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Summary

1. Summary

The liver is the largest detoxifying organ in the human body and has a remarkable
ability to regenerate. When two-thirds of the liver is surgically dissected, a process called
partial hepatectomy (PHXx), the liver mass restores within 5-7 days in mice and within 14
days in humans. The process of liver regeneration is initiated by increased blood flow in the
remaining one third of the liver. This causes vasodilation of hepatic blood vessels, which
results in mechanical stretching of hepatic endothelial cells (hepatic ECs) that line the inside
of the blood vessels and triggers the secretion of angiocrine signals. The latter promote the

proliferation and survival of hepatocytes to restore the original liver mass.

In this study, we described the role of myeloid-derived growth factor (MYDGF) as an
angiocrine signal for hepatocyte proliferation and thus liver regeneration. Previous
experiments in our laboratory have shown that MYDGF is secreted by mechanically
stretched primary human hepatic ECs and has a proliferation- and survival-promoting effect
on primary human hepatocytes. Here we demonstrated that our stretching conditions, which
have been shown to trigger the release of MYDGF, do not lead to increased cell death of
mechanically stretched primary human hepatic ECs. Subsequently, we verified our previous
results that MYDGF induces proliferation and prevents apoptosis of 2D cultured primary
human hepatocytes. We also showed that daily MYDGF treatment triggers the growth and
proliferation of primary human hepatocyte organoids. In addition, we reported that
phosphorylation of mitogen-activated protein kinase (MAPK) and signal transducer and
activator of transcription 3 (STAT3) is involved in MYDGF-induced hepatocyte proliferation.
Next, we analyzed the expression kinetics of MYDGF in humans and mice and revealed
that MYDGEF levels are elevated at an earlier timepoint after liver surgery compared to the
known angiocrine signal: hepatocyte growth factor (HGF). Finally, we investigated the effect
of MYDGF on liver regeneration after two-thirds PHx. Our results showed that
overexpression of MYDGEF in the liver significantly increased hepatocyte proliferation and
improved liver regeneration after two-thirds PHx in mice, and a knockout (KO) of MYDGF

significantly abolished hepatocyte proliferation after two-thirds PHx.

In conclusion, our results showed that MYDGF is an angiocrine signal that enhances the
proliferation and survival of primary human hepatocytes in vitro. In vivo, MYDGF increases
in the first hours after liver surgery and represents a promoting factor for liver regeneration.
Thus, our results provide a basis for further investigation of MYDGF as a potential

therapeutic drug to stimulate liver regeneration after liver surgery.
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2. Zusammenfassung

Die Leber ist das groRte Entgiftungsorgan des menschlichen Kérpers und besitzt
eine bemerkenswerte Regenerationsfahigkeit. Wenn zwei Drittel der Leber chirurgisch
entfernt werden, was als partielle Hepatektomie (PHx) bezeichnet wird, stellt sich die
Lebermasse bei Mausen innerhalb von 5-7 Tagen und beim Menschen innerhalb von 14
Tagen wieder her. Der Prozess der Leberregeneration wird durch einen erhéhten Blutfluss
im verbleibenden Drittel der Leber eingeleitet. Dieses fuhrt zu einer Vasodilatation in den
Leberblutgefalen, was eine mechanische Streckung der Leberendothelzellen (hepatischen
ECs) zur Folge hat, die das Innere der Blutgefalie auskleiden, und die Ausschuttung von
angiokrinen Signalen auslost. Letztere férdern die Proliferation und das Uberleben von

Hepatozyten, um die urspringliche Lebermasse wiederherzustellen.

In dieser Studie haben wir die Rolle des myeloid-derived growth factor (MYDGF) als
angiokrines Signal fur die Proliferation von Hepatozyten und damit fir die
Leberregeneration beschrieben. Frihere Experimente in unserem Labor haben gezeigt,
dass MYDGF von mechanisch gedehnten primaren menschlichen hepatischen ECs
sezerniert wird und eine proliferations- und Uberlebensférdernde Wirkung auf primare
menschliche  Hepatozyten hat. Hier konnten wir zeigen, dass unsere
Dehnungsbedingungen, die nachweislich die Freisetzung von MYDGF auslésen, nicht zu
einem erhdhten Zelltod von mechanisch gedehnten primaren humanen hepatischen ECs
fuhren. AnschlieRend bestatigten wir unsere friheren Ergebnisse, dass MYDGF die
Proliferation induziert und die Apoptose von in 2D kultivierten primaren humanen
Hepatozyten verhindert. Wir zeigten auch, dass eine tagliche MYDGF-Behandlung das
Wachstum und die Proliferation primarer menschlicher Hepatozyten-Organoide auslost.
Dartber hinaus berichteten wir, dass die Phosphorylierung der mitogen-aktivierten
Proteinkinase (MAPK) und des Signal Transducers und Aktivators der Transkription 3
(STAT3) an der MYDGF-induzierten Hepatozytenproliferation beteiligt ist. Als Nachstes
analysierten wir die Expressionskinetik von MYDGF bei Menschen und Mausen und stellten
fest, dass MYDGF im Vergleich zu dem bekannten angiokrinen Signal, dem hepatocyte
growth factor (HGF), zu einem friheren Zeitpunkt nach einer Leberoperation erhoht ist.
SchlieRlich untersuchten wir die Wirkung von MYDGF auf die Leberregeneration nach einer
Zweidrittel-PHx. Unsere Ergebnisse zeigten, dass die Uberexpression von MYDGF in der
Leber die Hepatozytenproliferation signifikant erhdhte und die Leberregeneration nach
einer Zweidrittel-PHx bei Mausen verbesserte, wahrend ein Knockout (KO) von MYDGF die

Hepatozytenproliferation nach einer Zweidrittel-PHx signifikant aufhob.

Zusammenfassend zeigten unsere Ergebnisse, dass MYDGF ein angiokrines Signal ist,

das in vitro die Proliferation und das Uberleben menschlicher Hepatozyten fordert. In vivo

2



Zusammenfassung

steigt MYDGF in den ersten Stunden nach der Leberoperation an und ist ein fordernder
Faktor fir die Leberregeneration. Unsere Ergebnisse bilden somit eine Grundlage fir die
weitere Untersuchung von MYDGEF als potenzielles therapeutisches Mittel zur Stimulierung

der Leberregeneration nach einer Leberoperation.
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3. Introduction
3.1 Liver

3.1.1 Anatomy

The liver is a brownish organ with smooth external surface, which is conserved in all
vertebrates (Sibulesky, 2013, Trefts et al., 2017). The organ makes up nearly 2% of the
human adult body weight and is located in the right upper quadrate of the abdomen
(Sibulesky, 2013, Abdel-Misih and Bloomston, 2010). Ligamentous attachments ensure the
position of the liver in the upper abdomen next to the diaphragm, while the falciform ligament
morphologically separates the human liver in a left and right lobe (Abdel-Misih and
Bloomston, 2010). In general, the human liver can be divided into four different liver lobes,
consisting of right, left, quadrate, caudate lobe (Figure 1a) (Kruepunga et al., 2019). These
lobes can be further separated into eight segments according to Couinaud's classification
(Couinaud, 1954). This classification is widely used in liver surgery and subdivides the liver
lobes based on their vascular and biliary relationships (Couinaud, 1954, Mahadevan, 2020).
In mice the liver is located in the entire subdiaphragmatic region of the body and is divided
into four lobes: left, right, median, and caudate liver lobe (Figure 1b) (Rogers and Dintzis,
2018, Kruepunga et al., 2019). Compared to the human liver, the mouse liver has a larger
left liver lobe, whereas in humans it is the right liver lobe (Rogers and Dintzis, 2018). Due
to its many structural similarities to the human liver (e.g., cell types of the liver, hepatic
lobules), the mouse serves as a model organism for studying the function and regenerative
capacity of the liver (Rogers and Dintzis, 2018).
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alciform ligament
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Median lobe Gallbladder
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Figure 1: Location and anatomy of the human and mouse liver.
(a) Location of the liver in the human body, with a magnified view of the right and left liver lobe

separated by the falciform ligament, as well as location of the gallbladder. The quadrate and caudate
lobes are not visible due to their dorsal position. (b) Location of the liver in the mouse body and
magnified view of the four liver lobes: median, left, caudate and right lobe; as well as location of the
gallbladder. Figure was created with BioRender.com by Paula Follert according to (Rogers and
Dintzis, 2018, Mitchell and Willenbring, 2008).

In addition to its morphological anatomy, the liver also has a functional unit made up of the
hepatic lobules, whose architecture is similar in humans and mice (Ishibashi et al., 2009,
Si-Tayeb et al., 2010, Rogers and Dintzis, 2018). Hepatic lobules have a hexagonal
structure with a hepatic venule in the center and are surrounded by six portal triads (Si-
Tayeb et al., 2010, Ishibashi et al., 2009). Portal triads are composed of bile ducts,
lymphatics, branches of the hepatic artery and branches of the portal vein (Figure 2)
(Ishibashi et al., 2009, Vekemans and Braet, 2005). Portal triads and the hepatic venule are
connected by small blood vessels, called liver sinusoids (Vollmar and Menger, 2009, Si-
Tayeb et al., 2010). As the structure of the hepatic lobules indicates, the liver is
characterized by a dual blood supply (Abdel-Misih and Bloomston, 2010). 25-30% of the
liver blood supply is provided by the hepatic artery, which delivers oxygen-rich blood from
the heart (Abdel-Misih and Bloomston, 2010). The remaining 70-75% of the blood supply
occurs via the portal vein, which carries deoxygenated but nutrient-rich blood from the
gastrointestinal tract (Abdel-Misih and Bloomston, 2010, Alamri, 2018, Haussinger, 2014,
Eipel et al., 2010). Both blood vessels branch into the sinusoids, where deoxygenated and

oxygenated blood mixes and leaves through the hepatic venule (Trefts et al., 2017). Due to
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its dual blood supply, the liver has different blood pressure levels in the vessels (Eipel et al.,
2010). Blood enters the liver through the hepatic artery at a pressure of 90 mmHg (same
pressure rate as in the aorta) and through the portal vein at a pressure of 5-10 mmHg (Eipel
et al., 2010, Rocha, 2012, Corsini et al., 2022). In the sinusoids, blood mixes at a pressure
of 2-4 mmHg and leaves the liver via the inferior vena cava (Eipel et al., 2010, Rocha, 2012,
Grosse-Segerath and Lammert, 2021).

Due to its location in the body and its dual blood supply, the liver plays a central role in
metabolic homeostasis and detoxification of the body.

Portal triad

.. - o® _‘__ s Y ..
NV 7NN
.o_::: ,».. 1 § q""".
9y .«,,__.—v—* _— ; ®
‘;%\\’ 128/ INR A
o e . o [ L@ : ..
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o “coo—gR—<9e

Figure 2: Structure of a hepatic lobule.

lllustration of hepatic lobules with a magnified view of a single lobule. Hepatic lobules have a
hexagonal structure with a portal triad at each corner and a hepatic venule (HV) in the center,
connected by sinusoids. Portal triad consists of bile ducts (BD), lymphatics (not shown), branches of
the portal vein (PV) and branches of the hepatic artery (HA). Figure was created with BioRender.com
by Paula Follert according to (Ishibashi et al., 2009).
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3.1.2 Metabolic relevance

The liver is an important organ for maintaining plasma protein synthesis, nutrient
metabolism, urea synthesis, bile formation, detoxification, and is part of the innate immune
system (Haussinger, 2014, Ishibashi et al., 2009). One of the metabolic functions of the liver
is to synthesize 85-90% of the circulating protein volume, including albumin,
apolipoproteins, and acute phase proteins (Ishibashi et al., 2009, Si-Tayeb et al., 2010,
Haussinger, 2014, Trefts et al., 2017).

Furthermore, the location of the liver and its direct connection to the gastrointestinal tract
via the portal vein enables primary contact with nutrients and toxins absorbed in the
intestine (Michalopoulos, 2007, Haussinger, 2014). Following food intake, glucose is
absorbed in the intestine and transported to the liver via the portal vein (Abdel-Misih and
Bloomston, 2010, Trefts et al., 2017). In the liver, glucose is either converted to energy
through glycolysis or to glycogen via glycogenesis (Trefts et al., 2017, Alamri, 2018). Both
processes are stimulated by increased insulin levels. Additionally, fatty acids from food can
be used to generate energy through B-oxidation or stored as triglycerides in the liver (Trefts
et al., 2017). During a fasting state, glycogenolysis occurs. Glycogen is broken down into
glucose, which is then used in glycolysis to provide energy for the body's tissues, such as
skeletal muscle or the brain (Alamri, 2018, Haussinger, 2014). If the liver's glycogen storage
is exhausted, amino acids, lactate, and fatty acids can be converted to glucose (Trefts et
al., 2017). Both glycogenolysis and gluconeogenesis are stimulated by an increase in
glucagon and decreased insulin levels (Haussinger, 2014, Alamri, 2018). During a longer
fasting period, the liver can produce ketones from fatty acids and proteins to provide energy
to vital organs, such as the brain (Trefts et al., 2017, Alamri, 2018). Since the degradation
of free amino acids produces ammonia, which is toxic to the human body, the liver converts
ammonia to urea through the urea cycle, which is excreted in the urine through the kidneys
(Trefts et al., 2017, Alamri, 2018).

The liver also has an exocrine function, which includes the production and secretion of bile
(Si-Tayeb et al., 2010, Abu Rmilah et al., 2019). Bile contains liver substances that aid in
the absorption and digestion of fats and fat-soluble vitamins, such as vitamins A, D, E, and
K, in the intestine (Abu Rmilah et al., 2019). As the largest detoxifying organ, the liver also
helps to remove toxic waste products from internal and external sources, such as
metabolites of nutrients, medications, or alcohol (Abu Rmilah et al., 2019, Alamri, 2018). To

maintain all these various functions of the liver, different cell types are necessary.
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3.2 Cell types of the liver

Liver tissue is composed of parenchymal and non-parenchymal cell types. 78% of
the liver tissue is made up of parenchymal cells and 6% of non-parenchymal cells. The
remaining tissue volume (~16%) is filled by extracellular space, called space of Disse
(Figure 3) (Ishibashi et al., 2009).

— PV
HV I —— o
\ HA Space of Disse 4 . S
2
0 000000000000
| |
Hepatocyte Bile canaliculus

Figure 3: Structure of the hepatic lobule and therewith associated different cell types of the
liver.
Overview of the hexagonal structure of the hepatic lobule with a magnified view of a lobule segment.

The lobule segment includes the portal triad, containing bile ducts (BD), branches of the portal vein
(PV), lymphatics (not shown), and branches of the hepatic artery (HA). Sinusoids, located between
hepatocytes, pass blood from the portal triad to the hepatic venule (HV). Arrows show bile (green)
and blood flow (blue: deoxygenated blood; red: oxygenated blood). Enlarged view of a sinusoidal
section, showing the different cell types of the liver. Liver sinusoidal endothelial cell (LSEC), Kupffer
cell (KC), Hepatic stellate cell (HSC). Figure was created with BioRender.com by Paula Follert
according to (Haussinger, 2014, Lorenz et al., 2018).
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3.2.1 Parenchymal cells

The liver parenchyma is composed of hepatocytes, the main cell type of the liver
(Ishibashi et al., 2009, Si-Tayeb et al., 2010). Hepatocytes are polar cells whose basolateral
surface faces the hepatic endothelial cells, while the apical surface between two
hepatocytes is connected by gap and tight junctions (Si-Tayeb et al., 2010, Kojima et al.,
2003, Haussinger, 2014). Gap junctions between hepatocytes control intercellular
communication, while tight junctions form bile ducts (bile canaliculus) and built the barrier
between the bile and the circulating blood (Kojima et al., 2003, Si-Tayeb et al., 2010). Bile
produced by the hepatocytes is secreted into the bile ducts and transported in the opposite
direction of the blood flow to the gallbladder, where it is stored (Ishibashi et al., 2009).
However, a gallbladder is not present in all vertebrates (e.g., in rats) (Kruepunga et al.,
2019, Michalopoulos and Bhushan, 2021).

Besides their production of bile, hepatocytes are also important for the production of
albumin, clotting factors, and serum proteins, as well as for the detoxification of the body
(Stanger, 2015). However, depending on their location along the sinusoids and the
associated oxygen and nutrient concentrations, hepatocytes have different metabolic
functions and can therefore be divided into three different metabolic zones (metabolic
zonation) (Martini et al., 2023). The latter is mediated by Wnt-B-catenin signaling, whereby
the signaling activity is promoted by the availability of R-Spondin and Wnt (RSPO) (Burke
etal., 2009, Leibing et al., 2018, Hu et al., 2022a, Martini et al., 2023). While RSPO-LGR4/5-
ZNRF3/RNF43 module regulates Wnt-B-catenin activity and spatial metabolic zonation
(Planas-Paz et al., 2016), EC-specific deletion of Whnts, such as Wnt2 and Wnt9b, results
in impaired liver zonation (Hu et al., 2022a). In addition, metabolic function and the
localization of distinct liver cell types is based on their different gene expression patterns
(Halpern et al., 2017, Ben-Moshe et al., 2019, Hildebrandt et al., 2021, Inverso et al., 2021,
Hu et al., 2022a, Martini et al., 2023, Gomez-Salinero et al., 2022). Thus, hepatocytes
located in zone one, are closer to the portal triad and are mainly involved in
gluconeogenesis, urea production and 3-oxidation of fatty acids and mainly express genes
such as phosphoenolpyruvate carboxykinase 1 (Pck) and arginase 1 (Arg1) (Trefts et al.,
2017, Stanger, 2015, Gilgenkrantz and Collin de I'Hortet, 2018, Martini et al., 2023). Zone
two describes the area between zones one and three and contains hepatocytes between
the portal tract and the hepatic venule. In this zone, hepatocytes have a strong proliferative
capacity rather than metabolic activity and express genes such as hepcidin (Hamp) and
insulin-like growth factor-binding protein 2 (Igfbp2) (Martini et al., 2023). Hepatocytes in
zone three are closer to the hepatic venule and are important for glycolysis, glutamine

synthetase, lipogenesis and detoxification processes and express genes such as
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glutamate-ammonia ligase (Glul) and ornithine aminotransferase (Oat) (Trefts et al., 2017,
Stanger, 2015, Gilgenkrantz and Collin de I'Hortet, 2018, Martini et al., 2023).

In addition to parenchymal cells, the liver also contains non-parenchymal cells that are

essential for other liver functions.

3.2.2 Non-parenchymal cells

Non-parenchymal cells represent 6% of the total liver volume and include hepatic
endothelial cells (3%), Kupffer cells (2%), and hepatic stellate cells (1%) (Ishibashi et al.,
2009).

Liver sinusoidal endothelial cells (LSECs) make up 15-20% of liver cells, but account for
only 3% of the total liver volume (Poisson et al., 2017). The cells, lining the inside of the
hepatic sinusoids, have a unique characteristic, which was first described by Wisse in 1970
(Wisse, 1970). The basal lamina of LSECs has numerous fenestrae, with diameters ranging
from 50-180 nm in humans and 50-280 nm in mice, which can be clustered together to form
so-called sieve plates (Sorensen et al., 2015, Trefts et al., 2017). Therefore, LSECs form a
semi-permeable barrier between the blood and the liver parenchyma, allowing passage of
particles smaller than the fenestrae size, such as soluble molecules or chylomicrons
(30-80 nm), while preventing the passage of larger particles (e.g., red blood cells, 8-9 ym)
(Sorensen et al., 2015, Poisson et al., 2017, Diez-Silva et al., 2010). Next to the passive
transport mechanism, LSECs also have a high endocytic and lysosomal capacity (Koch et
al., 2021). Endocytic and scavenger receptors of LSECs mediate the removal of smaller
particles such as macromolecules and nanoparticles from the blood (Poisson et al., 2017,
DelLeve and Maretti-Mira, 2017, Koch et al., 2021). Thus, LSECs are required for the
exchange of fluids, solutes, and particles between liver parenchyma and sinusoidal blood
(Vekemans and Braet, 2005). In addition, LSECs cooperate with hepatic stellate cells, to
regulate the hepatic vascular tone by secreting vasoconstrictors, such as endothelin-1 (ET-

1) and vasodilators, such as nitric oxide (NO) (Koch et al., 2021).

Hepatic stellate cells (HSCs), also called Ito or fat-storing cells are located in the
presinusoidal space of Disse, which is located at the abluminal surface of LSECs (Ishibashi
et al., 2009, Si-Tayeb et al., 2010). HSCs can exist in both an inactive and an active form.
In the dormant form, the cells store vitamin A and lipid droplets (Ishibashi et al., 2009, Trefts
et al., 2017). When the cells are activated, as a result of liver injury, they start synthesis and
secretion of extracellular matrix (ECM) proteins such as collagen (Vekemans and Braet,
2005, Ishibashi et al., 2009). HSCs are also responsible for the development of cirrhosis,

as excessive secretion of collagen can lead to scarring of the liver tissue (Trefts et al., 2017).
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Kupffer cells (KCs) are attached to the apical surface of endothelial cells, with a preferably
localization in the periportal zone of the liver lobule (Vekemans and Braet, 2005). KCs are
the macrophages of the liver, which phagocytose larger particles from the blood and act as
antigen presenting cells (Vekemans and Braet, 2005, Sato et al., 2016). During liver injury
Kupffer cells get activated and release active substances like cytokines, NO, or chemokines
(Ishibashi et al., 2009).

In summary, the liver tissue is composed of different cell types that enable various metabolic
functions. In addition, these cell types also play a crucial role in maintaining the high

regenerative capacity of the liver.

3.3 Liver regeneration and hemodynamic changes

The liver is an organ with a remarkable regenerative capacity. After surgical removal
of parts of the liver, the remaining liver grows until the original liver-to-body weight ratio is
restored (Michalopoulos and DeFrances, 1997, Taub, 2004, Fausto et al., 2006). In general,
the liver size is adjusted to maintain a liver to body weight ratio of 100% (Michalopoulos and
Bhushan, 2021). For example, liver size increases during pregnancy, and decreases with
weight loss (Bartlett et al., 2021). The rapid re-growth of the liver to its original size is a
particular advantage in liver transplants as well as in the surgical removal of liver tumors. It
is therefore possible to split a donor liver and transplant it into two patients (Pichimayr et
al., 1988, Bismuth et al., 1989, Broering et al., 2004). In addition, the high regenerative
capacity of the liver also allows the removal of primarily irresectable liver tumors. In cases
where the patient's remaining healthy liver volume is considered too small (less than 25%),
an in-situ split liver surgery can be performed, which involves two surgeries (Lang et al.,
2014, Knoefel et al., 2013). In the first surgery (stage 1), the diseased right part of the liver
is separated from the healthy left part by a right portal vein ligation (Knoefel et al., 2013,
Lang et al., 2014). This results in hypertrophy of the left liver lobe, which then increases in
volume within nine days. During the subsequent second surgery (stage 2), the diseased
right lobe of the liver can be dissected since the remaining left liver lobe is now sufficient to

maintain liver function (Knoefel et al., 2013, Lang et al., 2014).

To study the process of liver regeneration in more detail, the most widely used method is
the two-thirds partial hepatectomy (PHx). This method was first described in 1931 by
Higgins and Anderson (Higgins, 1931). They demonstrated that if two-thirds of a rodent liver
is surgically dissected, the remaining liver lobes restore the original liver mass within one
week (Michalopoulos, 2007). To restore the liver mass, mature hepatocytes undergo

hypertrophy (1.5-fold increase in cell size) and hyperplasia (1.6-fold increase in cell number)
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after exactly two-thirds PHx (2.4-fold increase in total) (Abu Rmilah et al., 2019, Miyaoka
and Miyajima, 2013). If less than two-thirds of the liver is surgically dissected, hypertrophy
is sufficient to restore the dissected liver mass (Miyaoka and Miyajima, 2013). More than
two-thirds of the liver can hardly be surgically dissected, as then the remaining part of the
liver is too small to maintain liver function and restore liver volume (Demetriou et al., 1988).
In addition to the mechanical model, a chemically induced liver regeneration model exists.
In this model, liver tissue is injured by treatment with hepatoxic chemicals such as carbon
tetrachloride (CCI4), which stimulates inflammation response followed by liver regeneration
(Michalopoulos, 2007). In contrast to mechanically induced regeneration, which leaves the
remaining tissue intact, chemically induced regeneration injures the entire liver (Ding et al.,
2010, Huang et al., 2021).

In general, liver regeneration after PHx is associated with massive hemodynamic changes
(Michalopoulos, 2007). In a healthy human liver 1.25 liters per minute of blood flow through
the liver, while after PHx the same amount of blood flows through the remaining smaller
part of the liver (Grosse-Segerath and Lammert, 2021). This causes an increased blood
flow through the portal vein, so that the pressure in the portal vein exceeds the pressure in
the hepatic artery. As a results the hepatic artery contracts, a phenomenon known as the
“hepatic arterial buffer response” (Lautt and Greenway, 1987, Eipel et al., 2010). In addition,
increased portal blood flow leads to mechanical stretching of LSECs, causing secretion of
urokinase plasminogen activator (uPA) as well as cytokines (e.g., tumor necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6)) and growth promoting angiocrine signals (e.g.,
hepatocyte growth factor (HGF)) (Sokabe et al.,, 2004, Lorenz et al., 2018). Cytokine
secretion induces the recruitment of neutrophils (e.g., leukocytes) into the space of Disse,
which is enabled by interactions between CD44 (present on the neutrophil surface) and
sinusoidal hyaluronan or by toll-like receptors (TLRs) (Shetty et al., 2018, McDonald et al.,
2008, Moles et al., 2014). Leukocytes secrete matrix metalloproteinases (MMPs), such as
MMP9, which are important for ECM remodeling (Kim et al., 2000). As a part of ECM
remodeling, inactive hepatocyte growth factor (pro-HGF) is released from the ECM and
converted to its active form by uPA (Stolz et al., 1999). This process occurs during the first
minutes after PHx and is part of the priming phase (Michalopoulos, 2007). The priming
phase is the first step of liver regeneration and occurs within the first few minutes after PHx
(Gilgenkrantz and Collin de I'Hortet, 2018). During this phase, quiescent hepatocytes
convert from Go to G+ of the cell cycle, and more than 100 genes (e.g., c-fos and c-jun) are
activated (Taub, 2004, Su et al., 2002). Liver regeneration can generally be divided into

three phases: priming, proliferation, and termination (Tao et al., 2017).

After the priming phase, the proliferation phase begins, which starts with the proliferation of

hepatocytes (Michalopoulos, 2007). In a healthy liver, the basal hepatocyte proliferation rate
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is typically less than 0.1% (Michalopoulos and DeFrances, 1997). During liver regeneration,
hepatocyte proliferation reaches its peak 36-48 hours after PHx in mice (Michalopoulos and
DeFrances, 1997). This process is induced by growth factors and their receptors, like HGF,
c-Met, epidermal growth factor (EGF), epidermal growth factor receptor (EGFR), and
transforming growth factor-alpha (TGF-a), but also by cytokines like IL-6 and
TNF-a (Michalopoulos and Bhushan, 2021, Murtha-Lemekhova et al., 2021). Thus, these
factors play an important role in liver regeneration. For example, deletion of the HGF
receptor c-Met in adult mice results in reduced hepatocyte proliferation and consequently
impaired liver regeneration (Borowiak et al., 2004, Huh et al., 2004), while homozygous
deletion of Hgf or its receptor c-Met in mice causes embryonic lethality at embryonic days
13.5 and 16.5 and defects in liver development (Schmidt et al., 1995, Bladt et al., 1995,
Uehara et al., 1995, Dietrich et al., 1999). In contrast, continuous injection of HGF via the
portal vein results in liver enlargement in mice (Patijn et al., 1998), and treatment with
recombinant human HGF inhibits hepatocyte death in mice with acute liver failure, as well
as Fas-induced apoptosis in primary human hepatocytes (Motoi et al., 2019). In vitro
administration of recombinant HGF or EGF to rat or human hepatocytes initiates DNA
synthesis (Strain et al., 1991, Gémez-Lechdn et al., 1995, Richman et al., 1976). In contrast,
transgenic mice overexpressing the growth factor TGF-a show liver hypertrophy at a young
age, while older mice develop liver tumors (Lee et al., 1992, Takagi et al., 1992). But liver
regeneration is also mediated by cytokines. For example, deletion of //-6 in mice results in
impaired liver regeneration after PHx (Cressman et al., 1996). However, this impaired liver
regeneration can be almost restored by a single injection of IL-6 into //I-6-deficient mice prior
to PHx (Cressman et al., 1996). Furthermore, treatment with IL-6, HGF and EGF enables

long-term expansion of in vitro cultured primary mouse hepatocytes (Guo et al., 2022).

A few hours after hepatocyte proliferation, cholangiocytes and Kupffer cells start to
proliferate (Michalopoulos and DeFrances, 1997, Ait Ahmed et al., 2021). Hepatic stellate
cells begin to proliferate 1-2 days later than hepatocytes, while hepatic ECs start to
proliferate 2-3 days and complete the process 4-5 days after PHx (Michalopoulos, 2007).
The proliferation of hepatic ECs is stimulated by factors such as Angiopoetin-2 or vascular
endothelial growth factor (VEGF) and promotes the formation of new blood vessels
(angiogenesis) to cover the metabolic demands of the growing liver (Ross et al., 2001,
Poisson et al., 2017, Rafii et al., 2016).

When the liver-to-body weight ratio is fully restored, the termination phase occurs as the
last step of liver regeneration. In this step, the proliferation of hepatic cells is inhibited by
activation of growth-inhibitory cytokines and ECM remodeling, to prevent a liver overgrowth
(Michalopoulos, 2007). The most prominent termination factor is the cytokine transforming

growth factor-beta 1 (TGF-B1), which is predominantly secreted by non-parenchymal cells,
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including activated hepatic stellate cells, endothelial cells, and Kupffer cells (Fausto et al.,
1986, Braun et al., 1988, Schon and Weiskirchen, 2014). Expression of TGF-1 starts 4
hours and reaches its peak 72 hours after PHx (Braun et al., 1988). Additionally, its receptor,
transforming growth factor beta receptor (TGF-BR), is predominantly increased during a
later stage of liver regeneration (Nishikawa et al., 1998). TGF-B1 promotes the production
of ECM proteins and facilitates ECM remodeling (Roberts et al., 1992). Furthermore, TGF-
B1 suppresses uPA expression and the activation of HGF (Mars et al., 1996). Thus, reduced
liver regeneration can be observed in rats that received an intravenous injection of porcine
platelet-derived TGF-B1 before and after PHx (Russell et al., 1988).

Accordingly, liver regeneration is a complex process involving hemodynamic changes and
the secretion of various growth factors and cytokines. However, the entire mechanism of
liver regeneration is not yet fully understood. Furthermore, liver regeneration is based on

the activation of various signaling pathways.
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3.3.1 Signaling pathways in liver regeneration

During liver regeneration several signaling pathways are activated to promote
proliferation of parenchymal and non-parenchymal cells. Three of the main signaling
pathways during liver regeneration, including Ras/Raf/MEK/ERK, JAK/STAT3 and
PIBK/AKT, have also been linked to MYDGF in recent years and are therefore described
below (Figure 4).

HGF, EGF,
TNF-q,
RTK
RTK or IL-6R Cell membrane
GPCR

o~

( Proliferation, growth, survival )

Figure 4: Signaling pathways during liver regeneration.

Schematic illustration of the three main signaling pathways associated with liver regeneration. HGF:
Hepatocyte growth factor, EGF: Epidermal growth factor; TNF-a: Tumor necrosis factor-alpha,
TGF-a: Transforming growth factor-alpha, IL-6: Interleukin-6, RTK: Receptor tyrosine kinase; GPCR:
G-protein coupled receptor. Figure was created with BioRender.com by Paula Follert according to
(Yagi et al., 2020).

The Ras/Raf/MEK/ERK signaling pathway is mainly associated with the G1/S and G./M cell
cycle progression during liver regeneration (Talarmin et al., 1999, Guegan et al., 2012, Wen
et al., 2022). Activation of this signaling pathway occurs through the binding of ligands, such
as HGF or EGF, to receptor tyrosine kinases (RTKs) (Zhang and Liu, 2002, Yagi et al.,
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2020). This leads to the activation of the Ras protein which further stimulates and activates
Raf kinase (also known as mitogen-activated protein kinase kinase kinase, MAPKKK)
(Talarmin et al., 1999). The latter phosphorylates and thus activates the mitogen-activated
protein kinase kinase (MAPKK, also known as MEK), promoting the activation and
phosphorylation of MAPK on threonine (T202) and tyrosine (Y204) residues, also known as
extracellular signal-regulated kinase 1 (ERK1) and extracellular signal-regulated kinase 2
(ERK2) (Talarmin et al., 1999). The relevance of MAPK (ERK1/2) signaling in liver
regeneration is demonstrated by the fact that injection of a specific MEK inhibitor, PD98059,
into mice after PHx results in a lack of DNA replication in isolated and cultured primary
hepatocytes (Talarmin et al., 1999). Similarly, DNA replication and the increased
phosphorylation of MAPK (ERK1/2) within the first 5 minutes in primary cultured
hepatocytes treated with EGF plus sodium pyruvate can be prevented by additional
treatment with PD98059 (Talarmin et al., 1999). Furthermore, mice with a mutation of Met
(gene encoding the HGF receptor c-Met) show a lack of MAPK (ERK1/2) signaling
activation and a G2/M cell cycle arrest associated with impaired liver regeneration after PHx
(Borowiak et al., 2004, Factor et al., 2010). Similarly, mice with a deletion of the growth
hormone (GH) receptor or the insulin growth factor 1 (IGF-1) receptor exhibit impaired
MAPK (ERK1/2) activation and liver regeneration (Zerrad-Saadi et al., 2011, Desbois-
Mouthon et al., 2006). Diminished MAPK (ERK1/2) activation and impaired liver
regeneration after PHx can also be observed in mice in which senescent cells were
eliminated by the senolytic drug ABT263, resulting in impaired IL-6 and C-X-C chemokine
receptor type 2 (CXCR2) ligand secretion (Cheng et al., 2022).

In addition, activation of MAPK (ERK1/2) is also associated with the Janus kinase
(JAK)/STAT3 signaling pathway, which promotes tasks such as cell proliferation and
survival during liver regeneration (Chung et al., 1997, Yagi et al., 2020). The JAK/STAT3
signaling pathway is classically activated by the binding of IL-6 to its receptor IL-6R. This
IL-6/IL-6R complex dimerizes glycoprotein 130 (gp130), leading to the activation of JAK
(Schmidt-Arras and Rose-John, 2016). In addition to this classical IL-6 signaling, the IL-6
trans-signaling exists. Here, IL-6 forms a complex with the soluble form of IL-6R (sIL-6R),
which binds to gp130 and also activates JAK (Fazel Modares et al., 2019). The latter then
activates the transcription factor STAT3 through phosphorylation of tyrosine 705 (Y705)
residue (Tesoriere et al., 2021). This post-translational modification of STAT3 allows its
translocation to the nucleus, to act as a transcription factor (Tesoriere et al., 2021).
Furthermore, the activation of STAT3 can also occur through phosphorylation of serine 727
(S727) residue by Ras/RAF/MEK/ERK signaling pathway, without the activation of JAK
(Chung et al., 1997, Korf-Klingebiel et al., 2015, Xu et al., 2022). Thus, phosphorylation of

S727 is stimulated by kinases in cell- and stimuli-specific manner (Tesoriere et al., 2021).
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That the activation of STAT3 is crucial for liver regeneration has been shown in IL-6 or
IL-6R KO mice for example. Deletion of IL-6 signaling in mice results in impaired liver
regeneration associated with absence of STAT3 activation and reduced DNA synthesis in
hepatocytes (Cressman et al., 1996). IL-6R deficient mice also show significantly reduced
STAT3 activation and decreased survival rate after PHx (Fazel Modares et al., 2019).
Furthermore, IL-6 trans-signaling alone was shown to be sufficient to regulate liver
regeneration after PHx, by activating the STAT3 signaling (Fazel Modares et al., 2019). In
addition, increased IL-6/STAT3 activation and enhanced hepatocyte proliferation can also
be observed in myeloid-specific peroxisome proliferator-activated receptor alpha (PPARa)-
deficient mice after PHx (Xie et al., 2022).

Next to the aforementioned signaling pathways, the phosphatidylinositol 3-kinase
(PIBK)/AKT pathway is also involved in liver regeneration (Hong et al., 2000, Murata et al.,
2007, Jackson et al., 2008). PI3K is a kinase that is activated by binding of ligands such as
HGF, EGF, TNF-a, TGF-a, IL-6 to RTK or G protein-coupled receptors (GPCRs) (Yagi et al.,
2020). Furthermore, PI3K and Ras can interact to activate each other (Zhang and Liu,
2002). Activation of PI3K leads to phosphorylation of AKT (also known as protein kinase B),
which promotes the expression of genes important for cell growth, proliferation, and survival
(Jackson et al., 2008, Yagi et al., 2020). When the PI3K/AKT pathway is inhibited using
wortmannin (a potent PI3K inhibitor), liver regeneration in mice is delayed by inhibiting the
priming of hepatocytes (Jackson et al., 2008). Similarly, liver-specific deletion of Akt results
in impaired liver regeneration and increased mortality in mice after PHx (Pauta et al., 2016).
Furthermore, PI3K/AKT also has a compensatory effect on the JAK/STAT3 signaling
pathway, as liver-specific knockout of Stat3 in mice results in increased activation of the
PI3K/AKT signaling pathway, which induces hepatocyte hypertrophy and thus supports liver
regeneration after PHx (Haga et al., 2005).

In summary, several signaling pathways are required to promote cell proliferation and
survival during liver regeneration. These pathways can be activated by signals from cells

such as hepatic stellate cells, but also by angiocrine signals.
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3.3.2 Angiocrine signals in liver regeneration

Angiocrine signals are paracrine factors that are secreted by endothelial cells and
play a crucial role in the regulation of vascular tone and organ regeneration (Rafii et al.,
2016, Kostallari and Shah, 2016).

Regulation of the vascular tone plays a central role during liver regeneration (Grosse-
Segerath and Lammert, 2021). After PHx, hepatic ECs in the remaining smaller part of the
liver are exposed to shear stress due to increased blood flow and to mechanical stretch due
to increased blood pressure (Schoen et al., 2001, Urner et al., 2018). This activates the
endothelial cell-specific transcription factor Kruppel-like factor 2, leading to upregulation of
the vasodilator NO and downregulation of the vasoconstrictor ET-1 (Schoen et al., 2001,
Parmar et al., 2006). Furthermore, the unchanged blood flow velocity but increased blood
volume in the remaining liver leads to mechanical stretching of hepatic ECs, resulting in
activation of B1 integrin and vascular endothelial growth factor receptor (VEGFR) 3 and
secretion of HGF as a growth-promoting signal for hepatocytes (Lorenz et al., 2018). Thus,
the secretion of angiocrine signals initiates proliferation-promoting processes during liver

regeneration (Rafii et al., 2016).

In the early phase of liver regeneration, the transcription factor inhibitor of DNA binding 1
(Id1) is upregulated in LSECs in a VEGFR2/AKT-dependent manner, resulting in increased
secretion of HGF and Wnt2 by LSECs (Rafii et al., 2016). Furthermore, the activation of Id1
is also associated with the presentation of C-X-C chemokine receptor type 7 (CXCR7) on
the surface of LSECs (Ding et al., 2014). During acute liver injury (e.g., after CCl4
treatment), C-X-C chemokine receptor type 4 (CXCR4) is upregulated on the surface of
LSECs, activating fibroblast growth factor receptor 1 (FGFR1) and causing fibrosis (Ding et
al., 2014). Thus, CXCR7 and CXCR4 are antagonists and represent the balance between
liver regeneration and fibrosis (Koch et al., 2021). Since the Id1 upregulation in LSECs
occurs in a VEGFR2/AKT-dependent manner, LSEC-specific ablation of Vegfr2 in mice
results in decreased hepatocyte proliferation and hepatic vascular mass and inhibited /d7
upregulation, whereas Id7-deficient mice show defects in liver regeneration and decreased
expression of HGF and Wnt2 (Ding et al., 2010). Also, LSEC-specific ablation of Hgf impairs
the ability of the liver to regenerate. Mice show a delayed liver regeneration and reduced
HGF/c-Met signaling (Zhang et al., 2020). The deletion of c-Met in adult mice results in
reduced hepatocyte proliferation and impaired liver regeneration (Huh et al., 2004,
Borowiak et al., 2004). As aforementioned, investigation of homozygous deletion of Hgf or
c-Met on liver regeneration is not possible, due to embryonic lethality (Schmidt et al., 1995,
Bladt et al., 1995, Uehara et al.,, 1995, Dietrich et al., 1999). Mice with an EC-specific

deletion of Wnt2 and Wnt9b show significantly abolished hepatocyte proliferation and thus
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impaired liver regeneration 40 hours after PHx (Hu et al., 2022a). Similarly, mice with an
EC-specific deletion of Whtless (WI), required for Wnt secretion, exhibit reduced hepatocyte

proliferation 40 hours after PHx, which increases 72 hours after PHx (Preziosi et al., 2018).

Next to the upregulation of Id1 in the early phase of liver regeneration, angiopoietin-2 is
downregulated, which is accompanied by a downregulation of TGF-B (inhibits hepatocyte
proliferation) in LSECs (Hu et al., 2014, Koch et al., 2021). 4-8 days after PHx, angiopoietin-
2 levels in LSECs returns to normal levels and VEGFR2 expression is upregulated through
autocrine stimulation of Tie2 (Koch et al., 2021). In addition, hepatocytes secrete VEGF,
which leads to the proliferation of LSECs necessary for the formation of new blood vessels
(angiogenesis) and to cover the metabolic demands of the enlarged liver (Koch et al., 2021,
Rafii et al., 2016). Angiocrine signals are also important for the termination of liver
regeneration. For example, the release of TGF-f1 from LSECs at the end of liver
regeneration inhibits hepatocyte proliferation and prevents liver overgrowth (Michalopoulos,
2007).

In conclusion, angiocrine signals are important for liver development and regeneration. To
date, not all angiocrine signals that can promote or terminate liver regeneration have been
identified. Therefore, it is of great interest to discover new angiocrine signals to better
understand the process of liver regeneration and to promote regeneration in medical

applications.

3.4 Myeloid-derived growth factor (MYDGF)

3.4.1 Identification of SF20/IL-25 / C190rf10

MYDGF, initially named SF20/IL-25, was first described in 2001 by Tulin et al. during
a screen of ST2 stromal cells from mouse bone marrow. Here, the authors demonstrated
that SF20/IL-25 promotes the proliferation of mutant mouse Ba/F3 pro-B cells (Tulin et al.,
2001). However, this work was rejected in 2003 due to the inability to reproduce the
proliferation data (Tulin et al., 2003). In addition, SF20/IL-25 was described as a secreted
factor from mouse 3T3-L1 adipocytes (Wang et al., 2004). Until then, no function could be
assigned to SF20/IL-25. Thus, in the following years it was named chromosome 19 open
reading frame 10 (C190rf10) due to its chromosomal localization and described in the
following cell types: human fibroblast-like synoviocytes (Weiler et al., 2007), human
eosinophils (Straub et al., 2009), murine macrophages (Bailey et al., 2011) and human
cholangiocarcinoma cells (Weeraphan et al., 2012). C190rf10 has also been identified in
alpha-fetoprotein-negative hepatocellular carcinoma (HCC) cell lines, where an
overexpression of C190rf10 leads to increased proliferation, while a knockdown of C790rf10

results in reduced cell proliferation (Sunagozaka et al., 2011).
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3.4.2 Renaming of C190rf10 to MYDGF

In 2015, Korf-Klingebiel et al. identified C190rf10 as a novel paracrine-acting protein
that is produced by bone marrow-derived monocytes and macrophages and named it
myeloid-derived growth factor (MYDGF) (Korf-Klingebiel et al., 2015). MYDGF is localized
in the endoplasmic reticulum, in the Golgi apparatus, and extracellularly (Bortnov et al.,
2018, Ebenhoch et al., 2019). Interestingly, the structure of MYDGF is highly asymmetric
and has no connections to other cytokines or growth factors but shows a strong homology
between human and mouse (Ebenhoch et al., 2019, Korf-Klingebiel et al., 2015). The
protein has a theoretical molecular mass of around 16 kilodalton (kDa) and consists of ten
antiparallel B-strands forming two B-sheets (Bortnov et al., 2018, Ebenhoch et al., 2019).
However, a receptor for MYDGF has not yet been identified; only an interaction between
MYDGF and synthetic anticancer macromolecules, such as guanidium-functionalized
polycarbonates, has been detected (Sim et al., 2024). Since, MYDGF is expressed in nearly
140 human tissues and cell lines, as reported by ProteomicsDB (Bortnov et al., 2018), its
function has been recently described in different tissues (heart, kidney, liver), organisms
(human, mouse, zebrafish larvae), and in relation to the malignant stage of some cancers
(bladder cancer, HCC) (Xu et al., 2023b).

3.4.3 The role of MYDGEF in the heart

MYDGF was first described in the heart, where it promotes cardiac repair after
myocardial infarction (MI) by enhancing cardiac myocyte survival and angiogenesis (Korf-
Klingebiel et al., 2015). While a deletion of Mydgf has no phenotype under baseline
conditions, post-MI MYDGF KO mice show increased scar size and contractile dysfunction
in the heart compared to wild-type mice (Korf-Klingebiel et al., 2015). This effect can be
reversed by treatment with recombinant MYDGF, which significantly reduced infarct size
and contractile dysfunction in MYDGF KO mice (Korf-Klingebiel et al., 2015). In neonatal
mouse hearts MYDGF also promotes cardiomyocyte proliferation and improves cardiac
function after cardiac injury (Wang et al., 2020b). In vitro MYDGF treatment protects cardiac
myocytes from apoptosis by promoting phosphorylation of AKT on threonine 308 (T308)
and serine 473 (S473) and enhances human coronary artery endothelial cell (HCAEC)
proliferation by causing rapid phosphorylation of MAPK (ERK1/2) on threonine (T202) and
tyrosine 204 (Y204) and STAT3 on serine 727 (S727) (Korf-Klingebiel et al., 2015, Zhao et
al., 2020). In addition, MYDGF reduces hypoxia/reoxygenation-induced apoptosis in in vitro
cultured cardiac microvascular endothelial cells (Wang et al., 2022) and prevents pressure
overload-induced heart failure through crosstalk between MYDGF and inflammatory cells

and cardiomyocytes (Korf-Klingebiel et al., 2021).
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MYDGF also represents a potential treatment strategy for restenosis after angioplasty in
the heart. Restenosis describes a re-narrowing of the arterial lumen characterized by
aberrant dedifferentiation of vascular smooth muscle cells and often occurs after
percutaneous coronary interventions (e.g., bypass grafting or stent implantation) in patients
with obstructive coronary artery disease. Exogenous administration of MYDGF around the
damaged vessel after a vascular injury reduces the narrow endovascular diameter and
collagen deposition, improves hemodynamics, and inhibits vascular smooth muscle cell
dedifferentiation (Yang et al., 2023).

Thus, treatment with MYDGF in the heart has numerous beneficial effects and leads to

improved repair of the heart after cardiac injury.

3.4.4 The role of MYDGEF as a potential therapeutic drug in metabolic diseases

In recent years, MYDGF has also been described as a potential therapeutic drug in
relation to various metabolic diseases, such as type 2 diabetes (T2D) (Wang et al., 2020a),
diabetic kidney disease (DKD) (He et al., 2020), osteoporosis (Xu et al., 2022),
atherosclerosis (Meng et al., 2021, Xu et al., 2023a), and non-alcoholic fatty liver disease
(NAFLD) (Ding et al., 2023). All these metabolic diseases (T2D, DKD, atherosclerosis or
NAFLD) are associated with a reduced MYDGF blood plasma (3.3 ng/ml in healthy humans)
or serum levels in humans and mice (Polten et al., 2019, Wang et al., 2020a, He et al.,
2020, Meng et al., 2021, Xu et al., 2023a, Ding et al., 2023). Furthermore, diabetic mice
with a deletion of MYDGF, show diminished production of glucagon-like peptide-1 (GLP-1)
and impaired glucose homeostasis (Wang et al., 2020a). Restoration of MYDGF in these
mice promotes intestinal GLP-1 production and improves glucose and lipid metabolism
(Wang et al., 2020a). In addition, mice with DKD and deletion of MYDGF show increased
podocyte injury, including podocyte apoptosis and more severe glomerular injury (He et al.,
2020). Bone marrow transplantation from wild-type mice in these MYDGF KO mice
ameliorates glomerular injury and improves glucose metabolism (He et al., 2020). This
protective effect may be due to the fact that MYDGF prevents the accumulation of
podocytes in the S phase of the cell cycle, thereby preventing the mitotic catastrophe (cell
death during mitosis) of these cells (Zhan et al., 2022). Further, MYDGF represents a
potential therapeutic drug for bone metabolism disorders such as osteoporosis. When
MYDGEF is deleted in a myeloid cell-specific manner, bone mass and strength are reduced
in both young and old mice. However, this phenotype can be prevented by restoring MYDGF
(Xu et al., 2022).

Recent publications have shown that MYDGF also plays a decisive role in preventing

inflammation in zebrafish larvae and mammals. In zebrafish larvae MYDGF acts as a

21



Introduction

damage signal that serves as an endogenous inhibitor of neutrophil inflammation in
response to tissue damage (Houseright et al., 2021). In mice with atherosclerosis,
restoration of MYDGEF results in a reduction in vascular inflammation and endothelial injury
(Meng et al., 2021). This protection against atherosclerosis is achieved by inhibiting the first
step of atherosclerosis, namely the transcytosis of low-density lipoproteins (LDLs). During
LDL transcytosis, LDLs accumulate in the subendothelial space and promote
atherosclerosis (Xu et al., 2023a). Treatment with MYDGF also reduces ischemic acute
kidney injury caused by renal ischemia/reperfusion, which often occurs after kidney
transplantation. For example, intraperitoneal injection of recombinant human MYDGEF into
mice prior to renal ischemia/reperfusion significantly improves renal function and reduces
oxidative stress, apoptosis, and inflammation (Wang et al., 2023). In addition, MYDGF also
regulates the inflammatory response in gingival fibrosis. Overexpression of MYDGF in high
glucose-induced gingival fibrosis reduces apoptosis and oxidative stress of fibroblasts and
inhibits the secretion of cytokines (Gao et al., 2023). Last year, MYDGF was described for
the first time in relation to the liver. It was shown that NAFLD patients and mice have
reduced serum MYDGF levels, which negatively correlate with the severity of NAFLD and
several serum inflammatory factors (Ding et al., 2023). However, transplantation of bone
marrow from wild-type mice into high-fat diet-induced NAFLD MYDGF KO mice shows a
beneficial effect on lipogenesis, hepatic steatosis, and decreases levels of inflammatory

factors in isolated hepatocytes, Kupffer cells, and serum (Ding et al., 2023).

In summary, MYDGF represents an interesting novel factor with beneficial effects on various
diseases occurring in different tissues. Since MYDGF has a positive effect on the cardiac

repair after Ml and on NAFLD, MYDGF may also play a crucial role in liver regeneration.
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3.5 Aim of this thesis

The liver is an organ with a remarkable regenerative capacity (Michalopoulos and
DeFrances, 1997, Taub, 2004, Fausto et al., 2006). During the regenerative process after
two-thirds PHx, angiocrine signals secreted by hepatic ECs play a crucial role to restore the
original liver mass (Michalopoulos, 2007, Lorenz et al., 2018, Grosse-Segerath and
Lammert, 2021). In previous experiments, we identified MYDGF as an angiocrine signal in
the supernatant of mechanically stretched primary human hepatic ECs with a proliferation-
and survival-promoting effect on primary human hepatocytes (GroRRe-Segerath 2020,
GrolRe-Segerath and Follert et al., 2024).

The aim of this thesis was to investigate the role of MYDGF on hepatocyte proliferation.
First, we aimed to confirm our hypothesis that MYDGEF is secreted by human hepatic ECs
and is not present in increased amounts in the supernatants of stretched primary human
hepatic ECs due to cell lysis. Next, we aimed to verify our previous results that MYDGF has
a proliferation- and survival-promoting effect on primary human hepatocytes using an
additional proliferation and apoptosis marker. In addition, we tested whether MYDGF has
an effect on the growth and proliferation of human hepatocyte organoids. Furthermore, we
aimed to uncover the underlying signaling pathway of MYDGF that is required to induce

hepatocyte proliferation.

Since it is unknown whether MYDGF levels are altered after liver surgery, we aimed to
analyze the expression kinetics of MYDGF in humans and mice after liver surgery and to
compare it with the expression kinetics of HGF. Furthermore, we aimed to determine the
role of MYDGEF in liver regeneration by performing gain- and loss-of-function experiments.
To this end, we analyzed the hepatocyte proliferation and liver-to-body weight ratio at

different timepoints after two-thirds PHx.

In summary, the aim of the present study was to investigate the role of MYDGF on primary

human hepatocytes and liver regeneration after two-thirds PHx in mice.
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4. Material and Methods

Parts of the described materials and methods have already been published in
GrolRe-Segerath and Follert et al. 2024.

4.1 In vitro studies

4.1.1 Human hepatic endothelial cells (hepatic ECs)

Human liver sinusoidal microvascular endothelial cells (hepatic ECs, PELOBiotech,
PB-CH-153-5511) from a female, 59-year-old, Caucasian, body mass index (BMI, kg/m?):
18; Cause of death (COD): Anoxia second to cardiovascular (QC29B15F09) were cultured
in microvascular endothelial cell growth medium kit enhanced (PELOBiotech, PB-MH-100-
4099). Cryopreserved human hepatic ECs were thawed for 2 minutes (min) in a 37°C water
bath, transferred into microvascular endothelial cell growth medium kit enhanced and
seeded in a T-75 flask (Sarstedt, 83.3911), pre-coated with speed coating solution
(PELOBiotech, PB-LU-000-0002-00) for 10 min at room temperature (RT). Cells were
cultured at 37°C and 5% CO..

4.1.2 Human hepatocytes

Human hepatocytes from different donors were purchased from Thermo Fisher
Scientific (HU4248, HU8296, HU8373, HU8300, HU8339-A, HU8284) and KaLy-Cell
(S1426T, B1148T). Donors: Female, 12-year-old, White, BMI: 20.2, COD: Intracerebral
hemorrhage-stroke (Lot: HU4248); Donors: Male, 23-year-old, Caucasian, BMI: 24.6, COD:
Head trauma (Lot: HU8296); Female, 26-year-old, Caucasian, BMI: 18.6, COD:
Asphyxiation (Lot: HU8373); Male, 31-year-old, Caucasian, BMI: 21, COD: Intracerebral
hemorrhage (Lot: HU8300); Female, 31-year-old, African American, BMI: 18.9, COD:
Asphyxiation (Lot: HU8339-A); Female, 46-year-old, Caucasian, BMI: 30.2, COD: Self-
inflicted gunshot wound (Lot: HU8284); Female, 34-year-old, Caucasian, BMI: 27.6, COD:
Cholangiocarcinoma (Lot: S1426T); Female, 27-year-old, Caucasian, COD: Focal nodular
hyperplasia, Budd-Chiari Syndrome (Lot: B1148T). Cells were seeded on Nuc™ Lab-Tek™
Chamber Slides™ (Lab-Tek, 177445), or 24-well plates (Sarstedt, 83.3922) coated with
50 pg/ml collagen | rat tail (Gibco by Thermo Fisher Scientific, A10483-01) diluted in speed
coating solution (PELOBiotech, PB-LU-000-0002-00). Cryopreserved hepatocytes were
thawed for 2 min in a 37°C water bath and transferred to cryopreserved hepatocyte recovery
medium (CHRM) (Thermo Fisher Scientific, CM7000) under sterile conditions. Cells were

centrifuged at 100 x g for 10 min at RT, the supernatant was aspirated and the pellet was
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resuspended by flicking in plating medium (Thermo Fisher Scientific, CM3000) (Table 1).
150,000-180,000 cells per chamber and 250,000 cells per 24-well plate were seeded and
incubated for 6 hours (h) in plating medium at 37°C and 5% CO.. Subsequently, incubation
medium (Thermo Fisher Scientific, CM4000) (Table 2) was applied and cells were cultivated
at 37°C and 5% CO:..

To analyze the effect of MYDGF on primary human hepatocyte proliferation or survival,
human hepatocytes (Lot: HU8296, HU8373, HU8300, HU8339-A) were incubated in
incubation medium (Table 2) without (control) or with 1 ng/ml MYDGF (Novoprotein, CG64)
for 6 h. After treatment, hepatocytes were fixed with 4% paraformaldehyde (PFA, Thermo
Fisher Scientific, J19943) overnight at 4°C.

To analyze MYDGEF signaling pathway in human hepatocytes, hepatocytes (Lot: HU8373)
were starved for 4 h in William’s E medium (Thermo Fisher Scientific, A1217601) and
incubated afterwards without or with 1 ng/ml MYDGF (Novoprotein, CG64) for 0, 5, 15 and
30 min, or hepatocytes were starved for 3 h in William’s E medium (Thermo Fisher Scientific,
A1217601) and pretreated with 20 uM PD98059 (Sigma-Aldrich, P215) or/and 20 uM Stattic
(Sigma-Aldrich, S7947) for 1 h. After the pretreatment, cells were treated without or with 1
ng/ml MYDGF plus 20 yM PD98059 or/and 20 uM Stattic for 0, 5 and 15 min, and then
protein lysis buffer containing 50 mM HEPES (Sigma-Aldrich), 150 mM NaCl (Sigma-
Aldrich), 10% Glycerol (Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich), PhosSTOP™
phosphatase inhibitor (Sigma-Aldrich, 4906845001), cOmplete™ protease inhibitor cocktail
(Roche, 11697498001), and H2O was applied to the cells and incubated for 20 min on ice.

Hepatocytes (Lot: HU4248, HU8373, HU8300, B1148T) were pretreated for 1 h with 20 uM
PD98059 and/or 20 uM Stattic or incubation medium (Table 2) to analyze the number of
proliferating hepatocytes after MYDGF treatment without or with PD98059 and/or Stattic.
After the pretreatment, medium only (control) (for Lot: HU4248), 1 ng/ml MYDGF alone or
1 ng/ml MYDGF plus 20 yuM PD98059 or/and 20 pM Stattic was added for 6 h. In addition,
1 mg/ml 5-ethynyl-2’-deoxyuridine (EdU) (Invitrogen, C10337) was added simultaneously
to all treatment conditions to be able to analyze cell proliferation. After treatment,
hepatocytes were fixed with 4% PFA (Thermo Fisher Scientific, J19943) overnight at 4°C.

For all experiments, the respective amount of distilled water (dH20) instead of MYDGF was

added to the control condition.
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Table 1: Components of plating medium.

Volume | Components

25 ml William’s Medium E (Thermo Fisher Scientific, A1217601)
0.9 ml Cocktail A (Thermo Fisher Scientific, CM3000)

1.25 ml | FBS (Thermo Fisher Scientific, CM3000)

2.5l Dexamethasone (Thermo Fisher Scientific, CM3000)

Table 2: Components of incubation medium.

Volume | Components

25 ml William’s Medium E (Thermo Fisher Scientific, A1217601)
0.9ml | Cocktail B (Thermo Fisher Scientific, CM4000)

0.25 pl | Dexamethasone (Thermo Fisher Scientific, CM4000)

4.1.3 Human hepatocyte organoids

To generate 3D human hepatocyte organoids, 250,000 human hepatocytes of a 23-
year-old Caucasian male (BMI: 24.6, COD: Head trauma (HU8296)), or a 26-year-old
Caucasian female (BMI: 18.6; COD: Asphyxiation (HU8373)) (Thermo Fisher Scientific,
HMCPIS) were seeded in 3D medium (Table 3) in a well of a 24-well plate with low
attachment surface (Corning, CLS3473). The composition of the medium is based on the
protocol of previous publications (Hu et al., 2018, Garnier et al., 2018). Cells were incubated
for three days at 37°C and 5% CO,. Afterwards, organoids were picked under the
stereomicroscope (Nikon, SMZ1500) and transferred into a new 24-well plate with low
attachment surface, containing 3D medium without Noggin, Wnt-3a, and Y-27632. Human
hepatocyte organoids were cultivated in 3D medium without or with 10 ng/ml MYDGF
(Novoprotein, CG64) for seven days at 37°C und 5% CO.. In addition, 1 mg/ml EdU
(Invitrogen, C10337) was added to both treatment conditions to be able to analyze cell
proliferation. Medium only (control) or MYDGF (10 ng/ml) was added daily and medium was
changed every third day. EdU was added during the medium change. In the control
condition, the respective amount of dH-,0 instead of MYDGF was added. After seven days,
organoids were picked and transferred into a black 96-well y-clear-plate (Greiner, 655090)
and fixed with 4% PFA (Thermo Fisher Scientific, J19943) overnight at 4°C. Next day, PFA

was aspirated and whole mount staining was performed to determine the proliferation rate.

26



Material and Methods

Table 3: Components of 3D medium.

Volume | Components

Company

10 ml AdDMEM/F12

Gibco by Thermo Fisher Scientific,
12634010

100 pl Penicillin-Streptomycin-Glutamine (100 x)

Thermo Fisher Scientific, 10378016

10 yl 10 mM HEPES [1 M]

Gibco by Thermo Fisher Scientific,
15630106

200 pl 1% B-27 Supplement (50 x)

Thermo Fisher Scientific, 17504044

50 pl 500 ng/ml R-spodin-1 (100 pg/ml)

PeproTech, 120-38

60 pl 3 uM CHIR 99021 [500 uM]

Tocris, 4423

25 1.25 mM N-acetyl-L-cysteine [500 mM]

Sigma-Aldrich, A9165-5G

100 pl 10 mM Nicotinamide [1000 nM]

Sigma-Aldrich, N0636-100G

0.1 pl 10 nM Gastrin [1 mM]

Tocris, 3006

2.5yl 50 ng/ml EGF [200 pg/mi]

R&D Systems, 236-EG-200

2 ul 20 ng/ml TGF-a (100 ug/ml) PeproTech, 100-16A
5l 50 ng/ml FGF-7 (100 pg/ml) PeproTech, 100-19
5ul 50 ng/ml FGF-10 (100 ug/ml) Miltenyi Biotec, 130-093-850

2.5l 25 ng/ml HGF (100 pg/ml)

Miltenyi Biotec, 130-093-872

40 pl 2 uM A 83-01 [500 puM]

Tocris, 2939

1 mi 10% Matrigel®

Corning, 356231

During the first 3 days after plating

2.5l 25 ng/ml Noggin (100 pg/ml)

PeproTech, 120-10C

2.5yl 50 ng/ml Wnt-3a (200 pg/ml)

R&D Systems, 5036-WN

32 pl 10 uM Y-27632 (3.125 mM)

Stem Cell Technologies, 72302

4.1.4 HepG2 cells

HepG2 cells from ATCC (ATCC® HB-8065™) were thawed and cultivated in ATCC-
formulated Eagle’s Minimum Essential Medium (ATCC, 30-2003) and 10% fetal bovine
serum (FBS, Gibco, 10270-106) as provided by ATCC. To analyze the effect of MYDGF on

HepG2 cell proliferation, 50,000 HepG2 cells were seeded on glass coverslips in 24-well

plates (Sarstedt, 83.3922) and starved in ATCC-formulated Eagle’s Minimum Essential
Medium (ATCC, 30-2003) for 24 h. Afterwards HepG2 cells were treated without or with
1 ng/ml recombinant MYDGF (Novoprotein, CG64) for 6 h and fixed with 4% PFA (Thermo

Fisher Scientific, J19943) overnight at 4°C. In the control condition, the respective amount

of dH20 instead of MYDGF was added.

27



Material and Methods

4.2 In vivo and ex vivo studies

4.2.1 Human blood samples

To measure MYDGF level in human blood serum pre/post stage 1 in-situ split liver
surgery (Alexander et al., 2023), blood serum from a 79-year-old man with a sigmoid
carcinoma metastatic to the liver was analyzed at different timepoints pre/post stage1 in-
situ split liver surgery (trisegmentectomy, i.e., segments 1 and 4-8). Human serum samples
were provided from Department of General, Visceral, Thorax and Pediatric Surgery, Medical
Faculty and University Hospital Dusseldorf. This study was approved by the local
institutional review board (Heinrich Heine University, Duesseldorf, Germany; 2018-258-
KFogU). Furthermore, MYDGF level in human blood plasma was analyzed in different
patients with hepatocellular carcinoma pre and post liver resection (Heinrich and Lang,
2017). This study was approved by the Ethics Committee of the Landesarztekammer
Rheinland-Pfalz (2020-15149). Human plasma samples were provided from Department of
General, Visceral and Transplantation Surgery, University Hospital Center Mainz. Donors:
Male, 54-year-old, BMI: 23.8, Resection: Laparoscopic left lateral resection (Segment (Seg)
2/3); Male, 59-year-old, BMI: 23.6, Resection: Hemihepatectomy right (Seg 5-8); Male, 61-
year-old, BMI: 23, Resection: Hemihepatectomy left (Seg 2-4); Male, 68-year-old, BMI:
28.7, Resection: Open anterolateral sectorectomy (Seg 5/8); Male, 84-year-old, BMI: 28.1;
Resection: Open atypical resection segment 8; Male, 89-year-old, BMI: 22.8, Resection:
Open atypical resection (Seg 7/8). Donors with an BMI > 30 kg/m?, were excluded from the
analysis, since a correlation between systolic blood pressure (that stretches hepatic ECs)
and liver size could be demonstrated only in metabolically healthy individuals without

obesity (Lorenz et al., 2018).

4.2.2 Mouse models

Male C57BL/6J mice between 10-15 weeks-old from Janvier Labs were used for in
vivo analysis of MYDGF expression kinetics and influence of MYDGF overexpression on
liver regeneration post PHx. MYDGF was overexpressed using adeno-associated virus
serotype 8 (AAV8) with a hepatocyte specific thyroxine binding globulin promotor (TBG).
AAV8-TBG-Green fluorescent protein (GFP) was used as control. Furthermore, male
C57BL/6N mice from Charles River and B6N.C-Mydgf™*** (MYDGF KO) mice bred by
Korf-Klingebiel et al. 2015 at 10-15 weeks of age, were used to study the influence of a
MYDGF KO on liver regeneration post PHx. Mice were kept in rooms with controlled
temperature at 22°C, humidity of 55% and lighting from 6 a.m. to 6 p.m., and fed with the

standard laboratory chow and water ad libitum. All animal experiments were performed
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according to the German animal protection laws (Animal Ethics Committee of the

Landesamt fur Natur, Umwelt und Verbraucherschutz, Nordrhein-Westfalen).

4.2.3 Tail vein injection

To overexpress MYDGF in the mouse liver a AAV8-TBG mediated overexpression
was performed. Therefore, male C57BL/6J mice received 1x10'> genome copies (GC)
AAV8-TBG-MYDGF or AAV8-TBG-GFP via tail vein injection. For the injection, C57BL/6J
mice were placed in a restrainer and the tail was immersed in warm water to dilate the blood
vessels. Tail was disinfected and 100 ul of AAV8-TBG-GFP (Vigene Biosciences) or AAV8-
TBG-MYDGF (Vigene Biosciences) suspension (1x10'?> GC) was slowly injected into the

tail vein. PHx was performed seven days after injection.

4.2.4 Two-thirds partial hepatectomy (PHx)

Two-thirds PHx was performed according to the protocol from Mitchell and
Willenbring (Mitchell and Willenbring, 2008). Mice received 5 mg/kg Rimadyl (Carprofen,
Zoetis) intraperitoneally as an analgesic and were anesthetized with 1.5-2% isoflurane.
Then the median and left liver lobes were surgically resected and the mice were kept warm
to avoid hypothermia. After 3, 6, 12, 24, 30 or 96 h the mice were sacrificed via cervical
dislocation and the right and caudate liver lobes were isolated. Mice with improperly
perfused (light brown) livers and hemorrhages in the livers were excluded from further
analysis. Half of the right liver lobe was used for protein and RNA isolation and was directly
placed in liquid nitrogen and stored at -80°C. The other half of the right liver lobe, caudate
liver lobe and reference organs (spleen, kidney, heart) were placed in 4% PFA (Thermo
Fisher Scientific, J19943) for immunohistochemical analysis. To analyze the expression
kinetics of MYDGF post PHx in hepatic ECs, the right liver lobe from C57BL/6J mice was
used. 20 mg of the right liver lobe was dissected for isolation of protein and the remaining
right liver lobe was used for isolation of hepatic ECs via magnetic activated cell sorting
(MACS).
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4.2.5 Magnetic activated cell sorting (MACS) of mouse hepatic ECs

The MACS method was used to isolate hepatic ECs (CD146" cells) from the right
liver lobe of C57BL/6J mice. The customer protocols "Liver Dissociation Kit mouse" (Miltenyi
Biotec, 130105807) and "CD146 (LSEC) MicroBeads" (Miltenyi Biotec, 130092007) served
as a basis for the isolation experiment. Only the application of the cell suspension on the
MS columns (Miltenyi Biotec, 130042201) was changed. First, a liver cell suspension was
prepared, using the liver dissociation kit (Miltenyi Biotec, 130105807), gentleMACS™ C
Tubes (Miltenyi Biotec, 130093237) and the gentleMACS™ Octo Dissociator with heaters
(Miltenyi Biotec, 130096427). Afterwards, mouse hepatic ECs were labeled with CD146*
magnetic beads (Miltenyi Biotec, 130092007), and the cell suspension with the CD146"
magnetically labeled cells was applied twice on two different MS columns, which were
placed in a QuadroMACS™ separator (Miltenyi Biotec, 130090976) on a MACS® MultiStand
(Miltenyi Biotec, 130042303), to increase the purity of the isolated cells. To isolate the
magnetically labeled cells, which retained in the columns, columns were removed from the
magnetic field and flushed with PEB buffer (MACS® bovine serum albumin stock solution
(Miltenyi Biotec, 130091376) diluted 1/20 in autoMACS® rinsing solutions (Miltenyi Biotec,
130091222)). Cells were centrifuged for 5 min at 9,000 x g and resuspended in 100 pl
protein lysis buffer containing 50 mM HEPES (Carl Roth), 150 mM NaCl (Carl Roth), 10%
Glycerol (Carl Roth), 1% Triton X-100 (AppliChem), PhosSTOP™ phosphatase inhibitor
(Sigma-Aldrich, 4906845001) and cOmplete™ protease inhibitor cocktail (Roche,
11697498001). Lysates were stored at -80°C.

4.3 Mechanical stretching of human hepatic ECs

Stretching experiment was performed with 200,000 human hepatic ECs in passage
4 seeded on STREX stretch chambers (STREX, STB-CH-04), pre-coated with speed
coating solution (PELOBiotech, PB-LU-000-0002-00) overnight at RT. Cells were allowed
to attach for up to one day. For stretching, microvascular endothelial cell growth medium
without supplements (PELOBiotech, PB-MH-100-4099 - basal medium) was added and
cells were unidirectionally stretched with an automated cell stretching system (STREX,
STB-1400-10). Cells were stretched 20% static for 30 min plus 20% cyclic (30 cycles/min)
for 1 h at 37°C and 5% CO.. Cells seeded on stretch chambers, without stretching, were

used as control.
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4.4 Flow cytometry analysis of mechanically stretched human hepatic ECs

To analyze the number of living and dead cells from unstretched and mechanically
stretched human hepatic ECs, flow cytometry analysis was performed. Stretching of hepatic
ECs was performed as described above. Medium, containing possible detached dead cells,
was aspirated and filled into a round-bottom polystyrene tube (Falcon, 352052). Afterwards,
adherent ECs were detached by trypsinization (Gibco, 25300-054) and transferred to the
corresponding tube. Tubes were centrifuged for 5 min at 400 x g and washed with PBS
(Gibco, 10010-015). Centrifugation step was repeated and BD Horizon™ Fixable Viability
Stain 660 (FVS660, 1/1000) (BD Biosciences, 564405), diluted in 1x PBS was added for 15
min at RT in the dark. Cells were washed with PBS and centrifuged for 3 min at 400 x g.
The cell pellet was resuspended in PBS and FVS660 positive (FVS660*, dead cells) and
FVS660 negative (FVS660, living cells) cells were determined using a CytoFlex S
(Beckman Coulter) flow cytometer. For quantification FlowJo software version 10 (BD
Biosciences, RRID:SCR_008520) was used.

4.5 Quantitative polymerase chain reaction

Before the quantitative polymerase chain reaction (QPCR) was started, ribonucleic
acid (RNA) was isolated using the high pure RNA isolation kit (Roche, 11828665001),
according to the manufacturer's instructions (Roche, 11828665001). To transcribe RNA into
complementary deoxyribonucleotide acids (cDNA), oligo(dT) 18 bases primers
(Eurogentec, UN-PR100-005), deoxynucleotide mix (dNTP mix) (Sigma-Aldrich, D7295), 5
x First-Standard-Buffer, 0.1 M DTT, and Super-Script™ Il Reverse Transcriptase (Thermo
Fisher Scientific, 18064014) were used according to the manufacturer’s protocol (Thermo
Fisher Scientific, 18064014).

A gPCR was performed to determine the AFP expression in HepG2 cells and human
hepatocytes (HU8296, HU8284, HU8373, S1426T). For gPCR, QuantStudio™ 1 Real-Time
PCR Instrument (Applied Biosystems, A40425) with the QuantStudio™ Design & Analysis
Software v1.5.1 (Thermo Fisher Scientific) and FastStart Essential DNA Green Master
(Roche, 06402712001) were used. cDNA samples were diluted 1/5 with H2O, run in
duplicates, and were normalized to the housekeeping genes: ribosomal protein lateral stalk
subunit PO (RPLPO), beta-2-microglobulin (B2M), and hypoxanthine-
phosphoribosyltransferase (HPRT). Gene expression, measured by gPCR, was calculated
according to the protocol “Analyzing real-time PCR data by the comparative CT method”
(Schmittgen and Livak, 2008).

Following gPCR thermal profiles (Table 4) and primer sequences (Table 5) were used:
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Table 4: Thermal profile used in gPCR.

Step Pre-incubation 3-step amplification Melting

Temperature 95°C 95°C 60°C 72°C 60°C 95°C
Time 2 min 20s 20s 20s 20s 1s
Cycle 1 40 1

Table 5: Human primer sequences used in qPCR.

Primer Sequence
AEP forward 5'~ACA TCC TCA GCT TGC TGT CT-3’
reverse 5'-AAT GCT TGG CTC TCC TGG AT-3°
RPLPO forward 5—~GAA GAC AGG GCG ACC TGG AA-3’
reverse 5—CCA CAT TGT CTG CTC CCA CA-3’
BoM forward 5—TTT CAT CCATCC GAC ATT GA-3
reverse 5—-CCT CCATGATGC TGC TTA CA-3
HPRT forward 5—-GCA GAC TTT GCT TTC CTT GG-3’
reverse 5-AAC ACT TCG TGG GGT CCT TT-3’

4.6 Histochemical methods

4.6.1 Staining of human hepatocytes and HepG2 cells

Human hepatocytes, seeded on Nunc® Lab-Tek® Chamber Slides™ (Lab-Tek,
177445) were used for phospho-Histone H3 (PH3), caspase-3 or EdU staining. To
determine HepG2 cell proliferation PH3 staining was performed. Human hepatocytes and
HepG2 cells were fixed with 4% PFA (Thermo Fisher Scientific, J19943) overnight at 4°C

under agitation.

For PH3 and caspase-3 staining cells were washed thrice in in 1 x phosphate-buffered
saline with calcium and magnesium (1x PBS®¥*Md2*: 54 mM KCI, 0.27 M NaCl, 3 mM
KH2POy4, 1.3 mM NaxHPO., 5 mM MgClz, 9 mM CaCl; in H20) for 5 min and blocked in 0.3%
Triton X-100 (AppliChem) and 5% normal donkey serum (NDS, Jackson ImmunoResearch)
diluted in 1 x PBS®#2*M32* for 1 h at RT. Afterwards primary antibodies: rabbit anti-phospho-
Histone H3 (Ser10) (Sigma-Aldrich, 06-570, 1/50) or rabbit anti-caspase-3 (Sigma-Aldrich,
C8487, 1/200) diluted in antibody dilution buffer (0.3% Triton X-100 (AppliChem), 1% bovine
serum albumin (BSA, AppliChem) in 1 x PBS®#*M92*) were incubated for 1 h at RT. Slides
were washed three times with 1 x PBS®#?*M92* and secondary antibodies: donkey anti-rabbit
Alexa Fluor 488™ (Invitrogen, A-21206, 1/500) and 4',6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich, D9542, 1/1000) diluted in antibody dilution buffer were added for 1 h at RT.
The slides were washed thrice in 1 x PBS®2*M92* for 5 min and coverslips were mounted
with Fluoroshield™ (Sigma-Aldrich, F6182). All washing steps were performed under

agitation.
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EdU Click-iT® reaction (Thermo Fisher Scientific, C10337) was performed as described in
manufacturer’s instructions and cells were co-stained for rabbit anti-hepatocyte nuclear
factor 4a (HNF4aq, Cell Signaling, C11F12, 3113, 1/500) and DAPI (Sigma-Aldrich, D9542,
1/1000). Slides were washed three times with 1 x PBS®?**M92* and secondary antibodies:
donkey anti-rabbit Alexa Fluor™ 555 (Invitrogen, A-31572, 1/500) and DAPI (Sigma-Aldrich,
D9542, 1/1000) diluted in antibody dilution buffer were added for 1 h at RT. The slides were
washed thrice in 1 x PBS®#2*"M32* for 5 min and coverslips were mounted with Fluoroshield™
(Sigma-Aldrich, F6182).

To analyze the number of proliferating human hepatocytes a tile scan image consisting of
7x7 tiles were acquired at 10x magnification using the laser scanning microscope 710 (LSM
710, Zeiss). To analyze the number of apoptotic hepatocytes and proliferating HepG2 cells,
five images per well were acquired at 20x magnification using the LSM 710 (Zeiss).
Proliferating cells were counted manually in Fiji (open-source software focused on
biological-image analysis) (Schindelin et al., 2012) in a blinded manner. The same threshold
was used to determine the caspase-3" area and the DAPI® area in each image. For

quantification, caspase-3* area was divided by the DAPI* area.

4.6.2 Whole mount staining of human hepatocyte organoids

Human hepatocyte organoids (Donor: HU8296, HU8373), previously fixed with 4%
PFA (Thermo Fisher Scientific, J19943) (incubated overnight at 4°C) and stored in 1 x
PBS®#2*Me2* \were washed three times with wash buffer (0.1% Triton X-100 (AppliChem) in
1 x PBS©22*Ma2*y for 5 min at RT. Blocking solution (0.1% Triton-X-100 (AppliChem) + 10%
NDS (Jackson ImmunoResearch, 017000121) + 1% BSA (AppliChem) in 1 x PBSC2*Md2+)
was added to each well and incubated for 30 min at RT. Afterwards, EdU Click-iT® reaction
reagent (Invitrogen, C10337) was applied and incubated in the dark for 30 min at RT.
Subsequently, organoids were washed three times with wash buffer for 5 min at RT and
incubated overnight at 4°C with rabbit anti-HNF4a (Cell Signaling, C11F12, 3113, 1/250)
diluted in blocking solution. The following day, organoids were washed three times for 5 min
at RT with wash buffer and secondary antibody, donkey anti-rabbit Alexa Fluor™ 555
(Invitrogen, A-31572, 1/500) plus DAPI (Sigma-Aldrich, D9542, 1/1000) diluted in blocking
solution, were incubated for 2 h at RT. Then organoids were washed three times with wash
buffer for 5 min at RT, and stored in 1 x PBS®#2*M32* _A|l washing and antibody incubation
steps were performed under agitation. Z-stack images were acquired at 20x magnification
using the LSM 710 (Zeiss) and analyzed using Fiji (Schindelin et al., 2012). Organoid area
was measured with the free hand selection tool and EdU" cells were counted manually in a

blinded manner.
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4.6.3 Immunohistochemical staining

For immunohistochemical staining the PFA fixed liver lobes of AAV8-TBG-GFP and
AAV8-TBG-MYDGF mice, and C57BL/6N and MYDGF KO mice, and reference organs
(heart, kidney, spleen) of AAV8-TBG-GFP mice were first equilibrated by placing them in
15% and 30% sucrose (Carl Roth, 4621.1). Second, the liver lobes and organs were placed
in Peel-A-Way® embedding molds (Polysciences, 18986-1) filled with Tissue-Tek® O.C.T™
embedding medium (Sakura, 4583) and stored at -80°C. Afterwards, 12 ym cryo-sections
were prepared using a cryostat microtome HM 560 (Thermo Fisher Scientific). Sections
were placed on SuperFrost Plus™ slides (Thermo Fisher Scientific, JIS00AMNZ) and

stored at -20°C until staining.

For the immunohistochemical staining the tissue sections were first washed twice in
1 x PBS®#2*™M82* gnd once in 1 x PBS®?2*M92* containing 0.2% Triton X-100 (AppliChem) for
5 min at RT. Then the slides were blocked for 1 h at RT in PBS®2*M2* containing 0.2%
Triton X-100 (AppliChem) and 1% BSA (AppliChem), and the primary antibodies: goat anti-
GFP (Sicgen, AB0020-200, 1/500), goat anti-ICAM-1/CD54 (R&D, AF796, 1/100), rabbit
anti-phospho-Histone H3 (Ser10) (Sigma, 06-570, 1/50), rat anti-Ki-67 (SolA15) (Invitrogen,
14-5698-82, 1/100), or rabbit anti-HNF4a (Abcam, ab181604, 1/100) were incubated at 4°C
overnight. The following day, slides were washed twice in 1 x PBS®#?*M92* gnd once in 1 x
PBSC#2*M32* containing 0.2% Triton X-100 for 10 min. Secondary antibodies: donkey anti-
goat Alexa Fluor™ 555 (Invitrogen, A-21432, 1/500), donkey anti-rabbit Alexa Fluor™ 555
(Invitrogen, A-31572, 1/500), donkey anti-rabbit Alexa Fluor™ 488 (Invitrogen, A-21206,
1/500), donkey anti-rat Alexa Fluor™ 488 (Invitrogen, A-21208, 1/500), donkey anti-goat
Alexa Fluor™ 488 (Invitrogen, A-11055, 1/500), and DAPI (Sigma-Aldrich, D9542, 1/1000)
were added and incubated for 45 min at RT. Slides were washed thrice for 10 min in 1 x
PBS®#2*™Ma2* gand mounted with Fluoroshield™ (Sigma-Aldrich, F6182). All washing steps

were performed under agitation.

To analyze the proliferation rate, five images of up to four sections were acquired at 20x
magnification using the LSM 710 (LSM 710, Zeiss). Proliferating cells were counted
manually with Fiji (Schindelin et al., 2012) or QuPath (Bankhead et al., 2017), and DAPI*
cells were analyzed automatically by setting an individual threshold which was applied

uniformly to each image using Fiji. All images were analyzed in a blinded fashion.
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4.7 Biochemical methods

4.7.1 Protein isolation, BCA assay, and Western blot

For protein isolation, protein lysis buffer containing 50 mM HEPES (Sigma-Aldrich),
150 mM NaCl (Sigma-Aldrich), 10% Glycerol (Sigma-Aldrich), 1% Triton X-100 (Sigma-
Aldrich), PhosSTOP™ phosphatase inhibitor (Sigma-Aldrich, 4906845001), cOmplete™
protease inhibitor cocktail (Roche, 11697498001), and H.O was applied to the cells and
incubated for 20 min on ice. By using a cell scratcher and pipetting up and down, cells were
lysed and subsequently transferred into 1.5 ml plastic tubes. For protein isolation from
mouse liver tissue, 20 mg liver tissue was added in gentleMACS™ M Tubes (Miltenyi Biotec,
130093236) containing protein lysis buffer. M-tubes were placed on the gentleMACS™ Octo
Dissociator with heaters (Miltenyi Biotec, 130096427) running program ‘protein_01_01". All
protein lysates were centrifuged at 13,000 x rpm for 10 min at 4°C, and supernatant was
transferred into a new tube. Subsequently, a bicinchoninic acid assay (BCA assay) was
performed to determine protein concentration in each sample. The standard of the Pierce™
BCA™ Protein Assay (Thermo Fisher Scientific, 23225) was pipetted in duplicates into a
96-well plate (Sarstedt, 7022611). In addition to the standard, samples were diluted 1/10
(cell lysates) or 1/40 (liver lysates). 200 ul working reagent, consisting 50 parts Aand 1 part
B from Pierce™ BCA protein assay kit (Thermo Fisher Scientific, 23225) was added to the
standard and samples, and incubated for 30 min at 37°C (200 rpm) in the dark on a
thermoshaker (HLC BioTech, MKR 23). The protein concentration was detected with a plate
reader (GloMax® Discover Version 3.2.3 (Promega GmbH)) at 560 nm. The samples were
diluted with H>O so that 20 ug protein could be filled in the pockets for a sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Besides, 4x Laemmli sample
buffer (Bio-Rad, 1610747) diluted 1/10 with B-mercaptoethanol (CarlRoth), was added to
the samples and heated at 95°C for 5 min. Samples and Precision plus protein dual color
standards (BioRad, 1610374) were loaded on Mini-protean™ TGX stain-free protein gels
(Bio-Rad, 4568086 and 4568085) and gels were run for 40 min at 180 V. All steps were
followed by manufacturer's instructions from BioRad. Afterwards, proteins were transferred
onto a membrane by using trans-blot turbo mini 0.2 ym PVDF transfer packs (Bio-Rad,
1704156), and trans-blot® turbo™ transfer system (Bio-Rad, 1704150) with the mixed
molecular weight program (1.3 A, 25V, 7 min). After blotting, membranes were blocked with
blocking buffer, containing 5% BSA (AppliChem), and 0.5% Tween-20 (Sigma-Aldrich) in
PBSC#2*M32* for 1 h at RT. Primary antibodies: rabbit anti-phospho-p44/42 MAPK (ERK1/2)
(Thr202/Tyr204) (Cell Signaling, 4376, 1/750 or 1/500), rabbit anti-p44/42 MAPK (ERK1/2)
(137F5) (Cell Signaling, 4695, 1/750 or 1/500), rabbit anti-phospho-Stat3 (Ser727) (Cell
Signaling, 9134, 1/500), rabbit anti-Stat3 (D3Z2G) (Cell Signaling, 12640, 1/750), rabbit
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anti-phospho-AKT (Ser473) (D9E) (Cell Signaling, 4060, 1/750), rabbit anti-AKT (pan)
(C67E7) (Cell Signaling, 4691, 1/750), rabbit anti-MYDGF (Proteintech, 11353-1-AP,
1/1000), rabbit anti-GAPDH (Abcam, Ab9485, 1/5000 or 1/2000) and rabbit anti-3 tubulin
antibody — Loading Control (Abcam, ab6046, 1/2000) were added and incubated overnight
at 4°C under agitation. On the next day, membranes were washed (PBS®?*M92* and 0.5%
Tween-20) and secondary antibody goat anti-rabbit IgG, horseradish peroxidase (HRP)-
linked (Cell Signaling, 7074, 1/2000) was incubated for 1 h at RT. For detection, Clarity
Western ECL Substrate (Bio-Rad, 170-5061) or WesternBright™ Peroxide
Chemiluminescent Detection Reagent (Advansta, R-03025-D10) were added and
visualized with ChemiDoc MP Imaging System (Bio-Rad). Densitometrical analysis was

performed using Image Laboratory Software Versions 6.1 (Bio-Rad).

4.7.2 Enzyme-linked Immunosorbent Assay (ELISA)

To analyze the MYDGF and HGF concentrations in human blood serum and blood
plasma, the blood samples were tested in duplicates using the MYDGF/SF20 quant ELISA
(LSBio, LS-F13143) or human HGF quantikine ELISA (R&D Systems, DHGOOB). ELISAs
were performed according to the manufacturer’s instructions (LSBio, LS-F13143 and R&D
Systems, DHGOO0B). To analyze MYDGF and HGF concentrations in the isolated hepatic
ECs from the right liver lobe of C57BL/6J mice at different timepoints post PHx, the mouse
MYDGF ELISA (AVIVA Systems Biology, OKEI00375) or mouse/rat Quantikine® ELISA
(R&D Systems MHGO00) were performed according to the manufacturer’s instructions
(AVIVA Systems Biology, OKEI00375 and R&D Systems MHGO00). Protein lysates from the
isolated mouse hepatic ECs were added in duplicates at the ELISA plates. ELISA results

were detected with a plate reader (GloMax® Discover Version 3.2.3 (Promega GmbH)).

4.8 Statistical analysis

P values were calculated using two-tailed paired or unpaired Student’s t-test with
Welch'’s correction, multiple unpaired t-test with Welch’s correction, one-way ANOVA with
Dunnett's post-hoc test and two-way ANOVA with Tukey's or Sidak’s post-hoc test.
Statistical significance was calculated using Excel (Microsoft) or Prism 9 (GraphPad).
Furthermore, all data are expressed as mean + standard error of the mean (x SEM). Results
were determined as significant with a P-value < 0.05 and exact P-values are stated in each
figure. Outliers were determined using GraphPad Prism Grubb’s outlier method and

excluded from further analysis.

36



Material and Methods

4.9 Personal contributions

Most of the experiments were performed by Paula Follert, supervised by Prof. Dr.
Eckhard Lammert and funded by the “Intra- and interorgan communication of the

cardiovascular system (IRTG 1902)".
Experiments in which Paula Follert received assistance from others are listed below:

For the flow cytometry analysis experiment (Figure 5) Paula Follert performed the stretch
experiments and stained the cells, while Philip Kirschner helped Paula Follert with the

analysis of cell viability via flow cytometry.

3D organoid culture was established by Linda Gro3e-Segerath. Analysis of organoid area
and proliferating hepatocytes in Figure 8a-d, was performed by Linda Grof3e-Segerath and

Paula Follert. The graphs show the average of both analyses.

Tail vein injections of the mice were performed by Linda GroRe-Segerath and Paula Follert
(Figure 17-22). Tobias Buschmann performed partial hepatectomy of AAV8-TBG-GFP and
AAV8-TBG-MYDGEF transfected mice isolated 30 hours after PHx, while all other partial
hepatectomies were performed by Kristina Behnke and Julia Ettich. Cryosections of liver
lobes and reference organs were performed by Linda GroRRe-Segerath and Paula Follert.
For Figure 17 Paula Follert stained and imaged the median liver lobes of AAV8-TBG-GFP
transfected mice, while Linda Grolie-Segerath performed the analysis of GFP-infected
hepatocytes. Staining, imaging and analysis of the number of PH3" and ICAM-1" cells in the
right liver lobe of AAV8-TBG-GFP and AAV8-TBG-MYDGF transfected mice was performed
by Linda GroRRe-Segerath (Figure 19a-c).
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5. Results

The liver is characterized by its considerable regenerative capacity, whereby
angiocrine signals play a crucial role (Ding et al., 2010, Ding et al., 2014, Rafii et al., 2016,
Zhang et al., 2020). After PHx, sinusoidal hepatic ECs get mechanically stretched and
release angiocrine signals, such as HGF, to enhance proliferation of hepatocytes and to
restore the liver mass (Lorenz et al., 2018). In previous experiments, we were able to
identify increased levels of the paracrine-acting protein MYDGF in the supernatant of
mechanically stretched primary human hepatic ECs by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (GroRe-Segerath, 2020, Groflie-Segerath and Follert et al.,
2024). Additionally, we demonstrated that MYDGF enhances proliferation and survival of
primary human hepatocytes (GroRe-Segerath, 2020, GroRRe-Segerath and Follert et al.,
2024).

In this thesis, we further examined the effect of the angiocrine signal MYDGF on cultured
primary human hepatocytes and liver regeneration. First, we analyzed whether our
stretching conditions, which have been shown to induce the release of MYDGF from primary
human hepatic ECs (GroRe-Segerath, 2020, Grole-Segerath and Follert et al., 2024), lead
to increased cell death. Second, we examined whether the proliferation- and survival-
enhancing effect of MYDGF on primary human hepatocytes in a 2D culture system can be
verified, using an additional proliferation and apoptosis marker. Third, we analyzed whether
daily MYDGEF treatment has a growth- and proliferation-enhancing effect on primary human
hepatocyte organoids. Next, we identified the signaling pathway that is involved in MYDGF-
induced hepatocyte proliferation. In the last part of this thesis, we determined the relevance
of MYDGEF in in vivo systems. For this, we first examined the expression kinetic of MYDGF
after liver resection in humans and after two-thirds PHx in mice and compared it with the
expression kinetic of HGF. Second, we analyzed the influence of MYDGF on liver
regeneration using gain- and loss-of-function experiments. We studied the impact of
MYDGF overexpression, mediated by AAV8-TBG transfection, on hepatocyte proliferation
and associated liver regeneration, as well as the effect of a MYDGF knockout on hepatocyte

proliferation after PHx.
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5.1 Mechanical stretching of human hepatic ECs does not lead to enhanced
cell death

After demonstrating that increased MYDGF levels can be measured in the
supernatant of mechanically stretched primary human hepatic ECs (Grof3e-Segerath, 2020,
GroRe-Segerath and Follert et al., 2024), we aimed to confirm that MYDGF levels were not
elevated due to increased cell death. Therefore, we investigated cell viability in unstretched
and mechanically stretched primary human hepatic ECs. The latter were seeded on silicone
stretch chambers and were allowed to attach for up to one day. The next day, the silicone
stretch chambers were placed in an automated cell stretching system and unidirectionally
stretched for 30 minutes statically and for one hour cyclically (20% stretch each). Primary
human hepatic ECs seeded on stretch chambers, without stretching, were used as control.
Cell viability was then measured by flow cytometry analysis (Figure 5a, b). The results of
the flow cytometry analysis show that in the unstretched condition, an average of 5.5% of
the cells are dead, while in the stretched condition, an average of 3.6% are dead (Figure
5¢). Thus, the percentage of dead cells is significantly decreased in mechanically stretched

primary human hepatic ECs.

To sum up, mechanical stretching of primary human hepatic ECs does not lead to an
increase in cell death compared to the unstretched primary human hepatic ECs and even

slightly decreases cell death.
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Figure 5: Mechanical stretching of primary human hepatic ECs does not lead to increased cell
death.

Flow cytometric analysis of cell viability using Fixable Viability Stain 660 (FVS660). Histograms show
primary human hepatic endothelial cells (ECs) that were either unstretched (a) or mechanically
stretched (b). (c) Quantification of precent of dead cells per stretch chamber in unstretched and
stretched condition. n = 8 stretch chambers for each condition. Data are presented as mean + SEM.
P value was calculated using two-tailed unpaired Student’s f-test with Welch'’s correction.

5.2 MYDGF improves proliferation and survival of human hepatocytes

Since we were able to show that the elevated levels of MYDGF in the supernatant
of stretched primary human hepatic ECs were not caused by an increase in cell death, we
next analyzed whether MYDGF treatment has a proliferation- and survival-enhancing effect
on primary human hepatocytes. Previous experiments in our laboratory have already shown
that MYDGF promotes proliferation and survival of primary human (GroRRe-Segerath, 2020,
GrolRe-Segerath and Follert et al., 2024). This was demonstrated by comparing primary
human hepatocytes, treated without (control) or with 1 ng/ml recombinant MYDGF for six
hours, and stained for 5-ethynyl-2’-deoxyuridine (EdU, proliferation marker) or TUNEL
(apoptosis marker). To reproduce these results, we repeated the experiments and stained
primary human hepatocytes with an additional proliferation and apoptosis marker. PH3 is a

proliferation marker that stains cells in the late G, phase of the cell cycle (Elmaci et al.,
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2018) and caspase-3 is a cell death protease and thus represents an apoptosis marker
(Porter and Janicke, 1999).

To analyze whether MYDGF leads to increased number of PH3" cells, primary human
hepatocyte from three different donors (female, 26 years; male, 23 years; and female, 31
years) were treated without (control) or with 1 ng/ml recombinant MYDGF for six hours.
Hepatocytes were then fixed and stained for the proliferation marker PH3 (Figure 6a, b).
To determine the number of proliferating cells, PH3" hepatocytes per well were counted
manually. Our results show that primary human hepatocytes treated with recombinant
MYDGF display an increased number of proliferating hepatocytes per well (Figure 6c-e).
Human hepatocytes from the 26-year-old female donor show a 74% increase in PH3"
hepatocytes per well in the MYDGF-treated condition (Figure 6c). In the 23-year-old male
donor, MYDGF treatment increases hepatocyte proliferation by 42% (Figure 6d). The
slightly older female donor (31 years) shows a tendential increase (44%) in the number of

PH3" hepatocytes in the MYDGF-treated compared to the control condition (Figure 6e).
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Figure 6: Increased proliferation rate of primary human hepatocytes after MYDGF treatment.
(a, b) Laser scanning microscope (LSM) images of primary human hepatocytes treated without

(control) (a) or with MYDGF (b), stained for the proliferation marker PH3 (green) in a female,
26-year-old donor. Cell nuclei were counterstained for DAPI. White arrowheads point to the
proliferating cells. (c-e) Quantification of the number of proliferating hepatocytes per well in a female,
26-year-old donor, n = 7 control versus n = 5 MYDGF treated wells (c); male, 23-year-old donor,
n =9 control versus n = 10 MYDGF treated wells (d); female, 31-year-old, n = 8 wells each (e). Scale
bar: 50 um. Data are presented as mean + SEM. P values were calculated using a two-tailed
unpaired Student’s t-test with Welch’s correction.
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After we were able to verify the proliferation promoting effect of recombinant MYDGF on
primary human hepatocytes using an additional proliferation marker, we analyzed the effect
of recombinant MYDGF treatment on primary human hepatocyte survival. To analyze
whether MYDGF leads to a reduced caspase-3 area, primary human hepatocytes from
three different donors (female, 26 years; male, 31 years; and male, 23 years) were treated
without (control) or with 1 ng/ml recombinant MYDGF for six hours. The cells were then
fixed and stained for caspase-3 (Figure 7a, b). To determine the apoptosis rate,
caspase-3* area was normalized to DAPI* area, whereas the control was set to 100%. In
all three donors a significant reduction of caspase-3* hepatocytes is visible. MYDGF
treatment results in an approximately 40% reduction in caspase-3* area in primary human
hepatocytes from the 26-year-old female and 31-year-old male donors and an 18%
reduction in caspase-3* area in hepatocytes from the 23-year-old male donor compared to

control (Figure 7c-e).
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Figure 7: Reduced caspase-3 area in MYDGF treated primary human hepatocytes.
(a, b) LSM images of primary human hepatocytes treated without (control) (a) or with MYDGF (b),

stained for the apoptosis marker caspase-3 (red) in a female, 26-year-old donor. Cell nuclei were
counterstained for DAPI. (c-e) Quantification of caspase-3* hepatocytes normalized to DAPI* area
in percent of control in a female, 26-year-old donor, n = 10 wells each (c); male, 31-year-old donor,
n = 11 wells each (d); and male, 23-year-old donor, n = 14 control versus n = 12 MYDGEF treated
wells (e). Scale bar: 50 ym. Data are presented as mean + SEM. P values were calculated using a
two-tailed unpaired Student’s t-test with Welch’s correction.
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In summary, our results confirm the outcomes of our previously performed experiments and
show that treatment with recombinant MYDGF leads to an increase in cell proliferation and

survival rate of cultured primary human hepatocytes.

5.3 MYDGF treatment increases organoid size and proliferation rate in human
hepatocyte organoids

Further, we want to elucidate the effect of MYDGF on primary human hepatocytes
cultured in a 3D system. 3D culture systems have become increasingly important in recent
years as they provide the ability to culture cells under conditions that more closely resemble
the in vivo situation (Edmondson et al., 2014, Duval et al., 2017, Kapalczynska et al., 2018).
However, it should be noted that the organoids due to their “grape-like” structure (Hu et al.,
2018), have a nutrient-access-gradient. Cells located further inside the organoid receive a
lower concentration of the treatment compared to cells located further outside (Edmondson
et al., 2014, Duval et al.,, 2017). To overcome this problem, we used a 10-fold higher

concentration of MYDGF in 3D compared to the 2D culture system.

To generate human hepatocyte organoids, primary human hepatocytes were cultured in 3D
medium. Three days after seeding, organoids with previously described “grape-like”
structures had formed (Hu et al., 2018), which were then treated with 10 ng/ml recombinant
MYDGEF. Earlier experiments showed that treatment of human hepatocyte organoids with a
single dose of 10 ng/ml recombinant MYDGF leads to a tendentially enlarged organoid area
and increased hepatocyte proliferation (Grof3e-Segerath, 2020, GroRe-Segerath and Follert
et al., 2024). Therefore, we decided to treat the human hepatocyte organoids with 10 ng/mli
recombinant MYDGF daily in the presence of the proliferation marker EdU for a longer
period of time (seven days). Human hepatocyte organoids treated without MYDGEF in the
presence of EAU served as a control. To investigate the effect of MYDGF on human
hepatocyte organoid area and proliferation, a whole mount staining was performed (Figure
8a, b). Daily treatment of human hepatocyte organoids for seven days was performed with
human hepatocytes from two different donors (Male, 23 years; Female, 26 years). After
seven days, both donors show a significant increase in organoid area of up to 25% after
daily MYDGF treatment compared to control (Figure 8c, g). Also, the number of EdU"
human hepatocytes per organoid in each well was two to three times higher in MYDGF

treated human hepatocyte organoids (Figure 8d, h).
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Figure 8: Daily MYDGF treatment increases organoid area and proliferation rate in human
hepatocyte organoids.

(a, b) LSM images (maximum intensity projections) of human hepatocyte organoids treated for seven
days daily without (control) (a) or with MYDGF (b), stained for the proliferation marker EdU (green).
Cell nuclei were counterstained for DAPI. White arrowheads point to the proliferating cells. (c, d)
Quantification of organoid area (c) and average number of proliferating hepatocytes per organoid in
each well (d) in control (n = 7 wells with 5 organoids each) versus MYDGF (n = 8 wells 5 organoids
each) treated human hepatocyte organoids of a male, 23-year-old donor. (e, f) LSM images
(maximum intensity projections) of human hepatocyte organoids treated for seven days daily without
(control) (e) or with MYDGF (f), stained for the proliferation marker EAU (green). Cell nuclei were
counterstained for DAPI. White arrowheads point to the proliferating cells. (g, h) Quantification of
organoid area (g) and average number of proliferating hepatocytes per organoid in each well (h) in
control (n = 7-8 wells with 5 organoids each) versus MYDGF (n = 8 wells with 5 organoids each)
treated human hepatocyte organoids of a female, 26-year-old donor. Scale bar: 50 ym. Data are
presented as mean + SEM. P values were calculated using a two-tailed unpaired Student’s t-test
with Welch’s correction.

Taken together, the results show that daily MYDGF treatment of human hepatocyte

organoids promotes organoid area and proliferation rate.

5.4 AFP-positive HepG2 cell line does not respond to MYDGF

Since previous publications have shown that MYDGF also has a proliferation-
promoting effect on hepatocellular carcinoma (Sunagozaka et al., 2011, Wang et al., 2021),
we wanted to exclude the possibility that treatment with 1 ng/ml recombinant MYDGF has
a cancer-promoting effect. Sunagozaka et al. showed that a knockout of C790rf10 (MYDGF)
in alpha-fetoprotein (AFP)-positive cell lines (such as Hep3B and HuH7 cells) results in
reduced cell proliferation (Sunagozaka et al., 2011). AFP, produced in the fetal liver, is the

fetal equivalent of albumin (Galle et al., 2019). In adults, AFP is replaced by albumin, and

44



Results

only low levels of AFP can be measured throughout life (Bergstrand and Czar, 1956).
However, an elevated AFP level can be measured in people with HCC and liver disease,
making AFP a widely used hepatocellular tumor marker (Galle et al., 2019, Hu et al., 2022b).
To exclude that treatment with MYDGF has a proliferation-promoting effect on an AFP-
positive cell line, we treated HepG2 cells, an epithelial cell line isolated from hepatocellular
carcinoma of a 15-year-old male, with MYDGF. Before we analyzed the number of
proliferating HepG2 cells, we measured AFP expression in HepG2 cells and primary human
hepatocytes from four different donors (male, 23 years; females, 46, 26, and 34 years) using
quantitative PCR and normalized AFP expression to three different housekeeping genes
(B2M, HPRT, and RPLPO0). AFP was found to be expressed exclusively in HepG2 cells, but

not in primary human hepatocytes from the four donors of different sex and age (Figure 9).
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Figure 9: HepG2 cells and primary human hepatocytes display different AFP expression
levels.
AFP expression in lysates from HepG2 cells and primary human hepatocytes from four different

donors (23-year-old, male; 46-year-old, 26-year-old, 34-year-old female) normalized to the three
different housekeeping genes B2M, HPRT, RPLPO. n = 1 cell lysate.

We then investigated whether MYDGF promotes proliferation in AFP-positive HepG2 cells.
Therefore, we treated HepG2 cells without (control) or with recombinant MYDGF, using the
same treatment concentration and duration as for primary human hepatocytes (1 ng/ml
recombinant MYDGF and six hours of treatment). To determine the number of proliferating
HepG2 cells, PH3 (proliferation marker) staining was performed and cell nuclei were
counterstained with DAPI (Figure 10a, b). For the quantification PH3" cells were counted
and normalized to the DAPI* cells as a percentage of the control. Treatment with 1 ng/ml
recombinant MYDGF does not increase HepG2 cell proliferation after six hours (Figure
10c).
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Figure 10: MYDGF treatment does not promote cell proliferation in the AFP-positive HepG2
cancer cell line.
(a, b) LSM images of HepG2 cells treated without (control) (a) or with MYDGF (b), stained for the

proliferation marker PH3 (green). Cell nuclei were counterstained for DAPI. White arrowheads point
to the proliferating cells. (¢) Quantification of proliferating HepG2 cells per well as a percentage of
control; n = 6 wells each. Scale bar: 50 ym. Data are presented as mean = SEM. P value was
calculated using two-tailed unpaired Student’s f-test with Welch’s correction.

Hence, it can be concluded that 1 ng/ml recombinant MYDGF treatment for six hours does

not promote the proliferation of the AFP-positive HepG2 cell line.

5.5 MYDGF leads to phosphorylation of MAPK, STAT3 and AKT in human

hepatocytes

After demonstrating that MYDGF promotes cell survival and proliferation of human
hepatocytes but not HepG2 cells, we were interested in identifying the signaling pathway
that mediates this proliferation-enhancing effect of MYDGF on primary human hepatocytes.
Korf-Klingebiel et al. 2015 have shown that MYDGF activates the PISK/AKT signaling
pathway in cardiac myocytes to protect them from cell death, while in HCAECs MYDGF
promotes cell proliferation via the activation of the MAPK/STAT3 pathway.

Thus, we were interested whether MYDGF also leads to increased phosphorylation of the
above-mentioned signaling molecules in human hepatocytes. To investigate this, human
hepatocytes were starved in William’s E medium for four hours before treatment without or
with 1 ng/ml recombinant MYDGF for 0, 5, 15 and 30 minutes. Protein lysates were
subsequently prepared and phosphorylation of MAPK on T202/Y204 (ERK1/2), STAT3 on
S727, and AKT on S473 was assessed by Western blot (Figure 11). Additionally, we
examined the pan-protein levels of the corresponding signaling molecules to determine if
they were already altered by treatment with recombinant MYDGF. The ratio of phospho-
protein level to pan-protein level, as well as to the housekeeping protein (GAPDH or

B-tubulin) was calculated. Treatment of human hepatocytes with recombinant MYDGF
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results in rapid phosphorylation of MAPK on T202/Y204 (ERK1/2) within the first 5 minutes.
Thereafter, the phospho-MAPK (T202/Y204) level decreases almost to baseline. No
increased phosphorylation of MAPK on T202/Y204 (ERK1/2) is seen in the control
treatment (Figure 11a, b). The phospho-STAT3 (S727) level peaks at 5 and 15 minutes
after treatment with recombinant MYDGF compared to the control. Specifically, 5 minutes
after MYDGF treatment, the amount of phospho-STAT3 (S727) is numerically increased
between control and MYDGF treatment. After 15 minutes of treatment, phospho-STAT3
(S727) is significantly increased about two-fold compared to control. In the control condition
the phosphorylation level of STAT3 on S727 remains unaltered (Figure 11c, d).
Furthermore, recombinant MYDGF also leads to increased phosphorylation of AKT on S473
in human hepatocytes within the first 15 minutes after treatment (Figure 11e, f). At 30
minutes after treatment, the relative phospho-AKT (S473) level returns to the basal level,

whereas an increased level is observed in the control.

In conclusion, primary human hepatocytes treated with recombinant MYDGF show a rapid
increase in phosphorylation of MAPK on T202/Y204 (ERK1/2), as well as phosphorylation
of STAT3 on S727, and AKT on S473. However, we next asked if these signaling molecules

are crucial for the increased cell proliferation of human hepatocytes after MYDGF treatment.
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Figure 11: MYDGF treatment induces phosphorylation of MAPK (T202/Y204), STAT3 (S727)
and AKT (S473) in primary human hepatocytes.
(a) Western blots showing B-tubulin (50 kDa), phospho-MAPK (T202/Y204; 44-42 kDa) and MAPK

(44-42 kDa) in lysates from primary human hepatocytes treated without and with MYDGF for 0, 5,
15, 30 min. (b) Quantification of relative phospho-MAPK (T202/Y204) protein levels normalized to
MAPK and B-tubulin in lysates from primary human hepatocytes; n = 4 (0, 5, 15 and 30 min) control-
versus n =4 (0 and 15 min), n =5 (5 min) and n = 3 (30 min) MYDGF-treated human hepatocytes.
(c) Western blots showing phospho-STAT3 (S727; 86 kDa), STAT3 (86 kDa) and GAPDH (37 kDa)
in lysates from primary human hepatocytes treated without and with MYDGF for 0, 5, 15, 30 min. (d)
Quantification of relative phospho-STAT3 (S727) protein levels normalized to STAT3 and GAPDH in
lysates from primary human hepatocytes; n = 6 (0 and 5 min) and n = 5 (15 and 30 min) control-
versus n =5 (0, 15 and 30 min) and n = 6 (5 min) MYDGF-treated human hepatocytes. (e) Western
blots showing phospho-AKT (S473; 60 kDa), AKT (60 kDa) and GAPDH (37 kDa) in lysates from
primary human hepatocytes treated without and with MYDGF for 0, 5, 15, 30 min. (f) Quantification
of relative phospho-AKT (S473) protein levels normalized to AKT and GAPDH in lysates from primary
human hepatocytes; n = 6 (0 and 5 min) and n =5 (15 and 30 min) control- versus n = 6 (0 and 5
min), n =5 (15 min) and n =4 (30 min) MYDGF-treated human hepatocytes. Data are presented as
mean + SEM. P values were calculated using two-way ANOVA followed by Sidak’s post hoc test.
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5.6 MYDGEF initiates human hepatocyte proliferation through phosphorylation
of MAPK and STAT3

Since activation of the MAPK/STAT3 signaling pathway is essential in HCAECs to
promote cell proliferation after MYDGF treatment (Korf-Klingebiel et al., 2015), we
investigated whether this pathway is also required for MYDGF-induced hepatocyte
proliferation. To answer this question, we inhibited the phosphorylation of MAPK on
T202/Y204 (ERK1/2) and STAT3 on S727 in human hepatocytes and examined the effect
of this inhibition by (i) Western blot and (ii) on hepatocyte proliferation.

To inhibit the phosphorylation of MAPK, the MEK-specific inhibitor PD98059 was used
(Alessi et al., 1995), while the phosphorylation of STAT3 was inhibited by Stattic (McMurray,
2006). Human hepatocytes were starved in William’s E medium for three hours, pretreated
with PD98059 or Stattic for one hour, followed by stimulation with 1 ng/ml recombinant
MYDGF plus PD98059 or Stattic for 0, 5, and 15 minutes. As a control, human hepatocytes
were starved in William’s E medium for four hours followed by treatment with 1 ng/ml
recombinant MYDGF for 0, 5, and 15 minutes. Protein lysates were prepared and
phosphorylation of MAPK on T202/Y204 (ERK1/2) and STAT3 on S727 was analyzed by
Western blot (Figure 12). For the quantification, the ratio of phospho-protein level to pan-
protein level, as well as to the housekeeping protein (B-tubulin) was calculated.
Quantification of relative protein levels of phospho-MAPK (T202/Y204) in human
hepatocytes treated with MYDGF, shows a significant increase 5 minutes after MYDGF
treatment (Figure 12a, b). This effect is abolished by the treatment with PD98059.
Hepatocytes, treated with recombinant MYDGF plus PD98059 show significantly reduced
relative protein levels of phospho-MAPK (T202/Y204) 5 minutes after MYDGF treatment.
Stattic does not significantly reduce the relative phospho-MAPK (T202/Y204) levels 5
minutes after MYDGF treatment. However, Stattic treatment results in increased basal

phospho-MAPK (T202/Y204) levels in three out of six hepatocyte lysates.

Quantification of relative protein levels of phospho-STAT3 (S727) in human hepatocytes
treated with MYDGF only, shows a significant increase 15 minutes after MYDGF treatment
(Figure 12¢, d). Human hepatocytes treated with recombinant MYDGF plus PD98059 or
MYDGEF plus Stattic show no increase in phospho-STAT3 (S727) at 5 and 15 minutes after
treatment. More specifically, significantly reduced phospho-STAT3 (S727) levels can be
measured 15 minutes after treatment with MYDGF plus PD98059 or Stattic compared to
MYDGEF treatment only.
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Figure 12: PD98059 and Stattic inhibit MYDGF-induced phosphorylation of MAPK and STAT3
in primary human hepatocytes.

(a) Western blots showing B-tubulin (50 kDa), phospho-MAPK (T202/Y204; 44-42 kDa) and MAPK
(44-42 kDa) in lysates from primary human hepatocytes treated without or with MYDGF only, and
MYDGF plus PD98059 or Stattic for 0, 5, 15 min. (b) Quantification of relative phospho-MAPK
(T202/Y204) protein levels normalized to MAPK and B-tubulin in lysates from primary human
hepatocytes; n =5 (0, 15 min) and n = 6 (5 min) MYDGF; n =5 (0 min), n =6 (5 min) and n =4 (15
min) MYDGF + PD98059; n = 6 (0, 5 min) and n = 5 (15 min) MYDGF + Stattic. (c) Western blots
showing phospho-STAT3 (S727; 86 kDa), STAT3 (86 kDa) and B-tubulin (50 kDa) in lysates from
primary human hepatocytes treated without or with MYDGF only, and MYDGF plus PD98059 or
Stattic for 0, 5, 15 min. (d) Quantification of relative phospho-STAT3 (S727) protein levels normalized
to STAT3 and B-tubulin in lysates from primary human hepatocytes; n = 5 (0, 5, 15 min) MYDGF;
n =6 (0, 5min)and n =5 (15 min) MYDGF + PD98059; n =5 (0, 5 min) and n = 4 (15 min) MYDGF
+ Stattic. Donor: female, 26-year-old. Data are presented as mean + SEM. P values were calculated
using two-way ANOVA followed by Tukey’s post hoc test.

After demonstrating that treatment with PD98059 or Stattic leads to an inhibition of
phospho-MAPK (T202/Y204) and/or phospho-STAT3 (S727), we investigated whether
activation of either or both signaling molecules is important for MYDGF-induced proliferation
of human hepatocytes. To assess the effect, we pretreated human hepatocytes obtained
from a 12-year-old female donor with PD98059 and/or Stattic for one hour. Subsequently,
hepatocytes were treated without recombinant MYDGF (control), with 1 ng/ml recombinant
MYDGF, or with 1 ng/ml recombinant MYDGF plus PD98059 or/and Stattic for six hours in
the presence of EdU. Next, the proliferating hepatocytes were stained for EdU. Additionally,
we checked if the proliferating hepatocytes express hepatocyte nuclear factor 4 alpha
(HNF4a) (Figure 13 a-e). To determine the number of proliferating hepatocytes, EAU" cells
per chamber were counted manually. Treatment with recombinant MYDGF results in an
approximately 40% increase in proliferating human hepatocytes compared to control

(Figure 13f). The proliferation enhancing effect of MYDGEF is reduced by 78% compared to
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the control group when hepatocytes were treated with PD98059 plus MYDGF. Treatment
with Stattic plus MYDGF, as well as the combined inhibition of MAPK and STAT3 by Stattic
plus PD98059, completely abrogated MYDGF stimulatory effects on human hepatocyte
proliferation.

We repeated this experiment in three additional donors (female, 27 years; female, 26 years;
male, 31 years) (Figure 13g-i). Due to the limited number of cells in the purchased vials,
no control condition (without MYDGF) was performed for these donors. Therefore, the
treatment of hepatocytes with MYDGF only was used as a control. In all three donors,
hepatocyte proliferation is reduced in hepatocytes treated with PD98059 plus MYDGF, while
treatment with Stattic plus MYDGF, and Stattic plus PD98059 and MYDGF results in the
strongest inhibition of hepatocyte proliferation.

aHuman hepatocytes b Human hepatocytes ¢ Human hepatocytes ¢ Human hepatocytes e Human hepatocytes
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Figure 13: Proliferation-enhancing effect of MYDGF in primary human hepatocytes depends
on the activation of MAPK and STAT3 signaling.

(a-e) LSM images of primary human hepatocytes treated without (control) (a), with MYDGF (b),
MYDGF plus PD98059 (c), MYDGF plus Stattic (d), MYDGF plus PD98059 and Stattic (e) in a
female, 12-year-old donor. White arrowheads point to proliferating hepatocytes stained for EdU
(green) and HNF4a (red). (f) Quantification of proliferating hepatocytes per well. n = 8 (control),
n =8 (MYDGF), n =7 (MYDGF + PD98059), n = 7 (MYDGF + Stattic), n =5 (MYDGF + PD98059 +
Stattic) wells of hepatocytes from a female, 12-year-old donor. (g-i) Quantification of proliferating
human hepatocytes per well. n = 8 (MYDGF), n =7 (MYDGF + PD98059), n = 8 (MYDGF + Stattic),
n =6 (MYDGF + PD98059 + Stattic) wells of hepatocytes from a female, 27-year-old donor (g);
n = 8 wells of hepatocytes each from a female, 26-year-old donor (h); n =8 (MYDGF), n = 8 (MYDGF
+ PD98059), n = 7 (MYDGF + Stattic), n = 7 (MYDGF + PD98059 + Stattic) wells of hepatocytes
from a male, 31-year-old donor (i). Scale bar: 50 ym (e). Data are presented as mean + SEM. P
values were calculated using one-way ANOVA followed by Dunnett’s post hoc test.
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In conclusion, these results indicate that treatment with PD98059 inhibits MYDGF-induced
phosphorylation of MAPK on T202/Y204 (ERK1/2) and STAT3 on S727, whereas treatment
with Stattic only inhibits MYDGF-induced phosphorylation of STAT3 on S727. When
phosphorylation of MAPK on T202/Y204 (ERK1/2) and/or of STAT3 on S727 is inhibited,
the proliferation promoting effect of MYDGEF is diminished.

5.7 MYDGEF levels increase earlier than HGF levels in human blood serum and
plasma after liver surgery

Previous studies have already shown that MYDGF plasma levels are increased in
human patients after MI (Korf-Klingebiel et al., 2015), whereas human patients with T2D
(Wang et al., 2020a), DKD (He et al., 2020), osteoporosis (Xu et al., 2022), atherosclerosis
(Meng et al., 2021, Xu et al., 2023a), and NAFLD (Ding et al., 2023) display reduced
MYDGF serum or plasma levels. To determine whether MYDGF expression is also altered
in human blood after liver surgery, we analyzed blood serum and blood plasma from
patients who underwent in-situ split or liver resection. We also examined HGF levels in
these blood samples to compare the expression kinetics of MYDGF and HGF. In the
literature, HGF is described as a well-studied growth factor that increases its levels at
postoperative day 1 (POD1) after stage 1 in-situ split liver surgery (Sparrelid et al., 2018)
as well as after liver resection (Tomiya et al., 1992, Justinger et al., 2008, Murtha-
Lemekhova et al., 2021).

First, we examined the time course of MYDGF and HGF levels in human blood serum after
stage 1 in-situ split liver surgery to identify the timepoint at which MYDGF and HGF levels
peaked. Blood was drawn from a 79-year-old male patient before and immediately after
stage 1 in-situ split as well as at 1, 6, 12, 24 and 48 hours after surgery (Figure 14a). Serum
MYDGF and HGF levels were measured using ELISA. Our results show that the basal
MYDGEF level (55 pg/ml) increases rapidly to 135 pg/ml in the first hour after surgery,
representing an almost three-fold increase. 24 hours post-surgery, the MYDGF level returns
to nearly basal levels (65 pg/ml) and drops slightly below basal levels (44 pg/ml) 48 hours
after stage 1 in-situ split (Figure 14b). HGF, on the other hand, has a higher basal level
(3,704 pg/ml), which increases to 4,615 pg/ml post stage 1 in-situ split, but then decreases
to 2,400 pg/ml within the first 6 hours after surgery (Figure 14c). 24 hours after surgery
HGF level starts to increase (5,918 pg/ml) and reaches its peak (8,826 pg/ml) 48 hours after

surgery.
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We also analyzed MYDGF and HGF levels in the blood plasma of six male patients before
and after liver resection. In this case, the remaining part of the liver in the patients was large
enough to avoid an in-situ split liver surgery. Analysis of HGF and MYDGF in blood plasma
shows a higher basal concentration of HGF than MYDGF, but only the MYDGF
concentration increases significantly by 40% after surgery (Figure 14d). Even in 4 out of 6
patients, HGF levels are slightly decreased at this timepoint after surgery (Figure 14e).
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Figure 14: MYDGEF levels increase at an earlier timepoint compared to HGF levels in human
blood plasma and serum post liver surgery.
(a) Schematic illustration of blood drawn from human patients post stage 1 of in-situ split or liver

resection. (b, ¢) MYDGEF levels (pg ml") (b) and HGF levels (pg ml™") (c) in blood serum of a male
79-year-old patient pre and at different timepoints post stage 1 in-situ split liver surgery. (d, e)
MYDGF plasma levels (pg mi") (d) and HGF levels (pg ml") (e) in human patients pre and post liver
resection; n = 6 male patients (two data points are overlaid, so only n = 5 is visible in panel e), 54-
89-year-old, BMI < 30 kg m™. P values were calculated using a two-tailed paired Student’s t-test (d,
e). Experimental setup (a) was illustrated by Yousun Koh.
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In conclusion, unlike HGF, MYDGF levels in human blood serum increase rapidly within the
first six hours after stage 1 in-situ split liver surgery. Even in human blood plasma, only
MYDGF levels show a significant increase after liver resection, while HGF levels do not

significantly increase at this timepoint.

5.8 MYDGF levels increase earlier than HGF levels in the remaining mouse
liver and hepatic ECs after PHx

Based on our results on the expression of MYDGF in humans after liver surgery, we
investigated whether this observation could be transferred to mice. For this purpose, we
performed a two-thirds PHx in mice, whereby the median and left liver lobe (corresponding
to two-thirds of the liver volume) were surgically dissected (Mitchell and Willenbring, 2008).
The right and caudate liver lobe remained in the mice and were isolated 3, 6, 12 and 24
hours after PHx (Figure 15a). Isolation of the liver lobes at timepoint zero served to
determine the basal MYDGF level. First, we analyzed the MYDGF level in the right liver
lobe (isolated after PHx) normalized to GAPDH compared to the left liver lobe (resected
during PHx) normalized to GAPDH by Western blot. This allowed us to compare MYDGF
levels in the liver lobes before and after PHx in the same mouse (Figure 15b).
Quantification of MYDGF levels in the right liver lobe as a percentage of the left liver lobe
shows an increase in MYDGF level 3 hours after PHx, which then decreases to basal level
(0 hours without PHx) 24 hours after PHx. We then analyzed MYDGF and HGF levels in
isolated hepatic ECs from the right liver lobe by ELISA, to determine whether both factors
are simultaneously elevated in hepatic ECs after PHx (Figure 15¢, d). Also, in the isolated
mouse hepatic ECs a rapid increase in MYDGF levels (11 pg/ml) is observed 3 hours after
PHx compared to the basal level (0 hours without PHx) (5 pg/ml). MYDGEF levels fell below
the basal level 12 and 24 hours after PHx (Figure 15c¢). In contrast, HGF exhibits a different
expression pattern in isolated mouse hepatic ECs after PHx. HGF levels increase 9 hours
later than MYDGEF after a PHx, but then show a three-fold increase, whereas MYDGF levels

increase two-fold after 3 hours (Figure 15d).

Taken together, these results are consistent with our human data (Figure 14) showing that
MYDGEF is secreted at an earlier timepoint but with a lower concentration than HGF after
liver surgery. Next, we asked whether MYDGF also has a proliferation-promoting effect on

hepatocytes in mice and thus could promote liver regeneration.
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Figure 15: MYDGEF levels increase at an earlier timepoint compared to HGF levels in the right
liver lobe of mice post PHXx.
(a) Schematic illustration of a mouse liver, showing the liver lobes resected during partial

hepatectomy (PHx) (median + left lobe) and isolated post PHx (right + caudate lobe). Timeline for
the kinetic study of MYDGF expression. (b) MYDGF protein levels in right liver lobe normalized to
GAPDH in percent of left liver lobe (resected during PHXx), at different timepoints post PHx. (c)
MYDGF levels (pg mI'') in mouse hepatic ECs, isolated from the right liver lobe, at different timepoints
post PHx. (d) HGF levels (ng mlI™") in mouse hepatic ECs, isolated from the right liver lobe, at different
timepoints post PHx. n =5 (0 and 3 h), n =4 (6 and 12 h) and n = 3 mice (24 h) (b, c, d). Data are
presented as mean + SEM. P values were calculated using one-way ANOVA followed by Dunnett’s
post hoc test (b, ¢, d). lllustration of experimental setup (a) was illustrated by Yousun Koh.

5.9 Effect of AAV8-TBG-mediated overexpression of MYDGF on liver

regeneration in mice

To answer the question if MYDGF has a beneficial effect on liver regeneration in
mice, we performed a gain-of-function experiment. Therefore, we used adeno-associated
viruses serotype 8 (AAV8) with a thyroxine-binding-globulin (TBG) promoter, to induce a
hepatocyte specific overexpression of MYDGF in the mouse liver (Nakai et al., 2005,
Kiourtis et al., 2021). Overexpression of MYDGF in the hepatic ECs was not possible due
to the lack of an endothelial cell-specific promoter. As a control AAV8-TBG-GFP was used,

which will lead to an expression of GFP in the mouse liver.

Mice received AAV8-TBG-GFP or AAV8-TBG-MYDGEF via tail vein injection at day zero
(Figure 16). Seven days post injection a two-thirds PHx was performed and 30 hours later

the remaining liver lobes were isolated.
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Figure 16: Experimental setup for AAV8-TBG injection followed by PHx in mice.
AAV8-TBG-GFP or AAV8-TBG-MYDGF were injected into the tail vein of C57BL/6J mice on day

zero. Seven days after injection, a two-thirds PHx (resection of the median + left liver lobe) was
performed, and the remaining liver lobes (caudate + right liver lobe) were isolated 30 hours post PHx.
lllustration of experimental setup was illustrated by Yousun Koh.

5.9.1 Overexpression of GFP or MYDGF in mouse liver using AAV8-TBG-GFP
or AAV8-TBG-MYDGF

Before we analyzed the effects of MYDGF overexpression on liver regeneration in
mice, we determine if the TBG promotor of the AAV’s acts in a liver-specific manner.
Therefore, we analyzed the GFP expression via GFP staining in the right and caudate liver
lobes, as well as in the reference organs (heart, kidney, and spleen) (Figure 17a). The right
and caudate liver lobes show a GFP signal, whereas it was not detectable in the reference
organs. We then examined the transfection rate of AAV8-TBG-GFP in the mouse liver by
staining for GFP in liver sections from the median liver lobe seven days post AAV8-TBG-
GFP injection. Additionally, we investigated the expression of HNF4a in the GFP™ cells to
confirm the hepatocyte specificity of the TBG promoter. To quantify how many cells in a 0.05
mm? stained section were infected by AAV8-TBG-GFP, we counted the HNF4a positive and
HNF4a plus GFP double-positive hepatocytes (Figure 17b, c¢). Over 50% of the counted
hepatocytes are HNF4a and GFP double positive.
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Figure 17: AAV8-TBG-GFP injection leads to a liver specific expression of GFP.
(a) LSM images of transversal sections of the right and caudate liver lobes, heart, kidney, and spleen
seven days post AAV8-TBG-GFP injection, stained for GFP (green). Cell nuclei were counterstained
for DAPI. (b) LSM image of a transversal section of the median mouse liver lobe of AAV8-TBG-GFP
mouse, stained for GFP (green), and hepatocytes stained for HNF4a (red; shown in inset top right).
Cell nuclei were counterstained for DAPI. (c) Quantification of average cell number of HNF4a* and
HNF4a* + GFP* cells in 0.05 mm? sections. n = 8 AAV8-TBG-GFP transfected mice. Scale bars: 50
pm (a), 25 um (b). Data are presented as mean + SEM. P value was calculated using two-tailed
unpaired Student’s t-test with Welch’s correction.

Average cell numberin €
0.05 mm?2 sections

Next, we analyzed whether the injection of AAV8-TBG-MYDGF results in an overexpression
of MYDGEF in the mouse liver. Therefore, we generated protein lysates from the right liver
lobe of AAV8-TBG-GFP or AAV8-TBG-MYDGF transfected mice and measured MYDGF
levels using Western blot (Figure 18a). The quantification of MYDGF levels in the right liver
lobe, normalized to GAPDH as a percentage of AAV8-TBG-GFP, shows an almost 90%
overexpression of MYDGF in the AAV8-TBG-MYDGF mouse liver (Figure 18b).
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Figure 18: AAV8-TBG-MYDGEF injection results in liver-specific overexpression of MYDGF.
(a) Western blots showing GAPDH (37 kDa) and MYDGF (~16 kDa) in lysates of the right liver lobe
of AAV8-TBG-GFP and AAV8-TBG-MYDGF transfected mice. (b) Quantification of MYDGF levels
normalized to GAPDH levels in percent of AAV8-TBG-GFP mice; n = 6 AAV8-TBG-GFP versus
n =5 AAV8-TBG-MYDGEF liver lysates. Data are presented as mean + SEM. P value was calculated
using two-tailed unpaired Student’s t-test with Welch’s correction.

In conclusion, our results show that AAV8-TBG-MYDGEF tail vein injection results in
significant liver-specific overexpression of MYDGF in the mouse liver in comparison to
AAV8-TBG-GFP mice.

5.9.2 MYDGF overexpression promotes liver regeneration in mice after PHx

To determine whether AAV8-TBG-mediated MYDGF overexpression improves liver
regeneration compared to AAV8-TBG-GFP mice, we isolated the right and caudate liver
lobes 30 hours after PHx. Based on our expression data, showing a rapid secretion of
MYDGF within the first hours after PHx (Figure 15), we hypothesized that MYDGF
overexpression promotes hepatocyte proliferation at an earlier timepoint after PHXx.
Therefore, we decided to isolate the remaining liver lobes (right and caudate lobe) six hours
before the proliferation peak (36-48 hours after PHx) normally occurs after two-thirds PHx
in mice (Mitchell and Willenbring, 2008). To quantify the number of proliferating cells, liver
sections from the right and caudate lobes were stained for the proliferation marker PH3
(Figure 19). Furthermore, the liver sections were counterstained for the intercellular
adhesion molecule 1 (ICAM-1), which is a blood vessel marker expressed by hepatic ECs
(Poisson et al., 2017, Shetty et al., 2018). To analyze whether MYDGF overexpression has
a proliferation-promoting effect on hepatocytes after two-thirds PHx, PH3" but ICAM-1" cells
were counted and normalized to DAPI* cells. A significantly higher percentage of
proliferating hepatocytes can be observed in the right and caudate liver lobe from AAV8-
TBG-MYDGEF in comparison to AAV8-TBG-GFP mice 30 hours after PHx (Figure 19c, f).
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Figure 19: MYDGF overexpression leads to an increase of PH3* hepatocytes in the remaining
mouse liver lobes 30 hours after PHx.

(a, b) LSM images of transversal sections of the right liver lobe of AAV8-TBG-GFP (a) and AAV8-
TBG-MYDGEF (b) transfected mice stained for proliferation marker PH3 (green, shown in inset top
right), and blood vessel marker ICAM-1 (red). Cell nuclei were counterstained for DAPI. White
arrowheads point to proliferating cells. (c) Quantification of proliferating cells (PH3" and
ICAM-1-) normalized to DAPI* cells in AAV8-TBG-GFP versus AAV8-TBG-MYDGF mice, shown as
percentage of AAV8-TBG-GFP. (d, e) LSM images of transversal sections of the caudate liver lobe
of AAV8-TBG-GFP (d) and AAV8-TBG-MYDGEF (e) transfected mice stained for PH3 (green, shown
in inset top right), and ICAM-1 (red). Cell nuclei were counterstained for DAPI. White arrowheads
point to proliferating cells. (f) Quantification of proliferating cells (PH3* and ICAM-1-) normalized to
DAPI* cells in AAV8-TBG-GFP versus AAV8-TBG-MYDGF mice, shown as percentage of AAV8-
TBG-GFP. n = 6 AAV8-TBG-GFP versus n = 5 AAV8-TBG-MYDGF transversal sections of the right
(c) and caudate (f) liver lobe. Scale bars: 50 ym (b, €). Data are presented as mean + SEM. P values
were calculated using two-tailed unpaired Student’s -test with Welch’s correction.

To confirm our results that MYDGF overexpression leads to significantly increased
hepatocyte proliferation 30 hours after PHx, we performed a staining with an additional
proliferation marker, namely Ki67 (Figure 20). Ki67 stains cells in the S, G2, and M phases
of the cell cycle, but is absent in cells in the Go phase (Gerdes et al., 1984). The liver
sections were further stained for the hepatocyte marker HNF4a. For analysis, only Ki67 and
HNF4a double positive cells were counted and normalized to DAPI* cells. Quantification of
the Ki67 staining also shows a greater percentage of proliferating hepatocytes in the right
and caudate liver lobe of AAV8-TBG-MYDGF compared to AAV8-TBG-GFP mice 30 hours
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after PHx (Figure 20a-f). Hepatocyte proliferation increases by approximately 90% in the

right liver lobe and by around 110% in the caudate liver lobe (Figure 20c, f).

In addition, we isolated the right and caudate liver lobes from AAV8-TBG-GFP and AAV8-
TBG-MYDGF mice at 24 and 96 hours after PHx to check whether 30 hours after PHx
reflects the peak of hepatocyte proliferation. To investigate whether the injection of AAV8
alone or the overexpression of MYDGF has an effect on hepatocyte proliferation, we
isolated the right and caudate liver lobes from AAV8-TBG-GFP and AAV8-TBG-MYDGF
mice without performing a PHx (O hours). Liver sections from both lobes isolated at these
different timepoints were stained for Ki67 and HNF4a. For analysis, only Ki67 and HNF4a
double positive cells were counted and normalized to DAPI” cells. Our results show that the
basal hepatocyte proliferation does not differ in both the right and caudate liver lobes of the
AAV8-TBG-GFP and AAV8-TBG-MYDGF mice isolated 0 hours after PHx (Figure 20g, h).
24 hours after PHx, hepatocyte proliferation slightly increases in the right and caudate liver
lobe from AAV8-TBG-GFP and AAV8-TBG-MYDGF mice. Nevertheless, a greater increase
in hepatocyte proliferation is visible in the right liver lobe of the AAV8-TBG-MYDGF mice.
The number of Ki67* hepatocytes peaks at 30 hours after PHx in both the right and caudate
liver lobes from AAV8-TBG-GFP and AAV8-TBG-MYDGF mice. However, a significantly
increased hepatocyte proliferation is observed in the liver lobes of AAV8-TBG-MYDGF
mice. 96 hours after PHx, almost no hepatocyte proliferation is visible in both liver lobes
from AAV8-TBG-GFP and AAV8-TBG-MYDGF mice.
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Figure 20: MYDGF overexpression increases hepatocyte proliferation in the remaining mouse
liver lobes 30 hours after PHx.

(a, b) LSM images of transversal sections of the right liver lobe of AAV8-TBG-GFP (a) or AAV8-TBG-
MYDGF (b) transfected mice, stained for proliferation marker Ki67 (green, shown in inset top right)
and hepatocyte marker HNF4a (red). Cell nuclei were counterstained for DAPI. White arrowheads
point to proliferating cells. (¢) Quantification of proliferating cells (Ki67* and HNF4a*) normalized to
DAPI* cells in AAV8-TBG-GFP versus AAV8-TBG-MYDGF mice, shown as percentage of AAV8-
TBG-GFP. (d, e) LSM images of transversal sections of the caudate liver lobe of AAV8-TBG-GFP (d)
and AAV8-TBG-MYDGF (e) transfected mice, stained for Ki67 (green, shown in inset top right) and
HNF4a (red). Cell nuclei were counterstained for DAPI. White arrowheads point to proliferating cells.
(f) Quantification of proliferating cells (Ki67* and HNF4a*) normalized to DAPI* cells in AAV8-TBG-
GFP versus AAV8-TBG-MYDGF mice, shown as percentage of AAV8-TBG-GFP. n = 6 AAV8-TBG-
GFP versus n = 5 AAV8-TBG-MYDGEF transversal sections of the right (c) and caudate (f) liver lobe.
Scale bars: 50 ym (b, €). (g, h) Time course of Ki67* cells normalized to DAPI* cells in right (g) and
caudate (h) liver lobe of AAV8-TBG-GFP and AAV8-TBG-MYDGF transfected mice, shown as
percentage of 0 hours post PHx; n = 4 (0 and 96 hours), n =5 (24 hours), n = 6 (30 hours) AAV8-
TBG-GFP versus n = 4 (0 and 24 hours), n = 5 (30 hours), n = 7 (96 hours) AAV8-TBG-MYDGF
transversal sections of the right (g) and caudate (h) liver lobe each. Data are presented as mean +
SEM. P values were calculated using two-tailed unpaired Student’s t-test with Welch'’s correction (c,
f), or multiple unpaired t-test with Welch'’s correction (g, h).
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Since overexpression of MYDGF leads to increased hepatocyte proliferation 30 hours after
PHx (Figure 19, 20), we investigated whether this also results in improved liver
regeneration. To test this, we determined the liver-to-body weight ratio in AAV8-TBG-GFP
and AAV8-TBG-MYDGF mice 96 hours after PHx. This timepoint was chosen because the
proliferation of hepatocytes is almost complete four days after PHx and only the proliferation
of endothelial cells takes place (Michalopoulos and DeFrances, 1997). Our results show
that four days after PHx a 10% higher liver-to-body weight ratio can be observed in AAV8-
TBG-MYDGF compared to AAV8-TBG-GFP mice (Figure 21a). In addition, the increased

liver-to-body weight ratio is reflected by a larger caudate liver lobe in AAV8-TBG-MYDGF
mice (Figure 21b).
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Figure 21: Increased liver-to-body weight ratio in AAV8-TBG-MYDGF mice 96 hours post PHx.
(a) Quantification of liver-to-body weight ratio in AAV8-TBG-GFP and AAV8-TBG-MYDGF
transfected mice 96 hours post PHx, shown as percentage of AAV8-TBG-GFP, n = 4 AAV8-TBG-
GFP versus n = 7 AAV8-TBG-MYDGF. (b) Representative images of caudate liver lobes of AAV8-
TBG-GFP and AAV8-TBG-MYDGF transfected mice 96 hours post PHx. Scale bar: 1 cm (b). Data

are presented as mean + SEM. P value was calculated using two-tailed unpaired Student’s t-test
with Welch’s correction.

In summary, mice with a liver specific overexpression of MYDGF show increased
hepatocyte proliferation 30 hours after PHx and a 10% higher liver-to-body weight ratio

associated with a larger caudate liver lobe 96 hours after PHx.
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5.9.3 MYDGF overexpression increases phosphorylation of MAPK and STAT3

in the remaining mouse liver after PHx

Our previous in vitro experiments demonstrated that treatment of human
hepatocytes with recombinant MYDGF leads to increased hepatocyte proliferation via
phosphorylation of MAPK on T202/Y204 (ERK1/2) and STAT3 on S727 (Figure 11). Since
our in vivo data indicate that overexpression of MYDGF in the mouse liver results in
increased hepatocyte proliferation and promotes liver regeneration after PHx, we
investigated whether MYDGF overexpression alters phosphorylation levels of MAPK on
T202/Y204 (ERK1/2), and of STAT3 on S727 after two-thirds PHx. Based on the literature
(Chung et al., 1997, Korf-Klingebiel et al., 2015, Xu et al., 2022) that MAPK can activate
STATS3, and our results that PD98059 inhibits MYDGF-induced phosphorylation of MAPK
on T202/Y204 (ERK1/2) and STAT3 on S727, whereas Stattic only inhibits MYDGF-induced
phosphorylation of STAT3 on S727 (Figure 12), we hypothesized that MYDGF activates
MAPK upstream of STAT3. Therefore, we examined the phosphorylation of MAPK on
T202/Y204 (ERK1/2) in liver lysates from the right liver lobe of AAV8-TBG-GFP and AAV8-
TBG-MYDGF mice 24 hours after PHx, while we analyzed the phosphorylation of STAT3
on S727 24 and 30 hours after PHx. Thus, we expected an increased phospho-MAPK
(T202/Y204) signal at an earlier timepoint after PHx (24 hours), whereas the phospho-
STAT3 (S727) level should increase at a late timepoint after PHx (30 hours). For
quantification, the ratio of phospho-protein levels to pan-protein level, as well as to the

housekeeping proteins (B-tubulin or GAPDH), was calculated.

Significantly increased phosphorylation of MAPK on T202/Y204 (ERK1/2) but unchanged
phospho-STAT3 (S727) levels in the right liver lobe of AAV8-TBG-MYDGF compared to
AAV8-TBG-GFP mice are visible 24 hours after PHx (Figure 22a, b). Meanwhile, trend
towards increased phospho-STAT3 (S727) levels in the right liver lobe of AAV8-TBG-
MYDGF mice compared to AAV8-TBG-GFP mice can be observed 30 hours after PHx
(Figure 22c).

Thus, it can be concluded that overexpression of MYDGF in the mouse liver first leads to
an increased phosphorylation of MAPK on T202/Y204 (ERK1/2), followed by
phosphorylation of STAT3 on S727 after PHx.
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Figure 22: Increased levels of phospho-MAPK and phospho-STAT3 in AAV8-TBG-MYDGF
mice within the first 30 hours post PHx.
(a) Western blots showing B-tubulin (50 kDa), phospho-MAPK (T202/Y204; 44-42 kDa) and MAPK

(44-42 kDa) in right liver lobe lysates of AAV8-TBG-GFP or AAV8-TBG-MYDGEF transfected mice 24
hours after PHx and quantification of relative phospho-MAPK (T202/Y204) protein levels normalized
to MAPK and 3-tubulin. (b) Western blots showing phospho-STAT3 (S727; 86 kDa), STAT3 (86 kDa)
and GAPDH (37 kDa) in right liver lobe lysates of AAV8-TBG-GFP or AAV8-TBG-MYDGF transfected
mice 24 hours post PHx and quantification of relative phospho-STAT3 (S727) protein levels
normalized to STAT3 and GAPDH. (c) Western blots showing phospho-STAT3 (S727; 86 kDa),
STAT3 (86 kDa) and GAPDH (37 kDa) in right liver lobe lysates of AAV8-TBG-GFP or AAV8-TBG-
MYDGEF transfected mice 30 hours after PHx and quantification of relative phospho-STAT3 (S727)
protein levels normalized to STAT3 and GAPDH. n = 5 AAV8-TBG-GFP versus n = 4 AAV8-TBG-
MYDGEF liver lysates 24 hours after PHx (a, b) and n = 6 AAV8-TBG-GFP versus n = 5 AAV8-TBG-
MYDGEF liver lysates 30 hours after PHx (c). Data are presented as mean + SEM. P values were
calculated using two-tailed unpaired Student’s t-test with Welch'’s correction.
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5.10 Diminished liver regeneration in MYDGF knockout (KO) mice

After demonstrating that MYDGEF levels increase after liver surgery in humans and
mice (Figure 14, 15), and that overexpression of MYDGF increases hepatocyte proliferation
and liver-to-body weight ratio in mice after two-thirds PHx (Figure 19-21), we wanted to
further investigate the role of MYDGEF in liver regeneration by performing a loss-of-function
experiment. To this end, we performed a two-thirds PHx in MYDGF knockout (MYDGF KO)
mice and examined the signaling pathway and hepatocyte proliferation 30 hours after PHx.
The isolation timepoint of 30 hours after PHx was chosen because mice with liver-specific
overexpression of MYDGF show a peak in hepatocyte proliferation at this timepoint (Figure
20).

First, we verified the knockout efficiency of MYDGF KO mice, generated by Korf-Klingebiel
et al. (2015). Since the MYDGF KO mice were generated on a BALB/c background and
back-crossed to a C57BL/6N background, C57BL/6N mice were used as control. To analyze
the knockout efficiency, we prepared protein lysates from the left (isolated before PHx) and
right liver lobes (isolated 30 hours after PHx) of control and MYDGF KO mice and
determined the MYDGF levels by Western blot (Figure 23a). In both liver lobes from
MYDGF KO mice, no MYDGF can be detected compared to the control mice (Figure 23b,
¢). This indicates that MYDGEF is absent in the liver of MYDGF KO mice before and after
PHx.
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Figure 23: Absence of MYDGEF in liver of MYDGF KO versus control mice.
(a) Western blots showing GAPDH (37 kDa) and MYDGF (~16 kDa) in left and right liver lobe lysates

of control and MYDGF KO mice. (b, ¢) Quantification of MYDGF levels normalized to GAPDH levels
in percent of control mice in lysates of the left liver lobe (resected during PHx) (b) and in lysates of
the right liver lobe (isolated 30 hours post PHXx) (c). n = 8 control versus n = 5 MYDGF KO left (b)
and right (c) liver lysates. Data are presented as mean + SEM. P values were calculated using two-
tailed unpaired Student’s t-test with Welch'’s correction.
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5.10.1 MYDGF KO mice show abolished hepatocyte proliferation 30 hours
after PHx

After verifying the knockout efficiency of the animals, we examined whether the
proliferation rate in the right and caudate liver lobes of MYDGF KO mice was altered
compared to control mice 30 hours after PHx. To analyze the proliferation rate, liver sections
of the right and caudate liver lobe from control and MYDGF KO mice were first stained for
the proliferation maker PH3. In addition, blood vessels were stained for ICAM-1. To analyze
whether KO of MYDGF results in reduced hepatocyte proliferation, only PH3* but ICAM-1-
cells were counted and normalized to DAPI* cells (Figure 24). Strikingly, the hepatocyte
proliferation rate in both the right and caudate liver lobes from MYDGF KO mice is reduced

by almost 90% compared to control mice 30 hours after two-thirds PHx (Figure 24 c, f).
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Figure 24: MYDGF KO almost abolishes the number of PH3* hepatocytes in the remaining
mouse liver lobes 30 hours after PHx.
(a, b) LSM images of transversal sections of the right liver lobe of control (a) and MYDGF KO (b)

mice stained for proliferation marker PH3 (green, shown in inset top right), and blood vessel marker
ICAM-1 (red). Cell nuclei were counterstained for DAPI. White arrowheads point to proliferating cells.
(c) Quantification of proliferating cells (PH3* and ICAM-1) normalized to DAPI* cells in control versus
MYDGF KO mice, shown as percentage of control. (d, e) LSM images of transversal sections of the
caudate liver lobe of control (d) and MYDGF KO (e) mice stained for PH3 (green, shown in inset top
right), ICAM-1 (red). Cell nuclei were counterstained for DAPI. White arrowheads point to proliferating
cells. (f) Quantification of proliferating cells (PH3" and ICAM-1-) normalized to DAPI* cells in control
versus MYDGF KO mice, shown as percentage of control. n = 8 control versus n = 5 MYDGF KO
transversal sections of the right (c) and caudate (f) liver lobe. Scale bars: 50 ym (b, €). Data are
presented as mean + SEM. P values were calculated using two-tailed unpaired Student’s {-test with
Welch’s correction.
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To verify these proliferation data, liver sections were additionally stained for proliferation
marker Ki67 (Figure 25). To validate if the proliferating cells are hepatocytes, the slides
were also stained for the hepatocyte marker HNF4a. For analysis, only Ki67 and HNF4a
double positive cells were counted and normalized to DAPI” cells. Quantification of the Ki67
staining shows almost completely abolished hepatocyte proliferation in the right and
caudate liver lobes of MYDGF KO mice 30 hours after two-thirds PHx (Figure 25c, f).
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Figure 25: MYDGF KO almost abolishes the number of Ki67* hepatocytes in the remaining
mouse liver lobes 30 hours after PHx.
(a, b) LSM images of transversal sections of the right liver lobe of control (a) or MYDGF KO (b) mice,

stained for proliferation marker Ki67 (green, shown in inset top right) and hepatocyte marker HNF4a
(red). Cell nuclei were counterstained for DAPI. White arrowheads point to proliferating cells. (c)
Quantification of proliferating cells (Ki67* and HNF4a*) normalized to DAPI* cells in control versus
MYDGF KO mice, shown as percentage of control. (d, e) LSM images of transversal sections of the
caudate liver lobe of control (d) and MYDGF KO (e) mice, stained for Ki67 (green, shown in inset top
right) and HNF4a (red). Cell nuclei were counterstained for DAPI. White arrowheads point to
proliferating cells. (f) Quantification of proliferating cells (Ki67* and HNF4a*) normalized to DAPI*
cells in control versus MYDGF KO mice, shown as percentage of control. n = 8 control versus n = 5
MYDGF KO transversal sections of the right (c) and caudate (f) liver lobe. Scale bars: 50 um (b, e).
Data are presented as mean + SEM. P values were calculated using two-tailed unpaired Student’s
t-test with Welch’s correction.

Taken together, these results show that MYDGF KO mice have significantly abolished
hepatocyte proliferation compared to control mice 30 hours after two-thirds PHx.
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5.10.2 MYDGF KO reduces phosphorylation of STAT3 in the remaining mouse
liver 30 hours after PHx

We further wanted to determine if the MYDGF KO also has an effect on the STAT3
signaling 30 hours after PHx. Since overexpression of MYDGF in the mouse liver results in
a trend toward increased phospho-STAT3 (S727) signaling compared to control mice 30
hours after PHx (Figure 22c), we hypothesized that phospho-STAT3 (S727) signaling is
altered in MYDGF KO mice compared to the control mice. To verify this hypothesis, we
analyzed the phospho-STAT3 (S727) levels in the right liver lobe from control and MYDGF
KO mice 30 hours after PHx by Western blot. For the quantification phospho-STAT3 (S727)
levels were normalized to STAT3 and GAPDH (Figure 26a). We observed a 30% reduction
in relative phospho-STAT3 (S727) levels in right liver lobe lysates from MYDGF KO mice
30 hours after two-thirds PHx (Figure 26b).
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Figure 26: Reduced phosphorylation of STAT3 in the remaining liver of MYDGF KO mice 30
hours after PHx.

(a) Western blots showing phospho-STAT3 (S727) (86 kDa), STAT3 (86 kDa) and GAPDH (37 kDa)
in right liver lobe lysates of control and MYDGF KO mice 30 hours after PHx. (b) Quantification of
relative phospho-STAT3 (S727) protein levels normalized to STAT3 and GAPDH. n = 8 control versus
n =5 MYDGF KO liver lysates. Data are presented as mean + SEM. P value was calculated using
two-tailed unpaired Student’s t-test with Welch’s correction.

All in all, these results strongly indicate that a deletion of MYDGF leads to significantly
abolished hepatocyte proliferation and reduced phosphorylation of STAT3 on S727 30 hours
after two-thirds PHXx.
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6. Discussion

The aim of this study was to investigate the role of the angiocrine signal MYDGF on
hepatocyte proliferation and liver regeneration. We demonstrated that the secretion of
MYDGF by stretched primary human hepatic ECs (GroRe-Segerath, 2020, Grof3e-Segerath
and Follert et al., 2024) is not associated with an increase in cell death (Figure 5). Further
we showed that MYDGF promotes proliferation (Figure 6) and survival (Figure 7) of 2D
and proliferation of 3D (Figure 8) cultured primary human hepatocytes, but not of the AFP-
positive HepG2 cell line (Figure 9, 10). Moreover, we identified that MAPK/STAT3 signaling
is involved in MYDGF-induced hepatocyte proliferation (Figure 11, 12, 13). We also
revealed that MYDGF is expressed at an earlier timepoint than HGF after liver surgery in
humans (Figure 14) and mice (Figure 15). We further demonstrated that AAV8-TBG
induced overexpression of MYDGF in the mouse liver (Figure 18) enhances hepatocyte
proliferation (Figure 19, 20) and liver-to-body weight ratio (Figure 21) after two-thirds PHx.
Furthermore, we observed and increased phosphorylation of MAPK (T202/Y204) 24 hours
after PHx and a tendentially increased phosphorylation of STAT3 (S727) 30 hours after PHx
(Figure 22). In contrast, deletion of MYDGF leads to impaired liver regeneration, as
reflected by diminished hepatocyte proliferation 30 hours after two-thirds PHx (Figure 23,
24, 25). Also, a numerically reduced phosphorylation of STAT3 (S727) can be observed at
this timepoint after two-thirds PHx (Figure 26). Hence, this study describes the positive
effect of MYDGF on the proliferation and survival of human hepatocytes and its requirement

for liver regeneration.

6.1 In vitro relevance of MYDGF as an angiocrine signal for human hepatocyte

proliferation and survival

After two-thirds PHx, the same amount of blood flows to the remaining smaller part
of the liver, resulting in hemodynamic changes (Michalopoulos, 2007, Eipel et al., 2010,
Lorenz et al., 2018, Grosse-Segerath and Lammert, 2021). These hemodynamic changes
can be mimicked in vitro by mechanically stretching primary human hepatic ECs, which
triggers the release of angiocrine signals such as HGF (Lorenz et al., 2018). In a previous
experiment we measured elevated levels of the paracrine-acting protein MYDGF in the
supernatant of mechanically stretched primary human hepatic ECs (Grof3e-Segerath, 2020,
Grolie-Segerath and Follert et al., 2024). Since mechanical stretching of ECs is associated
with morphological and structural changes (Jufri et al., 2015), we investigated whether our
stretching conditions lead to enhanced cell death and thus to increased MYDGF levels in

the supernatants of stretched primary human hepatic ECs. Here, we show that our
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stretching conditions do not lead to increased cell death of human hepatic ECs (Figure 5)
and therefore conclude that MYDGF is secreted as an angiocrine signal by stretched human

hepatic ECs.

MYDGF was first described in the heart in 2015, and in recent years has been claimed as
a potential therapeutic drug for diseases in several organs (Xu et al., 2023b). While in the
heart, MYDGF treatment promotes angiogenesis and cardiac repair after Ml, it reduces the
inflammatory response and hepatic de novo lipid synthesis in mice with NAFLD (Korf-
Klingebiel et al., 2015, Ding et al., 2023). Due to the close connection between the heart
and the liver that occurs during embryonic development (Lammert et al., 2001, Mgller and
Bernardi, 2013, Zhang et al., 2016) and continues in the adult organism through the blood
supply (Lammert et al., 2003), we first investigated whether MYDGF also has an effect on

in vitro cultured primary human hepatocytes.

Studying the effect of angiocrine signals on primary human hepatocytes is challenging
because these cells are demanding to culture. After seeding, hepatocytes undergo
morphological changes, induce cell death, and have low proliferative potential (Guguen-
Guillouzo and Guillouzo, 2010, Kaur et al., 2023, Zeilinger et al., 2016). Therefore, we
investigated whether MYDGF treatment has a proliferation and survival enhancing effect on
2D cultured hepatocytes. We verified previous results from our laboratory (Grolte-Segerath,
2020, Grolie-Segerath and Follert et al., 2024) and showed that MYDGF treatment leads
to an increased number of proliferating (PH3") human hepatocytes and a decreased
caspase-3 area and thus to reduced programmed cell death (apoptosis) in primary human
hepatocytes (Figure 6, 7). However, both the proliferation and survival data indicate that
the youngest donor (23 years, male) shows the lowest response to MYDGF treatment. This
contradicts the current state of research, which indicates that younger humans and mice
show superior hepatocyte proliferation and liver regeneration than older ones (Fry et al.,
1984, lakova et al., 2003, Schmucker and Sanchez, 2011). The reduced response of the
23-year-old male donor to MYDGF treatment might be explained by his daily alcohol
consumption and his higher BMI (BMI: 24.6) compared to the other donors (BMI: 18-21), as
increased BMI and regular alcohol consumption are known to lead to liver damage (Fabbrini
et al., 2010, Beier and McClain, 2010, Wang et al., 2016). Therefore, it is possible that the
hepatocytes from this donor, although morphologically comparable to the hepatocytes from
the other donors, were more severely damaged prior to culturing, resulting in a lower

response to MYDGF treatment compared to the other donors.

As aforementioned cultivation of hepatocytes in 2D culture is challenging, we also
investigated the effect of MYDGF treatment on human hepatocyte organoids. Our results
show an increase in organ area and proliferation rate of human hepatocyte organoids after

seven days of daily MYDGF treatment (Figure 8). 3D culture systems have the advantage
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that human hepatocytes can be cultured for longer periods of time, which is particularly
beneficial for hepatocytes that dedifferentiate rapidly in 2D culture (Bissell and Guzelian,
1980, Seirup et al., 2022). Furthermore, the culture conditions are closer to the in vivo
situation, hence 3D culture systems are also widely used for drug testing, developmental
studies, or disease modeling (Edmondson et al., 2014, Duval et al., 2017, Kapalczynska et
al., 2018, Hora and Wuestefeld, 2023). In the pharmaceutical industry, several 3D systems
are used to test the liver toxicity of various substances (Soldatow et al., 2013). However,
3D culture also has its limitations, such as the lack of complexity of the living organ or the
limited vascularization (Hora and Wuestefeld, 2023). The formation of vascular networks
can be partially achieved by co-culturing of mesodermal progenitor cells derived from
induced pluripotent stem cells (iPSCs) with human organoids (Worsdorfer et al., 2019).
Nevertheless, vascularization remains a challenging process in organoid culture. In addition
to the challenging vascularization of the organoids, their "grape-like" structure (Hu et al.,
2018) creates a nutrient-access-gradient within an organoid (Edmondson et al., 2014, Duval
et al., 2017), consequently treatment needs to be adjusted accordingly. Our results show
that MYDGEF also has an effect on hepatocytes cultured more closely related to an in vivo
situation. Thus, our results provide a basis for further investigation of the effect of MYDGF
as a potential therapeutic drug. For example, it would be interesting to investigate whether
continuous rather than daily administration over seven days would have an even more
robust effect on hepatocyte proliferation, as MYDGF has a short half-life (15.3 minutes)
(Korf-Klingebiel et al., 2015). In addition, the structure of MYDGF could be modified (e.g.,
via Fc-tag) to extend its half-life while maintaining its function. Furthermore, it would be
interesting to test whether MYDGF also has a beneficial effect on a chronically damaged
liver. A previous study has already shown that transplantation of in vitro cultured liver
organoids into the liver via the portal vein of rats restores the regenerative capacity of a
chronically damaged liver in rats (Tsuchida et al., 2019). Thus, it could be tested whether
transplantation of MYDGF-treated hepatocyte organoids restores the regenerative capacity

of a chronically damaged liver even faster.

However, in previous publications, C190rf10 (MYDGF) has also been described in
association with the malignant stage of hepatocellular and gallbladder carcinoma
(Sunagozaka et al., 2011, Wang et al., 2021, Li et al., 2021). In hepatocellular carcinoma
AFP and MYDGF expression are correlated, and a depletion of MYDGF in AFP-positive
cancer cells results in reduced cell proliferation (Sunagozaka et al., 2011). In this study we
show that HepG2 cells compared to primary human hepatocytes are AFP-positive and do
not respond to our MYDGF treatment conditions with an increase in proliferation (Figure 9,
10). This result can be explained by the fact that HepG2 cells do not reflect the adult human

in vivo situation based on their AFP expression (Bergstrand and Czar, 1956). AFP is only
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expressed in the embryo and takes over the function of albumin, while in the adult organism
AFP is completely replaced by albumin (Galle et al., 2019). Therefore, the presence of AFP
in the adult organism is atypical and is consequently used as a marker for HCC or liver
diseases (Galle et al., 2019, Hu et al., 2022b). Accordingly, we can conclude that our in vitro

treatment conditions do not promote proliferation of the AFP-positive HepG2 cell line.

In summary, we show that MYDGF has a proliferation- and survival-promoting effect on
primary human hepatocytes in vitro. Thus, MYDGF represents a useful medium supplement
to improve the cultivation of primary human hepatocytes. Consequently, it would be possible
to culture primary human hepatocytes for a longer period of time and to investigate the
influence of newly identified other angiocrine signals on the proliferation and survival of
primary human hepatocytes. In addition, human hepatocyte organoids can be used to study
the effect of MYDGF as a potential therapeutic drug for liver regeneration or chronic liver
injury. Moreover, the identification of the yet unknown MYDGF receptor could open up

further opportunities to study the function and treatment conditions of MYDGF.

6.1.1 Underlying signaling pathway of MYDGF on human hepatocyte
proliferation

Hepatocyte proliferation and thus liver regeneration are associated with several
signaling pathways (Talarmin et al., 1999, Wen et al., 2022, Yagi et al., 2020, Hong et al.,
2000, Jackson et al., 2008). In this study, we identify that the MAPK/STAT3 signaling
pathway is involved in MYDGF-induced hepatocyte proliferation (Figure 11-13). MYDGF
induces phosphorylation of MAPK on T202/Y204 (ERK1/2), and the phosphorylation of
STAT3 on S727 in primary human hepatocytes. This effect can be inhibited by pretreatment
with PD98059 (MEK specific inhibitor), which results in significantly reduced
phosphorylation of MAPK on T202/Y204 (ERK1/2) and STAT3 on S727 and decreased
hepatocyte proliferation under MYDGF treatment. Several studies have shown that
treatment of mouse and human hepatocytes with growth factors is associated with
activation of the MAPK (ERK1/2) signaling pathway (Talarmin et al., 1999, Leu et al., 2003,
Huh et al., 2004, Henklova et al., 2008, Factor et al., 2010, Chen et al., 2013). For example,
treatment of human hepatocytes with the growth factor EGF and the treatment of mouse
hepatocytes with HGF leads to activation of MAPK (ERK1/2) signaling and increased
proliferation of mouse hepatocytes (Henklova et al., 2008, Huh et al., 2004). Mice with a
silenced HGF receptor (c-Met) in hepatocytes exhibit reduced MAPK (ERK1/2) signaling
after PHx (Factor et al., 2010). Primary cultured hepatocytes from these mice also exhibit
reduced phospho-MAPK (ERK1/2) signaling, which can only be partially rescued by

continuous administration of EGF (Factor et al., 2010). In addition, EGF plus insulin-induced
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MAPK (ERK1/2) signaling and DNA synthesis in primary rat hepatocytes can be inhibited
by PD98059 treatment. (Dixon et al., 1999).

In contrast, significantly increased phosphorylation of STAT3 on S727 occurs at a later
timepoint after MYDGF treatment than phosphorylation of MAPK on T202/Y204 (ERK1/2)
(Figure 11). However, MYDGF-induced phosphorylation of STAT3 on S727 can be
prevented by pre-treatment with both the MEK-specific inhibitor (PD98059) and the STAT3-
specific inhibitor (Stattic) (Figure 12). Therefore, we hypothesized that MYDGF treatment
activates STAT3 downstream of MAPK in human hepatocytes. MAPK can activate STAT3
by phosphorylation on S727 residue without prior activation of JAK (Chung et al., 1997,
Korf-Klingebiel et al., 2015, Xu et al., 2022), resulting in maximal transcriptional activity of
STAT3 (Wen et al., 1995, Decker and Kovarik, 2000), as previously described in the
literature. Furthermore, we showed that the activation of STAT3 is crucial for MYDGF-
induced hepatocyte proliferation, as the proliferation-promoting effect of MYDGF on primary
human hepatocytes is almost completely abolished when the phosphorylation of STAT3 is
inhibited by Stattic (Figure 13). This indicates that the inhibition of STAT3 has a stronger
impact on the proliferation-promoting effect of MYDGF on human hepatocytes than the
inhibited phosphorylation of MAPK. This effect may occur because STAT3, as a
transcription factor can directly activate cell proliferation (Tesoriere et al., 2021). However,
when the phosphorylation of MAPK is inhibited, other signaling molecules may be activated
to compensate for the inhibition of the MAPK pathway. The ability of other pathways to be
activated to compensate for the inhibition of one signaling molecule can be seen in mice
with liver-specific deletion of Stat3. In these mice, Stat3 deletion results in increased
activation of the PISK/AKT pathway during liver regeneration after PHx (Haga et al., 2005).
Furthermore, the inhibition of the proliferation-promoting effect of MYDGF on primary
human hepatocytes by pretreatment with PD98059 or/and Stattic is comparable to that
obtained by treating primary mouse hepatocytes with IL-6. The latter is a well-known
cytokine that is essential for hepatocyte proliferation and survival during liver regeneration
(Cressman et al., 1996, Sakamoto et al., 1999, Blindenbacher et al., 2003). Treatment of
primary mouse hepatocytes in vitro with IL-6 results in the activation of MAPK (ERK1/2),
STAT3 and YAP and an increased proliferation rate (Cheng et al., 2022). Inhibition of STAT3
leads to a nearly 46% reduction in hepatocyte proliferation, while inhibition of MAPK
(ERK1/2) results in a 35% reduction in hepatocyte proliferation (Cheng et al., 2022).
Inhibition of MAPK (ERK1/2), STAT3 and YAP completely abolished the proliferation-
promoting effect of IL-6 on primary mouse hepatocytes. This indicates that these signaling
molecules are critical for IL-6-mediated functions (Cheng et al., 2022). Another study shows
that an induced albumin promoter-driven Cre-loxP-mediated Stat3 deletion in adult mouse

liver, leads to normal MAPK activation but one-third reduced DNA synthesis in hepatocytes
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40 hours after PHx (Li et al., 2002). Comparing our results with previous publications, we
conclude that MAPK and STAT3 are crucial for MYDGF-mediated functions, since depletion
of one or both signaling molecules inhibited or almost abolished MYDGF-induced

proliferation of human hepatocyte.

In addition, we observe increased phospho-AKT (S473) levels 5 and 15 minutes after
MYDGF treatment, which returned to baseline levels 30 minutes after treatment (Figure
11). In this study, we did not investigate the influence of AKT inhibition on hepatocyte
proliferation, as phosphorylation of AKT on S473, but also on residue T308, is mainly
associated with a cell survival-promoting effect under MYDGF treatment (Korf-Klingebiel et
al., 2015, He et al., 2020, Gao et al., 2023). In cardiac myocytes, MYDGF promotes the
survival through the phosphorylation of AKT on residues S473 and T308, resulting in
inhibition of the pro-apoptotic proteins Bcl-2-associated X protein (Bax) and Bcl-2
antagonist of cell death (Bad) (Korf-Klingebiel et al., 2015), whereas MYDGF-induced
podocyte survival occurs in an AKT/Bad-dependent manner (He et al., 2020). High glucose-
induced gingival fibroblasts, associated with increased apoptosis, can be prevented by
overexpression of MYDGF, which leads to activation of AKT and inhibition of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) (Gao et al., 2023). In general,
activation of AKT can lead to the phosphorylation and therefore inhibition of the pro-
apoptotic proteins Bad and Bax (Datta et al., 1997, del Peso et al., 1997, Yamaguchi and
Wang, 2001) and the pro-apoptotic proteases caspase-8/-9 (Liu et al., 2019, Cardone et al.,
1998). AKT also has an anti-apoptotic effect during liver regeneration in mice by activating
the Bad signaling (Hong et al., 2000). For example, AKT activation protects against TNF-a
and Fas ligand mediated apoptosis in primary mouse hepatocytes (Hatano and Brenner,
2001). Suppression of AKT phosphorylation by various inhibitors leads to increased pro-
caspase-8 activity and decreased survival of mice in liver injury models. This effect can be
partially reversed by co-treatment with the AKT-specific activator SC79 (Liu et al., 2019).
Thus, AKT plays a critical role in the survival of cells, including hepatocytes. In further
experiments it would be of great interest to investigate the effect of AKT phosphorylation
under MYDGF treatment on the survival but also on the proliferation of human hepatocytes.
Western blots could be used to test whether MYDGF promotes the phosphorylation and
thus inhibits pro-apoptotic markers (such as Bax, Bad) and pro-apoptotic caspase activity
in human hepatocytes under AKT activation. In addition, the effect of AKT inhibition on
hepatocyte survival and proliferation after MYDGF treatment needs to be investigated by

immunostaining.

All in all, we identified that the MAPK/STAT3 signaling pathway is involved in MYDGF-

induced primary human hepatocyte proliferation. Further experiments are required to
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determine whether the phosphorylation of AKT after MYDGF treatment also has an effect

on primary human hepatocyte proliferation and/or survival.

6.2 In vivo relevance of MYDGF on hepatocyte proliferation and liver

regeneration

6.2.1 Expression kinetics of MYDGF and HGF after liver surgery in humans

and mice

Since MYDGEF is secreted by stretched primary human hepatic ECs (Grofde-
Segerath, 2020, GroRe-Segerath and Follert et al., 2024), we investigated whether MYDGF
levels are elevated after liver surgery in humans and mice. We hypothesized that MYDGF
is secreted into the blood by hepatic ECs after liver surgery, due to vasodilation of blood
vessels in the remaining liver. To analyze the expression kinetics of MYDGF after liver
surgery, we measured MYDGF serum and plasma levels in humans at different timepoints
after liver surgery and compared it to the well-studied expression kinetics of the angiocrine
signal HGF. Our human data show that MYDGEF is expressed in human blood serum within
the first hour after stage 1 in-situ split liver surgery, whereas HGF begins to increase 24
hours after stage 1 in-situ split liver surgery (Figure 14). Consequently, we hypothesized
that MYDGF, in contrast to HGF, is released at an earlier timepoint of liver regeneration.
This hypothesis was confirmed by our plasma data. After liver resections, where different
segments of the liver were removed from six male patients, a 40% increase in MYDGF
levels is visible. In contrast, HGF does not show a significant increase at this timepoint.
These data are consistent with the literature showing that basal blood serum and plasma
HGF levels (range from 10-1,000 pg/ml) begin to increase (range from 100-10,000 pg/ml)
24 hours after stage 1 in-situ split liver surgery (Sparrelid et al., 2018) and liver resection
(Tomiya et al., 1992, Justinger et al., 2008, Murtha-Lemekhova et al., 2021, Dehlke et al.,
2022). In addition, our results confirm the fact that metabolite concentrations are generally
higher in serum than in plasma (Yu et al., 2011). Nevertheless, HGF shows higher plasma
and serum levels compared to MYDGF, suggesting that HGF levels are generally higher
before and after liver surgery. This can be explained by the fact that HGF is not only
secreted by hepatic ECs, but also by HSCs, Kupffer cells and mesenchymal cells, and is
also stored in the ECM (Zhao et al., 2022). Furthermore, HGF mRNA levels also increase
in distal organs such as the lung, kidney and spleen after liver surgery (Kono et al., 1992,
Yanagita et al.,, 1992). In addition, HGF production is stimulated by pro-inflammatory
cytokines such as IL-6 and TNF-a in distal organs and in the remaining liver (Nakamura and
Mizuno, 2010). The possible storage of MYDGF in the ECM or an increase in MYDGF

mMRNA levels in distal organs after liver surgery is currently unknown. Therefore, further
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experiments are needed to analyze the possible storage of MYDGF in the ECM and

MYDGF mRNA levels in distal organs (e.g., spleen, kidney) after liver surgery.

Consistent with our human data, we measured a rapid increase of MYDGF in the remaining
right liver lobe three hours after two-thirds PHx in mice (Figure 15). Since our previous
experiments have shown that MYDGEF is secreted as an angiocrine signal by stretched
human hepatic ECs (GroRRe-Segerath, 2020, Grolte-Segerath and Follert et al., 2024), we
investigated whether isolated mouse hepatic ECs also display increased MYDGF levels
after two-thirds PHXx. In addition, we also measured the levels of HGF to compare the
expression kinetics of both proteins. Our results show that in isolated mouse hepatic ECs,
MYDGEF levels increase at the same timepoint (3 hours after PHx) as measured in the whole
liver lysates, whereas HGF levels increase at a later timepoint (12 hours after PHx). The
increase of HGF 12 hours after PHx in mice has also been described in the literature (Zhang
et al., 2020). In contrast, rats show a slightly earlier increase in HGF levels compared to
mice. HGF mRNA and protein levels start to increase within the first 3 to 6 hours, peak 24
hours after PHx in rat liver, and gradually decline 72 to 96 hours after PHx (Zarnegar et al.,
1991, Pediaditakis et al., 2001). This earlier increase may be related to the fact that in rats,
hepatocyte proliferation peaks 12 hours earlier after PHx than in mice (Michalopoulos,
2007). Therefore, it would be interesting to examine the expression kinetics of MYDGF in
rats after PHx to determine whether MYDGEF is secreted at an earlier timepoint to promote
the earlier hepatocyte proliferation. In addition, a higher level of HGF than MYDGF can be
measured in the isolated hepatic ECs of the mice after PHx. Based on the already higher
basal HGF levels (0 hours after PHx), it can be concluded that HGF is generally present in

higher concentration than MYDGF in the mouse hepatic ECs.

In conclusion, our results indicate that MYDGF levels increase at an earlier timepoint after

liver surgery in humans and mice, but at generally lower levels than HGF.

6.2.2 Effect of MYDGF overexpression on liver regeneration in mice

Since an increase in MYDGF is observed after liver surgery in humans and mice,
we investigated whether overexpression of MYDGF in the mouse liver has an effect on liver
regeneration after PHx. Our results reveal that AAV8-TBG-mediated overexpression of
MYDGF in hepatocytes leads to significantly increased hepatocyte proliferation 30 hours
after PHx via the activation of MAPK/STAT3 signaling and a 10% increased liver-to-body
weight ratio 96 hours after PHx (Figure 19-22). In contrast, overexpression of MYDGF
alone does not lead to excessive hepatocyte proliferation without the mechanical stimulus
of two-thirds PHx (Figure 20). Recent studies have shown that overexpression of some

liver specific genes have a negative effect on the healthy liver. For example, mice with
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TGF-a overexpression driven by the metallothionein 1 (MT1) promoter exhibit formation of
liver tumors (Jhappan et al., 1990). Or mice overexpressing HGF exhibit a liver-to-body
weight ratio twice as high as control mice at four weeks of age and almost three times faster
liver regeneration after PHx, but the Hgf transgenic animals develop benign and/or
malignant liver tumors by 17 months of age (Sakata et al., 1996). This effect was observed
even though HGF has been shown to have an inhibitory effect on the growth of
hepatocellular cancer cell lines (Tajima et al., 1991, Shiota et al., 1992). Another study
showed that transgenic mice overexpressing HGF under the control of an albumin
regulatory sequence had increased liver weight at six months of age compared to controls,
but did not develop liver tumors until nine months of age (Shiota et al., 1994). In addition,
overexpression of HGF results in a 34% increase in liver-to-body weight one day after PHx
and a doubled rate of liver regeneration compared to control mice (Shiota et al., 1994). In
contrast, we did not observe the development of liver tumors in mice with hepatocyte-
specific MYDGF overexpression four weeks after AAV8-injection (data not shown).
Similarly, no phenotypic changes were described in other studies in which MYDGF was
overexpressed by AAV injection (Wang et al., 2020a, He et al., 2020, Meng et al., 2021, Xu
et al., 2022, Ding et al., 2023). On the other hand, the significantly increased proliferation
of hepatocytes after two-thirds PHx indicates improved liver regeneration in AAV8-TBG-
MYDGF transfected mice compared to AAV8-TBG-GFP ftransfected mice. Also, the
significantly increased phosphorylation of MAPK on T202/Y204 (ERK1/2) (24 hours after
PHx) and the numerically increased phosphorylation of STAT3 on S727 (30 hours after PHx)
in the AAV8-TBG-MYDGF mice supports our aforementioned hypothesis that MYDGF
activates MAPK upstream of STAT3 to promote hepatocyte proliferation (Figure 22). Based
on this, it would be interesting to investigate whether treatment with recombinant MYDGF
in wild-type and aged mice improves liver regeneration under activation of MAPK/STAT3
signaling after two-thirds PHx. Due to the relatively short half-life of MYDGF in plasma (15.3
minutes) (Korf-Klingebiel et al., 2015), daily and continuous treatment with MYDGF during
the first days after PHx would be useful, as it has already been shown that proteins with a
short half-life, e.g., HGF (half-life: 3-5 minutes), lead to undetectable or low levels of hepatic
DNA synthesis after a single injection into intact animals (Webber et al., 1994, Ishii et al.,
1995). However, continuous administration of HGF directly into the portal vein of intact
mouse livers for five days resulted in a 140% increase in liver mass, returning to normal

within four to five weeks (Patijn et al., 1998).

In addition, it would be interesting to investigate whether MYDGF promotes liver
regeneration not only in mechanically but also in hepatoxically injured livers. To this end,
liver tissue can be injured by treatment with hepatoxic chemicals such as CCl4, which

triggers an inflammatory response (Michalopoulos, 2007). This model is more consistent
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with the regenerative response in humans with liver disease because the regeneration
process is preceded by an inflammatory response rather than a traumatic injury as in PHx
(Ding et al., 2010, Huang et al., 2021). HGF gene therapy has been shown to improve liver
function in cirrhotic (CCl4 treatment induced) mouse livers after PHx (Xue et al., 2003). On
this basis, it would be interesting to investigate whether MYDGF also improves liver
regeneration in chemically induced liver injury models, as recent studies have already
shown that MYDGF alleviates the inflammatory response in high-fat diet-induced NAFLD
mice (Ding et al., 2023).

In summary, we propose, for the first time that overexpression of MYDGF leads to
significantly increased hepatocyte proliferation via activation of MAPK/STAT3 signaling and
improved liver regeneration after two-thirds PHx. To emphasize the clinical relevance of
MYDGF as a therapeutic drug, daily administration of MYDGF after two-thirds PHx or

chemically induced liver regeneration needs to be investigated.

6.2.3 Effect of MYDGF knockout on liver regeneration in mice

To better understand the role of MYDGF in liver regeneration, we also performed a
loss-of-function experiment. Loss-of-function experiments are widely used to study whether
deletion of a specific gene results in impaired liver regeneration. In recent years, the
relevance of known angiocrine signals and cytokines for liver regeneration have been
investigated using various knockout mice (Huang et al., 2021, Hora and Wuestefeld, 2023).
However, some knockout models are difficult to study, including homozygous deletion of
Hgf and/or its receptor c-Met, which results in embryonic lethality and impaired liver
development (Schmidt et al., 1995, Bladt et al., 1995, Uehara et al., 1995, Dietrich et al.,
1999). Therefore, the influence of induced Hgf deletion in adult rodents on liver regeneration
has been investigated in recent years. Endothelial cell-specific deletion of Hgf in mice was
shown to result in significantly reduced hepatocyte proliferation 48 hours after PHx and a
reduced liver-to-body weight ratio 72 hours after PHx compared to controls (Zhang et al.,
2020). At 96 hours after PHx, no proliferation or weight-specific difference is observed,
indicating a delay in liver regeneration (Zhang et al., 2020). In contrast, Cre-recombinase-
induced deletion of Hgf in adult mice reduces the liver-to-body weight ratio by 20% and
significantly inhibits hepatocyte proliferation two days after PHx combined with one month
of CCl4 pre-treatment (Nejak-Bowen et al., 2013). Depletion of the HGF receptor c-Met in
adult mice results in impaired liver regeneration with a 60% reduction in hepatocyte
proliferation compared to controls 48 hours after PHx (Borowiak et al., 2004). Also, the
activation of MAPK (ERK1/2), which is known to be activated in liver regeneration (Guegan

et al., 2012), cannot be detected in c-Met mutant mice (Borowiak et al., 2004). Our results
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show comparable and, in some cases, even stronger effects of MYDGF knockout on liver
regeneration in mice. MYDGF KO mice do not exhibit embryonic lethality or impaired liver
development indicating that MYDGF is not required for embryonic development (Korf-
Klingebiel et al., 2015). However, the deletion of MYDGF leads to an almost abolished
proliferation of hepatocytes and a numerically reduced phosphorylation of STAT3 (S727) 30
hours after PHx (Figure 24-26). To be able to make a more precise statement as to whether
liver regeneration is only delayed (similar to the endothelial cell-specific deletion of Hgf) or
completely abolished by the deletion of Mydgf, further timepoints after PHx (e.g., 24, 96
hours) need to be investigated. Thereby, it would be interesting to examine whether there
is also a reduced phosphorylation of MAPK (ERK1/2) signaling 24 hours after PHx and an
altered liver-to-body weight ratio 96 hours after PHx. Since a recent study has shown that
MYDGF deficiency leads to increased liver dysfunction and inflammatory response in
NAFLD mice (Ding et al., 2023), it would be interesting to analyze if the inflammatory
response and the survival kinetics of MYDGF KO mice compared to controls after two-thirds
PHx is altered. Therefore, further experiments need to be performed to investigate the
apoptosis rate, necrotic area and also the expression of inflammatory markers in the
MYDGF KO mice compared to the control mice after two-thirds PHx. In addition, the clinical
relevance of MYDGF as a therapeutic drug in the KO animals could be tested by
investigating whether administration of recombinant MYDGF to MYDGF KO mice reverses

the impaired liver regeneration after PHx.

In general, our results show that a deletion of MYDGF abolishes hepatocyte proliferation
30 hours after two-thirds PHx. Further in vivo experiments are required to better
characterize the phenotype of MYDGF deletion on liver regeneration and the associated
MAPK/STAT3 signaling pathway. These experiments will allow a more precise statement

as to whether deletion of MYDGF delays or prevents liver regeneration.

6.3 Clinical relevance of MYDGF

Liver diseases such as cirrhosis, viral hepatitis and liver cancer cause two million
deaths worldwide each year, whereby alcohol consumption is the leading cause of cirrhosis.
In addition, one quarter of the global adult population is affected by a fatty liver related to
systemic metabolic dysregulation, which has been referred to metabolic dysfunction-
associated fatty liver disease (MAFLD) since 2020 (Devarbhavi et al., 2023, Gofton et al.,
2023). Since many liver dysfunctions, if undetected, progress to end-stage liver disease
such as cirrhosis and/or HCC, liver surgery or transplantation are the only treatment options
(Hora and Wuestefeld, 2023). Due to pre-existing liver diseases and the increasing age of

our society, the number of available transplantable livers has decreased in recent years.
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The liver is the second most commonly transplanted organ after the kidney, but less than
10% of the global demand for donor organs is currently covered (Devarbhavi et al., 2023).
Hence, there is an urgent need to find new factors that not only treat liver diseases but also
promote liver regeneration. MYDGEF is a promising factor in this context, as in this study we
show that MYDGF stimulates hepatocyte proliferation in vitro and in vivo and that its
overexpression leads to improved liver regeneration. A previous study has shown that
MYDGF treatment significantly reduces liver fibrosis and inflammatory response in mice
with NAFLD (Ding et al., 2023). MYDGF treatment has also been described to have
beneficial effects on cardiac repair after Ml, atherosclerosis, and metabolic diseases such
as T2D, glomerular diseases, and osteoporosis (Xu et al., 2023b). Therefore, MYDGF could
be used as a therapeutic drug for patients with liver diseases such as hepatic fibrosis or
MAFLD, and to improve liver regeneration after liver surgery or liver transplantation. Donor
livers that are not fully suitable for donation due to prior diseases, could be treated ex vivo
with MYDGF until the function of the liver is sufficient for transplantation. It is already
possible to improve the function of human livers, which were declined for transplantation,
in a liver perfusion machine. The liver perfusion machine allows ex vivo cultivation of the
donor liver for up to seven days by mimicking liver function and blood and bile flow
(Eshmuminov et al., 2020). The addition of MYDGF to the artificial blood stream of the
externally cultured donor liver may result in improved organ survival and growth, and could
improve the quality of livers that were originally insufficient for transplantation. In addition,
it is already possible to split a donor liver and transplant it into two recipients using split liver
transplantation (SLT) (Pichimayr et al., 1988, Bismuth et al., 1989). This is particularly
advantageous considering that only a small number of donor livers are currently available.
However, one of the criteria for SLT is that the age of the donor is <50 years to avoid
compromising liver regeneration with increasing age (Emre and Umman, 2011). Treatment
with MYDGF might allow to use livers from older donors for SLT. In addition, the
transplantable liver parts could be treated with MYDGF to stimulate liver growth to such an
extent that the liver could even be divided between more than two recipients. Since MYDGF
also contributes to a reduced rate of apoptosis in in vitro cultured hepatocytes, general
treatment of donor livers could also improve the viability of the organ during transport to the
recipient. In addition, therapeutic treatment with MYDGF within the first few days after liver
surgery could stimulate liver growth and would therefore be particularly beneficial in elderly
patients. Since MYDGF levels and the regenerative capacity of the liver decrease with age
(Polten et al., 2019, Schmucker and Sanchez, 2011), additional administration of MYDGF

could compensate this effect.

Overall, this study and previous studies suggest MYDGF as a promising therapeutic drug

for liver diseases and liver regeneration.
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6.4 Conclusion and Outlook

In this study, we characterized the role of MYDGF on primary human hepatocytes
and liver regeneration after two-thirds PHx. Our results present MYDGF as a factor that
initiates proliferation and facilitates survival of primary human hepatocytes. Thereby, the
MYDGF-induced hepatocyte proliferation is mediated by the phosphorylation of MAPK on
T202/Y204 (ERK1/2) and STAT3 on S727. In addition to its beneficial effects on human
hepatocyte culture, MYDGF is rapidly expressed as an angiocrine signal after liver surgery
in humans and mice. Using gain- and loss-of-function experiments, we were able to show
that MYDGF is sufficient and required for liver regeneration in mice. MYDGF thus
represents an angiocrine signal that holds great potential for future therapeutic applications,
both in vitro and in vivo. To better elucidate the function of MYDGF as a therapeutic drug,

further studies are needed.

In vitro, it would be interesting to investigate to what extent the activation of AKT affects the
proliferation and survival of human hepatocytes treated with MYDGF. To this end, it should
be investigated whether the inhibition of AKT phosphorylation leads to a reduced
proliferation and survival rate in primary human hepatocytes. The proliferation rate could be
examined by immunostaining (EdU or PH3 staining), while survival could be analyzed by
immunostaining (caspase-3) or by Western blot (inhibition/activation of pro-apoptotic
proteins and caspases). It would also be interesting to examine whether the activation of
AKT is dependent or independent of MAPK/STAT3 signaling. Furthermore, it would be
interesting to test whether Fc-tag-modified MYDGF has a stronger effect on the proliferation
of 2D and 3D cultured hepatocytes due to its supposedly longer half-life. In addition, a pull-
down assay could be used to identify interaction partners of MYDGF and possible

receptor(s).

In vivo, it would be interesting to test whether the deletion of MYDGF reduces or completely
inhibits liver regeneration. To this end, hepatocyte proliferation and liver-to-body weight ratio
in MYDGF KO mice should be examined at further timepoints (e.g., 48 and 96 hours) after
two-thirds PHXx. In addition, survival kinetics could be used to investigate whether the
survival of MYDGF KO mice after two-thirds PHx is reduced compared to control mice. In
another cohort of MYDGF KO mice, the function of MYDGF as a therapeutic drug could be
investigated. Thereby it could be test whether continuous treatment with recombinant
MYDGF, administered via an osmotic pump within the first days after PHx, reverses the
effect of MYDGF deletion on liver regeneration. If the Fc-tagged MYDGF shows an effect
on primary human hepatocytes, the influence of a single administration of this protein on

liver regeneration could also be tested.
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To evaluate whether the release of MYDGF from LSECs alone is sufficient for liver
regeneration, mice with an endothelial cell-specific knockout of MYDGF could be generated

to study its influence on liver regeneration after two-thirds PHx.

Since MYDGF has already been described as an anti-inflammatory factor in atherosclerosis
(Meng et al., 2021, Xu et al., 2023a), NAFLD (Ding et al., 2023), and wound healing
response in zebrafish larvae (Houseright et al., 2021), it would be interesting to study
whether MYDGF reduces the inflammatory response, while promoting liver regeneration, in
CCl4-induced liver inflammation. This liver regeneration model mirrors the chronic liver
inflammation caused by hepatitis viruses or MAFLD, which are common liver diseases
nowadays (Devarbhavi et al., 2023). Therefore, it could be examined whether mice
previously treated with CCl4 show a reduced inflammatory response and improved liver
regeneration after additional MYDGF treatment compared to controls. This could further

clarify the relevance of MYDGF as a therapeutic drug for liver diseases.

In summary, all these experiments would further emphasize the relevance of MYDGF in

vivo and in vitro as well as clarify its use as a therapeutic drug.
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Supplementary Figure 1: Gating criteria for flow cytometric analysis related to Figure 5.
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Supplementary Figure 2: Uncropped Western blots plus colorimetric images related to

Figure 11a, b.
Detected proteins and molecular weights

in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 3: Uncropped Western blots plus colorimetric images related to

Figure 11a, b.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 4: Uncropped Western blots plus colorimetric images related to

Figure 11c-f.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 5: Uncropped Western blots plus colorimetric images related to

Figure 11c-f.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 6: Uncropped Western blots plus colorimetric images related to

Figure 12.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 7: Uncropped Western blots plus colorimetric images related to
Figure 12.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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*Mice with improperly perfused (light brown) livers and hemorrhages in the livers were excluded from further analysis.

Supplementary Figure 8: Uncropped Western blots plus colorimetric images related to

Figure 15b.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis.
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Supplementary Figure 9: Uncropped Western blots plus colorimetric images related to
Figure 18.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 10: Uncropped Western blots plus colorimetric images related to
Figure 22a.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 11: Uncropped Western blots plus colorimetric images related to

Figure 22b.
Detected proteins and molecular weights in kilodalton (kDa) are shown and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 12: Uncropped Western blots plus colorimetric images related to

Figure 22c.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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Supplementary Figure 13: Uncropped Western blots plus colorimetric images related to

Figure 23.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black

boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.

108



Supplementary information

Ladder
Ladder

Control MYDGF KO
kDa .
hospho-
86 & & ‘ p!
anl s STAT3
37 T GAPDH
) @
o ©
el el
S Control MYDGFKO S
kDa
86 — — — STAT3
37 -— — . — GAPDH
5] 5]
e} e}
© el
S Control  MYDGF KO S
kDa
hospho-
86 P
- - o STAT3
37 [ — — -] GAPDH
] 5]
kel kel
el el
S Control  MYDGF KO S
kDa
86 STAT3
GAPDH

37

Supplementary Figure 14: Uncropped Western blots plus colorimetric images related to

Figure 26.
Detected proteins and molecular weights in kilodalton (kDa) are shown, and bands marked with black
boxes were used for analysis, while bands additionally marked with a red box are shown in the figure.
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