregulated upon
steatosis induction and only a few microRNAs upregulated
(Fig. 5A). This finding implies that an altered microRNA
expression profile is part and parcel of the early events in
steatosis-induced cells, especially since the liver-specific
microRNA hsa-miR-122 was among the most strongly
downregulated miRNAs, together with hsa-miR-106b
(Fig. 5A).

Bioinformatic target gene predictions revealed several
thousand putative target genes for hsa-miRs-106b and -122
(Supplementary Table S8). Among these, we further analyzed
liver-related genes ATL3, EPHA7 (putative miR-106b targets),
and CPAMDS (putative miR-122 target), which were upregu-
lated upon steatosis induction in HLCs derived from H1 and
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iPSC (Fig. 5B). Remarkably, a significant number of miRNAs
from the liver finder array were found among the predictions
for these three genes (CPAMDS: 15%, ATL3: 12%, EPHAT:
44% from 84 miRNAs, see Supplementary Table S4). Luci-
ferase reporter-based target gene validation indeed confirmed
that hsa-miR-106b downregulates ATL3 and EPHA7, while
miR-122 targets CPAMDS (Fig. 5C-E).

siRNA-based suppression of PLINZ2 level
and function does not impair LD formation

Having characterized the impact of steatosis induction on
the global gene expression, we next wanted to interfere with
LD accumulation to find indications for putative treatments

for NAFLD. First, we reduced PLIN2 expression using
siRNA, because it is known that PLIN2 plays a major role
during the development of steatosis [13—16]. As the trans-
fection efficiency of in vitro derived HLCs is very low, we
decided to focus on HepG2, a hepatocellular carcinoma line,
for these experiments. Forty-eight hour treatment with a
PLIN2 siRNA reduced its expression on protein level to about
33% (Fig. 6A and Supplementary Fig. S2A). Next, we in-
duced the siRNA-treated HepG2 cells with OA for an addi-
tional 48 h. PLIN2 siRNA reduced the expression of PLIN2
on mRNA level to ~20% in the control and the OA-treated
samples (Fig. 6B). However, even under siRNA knockdown
conditions, PLIN2 expression was still significantly higher in
the induced sample compared to the control (Fig. 6B).
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TABLE 1. NAMES AND FUNCTIONS OF THE INVESTIGATED GENES
Gene symbol Name Function Classification
CPTIA Carnitine palmitoyltransferase 1A Transport acyl group of fatty acid-CoA  Fatty acid
conjugates across the mitochondrial catabolism
membranes for beta-oxidation
CPT2 Carnitine palmitoyltransferase 2
ECHS1 Enoyl coenzyme A hydratase, short chain, I, =~ Mitochondrial fatty acid beta-oxidation
mitochondrial
HADH Hydroxyacyl-coenzyme A dehydrogenase Mitochondrial fatty acid beta-oxidation
LIPA Lipase A, lysosomal acid, cholesterol esterase  Hydrolase of cholesteryl esters and
triglycerides
ACADSB Acyl-coenzyme A dehydrogenase, Dehydrogenase of acyl-CoA derivatives
short/branched chain
ACATI Acetyl-coenzyme A acetyltransferase 1 Ketone body metabolism
PRKAA2 Protein kinase, AMP-activated, alpha 2 Regulator of FA and cholesterol Regulators of
catalytic subunit biosynthesis metabolism
PPARo. Peroxisome proliferator-activated receptor Regulator of lipid and glucose
alpha metabolism
GSK3A glycogen synthase kinase 3 alpha Regulator of glucose homeostasis
AGPAT2 1-Acylglycerol-3-phosphate O-acyltransferase 2 Phospholipid biosynthesis Biosynthesis
(lysophosphatidic acid acyltransferase, beta)
HMGCR 3-Hydroxy-3-methylglutaryl-coenzyme Cholesterol synthesis
A reductase
PLIN2 Perilipin 2 Coats LDs LD coating
APOC2 Apolipoprotein C-1I Lipid-binding protein (very low-density
lipoprotein)

LD, lipid droplet.

Contrary to our expectations, PLIN2 knockdown did not
alter the accumulation of LDs in the cells after incubation
with OA (Fig. 6C). Nonetheless, microarray analysis revealed
that transcriptomes of cells treated with PLIN2 siRNA cluster
away from those incubated with the nt control siRNA (Sup-
plementary Fig. S2B, left branches). In both clusters, OA
treated and control cells form separate subclusters. A detailed
view on the expression of lipid and glucose metabolism re-
lated genes also confirmed that PLIN2 siRNA treatment in-
duced major transcriptional changes (Fig. 6E).

Numerous factors involved in lipid catabolism such as
ACADSB, LIPA, and CPTIA were downregulated after
PLIN2 siRNA treatment. These tendencies were confirmed
by qRT-PCR (Fig. 6D). However, in this study, the differ-
ences between the OA and EtOH-treated cells became more
obvious. Interestingly, also PPARa and vy, which regulate
lipid metabolism, were downregulated after PLIN2 knock-
down (Fig. 6E). This argues in favor of an active PPAR gene
regulatory network associated with steatosis. Overall,
PLIN2 knockdown modulates the expression of steatosis-
related genes, but does not reduce lipid accumulation, at
least in the early stage investigated.

Modulation of the lipid metabolism regulating
factor PPARx has major impact on numerous
metabolism-related pathways

The hepatic nuclear receptor PPARa is activated by a
variety of ligands [32,33]. It regulates lipid and glucose
metabolism in the liver and PLIN2 is one of its known
targets [34,35]. Transcriptome analysis revealed that many
members of the PPAR« signaling pathway were upregulated

either in H1- or iPSC-derived HLCs after treatment with OA
(Supplementary Fig. S1). Its expression was also influenced
by PLIN2 knockdown (Fig. 6D, E). As we could not
transfect HLCs with siRNA against PLIN2 to a significant
level, we decided to interfere with PPARa signaling by
activating or inhibiting PPARa action with Fenofibrate or
GWo6471, respectively [36].

iPSC-derived HLCs were treated for 48 h with OA and
either Fenofibrate or GW6471. BODIPY staining revealed
that HLCs incorporated LDs regardless of treatment with the
PPARa modulators (Fig. 7A). This is in line with results
from Rogue et al. who showed that PPARa agonist treat-
ment reduced fat load in HepaRG cells only after a pro-
longed incubation of 14 days [37]. However, microarray
analysis revealed that even short-term treatment with Fe-
nofibrate and GW6471 had an impact on gene expression.
The transcriptomes of HLCs incubated with either Fenofi-
brate or GW6471 clearly clustered away from each other
(Fig. 7B).

Heatmap-based analysis of the PPAR pathway revealed
that cells treated with Fenofibrate or GW6471 behave dif-
ferently (Fig. 7C). In both cases, there were two subclusters
detectable that correspond to the control cells and the OA-
treated cells. We monitored the expression levels of genes
important for lipid and glucose metabolism in more detail by
gRT-PCR. In most cases, treatment with the agonist and the
antagonist resulted in opposing changes in gene expression,
as expected (Fig. 7D). Inhibition of PPARa with GW6471
resulted in downregulation of genes involved in lipid catab-
olism, while activation using Fenofibrate reduced expression
of AGPAT2 and HMGCR, which are involved in biosynthesis
of phospholipids and cholesterol, respectively (Fig. 7D).
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FIG. 5. Regulated expression of microRNAs upon induction of steatosis. (A) Expression of 84 liver-specific microRNAs
from H1-HLCs (dark gray) and iPSC-HLCs (light gray) was analyzed after the induction of steatosis. MicroRNA expression
was normalized to six different genes of small housekeeping RNAs. For H1-derived HLCs, biological and for iPSC-derived
HLCs, technical duplicates were performed. The mean value is shown as log2 expression. With a few exceptions, all miRNAs
were downregulated in steatosis-induced cells from both sources. (B) Expression of selected microRNA target genes was
analyzed through qRT-PCR (n=2). Gene expression was normalized to B-actin and, subsequently, to the control samples. For
each sample, the mean + standard error is shown as log2 scale. (C-E) Validation of predicted target genes for hsa-miRNA-106b
[ATL3 (C), EPHA7 (D)] and hsa-miRNA-122 [CPAMDS (E)]. To test the influence of endogenous microRNAs, empty Firefly/
Renilla dual-reporter vector pmirGLO and pmirGLO/3” UTR (containing the 3'UTR of interest at the 3" end of the Firefly open
reading frame) were each transfected into HEK293T cells (n=4). Normalized Firefly activities were compared with those of
pairwise cotransfections of these vectors with the microRNA mimic of interest (miR-106b, -122, and an unspecific siRNA
negative control) to test for unspecific effects of the given microRNA-mimic on Firefly/Renilla per se and for validation of the
particular target prediction. Dark gray columns show normalized Firefly activities from pmirGLO (mimic-co)-transfections;
light gray columns are those from pmirGLO/3’ UTR cotransfections. Percentage reductions of Firefly activities of pmirGLO/3’
UTR compared with pmirGLO are given, as well as their statistical significances (Student’s ¢-test, unpaired, ***P <0.001). All
three predicted interactions were tested positive. HLCs, hepatocyte-like cells; iPSC, induced pluripotent stem cell; qRT-PCR,
quantitative reverse transcription polymerase chain reaction; UTR, untranslated region.
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ethanol (EtOH). Expression of PLIN2 was analyzed on mRNA level using qRT-PCR. Although levels were reduced by
~ 80% after transfection, we observed significantly increased levels after OA treatment. Gene expression was normalized to
B-ACTIN and, subsequently, to the control samples. For each sample, the mean + standard error of duplicate experiments is
shown as log2 scale. Significances were calculated with an unpaired Student’s #-test. (C) LD formation was monitored by
Oil Red O staining. In the upper row, untransfected control cells are shown, followed by cells transfected with nt siRNA
(middle row) and PLIN2 siRNA, last row. Ethanol-treated control cells show only minor LD accumulation (left column),
while those treated with 50 pM OA for 48 h have abundant LDs that are stained by Oil Red O. Scale bar: 25 pm. Expression
of genes involved and lipid or glucose metabolism (D) were analyzed using qRT-PCR. (E) Heatmap representation of genes
involved in insulin signaling and lipid or glucose metabolism reveals two clusters related to treatment with either PLIN2 or

the nt siRNA. LD, lipid droplet; OA, oleic acid; PLIN, Perilipin 2; qRT-PCR, quantitative reverse transcription polymerase
chain reaction. Color images available online at www.liebertpub.com/scd

When we compared the number of GO-terms associated
with distinct metabolic categories that were significantly
regulated after PPARo modulation, it became obvious that
many were connected with glucose, lipid, and purine me-
tabolism (Fig. 7E and Supplementary Table S9). Interest-
ingly, genes exclusively expressed in GW6471-treated

HLCs were predominantly mapped to lipid metabolism or
transport, while this category was only marginally upregu-
lated in Fenofibrate-treated cells, indicating that inhibition of
PPARa strongly affects lipid metabolism (Fig. 7E). In con-
trast, expression of genes that are associated with purine
metabolism was upregulated after PPARa activation, while
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The numbers of GO-terms that were associated with lipid, glucose, or purine metabolism and transport are displayed. GO,
gene ontology; HLCs, hepatocyte-like cells; LDs, lipid droplets; OA, oleic acid; PPARa, peroxisome proliferator-activated
receptor alpha; qRT-PCR, quantitative reverse transcription polymerase chain reaction. Color images available online at
www.liebertpub.com/scd
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none of the genes that were exclusively expressed in
GW6471-treated cells mapped onto this GO-category.

A detailed analysis of the purine metabolic pathway
demonstrated that genes associated with the early steps of
purine metabolism tended to be downregulated under Fe-
nofibrate treatment, while genes for the later steps were
either upregulated or exclusively expressed during Fenofi-
brate treatment (Supplementary Fig. S3). This implies that
PPAR« activation regulates purine metabolism.

Taken together, we have generated a robust in vitro model
for NAFLD based on human PSC-derived HLCs. Upon OA
induction, the cells recapitulate many features observed in
NAFLD patients (LD accumulation, PLIN2 overexpression,
and dysregulation of metabolic pathways) and they react to
variation of PPARa activity.

Discussion

In this study, we established a cell culture model for de-
ciphering the molecular basis underlying early steps of LD
accumulation in NAFLD, based on HLCs derived from
hPSCs. We showed that ESCs and iPSCs both differentiate
into HLCs that express hepatocyte-specific proteins and have
characteristic hepatocyte-like biochemical functions. HLCs

could be induced to accumulate fat in LDs by incubating them
with OA. Global gene expression analysis after OA induction
revealed upregulation of many GO-categories associated
with lipid or glucose metabolism. This effect was qualita-
tively similar between ESC- and iPSC-derived HLCs, but
differed quantitatively due to the different genetic back-
grounds of the two cell lines and the usual interdifferentiation
variations. Importantly, ethanol-treated control cells had a
completely different panel of genes upregulated, which
mapped to GO-categories related to signaling or nonhepatic
development. This indicates that expression changes ob-
served in the OA group are not induced by the solvent ethanol,
but rather by OA itself. However, for the future, it is important
to compare effects of different steatosis inducing agents, for
example, palmitic acid or steatogenic drugs.

After OA induction, many members of the PPAR sig-
naling pathway, which controls lipid metabolism, were up-
regulated. Of the different PPAR isoforms, PPARa is most
abundant in the liver. It regulates lipid metabolism as a
reaction to nutritional status and partly depends on insulin
signaling [34]. In general, activation of PPARa with fibrates
is a recognized treatment for the metabolic syndrome [38]
and its expression levels negatively correlate with the se-
verity of NASH [39].
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Upon induction of steatosis, expression of a panel of
genes important for lipid metabolism changed in the same
manner as previously observed by comparing liver biopsies
from patients with high versus low levels of steatosis [31].
Among these factors, we identified PLIN2 upregulation as a
suitable marker for successful induction of steatosis. PLIN2
is involved in the synthesis of LDs and plays an important
role in the onset of steatosis. It has been shown that PLIN2
knockout mice develop neither obesity nor steatosis [16] and
the knockdown of PLIN2 expression with an antisense oli-
gonucleotide protected mice against the development of
fatty liver [14].

To analyze the influence of PLIN2 expression on the
development of steatosis, we knocked down PLIN2 in
HepG2 cells using siRNAs. Although the knockdown was
highly efficient with only 32% of protein expression re-
maining, we could not observe any changes in LD accu-
mulation after induction with OA. This might be due to the
short time period of only 48 h. There might still be enough
PLIN2 left for coverage of some LDs, while the shortage of
PLIN2 limits the amount of LDs that can be assembled over
the long term. In addition, several other proteins are in-
volved in LD formation. During steatosis, LDs increase in
size relative to the abundance of TAGs [36]. The largest
LDs are predominantly covered by PLIN1, which competes
on the LD surface with PLIN2 [36]. Global gene expression
analysis of PLIN2 knockdown cells revealed indeed that
PLINI and PLIN4 expression was enhanced in at least two
of the four samples compared to the nt siRNA samples.

Overall, we observed profound genome-wide transcrip-
tional changes, which are reflected by the fact that the
transcriptomes of PLIN2 and nt siRNA-treated cells cluster
separately from each other. Interestingly, expression levels
of several factors known to have important regulatory
functions on metabolism were altered after PLIN2 knock-
down. For example, PRKAA2, which is the catalytic subunit
of adenosine monophosphate-activated protein kinase
(AMPK), a sensor of nutritional level that becomes acti-
vated during fasting [40] was strongly upregulated in PLIN2
knockdown cells, but reduced again upon OA induction.
This shows that the cells still react to nutritional abundance.
The lack of PLIN2, although it does not have a detectable
influence on LDs, seems to transfer some kind of fasting
signal that activates PRKAA2 transcription. However, our
data do not provide any information on PRKAA2 activity,
which has to be analyzed in the future.

In addition, PPARa and 7y, which regulate lipid metabo-
lism, were downregulated in PLIN2 siRNA-treated cells. This
fits well with the predominant downregulation of lipid ca-
tabolism genes that are at least, in part, directly regulated by
PPARa. Our data point at the existence of a PPAR-gene
regulatory network that depends on PLIN2 levels. In addition,
expression levels of genes important for insulin signaling
were altered after PLIN2 siRNA treatment. Interestingly, the
expression of IGFBP2 and 3, two important regulators of
IGF1 signaling [41], were induced, while IGF itself was re-
duced. Overall, these data indicate that although PLIN2
knockdown has no detectable effect on LD formation, it has a
major impact on metabolic activities of the cell.

A knockdown of PLIN2 was not possible in HLCs because
of the low transfection efficiency in primary cells. As PLIN2
is a target of PPARa signaling [39], we interfered with
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PPARa activity using two small molecules, Fenofibrate
(agonist) and GW6471 (antagonist). Again, we could not
observe any changes in LD formation after treating induced
HLCs with either Fenofibrate or GW6471. However, we in-
vestigated only short-term effects and it has been shown that
PPAR« activation over a longer time period reduces steatosis
in HepaRG cells [37]. Nonetheless, we observed major gene
expression changes that occur as an immediate reaction to-
ward PPARa modulation accompanying OA induction. Ex-
pressed genes could be mapped to pathways related to lipid,
glucose, and purine metabolism. Interestingly, the latter was
not present in OA-induced HLCs, where PPARa activity was
reduced by GW6471. In this study, the most prominently
upregulated GOs belonged to lipid metabolism. This indicates
that the PPARa agonist and antagonist do not simply influence
gene expression in opposing directions, although we observed
this for a panel of key metabolic genes, but they also modify
metabolic pathways from different angles.

Genes of the purine metabolism were generally regulated
in Fenofibrate-treated cells. A recent study by Asby et al.
demonstrated that Aminoimidazole carboxamide ribonucle-
otide (AICAR), an intermediate product in de-novo purine
synthesis, activates AMPK [42], which is a key regulator of
metabolism that senses the nutritional state of the cell and
induces PPARa activity and catabolic pathways [40]. We
observed that genes, which directly precede the synthesis of
AICAR, were either upregulated or exclusively expressed
during Fenofibrate treatment. Thus, it is possible that in ad-
dition to a direct influence on fat and glucose metabolism,
PPARu also indirectly enhances these pathways by regulating
purine metabolism, and thus, AMPK activity.

For most of the genes that were analyzed in more detail,
treatment with the PPARa agonist and antagonist resulted as
expected in opposing changes in expression. While GW6471-
mediated inhibition of PPAR« resulted in downregulation of
genes involved in lipid catabolism, activation using Fenofi-
brate reduced expression of AGPAT2 and HMGCR, which are
involved in biosynthesis of phospholipids and cholesterol,
respectively. Thus, our HLC model can, in part, reproduce the
beneficial role of PPARa enhancement in patients with
metabolic syndrome at least with regard to the reduced ex-
pression of lipid and cholesterol synthesizing enzymes.

In addition to major gene expression changes, we ob-
served that the expression of most liver-specific microRNAs
was downregulated as an early reaction to steatosis induc-
tion. Among the most strongly downregulated miRNAs,
miR-122 is a key factor in liver development, differentia-
tion, and homeostasis. It is elevated in the serum of NAFLD
patients, while its expression levels in hepatocytes are
concomitantly reduced, which is corroborated by our ob-
servations [43,44]. MiR-122a knockout mice develop stea-
tosis and have altered levels of enzymes important for
lipogenesis, LD formation, and lipid transport [45,46]. MiR-
106b has not yet been associated with NAFLD, but its
overexpression has been reported during development of
cirrhosis and hepatocellular carcinoma [47].

Among the putative miR-106b and -122 targets predicted
by at least four of the algorithms implemented in miRWalk,
we confirmed CPAMDS, ATL3, and EPHA7 as new miR-122
and miR-106b targets, respectively. None of these three
proteins have been functionally associated with NAFLD.
However, the validated, as well as the predicted, impact of
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downregulated liver-related miRNAs on their expression to-
gether with their concordant upregulation in induced HLCs
point to a functional role of these factors, but mechanisms
remain to be elucidated.

We are aware of the fact that the two analyzed hPSC lines
can only give a first impression of the general mechanisms
of NAFLD development. To dissect these in more detail, we
have generated several patient-specific iPSC lines, which are
currently being characterized and which will be used in the
future for more detailed analyses of the disease [48].

To summarize, our results show that hPSC-derived HLCs
are a valuable in vitro model for investigating the molecular
basis of the early steps of NAFLD. They accumulate LDs,
and expression changes of metabolically relevant genes
mirror those observed in liver biopsies of steatosis patients
[31]. In addition, lipid metabolism can be regulated by
modulating the activity of PPARa. A short overview of the
different processes is given in Fig. 8.
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Abstract

During embryonic development bipotential hepatoblasts differentiate into hepatocytes and
cholangiocytes- the two main cell types within the liver. Cell fate decision depends on elabo-
rate interactions between distinct signalling pathways, namely Notch, WNT, TGF@, and
Hedgehog. Several in vitro protocols have been established to differentiate human pluripo-
tent stem cells into either hepatocyte or cholangiocyte like cells (HLC/CLC) to enable dis-
ease modelling or drug screening. During HLC differentiation we observed the occurrence
of epithelial cells with a phenotype divergent from the typical hepatic polygonal shape- we
refer to these as endoderm derived epithelial cells (EDECs). These cells do not express the
mature hepatocyte marker ALB or the progenitor marker AFP. However they express the
cholangiocyte markers SOX9, OPN, CFTR as well as HNF4a, CK18 and CK19. Interest-
ingly, they express both E Cadherin and Vimentin, two markers that are mutually exclusive,
except for cancer cells. EDECs grow spontaneously under low density cell culture condi-
tions and their occurrence was unaffected by interfering with the above mentioned signalling
pathways.

Introduction

In vitro differentiation of human pluripotent stem cells (hPSCs) into hepatocyte like cells
(HLCs) or cholangiocyte like cells (CLCs) provide valuable tools for modelling hepatogenesis,
studying liver-associated diseases, assessing toxicology and for drug screenings. Several proto-
cols have been established to obtain one or the other cell type [1-10]. The success of differenti-
ation highly depends on the quality of the pluripotent stem cells, the initial seeding density of
the culture and the proliferation rate of the cells. The ultimate goal is to obtain a pure popula-
tion of HLCs which have Cytochrome P450 enzyme activity and recapitulate disease associated
phenotypes [4-6] or CLCs which are able to form ductual structures in a 3D culture system
[7-10].

Bipotential hepatoblasts give rise to hepatocytes and cholangiocytes in vivo [11-13]. Hepa-
tocytes are the most abundant cell type in the liver and responsible for metabolism, nutrient
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storage and drug detoxification. Cholangiocytes are epithelial cells which line the bile ducts
that draw through the liver parenchyme and transport bile into the gall bladder. Several signal-
ling pathways have been shown to be involved in the cell fate decision making between hepato-
cytes and cholangiocytes.

Notch signalling is crucial for the development of cholangiocytes. Impaired Notch signal-
ling due to JAGGEDI (JAG1) or NOTCH2 mutations causes Alagille Syndrome, a disease that
manifests in the liver by a reduction of bile ducts in combination with cholestasis [14-16]. Bile
ducts form during liver development next to the portal vein. Bipotential hepatoblasts are speci-
fied towards the cholangiocyte fate by Notch signalling, mediated by Notch2 [17, 18]. They
form the ductal plate which is the starting point for bile-duct tubulogenesis [17]. Notch signal-
ling in cells adjacent to this first layer of cholangiocytes induces tubulogenesis. After the first
ductal structures have formed, all cells lining the duct differentiate towards cholangiocytes
[17]. Interestingly, NOTCH3 is the only family member that directs hepatoblasts towards
hepatocytes [19].

Susceptibility to Notch signalling depends on transforming growth factor (TGF) B-signal-
ling. As cells of the periportal mesenchyme are major sources for TGFp secretion, a gradient
with decreasing concentrations forms along the periportal-parenchyme axis [20, 21]. Cells
near the periportal region are most strongly stimulated by TGFp and they are the first to form
the ductal plate as described above.

Additionally, wingless-type MMTYV integration site family (WNT) signalling has been pro-
posed to be involved in hepatic cell fate specification, however, to date contradictory results
preclude an unambiguous assignment of its exact role in this process. Several studies have indi-
cated that WNT-B-catenin signalling promotes cholangiocyte and not hepatocyte fate [22, 23],
while Cordi et al. recently demonstrated that -catenin is not necessary for biliary develop-
ment but that its overexpression perturbs cholangiocyte differentiation as well as bile duct
morphogenesis [24].

Finally, Hedgehog (Hh) is involved in the complex signalling orchestra that regulates
hepatic cell fate. Bipotential hepatoblasts produce and respond to Hh ligands. This dual capac-
ity is retained in cholangiocytes, while healthy hepatocytes lose the ability to produce Hh
ligands or to react to its signals. However, upon liver injury they regain the ability to produce
Hh ligands [25].

During HLC differentiation in vitro, we often observed cells with an epithelial but non-
polygonal morphology lacking HLC characteristics occurring at areas of the dish where cell
density is low. Here we set out to characterize these cells and applied distinct pathway inhibi-
tors with the aim to reduce their appearance during HLC differentiation and maybe increase
the homogeneity of HLC populations.

Materials and methods
Ethics statement

The use of iPSC lines for this study was approved by the ethics committee of the medical fac-
ulty of Heinrich-Heine University under the number 5013.

Cell culture

The human ESC line H1 was purchased from WiCell Research Institute (Madison, W1, USA),
human iPSCs were generated as described in [26, 27].

hPSCs were cultured on matrigel (Corning) coated plates with Stem MACS (Miltenyi) or
TSR E8 medium (Stemcell Technologies). Medium was changed on a daily basis. Spontane-
ously differentiated cells were removed manually if necessary. For differentiation, cells were
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split onto matrigel coated plates and kept in the stem cell medium for another 16-24h. After-
wards, HLC differentiation was performed as described previously [1]. In brief, cells were first
differentiated towards definitive endoderm (DE) using DE medium: 96% RPMI 1640, 2% B27
(without retinoic acid), 1% Glutamax (Glx), 1% Penicillin/Streptomycin (P/S) (all Gibco), 100
ng/ml Activin A (Peprotech) and for the first day 2.5 pM Chir99021 (Tocris). After 5 days the
medium was changed to one favouring hepatic endoderm (HE): 78% Knockout DMEM, 20%
Knockout serum replacement, 0.5% Glx, 1% P/S, 0.01% 2-Mercaptoethanol (all Gibco) and 1%
DMSO (Sigma), which was used for an additional 4 days. In order to induce endoderm derived
epithelial cells (EDEC) differentiation, HE cells were split and plated onto matrigel coated
plates on day 9 of the differentiation. Cell density has to be low to induce EDEC differentia-
tion, which was achieved by seeding 25,000/cm? after splitting at the HE stage. On day 10 the
differentiation was continued with HLC medium: 82% Leibovitz 15 medium, 8% fetal calf
serum, 8% Tryptose Phosphate Broth, 1% Glx, 1% P/S (all Gibco) with 1 uM Insulin (Sigma),
10 ng/ml hepatocyte growth factor (HGF) (Peprotech), 20 ng/ml Oncostatin M (OSM) 209 a.a.
(Immunotools), 25 ng/ml Dexamethasone (DEX) (Sigma) (Fig 1A). During the course of

RPMI1640 KO-DMEM

+ 2% B27 + 20% KO Serum Repl.
1% Pen/Strep 1% Pen/Strep
1% Glutamax 0.5% Glutamax

0.01% B-Mercaptoethanol

[ — [ —
d1: 100 ng/ml Activin A 1% DMSO
2.5 pM Chir ¥

d2-5 100 ng/ml Activin A &

HLC medium: L-15 medium

+8% FCS

8% Tryptose Phosphat Broth
D9: Continue at 1% Pen/Strep
high density 1% Glutamax

| ——

D9: Split to low 10 ng/ml HGF
density 20 ng/ml OSM

25 ng/ml Dexamethasone

1 UM Insulin

Fig 1. Differentiation of hPSCs into hepatocyte like cells (HLCs) and endoderm derived epithelial cells (EDECs). hPSCs were differentiated into hepatic
endoderm (HE) which consists of bipotential hepatoblasts. Afterwards, cultures were either continued unperturbed in order to obtain HLCs, or split and replated at
low density to obtain EDECs. Morphological changes were documented for each stage.

https://doi.org/10.1371/journal.pone.0200416.9001
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differentiation towards the DE, HE and the beginning of the HLC/EDEC stage, medium was
changed daily, but at later time points every other day.

In order to switch cell fate after HE stage, several signaling pathways were inhibited or acti-
vated with small molecules listed in S1 Table.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 15 min. Unspecific binding sites were blocked
by incubating 2 h at room temperature with blocking buffer (1x PBS with 10% normal goat or
donkey serum, 1% BSA, 0.5% Triton and 0.05% Tween). Antibodies were diluted in blocking
buffer diluted 1:2 with 1x PBS (S2 Table). Primary antibodies incubated overnight at 4°C. Cells
were washed three times with 1x PBS/ 0.05% Tween and incubated with the secondary anti-
body for 2 h at room temperature. Cells were washed as above and images captured using a
fluorescence microscope (LSM700, Zeiss). For extracellular stainings blocking and wash buffer
without detergents were used. DNA was stained with Hoechst 33258 (Sigma). Individual chan-
nel images were processed and merged with Photoshop CS6 or Fiji.

RNA isolation and quantitative real time PCR (qRT-PCR). Up to 500,000 cells were
lysed in 500 pl Trizol and RNA was isolated with the Direct-zol™ RNA Isolation Kit (Zymo
Research) according to the user’s manual. On-column DNase digestion was performed. 500 ng of
RNA were transcribed into cDNA using the TagMan Reverse Transcription (RT) Kit (Applied
Biosystems). In the case of H1 derived EDECs also cRNA obtained from Affymetrics Array prepa-
ration was transcribed into cDNA using the TagMan RT kit with random hexamers instead of
oligo-dT primers. Primers for qRT-PCR were purchased from MWG (S3 Table). Real time PCR
was performed in technical triplicates of biological duplicates with Power Sybr Green Master Mix
(life technologies) on a VIIA7 (life technologies). In the case of H1 derived EDECs with and with-
out inhibitor only one biological sample was analyzed. Mean Ct values were normalized to RPS16
as a housekeeping gene and fold change was calculated relative to the controls. Results are
depicted as mean values (log2) with standard error of the mean (SEM). P-Values were calculated
with two-tailed student’s t-tests (*** = p-value < 0.001, ** = p-value < 0.01, * = p-value < 0.05).

Transcriptome and bioinformatics analysis

Microarray experiments were performed employing the Affymetrix PrimeView chip (BMFZ,
Diisseldorf). Details of data analysis are given in Supplementary materials and methods.

Biochemical activity assays

Cytochrome P450 3A4 (CYP3A4) activity was measured in technical triplicates with the
respective P450 Glo assay from Promega, according to the recommendations. Supernatants
were stored from every step of the differentiation process and urea content was measured in
technical duplicates of biological duplicates with the QuantiChrom Urea Assay (Bioassay sys-
tems) according to the manufacturer’s recommendations. Results are depicted as mean values
with standard error of the mean (SEM) in case of the CYP3A4 assay and standard deviation in
case of urea measurement. P-Values were calculated with two-tailed student’s t-tests (*** = p-
value < 0.001, ** = p-value < 0.01, * = p-value < 0.05).

Results and discussion
Differentiation of hPSCs in high and low density conditions

During in vitro differentiation of hPSCs into hepatocyte like cells (HLCs), we frequently
observed cells with atypical morphology, predominantly at the borders of densely grown

PLOS ONE | https://doi.org/10.1371/journal.pone.0200416  July 10,2018 4/20


https://doi.org/10.1371/journal.pone.0200416

@° PLOS | ONE

Cell density influences the fate of hepatoblasts

colonies. As these cells only occur at regions of low cellular density, we reasoned that they
require only lose cell-cell contact in combination with enough space for growth. The cells are
of endodermal origin and have an epithelial morphology but are much larger than HLCs or
cholangiocyte like cells (CLCs). In order to characterize these endoderm derived epithelial
cells (EDECs), we tried to produce a pure population by reducing cellular density during HLC
differentiation. To this end, we differentiated two iPSC lines as well as H1 ESCs into bipoten-
tial hepatoblasts by following our recently published protocol for hepatocyte differentiation
until the stage of hepatic endoderm (HE) [1]. The iPSC lines were derived from human fetal
foreskin (HFF) [26] and human amniotic fluid (AF) cells [28], respectively. hPSCs changed
their morphology upon induction of definitive endoderm (DE) and the typical loose and
petal-like morphology became visible (Fig 1A upper row, middle panel). HE induction started
after five days. At the end of this stage, the morphology of the cells resembled the typical polyg-
onal structure of hepatocytes (Fig 1A upper row, right panel). We then either split and replated
the HE cells at a low density in order to obtain an enriched population of the uncharacterized
cells or we left the densely populated plates untouched for obtaining HLCs. From the next day
on, culture medium was replaced with HLC medium and differentiation was continued for an
additional five days. Cells cultivated at a high density only marginally changed their morphol-
ogy and maintained the polygonal morphology which is typical of HLCs (Fig 1A middle row,
right). However, cells split and replated at low density underwent dramatic morphological
changes. They still had the typical epithelial cell-cell contact but were rather large with a flat
and irregular shape. Interestingly, pronounced intracellular structures, which resemble parts
of the cytoskeleton, as well as dark granula became visible (Fig 1A lowest row, right).

EDECs resemble CLCs but are Vimentin positive

The two iPSC lines as well as H1 ESCs were differentiated into HLCs and EDECs and stained
for expression of characteristic markers at the respective end-stages. HLCs expressed Albumin
(ALB) and Alpha Fetoprotein (AFP) as well as Cytokeratin 19 (CK19) and HNF4o. (Fig 2A-
2C), while EDECs were negative for ALB and AFP but expressed high levels of CK19 as well as
HNF4a. (Fig 2D-2F).

To test whether EDEC:s are related to cholangiocytes, we analysed the expression of charac-
teristic markers for this cell type by immunocytochemistry. The cholangiocyte specific tran-
scription factor SOX9 and the multifunctional protein osteopontin (OPN) were almost not
present in HLCs at the protein level (Fig 3A and 3B). However, we could detect low level
expression of the transporter Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR), but the protein was not as expected localized within the membrane, but in the cyto-
plasm (Fig 3C).

In contrast, EDECs expressed SOX9 as well as weak levels of OPN and they were highly
positive for CFTR which is clearly localized within the cell membrane as expected in cholan-
giocytes (Fig 3D-3F).

Both HLCs and EDECs expressed E-Cadherin (ECAD), which is characteristic of epithelial
cells (Fig 4A and 4B). However, RT-PCR revealed that they also expressed Vimentin (VIM, Fig
4C) an intermediate filament protein which defines mesenchymal cells. Its co-expression with
ECAD has so far only been described in cancerous cells which undergo epithelial-to-mesen-
chymal transition [29]. EDECs were negative for CDX2 expression, a transcription factor that
is characteristic of intestinal cells (Fig 4C). GFAP, a marker for stellate cells, was only margin-
ally expressed (Fig 4D).

HE cells which have the potential to differentiate into HLCs, CLCs and also EDECs were
positive for all investigated markers that are known to be expressed in the immature stages of

PLOS ONE | https://doi.org/10.1371/journal.pone.0200416  July 10,2018 5/20


https://doi.org/10.1371/journal.pone.0200416

o @
@ : PLOS | ONE Cell density influences the fate of hepatoblasts

HLCs EDECs
ALB/AFP/DNA

w)

...J>
=
w

ALB/AFP/DNA

HFF-iPSC
HFF-iPSC

AF-iPSC
AF-iPSC

H1ESC

100 um

B E ALB ALB/CK19/DNA
o 0 . .
7] (7]

o o
w w
w 'S
I I
[&] (&
7] (7]
o o
L w
[&]

Q
i 2
T T

C HNF4a F HNF4a HNF4a/DNA
o 0 .
(7] (7]

o o
i 0w
w 'S
I I
[&] Q
(7] (7]
o o
i 0
) ) .
[&]

Q
i 2
T T

Fig 2. Expression of characteristic hepatocyte markers in HLCs and EDECs. Two iPSC lines and one ESC line were
differentiated into either HLCs (A-C) or EDECs (D-F) and stained for the expression of characteristic hepatocyte markers.

https://doi.org/10.1371/journal.pone.0200416.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0200416  July 10,2018 6/20


https://doi.org/10.1371/journal.pone.0200416.g002
https://doi.org/10.1371/journal.pone.0200416

@° PLOS | ONE

Cell density influences the fate of hepatoblasts

A

AF-iPSC HFF-iPSC H1 ESC AF-iPSC HFF-iPSC H1 ESC AF-iPSC HFF-iPSC

H1 ESC

HLCs

SOX9 SOX9/DNA

OPN/DNA

CFTR CFTR/DNA

.

EDECs

SOX9 SOX9/DNA

OPN/DNA

CFTR CFTR/DNA

Q
[
o

T
w
L
I

AF-iPSC

H1 ESC

HFF-iPSC

AF-iPSC

HFF-iPSC

AF-iPSC

Fig 3. Expression of characteristic cholangiocyte markers in HLCs and EDECs. Two iPSC lines and one ESC line

were differentiated into either HLCs (A-C) or EDECs (D-F) and stained for the expression of characteristic
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https://doi.org/10.1371/journal.pone.0200416.9003
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Fig 4. EDECs express a unique combination of markers. Two iPSC lines and one ESC line were differentiated into
either HLCs (A) or EDECs (B-D) and marker expression was analysed. (A,B) Immunocytochemistry for ECAD. (C)
Endpoint RT-PCR for VIM and CDX2. cDNA derived from mesenchymal stem cells (MSCs) and from the colon
cancer line DLD1 served as positive controls for VIM and CDX2 expression, respectively. (D) Immunocytochemistry
for GFAP.

https://doi.org/10.1371/journal.pone.0200416.g004

either HLCs or EDECs, namely AFP, CK19, HNF4a, SOX9, and ECAD (S1A-SI1E Fig). How-
ever, more mature markers such as ALB, CFTR, and OPN were either inconsistently expressed
or mislocalized (S1A, S1C and S1F Fig). In addition, HE cells were negative for GFAP (S1G
Fig).

qRT-PCR revealed that crucial mature (ALB, CYP3A4) as well as immature (AFP) hepato-
cyte markers were significantly up-regulated in HLCs compared to EDECs and HE cells (Fig
5A-5C). Expression of HNF4a, which marks early hepatic differentiation stages and mature
hepatocytes, was highest in HE cells. This might imply that these cells are poised to differenti-
ate along the hepatic lineage (Fig 5D). Compared to HE cells, EDECs expressed lower levels of
HNF4a (Fig 5D). Both ¢/EBPa and PROX1, which are transcription factors that promote HLC
fate over EDEC were expressed at higher levels in HLCs than in EDECs, although in almost all
cases not significantly (Fig 5E and 5F). The classic cholangiocyte marker OPN was, with the
exception of AF iPSC derived cells, significantly expressed at higher levels in EDECs than in
HLCs, as was the cholangiocyte-associated intermediate filament protein -CK19 (Fig 5G and
5H). Unexpectedly, EDECs expressed lower levels of the cholangiocyte specific transcription
factor SOX9 than HLCs (Fig 5I).

The transcription factor FOXA2 which promotes hepatocyte fate and limits cholangiocyte
proliferation was also expressed higher in most of the EDECs than in HLCs which does not
support a similarity with cholangiocytes (Fig 5]). EDECs also express higher levels of CK18
than HLCs, even though this intermediate filament protein is enriched in hepatocytes (Fig
5K).

We measured cytochrome P450 (CYP3A4) activity as well as urea synthesis in order to
check if EDECs might have hepatocyte-associated functions. HFF- and H1 derived HLCs had
the highest levels of CYP3A4 activity (S2A Fig). In both cases, HE cells showed significantly
lower activity and in EDECs only minimal activity was measurable. In the case of AF-derived
cells, CYP3A4 activity was in all three stages non-significant (S2A Fig). EDECs derived from
HFF-iPSCs did not produce any urea, while HLCs were highly active (S2B Fig). Overall, these
data indicate that low density conditions during HLC differentiation result in cells which are
morphologically and functionally clearly not hepatocytes, although they express some hepato-
cyte-associated markers. On the other hand they express several cholangiocyte markers in
combination with Vimentin. Taken together, the pattern of marker expression implies that
EDEC:s are an immature cell type with intermediate characteristics between HLCs and CLCs.

Interestingly, similar cell types are present in rat fetal liver where three distinct populations,
comprising cells either expressing AFP, ALB and CK19, or AFP and ALB or only CK19 have
been associated with distinct lineage commitment and re-population capacities [30].

Inhibition of Notch signalling does not impair EDEC formation but alters
expression of key genes

Notch signalling has been described during liver development as the most important signalling
pathway for the determination of cholangiocyte fate in contrast to hepatocyte [17, 18]. There-
fore, we assumed that blocking Notch signalling might push cells into HLC direction even at a
low density. An essential and universal step in Notch signalling is cleavage of the membrane
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Fig 5. Temporal expression of markers during differentiation. Two iPSC lines and one ESC line were differentiated into either
HLCs or EDECs and qRT-PCRs for expression of characteristic hepatocyte and cholangiocyte markers was performed. Gene
expression was normalized to RPS16 and fold change was calculated relative to HE cells. Mean values of technical triplicates of
biological duplicates are show. Error bars represent SEM. P-Values were calculated with two-tailed student’s t-tests (*** = p-
value < 0.001, ** = p-value < 0.01, * = p-value < 0.05).

https://doi.org/10.1371/journal.pone.0200416.9005

bound Notch receptor by y-secretase after ligand binding [31]. This creates the Notch intracel-
lular domain which activates the transcription of specific target genes [31]. In order to prevent
EDEC differentiation, we blocked Notch signalling by inhibiting y-secretase activity. After
splitting the cells and replating at low density we incubated them with two distinct y-secretase
inhibitors and continued differentiation for an additional six days. HFF-iPSC derived hepato-
blasts were treated with Compound E while H1 derived hepatoblasts were incubated with y-
secretase inhibitor I. At the end of the differentiation, cells cultivated at low density predomi-
nantly adopted an EDEC phenotype, regardless of Notch inhibition, even though cells with
typical HLC morphology were also visible (Fig 6A). Immunostainings confirmed the predomi-
nance of EDECs, as most cells continued to express high levels of CK19 and SOX9 as well as
low levels of ECAD and OPN (Fig 6B).

We also looked in detail at the expression of several HLC and CLC specific/ enriched genes
after treatment with y-secretase inhibitors. With the exception of ¢/EBPa we observed similar
regulation for all genes analysed in both cell lines, but because of the limited number of sam-
ples analysed, these expression changes are not significant (Fig 6C and 6D). Interestingly, both
y-secretase inhibitors had opposing effects on the two most characteristic cholangiocyte mark-
ers- SOX9 and OPN. SOX9 was up-regulated while OPN was down-regulated. Treatment with
different concentrations of Compound E revealed that both effects were dose dependent (Fig
6C). SOX9 is one of the earliest markers for cholangiocyte specification [32] and might thus
not be entirely dependent on Notch signalling. OPN, however, is a more mature marker which
is expressed later than SOX9 [32]. It was overall only weakly expressed in our cells and its
down-regulation upon y-secretase inhibition might imply impaired maturation.

We further analysed three other transcription factors involved in hepatic cell fate determi-
nation in more detail. PROX1 and FOXA2 were uniformly down-regulated in iPSC and H1
derived EDEC:s after y-secretase inhibition. The homeobox transcription factor PROXI1 pro-
motes hepatocyte fate and represses biliary fate [33]. FOXA2, which is important for hepato-
cyte development is known to repress cholangiocyte proliferation [34]. The down-regulation
of both factors after y-secretase inhibition supports the immunocytochemistry-based data
which shows that the cells do retain EDEC fate. Expression of ¢/EBPa changed in opposing
directions after y-secretase treatment of iPSC and H1-derived EDECs. It is known that Notch
signalling down-regulates c/EBPa expression in cholangiocytes [35]. Thus, the dose-depen-
dent up-regulation that we observed in iPSC- derived EDECs after treatment with Compound
E would imply that Notch signalling was effectively reduced. Maybe the concentration of y-
secretase inhibitior I was not high enough to achieve similar results with the H1 derived
EDECs. The transcription factor c/EBPo has a versatile role during development of hepato-
cytes and cholangiocytes. It activates on the one hand transcription of characteristic hepatocyte
markers such as albumin and several enzymes of the ornithine cycle [36], while limiting hepa-
tocyte proliferation [37] and it inhibits cholangiocyte fate by suppressing expression of the
cholangiocyte determining transcription factors- HNF6 and HNFI1 [38]. Thus, effects of dif-
ferent c/EBPa levels are probably not visible at this early, immature stage of our cells.

Microarray-based global gene expression analysis revealed that the transcriptomes of H1
derived HLCs cluster away from H1 derived EDECs regardless of Notch inhibition in the latter
(Fig 7A). This further emphasizes the diversity of the two observed cell types. On the other
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Fig 6. Inhibition of Notch signalling does not prevent EDEC development. hPSCs were differentiated into EDECs while treating
them with y-secretase inhibitors. (A) HFF derived cells treated with Compound E (left) or H1 derived cells treated with y-secretase
inhibitor I (right) adopted the EDEC morphology. (B) Immunocytochemistry for CK19, SOX9, ECAD, and OPN. (C,D) qRT-PCR
for hepatocyte or cholangiocyte determining genes. Gene expression was normalized to RPS16 and fold change was calculated
relative to untreated cells. Mean values of technical triplicates of biological duplicates (C) or of one sample (D) are show.

https://doi.org/10.1371/journal.pone.0200416.9006
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hand, heatmap-based analysis of hepatocyte- and cholangiocyte- associated genes revealed a
close relationship between HLCs and EDECs (Fig 7A). Many of the analysed transcription fac-
tors were expressed at similar levels in both cell populations. Interestingly, ¢/EBPa was clearly
over-expressed in HLCs while GPBARI and SOX17 expression were higher in EDECs. ¢/EBPo.
is a transcription factor that inhibits cholangiocyte fate by suppressing expression of the cho-
langiocyte determining transcription factors HNF6 and HNF1J [38]. G Protein-Coupled Bile
Acid Receptor 1 (GPBARI also known as TGR5) has been shown to be characteristic for cho-
langiocytes [39], while the presence of SOX17, an early marker for endoderm, indicates that
the cells are still immature.

Surprisingly, members of the Notch signalling pathway (NOTCH3, JAG2 and DLK1,2) were
expressed at higher levels in HLCs than in EDECs. This was unexpected as it has been
described that hepatocyte differentiation does not require Notch signalling. HLCs are however
still immature and the presence of molecules belonging to the Notch signalling pathway might
indicate that they are still able to switch cell fate towards CLCs or EDECs. In particular, the
presence of DLKI1 has been described as being characteristic for bipotential hepatoblasts [40].
NOTCHS3 is the only analysed factor of this signalling pathway that is up-regulated in EDECs
after treatment with the y-secretase inhibitor. As inhibition of the y-secretase inhibits propaga-
tion of the Notch signal cells might reduce the production of ligands which do not find a
receptor counterpart, while the NOTCHS3 receptor might be up-regulated in order to compen-
sate for low ligand density on neighbouring cells. Interestingly, NOTCH3 is also the only fam-
ily member with a positive impact on hepatocyte development [19] and its increased
expression after y-secretase inhibition might indicate that some of the cells are still or again
capable of differentiating into hepatocytes.

Global gene expression was compared between HLCs and EDECs with and without treat-
ment with Notch inhibitor (Fig 7B). While 12,404 genes were expressed by all three cell types,
353 genes were only expressed in HLCs. EDECs and EDECs treated with the Notch inhibitor
shared 260 genes and individually expressed 69 and 72 genes, respectively.

Genes only expressed in either HLCs (yellow) or EDECs (comprising both, untreated and
treated with y-secretase inhibitor; orange) were assigned to distinct gene ontology (GO) terms
(Fig 7C, S5 Table). Interestingly, in the case of HLCs many of these terms relate to metabolic
functions while in EDECs, structural features and signalling pathways are predominant. This
again confirms the presence of two distinct cell types in our culture dish. There was a general
tendency of EDECs expressing fewer genes related to transcription and cell cycle than HLCs
while expressing more genes related to apoptosis and proliferation (S6-S8 Tables).

Analysis of differentially expressed genes between EDECs and EDECs treated with y-secre-
tase inhibitor I revealed that untreated cells expressed more genes related to development and
differentiation in general (§9-S11 Tables). This is in line with Notch inhibition reducing the
possibilities of cellular differentiation and interfering with development. In addition, y-secre-
tase inhibitor I treated EDECs expressed more genes related to cell cycle which mirrors the
reduced differentiation/development pathways which would lead cells towards more maturity
and thus less cell cycling. Interestingly, inhibition of Notch signalling resulted in a general
reduction of genes associated with cell signalling affecting also other signalling pathways (S9-
S11 Tables).

Inhibition of key signalling pathways does not revert cell fate

We next wanted to determine whether interference with one of the other major signalling
pathways that have been described as essential for cell fate decision making between hepato-
cytes and cholangiocytes can revert the EDEC phenotype and push the cells into the HLC
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Term % PValue [Selected Genes

lipid transport 3.08] 1.53E-03JAPOA4, SOAT2, APOB, APOC3, FABP1

response to nutrient levels 2.77| 3.07E-02[SOAT2, CYP24A1, CYP11A1, HSD11B2

cholesterol homeostasis 2.15| 6.45E-05(APOA4, SOAT2, APOB, APOC3, MTTP

Secondary metabolites 2.15] 1.49E-03|CYP4X1, CYP24A1, CYP2J2, CYP11A1, F5,

biosynthesis, transport, and CYP2W1, CYP19A1

catabolism

protein-lipid complex remodeling 1.54| 4.44E-04|APOA4, APOB, APOC3, APOC2, APOM

very-low-density lipoprotein 0.92| 4.90E-03|SOAT2, APOB, APOC3

particle assembly

regulation of triglyceride 0.92| 4.90E-03JAPOA4, APOC3, APOC2

catabolic process

GO Categories EDEC only

Term % PValue [Genes

cell membrane 19.30[ 3.61E-06|RHOJ, F2RL2, GYPB, CADM3, PEAR1,
OR51D1, GLDN, UNC93A, SYT8, CD52

positive regulation of cell 5.63| 1.41E-04|BMP10, NACC2, TNFSF4, TAC1, IL6R, L34,

proliferation VASH2, TNFRSF4, NTN1

channel activity 4.83| 2.22E-03|GJD2, KCNJ15, AQP8, GJB3, KCNA3, AQP1,
KCNJ12, ITPR1, KCNJ4, KCNS

substrate specific channel 4.29| 8.95E-03|KCNJ15, AQP8, KCNA3, AQP1, KCNJ12,

activity ITPR1

localization of cell 3.75| 6.31E-03|CDK5R1, ITGA11, PSG2, ZEB2, CUZD1,
IL6R, CCL5

regulation of MAPKKK cascade 2.14| 4.94E-03JADRB2, MAP3K5, MAPK8IP2, MAP4K1,
ZEB2, IL6R, IL11
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Fig 7. Gene expression analysis unravels differences and similarities between H1 derived HLCs and EDECs. (A) Heatmap
representation of key genes involved in hepatic cell fate decision making or characteristic for either hepatocytes (yellow) or
cholangiocytes (orange). (B) Venn diagram illustrating the numbers of genes which were expressed either by only one cell
type or shared between the cell types. (C) Gene Ontology (GO) analysis of genes expressed only in HLCs (yellow) or in
EDECs (with or without Notch inhibition, orange) Shown are pre-selected, significant GO-Terms, for full data set see S4 and
S5 Tables.

https://doi.org/10.1371/journal.pone.0200416.9007

direction. To this end, we applied several small molecules to either induce or repress WNT,
Hh, and TGE signalling (Fig 8A-8G). As with Notch inhibition, we did not observe changes
in the phenotype and in all cases the cells were predominantly EDECs. However, the popula-
tion was not pure, and we could also detect cells with typical HLC morphology. We performed
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Fig 8. Interference with various signalling pathways does not change cell fate. iPSCs were differentiated into
EDECs. Directly after low-density splitting, small molecules were applied in order to interfere with signalling pathways
important for differentiation into hepatocytes or cholangiocytes. (A-G) Immunocytochemistry for ALB (red) and
CK19 (green). (A) DMSO control, (B) activation of WNT signalling with Chir99021, (C) inhibition of WNT signaling
with PKF118-310, (D) activation of Hh signalling with Purmorphamine, (E) inhibition of Hh signalling with
Cyclopamine-KAAD, (F) inhibition of TGF signalling with SB431242, (G) inhibition of TGF signalling with A-83-
01. Scale bar: 100 um.

https://doi.org/10.1371/journal.pone.0200416.g008
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immunocytochemistry-based expression analyses for ALB and CK19 in all conditions, (Fig
8B-8G) and compared it to untreated control cells (Fig 8A). This demonstrated that the major-
ity of cells expressed high levels of CK19 and low levels of ALB. We confirmed in our tran-
scriptome data, that the cells expressed the essential proteins for all investigated signalling
pathways thus being able to react to the applied cues (S3 and S4 Fig).

Opverall, it seems that splitting and replating pluripotent stem cell derived bipotential hepa-
toblasts at low density at the HE stage of the HLC differentiation process leads to the accumu-
lation of EDECs. None of the applied pathway interferences was able to revert or prevent this
transition. However, cell fate decision is a tightly orchestrated process with a high level of syn-
ergy between different signalling pathways. Thus, it is possible that the right interplay between
the various pathways at the right time point is capable of altering cell fate. In order to deter-
mine the full potential of these cells and classify them according to already known categories
of hepatic stem/progenitor cells, transplantation experiments with rats or mice after partial
hepatectomy will be necessary.

As cells with EDEC morphology often appear during HLC differentiation in regions of
lower cell density, it is essential to keep the cells during the whole differentiation process at a
high density. The accumulation of EDECs within a population of HLCs might interfere with
disease modelling or drug screenings specifically related to hepatocytes.

Supporting information

S1 Fig. Expression of characteristic markers in HE cells. Two iPSC lines and one ESC line
were differentiated into HE cells and stained for characteristic hepatocyte or cholangiocyte
markers.

(TIF)

S$2 Fig. Biochemical activity tests. hPSC were differentiated into HLCs and EDECs. (A)
CYP3A4 activity assay (B) QuantiChrome Urea Assay.
(TIF)

S3 Fig. Heatmap representation of genes involved in signalling pathways part 1. Global
expression patterns of genes involved in Notch (A) and Hedgehog (B) signalling were analysed
in HLCs and EDECs with and without Notch inhibitor. Genes were colour-coded according to
their function. Asterisks mark the genes that are expressed above threshold in at least the
EDEC sample or the EDEC sample with inhibitor.

(TTF)

S4 Fig. Heatmap representation of genes involved in signalling pathways part 2. Global
expression patterns of genes involved in WNT (A) and TGFp (B) signalling were analysed in
HLCs and EDECs with and without Notch inhibitor. Genes were colour-coded according to
their function. Asterisks mark the genes that are expressed above threshold in at least the
EDEC sample or the EDEC sample with inhibitor.

(TIF)

S1 Table. Small molecules.
(DOCX)

S2 Table. Antibodies.
(DOCX)

§3 Table. Primer sequences.
(DOCX)
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$4 Table. Venn sets. The genes included in the different sets of the venn diagram shown in
Fig 5D are listed in this table.
(XLS)

S5 Table. Common GO terms in H1 HLCs and EDECs. Genes expressed either in HLCs or
in EDECS (regardless of inhibitor treatment) from the venn diagram (Fig 5D) were used for
GO analysis. Clusters are listed in this table.

(XLSX)

S6 Table. Selected GO Categories up- and down regulated in EDECs versus HLCs.
(DOCX)

S$7 Table. Comparison of gene expression between EDECs and HLCs.
(XLSX)

S8 Table. Comparison of gene expression between EDECs and EDECs treated with y-secre-
tase inhibitor.
(XLSX)

§9 Table. Selected GO categories up- and down regulated in EDECs with y-secretase inhib-
itor versus untreated EDECs.
(DOCX)

$10 Table. GO Terms of genes expressed in both, EDECs and HLCs.
(XLSX)

S11 Table. GO Terms of genes expressed in both, EDECs and EDECs treated with y-secre-
tase inhibitor.
(XLSX)
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A stem cell based in vitro model of NAFLD enables the analysis of
patient specific individual metabolic adaptations in response to a
high fat diet and AdipoRon interference

Nina Graffmann’, Audrey Ncube', Soraia Martins', Aurelian Robert Fiszl', Philipp Reuther?, Martina Bohndorf",
Wasco Wruck', Mathias Beller®#, Constantin Czekelius? and James Adjaye'*

ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is a multifactorial disease. Its
development and progression depend on genetically predisposed
susceptibility of the patient towards several ‘hits’ that induce fat storage
first and later inflammation and fibrosis. Here, we differentiated
induced pluripotent stem cells (iPSCs) derived from four distinct
donors with varying disease stages into hepatocyte like cells (HLCs)
and determined fat storage as well as metabolic adaptations after
stimulations with oleic acid. We could recapitulate the complex
networks that control lipid and glucose metabolism and we identified
distinct gene expression profiles related to the steatosis phenotype of
the donor. In an attempt to reverse the steatotic phenotype, cells were
treated with the small molecule AdipoRon, a synthetic analogue of
adiponectin. Although the responses varied between cells lines, they
suggest a general influence of AdipoRon on metabolism, transport,
immune system, cell stress and signalling.

KEY WORDS: NAFLD, AdipoRon, FGF21, Metabolism, Hepatocyte
differentiation, Hepatocyte-like cells

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) or steatosis is the hepatic
manifestation of the metabolic syndrome and affects up to 35% of
the general population in the western hemisphere, with increasing
tendencies (Cohen et al., 2011). It is a multifactorial disease with
sedentary lifestyle, an imbalance in calorie uptake and energy
expenditure, obesity, diabetes, insulin resistance, and also genetic
predisposition playing crucial roles in its development. However, so
far it is poorly understood how these factors interact and why people
react very differently to similar dietary conditions.

When the liver encounters a surplus of calories that is not matched by
appropriate energy expenditure, it starts storing triacylglycerides in
lipid droplets (LDs). This first stage is still reversible but the
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accumulation of LDs in hepatocytes represents the first of several
‘hits’ that eventually impair hepatocyte function. Further hits, e.g.
by inflammation or oxidative stress can lead to non-alcoholic
steatohepatitis (NASH) in 30% of patients (Cohen et al., 2011). From
there the disease can proceed to cirrhosis and hepatocellular carcinoma,
which finally requires liver transplantation (Wong et al., 2015).

Although storage of fat in relatively inert LDs prevents
lipotoxicity (Neuschwander-Tetri, 2017), it takes up a lot of space
and resources in hepatocytes, thus diminishing their ability to adapt
the metabolism to the bodies energy needs.

Hepatic metabolism is controlled by a complex network of
signalling pathways that integrate information on nutrient
availability and energy needs within the liver and peripheral organs
(Bechmann et al., 2012). One of the signalling molecules that
influences hepatic metabolism is adiponectin. It is an adipokine — a
cytokine synthesized by adipocytes. Adiponectin levels are inversely
correlated with bodyweight as well as with insulin sensitivity
(Vuppalanchi et al.,, 2005; Wruck et al., 2015; Kadowaki and
Yamauchi, 2005). It signals via two distinct receptors, adiponectin
receptor (ADIPOR) 1 and 2. ADIPORI1 is ubiquitously expressed,
while ADIPOR?2 is predominantly present in the liver (Yamauchi
et al., 2003; Felder et al., 2010). AdipoR signalling activates the key
metabolic regulators 5’ adenosine monophosphate-activated protein
kinase (AMPK) (predominantly via AdipoR1) and peroxisome
proliferator-activated receptor (PPAR)o.  (predominantly via
AdipoR2) (Yamauchi et al., 2007), which in turn are responsible
for co-ordinating key metabolic pathways (Liu et al., 2012). In
hepatocytes, adiponectin reduces gluconeogenesis and lipogenesis
(Combs and Marliss, 2014). In adipocytes and skeletal muscle, it
increases insulin-mediated glucose uptake and utilisation while it also
stimulates insulin secretion by pancreatic beta cells in response to
glucose stimulation (Ruan and Dong, 2016). Importantly, adiponectin
is also capable of reducing whole body inflammation levels, mainly
by stimulating M2 macrophage proliferation and activity and reducing
M1 macrophage activities (Luo and Liu, 2016). However, several
studies have also described a pro-inflammatory role of adiponectin,
especially in the context of rheumatoid arthritis (Koskinen et al.,
2011; Ehling et al., 2006).

In 2013, a small molecule with adiponectin-like function, which
activates both receptors, was discovered and named AdipoRon
(Okada-Iwabu et al., 2013). AdipoRon improves insulin sensitivity
and reduces fasting blood glucose levels in high fat diet-induced
obese mice. On a high fat diet, it reduced liver triacylglyceride levels
in wild-type (wt) mice and prolonged the lifespan of db/db mice
(Okada-Iwabu et al., 2013).

To date, most studies on NAFLD have been performed in rodents
which have marked metabolic differences compared to humans
(Santhekadur et al., 2018). We recently established a human in vitro
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model of NAFLD based on induced pluripotent stem cell (iPSC)
derived hepatocyte like cells (HLCs) (Graffmann et al., 2016). This
model allows us to (i) analyse the development of NAFLD taking
into account different disease-associated genotypes that might
explain the different courses of disease development, and (ii) to
study the effect of potential treatments that should prevent or revert
the NAFLD phenotype.

Here, we differentiated four iPSCs lines derived from donors with
distinct grades of steatosis into HLCs and studied their responses to
fatty acid overload and AdipoRon treatment. While all cell lines
efficiently exhibited hallmarks of steatosis, the exact molecular
responses to the treatment were highly variable, which can be
attributed, at least in part, to variations in the individual genetic
background of the donors.

RESULTS

HLCs can be derived from iPSCs of donors with distinct
grades of NAFLD

In order to validate our previously published in vitro model of
NAFLD, we differentiated four iPSC lines (Table 1) derived from
donors with distinct NAFLD backgrounds into HLCs and induced
fat storage by stimulation with high levels (200 uM) of oleic
acid (OA).

The CO2 control cell line was derived from a healthy donor
(Kawala et al., 2016a), while the other cell lines were generated
from patients with steatosis grades between 40% and 70% (Kawala
et al., 2016b,c; Graffmann et al., 2018; Wruck et al., 2015). All cell
lines were efficiently differentiated into HLCs (Fig. 1; Fig. S1).
Immunocytochemistry showed that the cells expressed the mature
hepatocyte marker Albumin (ALB) along with the more fetal marker
alpha-fetoprotein (AFP). In addition, they were positive for the
epithelial marker E-cadherin (ECAD) and expressed the hepatocyte
specific transcription factor hepatocyte nuclear factor 400 (HNF4a)
(Fig. 1A). Comparing the expression of key hepatocyte markers in
HLCs to that of iPSCs also showed significant increases (Fig. 1B).
The cells expressed AFP in a comparable range with fetal liver cells.
ALB expression was significantly increased in HLCs compared to
iPSCs. Expression levels of two other hepatocyte specific markers,
alpha-1-antitypsin (A1AT) and Transthyretin (TTR) were relatively
close to that in adult liver-PHH and fetal liver and at least 1000 times
higher than in iPSCs. All cell lines showed Cytochrome P450 (CYP)
3 A activity, albeit on a low level (Fig. 1C), which is characteristic for
in vitro derived HLCs.

HLCs derived from donors with distinct grades of steatosis
can store LDs after OA induction

We added 200 uM OA into the medium for several days to see if all
cell lines were capable of storing fat in the form of LDs. We
observed a significant increase of LDs after 9 days of OA induction
(Fig. 2A). All four lines had low basal levels of LDs. After
induction, the amount of LDs increased in all cell lines, while the
pattern was clearly different. CO2 cells formed huge and clearly
separated LDs, whereas S11 cells incorporated lots of tiny LDs.
Both types of LDs could be observed in SO8 and S12 cells.

In LDs, triacylglycerides are enclosed by a monolayer of lipids
which is covered with a variety of proteins. One of them is perilipin
(PLIN)2, which is characteristic for growing LDs and has been
associated with the development of NAFLD (Pawella et al., 2014).
Initially, all cell lines expressed low levels of PLIN2, which
increased after fat induction. Especially in CO2 derived cells, the
immunocytochemistry confirmed that LDs are enclosed by PLIN2
(Fig. 3A, Fig. S2). qRT-PCR corroborated the significant increase
of PLIN2 expression in all cell lines after OA treatment and revealed
baseline differences in PLIN2 levels between cell lines (Fig. 3B).
LD quantification via cell profiler supported the observation that
number as well as size of LDs increased (Fig. 3C) after OA
treatment. Importantly, the total area covered by LDs increased in all
cell lines significantly after OA treatment (Fig. 3D).

Fat storage in HLCs is not influenced by AdipoRon

The adipokine adiponectin as well as its synthetic analogue AdipoRon
have many positive effects on murine metabolism, e.g. reducing
gluconeogenesis, lipogenesis, and hepatic fat incorporation. We
sought out to test if AdipoRon also influences LD storage and
metabolism in the human iPSC-derived HLCs. To this end, we
incubated HLCs for 9 days with and without 200 uM OA and
added 2 pM AdipoRon to each condition. Visually, we could not
observe any changes in LD number or structure in cells treated
with AdipoRon compared to untreated cells (Figs 2A,3A; Fig.
S2), while quantification indicated that AdipoRon induced
an increase in LD size in CO2 cells independent of OA
treatment and a decrease in OA treated S12 cells. Only in OA
treated CO2 cells, PLIN2 expression increased with OA treatment
(Fig. 3B).

Mediators of Adiponectin signalling are present and active in
all cell lines

Since AdipoRon treatment apparently had no effect on fat storage in
HLCs, we tested if the relevant pathways, which are supposed to be
influenced by AdipoRon (Fig. 4A), are actually active in HLCs.

Therefore, we first analysed the expression of the adiponectin
receptors AdipoR1 and 2 in all cell lines. On the mRNA level, both
receptors were present in all lines and their expression was neither
influenced by OA nor by AdipoRon treatment (Fig. 4B).
Interestingly, AdipoRI expression was significantly lower in SO8
HLCs than in all other lines, independent of treatment. AdipoR2
expression tended to be lower in CO2 cells. While both receptors
were expressed in all of our cells on the mRNA level, only AdipoR2,
which has been described to be the major adiponectin receptor on
hepatocytes (Yamauchi et al., 2003), could be detected by western
blotting (Fig. 4C).

We next wanted to know if the enzymes involved in the major
signalling pathways that are influenced by AdipoRon are present in
the cells. Therefore, we performed western blotting for cAMP
response element-binding protein (CREB), the enzyme 5’
adenosine monophosphate-activated protein (AMPK), and protein
kinase beta (AKT), probing for the total protein as well as for the
respective phosphorylated active forms.

Table 1. Steatosis lines

ID Gender Age BMI Steatosis grade Diabetes type 2 Reference

CO2 F 19 21 Non-obese Unknown (Kawala et al., 2016a)
S08 M 61 46 Obese, high steatosis No (Kawala et al., 2016b)
S11 F 58 45 Obese, high steatosis No (Graffmann et al., 2018)
S12 F 50 35 Obese, low steatosis No (Kawala et al., 2016c)
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Fig. 1. Characterization of HLCs. (A) Representative immunocytochemistry of hepatocyte markers at the end of HLC differentiation for the line CO2. Cells
were stained for ALB (red) and AFP (green) (upper lane), ALB (red) and ECAD (green) middle lane, HNF4q. (red) (lower lane). DNA was stained with
Hoechst 33258. (B) Expression of hepatocyte markers ALB, AFP, CYP3A4, cEBPa, A1AT, and TTR was confirmed by qRT-PCR. Fold change towards
iPSCs was calculated and converted into percentage. iPSCs: n=2, HLCs: n=3, PHH and fetal liver RNA: n=1. Data are means +/— 95% confidence interval.
Significances in comparison to iPSCs were calculated with unpaired two-tailed Student’s t-tests. *=P<0.05, **=P<0.01, ***=P<0.001. (C) CYP3A4 activity in
HLCs. n=3, mean values +/— s.d. are shown.

In all lines, these proteins as well as their active phosphorylated — peroxisome proliferator-activated receptor (PPAR) family members

We next performed qRT-PCR to see whether key metabolic from adipocytes. It stimulates energy generating metabolic
regulators are expressed in our cells and how they react to the OA  pathways, in particular f-oxidation (Pawlak et al., 2015). Here, we
challenge and the AdipoRon treatment. Of special interest were the  did not observe any substantial changes in PPARa expression

counterparts were present, although with major variations between ~ PPARc and y, as well as Protein Kinase AMP-Activated Catalytic GC)
lines (Fig. 4C; Fig. S3). Subunit Alpha (PRKAA)2, the catalytic subunit of AMPK. Q
Besides being involved in Adiponectin signalling, it is known o

Key metabolic master regulators are expressed in HLCs that hepatic PPARa gets activated by fatty acids that are released 3
o
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Fig. 2. Fat induction in HLCs. Representative immunocytochemistry for LDs (BODIPY 493/593, green), PLIN2 (red) and DNA (Hoechst 33258, blue) in
iPSC derived HLCs.

related to OA or AdipoRon treatment. Interestingly, SO8 cells had a PPARYy Coactivator-1a. (PGCla) is a transcriptional coactivator
significantly lower expression of PPARo with and without that interacts, amongst others, with PPARo and vy. It is involved in
challenge than all other lines (Fig. 5A). the upregulation of gluconeogenesis genes during fasting as well as

PPARYy is known to increase fat storage (Medina-Gomez et al., in the induction of B-oxidation. It is known that, in the fed state,
2007). At baseline as well as with 2 uM AdipoRon treatment alone, PGCla is expressed at low levels in the liver and that expression
its expression was significantly lower in CO2 derived HLCs than in  increases during fasting (Yoon et al., 2001). In our setting, PGCla
all other lines. Overall, we did not observe expression changes was generally expressed at lower levels in CO2 and S08 cells than in
related to OA or AdipoRon treatment (Fig. SA). S11 and S12. In the lines that expressed PGCla at low levels, the
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Fig. 3. LD quantification. (A) Confocal microscopy of CO2 cells. LDs (BODIPY 493/593, green), PLIN2 (red). (B) PLIN2 expression was measured by
gRT-PCR. Fold change was calculated towards CO2 control cells and converted into percentage. Mean of three biological replicates +/— 95% confidence
interval is shown. Significances were calculated with ANOVA, followed by Tukey’s multiple comparisons of means with 95% family wise confidence levels.
Number and size of LDs as well as total area occupied by LDs were calculated via Cell Profiler 3.1.9. Due to the huge size differences of LDs, two distinct
pipelines had to be used for CO2 and S11/12. Data of S08 and S11 condition A is missing due to technical issues during cell culture (C) Violin plot
depicting size and number of LDs. Numbers of LDs are given within the plot. Mean values of LD size are indicated as black dots. Significances were
calculated with Kruskal-Wallis test (C02: P<2.2e-16, S11: P=2.027e-05, S12: P=0.002377) followed by Wilcoxon rank test of means. (D) Total area
occupied by lipid droplets. Mean values of LD size are indicated as black dots. Significances were calculated with ANOVA (C02: P=1.03e-09, S11:
P=0.000689, S12: P=2.42e-06), followed by Tukey’s multiple comparisons of means with 95% family wise confidence levels. *=P<0.05, **=P<0.01,
***=p<0.001.
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Fig. 4. Expression of metabolic master regulators in HLCs. (A) Schematic overview of relevant metabolic interactions in hepatocytes. (B) gRT-PCR for
AdipoR1 and 2. Fold change was calculated towards CO2 control cells and converted into percentage. Mean of three biological replicates +/— 95%
confidence interval is shown. Significances were calculated with ANOVA, followed by Tukey’s multiple comparisons of means with 95% family wise
confidence levels. #=P<0.001 when comparing same conditions between all lines; §=P<0.01 when comparing CO2 and S08 or S12. (C) Representative

western blots for AdipoR2, CREB/pCREB, AMPK/pAMPK, AKT/pAKT, and B-ACTIN. A=control, B=2 yM AdipoRon, C=200 uM OA, D=200 uM OA+2 uM
AdipoRon.
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Fig. 5. Differential expression of metabolic enzymes. gqRT-PCR for enzymes involved in metabolic regulation (A): PPARe (#=P<0.05 when comparing
same conditions between all lines), PPARy, PGC1a (§=P<0.001 when comparing same conditions between S08 and S11 or S12; $=P<0.001 when
comparing same conditions between S11 and S08 or CO2), PRKAA2, in B-oxidation (B): CPT1A, HADH (#=P<0.001 when comparing same conditions
between all lines), ECHS1, in lipid and cholesterol metabolism (C): HMGCR, AGPAT2, in lipid export (D): APOC2 (#=P<0.001 when comparing same
conditions between all lines), in gluconeogenesis (E): G6PC, PCK1. Fold change was calculated towards CO2 control cells and converted into percentage.
Mean of three biological replicates +/— 95% confidence interval is shown. Significances were calculated with ANOVA, followed by Tukey’s multiple
comparisons of means with 95% family wise confidence levels. *=P<0.05, **=P<0.01, ***=P<0.001.
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expression was even further reduced after OA treatment
independent of AdipoRon (Fig. SA).

Finally, to assess AMPK levels, we measured AMPK Subunit
Alpha-2 (PRKAA?2) expression. Apart from its role in Adiponectin
signalling, AMPK acts as a sensor of nutritional levels and reduces
gluconeogenesis while it increases B-oxidation. After OA induction,
PRKAA2 expression was reduced in all cell lines except CO2,

although the effect was not significant (Fig. SA).

Enzymes involved in fatty acid and cholesterol metabolism
are differentially expressed

To see if OA induction or AdipoRon treatment have any effects on
downstream metabolic enzymes, we assessed the expression of lipid
metabolism associated genes, which was strikingly different
between cell lines. First we looked at genes involved in
mitochondrial B-oxidation. Carnitine Palmitoyltransferase 1A
(CPT1A) is the rate limiting enzyme responsible for the transport
of fatty acid derived acyl-CoA across the mitochondrial membrane.
In general, its expression was lower in the high steatosis lines SO8
and S11 than in the low steatosis line and the control line.
Interestingly, we observed a significant increase of CPTIA
expression in CO2 and S11 cells after induction with OA alone as
well as in combination with AdipoRon (Fig. 5B).

In case of Hydroxyacyl-CoA Dehydrogenase (HADH), which is
involved in mitochondrial B-oxidation, we observed strikingly high
expression levels in S12 cells in all conditions, while for Enoyl-CoA
Hydratase Short Chain 1 (ECHS1), which also is important for this
process, CO2 cells expressed remarkably low levels. For both
factors, we could not observe expression changes related to OA or
AdipoRon (Fig. 5B).

We also analysed the expression of genes important for
cholesterol and lipid synthesis. 3-Hydroxy-3-Methylglutaryl-CoA
Reductase (HMGCR) is involved in cholesterol synthesis. Its
expression levels varied markedly between cell lines, with the
lowest levels in SO8 and S11 cells. Its expression was significantly
upregulated in the high steatosis line SO8 and the low steatosis line
S12 after OA treatment independent of AdipoRon. Only in S11
cells, treatment with 2 pM AdipoRon significantly increased
HMGCR expression in the OA condition (Fig. 5C).

Similar to HMGCR, the expression of 1-Acylglycerol-3-
Phosphate O-Acyltransferase 2 (4GPAT?2), which plays a role in
phospholipid biosynthesis, was highly variable in all cell lines, with
S08 and S11 expressing the lowest levels of AGPAT2 (Fig. 5C).

Finally, we analysed the expression of Apolipoprotein C2
(APOC2), which is involved in coating of very low-density
lipoproteins (VLDL) that are secreted into the blood. Here, we
observed in all conditions three to ten times higher expression levels
in CO2 cells than in all other lines. We observed a significant
reduction of APOC2 expression only in S08 cells, after OA treatment,
this was even further reduced upon AdipoRon stimulation (Fig. 5D).

OA treatment influences gluconeogenesis

We also wanted to know, whether there are differences in our lines with
regards to the regulation of gluconeogenesis. In this regard, we analysed
the expression of key genes involved in this process. Glucose-6-
phosphatase (G6PC) is part of the catalytical complex that hydrolyses
glucose 6-phosphate to glucose, the last step during gluconeogenesis.
Its expression levels were generally low in all cell lines except S12.
G6PC expression was significantly reduced in all lines except S12 after
OA induction (Fig. 5E). Phosphoenolpyruvate Carboxykinase 1
(PCK1) catalyses the rate limiting step of gluconeogenesis, the
transformation of oxaloacetate to phosphoenolpyruvate. Its

Table 2. Steatosis phenotypes

CO2 S12 (low S08 (high S11 (high
Genes (healthy) steatosis) steatosis) steatosis)
PPAR« +++ +++ + +++
PPARYy + + +++ +++ +++
PGC1a + +++ + +++
PRKAA2 +++ +++ + + + +
CPT1A ++ +++ + + [++
HADH + +++ + +
ECHS1 ++ +++ ++ ++
HMGCR +++ +++ + +
AGPAT2 +++ +++ + +
APOC2 +++ + + + +
G6PC + + +++ + +
PCK1 + + +++ + +
KLB +++ +++ + + +

Gene expression levels according to Figs 5 and 7C.
Global gene expression profiles change after OA treatment and with
AdipoRon.

expression was for all conditions highest in the low steatosis lines
CO2 and S12, while it was almost undetectable in untreated S11 cells
(Fig. SE).

Taken together, the variations in the PCR data suggest the
existence of cell type associated gene expression patterns that
obscure the effects of OA and AdipoRon treatments at the given
concentrations. Probably, a more stringent experimental approach,
including age, gender and disease stage matched cells as well as a
higher AdipoRon concentration will be necessary to unambiguously
reveal metabolic patterns.

Nonetheless, we could identify a steatosis related phenotype
(Table 2) with the high steatosis lines S11 and S08 tending to have
low expression of genes involved in lipid export, fat and cholesterol
synthesis as well as in gluconeogenesis, B-oxidation and FGF21
signalling.

All analyses indicated a more prominent role for OA regarding
gene expression changes than for AdipoRon, at least in the selected
pathways. To reveal any AdipoRon associated gene expression
patterns, we performed Affymetrix Clariom S Microarray analyses
for CO2 samples with and without treatment. As we saw a lot of
variability in the PCR data, we restricted the microarray analysis to
the cell line which has been generated from a healthy control donor
in order to minimalize cell line dependent or culture induce effects
in the results.

Global analysis of gene expression revealed four distinct clusters,
according to the four treatments (Fig. 6A). Overall, 13,834 genes
were expressed in common in CO2 HLCs, independent of treatment
(Fig. 6B). For every condition, we identified the exclusively
expressed genes by Venn diagram analysis (Fig. 6B). 77 were only
expressed in AdipoRon treated cells, 143 in cells treated with
AdipoRon and OA, 83 in the OA only cells as well as in the
untreated control cells. These exclusively expressed genes were
related to distinct gene ontologies (GOs), indicating specific profiles
of the 4 treatments (Fig. 6C). No characteristic GOs were associated
with control cells. OA treated cells, on the other hand, exclusively
expressed numerous genes associated with DNA replication/repair,
immune reactions and metabolism. AdipoRon treatment of OA cells
induced genes involved in signalling, while in the control condition,
AdipoRon predominantly influenced metabolism-associated genes.
For the full lists of GOs, please refer to Table S1.

In order to check the robustness of our model, we compared the
differentially expressed genes between OA treated and control cells
with those identified in a previous study also using iPSCs as a model
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Fig. 6. Changes of global gene expression profiles after OA treatment and with AdipoRon. Transcriptome analysis was performed for all four conditions
of CO2 HLCs. (A) Cells cluster according to treatment. (B) Venn diagram depicting the exclusively expressed genes for all four conditions. (C) Selected
significantly enriched GOs of the exclusively expressed genes in the indicated conditions. (D,E) Comparison with published data of differentially expressed
genes in iPSCs derived HLCs after OA treatment reveals common downregulated (D) and selected common upregulated (E) KEGG-pathways. (F-I) Top

10 significantly down- or upregulated KEGG pathways after AdipoRon treatment of control and OA cells. For full lists of GOs and KEGG pathways please

refer to Table S1.
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for NAFLD (Graffmann et al., 2016) (Fig. 6D,E). There was an
overlap of 24 genes upregulated and 32 genes downregulated after
OA treatment. KEGG pathway analysis revealed that the common
downregulated genes were significantly associated with drug
metabolism, cytokine—cytokine receptor interaction and protein
digestions, while signalling and metabolic pathways were also
detected although this was not significant (Fig. 6D). Importantly, the
common significantly upregulated pathways were predominantly
associated with metabolism as well as with adipocytokine and
AMPK signalling (Fig. 6E).

Next, we checked which KEGG pathways were affected by
AdipoRon treatment in the control and OA setting. In the control
treatment, AdipoRon mostly affected metabolism and immune
system related pathways. Interestingly, drug metabolism tended to
be downregulated while metabolic pathways related to amino acid
synthesis as well as pathways related to the immune system, were
upregulated (Fig. 6F,G).

On the OA background, pathways related to metabolism and
immune system were downregulated (Fig. 6H). The upregulated
pathways in OA AdipoRon-treated cells were predominantly related
to various signalling pathways (Fig. 6I).

In order to identify an AdipoRon-associated signature, we compared
the common up- and downregulated genes in AdipoRon-treated
control and OA cells (Fig. S4). Among the significantly upregulated
pathways, we identified transmembrane transporters, drug metabolism,
and glycoprotein/thyroid hormones. The significantly commonly
downregulated pathways were connected to homeostasis, indicating a
broad role for AdipoRon on metabolism and cell function in general.

FGF21 expression is reduced after OA treatment

Finally, we selected genes of the metabolic network involved in
PPARo and Adiponectin signalling (Fig. 4A) for heatmap analysis.
Interestingly, FGF21 expression was downregulated in OA-treated
cells compared to control cells (Fig. 7A,B). FGF21 acts as a
hormone in an endocrine, autocrine and paracrine manner and is
tightly associated with Adiponectin and PPARo/y signalling (Lin
et al., 2013; Goto et al., 2017; Gdlman et al., 2008). FGF21 is
predominantly synthesized in the liver. Its expression is regulated by
PPARo and v. In turn, FGF21 can regulate Adiponectin as well as
PPARY expression in feed-forward-loops (Goetz, 2013). For all cell
lines except of S11 we could confirm the OA-associated reduction
of FGF21 expression in western blots.

FGF21 signals via receptor dimers consisting of various FGF
receptors in combination with B-KLOTHO (KLB). The common
factor for signalling, KLB, was expressed in all cell lines
independent of treatment. Similar to AdipoR1, its expression was
significantly reduced in SO8 cells (Fig. 7C).

In summary, we have shown that in vitro derived HLCs from
various donors with distinct genetic backgrounds react similarly to
OA overdose with incorporating fat and increasing PLIN2 expression.
Apart from that, there are marked differences in the gene expression
profiles of the different cell lines reflecting the complex metabolic
pathways that seem to play varying roles in the individual lines and
could explain the differences seen in disease progression within
individuals. While we could not identify a robust AdipoRon effect on
an isolated factor, we saw general metabolic alterations affecting
metabolism, transport, and signalling pathways.

DISCUSSION

NAFLD is a multifactorial disease that is regulated by complex
interactions between genome, epigenome, and microbiome in
response to certain nutritional cues. Here, we employed an iPSC

based in vitro model for NAFLD to assess a variety of phenotypes
associated with the disease.

All our iPSC-derived HLCs from different donors accumulated
LDs in response to a high fat diet. We saw substantial differences in
the quantity, size, and distribution of LDs in all four cell lines, while
all of them significantly upregulated PLIN2, a crucial LD-coating
protein, in response to OA treatment. Interestingly, the cells that were
derived from the healthy control donor produced the biggest LDs
which even increased after AdipoRon treatment. In parallel, PLIN2
expression levels after OA induction were lower than in all other cell
lines. S11 cells, which were derived from a high steatosis patient,
accumulated an uncountable amount of very tiny LDs. Also here,
PLIN2 expression was relatively low. Strikingly, S12 cells, which
were derived from a low steatosis donor and showed an intermediate
phenotype regarding LD size and quantity, had the highest induction
of PLIN2. While the specific morphologies and distribution of LDs
might be associated with disease severity, further investigations
comparing several high-steatosis patient and healthy donor derived
samples are necessary to exclude influences of age, gender, and cell
culture effects.

In humans, macrovesicular steatosis, where few big LDs are
formed, has a less negative impact on liver function and whole body
health than microvesicular steatosis, which often is accompanied by
encephalopathy and liver failure (Tandra et al., 2011). The
phenotype of OA-fed CO2 cells mimics that of macrosteatosis.
Low levels of PLIN2 are associated with a lean phenotype and a
reduced risk for steatosis in mice (McManaman et al., 2013). The
combination of large LDs with relatively low levels of PLIN2
expression in CO2-derived HLCs could point towards a yet
unknown mechanism that protects the cells from lipid induced
damage, which might be enhanced by AdipoRon treatment.

Additional indications of a healthier phenotype in CO2 cells are
given by its relatively high expression of CPTI14 and APOC2,
possibly related to efficient burning and export of fatty acids. In
contrast, gene expression patterns in the high steatosis lines indicate
impaired fasting responses with low levels of PPARa in SO8 cells
and no changes in PGCla after OA induction in S12, S11 and S08
cells. In addition, these cells seem to have an impaired capability of
exporting FAs as suggested by the low levels of APOC2 expression.

By integrating these data, we were able to identify critical
metabolic constellations that suggested a more severe steatosis
phenotype. High steatosis lines had a rather low expression of genes
associated with gluconeogenesis, phospholipid-, and cholesterol
biosynthesis with concomitant low expression of CPT/A4 indicating
an additional lower capacity of B-oxidation and thus energy
generation (Table 2).

Interestingly, all cells except S11 had reduced FGF21 levels after
OA treatment. Normally, hepatic FGF21 expression is related to the
fasting response (Gdlman et al., 2008; Inagaki et al., 2007), thus low
levels of FGF21 after OA overfeeding could be expected. Thus, the
failure to reduce FGF21 levels in response to OA could be an
additional sign of inefficient metabolic regulation in S11 cells.
Interestingly, levels of PPARo., which enhance FGF21 expression,
and levels of KLB, which transfer FGF21 signalling into the cell, are
within the range of the other cell lines and thus do not seem to be
responsible for the failure to regulate FGF21 levels.

Taken together, our data point to an impaired reaction to
nutritional cues in HLCs derived from high steatosis patients.
Further comparative analysis will show if these cells really produce
less glucose while also generating less energy which overall could
be related to a limited capability to match the bodies energy needs
which could trigger a compensatory storage of fat.
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Fig. 7. FGF21 expression changes by OA treatment. (A) Heatmap analysis of genes within the Adiponectin-PPARc metabolic network. (B) Representative
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were calculated with ANOVA, followed by Tukey’s multiple comparisons of means with 95% family wise confidence levels. **=P<0.01, ***=P<0.001.

Overall, many aspects of NAFLD can be recapitulated in vitro,
independent of the donor’s genotype. However, the distinct origin
of the cells and their metabolic capacities, as well as distinct
reprogramming and differentiation efficiency, have a key impact
on the analyses and impede unambiguous conclusions at this
stage.

In general, OA treatment had major effects on the cells, while
AdipoRon effects only became visible when analysing whole
transcriptome data from one single donor. Possibly, its influence
might become more obvious by increasing the concentration or
duration of AdipoRon treatment and including more replicates in
every analysis.
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The transcriptional network that regulates key metabolic processes
and is supposed to be susceptible to Adiponectin signalling was
active in all cells. They all expressed AdipoR2 as well as AMPK,
CREB, and AKT, which were all also detectable in the
phosphorylated, active form. However, we did not see reproducible
disease-associated phenotypes and we were also not able to induce
consistent changes in the activity levels of the analysed regulators by
OA or AdipoRon treatment. This might be due to the complex
interaction of several pathways and the simultaneous presence of
conflicting signals that are present in the cell culture. The HLC
medium contains for example insulin as well as the glucocorticoid
dexamethasone which both are strong inductors of fat storage (Brown
and Goldstein, 2008; Marino et al., 2016). We do not know if cells
from all donors react in the same way to these molecules. Maybe
higher AdipoRon concentrations are necessary to induce beneficial
metabolic effects in all cell lines. In addition, it is possible that some
AdipoRon related effects become only obvious in the systemic setting
and cannot be reproduced in an in vitro model.

When analysing only the CO2 cell line, we observed influences
of OA and AdipoRon on the transcriptome. The cells clustered
according to the treatment. Comparison of the up- and downregulated
genes after OA treatment with previously generated and published
data from our system (Graffmann et al., 2016) revealed 56
overlapping genes. This number is somewhat limited due to
different cell lines that were used and differences in the OA
induction protocol. Nonetheless, there are commonly regulated
genes. These are probably reliable as indicators for a steatotic
phenotype because they were regulated in a robust way across the
experiments. Interestingly, in both studies PPAR- and AMPK
signalling as well as fat metabolism were upregulated, suggesting a
common reproducible pattern. Especially PPAR-signalling pathways
are already clinical targets for treating hyperlipidemia. So far, these
medications are not approved for the treatment of NAFLD but our
data support studies that claim efficiency of PPAR, agonists in this
condition (Boeckmans et al., 2019; Fernandez-Miranda et al., 2008).

Analysis of the genes exclusively expressed in the four conditions
revealed distinct patterns of overrepresented GOs. Most
importantly, AdipoRon influenced metabolism-associated GOs in
the control setting while it had an impact on signalling in the OA
background. OA treatment alone induced stress in the cells, which
becomes evident by many of the upregulated GOs associated with
DNA repair and structure as well as to the immune system. Increased
cellular stress levels are tightly connected to the progression of
NAFLD to NASH and HCC (Buzzetti et al., 2016).

AdipoRon seems to have distinct functions depending on the
nutritional background. As expected, it is involved in the regulation
of metabolism in the control as well as in the OA setting.
Interestingly, in the control AdipoRon condition, several pathways
related to cysteine, methionine and folate metabolism were
upregulated. Indeed, deprivation of cysteine and methionine fosters
the development of NASH in mice (Rinella et al., 2008), which might
be counteracted by AdipoRon. AdipoRon also influenced several
pathways that are connected to the immune system, which agrees with
recent publications that have described an anti-inflammatory role of
Adiponectin in cardiac and adipose tissue, which also was connected
to milder inflammation levels in the context of the metabolic
syndrome (Jenke et al., 2013; Tsuchida et al., 2005; Friithbeck et al.,
2017). Also this might help to improve health conditions of steatotic
patients, as latent inflammation is a risk factor for disease progression
(Tilg and Moschen, 2010). Finally, AdipoRon increased signalling
pathways, many of which are involved in regulating metabolism, in
OA treated cells. Although we could not confirm the AdipoRon

action in the selected pathways in our analysis, these data point to a
global role of AdipoRon affecting metabolism. It is possible that
higher concentrations of AdipoRon might give a clearer picture of its
action. In addition, certain limitations of the cell culture setting
probably also obscure AdipoRon effects. In 2D cultures, HLCs only
reach limited grades of maturation, resembling fetal rather than adult
cells which certainly has an impact on their metabolism. Also,
differentiation efficiency varies between cell lines, introducing
additional variability when comparing cells from distinct donors
(Hannan et al., 2013). Recently, 3D culture models have been
published, which increase maturity and might be suitable to
overcome the problem of varying differentiation efficiencies
(Rashidi et al., 2018; Sgodda et al., 2017). Although in this setting
we face the question whether or not externally applied substances
reach all cells, especially those inside the organoid, a more
homogenous culture might nonetheless improve our insights into
NAFLD development and metabolic regulation by AdipoRon.

Despite its limitations, the heterogeneity which we find in our cell
culture samples should be taken into account when developing
treatments for NAFLD patients. Although there probably exist
common pathways that can be modified, every patient might react
differently and personalized medicine is necessary to effectively
treat this widespread disease.

MATERIALS AND METHODS

Differentiation of iPSCs into HLCs

The use of iPSC lines for this study was approved by the ethics committee of
the medical faculty of Heinrich-Heine University under the number 5013.
iPSCs were cultured on laminin (LN) 521 (Biolamina) coated plates in
StemMACS iPSC brew medium (Miltenyi). Differentiation into HLCs was
performed as described previously (Graffmann et al., 2016) with minor
changes. To start the differentiation, iPSCs were passaged as single cells
onto plates coated with a 3:1 mixture of LN111 and LN521. The next day,
the medium was changed to definitive endoderm (DE) medium: 96% RPMI
1640, 2% B27 (without retinoic acid), 1% Glutamax (Glx), 1% Penicillin/
Streptomycin (P/S) (all Gibco), 100 ng/ml Activin A (Peprotech), which was
replaced daily. On the first day an additional 2.5 pM Chir 99021 (Stemgent)
was included. Afterwards the cells were cultivated for 4 days in hepatic
endoderm (HE) medium with daily medium changes: 78% Knockout DMEM,
20% Knockout serum replacement, 0.5% Glx, 1% P/S, 0.01% 2-
Mercaptoethanol (all Gibco) and 1% DMSO (Sigma-Aldrich). In the last
step, hepatocyte-like medium was used for up to 10 days with medium change
every other day: 82% Leibovitz 15 medium, 8% fetal calf serum, 8% Tryptose
Phosphate Broth, 1% Glx, 1% P/S (all Gibco) with 1 pM Insulin (Sigma-
Aldrich), 10 ng/ml hepatocyte growth factor (HGF) (Peprotech), 25 ng/ml
Dexamethasone (DEX) (Sigma-Aldrich).

Synthesis of AdipoRon

AdipoRon was synthesized from 4-hydroxy-benzophenone, chloroacetic
acid methyl ester, and 4-amino-1-benzylpiperidine following the procedure
reported by Okada-Iwabu, Yamauchi, and Iwabu (Okada-Iwabu et al., 2013;
Kadowaki et al., 2015). The identity and purity of the product was double-
checked by spectroscopic analysis ("H NMR and '*C NMR).

Fat induction and small molecule treatment

Oleic acid (Calbiochem) was bound to fatty acid free BSA (Sigma-Aldrich)
and added to the cells in a final concentration of 200 uM. AdipoRon was
dissolved in DMSO and the cells were treated with a final concentration of
2 uM. Control treatment for OA consisted in BSA and for AdipoRon in
DMSO. The treatment started on day 10 of the differentiation and was
continued for 5 and 9 days.

Immunocytochemistry

Cells were fixed with paraformaldehyde for 15 min at room temperature (RT).
For permeabilization and blocking they were incubated for 2 h at RT with
blocking buffer (1x PBS with 10% normal goat or donkey serum, 1% BSA,
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0.5% Triton and 0.05% Tween). Blocking buffer was diluted 1:2 with 1x PBS
and cells were incubated with the primary antibody overnight at 4°C. Cells
were washed three times with 1x PBS/ 0.05% Tween and incubated with the
secondary antibody for 2 h at RT. To stain lipid droplets, cells were incubated
with BODIPY 493/503 (1 pg/ml, Life Technologies) in PBS/0.05% Tween
for 20 min and washed afterwards. DNA was stained with Hoechst 33258.
Images were captured using a fluorescence microscope (LSM700, Zeiss). The
following primary antibodies were used: Alpha Fetoprotein, Albumin
(Sigma-Aldrich), E-cadherin (CST), HNF4a (Abcam), SOX17 (R&D),
PLIN2 (Proteintech). For details on antibodies see Table S2. Individual
channel images were processed and merged with Fiji.

LD quantification

For confocal images, cells were differentiated on matrigel coated x-well
tissue culture chambers (Sarstedt), except for SO8, where iPSCs did not
attach to the glass bottom. Similarly, one condition of S11 was lost due to
attachment issues. Confocal images were analysed with Cell Profiler version
3.1.9. Due to the huge differences in LD size, separate pipelines had to be
used for CO2 and S11/12 analysis. Pipelines are available upon request.
Significances for LD size and numbers were calculated via Kruskal-Wallis
test followed by Wilcoxon rank test and for total area occupied by ANOVA
followed by Tukey’s multiple comparisons of means with 95% family wise
confidence levels.

Measurement of cytochrome P450 activity

The P450-Glo™ CYP3A4 Assay Luciferin-PFBE (Promega) kit was used
to measure Cytochrome P450 3A4 activity employing a luminometer
(Lumat LB 9507, Berthold Technologies).

Western blot

Frozen cell pellets were lysed in 1x RIPA buffer (Sigma-Aldrich) with
protease and phosphatase inhibitors (Roche, Sigma-Aldrich). 20 pg of protein
were loaded into nupage 4-12% bis-tris precast gels (Thermo Fisher
Scientific) and run with MES buffer. Proteins were transferred to a 0.45 pm
nitrocellulose membrane (GE healthcare). Membranes were blocked with 5%
milk in TBS/0.1% Tween (TBST) for 1 h at RT. Antibodies were diluted as
described in Table S2. Incubation with primary antibodies was performed
overnight at 4°C. Membranes were washed three times with TBST and
secondary antibody incubation was performed for 1-2 h at RT followed by
washing as above. In case of HRP coupled secondary antibodies,
chemiluminescence was detected on a Fusion FX instrument (PeqLab). For
detection of B-actin an IR dye 680 coupled secondary antibody (LICOR) was
used and detection was performed on an Odyssey CLx instrument (LI-COR).
Analysis was performed with Fusion Capt Advance software (PeqLab) using
rolling ball background correction or with Image Studio light 5.2 software
(LI-COR).

RNA isolation and quantitative reverse transcription PCR (qRT-
PCR)
Cells were lysed in Trizol. RNA was isolated with the Direct-zol™ RNA
Isolation Kit (Zymo Research) according to the user’s manual including a
30 min DNase digestion step. 500 ng of RNA were reverse transcribed using
the TagMan Reverse Transcription Kit (Applied Biosystems). Primer
sequences are provided in Table S3. All primers were ordered from MWG.
Real time PCR was performed in technical triplicates with Power Sybr
Green Master Mix (Life Technologies) on a VIIA7 (Life Technologies)
machine. Mean values were normalized to RPSI/6 and fold change was
calculated using the indicated controls. Experiments were carried out in
biological triplicates (with the exception of PHH and fetal liver which were
only measures once) and are depicted as mean values with 95% confidence
interval (CI). Unpaired Student’s f-tests were performed for calculating
significances in Fig. 1, in all other cases ANOVA was used followed by
Tukey’s multiple comparisons of means with 95% family wise confidence
levels.

Transcriptome and bioinformatics analysis
Microarray experiments were performed on human Clariom S Arrays
(Aftymetrix) (BMFZ, Diisseldorf).

Data analysis

Untreated control HLCs and HLCs treated with AdipoRon, OA, and OA
plus AdipoRon were hybridized on the Affymetrix Human Clariom S
platform where CEL files were generated. These CEL files — regarded as the
Affymetrix raw data — were read into the R/Bioconductor statistical package
(Gentleman et al., 2004). The R package oligo was employed for
background-correction and normalization via the Robust Multi-array
Average (RMA) method (Carvalho and Irizarry, 2010). A detection
P-value was calculated according to the method described in our previous
publication by Graffmann et al. (Graffmann et al., 2016). A detection
P-value of less than 0.05 was used to determine gene expression. Venn
diagrams of expressed genes were made via the method venn from the gplots
R package (Warnes et al., 2015), the dendrogram via the R function hclust.
In order to determine differentially expressed genes the Bioconductor
packages limma (Smyth, 2004) and qvalue (Storey, 2002) were applied.

GO and pathway analysis

Over-represented GOs were assessed with the R package GOstats (Falcon and
Gentleman, 2007). For determination of over-represented KEGG pathways
(Kanehisa et al., 2017) a download of pathways and associated gene symbols
from March 2018 was used (Fig. 5D,E). Over-representation was calculated
with the R-built-in hypergeometric test. Dot plots of most significant terms
were generated via the ggplot package (Wickham, 2009). Alternatively, up-
and down-regulated genes were analysed with DAVID to derive KEGG-
pathways (Fig. SF-I) (Huang et al., 2009a,b). Metascape was used to analyse
the commonly up-regulated GOs and Pathways of AdipoRon treated control
and OA cells (Zhou et al., 2019).
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