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Abbreviations and Definitions

Cell lines

HepG2.....hepatocellular carcinoma cell line
Hep3B.....hepatocellular carcinoma cell line
HSC e, hepatic stellate cell

LX-2 ... Lieming Xu 2 hepatic stellate cell line

Proteins

ABHDS5 ..A/B hydrolase containing protein 5
ATGL.......uuvvee... adipocyte triglyceride lipase

CGI-58.. comparative gene identification-58

COLIAL ..., collagentypelal
PNPLAS3 ..... patatin-like p.-lipase c. protein 3
o-SMA................l a-smooth muscle actin

AFL ., alcoholic fatty liver
ALD ...t alcoholic fatty liver disease
HCC....ooovieeeeen, hepatocellular carcinoma
NAFL . non-alcoholic fatty liver
NAFLD........ non-alcoholic fatty liver disease
NASH.............. non-alcoholic steatohepatitis

Molecular biology terminology

DG ..ottt diglyceride
ECM i extracellular matrix
FA oo fatty acid
FFA e free fatty acid

KD e knock-down
(O knock-out
LD coreeeeiieiiriee e lipid droplet
L ] = over-expression
TG oo triglyceride
Others

RT e, room temperature

Page 9 of 113



Zusammenfassung

Leberkrebs ist eine der wenigen Krebsarten mit steigender Inzidenz. Dies kann teil-
weise auf eine erhdhte Fettleibigkeit der Bevolkerung und der daraus resultierenden Zunahme
von nicht-alkoholischer Fettlebererkrankung, die die Entwicklung von Leberfibrose und Krebs
fordert, zurlickgefihrt werden. In dieser Arbeit untersuchen wir verdanderten Fett-(Lipid)-
stoffwechsel in Leberzellen und seine Auswirkungen auf Zellproliferation, Glukosestoffwech-
sel und fibrotisches Potential von speziellen Leberzellen (hepatische Sternzellen). Dazu be-
trachten wir drei wichtige Proteine im Lipidstoffwechsel der Leber genauer und untersuchen

deren Auswirkungen in Leberzellen Mithilfe von Phanotyp- und Proteomanalysen.

Erstens zeigen wir, dass eine (enzymatische) Abnahme des wichtigsten Triglycerid-
Katabolismus-Proteins Adipose Triglyceride Lipase (ATGL) nur das Lipidtropfenvolumen der
Leberzellen erhoht, jedoch das Zellwachstum nicht beeinflusst, obwohl ATGL in Leberkrebs-
zellen, im Vergleich zu gesundem Gewebe, eine verminderte Genexpression aufweist. Das
Ubergeordnete Regulations-Protein von ATGL, CGI-58 (ABHD5), zeigte eine dhnlich niedrige
Genexpression in Leberkrebsgewebe, im Vergleich zum gesunden Gewebe. Eine verminderte
Expression von CGI-58 erhdhte ebenfalls das Lipidtropfenvolumen in Leberzellen, wirkte sich
jedoch auch positiv das Zellwachstum in Hepatozyten aus. Die Proteom- und Phanotyp-Ana-
lyse von Hepatozyten mit verminderter CGI-58 Expression zeigte eine Verschiebung des Stoff-
wechsels auf einen Glucose-zentrierten Metabolismus mit erhohter Glykolyse, was auf eine
Anderung hin zu einem krebsartigeren Phinotyp in diesen Zellen hinweist. Interessanterweise
verursachte eine erhdhte Expression von CGI-58 keine der oben genannten Verdanderungen
im Hepatozyten-Phanotyp. Als ndachstes wurde PNPLA3 untersucht, ein Enzym, das mit einer
Zunahme von Lebererkrankungen in seiner mutierten Form assoziiert ist und analoge Auswir-
kungen auf den Lipid- und Glukosestoffwechsel, dhnlich einer verminderten Expression von

CGI-58, zeigte.

Zweitens untersuchten wir das Proteom und den Phanotyp von spezialisierten Leber-
zellen, den sogenannten "hepatischen Sternzellen". Diese Zellen sind dafiir verantwortlich,
Fibrose in der geschadigten Leber auszulosen, und durchlaufen massive Veranderungen wah-

rend ihrer Transformation von einem ruhenden Zustand in einen "aktiven" fibrotischen
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Zustand. Wir berichten, dass diese Aktivierung mit einer Zunahme der zelluldren Migration,
einer erhohten Proliferation, dem Verlust von Lipidtropfen-Volumen, einer Erhéhung der Pro-
teinsynthese und einer Umstellung auf einen Glucose-zentrierten Stoffwechsel verbunden ist.
Eine erhohte Expression des 1148M mutierten PNPLA3-Gens (eine im Menschen weitverbrei-
tete Mutation) in diesen Zellen resultierte in einer vermehrten Expression von Proteinen, die

die Aggressivitat von Krebszellen fordern.

Zusammenfassend zeigen wir die Bedeutung des gesunden Lipidstoffwechsels in Le-
berzellen auf und demonstrieren, wie der Lipidstoffwechsel mit anderen Stoffwechselwegen

der zelluldren Energiegewinnung verbunden ist.
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Abstract

Liver cancer is one of the few types of cancer with rising levels of occurrence. This is
mostly due to growing levels of obesity and the subsequent increase in non-alcoholic fatty
liver disease initiating development of liver fibrosis and cancer. In this thesis we explore ab-
normal lipid metabolism in liver cells and its consequences on cell proliferation, glucose me-
tabolism, and fibrotic potential of specialized liver cells (hepatic stellate cells). For this, we
take a closer look at three important proteins in liver lipid metabolism using phenotypic and

proteomic analyses.

First, we show that a decrease of the major triglyceride catabolizing protein activity
Adipose-triglyceride-lipase (ATGL) merely increases cytosolic lipid droplet volume, but does
not influence cell growth, despite ATGL showing decreased expression in liver cancer cells,
compared to healthy tissue. The upstream regulator of ATGL, CGI-58 (ABHD5), displays similar
downregulation in liver cancer tissue as ATGL, compared to healthy tissue. CGI-58 silencing
likewise increased cytosolic lipid droplet volume, but also positively affected cell growth in
hepatocytes. Proteomic and phenotype analysis of CGI-58 depleted hepatocytes indicated a
switch to increased glycolysis, resembling a shift towards a more cancerous phenotype in
these cells. Interestingly, an overabundance of CGI-58 did not cause any of the above-men-
tioned metabolic changes in the hepatocyte phenotype. Next, we found that PNPLA3, an en-
zyme associated with an increase in liver disease in its mutated form, showed similar effects

to CGI-58 downregulation on alterations of lipid and glucose metabolism.

Second, we investigated the proteome and phenotype of specialized liver cells, so
called hepatic stellate cells (HSC). These cells are responsible for initiating fibrosis in the in-
jured liver and undergo massive changes during their transformation from a resting “quies-
cent” state, into an “active” fibrotic state. We demonstrate that this activation is associated
with an increase in migratory behaviour, increased proliferation, lipid droplet volume loss, an
increase in protein production, and a switch towards a glucose-focused metabolism. Moreo-
ver, increased 1148M PNPLA3 mutant expression (a common mutation in humans) in these
cells was accompanied by an upregulation of proteins strongly associated with cancer aggres-

siveness.
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Collectively, we demonstrate the importance of functional lipid metabolism in liver

cells and show how lipid metabolism is connected to other energy metabolism pathways.
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1 Generalintroduction

Cancer rates worldwide are increasing, especially in countries with long life expec-
tancy. There were approximately 19.3 *10® new cancer cases in 2020 and 10.0*10° people
died from cancer in 2020 (5). Due to an increasingly older population, cancer rates are pre-
dicted to rise to 29.5 * 10° cases per year! by the year 2040, with a projected overall mortality
of ~ 55 %2, according to the International Agency for Research on Cancer at the World Health
Organisation (6). Although the general public perceives cancer as a single disease, different
types of cancer and underlying causes for cancer are varying wildly. It is therefore crucial to
obtain a better understanding of the biochemical processes leading to cancer in order to de-

velop effective prevention measures and treatments.

Liver cancer is one of the few cancer types steadily increasing in occurrence? (Figure 1
A) while having a strikingly low 5-year survival rate of 20 % (Data for United States only) (7).
The causes for liver cancer range from alcohol consumption to toxin ingestion (aflatoxin b*)
and fatty liver disease. Especially fatty liver disease or the umbrella term “non-alcoholic fatty
liver disease” (NAFLD), excluding alcohol abuse, is a serious concern especially due to globally
rising obesity rates. The world population showed overweight in 28.8 % of people and obesity
rates of 19.8 % in 2016 (Figure 1 B) with steadily increasing rates of both overweight and obe-

sity (10). NAFLD is therefore becoming an increasingly serious public health concern.

! https://gco.iarc.fr/tomorrow/en/dataviz/bubbles?sexes=0&mode=population (accessed on 04.01.2023)

2 https://gco.iarc.fr/tomorrow/en/dataviz/trends?sexes=1 2&mode=population&types=1 (accessed on
04.01.2023)

3 Primary liver cancer cases have increased by ~ 328 % in the last 40 years (data averaged from 1975-1979 vs.
2015-2019) while stabilizing slowly since 2010 (7), see also Figure 1. (Data for United States only).

4 Aflatoxin B1 is a common food contaminant produced by the fungus Aspergillus flavus and has been affecting
grain storage mainly in Asia until the 1990s, leading to rising cases of liver disease which have been falling re-
cently (8). Data for liver cancer occurrence and mortality in this thesis is therefore sourced primarily from the
United States.
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Figure 1: Liver cancer cases in the US and global obesity and overweight rates over time. (A)
Liver cancer cases in the United States over time. Data from National Cancer Institute (Na-

tional Institute of Health NIH) available at https://seer.cancer.gov/statfacts/html/livibd.html

(accessed 04.01.2023). Cases include liver and intrahepatic bile duct cancer. (B) Global obesity
and overweight rate for people with a body mass index (BMI) > 25 while <30 (overweight) or
obese BMI > 30. Data from World Health Organization WHO

https://www.who.int/data/gho/data/indicators/indicator-details/GHO/prevalence-of-obe-

sity-among-adults-bmi-=-30-(crude-estimate)-(-) (accessed 04.01.2023).

1.1 Liver disease

The human liver is the only organ® in the human body which is capable of regenerating
large amounts of lost or damaged tissue (11). This ability is reliant on a complex synergistic
network of cells, which first leads to the isolation of the damaged sections of the liver and
then re-structuring of the environment for new liver cells to populate the area (12,13). Alt-
hough this process is useful to withstand a plethora of injuries, the liver is susceptible to long-
term inflammation and damage. This is apparent from the pathophysiology of both alcoholic

liver disease (ALD) and NAFLD. Both of these liver diseases feature similar modes of slow

> Excluding bone marrow and skin.
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progression and show underlying disease mechanisms (14). While ALD is caused by long term
consumption of ethanol (15), NAFLD is progressing due to excessive storage of liver fat (16).
Both ALD- and NAFLD related mortality have been on the rise in recent years (17,18). Both
ALD and NAFLD contribute to an increased risk of hepatocellular carcinoma (HCC) (19,20). The
increase in HCC cases correlates with the global obesity epidemic (21,22) (Figure 1 A, B). Alt-
hough ALD and NAFLD are an enormous burden on public health (23), no effective treatment,
other than decreased alcohol consumption (ALD) and weight loss (NAFLD) is currently availa-

ble (24).

1.1.1 Alcoholic fatty liver disease (ALD)

Although this dissertation is focused on the role of lipids in liver diseases, a short in-
troduction is given for ALD, as this disease shares wide public recognition and features a dis-
ease progression similar to NAFLD. ALD is caused by the consumption of alcohol over a long
period of time in which high risk individuals (heavy drinkers) are classified by drinking over
40 g of ethanol per day over many years (25). Heavy drinkers accumulate fat in hepatocytes,
often leading to an alcoholic fatty liver (AFL), also known as alcoholic steatosis (15). The rea-
sons for AFL development are multifactorial, including increased acetyl-CoA® production from
ethanol via acetaldehyde and acetic acid (26), decreased mitochondrial B-oxidation via dereg-
ulated NADH/NAD* ratios (27—-29) and peroxisome proliferator-activated receptor a (PPARa)
inactivation (30), as well as upregulated lipogenesis via SREBP1c (31). AFL is a strong risk factor
for the development of liver inflammation (steatohepatitis) (32). AFL featuring steatohepatitis
can progress further to liver fibrosis and cirrhosis (32), which in turn increases the risk for the

development of liver cancer dramatically (33).

1.1.2 Non-alcoholic fatty liver disease (NAFLD)

Since 1975 obesity rates among adults in the United States have increased from 6.1 %

to 19.8 % in 2016 (Figure 1 B) (10). This societal change has come with a plethora of negative

6 Precursor for fatty acid (FA) synthesis via acetyl-CoA carboxylase (ACC) to malonyl-CoA.
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health effects, among which NALFD has been one of the worst contenders, together with heart
disease (34). NAFLD is used as an umbrella term, encompassing many different aspects of a
progressive liver disease such as non-alcoholic steatosis, liver fibrosis, and cirrhosis (35) (Fig-

ure 2).

healthy fattyfibroticcirrhotic

Figure 2: Potential progression of non-alcoholic fatty liver disease (NAFLD) in humans over
time. Increased levels of hepatic fat accumulation can lead to a progression of liver disease

from a fatty liver to a fibrotic and later cirrhotic liver.

Steatosis is defined as >5 % of hepatocytes displaying lipid droplet’ (LD) deposition
(Figure 3) in the absence of alcohol consumption (36) and is often followed by liver inflamma-

tion, also called non-alcoholic steatohepatitis (NASH). This progression can be attributed to

7 Lipid droplets (LD) are intracellular organelles responsible for lipid storage. They typically range from 20 nm to
100 nm in size in hepatocytes. LD are made up of triglycerides (TG), cholesterol esters and other less common
lipid species surrounded by a phospholipid monolayer membrane (Figure 3).
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lipotoxicity? and subsequent inflammation of the liver (38). Recruitment of immune cells due
to inflammation is often followed by the activation of neighbouring hepatic stellate cells (HSC)
(38) which create a fibrotic (scar-tissue like) environment (see chapter 1.1.3). If inflammation
persists for a long-time, accumulation of fibrotic proteins in larger sections of the liver restrict
liver function (39). This stage is termed cirrhosis and generally deemed irreversible® (42). The
only viable option to improve liver function at this stage is liver transplantation (42). Even
though the cause for hepatocellular carcinoma (HCC, see chapter 1.1.4 below) is not always
clear, 80 — 90 % of HCC cases feature cirrhosis (43), suggesting a strong correlation between

these diseases.

triglyceride
cholesterol esters

8 Lipotoxicity is defined as a broad category of cellular damages caused by various lipid species. An overabun-
dance or insufficient clearance of free fatty acids (FFA) can cause lipotoxicity in the liver (37).
9 New findings suggest cirrhosis might be at least partially reversible if treated early on (40,41).

Page 18 of 113



Figure 3: Lipid droplet (LD) sizes in healthy hepatocytes. Comparison of common LD sizes

and composition in healthy hepatocytes. nm = nanometre, um = micrometre.

1.1.3 Liver fibrosis

Liver fibrosis is characterized by the accumulation of fibrotic extracellular matrix (ECM)
proteins usually as a consequence of chronic liver disease or liver damage. ECM production is
unambiguously linked to activated (fibrotic) hepatic stellate cells (HSC) (44,45). Fibrotic tissue
severely restricts liver function and blood flow to the liver (portal hypertension) (46), leading
to liver enlargement and then shrinkage (in the early and late stages of the disease, respec-
tively) and severe weight loss reaching the point of cachexia'® in some cirrhosis cases (47). To

date, there is no available medically approved treatment for liver fibrosis.

1.1.4 Hepatocellular carcinoma (HCC)

Among liver cancer cases, primary HCC (emerging in hepatocytes) is the most common
type of cancer, accounting for ~ 90 % of cases (48), followed by bile duct cancer. The 5-year
survival rate for HCC is as low as ~ 20 % (7), being the third deadliest cancer type globally. HCC
is strongly associated with cirrhosis and liver fibrosis. Hepatitis B (48) and C (49) are strong
factors implicated in HCC development, together with aflatoxin B1 (8). Common causes for
HCC are slowly developing liver diseases triggered by alcohol (ALD) and obesity (NAFLD), as
these can end up contributing significantly to the risk of developing cirrhosis and subsequently

HCC (19).

1.2 Livercells

The human liver features multiple cell types, whereas the only parenchymal! cell type
in the liver are hepatocytes. These cells are responsible for a myriad of tasks, ranging from

modification and detoxification of substances in the bloodstream to the synthesis and

10 Disease instigated muscle and weight loss with increased mortality. Not treatable by nutritional supplemen-
tation.
1 Non-structural or functional parts of an organ in contrast to stromal, or supportive tissue.
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distribution of lipids including cholesterol. Non-parenchymal cells include HSC, endothelial

liver sinusoidal cells (Figure 4) and liver macrophages (Kupffer cells).

healthy
hepatocytes

quiescent hepatic
stellate cell

sinusoid
blood vessel

activated hepatic
stellate cell

fibrotic protein ’/
depositions '

damaged
hepatocytes

Figure 4: Graphical representation of a liver sinusoid (blood vessel) close-up. (A) Represen-
tation of a healthy liver featuring hepatocytes and quiescent hepatic stellate cells (HSC) in
the Space of Dissee (perisinusoidal space) between hepatocytes and a blood capillary. (B)
Graphical demonstration of an injured liver highlighting damaged hepatocytes and fibrotic

protein deposition by activated HSC.

1.2.1 Hepatocytes

Hepatocytes make up 80 —90 % of all liver cells by weight and cell number. They meas-
ure ~20 — 30 um in diameter, making them one of the larger cells in the human body. Hepato-
cytes feature a large smooth endoplasmic reticulum, necessary for the synthesis and excretion
of lipids and detoxification of both endogenous and exogenous substances (50). Hepatocytes
also produce bile acid for lipid absorption in the intestine and excrete lipids via lipoproteins to
be distributed via the blood stream. Their ability to produce lipids via de novo lipogenesis in

large quantities makes them unique in the human body. Hepatocytes aim to balance lipid
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levels in the blood by absorbing excess lipids or by increasing lipid production and export (51).
Elevated blood lipid levels can arise from increased mobilization of FA from adipose tissue due
to obesity and diabetes or increased intestinal absorption of dietary FA. Overwhelming blood

lipid levels can therefore increase hepatic lipid content and lead to NAFLD in the long term.

1.2.2 Hepatic stellate cells (HSC)

Being the main driver of liver fibrosis in humans, HSC have gained increased interest
in the last decades. Also known as lipocytes or Ito-cells!?, HSC in their quiescent (resting) state
are mainly involved in vitamin A (retinol) storage being located in the area between liver si-
nusoidal cells and hepatocytes, better known as “Space of Disse” (Figure 4). These cells release
vitamin A during times of vitamin A shortage in the body. Apart from vitamin A (retinol) (40 %),
HSC also store TG and cholesterol esters at 32 % and 15 % of their total LD composition, re-

spectively (52).

When HSC transform into their activated state during liver damage, they resemble fi-
brotic myofibroblast cells (53). This transformation marks a major shift in protein expression,
lipid metabolism and overall phenotype, including increased proliferation and migration (53).
Activated HSC deposit large amounts of fibrotic proteins'3® (Figure 4 B) and attract immune
cells, which in turn influence HSC activation (54). Inflammatory environments perpetuate HSC
activation, leading to large scale fibrosis of the liver over a long period of time if the source of

inflammation remains unresolved.

Activated HSC were believed to undergo apoptosis after the source of liver damage or
inflammation has been removed. Recent studies however indicate that HSC can undergo re-
versal of their activated state, which might aid re-structuring damaged parts of the liver after
injury (55). Reversed HSC (rHSC) provide an important therapeutic potential, as they might

halt, or even reverse advanced fibrosis.

12 Named after their discoverer Toshio Ito in 1951.
13 Mostly collagen and fibronectin.
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1.3 Lipid metabolism in the liver

Liver cells are responsible for lipid homeostasis in the human body by clearing excess
lipids from the bloodstream and distributing lipids via excretion of lipoproteins. Due to their
dual role in systemic lipid metabolism, liver cells are disproportionally affected by lipid over-
load. Several aspects of lipid uptake, clearance, and distribution in the liver can be negatively

affected leading to liver damage, cell death and inflammation.

1.3.1 Role of the liver in systemic lipid supply

Lipid uptake in the human body is occurring through intestinal lipid absorption. Pan-
creatic lipases hydrolizes TG4 in the intestine, aided by bile produced and excreted from the
liver. Due to the hydrophobic character of most lipids, bile helps emulsifying lipids aiding up-
take in micelles after being broken down into FA, monoacylglycerol and glycerol. Lipids are
taken up by enterocytes via cluster of differentiation 36 (CD36 or fatty acid translocase) lipid
transport proteins or passive diffusion, are re-esterified to TG and distributed into the blood-
stream as lipoproteins, allowing transport of TG and cholesterol in polar environments. Lipo-
proteins are taken up and hydrolized by lipoprotein lipase (LPL) into FA and monoacylglycerol
by hepatocytes, skeletal muscle, and adipocytes, where they are subsequently either stored
as re-esterified TG or used in B-oxidation. FA originating from peripheral adipose tissue can be
taken up by hepatocytes and subsequently stored in cytosolic LD. Similar to enterocytes,

hepatocytes are able to re-distribute lipids into the bloodstream via lipoproteins.

1.3.2 Cellular lipid metabolism in the liver

The liver is the only major source of newly synthesised lipids in the human body and
able to redistribute them via lipoproteins secreted into the bloodstream. Various proteins are
involved in the synthesis and breakdown of lipids in the liver, which are discussed in the next
section. Cytosolic LD TG hydrolysis takes place in a process called “neutral lipolysis”, which

refers to the fact that the breakdown of TG happens in a non-acid environment, in contrast to

14 Nutritional lipid composition is mainly consisting of TG (~95 %) in addition to sterols, phospholipids and fat-
soluble vitamins (56).
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the acidic environment in the lysosome where TG is hydrolized by lysosomal acid lipase (LAL)
(Figure 5). The lipolytic cascade, breakdown of TG by removing FA from the glycerol backbone,
starts with adipose triglyceride lipase (ATGL) (57) on cytosolic LDs, continues with hormone-
sensitive lipase® (HSL) (59) and MGL removing the second and last FA from diacyl- and mon-
oacylglycerol (60). HSL can additionally hydrolyse TG, although to a lower extent compared to
ATGL (59).

R

A
QU2

,":1’

Figure 5: Graphical representation of central intracellular lipases. ATGL, HSL and MGL carry-
ing out neutral lipolysis on and in close proximity to an intracellular LD by hydrolysing TG,

DG, and MG (left). LAL performing acidic lipolysis in a lysosome via hydrolysis of TG to DG

15 1n the human liver (especially in hepatocytes), HSL expression levels are low, compared to other tissues (58).
Data from human protein atlas: https://www.proteinatlas.org/ENSG00000079435-LIPE/tissue/Liver#frnaseq (ac-
cessed 05.01.2023)
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and FA (right). Adapted from Honeder et al 2023 (61) with approval from the publisher un-
der CCBY 4.0 license.

Adipose triglyceride lipase (ATGL)

ATGL or patatin-like phospholipase domain-containing protein 2 (PNPLA2) is the first
and rate-limiting enzyme in the lipolytic cascade (57). The main substrate for ATGL are TG in
LD. ATGL achieves its maximum efficiency when co-activated by alpha/beta hydrolase domain
containing protein 5 (ABHD5, comparative gene identification 58 “CGI-58") (62). The release
of fatty acids by ATGL from TG by co-activation of CGI-58 is crucial to protect the liver from an
overabundance of lipids. Even though lipids stored as neutral TG are not lipotoxic, unmediated
accumulation of large and numerous LD can lead to lipotoxicity and subsequently apoptosis
of hepatocytes through ballooning!® and successive inflammation (63). Insufficient re-esteri-
fication of FA from extracellular sources, increased de novo lipogenesis and decreased export
of FA can further increase the risk for hepatocyte apoptosis and subsequent immune re-

sponses.

ATGL deletion or mutations in mice can cause steatosis which are specific for loss of
CGI-58 accumulation of fat in various tissues, as well as obesity (64), but no skin barrier de-
fects!’ (66). Paradoxically, neither systemic loss (67) nor specific loss of ATGL in hepatocytes
(68) leads to impaired liver function, although in both cases increased TG levels are found in
the liver. Interestingly, systemic pharmacologic ATGL inhibition leads to improvements in liver
health (69). Briefly, decreased systemic ATGL expression lowers FA mobilized from adipose

tissue, followed by decreased liver FA uptake, while reducing de novo lipogenesis (70).

Although there are no known cases of genetic loss of ATGL in humans, rare frame-shift

mutations in the PNPLA2 gene can lead to a premature stop codon (71). ATGL mutations in

16 Ballooning describes a degenerative form of apoptosis in hepatocytes which is characterized by swelling of the
cell body.

17 Mice with CGI-58 loss die perinatally and have severe skin barrier defects due to the loss of certain long-chain
fatty acids making up that skin barrier (65).
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humans lead to cardiac and skeletal myopathy, but surprisingly neither steatosis nor obesity

(72). Hepatomegaly has, however, been reported in some cases (71).

The involvement of ATGL in cancer is not yet clear and might be highly dependent on
the tissue of the primary tumor. In lung and colorectal cancer increased ATGL expression
shows pro-neoplastic features (73,74), although recent data in our group hints at a more ag-
gressive phenotype of human lung cancer cell lines with ATGL loss (3,75). Liver cancer occur-
rence and aggressiveness might be attenuated by higher ATGL expression (76). In immune
cells, higher ATGL levels increase the inflammatory response trough peroxisome proliferator-
activated receptor (PPAR) signalling, whereas it reduces inflammatory signalling in many non-
immune cells like hepatocytes and adipocytes (77).

Alpha/beta hydrolase domain containing protein 5, comparative gene identification 58
(ABHD5/CGI-58)

CGI-58 is a major player in the lipolytic cascade by co-activating ATGL. The enzymatic
activity of ATGL in liver is decreased by ~73 % in CGI-587", compared to CGI-58 wild-type (wt)
mice (65). Liver specific CGI-58 KO mice show exacerbated NAFLD, including NASH and liver

fibrosis on western-type diet (78).

Loss of CGI-58 functionality in humans has more pronounced consequences than loss
of ATGL. Humans with a mutation in the ABHD5 (CGI-58) gene (Chanarin-Dorfman syndrome)
experience steatosis, ichthyosis, and skeletal myopathy (62). This highlights that even though
CGI-58 and ATGL are functionally connected in lipid catabolism, genetic loss, or loss of func-
tion, of either ATGL or CGI-58 does not result in the same outcome. This suggests CGI-58 that

might have additional functions outside ATGL activation (79).

Although CGI-58 features a serine-hydrolase catalytic triad in its AB hydrolase fold (76),
similar to the catalytic dyad of ATGL, the enzymatic function of CGI-58 remains obscure.
CGI-58 might have an ATGL independent lysophosphatidic acid acyltransferase function (77),

or no enzymatic function at all.
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Lipid droplet accumulation by CGI-58 loss might help to clear cytosolic lipotoxic lipid
species (80)! and induce a shift towards an aerobic glycolytic phenotype (Warburg effect?®)
(82). Low levels of CGI-58 were found to promote aggressiveness of colorectal tumours
(82,83), prostate cancer (84), and shows oncogenic potential in endometrial cancer (85). De-
spite these findings, there have been no reports of HCC cases in patients with Chanarin Dorf-
man syndrome (86). However, it is important to note that there are only ~120 reported cases

of Chanarin Dorfman syndrome in total.

Patatin-like phospholipase domain-containing protein 3 (PNPLA3)

PNPLAS3 is related to ATGL (PNPLA2), sharing ~39 % protein sequence homology?, alt-
hough the enzymatic function of PNPLA3 remains largely unclear to this day. Even though
PNPLA3 is categorized as a lipase (like ATGL), loss of PNPLA3 does not alter lipid metabolism

in mice (87).

A common pathological mutation of PNPLA3 is the exchange of isoleucine at position
148 to methionine (1148M) (88). This mutation increases PNPLA3 affinity for CGI-58, thereby
reducing ATGL-CGI-58 interaction, subsequently reducing lipolysis (89), and has far reaching
implications in the development of NAFLD and HCC (90). PNPLA3 1148M increases the fre-
quency of steatosis to 33 % with a homozygous 1148M mutation and 26 % with a heterozygous
PNPLA3 mutation, compared to 15 % in PNPLA3 1148l control groups (in patients with a high
prevalence of existing NAFLD) (91). The risk for HCC development is 2.2-fold increased in pa-
tients with homozygous 1148M mutation in the PNPLA3 gene, compared to PNPLA3 wt (92).
The frequency with which the PNPLA3 1148M in humans is present depends on geographic
location. For example, people of Hispanic heritage have the highest rate of PNPLA3 [148M

18 In this article, LD accumulation was induced by ATGL depletion.

¥ The Warburg effect, named after the German biochemist Otto Warburg, is a metabolic phenomenon observed
in many different types of cancer. It is characterized by an increased rate of cytosolic glycolysis, despite the pres-
ence of oxygen (aerobic glycolysis). The decrease in efficiency (ATP production per glucose molecule) in this al-
tered pathway is compensated by the increased usefulness of glycolysis products for cellular proliferation. Con-
sequently, mitochondrial structure is negatively affected by the Warburg effect (81).

20 pata from National Centre for Biotechnology Information (NCBI) Needleman-Wunsch global align protein se-
quences of NP_065109.1 (PNPLA2) and NP_079501.2 (PNPLA3).
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occurrence of 49 %, while European Americans and African Americans show only 23 % and

17 % occurrence, respectively (88).
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CHAPTER ONE: THE ROLE OF

LIPID METABOLISM IN HEPATOCYTES
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2 Introduction to lipid metabolism in hepatocytes

Both ATGL and CGI-58 play an important role in liver lipid metabolism. Loss of either
protein in hepatocytes leads to an accumulation of cytosolic LD. Although there are other en-
zymes with TG lipolysis function, loss of ATGL might not be fully replaceable, while loss of

CGI-58 is generally more severe.

ATGL protein expression is classified as medium?tin liver, lung, and adipose tissue, and
low in skeletal and heart muscle. ATGL liver RNA expression is 58.4 nTPM?2 (normalized tran-
scripts per million). The highest ATGL mRNA expression is found in adipose tissue (508.1
nTPM). Lung and skeletal muscle show medium- to high ATGL mRNA expression (57.3 nTPM
in lung, 194.6 nTPM in skeletal muscle). Both HepG2 (59.1 nTPM) and Hep3B (66.0 nTPM) cells

show similar ATGL mRNA expression levels.

CGI-58 protein expression is very low (not detected) in liver cells, compared to other
tissues (high in brain, kidney, and pancreas, medium in lung, and adipose tissue, low in skeletal
muscle). ABHD5 (CGI-58) RNA expression in the liver is 21.7 nTPM, compared to 38.8 nTPM in
adipose tissue and 16.4 nTPM in lung. ABHD5 mRNA expression is lower in Hep3B cells (2.5
nTPM) compared to HepG2 cells (5.4 nTPM).

PNPLA3 protein is only detected in liver (medium expression) and kidney (high expres-
sion). PNPLA3 mRNA expression is highest in the liver (31.0 nTPM), compared to adipose tissue
(2.6 nNTPM), lung (0.8 nTPM) and kidney (4.5 nTPM). Both HepG2 and Hep3B cells show similar
PNPLA3 expression (Hep3B 12.0 nTPM, HepG2 14.3 nTPM). It is important to note that Hep3B
cells express non-pathologic PNPLA3 wt, whereas HepG2 cells homozygously express the

pathological PNPLA3 1148M variant.

ATGL (chapter 0), CGI-58 (chapter 0), and PNPLA3 (chapter 0) play a role in liver disease
and possibly in liver cancer. ATGL (72) and PNPLA3 (87) loss in humans show little

21 Data from human protein atlas www.proteinatlas.org (93) on tissue protein expression. Expression is classified
into 4 categories: not-detected, low, medium, high.

22 Data from human consensus expression dataset consisting of protein atlas (www.proteinatlas.org) (93) and
Genotype-Tissue Expression (GTEx) transcriptomics datasets.
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consequences in liver health, although higher ATGL expression could have a protective effect
on liver cancer (76). Changes in the expression of non-pathologic PNPLA3 wt is not associated
with liver disease in mice (87). However, the expression of the pathologic PNPLA3 1148M var-
iant shows a strong correlation with a decrease in liver health and increased liver cancer risk
(94). Lastly, low CGI-58 expression shows a detrimental effect on liver health and might be a

risk-factor for the development of liver cancer (62).

Taken together, liver health is affected by the expression of ATGL, CGI-58, and PNPLA3,
although there are major differences how these proteins affect liver health. It is therefore
necessary to take a closer look at each of these proteins individually to determine their role in

liver disease.
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3 Material and Methods

Parts of this section have been adapted from Schinagl et al 2021 (1).

3.1 Cell Culture

HepG2 cells from the CellBank Graz at the Medical University of Graz, Austria, and
Hep3B cells generously provided by Prof. Michael Trauner's lab at the Medical University of
Vienna, Austria, were cultured in RPMI-1640 or high-glucose Dulbecco's Modified Eagle Me-
dium (DMEM D6546) from Sigma-Aldrich, USA. The culture media were supplemented with
2 mM L-glutamine from Gibco, Thermo Fisher, USA (25030081), and 10% FBS from Gibco
(F7524). Plastic dishes (surface treated 734-2323 VWR, Radnor, Pennsylvania, USA) were used
for cell culturing. The cells were maintained at 37 °C with 5 % COz and 20 % O,. Sub-culturing
of HepG2 and Hep3B cells was performed every 72 h at a 1:5 ratio, and experiments were
conducted after at least two passages of subculturing. Cell lines were used for a maximum of
15 passages after seeding. The CASY (OMNI live science, Germany) and EVE cell counting sys-
tems (NanoEntek, USA) were employed to ensure equal numbers of cells were seeded. For

western blot and proteomic analysis, HepG2 and Hep3B cells were harvested 24 h after seed-

ing.
3.2 Protein overexpression and knock-down

HepG2 ATGL and ATGL S47A overexpression (OE), Hep3B CGI-58 OE, GFP OE, CGI-58
KD and control, in addition to Hep3B PNPLA3 1148M and PNPLA3 wt OE was achieved using
custom designed lentiviral vectors by Vector Builder (Chicago, USA) (For vectors see Figure 6
A-H) and cells were selected using either G418 (Thermo Fisher, USA, 10131035) (ATGL OE,
ATGL S47A OE, PNPLA3 [148M and 11481) or Hygromycin B (Thermo Fisher, USA, 10687010)
(CGI-58 OE, GFP OE, CGI-58 KD, CGI-58 control). Protein expression was confirmed via western

blotting after at least 14 days of selection.
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hPNPLA2[NM_020376.3]
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Figure 6: Lentiviral vectors for modifying ATGL (PNPLA2), CGI-58 (ABHD5) and PNPLA3 ex-
pression. (A) ATGL OE. (B) ATGL S47A OE. (C) CGI-58 small hairpin RNA (shRNA) KD. (D)
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CGI-58 KD control (scramble shRNA). (E) CGI-58 OE. (F) GFP OE. (G) PNPLA3 wt OE (H)
PNPLA3 1148M OE. pLV: lentivirus vector, Exp: expression, Neo: neomycin resistance (G418),
EFS: elongation factor lalpha binding sequence, h: human, EGFP: enhanced green fluores-

cent protein (GFP).

3.3 Proliferation Assay

Hep3B cells were distributed into individual wells of 96-well plates, with each well con-
taining 10,000 cells in 100 puL of DMEM with 10 % FBS. After 24 hours, the medium in each
well was replaced with 100 pL of fresh DMEM with 10 % FBS. The proliferation of cells was
evaluated every 24 hours using the cell counting kit 8 assay (CCK 8, 96992) from Sigma-Aldrich,
St. Louis, MO, USA, following the provided protocol.

3.4 Western Blotting Analysis

HepG2 and Hep3B cells were harvested after 24 hours of incubation in 10% FBS when
they reached approximately 85% confluency. For ATGL, CGI 58, or PNPLA3 expression analysis,
HepG2 and Hep3B cells were harvested after 48 hours of incubation in 10% FBS DMEM. The
cells were lysed in CST lysis buffer (9803) from Cell Signaling Technologies, Danvers, MA, USA,
supplemented with a protease inhibitor cocktail (P8340) from Sigma Aldrich. SDS-PAGE 4 to
12% Bis-Tris gels (WG1401A) with a thickness of 1.0 mm from NuPage, Thermo Fisher, Wal-
tham, MA, USA, were used to separate equal amounts of protein using 1x MES-SDS running
buffer (AB349824) from abcr, Karlsruhe, Germany. The gel electrophoresis was conducted at
a constant voltage of 200 V for 45 minutes on ice. Semi-dry blotting onto nitrocellulose mem-
branes (IB23001) from Invitrogen, Thermo Fisher, was performed using the iBlot 2 system
(Thermo Fisher) at 7 V for 30 minutes. The membranes were blocked with protein-free (PBS)
blocking buffer (37572) from Thermo Fisher for 1 hour at room temperature. Primary antibod-
ies (vinculin from Invitrogen, clone 7F9; CGI-58 from Abnova, catalog number HO0051099-
MO1; PNPLA3 from Thermo Fisher, catalog number 16809965) were incubated overnight at
4°C, and secondary antibodies (horse anti-mouse 7076 and goat anti-rabbit 7074S) from Cell
Signaling Technologies were incubated at room temperature for 1 hour. Chemiluminescent

detection agent Super-Signal West Pico PLUS (34577) from Thermo Fisher was used as the
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substrate, and the detection was performed using a ChemiDoc MP or XRS+ system (BioRad,

Hercules, CA, USA). Image analysis was conducted with Image Lab software (BioRad).

3.5 Proteomic Analysis

Hep3B cells were collected using cell scrapers after 24 hours of incubation in 10 % FBS
DMEM when they reached approximately 90 % confluency. For CGI-58 (KD or OE) expression
analysis or PNPLA3 over-expression analysis, Hep3B cells were cultured for 24 h in 10 % FBS
DMEM. The cells were washed with PBS and lysed using an in-house reducing and alkylating
buffer consisting of 100 mM TRIS HCl (pH = 8.5), 1% sodium dodecyl sulphate, 10 mM
tris(2-carboxyethyl) phosphine, and 40 mM 2-chloroacetamide. After sonication (1 kJ), the
samples were heated to 95 °C for 10 min. A total of 100 pug of protein per sample (determined
using the bicinchoninic acid assay protein estimation, BCA, from Thermo Fisher Scientific,
compatible with reducing agents) were subjected to acetone precipitation by adding NaCl to
a final concentration of 10 mM. Then, 4x volumes of acetone were added and incubated for
10 min. The supernatant was removed after centrifugation (10 min at 14,000 g). The dried
samples were dissolved in 25 % trifluoroethanol (TFE) in 100 mM Tris HCI (pH = 8.5) and soni-
cated until completely dissolved. For protein digestion, the samples were diluted to 10 % TFE
using 100 mM ammonium bicarbonate (ABC). Sequencing Grade Modified Trypsin (V5111)
from Promega, Walldorf, Germany, was added at a 1:100 enzyme-to-protein ratio, and diges-
tion was carried out overnight at 37 °C. The samples were desalted the next day using in-house
prepared polystyrene-divinylbenzene, reversed-phase sulfonate stage tips (66886) from
Supelco, Thermo Fisher, and resuspended in 0.1% formic acid. Chromatography was per-
formed using an Ultimate 3000 RCS Nano Dionex system from Thermo Fisher, equipped with
an Aurora Series UHPLC C18 column (250 mm x 75 um, 1.6 um) (AUR2-25075C18A) from lon-
optics, Fitzroy, Australia. Separation was achieved with a linear gradient of H,O (solvent A)
and acetonitrile, both with 0.1 % formic acid added (solvent B) (0 - 5.5 min 2 % B; 65.5 min
17 % B; 95.5 min 25 % B; 105 min 37 % B; 115.5 - 125.5 min 95 % B; 126 - 136.5 min 2 % B) at
a flow rate of 0.4 pL/min. The column temperature was maintained at 40 °C. Mass spectro-
metric analysis was conducted using a timsTOF Pro instrument from Bruker Daltonics, Biller-

ica, Massachusetts, USA, operating in positive data-dependent Parallel Accumulation-Serial
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Fragmentation (PASEF) (95) mode with enabled trapped lon Mobility Spectrometry (TIMS) at
a 100% duty cycle (100 ms cycle time). The source capillary voltage was set to 1500 V, and the

dry gas flow was 3 L/min at 180 °C.

3.6 Proteomic Data Analysis

Data analysis, database search and protein quantification were performed with
MaxQuant version 2.01.0 (96); and statistical data analysis with Perseus version 1.6.14.0 (97).
Search criteria for MaxQuant: false discovery rate (FDR) for peptide, peptide-to-spectrum as
well as protein matches was set to 1 %. Peptide tolerance was set to + 20 and + 4.5 for the
first and main peptide search, respectively. Product mass tolerance was set to + 0.5 Da. Cys-
teine carbamidomethylation was set as static whereas methionine oxidation and N-terminal
acetylation were set as dynamic modifications. Minimum required peptide length was six
amino acids and maximum number of allowed tryptic mis-cleavages was two. For protein
search, the SwissProt human FASTA file (downloaded on 30 November 2020 from
https://www.uniprot.org, 20,434 entries) containing most common protein contaminants was
used as a database. Label-free protein quantitation (LFQ) was performed with a minimum of
two peptides per protein (unique and razor) as quantitation requirement. Match between
runs was enabled in the retention time window of 1 min and alignment window of 20 min
respectively. LFQ values were log2 transformed (resulting in invalid values [NaN] for any miss-
ing value), and contaminants were removed. Further data analysis and graphical interpreta-
tion of protein networks was performed using Cytoscape (98) v3.8.2. STRING (99) v11.5 was
used to generate protein networks using the following parameters: Homo Sapiens, full STRING
network, medium confidence (0.4), medium FDR stringency (0.05). Imputation histograms can
be found in the appendix (Figure 29). The proteomics data for Hep3B CGI-58 KD, OE and
PNPLA3 1148M experiments were deposited to the ProteomeXchange consortium via the

PRIDE (100) partner repository with the dataset identifier PXD042879.

3.7 Lipid Droplet Analysis

125.000 HepG2 or Hep3B cells were seeded onto glass cover slips (ROTH, 18 x 18 mm,
thickness 0.13 — 0.16 mm) in 6-wells in 10 % FBS DMEM. The next day, the medium was
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replaced by fresh 10 % FBS DMEM. After 24 h of additional incubation, LD were stained with
BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) 493/503 (D3922, Invitrogen, Thermo
Fisher) for 10 min at 37 °C and then washed twice with pre-warmed PBS. After that, cells were
fixed with 3.7 % formaldehyde for 10 min at 37 °C and nuclei received DAPI (4',6-diamidino-2-
phenylindole) staining (H-1200-10, Vector Labs, Newark, California, USA). Cover slips were
placed onto glass slides (ROTH) and imaged on a Nikon Al confocal microscope. LD volume

was calculated using an in-house FIJI (101) script by Juergen Gindlhuber.

Page 36 of 113



4 Results

4.1 ATGL expression affects hepatocyte lipid droplet metabolism

To better understand the impact of ATGL expression in liver cancer, we investigated
the expression levels of ATGL in liver tumour tissue and healthy tissue using the UCSC Xena-
Browser?3. The National Cancer Institute “Genomic Data Commons” (GDC) “The Cancer Ge-
nome Atlas” (TGCA) liver cancer (LIHC) dataset was used to assess ATGL expression in liver
cancer, whereas the GDC all cancer dataset was used to assess ATGL expression in all types of
cancer. Statistical analysis of available data (null-value gene expression data removed) for cal-
culating survival was performed using Kaplan-Meier; Welch's test (two-sided) comparing gene
expression in solid tissue (primary tumour vs. solid tissue normal). GDC TGCA Liver Cancer
dataset: 421 samples total, 371 primary tumour, 50 solid tissue normal; GDC all cancer PAN-

CAN dataset: 10828 samples total, 10087 primary tumour, 741 solid tissue normal.

Even though lower ATGL expression is not associated with a change in survival rate
(Figure 7 A), decreased levels of ATGL expression are found in primary liver cancer, compared
to normal tissue (Figure 7 B). All cancer mortality is slightly increased with lower ATGL expres-
sion, compared higher ATGL expression (Figure 7 C) and overall ATGL expression in cancer is

likewise decreased (Figure 7 D).

23 https://xenabrowser.net/ (102)
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Figure 7: ATGL expression in relation to liver cancer survival and occurrence. (A) ATGL ex-
pression in relation to liver cancer survival, over time. (B) ATGL expression in liver cancer,
compared to healthy tissue (Solid tissue normal). (C) ATGL expression in relation to survival in
all cancer types (tissue types), over time. (D) ATGL expression in all cancer types (tissue types),

compared to healthy tissue (Solid tissue normal). Data from UCSC XENA browser. Statistical

significance calculation in A, C Kaplan-Meier; B, D Welch’s test. GDC TGCA Liver Cancer da-
taset: 421 samples, GDC all cancer PANCAN dataset: 10828 samples. (*** p < 0.001)

Although the role of ATGL in cancer is still controversial and might depend on the type
of tissue of the primary tumour (see chapter 0), the role of ATGL as a TG hydrolase is well
established. Since TG hydrolysis plays an important role in NAFLD, we therefore assessed the
enzymatic function of ATGL in hepatocytes with either enzymatically non-functional ATGL
S47A or ATGL OE. HepG2 ATGL OE and ATGL S47A OE were created using lentiviral transfection

of HepG2 cells (Figure 6Error! Reference source not found. A, B). After selection with
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geneticin?* (G418), western blotting revealed 7-fold and 6-fold increase expression of ATGL

and ATGL S47A over ancestral HepG2 ATGL expression, respectively (see Figure 8 B).
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Figure 8: Western blot for ATGL over-expression (OE) and ATGL S47A OE in HepG2 cells,
compared to controls. (A) Demonstration of western blot ATGL protein expression. 3 sam-
ples per group. (B) One-way ANOVA statistical analysis of HepG2 ATGL expression with mul-

tiple comparisons, densitometry normalized to B-actin (** p-value < 0.01).

Next, we assessed the role of ATGL as a TG hydrolase in HepG2 cells. For this, we
stained LD in HepG2 ATGL OE, ATGL S47A OE and ancestral?® “control” HepG2 cells using BOD-
IPY, after seeding equal numbers of cells in biological triplicates. Lipid loading via oleic acid is
not necessary in hepatocytes as they actively producing TG via de novo lipogenesis and 10 %

FBS DMEM contains sufficient amounts of lipids. HepG2 cells were imaged on a Nikon confocal

24 Suitable for neomycin selection of cells by blocking the translational step in peptide synthesis (elongation step)
at the ribosome.
2 Ancestral cell lines describe genetically unaltered “pure” cell lines.
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microscope with 10-15 images of 2-4 cells in z-direction. Afterwards, z-stacks were imported
into ImagelJ and LD volume analysis was performed via an in-house script. LD volume was nor-
malized per cell (identified via DAPI stained nuclei). Although ATGL OE only slightly reduced
LD volume, compared to HepG2 controls (two-sided t-test, p = 0.045), the enzymatically inac-
tive variant ATGL S47A significantly (two-sided t-test, p = 0.0085) increased the accumulation
of LD, compared to HepG2 controls (see Figure 5). It is important to note that HepG2 cells are
homozygous for the PNPLA3 1148M variant, therefore possibly reducing the basal activity of

ATGL in these cells (see chapter 0).
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Figure 9: ATGL OE in HepG2 cells results in the reduction of LD volume, whereas expression
of the enzymatically dead ATGL S47A increases LD volume. LD in HepG2 cells labelled with
BODIPY (green), nuclei stained with DAPI (blue). (A) Compared to control, (B) ATGL OE cells
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slightly lower HepG2 LD volume. (C) ATGL S47A OE increases LD accumulation in HepG2
cells, compared to controls. (D) Two-sample t-test (two-sided) statistical analysis of LD vol-
ume. n = 15 measurements for control and ATGL S47A OE, n = 16 measurements for ATGL

OE (* p-value < 0.05, ** p-value < 0.01).

Although ATGL OE and ATGL S47A OE, compared to control, resulted in significant (p
< 0.05) differences in LD volume, growth analysis did not detect differences between these
groups (Figure 10). This suggests ATGL expression and enzymatic function might not be in-
volved in critical proliferative processes in HepG2 cells. We therefore opted to investigate a
higher regulatory level of lipid metabolism by varying expression of CGI-58 in Hep3B cells,
which express non-pathologic PNPLA3 wt, therefore not interfering with the co-activating of

ATGL by CGI-58.

HepG2 growth rate
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Figure 10: HepG2 growth rate (slope) is not affected by ATGL activity. Compared to HepG2
control, HepG2 ATGL OE and HepG2 ATGL S47A cells did not show increased growth. Growth
was assessed as a function of HepG2 occupied area during a linear growth rate from 13 h to

35 h after seeding.
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4.2 CGI-58is involved in lipid and glucose metabolism in Hep3B cells

HepG2 cells express a PNPLA3 variant which is suspected to supress ATGL enzymatic
function by sequestering CGI-58 (89), we therefore continued our experiments using Hep3B
cells which carry the non-pathological 1148 (wt) PNPLA3 variant. In these cells, we knocked-
down (KD) or over-expressed CGI-58, which we expected to show a stronger effect in LD ca-

tabolism, compared to ATGL.

Similar to ATGL, lower CGI-58 (ABHD5) expression is not related to a decrease in sur-
vival in liver cancer patients (Figure 11 A). However, data from the GDC TGCA liver cancer
dataset (see chapter 4.1 above) suggests CGI-58 expression is decreased in primary liver tu-
mours, compared to healthy liver tissue (Figure 11 B). Although CGI-58 expression is not asso-
ciated with liver cancer survival, higher CGI-58 expression levels indicate decreased survival
for overall cancer, compared to lower CGI-58 expression levels (Figure 11 C). Akin to liver can-
cer CGI-58 expression, all-cancer expression of CGI-58 is lower, compared to healthy tissue

(Figure 11 D).
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Figure 11: CGI-58 expression in relation to liver cancer survival and occurrence. (A) CGI-58
expression in relation to liver cancer survival over time. (B) CGI-58 expression in liver cancer,
compared to healthy tissue (Solid tissue normal). (C) CGI-58 expression in relation to survival
in all cancer types (tissue types) over time. (D) CGI-58 expression in all cancer types (tissue

types), compared to healthy tissue (Solid tissue normal). Data from UCSC XENA browser. Sta-

tistical significance calculation in A, C Kaplan-Meier; B, D Welch’s test. GDC TGCA Liver Cancer
dataset: 421 samples, GDC all cancer PANCAN dataset: 10828 samples. (*** p < 0.001).

Hep3B CGI-58 KD and control cells we prepared using lentiviral transfection of Hep3B
cells (Figure 6Error! Reference source not found. C, D). Hep3B control cells were created using
a scramble shRNA sequence CCTAAGGTTAAGTCGCCCTCG (103), which does not interfere with

any known human mRNA, while CGI-58 KD cells were created using the following shRNA target
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sequence: GCAGCGTTTAAGGCCTGATTT. After selection with hygromycin B?6, western blot-
ting of Hep3B CGI-58 KD cell lysate showed ~ 50 % reduction of CGI-58 expression, compared

to control.

Hep3B CGI-58 OE and GFP control cells were created likewise using lentiviral transfec-
tion of Hep3B cells (Figure 6Error! Reference source not found. E, F), whereas Hep3B
CGI-58 OE cells display a 60-fold increase in CGI-58 expression (Figure 12 A, B), compared to

GFP controls.
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Figure 12: Western blot for CGI-58 knock-down and CGI-58 OE in Hep3B cells, compared to
controls. (A) Demonstration of western blot CGI-58 protein expression. 4 samples per group.
GFP OE and CGI-58 OE were imaged under different conditions, compared to CGI-58 KD and
controls, showing little CGI-58 expression in GFP OE cells due to short exposure time. (B) One-
way ANOVA statistical analysis of Hep3B CGI-58 expression with multiple comparisons, densi-

tometry normalized to Vinculin (** p-value < 0.01). Compared to control, a ~50% decrease of

26 Hygromycin B is an aminoglycoside antibiotic which inhibits the translational step in peptide synthesis (elon-
gation) at the ribosome (104).
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CGI-58 expression was shown in Hep3B CGI-58 KD cells. Hep3B CGI-58 OE cells showed a

60-fold increase in CGI-58 expression.

After WB analysis confirmed sufficient KD and OE of CGI-58 in Hep3B cells, we investi-
gated the effects of CGI-58 increase and reduction in the context of TG hydrolysis via LD vol-
ume analysis in Hep3B cells. This was accomplished by staining LD in Hep3B cells with BODPIY,
after seeding equal amounts of Hep3B CGI-58 KD, control, OE and GFP control cells, similar to

LD staining of HepG2 cells (see chapter 4.1 above).

LD volume analysis (One-way ANOVA, multiple comparisons with Sidak multi-testing
correction) of Hep3B cells revealed significantly increased volume in CGI-58 KD cells (Figure
13 B), compared to controls (Figure 13 A). Hep3B CGI-58 OE cells showed a major reduction in
LD volume (Figure 13 D), compared to GFP controls (Figure 13 C). Although Hep3B GFP OE cells
express GFP which shows similar excitation-emission spectra to BODIPY, due to the low abun-
dance of GFP proteins, compared to BODIPY, and the high quantum yield of BODIPY?’ it is

possible to distinguish LD from cytosolic GFP fluorescence.

These results suggest CGI-58 plays a major role in lipid metabolism in hepatocytes. As
expected, higher CGI-58 expression correlates with lower LD volume. This effect was only ob-
served in a much-reduced form in ATGL OE (Figure 9), suggesting CGI-58 co-activation is more
influential on TG hydrolysis, compared to plain ATGL protein overabundance. To further study
differences caused by different levels of CGI-58 expression in hepatocytes, we performed la-

bel-free quantitative shot-gun proteomic analysis of our Hep3B CGI-58 constructs.

27 The quantum yield describes the chance of a photon getting absorbed by a molecule and re-emitted as a lower-
wavelength photon. Higher quantum yield translates to more desirable properties for microscopy, in this case of
BODIPY.
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Figure 13: CGI-58 KD results in LD accumulation in Hep3B cells, whereas CGI-58 OE reduces
LD volume in Hep3B cells. LD in Hep3B cells labelled with BODIPY (green), nuclei stained with
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DAPI (blue). (A) Compared to control, (B) CGI-58 KD increases LD volume in Hep3B cells. (C)
Compared to GFP OE control, (D) CGI-58 OE drastically reduces LD volume in Hep3B cells. (E)
One-way ANOVA statistical analysis of LD volume with multiple comparisons. n = 11 measure-
ments for control and CGI-58 KD, n = 10 measurements for GFP OE, n = 12 measurements for

CGI-58 OE (* p-value < 0.05, *** p-value < 0.001).

4.2.1 CGI-58 knock-down in Hep3B cells influences proteins related to lipid- and glucose me-

tabolism

Apparent changes in the LD volume upon knock-down of CGI-58 in Hep3B cells (Figure
13 A, B, E) indicates a shift in lipid metabolism. We therefore decided to investigate differences
in protein expression between Hep3B CGI-58 KD and control by label-free quantitative prote-
omics. After pre-processing our data (see Methods), we filtered for at least 7 valid values in
total (CGI-58 KD or control, 4 samples per group), reducing our dataset from 4725 to 2456
guantified proteins. Stringent filtering in these large datasets is necessary to ensure the relia-
bility and accuracy of identified proteins and to reduce false positives arising from excessive
imputation. Missing values were imputed separately for each column with a width of 0.3 and

a down-shift of 1.8.

Atwo-sample student’s T-test (both sides) with Sp = 0.1 and a permutation-based false-
discovery rate of 0.05 with 250 randomizations resulted in 10 significantly (g-value < 0.05)
differentially expressed proteins between Hep3B CGI-58 KD vs control (see Table 1). A volcano
plot of this analysis is shown in Figure 14 A. The function of these 10 significantly (q < 0.05)
differentially expressed proteins (Hep3B CGI-58 KD vs. control) is briefly summarized here.
GANAB, CALR (105), HSPA1B, and SEC24A (106) are all involved in the processing of proteins
in the endoplasmic reticulum. These four proteins are all downregulated in Hep3B CGI-58 KD
compared to controls, suggesting impaired protein processing likely caused by shRNA treat-
ment. PEG10 is a protein involved in apoptosis, cell growth and hepatoma formation (107),
and also downregulated in Hep3B CGI-58 KD cells compared to controls. CCDC132 is downreg-
ulated and involved in the recycling of the transferrin receptor, which is responsible for the
import of iron into the cell (108). Lastly, PGM1 is involved in both the breakdown and synthesis

of glucose in the liver via the transition of glucose 1 phosphate to glucose 6 phosphate (109).
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PGM1 is downregulated in Hep3B CGI-58 KD, compared to controls, suggesting a decreased
gluconeogenesis pathway, which might increase the flux of glucose into the cell. EXOSC4 is an
exonuclease, which is involved in the degradation of RNA from RNA interference events like
shRNA or siRNA (104). EPHB4 plays a role in cell-cell adhesion (109) and is upregulated in
Hep3B CGI-58 KD cells compared to controls. EXOSC4 is upregulated in Hep3B CGI-58 KD, com-

pared to controls and has been shown to be amplified in multiple cancer types (105).

Principal component analysis revealed a clear separation between Hep3B CGI-58 KD

and control cells (Figure 14 B).
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Figure 14: LFQ proteomics data suggests several statistically significant (g-value < 0.05) dif-
ferentially regulated proteins between Hep3B CGI-58 KD vs. control. n =4 samples per group.
(A) Volcano blot of Hep3B CGI-58 KD cells vs. control, LFQ data. Statistical analysis: t-test (two-
sided) with multi-testing (permutation-based) corrected FDR = 0.05, So= 0.1 plotted as -Logio
p-value. Difference in protein expression plotted as logz mean on x-axis. Red dots represent
proteins with a mean log2 difference of Hep3B CGI-58 KD vs. control > 0, whereas blue dots

show mean protein expression log2 difference < 0. (B) Principal component analysis of Hep3B

Page 48 of 113



CGI-58 KD vs. control without category enrichment shows a clear separation between the two

groups.

Table 1: List of proteins with statistically significant (two-sample t-test, two sided, FDR =

0.05, So = 0.01, q < 0.05) changes in expression Hep3B CGI-58 KD vs. control.

GENE NAMES PROTEIN NAMES DIFFERENCE KD - C P-VALUEKD-C Q-VALUEKD-C
Short/branched chain specific acyl-CoA de-

ACADSB hydrogenase, mitochondrial -2,71 0,038 1,03E-02

SEC24A Protein transport protein Sec24A -2,55 0,035 9,73E-03

CCDC132 Coiled-coil domain-containing protein 132 -1,49 0,063 2,41E-03

PEG10 Retrotransposon-derived protein PEG10 -1,32 0,035 4,40E-03
Heat shock 70 kDa protein 1B; Heat shock

HSPA1B; HSPA1A 70 kDa protein 1A -0,69 0,031 3,52E-04

GANAB Neutral alpha-glucosidase AB -0,52 0,047 2,48E-05

PGM1 Phosphoglucomutase-1 -0,49 0,033 2,56E-05

CALR Calreticulin -0,45 0,038 3,10E-06

EXOSC4 Exosome complex component RRP41 1,80 0,094 2,82E-03
Ephrin type-B receptor 4; Ephrin type-B re-

EPHB4; EPHB3 ceptor 3 2,43 0,052 6,26E-04

To further analyse proteins which are differentially expressed between Hep3B CGI-58
KD vs control, we expanded our search to proteins excluded in the FDR cut-off of g < 0.05 and
analysed the resulting 432 proteins (304 downregulated, 128 upregulated) with a p-value of <
0.05 (Hep3B CGI-58 KD vs. controls). A full list of proteins used for this analysis can be found
in Table 4 in the appendix. Using the STRING database (99) protein search (“Proteins with
Values/Ranks”) with medium (5 %) FDR stringency, our analysis revealed changes in fatty acid
metabolism (Figure 15 A) and a downregulation (Hep3B CGI-58 KD vs. control) of mitochon-
drial matrix proteins (Figure 15 B), among other entries which are displayed in Table 6, Table
7 and Table 8 in the appendix. The corresponding isolated datasets are depicted in volcano
plots (Figure 15, Table 2) with a g-value (FDR) cut-off of < 0.05, So = 0.1 with 250 randomiza-
tions. Taken together, these two downregulated pathways in Hep3B CGI-58 KD vs. control
suggest a shift away from fatty acid metabolism and glucose metabolism in mitochondria to-
wards a more glycolytic phenotype. One of the features of a metabolic shift towards a more
glycolytic phenotype is the increased production of lactate in the cytosol and the discharge of
lactate into the extracellular space. Often, this shift occurs in cancerous cells and is accompa-

nied by an increased growth rate (81).
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Figure 15: Volcano plots of enriched GO terms in Hep3B CGI-58 KD vs control LFQ data. n =
4 samples per group. Statistical analysis for volcano plots: t-test (two-sided) with multi-testing
(permutation-based) corrected FDR = 0.05, So = 0.1 plotted as -Logio p-value with 250 random-
izations. Difference in protein expression plotted as logz mean on x-axis. Pale dots (red/blue)
represent proteins with a p-value > 0.05. Bright dots indicate proteins with a p-value < 0.05.
Differences in expression levels are depicted as red (upregulation) or blue (downregulation)
in Hep3B CGI-58 KD vs. control. (A) KEGG pathway “fatty acid degradation”. (B) GO cellular

component “mitochondrial matrix”.

Table 2: List of selected enriched GO terms Hep3B CGI-58 KD vs control using only proteins
with a p-value of < 0.05 (two-sided t-test without FDR correction, So = 0.1) for analysis. Both
“fatty acid metabolism” and “mitochondrial matrix” terms were identified using the STRING
database analysis on differentially expressed proteins between Hep3B CGI-58 KD vs. control

with a p-value < 0.05 (t-test (two-sided) without multi-testing correction).

GENES MAPPED
DESCRIPTION CATEGORY TERM NAME FDR / PATHWAY SIZE
FATTY ACID DEGRADATION ‘ KEGG Pathways hsa00071 0.01 7/42
MITOCHONDRIAL MATRIX ‘ GO Cellular Component G0:0005759 2.98e-05 32/479
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To investigate this possible shift towards a glycolytic phenotype, we evaluated growth
and extracellular lactate accumulation in Hep3B CGI-58 KD vs. control cells using a colorimetric
growth and extracellular lactate assay, respectively. Interestingly, we identified a ~15 % in-
crease in growth rate of CGI-58 KD cells after 24 h, compared to controls (Figure 16 A) (two-
sided t-test, p < 0.05). Furthermore, ~20 % increased extracellular lactate levels were meas-
ured in Hep3B CGI-58 KD vs. control after 24 h (Figure 16 B) (two-sided t-test, p < 0.05). These
results suggest a shift towards a slightly increased glycolytic phenotype in Hep3B CGI-58 KD

vs. control.
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Figure 16: Differences in growth and lactate secretion in Hep3B CGI-58 vs. control cells. (A)
Growth analysis (CCK-8) of Hep3B cells (24 h) shows increased growth of CGI-58 KD cells
compared to controls. (B) Glo-lactate assay suggests slightly increased extracellular lactate in

in Hep3B CGI-58 KD compared to controls. (* p-value < 0.05, *** p-value < 0.001).
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4.2.2 CGI-58 over-expression in Hep3B cells does not influence the metabolic phenotype

Corresponding to the increase in LD volume in Hep3B CGI-58 KD cells vs. control, we
detected a decrease in LD volume in Hep3B CGI-58 OE cells vs. GFP control (Figure 13). We
therefore decided to additionally perform label-free quantitative proteomic analysis of Hep3B
CGI-58 OE vs. GFP control. Data analysis was performed by pre-processing of our data (see
Methods section 3.5) and filtering for 100 % (stringent filtering due to the high variance of the
dataset) of valid values (4 samples per group, 8 samples total), reducing our dataset from 5834
to 2944 identified proteins. A two-sample student’s t-test (two sided) with So = 0.1 and per-
mutation-based FDR of 0.05 with 250 randomizations did not result in any significantly (g-
value < 0.05) differentially expressed proteins between Hep3B CGI-58 OE vs GFP OE. A volcano
plot of this analysis is shown in Figure 17 A. Without FDR correction, 163 proteins were signif-
icantly (p-value < 0.05) differentially expressed between CGI-58 OE and GFP control. Principal
component analysis revealed no separation between Hep3B CGI-58 OE and GFP OE cells (Fig-
ure 17 B). STRING analysis with all available proteins, annotated with log,-fold change, in “pro-
teins with values/ranks” could not detect any enriched pathways regarding metabolism,
growth or pathological signalling. These results suggest OE of CGI-58 increases the turnover
of TG in LD but might not be involved in other cellular functions at an expression level higher

than its base level, contrary to more pronounced effects by its depletion (CGI-58 KD).
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Figure 17: LFQ proteomics data shows no statistically significant (q-value < 0.05) differen-
tially regulated proteins between Hep3B CGI-58 OE vs. GFP OE control. n = 4 samples per
group. (A) Volcano blot of Hep3B CGI-58 OE cells vs. GFP OE control, LFQ data. Statistical anal-
ysis: t-test (two-sided) with multi-testing (permutation-based) corrected FDR = 0.05, SO = 0.1
plotted as -Log10 p-value. Difference in protein expression plotted as log2 mean on x-axis. Red
dots represent proteins with a difference of Hep3B CGI-58 OE vs. GFP OE control > 0, whereas
blue dots show protein expression < 0. (B) Principal component analysis of Hep3B CGI-58 OE
vs. GFP OE control without category enrichment shows no separation between the two

groups.

4.3 PNPLA3 |148M expression changes hepatocyte metabolism

PNPLA3 1148M is a common mutation in humans, drastically increasing the likelihood

of liver disease and liver cancer (90). PNPLA3 is a close homolog of ATGL (PNPLA2) suspected
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to sequester CGI-58 from ATGL, thereby decreasing TG hydrolysis and leading to accumulation
of fat in the liver (89). We therefore investigated the effects of PNPLA3 1148M on potential
protein expression changes in Hep3B cells. Hep3B cells innately carry the non-pathologic 1148
(wt) variant of the PNPLA3 protein (110). To investigate the effect of the PNPLA3 [148M mu-
tation in Hep3B cells, we over-expressed both the PNPLA3 1148M mutant and wt of PNPLA3
in Hep3B cells using lentiviral transfection (Figure 6Error! Reference source not found. G, H).
After geneticin?® (G418) selection we performed western blotting analysis which revealed
comparable ~10-fold OE of PNPLA3 1148 M and wt relative to ancestral Hep3B cells (Figure 18
A, B).
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Figure 18: Western blot for PNPLA3 1148M or wt OE in Hep3B cells, compared to ancestral
controls. 6 samples per group, 1 sample for ancestral cells. (A) Demonstration of western blot
for PNPLA3 protein expression. (B) Graphical representation of Hep3B PNPLA3 expression
(densitometry), normalized to Vinculin (loading control). Hep3B PNPLA3 wt and 1148M cells

show similar expression of PNPLA3 with a ~ 10-fold increase over ancestral Hep3B cells.

28 Geneticin is, similar to hygromycin b, an antibiotic aminoglycoside which works by blocking the synthesis of
polypeptides in eukaryotes (and procaryotes) during the elongation step (111).
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Next, we performed label-free proteomic analysis of Hep3B PNPLA3 1148M vs. wt. Af-
ter pre-processing our data (see Methods 3.5), we filtered for at least 10 valid values (PNPLA3
1148M vs. wt, 6 samples per group, 12 samples total), reducing our dataset from 5601 to 4378
guantified proteins. Missing values were imputed separately for each column with a width of
0.3 and a down-shift of 1.8. Next, a two-sample student’s t-test (both sides) with So = 0.1 and
permutation-based false-discovery rate of 0.05 with 250 randomizations revealed no signifi-
cant (g-value < 0.05) differentially expressed proteins between Hep3B PNPLA3 [148M vs. wt.
A volcano plot of this analysis is shown in Figure 19 A. Without FDR correction, 193 proteins
were significantly (p-value < 0.05) differentially expressed between Hep3B PNPLA3 1148M vs.
wt. Principal component analysis revealed a clear overlap between Hep3B PNPLA3 [148M vs.

wt cells (Figure 19 B).
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Figure 19: LFQ proteomics data shows no statistically significant (q-value < 0.05) differen-

tially regulated proteins between Hep3B PNPLA3 1148M (M) vs. PNPLA3 wt control. n = 6
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samples per group. (A) Volcano blot of Hep3B PNPLA3 1148M vs. wt control, LFQ data. Statis-
tical analysis: t-test (two-sided) with multi-testing (permutation-based) corrected FDR = 0.05,
So = 0.1 plotted as -Logio p-value. Difference in protein expression plotted as log, mean on x-
axis. Red dots represent proteins with a difference of Hep3B PNPLA3 1148M vs. wt control >
0, where-as blue dots show protein expression < 0. (B) Principal component analysis of Hep3B
PNPLA3 1148M vs. wt control without category enrichment shows a clear overlap between the

two groups.

A closer investigation of the differentially expressed proteins in Hep3B PNPLA3 1148M
vs. wt, using all available proteins, was achieved using the values/ranks section in STRING%®
database (99) with a high FDR < 0.01 and an initial sort order by enrichment on with the or-
ganism “homo sapiens”. Interestingly, the peroxisome proliferator-activated receptor alpha
(PPAR) pathway, a signalling pathway involved in the metabolism of fatty acids, was downreg-
ulated in Hep3B PNPLA3 1148M vs. wt control. Furthermore, Perseus 1D annotation enrich-
ment analysis of identified proteins (sorted by differential expression, no cut-offs) with a leni-
ent 0.25 Benjamini-Hochberg FDR cut-off revealed both a downregulation in the KEGG terms
“fatty acid metabolism” and “TCA cycle and respiratory electron transport” in Hep3B PNPLA3
1148M vs. wt. This suggests a decreased catabolic process of fatty acids while upregulating
glucose outside of mitochondria possibly via aerobic glycolysis. Although all of the above-men-
tioned pathways were downregulated, Spearman rank correlation calculation of the average
of all 6 samples by group in Hep3B PNPLA3 1148M vs. wt was equal to 0.9965, suggesting no

differences in normal distribution between groups (indicating a non-skewed dataset).

2 The “proteins with values/ranks” section in STRING recommends the input of full datasets without cut-offs.
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Figure 20: Volcano plots of enriched GO terms in Hep3B PNPLA3 1148M (M) OE vs PNPLA3
11481 (wt) OE LFQ data. n = 6 samples per group. Statistical analysis: t-test (two-sided) with
multi-testing (permutation-based) corrected FDR = 0.05, So = 0.1 plotted as -Logio p-value with
250 randomizations. Difference in protein expression plotted as log, mean on x-axis. (A) Re-
actome “PPAR signalling pathway”. 20 out of 26 (77 %) identified proteins were downregu-
lated in Hep3B PNPLA3 1148M vs. wt. (B) GO process “fatty acid metabolism”. 24 out of 29
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(83 %) identified proteins were downregulated in Hep3B PNPLA3 1148M vs. wt. (C) Reactome
“TCA cycle and respiratory electron transport”. 74 out of 99 (74 %) identified proteins were

downregulated in Hep3B PNPLA3 1148M vs. wt.

Table 4: List of enriched GO terms Hep3B PNPLA3 1148M vs PNPLA3 wt using all quantified
proteins for analysis. Both KEGG pathways “PPAR signalling pathway” and “fatty acid metab-
olism” were identified using the 1D annotation enrichment in Perseus with a lenient Benja-
mini-Hochberg FDR cut-off of 0.25. The GO term “TCA cycle and respiratory electron
transport” was identified using the STRING database (99) multiple proteins (values/ranks) in-

put with a high FDR cut-off of 0.01.

TERM DESCRIPTION CATEGORY TERM ID GENES MAPPED/ FALSE DISCOVERY
PATHWAY SIZE RATE

PPAR SIGNALING PATHWAY | KEGG hsa03320 26/75 0.245

FATTY ACID METABOLISM KEGG ko01212 29/84 0.215

TCA CYCLE AND RESPIRATORY ELECTRON Reactome HSA-1428517 99/176 0.007

TRANSPORT

5 Discussion

Primary liver cancer is usually caused by hepatocytes, being the most common liver
cell by cell number and cell mass. Hepatocytes play a major role in metabolism in humans,
being mainly responsible for lipid metabolism via the synthesis of new lipids and the uptake
and distribution of circulating lipids. In NAFLD, deregulation of liver lipid metabolism is appar-
ent in increased lipid synthesis, uptake of lipids, and/or reduced catabolism of stored lipids.
The accumulation of neutral lipids is not toxic for hepatocytes per se, although drastically in-
creased build-up of neutral lipids can lead to ballooning and apoptosis of hepatocytes (63).
This can cause inflammation and recruitment of immune cells in the liver, as well as damage
to nearby hepatocytes leading to liver damage (38). Additionally, de-toxification of FFA in neu-
tral lipids can be reduced in NAFLD, often due to overwhelming influx of lipids, leading to ad-

ditional inflammation in hepatocytes.

TG catabolism via ATGL and subsequent oxidation of FA in mitochondria can help re-

ducing the amount of lipids present in hepatocytes. This is apparent in Figure 9 (B) where over-
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expression of ATGL led to a reduction in LD volume in HepG2 cells, whereas OE of the enzy-
matically dead S47A mutant of ATGL led to an increase in LD volume (Figure 9 C) compared to
controls (Figure 9 A). These findings are in line with ATGL KD and KO in mouse livers leading
to accumulation of LD (64). An even stronger effect of ATGL mediated lipolysis can be seen in
Figure 13 (B, E), where the decrease in CGI-58 expression (the activator of ATGL), drastically
increased LD volume compared to control, whereas the OE of CGI-58 severely reduced LD vol-
ume, compared to GFP controls. Judged on the effect on LD volume, CGI-58 expression occu-
pies a more important role in liver lipid metabolism than ATGL. This is further underlined by
experiments on mice with CGI-58 loss and Chanarin-Dorfman syndrome (CGI-58 mutations) in
humans showing drastic changes in liver health upon CGI-58 (function)-loss, but little effect

by ATGL loss (see chapters 0 & 0).

5.1 Downregulation of CGI-58 leads to a more cancerous phenotype in Hep3B

cells

Due to persistent inflammation, cell-, and DNA damage, NAFLD increases the risk of
HCC in humans (19). Interestingly, in liver cancer, ATGL and CGI-58 are often downregulated,
compared to healthy tissue (Figure 7 A2, Figure 11 A2). This might be due to the increase in
de novo lipogenesis in many HCC cases (112), fuelling the enhanced demand for membrane
lipids in rapidly dividing cells, which would be counteracted by over-active lipolysis. Further-
more, many cancer cells switch their metabolism towards a glycolytic pathway, which takes
advantage of the ability to quickly generate energy from glucose. This could lead to a down-
regulation of lipolysis and subsequently B-oxidation through decreased expression of mito-
chondrial proteins, which are in less demand in a heavily glycolytic phenotype. Furthermore,
lipids might be preferentially used generating new membrane lipids, rather than degradation

or B-oxidation (112).

Some of this behaviour can be seen in Figure 15 (A, B) where both fatty acid degrada-
tion and proteins of the mitochondrial matrix are downregulated in Hep3B CGI-58 KD cells,
compared to control. Additionally, PGM1 is downregulated in Hep3B CGI-58 KD cells vs. con-
trol, suggesting increased influx of glucose into the cell, since a decrease in hepatic PGM1 is

associated with a downregulation in gluconeogenesis (113) and an induced upregulation of

Page 59 of 113



glucose import3® (109), as well as increased cancer malignancy (114). Furthermore, we could
detect an increase in extracellular lactate in Hep3B CGI-58 KD cells, compared to control (Fig-
ure 16 B). Lactate is produced in greater extent and shuttled into the extracellular space in
cells utilizing glycolysis, suggesting that, compared to controls, Hep3B CGI-58 KD cells prefer-
entially metabolize glucose in the cytosol rather than shuttling pyruvate into mitochondria,
fuelling the citric acid cycle and electron transport chain. In mitochondria, compared to con-
trols. Strikingly, Hep3B CGI-58 KD cells show an increase in growth rate compared to control
cells, further solidifying the hypothesis that a reduction of CGI-58 might lead to both a shift in

metabolism and cancer aggressiveness.

Although we could identify features (glycolysis, growth) suggesting an increase in ag-
gressiveness of Hep3B CGI-58 KD cells, compared to control, the protein PEG10 was found to
be downregulated in Hep3B CGI-58 KD cells, which is used as a biomarker for HCC progres-

sion3! (107), suggesting a more complicated picture of the effect of liver CGI-58 decrease.

5.2 Upregulation of CGI-58 is not associated with a metabolic shift in Hep3B cells

Although we could observe major changes in CGI-58 KD vs. control Hep3B cells in re-
gard to lipid and glucose metabolism (and related proteins), as well as growth differences,
over-expression of CGI-58 in Hep3B cells did not result in any significant changes to the pro-
teome (Figure 17 A, B), compared to GFP OE control cells. This might appear counter-intuitive
at first, expecting CGI-58 OE and KD would act in opposite ways. Instead, we hypothesize a
sudden increase in CGI-58 expression first reduces LD volume drastically but might not have

any longer-lasting effects other than keeping Hep3B LD volume small.

30 1t is important to note that Hep3B cells are grown in high-glucose media easing the transition to an aerobic
glycolytic phenotype by providing a continuous supply of extracellular glucose.
31 PEG10 plays a role in cell proliferation and apoptosis.
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5.3 The PNPLA3 1148M mutation is associated with a shift towards a glucose-

focused metabolism in Hep3B cells

The 1148M mutation in PNPLA3 is often associated with a decrease in lipolytic activity,
due to the sequestration of CGI-58 by PNPLA3 1148M (89). Therefore, we expected to see
similar results in protein expression between Hep3B CGI-58 KD and Hep3B PNPLA3 1148M OE.
Although PCA analysis of proteomics data shows significant overlap between Hep3B PNPLA3
1148M vs. wt (Figure 19 B) and no identified proteins were found to be significantly (g < 0.05)
differentially regulated between these groups (Figure 19 A), we could identify enriched path-
ways related to lipid and glucose metabolism, however, with low statistical significance. First,
PPAR signalling pathways are downregulated in Hep3B PNPLA3 1148M vs. wt (Figure 20 A),
which indicates a shift in various lipid metabolism related pathways. PPAR-y is regulating lipid
biosynthesis (115), whereas PPAR-a regulates lipid breakdown (116). We could identify more
proteins related to PPAR-a in our dataset, compared to PPAR-y, suggesting downregulation of
lipolysis in Hep3B PNPLA3 1148M vs. wt. Furthermore, fatty acid metabolism related proteins
were mostly downregulated in Hep3B PNPLA3 1148M vs. wt (Figure 20 B). Additionally, we
found a downregulation of the pathway “TCA cycle and respiratory electron transport” (Figure
20 C). This suggests a link between PNPLA3 1148M mutations and glucose metabolism/glycol-
ysis (117). Although we did not yet perform LD volume analysis in Hep3B PNPLA3 1148M cells,
other studies show increased LD volume upon PNPLA3 1148M expression, compared to

PNPLA3 wt controls (118).

5.4 Conclusion

Taken together, these results suggest that both Hep3B CGI-58 KD and Hep3B PNPLA3
1148M OE share similarities regarding glucose and lipid metabolism. Both, the downregulation
of CGI-58 and OE of PNPLA3 1148M seem to entail a re-wiring of Hep3B metabolism via the
downregulation of lipolysis and catabolism of lipids in mitochondria, while an upregulation of
glycolysis is occurring in Hep3B CGI-58 KD cells (Figure 16 B) and downregulation of the clas-
sical TCA cycle is seen in Hep3B PNPLA3 1148M OE cells (Figure 20 C). This change of central
metabolic pathways may be linked to an increase in proliferation in Hep3B CGI-58 KD cells

(Figure 16 A) compared to controls, suggesting increased cancer aggressiveness. Taken
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together with the decrease of CGI-58 expression in tumours (Figure 11 A, B), these results

might hint at a mild cancer-protective effect of CGI-58.
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CHAPTER TWO: THE ROLE OF
LIPID METABOLISM IN HEPATIC STELLATE CELL
INDUCED LIVER FIBROSIS
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6 Introduction to activation and lipid metabolism in hepatic stellate

cells

Hepatic stellate cells (HSC) are mesenchymal cells surrounding sinusoidal blood vessels
in the liver. These cells are also called Ito-cells or lipocytes (fat-storing cells) because they store
~80 % of the total systemic retinol (vitamin A) supply as retinol esters in lipid droplets in their
quiescent (or resting) state (119). They are responsible for uptake and re-distribution of retinol
in the body. Apart from retinol storage, their lipid droplets are made up of ~32 % triglycerides

(52). Additional functions of quiescent hepatic stellate cells are yet elusive.

Upon liver damage or inflammation, their unique ability to quickly transform into a
proliferative, fibrotic phenotype has sparked interest in their role in causing liver fibrosis. HSC
are sensitive to external stimulation, for example by immune cells (38) or damaged hepato-

cytes (120).

Activated HSC alter their phenotype in order to enhance production of fibrotic proteins
to isolate damaged areas of the liver (120). These fibrotic proteins like collagen or fibronectin
also close off parts of the fenestrated blood vessels and reduce access to the blood flow, fur-

ther isolating the site of damage from the rest of the liver (121).

Hepatic stellate cells can also reverse their activation and proceed to a reverted state,

which removes some of the fibrotic tissue and supports resettlement of new hepatocytes (55).

Long lasting inflammation in the liver results in perpetual activation of HSC, depositing
large amounts of fibrotic tissue leading to decreased liver function and fibrosis (122). It is
therefore crucial to better understand the implications of HSC activation and the role these
cells play in liver health. In the next sections, we explored and investigated an often-used
method of HSC in vitro activation, which helped us better understand the transformations
these cells undergo during their transition. To this end, we decided to take a closer look at

proteomic and phenotypic changes in HSC during activation.
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7 Material and Methods

Parts of this section have been published in Schinagl et al 2021 (1).

7.1 Cell Culture

LX-2 cells (EP-CL-0560, Szabo Scandic, Vienna, Austria), as well as Hep3B cells (a kind
gift provided by the lab of Prof. Michael Trauner at the Medical University of Vienna, Austria)
were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM D6546, Sigma-Al-
drich, St. Louis, Missouri, USA) supplemented with 2 mM L-glutamine (25030081, Gibco,
Thermo Fisher, Waltham, USA) and either 1 or 10 % FBS (F7524, Gibco) in plastic dishes (all
plastic dishes are surface treated 734-2323 VWR, Radnor, Pennsylvania, USA). For all LX-2 ac-
tivation related assays we used 1% FBS DMEM, unless stated otherwise. Hep3B cells were
always kept at 10 % FBS, unless stated otherwise. Cells were maintained at 37 °C at 5 % CO;
and 20 % O;. LX-2 and Hep3B cells were sub-cultured every 72 h at a ratio of 1:5 and used for
experiments after at least two passages of subculturing. Cell lines were used to a maximum
passage number of 10 after seeding. Seeding equal numbers of cells was assured using the
CASY and EVE cell counting systems. LX-2 and Hep3B cells for western blot and proteomic

analysis were harvested after 24 and 48 h, respectively.

7.2 Protein overexpression and knock-down

LX-2 PNPLA3 overexpression (OE), as well as Hep3B CGI-58 KD and control was achieved
using custom designed lentiviral vectors by Vector Builder (Chicago, USA) (Figure 6) and cells
were selected using either G418 or Hygromycin (both Thermo Fisher). Protein expression was

confirmed via western blotting after at least 14 days of selection.

7.3 Proliferation Assay

LX-2 cells were seeded in 96-well plates at 10,000 cells per well in 1 % FBS containing
DMEM growth medium. After 24 h, media was replaced by 100 uL of either 1 % or 10 % FBS
containing DMEM. Cell proliferation was assessed every 24 h using the cell counting kit 8 assay

(CCK 8, 96992, Sigma-Aldrich, St. Louis, MO, USA) according to protocol.
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7.4 Western Blotting Analysis

LX-2 cells were harvested after 24 h incubation time at either 1 or 10 % FBS at ~85 %
confluency using trypsin-EDTA (25200056, Thermo Fisher). LX-2 cells for PNPLA3 expression
analysis were harvested after 48 h of incubation in 1 % FBS. Cells were lysed in CST lysis buffer
(9803, Cell Signalling Technologies, Danvers, MA, USA) supplemented with protease inhibitor
cocktail (P8340, Sigma Aldrich). SDS-page 4 to 12 %, Bis-Tris, 1.0 mm (WG1401A, NuPage,
Thermo Fisher, Waltham, MA, USA) was used to resolve equal amounts of protein using 1X
MES-SDS running buffer (AB349824, abcr, Karlsruhe, Germany) at 200 V constant for 45 min
on ice. Semi-dry blotting was performed onto nitrocellulose membranes (IB23001, Invitrogen,
Thermo Fisher) using the iBlot 2 (Thermo Fisher) at 7 V for 30 min. Blocking of membranes
was achieved by protein-free (PBS) blocking buffer (37572, Thermo Fisher) for 1 h at RT. Pri-
mary antibody (a-SMA, Invitrogen 1A4; vinculin, Invitrogen 7F9; COL1A1 Invitrogen PA5-
29569; PNPLA3, Thermo Fisher 16809965) incubation was performed over night at 4 °C and
secondary HRP antibody (horse anti-mouse 7076, Cell Signalling Technologies, goat anti-rabbit
7074S Cell Signalling Technologies) incubation was performed at RT for 1 h. Chemiluminescent
detection agent SuperSignal West Pico PLUS (34577, Thermo Fisher) was used as substrate
and detection was done at a ChemiDoc MP or XRS+ (BioRad, Hercules, CA, USA). Image analy-

sis was carried out with Image Lab (BioRad).

7.5 Proteomic Analysis

LX-2 cells were harvested using cell scrapers after 48 h incubation at either 1 % or 10 %
FBS at ~85 % confluency. LX-2 cells for PNPLA3 OE analysis were cultured for 48 h in 1 % FBS.
Cells were washed with PBS and lysed with an in-house reducing and alkylating buffer
(100 mM TRIS HCI; pH = 8.5, 1 % sodium dodecyl sulphate, 10 mM tris(2-carboxyethyl) phos-
phine, 40 mM 2-chloroacetamide). After sonication (1 kJ), samples were heated to 95 °C for
10 min. 100 pg of protein per sample (after bicinchoninic acid assay protein estimation (BCA),
Thermo Fisher Scientific, reducing agent compatible) were subjected to acetone precipitation
by adding NaCl to a final concentration of 10 mM. After that, 4 x volumes of acetone were
added and incubated for 10 min. After centrifugation (10 min at 14,000 g) the supernatant

was removed. Dried samples were dissolved in 25 % TFE in 100 mM Tris-HCI (pH = 8.5) and
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subjected to sonication until completely dissolved. For protein digest, samples were diluted
to 10 % TFE using 100 mM ABC. Sequencing Grade Modified Trypsin (V5111, Promega, Wall-
dorf, Germany) was added in a 1:100 enzyme to protein ratio and digest was done overnight
at 37 °C. Samples were desalted the following day using in-house prepared polystyrene-divi-
nylbenzene, reversed-phase sulfonate stage tips (66886, Supelco, Thermo Fisher) and re-sus-
pended in 0.1 % formic acid. Chromatography was carried out on an Ultimate 3000 RCS Nano
Dionex system (Thermo Fisher) equipped with an Aurora Series UHPLC C18 column (250 mm
x 75 um, 1.6 um) (AUR2-25075C18A, lonopticks, Fitzroy, Australia). Separation was achieved
via a linear gradient of H,O (solvent A) and acetonitrile, both with 0.1 % formic acid added
(solvent B) (0 — 5.5 min 2% B; 65.5 min 17 % B; 95.5 min 25 % B; 105 min 37 % B; 115.5 —
125.5 min 95 % B; 126 — 136.5 min 2 % B) with a flow rate of 0.4 uL/min. Column temperature
was kept at 40 °C. Mass spectrometric analysis was performed on a timsTOF Pro (Bruker Dal-
tonics, Billerica, Massachusetts, USA) in positive data dependent Parallel Accumulation-Serial
Fragmentation (PASEF) (95) mode with enabled trapped lon Mobility Spectrometry (TIMS) at
100 % duty cycle (100 ms cycle time). Source capillary voltage was set to 1500 V and dry gas
flow to 3 L/min at 180 °C. The proteomics data for LX-2 activation via FBS and PNPLA3 1148M
experiments were deposited to the ProteomeXchange consortium via the PRIDE (100) partner

repository with the dataset identifier PXD029121 and PXD042879, respectively.

7.6 Proteomic Data Analysis

Data analysis, database search and protein quantification were performed with
MaxQuant version 2.01.0 (96); and statistical data analysis with Perseus version 1.6.14.0 (97).
Search criteria: false discovery rate (FDR) for peptide, peptide-to-spectrum as well as protein
matches was set to 1 %. Peptide tolerance was set to + 20 and + 4.5 for the first and main
peptide search, respectively. Product mass tolerance was set to + 0.5 Da. Cysteine carbami-
domethylation was set as static whereas methionine oxidation and N-terminal acetylation
were set as dynamic modifications. Minimum required peptide length was six amino acids and
maximum number of allowed tryptic mis-cleavages was two. For protein search, the SwissProt
human FASTA file (downloaded on 30 November 2020 from https://www.uniprot.org, 20,434

entries) containing most common protein contaminants was used as a database. Label-free
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protein quantitation (LFQ) was performed with a minimum of two peptides per protein
(unique and razor) as quantitation requirement. Match between runs was enabled in the re-
tention time window of 1 min and alignment window of 20 min respectively. This resulted in
a list of 4598 proteins with their corresponding LFQ values. LFQ values were log2 transformed
(resulting in invalid values [NaN] for any missing value), and contaminants were removed. Fur-
ther data analysis and graphical interpretation of protein networks was performed using Cy-
toscape (98) v3.8.2. STRING (99) v11.5 was used to generate protein networks using the fol-
lowing parameters: Homo Sapiens, full STRING network, medium confidence (0.4), medium

FDR stringency (0.05). Imputation histograms can be found in the appendix (Figure 30).

7.7 Migration Gap Closure Assay

LX-2 cells were seeded in silicone 2-well inserts (80209, ibidi, Grafelfing, Germany) in
12-wells at 50.000 cells per silicone well in 100 pL 1 % FBS containing DMEM. 2 mL of 1 % or
10 % FBS containing DMEM were placed outside the silicone insert. After 24 h, silicone inserts
were carefully removed, and cells were imaged in 4 positions on a cell observer (Zeiss, Jena,
Germany) at 37 °Cin 20 % Oz and 5 % CO, for 24 h. Gap closure was assessed by an in-house

script by Juergen Gindlhuber in NIS-Elements v5.20.02 (Nikon, Tokyo, Japan).

7.8 Migration Transwell Assay

LX-2 cells were seeded in 12-well transwell inserts (polycarbonate, 8 um pore size,
140656, Thermo Fisher) and put into 12-wells containing either 1 % or 10 % FBS for 24 h. For
microscopic analysis, inserts were removed from the 12-well plate, washed twice with PBS
and formaldehyde fixed for 2 min at room temperature (RT). After that, cells were washed
twice with PBS, permeabilized with methanol for 20 min at RT, stained with crystal violet for
15 min at RT and again washed twice with PBS. Finally, cells from the top layer of the transwell
were carefully removed using a cotton swab. Before recording on an inverse microscope,

transwells were placed onto a glass slide with the transwell membrane facing down.
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7.9 Lipid Droplet Analysis

125.000 LX-2 cells were seeded onto glass cover slips (ROTH, 18 x 18 mm, thickness
0.13 — 0.16 mm) in 6-wells in 1 % FBS media and after they were allowed to settle for 2 h
treated with 200 uM oleic acid bovine serum albumin (BSA) conjugate to initiate LD formation.
After 24 h, the medium was replaced by either 1 % or 10 % FBS containing medium. After 48 h
of additional incubation, LD were stained with BODIPY 493/503 (D3922, Invitrogen, Thermo
Fisher) for 10 min at 37 °C and then washed twice with pre-warmed PBS. After that, cells were
fixed with 3.7 % formaldehyde for 10 min at 37 °C and nuclei received DAPI staining
(H-1200-10, Vector Labs, Newark, California, USA). Cover slips were placed onto glass slides
(ROTH) and imaged on a Nikon A1 confocal microscope. LD volume was calculated using an in-

house FlJI (101) script by Juergen Gindlhuber.
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8 Results

8.1 Activation of hepatic stellate cells

HSC activation is a complex process involving different aspects of metabolism and
changes in gene expression. The degree of HSC activation is frequently measured in the ex-
pression of proteins which resemble the active phenotype. Alpha smooth muscle actin (a-
SMA) and collagen 1 A 1 (COL1A1) are two examples of proteins which are highly expressed
in activated, compared to quiescent3? HSC (123-126). To investigate this shift in protein ex-
pression, we induced artificial activation by treating LX-2 cells with either 10 % FBS or 1 % FBS
for 24 h, as FBS treatment is a commonly used technique for HSC activation in both human
and animal cell models (127-129). Western blotting analysis revealed a significant (two-sided
t-test, p < 0.05) increase in both a-SMA (Figure 21 A) and COL1A1 (Figure 21 C) expression
after 24 hin LX-2 10 % FBS vs. 1 % FBS.

To investigate the ability of HSC to revert back into a quiescent state, we decreased
the concentration of LX-2 cells grown for 24 h in 10 % FBS to 1 % FBS for an additional 24 h.
Strikingly, a-SMA expression was reduced ~6-fold in these LX-2 cells, compared to cells which

were kept in 10 % FBS for 48 h total (Figure 21 B).

32 Although this thesis is describing quiescent LX-2 cells at 1 % FBS, in vitro HSC are never fully quiescent. Even
freshly isolated HSC begin activation when in contact with plastic dishes. Therefore, when quiescent HSC are
mentioned in the following section, partially quiescent cells are described.
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Figure 21: Western blot for a-SMA and COL1A1 in LX-2 cells treated with 10 % or 1 % FBS.
(A) Higher concentrations of FBS resulted in an increase in a-SMA expression, 10 % FBS com-
pared to 1 % for 24 h. 6 samples per group. (B) Reversion of LX-2 cells by a decrease in FBS
concentration (from 10 % FBS to 1 % FBS, 24 h) resulted in the decrease of a-SMA expres-
sion. 3 samples per group. (C) Higher concentrations of FBS resulted in an increase in
COL1A1 expression, 10 % FBS compared to 1 % for 24 h. 4 samples per group. Two-sample
(two-sided) t-test, p < 0.05. Adapted from Schinagl et a/ 2021 (1) under CC BY 4.0 license.

Next, we explored additional changes to the proteome of HSC which undergo activa-
tion with label-free quantification proteomic analysis of LX-2 treated with either 1 % or 10 %
FBS for 48 h. After pre-processing of our data (see Methods 7.6), filtering for 100 % of valid
values in at least one group (6 samples per group, 12 samples total), we reduced our dataset
from 4428 to 3163 identified proteins. Missing values were imputed separately for each col-
umn using a width of 0.3 and a downshift of 1.8. Two sample student’s T-test (both sides) with

So = 0.1 and permutation-based false-discovery rate of 0.05 with 250 randomizations resulted

Page 71 of 113



in 465 significantly (g-value < 0.05) differentially expressed proteins between LX-2 1 % vs. 10 %
FBS. A volcano plot of this analysis with equivalent parameters is shown in Figure 22 A. With-
out FDR correction, 1033 proteins were significantly (t-test (both sides), p-value < 0.05, So =
0.1) differentially expressed between LX-2 1% and 10 % FBS. Principal component analysis

revealed a clear separation between LX-2 1 % and 10 % FBS cells (Figure 22 B).

Due to the large number of highly significant (q < 0.05) differentially expressed pro-
teins between LX-2 1 % and 10 % FBS, we performed gene ontology enrichment analysis on
these 465 highly significant proteins. For this we used the Fisher exact test in Perseus with
Benjamini-Hochberg FDR correction with a threshold value of 0.02. First, we identified upreg-
ulation of the KEGG term “Ribosome” and downregulation of the KEGG term “Lipid metabo-
lism” in LX-2 10 % FBS vs. 1 % FBS (Table 3). Additionally, we performed gene ontology analysis
using STRING database (99) with all available proteins (3163 proteins) in “Proteins with Val-

ues/Ranks”.

Strikingly, both ribosomal proteins and proteins related to lipid metabolism were
highly up- and downregulated, respectively (LX-2 10 % FBS vs. 1 % FBS). In Figure 22 A, red
dots indicate proteins which are included in the terms of “ribosomes” and “ribosome biogen-
esis in eukaryotes” (both KEGG) and the GOBP terms “ribosome assembly” and “ribosome
biogenesis”. Blue dots in Figure 22 A indicate proteins related to the GOBP terms “fatty acid
beta-oxidation”, “fatty acid metabolic process” and “lipid metabolic process”. Out of the
highly significant proteins in this graph (q < 0.05), “lipid metabolism” showed 35 out of 43
proteins were downregulated, whereas “ribosome” showed 29 out of 30 proteins were up-
regulated. This suggests a downregulation of processes involved in lipid metabolism in acti-

vated LX-2 cells, whereas protein production via ribosomes is upregulated.
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Figure 22: LFQ proteomics data shows statistically significant (g-value < 0.05) differentially
regulated proteins between LX-2 10 % FBS vs. 1 % FBS control. n = 6 samples per group. (A)
Volcano blot of LX-2 10 % FBS vs. 1 % FBS control, LFQ data. Statistical analysis: t-test (two-
sided) with multi-testing (permutation-based) corrected, FDR = 0.05, Sp = 0.1 plotted as -Logio
p-value. Difference in protein expression plotted as log. mean on x-axis. Pale red dots repre-
sent proteins with a difference of LX-2 10 % FBS vs. 1 % FBS control > 0, whereas pale blue
dots show protein expression < 0. Bright red dots indicate proteins involved in multiple ribo-
somal biogenesis related pathways where 68 out of 75 identified proteins (29 out of 30 with
g < 0.05) are upregulated in LX-2 10 % FBS vs. 1 % FBS control. Bright blue dots show proteins
involved in multiple lipid metabolism related pathways where 99 out of 156 (35 out of 43 with
g < 0.05) identified proteins are downregulated in LX-2 10 % FBS vs. 1 % FBS control. (B) Prin-
cipal component analysis of LX-2 10 % FBS vs. 1 % FBS control without category enrichment

shows a clear separation between the two groups.
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To further investigate consequences of the downregulation of “lipid metabolism”, we
took a closer look at other pathways involved in lipid metabolism. STRING analysis (see above)
further identified the “fatty acid biosynthetic” pathway to be downregulated (Figure 23 A),

while proteins involved in “citrate cycle TCA” were mostly upregulated (Figure 23 B) (Table 3).

Further analysis of proteins changed between LX-2 10 % FBS vs. 1% FBS revealed
changes in migratory behaviour (Figure 23 C), proliferation (Figure 23 D), extracellular matrix,
and stress response (Figure 23 E). Proteins related to migration like fibronectin 1 (FN1) or an-
gio-associated migratory cell protein (AAMP) were among the upregulated proteins in acti-
vated LX-2 cells, suggesting enhanced migration once activated. Many proteins related to pro-
liferation, e.g., cyclin-dependent kinase 6 (CDK6) were upregulated as well. Additional pro-
teins for extracellular matrix, like fibulin-2 (FBLN2), pleckstrin homology domain-containing
family A member 2 (PLEKHA?2) are upregulated likewise. Amino acid and nucleotide associated
proteins, as well as stress response proteins (glutathione peroxidase 1 & 4 GPX1, GPX4) are

upregulated in activated LX-2 cells. (Figure 23 E)
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Figure 23: Volcano plots of enriched GO terms in LX-2 10 % FBS vs. 1 % FBS control LFQ data.
n = 6 samples per group. Statistical analysis: t-test (two-sided) with multi-testing (permuta-
tion-based) corrected FDR = 0.05, So = 0.1 plotted as -Logio p-value with 250 randomizations.
Difference in protein expression plotted as logz mean on x-axis. Pale dots show proteins with
a g-value > 0.05, whereas bright dots show proteins with a g-value < 0.05 (red = upregulated,
blue =downregulated in LX-2 10 % FBS vs. 1 % FBS controls). (A) GOBP “fatty acid biosynthesis”
where 12 out of 13 identified proteins with a g-value < 0.05 are downregulated, 18 out of 26
proteins in total are downregulated in LX-2 10 % FBS vs. 1 % FBS control. (B) KEGG “citrate
cycle TCA” where 5 out of 5 identified proteins with a g-value < 0.05 are downregulated, 15
out of 23 proteins in total are downregulated in LX-2 10 % FBS vs. 1 % FBS control. (C) GOBP
“cell migration” where 32 out of 42 identified proteins with a g-value < 0.05 are upregulated,
75 out of 136 total identified proteins are upregulated in LX-2 10 % FBS vs. 1 % FBS control (D)
GOBP “cell proliferation” where 7 out of 8 identified proteins with a g-value < 0.05 are upreg-
ulated, 66 out of 115 proteins in total are upregulated in LX-2 10 % FBS vs. 1 % FBS control. (E)
Additional selected proteins of central pathways are highlighted in their respective colour.

Volcano plot drawn with all identified proteins included.

Table 3: List of enriched GO terms LX-2 10 % FBS vs. 1 % FBS control. The GO terms “ribo-
some” and “lipid metabolism” were identified using the STRING database (99) multiple pro-
teins (values/ranks) input using all identified proteins (n = 3163). In contrast to the volcano
blot in Figure 22 A, this analysis only uses the KEGG term “ribosome” or the UniProt Keyword

“lipid metabolism” without additional GO terms to avoid protein overlap.

TERM DESCRIPTION CATEGORY TERM ID DIRECTION GENES MAPPED/ FALSE DISCOVERY
PATHWAY SIZE RATE

RIBOSOME KEGG hsa03010 upregulated 88/130 4.54e-07
LIPID METABOLISM UniProt Keywords KW-0443 downregulated 92/482 2.87e-06
CITRATE CYCLE (TCA) KEGG hsa00020 downregulated 23/29 0.1176
FATTY ACID BIOSYN- GOBP GO0:0006633 Downregulated 26/118 0.0363
THETIC PROCESS

CELL MIGRATION GOBP G0:0016477  upregulated 62/136 0.0488
CELL PROLIFERATION ‘ GOBP G0:0008283  upregulated 48/115 0.157

Since we were able to identify changes to proteins in activated LX-2 cells related to

proliferation, migration, and lipid metabolism, we further investigated these cellular
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phenotypes. During activation in 10 % FBS, HSC transform into a proliferating, migratory phe-
notype. We therefore first assessed the proliferation of LX-2 cells treated with either 1 % or
10 % FBS. Higher FBS concentrations correlated with a significant increase (student’s t-test, p
< 0.05) in proliferation after 48 h (Figure 24 A). Next, we analysed LX-2 migratory behaviour
under increased FBS concentrations. Similar to the upregulated proteins for cell migration
(Figure 23 B), increased serum concentration also significantly increased (student’s t-test, p <
0.05) the migratory potential of LX-2 cells after only 14 h (Figure 24 B). Despite showing in-
creased proliferation, LX-2 do not show a difference in growth until 48 h (Figure 24 A), sug-
gesting augmented migration without the effect of increased proliferation. Additionally, we
tested transwell migration of LX-2 cells, where cells migrate through a porous (8 um) mem-
brane where they are fixed and stained after 24 h of incubation. Correspondingly, LX-2 cells
migrated faster in higher FBS concentrations (Figure 24 C). Lastly, corresponding to a de-
creased expression of proteins involved in lipid metabolism (Figure 22 A), higher FBS concen-
trations significantly (student’s t-test, two-sided, p < 0.05) decreased LX-2 LD volume after

48 h (Figure 24 D).

Page 77 of 113



relative cell number [AU] gap closure rate [AU]

2.0

A B gap closure

© 10% FBS : i 0.0 0.5 1.0 15 20
1810 1%FBS 1% FBS [
s :
1.6 ] % 1% FBS o|—eo4
1.4 o 9 *
o]
1.2 10 % FBS por—]o
104 @ 10 % FBS §
08——T—T—T1—
0 24 48
time [h]
transwell migration lipid droplet staining LD volume [um’]
1% FBS 10 % FBS *xx
1007 .
1% FBS ; -
50
10 % FBS 25
L]
51 o

0 T T
1% FBS 10 % FBS

Figure 24: Phenotype analysis of LX-2 10 % FBS vs. 1 % FBS reveals differences in growth,
migration, and lipid droplet volume. n = 4 samples per group. (A) LX-2 cells show increased
growth (CCK-8 assay) in 10 % FBS, compared to 1 % FBS control after 48 h. (B) LX-2 cells dis-
play increased migration laterally (gap closure rate defined as the decrease in unoccupied
area over time) and (C) through porous membranes (migrated cells indicated by purple
staining) in 10 % FBS, compared to 1 % FBS. (D) Left: lipid droplets of LX-2 cells are stained
with BODIPY (green), nuclei stained with DAPI (blue). LX-2 cells supplemented with 10 % FBS
show decreased LD volume compared to LX-2 cells in 1 % FBS after 48 h of incubation. (* p-
value < 0.05, *** p-value < 0.001). Adapted from Schinagl et al 2021 (1) under CC BY 4.0 li-

cense.
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8.2 The PNPLA3 1148M mutation in hepatic stellate cells

As described in the previous chapter, lipid metabolism plays a central role in HSC activation
and liver fibrosis. We therefore investigated a prominent mutation of PNPLA333, which is be-
lieved to be involved in the attenuation of triglyceride metabolism by sequestering CGI-58
from ATGL (89). Thus, we investigated how PNPLA3, both 1148M and wt, changes HSC behav-
iour. To this end, we over-expressed 1148M and wt PNPLA3 in LX-2 cells using lentiviral trans-
fection (Figure 6 G, H). First, we identified sufficient OE relative to ancestral LX-2 cells using
western blotting. Figure 25 B shows comparable OE of PNPLA3 1148M and wt in LX-2 cells with

a 3-fold increase over ancestral LX-2 cells.
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Figure 25: Western blot for PNPLA3 1148 M or wt OE in LX-2 cells, compared to ancestral LX-2
cells. 6 samples per group, 1 sample for ancestral cells. (A) Demonstration of western blot
PNPLA3 protein expression. (B) Graphical representation of Hep3B PNPLA3 expression (den-
sitometry), normalized to Vinculin. LX-2 PNPLA3 1148M and wt cells show similar expression

of PNPLA3 with a ~ 3-fold increase over ancestral LX-2 cells (1 % FBS).

33 X-2 cells innately carry the pathogenic PNPLA3 1148M (M) variant.
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Next, we investigated proteomic changes in LX-2 PNPLA3 1148M and wt OE cells using
label-free proteomics of LX-2 cells grown for 24 h (either PNPLA3 1148M or wt). After pre-
processing our data (see Methods section 7.6), we normalized our data by calculating the
mean transformed (log2) LFQ values for every column and subtracting the dedicated mean at
every column to remove skewing in our dataset. Next, we filtered our dataset for at least 9
valid values out of 12 total (no grouping) and imputed missing values separately for each col-
umn with a width of 0.3 and a downshift of 1.8. Valid value filtering reduced our dataset from

5492 to 4256 identified proteins.

A two-sample student’s T-test (two-sided) with So = 0.1 and permutation-based FDR of
0.05 with 250 randomizations resulted in 1 significantly (g-value < 0.05) differentially ex-
pressed protein between LX-2 PNPLA3 1148M vs. wt control. A volcano plot of this analysis
with equivalent parameters is shown in Figure 26 A. Without FDR correction, 598 proteins
were significantly (p-value < 0.05) differentially expressed between LX-2 PNPLA3 [148M vs. wt
control (see Table 5 in the appendix). Principal component analysis revealed a partial overlap

between LX-2 PNPLA3 1148M vs. wt control (Figure 26 B).
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Figure 26: LFQ proteomics data shows one statistically significant (g-value < 0.05) differen-
tially regulated protein between LX-2 PNPLA3 1148M (M) OE vs. PNPLA3 1148l (wt) OE con-
trol. n = 6 samples per group. (A) Volcano blot of LX-2 PNPLA3 1148M vs. wt control, LFQ data.
Statistical analysis: t-test (two-sided) with multi-testing (permutation-based) corrected, FDR =
0.05, So=0.1, 250 randomizations, plotted as -Logio p-value. Difference in protein expression
plotted as log, mean on x-axis. Red dots represent proteins with a difference of LX-2 PNPLA3
1148M vs. wt control protein expression >0, where-as blue dots show protein expression < 0.
Only Methylosome protein 50 (WDR77) shows a statistically significant (q < 0.05) upregulation
in LX-2 PNPLA3 1148M vs. wt control protein expression. (B) Principal component analysis of
LX-2 PNPLA3 1148M vs. wt control without category enrichment shows overlap between the

two groups.

Page 81 of 113



The expression of methylosome protein 50 (WDR77) was increased in LX-2 PNPLA3
1148M vs. wt (g-value = 0.032, Figure 26 A). This protein is part of the methylosome complex,
suggesting an increase in post-translational modifications in proteins. Further analysis of dif-
ferentially expressed proteins between LX-2 PNPLA3 [148M vs. wt was done using the Fisher-
exact test in Perseus with p-value significant (two-sided t-test, So = 0.1, without multi-testing
correction) proteins. Truncation of results was achieved with Benjamini-Hochberg FDR correc-
tion of < 0.2. Out of 598 proteins used for Fisher-exact analysis, we could identify enrichment
in the Reactome pathway “p38 mitogen-activated protein kinases (p38MAPK) events”, where
6 out of 6 proteins involved were be upregulated in LX-2 PNPLA3 1148M vs. wt control. Isolated
analysis of these 6 proteins (two-sided t-test, So = 0.1, permutation-based FDR = 0.05, Figure
27) revealed statistically significant (q < 0.05) upregulation of 5 out of 6 proteins involved in
the pathway “p38MAPK events” (LX-2 PNPLA3 1148M vs. wt control). Strikingly, two well-stud-
ied oncogenes present in the “p38MAPK” pathway, KRAS and SRC are upregulated 32 % and
54 %, respectively, in LX-2 PNPLA3 [148M vs. wt.

p38MAPK events

-Log p-value
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Figure 27: Volcano plots of the enriched GO term “p38MAPK events” in LX-2 PNPLA3 1148M
(M) OE vs. PNPLA3 1148l (wt) OE control LFQ data. n = 6 samples per group. Statistical anal-
ysis: t-test (two-sided) with multi-testing (permutation-based) corrected FDR = 0.05, SO = 0.1

plotted as -Logio p-value with 250 randomizations. Difference in protein expression plotted as
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log, mean on x-axis. Pale red dots show upregulated proteins with a g-value > 0.05 in LX-2
PNPLA3 1148M vs. wt control. Reactome “p38MAPK events” 5 out of 6 identified proteins with
a g-value < 0.05 were upregulated, 6 out of 6 total identified proteins were upregulated in LX-

2 PNPLA3 1148M vs. wt control. Reactome “p38MAPK events” pathway size = 6 proteins.

8.3 Hepatocyte- hepatic stellate cells co-culture

Lastly, we investigated the influence of CGI-58 in Hep3B hepatocytes in the context of
hepatocyte — HSC interaction. To this end, we collected pre-conditioned media of either
Hep3B CGI-58 KD or control cells after 24 h of incubation in 1 % FBS media. After filtering to
remove cell debris, pre-conditioned media was mixed 1:1 with fresh 1 % FBS DMEM and ap-
plied to LX-2 cells for 24 h. Afterwards, LX-2 cells were harvested for WB. Although we could
detect a small (non-significant) decrease in the expression of a-SMA in LX-2 cells treated with
Hep3B CGI-58 KD pre-conditioned media, statistical analysis (two-sided t-test, p < 0.05) could
not determine a significant change of a-SMA expression between LX-cells treated with either

Hep3B CGI-58 KD or control pre-conditioned media.
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Figure 28: Western blot for LX-2 cells treated with pre-conditioned media of Hep3B cells

with either CGI-58 KD or control. 4 samples per group. (A) Demonstration of western blot O-
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SMA protein expression. (B) Graphical representation of LX-2 a-SMA expression (densitome-
try), normalized to Vinculin. LX-2 cells showed no significant difference (two-sided t-test,

p < 0.05) between treatment with Hep3B CGI-58 KD or control pre-conditioned media for 24 h.

9 Discussion

The activation of HSC is a complex process, both from the perspective of the metabo-
lism and gene expression. Activated HSC are a key player in liver fibrotic protein deposition
and are therefore key in understanding progression of liver fibrosis. Although it is difficult to
culture primary human HSC, both mouse- and human HSC cell lines have been established as
a valuable resource in liver fibrosis research. LX-2 cells are a human HSC line enabling func-
tional research by altering gene expression and rapidly testing activation conditions. Although
the LX-2 cell line is immortalized using SV-40 (130), cell characteristics are somewhat compa-
rable to primary human HSC (130). In this work, we studied the phenotype and protein ex-
pression of LX-2 cells upon activation. Strikingly, LX-2 cells undergo a massive change during
transformation in metabolism and protein expression related to lipid metabolism, as well as

increased proliferation, enhanced migration, and reduced LD volume.

9.1 Hepatic stellate cell activation is associated with an increase in ribosomal

biosynthesis, combined with a decrease in lipid metabolism

In this thesis we describe the activation of LX-2 using FBS, which is a method of activa-
tion commonly used in HSC in vitro research. Although FBS often varies in composition be-
tween vendors and batches, FBS has consistently led to activation in LX-2 cells at higher con-
centrations (e.g., 10 % FBS vs. 1 % FBS). Our work shows that FBS treatment of LX-2 induces
activation (Figure 21 A, C), while removal of FBS lowers activation in LX-2 cells (Figure 21 B).
We measured these changes in LX-2 activation by observing both a-SMA and COL1A1 protein
expression levels by western blotting. Both proteins are reliable markers for HSC activation

(123-126).

Proteomic analysis of activated vs. quiescent LX-2 cells revealed enhanced biogenesis

of ribosomal proteins (Figure 22 A, Table 3). We suggest this increase in ribosomal proteins is
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linked to the rise in protein production3* and the general re-structuring of cellular components
to better fit the activated (myofibroblast) HSC phenotype. In line with our study, rat HSC were
shown to increase their ribosomal biogenesis upon activation (131). This phenomenon is fur-
ther corroborated by an increase in proteins related to amino-acid biosynthesis in activated
LX-2 cells compared to control (Figure 23 E). Although not all ribosomal proteins are associated
with increased activation®® of HSC, most ribosomal proteins tend to be associated with an
increase in HSC activation. Correspondingly, the increase in ribosomal biogenesis in activated
HSC augmented proliferation (Figure 23 A) and proteins involved in proliferation (Figure 23 C)
in LX-2 cells treated with 10 % FBS compared to 1 % FBS. Additionally, we could identify up-
regulated proteins in activated LX-2 cells which are involved in nucleotide biosynthesis (Figure
23 E) implying the need for additional DNA synthesis during enhanced proliferation. Taken
together, this combined data suggests elevated protein demand and subsequently enhanced

ribosomal protein expression is needed during increased proliferation.

Additionally, we identified a downregulation of many proteins associated with lipid
metabolism (Figure 22 A, Table 3) in LX-2 cells grown in 10 % FBS compared to 1 % FBS control.
Changes in lipid metabolism were also observed through vastly decreased LD volume during
activation of LX-2 cells (Figure 24 D). Specifically fatty acid biosynthetic genes were downreg-
ulated in activated LX-2 cells (Figure 23 D) compared to quiescent cells, suggesting a lack of
lipid biosynthesis might partially explain the loss of lipid droplets during activation. Other stud-
ies have shown that lipid catabolism during activation of HSC can mostly be attributed to
lipophagy (133). The catabolism of lipids during activation might provide energy for the trans-
formation of HSC into their active phenotype, supported by findings of lower activation when

lipophagy is inhibited in HSC (134).

34 Figure 21 C shows an increase in COL1A1 production, suggesting enhanced demand for the production of ex-
tracellular proteins. Figure 23 C shows additional extracellular matrix proteins upregulated in LX-2 10 % FBS vs.
1 % FBS.

35 See Xu et al 2014 (132) where 40S ribosomal protein S5 (RPS5) OE was associated with a suppression in rat
HSC activation. Our data shows upregulation of RPS5 in LX-2 10 % FBS treated cells, compared to 1 % FBS con-
trols.
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Interestingly, activated LX-2 cells also show a decrease in proteins involved in the TCA
cycle (Figure 23 C). This suggests a shift of HSC to a more glycolytic phenotype during activa-
tion (135). Due to the high energy demands during transformation, HSC might preferentially
metabolize glucose using aerobic glycolysis rather than mitochondrial respiration. This transi-
tion to a glycolytic phenotype might be aided by the provided high-glucose DMEM-media for
LX-2 cells.

Activated LX-2 cells also exhibit increased migration and heightened expression of pro-
teins related to migration compared to quiescent controls (Figure 24 B, C; Figure 23 D). This
phenomenon is well documented in activated hepatic stellate cells, as they are migrating to-

wards the site of injury in the liver (125).

9.2 PNPLA3 1148M expression in LX-2 cells leads to an increase in KRAS and SRC

expression

PNPLA3 1148M is one of the most widespread mutations in liver disease, leading to
lipid accumulation in hepatocytes and promoting liver cancer. HSC play an important role in
liver cancer, as these cells are involved in liver fibrosis which has strong implications in liver
cancer. Interestingly, we identified upregulation of the p38MAPK pathway in LX-2 PNPLA3
1148M vs. wt cells (Figure 27). p38MAPK is part of the RAS/MAPK pathway suggesting in-
creased proliferation in LX-2 cells with PNPLA3 1148 M. Yang et al 2018 (136) suggests that
KRAS might play an important role in changes to the HSC microenvironment. Higher expres-
sion of a-SMA and fibrosis markers are detected in patients with the PNPLA3 1148M pheno-
type compared to wt PNPLA3 (137). Furthermore, primary human HSC carrying the PNPLA3

1148M mutation display higher expression of pro-inflammatory markers (138).

Expression of the mutant PNPLA3 might therefore directly positively influence HSC ac-

tivation and aid liver disease progression.
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9.3 Hepatocyte CGI-58 expression reveals differences in LX-2 growth during

treatment with Hep3B pre-conditioned media

The proximity of hepatocytes and HSC in the liver requires a detailed study of their
interaction. Co-culturing hepatocytes with lowered CGI-58 expression (CGI-58 KD) and LX-2
cells interestingly revealed a tendency to be decreased in LX-2 activation compared to con-
trols. Although these are preliminary results, due to the noteworthy effects we observed in
Hep3B CGI-58 KD cells (see chapter 5.1), lower CGI-58 levels in hepatocytes might influence
Hep3B microenvironment and therefore the interaction between hepatocytes and HSC. This
change in microenvironment might include the release of signalling molecules and/or a
change in the availability of nutrients (although fresh media was mixed in to minimize this

effect).

9.4 Conclusion

In conclusion, HSC undergo massive changes in their metabolism, proteome, and gen-
eral phenotype during activation. Fascinatingly, this transformation from quiescent to an ac-
tivated phenotype can be directly observed in increased growth, migratory potential, and LD
loss. The shift towards a decreased fatty acid biosynthesis when LD are digested indicates a
far-reaching re-structuring of HSC constitution and highlights the overarching theme of this

thesis of the importance of lipid metabolism in liver cells.
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Figure 29: Imputed values of proteomics studies on Hep3B cells. Histogram graphical representation of imputed values created in Perseus.

Missing values were imputed separately for each column with a width of 0.3 and a down-shift of 1.8. Blue columns represent measured

values. Red columns represent imputed values. (A) Hep3B CGI-58 KD and control proteomics measurements. (B) Hep3B PNPLA3 1148M (M)

and PNPLA3 wt proteomics measurements.
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Figure 30: Imputed values of proteomics studies on LX-2 cells. Histogram graphical representation of imputed values created in Perseus.
Missing values were imputed separately for each column with a width of 0.3 and a down-shift of 1.8. Blue columns represent measured
values. Red columns represent imputed values. (A) LX-2 10 % FBS vs. 1 % FBS control proteomics measurements. (B) LX-2 PNPLA3 1148M

(M) vs. PNPLA3 wt proteomics measurements.
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Table 4: List of proteins with
statistically significant (two-
sample t-test, two sided, with-
out multi-testing correction, So
= 0.01, p < 0.05) changes in ex-
pression Hep3B CGI-58 KD vs.

control. FC = fold change.

LOG2 FC HEP3B
GENE NAME CGI-58 KD-C
ASNA1 -5,4612
S100A13 -3,8659
PIN4 -3,5102
B4GAT1 -3,4553
TFAM -3,2621
UBE2M -3,1349
ARF4 -3,0537
DENR -2,9882
MRPL39 -2,8312
PWP2 -2,6895
SEC24A -2,5473
BZW1 -2,5140
DDX20 -2,3363
ACADSB -2,2215
GTPBP1 -2,2162
ACSS3 -2,2020
TP53RK -2,1560
PBXIP1 -2,0949
LSR -2,0416
NUP35 -2,0350
HUS1 -2,0096
PRPF38A -1,9931
DNPH1 -1,9857
CARS2 -1,9833
SULT1A1 -1,9013
PATL1 -1,8713
NCAPG2 -1,8450
LARP4B -1,8299
LIN28B -1,8208
SEP15 -1,6931
RABGGTA -1,6733
TMEM181 -1,6061
CAB39 -1,6002
TRMT1 -1,5886
CCDC132 -1,4883
LIG3 -1,4475
PEG10 -1,3199
SEL1L -1,2909
RAB5A -1,2340
TGOLN2 -1,1979
UBXN1 -1,1068

NTSE
WDR26
TST
SAMHD1
CALU
PSIP1
SF3B5
FAM169A
ARHGAP1
ANAPC7
MTTP
ARHGEF18
UBA3
MINA
POLDIP2
GPC6
RAD23A
RELN
SF3B4
BRIX1
IPO11
SBF1
HSPA1B;HSPA1A
CHID1
RCN1
PYCR1
BCKDHA
ZFYVE19
HMGN1
TIMMDC1
U2SURP
PEX5
DIS3
HIBADH
MESDC2
HMGN5
PGRMC2
UBA2
AP3B1
HN1

IST1
RPAP1
PNPO

TF
CEACAM1
SH3GL1
EPS15L1
SNRPD3
IKBKAP
PLCG1
FBL
NFKB1
BOD1L1
GANAB
DBNL
DEK
EP300

-1,1040
-1,0375
-0,9874
-0,9553
-0,9190
-0,9136
-0,9108
-0,8822
-0,8819
-0,8750
-0,8623
-0,8517
-0,8476
-0,8434
-0,7968
-0,7893
-0,7745
-0,7671
-0,7417
-0,7169
-0,7051
-0,6946
-0,6932
-0,6917
-0,6802
-0,6551
-0,6528
-0,6500
-0,6462
-0,6461
-0,6174
-0,6034
-0,6024
-0,6016
-0,5937
-0,5689
-0,5653
-0,5602
-0,5599
-0,5531
-0,5530
-0,5498
-0,5424
-0,5379
-0,5359
-0,5328
-0,5318
-0,5298
-0,5284
-0,5248
-0,5247
-0,5241
-0,5213
-0,5200
-0,5154
-0,5136
-0,5102

DNAJA2
PYGL
RBMSA
CECR5
PGM1
ASPH
LNPEP
BCLAF1
AGT
EHBP1
RPL6
RRBP1
POR
NUMA1
PPP1R10
FANCI
PPP1R7
CALR
ZNF687
ZC3H15
USP9X
SMARCC1
POLE4
CAP1
PMVK
NUDT21
AKAP12
LUC7L3
NNT
BCAS3
PDXDC1
RBM19
DDX1
cbv3
PRKCSH
TPP2
CANX
UHRF1BP1
FARSA
ITPR3
FAM120A
RTFDC1
NUDTS
U2AF2
TRIM24
FNBP1L
MTAP
GFM1
IMMT
NCBP1
DKC1
NUCKS1
EML4
PHIP
HSD17B11
MED12
MEPCE

-0,5076
-0,5037
-0,5012
-0,4958
-0,4854
-0,4848
-0,4777
-0,4773
-0,4745
-0,4701
-0,4687
-0,4673
-0,4670
-0,4670
-0,4608
-0,4556
-0,4552
-0,4521
-0,4504
-0,4477
-0,4469
-0,4466
-0,4449
-0,4415
-0,4398
-0,4392
-0,4367
-0,4366
-0,4339
-0,4294
-0,4280
-0,4280
-0,4212
-0,4189
-0,4140
-0,4097
-0,4085
-0,4053
-0,4035
-0,4033
-0,4020
-0,3995
-0,3989
-0,3988
-0,3909
-0,3908
-0,3895
-0,3893
-0,3892
-0,3883
-0,3833
-0,3816
-0,3755
-0,3752
-0,3719
-0,3701
-0,3660
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NOA1
EIF4H
HNRNPUL2
GPHN
NPM1
PSME2
FXR1
AP2S1
HMGB1
RELA
MYO18A
SEC63
KIAA0101
SND1
GTF2I
TMISF2
UHRF1
TUFM
ALDH2
SNRNP40
UBAC2
WDFY1
THOC2
HMGB2
ACSL4
BCAM
CDK6
NUP155
HELLS
CHD4
CLU
CHAF1A
IDH1
CAD
WDR61
HNRNPLL
TCF20
MCM4
TMEM43
TXNDC5
COX15
MRPL37
KPNB1
OGFR
APP
NUP88
HADHB
FMR1
MCM6
MSH6
TLN2
ABCF1
TNPO1
RRP8
TXNL1
LDHA
PDS5B

-0,3649
-0,3605
-0,3598
-0,3579
-0,3549
-0,3544
-0,3542
-0,3534
-0,3521
-0,3521
-0,3464
-0,3450
-0,3441
-0,3409
-0,3407
-0,3403
-0,3387
-0,3383
-0,3377
-0,3366
-0,3366
-0,3362
-0,3315
-0,3309
-0,3298
-0,3294
-0,3271
-0,3258
-0,3255
-0,3251
-0,3249
-0,3229
-0,3222
-0,3210
-0,3207
-0,3150
-0,3142
-0,3098
-0,3094
-0,3031
-0,3030
-0,3027
-0,3022
-0,3018
-0,3016
-0,3005
-0,2986
-0,2984
-0,2974
-0,2969
-0,2957
-0,2956
-0,2946
-0,2935
-0,2933
-0,2917
-0,2908

EXOSC6
HNRNPA3
NCAPG
ZFP91
CEP41
ARHGAP35
UFSP2
PRPF6
CPSF3
PELP1
H2AFY2
cuLl
NIFK
STOML2
RRP9
CPSF1
APOB
RETSAT
WAC
CDK12
SMC3
CBR1
MED24
GSR
CCDC94
PUS7
SERPINB1
EPB41L2
RIC8A
GFPT1
EEF1B2
PLOD1
FKBP15
EIF4G1
XPO7
FAH
MGST3
SART3
MTDH
PTPRK;PTPRM
PEX19
CCAR1
PDIA4
TUBG1
ILF3
XRCC6
AIP
CMTR1
EIF4A3
GTF2F1
HTT
TP53BP1
PSMD11
RCN2
PLAA
GCFC2
PMPCA

-0,2907
-0,2883
-0,2881
-0,2878
-0,2876
-0,2866
-0,2853
-0,2822
-0,2797
-0,2792
-0,2790
-0,2766
-0,2766
-0,2733
-0,2697
-0,2687
-0,2678
-0,2675
-0,2656
-0,2651
-0,2650
-0,2643
-0,2635
-0,2631
-0,2600
-0,2588
-0,2581
-0,2570
-0,2550
-0,2512
-0,2478
-0,2472
-0,2465
-0,2464
-0,2454
-0,2453
-0,2445
-0,2433
-0,2373
-0,2371
-0,2367
-0,2308
-0,2298
-0,2291
-0,2286
-0,2281
-0,2269
-0,2236
-0,2222
-0,2220
-0,2215
-0,2203
-0,2202
-0,2200
-0,2195
-0,2138
-0,2135

GOT1
HMGXB4
ERO1L
HUWE1
ADRM1
SLK
ANP32E
CSDE1
UGDH
HNRNPAL;HNRNPA1L2
ATP2B1
TOE1
MDC1
MFAP1
CSE1L
IMPDH2
EIF3CEIF3CL
APEX1
PDHB
SMC1A
CGN
PAWR
LRSAM1
EEF1G
RFC5
XRCC5
NOP58
RBM25
SEC23A
ACY1

ZFR
HNRNPA2B1
mMcce2
PCYOX1
GUF1
EFTUD2
IQGAP2
ARHGDIA
HNRNPM
CORO7
LTA4H
CCAR2
FAM134C
XAB2
SPTBN1
HSPB1
SMc4a
IGF2BP1
PHF14
PSMD2
EPPK1

PC

NES
MCMm2
EIF5B
AGPS
LRPPRC

-0,2134
-0,2092
-0,2086
-0,2063
-0,2052
-0,2051
-0,2049
-0,2044
-0,2040
-0,2035
-0,2017
-0,2001
-0,1996
-0,1993
-0,1989
-0,1975
-0,1944
-0,1939
-0,1895
-0,1893
-0,1865
-0,1855
-0,1840
-0,1808
-0,1808
-0,1794
-0,1761
-0,1759
-0,1748
-0,1718
-0,1708
-0,1696
-0,1673
-0,1659
-0,1648
-0,1628
-0,1613
-0,1609
-0,1578
-0,1572
-0,1545
-0,1519
-0,1513
-0,1469
-0,1467
-0,1463
-0,1458
-0,1455
-0,1411
-0,1384
-0,1375
-0,1370
-0,1347
-0,1326
-0,1295
-0,1288
-0,1285
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PFKL
EEF1D
DYNLT1
LETM1
LMNB1
HADHA
GCN1L1
EIF3I
PRPF8
CLTC
SPTAN1
sDC2
LAMB1
GDI2
UBAP2L
RPL4
KIAA1211
FLNA
TPX2
EGFR
IDH2
GLIPR2
ACLY
MACF1
CKAPS
IK
HBS1L
GTF2H1
QPRT
ANXA2;ANXA2P2
DSP
SRSF3
TPM4
MDH1
TRA2B
PDLIM7
KIF5B
CCT8
AP2A1
RSL1D1
TFIP11
PACSIN2
LAMC1
TNKS1BP1
PDCD6IP
IGF2BP3
DDX5
RTKN
RFX1
ATXN10
PSMD4
RRM1
CLASP2
APOA1BP
RUVBL2
KPNA2
TACC3

-0,1256
-0,1250
-0,1246
-0,1235
-0,1128
-0,1080
-0,1059
-0,1052
-0,0994
-0,0863
-0,0814
0,0523
0,0751
0,0824
0,0869
0,1019
0,1044
0,1060
0,1249
0,1325
0,1366
0,1392
0,1399
0,1437
0,1491
0,1536
0,1605
0,1630
0,1660
0,1661
0,1692
0,1735
0,1755
0,1783
0,1804
0,1823
0,1843
0,1884
0,1890
0,1905
0,1935
0,1970
0,2012
0,2123
0,2187
0,2214
0,2218
0,2224
0,2300
0,2313
0,2335
0,2399
0,2404
0,2410
0,2442
0,2497
0,2535

FGD4
GLCCIi1
RBPMS
TCEB1
EPB41L5
EPS8L2
CLNS1A
MYO1C
SPATS2
ACAT2
MARS
STBD1
NDUFS1
EXOC1
FAM49B
ARID3A
CRIP2
Vim
AHR
VCL
PICALM
ZNF281
CPNE3
EPCAM
METAP2
YAP1
CSRP1
TUBGCP2
DPY30
CCT3
PPL
GSTM3
SPINT1
SMTN
coPz1
PALLD
CKB
GALNT1
DNM1L
SNAP23
IBA57
ANLN
TIMM13
AAK1
HSD17B10
SULT1C4
TCEA1
MAP4
DYNLRB1
ENAH
KIF21A
ADAM9
BAG3
JAG1
SLAIN2
CPNE8
SCP2

0,2624
0,2694
0,2803
0,2878
0,2891
0,2941
0,2948
0,2972
0,2990
0,3017
0,3039
0,3059
0,3063
0,3075
0,3087
0,3143
0,3174
0,3198
0,3233
0,3233
0,3240
0,3268
0,3294
0,3361
0,3370
0,3430
0,3447
0,3458
0,3480
0,3480
0,3506
0,3526
0,3568
0,3618
0,3741
0,3824
0,3885
0,3909
0,3910
0,4009
0,4058
0,4101
0,4287
0,4318
0,4343
0,4368
0,4405
0,4424
0,4546
0,4628
0,4647
0,4851
0,5057
0,5236
0,5441
0,5646
0,5669

PKP2
FSCN1
GPC4
DOHH
NCKIPSD
PRPF3
DCUN1D5
TBC1D22A
ATG3

ECI2

FLNC
CNN2
FILIP1L
RPL11
ADPRHL2
OCIAD1
ASPSCR1
ITGB4
SPECC1L
PGAMS5
TCF12
YARS2
TOM1L1
CLIP1
Msi1
RBBP6
SACM1L
EXOSC4
DCK
RAP1A
IPO8
EPHB4;EPHB3
ARPC5L
VBP1
XPOT
ACP1
TMF1
RAB6A;RAB6B;RAB39A

0,5709
0,5721
0,5991
0,6050
0,6122
0,6175
0,6281
0,6687
0,6865
0,6990
0,7077
0,7278
0,7356
0,7660
0,8527
0,9019
1,1298
1,1605
1,2044
1,2593
1,2695
1,3199
1,3362
1,3538
1,5163
1,5250
1,5401
1,7643
1,8091
1,9592
2,1905
2,4290
2,6051
2,7937
2,8904
3,5633
3,7310
4,9142
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Table 5: List of proteins with
statistically significant (two-
sample t-test, two sided, with-
out multi-testing correction, So
= 0.01, p < 0.05) changes in ex-
pression LX-2 PNPLA3 1148M vs

wt. FC = fold change.

GENE NAMES LOG2 FC LX-2

PNPLA3 1148M-
PGRMC2 -2,6229
NDUFA4 -2,3918
TUBA4A -1,9852
RPF2 -1,9439
HEG1 -1,7639
CMAS -1,6517
FBLN2 -1,5817
TIMMSA -1,5714
HUS1 -1,4043
cps1 -1,3163
GHDC -1,2673
TEPI2 -1,2525
JAGN1 -1,2253
CHST14 -1,2189
NPTN -1,1939
FHL2 -1,1155
POLR2I -1,0687
cpC20 -1,0166
C90RF142 -0,9847
NDUFA11 -0,9576
NGLY1 -0,9575
clAo1 -0,9497
OXA1L -0,9104
HSPG2 -0,8255
C110RF54 -0,8230
ACTB -0,7983
RPS27A;UBA52;UBB;UB |  -0,7545
POLA2 -0,7493
PGK2 -0,7312
DYNLL2 -0,6840
MDK -0,6795
TIMP3 -0,6789
CDKAL1 -0,6657
NUBP1 -0,6595
RUNX1 -0,6350
CBR3 -0,6182
SNRPD2 -0,6136
DHCR7 -0,6038
ETFB -0,6023
DDI2 -0,5966
CHCHD5 -0,5930

RPL18A
SEC24D
NUTF2
NFU1
C150RF52
MRPS17
ATOX1
RPL12
ZMIZ2
ITGA6
RPS12
HSPBP1
GNB2
SEC13
RNH1
PSMD9
ISCU
SNRPD3
L3HYPDH
ZFAND5
LGALS1
PRPS1
TBCC
RPL30
NR2C2AP
CLIC1
PBK
CYR61
USP10
THBS1
DYNLL1
NOC2L
YIPF5
FECH
RABGAP1L
RSBN1L
IFITML;IFITM2;IFITM3
GPC1
NECAP2
GLRX5
RBM42
RPLP1
NUP37
CXCL12
UBE2M
DSTN
CHORDC1
GNB1
EIF2B5
ANXA7
FAM3C
CCDC91
RPS11
NEK?7
EXOSsC4
PVRL2
GOT2

-0,5876
-0,5732
-0,5727
-0,5637
-0,5628
-0,5485
-0,5479
-0,5325
-0,5320
-0,5213
-0,5207
-0,5189
-0,5180
-0,5139
-0,5075
-0,5005
-0,4979
-0,4942
-0,4857
-0,4763
-0,4553
-0,4455
-0,4435
-0,4406
-0,4358
-0,4322
-0,4224
-0,4169
-0,4123
-0,4079
-0,4018
-0,4004
-0,3962
-0,3921
-0,3883
-0,3867
-0,3849
-0,3676
-0,3659
-0,3652
-0,3627
-0,3484
-0,3447
-0,3434
-0,3424
-0,3406
-0,3392
-0,3387
-0,3362
-0,3259
-0,3193
-0,3188
-0,3186
-0,3171
-0,2977
-0,2957
-0,2925

C20RF47
RFTN1
PPP1CB
RRP7A
MTPN
NDUFV2
AHCYL1
PWP2
MEA1
MOB4
SORT1
VCL
TMEM120A
ATP6V1G1;ATP6V1G2
GNG12
GSTM4;GSTM1
MOB1A;MOB1B
RAB18
UBE2G1
CisD2
RND3
NGDN
SF3A2
EIF5A;EIF5AL1
RAP1A
HPRT1
ERH
MANF
SMAD3
MYADM
HAT1
CBX5
NUP98
PIK3R1
CAPZB
CLTB
ACOX1
JUN
UBL4A
AAMP
FIS1
NUDCD2
NIPA1
PDCD5
EIF2B3
ECHS1
NCKAP1
BRI3BP
PAICS
BAG3
FBLIM1
HSD17B7
PAIP1
CAMK2D
TCEA1
PNPT1
GTF3C1

-0,2892
-0,2774
-0,2757
-0,2744
-0,2665
-0,2643
-0,2625
-0,2610
-0,2607
-0,2554
-0,2452
-0,2450
-0,2403
-0,2386
-0,2355
-0,2345
-0,2337
-0,2308
-0,2251
-0,2228
-0,2202
-0,2166
-0,2125
-0,2089
-0,2087
-0,2073
-0,1992
-0,1982
-0,1956
-0,1937
-0,1885
-0,1880
-0,1867
-0,1825
-0,1812
-0,1810
-0,1787
-0,1772
-0,1762
-0,1740
-0,1711
-0,1711
-0,1658
-0,1647
-0,1632
-0,1592
-0,1575
-0,1553
-0,1518
-0,1511
-0,1489
-0,1480
-0,1476
-0,1469
-0,1469
-0,1468
-0,1464
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HNRNPH2
ASCC3
RDH11
HGS
KIF23
ARPC5
POLDIP2
APOA1BP
NQO2
CCT4
SNRPF
NDUFS6
STT3B
TRIOBP
HM13
RAC1
CSDE1
PSMD4
EPN1
ST13;ST13P4;ST13P5
XPO7
RRM2
TUBGCP2
STMN1
SH3GL1
CEP170
EHD4
LSM5
CLASP1
IKBKAP
CLUH
CD44
ATXN2L
STIP1
RARS
ACTR3
NSUN2
CDK5RAP3
HSPA4
TCEB1
SYNPO
RUVBL1
SNX4
SEC24C
SKA1
PLEKHAS
HSPA9
MYO1E
TOR1AIP1
PRKDC
YWHAZ
RSL1D1
HNRNPH1
SUGP2
ILF3
DPYSL2
PNN

-0,1462
-0,1398
-0,1383
-0,1376
-0,1369
-0,1362
-0,1328
-0,1326
-0,1287
-0,1265
-0,1264
-0,1258
-0,1239
-0,1237
-0,1159
-0,1154
-0,1154
-0,1120
-0,1106
-0,1091
-0,1078
-0,1078
-0,1032
-0,1030
-0,1021
-0,1021
-0,1000
-0,0970
-0,0965
-0,0931
-0,0930
-0,0927
-0,0923
-0,0891
-0,0888
-0,0882
-0,0877
-0,0870
-0,0863
-0,0850
-0,0829
-0,0825
-0,0785
-0,0754
-0,0711
-0,0695
-0,0693
-0,0690
-0,0640
-0,0596
-0,0559
-0,0499
-0,0486
-0,0466

0,0533

0,0536

0,0554

LMNB2
HNRNPC
IQGAP1
MCM3
HNRNPK
DHX9
ESYT1
PSMC1
PARK?7
HSP90AA1
GBF1
SND1
RNPS1
PPP1CA
PSMD13
SRSF4
IMPDH2
EZR
KRT18
LARP7
SNRNP200
BAG5
TBL2
ACOT7
HDLBP
GBE1
CENPV
PEBP1
SSB
PDLIM7
EFTUD2
P4HB
USP5
RRP9
RBM10
SARS
VARS
ALYREF
AP3B1
OLA1
EXOC4
RABSA
DNAJC8
ACLY
NAT10
RRAS
SRPR
RAB22A
HNRNPLL
BAZ1B
SEC31A
ERCC6L
PGAM1
MDH1
FAM129B
CCDC132
PPIL2

0,0664
0,0746
0,0767
0,0774
0,0775
0,0830
0,0842
0,0852
0,0864
0,0899
0,0912
0,0934
0,0935
0,0935
0,0948
0,0948
0,0960
0,0974
0,0989
0,0994
0,1001
0,1009
0,1013
0,1022
0,1044
0,1048
0,1060
0,1066
0,1069
0,1070
0,1100
0,1108
0,1129
0,1142
0,1159
0,1183
0,1203
0,1206
0,1208
0,1215
0,1218
0,1230
0,1249
0,1266
0,1271
0,1272
0,1274
0,1286
0,1297
0,1305
0,1308
0,1310
0,1313
0,1344
0,1347
0,1351
0,1365

LONP1
AVEN
CLTC
CDC42EP3
MED12
BUB1
CTPS1
PGM3
ECE1
ATXN2
DIAPH1
cuLas
DPP3
SKIV2L2
RPS7
MYBBP1A
DDX18
BPTF
TAMMA41
FAF2
EIF5B
GSTK1
AHSA1
PTPRF
AQR
UQCRC1
ATL3
LDHB
Wiz
NPM1
NOC3L
ARPC2
PARP1
DDX54
PDIA6
ATP5B
CPSF1
COoG1
DDB1
SuB1
PRPF8
cOMMD10
PTRH2
POLR2C
AP2B1
FIP1L1
PSMA2
GTPBP1
GSTM2
ENDOD1
SERPINB1
EXOC1
ATP6V1A
API5
ANKRDA40
SMCHD1
HOMER3

0,1366
0,1393
0,1394
0,1400
0,1425
0,1433
0,1435
0,1439
0,1458
0,1467
0,1467
0,1486
0,1490
0,1490
0,1496
0,1518
0,1540
0,1542
0,1548
0,1551
0,1567
0,1575
0,1589
0,1607
0,1612
0,1616
0,1616
0,1624
0,1640
0,1662
0,1672
0,1696
0,1702
0,1702
0,1703
0,1710
0,1721
0,1726
0,1728
0,1763
0,1764
0,1765
0,1781
0,1789
0,1799
0,1806
0,1809
0,1814
0,1819
0,1820
0,1820
0,1845
0,1852
0,1859
0,1859
0,1864
0,1876
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NNT
SRP54
CPSF2
ENO2
GFPT1
MICALL1
SPC25
CDH2
RABGEF1
PLCB3
MRE11A
COPS8
CALU
LsSM4
S100A16
DAG1
HNRNPA2B1
RPN1
WDR61
STXBP2
cs
NIPSNAP3A
OGDH
NAMPT
ARFIP1
TIALL
GXYLT1
GLRX3
CCT5
LDHA
SWAP70
GANAB
TXNL1
COPS5
uspP7
C170RF75
YES1
DDOST
OAT
GRSF1
HNRNPAL;HNRNPA1L2
ARHGEF28
CARHSP1
TAX1BP3
XRCC5
ADRBK1
ABHD12
PRPSAP2
HNRNPAO
PAIP2
SAP30BP
ARIH2
FAF1
HMGXB4
NT5C
HNRNPAB
PSMB2

0,1876
0,1913
0,1926
0,1930
0,1934
0,1947
0,1959
0,1971
0,1990
0,1998
0,2022
0,2075
0,2076
0,2078
0,2085
0,2122
0,2126
0,2128
0,2131
0,2141
0,2154
0,2165
0,2165
0,2166
0,2184
0,2215
0,2222
0,2230
0,2248
0,2266
0,2296
0,2299
0,2303
0,2308
0,2334
0,2340
0,2341
0,2346
0,2348
0,2350
0,2355
0,2357
0,2373
0,2377
0,2396
0,2396
0,2422
0,2439
0,2449
0,2477
0,2492
0,2499
0,2542
0,2543
0,2573
0,2594
0,2617

PPP2R3A
SNRNP40
HNRNPA3
THOC6
EMG1
LARP1
ECHDC1
FLOT2
ARHGEF11
PSMD8
NAA25
CSNK2A1;CSNK2A3
UBQLN4
FAM210A
UBE2H
ACOT8
cwca7
REXO2
SMARCD2
ARL3
RPS15
ALG2
RALA
PIP4K2C
LMAN1
PPP4R1
DDX1
GCDH
SUN2
MTHFD1L
ORC3
1SOC1
KIF13A
RCN1
PRIM2
RAB31
ACTR1A
SEL1L
IFIT5
ZNF148
GIGYF1
ITGB1
ACADM
ARHGAP1
BTF3
MAPK14
FGFR10P
HIBADH
ARL1
GTF2E2
ORC2

SF1
RPS15A
ASNA1
GMDS
PSME2
MCTS1

0,2617
0,2621
0,2625
0,2652
0,2666
0,2672
0,2681
0,2686
0,2716
0,2723
0,2753
0,2753
0,2754
0,2764
0,2774
0,2813
0,2826
0,2837
0,2847
0,2851
0,2853
0,2897
0,2922
0,2926
0,2962
0,2962
0,2983
0,2998
0,3018
0,3024
0,3037
0,3048
0,3074
0,3134
0,3141
0,3177
0,3189
0,3238
0,3240
0,3243
0,3267
0,3275
0,3292
0,3306
0,3311
0,3325
0,3375
0,3382
0,3387
0,3428
0,3519
0,3540
0,3563
0,3574
0,3574
0,3597
0,3609

SCPEP1
TRIP10
MGME1
SMARCAD1
T™MX3
MTR
FADD
MAP1S
EHD2
SNRPE
RBM3
TIGAR
COASY
NRBP1
KRAS
MYEOV2
TUBG1;TUBG2
SRSF10
ABAT
HARS2
FAM91A1
PXK
VWAS
COL5A1
CARS2
CCDC94
SKP2
BID
NOM1
BRIX1
STRIP1
PFAS
SCCPDH
TEX10
RPA3
CENPP
YKT6
GSKIP
SAP18
YEATS4
LDLRAP1
MSH3
UsP48
WDR26
ZC3H7B
HSD17B11
CPA4
PEF1
NMD3
TTI1
CCNH
NOC4L
GCLC
VWA9
HINT1
MEST
RBM22

0,3625
0,3647
0,3672
0,3673
0,3712
0,3715
0,3743
0,3759
0,3769
0,3814
0,3836
0,3932
0,3949
0,3951
0,3976
0,4001
0,4100
0,4133
0,4143
0,4153
0,4196
0,4198
0,4203
0,4222
0,4241
0,4289
0,4292
0,4302
0,4353
0,4355
0,4364
0,4374
0,4376
0,4448
0,4455
0,4507
0,4523
0,4524
0,4634
0,4635
0,4676
0,4729
0,4766
0,4775
0,4794
0,4846
0,4848
0,4921
0,4941
0,4955
0,4962
0,4968
0,4986
0,5048
0,5063
0,5072
0,5075
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MGST3
GSTT2B;GSTT2
RPL38
BCCIP
PMPCA
PUS1
DDX24
WBP2
EHD3
MORF4L1
RAB4B
SCLY
SIPA1L3
GBA
DNAJC17
PHC2
RPP40
ARF5
RAVER1
SRC
GOLPH3
ARF1;ARF3
AKT2
ABHD11
TMX2
POLR2E
ATP6V1F
MAPKAPK2
PDGFRB
PBXIP1
DHCR24
PPIH
RBM15
STK39
MKLN1
CNOT2
CRCP
MOGS
SUPT7L
MED21
TRIM56
FBX044
HMGCL
POLE
HDAC6
INTS3
RILPL2
DNAJC11
CACNA2D1
C90RF114
HMG20A
HOOK2
MB21D2
NDUFB5
TMX4
LSM14A
CCDC82

0,5096
0,5103
0,5112
0,5265
0,5316
0,5347
0,5437
0,5452
0,5489
0,5574
0,5673
0,5738
0,5783
0,5820
0,5930
0,5938
0,5972
0,6084
0,6103
0,6245
0,6254
0,6264
0,6301
0,6320
0,6320
0,6333
0,6351
0,6353
0,6403
0,6404
0,6425
0,6438
0,6481
0,6671
0,6682
0,6798
0,6851
0,6906
0,6959
0,7001
0,7025
0,7065
0,7295
0,7307
0,7342
0,7401
0,7420
0,7531
0,7549
0,7634
0,7649
0,7747
0,7864
0,7889
0,8027
0,8091
0,8097

ACOT1;ACOT2
FLAD1
STYX
MDP1
AASS
MRPL28
HSP90AB2P
PHACTR2
CTNNAL1
SLC4A2
DOLPP1
ELOVL2
S100A6
VPS18
CCNK
SEC11A
CNRIP1
RBMS5
LRSAM1
TMED?7
PIP4K2A
ARHGEF40
SDHAF2
PYCARD
STAT6
FLI1
ANAPC4
TOR1AIP2
CYP20A1
C160RF62
1SOC2
RBM7
TIMM17A
ARAF
TRIM26
PRKACB
TMOD2
MRPL23
FAM213B
TMEM14C
NAGA
LLPH
MRPL10
MRPL21
FNTB
PARP2
RAD9A
BPHL
MKRN2
LMF2
TXNL4A
CENPK
SAC3D1
EMC3
MGAT1
CFAP36
CENPU

0,8282
0,8284
0,8300
0,8508
0,8525
0,8637
0,8643
0,8676
0,8692
0,8782
0,8851
0,8868
0,8882
0,8884
0,8891
0,9014
0,9180
0,9291
0,9603
0,9757
0,9923
1,0010
1,0151
1,0160
1,0170
1,0238
1,0333
1,0439
1,0500
1,0535
1,0544
1,0563
1,0637
1,0680
1,0745
1,1008
1,1211
1,1348
1,1439
1,1639
1,1929
1,2099
1,2158
1,2211
1,2456
1,2770
1,3036
1,3164
1,3245
1,3641
1,3808
1,3979
1,4021
1,4032
1,4131
1,4322
1,4793

NDNL2

PIGT
RRAGC;RRAGD
ZNF207

MPC2
MRPL50
GLUL

CDK7

LEO1
CDC42SE2
PSEN1;PSEN2
WDR77
HIGD1A

Lsmz7

ROMO1
LPHN2;LPHN1
ZSWIM8

RYR2

1,5772
1,5893
1,5971
1,6131
1,7211
1,7383
1,7955
2,0075
2,0783
2,0973
2,1246
2,1983
2,2523
2,2805
2,3214
2,3510
3,3383
4,9649
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Table 6: List of all enriched GO terms (STRING analysis) “biological processes” Hep3B CGI-58 KD
vs control using only proteins with a p-value of < 0.05 (two-sidedT t-test without FDR correc-

tion, S = 0.1) for analysis. FDR cut-off value 0.1.

#TERM ID TERM DESCRIPTION OBSERVED BACKGROUND STRENGTH FALSE DIS-
GO BIOLOGICAL PROCESSES GENE COUNT  GENE COUNT COVERY RATE
HEP3B CGI-58 KD-C

GO0:0034641 Cellular nitrogen compound metabolic process 196 3282 0.39 8.3%e-31
GO0:0006139 Nucleobase-containing compound metabolic process 167 2659 0.41 2.21e-27
G0:0046483 Heterocycle metabolic process 173 2840 0.4 2.50e-27
G0:0044237 Cellular metabolic process 309 7513 0.23 6.97e-27
G0:0006807 Nitrogen compound metabolic process 291 6852 0.24 1.67e-26
GO0:0006725 Cellular aromatic compound metabolic process 172 2882 0.39 2.05e-26
G0:0044238 Primary metabolic process 303 7332 0.23 2.05e-26
G0:1901360 Organic cyclic compound metabolic process 179 3118 0.37 5.86e-26
GO0:0071704 Organic substance metabolic process 311 7755 0.22 2.07e-25
G0:0090304 Nucleic acid metabolic process 142 2178 0.43 2.56e-24
GO0:0008152 Metabolic process 321 8298 0.2 4.89e-24
G0:0009987 Cellular process 452 15024 0.09 9.54e-23
G0:0043170 Macromolecule metabolic process 262 6137 0.24 1.24e-22
G0:0010467 Gene expression 133 2056 0.42 3.13e-22
G0:0016071 mRNA metabolic process 66 678 0.6 1.53e-17
GO0:0071840 Cellular component organization or biogenesis 235 5633 0.23 1.53e-17
G0:0016070 RNA metabolic process 105 1584 0.43 2.06e-17
G0:0016043 Cellular component organization 225 5447 0.23 7.16e-16
GO0:0051641 Cellular localization 150 2967 0.32 9.80e-16
G0:0006396 RNA processing 71 854 0.53 1.19e-15
GO0:0051649 Establishment of localization in cell 128 2375 0.34 6.76e-15
G0:0044260 Cellular macromolecule metabolic process 207 4976 0.23 2.57e-14
G0:0006397 mRNA processing 49 468 0.63 9.08e-14
G0:0008380 RNA splicing 44 396 0.66 4.74e-13
GO0:0044085 Cellular component biogenesis 130 2583 0.31 5.54e-13
G0:0000398 mMRNA splicing, via spliceosome 38 294 0.72 5.56e-13
G0:0006996 Organelle organization 157 3450 0.27 8.58e-13
GO0:0043933 Protein-containing complex subunit organization 89 1539 0.37 3.66e-11
GO0:0033036 Macromolecule localization 121 2473 0.3 4.46e-11
GO0:0065003 Protein-containing complex assembly 79 1293 0.4 7.77e-11
G0:0010608 Posttranscriptional regulation of gene expression 49 574 0.54 8.92e-11
G0:0022607 Cellular component assembly 116 2359 0.3 1.15e-10
G0:0045184 Establishment of protein localization 88 1564 0.36 1.92e-10
G0:0008104 Protein localization 107 2139 0.31 4.39e-10
G0:0015031 Protein transport 84 1486 0.36 5.44e-10
G0:0044271 Cellular nitrogen compound biosynthetic process 85 1522 0.36 7.01e-10
GO0:0034613 Cellular protein localization 88 1610 0.35 7.83e-10
GO0:1901576 Organic substance biosynthetic process 124 2734 0.27 2.42e-09
G0:0022613 Ribonucleoprotein complex biogenesis 39 423 0.58 2.59e-09
G0:0009058 Biosynthetic process 125 2788 0.26 3.90e-09
G0:0046907 Intracellular transport 82 1520 0.34 8.13e-09
GO0:0034622 Cellular protein-containing complex assembly 55 816 0.44 1.23e-08
G0:0071705 Nitrogen compound transport 92 1823 0.32 1.23e-08
G0:0006886 Intracellular protein transport 62 999 0.4 1.56e-08
G0:0006403 RNA localization 26 210 0.7 2.39e-08
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G0:0071826 Ribonucleoprotein complex subunit organization 25 193 0.72 2.39e-08
GO0:1903311 Regulation of mRNA metabolic process 33 338 0.6 2.39e-08
G0:0051179 Localization 203 5591 0.17 2.67e-08
GO0:0009059 Macromolecule biosynthetic process 84 1643 0.32 4.94e-08
G0:0044249 Cellular biosynthetic process 115 2611 0.26 8.00e-08
G0:0051169 Nuclear transport 28 266 0.63 1.26e-07
G0:0016032 Viral process 51 776 0.43 1.27e-07
GO0:0034645 Cellular macromolecule biosynthetic process 81 1592 0.32 1.29e-07
GO0:0034248 Regulation of cellular amide metabolic process 37 456 0.52 1.84e-07
GO0:0022618 Ribonucleoprotein complex assembly 23 186 0.7 2.57e-07
GO0:0006417 Regulation of translation 34 398 0.54 2.61e-07
GO0:1901575 Organic substance catabolic process 85 1750 0.3 3.58e-07
GO0:0006913 Nucleocytoplasmic transport 27 263 0.62 3.75e-07
G0:0051234 Establishment of localization 167 4479 0.18 5.19e-07
GO0:0043299 Leukocyte degranulation 38 506 0.49 7.24e-07
GO0:0043312 Neutrophil degranulation 37 484 0.5 7.41e-07
G0:0006259 DNA metabolic process 48 750 0.42 8.04e-07
GO0:0002274 Myeloid leukocyte activation 41 585 0.46 1.04e-06
G0:0002444 Myeloid leukocyte mediated immunity 38 516 0.48 1.10e-06
G0:0006810 Transport 162 4353 0.18 1.10e-06
G0:0044403 Symbiotic process 52 865 0.39 1.19e-06
G0:0050658 RNA transport 22 189 0.68 1.30e-06
G0:0002275 Myeloid cell activation involved in immune response 38 522 0.47 1.34e-06
GO0:0018130 Heterocycle biosynthetic process 59 1061 0.36 1.48e-06
G0:0048522 Positive regulation of cellular process 195 5579 0.16 1.48e-06
G0:0000278 Mitotic cell cycle 45 695 0.42 1.49e-06
G0:0009056 Catabolic process 92 2042 0.27 1.80e-06
G0:0007010 Cytoskeleton organization 61 1126 0.35 1.88e-06
G0:0009057 Macromolecule catabolic process 58 1058 0.35 2.98e-06
G0:0002443 Leukocyte mediated immunity 42 641 0.43 3.33e-06
G0:0006281 DNA repair 37 522 0.46 3.61e-06
G0:0006412 Translation 30 366 0.53 4.12e-06
GO0:0045055 Regulated exocytosis 44 697 0.41 4.12e-06
GO0:1901362 Organic cyclic compound biosynthetic process 63 1211 0.33 4.15e-06
GO0:0002263 Cell activation involved in immune response 41 630 0.43 5.56e-06
GO0:0033554 Cellular response to stress 80 1725 0.28 5.57e-06
G0:0071702 Organic substance transport 94 2173 0.25 7.11e-06
GO0:0051128 Regulation of cellular component organization 101 2402 0.24 7.66e-06
GO0:0016192 Vesicle-mediated transport 82 1805 0.27 8.34e-06
GO0:0019438 Aromatic compound biosynthetic process 57 1070 0.34 8.97e-06
GO0:1901564 Organonitrogen compound metabolic process 182 5244 0.15 9.87e-06
GO0:0034654 Nucleobase-containing compound biosynthetic process 54 995 0.35 1.13e-05
G0:0044248 Cellular catabolic process 80 1758 0.27 1.13e-05
G0:0002252 Immune effector process 53 969 0.35 1.16e-05
G0:0002366 Leukocyte activation involved in immune response 40 626 0.42 1.16e-05
GO0:0006518 Peptide metabolic process 35 503 0.45 1.16e-05
G0:0051028 mRNA transport 18 148 0.7 1.21e-05
GO0:0009894 Regulation of catabolic process 55 1038 0.34 1.68e-05
GO0:0031123 RNA 3-end processing 17 135 0.71 1.69e-05
GO0:0031329 Regulation of cellular catabolic process 49 875 0.36 1.79e-05
GO0:0043487 Regulation of RNA stability 20 192 0.63 2.28e-05
GO0:0048518 Positive regulation of biological process 203 6112 0.13 2.58e-05
GO0:0072594 Establishment of protein localization to organelle 31 433 0.47 3.28e-05
G0:0006887 Exocytosis 45 789 0.37 3.50e-05
G0:0048024 Regulation of mRNA splicing, via spliceosome 15 110 0.75 3.50e-05
GO0:0051130 Positive regulation of cellular component organization 60 1209 0.31 3.50e-05
GO0:0051168 Nuclear export 18 162 0.66 3.72e-05
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G0:0033365 Protein localization to organelle 43 743 0.37 4.41e-05
GO0:1903047 Mitotic cell cycle process 38 616 0.4 4.95e-05
GO0:0006611 Protein export from nucleus 17 150 0.67 5.97e-05
GO0:0043484 Regulation of RNA splicing 17 152 0.66 7.01e-05
G0:0032940 Secretion by cell 51 979 0.33 7.08e-05
GO0:0006974 Cellular response to DNA damage stimulus 44 793 0.36 9.00e-05
G0:0006457 Protein folding 20 213 0.58 9.15e-05
GO0:0065007 Biological regulation 348 12171 0.07 9.15e-05
G0:0007049 Cell cycle 62 1313 0.29 9.82e-05
GO0:0043604 Amide biosynthetic process 33 512 0.42 0.00011
GO0:0050794 Regulation of cellular process 319 10932 0.08 0.00011
GO0:0019222 Regulation of metabolic process 221 6948 0.11 0.00012
G0:0140352 Export from cell 52 1028 0.32 0.00012
G0:0034660 ncRNA metabolic process 31 467 0.43 0.00013
G0:0044270 Cellular nitrogen compound catabolic process 29 422 0.45 0.00015
G0:0043488 Regulation of mRNA stability 18 183 0.6 0.00016
G0:0001775 Cell activation 53 1075 0.3 0.00019
GO0:0061013 Regulation of mRNA catabolic process 19 205 0.58 0.00019
G0:0006405 RNA export from nucleus 15 131 0.67 0.00021
G0:0050684 Regulation of mRNA processing 16 149 0.64 0.00021
G0:0050789 Regulation of biological process 330 11475 0.07 0.00022
GO0:0065008 Regulation of biological quality 142 4042 0.16 0.00024
GO0:1905214 Regulation of RNA binding 6 12 1.31 0.00024
GO0:0060255 Regulation of macromolecule metabolic process 205 6407 0.12 0.00028
GO0:0051170 Import into nucleus 14 118 0.69 0.00031
GO0:0045321 Leukocyte activation 47 929 0.32 0.00036
GO0:0034655 Nucleobase-containing compound catabolic process 26 373 0.46 0.00037
G0:0000381 Regulation of alternative mRNA splicing, via spliceo- 11 73 0.79 0.00044
G0:0044087 Regulation of cellular component biogenesis 48 971 0.31 0.00050
G0:0043603 Cellular amide metabolic process 41 773 0.34 0.00052
GO0:0031323 Regulation of cellular metabolic process 199 6239 0.12 0.00054
GO0:0071426 Ribonucleoprotein complex export from nucleus 14 125 0.66 0.00054
G0:0046903 Secretion 52 1097 0.29 0.00060
G0:0030029 Actin filament-based process 34 592 0.37 0.00067
GO0:0044267 Cellular protein metabolic process 130 3696 0.16 0.00067
G0:0080090 Regulation of primary metabolic process 193 6032 0.12 0.00067
GO0:1902850 Microtubule cytoskeleton organization involved in mito- 13 112 0.68 0.00078
GO0:0032392 DNA geometric change 13 114 0.67 0.00092
GO0:0055114 Oxidation-reduction process 46 939 0.3 0.00092
GO0:1901361 Organic cyclic compound catabolic process 29 472 0.4 0.00094
G0:0046700 Heterocycle catabolic process 27 422 0.42 0.00095
GO0:0031503 Protein-containing complex localization 20 257 0.5 0.00098
GO0:0010638 Positive regulation of organelle organization 35 633 0.35 0.0010
GO0:0031325 Positive regulation of cellular metabolic process 121 3413 0.16 0.0010
GO0:0033043 Regulation of organelle organization 58 1306 0.26 0.0010
G0:0010604 Positive regulation of macromolecule metabolic process 126 3600 0.16 0.0011
G0:0051276 Chromosome organization 50 1066 0.28 0.0011
G0:0009893 Positive regulation of metabolic process 134 3893 0.15 0.0012
GO0:1901566 Organonitrogen compound biosynthetic process 59 1346 0.25 0.0012
GO0:0034470 ncRNA processing 25 381 0.43 0.0013
GO0:0051171 Regulation of nitrogen compound metabolic process 186 5836 0.12 0.0013
G0:0044419 Interspecies interaction between organisms 76 1899 0.21 0.0014
G0:0006950 Response to stress 122 3485 0.16 0.0016
G0:0019439 Aromatic compound catabolic process 27 437 0.4 0.0016
G0:0030036 Actin cytoskeleton organization 30 516 0.38 0.0016
G0:0006401 RNA catabolic process 19 247 0.5 0.0017
GO0:0042254 Ribosome biogenesis 21 292 0.47 0.0017
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G0:0019752 Carboxylic acid metabolic process 42 853 0.3 0.0018
GO0:0051246 Regulation of protein metabolic process 103 2828 0.17 0.0018
GO0:0017038 Protein import 14 144 0.6 0.0019
GO0:0032268 Regulation of cellular protein metabolic process 99 2693 0.18 0.0019
G0:0043436 Oxoacid metabolic process 45 944 0.29 0.0019
GO0:0044265 Cellular macromolecule catabolic process 44 917 0.29 0.0020
GO0:0006406 mRNA export from nucleus 12 109 0.65 0.0023
G0:0019538 Protein metabolic process 142 4251 0.14 0.0025
GO0:0071103 DNA conformation change 22 328 0.44 0.0027
GO0:0097435 Supramolecular fiber organization 28 480 0.38 0.0027
G0:0006402 mRNA catabolic process 17 214 0.51 0.0029
G0:0000956 Nuclear-transcribed mRNA catabolic process 16 194 0.53 0.0032
GO0:0000244 Spliceosomal tri-snRNP complex assembly 5 13 1.2 0.0034
G0:0009889 Regulation of biosynthetic process 140 4210 0.13 0.0035
G0:0006606 Protein import into nucleus 11 97 0.67 0.0037
GO0:0051173 Positive regulation of nitrogen compound metabolic 113 3239 0.15 0.0037
G0:0010468 Regulation of gene expression 156 4813 0.12 0.0038
G0:0022402 Cell cycle process 45 976 0.28 0.0038
GO0:0051301 Cell division 28 493 0.37 0.0040
G0:0007052 Mitotic spindle organization 10 81 0.7 0.0041
G0:0010557 Positive regulation of macromolecule biosynthetic pro- 74 1906 0.2 0.0042
GO0:0048519 Negative regulation of biological process 171 5389 0.11 0.0042
G0:2000736 Regulation of stem cell differentiation 12 119 0.62 0.0047
GO0:0031124 mMRNA 3-end processing 10 83 0.69 0.0048
G0:0034250 Positive regulation of cellular amide metabolic process 14 162 0.55 0.0056
G0:0045935 Positive regulation of nucleobase-containing compound 74 1927 0.2 0.0058
G0:0050896 Response to stimulus 238 8046 0.08 0.0061
G0:0000387 Spliceosomal snRNP assembly 7 39 0.87 0.0063
G0:0010556 Regulation of macromolecule biosynthetic process 132 3976 0.13 0.0063
GO0:1901565 Organonitrogen compound catabolic process 47 1070 0.25 0.0073
GO0:0071214 Cellular response to abiotic stimulus 20 313 0.42 0.0099
G0:0072583 Clathrin-dependent endocytosis 6 29 0.93 0.0099

Table 7: List of all enriched GO terms (STRING analysis) “cellular components” Hep3B CGI-58
KD vs control using only proteins with a p-value of < 0.05 (two-sided t-test without FDR correc-

tion, So = 0.1) for analysis. FDR cut-off value 0.1.

#TERM ID TERM DESCRIPTION
GO CELLULAR COMPONENT OBSERVED BACKGROUND STRENGTH FALSE DISCOVERY
HEP3B CGI-58 KD-C GENE COUNT GENE COUNT RATE

G0:0005622 | Intracellular 466 14276 0.13 6.67e-44
GO0:0070013 | Intracellular organelle lumen 289 5857 0.31 2.98e-39
G0:0043226 | Organelle 449 13515 0.13 5.91e-38
G0:0043227 | Membrane-bounded organelle 431 12427 0.15 1.85e-37
GO0:0043229 | Intracellular organelle 429 12528 0.15 6.01e-35
G0:0005737 Cytoplasm 403 11428 0.16 2.28e-31
G0:0043231 | Intracellular membrane-bounded organelle 385 10761 0.17 6.73e-29
G0:0005829 Cytosol 247 5193 0.29 2.07e-28
GO0:0032991 | Protein-containing complex 237 5073 0.28 1.58e-25
G0:0005654 | Nucleoplasm 199 3973 0.31 1.97e-23
G0:0031981 | Nuclear lumen 219 4733 0.28 3.54e-22
G0:0005634 | Nucleus 291 7390 0.21 6.35e-22
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GO0:0070062 | Extracellular exosome 127 2099 0.39 1.79e-19
G0:0043232 | Intracellular non-membrane-bounded organelle 213 4880 0.25 2.95e-18
G0:1990904 | Ribonucleoprotein complex 63 677 0.58 1.03e-16
G0:0110165 | Cellular anatomical entity 474 17788 0.04 5.08e-13
G0:0031982 | Vesicle 163 3879 0.24 3.19%-11
G0:0005681 | Spliceosomal complex 26 192 0.74 1.18e-09
G0:0005615 | Extracellular space 137 3195 0.24 1.45e-09
GO0:0005684 | U2-type spliceosomal complex 19 94 0.92 1.51e-09
G0:0031983 | Vesicle lumen 32 330 0.6 1.39e-08
G0:0005730 | Nucleolus 56 924 0.39 7.94e-08
G0:1904813 | ficolin-1-rich granule lumen 19 125 0.79 9.80e-08
G0:0034774 | Secretory granule lumen 30 324 0.58 1.22e-07
G0:0005856 | Cytoskeleton 100 2221 0.27 1.26e-07
GO0:0030055 | Cell-substrate junction 33 413 0.51 5.20e-07
G0:0016604 | Nuclear body 48 789 0.4 9.44e-07
GO0:0005925 | Focal adhesion 32 405 0.51 1.05e-06
G0:0070161 | Anchoring junction 49 820 0.39 1.07e-06
G0:1902494 | Catalytic complex 67 1328 0.31 1.42e-06
G0:0005844 | Polysome 13 68 0.89 2.63e-06
G0:0031252 | Cell leading edge 32 425 0.49 2.68e-06
GO0:0005576 | Extracellular region 152 4166 0.17 3.67e-06
G0:0099080 | Supramolecular complex 63 1261 0.31 4.87e-06
GO0:0071013 | Catalytic step 2 spliceosome 14 87 0.82 4.97e-06
G0:0005759 | Mitochondrial matrix 32 479 0.44 2.98e-05
G0:0001726 | Ruffle 18 179 0.61 4.82e-05
GO0:0071005 | U2-type precatalytic spliceosome 10 50 0.91 5.30e-05
G0:0016607 | Nuclear speck 28 399 0.46 5.68e-05
GO0:0015629 | Actin cytoskeleton 31 477 0.42 6.84e-05
G0:0099512 | Supramolecular fiber 48 939 0.32 8.23e-05
G0:0005635 | Nuclear envelope 30 472 0.42 0.00014
G0:0030141 | Secretory granule 43 845 0.32 0.00030
G0:0099513 | Polymeric cytoskeletal fiber 38 705 0.34 0.00030
G0:0005694 | Chromosome 71 1712 0.23 0.00038
G0:0005739 | Mitochondrion 67 1611 0.23 0.00062
G0:0030054 | Cell junction 81 2075 0.2 0.00069
GO0:0120114 | Sm-like protein family complex 10 73 0.75 0.00083
G0:0015030 | Cajal body 9 59 0.8 0.00096
G0:0005788 | Endoplasmic reticulum lumen 21 308 0.45 0.0013
G0:0030863 | Cortical cytoskeleton 11 96 0.67 0.0014
G0:0034399 | Nuclear periphery 13 133 0.6 0.0014
G0:0015630 | Microtubule cytoskeleton 53 1219 0.25 0.0015
G0:0099503 | Secretory vesicle 46 1010 0.27 0.0017
G0:0012505 | Endomembrane system 148 4542 0.13 0.0020
GO0:0048471 | Perinuclear region of cytoplasm 36 727 0.31 0.0022
GO0:0005905 | Clathrin-coated pit 9 69 0.73 0.0025
G0:0016363 | Nuclear matrix 11 108 0.62 0.0033
GO0:0097525 | Spliceosomal snRNP complex 8 56 0.77 0.0034
G0:0010494 | Cytoplasmic stress granule 9 73 0.7 0.0036
G0:0005938 | Cell cortex 19 292 0.43 0.0045
GO0:0098687 | Chromosomal region 20 318 0.41 0.0046
G0:0016020 | Membrane 261 9072 0.07 0.0052
GO0:0000502 | Proteasome complex 8 62 0.72 0.0059
GO0:0005777 | Peroxisome 12 138 0.55 0.0059
G0:0070381 Endosome to plasma membrane transport vesi- 3 3 1.61 0.0059
G0:0000793 | Condensed chromosome 15 216 0.45 0.0098
GO0:0030864 | Cortical actin cytoskeleton 8 68 0.68 0.0098
G0:0031410 | Cytoplasmic vesicle 84 2386 0.16 0.0099
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Table 8: List of all enriched GO terms (STRING analysis) “KEGG pathways“ Hep3B CGI-58 KD vs
control using only proteins with a p-value of < 0.05 (two-sided t-test without FDR correction,

SO = 0.1) for analysis. FDR cut-off value 0.1.

TERM DESCRIPTION

4TERM ID KEGG PATHWAYS OBSERVED BACKGROUND STRENGTH FALSE DISCOVERY
HEP3B CGI-58 KD-C GENE COUNT GENE COUNT RATE

HSA0304 | Spliceosome 24 132 0.87 1.28e-10
HSA0301 | RNA transport 18 160 0.66 4.69e-05
HSA0414 | Protein processing in endoplasmic reticulum 18 165 0.65 4.73e-05
HSA0028 | Valine, leucine and isoleucine degradation 9 46 0.9 0.00047
HSA0002 | Citrate cycle (TCA cycle) 6 29 0.93 0.0102
HSA0007 | Fatty acid degradation 7 42 0.83 0.0102
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