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Introduction

1. Introduction
1.1 Pulmonary Hypertension
1.1.1 Overview

Pulmonary hypertension (PH) is a cardiovascular and respiratory disease that can result in
multiple complications(1). PH is associated with increased morbidity and mortality life-
threatening illness. PH is characterized by increased pulmonary vascular resistance and venous
pressure as pathophysiological features(2). PH is assessed by right heart catheterization (RHC)
and defined as an increase in mean pulmonary artery pressure (mPAP) to 20 mmHg or more at
rest, or 30 mmHg during physical activity, compared with the expected average level of
approximately 14.0+3.3 mmHg at rest(3). The pulmonary arteries are responsible for
transporting blood from the right ventricle to the lungs. But if the normal physiological state is
disrupted, the pulmonary arteries' walls are thickened and stiffened, and the vessel lumen is
narrowed or occluded(4). As the disease progresses, various organs will gradually fail, and
clinical manifestations will appear. The most common symptoms are shortness of
breath/dyspnea, fatigue, dizziness or syncope, pressure and pain in the chest, swelling in the
ankles, legs, or abdomen, bluish color in the lips, and skin/ cyanosis, arrhythmias(5). PH is a
progressive disease, and its symptoms get worse with time. The disease's presentation varies

depending on the characteristics of the patient and the subtype of the disease(5).
1.1.2 Classification

According to the clinical manifestations and pathology, PH is categorized into five groups(5).
Group 1 is Pulmonary arterial hypertension (PAH), and Group 2 is Pulmonary hypertension
due to left heart disease (PH-LHD). Group 3 is Pulmonary hypertension due to chronic lung
disease (CLD-PH) and/or hypoxia (HPH), and Group 4 is Chronic thromboembolic pulmonary
hypertension (CTEPH). Group 5 is Pulmonary hypertension with unclear and/or multifactorial
mechanisms. Pulmonary hypertension due to chronic lung disease (CLD-PH) and/or hypoxia

(HPH) is the main focus of this study.
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1.1.3 Pathophysiology of pulmonary hypertension
1.1.3.1 Hypoxia effects on pulmonary arteries

Oxygen homeostasis is essential for the proper physiological function of the organism(6). For
this reason, the body has developed regulatory mechanisms that allow for adequate oxygen
supply to satisfy the metabolic needs of the cell. When these mechanisms fail, and the
intracellular oxygen concentration decreases, a state of hypoxic stress occurs. Hypoxia is
physiological stress associated with many physio-pathological processes such as cancer, high
altitude adaptation, or hypoxic pulmonary hypertension(3).

In response to hypoxia, the most essential developmental and physiological responses are
hypoxic vasoconstriction and pulmonary vascular remodeling(6). Endothelial vascular
remodeling occurs in the pulmonary vasculature during chronic hypoxia. The endothelial cells
(ECs) and the smooth muscle cells (SMCs) are intricately related in various physiological
processes and work in close coordination to maintain the stability of vascular function. The
ECs layer works like a permeable barrier separating the circulating blood cells from the
vascular tissue. Its unique position responds to cytokines and functions as a signal collector
and convertor, effectively controlling the vascular function(7). Hypoxia leads to endothelial
dysfunction. It presents increasing pulmonary vascular permeability, disrupting the balance
between vasoconstriction and vasodilation, releasing inflammatory mediators and oxidative
stress by activating pro-inflammatory phenotypes.

Endothelial-to-mesenchymal transition (EndMT) is a typical and potentially disease-causal
biological program by which endothelial cells transform into mesenchymal cells, such as
endothelial cells, transform into myofibroblasts or smooth muscle cells(8). All vascular layers
(adventitia, media, neointima) are thickening and present dysfunctional vasodilatation and
vasocontraction. EndMT plays a critical role in this program(9). The release of inflammatory
factors manifests it, activating reactive oxygen species (ROS) and TGF-f signaling, increased
secretion of cytokines, and infiltration of leukocytes. In the presence of hypoxia, pulmonary
vascular cells secrete pro-inflammatory cytokines (IL-1, IL-6, TNFa). EndMT is typically
characterized by decreased endothelial gene/protein (CD31, Tie2, vWF, VE-Cadherin, ZO-1)
expression and an increase in mesenchymal gene/protein (vimentin, a-SMA, SM22a)
expression. Oxidative stress is another factor that supports EndMT. Hypoxia regulates the

expression of hydrogen peroxide (H202) and induces oxidative stress to accelerate
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EndMT(10). Besides, hypoxia causes inhibition of nitric oxide synthesis (NOS), which

negatively regulates oxidative stress, also contributing to EndMT.

1.1.3.2 Hypoxia effects on mitochondria

Mitochondria are the main sites of oxidative phosphorylation and synthesis of the Adenosine
triphosphate (ATP)(11). The mitochondria provide chemical energy for cavities and
participate in cell differentiation, messaging, cell growth, or apoptosis. Pathophysiological
changes in pulmonary hypertension are associated with multiple mechanisms of mitochondrial
dysfunction(12). Most of these mechanisms are linked to each other. Persistent hypoxia can
lead to mitochondrial electron transport chain (ETC) dysfunction that causes less ATP
production and increases mitochondrial ROS. Meanwhile, mitochondrial DNA was damaged,
cooperated with ROS, initiated apoptosis, impaired biogenesis, or changed mitochondrial
structure or morphology. These disturbances in mitochondrial function and/or biogenesis play

a crucial role in developing pulmonary hypertension.

1.1.3.3 Hypoxia-induced inflammation

Oxygen deprivation induces an increase in pro-inflammatory cytokines and vascular leakage,
as evidenced by increased serum levels of interleukin-1 beta (IL-1p), interleukin-6 (IL-6), C-
reactive protein, Tumor Necrosis Factor-o (TNF-a), as well as other inflammatory
markers(13). Hypoxia can activate the nuclear factor-kappa B (NF-xB) and thus upregulates
the expression of various interleukins (IL), including IL-1, IL-6, transforming growth factor-
beta (TGF-B), and tumor necrosis factor (TNF-a))(14). IL-6 is an oxygen-regulated protein
synthesized and released on hypoxia-exposed endothelial cells while suppressing IL-1 and
TNF-a expressions. TGF-f is a multifunctional secreted protein that activates cell growth,
proliferation, differentiation, and apoptosis. It leads to the up-regulation of adhesion molecules
on the surface of HUVEC. Intracellular adhesion molecule 1 (ICAM-1) as a transmembrane
protein presents in endothelial cell membranes(15). ICAM-1 can be evoked by interleukin-1
(IL-1) and tumor necrosis factor (TNF) and presents a rapid and sustained reaction upon the
little oxygen stimulation. Vascular cell adhesion protein 1 (VCAM-1) mediates the adhesion
at the leukocyte-endothelial cell interphase. In response to cytokines, VCAM-1 expression is
upregulated in endothelial cells. Of note, the available tandem NF-«B sites that induce various
proinflammation genes are located in the promoter region of the VCAM-1 gene(14). In other

words, VCAM-1 expression plays a critical role in inflammation. Monocyte chemoattractant
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protein 1(MCP1), also known as chemokine ligand 2 (CCL2), mediates monocytes' migration
and attracts monocytes into the foci of active inflammation(16). Increased MCP1 level
indicates the activation of inflammation(16). Cyclooxygenase-2 (COX2) is a well-known
enzyme that acts as a pro-inflammatory agent by activating prostaglandins. In short, inhibition

of COX2 reduces prostaglandins production, and thus, has an anti-inflammatory effect(17).
1.1.3.4 Reactive oxygen species (ROS) in Hypoxia-induced pulmonary hypertension

ROS production is thought to be an essential signal for pulmonary vasoconstriction. Under
normoxia, ROS in mitochondria is cleared by the antioxidant system. However, under hypoxic
conditions, ROS production is usually increased(18). Acute short-term hypoxia activates
antioxidant factors, which effectively inhibit the increase of ROS. Chronic hypoxia, on the
other hand, allows ROS production, while the antioxidant mechanisms are inhibited(19). Thus,
in chronic hypoxic pulmonary hypertension, ROS are abundantly expressed. Cellular
respiration plays an essential role as a source of ROS in HPH(20). Hypoxic stimulation causes
mitochondria to produce ROS that acts as activators of proline-4-hydroxylase, which induces
the activation of hypoxia-inducible factor 1 (HIF-1), which triggers vascular remodeling and

stenosis of the pulmonary artery(21).
1.1.3.5 HIF1-a signaling in Hypoxia pulmonary hypertension

Hypoxia-inducible factor (HIF) is a cellular enzyme responsible for initiating transcription of
many hypoxia-induced genes(21). HIF contains two subunits, an oxygen-sensitive alpha
subunit, and a constitutive beta subunit. HIF1-alpha is the most common alpha subunit, whose
breakdown is associated with prolyl hydroxylase. The prolyl hydroxylase domain activity
depends on oxygen, and the lack of oxygen leads to a decrease in its action and inhibition of
HIF1-a. The HIF1-a effects on DNA are also dependent on oxygen concentration, and a
deficiency of oxygen alters its activity and stability. Activation of the HIF-1 transcription
factor is the most recognized pathway adopted by hypoxic cells. In addition, HIF-1 induces
the expression of several pro-angiogenic factors such as the vascular endothelial growth factor
(VEGF), NOS, transforming growth factor-beta (TGF-B). Altogether, HIF-1 activation is one

of the key masters orchestrating their adaptation mechanisms to the hypoxia environment.
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1.1.3.6 Nitric oxide signaling in Hypoxia pulmonary hypertension

Nitric oxide is produced by constitutive endothelium and inducible nitric oxide synthase
(NOS)(22). Nitric oxide reduces Ca?>" and myofilament calcium sensitivity, relaxing the
vascular smooth muscle and maintaining the pulmonary vessels in an actively dilated state.
Nitric oxide synthesis is reduced under hypoxic conditions. The nitric oxide (NO) is
synthesized by endothelial NOS (eNOS) and secreted by vascular endothelium for maintaining
vascular homeostasis. Reduced NO generation contributes to endothelial dysfunction—
hypoxia-induced endothelial dysfunction results in reduced NO production through reduced

eNOS release. As a result, NO bioavailability and signaling are diminished in HPH.
1.1.4 Current therapy for hypoxia pulmonary hypertension and deficiencies

As the primary treatment option for chronic hypoxic pulmonary hypertension, there is no
doubt that oxygen therapy is the best treatment for the underlying lung disease. Patients with
hypoxemic lung disease with PH should receive long-term O> therapy(5). Although there are
currently several options for PAH's pharmacological treatment, it is essential to note that
patients with PH due to lung disease are not recommended to use the drugs approved for PAH.
Therefore, there are currently no active therapeutic agents for chronic lung disease/hypoxic

pulmonary hypertension besides long-term oxygen therapy.
1.2 Kriippel-Like Factor (KLF) 4
1.2.1 Identification of KLF4

The Kriippel-Like Factors (KLFs) are transcription factors named by its founder, containing
the three C2H2-type zinc fingers with DNA-binding domains shared by KLF-like factors.
Kriippel 1s a German word called for this protein as its homozygous resulted in Drosophila
embryos' death by altering anterior abdominal and thoracic segments(23). The first
mammalian Kriippel-Like Factor was KLF1, and also called erythroid Kriippel-Like Factor
(EKLF), because it was identified in red blood cells. KLF4, gut-enriched KLF (GKLF), was
initially identified in gut and skin epithelium(24). The main feature of KLF4 is that it contains
three domains: DNA binding domain, transcription regulation domain, and nuclear
localization sequence. The highly conserved DNA binding domain is located at C-terminal

and forms three C2H2 zinc fingers to regulate DNA binding specificity(25). In contrast, the
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highly denatured transcriptional regulation domain is located at the N-terminus and mainly

plays transcriptional activation and repression.

N terminus

- fepresion bomiin |
385 402

157/158

Figure 1. Structure of the KLF4 gene
KLF4 is a transcriptional factor located in nuclear. The main feature of KLF4 is the three C2H2-type
zinc fingers with DNA-binding domains.

1.2.2 Biological aspects

Previous studies implicated that the deletion of KLF4 could cause unwanted outcomes for the
host. Lack of the KLF4 gene causes the loss of skin barrier function that led to neonatal
death(26). KLF4 is highly expressed in various epidermis layers, such as gastrointestinal
epithelium and corneal epithelial(27). KLF4 in endothelial cells was first cloned from an
endothelial cell library by Yet er.al(28). Subsequent efforts have elucidated that KLF4 is a
regulator of endothelial activation induced by pro-inflammatory stimuli and shear stress.
These studies also showed that overexpression of KLF4 induces several anti-inflammatory
and anti-thrombotic factors that significantly decrease inflammation, reduce cell adhesion on

the endothelial surface, prolong clotting time, and enhance the endothelial barrier function.
1.2.3 Functions of KLF4
1.2.3.1 Functions of KLF4 in vascular endothelial cells

It has been shown that elevated expression of KLF4 in cultured ECs under physiological
conditions induces anti-inflammatory factors (eNOS) and anti-thrombotic factor
(thromboxane (TM)) expression by inhibiting NF-kB activation(29). The deficiency of KLF4
activated harmful PH due to increased endothelin-1 and decreased eNOS. Likewise, lack of
KLF4 enhances the expression of TNFa-induced VCAM-1 and tissue factor (TF)(30). The
new study points out that in addition to maintaining anti-adhesion and anti-thrombotic
endothelium, KLF4 also regulates EC autophagy gene expression(31). Overexpression of

KLF4 in endothelial cells enhances autophagy and further protects the vascular network from
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aging. Beyond that, KLF4 is known to induce VE-cadherin transcription in ECs, maintain
normal endothelial barrier function, and prevent vascular leakage(32). Thus, KLF4 plays a
significant protective role in vascular protection.

Furthermore, KLF4 suppresses angiogenesis and endothelial proliferation by increasing miR-
15a in ECs and VSMCs(33). However, persistent expression of KLF4 causes impaired tumor
growth by activating the Notch signaling pathway and promoting ineffective angiogenesis(34).
Besides, KLF4 also promotes angiogenesis by activating VEGF signaling(34). Thus, the
regulation of angiogenesis by KLF4 may differ depending on the cell type and expression.
During inflammation, the expression of TM and eNOS can be activated by overly expressed
KLF4. KLF4 acts as a decisive protective factor against thrombosis by inhibiting pro-
thrombotic genes and activating anti-thrombotic genes. Overexpression of KLL4 suppresses the

expression of pro-inflammatory factors(35).
1.2.3.2 Functions of KLF4 in vascular smooth muscle cells

Vascular smooth muscle cells (VSMCs) play a central role in pathophysiology of
vasculature(36). In a healthy adult organism, VSMCs are quiescent. However, according to
vascular injury, they undergo a shift from contractile to synthetic, resulting in narrowing or
occlusion of the vascular lumen. The transcription factor Sp/ is a potent inhibitor of VSMC
differentiation by upregulating the expression level of KLF4. Furthermore, the expression of

KLF4 suppresses the expression of VSMC contraction mediators (such as SM a-actin,

myocardia, and SM22-a). Hence, KLF4 is a crucial driver of VSMC phenotype switching(37).
1.2.3.3 Functions of KLF4 in tumors

By acting as an anti-proliferative factor expressed in the differentiated epithelium, KLF4 may
play two distinct roles as a tumor regulator or as a suppressor and oncogene(38). KLF4
expression is widely decreased in various tumors. KLF4 inhibits the expression of ornithine
decarboxylase, which is a proto-oncogene(39). Accordingly, KLF4 has tumor-suppressing
properties. While KLF4 may act as a tumor suppressor in various tissues, KLF4 may also be
an oncogenic gene. KLF4 is involved in cell-cycle-arrest and differentiation. KLF4 loss of
function results in a lack of differentiation, thereby contributing to the emergence of pre-
malignant lesions. KLF4 transcription can either repress or activate p53 expression(40). p53
expression repression represents KLF4 of the primary oncogenic function(40). In contrast,

KLF4 has also been placed downstream of the p53 pathway and requires p53-mediated
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induction of CDKNIA in response to DNA damage, which leads to cell cycle arrest. Thus, the
tumor-regulating properties of KLF4 are associated with p53.

S R TT TR TETICTE TEICTY
ﬁi ﬁiﬁ@@i@@&&%%&&&&é&&&

DNA Damage

ATM/ATR

SP1 ‘ Cyclin D2

Td / Cell Cycle

P21
Oxidative Stress —— KLF4 / —>| Arrest

s

| Inflammation | DNA methylation

Stem cell

‘ Proliferation ‘
Renewall

| Differentiation |

Figure 2. KLF4 Signaling Pathway
KLF4 is a transcription factor with multiple functions. KLF4 functions include anti-inflammation and

anti-proliferation.
1.3 Gene therapy
1.3.1 AAV as a viral vector for gene therapy

Gene therapy is an innovative technique that uses the transfer of nucleic acid sequences to
treat or prevent disease. Adeno-associated virus (AAVs) is a virus that is not known to cause
human disorders. Therefore, AAV vectors are used for gene therapy(41). Other commonly
used virus vectors are lentiviral vectors and adenoviral vectors(42).

Adeno-associated virus (AAVs) were first observed in the mid-1960s(43). With more in-depth
research into AAVs' biological properties, the use of AAVs as gene delivery vectors has been
promoted(44). Along with the understanding of virus-host interactions, AAVs are used as
biotherapeutics. The life cycle of AAV depends on the presence of a helper virus, and it is
found in various vertebrates, including humans and non-human primates. AAVs are currently
considered safe and do not cause any human diseases.

The viral coding sequences must be ultimately maximally removed from the genomes
encapsulated by recombinant AAVs in applications(44). This removal contributes to their low

immunogenicity and cytotoxicity. The only sequence derived from viruses are two inverted
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terminal repeat (ITRs), which guide genome replication and packaging during vector
production. The optimal size of a therapeutic gene expression cassette designed in the AAVs
genome should be 5.0 kb or less(45). Therefore, it is vital to consider the restorative transgene
sequence and the regulatory elements necessary for gene expression (e.g., promoter and
polyadenylation signal). As adeno-associated virus (AAV) vectors do not integrate into the
genome and still enable a long-term gene expression in human cells, we have chosen to apply

AAV vectors for endothelial gene transfer within this study.

1.3.2 Specificity of gene therapy

The specificity of gene therapy is another critical aspect. Effective de-targeting in rAAV
genome design can minimize immunity of gene products(46). A tissue- or cell-type-specific
promoter is used for de-targeting(41). The specification can also be increased by the inclusion
of the 3'-untranslated region (UTR) of the miRNA-binding site for miR-142-3p to the vector
cassette, which binds miR-142-3p abundant in antigen-presenting cells (APCs). That will
effectively reduce the transgene expression in APCs, thereby reducing immunity to the
transgene product(46). AAV-mediated transduction itself can be targeted by inserting distinct
peptides in the vector surface. Previous experiments have shown that the peptide SLRSPPS
exhibits high efficiency and low immunoreactivity for in situ transduction of human umbilical
vein endothelial cells(47). The present investigation uses AAV serotype 9 vector with the
targeting peptide SLRSPPS for in vitro studies and serotype 2 vector with the peptide
ESGHGYTF for gene transfer in lung arterial endothelial cells in vivo(48)

1.3.3 Translational application

Today, more than a dozen capsid serotypes are used as vectors in clinical trials, with the most
popular AAV2-based platforms. However, newer, more efficient capsids, such as AAVS,
AAV9, and AAVrh, are increasingly utilized in clinical trials. In most cases, a therapeutic
strategy involves targeting a monogenic recessive disease through gene replacement. Fast-
evolving gene-editing technology has offered a versatile toolbox for the direct repair of
mutations in human diseases(49). A family of programmable nucleases has been developed to

make DNA breaks, such as zinc-finger nucleases (ZFNs) and CRISPR-Cas-based editing(50)
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1.3.4 Advantages of Adeno-associated viral vectors in gene therapy

AAV vectors are currently used in many gene therapy applications and have many

benefits(46,51,52) .

)

2)

3)

4)

Compared to other viral vectors, adeno-associated viral vectors (AAVs) are currently
considered pathogenic(42,46,47).

Adeno-associated viruses (AAVs) do not insert into the genome and rarely alter the
genomic structure; thus, they have a low oncogenic potential. In contrast to AAVs, either
lentiviral or retroviral vectors will insert into the infected cells' genome and may alter
the host genome structure. The insertion forms a stable genetic inheritance, and the result
is potentially tumorigenic(49,51).

AAVs have low immunogenicity and cause a low inflammation reaction, thus enabling
extended gene expression in the body. In contrast, adenoviral vectors have limited
application prospects due to their high immunogenicity(46).

AAVs have a wide range of hosts and can transduce not only dividing cells but also
quiescent cells. Besides, AAVs have more energetic targeting properties and can select

specific organs for transduction(47,49).

Aims of the study

The primary goal of this project is to develop new gene therapy strategies to inhibit hypoxic

pulmonary hypertension. In addition, this project should answer the following questions by

clarifying the potential therapeutic value of a KLF4 gene transfer based on cellular

experiments. In particular, the following questions should be answered:

)

2)

3)

4)

5)

Does AAV-mediated overexpression of KLF4 ameliorate the inflammatory response
due to hypoxia?

Does AAV-mediated overexpression of KLF4 significantly maintain endothelial cell
integrity and permeability due to hypoxia?

Does AAV-mediated overexpression of KLF4 potentially reverse endothelial to
mesenchymal cell transformation due to hypoxia?

Does AAV-mediated overexpression of KLF4 improve mitochondrial dysfunction due
to hypoxia?

How safe is it to use virus-mediated gene therapy to overexpress KLF4?

10
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3.

3.1

3.1

Materials

Hardware and supplies

.1 Hardware

Designation

Amersham™ Protran NC membrane
Axiovert 40 C Microscope

Cell Scraper 16cm 2-position blade
Cellar cell culture dishes 6-, 12-well
Centrifuge 5810

CFX96 Real-Time PCR System
Coverslips 18 mm diameter
Duomax 1030 horizontal rotator
Filter paper 110 mm diameter
FluorChem Q Camera (Western Blot)
Galaxy MiniStar Microcentrifuge
Heraeus Fresco 21 Centrifuge
Heraeus Pico 21 Centrifuge

Image J

Infinite M200Pro microplate reader
Magellan v.7.2

Mini PROTEAN Tetra System
MyCycler Thermal Cycler
NanoDrop 2000 spectrophotometer
Olympus BX53 microscope
Olympus DP72 camera

Parafilm

Pasteur pipettes, glass

Pipette tips Biosphere Filter Tip
Pipette tips, with filter

Pipettes 2 mL, S mL, 10 mL, 25 mL
Pipettes Eppendorf-Reference

Pipes

Power Pac HC

PP-Microplate 96-well

11

Source

GE Healthcare

ZEISS

Sarstedt

Greiner Bio one
Eppendorf

BioRad

Karl Hecht KG
Heidolph

Schleicher & Schuell
Alpha Innotech

VWR

Thermo Scientific
Thermo Scientific
National Institutes of Health
Tecan

Tecan Life Sciences
Bio-Rad

Bio-Rad

Thermo Fisher Scientific
MARIENFELD
Olympus

Olympus

BEMIS

ROTH

Eppendorf Research
Sarstedt

Sarstedt

Hirschmann Laborgerite
Bio-Rad

Greiner-Bio One
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Precellys 24 homogenizer
gRT-PCR plates, 96-well, multiply
RCT Basic magnetic stirrer

Seven Easy pH-meter

Slide 76x26x1 mm

SigmaPlot v.11.1

Stemi 2000-C microscope
Steril-Cult 200 incubator
SterilGARD Hood

TE1502S precision scale
Thermomixer Comfort

Titan PCR-working station

Tubes 0.5 mL, 1.5 mL, 2 mL, 5 mL
Tubes 15 ml, 50 ml

Vacusafe ventilation

Variomag Poly magnetic stirrer
Vortex-Genie 2

ZEN v.2.3 (blue edition)

3.1.2 Chemicals

Designation

Agarose

Albumin fraction V, bovine

DAPI (4',6-diamidino-2-phenylindole)
DEPC (Diethyl pyrocarbonate)

DMEM (Dulbecco's Modified Eagle Medium)
DNA Loading Dye 6x

Collagen I — solution, bovine skin
DreamTaq 10x green buffer

EDTA (Ethylenediaminetetraacetic acid)
Ethanol

Fluor Preserve Reagent

Formamide

iQ Powermix Reagent, multiplex qRT
Methanol

PageRuler Plus prestained Protein Ladder

12

IKA

Sarstedt

Sarstedt

Sarstedt

Peqlab

Systat Software Inc.
Sarstedt
Mettler-Toledo
Zeiss

Labotect

The Baker Company
Sartorius

Eppendorf

ScanLaf

Integra Biosciences
Thermo Fisher Scientific
Scientific Industries

ZEISS

Source

Biozym Scientific GmbH
Merck KG
Sigma-Aldrich
Sigma-Aldrich

PAA Laboratories
Fermentas

BD Biosciences
Thermo Scientific
Serva Electrophoresis
Carl Roth
Calbiochem
Sigma-Aldrich
Bio-Rad

Carl Roth

Thermo Fisher Scientific
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Phenol/Chloroform/Isoamyl alcohol
Protein-Assay dye-concentrate (Bradford)
QIAzol Lysis Reagent

Sodium chloride

Sodium hydroxide

SDS (Safety Data Sheet)

TEMED 99% p.a. Electrophoresis
Tris-Base

Tris-HCI

Triton X 100

Tween 20

3.2 Enzymes

Designation

ECL-Select detection system

Platinum SYBR Green qPCR SuperMix
Quick-RNA MicroPrep Kit

DC protein assay

Carl Roth

Bio-Rad

Qiagen

AppliChem
AppliChem

Serva Electrophoresis
ROTH

Carl Roth

Carl Roth

Serva Electrophoresis

Sigma-Aldrich

Source

GE Healthcare
Invitrogen
ZYMO Research
Bio-Rad

3.3 Antibodies and Sequences of primers

Listed below are the primary and secondary antibodies used in this work for

immunofluorescence (IF) and Western blot (WB). Some antibodies are coupled to fluorescent

dyes (Fluorescein isothiocyanate (FITC), Alexa Flour (AF), Cyanine 5 (Cy5)), or horseradish
peroxidase (HRP).

3.3.1 Primary Antibodies

Antibody Species Clonality Company
COX2 rabbit poly cell signaling
eNOS mouse mono abcam
GAPDH mouse mono Sigma
ICAM-1 rabbit poly cell signaling
KLF4 rabbit poly abcam

MCPI rat mono abcam
MMP9 rabbit poly abcam

13

Description
WB (1:1 000)
WB (1:1 000)
WB (1:10000)
WB (1:1 000)
WB (1:1 000)
WB (1:1 000)
WB (1:1 000)
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PINK1
SOD2
B-actin
VCAM-1
VE-Cadherin
Z0-1
Mitofusin-2
CD31

COX4
HIF1-a

Ki67

KLF4

Tom 20
Z0-1
MitoSOX Red

3.3.2 Secondary Antibodies

Antibody
mouse
mouse
mouse
rabbit
rabbit
rabbit
rabbit
rat

rat

3.3.3 Sequences of the primers

Table 1. Quantitative real-time PCR primers

rabbit
rabbit
mouse
rabbit
rabbit
mouse
rabbit
rat
mouse
rabbit
rabbit
rabbit
mouse

mouse

Species
goat
goat
goat
goat
goat
goat
goat
goat
goat

poly
poly
mono
mono
poly
poly
mono
mono
poly
mono
mono
poly
poly
poly

Clonality
HRP
AF546
AF647
HRP
AF546
AF647
Cy3
HRP

Cy5

Novus bio

cell signaling via NEB
sigma

abcam

cell signaling

Millipore

abcam

Santa Cruz Biotechnology
abcam

Cell signaling

abcam

abcam

Santa Cruz Biotechnology

Millipore

Thermo Fisher scientific

Company

Santa Cruz

Life Technologies
Life Technologies
Santa Cruz

Life Technologies
Life Technologies
Dianova

Santa Cruz

Dianova

WB (1:1 000)
WB (1:1 000)
WB (1:10 000)
WB (1:1 000)
WB (1:1 000)
WB (1:1 000)
WB (1:1 000)
IF (1: 200)

IF (1: 400)

IF (1: 300)

IF (1: 400)

IF (1: 400)

IF (1: 400)

IF (1: 400)

IF (1: 100)

Description
WB (1:10 000)
IF (1: 400)

IF (1: 400)
WB (1:10 000)
IF (1: 400)
IF (1: 400)
IF (1: 400)
WB (1:10 000)
IF (1: 400)

Name Sequence (5'-3)

hKLF4 Fw: CAAGAGCTCATGCCACCC
Rv: GTCCCAGTCACAGTGGTAAG

hCD31 Fw: CTGCTGTCATTGCGCTGTGG

14
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hvWF

hVE-Cadherin

hTie2

hSM22a

hvimentin

hTNFa

ha-SMA

hTGF-B

hMCPI

hMMP9

hIL-6

hICAM-1

hVCAM-1

mCdnk1A

mDnmtl

mHSP90

mklf4

mp53

Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:
Fw:
Rv:

Fw:

CATGTGGCCCCTCAGAAGACA
GCCTACGGCTTGCACCATTC
GCCATCCTGGAGCGTCTCAT
AACATCCCTCAGCCCACAGG
ATCTCTCTTTTGGCGCCGGT
GGCCCAAGCCTTCCAAAACG
TGCGCGCCTTAAGAACTTGG
GGAATTGATGGAAACCACCGGG
ACTTCGCGGCTCATGCCATA
TCAATCGGCGGGACAGCAG
GACACGGACCTGGTGGACAT
ACTTTGGAGTGATCGGCCCC
TGGGCTACAGGCTTGTCACT
GTCCCGGAGCAGGAGGATTC
GCATGCTTAAATGAAGCCACAGC
GATGTCACCGGAGTTGTGCG
GCCGGTAGTGAACCCGTTGAT
AGAATCACCAGCAGCAAGTGTCC
TCCTGAACCCACTTCTGCTTGG
GCCACTACTGTGCCTTTGAGTC
CCCTCAGAGAATCGCCAGTACT
GGAAATGAGAAAAGAGTTGTGC
GTACTCCAGAAGACCAGAGG
TCCAGACCTTTGTCCTGCC
GTCGTTGCCATAGGTGACTG
GAATGGGAAGGTGACGAATG
AGATTCACAAGTTGCTGTGC
CACTTTGCCAGCAGAATAAAAGG
CCGTGACGAAGTCAAAGTTCC
TCTACTGCAGTTCCATCACC
GATCCTTCTTTGGGCGTTTC
GTACTACTACTCGGCTTTCCC
CATTAGAGATCAACTCGCGG
CACCTGGCGAGTCTGACAT
AGAGAGTTCCTCACGCCAA
AACTTACCAGGGCAACTATGG

15
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Rv: TGGCAGAATAGCTTATTGAGGG

mp300 Fw: GCCCAATGTGTCTAATGACC
Rv: TCAGGATCAACAATGGGAGG
mSV40p Fw: TGTTGTTGTTAACTTGTTTATTGCAGC
Rv: GATACATTGATGAGTTTGGACAAACC
mEGFP Fw: GCATCAAGGTGAACTTCAAGATCC
Rv: ATGTGATCGCGCTTCTCGTTG
mNOS3 Fw: GAGCATACCCCCACTTCTG
Rv: CACACAGAAGGTTTCACAGG
mTjpl Fw: GAGACAAGATGTCCGCCAG

Rv: GGCCCTCCTTTTAACACATC

3.4 Kits
Designation Source
ECL-Select detection system GE Healthcare
Platinum SYBR Green qPCR SuperMix Invitrogen
Quick-RNA MicroPrep Kit ZYMOResearch
DC protein assay Bio-Rad

3.5 Buffers and solutions

RIPA lysis buffer (pH 7.5) 50 mM Tris-HCL
pH 7.5 titrate with 1 M NaOH
150 mM NaCl
0.5 % (w/v) Sodium Deoxycholate
1 % (v/v) NP-40
0.2 % SDS

Lysis buffer (1 ml) 40 ul 25x Proteinase-Inhibitor-Cocktail
10 ul Phosphatase-Inhibitor 2
10 pl Phosphatase-Inhibitor 3

1ul 1 MDTT
Running buffer, SDS-PAGE 250 mM Tris
(10x) 1.9 M Glycine

1 % (w/v) SDS

16
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PBS 137 mM NaCl
2.7 mM KCl
4.3 mM Na;HPO4
1.47 mM KH,PO,, pH 7.4, autoclaved

PFA (2 bzw. 4%) 2 bzw. 4% (w/v) PFA in PBS
Laemmli buffer (4x) 250 mM Tris pH 6.8

5% (w/v) SDS

40 % (v/v) Glycerin

0.005 % (w/v) Bromophenole blue
10 % (v/v) 2-Mercaptoethanol

Loading Buffer (for proterin) 0.25M Tris-HCl pH 6.8
4X 10% SDS

50% glycerol

0.5% bromphenol blue

0.8 M 2-mercaptoethanol
192 mM Glycine
0.037 % (w/v) SDS

Milk buffer (5%) 5% (w/v) milk powder in TBST
TBS-T 500 mM Tris-HC1 pH 7.3

1.5 M NaCl

0.2% TWEEN 20
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4, Methods

4.1  Cell culture
4.1.1 Culturing of immortalized HUVECs cell line

Primary human umbilical vein endothelial cells (HUVECs) were purchased from PromoCell
(PromoCell GmbH, Germany) and cultured in Endothelial Cell Growth Medium (PromoCell
GmbH, Germany). Immortalized cryo-conserved HUVECs were stored in big liquid nitrogen
chambers. For culturing, cells were thawed rapidly in a 37 °C water bath and added with a 1
ml pre-warmed growth medium. This cell solution was transferred into a T75 cell culture flask
containing 8 ml of warm growth medium. After 36 h for generation, all experimenters were
conducted between passages 2 and 6 at a confluence of 70-80 %. Cells were dissociated from
the plastic surface by adding 2 ml Trypsin-EDTA solution and incubated for 1-2 min at 37 °C
until single cells were visible under the microscope. 10 ml of growth medium was added to
the cell-solution to stop the trypsin activity. The cells were then centrifuged at 1 000 g at RT
for 5 min. The supernatant consisting of Trypsin and media was discarded, and the cells were
resuspended in a warm growth medium. The cells were counted in a Neubauer chamber and
seeded in the respective culture plates or, without counting, plated at a ratio of 1:10 into new
T175 flasks for maintenance of the cell line. All cell culture operations, like cell splitting and
seeding, were performed under the sterile hood. Cells were incubated in a 37 °C incubator
with 5 % CO> until the next use (transduction).

The cell count per ml was calculated based on the following formula:

(average cell number) x (dilution factor) x 10*
4.1.2 Transduction with AAVs vectors in vitro

HUVECs were transduced with AAV (serotype 9 SLRSPPS(47), and small-scale productions
were performed with 10*-103 vg/cell MOI (multiplicity of infection) on the third day after
seeding. The corresponding AAV vector was amount calculated and added to a serum-free
medium (e.g., 2 ml medium per well of a 6-well plate) and mixed gently. The complete growth
medium was removed and replaced by the AAV/serum-free medium mixture. At last, cells
were incubated under two different conditions (Normoxia incubator with 37°C, 20 % O», and

hypoxia incubator with 37 °C, 1 % O>) for 48 hours.
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Table 2. Experiment-dependent numbers of cells and volumes in cell culture

Cell type Plate type Experiment Cell/ ml Medium/
volume
HUVECs 12-well plate Immunofluorescence 310 1 ml

with coverslips

6-well plate RNA/protein isolation ~ 5.510* 2 ml

4.2 Induction of hypoxia

To grow cells in hypoxia, an incubator that controlled oxygen by suppressing it with nitrogen
and regulating CO» level and humidity at the same time was used (Thermo scientific). Briefly,
cells were cultured in a 6/ 12-well plate at 1.0 % O: for specified periods. Control cells were

maintained in normoxia in a 20 % O3 incubator (Thermo Scientific).
4.3 AAVs vector productions

AAVs vector were produced by Angela Schulz (University Hospital Schleswig-Holstein

Campus Kiel) in our group according to standard protocols(45).
4.4  Molecular biology methods
4.4.1 RNA isolation and qRT-PCR

Total RNA was isolated from HUVECs using an RNA lysis buffer following a protocol
(Quick-RNA Microprep kit (ZYMO Research, USA)). To isolated RNA from murine lung
tissue, Trizol was used (QIAzol; Qiagen). 1 pg of DNA-free total RNA was transcribed into
cDNA using the first-strand cDNA synthesis kit (SuperScript III; ThermoFisher Scientific).
The EXPRESS SYBR Green ER reagent (Life Technologies, Inc.) was used in a real-time
PCR system (CFX96; Bio-Rad). All experiments were performed in duplicates or in triplicates

and repeated three times.
4.4.2 RNA extraction from cultured cells

Total RNA was isolated from cultured cells using Quick-RNA Microprep kit (ZYMO
Research, USA). Before starting, RNA wash buffer was prepared (48ml, concentrate R1051)
by adding 192 ml 100 % ethanol. The lyophilized DNase I with 275 ul DNase/RNA-Free

water were mixed well for the following steps.
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After the incubation period, the liquid medium was removed and collected for ELISA assay.
Cells were lysed in the well by adding 300 pl of RNA lysis buffer and incubated for 10 min at
room temperature. Then, 1:1 volume of 100 % ethanol was added. Cells were flushed with a
pipette's help, and the mixture was transferred to Zymo-Spin IC Column in a Collection tube
(provided in the kit). The samples were centrifuged with 12 000 g for 30 seconds, and the
flow-through was discarded. Every column with 400 ul RNA Wash Buffer was prewashed. To
prepare the DNase I Reaction Mix: each sample was mixed with 5 ul DNase I and 35 ul DNA
Digestion Buffer. The DNase I Reaction Mix was added directly and incubated at room
temperature for 15 min. Trace DNA was removed during this step. During the incubation time,
new RNase-free tubes were prepared for RNA collection. After 15 min incubation, 400 pl
RNA Prep Buffer was added to the column. Samples were centrifuged for 30 seconds, and the
flow-through was discarded. 700 ul RNA Wash Buffer was added, and the flow-through was
discarded after centrifugation. 400 ul RNA Wash Buffer was added to each column. For
ensuring complete removal of the RNA Wash Buffer, the columns were centrifuged for 2 min
at 12 000 g. The columns were carefully transferred into new RNase-free tubes, which were
prepared during trace DNA removal processes. Finally, 15 pl DNase/RNA-Free water was
added to the column matrix and centrifuged for 30 seconds at 12 000 g. Then the eluted RNA
was collected in the flow-through and was readied to be measured by NanoDrop spectrometer.

Then, RNA was stored at -80 °C until cDNA synthesis.
4.4.3 RNA isolation from murine lung tissue

For isolating total RNA from murine lungs, the tissue was broken beforehand by using the
Precellys 24 homogenizer. Each tissue was placed in 2 ml tight capped tubes, and 1 ml Trizol
lysis buffer with big (2.8 mm) and small (1.4 mm) ceramic beads were added. The
homogenizer was programed two times for 20 seconds at speed 5000 g until complete
dissociation of the tissue. The dissociated tissue lysing liquid was then centrifuged at 12 000
g for 20 min at 4 °C. The supernatant containing nucleic acids was transferred into a fresh 1.5
ml reaction tube. 200 pl Chloroform was added and mixed well by shaking. Samples were
incubated at RT for 2 min and then centrifuged at 12 000 g for 15 min at 4 °C. The supernatant
was transferred carefully to a new RNase and DNase free reaction tube. 500 pl isopropanol
was added and mixed well for inducing RNA precipitation. Samples were incubated at -20 °C.
After two hours of incubation, samples were centrifuged at 12 000 g for 10 min at 4 °C. Then,

the supernatant was discarded, 1 ml 75% ethanol was added. After that, the samples were
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further centrifuged at 7500 g for 5 min, and the supernatant was carefully discarded. The RNA-
pellet was dried in an open reaction tube at room temperature by keeping tubes upside down
for 10 min. 50 pul DEPC treated water was added and the concentration of the isolated RNA
was determined by using NanoDrop at a wavelength of 260 nm. New DNA-free tubes were
prepared for eluting RNA. 5 ul DNase I and 5 pl DNase buffer were added to each 5 ug RNA.
DEPC treated water was added to achieve 100 ul volume in each tube. 1 pg of the isolated
RNA was used for cDNA synthesis, and the rest was stored at -80 °C.

4.4.4 cDNA synthesis

For the transcription of the isolated RNA into cDNA, 1 ug RNA was added to 12 ul RNase-
free water and mixed with 1 ul ANTPs (10 mM each) and 0.5 pul Random Hexamer Primer (50-
250 ng). The mixture was incubated for 5 min at 65 °C, then transferred on ice for 1 min to
avoid renaturation. For the transcription of RNA into cDNA, 6.5 ul Master Mix (Table 3.) was
added to each of these preparations.

The transcription of mRNA into cDNA was performed in the Thermal Personal Cycler (see
Table 4). For the annealing of the primer, the mix was incubated for 10 min at 25 °C.
Afterward, the elongation step was performed at 50 °C for 60 min, followed by enzyme
inactivation at 70 °C for 15 min. Finally, the reaction was stopped at 4 °C, and RNase-free
water was added to the cDNA to obtain a concentration of 10 ng/ ul. The obtained cDNA was
stored at -20 °C until further use.

Table 3. Master mix for the cDNA synthesis preparation

Component Volume [ ul] Final concentration in the total

volume of 20 pl

5x First Strand RT-Buffer 4 5 mM
DTT (0.1 M) 1 5 mM
RNase OUT (40 U/pl) 1 20 U/l
SuperScript ™III RT (200 U/ul) 0.5 20 U/l
z 6.5
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Table 4. cDNA synthesis conditions

Step Temp. Time Purpose

1 25 °C 10 min Primer binding

2 50 °C 60 min Enzyme activation, DNA synthesis

3 70 °C 15 min Enzyme inhibition

4 4°C 0 Cooling down, only after the last cycle

4.4.5 Gene expression determined by quantitative real-time PCR

The mRNA expression levels of various target genes and the housekeeping gene were
quantified by the comparative AACt method. This method assumes an approximately equal
efficiency of the PCR reactions of target and reference genes. The efficiency of the primers
used was determined in preliminary tests using a cDNA dilution series. Gene expression
determination of the target genes by quantitative real-time PCR was performed using the
Express Sybr® GreenERTM qPCR SuperMix. The Platinum SYBR Green qPCR SuperMix
(Thermo Fisher Scientific) was used to quantify gene copies. SYBR Green, a DNA-binding
fluorescent dye, was detected and measured by PCR-cyclers. The expression of SYBR Green
was enhanced with increasing DNA concentration. The primers were designed to span exon-
exon junctions wherever possible to avoid amplifying possible contamination from genomic
DNA during amplification. For the quantification, a reaction volume of 20 pl was used.
Technical triplicates were performed for each target gene. 18 ul of the master mix was added
to a 96-well plate, 5 ul (in vitro) or 2 pul (in vivo) of cDNA was pipetted to the respective well.
After sealing the plate with an adhesive foil, the plate was briefly spun down for 30 s at 2 000
g. Quantitative real-time PCR was performed using the following cycling conditions
(CFX96TM Real-Time System).

The gRT-PCR data were analyzed using Microsoft Office Excel. The formula ACt
(experimental gene) = Cq (experimental gene)-Cq (reference gene) was used to get the
normalized Cq value. Next, the Cq value of a control sample was used to calculate AACt=ACt
(experimental)- ACq(control). The value of 22 was calculated to reflect the expression fold

change of the interest gene in every sample.
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Table 5. Composition of each qPCR reaction (in vitro)

Component Volume Final concentration in total
[ ul] volume per well
Express Sybr® GreenERTM SuperMix 10 1x
Primer forward (10 pM) 1 0.5 uM
Primer reverse (10 pM) 1 0.5 uM
DNase-free water 3 -
) 15

Table 6. Composition of each qPCR reaction (in vivo)

Component Volume Final concentration in total
[ ul] volume per well
Express Sybr® GreenERTM SuperMix 10 Ix
Primer forward (10 pM) 0.4 0.2 uM
Primer reverse (10 pM) 0.4 0.2 uM
DNase-free water 3 -
z 18

Table 7. gPCR cycling conditions

Reaction Temperature Time Repeats
Initial denaturation 95°C 3 min 1
Denaturation 95 °C 15 sec

Primer annealing and extension 60 °C 45 sec 39

4.5 Protein isolation and Western blot experiments
4.5.1 Protein extraction from cultured cells

Post-incubation, HUVECs were washed once with ice-cold PBS before adding RIPA lysis
buffer containing protease and phosphatase inhibitor cocktails (Roche Applied Science).
Supernatants from each sample were collected and stored at -80 °C for future ELISA assay

analysis. The lysis buffer mixture (600 ul) was prepared, as indicated below.
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Table 8. Protease and phosphatase inhibitor cocktail for protein isolation

Component Volume [ pl]
RIPA Buffer 1000
Phosphatase inhibitor II 10
Phosphatase inhibitor I11 10
Phosphatase inhibitor-cocktail 25X 40
DTT (1M) 1

Plates containing both cells and lysis buffer were frozen at -80 °C for half an hour to accelerate
membrane lysis. After thawing on ice, the cells were scraped off with a cell scraper and
transferred into a reaction tube. All the samples were ultrasonicated in an ice bath (Sonopuls
GM 70, Bandelin) for 1 minute to disrupt cell membranes. The cell lysate was then centrifuged
at 12 000 g for 10 min at 4 °C, and the supernatant was carefully transferred to a fresh reaction
tube without disturbing the pelleted cell-debris. The samples were used to measure protein

concentration (DC™-Protein concentration measurement assay) or were stored at -80 °C.
4.5.2 Protein extraction from murine lung tissue

Mouse lung tissues were collected in 2 ml tight capped tubes with big (2.8 mm) and small (1.4
mm) ceramic beads and stored at -80 °C. Samples were placed on ice, and 600 ul RIPA (with
1 % SDS) lysis buffer containing protease and phosphatase inhibitor cocktails was quickly
added to each sample (Table 8.). For grinding solid tissue, the Precellys 24 homogenizer was
used two times for 30 seconds at a speed of 5000 g until complete dissociation of the tissue.
The dissociated tissues were centrifuged at 12 000 g for 20 min at 4 °C, and the supernatant
was carefully transferred to a new tube. Each sample was diluted 1:10 (in RIPA buffer with
1 % SDS). The diluted samples were prepared for the DC assay measurement. All the samples

were stored at -80 °C.
4.5.3 Protein concentration measurement using DC protein-assay kit

As mentioned above, the DC Protein assay kit (Bio-Rad) was used to determine the protein
concentration from a cell lysate. A standard curve with a known protein concentration is
necessary for analyzing the concentration of a given protein sample. A stock solution of 2 mg/
ml BSA was dissolved in the respective lysis buffer serially diluted four times to obtain

standard dilutions from 2 mg/ ml to 0.125 mg/ ml in 20 pl of lysis buffer. The cellular protein
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mix was also diluted using lysis buffer. The stock dilutions and protein dilutions were added
in a quantity of 5 pl to each well in triplicates. Followed by the addition of 25 pl of solution
A' (mixture ratio of solution A and solution S is 50:1) and 200 pl of solution B. The 96-well
plate was gently mixed on a plate shaker for 1-2 min, then kept at room temperature for
incubation about 15 min. The absorbances were stable for about 1 hour. A photometer TECAN
M 2 000 pro, which was set for measurement of the OD at 750 nm, was used. The samples
were measured photometrically, and the sample protein concentration was determinate using
a BSA standard. Protein samples were prepared for loading and consisted of protein (20 ug),
4x Lammli loading dye, and water. The samples were incubated at 95 °C for 5 min on a shaker.

Then samples were stored at -80 °C.

4.5.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium-dodecyl-sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) was used to
separate proteins with different molecular weights. Separating gel allowed the proteins to
travel in the same direction and separated from one to another. At the same time, TEMED
and APS (10 %) were added to induce polymerization. The mixture was vortexed well and
the solution was filled into the cassette to about 80 % height. Isopropanol was immediately
filled on top to remove any air bubbles. The separate gel was coagulated after 30 min.
Isopropanol was discarded, and 4 % polyacrylamide collecting gel was poured on the top. A
comb with 10 or 15 pockets was gently inserted in the collecting gel. After polymerization,

the gel-chamber was set up.

The comb was removed, and gel pockets were washed with water. Then, the gel was placed
into the chamber for electrophoresis and filled up with running buffer. The pockets were then
loaded with samples. A pre-stained protein was used as a marker for molecular protein weights
(PageRuler Plus, ThermoFisher). The electrical field was applied at a constant voltage of 80 V
at the beginning until the marker was separated. 100 V was used until the loading dye reached

the bottom of the gel-cassette.

4.5.5 Transfer the protein to PVDF membranes

A tank-transfer blotting chamber was used for transformation. During the transfer, proteins
were transferred from polyacrylamide gel to a PVDF (polyvinylidene difluoride) membrane.
The PVDF membrane was pre-activated with ethanol for 2 min. The SDS-gel, containing the

separated proteins, was carefully taken out of the cassette and gently moved in the so-called "
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blotting sandwich ". The " blotting sandwich" was fixed together in the following order: a
sponge, three cellulose filter papers, the SDS-gel, an activated PVED membrane, three
cellulose filter papers, and the other sponge. Any air-bubbles along the membrane surface were
efficiently removed for the high quality of the transfer. The sandwich-containing cassettes were
placed into the tank-transfer blotting chambers that were filled up with cold transfer buffer.
The cold ice-packs were used for cooling down the whole transfer process. An electrical field
was then applied at a constant 3 500 mA for 90-120 min (depended on the target protein's
molecular weight). The pre-stained protein ladder was quickly found after blotting on the white
membrane. The membrane with the size-separated proteins was then placed in a blocking
buffer for 1-2 h at room temperature. The blocking buffer was commonly used as 5 % (w/v)

dry-milk powder solved in TBS-T buffer or 5 % (w/v) BSA solved in TBST.
4.5.6 Detection of specific proteins

After blocking, the primary protein-specific antibodies were recognized and bound the specific
protein on the membrane (diluted in the blocking buffer). The membrane was incubated
overnight at 4 °C under rotation. The next day, the membranes were washed three times for 10
min in TBS-T buffer. Then, a suitable HRP-coupled secondary antibody (1:10 000 diluted in
the blocking buffer; Santa Cruz Biotechnology) was added and incubated for 1hour at room
temperature. After three times washing the membranes with TBS-T for 10 min at room
temperature, the membranes were progressed to image. The Enhanced-chemiluminescence
(ECL, Bio-Rad) detection was used. The ECL solutions were mixed in a 1:1 ratio, pipetted
onto the membrane, and incubated for ~3 min in the dark. The membrane was then placed into
the detection chamber of the Gel doc. The emitted chemiluminescence was detected using
FluorChem Q software. According to the intensity of chemiluminescence, the exposure time
was adjusted. The images were quantified by the Image J software (National Institutes of

Health).

4.6 Immune staining
4.6.1 Immunofluorescence

Based on microscopic visualization, immunofluorescence staining was performed on HUVEC
cells. As described above (Table 2.), HUVECs were prepared and plated in a 12-well plate on
collagen-coated coverslips (1.5x10° cells/ well). Following AAV-mediated gene transfer

(EGFP/KLF4 with a MOI of 5x10!° vg/ cell) and a 48 hours hypoxia-incubation phase,
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coverslips were washed once with 1x PBS (Iml/ well). For fixation, cells were fixed with 4 %
paraformaldehyde (PFA) for 5 min and blocked with PBS containing 2.5 % BSA and 0.1 %
Triton X-100 (500 pl/ well) for 1 h at room temperature. Samples were incubated overnight at
4 °C with primary antibodies. The secondary antibodies were incubated for 1 h at room
temperature. DAPI was used as a nuclear counterstain with a 1: 1 000 dilution. Up to 10 images
from each coverslip was obtained by Keyence BZ-9000 microscope with 20x magnification.
Cell-number counting and analysis were done by Image J software. Confocal images were

captured with a Zeiss LSM800 laser-scanning microscope with 60x/0.8 oil objective.
4.6.2 Immunohistochemistry

Deparaffinization and rehydration was the first step for murine lung samples' affinization.
The slides were immersed in three wells, one by one with Xylene, for 5 min. The slides were
changed into two wells with 10% Ethanol and kept in each well for 10 min. After that, the
slides were washed two times with fresh 95% Ethanol well for 10 min. Then the slides were
gradually transferred into 70% Ethanol and infiltrated two times for 10 min. A brief wash in
1X PBS was the last step. The slides were incubated (0.1 % Triton X-100 and 2.5 % BSA in
PBS) for 2 hours at room temperature. The primary antibody was diluted in blocking buffer
and incubated at 4 °C overnight. Three times washing with 1X PBS was used, and the second
antibody was incubated for 1 h at room temperature. DAPI was used as a nuclear counterstain
with a 1: 1 000 dilution. Images were captured with a Zeiss LSM 800 laser-scanning

microscope.

4.7  In vivo approaches
4.7.1 Animal models

All animals used in this thesis were kept under the supervision of the Animal Facility of
University Hospital Schleswig-Holstein Campus Kiel. Animal care and use were conformed
to the local animal welfare authorities (G124/ 13 Regierungspriasidium Karlsruhe, 12956/
2018, MELUND Kiel, Germany). The mice were kept in IVC cages in a specified pathogen-
free room, where the temperature (22 +/- 2 °C) and humidity (55 +/- 10 %) were controlled.
A day/night rhythm was performed on 12/ 12 h. A complete diet and water were served ad

libitum for the animals.
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4.7.2 Tail vein injection

The mice were put into a restrainer and the tail was warmed in the water at 36 °C. Tail veins
were localized, and AAV vectors were injected. Tail vein injections were performed by

Susanne Hille (Molecular Cardiology, University Hospital Schleswig-Holstein Campus Kiel).

4.7.3 Virus efficiency test in mice

Eight-weeks old wild-type mice (C57BL/ 6J) were injected with AAV2- ESGHGYF (102
viral particles/ mouse) virus in 0.1 ml PBS per mouse (eight mice of ssAAV2- ESGHGYF-
ssCMV-EGFP group, eight mice of ssAAV2- ESGHGYF-ssCMV-MmKIf4 group, four mice
of PBS were injected as a negative control group). For testing transgenes overexpressed
efficiency, all mice were kept under normoxic conditions for five months. Afterward, the
animals were killed, and organs were harvested according to the protocol and used for gPCR

analysis.

4.8 Bioinformatics databases

4.8.1 ONCOMINE

ONCOMINE (www.oncomine.org). It is a platform for data mining by integrating data from
the web. It is a systematic way to curate, analyze, and visualize data by pooling genetic
annotation data from various genomic resources.

Data were collected to evaluate the expression of the KLF family in lung cancer. Data
presented here, the significance thresholds were set as a p 0.05, a fold change of 2, and a gene
rank in the top 10 %. The Student's #-test was used to analyze the difference in the expression

of KLF family genes in non-small cell lung carcinoma.
4.8.2 GEPIA

GEPIA (http://gepia.cancer-pku.cn/index.html). GEPIA is a new web server for analyzing the

RNA sequencing expression data of tumors and normal samples from the TCGA and the GTEx
projects developed by Tang, Z. et al. in 2017.

In this study, a analysis of KLF expression was performed on the differential expression level
between tumor and normal, profiling samples including cancer types or pathological stages,

and patient survival. The p-value was 0.05, and a Student's #-test was used.
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4.8.3 DAVID 6.8

DAVID 6.8 (https://david.ncifcrf.gov/home.jsp). DAVID is a biological knowledge base and

analysis tool for systematically extracting bioinformatic resources from large gene/protein
lists. Data mining techniques are used to visualize target genes' functional classification,
functional annotation maps, or clustering and functional annotation tables.

From this database, Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of KLF4 were collected. The
KLF4 closely up/downstream related genes were analyzed as well. In this study, the p-value
cut-off point was 0.05. The GO enrichment analysis included: Biological processes (BP),

cellular components (CC), and molecular function (MF).

484 TIMER 2.0

TIMER 2.0 (http://timer.comp-genomics.org). TIMER is a systematic resource for the

comprehensive analysis of immune infiltration in different cancer types.
This study evaluated the correlation between KLF4 expression and immune cells' infiltration
in non-small cell lung cancer. "Survival module" was used to evaluate the correlation among

KLF4 expression level and clinical outcome in non-small cell lung carcinoma.

4.9 Statistical Analysis

For statistics, all results were shown as the mean = SD. Statistical analyses of the data were
performed using the two-tailed Student's 7-test and two-way analysis of variance (ANOVA)
followed by Student-Newman-Keuls applied. p-values < 0.01 were deemed statistically

significant. All statistical data were performed with GraphPad Prism software.
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5. Results
5.1  Invitro
5.1.1 Validation for the efficiency of AAV overexpression vector

For testing the transduction efficiency of adeno-associated viral overexpressed vectors,
HUVECs were transduced with AAV9-SLRSPPS-ssCMV-EGFP and AAV9-SLRSPPS-
ssCMV-MmKIf4 (1.5x10° cells/well) with a MOI of 5x10'°vg/cell. Transgene overexpression
was analyzed by western blot. As showed in Figure 3a and b, cells were transduced with AAV-

KLF4 expressed 7.5 times KLF4 protein than the control vector group (AAV-EGFP).
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Figure 3. Validation for the efficiency of AAV overexpression vectors

HUVECs were transduced with AAV-KLF4, AAV-EGFP (1.5x106 cells/ well) with a MOI of 5x1010 vg/
cell. Every three wells of cells were transduced with one type of vector. Anti-GAPDH antibody was used
as internal control 37 kDa (a and b). The relative level of KLF4 was analyzed with densitometry analysis.
Statistical significance was determined using a Student's t-test. Error bars show mean + SD. **, p < 0.01.

OE, overexpression.

5.1.2 KLF4 overexpression inhibits pro-inflammatory response

Hypoxia-induced inflammation is widely recognized and generally accepted. Pro-
inflammatory factors are activated in response to hypoxic stimuli and are involved in the
overall inflammatory process. As KLF4 plays a central role in regulating vascular
inflammation, the goal of this study was to evaluate the advantage of overexpressing KLF4
during hypoxia-induced changes. Hypoxia leads to endothelial dysfunction by releasing
inflammatory mediators (intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1)). Pro-inflammatory phenotypes are activated by oxidative
stress.

Upon low oxygen conditions, ICAM-1 is induced by IL-1 and TNF®. As shown in Figure 4a

and b, in response to hypoxia, ICAM-1 protein was increased. The ICAM-1 protein level was
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dramatically decreased in KLF4 groups, both under normoxia and hypoxia. These findings
were also confirmed on the mRNA level (Figure 4c). VCAM-1 is a mediator of cell signals
between leukocytes and endothelium. In response to cytokines, such as TNF-a and IL-1,
VCAM-1 expression is up-regulated in endothelial cells. As a pro-inflammatory cytokine, the
VCAM-1 expression on protein level was reduced in the KLF4 group, compared to the EGFP
group (Figure 4d). However, there were no significant differences between normoxic and
hypoxic groups (Figure 4e). Next, we tested VCAM-1 on mRNA level was reduced in the
KLF4 group, albeit without a significant difference between EGFP and KLF4 group in

hypoxia (Figure 4f).
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Figure 4. KLF4 overexpression inhibits pro-inflammatory response

HUVECs were transduced with AAVs and exposed to hypoxia for 48 hours. EGFP was used as a control to
maintain an equal quantity of virus. Protein lysates were collected. (a and b) Quantification and statistical
analysis of ICAM-1 expression on the protein level. (c) Quantification and statistical analysis of /CAM-1
expression on the mRNA level. (d and e) Quantification and statistical analysis of VCAM-1 expression on
the protein level. (f) Quantification and statistical analysis of VCAM-1 expression on the mRNA level. Anti-
-actin antibody was used as internal control 42 kDa. RPLP(0 was used as a housekeeping gene. Data are
shown as mean =+ SD of three independent experiments conducted in triplicates. Statistical significance was
determined using One-way ANOVA Multiple Comparison (Student-Newman-Keuls method). *, p < 0.05;

** p<0.01; *** p <0.001; ns, non-significant.

Nitric oxide (NO) is synthesized by endothelial NOS (eNOS) and secreted by vascular
endothelium for maintaining vascular homeostasis??>. Hypoxia-induced endothelial
dysfunction results in less eNOS release, which causes a reduction of NO production. In this
study, we verified that hypoxia resulted in downregulation of eNOS on protein levels in
HUVECs. eNOS expression level was elevated by overexpression of KLF4 in either normoxia
or hypoxia (Figure 5a and b). Cyclooxygenase-2 (COX2), as a pro-inflammatory agent, is

repaired by activating prostaglandins'’. Inhibition of COX2 has shown an anti-inflammatory
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effect. The results we presented (Figure Sc and d) were consistent with this concept. Hypoxia-

stimulation elevated levels of COX2, which was suppressed by overexpression of KLF4.
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Figure 5. KLF4 overexpression inhibits inflammatory response

HUVEC:s infected with AAV-KLF4 and AAV-EGFP. HUVECs were exposed to hypoxia for 48 hours. (a
and b) Quantification and statistical analysis of eNOS expression on the protein level. (a and b)
Quantification and statistical analysis of COX2 expression on the protein level. (c and d) Anti-B-actin
antibody was used as internal control 42 kDa. Data are represented from three independent experiments
conducted in triplicates. Statistical significance was determined using One-way ANOVA Multiple
Comparison (Student-Newman-Keuls method). Error bars show mean = SD *, p < 0.05; **, p < 0.01; ns,

non-significant.

Matrix Metalloproteinase-9 (MMP9) indicates extracellular matrix remodeling and
angiogenesis. MMP9 expression is triggered by vascular injury and increased secretion from
SMCs following inflammatory stimuli. HUVECs showed an inflammatory response due to
hypoxic exposure for 48 hours, which was reflected by a trend to higher levels of MMP9
protein in the hypoxic conditions (not significant). Overexpression of KLF4 showed a trend
towards lower MMP9 levels (Figure 6a and b). Besides, hypoxia-impaired endothelial cells
with KLF4 directly reduced the MMP9 mRNA level identified on the protein level (Figure
6¢). Monocyte chemoattractant protein 1 (MCP1) attracts monocytes into the site of active
inflammation. Increased MCP1 levels indicates an ongoing inflammation. As expected,
hypoxia elevated MCP1 expression. Figure 6d shows a reduced in MCPI expression in the

KLF4 group on mRNA level under hypoxia and also nomoxia.
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Figure 6. KLF4 overexpression plays an anti-inflammatory role under hypoxia

HUVEC:s infected with AAV-KLF4 and AAV-EGFP. HUVECs were exposed to hypoxia for 48 hours. (a
and b) Quantification and statistical analysis of MMP9 expression on the protein level. (¢ and d)
Quantification and statistical analysis of MMP9 and MCPI expression on the mRNA level. Anti-B-actin
antibody was used as internal control 42 kDa. RPLP0 was used as a housekeeping gene. Data are represented
from three independent experiments conducted in triplicates. Statistical significance was determined using
One-way ANOVA Multiple Comparison (Student-Newman-Keuls method). Error bars show mean + SD,
** p<0.01; p<0.001; **** p» <(0.0001; ns, non-significant.

As stated above, hypoxia activates NF-kB and thus up-regulats the expression of various
interleukins (ILs), including IL-1, IL-6, TGF-B, and TNF-a. IL-6, an oxygen-regulated protein,
is synthesized and released from endothelial cells by exposure to hypoxia. In normoxia, KLF4
had no effect on /L-6 expression and the expression of 7TNF-a in HUVECs. IL-6 and TNF-a
mRNA level were significantly reduced by KLF4 overexpression in hypoxia (Figure 7a and
b). The consistent with the previous observation, TGF-f mRNA levels were significantly
increased under hypoxia. KLF4 group showed a significant decrease in 7GF-f mRNA levels
under hypoxia (Figure 7c).
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Figure 7. Cellular pro-inflammatory and procoagulant responses were inhibited

HUVECs were transduced with AAV-EGFP and AAV-KLF4, then cells were exposed to hypoxia for 48
hours. (a) /L-6 mRNA levels were quantified by qRT-PCR. (b) TNF-a mRNA levels were quantified by
gqRT-PCR. (c) TGF-f mRNA levels were quantified by qRT-PCR. RPLP0 was used as a housekeeping gene.
Data are shown as mean = SD of three independent experiments conducted in triplicates. Statistical
significance was determined using One-way ANOVA Multiple Comparison (Student-Newman-Keuls

method). *, p <0.05; **, p <0.01; *** p <0.001; **** p <0.0001; ns, non-significant.
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Ki67 protein is used as a proliferation marker. In hypoxia, the kernel staining of Ki67 was
significantly higher than that of the normoxia group. Ki67 expression level was markedly

reduced by KLF4 overexpression (Figure 8a and b).
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Figure 8. KLF4 overexpression suppresses cellular proliferation under hypoxia

(a) Representative confocal images of cells stained with anti-Ki67 antibody (red). HUVECs were transduced
with AAV-KLF4/EGFP and were cultured on coverslips in triplicates at hypoxic conditions for 48 hours
(lower lane); cells in normoxia were used as control (upper lane). Ki67 gene encoded a nuclear protein that
was associated with cellular proliferation. Hypoxia increased Ki67 expression, but cells with KLF4
overexpression showed a reduced proliferation. DAPI (blue) was used as a nuclear counterstain. (b) Ki67
was represented from three independent experiments conducted in triplicates. Olympus BX53 microscope
was used, and images were analyzed by Image J software. Scale bar (shown with a white line) represents
20 um. Data are shown as mean + SD. Statistical significance was determined using One-way ANOVA
Multiple Comparison (Student-Newman-Keuls method). *, p < 0.05; **** p < 0.0001; IF

Immunofluorescence.
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5.1.3 KLF4 overexpression efforts on reversing EndMT

5.1.3.1 Obstruct EndMT by overexpressing KLF4

Stimulation by external factors and changes in cell morphology occur during EndMT.
Structural and functional remodeling of endothelial cells occurs during EndMT. Also, the
cytoskeleton is rearranged and cell-cell adhesion is altered. Endothelial markers on mRNA
levels (such as CD31, Tie2, vWF) were tested in this study. Compared to EGFP group, KLF4
group was significantly increased under hypoxia (Figure 9a-c). Besides, we also showed that
mesenchymal phenotype markers, such as vimentin, a-SMA, SM22a., compared to EGFP group,

were dramatically decreased in overexpression KLF4 group under hypoxia (Figure 9d-f).
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Figure 9. KLF4 overexpression is associated with reduced EndMT under hypoxia

HUVECs were transduced with AAVs and exposed to hypoxia for 48 hours. EGFP was used as a control.
(a) CD31 mRNA level was quantified by qRT-PCR. (b) Tie2 mRNA level was quantified by qRT-PCR. (c)
vWF mRNA level was quantified by qRT-PCR. (d) vimentin mRNA level was quantified by qRT-PCR. (e)
a-SMA mRNA level was quantified by qRT-PCR. (f) SM22a mRNA level was quantified by qRT-PCR.
RPLPO0 was used as a housekeeping gene. Data are shown as mean + SD of three independent experiments
conducted in triplicates. Statistical significance was determined using One-way ANOVA Multiple
Comparison (Student-Newman-Keuls method). *, p < 0.05; **, p < 0.01; **** p < 0.0001; ns, non-

significant.

35



Results

5.1.3.2 Preservation of cell-cell adhesion by overexpression of KLF4

Post-oxygen tension (hypoxia) affects endothelial cell physiology in a wide variety of ways.
These effects include transcriptional regulation of the expression of vasoactive elements and
matrix proteins. ZO-1 protein was located on the cytoplasmic membrane surface and
contributed to the cell-cell tight junction. VE-cadherin is a critical element of endothelial cell-
cell junctions, and maintain vascular integrity. The endothelial cell- cell junction was not
significantly repaired by overexpression KLF4 on VE-Cadherin (Figure 10a and b) or on ZO-
1 protein levels (Figure 10d and e). But Figure 10c illustrated that VE-Cadherin on mRNA
level, was significantly increased by overexpression KLF4 under hypoxia. Figure 11a was
visually presented a ZO-1 immunofluorescence staining plot. Image J software was used for
quantifying the fluorescence intensity. KLF4 efforted on maintaining the integrity of

intercellular connectivity under hypoxic conditions (Figure 11b).
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Figure 10. KLF4 overexpression supports the integrity of the endothelial barrier junction

HUVECs were transduced with AAVs and exposed under hypoxia for 48 h. EGFP was used as a control.
Protein lysates and RNA were collected. (a and b) Quantification and statistical analysis of VE-Cadherin
expression on the protein level. (¢) Ve-cadherin mRNA level was quantified by qRT-PCR. RPLP0 was used
as a housekeeping gene. (d and e) Quantification and statistical analysis of ZO-1 expression on the protein
level. Anti-B-actin antibodies used as internal control 42 kDa. Data are shown as mean + SD of three
independent experiments conducted in triplicates. Statistical significance was determined using One-way
ANOVA Multiple Comparison (Student-Newman-Keuls method). *, p < 0.05; **, p < 0.01; **** p <

0.0001; ns, non-significant.
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Figure 11. KLF4 overexpression protects cell-cell junction

(a) Confocal microscopy images were taken at 20x magnification. Cells were cultured under hypoxic
conditions for 48 hours (lower lane) and stained with anti-ZO-1 antibody (red); cells in normoxia were
used as control (upper lane). ZO-1 protein was located on the cytoplasmic membrane surface and
contributed to the cell-cell tight junction. DAPI (blue) was used as a nuclear counterstain. Scale bar
(shown with a white line) represents 100 um. (b) ZO-1 was represented from three independent
experiments conducted in triplicates and analyzed by Image J software. Data are shown as mean + SD.
Statistical significance was determined using One-way ANOVA Multiple Comparison (Student-

Newman-Keuls method). *, p <0.05; **** p <0.0001. IF, Immunofluorescence.

5.1.4 KLF overexpression preserves mitochondrial function

As we know, mitochondria are often referred to as the cell's powerhouse, providing the energy.
PINK1 (PTEN-induced kinase 1) is processed and released from healthy mitochondria.
Hypoxia caused mitochondrial dysfunction and hence reduced PINK1 expression. A trend to
increased PINK 1 under low oxygen conditions in the KLLF4 group (Figure 12a and b) indicated
that KLF4 overexpression may preserve mitochondrial function and reduce mitochondrial

damage.
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Figure 12. KLF4 overexpression improved Mitochondrial dysfunction

HUVECs were transduced with AAV-KLF4/EGFP and were exposed to hypoxia for 48 hours. (a and b)
Quantification and statistical analysis of PINK1 expression on the protein level. Anti-B-actin antibody was
used as internal control 42 kDa. Data are shown as mean + SD of three independent experiments conducted
in triplicates. Statistical significance was determined using One-way ANOVA Multiple Comparison

(Student-Newman-Keuls method). *, p < 0.05; ns, non-significant.

5.2 Establishment of KLF4 overexpression in vivo
5.2.1 Transduction efficiency of AAVs overexpression vector

Mice were random injected of AAVs vectors (102 viral particles/mouse): AAV-KIf4 (n=8),
AAV-EGFP (n=8); PBS (n=4) was used as an additional control. Mouse left lung tissue RNA
was collected five months after injection. For testing the efficiency of AAVs vectors in vivo,
we isolated RNA from mouse lung tissue. We first confirmed that EGFP was significantly up-
regulated compared with the other two groups (Figure 13a). However, mouse VVR4 was
excluded cause of a significant outlier, which was tested by Grubb's test. (p=2.341). SV40pA
is a primer that is used for detection of AAVs vector genomes. As shown in Figure 13b, EGFP
and KIf4 groups showed distinct, but variable amounts of AAV vector genomes compared to
PBS controls. Nevertheless, there were no significant differences with statistical analyses.
Taken together, we could detect significant EGFP mRNA expression, but not AAV vector
genomes, most probably due to lacking sensitivity to detecting low levels of AAV vector

genomes 5 months after injection.
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Figure 13. AAV vector transduction efficiency in mouse lungs

The efficiency of lung endothelial-specific AAV vectors. Mice were injected with AAV vectors, and the
total RNA of lung tissue was collected. (a) EGFP mRNA levels were quantified by qRT-PCR. (b) SV40pA
mRNA levels were quantified by qRT-PCR. RPL32 was used as a housekeeping gene. Mouse VVR4 was a
significant outlier as tested by Grubb's test. (p=2.341). Data are shown as mean + SD. Statistical significance
was determined using One-way ANOVA Multiple Comparison (Student-Newman-Keuls method). **, p <

0.01, ns, non-significant.

5.2.2 AAV-KIf4 overexpression after injection

After confirming the AAV vectors' efficiency, we analyzed the expression level of transgene
Klf4 on mRNA level. It was shown that KI/f4 groups presented to upregulation trend both in
the left and right lungs. However, in contract to EGFP overexpression (Figure 13a), there was

no statistical difference (Figure 14a and b).

a 8 Left lung b R.Lung
E’ ns 6 ns
9 6| ns A 3 ns a
<« H ns
23 + 5, :
EX 4 ns ¥ [ aa
w
2° . &<
5 2 ] : g o 2 e
IE l E Ld
0 — —— K 8= 3
R o N
& & R o 0 N
K Ll @ & o
& &

Figure 14. AAV-KIf4 expression in murine model

The KIf4 overexpression after injection. Mice were injected with AAV-KIf4 (n=7), AAV- EGFP (n=8); PBS
(n=4) was used as an additional control. Total RNA was collected. (a) Left lung KIf4 mRNA levels were
quantified by qRT-PCR. (b) Right lung K/f4 mRNA levels were quantified by qRT-PCR. RPL32 was used
as a housekeeping gene. Data are shown as mean + SD. Statistical significance was determined using One-

way ANOVA Multiple Comparison (Student-Newman-Keuls method). ns, non-significant.
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5.2.3 The role of overexpression KIf4 gene in wide type mice

It should be studied whether in the case of overexpression of the KI/f4 gene, oncogenic genes,
such as p33, p21, p300, are activated. Nevertheless, we chose and tested some genes which
are down-stream of the K/f4 gene for analysis of safety. p53 is a critical oncogene that is
closely related to K/f4 and regulates each other's expression levels. Figure 15a was showed
that p53 expression was not significantly altered. Cdnkl (p21) and p300 are also down-stream
genes of KIf4, which were regulated both by KIf4 and p53. As shown in Figure 15b and c,
overexpression of K/f4 did not alter the expression levels of p2/ and p300. Unfortunately,

however, these results were not statistically significant.
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Figure 15. Expression of Kif4 depended genes in mice injected with AAV-KLF4 /EGFP

KIf4 overexpression in wide type mice. Mice were injected with AAV-KIf4 (n=7), AAV- EGFP (n=8); PBS
(n=4) was used as an additional control. Total RNA was collected. (a) p53 mRNA level was quantified by
qRT-PCR. (b) p21 mRNA level was quantified by qRT-PCR. (c) p300 mRNA level was quantified by qRT-
PCR. RPL32 was used as a housekeeping gene. Data are shown as mean + SD. Statistical significance was

determined using One-way ANOVA Multiple Comparison (Student-Newman-Keuls method).

5.3 The bioinformatics of KLF4
5.3.1 Functional enrichment analysis

DAVID 6.8 and ONCOMINE were used to perform functional analysis of the KLF4 gene.
Figure 16a illustrates the top 10 most enriched GO items using DAVID. The ten most highly
enriched functions in the biological process (BP) class, maintenance of stem cell numbers,
negative regulation of macromolecules or cellular, regulation of RNA or cell differentiation
are all associated with KLF4 biological function. The transcription factor complex, the nuclear
chromatin, the transcription factor complex, and the nuclear lumen were among others in the

ten most highly enriched items in the cellular component (CC) category. In the molecular
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function MF category, DNA binding transcription activities are identified. KEGG pathway
analyses were performed and displayed in Figure 16b. Among the top 20 KEGG pathways,
the Hippo signaling pathway, adherence junction, and the TGF-beta signaling pathway are

involved in EndMT.
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KLF4 KEGG Pathways (Top 20)
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Figure 16. Functional enrichment analysis of the KLF4 gene (David 6.8)

(a) GO enrichment in cellular component terms (CC), biological process terms (BP), and molecular function

terms (MF) (Top 10). (b) Dotplot of KLF4 KEGG enriched terms (Top 20).

5.3.2 The role of KLF4 in non-small cells lung carcinoma

As indicated above, KLF4 is involved in tumorigenesis and progression pathways. We
performed a correlative bioinformatics analysis of KLF4 gene expression to clarify the role of
KLF4 in the development and progression of non-small cell lung carcinoma.

To evaluate the differential KLF'4 expression, we assessed the correlation between normal and
tumor tissues in different tumor types using GEPIA. From Figure 17a, it was shown that KLF4
expression is lower in tumors compared with normal tissue, especially in non-small cells lung
carcinoma (LUAD: Lung Adenocarcinoma; LUSC: Lung squamous cell carcinoma).
Compared to KLF family expression in Figure 17b, we noticed that KLF4 expression in LUAD
(»<0.05) and LUSC were decreased in the tumor.
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Figure 17. The KLF4 expression in non-small cell lung carcinoma

(a) In all kinds of tumors, KLF4 expression was decreased. (b) Box plot of non-small cells lung carcinoma,

KLF4 expression was significantly reduced. The p value was set at 0.05.
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5.3.3 The correlation of KLF4 gene with p53 mutation

The relationship between the KLF4 gene and the p53 gene is complex, regulating each other's
expression levels. p53 mutation is one of the key changes in tumorigenesis and progression.
Here, we showed the relationship between low expression of KLF4 and p53 mutation in
LUAD and LUSC. Figure 18a and b indicated that KLF4 expression presented a decreased
trend in mutated P53 groups, compared with wide type. Statistical analysis was determined

using Wilcoxon, p=0.049 (Figure 18a), p=0.082 (Figure 18b).
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Figure 18. The correlation of the KLF4 gene with p53 mutation (GEPIA)

Compared to wide type, KLF'4 expression in mutated P53 groups presented a decrease in LUAD and LUSC.
Statistical analysis was determined using Wilcoxon, p=0.049 (a), p=0.082 (b).

5.3.4 The correlation between lung carcinoma survival and KLF4 expression levels
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Figure 19. High KLF4 expression related to high survival (TIMER)

The survival curve showed the overall cause mortality of LUAD (a) and LUSC (b). They show that the high
KLF4 expression related to high survival. Statistical analysis were determined using a two-tailed Student's

t-test.
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6. Discussion

In this study, we provided a novel gene therapy strategy for hypoxic/chronic lung disease
caused by pulmonary hypertension (PH). In in vitro experiments, we used adeno-associated
virus (AAV)-mediated overexpression of K/f4 had an anti-inflammatory and anti-proliferative
effect on endothelial cells (HUVECs) under hypoxic conditions. In in vivo experiments, it
shows that overexpression of KI/f4 did not upregulate oncogenic genes (e.g., p53, p21, p300)
in wide type mice. By using bioinformatic online databases, we found that the expression of
KLF4 is lower in lung cancer patients, compared to the health group. In summary, we provided

a relevant theoretical support for the future use of KLF4 as a gene therapy target.
6.1 AAV-mediated KLF4 overexpression in vitro

6.1.1 KLF4 overexpression promotes anti-inflammation

Previous studies have shown that human and mouse vascular endothelial cells express
KLF4(23,30,53). KLF4 expression can be induced by shear stress and inflammatory cytokines,
including TNF-a, IL-IB, and interferon-y(34,54,55). Moreover, KLF4 inhibits inflammation
by down-regulating MCP-1, VCAM, and TM and upregulating eNOS and TF in endothelial
cells. The overall effect of KLF4 on inflammatory cells prompted us to explore the relationship
between KLF4 and pulmonary hypertension, specifically hypoxia-induced/chronic lung
disease-caused pulmonary hypertension (HPH/CHD-PH). In this study, we proved the anti-
inflammatory potency of KLF4 overexpression under hypoxic conditions. As transcription
factor, KLF4 regulates downstream target genes' expression(31,56). Overexpressed KLF4 was
bound to the KLF4 DNA binding site in the promoters of iNOS, TNF-a, MCP-1, and IL-6
genes and regulated the expression of these inflammatory mediators(31). We also showed that
overexpression of KLF4 inhibited pro-inflammation. In other words, anti-inflammatory

factors were activated by overexpression of KLF4.

6.1.2 KLF4 overexpression is associated with reduced (EndMT)

EndMT (Endothelia to Mesenchymal Transition) participates in the vascular remodeling
associated with HPH/CDH-PH(8-10). SMCs (smooth muscle cells) causes abnormal
vasoconstriction and increase, migrate and produce an extracellular matrix that contributes to
structural remodeling, leading to pulmonary hypertension. The expression of a-SMA's

(Alpha-smooth muscle actin) increases in response to hypoxic exposure. The features of
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pulmonary hypertension are cellular changes in the walls of PAs. These changes consist of
SM-like cells in previously non-muscularized vessels and thickening of the medial and
anterior portions of muscular and elastic vessels(9). In the present study, we showed that the
expressions of endothelial-associated factors (CD31, vWF, Tie2, VE-cadherin) were
significantly decreased, and SMCs-associated markers (a-SMA, SM22, vimentin) was
increased. KLF4 overexpression is associated with reduced EndMT in HUVECs.

The endothelium controls the exchange of solutes, hormones, and leukocytes between blood
and tissues(10). Therefore, regulation of vascular endothelial permeability plays a critical role
in many physiological and pathological processes, including development, tumor
angiogenesis, and immunity and inflammation(8,9). Here, we showed that overexpression of
KLF4 supports the vascular integrity and permeability. ZO-1 and VE-cadherin expressions

were positively upregulated in KLF4 group under hypoxic conditions.

6.1.3 KLF4 overexpression preverves mitochondrial function

Mitochondrial dysfunction contributes to many diseases, including PH(11,12). In this study,
overexpression of KLF4 shown a trend to improved mitochondrial metabolic function under
hypoxia. However, the results were not statistical significance. It could be refined further in
subsequent animal experiments to identify the correlation between KLF4 and mitochondrial

function.
6.2 Establishment of KLF4 overexpression in vivo

6.2.1 Klf4 overexpression in wide type mice

KLF4 is a known oncogenes(38,40). In this part, we clarified the safety of K/f4 overexpression
in wide type mice. Overexpression of K/f4 five months after gene transduction, p53, p21, p300
mRNA expression were not activated. Taken together, we could detect significant EGFP
mRNA expression, but not AAV vector genomes, most probably due to lacking sensitivity to

detecting low levels of AAV vector genomes 5 months after injection.
6.2.2 KLF4 expression in human samples by using Bioinformatic resouces

In gene therapy, safety is a particular concern. We performed a bioinformatics analysis based
on multiple publicly available tumor database data. KLF4 expression was reduced in most
tumor tissues, especially in the non-small cell lung cancer group, compared to normal lung

tissue. By comparing the correlation between KLF4 expression levels and survival rate, we
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found that the group with a high survival rate expressed higher levels of KLF4. Although these
data did not reach statistical significance, they illustrated the feasibility of using KLF4

overexpression for gene therapy strategies.
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7. Summary

Pulmonary hypertension (PH) is a severe cardiovascular disease with different pathogenetic
causes. One of these causes is persistent low oxygen tension (hypoxia), resulting in pulmonary
vascular inflammation and remodeling and, subsequently, blood flow impairment. As a result,
the right ventricular blood pressure increases to overcome the decreased cross-section of
pulmonary vasculature imposed by the pulmonary vascular constriction. Thus, understanding
and modulating factors involved in pulmonary endothelial inflammation could contribute to
potential therapeutic approaches. Kriippel-like factor 4 (KLF4) is a transcription factor
expressed in the pulmonary vasculature endothelium, where it promotes anti-inflammatory and
anticoagulant states and increases expression of endothelial nitric oxide synthase, a significant
source of vasodilating nitric oxide. A novel role of endothelial KLF4 was discovered in the
context of endothelial inflammation. Endothelial KLLF4 has vasoprotective properties. Previous
studies have also shown that an improved adeno-associated virus (AAV) vector enabled an
efficient gene transfer into mice's pulmonary arterial endothelium, thereby allowing therapeutic
modulation of gene expression.

In this study, we investigated the therapeutic potential of overexpression of the transcription
factor KLF4 to prevent pulmonary hypertension. In vitro experiments were performed using
AAV-mediated gene transfer of KLF4 into human umbilical vein endothelial cells (HUVECsS)
under hypoxic conditions. We analyzed inflammatory markers by real-time qPCR and Western
blots. The results showed that overexpression of KLF4 had anti-inflammatory properties and
contributed to the maintenance of endothelial barrier function. Besides this, overexpression of
KLF4 inhibited the transition of endothelial cells to mesenchymal cells, improved
mitochondrial function, and reduced the generation of reactive oxygen species (ROS).
Subsequently, AAV vectors were used for KLF4 overexpression in pulmonary arteries in vivo.
First, we aimed to demonstrate the efficiency and safety of overexpressing KLF4 in a mouse
model. Overexpression of KLF4 did not cause apparent side effects in the murine model.
Specifically, as KLF4 was shown to act as an oncogene regulator, overexpression of Klf4 did
not activate oncogene (p53, p21, p300) expression. Overall, the AAV-mediated KLF4
overexpression enables significant protection of endothelial cells from hypoxia-induced stress
in vitro and does not result in side effects when expressed in murine pulmonary artery
endothelial cells in vivo. This study's results enable further investigations on AAV-mediated
KLF4 overexpression in pulmonary artery endothelial cells in a murine model of chronic

hypoxia-induced pulmonary hypertension.
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8.  Zusammenfassung

Die Pulmonale Hypertonie (PH) ist eine schwere Herz-Kreislauf-Erkrankung, zu deren
Entwicklung unterschiedliche Ursachen fiihren konnen. Ein Grund ist eine niedrige
Sauerstoffspannung (Hypoxie), die zu Entziindungen und GefdaBumbau und anschliefend zu
einer Beeintrachtigung des Blutflusses fiihrt. Infolgedessen ist der Druck im rechten Ventrikel
erhoht. Das Verstindnis und die Modulation von Faktoren, die an einer endothelialen
Entziindung beteiligt sind, konnten daher zur Entwicklung neuer therapeutischer Ansétze
beitragen. Kriippel-dhnlicher Faktor 4 (KLF4) ist ein Transkriptionsfaktor, der im
GefdBendothel exprimiert wird, wo er entziindungs- und gerinnungshemmend wirkt und
Zustinde fordert. Kiirzlich wurde eine neue Rolle von endothelialem KLF4 im
Zusammenhang endothelialen Entziindungen entdeckt und gezeigt, dass endothelialer KLF4
ein vasoprotektive Eigenschaften hat. Daneben haben vorausgegangene Studien gezeigt, dass
ein modifizierter Adeno-assoziierter Virus (AAV) -Vektor einen effizienten Gentransfer in
Endothelzellen von Lungenarterien in Médusen ermdglichte.

In dieser Studie sollte das therapeutische Potenzial einer Uberexpression des
Transkriptionsfaktors KLF4 zur Vorbeugung einer Pulmonalen Hypertonie untersucht werden.
Zuerst wurde eine Uberexpression von KLF4 durch AAV-vermittelten Gentransfers in
Endothelzellen menschlicher Nabelschnurvenen (HUVECSs) unter hypoxischen Bedingungen
durchgefiihrt. Wir analysierten Entziindungsmarker mittels quantitativer PCR und Western
Blots und konnten hierbei zeigen, dass eine Uberexpression von KLF4 eine Reduktion von
Entziindungsparametern bewirkte und die endotheliale Barrierefunktion aufrechterhielt.
Dariiber hinaus inhibierte die Uberexpression von KLF4 auch den Ubergang von
Endothelzellen zu mesenchymalen Zellen und verbesserte die Mitochondrienfunktion. Die
Erzeugung reaktiver Sauerstoffspezies in Endothelzellen wurde durch Uberexpression von
KLF4 reduziert. Anschliefend sollte die Effizienz und Sicherheit eines KLLF4 Gentransfers in
einem Mausmodell untersucht werden. Hierzu wurden die bereits in vitro charakterisierten
AAV-Vektoren zur -Uberexpression in Lungenarterien in vivo verwendet. ~Wesentliche
Nebenwirkungen durch die KLF4-Uberexpression waren nicht ersichtlich. Obwohl KLF4 als
Onkogenregulator wirken kann, fiihrte die Uberexpression nicht zur Aktivierung einer
Onkogenexpression (p53, p21, p300). Zusammenfassend bilden die bisherigen Ergebnisse
eine sichere Grundlage fiir weitere Untersuchungen zum therapeutischen Effekt einer AAV-

vermittelten KLF4-Uberexpression in einem priklinischen Lungenhochdruckmodell.
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