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Abstract

Background:

Liver sinusoidal endothelial cells (LSECs) are highly specialised endothelial
cells that control organ function, metabolism, and development through the
secretion of so called angiokines. LSECs express hepatocyte growth factor
(HGF), a complete hepatic mitogen that is required for prenatal development,
involved in metabolic homeostasis, and is considered an initiator of liver
regeneration. However, the exact contributions of LSECs derived HGF to the

many functions of HGF remain to be defined.
Methods:

Stab2-iCre'9"t:HGF"1 (HGFALSEC) mice were used to continuously abrogate
HGF expression selectively in LSECs from early foetal development onwards.
Global development, metabolic and endothelial zonation, and organ functions
were assessed. To investigate liver regeneration, a 70% partial hepatectomy
(PH) was performed. The kinetics of liver-to-body weight ratio, hepatocyte
proliferation, and the HGF/c-MET signalling pathway were then analysed at

different time points after PH.
Results:

HGFALSEC mice were viable and fertile. Although metabolic and endothelial
zonation as well as the liver to body weight ratio were not altered, total body
weight and total liver weight were reduced in HGFA-SEC compared to control
mice. Necrotic organ damage was more marked in HGF2-SEC and regeneration
was delayed 72 h after PH. This was associated with decreased hepatocyte
proliferation at 48 h after PH. The HGF/c-MET signalling pathway was less
active in HGFALSEC than in control mice and impaired activation of this axis
involved downregulation of the anti-apoptotic protein Deptor, representing a

novel target of this signalling pathway in this context.



Conclusions:

Angiocrine HGF is involved in the control of body and organ growth as well as
the early stages of liver regeneration after PH to prevent excessive organ

damage.



1 Introduction

1.1 The functions and physiology of the liver

The liver is the biggest solid glandular organ in humans which provides a
multitude of essential functions for the whole body. The liver plays a vital role
in immunity, drug detoxification, and digestion. It is also important for
metabolism, including glycogen storage, plasma protein synthesis, and vitamin

storage.

The liver mass comprises approximately 2%—5% of the body weight.(Si-Tayeb,
Lemaigre et al. 2010) It can be divided into four sections (the right anterior
section, right posterior section, left medial section, and left lateral section) and
eight anatomical segments(Liau, Blumgart et al. 2004) (Figure 1A, 1B). The
basic functional unit of the liver is the liver lobule. It comprise plates of
hepatocytes lined by sinusoidal capillaries that radiate towards the central vein.
Liver lobules are surrounded by a portal triad of vessels consisting of a portal
vein, bile duct, and hepatic artery(Si-Tayeb, Lemaigre et al. 2010) (Figure 2).
Both the portal vein and hepatic artery flow through a network of sinusoidal

capillaries to the central vein.

A

® MSKCC 2003

Figure 1. Liver lobes and segments.(Liau, Blumgart et al. 2004) A. The eight
segments of the liver. B. Each of the liver segments has an independent portal

venous supply and hepatic arterial supply. Segment | is not shown.
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Figure 2. The structure of the liver.(Si-Tayeb, Lemaigre et al. 2010) A. The
lobule structure. B. The relationship between key cellular compartments of the

liver.



The majority of liver is hepatocytes, which constitute 78% of the parenchymal
volume; the remaining parts of the liver consist of 2.8% endothelial cells, 2.1%

Kupffer cells, and 1.4% fat-storing cells.(Blouin, Bolender et al. 1977)

The hepatic artery supplies 25% well-oxygenated blood, while the hepatic
portal vein supplies 75% of the blood to the liver, which is deoxygenated
venous blood.(Saxena, Theise et al. 1999, Eipel, Abshagen et al. 2010) The
liver receives blood circulation through the portal vein from the small and large
intestines, as well as the spleen and pancreas. During this process, nutrients
are absorbed from the intestine and synthesised into all kinds of proteins,
which control osmotic balance and hormone delivery. Lipids are sent as
lipoproteins to other tissues. The liver acts as a reservoir for the nutritional and
energy needs of the body. For example, carbohydrates are stored in the liver
as glycogen, which is the main glucose reserve used to stabilise blood glucose
levels. Thus, the liver plays crucial roles in metabolic homeostasis. Additionally,
the liver detoxifies toxins and xenobiotics to keep the body
healthy.(Michalopoulos 2007, Michalopoulos 2013)

1.2 Liver regeneration after liver injury

Since the liver has many vital functions, the size of the liver needs to be
properly adjusted to provide for the needs of the body, which has been
described by the term “hepatostat”.(Michalopoulos 2013, Michalopoulos 2017)
The liver expands in size to meet the physiological needs of the body (e.g.
during pregnancy, and growth during childhood and adolescence). In contrast,
the liver decreases in size in response to disease (cachexia, responses to

chemotherapy, and chronic inflammatory conditions).(Michalopoulos 2013)

Liver regeneration is necessary to maintain normal liver function after liver
injury. The liver contains two types of epithelial cells, hepatocytes and
cholangiocytes (also known as biliary epithelial cells). Liver sinusoid

endothelial cells (LSECs) line hepatic capillaries, with macrophages (Kupffer
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cells) interspersed along the sinusoid lumen. Hepatic stellate cells (HSCs)

exist between sinusoids and hepatocytes.(Michalopoulos and Khan 2015)

All hepatic cell types are involved in the regenerative process, without the
participation of stem cells or progenitor cells.(Michalopoulos 2007,
Michalopoulos 2013, Michalopoulos 2014) Hepatocytes are the first to
proliferate after liver injury, which is followed by the proliferation of HSCs,
cholangiocytes, Kupffer cells, and LSECs.(Michalopoulos 2007) The
proliferation of hepatocytes starts in the periportal to pericentral areas of the
liver lobule. Hepatocytes surrounding the central veins enter mitoses
last.(Gebhardt, Baldysiak-Figiel et al. 2007) Cholangiocytes proliferate a little
later after the hepatocytes. Proliferation of LSECs starts at 2-3 d and
terminates approximately 4-5 d after PH.(Michalopoulos 2007)

An interesting phenomenon is that hepatocytes and cholangiocytes can act as
facultative stem cells for each other.(Poisson, Lemoinne et al. 2017) When the
regenerative capacity of hepatocytes is compromised, the cholangiocytes can
function as facultative stem cells that transdifferentiate into hepatocytes.
Conversely, in situations when the proliferative capacity of cholangiocytes is
compromised, the periportal hepatocytes can function as facultative stem cells
and transdifferentiate to cholangiocytes.(Michalopoulos and Khan 2015,

Poisson, Lemoinne et al. 2017)

1.3 Liver hypertrophy in liver regeneration

The liver is an interesting organ with a high regenerative capacity. Human liver
restoration after partial hepatectomy is achieved not only by replication of
various types of hepatic cells, but also by an increase in cell size.(Clavien,
Petrowsky et al. 2007) Hepatocyte proliferation generally starts within 1 d after
a major resection of the human liver.(Clavien, Petrowsky et al. 2007) Several
reports have shown hypertrophy of hepatocytes in the regenerated liver in the
mouse.(Haga, Ogawa et al. 2005, Haga, Ozaki et al. 2009, Miyaoka, Ebato et
al. 2012) The liver regenerates from 30% PH by hypertrophy of the

11



hepatocytes without proliferation. However, in 70% PH, hypertrophy occurs
first and then cell division follows to increase the cell number. After 70% PH,
the size of the hepatocytes increases slightly as early as 3 h, peaks at 1 d, and
then gradually decreases.(Miyaoka, Ebato et al. 2012) During liver
regeneration after 70% PH, the number of hepatocytes increases by 1.6-fold,
and the volume of hepatocytes increases by 1.5-fold. Taken together, the
number and volume increases result in approximately a 2.4-fold increase in
liver weight.(Miyaoka, Ebato et al. 2012)

1.4 Regulation of liver regeneration by growth factors and cytokines

Most hepatic cells proceed from G1 to S phase of the cell cycle after liver injury.
Figure 3 (modified from reference 17) shows regulation of the G1/S
transition.(Sherr and Roberts 1999) Activation of cyclins and cyclin-dependent
kinases cooperatively regulate hepatic cell proliferation. D-type cyclins act as
growth factor sensors. Cyclin Ds (D1, D2, and D3) assemble with their catalytic
partners, CDK4 and CDK®#, as cells progress through G1 phase. Sequestration
of Cip/Kip proteins activate the Cyclin E-CDK2 complex. CDK4 and CDKG6
contribute to Rb phosphorylation, facilitate E2F family members, and activate
the genes required for entry into S phase. CDK2 and Cyclins E and A can

regulate nucleotide metabolism and DNA synthesis.

12



Mitogenic O

(Inactive) CKI
Phosphorylation
CKIl rJ E-K2 and Degradation

Sequestration Activation O
(Active) RB / \

\ phosphorylation O
~_ / S Phase
3 @

Figure 3. Regulation of the G1/S transition.(Sherr and Roberts 1999)

Many cytokines and growth factors are involved during the liver regeneration
process.(Sherr and Roberts 1999, Costa, Kalinichenko et al. 2003)
Transcription factors, e.g. C/EBPa and (3, Signal transducer and activator of
transcription 3 (STAT3), and nuclear factor kB (NF-kB) are also involved.
Recently, our research group found that MAVS(Schulze, Stoss et al. 2018) and
Brg1(Wang, Kaufmann et al. 2019) proteins can also affect liver regeneration

through the regulation of cell cycle.

Proliferative events after PH are initiated and controlled by complete mitogens
and incomplete mitogens.(DeLeve 2013) HGF proliferative events after PH are
initiated and controlled by complete mitogens and auxiliary mitogens.
Complete mitogens are mitogenic in hepatocyte cultures and can also induce
liver enlargement when injected into live animals. Currently there are two
groups of complete mitogens. The first group includes HGF and its receptor c-
Met. The other group includes epidermal growth factor receptor (EGFR) and
its ligands EGF, transforming growth factor alpha (TGF-alpha), amphiregulin,
and HB-EGF.(Mitchell, Nivison et al. 2005, Michalopoulos 2010, Michalopoulos
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2013) HGF performs its activity through the activation of the receptor tyrosine
kinase c-Met. The HGF/c-Met signalling pathway plays a vital role during liver
regeneration. EGFR signalling is also important, but not essential, for liver
regeneration.(Bohm, Kohler et al. 2010) There is upregulation of (TGF)-a, HB-
EGF, and amphiregulin after PH.(Michalopoulos 2007)

Auxiliary mitogens are signals whose deprivation delays but does not abolish
liver regeneration. These signals are not mitogenic in primary cultures of
hepatocytes and administration of these auxiliary mitogens to animals does
not lead to liver enlargement. Elimination of any of these signals delays, but
does not terminate, liver regeneration. Auxiliary mitogens include TNF, IL-6,
norepinephrine, Notch and Jagged, vascular endothelial growth factor (VEGF),
the gene encoding insulin-like growth factor binding protein (IGFBP), bile acids,
serotonin, complement, leptin, oestrogens, and fibroblast growth factors
(FGF1 and FGF2).(Bohm, Kohler et al. 2010, Michalopoulos 2013)

There is no single signal driving liver regeneration. As shown in Figure 4, many
growth factors and cytokines from different hepatic cell types interact with each

other during liver regeneration.(Michalopoulos 2007)

Stellate Cells
\_,

IR

Biliary I-Epithelium Hepatic Macrophages (Kupffer cells)
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Figure 4. Signalling interactions between different hepatic cell types during

liver regeneration. (Michalopoulos 2007).

A list of the most studied signals associated with the initiation of hepatocyte

proliferation is provided below.(DeLeve 2013)

Hepatic mitogens

Complete mitogens Incomplete mitogens
HGF VEGF
EGF FGF1
TGF-a FGF2
Heparin-binding EGF Notch
Amphiregulin Jagged

Complement proteins

Leptin

Insulin

Norepinephrine

TNF

IL-6

TGF-B

Bile acids

Serotonin

Hyaluronic acid

Whnt2
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1.5 Mouse models in liver regeneration

Regeneration after the loss of liver tissue is a fundamental response of the
liver to injury. Loss of hepatic tissue can be induced by hepatotoxic chemicals
(e.g. CCl4). The events of the first day after toxic injury are dominated by acute
inflammation of the necrotic zones, when macrophages and leukocytes
migrate to the necrotic area to remove dead hepatocytes. After that, the

regenerative response follows.

Atwo thirds partial hepatectomy (PH) is the mostly studied experimental model
for liver regeneration. The left and median lobes of the liver, which comprise
approximately two thirds of the organ, are surgically removed. Consequently,
the normally quiescent and highly differentiated liver cells begin to proliferate
and the original liver mass is restored within 7-10 d (in rodents) by
regeneration of the residual liver tissue. Claudia et al.(Mitchell and Willenbring
2008) produced a protocol which is a reproducible and well-tolerated method

for a two thirds partial hepatectomy in mice.

The PH model has two advantages that make it so popular.(Michalopoulos
2010) Firstly, the removal of the resected liver is not accompanied by massive
inflammation or necrosis, is relatively clean, and does not induce liver fibrosis.
Thus, liver regeneration of the residual lobes is only induced by processes
relevant to liver tissue and not to necrosis or acute inflammation. In contrast,
models induced by hepatotoxic chemicals produce an inflammatory response
that removes tissue debris. Secondly, the regenerative process can be
precisely timed, and PH can be performed in standard conditions within
approximately 20 min by an experienced surgeon. Therefore, many
investigators have used the PH model to research liver regeneration over the

years.
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1.6 The role of HGF in liver regeneration

Hepatocyte growth factor (HGF) is a complete hepatic mitogen and is
considered an initiator of liver regeneration.(Michalopoulos 2010,
Michalopoulos 2013) C-Met is the unique receptor for HGF and is expressed
in the epithelial cells of many organs, including the liver, pancreas, kidney, etc.
HGF/c-Met is involved in numerous signalling pathways, including proliferation,
motility, migration, and invasion.(Organ and Tsao 2011) The HGF/c-Met
signalling pathway is fundamental for normal hepatocyte function and liver
regeneration. HGF was first isolated from rat serum after partial hepatectomy,
and its function was therefore associated with liver regeneration.(Nakamura,
Nawa et al. 1984, Russell, McGowan et al. 1984) Nowadays, it is known that
HGF can be secreted by different cell types of mesenchymal origin in various
organs, such as the lung, liver, brain, thyroid, and salivary gland.(Lindroos,
Zarnegar et al. 1991, Fajardo-Puerta, Mato Prado et al. 2016)

HGF was identified by two independent studies as both a motility factor and a
scatter factor for hepatocytes, and later this factor was found to be the same
molecule.(Stoker, Gherardi et al. 1987, Nakamura, Nishizawa et al. 1989,
Weidner, Arakaki et al. 1991) HGF acts as a pleiotropic factor and a cytokine,
promoting cell proliferation, survival, motility, scattering, differentiation, and

morphogenesis.(Organ and Tsao 2011)

HGF is secreted by mesenchymal cells as a single-chain, biologically inert
precursor (pro-HGF) and is stored in the extracellular matrix. Pro-HGF is
processed into its bioactive form when extracellular proteases cleave the bond
between Arg494 and Val495. Hepatocyte growth factor-activator and
matriptase are the main proteases responsible for the processing of HGF. The
mature form of HGF is a disulphide-linked heterodimer, which consists of an
a-chain and B-chain.(Basilico, Arnesano et al. 2008, Trusolino, Bertotti et al.
2010, Organ and Tsao 2011) After binding to its tyrosine kinase receptor, c-Met,

dimerisation and phosphorylation of the C-terminal receptor domain ensues,
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leading to interactions with multiple signal transducers, such as STAT3, GRB-
2, SHC, or PLCy.(Migliore and Giordano 2008, Giordano and Columbano 2014)

As early as 2 h after PH, the HGF protein concentration in the plasma rises
more than 10-fold.(Lindroos, Zarnegar et al. 1991) At 3 h after PH, HGF mRNA
levels start to rise in the liver and peak 12 h after PH.(Zarnegar, DeFrances et
al. 1991)

1.7 HGF/c-Met signalling pathway gene knockout mouse models in liver

regeneration

Constitutive and global knockouts (KO) of HGF and c-Met in mice are lethal
during development between E12.5 and E16.5, with HGF KO embryos
showing a severely reduced liver size.(Bladt, Riethmacher et al. 1995, Schmidt,
Bladt et al. 1995) In the adult liver, HGF is expressed by Kupffer cells, HSCs,
and LSECs.(Noji, Tashiro et al. 1990, Maher 1993) After liver damage, HGF
gene expression shows an upregulation exclusively in endothelial cells.(Maher
1993) Previous studies have shown that LSECs secrete several hepatotropic
proteins, such as HGF, BMP2, wnt9b, and wnt2 to stimulate liver regeneration
and control metabolic functions.(LeCouter, Moritz et al. 2003, Ding, Nolan et
al. 2010, Koch, Olsavszky et al. 2017, Leibing, Geraud et al. 2018) Such
endothelial cell-derived paracrine acting factors are also known as angiocrine
factors or angiokines.(Rafii, Butler et al. 2016) Although angiocrine Bmp2 and
wnt signalling pathways have been shown to control whole body iron
metabolism and metabolic liver zonation, respectively, under steady state
conditions,(Koch, Olsavszky et al. 2017, Leibing, Geraud et al. 2018) HGF and
wnt2 have been shown to induce hepatocyte proliferation after PH.(Ding,
Nolan et al. 2010)

Since the constitutive KO of HGF or c-Met in mice is lethal during development,
inducible KO mice have been generated to study the functions of these
proteins during regeneration. The inducible knockout of hepatocyte-specific c-

Met in adult mice does not compromise physiological liver function or structure.
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However, these mice die 48 h after PH and exhibit liver necrosis and diffuse
macro- or microvesicular steatosis, indicating that c-Met activation is required
for liver regeneration but not physiological maintenance of hepatic functions in
adult mice.(Huh, Factor et al. 2004)
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2 Aims of the study

To study endothelium derived HGF in adult mice, partial hepatectomy (PH) was
performed on mice with an endothelial specific tamoxifen-induced vascular
endothelial (VE)-cadherin-Cre-mediated deletion of HGF. After PH, these mice
indeed showed increased lethality, reduced hepatocyte proliferation, enhanced
collagen deposition, and increased cell apoptosis compared to control mice,
indicating that upregulation and secretion of HGF by LSECs during
regeneration cannot be compensated for by other HGF-expressing cells.*®
Although it was not specifically reported in this publication, these mice
appeared to have normal physiological liver functions when not challenged
with pathological stimuli. Since VE-Cadherin inducible Cre-recombination in
adult mice has been described to be mosaic-like and partial in LSECs,* it is
not clear whether angiocrine HGF is required for the physiological
maintenance of liver function and embryonic development. Therefore, Stab2-
Cre mice*®>%!" were used to generate a cell-type-specific HGF-KO in LSECs
(HGFALSEC) that is active from E9.5 onwards and thereby allows the
comprehensive analysis of angiocrine HGF during liver development,

physiological homeostasis, and regeneration.
The aims of this study are summarised as follows:

Investigate the organismal growth and liver development of the LESC-specific
HGF KO mice.

Determine the role of hepatic angiocrine HGF signalling in liver regeneration
induced by partial hepatectomy in mice.

Analyse the HGF/c-Met signalling pathway during liver regeneration.
Elucidate the mechanisms of hepatic angiocrine HGF signalling during liver

regeneration.

20



3 Materials and methods

3.1 Materials

3.1.1 Chemicals and reagents

Chemicals and reagents

Supplier

2-Mercaptoethanol

Sigma-Aldrich, USA

6xDNA Loading Dye

Thermo Fisher Scientific, USA

Acrylamide Solution

Carl ROTH, Germany

Agarose

Carl ROTH, Germany

Albumin Fraction V (BSA)

Carl ROTH, Germany

Ammonium Persulfate (APS)

Sigma-Aldrich, USA

Citric Acid

Carl ROTH, Germany

DAB+Chromogen System

Dako, Agilent Technologies,
USA, Agilent technologies, USA

DirectPCR Lysis Reagent Tail

PEQLAB, VWR, Germany

DNA Ladder

Thermo Fisher Scientific, USA

ECL detection reagent

Amersham, GE Healthdcare,
USA

Ethanol Carl ROTH, Germany
Glycine Carl ROTH, Germany
Hematoxylin Merck, Germany
Histowax Leica, Germany

Hydrogen Peroxide (30%)

Carl ROTH, Germany

Isoflurane

CP-Pharma, Germany
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Isopropanol

Carl ROTH, Germany

LDS sample buffer (4x)

Thermo Fischer Scientific

Methanol

Merck, Germany

Milk Powder Blotting Grade

Carl ROTH, Germany

MOPS

Carl ROTH, Germany

Mounting Medium

Dako, Agilent Technologies, USA

Nitrocellulose Membranes

Bio-Rad, USA

NuPAGE LDS Sample Buffer
(4x)

Thermo Fisher Scientific, USA

NuPAGE Sample
Agent (10x)

Reducing

Thermo Fisher Scientific, USA

PageRuler Prestained Protein
Ladder

Thermo Fisher Scientific, USA

Paraformaldehyde (PFA)

Apotheke TU

Germany

Minchen,

Phosphatase inhibitor cocktail

Roche diagnostics, Switzerland

Phosphate  Buffered Saline
Sigma-Aldrich, USA
(PBS) pH7.4
Protease inhibitor cocktail Roche diagnostics, Switzerland
PBS powder without Ca2+,
Biochrom AG, Germany
Mg2+

Proteinase K

Carl ROTH, Germany

RIPA Buffer

Cell Signaling Technology

RNA free water

Thermo Fisher Scientific, USA

Roticlear

Carl ROTH, Germany

Rotiphorese Gel 30 (37,5:1)

Carl ROTH, Germany
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Sample reducing buffer (10x)

Thermo Fisher Scientific, USA

SDS Ultra Pure

Carl ROTH, Germany

Sodium Chloride

Merck, Germany

Sodium Citrate

Merck, Germany

Sodium Hydroxide

Carl ROTH, Germany

Sodium Phosphate

Merck, Germany

TEMED Carl ROTH, Germany
Tris Base Merck, Germany
Tween 20 Carl ROTH, Germany

3.1.2 Antibodies

Primary antibodies Supplier
Mouse anti-BrdU monoclonal | Cell Signaling Technology,
antibody (#5292) Germany
mouse  anti-Ki67  antibody o
BD Biosciences, USA
(#550609)
rabbit  anti-phospho  c-Met | Cell Signaling Technology,
(Tyrl234/1235) (#3077) Germany
mouse anti-c-Met (#3127) Cell Signaling Technology,
Germany

mouse anti-HGF (NBP1-19182)

Novus Biologicals, USA

mouse anti-GAPDH(sc-32233)

Santa Cruz, USA

mouse anti-B-actin (sc-69879)

Santa Cruz, USA

mouse anti-Deptor (A-3) (sc-
398169)

Santa Cruz, USA

Secondary antibodies

Supplier




EnVision-System- HRP

. Dako, Agilent Technologies,
Labelled Ploymer anti-mouse
USA
(K4001)
EnVision-System- HRP
Labelled Ploymer anti-rabbit | Agilent Technologies, USA

(K4011)

Anti-Rabbit IgG HRP Conjugate
(W401B)

Promega, USA

Anti-Mouse 1gG HRP Conjugate
(W402B)

Promega, USA

3.1.3 Laboratory equipments

Equipment name

Supplier

Analytic balance

METTLER, Germany

Balance SCALTEC, Germany
Biophototer Eppendorf, Germany
Centrifuge Eppendorf, Germany

Electrophresis / Electroblotting

equipment / power supply

Thermo Fisher Scientific, USA

Freezer -20 °C

LIEBHERR, Switzerland

Freezer -80 °C

Heraeus, Germany

gel electrophoresis

BioRad, USA

Microplate Reader

Thermo Fisher Scientific, USA

Microplate washer (HydroFlex)

TECAN, Switzerland

Microscope

Leica, Germany

Microwave oven

SIEMENS, Germany

Multi Detection System
Promega, USA
(GloMax)
Nanodrop Thermo Fisher Scientific, USA
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PH-meter

Thermo Fisher Scientific, USA

Real-time PCR amplification

and detection instrument | Roche, Switzerland
(Lightcycler 480)

Refrigerator 4 °C COMFORT, Switzerland
Roller mixer STUART, UK

Scanner Canon, Japan

Sterilgard Hood Thermo Fisher Scientific, USA
Surgical microscope (Zeiss

Stemi DV4 SPOT)

Zeiss, Germany

Tissue embedding machine

Leica, Germany

Tissue processor

Leica, Germany

Trans-Blot SD Wet Transfer Cell

BioRad, USA

Vortex Mixer

NEOLAB, Germany

3.1.4 Kits

Name of Kits

Supplier

BCA Protein Assay Kit (REF
23225)

Thermo Fisher Scientific, USA

KAPA SYBR FAST Kit (KK4611)

Sigma-Aldrich, USA

NucleoSpin RNA Kit
MACHEREY-NAGEL, Germany
(740955.250)
QuantiTect Reverse
Transcription Kit (Cat. no. | QIAGEN, Germany

205313)

RNeasy Mini Kit (REF 74134)

QIAGEN, Germany
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3.1.5 Buffers and solutions

. Western blotting buffer

10x Tris Buffered Saline (TBS)

Tris base 12.1¢g
NacCl 8549
Distilled Water 800 ml
Adjust pH to 7.4 with 5 M HCI
Constant volume with distilled 1000 ml
water to

Electrophoresis buffer

MOPS 209.2 g
Tris Base 121.2 g
SDS 2049
EDTA-free acid 60
Constant volume with distilled 1000 ml
water

Transfer Buffer

Tris base 29.1¢
Glycine 14.7 g
Methanol 1000 ml
SDS 0.1875¢g
Constant volume with distilled to5L
water
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Washing buffer (TBST)

10xTBS 100 ml
Tween 20 0.5 ml
Constant volume with distilled to 1000 ml
water
Immunohistochemistry buffers
20x Citrate buffer

Citric acid (Monohydrate) 21.0g
Distilled water 300 ml
Adjust to pH 6,0 with 5 M NaOH
Constant volume with distilled to 500 ml
water to

Washing Buffer (1xTBS+0.1%BSA, TBSA)
10xTBS 100 ml
BSA lg
Constant volume with distilled 1000 ml
water to
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3.2 Methods

3.2.1 Generation of HGFALSEC mouse model

HGF loss-of-function in LSECs (Stab2-iCre'9“;HGFI=HGFA-SEC) was
achieved by crossing Stab2-iCre'9"t:HGF2"™t with HGF"" mice.(Phaneuf,
Moscioni et al. 2004) The animal experiments were approved by the animal
ethics committee (Regierungspraesidium Karlsruhe). All animals were housed
under SPF (specific-pathogen-free) conditions in an animal facility (Heidelberg
University). The animal experiments were performed in accordance with
Federal Animal Regulations and were institutionally approved by the District
Government of Upper Bavaria and performed under institutional guidelines
(ROB-55.2-2532.Vet_02-18-64). For this thesis we were allowed to use these

generated HGF2-SEC mice for our experiments.

3.2.2 Partial hepatectomy

Seventy percent PH was performed by removal of the left lateral lobe and the
median lobe, following published methods.(Mitchell and Willenbring 2008) The
operations were performed under general anaesthesia with inhaled isoflurane
between 8:00 to 12:00 in the morning. Male mice at the age of 8-12 weeks
kept on a 12 h day/night cycle with free access to food and water were used
in all experiments. After PH, all experimental mice were regularly examined to
recognize pain, distress, and discomfort. The following parameters were
applied: No reaction or aggressiveness or expressions of pain during handling,
pain when walking, permanent chewing attitude, self-isolation, abnormal
posture, paralysis, wound dehiscence, more than 20 % weight loss. Once the
score of a mouse reached the standard of a humane end point, the mouse was
euthanised immediately. Mice that remained in the experiment were given
intraperitoneal injections of 1 mg Bromodeoxyuridine (BrdU, BD Biosciences,
USA) 2 h before sacrifice at different time points (0 h, 12 h, 24 h, 48 h, 72 h,
96 h, or 168 h) after surgery. Necropsy was carried out immediately after

euthanasia. The removed liver lobes were immediately weighed, fixed in 4%
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paraformaldehyde or flash-frozen in liquid nitrogen, and stored at -80 °C for

subsequent genomic and proteomic analyses.

3.2.3 Preparation for paraffin-embedded liver sections

Liver tissue samples were fixed in 4% paraformaldehyde at room temperature
(15° to 25°C) for 48-72 h, then transferred into PBS (Phosphate-buffered
saline), dehydrated in a graded alcohol series, and embedded in paraffin. The

paraffin embedded liver tissues were sectioned to produce 3.5 um sections.

3.2.4 Immunohistochemistry

Immunohistochemistry was performed using the Dako Envision System (Dako,

Agilent Technologies, USA) following the listed steps.

* Paraffin-embedded tissue sections were deparaffinised with Roticlear
three times for 10 min each, rehydrated with a descending alcohol series
(100%, 100%, 100%, 96%, 70%, 50%, 2 min each), and then put in dH20 for
2 min.

* Antigen retrieval was performed by treating the slides with citrate buffer
(pH 6.0) in a 600 °C microwave oven for 15 min. Then, the slides were cooled
for 20 min at room temperature (15° to 25°C).

* The slides were washed in TBS/0.1% BSA for 5 min and blocked with 3%
peroxidase, which was diluted with absolute methanol, for 10 min in the dark.
The slides were then washed again in TBS/0.1% BSA for 5 min three times.

* Thereaction was blocked with 10% goat serum for 1 h at room temperature
(15° to 25°C).

* The primary antibodies were diluted to the recommended concentrations
in PBS, pipetted onto the slides, and incubated overnight at 4 °C in a wet box.
* The slides were rinsed three times with TBS/0.1% BSA and incubated with
horseradish peroxidase HRP-conjugated secondary antibody for 1 h at room
temperature (15° to 25°C).
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* The slides were counterstained with hematoxylin and washed under
running tap water for 15 min.

e The slides were washed with TBS/0.1% BSA three times. Then, an
enzymatic reaction with substrate solution (0.5 mg DAB/phosphate buffer) was
performed on the slides. The reaction was stopped in water when the slide was
ready.

* The tissue was dehydrated in an ascending alcohol series (50%, 70%,
96%, 100%, 100%, 100%, 2 min each) and cleared in Roticlear three times,
for 10 min each.

* Finally, the slides were mounted with mounting medium.

3.2.5 Hematoxylin & eosin (H&E) staining

* Paraffin-embedded tissue sections (3.5 pm thick) were deparaffinised with
Roticlear 3 times for 10 min each and rehydrated with a descending alcohol
series (100%, 100%, 100%, 96%, 70%, 50%, 2 min each).

* The slides were stained with a hematoxylin solution and washed under
running tap water for 20 min.

* The slides were counterstained with eosin.

* The slides were dehydrated with an ascending alcohol series (50%, 70%,
96%, 100%, 100%, 100%, 2 min each) and cleared in Roticlear three times,
for 10 min each.

* Finally, the slides were mounted with mounting medium.

3.2.6 Periodic acid-Schiff (PAS) staining

* Paraffin-embedded tissue slides were deparaffinized with Xylene 2 times
for 5 minutes each and rehydrated with a descending alcohol row (100%, 96%,
70%) 2 times for 2 minutes each, and then in dH20 1 minute for 2 times.

* The slides were stained in periodic acid for 5 minutes, and then in dH20 1
minute for 2 times.

* The slides were counterstained in Schiff's reagent for 15 minutes.
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* The slides were washed in running tap water for 5 minutes, and then in
dH20 1 minute for 2 times.

* The slides were dehydrated in ascending alcohol rows (70%, 96%, 100%)
2 times for 2 minutes each, and then in Xylene 2 times for 2 minutes.

* Finally, the slides were mounted with mounting medium.

3.2.7 Image processing

Sections were photographed with an Axio microscope (Zeiss, Germany).
Images processing was performed using Imaged software (NIH, USA). The
percentage of proliferative hepatocytes was determined by examination of at

least five random 200x fields in more than five different sections.

3.2.8 RNA isolation from liver tissue

Total RNA was extracted from mouse liver tissue using an RNeasy Mini Kit
(REF 74134) (Qiagen, Germany) and NucleoSpin RNA Kit (740955.250)
(MACHEREY-NAGEL, Germany) according to the manufacturer’s instructions.

RNeasy Mini Kit (Qiagen) protocol:

* Approximately 30 mg of mouse liver tissue was placed in 400 uL RLT with
0.4 uL B-ME (2-Mercaptoethanol). The lysate was homogenised for 5 min and
then centrifuged for 3 min at maximum speed. The supernatant (350 pL) was
collected.

» 350 pL of 70% ethanol was added to the lysate and mixed by pipetting.

e 700 pL of the sample was transferred to an RNeasy Mini spin column
placed in a 2 mL collection tube and centrifuged for 15 s at 8000 x g. The flow-
through was discarded.

* A volume of 700 pyL Buffer RW1 was added to the RNeasy Mini spin
column. The columns were centrifuged for 15 s at 8000 x g and the flow-
through was discarded.

 Buffer RPE (500 pL) was added to the RNeasy spin column and

centrifuged for 15 s at 8000 x g. The flow-through was discarded.
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 Buffer RPE (500 pL) was added to the RNeasy spin column and
centrifuged for 2 min at 8000 x g. The RNeasy spin columns were placed into
new 2 mL collection tubes and centrifuged at full speed for 1 min to further dry
the membrane.

. The RNeasy spin columns were placed into new 1.5 mL collection tubes.
A volume of 30 yL RNase-free water was added directly to the spin column
membrane and the columns were centrifuged for 1 min at 8000 x g to elute the
RNA.

NucleoSpin RNA Kit (MACHEREY-NAGEL, Germany) protocol:

e Atotal of 30 mg of liver tissue was homogenised.

* A NucleoSpin filter was placed in a 2 mL collection tube and the
homogenate was added and centrifuged for 1 min at 11,000 x g to filter the
lysate.

* The NucleoSpin filter was discarded and 350 uL ethanol (70 %) was added
to the homogenised lysate and mixed by pipetting up and down (five times).

* Bind RNA. For each preparation, one NucleoSpin RNA column was placed
into a collection tube. The lysate was pipetted up and down 2-3 times and
loaded onto the column to bind the RNA. The columns were centrifuged for 30
s at 11,000 x g and then placed into new collection tubes.

* The silica membranes were desalted by adding 350 uL MDB and
centrifuging at 11,000 x g for 1 min to dry the membrane.

* To digest the DNA, the DNase reaction mixture was prepared in a sterile
1.5 mL microcentrifuge tube: For each isolation, 10 uL reconstituted rDNase
was added to 90 uL rDNase Reaction Buffer. The tubes were mixed by flicking.
A volume of 95 uL DNase reaction mixture was applied directly onto the centre
of the silica membrane of each column and incubated at room temperature (15°
to 25°C) for 15 min.

* The RNA was washed by adding 200 uL Buffer RAW2 to the NucleoSpin
RNA columns and centrifuging for 30 s at 11,000 x g. The columns were placed

into new 2 mL collection tubes.
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» The RNA was washed a second time by adding 600 uL Buffer RA3 to the
NucleoSpin RNA columns and centrifuging for 30 s at 11,000 x g. The flow-
through was discarded and the columns were placed back into the collection
tubes.

* The RNA was washed a third time by adding 250 uL Buffer RA3 to the
NucleoSpin RNA columns and centrifuging for 2 min at 11,000 x g to dry the
membrane completely. The columns were placed into nuclease-free collection
tubes.

* The RNA was eluted in 60 uL RNase-free H20, and centrifuged at 11,000

x g for 1 min.

The RNA concentrations were determined using a NanoDrop (Thermo Fisher

Scientific, USA ). The RNA samples were stored at —80 °C before use.

3.2.9 Complementary DNA reverse transcription

Complementary DNA (cDNA) was synthesised using a QuantiTect Reverse
Transcription Kit (Cat. no. 205313) (QIAGEN).

Component Volume
Variable
Template RNA
(1ug)
RNase-free water Variable
gDNA wipeout
2 ul
buffer

* The RNA template was thawed on ice.
* The genomic DNA elimination reaction was prepared on ice, incubated for
2 min at 42 °C, then returned immediately to ice.

* The reverse-transcription master mix was prepared on ice.
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Component Volume

Quantiscript Reverse Transcriptase 1pl
Quantiscript RT Buffer 4ul
RT Primer Mix 1 ul
Entire genomic DNA elimination 144l
reaction
Total volume 20 pl

* Template RNA (14 uL) was added to each tube containing reverse-
transcription master mix and incubated for 15 min at 42 °C.

* The reactions were incubated for 3 min at 95 °C to inactivate the
Quantiscript Reverse Transcriptase.

* The reverse-transcription reactions were placed on ice and used for real-
time PCR or stored at -20 °C.

3.2.10 Quantitative reverse-transcription PCR (qRT-PCR)

Primers were designed using Primer-BLAST (http://www.ncbi.nim.nih.gov/
tools/primer-blast/) and PrimerBank
(https://pga.mgh.harvard.edu/primerbank/). qRT-PCR was performed in a
LightCycler 480 real-time PCR machine (Roche, Switzerland) using a KAPA
SYBR FAST Kit (KK4611; Sigma-Aldrich, USA). The relative mRNA expression

levels were quantified normalising against GAPDH.

qRT-PCR primer sequences

Primer name Primer sequence(5' > 3')

HGF forward GGTTTGGCCATGAATTTGACCT

HGF reverse GGCAAAAAGCTGTGTTCATGGG
GAPDH forward AGGTCGGTGTGAACGGATTTG
GAPDH reverse TGTAGACCATGTAGTTGAGGTCA
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gRT-PCR reaction component

Component Volume
SYBR Green SuperMix 12.5 yl
Primers 2 ul
cDNA template 5ul
ddH20 3 ul
Total 25 i

gRT-PCR cycling protocol

Temperature Time
1. 95°C 5 min
2. 95°C 10 seconds
3. 60°C 10 seconds
4. 72°C 10 seconds

5. 45 cycles for steps 2-4

6. Melt-curve analysis: 95°C 5 seconds hold, 65°C 1min hold,
97°C

7. 40°C 30 seconds
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3.2.11 DNA isolation from mouse tails

* A0.3cm piece of mouse tail and DirectPCR Lysis Reagent (Tail) was used
for DNA isolation.

* A volume of 80 uL DirectPCR Tail containing 8 pL freshly prepared
Proteinase K was added to a 0.3 cm piece of mouse tail.

* The tube was rotated in a rotating hybridisation oven at 55 °C overnight.

* The crude lysates were incubated at 85 °C for 60 min to achieve complete
heat inactivation of Proteinase K.

* The samples were centrifuged at maximum speed for 2 min and the

supernatants were collected.

3.2.12 Genotyping

The genotype of the mice was determined by PCR with specific pairs of
primers according the following protocols.

Genotype reaction mix

Component Volume

PCR Master Mix, 2x 12.5 pl
Sense primer (10 uM) 0.5yl
Antisense primer (10 uM) 0.5 ul
DNA template 1 ul

RNase-free water 10.5 pl
Total volume 25 ul

Genotype primer sequences

Primer name Primer sequence(5' > 3')
iCre forward AAGAACCTGATGGACATGTTCAGG
iCre reverse TCTGTCAGAGTTCTCCATCAGGGA
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HGF forward TGACTACGCTGTTCATTCAAGTGC
HGF reverse CCATTTCTTCAGAGGCAGATGC

PCR cycling protocol

Temperature Time

1. 94°C 60 seconds
2. 94°C 30 seconds
3. 58°C 30 seconds
4. 72°C 60 seconds

5. 40 cycles for 2-4 steps

6. 72°C 10 minutes

7. 3°C continuous

* DNAwas run on a 2% agarose gel in 1xTBE at 150 V for 35 min.

3.2.13 Protein extraction from liver tissue

* Liver tissues were lysed from snap frozen liver using 1xRIPA buffer (Cell
Signaling Technology, Germany).

* The 1xRIPA buffer was made by mixing 1 mL 10xRIPA buffer + 9 mL dH20
+ 1 tablet phosphatase inhibitor cocktail tablet (PhosSTOP Easypack, Roche)
+ 1 tablet EDTA-free Protease Inhibitor Cocktail (Complete mini, Roche).

* Atotal of 100 mg frozen liver tissue was put into 300 pL 1xRIPA buffer with
a steel bead and disrupted with a homogeniser for 5 min.

* The homogenates were spun at full speed for 20 min at 4 °C to remove

cell debiris.
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* The supernatants were carefully removed and kept at =80 °C until use.

3.2.14 Protein detection and quantitation

A Micro BCA Protein Assay Kit (Thermo, 23225) was used to determine the

concentration of proteins.

» The BCA reagent was freshly prepared by adding 4% CuSOas to the
standard solution and protein solution at a ratio of 1:50.

* Then, 5 yL of protein sample or the standard was pipetted into a 96-well
plate and mixed with 200 uL of the prepared BCA solution.

* The 96-well plate was placed on a shaker for 30 sec.

* The plate was covered and incubated at 37 °C for 30 min.

* The plate was cooled to room temperature (15° to 25°C) and the
absorbance was measured at a wavelength of 570 nm.

* Finally, the protein concentration was calculated (R?>0.95).

3.2.15 Western blotting
* The protein denature mixture was denatured at 70 °C for 10 min.

Protein denature mix

Component Volume
Protein Variable (20ug)
Water 14pul-volume of protein
NuPAGE LDS Sample Buffer 4x 5ul
NuPAGE Reducing Agent 10x 2 ul
Total volume 20 pl

e A discontinuous gel system, which involved stacking (5%) and separating
gel (7.5-12.5%) layers that differed in their salt and acrylamide concentrations,
was used. The gels contained: 30% acrylamide, Tris-HCI 1.5 M pH8.8, Tris-
HCI pH6.8, 10% APS, 10% SDS, TEMED (Tetramethylethylenediamine). The
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gel percentage selected depended on size of the target protein. Equal amounts
of 20 ug protein were loaded into each well of the SDS-PAGE gel, in addition
to molecular weight markers (PageRuler Prestained Protein Ladder, 26616,
26625 Thermo Fisher). The proteins were separated by gel electrophoresis
(BioRad, USA) in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH
8.3) at 50 V for 30 min, and then the voltage was increased to 120 V to finish.
* The protein was transferred from the gel to the nitrocellulose membranes
(GE Healthcare Life Science, Armersham, UK) ensuring that no air bubbles
were trapped in the transfer sandwich. The cassette was put in the transfer
tank and placed on ice blocks to prevent overheating. The proteins were
transferred onto a nitrocellulose membrane using a Trans-Blot SD Wet
Transfer Cell (Bio-Rad, USA). Transfer occurred over 1-2 h at 300 mA.

* Afterwards, the membrane was blocked with 5% non-fat milk for 1 h at
room temperature (15° to 25°C) and then incubated with the primary antibody

at 4 °C overnight.

* On the second day, the membrane was washed with TBST three times for
10 min and incubated at room temperature (15° to 25°C) in the secondary
antibody (Anti-Mouse IgG HRP Conjugate, W402B, Promega, USA; Anti-
Rabbit IgG HRP Conjugate, W401B, Promega, USA). The membrane was
washed with TBST three times for 10 min.

* ECL Western Blotting Detection reagents (GE Healthcare, Amersham, UK)
and SuperSignal West Femto Substrate (Thermo Fisher Scientific) were used
for signal development. An image was acquired using darkroom development
techniques. The relative protein expression levels were analysed using ImageJ

image analysis software.

3.2.16 ELISA

Plasma was collected from male HGFALSEC and control mice when the mice

were sacrificed at different time points from 8 to 12 weeks of age.
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Serum alanine aminotransferase (ALT) activity in PH mice was detected using
an ELISA Kit for Alanine Aminotransferase (SEA207Mu) (Cloud-Clone Corp,
USA), according to manufacturer’s instructions as follows.

* Wells were prepared for the diluted standard (7 wells), blank (1 well), and
sample.

* A volume of 100 L of each dilution of standard, blank, and sample was
added into the appropriate wells. The plate was covered with the plate sealer
and incubated for 1 h at 37 °C. The liquid was removed from each well but the
wells were not washed.

* Then, 100 pL of Detection Reagent A working solution was added to each
well, the wells were covered with the plate sealer, and the plate was incubated
for 1 h at 37 °C.

* The solution was removed and the wells were washed with 350 pL of 1x
Wash Solution using an microplate washer (TECAN, Switzerland) three times.
* Then, 100 pL of Detection Reagent B working solution was added to each
well, the wells were covered with the plate sealer, and the plate was incubated
for 30 min at 37 °C.

* The wash process conducted in step 4 was repeated a total of five times.
* Avolume of 90 uL of Substrate Solution was added to each well. The wells
were covered with a new plate sealer, protected from light, and incubated for
20 min at 37 °C.

* Then, 50 pL of Stop Solution was added to each well and mixed by tapping
the side of the plate.

* Any drops of water or fingerprints on the bottom of the plate were removed
and the surface of the liquid was checked to ensure there were no bubbles.
The plates were loaded onto the microplate reader (Thermo Fisher Scientific,

USA) and measured at 450 nm immediately.

3.2.17 RNA sequencing

Raw count matrices were imported into R and a differential gene expression

analysis was conducted using DESeq2. Dispersion estimates were calculated
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setting the option fitType to parametric using all samples available. A Wald test
was conducted to detect differences between genotypes for all available time
points. A gene was called significantly regulated if the p-value was below 0.05.
Genes regulated at the time point 48 h are shown as a heatmap together with

the samples collected at the 0 h time point.

3.3 Statistics

All statistics were performed using GraphPad Prism 7.0 (GraphPad, San Diego,
California, USA). All data are presented as means + standard error of the mean.
Statistical differences were analysed using the two-tailed unpaired Student’s t-
test, the Mann-Whitney U test, and Chi-square test. Statistical significance was
set at p <0.05.
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4 Results

4.1 HGF ablation in LSECs results in reduced organismal growth but

normal liver development

To analyse the role of LSEC-derived HGF in liver regeneration, homozygous
HGFex5 flox (HGF¥)(Phaneuf, Moscioni et al. 2004) were crossed to LSEC-
specific Stab2 promoter-driven Cre mice (Stab2-iCre).(Koch, Olsavszky et al.
2017) The mice in this study were generated at the University Medical Center
and Medical Faculty Mannheim, Heidelberg University. Stab2-iCre!9";HGF
(HGFALSEC) mice have a specific deletion of HGF in LSECs but no other hepatic
cells. Stab2-iCre"";HGF" or Stab2-iCre""";HGF"t mice were used as
control mice. HGFASEC embryos did not reveal any developmental

defects(Geraud, Koch et al. 2017) and survived to late adulthood (Figure 5).

Co_ntrol HGFALSEC

Figure 5. Pictures of control and HGFA-SEC mice. The control mouse on the

left and HGF2-SEC mice on the right.
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Despite no apparent macroscopic differences, HGF2A-SEC mice had lower body
weights than the control mice (Figure 6A and 6B). Female HGFA-SEC mice had
lower liver weights, however, the liver-to-body ratio was unaltered in both
sexes (Figure 6A and 6B). Furthermore, since the spleen is known to contain
Stab2* sinusoidal endothelial cells(Geraud, Koch et al. 2017), and
endogenous splenic HGF mRNA shows high expression,(Bell, Jiang et al.
1998) the spleen-to-body ratios of HGFA-SEC mice were analysed and found to
be similar to those of the controls, with only female HGFA-SEC mice having

lower spleen weights (Figure 6B).
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Figure 6. Total body weight, liver weight, liver-to-body weight ratio, spleen
weight and spleen-to-body weight of the mice. A. Total body weight, liver
weight, and liver-to-body weight ratio of 9 week old control and HGFALSEC mice
(male, n=5). The results are represented as mean = S.E.M. *p < 0.05. B.
Total body weight, liver weight, liver-to-body weight ratio of 9 week old control
and HGFASEC mice (female, n=5). Spleen weight and spleen-to-body weight
ratio of 9 week old control and HGFA-SEC mice (male and female, n=5).

Results are represented as mean £ S.E.M. *p <0.05.

Routine histology (H&E, PAS, and Sirius Red) of HGFA-SEC mice did not reveal
significant morphological changes, inflammation, or depositions of
polysaccharides or collagens compared to control mice (Figure 7). Therefore,
except for being slightly but significantly lighter, HGFALSEC did not show major

alterations in liver development or function or any general impairment.

HE PAS Sirius Red

Control

HE
ALSEC

HGF

Figure 7. H&E, PAS, and Sirius Red staining of liver from HGFA-SEC mice

compared to controls (male). Scale bar 100 ym.
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4.2 Liver regeneration is compromised in HGFASEC mice

To further elucidate the role of angiocrine HGF signalling in liver regeneration,
70% PH was performed in both HGFALSEC and control mice. The liver-to-body
weight ratio of both groups gradually recovered to normal at 168 h after PH.
HGFALSEC mice showed a significantly lower liver-to-body weight ratio than the

control group at 72 h after PH (Figure 8).
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Figure 8. Liver-to-body weight ratio of HGFALSEC and control mice at different

time points after 70% PH. Results are represented as mean £ S.E.M. *p < 0.05.

Typically, proliferation of all hepatic cells sharply increase after PH, peaking at
48-72 h post operation.(Miyaoka, Ebato et al. 2012) Therefore, hepatocytes
that entered into the S-phase of the cell cycle were revealed by the
incorporation of 5-bromo-2’ -deoxyuridine (BrdU). BrdU can be incorporated
into the newly synthesised DNA of replicating cells during the S phase of the
cell cycle. BrdU staining is used as hepatocyte proliferation maker in our
research. Staining for BrdU revealed that hepatocyte proliferation in control

mice started at 24 h, reaching a peak at 48 h, and terminating at 168 h after
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PH (Figure 9A).

A

BrdU
Control

HG FALSEC

BrdU
Control
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Figure 9. BrdU and Ki67 stainings of liver sections. A. Representative
micrographs of liver sections from HGFA-SEC and control mice after 70% PH,

immunostained with the BrdU antibody (n=5). Scale bar: 200 pm.

Ki67 is another widely used marker of proliferating cells. Ki67 protein is present
during all active phases of the cell cycle (G1, S, G2, and M), but absent in
quiescent cells (G0).(Bruno and Darzynkiewicz 1992) Accordingly, Anti-Ki67
staining of liver sections showed a similar pattern to the BrdU staining (Figure
9B).
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Figure 9. B. Representative micrographs of liver sections from HGFA-SEC and

control mice after 70% PH, immunostained with Ki67 antibody (n=5). Scale

bar: 200 pm.

In contrast, the fraction of BrdU-positive hepatocytes in HGFA-SEC mice was
significantly lower than control mice at 48 h after PH (Figure 10A). Consistent
with this finding, HGFA-SEC mouse livers displayed less Ki67-positive
hepatocytes than control mice at this time point (Figure 9B; Figure 10B). These

findings indicate that the regenerative capacity of the liver is compromised in
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Figure 10. Quantification of BrdU and Ki67 positive hepatocytes. A.

Quantification of BrdU-positive hepatocytes at different time points after 70%
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PH. B. Quantification of Ki67-positive hepatocytes at different time points after

70% PH. Results are represented as mean + S.E.M.**p < 0.01.

4.3 Lethality of HGFALSEC mice is higher than control mice after PH

After PH, mice were carefully and regularly observed for signs of pain or
distress. As a surrogate for lethality, the number of mice that reached humane
endpoints and had to be euthanised was analysed. This only occurred in
HGFALSEC and not control mice after PH (Table 1). All control mice were healthy
and survived up to the designated time points after PH, whereas 12.82% of
HGFALSEC mice reached the humane endpoint 4872 h after PH (Table 1).
Therefore, HGFALSEC mice showed higher lethality than control mice after PH
within 168 h.

Mouse lethality after PH within 168h

Genotype Dead Total Lethality (%)
Control 0 34 0
HGFALSEC 5 39 12.82

Table 1. Mouse lethality after partial hepatectomy within 168h. A higher
lethality (12.82%) of HGFA-SEC mice was observed compared to control mice

(0%) after PH (Chi-square test, p < 0.05).

4.4 Liver necrosis in HGFALSEC mice is more visible after PH

Assessment of liver histology revealed that a subset of HGFA-SEC mice had
liver necrosis 48-96 h after PH, but no necrotic areas were found in control
mice after PH. (Table 2, Figure 11A and 11B)

49



Mice with liver necrosis after PH (animal numbers)

, Control HGFALSEC
Time after PH
Necrosis Normal Necrosis Normal
12h 0 5 0 5
24h 0 5 0 5
48h 0 7 3 5
72h 0 5 2 3
96h 0 6 1 5
168h 0 6 0 5

Table 2. Numbers of mice with liver necrosis at different time points after partial

hepatectomy.
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Figure 11. H&E staining of liver sections show necrotic areas. A. H&E
staining of liver sections of HGFA-SEC and control mice at different time points

after 70% PH; red triangles indicate necrotic areas of HGFALSEC mouse livers

after 70% PH (n=5). Scale bar: 100 pm.
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Figure 11. B. Percentage of necrotic areas of liver sections from HGFALSEC

mice after 70% PH.

4.5 Serum ALT levels of HGFALSEC are elevated after PH

Serum alanine aminotransferase (ALT) is the most commonly used variable for
the assessment of liver injury.(Pratt and Kaplan 2000, Prati, Taioli et al. 2002)

It is measured clinically as part of liver function tests.

We determined ALT activity to evaluate liver function after PH. ALT was
detected at different time points after PH. ALT values strongly increased after
PH in both HGFALSEC and control mice. Higher ALT values were found at 48
and 168 h after PH in HGFALSEC than in control mice (Figure 12).
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Figure 12. ALT activity of serum from HGFA-SEC and control mice. (n=5).

Results are represented as mean £ S.E.M. *p < 0.05.

Overall, the findings of increased lethality, reduced hepatocyte proliferation,
and enhanced liver necrosis demonstrate that the regenerative capacity of

HGFALSEC mice is indeed impaired after 70% PH.

4.6 HGF mRNA expression of whole liver lysates is downregulated during

liver regeneration

Figure 13 shows the kinetics of HGF expression during liver regeneration
determined by gRT-PCR analysis of mMRNA from whole liver lysates. Evaluation
of HGF mRNA expression in the mouse livers at the 0 h time point did not
reveal any differences between HGFALSEC mice and control mice. Nevertheless,
the relative HGF mRNA expression of HGFA-SEC mice at 12 h after PH was
significantly decreased than control mice. There are two phases of the liver

regeneration process after PH.(Pediaditakis, Lopez-Talavera et al. 2001) The
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first phase (the consumptive phase) is from 0-3 h after PH and is characterised
by a decline in both single-chain HGF and active two-chain HGF in the total
liver homogenates. The second phase (productive phase) is from 3—-72 h after
PH. It is characterised by an increase in the levels of single-chain HGF and
active two-chain HGF. Previous studies have shown that new HGF synthesis
is detectable from 3 h and peaks at 12 h after PH.(Pediaditakis, Lopez-
Talavera et al. 2001) HGF relative mRNA expression in the liver in our study
rose after PH, peaked at 12 h, and gradually returned to normal levels at 96 h.

Our results are therefore consistent with previous research.
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Time after PH
Figure 13. gRT-PCR of HGF in livers of HGFA-SEC and control mice at different

time points after 70% PH (n=5). GAPDH was used as housekeeping gene. **p
<0.01.

4.7 HGF/c-Met signalling pathway is impaired in HGFA-SEC mice after PH

Previous studies, including work from our group, have shown that the HGF/c-
MET signalling pathway provides essential signals for liver regeneration after
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PH.(Borowiak, Garratt et al. 2004, Huh, Factor et al. 2004, Ishikawa, Factor et
al. 2012, Cheng, Liu et al. 2018) Therefore, the HGF/c-MET signalling pathway
was analysed at different time points after PH at the protein level. HGF protein
levels significantly increased from 12 h to 72 h after PH in both groups (Figure
14A and 14B). The levels of c-Met phosphorylation showed a similar tendency
(Figure 14A). The comparison of HGFALSEC and control mice revealed a
significant decrease in HGF protein levels at 48 h and 72 h after PH in
HGFALSEC mice (Figure 14A). In addition, phosphorylation of c-Met was
reduced at the 48 h time point in HGF2A-SEC mice (Figure 14B). These results
indicate that the HGF/c-Met signalling pathway is impaired in HGFALSEC mice
after PH.
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Figure 14. Hepatic expression of the HGF/c-Met signalling pathway after 70%
PH. A. Representative immunoblots of HGF in livers from HGFASEC and
control mice at different time points after PH (n=3) B. Quantification of hepatic
expression of the HGF/c-Met signalling pathway after 70% PH in HGFA-SEC
and control mice. *p < 0.05, **p < 0.01, ***p < 0.001.

56



4.8 Deptor protein is downregulated in HGFASEC mice after PH

To decipher additional pathways regulated by angiocrine HGF signalling in liver
regeneration, RNA sequencing was performed on whole liver RNA at 0 and 48
h post PH (Figure 15). The expression of 17 genes was found to be
differentially expressed between HGFA-SEC and control livers at 48 h after PH.
Among these genes, Deptor was found to be downregulated in HGFASEC mice.
Deptor (DEP-domain containing mTOR-interacting protein) is an inhibitor of
mTOR, a serine/threonine kinase, known to regulate mRNA translation,
autophagy, and cell survival.(Catena and Fanciulli 2017) Loss of Deptor has
been shown to induce apoptosis through the downregulation of PI3K/AKT

signalling.(Srinivas, Viji et al. 2016)
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Figure 15. Heatmap of RNA-seq showing the expression of the 17 genes
found to be differentially expressed in control livers compared to HGFALSEC

livers (n=5). Red corresponds to upregulated genes and blue corresponds to
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downregulated genes. The colour scale represents the z-scaled gene

expression levels.

The result of the RNA sequencing were confirmed at the protein level. Western
blotting show that Deptor was downregulated in HGFASEC mice compared to
control mice 48 h after PH. (Figure 16A). A 4-fold reduction in hepatic Deptor
at 48 h after PH in HGFALSEC mice was detected. (Figure 16B). Thus, Deptor
is downregulated in HGFA-SEC mice after PH at both the mRNA and protein
level. Deptor is known to be a positive regulator of cell proliferation. Deptor can

activate the Akt pathway in order to promote cellular proliferation and survival.

A Control HGFALSEC

Deptor | ™ o v wmy -

Gapdh | ------—-’|

48h after PH

B 1 Control
- HGFALSEC

Deptor 48h after PH

*%

0.8- —_—

P 1

0 0.6

o

C

'© 0.4

o

S

< 0.2+

. B
0.0

Figure 16. A. Immunoblots of HGF in livers of HGFA-SEC and control mice at 48
h after PH (n=5). B. Downregulation of hepatic Deptor 48 h after PH in

HGFALSEC compared to control mice (n=5). Results are represented as mean +

S.E.M. **p < 0.01.
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5 Discussion

5.1 The generation of a new LSEC-specific HGF KO mouse model

HGF, its receptor c-Met, epidermal growth factor receptor (EGFR), and its
ligands are different forms of complete mitogens.(Michalopoulos 2010) The
HGF/c-Met axis is involved in the physiological homeostasis and regeneration
of many extrahepatic organs such as the heart, kidney, lung, gut, and
skin.(Nakamura and Mizuno 2010) It is known that HGF is essential for liver
growth and organ regeneration. Several studies have shown that systematic
ablation of HGF or its receptor c-Met in mice leads to abnormal liver
development and lethality in utero.(Bladt, Riethmacher et al. 1995, Schmidt,
Bladt et al. 1995, Uehara, Minowa et al. 1995) Different methods have been
used to elucidate HGF/c-Met signalling during liver regeneration.(Phaneuf,
Moscioni et al. 2004, Paranjpe, Bowen et al. 2007, Ishikawa, Factor et al. 2012,
Nejak-Bowen, Orr et al. 2013)

Cre-loxP-mediated gene targeting technology has been used to generate
hepatocyte-specific c-Met knock-out mice. Two independent studies found that
these mice were viable but showed high mortality rates after PH.(Borowiak,
Garratt et al. 2004, Huh, Factor et al. 2004) The suppression of HGF or c-Met
by RNA interference in normal rats resulted in impaired proliferation kinetics of

hepatocytes associated with liver regeneration.(Paranjpe, Bowen et al. 2007)

Recently, Cao and colleagues used an inducible LSEC-specific HGF knockout
mouse model and found that deletion of HGF in mouse LSECs blocked
regeneration and led to fibrosis.(Cao, Ye et al. 2017) LSECs are highly
specialised capillary endothelial cells of the liver, which are not only passive
conduits for delivering blood, but also play an important role in liver metabolism,
growth, and regeneration.(DeLeve 2013, Rafii, Butler et al. 2016, Koch,
Olsavszky et al. 2017, Leibing, Geraud et al. 2018) Although inducible
endothelial cell-specific KO models are suitable for the analysis of transient
effects of angiokine deprivation, constitutive knock-out models have proven
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effective to better understand the impact on development or long-term
homeostasis. To exemplify, induced conditional deletion of the wnt cargo
receptor Evi (WIs) in VE-Cadherin-positive endothelial cells of adult mice
resulted in decreased proliferation and expression of GS and Axin2 in
pericentral hepatocytes with no developmental differences.(Wang, Zhao et al.
2015)

By using the LSEC subtype-specific Stab2-Cre mice to delete Wis, Leibing et
al. have shown that constitutive loss of angiocrine wnt signalling also leads to
a reduced number of offspring, diminished body weight, lower liver-to-body
weight ratio, and lower plasma cholesterol levels.(Leibing, Geraud et al. 2018)
Similarly, developmental or metabolic changes have not been described in a
tamoxifen-inducible deletion of HGF in VE-Cadherin-positive endothelial
cells.(Cao, Ye et al. 2017) In the present study, we used a new HGFALSEC
mouse model, which was generated by our collaborator at University Medical
Center and Medical Faculty Mannheim, Heidelberg University. In HGFALSEC
mice, HGF is knocked out LSEC-specifically as early as during embryonic
development. Here, we show for the first time that angiocrine HGF signalling
does not affect liver metabolism under steady-state conditions, but leads to a

reduced body, liver, and spleen weight.

5.2 Ablation of HGF in LSECs results in lower body weight but normal

liver development and function

HGF is essential for liver development. Livers of global HGF KO mice were
severely reduced in size from E12.5 and this reduction was more pronounced
at E14.5.(Schmidt, Bladt et al. 1995) HGFALSEC mice showed reduced body
weight in both sexes but the same liver-to-body weight ratio. Liver weight was
significantly lower in females and had a tendency to be lower in male mice.
Similarly, spleen weight was significantly lower in males and had a tendency
to be lower in female mice. These results indicate that HGF2LSEC mice are a
little smaller at 9 weeks old than control mice. The significant reduction in liver

weight in HGFASEC mice indicates that angiocrine HGF signalling plays an
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important role in liver development. This is due to the fact that the liver
performs a multitude of essential functions for the whole body and plays a vital
role in the regulation of metabolism in tissues.(Michalopoulos 2013) As a
consequence, a small liver probably leads to the reduction in body weight of

HGFALSEC mjce.

Histology of HGFA-SEC mice did not reveal significant morphological changes,
inflammation, or depositions of polysaccharides or collagens according to H&E,
PAS, and Sirius Red. Therefore, except for being slightly but significantly lighter,
HGFALSEC did not show major alterations in liver development or function or

any general impairment.

5.3 Ablation of HGF in LSECs suppresses liver regeneration at the early

stage after PH

The liver is the only solid organ in mammals that can regenerate after
hepatectomy. In this study, a 70% PH mouse model was employed.(Mitchell
and Willenbring 2008) After 70% PH, the residual liver is able to regenerate
and restore its original mass within 7 d.(Michalopoulos 2017) Intriguingly,
HGFALSEC mice show an impaired liver regeneration and a reduced liver-to-
body-weight ratio at 72 h after PH, despite that fact that both hepatic stellate
cells (HSC) and LSEC contribute to the increase in HGF production after
PH.(Michalopoulos 2010, Michalopoulos 2013) The impaired liver-to-body
weight ratio was restored to normal at 96 h after PH (Figure 8). Furthermore,
the changes in liver-to-body weight ratio reduced hepatic proliferation. Despite
the proliferation peaks at 48 h after PH in our experiment, we did not notice a
reduced liver-to-body-weight ratio at the 48 h time point. Hypertrophy of

hepatocytes after PH might be the reason.

The proliferation of hepatocytes, which can be investigated using both BrdU
and Ki67 staining, reached a peak at approximately 48 h and terminated at
168 h after PH in control mice (Figure 9A and 9B; Figure 10A and 10B).

Interestingly, HGFA-SEC hepatocytes showed reduced proliferation rates at 48
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h after PH compared to control mice, whereas from 72 to 168 h, there was no
significant difference between the two groups. Ki67 staining usually shows a
higher percentage of positive hepatocytes than BruU staining. At 48 h after PH,
the percentage of BrdU-positive hepatocytes is around 20%, while Ki67-
positive hepatocytes is around 50%. The reason of the difference is that BrdU
can be incorporated into the newly synthesised DNA of replicating cells during
the S phase of the cell cycle, but Ki67 protein is present during all active
phases of the cell cycle (G1, S, G2, and M), but absent in quiescent cells
(GO0).(Bruno and Darzynkiewicz 1992)

Borowiak and colleagues(Borowiak, Garratt et al. 2004) observed that BrdU-
positive cells were decreased by 60% in hepatocyte-specific c-Met knock-out
mice compared to control mice after PH. A similar reduction was seen for Ki67-
positive cells. In the present study, a 48% reduction in BrdU-positive
hepatocytes was observed in HGFA-SEC mice compared to control mice;
similarly a 45% reduction in Ki67-positive hepatocytes was observed. Cao et
al. also found that hepatocyte proliferation was lower in the inducible LSEC-
specific HGF knockout mouse model than in controls, as determined by
qualitative immunostaining.(Cao, Ye et al. 2017) Both of these findings are

similar to our research results.

It seems that ablation of HGF in LSECs only suppresses liver regeneration at
the early stages after PH. Many cytokines and growth factors, e.g. HGF, the
EGF family, FGFs, VEGF, IGFs, etc., are involved in liver regeneration.(Bohm,
Kohler et al. 2010) Ablation of one of these cytokines and growth factors might
impair but not diminish the regeneration of the liver. Other signals might
compensate for the mitogenic function of HGF in HGFA-SEC mice. As a result,
we did not observe a difference in either hepatocyte proliferation or the liver-

to-body weight ratio after 72 h.

5.4 The mechanisms of impaired liver regeneration in HGFA-SEC mice

HGF is known to serve as a major hepatocyte mitogen, which performs its
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activity through activation of the receptor tyrosine kinase c-Met. HGF
expression is known to be upregulated in the liver after PH.(Michalopoulos
2007) After PH, HGF not only rises in liver tissue, but also in lung,(Yanagita,
Nagaike et al. 1992) spleen, and kidney tissue.(Kono, Nagaike et al. 1992)
This phenomenon might play an important role even though its relationship

with PH is not clear.

Compared to the sham-operation group, phosphorylation of c-Met was
significantly upregulated by 3.5-fold at 5 min and by 8-fold at 60 min after PH
in rats.(Stolz, Mars et al. 1999) Intriguingly, the HGF/c-Met signalling pathway
was downregulated in the HGFA-SEC group after PH. HGF mRNA expression
(at 12 h) and HGF protein expression (at 48 and 72 h) were significantly
decreased in HGFALSEC mice compared to control mice after PH. Consistent
with the HGF level, phosphorylation of c-Met (at 48 h) was also decreased.
However, there was no difference in HGF protein expression between

HGFALSEC and control mouse livers before PH.

There are two phases in the expression of endogenous HGF. In the
consumptive phase (from 0 to 3 h), HGF levels decrease and are used in part
from hepatic stores. In the productive phase (from 3 to 72 h) HGF levels
increase.(Pediaditakis, Lopez-Talavera et al. 2001) Since inactive HGF stored
in the liver matrix is not enough to promote hepatocyte proliferation and HGF-
derived from LSECs is not completely compensated for by other growth factors
and cytokines, our results confirmed the vital role of hepatic angiocrine HGF

signalling in the early stages of liver regeneration after PH.

The present study aimed to elucidate the angiocrine HGF signalling
mechanisms in liver regeneration. RNA sequencing revealed a wide spectrum
of possibly related genes. Overall, Deptor was found to show the strongest
downregulation in in mMRNA levels of all the differentially expressed genes in
HGFALSEC Jlivers compared to control livers. Deptor has been described as an
mTOR-interacting protein that regulates several molecular pathways, such as
cell growth, apoptosis, and autophagy.(Peterson, Laplante et al. 2009, Zhang,

Chen et al. 2013, Zhang, Chen et al. 2013, Catena and Fanciulli 2017) Deptor
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is also known to be a positive regulator of cell proliferation. Deptor
overexpression can inhibit mTORC1 and leads to an increase in mTORC2
signalling, thus leading to Akt phosphorylation. This effect is induced by PI3K,

the major upstream regulator of Akt.(Peterson, Laplante et al. 2009)

Furthermore, the absence of Deptor has been shown to stimulate caspase-
dependent apoptosis.(Srinivas, Viji et al. 2016, Catena and Fanciulli 2017)
Interestingly, Deptor protein levels were found to be lower in HGFASEC mice
than control mice at 48 h after PH, which is consistent with the appearance of
liver necrosis in HGFA-SEC mice. Liver necrosis was observed 48 to 96 h after

PH, with no necrosis present in the livers of control hepatectomised mice.

IGFBP-1 is one of the strongest upregulated genes in HGF2LSEC livers 48 h
after PH. IGFBP-1 protein has been found to specifically bind to and modulate
the bioavailability of insulin-like growth factors (IGF-I and IGF-Il), which are
known to be involved in liver regeneration. IGFBP-1 KO mice demonstrated
impaired liver regeneration after PH, characterised by liver necrosis and
reduced and delayed hepatocyte porliferation.(Leu, Crissey et al. 2003) Thus,
upregulation of IGFBP-1 in HGFALSEC ivers could be a compensatory response

to stimulate liver regeneration after PH.

5.5 Liver necrosis after PH in HGFALSEC mice

Liver necrosis after PH has also been previously described by other groups
studying liver regeneration after ablation of the c-Met gene in adult mouse
hepatocytes.(Borowiak, Garratt et al. 2004, Huh, Factor et al. 2004) Huh et al.
observed a lethality of approximately 80% in hepatocyte-specific c-Met KO
mice 48 h after PH, with numerous areas of necrosis.(Huh, Factor et al. 2004)
Borowiak et al. found that if a transverse incision below the rib cage was used
for PH, 95% of conditional Met mutant mice died within 2 to 3 d after PH.
However, when using a longitudinal incision, 85% of conditional Met mutant
mice survived.(Borowiak, Garratt et al. 2004) In our study, 15% to 35% of

necrotic areas was seen in up to 40% of HGFALSEC mice at 48 to 96 h after PH,
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whereas predefined euthanasia endpoints were observed only in 12.8%
HGFALSEC mice from 48 to 72 h after PH in this study (Figure 11A and 11B).
Liver necrosis and lethality are probably a consequence of loss of liver function
and liver failure due to impaired liver regeneration. Accordingly, HGFALSEC mice
showed increased ALT levels at 48 and 168 h after PH (Figure 12). These
results indicate that angiocrine HGF prevents liver damage after injury through

Deptor, an anti-apoptotic agent.

5.6 LSEC and liver regeneration

LSECs are special endothelial cells that intersperse the surface of liver
sinusoids, separating the blood cells on one side and hepatocytes and hepatic
stellate cells (HSC) on the other side.(Poisson, Lemoinne et al. 2017) Under
normal conditions, HSC are the main source of HGF. However, after liver injury,
LSECs play a more important role in HGF expression.(DelLeve 2013) LSECs
are regarded as one of the most important liver cell types that produce HGF
during liver regeneration.(DeLeve 2013, Poisson, Lemoinne et al. 2017)
Previous studies have confirmed that LSEC can produce HGF and are
involved in liver regeneration following PH.(Ding, Nolan et al. 2010)
Nevertheless, the exact contribution of HGF produced by LSECs during liver

regeneration remains to be identified.

Up until now, there has been no unique marker for LSECs. Usually a
combination of markers are needed to identify LSECs. But some markers of
LSECs, such as CD31 or CD45, are being controversially discussed.(Poisson,
Lemoinne et al. 2017) Several LSECs isolation protocols have been
established.(Meyer, Lacotte et al. 2016, Liu, Huang et al. 2017) Although it is
difficult to establish a culture of primary LSECs, several methods can be used
to improve LSECs culture. For example, co-culture with hepatocytes and
fibroblasts,(March, Hui et al. 2009), the addition of VEGF to the
medium(Yokomori, Oda et al. 2003) and the use of 5% oxygen.(Martinez,
Nedredal et al. 2008) Several immortalised LSEC lines have been

developed(Poisson, Lemoinne et al. 2017).
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In the present study, we used a new HGF2-SEC mouse model that allows us to
explore the angiocrine HGF signalling during liver regeneration. PH was
performed on HGFALSEC mice and compared to control mice. The impaired liver
regeneration and downregulation of the HGF/c-Met signalling pathway in
HGFALSEC mice suggests that angiocrine HGF signalling plays a vital role in

hepatocyte proliferation during liver regeneration.
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6 Summary

In this project, we analysed a new LSEC-specific HGF-KO (HGFA-SEC) in mice
that is active from early foetal development onwards. This model, therefore,
enables a comprehensive investigation of angiocrine HGF signalling during
liver development as well as in physiological homeostasis and regeneration
during adulthood. Angiocrine HGF signalling does not affect liver metabolism
under steady-state conditions, but leads to a reduction in body, liver, and
spleen weight. We have observed that HGFASEC mice show an impaired liver
regeneration and a reduced liver-to-body-weight ratio compared to control
mice at 72 h after PH. The HGF/c-MET signalling pathway was found to be
less active in HGFALSEC and an impaired activation of this axis involved the
downregulation of the anti-apoptotic protein Deptor, representing a novel target
of this signalling pathway in this context. Angiocrine HGF signalling is not only
essential for liver regeneration and preventing liver damage after injury, but is

also essential for the growth of the whole organism.
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7 Abbreviations

CCl4 Carbon tetrachloride

BrdU Bromodeoxyuridine

DNA Deoxyribonucleic acid

EGF Epidermal growth factor

ELISA Enzyme-linked immunosorbent assay
FGF Fibroblast growth factor

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
H&E Hematoxylin & eosin

HGF Hepatocyte growth factor

HSC Hepatic stellate cells

IGF Insulin-like growth factor

IL Interleukin

KO Knock out

LSEC Liver sinusoid endothelial cell

MRNA Messenger ribonucleic acid

mTOR Mammalian target Of Rapamicin

PBS Phosphate buffered saline

PCR Polymerase chain reaction
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PFA Paraformaldehyde

PH Partial hepatectomy

gRT-PCR Quantitative reverse-transcription PCR
RNA Ribonucleic acid

SDS-PAGE SDS-polyacrylamide gel electrophoresis
SPF Specific-pathogen-free

Stab2 Stabilin-2

TBS Tris-buffered saline

TEMED Tetramethylethylenediamine

TGF Transforming growth factor

TNF

Tumor necrosis factor
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