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SUMMARY

SUMMARY

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide
with limited therapeutic options. While cigarette smoke is the main reason of tissue
inflammation and destruction in COPD, the regulatory mechanisms underlying the
immunological processes still remain unclear. There are multiple factors contributing to the
progression of COPD; such as genetics, gender, age, infections and last but not least
epigenetics. In recent years, the importance of epigenetics to the pathogenesis of the disease
has emerged. Methylation of protein arginine residues is a post-translational modification
performing as an epigenetic modulator of many cellular mechanisms including cell signaling,
transcription and mRNA processing. More importantly, it has been implicated in immune

system dysfunction and inflammation.

In this study, it is reported that the expression of one member of the protein arginine
methyltransferase (PRMT) enzyme family, PRMT7, is enriched in the lungs of COPD patients
and that this correlates with disease severity. Interestingly, the major cell type in the lung,
which predominantly expressed PRMT7, is found to be macrophages. The expression of
PRMT7 in monocytes and macrophages increases with inflammatory insult through NF-
kB/RelA signaling. In parallel, PRMT7 is demonstrated to be essential for monocyte-driven
macrophage accumulation in the development of COPD and fibrosis. Under inflammatory
conditions, the extravasation of monocytes into tissues is a fundamental immunological
process, crucially dependent upon trans-endothelial migration from blood vessels into
inflamed tissues with the subsequent differentiation into macrophages initiating and
perpetuating disease pathogenesis. In COPD, fibrosis and skin injury mouse models, mice with
reduced expression of PRMT7 are protected against disease development as recruitment of
monocyte derived-pro-inflammatory macrophages to the site of injury is impaired.
Additionally, CRISPR/Cas9-targeted knockout of PRMT7 reveals a mechanism whereby mono-
methylation of histone proteins regulate RAP1 mediated MAPK signaling and subsequent

migration and adhesion ability. Thus, targeted inhibition of PRMT7 induced mono-
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methylation offers novel therapeutic potential against COPD and other monocyte driven

chronic inflammatory conditions.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die chronisch obstruktive Lungenerkrankung (COPD) ist weltweit die dritthaufigste
Todesursache mit begrenzten therapeutischen Mdoglichkeiten. Obwohl Zigarettenrauch die
Hauptursache fiir Gewebeentziindung und -zerstérung bei COPD ist, sind die regulatorischen
Mechanismen, die den immunologischen Prozessen zugrunde liegen, noch immer unklar. Es
gibt mehrere Faktoren, die zur Entstehung von COPD beitragen; dazu gehdren Genetik,
Geschlecht, Alter, Infektionen und nicht zuletzt die Epigenetik. In den letzten Jahren hat sich
die Bedeutung der Epigenetik fiir die Pathogenese der Krankheit herauskristallisiert. Die
Methylierung von Protein-Arginin-Resten ist eine posttranslationale Modifikation, die als
epigenetischer Modulator vieler zellularer Mechanismen einschlielRlich der Zellsignalisierung,
Transkription und mRNA-Verarbeitung fungiert. Noch wichtiger ist, dass sie an

Funktionsstorungen des Immunsystems und Entziindungen beteiligt ist.

In dieser Studie wird berichtet, dass die Expression eines Mitglieds der Protein-Arginin-
Methyltransferase (PRMT)-Enzymfamilie, PRMT7, in den Lungen von COPD-Patienten
angereichert ist und dass dies mit dem Schweregrad der Krankheit korreliert.
Interessanterweise stellte sich heraus, dass der wichtigste Zelltyp in der Lunge, der PRMT7
vorwiegend exprimiert, Makrophagen sind. Die Expression von PRMT7 in Monozyten und
Makrophagen nahm bei entziindlichem Befund durch NF-kB/RelA-Signalisierung zu. Parallel
dazu wurde nachgewiesen, dass PRMT7 fir die monozytengesteuerte
Makrophagenakkumulation bei der Entwicklung von COPD und Fibrose wesentlich ist. Unter
entziindlichen Bedingungen ist die Extravasation von Monozyten in Gewebe ein
grundlegender immunologischer Prozess, der entscheidend von der trans-endothelialen
Migration von BlutgefdRen in entziindetes Gewebe abhidngt. In COPD-, Fibrose- und
Hautverletzungs-Mausmodellen waren Mause mit reduzierter Expression von PRMT7 vor der
Krankheitsentstehung geschitzt, da die Rekrutierung von pro-inflammatorischen
Makrophagen an der Verletzungsstelle beeintrachtigt war. Darliber hinaus zeigte der
CRISPR/Cas9-gerichtete Knock-out von PRMT7 einen Mechanismus, bei dem die

Monomethylierung von Histonproteinen, die RAP1 regulierten, das MAPK-Signal und die

Xi



ZUSAMMENFASSUNG

nachfolgende Migrations- und Adhasionsfahigkeit vermittelte. Somit bietet die gezielte
Hemmung der durch PRMT7 induzierten Monomethylierung ein neues therapeutisches

Potenzial gegen COPD und andere monozytengesteuerte chronische Entziindungszustande.

Xii



INTRODUCTION

1. INTRODUCTION

1.1 Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a deadly lung disorder currently being the
third common cause of death worldwide (Disease et al., 2018). The morbidity and mortality
rate of COPD increases proportional to the rapidly growing elderly population of the world
(Feenstra et al., 2001). It is a chronic inflammatory disease characterized by airflow limitation
(Brusselle et al., 2009b). A recent meta-analysis study revealed that the prevalence of COPD
is more than 12% of the general population, 88% of these patients had mild and moderate
COPD, the rest had severe (Varmaghani et al., 2019). The most known and defined risk factor
for COPD is cigarette smoke exposure however there are other causes including exposure to
particles, dusts and chemicals, air pollution, genetic predisposition, age, socio-economic
status or infections (Mannino and Kiriz, 2006). Unfortunately amongst heavy smokers the

prevalence of COPD approaches 50% (Cosio et al., 2009).

COPD is unfortunately a deadly disorder when diagnosed late on and does not currently
receive sufficient attention and funding for developing effective treatments (Quaderi and
Hurst, 2018). Cigarette smoking plays a key role in COPD progression with sufficient evidence
that earlier diagnosis of the disease would be critical for smoking cessation to decrease COPD
symptoms (Tinkelman et al., 2007). Tobacco smoke contains various cancer causing chemicals
and carcinogens such as nicotine, benzene, aromatic amines and 1,3-butadiene and exposing
cells and tissues to these damaging oxidants and free radicals leads to inflammatory
processes and damages to the airways and lung tissue (Saetta, 1999). The inflammatory
response gives rise to mucus hypersecretion (chronic bronchitis) (Tian and Wen, 2015), tissue
destruction (emphysema) (Turato et al., 2002), small airway remodelling (Grzela et al., 2016)

and deterioration of the repair mechanisms in the lung (Bagdonas et al., 2015).

1.1.1 Classification and diagnosis of COPD

Clinical symptoms and medical history are important indications of COPD but for an accurate

diagnosis and classification, the Global Initiative for Chronic Obstructive Lung Disease (GOLD)

1
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committee defined the spirometric criteria (Hernandez et al., 2018). Spirometric
measurements are essential for diagnosis as well as classifying disease severity and
monitoring pathological changes (Welte et al., 2015). Spirometry is known to be the best-
established method in order to understand and measure the severity of airflow limitation,
the main characteristic of COPD induced by emphysema and obstructive bronchiolitis
(Johannessen et al., 2006). According to the GOLD criteria, the ratio of forced expiratory
volume measuring how much air can be exhaled over 1s (FEV1) to forced vital capacity (FVC)
is considered as a main indicator of airflow limitation (airway obstruction) (Vaz Fragoso et al.,
2010). Calculation of these parameters is a robust and reliable tool since both are affected by
emphysema and airway obstruction (Pellegrino et al., 2005). Based on GOLD committee
recommendations, if the ratio of FEV1 to FVC (FEV1/FVC) is less than 0.7, it is indicative of
COPD. COPD has four stages in terms of its severity based on airflow limitation calculated by
FEV1/FVC ratio (Mannino et al., 2006). The GOLD stages and their correlations with

spirometry analysis are encapsulated in (Table 1.1).

Table 1.1: COPD classification based on spirometric anaylsis with post-bronchodilator FEV1

GOLD Stage Severity Spirometry
Stage | Mild FEV1/FVC < 0.70 FEV1 > 80% predicted
Stage Il Moderate FEV1/FVC < 0.70 50% < FEV1 < 80% predicted
Stage llI Severe FEV1/FVC < 0.70 30% < FEV1 < 50% predicted
Stage IV Very Severe FEV1/FVC < 0.70 FEV1 < 30% predicted or
FEV1 < 50% predicted plus chronic respiratory failure

FEV1: forced expiratory volume in one second; FVC: forced vital capacity; respiratory failure: arterial partial pressure of oxygen (Pa02) less than 8.0 kPa (60 mm

Hg) with or without arterial partial pressure of CO2 (PaCO2) greater than 6.7 kPa (50 mm Hg) while breathing air at sea level. (Adapted from: GOLD, 2006)

Even though the most common way to measure lung function is spirometry, there are cases
where spirometry may not be sufficient and sensitive enough to evaluate and define the
severity of COPD. During COPD assessment, it is important to take into consideration other
lung parameters such as changes in lung parenchymal structure leading to air trapping or
abnormalities in gas exchange (Feenstra et al., 2001; Tang et al., 2016). Whole body

plethysmography measures residual volume (RV) and total lung capacity (TLC) to evaluate the
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changes in lung hyperinflation (Hartman et al., 2012). Whole-body plethysmography
measurements are more precise since they provide the total volume of gas in the thorax
instead of the volume of gas that can be exhaled only (Sue, 2013). Diffusion capacity for
carbon monoxide (DLCO) is defined as another powerful tool to diagnose the disease (Viegi
et al., 1990). In principle, it measures the amount of carbon monoxide (CO) which is
transferred from alveoli to red blood cells in the capillaries in one minute (Johnson, 2000). In
obstructive cases like COPD, DLCO decreases, correlating with emphysema severity
(Balasubramanian et al., 2019; Weinreich et al., 2015). Other methods to diagnose
morphological changes in the lung are X-ray-based as well as computer tomography (CT)

scans of the chest (Kolodziej et al., 2017).

1.1.2 Hallmarks of COPD

The main pathological and distictive characteristics of COPD are destruction of lung
parenchyma (emphysema), chronic bronchitis, abnormal inflammatory response in the
airways, and airway obstruction (fibrosis in small airways) (Barnes, 2008). When these
abnormalities appear together, chronic and progressive airflow limitation occurs in the lung
(Cosio et al., 2009). Emphysema is described as damage occurring in the alveolar structures
leading to loss of lung elasticity and collapsed airways (Rennard et al., 2006). Mainly,
emphysema causes the alveoli to rupture therefore resulting in less and larger alveoli with
reduced surface area available for gas exchange (Saetta, 1999). To date, cigarette smoke is
shown to be the most common cause of emphysema formation in the lung (Cosio Piqueras
and Cosio, 2001). However, genetic factors also play a crucial role in the development of
emphysema such as a-antitrypsin (AAT) deficiency. It is a serine protease inhibitor that
protects lung tissue from damage via inhibiting elastase enzymes (Craig and Henao, 2018).
Another hallmark of COPD is chronic bronchitis caused by an excessive mucus production,
progressively increased inflammation of the airways and small airway obstruction (Kim and
Criner, 2015). The definition of chronic bronchitis is having chronic cough and sputum
production frequently in a year (Kim and Criner, 2015). The primary reason responsible for
excessive mucus causing chronic bronchitis is overproduction of mucus by goblet cells as well

as impaired elimination because of poor ciliary clearance (Kim and Criner, 2013). Similar to
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emphysema development, mucus hypersecretion arises predominantly from exposure to
cigarette smoke (Ebert and Terracio, 1975) but also viral infections (Holtzman et al., 2005) or
mucin gene alterations (Burgel and Nadel, 2004) can contribute to mucus hypersecretion.
Small airway remodelling in COPD is defined as a mixture of structural changes in epithelial
cells, thickening of the airway walls, deposition of collagen and smooth muscle cell
hyperplasia (Wang et al., 2018b). These changes have a functional consequence of airway
obstruction leading to airflow restriction in COPD patients (Hogg et al., 2004). Abnormalities
in small airways such as cellular infiltration by immune cells including innate and adaptive
ones, thickening of the airway wall followed by decreasing the airway diameter, destruction

of alveoli and enlargement of air spaces associated with COPD (Barnes, 2008).

1.1.3 Pathogenesis of COPD

As introduced above, the main hallmarks of COPD pathogenesis including chronic bronchitis,
small airway remodelling and importantly emphysema characterize the disease pathogenesis
(MacNee, 2005). Emphysema is defined by the destruction of alveolar structures and walls
which causes permanent enlargement of airspaces therefore leading to reduced surface area
(Tuder and Petrache, 2012). The contributing factors to the development of emphysema
include cigarette smoke, biomass particles, air pollution, genetic factors (e.g. alphal-
antitrypsin deficiency), gender, age, infections, socio-economic situation and epigenetic
factors (Hikichi et al., 2019). Although the pathogenesis of emphysema is complex, there are
key processes that are highly associated with the development of emphysema such as
inflammation, oxidative stress, cellular senescence and apoptosis, protease— anti-protease

imbalance and as well as impairment in lung repair mechanisms (MacNee and Tuder, 2009).

Inhalation of toxic particles — mainly cigarette smoke, induced inflammatory reactions,
including recruitment of innate and adaptive immune cells to the lung parenchyma and
airways, have been attributed to be a central cause in the development of COPD (Curtis et
al., 2007). As a first line of defence, cigarette smoke triggers and activates innate immune
cells which provides a rapid but nonspecific response (Brusselle et al., 2011). Activated innate

immune cells such as macrophages, dendritic cells, neutrophils and lung epithelial cells
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secrete several chemotactic factors leading to the recruitment and accumulation of other
inflammatory cells into the lungs (Barnes, 2008; Caramori et al., 2016). Importantly, one of
the recruited inflammatory cell type is monocytes. When they are activated, monocytes
extravasate into tissue from blood upon activation and they undergo differentiation into
macrophages either pro-inflammatory or anti-inflammatory type and they contribute to the
tissue damage or repair depending on their phenotype and function (Auffray et al., 2007;
Gerhardt and Ley, 2015). Recruited T and B lymphocytes as well as neutrophils and
macrophages secrete a milieu of cytokines and proteases eventually resulting in emphysema,
mucus hypersecretion, small airway remodelling as well as chronic bronchitis and contribute
to the development of the disease (Figure 1.1) (Barnes, 2011). The detailed definition of cell

types and the components involved in disease development is explained in section 1.2.
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Figure 1.1 Inflammatory components in COPD. Cigarette smoke or other inhaled irritants activate macrophages and
epithelial cells as a first line defence mechanism. Activated cells secrete chemotactic factors which recruit inflammatory
cells to the site of injury. CCL2 acts on CCR2 on monocytes to attract them, CXCL1 and CXCL8 bind to CXCR2 to recruit
neutrophils and monocytes whereas CXCL9, CXCL10 and CXCL11 bind to CXCR3 for recruitment of T cells. These
inflammatory cells accumulate in the lung and cause emphysema by secreting proteases. Neutrophils cause mucus
hypersecretion and chronic bronchitis. As a result of TGF-B release by epithelial cells and macrophages, fibrosis in small
airways occurs (Barnes, 2011).
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Oxidative stress plays a pivotal role in the pathogenesis of COPD (Rahman and MacNee,
1996). Maintenance of normal pulmonary cellular functions requires the balance between
oxidants and anti-oxidants, and either increase in oxidants or reduction in anti-oxidants
destroys the balance in the lung and results in oxidative stress (Bowler et al., 2004).
Accumulation of free radicals like reactive oxygen species (ROS), which includes mainly
superoxide anion (0;.") and hydroxyl radical (.OH), initiates oxidative stress and might result
in lung injury and cellular responses (Zinellu et al., 2016). So far, oxidants are highly associated
with production of more ROS by activated resident macrophages as well as epithelial cells,
which may cause the recruitment of inflammatory cells contributing to lung damage
(Rahman and Adcock, 2006). The contribution of cigarette smoke to oxidative stress is
undeniable, since a single respiration of cigarette smoke allows around 1x10%> oxidant
molecules entering to the lungs (McGuinness and Sapey, 2017). These reactive oxygen
species also are demonstrated to contribute to inflammatory responses via activating several
key transcription factors as well as triggering important pathways like MAPK and PI-3K
(Rahman and MacNee, 1998; Saetta, 1999). This chain reaction results in increased gene
expression of pro-inflammatory mediators including IL-8, IL-6, TNF-a as well as IL-1B (Kamata
et al., 2005). Moreover, nitric oxide (NO) levels are also elevated as a result of these reactions
(Vleeming et al., 2002). Besides the increased oxidants, reduction in anti-oxidant defence by
cigarette smoke has an adverse effect on the development of the disease. Nuclear factor
erythroid 2-related factor 2 (Nrf2) is one of the key transcriptional factors regulating the
production of antioxidant and cytoprotective molecules (Ishii et al., 2000) and is found being

attenuated in the lungs of COPD patients (Goven et al., 2008).

There is increasing evidence that apoptosis plus cellular senescence are considered as
important driving mechanisms of COPD pathogenesis as well (Barnes et al., 2019). Cellular
senescence is described as an irreversible and permanent growth arrest. Both cell-intrinsic
factors like telomere shortening and DNA damage or external stress factors like oxidative
stress or radiation might lead to cell cycle arrest and senescence (Antony and Thannickal,
2018). In lung tissue of COPD patients, alveolar epithelial cells which are highly associated

with tissue repair and regeneration and endothelial cells, have increased senescence markers
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such as B-galactosidase, p21 and p16 resulting from cigarette smoke exposure (Rashid et al.,
2018). Accelerated lung cellular senescence deregulates lung tissue repair, regeneration and
remodelling, thus contributing to the pathogenesis of COPD (Mercado et al.,, 2015).
Moreover, even though these cells lose their ability to divide they still remain metabolically
active and may affect neighbouring cells by secreting several mediators — the so called
senescence-associated secretory phenotype (SASP), including inflammatory cytokines,
growth factors and reactive gaseous molecules that result in an adverse impact to the
surrounding tissue (Barnes, 2017b). Related to senescence, the balance between
proliferation and apoptosis has a critical role in the emphysema development (Plataki et al.,
2006). Apoptosis is described as a programmed cell death which results in elimination of
damaged or infected cells (Gogebakan et al., 2014). Although apoptosis might be beneficial
to reduce the excessive amount of activated inflammatory cells, a disrupted balance has been
linked to disease pathogenesis via impaired homeostasis (Henson et al., 2006). It has been
reported that emphysematous lung tissue has increased levels of apoptosis in airway
epithelial and endothelial lung cells as well as lymphocytes specifically T cells and neutrophils
resulting in enhanced tissue destruction and diminished host defence respectively (Hodge et

al., 2005; Tuder et al., 2003).

Last but not least, protease — anti-protease imbalance has been linked to the progression of
emphysema and mucus hypersecretion in the lungs of smokers (Abboud and Vimalanathan,
2008). Proteases are enzymes which lead to cleavage of the components of lung connective
tissue, specifically elastin and collagen, whereas anti-proteases are known to inhibit these
proteases (Fischer et al., 2011). As mentioned above, cigarette smoke activates macrophages
and triggers neutrophil recruitment into the lungs and these activated macrophages and
neutrophils secrete several proteases. Neutrophil elastase, proteinase 3, the matrix
metalloproteinases (MMPs) as well as cathepsins are known to be main proteases. Proteolytic
degradation of elastin fibers occurs from accumulation of neutrophils and secretion of
neutrophil elastase (Lomas, 2016; Stockley, 1999). Alpha-1-antitrypsin is known to be the
main inhibitor of neutrophil elastase and mutations of alpha-1-antitrypsin or lack of it

indicates the development of emphysema (Pandey et al.,, 2017). Moreover, MMPs are
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implicated in the pathogenesis of the disease since they are involved in tissue remodeling and
driving inflammation. MMPs are secreted as inactive pro-enzyme forms which are required
to be activated by other types of proteases such as plasmin and other serine proteinases
(Churg et al., 2012; Ra and Parks, 2007). So far, mainly MMP-1, -2, -7, -9 and -12 (Belvisi and
Bottomley, 2003) are highly associated with progression of emphysema in COPD animal
models. MMPs will be mentioned more in detail in section 1.2.1. Besides the contribution of
increased activity of MMPs to emphysema, their tissue inhibitor of metalloproteinases
(TIMPs) have a protective effect against emphysema development (Gomis-Riith et al., 1997)
suggesting that balance between MMPs and TIMPs is a contributing factor to COPD

pathogenesis (Gharib et al., 2018).

1.1.4 Current Treatment Strategies for COPD

COPD is considered a very complex disease affecting around 200 million people worldwide
(Ferkol and Schraufnagel, 2014) and so far, current treatments are only able to relieve the
symptoms, prevent further development of disease and decrease the possibility of
complications (Lakshmi et al., 2017). Effective COPD therapies do not reverse disease
progression completely but they help patients to improve their quality of life (Vogelmeier et
al., 2017). The most significant improvement could be achieved by smoking cessation since
greater emphysema development and further lung damage can be prevented (Halpin et al.,
2017). Today, there are nicotine replacement products including e-cigarettes,
pharmacological products including varenicline and bupropion that helps to quit plus smoking
cessation programs with professional help (Vogelmeier et al., 2017). Besides smoking
cessation, pharmacological therapies including bronchodilators, corticosteroids, antibiotics,
and ventilatory support are recommended treatment strategies for severe COPD
exacerbations (Welte, 2009). Moreover, regular physical activity and exercise, vaccination,
pulmonary rehabilitation, having a proper diet as well as oxygen therapy are considered as
beneficial non-pharmacological interventions for patients (Clini and Ambrosino, 2008).
Surgery for lung transplantation might also be considered in some COPD patients with severe

progressive disease (Siddiqui and Diamond, 2018).
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Concerning pharmacological intervention, inhaled bronchodilators are used mainly to
manage symptoms in mild and moderate GOLD stage COPD patients by increasing FEV1
(Vogelmeier et al., 2017) and opening the air passages in the lungs to help the patients to
relieve symptoms (Diaz et al., 2008). Beta2-agonists such as short acting (SABA) and long
acting (LABA) (Lakshmi et al.,, 2017), antimuscarinic drugs including ipratropium and
methylxanthines like throphylline are used as current bronchodilators (Vogelmeier et al.,
2017). They can be used as a treatment separately but combining therapy of several
bronchodilators with different mechanisms is considered as a more efficient way to treat
patients (Ernst et al., 2015). It has been also suggested that inhaled corticosteroids improve
the exacerbations and help shortness of breath (Shafazand, 2013; Tashkin and Strange, 2018).
Although corticosteroid treatment does not reverse the loss of lung function (Walters et al.,
2005), it improves survival of the patients especially when they are combined with
bronchodilators (Falk et al.,, 2008; Shafazand, 2013). Moreover, the use of systemic
corticosteroids is suggested to decrease inflammation and therefore may be beneficial to
COPD patients (Barnes, 2006). Since one of the hallmarks of COPD is an abnormally elevated
inflammatory immune response in the lungs, anti-inflammatory treatment strategies to
suppress the inflammatory response are critical to prevent disease progression (Barnes,
2013). Inhibitors of inflammatory mediators directly like TNF-a, NF-kB and p38 MAPK (Cazzola
et al.,, 2012) and drugs having anti-inflammatory properties like protease inhibitors and
antioxidant drugs become potential targets for anti-inflammatory therapy in COPD (Loukides

et al., 2013).

Antibiotics are widely used for the treatment of acute exacerbations however their benefits
and harms are still under debate (Siddiqi and Sethi, 2008). Antibiotic selection is quite crucial
in this aspect (Siddigi and Sethi, 2008). Some of the antibiotics such as erythromycin are
considered to be beneficial against respiratory infections such as pneumonia (Zhou et al.,
2012). Oxygen therapy is recommended for patients who are hypoxic because of impairment
in normal ventilation leading to reduced oxygenated blood and systemic hypoxia (Brill and
Wedzicha, 2014). As a further treatment option, lung transplantation which is a surgical

procedure to replace the lung of patients partially or totally with a donor lung is well-used
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strategy for the patients with end-stage lung disorder (Aziz et al., 2010). However,
alternatively removing small regions of damaged lung tissue by surgery is considered a better
treatment option for COPD patients to decrease total lung volume (Decramer et al., 2012;

Lahzami et al., 2010).

1.2 Inflammatory and immune cell mechanisms in COPD

1.2.1 The key immune cells involved in COPD

COPD is predominantly characterized by recruitment, activation and accumulation of
inflammatory cells in the lungs, particularly in the small airways (Nurwidya et al., 2016).
Immune responses in COPD are divided into two arms, innate and adaptive immunity with
specific cell types and functions of these cells contributing uniquely to the disease outcome
(Craig et al., 2017). Innate immune cells which consist of mainly monocytes, macrophages,
dendritic cells (DCs), neutrophils and natural killer (NK) cells are responsible for the first line
of immune defence in combination with the epithelial barrier and mucuciliary clearance (Bhat
et al., 2015). In response to cigarette smoke or toxic particles, the function of innate immune
cells have been found to be impaired and contributes to disease development (Ni and Dong,
2018). Moreover, a crucial role of innate cells is to trigger the adaptive immune response
which is more specific and targeted. Chronic exposure to particles including cigarette smoke
causes activation of B lymphocytes and various T lymphocyte subtypes which are components

of the adaptive immune system (Rovina et al., 2013).

Neutrophils are a key component of the innate immune system and are highly correlated with
disease severity (Walton et al., 2016). Activated neutrophils are found to be increased in the
sputum and bronchoalveolar lavage and this increase is correlated with increased airflow
limitation as well as impaired lung function (Saetta et al., 1997). The ratio of neutrophils to
lymphocytes in the peripheral blood is considered as an indicator of COPD exacerbation and
this ratio is also used as a biomarker for the disease diagnosis (Lee et al., 2016). Recruitment
of neutrophils to the airways through endothelial cells requires interaction with E-selectin,
and in COPD patients, E-selectin is significantly increased in the airway lumen resulting in

increased migration toward chemotactic mediators such as cytokines or bacterial peptides
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released by infected tissue (Di Stefano et al., 1994). In the lung, enhanced levels of
chemoattractants including CXCL8, IL-8, CXCL1, CXCL5 and LTB4 are responsible for
neutrophil migration to the site of inflammation (Traves et al., 2002). Recruited neutrophils
to the airways of COPD patients release proteinases such as neutrophil elastase (NE),
cathepsin G and metalloproteinases (MMPs) with collagenase activity, particularly MMP8 and
MMP9, which might promote alveolar destruction (Hibbs et al., 1985; Tsai and Hwang, 2015).
NEs and MMPs have the ability to degrade matrix proteins resulting in emphysema as well as
to trigger mucin secretion (Martin et al., 2014) causing enhanced mucus production leading
to impaired mucociliary clearance in COPD patients (Fahy and Dickey, 2010). Consistent with
these findings, neutrophil elastase-deficient mice are significantly protected from the
development of emphysema in comparison to wild type control mice when both groups
exposed to cigarette smoke for 6 months indicating the role of neutrophil elastase in

pulmonary disease (Shapiro et al., 2003).

DCs are professional antigen presenting cells (APCs) functioning as a bridge between innate
and adaptive immunity and playing a central role in the defence mechanism of the lung
(Banchereau et al., 2000; Upham and Xi, 2017). DCs capture antigens in the peripheral tissue
particularly at mucosal surfaces where they present them to T lymphocytes in local lymph
nodes. DCs have pattern recognition receptors against stimuli resulting from tissue damage,
infection and necrosis and through these receptors, they are highly sensitive in detecting
foreign molecules (Lambrecht et al., 2001; Vermaelen and Pauwels, 2005). After recognition
of antigen by DCs, it is internalized and processed to be presented on major histocompatibility
complex (MHC) class | and class Il molecules to the T cell receptor (TCR) of T lymphocytes
(Janeway and Bottomly, 1994). Cigarette smoke or other irritants induce activation and
accumulation of DCs releasing pro-inflammatory cytokines including IFNa, IL-6 and IL-12 (Qiu
et al., 2018). The increased number of activated DCs expressing CD80, CD83 and CD86 has
been detected in the small airways of COPD patients, positively correlating with disease
severity and impaired lung function (Brusselle et al., 2011; Wang et al., 2015). CC chemokine
ligand (CCL) 20, the main chemoattractant for DC recruitment, was found to be significantly

upregulated in the lung of COPD patients (Rogers et al., 2008). Another important role for
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DCs in the pathogenesis of the disease is associated with the development of tertiary
lymphoid follicles (Brusselle et al., 2011), by promoting adaptive immune responses including

T helper, CD4+, CD8+ T lymphocytes and B lymphocytes in response to chronic inflammation.

Mast cells are secretory immune cells that are mainly localized to mucosal and epithelial
tissues in the body (da Silva et al., 2014). Mast cells are associated with disease pathology
since they have the ability to induce collagen production and fibroblast proliferation
(Garbuzenko et al., 2002), as well as to release several proteases (Abe et al., 2000), including
tryptase and chymase which might mediate tissue destruction (Siddiqui et al., 2007).
Although mast cells are essential players in the pathogenesis of allergic disorders, recently it
has been shown that their numbers are significantly upregulated in COPD airways (Grashoff
et al., 1997), as well as in the sputum of smokers in comparison to ex-smokers (O'Donnell et
al., 2006). Moreover, in a recent study, it was demonstrated that cigarette smoke extract
induced the production of several chemokines, including TNFa and IL-8, from mast cells and
these chemokines may recruit neutrophils to the lung (Mortaz et al., 2011). However, the
involvement of mast cells in the development of emphysema still remains to be investigated

and more research is essential to support the role of mast cells in the pathogenesis of COPD.

NK cells are one of the innate immune cell types which demonstrate cytotoxic effect against
cells under stress and mediates anti-tumour and anti-viral responses by killing these cells
directly (Paul and Lal, 2017). Once they become active, NK cells release various cytokines like
other innate immune cells to regulate further innate and adaptive immune cells (Abel et al.,
2018). Mainly, they secrete IFNy, TNFa, GM-CSF, CCL1, CCL2, CCL3, CCL4, CCL5 and CXCL8. NK
cells release perforin to generate pores in the membrane and induce apoptosis of target cells
by triggering caspase cleavage via granzyme proteases (Thiery et al., 2011). If there is an
abnormal activation of NK cells, it may result in tissue damage by continuous inflammation
(Osterburg et al., 2020). In a disease context, COPD patients have increased numbers of NK
cells in the peripheral blood indicating a potential role for NK cells in disease pathogenesis
(Wang et al., 2013). Moreover, the ratio of activated NK cells is found to be noticeably higher
in smokers when compared to non-smokers or ex-smokers (Wang et al.,, 2013). It is also

positively correlated with the amount of cigarettes currently consumed (Wang et al., 2013).
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A recent study also demonstrated that CS-exposed mice have pre-activated NK cells

producing an increased amount of IFN-y triggering chronic inflammation (Motz et al., 2010).

Long term exposure to toxic particles including cigarette smoke results in inflammation in the
airways activating adaptive immune cells such as T and B lymphocytes. These play a central
role in disease pathogenesis through antigen specificity, clonal expansion and immunological
memory (Ni and Dong, 2018). Elevated levels of T cells mainly CD8+ T cells and B cells have
been observed in both large and small airways of COPD patients and in the lung parenchyma
(Tetley, 2005). The number of T cells (Chen et al., 2016) and B cells (Seys et al., 2015) is
positively correlated with alveolar destruction and inversely correlated with lung function. T
cell subsets including Th1 and Th17 which are a major source of IFN-y are also increased in
the airways of smokers (Nurwidya et al., 2016). Antigen-driven specific immune responses
generated by B cells contribute to inflammatory processes leading to COPD development
(Brandsma et al., 2009). Moreover, there is increasing evidence for the crucial role of tertiary
lymphoid follicles in the development of COPD. In the lungs, exposure to chronic cigarette
smoke induces inflammatory responses causing the accumulation of B and T cells which
organize into structures named inducible bronchus-associated lymphoid tissue (iBALT) (Elliot
et al.,, 2004). The chemoattractant molecules CCL19 and CXCL13 mediate T and B cell
migration to the lungs, respectively (Brusselle et al., 2009a). iBALT can develop during
infections, autoimmunity and chronic inflammation in the lungs and predominantly forms on
bronchial epithelium (Hwang et al., 2016). They consist of mainly memory and naive B cells,
germinal center like B cells, T follicular helper cells, follicular dendritic cells and high
endothelial venules (HEVs) (Hwang et al., 2016). Presence of iBALT formations in the lung has
a beneficial role against viral infections, maintaining memory cells and generating primary
immune responses (Tan et al., 2019). However, it could be also detrimental to the host by
producing autoantibodies, enhancing ongoing inflammatory responses as well as producing
degradation products of the extracellular matrix (Brusselle et al., 2009a). The presence of
iBALT structures in the lung is strongly linked to disease severity (Jia et al., 2018; Polverino et
al., 2015) and this indicates the importance of B and T cells in the pathogenesis of COPD.

Supporting this finding, our laboratory demonstrated that B cell deficient mice were
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protected against the development of emphysema after chronic cigarette smoke exposure as
they were not able to form iBALT structures (John-Schuster et al., 2014a). In the follow-up
work, our laboratory also reported that inhibiting the action of oxysterol enzymes, that are
crucial for secondary lymphoid tissue organization (Cyster et al., 2014; Hannedouche et al.,
2011), prevented iBALT formation and protected against emphysema development when

mice were exposed to chronic cigarette smoke for four months (Jia et al., 2018).

Last but not least, macrophages play a central role in the pathogenesis of COPD (Tetley, 2002).
Their pivotal functions include the production of reactive oxygen species (ROS), growth
factors, MMPs as well as pro-inflammatory cytokines and chemokines which have a dramatic
impact upon the recruitment of other innate and adaptive immune cells and tissue
destruction (Barnes, 2004). Not surprisingly, macrophage number is significantly elevated in
the airways, BAL fluid, lung parenchyma as well as in the sputum of COPD patients and this
increase is positively correlated with disease development (Di Stefano et al., 1998; Traves et
al., 2004). A detailed explanation about their specific role in the disease is provided in section

1.2.2.

1.2.2 The role of macrophages in the pathogenesis of COPD

As introduced above, macrophage contribution to the pathogenesis of COPD is well
established. Macrophages are mononuclear phagocytic cells locating throughout the
respiratory tract to function as a gateway to eliminating potentially harmful inhaled
substances (Hodge et al.,, 2003). Besides their phagocytic role, they produce various
mediators in response to inflammatory insult to promote the required immune response to
clear these harmful substances (VlIahos and Bozinovski, 2014). They are found to be localized
in the airways, alveolar tissues as well as lung parenchyma tissues. Macrophages are divided
into two subsets in terms of their origin as a tissue resident population and a monocyte-
derived population (Figure 1.2) (Yamasaki and Eeden, 2018). The main difference between
tissue resident lung macrophages and monocyte-derived lung macrophages is their ability to
proliferate. Compared to tissue resident macrophages, monocyte derived macrophages have

limited capability of proliferation (van Furth et al.,, 1972). Furthermore, lung resident
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Figure 1.2 The origin of two distinct macrophage population in the lung. Monocyte derived lung macrophages originate
from bone marrow, release into the peripheral blood and migrate into lung tissue whereas tissue resident lung macrophages
are developed from yolk sac or fetal liver and migrate to the lungs and stay in the lung permanently called resident
macrophages (Yamasaki and Eeden, 2018).

macrophages have distinct areas in the tissue where they reside such as alveolar
macrophages (AMs) located in alveolar spaces and interstitial macrophages (IMs) locating
between the alveoli and blood vessels. Overall the lung macrophage population is composed
of 90% AMs (van oud Alblas and van Furth, 1979). AMs are specialized mainly for
phagocytosing inhaled particles and metabolizing lung surfactant, while IMs take part in
tissue repair and antigen presentation (Yamasaki and Eeden, 2018). These populations can
be separated from each other by specific surface markers CD45, CD11b, F4/80 as well as
CD11c (Zaynagetdinov et al., 2013), with AMs being F4/80" CD11c" CD11b and IMs being
F4/80'°% CD11c'°¥ CD11b* (Zaynagetdinov et al., 2013).

Independent of their origin and localization, lung macrophages are heterogeneous in terms
of their distinct phenotypes and were historically classified as M1 or M2 macrophages
depending upon their inflammatory profile (Morales-Nebreda et al., 2015). According to
many studies, some macrophages are more prone to possess a pro-inflammatory phenotype
which is referred to as M1 while the rest have a tendency to have an anti-inflammatory profile
and are referred to as M2 (Liu et al., 2014). M1 macrophages known as classically activated,
produce high levels of pro-inflammatory cytokines following IFNy stimulation including IL-1p,
TNF, IL-12, CXCL1, CXCL8, CCL2 and reactive oxygen species that attract monocytes,

neutrophils and promote a Th1 response (Culpitt et al., 2003). Moreover, they also express
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MHC Il, CD68, CD80, CD86 on their surface and iNOS intracellularly (Trombetta et al., 2018).
However, M2 macrophages known as alternatively activated, have a more
immunomodulatory function such as promoting tissue repair, remodeling and phagocytosis.
M2 macrophages are induced mainly by IL-4 and IL-13 and secrete CCL22, IL-10, CCL18 and
TGF-B (Mantovani et al., 2004; Saqib et al., 2018). Unlike M1 macrophages, they are
characterized by having CD206 and CD163 on their surface (Kaku et al., 2014). Despite having
distinct phenotypes and functions, both M1 and M2 macrophages contribute to the
development of COPD (Eapen et al., 2017). Upon chronic inflammation, lung resident
macrophage levels are highly elevated since blood monocytes are recruited to the lung tissue
following several key cytokines and chemokines such as CCL2, CCL3, CCL7 and CXCL12 (Shi
and Pamer, 2011; Traves et al., 2002). There are studies claiming that recruited macrophages
to the lung in response to stimuli have a tendency to become pro-inflammatory (M1 like)
whereas resident macrophages are more likely to become anti-inflammatory (M2 like)
(Yamasaki and Eeden, 2018; Yona et al., 2013). However, distinct macrophage subpopulations
and their precise contribution to disease pathogenesis are still under discussion. Further
investigation is required to comprehend the dynamics of macrophages and the alterations

between subpopulations when exposed to environmental insult.

In the case of COPD, many studies demonstrated that M1 and M2 populations are both
elevated, but their abilities to migrate, phagocytose and secrete mediators are impaired
(Culpitt et al., 2003). In a recent study, it was also demonstrated that macrophages from
COPD patients released higher amounts of inflammatory cytokines like TNF-a, IL-6, IL-1B, and
chemokines including CXCL1, CXCL8 and CCL2 as well as ROS products that might give rise to
more tissue damage (Barnes, 2017a). Moreover, as mentioned above, proteolytic enzymes
including elastases, MMPs and cathepsins released by macrophages have a detrimental role
in the development of emphysema. The excessive production of MMPs specifically MMP2,
MMP9, MMP12 and cathepsins like cathepsin K, L, S by macrophages from COPD patients
have been demonstrated in response to foreign particulate exposure (Nakajima et al., 2016;
Russell et al., 2002). Importantly, mice deficient in MMP12 were protected against cigarette

smoke induced emphysema (Shapiro et al., 2003). In addition, COPD macrophages including
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alveolar and monocyte derived ones have reduced capacity for phagocytic uptake of bacteria,
which results in enhanced acute reactions to infection (Taylor et al., 2010) and impaired
clearance of apoptotic cells termed efferocytosis causing a defect in resolving existing
inflammation (Hodge et al., 2003). Considering that lung macrophages serve as the gate
keeper for the lungs, their numbers, functions and interactions with other cells are critical for

lung tissue inflammation and COPD pathogenesis (Vlahos and Bozinovski, 2014).

There are many studies investigating the role of resident lung macrophages including AMs,
however monocyte derived macrophages also play a critical role in the presence of exposure
to environmental stimuli in the development of the disease (Desch et al., 2016). Monocytes
are recruited from the blood stream to the site of injury via specific chemokines, mainly CCL2
(Deshmane et al., 2009). Elevated levels of CCL2, known as also MCP-1 (Monocyte
chemoattractant protein 1), has been observed in BAL fluid from smokers and in the sputum
of COPD patients (Culpitt et al., 2003). When monocytes migrate from blood to lung tissue,
they differentiate into macrophages. The vast majority of studies suggest that monocyte
derived macrophages have a tendency to differentiate into a pro-inflammatory phenotype
and contribute to disease development by promoting inflammation (Yamasaki and Eeden,
2018). However, this topic is still under debate since monocyte derived macrophages also
have anti-inflammatory properties in several diseases and may also contribute to tissue repair
and recovery by resolving inflammation (Ginhoux and Jung, 2014). Due to the undeniable role
of monocyte-derived macrophages in disease pathogenesis, their migration dynamics toward

inflamed tissue is important to comprehend.

Recruitment of monocytes from blood to the tissue requires a tightly regulated, multistep
process, including adhesive interactions between monocytes and endothelial cells and
intracellular signaling pathways (Mestas and Ley, 2008). Chemokines released by immune
cells upon chronic inflammation and adhesion molecules on monocytes and on endothelial
cells are the key components of migration (Rosseau et al., 2000). Critical molecules and

migration steps for monocytes are summarized in Figure 1.3 (Gerhardt and Ley, 2015).
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Figure 1.3 Schematic view of the monocyte migration from blood to the tissue. Monocyte migration is a multistep process
starting with capturing and rolling upon chemokine release. During slow rolling, adhesion of monocytes to endothelial cells
is initiated via adhesion molecules including selectins, CD18 integrins, PSGL-1, ICAM-1, VCAM-1 and PECAM-1. With the help
of the adhesion molecules, transendothelial migration occurs either paracellularly or transcellularly (Gerhardt and Ley,
2015).

Firstly, endothelial cells are activated through cytokines like TNF-a or IL-1B released from
inflamed tissue macrophages which triggers the expression of adhesion molecules mainly
VCAM-1 and ICAM-1 on the surface of endothelial cells (Min et al., 2005). At the same time,
monocytes sense cytokines such as CCL2 (MCP-1) following inflammation and start rolling and
adhering to endothelial cells with the help of integrins, specifically LFA-1 (CD11a, Itgal), Mac-
1 (CD11b, Itgam) and VLA-4 (CD49d, Itgad) (Shi and Pamer, 2011). Monocyte adhesion to
endothelial cells is a key step of transendothelial migration. Several studies have shown that
disability of these adhesion molecules and integrins inhibit monocyte migration into the

tissue (Hsu et al., 2011; Schenkel et al., 2004; Wong et al., 2010).

Monocyte-derived macrophages are not only crucial for COPD but are associated with the
severity of other inflammatory diseases like asthma, fibrosis, atherosclerosis, diabetes,
obesity, skin injury, cancer and even in multiple sclerosis (Ponzoni et al., 2018). Considering
the pivotal role of monocyte-derived macrophages in various diseases, targeting
macrophages by manipulating their migration into tissue or altering their function might be
beneficial in improving disease pathogenesis. In mouse models, relevant therapeutic
approaches targeting macrophages through nanotechnology-based systems or complete
depletion produced already positive results against the development of disease (Ahsan et al.,

2002; Lee et al., 2015). Consistently, alendronate treatment of alveolar macrophages
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prevented alveolar airspace enlargement in an elastase-induced as well as cigarette smoke-
induced emphysema mouse models (Ueno et al.,, 2015b). However, some points are still
controversial about the involvement of monocytes in disease development. Therefore,
further investigation will provide us more detailed information to fully understand the
recruitment, differentiation and function of monocytes and their contribution to progression

of various diseases including COPD.

1.3 Post-translational modification of arginine

Post translational modifications (PTMs) are described as chemical modifications of a
polypeptide chain that occurs after RNA is translated into protein in eukaryotic cells to
diversify the proteome in terms of protein stability, localization, interactions and function
(Wang et al., 2014b). PTMs range from proteolytic cleavage of peptide bonds or addition of
modifying chemical groups to the polypeptide chain including phosphorylation, glycosylation,
acetylation and methylation, and they are highly associated with initiating or amplifying the
signal in signalling cascades (Fulton et al.,, 2019). PTMs, particularly acetylation and
methylation of histone proteins, are also crucial mediators of epigenetic regulation (Blanc

and Richard, 2017).

Protein methylation is a crucial PTM involved in multiple cellular mechanisms mainly
signalling pathways, transcriptional gene regulation, translation, translocation, DNA repair,
protein-protein interactions and protein stability (Bedford and Richard, 2005; Deribe et al.,
2010). Protein methylation has been identified primarily on lysine and arginine residues.
There is growing interest in arginine methylation currently considering the identification of
the family of protein arginine methyltransferase enzymes responsible for the PTM and the
role of these enzymes playing in physiology and their potential contribution to disease

pathogenesis (Greenblatt et al., 2016).

1.3.1 Protein arginine methylation
Arginine methylation is a very prevalent and ubiquitous PTM which potentially takes place on
both nuclear and cytoplasmic proteins and is conserved across all eukaryotic organisms

(Bedford and Clarke, 2009). Arginine methylation is the chemical modification in which the
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guanidine nitrogen atoms of arginine residues can be modified to contain methyl groups from
the donor S-adenosylmethionine (AdoMet) resulting in monomethylarginine (MMA),
asymmetrical dimethylarginine (ADMA) or symmetrical dimethylarginine (SDMA) (Bedford
and Richard, 2005). Arginine methylation plays a central role in transcriptional regulation
through the methylation of histones, resulting in activating histone marks like H4R3me2a,
H3R2me2s, H3R17me2a and H3R26me2a or repressive histone marks including H3R2me2a,
H3R8me2a and H4R3me2s (Blanc and Richard, 2017). Besides its role in gene regulation,
arginine methylation is associated with many biological processes including translation, DNA
repair, mRNA splicing and a variety of signalling cascades (Guccione and Richard, 2019).
Dysregulated arginine methylation is significantly linked to the development of several
human diseases, particularly cancer (Poulard et al., 2016), even though only 0.5-1% of total
arginine residues are exposed to methylation (Lamberth, 2016). Arginine methylation is
catalysed by a family of protein arginine methyltransferases (PRMTs) consisting of 9 family
members (Di Lorenzo and Bedford, 2011). Detailed information about PRMTs and their

function is summarized in section 1.3.2.

1.3.2 Protein arginine methyl transferases (PRMTs) in mammals

As described above, arginine methylation is mediated by PRMT enzymes in mammalian cells
catalysing the transfer of a methyl group from the methyl donor — AdoMet to the nitrogen
atom of arginine residues (Katz et al., 2003). Final products of this reaction are methylated
arginine and S-adenosylhomocysteine (AdoHcy). PRMT enzymes are branched into three
categories based on their catalytic function; type |, type Il and type IIl PRMTs. Type | PRMTs
including PRMT1, PRMT2, PRMT3, PRMT4 (also referred to as coactivator-associated arginine
methyltransferase 1 — CARM1), PRMT6 and PRMT8 catalyse the addition of two methyl
groups onto the same nitrogen atom of arginine forming asymmetrical di-methylarginine
(ADMA, Rme2a) (Lin et al., 1996). Type Il PRMTs like PRMT5 and PRMT9 carry out the addition
of two methyl groups onto different nitrogen atoms of the arginine residue generating
symmetrical di-methylation (SDMA, Rme2s) (Yang et al., 2015). Type Ill PRMTs, including only

PRMT?7, is unique in its function as it only generates mono-methylation (MMA) of the arginine
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residue (Feng et al., 2013). Figure 1.4 illustrates the different types of PRMTs involved in
arginine methylation (Auclair and Richard, 2013).

CH,
|
*HN N—CH;

|
NH

|
CH, (CH,)3
| e
¥ WE
HNs /NHE *HaN ~NH
T Typeliiandii | .
NH —ypel7ane T s NH
(CH,)3 (CH,)3 }.p CH; CH;
e |
i 'HN% /l\[IH
Arg MMA '|:
ll\IH
Type IPRMT:1,23468 Rmel, Rme2a (CH,);5
Type ||l PRMT: 5,9 Rme1, Rme2s
Type Il PRMT: 7 Rme1 only
sDMA

Figure 1.4 Protein arginine methylation by PRMTs. Specific types of PRMT enzymes catalize either mono-methylation or
dimethylation of arginine residues. The type | enzymes (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and PRMTS) catalyze
asymmetrical dimethylation (aDMA) reaction whereas Type Il enzymes (PRMT5 and PRMT9) form symmetrically
dimethylation (sDMA). Type Ill enzyme (PRMT7) only generates mono-methylation (MMA) (Auclair and Richard, 2013).

PRMTs potentially target histones, predominantly H2AR3, H2BR29, H3R2-R8-R17, and H4R3-
R17-R19 (Fuhrmann and Thompson, 2016), or proteins with glycine and arginine rich (GAR)
motifs known as RGG boxes/motifs (Najbauer et al., 1993). All PRMTs possess a pair of highly
preserved glutamate residues (Double-E-loop) that is negatively charged, in the active site
pocket to orientate the guanidino group of the arginine residue on the substrate, which is
positively charged. The characteristics and size of the active pocket are considered to play a
key role in substrate specificity and recognition (Morales et al., 2016). PRMTs also contain
conserved threonine-histidine-tryptophan (THW) loops that are specific only to the PRMT
family (Hasegawa et al., 2014). It has been suggested that the THW loops are important for
the formation of the AdoMet-binding pocket in a collaboration with double E loop and aY
helix (Zhang et al., 2000). Moreover, in terms of structure, all PRMTs contain Rossman fold
domains and B-barrel sheets which are parts of the conserved catalytic core where the
cofactor and substrate binds respectively (Cheng et al., 2005). Certain protein-protein
interaction regions including a SH3 domain, a zinc finger, pleckstrin homology domain, a TIM
barrel and myristoylation motifs are unique to PRMT2, PRMT3, CARM1, PRMT5 and PRMTS,

respectively, which are located predominantly at the N-terminus of the core domain and
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contribute to substrate recruitment and binding (Cheng et al., 2005; Wolf, 2009). Figure 1.5

summarizes the structure of PRMTs.
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Figure 1.5 Structures of PRMTs in mammalian cells. Rossman fold is conserved core region shown in blue and B- barrel is
shown in orange. a-helix domain located at N-terminus of Rossman domain is shown in yellow. The number indicates the
amino acid for each PRMT. SH3, SH3 domain; ZnF, zing finger motif; PH, pleckstrin homology domain; TPR, tetratricopeptide
repeat (Smith et al., 2018).

1.3.3 Biological Roles of PRMTs

PRMTs are involved in diverse cellular processes and systems mainly including transcriptional
regulation, RNA processing, the DNA damage response, cell proliferation, and signal

transduction (Blanc and Richard, 2017; Guccione and Richard, 2019).

Transcription

Transcriptional activation and repression can be regulated by the activity of PRMTs (Yang and
Bedford, 2013). PRMT1, a type | enzyme, is responsible for the methylation of histone 4 at
arginine 3 resulting in H4R3me2a which recruits other transcriptional regulators like p300
acetyltransferase to the chromatin and functions as a transcriptional activator mark inducing
gene expression (Huang et al., 2005). Other type | enzymes including PRMT2 and PRMT4 are
also co-activators of transcription by generating predominantly H3R17me2a, H3R26me2a
and H3R42me2a modifications at the promoters of several genes (Yang and Bedford, 2013).
Conversely, some PRMTs predominantly PRMT5 and PRMT6, function as co-repressors to

mediate transcriptional repression via the formation of H4R3me2s and H3R8me2s by PRMT5
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(Zhu and Rui, 2019) and H3R2me2a by PRMT6 (Bouchard et al., 2018). Recruitment of PRMTs
to gene promoters can be induced by several transcriptional factors such as p53, NF-KB and
YY1 (Bedford and Richard, 2005; Covic et al., 2005). Additionally, the impact of PRMTs on
transcriptional regulation can also be independent of histone methylation. For example,
PRMT1 directly methylates Ash2L which subsequently induces H3K4 triggering transcription
(Butler et al., 2011) whereas CARM1 mediates NF-kB recruitment to the nucleus by forming

a complex with p300 resulting in transcriptional activity (Covic et al., 2005).

RNA Processing

RNA binding proteins (RBPs), including splicing factors, are crucial for proper RNA folding,
RNA localization, RNA stabilization as well as mRNA translation (Herrmann et al., 2004). They
include GAR motifs, making them a potential target for PRMTs to methylate and regulate
their function (Liu and Dreyfuss, 1995). To date, PRMT1, CARM1, PRMT5 and PRMT9 are
highly associated with RNA splicing by regulating localization, maturation and function of
RBPs (Guccione and Richard, 2019). PRMT1 has been found to modify RNA transport via
methylation of substrate proteins such as hnRNPs, fibrillarin, nucleolin and poly(A)-binding
protein Il (Gary and Clarke, 1998; Smith et al., 1999). PRMTS5 is also one of the main PRMTs
that plays a key role in maintaining splicing integrity via assuring the maturation of small
nuclear ribonucleoproteins (snRNPs) (Meister et al., 2001). Sm proteins, which are rich in RGG
motifs, are major targets for methylation and after being methylated are recognized by Tudor
domains, resulting in snRNP maturation (Meister and Fischer, 2002). PRMT9 has a similar
function to PRMT5 but their substrates are different and not interchangeable (Yang et al.,
2015). Lastly, CARM1 has been identified to be involved in alternative splicing by promoting
exon skipping. Specifically, CARM1 di-methylates splicing factors including SAP49 and U1C,
and the transcription elongation repressor CA150 to enable them to bind to SMN Tudor

domains and process splicing (Cheng et al., 2007).

DNA Damage Response

Following the exposure of DNA to genotoxic agents, pivotal functions of DNA are impaired,
including transcription and replication (Ciccia and Elledge, 2010). Arginine methylation by

PRMTs are involved in the DNA damage response (DDR) by regulating the checkpoints of cell
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cycle process or DNA repair proteins (Auclair and Richard, 2013). PRMT1, PRMT5 and PRMT7
enzymes are found to be the key regulators of DDR since deficiency of these enzymes causes
hypersensitivity to DNA damage (Guccione and Richard, 2019; Raposo and Piller, 2018).
PRMT1 methylates several proteins such as MRE11 (Boisvert et al., 2005), 53BP1 (Vadnais et
al., 2018) and BRCA1 (Guendel et al., 2010) which are key players in DNA damage response
needed for repair of double-strand breaks. Therefore, in the absence of PRMT1 cells are more
prone to spontaneous DNA damage, dysregulated chromatin stability and checkpoint defects
(Yuetal., 2009). Besides PRMT1, the loss of PRMTS5 gives rise to cell cycle arrest, spontaneous
DNA damage and dysregulated p53 activation (Hamard et al., 2018), by modifying proteins
including p53 (Jansson et al., 2008), FEN1 (Guo et al., 2010) and Rad9a (He et al., 2011).
Additionally, the involvement of PRMT7 in DNA damage response is dependent upon its
activity to methylate histone 2A Arg-3 (H2AR3) and histone 4 Arg-3 (H4R3) (Karkhanis et al.,
2012). PRMT7 has been reported to negatively regulate the transcription of DNA repair genes
such as ALKBH5, APEX2, POLD1 and POLD?2 via these histone modifications. Reduced PRMT7
expression improves the ability of cells to resist DNA damage and promotes expression of the

DNA repair genes (Karkhanis et al., 2012).

Cell Proliferation

Cell proliferation is required for cellular growth, tissue repair and regeneration and thus
tightly regulated (Norbury and Nurse, 1992). Arginine methylation via the action of several
PRMTs has a critical role in the orchestration of controlled cell division and cell cycle phases
(Kim et al., 2010). Among PRMTs, PRMT1, PRMT2, CARM1, PRMT5 and PRMT6 have been
implicated in modifying key regulatory proteins of the cell cycle (Raposo and Piller, 2018).
PRMT1 has been found to interact with BGT2, a tumour suppressor protein and together
induce differentiation of pre-B cells by ceasing cell cycle progression (Dolezal et al., 2017).
PRMT1 and PRMTS5 work in opposite directions in terms of proliferation and apoptosis by
methylating the same transcription factor, E2F-1 (Zheng et al., 2013). PRMT5 methylation of
E2F-1 triggers proliferation whereas PRMT1 favours apoptosis (Cho et al., 2012). Supporting
this finding, many other studies also demonstrated that PRMT5 is needed for cellular

proliferation (Pal et al., 2004). Overexpression of PRMTS5 is involved in cancer development
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by promoting tumour cell growth and PRMTS5 deficiency contributes to apoptosis in different
cell types (Bao et al., 2013). PRMT6 also has pro-proliferative and pro-oncogenic functions,
as the methylation of p16 and p21 by PRMT6 elevates cellular proliferation (Wang et al.,
2012). However, it is not a straight forward classification, as the activities of each PRMT upon
the regulation of cellular proliferation has been found to be not only organism specific but

also cell type specific.

Signal Transduction

Although arginine methylation via PRMTs has an important impact upon transcriptional
regulation and RNA splicing in the nucleus, further investigations are still underway to fully
elucidate their role in the cytoplasm and effect on signalling pathways. In this section,
outstanding studies about major PRMTs including PRMT1, CARM1, PRMT5 and PRMT7 and

their involvements in signalling pathways via methylation are discussed.

Starting with PRMT1, it regulates proliferation and metastasis of hepatocellular carcinoma
cells by switching on the STAT3 signalling pathway (Zhang et al., 2018). It is also involved in
epidermal growth factor receptor methylation where causes reduced proliferation and
sphere formation in breast cancer cells (Nakai et al., 2018). Moreover, PRMT1 is a critical
regulator of TGF-B signalling, which controls the epithelial-to-mesenchymal trans-
differentiation and stemness of epithelial cells, via the methylation of SMAD7 (Katsuno et al.,
2018). PRMT1 has been also associated with podocyte apoptosis and glomerular fibrosis by
angiotensin Il induced activation of ERK1/2 (Zhu, 2018).

CARML1 controls pulmonary cell growth and differentiation of epithelial cells by mediating
glucocorticoid-mediated signalling (O'Brien et al., 2010). Wnt/B-catenin signalling in
colorectal cancer cells is also regulated by CARM1, via direct methylation of B-catenin,
supporting its function in cell growth and survival (Ou et al.,, 2011). Additionally, CARM1
directly methylates malate dehydrogenase 1 and regulates cellular redox homeostasis by
suppressing glutamine metabolism in pancreatic cancer cells (Wang et al., 2016). Recently,
another study showed that CARM1 interacts with NF-kB subunit p65 and increases

methylation of p65 resulting in neural differentiation via NF-kB signalling (Niu et al., 2020).
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PRMT5 is so far the most studied PRMT enzyme regarding signal transduction. PRMT5
promotes proliferation and glycolysis in pancreatic cancer cells by silencing the tumour
suppressor FBW7, resulting in enhanced cMyc levels (Qin et al., 2019). In the same direction,
PRMTS5 directly interacts with Akt causing an increase in its phosphorylation levels, which
promotes proliferation of lung cancer cells (Zhang et al., 2019). Moreover, PRMTS5 activates
PI3K-AKT signalling axis to enhance cell survival and proliferation of lymphoma cells (Zhu et
al.,, 2019). Besides AKT signalling, PRMT5 is shown to be associated with proliferation of
hepatocellular carcinoma cells as a result of downregulating BTG2 expression via ERK
signalling (Jiang et al., 2018). PRMTS5 stimulates Wnt/B-catenin signalling and promotes pro-
survival genes in lymphoma cells (Chung et al., 2019). On the other hand, PRMT5 has been
reported to enhance hypoxia and ischemia-induced apoptosis through p38 MAPK and JNK
signalling pathways in human lung epithelial cells (Lim et al., 2013). The molecular and cellular

functions of PRMT7 are discussed in detail in section 1.3.5.

1.3.4 Protein arginine methyltransferase 7 (PRMT7)

PRMT7 is a unigue member of the protein arginine methyltransferase family, the only
member that displays type Ill enzyme activity, shown in Figure 1.6A, that is it can only
undertake mono-methylation of arginine substrates (Miranda et al., 2004; Zurita-Lopez et al.,
2012). Crucially, analysis of publically available transcriptomics data (Morrow et al., 2017)
revealed it to be the most enhanced PRMT in the lungs of COPD patients compared to healthy
smokers. Recent studies investigating the restrictive activity of PRMT7 to only undertake
mono-methylation, suggested that the active site volume of PRMT7 does not allow it to form
di-methylated products. Crystal structure analysis described that the guanidine binding
pocket of PRMT7 is quite small and narrow while other PRMTs which can form di-methylation
have larger cavities as shown in Figure 1.6B (Caceres et al., 2018). Moreover, PRMT7 differs
from other PRMTs regarding substrate specificity, as it preferentially targets RXR motifs in
arginine and lysine rich regions, accounting for the narrow substrate selectivity of PRMT7

(Feng et al., 2013).
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Figure 1.6 PRMT7 is a type Il enzyme which only monomethylates its substrates. A) PRMT7 adds CH3 group to the N atom
of the arginine using AdoMet and producing AdoHcy. It is referred as type Il enzyme activity. B) The comparison of substrate
arginine in the binding pockets of ratPRMT1 (left) and ToPRMT7 (right). PRMT1 crystal structure shows larger binding site
pocket while PRMT7 has more congested active site. Blue and red colours represent substrate arginine and S-

adenosylhomocysteine, respectively (Caceres et al., 2018; Feng et al., 2013).

PRMT7 is a 692-amino acid protein in humans and mice and is predominantly localized in the
cytoplasm (Herrmann et al., 2009). However, there are studies confirming that PRMT7
shuttles between the cytoplasm and nucleus since it is crucial for histone methylation (Jain
and Clarke, 2019). Structurally, it contains two tandem repeated core domains, as shown in
Figure 1.7, where N-terminal core domain is conserved between other PRMTs and maintains
catalytic activity (Hasegawa et al., 2014). The C-terminal core domain is not evolutionary well
conserved, and is not associated with the catalytic activity of PRMT7 (Hasegawa et al., 2014;

Miranda et al., 2004).

PRMT7 targets histone proteins as well as non-histone proteins for catalysing arginine mono-
methylation (Zurita-Lopez et al., 2012). The best-characterized histone substrates for PRMT7
are histone 3 Arg-2, histone 4 Arg-3/17/19, histone 2B Arg-29/31/33 and histone 2A (Feng et
al., 2013; Szewczyk et al., 2019). PRMT7 regulates the transcriptional expression of various
genes associated with various cellular events including RNA splicing and DNA repair through

histone methylation (Blanc and Richard, 2017). Interestingly, PRMT7 mono-methylation on

N-Terminal core C-Terminal core

PRMT7Y ' | _=——— ma
N-Rossmann C-Rossmann
fold fold

Figure 1.7 Schematic representation of the domain structure of PRMT7. PRMT7 includes two core domains, N-terminal and
C-terminal. Conserved Rosmann fold domains shown in red and B-barrel domains shown in green (Hasegawa et al., 2014).
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specific histones may regulate the activity of other PRMTs. For example; histone 4 Arg-17
mono-methylation by PRMT7 allosterically triggers the activity of PRMT5 on histone 4 Arg-3
suggesting that PRMT7 mono-methylation may interplay with di-methylation (Jain et al.,
2017). Recent studies also demonstrated that PRMT7 not only methylates histones but also
methylates directly non-histone proteins. To date, DVL3 (Bikkavilli et al., 2012), G3BP2
(Bikkavilli and Malbon, 2012), elF2a (Haghandish et al., 2019) and HSP70 (Szewczyk et al.,
2020) have been described as PRMT7 substrates. The specific roles of these substrates and
involvement of PRMT7 in several cellular processes and signalling pathways are explained

detailly in section 1.3.5.

1.3.5 Molecular and cellular functions of PRMT?7

The physiological roles of PRMT7 through the targeting of both histone and non-histone
proteins have been associated with many cellular mechanisms, including regulation of the
transcriptional activity of genes involved in DNA repair (Karkhanis et al., 2012), methylation
of Sm proteins and biogenesis of small nuclear ribonucleoprotein (Gonsalvez et al., 2007b),
maintenance of pluripotent state of undifferentiated embryonic stem cells and germ cells
(Buhr et al., 2008; Chen et al., 2018), regulation of the function and regenerative capacity of
skeletal muscles (Blanc et al., 2016; Jang et al., 2017) and immune cells (Ying et al., 2015).
Additionally, various studies elegantly demonstrated that the function of PRMT7 is critical in
the promotion of breast cancer metastasis (Thomassen et al., 2009; Yao et al., 2014),
mediating cellular stress response pathways (Haghandish et al., 2019), maintaining muscle
oxidative metabolism (Jeong et al., 2016), germinal center formation (Ying et al., 2015), Wnt
signalling (Bikkavilli et al., 2012; Bikkavilliand Malbon, 2012) and cellular differentiation (Dhar
et al., 2012). To date, it is currently implicated to play a role in several diseases including
cancer (Baldwin et al., 2015; Cheng et al., 2018; Geng et al., 2017; Liu et al., 2020; Yao et al.,
2014), obesity (Leem et al., 2019), DNA damage (Auclair and Richard, 2013; Karkhanis et al.,
2012) and short stature, brachdactyly, intellectual development disability, and seizures
(SBIDDS) syndrome (Agolini et al., 2018; Birnbaum et al.,, 2019; Kernohan et al., 2017;

Valenzuela et al., 2019).
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PRMT?7 contributes to the DNA damage response by specifically mono-methylating H2A Arg-
3 (H2AR3) and H4 Arg-3 (H4R3) resulting in reduced transcriptional expression of genes
including ALKBH5, APEX2, POLD1 and POLD2 which play a key role in the DNA repair process.
In the absence of PRMT7 expression, the repression of DNA repair genes is removed and
resistance to DNA damage is enhanced in the cell (Karkhanis et al., 2012). Moreover, the
involvement of PRMT7 in Wnt-B-catenin signalling depends on the methylation of dishevelled
3 (DvI3), a central component in Wnt signalling pathways. Arginine mono-methylation of DvI3
protein by PRMT7 mediates the translocation of DvI3 protein to the cell membrane therefore
regulating Wnt signalling activation (Bikkavilli et al., 2012). PRMT7 has been associated with
stress granule formation, which promotes cell survival in tumours via direct methylation of
the eukaryotic translation initiation factor 2a (elF2a). Methylation of elF2a promotes
phosphorylation, which is required for elF2a-dependent stress granule formation
(Haghandish et al., 2019). Additionally, with the help of PRMT5, PRMT7 prevents HIV-1
accessory protein viral protein R (Vpr) from proteasomal degradation and mediate its
stability. Thus, together with PRMTS5, they promote HIV-1 virus replication in macrophages
via stabilization of Vpr (Murakami et al., 2020). So far, the function of PRMT7 in various
tumour cells is well investigated. There are many studies showing that PRMT7 is
overexpressed in cancer cells behaving as an oncogene and promoting the growth of tumour
cells contributing to the malignancy of tumours (Cheng et al., 2018; Geng et al., 2017). A
recent study implicated PRMT7 in the regulation of the B-catenin/C-MYC axis, by inhibiting
ubiquitination of B-catenin via direct methylation, and that this supported the proliferation
of renal cell carcinomas (Liu et al., 2020). There is also evidence that PRMT7 regulates
epithelium to mesenchymal transition via inhibition of the E-cadherin expression with the
help of histone modifications in breast cancer and promotes metastasis (Yao et al., 2014).
Another critical target of PRMT7 is PGC-1a, which is known as a transcriptional coactivator of
the genes of energy metabolism. It is a master mediator of oxidative muscle metabolism and
mitochondrial biogenesis. PRMT7 induced the expression of PGC-1a through the methylation
of p38 MAPK which activates phosphorylation of ATF2 and recruits p-ATF2 to the promoter
of PGC-1a, inducing its expression (Jeong et al.,, 2016). In keeping, a further study

demonstrated that muscle stem cell self-renewal and regeneration was dependent upon
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PRMT7 activity (Blanc et al., 2016). In this study, it was suggested that PRMT7 is involved in
controlling the expression of DNMT3b and p21, which are responsible for satellite cell
function maintenance and muscle regeneration (Blanc et al., 2016). Last but not least, today,
the function of PRMT7 in immune cells is gaining appreciation. PRMT7 has been found to be
an important player in B cells by controlling germinal center formation and plasma cell
differentiation via the inhibition of Bcl6 gene transcription following H4R3 methylation on its
promoter site. BCL6 is a master regulator of germinal center formation and, when PRMT7 is
deficient, late B cell differentiation is impaired whereas germinal center B cell differentiation

is promoted (Ying et al., 2015).

Considering the above findings, that PRMT7 implements important roles in mammalian cells,
it is still not characterized as much as the other members of the PRMT family regarding its
specific substrates, catalytic activity, inhibition and particularly its involvement in disease
pathogenesis. Earlier studies already demonstrated that several PRMTs are expressed in the
mouse lung suggesting a possible involvement in lung development (Zakrzewicz et al., 2012)
or disease pathogenesis (Yildirim et al., 2006). It was recently demonstrated by our laboratory
that CARML1 is critical in lung injury and repair by regulating cellular senescence, in both
alveolar epithelial type Il cells (Sarker et al., 2015) and the airway epithelium (Sarker et al.,
2019). However, the function of PRMT7 is only well described for cancer progression,
therefore further investigation is needed to fully comprehend the link between PRMT7 and
its potential pathogenic role in chronic disease, particularly inflammatory lung diseases such

as COPD.
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1.4 Aim of the study

COPD is defined as a chronic obstructive pulmonary disorder and is characterized by alveolar
destruction and tissue damage known as emphysema, resulting in airflow obstruction and
progressive reduction in lung function. COPD is the third leading cause of death worldwide
and currently has no curative therapies. Substantial evidence demonstrates that
inflammatory processes play a central role in the development of emphysema and the
pathogenesis of COPD. Even though cigarette smoke is so far identified to be the major cause
of COPD, only 20% of smokers develop the disease implying that there are other factors
involved affecting the development such as genetics, gender, age, infections and crucially
epigenetics. This complexity, and the need for new therapeutic strategies to impair and
reverse disease progression, dictates further investigation that is required to identify the
main protagonists and develop target-oriented strategies for novel therapies. This study
aimed at identifying the intrinsic factors underlying cigarette smoke induced COPD
pathogenesis and elucidating the precise molecular mechanisms driving progression of the
disease in COPD patients. By analysing already existing gene set enrichment analysis (GSEA)
data between smokers and COPD patients, protein arginine methyltransferase 7 (PRMT7) has

been suggested to be involved in the pathogenesis of COPD.

Therefore, more specifically, the aims of the project are:

To identify in which cells PRMT7 is predominantly expressed in the lungs of COPD
patients and how it contributes to inflammation process in disease pathogenesis

= To investigate the upstream regulation of PRMT7 in inflammatory conditions

= To elucidate the role of PRMT7 in animal models of COPD

= Tocomprehend the involvement of PRMT7 and its function in additional inflammatory

disease models

In the light of the aims, this study has demonstrated that the epigenetic regulation of RAP1A
via PRMT7 mediated histone methylation controls monocyte transendothelial migration and

subsequent inflammation and disease development. These findings could help establishing
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novel therapeutic options to prevent disease development where chronic inflammation is an

underlying cause like in COPD.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Mice

C57BL/6N-TyrcBrd prmt7tm1alfUCOMMWIs /\\/tsiCnbc mice were purchased from The Wellcome
Trust Sanger Institute, Cambridge, UK. Heterozygous, Prmt7*/-, mice carrying a single copy of
the insertion were mated with wild-type (WT) mice to maintain the production of new
generation of mice. 8 to 10 week old Prmt7*- mice and their wild-type littermate controls
were used in all experiments. The gender of mice used in the experiments were female and
male according to experiment type. Moreover, conditional knockout mice of Prmt7 in
myeloid cell lineage, Lyz2-Cre Prmt7fo/flox, were also used in some part of this study to
understand the role of Prmt7 in distinct cell types. Targeting procedure of transgenic mice

was demonstrated in Figure 2.1.

T 2 3 4 5
WT allele |_| |_| H H ﬂ

L L L L L

5.6 kb inserted casette
|
Condition ready- 1 2 FRT FRT  loxP 4 5
Prmt7 mice H ' ' \
| 7
|_| ./'/.

219 bp

Flippase 1 FRT loxP 3 |‘_J"P 4 5

2
Recombined Mice |_| N [N
L ’ 4 ‘ | 4 ’

Figure 2.1 Targetting strategy of the Prmt7 allele. Schematic representative picture of genetically modified alleles applied
in this study.

All mice were bred on C57BL/6 genetic background and maintained under specific pathogen-
free facility. They were kept under specific conditions with a constant temperature and
humidity with a 12-hour light cycle in accordance with Helmholtz Zentrum Muenchen

institutional, state and federal guidelines.
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2.1.2 Reagents and chemicals

Table 2.1: Solutions, reagents and chemicals used in the study

Product

Absolute ethanol

Agar

0.25% Trypsin-EDTA solution
87% Glycerol

0.4% (w/v) Trypan Blue

Acrylamide: N,N-Methylene—Bisacrylamide 40%

(29:1)

Ammoniumsulfate(APS)

Antibody diluent

Amersham ECL Prime
B-Mercaptoethanol

Bovine serum albumin (BSA)
Collagen G from bovine calf skin
Pierce Protein A Agarose beads
Protein A and Protein G magnetic beads
Glycine

HIER Citrate Buffer, pH 6

EDTA Buffer, pH 9

Hematoxylin

Entellan

Hydrogen peroxide (H,03)

4x Laemmli sample buffer
Complete® Mini without EDTA (Protease-
inhibitor)

DAPI (4', 6-diamino-2-phenylindole)
DNase/RNase free water

MgCl; (25mM)

Blot Stripping Buffer

Distilled water

dNTP Mix 10mM 1000yl

Methanol

Fetal Bovine Serum (FBS)

T-PER lysis buffer

Fluorescent Mounting Medium
Isopropanol

MuLV Reverse Transcriptase 5000U (Reverse
Transcriptase)

Phosphatase Inhibitor (Vanadate)
PCR Buffer Il + MgCl,

Non-fat dried milk powder
Paraformaldehyde (PFA)
Penicillin-Streptomycin (100 U/ml)
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Company

Sigma-Aldrich
AppliChem
Sigma-Aldrich
AppliChem

Thermo Fisher Scientific
Carl Roth

ZYTOMED Systems
ZYTOMED Systems
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck Millipore
Thermo Fisher
Thermo Fisher 10003A/D
Carl Roth
ZYTOMED Systems
Roche Diagnostics
Sigma-Aldrich
Merck Millipore
Sigma-Aldrich
Bio-Rad

Roche Diagnostics

Sigma-Aldrich
Promega

Life Technologies
Thermo Fisher
ZYTOMED Systems
Carl Roth

Merck Millipore
Bio and Sell
Thermo Fisher
Dako

Carl Roth

Carl Roth

Life Technologies

New England Biolabs
AppliChem

AppliChem

Gibco, Life Technologies
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Dakopen

Protein Standards

Dimethyl sulfoxide (DMSO)

PBS

Temed

Random Hexamers 50uM

SensiFAST syber green

SDS

Rodent block M

Tween 20

Xylol

RNase Inhibitor 20 U/ul, 2000U
Non-essential amino acids (NEA)
Polyvinylidene difluoride (PVDF) membrane
Rabbit on rodent Alkaline phosphatase (AP)-
Polymer

Formaldehyde

3R4F research cigarette

Sodium chloride (NaCl)

PowerUp SYBR Green Master Mix-50 mL
Tris

Vulcan fast red (VFR)

Xylene

Nonident P40

Xfect™ Transfection Reagent

Bleomycin

Roti-Quick

2.1.3 Buffers and stock solutions

Table 2.2: Composition of buffers and stock solutions

Buffer Name
FACS-MACS

2% Agar
Fixative solution

Paraformaldehyde (PFA) 4%
10x PBS

1.8% of H,0; solution

Laemmli sample buffer 1x

Dako

Bio-Rad

Carl Roth

Life Technologies
Bio-Rad

Thermo Fisher Scientific
Bioline
AppliChem
Biocare Medical
Sigma-Aldrich
Sigma-Aldrich
Bela-pharm
Biochrom
Bio-Rad

Biocare Medical

Thermo Fisher Scientific
Lexington,KY,USA
Braun

Thermo Fisher Scientific
Carl Roth

Biocare Medical

Carl Roth

Sigma-Aldrich

Clontech

Sigma-Aldrich

Carl Roth

Composition

0.5% FBS and 2mM EDTA in PBS

2g of Agar, 100 ml of Tap water

Formaldehyde- 2% and Glutaraldehyde- 0.2% in
PBS

4g of PFA and 100 ml of PBS

25.6 g -NazHPO4

2g- KH,PO,

80g- NaCl

2g- KCl

900ml- dH,0

30% H,0; in 6 ml, dH,0 in 14 ml, Methanol of 80
ml

10 pl of B-mercaptoethanol and 90ul of 4X
Laemmli buffer
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Paraformaldehyde (PFA) 6%
PBS-T / Washing Buffer

Running buffer

RT buffer mix for gPCR
RIPA lysis buffer

Transfer/blotting buffer

Ponceau S solution
TBS buffer 1x
Vulcan fast red
Saponin buffer

SDS PAGE buffer

Ketamine- xylazine solution
TE wash buffer
Elution buffer

2.1.4 Consumables

Table 2.3: Consumables

Product Name

1.5 ml, 2 ml ependorf tubes

15 ml, 50 ml falcons

Cell culture plates

96-well imaging plates, Falcon®
White 96-well microplates

Cell culture dishes

Cell scraper

Combitips advanced®
Cryovials 1.5 ml

70 um Nylon filters

3 mm of Filter paper Whatman
Gloves

FACS tubes

Trucount tubes for FACS
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6g of PFA and 100ml of PBS
1x PBS
1% Tween

15.1g of Tris, 50 ml of 10% SDS, 94g of Glycine,

900 ml of dH,0

dNTPs, Random octamers, and oligo dT-16
NaCl 150 mM

Tris pH7,2 10 mM

SDS 0.1%

Triton x100 1%

Deoxycholate 1%

EDTA5mM

150mM Glycine

20mM Tris

20% Methanol

0.1% of Ponceau S, 5% of acetic acid
20X TBS- 50 ml, dH,0-950 ml

2.5 ml of VFR buffer and 1 drop of VFR
PBS

1 % BSA

0.5% Saponin

25 mM Tris

250mM glycine

0.1% SDS

Ketamine-14%, Xylazine-3% and NaCl-83%
10 mM Tris-HCI, 1 mM EDTA, pH 8.0
1% SDS and 0.1 M NaHCOs;

Supplier

Eppendorf

Falcon

Greiner Bio-One, Cellstar
Corning, Thermo Fisher Scientific
Berthold Technologies

Corning, Thermo Fisher Scientific
Corning, Thermo Fisher Scientific
Eppendorf

Greiner Bio- One

BD Bioscience

Bio-Rad

Kimtech Sterling Nitrile Gloves
BD Bioscience

BD Bioscience
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Disposable pipetting reservoirs

Glas Pasteur pipettes

Sterile Measuring pipettes

Microscope slides

PVDF membrane

LS columns

C tubes

96-well PCR plates

Sealing foils for PCR plates

Tips

30uM and 70uM filters

Transwells 24 well inserts with 5um pore size
Syringes and needles

Cell culture flasks 25

100um, 20pum and 10 um nylon meshes

2.1.5 Antibodies

Table 2.4: Primary antibodies used for western blotting

Antibody name Host
PRMT7 (NBP2-26135) Goat
PRMT7 (sc-98882) Rabbit
Mono-Methyl Arginine[mme- Rabbit
R](8015)
ICAM-1 (1A29) Mouse
VCAM-1 (ab134047) Rabbit
T1-alpha (AF3244) Goat
H3R2mel (NB21-1001) Rabbit
B actin (A3854) HRP-
conjugated
H3 (ab1791) Rabbit
P-p44/42 MAPK (T202- Rabbit
Y204)(4370S)
P-p38 MAPK (4631S) Rabbit
H4R3mel (NB21-2011) Rabbit
H4R3me2 (ab5823) Rabbit
H3R2me2 (04-808) Rabbit
RAP1A/B (ab187659) Rabbit
P44/42 MAPK (4695S)(Erk1/2) = rabbit
P38 MAPK (8690S) Rabbit
H3R2mel (ab15584) Rabbit

Greiner Bio-One

VWR International
VWR International
Thermo Fisher Scientific
Merck Millipore
Miltenyi Biotec

Miltenyi Biotec

Bio-Rad

Lager

Eppendorf

Miltenyi Biotec
Corning, Thermo Fisher Scientific

B.Braun

Greiner Bio-One

Sefar
Dilution Company
1:1000 Novus Biologicals, Bio-Techne
1:400 Santa Cruz Biotechnology
1:1000 Cell signalling Technology
1:250 Thermo Fisher Scientific
1:10000 Abcam
1:1000 R&D Systems
1:500 Novus Biologicals, Bio-Techne
1:40000 Sigma-Aldrich
1:1000 Abcam
1:2000 Cell signalling Technology
1:1000 Cell signalling Technology
1:1000 Novus Biologicals, Bio-Techne
1:1000 Abcam
1:500 Merck Milipore
1:10000 Abcam
1:1000 Cell signalling Technology
1:1000 Cell signalling Technology
1:500 Abcam
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Table 2.5: Secondary antibodies used for western blotting

Antibody Name Host Dilution Company
Anti-rabbit I1gG (7074S) HRP-conjugated  1:3000 Cell signalling Technology
Anti-goat I1gG (sc2768) HRP-conjugated = 1:4000 @ Santa Cruz

Anti-mouse 1gG (NA931VS) HRP-conjugated  1:3000 Amersham,GE healthcare Life Sciences

Table 2.6: Antibodies for flow cytometry analysis

Antibody Name Host Dilution Company

Anti CD16/CD32 mouse 1:100 eBioscience, ThermoFisher
Anti-CD45-Viogreen mouse 1:10 Miltenyi Biotec
Anti-Ly6G-Vioblue mouse 1:10 Miltenyi Biotec
Anti-MHCII-FITC mouse 1:10 Miltenyi Biotec
Anti-F480-PerCP-Vio700 mouse 1:10 Miltenyi Biotec
Anti-CD11b-PE mouse 1:10 Miltenyi Biotec
Anti-CD11c-APC mouse 1:10 Miltenyi Biotec
Anti-CD11a-Amcyan mouse 1:10 Miltenyi Biotec
Anti-CD49d-PE-CYP7 mouse 1:10 Miltenyi Biotec
Anti-CD80-PE mouse 1:10 Miltenyi Biotec
Anti-CD86-APC-Vio 770  mouse 1:10 Miltenyi Biotec
Anti-lgG-FITC mouse 1:100 eBioscience,ThermoFisher
Anti-CD19-APC mouse 1:10 Miltenyi Biotec
Anti-MHCII-Percp-CY5 mouse 1:10 Miltenyi Biotec
Anti-CD80-PE mouse 1:10 Miltenyi Biotec
Anti-CD69-Amcyan mouse 1:10 Miltenyi Biotec
Anti-CD3e-APC-CY7 mouse 1:10 Miltenyi Biotec
Anti-CD22-PE-CY7 mouse 1:10 Miltenyi Biotec
Anti-GL7-Pacific Blue mouse 1:100 eBioscience, ThermoFisher
Anti-CCR2-PE mouse 1:100 eBioscience, ThermoFisher
Anti-Siglec-F mouse 1:10 Miltenyi Biotec

Anti-CD31 mouse 1:10 Miltenyi Biotec

Table 2.7: Primary antibodies used for immunofluorescence and immunohistochemistry staining

Antibody Name Host Dilution Company
Anti-galectin (sc-20157) Rabbit 1:100 Santa Cruz
Anti-Prmt7 (sc-98882) Rabbit 1:50 Santa Cruz
Anti-CC10 (sc-365992) Mouse 1:200 Santa Cruz
Anti-Pro SPC (AB3786) Rabbit 1:50 Merck Milipore

Table 2.8: Secondary antibodies for immunofluorescence staining

Antibody Name Host Dilution =~ Company

DAPI Rabbit 1:2000 Sigma-Aldrich
Anti- rabbit with AlexaFluor 488 Goat 1:250 Life Technologies
conjugate
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Anti- mouse with AlexaFluor 555 Rabbit 1:250 Life Technologies
conjugate

Anti-goat 1gG Alexa Fluor 568 Rabbit 1:250 Life Technologies
conjugate

Alkaline phosphatase-conjugated - - Biocare Medical
Anti-mouse with Alexa Fluor 488 Goat 1:250 Life Technologies
Anti-rabbit with Alexa Fluor 555 Goat 1:250 Life Technologies

Table 2.9: Antibodies for immunoprecipitation and CHIP

Anti-mono-methylated arginine Rabbit dug Cell signalling Technology
antibody-(8015)
Anti-PRMT7-(NBP2-19939) Rabbit Sug Novus Biologicals, Bio-Techne

2.1.6 Commercially available Kits

Table 2.10: List of commercial kits

Mouse Monocyte isolation kit (BM) Miltenyi Biotec
OneStep RT-PCR Kit Qiagen

Human monocyte isolation kit Miltenyi Biotec

DNeasy Blood and Tissue kit Qiagen

PeqGOLD Total RNA kit PEQLAB Biotechnology
Vulcan fast red chromogen kit ZYTOMED Systems
PowerUp SYBR Green Master Mix-50 mL Thermo Fisher Scientific
Lung dissociation kit Miltenyi Biotec

ELISA kit EBioscience, ThermoFisher Scientific
Pierce BCA Protein Assay kit Thermo Fisher Scientific
PCR purification kit Qiagen

2.1.7 Enzymes

Table 2.11: Enzymes

Proteinase K Roche

DNAse 1 Peglab

Dispase BD Bioscience

MuLV Reverse transcriptase Applied Biosystems, Thermofisher Tech
Porcine pancreatic elastase (PPE) Sigma-Aldrich
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2.1.8 Cytokines and inhibitors

Table 2.12: Cytokines and inhibitors used in cell culture

CCL2 PeproTech and R&D System
PMA Calbiochem

LPS- (E. coli O55:B5) Sigma-Aldrich

CSE In-house production
Murine recombinant M-CSF ImmunoTools
TNF-a PeproTech
BAY11-7082 (B5556) Sigma-Aldrich
JSH23-(J4455) Sigma-Aldrich
SGC3027 (HY-112445-1) Hycultec GmbH
GGTI 298 trifluoroacetate salt hydrate (G5169)  Sigma-Aldrich
Murine recombinant GM-CSF ImmunoTools

IL-4 ImmunoTools

IFNy ImmunoTools

2.1.9 Cell lines and cell culture

Table 2.13: List of cell lines

SVEC4-10 endothelial cells ATCC CRL-2181
MHS macrophage cells CRL-2019, ATCC
MHS Prmt7™" cells In-house production
MLE12 ATII cells CRL-2110, ATCC

Table 2.14: Cell culture components and mediums

Dulbecco's Modified Eagle Medium (DMEM) Gibco, Life Technologies
RPMI medium Biochrom

Non-essential amino acids (NEAA) 100x Thermo Fisher Scientific
HEPES pH 7.4 (1M) Thermo Fisher Scientific
L-Glutamine 200mM Thermo Fisher Scientific
Penicillin-streptomycin (10,000 U/ml) Thermo Fisher Scientific
Sodium pyruvate (100mM) Lonza
B-mercaptoethanol Sigma-Aldrich

Fetal bovine serum (FBS) Gibco, Life Technologies
DMEM/ F12 (1:1) Gibco, Life Technologies
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2.1.10 Transfection reagents

Table 2.15: siRNA and transfection reagents

Reagent Company
HiPerFect Transfection Reagent Qiagen
Prmt7-specific siRNA Qiagen
Xfect™ Transfection Reagent Clontech
pX335.guide RNA A Clontech
pX335.guide RNA B Clontech
pARv-RFP Clontech
AllStars negative control siRNA Qiagen

2.1.11 Oligodeoxynucleotides/primers for mouse and human

Primer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design

primers.

Table 2.16: Sequences of primers for mouse genes

Target gene Sequence 5-3°
Prmt7 TACTGC AGG GGCTGACTTCT
TCA CCT CAG TGG AGT GCT TG
Itgam GTT TGT TGA AGG CATTTC CC
ATTCGG TGATCCCTTGGATT
Itgal CCAGACTTTTGCTACTGG GAC
GCT TGT TCG GCA GTG ATA GAG
Cer2 ATC CACGGCATACTATCAACATC
TCG TAG TCATAC GGT GTG GTG
Mmp23 AGG GAA ATG TAG ATG CGC CAA
CGG GTT ACC GACATG GTC AAC
Prkcb AAC GTG ACGAACTCATGGC
CACTGCACCGACTTCATCTG
Plcg2 CTC CAT GAT GTC CAG GAA GC
GAG CGG AGG ACA GTA CAG ATG
Timp3 CAA CTC CGA CAT CGT GAT CC
CAC GTG GGG CAT CTT ACT GA
Acta2 GTT CAG TGG TGC CTC TGT CA
ACT GGG ACG ACATGG AAA AG
Prkca AAC GAACTCATG GCACCTCT
CACTGCACCGACTTCATCTG
Prkcd TCA TGG AGA AGCTATTCG AGA G
GTT GCT GTAGTC TGA AGG GGA T
Vecam-1 CAATGG GGT TGG AAT G
CACCTGGGTTITTCCA
lcam-1 ACCCAACTGGTGTTT G
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Tnfa

IL6

IL1b

IL10

Hprt1

Prmt1
Carm1
Prmt5

Inos

Fizz1

Argl
1112p35
Cd86

Rapla
Raplb
Gapdh-CHIP
Rapla (1)-CHIP
Rapla (2)-CHIP
Acta2

Ccl2

Cxcl1

Cxcl12

Itga4
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CACACT CTCCACGAAT
TGCCTCAGCCTCTTCTCATT
CCCATTTGG GAACTTCTCCT

GTT CTC TGG GAA ATC GTG GA
TGT ACT CCA GGT AGC TAT GG
AGT TGA CGG ACC CCA AAA GAT
GGA CAG CCCAGGTCAAAGG
CCA AGCCTT ATC GGA AAT CA
TCACTCTTCACCTGCTCC

CCT AAG ATGAGCGCAAGTTGAA
CCA CAG GACTAG AACACCTGCTAA
CGA ACT GCATCATGG AGA AT
AGC GTT GGG CTT CTC CACTAC
GTG GGCAGA CAG TCCTTCAT
GTCCGCTCACTG AACACAGA
TGA CCAACCACATCCACACT
GTG TGT AGT CGG GGCATT CT
CGG CAAACATGACTTCAGGC
GCA CAT CAA AGC GGC CAT AG
TGC CAATCCAGCTAACTATCCC
ACG AGT AAG CACAGG CAGTT
GGA ACC CAG AGA GAG CATGA
TTTTTC CAG CAG ACCAGCTT

ACT AGA GAG ACTTCT TCCACAACAAGAG
GCA CAG GGT CAT CAT CAAAGAC
CTG GACTCT ACG ACTTCA CAATG
AGT TGG CGA TCACTG ACA GTT
ATG CGT GAG TAC AAG CTA GTA GT
AAT CTACCT CGACTT GCTTTC TG
GCT CGT CGT GCT TGG ATC AG
ATT GCT CCGTTCCTG CAG TGT
CTCTGCTCCTCCCTGTTCC

TCC CTA GAC CCG TAC AGT GC
AAA GTT CCG GTG CAG AGA CA
ACCGTG CTAGGACTT GTT GC
GGT GGT TAA GGC CAA CAT TGA
ACT AACAGCTGT CCCATG GTT G
TCC CTG GAG AAG AGC TACGAACT
GAT GCC CGC TGA CTC CAT
CTTCTG GGCCTGCTGTTCA
CCAGCCTACTCATTG GGATCA
GCT GGG ATT CAC CTC AAG AA
TCT CCG TTA CTT GGG GAC AC
TGC ATC AGT GAC GGT AAA CCA
TTCTTC AGC CGT GCA ACA ATC
TCC AAA CCA GACCTG CGAAC
TGT GCC CAC AAG TCA CGA TAG
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Mmp13

CTT TGG CTT AGA GGT GACTGG

AGG CACTCCACATCTTGG TTT

Timp3

CAA CTC CGA CAT CGT GAT CC

CAC GTG GGG CAT CTT ACT GA

Table 2.17: Sequences of primers for human genes

Target gene

PRMT1
PRMT7
CARM1
PRMT5
CcCL2
TNFo
IL-8
IL-6
CXCL1

HPRT1

Sequence 5°-3°

GCT GAG GACATG ACATCC AA

GAA GAG GTG CCG GTT ATG AA
GCT GCT GTG AAG ATT GTG GA

CCG ATCAGC TCT GTG TCA AA

ACA GCG TCCTCA ATCCAGTTC

GCT GGG ACA GGT AGG CAT AA
GGC CAT CACTCTTCCATGTT
CCACATCCACGTTTTCTCCT

TTC CCCTAG CTT TCC CCA GA

TCC CAG GGG TAG AAC TGT GG
GCCTCTTCT CCTTCCTGATCG
AGCTTG AGG GTT TGCTACAACA
GCA GAG CACACA AGCTTCTAG GA
CCA GCT TGG AAG TCA TGT TTA CAC
CCT GAA CCT TCC AAA GAT GGC

TTC ACC AGG CAAGTCTCCTCA

CTT CCT CCT CCCTTCTGG TC

CCA AAC CGA AGT CAT AGCCA

AGG AAAGCAAAGTCTGCATTIGTT
GGT GGA GAT GAT CTC TCAACTTTAA

2.1.12 Laboratory Instruments and softwares

Table 2.18: Laboratory equipments

Laboratory equipments/Devices

Agarose gel chambers
Balances-Precisa XT 6200C-FR
Racks for 1.5 ml tubes

Cell freezing container
Chamber for SDS PAGE

CO2 incubator- MCO-18AC

Microscope
Microwave

pH meter

Pipetboy
Spectrophotometer

Vacuum pump

Supplier

Peqlab

Pesa Waagen AG
Stratagene

CoolCell (Biocision)
Bio-Rad

SANYO Component Europe

Carl Zeiss Microscopy

SHARP

pH-Meter inoLab pH 720 (W TW)
INTEGRA Biosciences
NanoDropTM 1000
(ThermoFisher Scientific)
BVC basic, Vacuumbrand

Spectrophotometer
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Vortex

GentleMACS Dissociator

Sub Aqua Pro Waterbath
Centrifuge 5430

Centrifuge Galaxy 16 DH

Cool centrifuge, Mikro 220R

Cool centrifuge, Rotina 35R

FACS Canto Il flow cytometer
Heat block HBT 130

Heat block thermomixer compact
Haemocytometer Neubauer
Magnetic Steerer IKAMAG REO
Microtome Hyrax m55

Multiplate Reader Infinite 200 Pro

PCR Master cycler (Nexus Eco, Nexus Gradient)

Pipettes

gRT-PCR Thermocycler StepOne™
Scanner Mirax Desk

Voltage device

Vortexer, Vortex Genie 2

Tissue processor TP 1020

Axio Observer.Z1 microscope
Electronic stirrer

Embedding apparatus Histostar
FlexiVent system

Heating-blocks

Rotary microtome Hyrax M55
Shandon Cytospin 2 centrifuge
Thermal Cycler PTC 200
Thermomixer

-80°C freezer U725

-20°C freezer Mediline LGex 410
Decloaking chamber

Autoclave

Corning LSE™ Mini Microcentrifuge, 120V
Gel imagine system ChemiDoc XRS+
Liquid nitrogen cell tank BioSafe 420SC
Roll mixer

Micro GC Gas Analyzer

Forced pulmonary maneuver system

Axioimager with an M2 microscope
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Miltenyi Biotec
Grant

Eppendorf AG
VWR International
Andreas Hettich
Andreas Hettich
BD Biosciences

DITABIS, Digital Biomedical Imaging Systems AG

Eppendorf AG

Karl Knecht Assistent
IKA Werke

Carl Zeiss Microscopy
Tecan Trading AG
Eppendorf AG
Eppendorf AG
Applied Biosystems
Carl Zeiss Microscopy
Bio-Rad Laboratories
Scientific Industries
Leica

Carl Zeiss Microscopy
IKA

Thermo Scientific
SCIREQ Inc

Haep Labor Consult
Carl Zeiss Microscopy
Thermo Scientific
Bio-Rad

Eppendorf AG

Innova, Vacuum insulation Panel Tech

Liebherr, GNP
Biocare Medical
WTC, binder
Corning

Bio-Rad
Cryotherm

VWR International
Infinicon

Buxco Research Company,

International
Zeiss
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Table 2.19: Softwares

Product

BD FACSDIVA

FlowJo Software, Version 9.6.4

GraphPad Prism-6

Light Cycler 480 software release 1.5.1
Image Lab Software, Version 5.2.1
Magelan Software

ZEN 2010-Digital Imaging for Lightmicroscopy
Software

Axiovision 4.8 software

Computer Assisted Stereological Toolbox(
newCAST) software

FlexiVent system

ImagelLab 5.0 software

StepOnePlus 96 well Real-Time PCR System
Max Quant software package

InCroMAP software

Company

BD Biosciences
TreeStart Inc
GraphPad Software
Roche Diagnostics
Bio-Rad

Tecan

Zeiss

Zeiss
Visiopharm

SCIREQ Inc
Bio-Rad

Applied Biosystems
University of Minnesota,USA
University of Tibingen, Germany

Version 1.7.0

2.2 Methods

2.2.1 Invivo animal experiments

2.2.1.1 Cigarette smoke (CS) exposure
8 to 10 weeks old C57BL/6N and Prmt7*- mice were whole body subjected to active 100%
mainstream of 500 mg/m? cigarette smoke (CS) to be close to human smoking. 3R4F research
cigarettes without filters were utilized for CS from Tobacco Research Institute in Lexington. A
membrane pump was used to distribute the cigarette smoke into smoking chamber where
mice were put. The time of exposure to CS was for 50 mins, two times in a day for either 3
following days or 4 months as an acute and chronic cigarette smoke mouse models
respectively. Total particulate matter (TPM) concentration levels was measured using a
quartz fibre filter from the air in the chamber. Gravimetric analysis of the quartz fiber filters
demonstrates the TPM mass concentration as a result of total air volume measurements
before and after sampling air from the chamber. Another important criterion is the

concentrations of CO in the chamber and it was kept steady in each exposure with the help
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of GCO 100 CO Meter from Greisinger Electronic. Control mice were exposed to filtered air
(FA) instead of CS. After 3 days and 4 months, mice were sacrificed and analysed next day for

several experimental purposes.

2.2.1.2 Elastase application

As an another COPD animal model, emphysema was generated in WT and Prmt7*- mice by
one-time application of porcine pancreatic elastase (PPE) via oropharyngeal manner. 80ul of
PPE was given calculated as 40U per kg to each mouse as previously described (Yildirim et al.,
2010). Control mice obtained 80 pl of sterile PBS instead of PPE in the same manner. Mice
were analyzed 24h or 28 days following instillation as an acute model and chronic model

respectively.

2.2.1.3 Bleomycin treatment
As a fibrosis animal model, lung fibrosis was generated in WT and Lyz2-Cre Prmt71o¥/flox mice
by instillation of a single dose of bleomycin. The volume given to mice was same as elastase.
80ul of bleomycin was given calculated as 2U per kg to each mouse. Control mice obtained
80 pl of sterile PBS instead of bleomycin. Treated mice were sacrificed and analyzed 14 days

after instillation.

2.2.1.4 Skin-injury model

0.5 mm silicone plaque was utilized for preparation of splinting rings having 12 mm of outer
diameter and 6 mm of inner diameter. Firstly, the splints were washed using detergent
followed by rinsing with distilled water and 70% of ethanol was used to sterilize during 30
minutes followed by drying under the hood. The splints were stored in a sterile box for further
usage.

To anesthetize 100 pl of MMF was given to each mouse and dorsal hair is cut by the machine.
Then, biopsy punch with a 5 mm diameter is used to generate two full-thickness excisional
wounds. One face of a splint with glue was kept around the wound region. The splint is fixed
with 6 sutures of 6.0 nylon and Tegaderm transparent dressing (3M) is applied into the wound

region. At the end of the surgery, mice were woken up with injecting MMF antagonist and

46



MATERIALS AND METHODS

Metamizol was given to the mice as postoperative analgesia in a ratio of 500mg Metamizol
in 250ml drinking water. On day 3 post-wounding, mice are sacrificed by cervical dislocation.
The full-thickness wound tissues are harvested by cutting 2 mm away from the wound edge.
The adjacent normal full-thickness skin is harvested with biopsy punch, which serves as
control. The harvested wound and skin tissues are fixed in 2% paraformaldehyde (PFA) for

further analysis.

2.2.1.5 Orthotopic lung transplantation
Left lungs from wild-type mice were orthotopically transplanted into wild-type or Prmt7+/
recipients as previously described (Smirnova et al., 2019). These are syngeneic transplants,
that macroscopically and histologically appear normal (Smirnova et al., 2019), however they
were left for 3 weeks to recover from surgery before being exposed to a single dose of PPE
calculated as 40U per kg to each mouse oropharyngeally, described as in section 2.2.1.2, and

analyzed 28 days later.

2.2.2 Lung function measurements

To measure lung function in mice, firstly mice were put into sleep using ketamine-xylazine
mixture as an anesthetic reagent. The working solution was combined with 3% xylazine, 14%
Ketamine and 83% NaCl. This solution was applied into mice intraperitoneally at a dosage of
100ul per 10g of mice. The volume is proportional to body weight. When the mice are calm,
18-gauge cannula was used for tracheostomy and mice were connected to the flexiVent
system (Scireq, Montréal, Canada). Lung parameters were measured with the help of a
flexiVent software and results were analysed for pulmonary function. During lung function
measurements, mice were mechanically insufflated at a frequency of 150 breaths per minute
with a tidal volume of 10ml per kg of mice to mimic spontaneous breathing. The lung
parameters that measured during flexiVent system were the diffusion capacity for carbon
monoxide (DFCO), Total Lung Capacity (TLC), Forced Expiratory Volume (FEV), Forced vital
capacity (FVC), the ratio of FEV1/FVC which is called tiffeneau-index, Dynamic compliance,
Functional Residual Capacity (FRC) as well as tissue elastance. These parameters were

guantified during the analysis with the flexiVent system as decribed before (Bonnardel et al.,
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2019). Respiratory function of mice was detailly examined with a forced pulmonary maneuver
system from Buxco Research Company together with FinePointe Software (version 6, Data
Sciences International) (Vanoirbeek et al., 2010). Measurements were repeated at least 3

times per animal and the mean value was taken into account.

2.2.3 Single cell RNA-sequencing

As a first step of this experiment, murine lung lobes were taken, minced, and digested with
enzymatic mixture. The enyzmes used in this mixture were dispase (50 caseinolytic U/ml),
collagenase (2 mg/ml), elastase (1 mg/ml), and DNase (30 pug/ml). The lungs were digested in
this enzymatic mixture for 30 minutes at 37°C. Upcoming mixture was filtered using a strainer
with 70 um to obtain single cells. Next step was to centrifugate for 5 minutes at 300 x g and
the pellet was dissolved in 1 ml of PBS with 10% FBS. The cells were counted and separated

in PBS containing 0.04% BSA in a way that there was around 100 cells per each pl.

Next step was to perform Dropseq experiments as decribed in (Macosko et al., 2015). First of
all, single cells as previously generated in aliquots were enveloped in droplets with beads
which were barcoded at rates of 4000ul per hour. Droplets were broken using
perfluorooctanol after collecting droplet emulsions around 20 minutes. To reverse transcribe
MRNA transcripts, beads were collected and exonuclease | was added to get rid of unused
primers. The procedure was followed by washing the beads and counting them. 2000 beads
per each reaction were separated for pre-amplification step with 12 PCR cycles. As a result,
pre-amplified cDNA with a concentration of 1ng was tagmented with Nextera XT from
Illumina. For this step, P5 primer was used as well. As a last step, sequencing was performed

on single cell libraries using the lllumina HiSeq4000 with 0.2nM sample.

Analysis of single cell seq data was done using the Drop-seq core computational pipeline
following sequencing the generation of count matrices. The evaluation of next generation
sequencing reads was performed according to the protocol described as (Macosko et al.,

2015) in a collaboration with Herbert Schiller’s lab group.
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2.2.4 Bronchoalveolar lavage (BAL) harvesting and quantification

In our study, BAL fluid was collected to define the numbers of neutrophils, macrophages and
lymphocytes. For this purpose, after intubation of mice via tracheostomy, the lungs were
flushed with sterile PBS containing protease inhibitor cocktail from Roche, 3 times with 500pl
and fluid was collected into eppendorf tubes. BAL fluid was centrifuged at 400 x g to obtain
the cells and the pellet was dissolved in 500ul of medium with 10% FBS. In our case the
medium was RPMI-1640. Afterwards, the cell numbers were defined using a
haemocytometer in a same principle as decribed in (Absher, 1973). The next step was to apply
cytospin using 30.000 of cells. The volume containing 30.000 cells was replaced into
cytofunnel and it was centrifuged for 6 minutes at a rate of 400 rpm. To be able to count
different cell types, cell counts were done based on morphology following May-Griinwald-
Giemsa staining. Briefly, cells already undergone cytospin were exposed to May Gruenwald’s
eosin-methylene blue solution, where blue defines nucleus and pink defines cytoplasm, for
10 mins period. Staining was followed by washing step to get rid of excess dye for 2 mins with
tap water. To differentiate the cellular structures better in each cell type, the slides were
stained with Giemsa solution for 15 minutes followed by washing step for 2 mins. Moreover,
BAL fluid without cells was kept to measure cytokine secretion, in our case it was CCL2 and

CXCL1 concentration measurement using a ELISA kit (eBioscience, ThermoFisher Scientific).

2.2.5 Mouse lung processing

During dissection of mice lung lobes were collected depending on the purpose of the
experiment. In this study, two lung lobes in the right side were collected and snap frozen with
liquid nitrogen in order to isolate protein and RNA from these lungs. After homogenization,
total RNA and total protein were isolated using peqGOLD Total RNA Kit and protein isolation
protocol described in section 2.2.22, respectively. For analysis of macrophage infiltration by
flow cytometry, single-cell suspensions of the other right lung lobes were harvested and
digested enzymatically in MACS buffer with the help of lung dissociation kit from Miltenyl

using a gentleMACS dissociator machine.
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After collecting all right lung lobes for RNA, protein as well as FACS analysis, the left lung was
reserved for histological analysis. Therefore, the first step was fixation of the lungs via
instillation of 6% of paraformaldehyde intratracheally for around 10 mins at a constant
pressure not to harm the tissue. This step was followed by the incubation of left lungs in a
falcon filled with paraformaldehyde, PFA, at 4°C for 24 hours. Next day, the PFA solution was

replaced by PBS and the lungs were kept in the fridge until they were embedded.

After fixation, the left lungs were embedded into paraffin and the sections were cut and
stained for different purposes. The first step of paraffin embedding protocol was replacement
of the lung into tissue processor for 24h to dehydrate the tissue with sequencial ethanol
exposure. The dehydration step was followed by removal of ethonal using Roticlear which is
defined as a less harmful xylene product to clear the tissue. Next day, the lung tissues were
put into liquid paraffin wax or agar solution and they were incubated in the fridge until the
wax got frozen. In this way, the tissue structures including cavities and cells were preserved.
This step was followed by sectioning the tissue in 2 mm thickness. These cut agar pieces with
tissue were replaced into special embedding casettes carefully with 4% formalin and the
casettes were kept until they were solidified. Sectioning of the lung tissue was performed for
further staining purposes including hematoxylin and eosin (H&E) staining,
immunofluorescence and immunohistochemistry stainings as well as Masson’s Trichrome

staining.

2.2.5.1 Lung tissue sectioning
Tissue sectioning is a prior step of staining. After embedding the tissue into casettes, the
excessive agar was removed to smooth the surface of cassette for better sectioning. The
cassettes were kept in the freezer for one hour before sectioning and microtome was used
to cut the lung tissue into sections. Paraffin casettes including lung blocks were fix into a cold
region of microtome for keeping the blocks cool during cutting process. To collect the sections
into the water after cutting, firstly distilled water was added into the tank of microtome. The
thickness of sections might differ according to the purpose of the experiment. For staining
purposes, blocks were cut into 3um thin sections and the cut sections were moved via glass

slide from tank to water bath in 10 degrees. After a few seconds, sections were removed from
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the water bath and fixed into the positively charged coating glass slides followed by drying
step on a heating plate at 45°C. This step enables a better adhesion of tissue into the
positively charged slide. Moreover, these sections might be kept at 37°C overnight to ensure
fixation and to get rid of the excess water. The tissue slides were used for further processing

like immunofluorescence or immunohistochemistry stainings as mentioned above.

2.2.5.2 Histological stainings
After lung tissue sectioning, the cut slides were processed with immunohistochemistry,

immunofluorescence, H&E, and masson trichrome stainings.

a) Hematoxylin and eosin (H&E) staining
The purpose of Hematoxylin and Eosin is to view cellular and tissue structures in detail. This
staining demonstrates cytoplasmic, nuclear and extracellular matrix features. Hematoxylin
marks nuclei of cells as blue-purple colour via nucleic acid staining. As a counterstain, eosin
was followed after nuclear staining to colour eosinophilic structures as in different intensity

of red.

In the beginning of staining, tissue slides were put into xylene solution (2 times for 5 mins)
used as clearing agent for deparaffinization, which is removal of paraffin in the first step, and
then the slides were moved into different percentage of alcohol solutions (2 times of 100%
for 1 min, 1 time of 90%, 80% and lastly 70% for 1 min) to replace xylene in the last step of
the process. After these ethanol washing steps, the lung slides were incubated with Mayer’s
Hemalaum staining for 5 mins followed by washing the dye with running tap water to obtain
blue colour. The reason we used tap water was that it has a higher pH-value than distilled
water to achieve the desired shade. 0.1% HCI-Alcohol was prepared with 70% ethanol and
the slides were incubated very shorthly in it to make nuclei staining more clear. This step was
followed by washing with tap water for 8 mins and then the slides were quickly dipped into
distilled water. As a counterstain, 0.5% eosin solution was prepared and slides were
incubated with this solution for 8 mins to stain the plasma. This step was followed by washing
the slides with ethanol solutions with different percentages. Firstly, the slides were rinsed

with 70%, 80%, 90% for few seconds and then they were incubated in 100% ethanol for 2
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mins. Last step was repeated again. After ethanol steps, the slides were again put into xylene
solution for 5 mins and this step was done two times. As a last step, 24 x 50 mm cover glasses
were utilized to immobilize the tissue sections using entellan to conserve the samples. Other
alternative options for entellan were DePeX, Eukitt or Euparal. After covering the samples, it
is better to leave them under the hood overnight to harden and to store them protected from

light.

b) Immunohistochemistry staining

The first steps of IHC staining were quite similar to H&E staining. As mentioned above, 3um
lung sections were deparaffinized in xylene solution followed by rehydration using ethanol
gradient solutions. After this step, endogenous peroxidase was blocked with H,O; solution
(1.8%). For staining, epitope retrieval step is very important and the buffer and temperature
suitable for epitope retrieval are highly dependent on antibody type. For our study, the most
suitable way of retrieval was using HIER citrate buffer with pH 6.0. The slides were inserted
into this buffer and placed into a rice cooking chamber for 30 mins at 125°C and 10 min at
90°C. When the program was over, the slides were removed from the cooker and incubated
at room temperature for 30 mins to cool down. This step was followed by washing the slides
in Tris-Wash Buffer B from Zytomed Systems for 2 mins and this step was repeated three
times. To inhibit nonspecific binding, sections were blocked using rodent blocking buffer from
Biocare Medical for 30 mins or more. The slides were incubated with primary antibody against
Galectin 3 overnight at 4°C. The next day was followed by washing steps. Secondary antibody
which was merged with an alkaline phosphatase was applied onto the tissue sections for 1
hour at room temperature. To amplify the signal, Vulcan fast red substrate was added after
secondary antibody. Vulcan fast red solution should be prepared each time freshly by adding
one drop of Vulcan fast red into its buffer in 2.5 ml since it is not very stable. This step is quite
critical to understand the staining develops well therefore the time of incubation depends on
the specific antibody. For Galectin 3 staining, 6 mins of Vulcan fast red incubation was enough
to observe the staining well. Last step of the staining was counterstaining of slides with
hematoxylin. This step is also dependent on antibody. If counterstain is too long, the staining
might have a background and might prevent differentiation of real staining. Therefore, we
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waited only 3 seconds with hematoxylin staining and immediately the slides were washed
with water to get rid of the excessive staining. This step was followed by washing the slides
in washing Tris buffer for 5 mins. Lastly, the lung sections were dehydrated in 96% ethanol
for 1 min, 100% for 2 mins for two times and xylene for 5 mins for two times as well and

immediately mounted with Entellan (Merck).
c) Immunofluorescence staining

For immunofluorescence staining, mouse and human lung samples were utilized. As
mentioned in IHC staining, 3um sections from paraffin embedded lung sections were
deparaffinized and rehydrated through Xylol and ethonal gradient steps in a same way. The
slides were incubated with 3% of H,0, (50ml) for 20 mins followed by washing twice in Tris
Wash Buffer B for 10 mins (or three times for 5 mins is also fine). Again as a retrieval method,
HIER citrate buffer with pH 6.0 was preferred in a rice cooking machine with the same
protocol as decribed in IHC staining part. Sections were blocked with 100ul of 5% BSA (diluted
in PBS) for 30 mins or more in a chamber followed by incubation of 50ul of primary antibodies,
which were diluted in 1% or 5% BSA depending on antibody, overnight at 4°C. Next day
started with washing steps and followed by incubation of 100ul of secondary antibody for 1
hour at room temperature. The most commonly used secondary antibodies were “anti-
mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 568” from Life Technologies in our study.
Itis very important to keep the slides in the dark chamber after secondary antibody step since
the secondary antibodies were conjugated to fluorophore. DAPI in a ratio of 1:2000 was
utilized to counterstain the nuclei. As a last step, the slides were fixed with coverslips with
the help of fluorescent mounting medium from Dako. Images were captured using
Axioimager with an M2 microscope from Zeiss. Primary antibodies used in this study were

listed detailly with the concentrations in material section Table 2.7.

d) Masson Trichrome Staining
Masson Trichrome staining is mainly used to determine the collagen fibers in the lung
sections. 3um tissue sections from paraffin embedded lung were heated for 10 mins at 60°C.
Sections were deparaffinized in the Xylol for 5 mins (2x) followed by 100% ethanol for 2 mins
(2x). They were rinsed in running tap water for 4 mins followed by shorthly dipping them into
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the distilled water. For nuclear staining, the slides were stained with Hemalun for 8 mins and
quickly rinsed with tap water followed by distilled water washing. The slides were put into
the ethanol (70%) + HCI (0.1%) mix and immediately incubated with tap water for washing
for 5 mins. The slides were kept in Ponceau Fuschin staining for 6 mins and rinsed first with
tap water and then with distilled water. After washing steps, the slides were stained in
Phosphomolybdic acid for 5 mins followed by Light Green staining for 5 mins as well. Light
Green staining is for extracellular matrix staining since it binds collagen components. To get
rid of the staining, the slides were washed with 100% ethanol for 3 times quickly. Before
mounting, the slides were put in ethanol 100% for 1 min (2x), xylol for 1 min (2x) for clearance.
24mmx50mm cover slides were prepared and the tissues were mounted with eukitt glue.

Lastly, bubbles were removed not to prevent a clear view of the whole tissue.

2.2.5.3 Quantitative morphometry

In this study, mean chord length (MLI) and macrophage numbers were determined in the
stained lung tissues using stereology. Moreover, collagen quantification is also done with the
help of masson trichrome staining. This method was described previously in (John-Schuster
et al., 2014a). For this purpose, a computer-assisted stereological toolbox (CAST) software

was utilized for quantifications together with Olympus BX51 light microscope.

Firstly, mean chord length was evaluated to quantify the air space enlargement to understand
the disease severity. For this purpose, 30 random fields were selected by the CAST program
unbiasedly throughout the several sections of the lung tissue. To calculate the mean chord
length, the formula MLI = 3Pair X L(p) / Slsepta X 0.5 was used. In this formula, P,ir represents
the points of the grid hitting air spaces, L(p) represents the line length per point, 99.3 um as
we measured, and lastly, lsepta represents the sum of intercepts of alveolar septa with grid
lines. Overall, this calculation demonstrated us the differences in alveolar surface area

between the lungs of FA or CS-subjected mice.

Moreover, to determine the number of galectin 3 expressing macrophages across the lung
with CAST system, same principle was used as in mean chord length determination. This time,

20 random fields were choicen by the software along the lung sections and 40x objective was
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set up to take the images and Galectin 3 positive macrophages were counted across these 20
random fields per lung. The mean values per lung were used as a representative number/20

fields.

To quantify collagen deposition in the lung sections, newCAST system was used again after
masson trichrome staining. The same random selection was used for collagen quantification
as well. Intercepts of lines crossing with airways and vessels were counted to calculate
collagen (Um3/um?) = SPfibrotic area X L(P)/ Slintercept(a+v). In this formula, Prirotic area refers to the
points of the grid hitting fibrotic area which were stained as green by masson trichrome
staining, L(p) represents the line length per point, 9.79 um as we measured and lsepta is

defined as the sum of intercepts of airways and vessels to normalize the collagen deposition.

2.2.6 Flow cytometry analysis

Flow cytometry is a specialized method to analyse the cell populations according to a gating
strategy in terms of their size and their granularity. Moreover, flow cytometry can also detect
the levels of protein expression either on the surface of the cell or intracellularly expressed
ones in the cells. In our study, either whole lung cell suspension cells or cell lines were stained
for flow cytometric analysis. 10° cells were counted, transferred into FACS tubes and washed
first with FACS buffer and spun down at 300 x g for 5 mins at 4°C. Supernatants were removed
carefully and the pellets were dissolved using 500 ul FACS buffer (PBS+ 0.5 % FCS) and
vortexed. After washing steps, cells were blocked with 50ul of FcR blocking antibody,
CD16/CD32 in 1:100 dilutions (clone 93, eBioscience, Thermo Fisher Scientific) for 30 mins on
ice to prevent unspecific antibody binding. Then, 500 ul of FACS buffer was added and the
cells were undergone centrifugation step at rate of 1500 rpm for 5 minutes at 4°C. This step
was followed by incubation of several antibody coctails for 30 mins on ice. The list of
antibodies and their dilutions used in flow cytometry is shown in Table 2.6. The antibody
incubation step was followed by washing steps and samples were run into BD FACSCanto Il
flow cytometer from BD Biosciences. FACS staining protocol is same for the cells in the culture
but if the cells are growing as attached to the plates, trypsinisation step was added to
deattach and count the cells for staining. The analysis on the FACS machine was similar using

BD FACSDiva software.
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2.2.7 Isolation of primary monocytes from mouse

Isolation of monocytes consists of three different parts including sample preparation,
magnetic labelling and magnetic separation. Firstly, murine bone marrow cells from femur
and tibias by flushing the shaft with RPMI-1640 medium using a syringe and a 26G needle.
The flushed cells were then strained through 30um nylon mesh to prevent cell clumps
formation. Afterwards, the cells were placed into centrifuge for 10 mins at 4°C at the rate of
300 x g and washed once by adding MACS buffer. The cells were dissolved in buffer and
counted with hematocytometer. Second part is magnetic labelling. After determining the cell
number, the pellet was collected as a result of the centrifugation step. All calculations were
done according to the cell number. According to the protocol from Miltenyl isolation kit,
175ul of buffer per 5x107 total cells was added to resuspend the cell pellet and this was
followed by addition of 25ul of FcR blocking reagent into the cell suspension. The cell
suspension was gently mixed and 50ul of monocyte biotin antibody cocktail was added per
5x10’ total cells and it was kept in the fridge for 5 mins. Cells were washed by adding 10ml of
buffer per 5x107 total cells and centrifuged at 300 x g for 10 mins. Cell pellet was dissolved in
400ul of buffer per 5x107 total cells and 100ul of anti-biotin microbeads were added per 5x107
total cells. Incubation for 10 mins in the fridge was done after mixing well. Next step was
proceeding to magnetic separation. LS columns were inserted carefully into magnetic field of
a suitable MACS separator from Miltenyi and columns were washed with 3 ml of buffer and
flow through was discarded. The mixture of cell suspension with antibody and beads was
applied into LS columns and flow-through containing unlabelled cells, representing the
enriched monocytes, was collected into falcon. To collect the remaining monocytes, 3 ml of
buffer was run into columns for 3 times and this flow through was merged with first flow-
through containing enriched monocytes. The flow-through was centrifuged to get rid of

buffer and monocytes were used for several experimental purposes.

2.2.8 Stimulation of mouse primary monocytes

Isolated monocytes were counted and plated into 24 well plates with RPMI-1640 medium

containing 10% FBS, 50uM B-mercaptoethanol and 100 U/ml penicillin and streptomycin. The
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seeded cell number per well was around 4x10°in 500ul medium. The monocytes were then
pretreated with 1uM of BAY11-7082, NFKB inhibitor, and 20uM of JSH-23, RELA translocation
inhibitor, separately for 1h at 37°C, 5% CO,. After 1h pretreatment, 100ng/ml LPS was placed
into plates to stimulate the cells for 6h and 24h. Control plates received DMSO instead of
inhibitors in a same amount. The treatment was stopped by adding RNA lysis buffer into the

plates for RNA isolation and RIPA buffer for protein isolation.

2.2.9 Isolation of primary human monocytes from blood

As a first step, human PBMCs were separated via ficoll density gradient from blood. Blood
was diluted with 2 fold PBS and carefully replaced into falcons filled already with pancoll
(density 1.077g/ml, Pan Bitech, P04-60500) without mixing blood and pancoll. Samples were
undergone centrifugation step at 800 x g for 20 mins at 20°C with no brake and low
acceleration. Upper layer of plasma and platelets were removed and discarded while PBMC
band above the pancoll layer was collected and transferred into a new falcon. 3 volumes of
PBS were added into PBMCs to resuspend and centrifuged again at 300 x g for 10 mins at
20°C. The cell pellet was washed with PBS and replaced with 10 ml MACS buffer followed by
counting the cells. As a last step, human monocytes from PBMCs were isolated with a special
kit from Miltenyi (130-096-537). The steps from the kit were magnetic labelling and magnetic
separation. After determining the cell number, cell pellet was dissolved in 40ul of buffer per
107 total cells followed by the addition of 10ul of FcR blocking reagent per 107 total cells.
Subsequently, 10ul of biotin-antibody cocktail was placed and cells were incubated for 5 mins
in the fridge. This step is followed by addition of 30ul of buffer and 20ul of anti-biotin
microbeads per 107 total cells. The cell suspension was gently shaked and incubated for 10
mins in the fridge. For magnetic cell separation part, LS columns (Miltenyi) were inserted into
the magnetic field of a suitable MACS separator. Firstly, columns were rinsed with 3 ml of
buffer and then cell suspension was applied onto the columns. Flow through from columns
were collected containing unlabelled cells, which are the enriched monocytes in our case.
More monocytes were picked up by washing the columns with 3x3 ml of buffer and this

effluent was centrifuged and resuspended in an appropriate media for designed experiments.
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2.2.10 Stimulation of human monocytes

According to the purpose of the experiment, human monocytes were counted and seeded
into 24 well plates in a cell ratio of 108/ml in 500ul medium. The medium used was RPMI-
1640 (Biochrom) with 1% FCS supplemented with 50uM B-mercaptoethanol and 100 U/ml
penicillin and streptomycin (both Sigma-Aldrich). The monocytes were either stimulated with

1pg/ml LPS for 24h in 24 well plate or directly frozen for RNA isolation and further processing.

2.2.11 Primary ATII cell isolation and trans-differentiation to ATI cells

Primary ATIl cells were isolated from the lungs of Prmt7*- mice and wild-type littermate
controls. Firstly, lungs were incubated with PBS solution containing dispase (BD Bioscience)
for digestion over 45 mins at room temperature. Tissue was minced and filtered step wise
through 100um, 20um and 10 um nylon meshes (Sefar). The resultant single cell suspension
was centrifuged for 10 mins at 200 x g and the pellets were dissolved in DMEM medium. To
isolate the ATII cells, the cells were first incubated on petri dishes coated with anti-
CD16/CD32 and anti-CD45 antibodies (BD Bioscience) for 30 mins at 37°C to separate
leukocytes. Next, fibroblasts were removed by adherence after 25min to un-coated cell
culture dishes. Purity of the ATIl population was routinely assessed by analysis of epithelial
(EpCAM, panCK and pro-SPC), mesenchymal (aSMA, CD90), endothelial (CD31) and
hematopoietic cell (CD45) markers by flow cytometry. pATIl cells were cultured in DMEM cell
culture medium supplemented with 10% fetal bovine serum, 10mM HEPES, 2mM L-
glutamine, 100 U/ml penicillin and streptomycin (Life Technologies) and 3.6mg/ml glucose
(AppliChem GmbH). Cells were initially cultured for 24h to attach, medium changed and
cultured at 37°C, 5% CO; for 5 days, changing their medium every other day. To obtain
protein, cells were washed twice with PBS to remove FBS and they were lysed in T-PER lysis
buffer containing Complete Protease Inhibitor Cocktail tablets. Lastly, lysates were

centrifuged at 5660 x g and 4°C. Supernatants were retained for Western blot analysis.

2.2.12 Isolation of alveolar macrophages from lung
8 to 10 week old C57BL/6 WT mice subjected to CS or FA were anaesthetized with ketamine-

xylazine mixture intraperitoneally, 100ul per 10g of mice. When the mice were asleep, chest
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of the mice was opened and right ventricle was injected with 15 mL of PBS to get rid of
circulating blood cells. This process is called perfusion. Perfusion efficiency can be understood
by the colour and appearance of the lungs. When the lungs are clear and whitened, they were
tracheostomized using an 18-gauge cannula. 1-mL syringe filled with PBS and complete
inhibitor tablet was attached to the catheter and the buffer was slowly instilled into the lungs
and after a few seconds the piston was pulled back with the lavage fluid. This step was
repeated 10 times and all lavage fluid was pooled in 15 mL falcon. BAL fluid was centrifuged
at 400 x g for 20 mins at at 4°C. BAL cells were suspended in complete RPMI-1640 medium
supplemented with 10% FBS, 50uM B-mercaptoethanol and 100 U/ml penicillin and
streptomycin. Then the cells were counted and placed into 24-well plates with 5x10* cells in
1ml. Cells were kept in the incubator for 1-4h to make the cells adhere and the rest of the
cells which did not adhere were removed by PBS washing. Attached cells into plate were
collected and they were frozen for further experiments. In our case, RNA lysis buffer was

added into alveolar macrophages for RNA isolation.

2.2.13 Generation of bone marrow derived macrophages (BMDM)

Femurs and tibias were first collected from C57BL/6N and Prmt7*/- mice and they were
flushed by pushing 18G needle with blank RPMI-1640 medium without any supplement to
get bone marrow. Bone marrow cells were strained through 30um or 70pum nylon filters and
then they were counted in 1:20 dilution with trypan blue dye. After centrifugation at 300 x g
for 10 mins at 4°C, the cells were dissolved in in comlete RPMI-1640 medium. 1-2x10° cells/ml
were plated into 24 well plates and 20ng/mL of M-CSF was added into the medium. The cells
were kept in a humidified incubator with 5% CO; at 37°C for 7 days to be differentiated. M-
CSF were resupplied on day 2, 4 and 6 by changing half of the medium with fresh BMM+M-
CSF. During this step, most of the non-adherent cells were discarded carefully. The last day
of differentiation was day 7 and on that day, fresh medium supplemented with M-CSF was
replaced and left overnight in the incubator. The next day adherent cells were collected,
counted and seeded in 24 well plates with amount of cells of 1x10° cells/ml. These cells were
cultured for 24h in fresh medium to obtain MO cells. For polarization of the cells, BMDM were

stimulated with 1 pg/ml LPS and 20 ng/ml of recombinant murine IFNy to obtain M1
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phenotype or with 20 ng/ml of recombinant murine IL-4 to get M2 phenotype for 24h. IL-4
and IFNy were purchased from ImmunoTools. After stimulation was over, total RNA was

isolated for microarray analysis.

2.2.14 Generation of bone marrow derived dendritic cells (BMDCs)

Femurs and tibias were first collected from C57BL/6N and Prmt7*/- mice and they were
flushed by pushing 18G needle with blank RPMI-1640 medium without any supplement to
get bone marrow. Bone marrow cells were strained with 40um filters, counted and 10x10°
bone marrow cells were seeded in 6 well plates with 4 ml of complete RPMI medium in each
well and were treated with 20 ng/ml of GM-CSF (Immunotools). On the second day after
seeding, 2 ml of the medium was discarded and fresh medium containing 40ng/ml of GM-CSF
was added into each well. Next day, whole medium was sucked up and fresh medium
containing 20ng/ml of GM-CSF was replaced. The cells were kept in the incubator until the
sixth day and then BMDCs, which were either loosely attached to the surface or non-attached
at all, were collected and utilized for the starting source of material for FACS analysis and RNA

isolation.

2.2.15 Gene Set Enrichment Analysis (GSEA)

In this study, to analyse the enriched genes in particular pathways, GSEA was utilized. NCBI
GEO database offers plenty of files containing the enrichment of gene lists in molecular
function. To process raw data from this website, GSEA software from the Broad Institute
(http://www.gsea-msigdb.org/gsea/index.jsp) (Mootha et al., 2003; Subramanian et al.,
2005) was utilized. To identify which genes were enriched in COPD patients, we used GEO
database GSE76925 (Morrow et al., 2017) in our study. This database of GSE76925 consists
of lung transcriptomics data from 111 COPD patients and 40 smoker controls. After collapsing
into gene symbols, there were 24776 genes. Gene set size puts threshold to 15 and 500 as
minimum and maximum values and this cut off resulted in 642 gene sets of the original 901

from the GO Molecular Function collection being used in the analysis.
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2.2.16 Human lung tissue core sampling

Human lung samples used in this study were obtained from Dr. Stijn Verleden (University of
Leuven, Belgium). Lung samples collected from the COPD patients during lung transplantation
were provided us with ethical approval of the Leuven University and permissions were taken

from all participiant patients.

For healthy controls, donor lungs were provided us under Belgian law with well controlled
inspection. When the healthy and COPD lung samples arrived to our lab, lung cores were fixed
with 4% of PFA to use for histological purposes whereas they were snap frozen for RNA and

protein isolation purposes.

2.2.17 Cell culture experiments

2.2.17.1 Maintenance of the cell lines
In this project, 3 types of cell lines were utilized including MHS macrophage cells, SVEC4-10
endothelial cells and MLE12 ATII cells. MHS cells were sustained and cultured with RPMI-1640
medium containing 10% FCS, 50uM B-Mercaptoethanol and 100 U/ml penicillin and
streptomycin. MHS cells were adherent cell type therefore they were splitted in a ratio of 1:4,
two times per week in 75 cm? flasks at 37°C incubator. SVEC4-10 endothelial cells were also
adherent and they were maintained with DMEM-F12 medium containing 10% FCS, 50uM -
Mercaptoethanol and 100 U/ml penicillin and streptomycin. They were maintained in a ratio
of 1:5, two times per week. MLE12 cells were maintained with DMEM medium (Gibco)
containing 10% FCS, 50uM B-Mercaptoethanol and 100 U/ml penicillin and streptomycin.
These cells were adherent cell type therefore, they were also splitted and maintained in a

ratio of 1:4, twice in a week in 75 cm? flasks at 37°C incubator.

2.2.17.2 MHS cell culture
Prmt7** and Prmt7™ MHS macrophage cells were cultured with RPMI-1640 medium
containing 10% FBS, 50uM B-Mercaptoethanol and 100 U/ml penicillin and streptomycin at
37°C in 5% CO;. RNA was isolated using the peqGOLD Total RNA Kit (Peqglab). To obtain

protein, cells were washed gently with ice cold PBS and scrapped into ice-cold RIPA buffer (50
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mM Tris HCI pH 7.4, 150 mM NaCl, 1% Triton X100, 0.5% sodium deoxycholate, 1ImM EDTA,
0.1% SDS) with the addition of protease and phosphatase inhibitor cocktails. Then the
suspension was incubated on ice for 30 mins and centrifuged for 15min at 4°C and 13000
rpm. Supernatants were retained for Western blot analysis. Additionally, Prmt7** and
Prmt7"“" clone MHS cells were placed in 6-well plates in a ratio of 4x10° cells per well in 2 ml
medium and 24h later stimulated with 100ng/ml CCL2 (R&D Systems) or 1ug/ml LPS in
complete RPMI-1640 medium with only 1% FBS instead of 10%. Reaction was halted by

washing with ice-cold PBS and protein was obtained as decribed above.

2.2.17.3 Storage of cell lines
To be able to maintain the cells for further usage, cell lines were frozen in parallel with
culturing them. Cell lines were kept in aliquots in liquid nitrogen tanks. To freeze the cells,
10° cells were taken and centrifuged to get rid of the existing medium. The cell pellet was
dissolved in 1 ml of corresponding medium depending on cell type with 10% DMSO (900p of
10% FCS medium and 100ul of DMSO). Cell suspension was put into cryotubes and these
tubes were inserted into freezing container to prevent crystal formation in the samples. The
box was kept at -80°C for one day and next day it was immediately transferred in liquid

nitrogen tanks. It can be stored in the tanks for longer storage.

2.2.17.4 Thawing of frozen cell lines
When new cell line is needed for the experimental purposes, one aliquot of frozen cell
suspension from liquid nitrogen tank was defrosted. The fastest way of thawing the cells
without harming them was to warm them in waterbath with 37°C for about 2 mins until cell
suspension becomes liquid. It is followed by immediate transfer of the cells into 75 cm? flasks
including already fresh and appropriate medium for each cell line. Cells were kept in the
incubator overnight in a flask to let them to attach to the surface and next day, the medium
with DMSO was removed and fresh medium was placed into the flask. Since the cells are
adherent, sucking the old medium and putting fresh medium does not disturb the cells. They

were let to grow until the plate was confluent.
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2.2.17.5 Stimulation of the cell lines
Cell lines or primary cells were plated either into 24 well plates or 6 well plates for RNA and
protein isolation, respectively. Mainly for cell lines, they were firstly detached from 75cm?
flasks and counted. The appropriate number for each cell types was seeded into plates with
10% FCS medium. Next day, this medium was replaced with 1% FCS medium for starvation
conditions with cytokines depending on the purpose of the designed experiment. The
stimulation was kept for 6h or 24h and the treatment was stopped by adding either RNA lysis

buffer or RIPA buffer for RNA and protein isolation, respectively.

2.2.17.6 Treatment of cell lines with inhibitors
MHS cells were treated with 5% of CSE using RPMI-1640 medium containing 10% FCS, 50uM
B-Mercaptoethanol and 100 U/ml penicillin and streptomycin for 24h and the plate was

frozen for RNA isolation and gPCR to check the expression of gene of interests.

MHS cells were treated with commercially available 5uM PRMT7 inhibitor known as SGC3027
using the same RPMI-1640 medium for 24h and total protein was isolated for western blot

analysis.

SVEC4-10 endothelial cells were maintained in DMEM medium containing 10% FBS and 100
U/ml penicillin and streptomycin in the incubator. For stimulation of SVEC4-10 cells, first
2x10° cells/ml were placed into 24 well plates with DMEM medium for 24h to allow them to
recover. Next day, treatment with 5uM of SGC3027 drug and 100ng/ml TNF (PeproTech) was
applied with DMEM medium with 1% fetal bovine serum for 24h. Reaction was stopped by

adding RNA lysis buffer for further experiments.

2.2.17.7 Cigarette smoke extract (CSE) stimulation on the cell lines
To examine the effect of cigarette smoke on cell lines in vitro, CSE was generated by bubbling
smoke into corresponding medium (No FBS). For this purpose, three cigarettes were utilized
for 30 ml medium by consuming one cigarette every 5 mins. This original medium was

referred as 100% CSE extract. CSE was freshly generated for each experiment and
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immediately diluted to needed percentage. In our case it was 5% with culture medium

depending on the purpose of the experiment.

2.2.17.8 siRNA transfection of cell lines

MLE12 (CRL-2110, ATCC) ATII cell line was maintained in DMEM/F12 medium containing 10%
FBS and 100U/ml penicillin and streptomycin. For siRNA application to knock-down of Prmt7
gene, cells were seeded in 24 well plates, 4x10* cells/well in 500l of full medium for 24h
prior to transfection. 50nM FlexiTube siRNA Mm_BC006705_4 or Mm_BC006705_5 and 4,5ul
HiPerFect transfection reagent from Qiagen was put into an ependerf tube with medium (No
FBS) and the tube was gently vortexed. To generate the transfection complex, the tube was
incubated at room temperature under the hood for 10 mins. The siRNA/HiPerfect complex
was spilled onto the cells drop by drop and the plate was shaked very slowly to distribute the
transfection complexes equally around the well. Cells were then cultured in full medium for
48h for an effective knockdown of Prmt7 however, the medium was replaced after 24h to

remove dead cells to prevent cytotoxicity.
2.2.17.9 Wound healing assay

The wound healing assay is an important method to analyse the migration and proliferation
of the adherent cells. For wound healing assays, MLE12 ATIlI and knockdown MLE12 ATIl in
Prmt7 cells were placed at 1x10° cells in each well for 24-well plates and a scratch was
generated with the edge of the 200ul pipette tip after 24h of seeding. The scratching time
was referred as time point 0. Afterwards, the cells were washed and cultured in full medium
for 24h. Wound closure was determined at 24h using AxioVision software (Zeiss). To
determine the wound healing ability of the cells, gap closure percentage was measured by

AxioVision software.
2.2.17.10 Adhesion and proliferation of MHS cells

For cell adhesion assays, Prmt7** and Prmt 7" clone MHS cells were placed at 1x10° cells per
well in 24-well plates, and un-attached cells remaining in the medium at the given time point

were counted using BD Trucount Tubes with flow cytometer.
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For WST-1 cell proliferation assays, cells were cultured at 1x10* cells per well in 96-well plates
and WST-1 reagent was added at 1:10 dilution at set time periods and left for 1hr incubation

before the absorbance was read at 450nm.

2.2.18 Monocyte trans-endothelial migration assay

This assay is utilized to determine the migration ability of specific cell types in response to
specific chemokines or cytokines. In this study, we observed the migration capacity of mouse
monocytes through CCL2 cytokine. For this assay, firstly, transwell 24 well inserts with a
5.0um pore size were coated with 50pul of 4mg/ml collagen G (Biochrom) for 2 hours at room
temperature. After coating is completed, wash the inserts with 200ul of PBS twice and suck
the leftover PBS. 1x10%/ml SVEC4-10 (ATCC CRL-2181) endothelial cells were seeded onto the
insert in 200ul DMEM High glucose plus GlutaMAX medium containing 10% FBS and 100 U/ml
penicillin and streptomycin. 600ul of the same medium was placed into the lower wells and
cells cultured for 48h at 37°C, 5% CO,. Endothelial cells were then activated with 10ng/ml| TNF
(PeproTech) for 4h.

After 2 days, femurs and tibias of Prmt7*- mice and wild-type littermate controls were
collected and they were flushed with RPMI-1640 medium (No FBS) to obtain bone marrow.
Monocytes were isolated using the Monocyte Isolation Kit (BM) from Miltenyi as described
above. Medium was discarded from the inserts and wells gently, and 600ul serum free RPMI-
1640 medium was added to the wells with and without 100ng/ml CCL2 (R&D Systems).
Monocytes were transferred to the endothelial lined inserts at 1x10%/ml in 200ul serum free
RPMI-1640 medium, and cultured for 4h in the incubator. The number of migrated monocytes

in each well was then counted using BD Trucount Tubes with the help of flow cytometry.

In order to determine the receptor levels on monocytes from WT and Prmt7*- mice, FACS
was applied with PE-conjugated anti-CCR2. CCR2 is a specific receptor CCL2 ligand. The FACS

results were analyzed with BD FACSDiva software.
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2.2.19 CRISPR/Cas9 targeted knockout of cell lines

Double stranded CRISPR guide RNAs, guide A 5’-CACCGCACTCCAGGGATCCCGTGGTAGG-3’
and guide B 5’-CACCGTGAACACTATGATTACCACCAGG-3’ targeting exon 2 of Prmt7 were both
cloned using Bbsl restriction sites into pX335-U6-Chimeric_BB-CBh-hSpCas9n (D10A) (Add
gene plasmid #42335) (Cong et al, 2013). The double stranded DNA sequence
5’ TGTGGCCGTGCCAATCCTACCACGGGATCCCTGGAGTGGCTGGAGGAGGATGAACACTATGATT
ACCACCAGGAGATTGCCAGGTCAT-3" was cloned using EcoRV restriction sites into pARv-RFP
(Add gene plasmid #60021) (Kasparek et al., 2014), to be used as a reporter plasmid to detect
CRISPR/Cas9 activity in transfected cells.

The macrophage MHS cell line (CRL-2019, ATCC) was seeded at 1.2x10° cells/well in 24 well
plates in 500ul of complete RPMI-1640 medium containing 10% FBS, 50uM f-
Mercaptoethanol and 100 U/ml penicillin and streptomycin and cultured at 37°C in 5% CO..
Cells were then transfected with 375ng pX335.guide A, 375ng pX335.guide B and 125ng pARv-
RFP with the Xfect™ Transfection Reagent (Clontech). Cells were then maintained in full
medium for a further 48h with a medium change after 24h. RFP positive cells were single cell
sorted into 96 well plates, along with negatively stained controls, using a BD FACS Aria Il (BD
Biosciences). Wells containing single colonies were expanded, genomic DNA isolated using
DNeasy Blood and Tissue Kit from Qiagen and amplified using primer pair: 5’-
TGCCTTCCAGACCTGAGATTG-3* and 5’-CCTAACAGAGACCTCAACTGC-3' for sequencing
(Eurofins Medigenomix GmbH) and agarose gel analysis. MHS wild-type and Prmt7™" clone

were maintained.
2.2.20 CHIP-gPCR

Prmt7** MHS and Prmt7"" MHS macrophage cells were used for CHIP-qPCR experiment.
Firstly, these two cell lines were cultured into 5 dishes identically. The amount of the cells per
one 15 cm dish was 600.000/ml in 15 ml RPMI-1640 medium containing 10% FBS, 50uM -
Mercaptoethanol and 100 U/ml penicillin and streptomycin. Cells were let to grow for 24h to
reach confluency in 15 cm dishes. Next day, cells were fixed using 1% formaldehyde by mixing

around 937pl of formaldehaydate 16% from Thermo Fisher Scientific into 15ml medium with

66



MATERIALS AND METHODS

cells from previous day. The suspension plate was put on the shaker for 5 mins at room
temperature followed by addition of 125mM of Glycine (Sigma) for 3 mins to neutralize the
formaldehydate effect. Cells were exposed to cold PBS for washing two times. After washing
steps, 3ml PBS with complete inhibitor (Roche) was prepared and placed into the dishes for
scratching the cells. Scratched cell lysates were collected into 50ml falcon and 4 dishes were
merged in the same falcon for CHIP analysis. The falcons including cell lysates were
undergone centrifugation step at 1500 rpm for 5 mins at 4°C and the pellet was frozen in
liquid nitrogen to undertake CHIP. Only one dish from MHS and one dish from Prmt7"!' MHS

cells were reserved for RNA isolation and protein isolation for further usage.

ChIP was undertaken by as previously described (Kebede et al., 2017; Tropberger et al., 2013).
Chromatin was fragmented by sonication (target size 200-500bp) and 5 pg chromatin DNA
used for each ChIP reaction. 5 pg anti-PRMT7 antibody (Cat. No. NBP2-19939, Novus
Biologicals, Bio-Techne) was added for each immunoprecipitation overnight rotation at 4°C.
40 pl of Protein A and Protein G magnetic beads (Thermo Fisher 10003A/D) were utilized to
bind immunocomplexes for 1h at 4°C. The bound immunocomplexes were washed twice with
low-salt ChlIP buffer, twice with high-salt ChIP buffer and twice with TE wash buffer at 4°C.
The buffer ingredients were described in materials section 2.1.3. The beads were dissolved in
100 pl freshly prepared elution buffer and the immunocomplexes were eluted by incubation
at room temperature for 20 min. The eluted samples first were removed from cross-linked
and they purified with a PCR purification kit. Then the pure samples were utilized for qPCRs.

Primers used for gPCRs were demonstrated in primer list table in materials part.

2.2.21 ATAC-Seq analysis

100,000 wild-type and Prmt7™!' MHS macrophage cells were sent to Active Motif (Carlsbad,
CA) for ATAC-Seq analysis, after cryopreserving the cells as described in the ATAC-Seq sample
preparation guidelines supplied by the company. The ATAC seq Track across the TSS of Prmt7
in WT cells was further analysed by JASPAR http://jaspar.genereg.net for TF binding sites.
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2.2.22 Protein analysis experiments

2.2.22.1 Protein isolation from primary cells and cell lines
After treatment of cells in 6 well plates, cells were collected by removing the existing medium
and washing the cells with cold PBS. Subsequently, plate was put on ice to prevent protein
degradation and scratched with a tip of a pipette using 100ul of RIPA buffer which is a mixture
of RIPA lysis buffer with 1:20 complete protease inhibitor and 1:100 of 100mM Vanadate. Cell
lysates were collected in tubes and the tubes were frozen by snap-freeze technique in liquid
nitrogen for 3-5 seconds. During thawing process, the tubes were vortexed occasionally and
kept on ice. Subsequently, cell lysates were centrifuged for 15 mins at 13.000 rpm at 4°C. as
a result of centrifugation step, supernatant containing total protein content and pellet
containing cell debris were differentiated. The supernatants were transferred into new tubes

to measure protein concentration. Cell supernatants were kept at -80°C.

2.2.22.2 Protein concentration measurement
To be able to perform experiments with isolated protein, the concentration of it should be
known. To measure the protein concentration after protein extraction, BCA Protein Assay kit
from Thermo Fischer was used. This method is based on chelation of bicinchoninic acid (BCA).
BCA reacts with complexes between copper ions reduced by peptide bonds in proteins and
the end product gives purple color depending on the concentration of protein in the reaction
which absorbs light at 562 nm (Krohn, 2001). A standard curve is necessary for measuring the
concentration of unknown proteins with the help of linear equation from the curve. This
curve is prepared with the reference protein, which is Bovine Serum Albumin (BSA) in our

case and absorbance was measured on a Tecan Plate Reader at 562nm.

In brief, reference protein BSA was utilized for preparation of a serial dilutions and from each
diluted BSA protein, 10ul was added into 96 well plate. To reduce the error during
measurements and pipetting, this step was repeated three times. Also unknown protein was
also pipetted into 96 well plate next to BSA dilutions. Substrate reacting solution was
prepared by mixing reagent A and reagent B in 50:1 ratio, respectively. From this solution,

200pul was pipetted into each well with protein inside to react with. The plate was incubated
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at 37°C for 30 mins to 45 mins for reactions to take place. The absorbance at 562nm was
measured using a microplate reader and with the help of standard curve, unknown protein

concentrations were calculated.

2.2.22.3 SDS-PAGE and immunoblotting
For western blotting, first proper amounts of proteins were prepared by adding Laemmli
loading buffer (4x) with B-Mercaptoethanol in a ratio of 9:1. Usually 20 ug of protein would
be enough to detect the interested protein via western blotting however this concentration
might be also dependent on the specificity of the antibody. The mixture of protein and
loading buffer solution was bolied at 95°C for 10 minutes. In order to separate proteins on
SDS-PAGE, a gel was prepared consisting of two different layers: stacking and separating. The
percentage of stacking gel was around 5% whereas separating gel percentage was depending
on the size of the interested protein. In our study, 10% and 15% separating gels were used.

The compositions of the gels were listed in Table 2.20 and in Table 2.21 below.

Table 2.20: Composition of 10% SDS-PAGE gel

Reagent Separating gel Stacking gel-5%
Millipore-H20 6.7 ml 5.8 ml

0.5 M Tris-HCI with pH 6.8 - 2.5 ml

1.5 M Tris-HCl with pH 8.8 4.2 ml -

10 % SDS 165 pl 100 ul
Acrylamide/Bisacrylamide 5.5 ml 1.7 ml

TEMED 22 ul 20ul

10 % APS 22 ul 20ul

Table 2.21: Composition of 15% SDS-PAGE gel

Reagent Separating gel Stacking gel-5%
Millipore-H20 4 ml 5.8 ml

0.5 M Tris-HCI with pH 6.8 - 2.5 ml

1.5 M Tris-HCl with pH 8.8 4.2 ml -

10 % SDS 165ul 100 ul
Acrylamide/Bisacrylamide 8.3 ml 1.7 ml

TEMED 22ul 20ul

10 % APS 22ul 20ul

Separating gel was poured into gel casting apparatus and allowed to polymerize in the
presence of isopropanol on top to have a smooth gel surface followed by pouring stacking gel
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onto separating gel. The comb was placed immediately. After polymerization, comb was
removed and the casted gel was inserted into running chamber, which is loaded with 1X
running buffer. Samples were loaded in a 10% or 15% prepared gels and run at 100 V for 15
mins and then the voltage was elevated up to 120 V to run one more hour. Then, protein
samples were transferred to a PVDF membrane which needs to be activated with methanol
for 1 min before usage. The total transfer time is usually one and half hour in 1x transfer
buffer at 100V but the time might change according to the size of the interested protein. After
transfer, membranes were blocked with 5 % non-fat dry milk prepared in 1x PBST for at least
1h at room temperature to prevent unspecific bindings. Following blocking, the membrane
was incubated with antibodies against PRMT7, mono-methylated arginine, T1-alpha, VCAM-
1, RAP1A/B, phosphorylated ERK, total ERK, phosphorylated p38, H3R2mel, H3R2me?2,
H4R3mel and H4R3me2. The detailed information about antibodies was listed in Table 2.4.
The antibodies were diluted in 1% milk and incubated at 4°C overnight. Second day starts
with washing membrane with PBS-T for 3 times for 10 minutes followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1h at room temperature.
Then, the membrane was again washed with PBS-T for 3 times for 10 minutes. The
membranes were ready for developing. B-actin was used as a house keeping protein to

control equal loading in our study.

2.2.22.4 Signal development and quantification
After secondary antibody binding step, membranes were ready for developing. Developing
step is the most critical step of the western blotting. ECL Prime Western Blotting Detection
Reagents (Super Signal West Dura and Femto Substrate, Thermo Fisher) were used to detect
the signal in a ratio of 1:1. After mixing reagent A and B in equal amounts, this solution was
placed onto membrane and incubated around 5 mins to let chemiluminescence reaction to
occur. Chemidoc XRS machine from Bio-Rad which is a highly sensitive detection system was
used to record the signal. The bands were analysed with the help of Image Lab 5.1 software.
To compare the intensities of the visualized bands, densitometry analysis was done and the
results were normalized to that of B-actin as a loading control. Statistical analysis and

densitometry of the bands were done using Image Lab 5.1 software and imagej software.
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2.2.22.5 Immunoprecipitation
To identify the interactions between proteins, immunoprecipitation (IP) method was
performed in our study. The monomethylated proteins in WT MHS and Prmt7™" clone MHS
cells were determined. 50ug of protein from wild-type and Prmt 7™ clone MHS cells was used
for each IP reaction. Firstly, 50ul pierce protein A agarose beads were crosslinked with 4ug
anti-mono-methylated arginine antibody. 50 ug of protein from wild-type and Prmt7™! clone
MHS cells was first mixed with pierce protein A agarose beads, then incubated with the
antibody coated beads at 4°C for 18h under rotation. Beads were centrifuged at 14000 rpm

for 1 min at 4°C and washed 3x with PBS.

IPs were undertaken for each cell type and subjected to liquid chromatography tandem-mass
spectrometry (LC-MS/MS) analysis (Cox and Mann, 2008; Elias and Gygi, 2007), quantitative
ratios were calculated and normalized by Max Quant software package. InCroMAP software
(http://www.ra.cs.uni-tuebingen.de/software/InCroMAP/downloads/index) Version 1.7.0
(University of Tlbingen, Germany) (Wrzodek et al., 2013) was used to analyze for KEGG
pathway enrichment in the differentially pulled down proteins with less abundance in
Prmt7™" compared to WT MHS cells (FC>-1.6; Data file S3). Protein information was obtained

from UniProtKB (http://www.uniprot.org).

2.2.23 RNA expression analysis

2.2.23.1 RNA isolation
PeqGOLD Total RNA isolation kit was utilized for total RNA isolation from lung tissue or cell
lysate according to the protocol from Peqlab. Firstly, cell lysates were obtained by addition
of 400 pl of RNA lysis buffer into each well of 24 well plate. Cell lysates were applied onto a
DNA Removing Column and columns were centrifuged at 12.000 x g for 1 min at RT. DNA
Removing Columns were discarded and flow through (FT) of each sample were transferred
into new 1.5 ml tubes. 400ul of 70% ethanol was added into FT and the tube was vortexed. A
total volume of the mixture was transferred into a PerfectBind RNA-binding column and
centrifuged at 10000 x g for 1 min. Flow through was discarded and RNA binding columns

were placed in 2 ml fresh collection tubes. 500ul of RNA Wash buffer 1 was added into the
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RNA-binding columns and they were centrifuged at 10000 x g for 15 seconds. This step was
followed by the addition of 600ul of RNA Wash Buffer 2 and centrifuged for 15 seconds at
10000 x g. This last washing step was repeated one more time followed by a drying step to
completely remove ethanol for 2 mins at 10000 x g. For elution of RNA, sterile RNAse-free
dH>0, which was preheated at 70°C to have more efficient elution, was added into each
column. The amount of elution depends on the cell number that was plated in the beginning,

in our case it was 50ul. The columns were centrifuged for 1 min at 5000 x g.

In order to check the RNA concentration and purity, the NanoDrop 1000 (Peqlab) was used.
Nucleic Acid- RNA-40 setting was applied for measurements. 1 ul of RNA sample was inserted
onto the machine and measured. Absorbance ratio at 260 nm and 280 nm is an indication of
purity of the sample. A pure RNA sample gives the ratio of A260/A280 nm="~2. The measured

RNA was either used for cDNA synthesis directly or kept at -80°C for long-term storage.

2.2.23.2 cDNA synthesis by reverse transcription
After RNA isolation and concentration measurement, next step is the conversion of RNA into
cDNA. This process is known as reverse transcription. For cDNA synthesis, 500ng or 1 ug of
isolated RNA was first diluted in 9 ul of dH,0 and then was heated at 70°C for 10 minutes
followed by incubation on ice for 5 minutes. At the same time, master mix was prepared in
11ul including 10ul of RT buffer mix containing already dNTPs, random octamers and oligo
dT-16 and 1pl of enzyme mix containing MuLV reverse transcriptase and RNase inhibitor
protein. The master mix (11l mix per sample) was then added into 9ul of RNA samples.
Reverse transcription reaction was done in an Thermocycler with the following settings: 10
min at 20°C, 75 min at 43°C and then 5 min at 99°C. Finally, generated cDNA was diluted with
dH;0 to reach 100ul volume at the end and cDNA samples were ready for real time quantitive

PCR (gPCR). They can be stored at -20°C.

2.2.23.3 Quantitative real time polymerase chain reaction (QRT-PCR)
RT quantitative-PCR uses the dye Syber green to produce signal with fluorescence by
intercalating into DNA molecules. It amplifies and simultaneously quantifies the targeted
gene. Hypoxanthine-guanuine phophoribosyltransferase (Hprt) was used as the
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housekeeping gene in our study to normalize the target gene expression. Fluorescence level
is directly correlated with the amount of gene product through syber green binding. gPCR

reaction mix was prepared according to the instructions in Table 2.22 for one assay.

Table 2.22: qPCR reaction mixture

Reagent Volume
H.0 2.4 ul
SYBR green | Master Mix 5ul
Primer Mix-Forward/Reverse 0.6 ul
cDNA 2 ul
Total volume of the reaction mix 10 ul

Per reaction, 8 ul of master mix and 2pl of cDNA were pipetted into 96-well gPCR plates from
Applied Biosystems. The reaction was performed using a Thermocycler StepOne according to

the PCR protocol explained in Table 2.23.

Table 2.23: Standard qRT-PCR protocol

Step of cycle Temperature Duration
Initial denaturation 95°C 5 mins
Denaturation 95°C 5 seconds
Annealing 59°C 5 seconds
Elongation 72°C 20 seconds
Melting curve 60°C-95°C 1 min
Cooling down 4°C On hold

The three steps including denaturation, annealing and elongation were repeated in 45 cycles.
All gPCR experiments were done in duplicates to reduce the pipetting error and mRNA
expression of gene of interest was normalized to housekeeping gene expression in the same
plate using the same samples. As a result of normalization, mean Ct value for each sample
used for further analysis. The formula 22, where ACt = Cttarget - Ctcontrol Was used to

determine the relative expression of the gene of interest.

2.2.24 PRMT7 expression in human lung published data sets

The raw data from NCBI GEO database for GSE76925 (Morrow et al., 2017) and GSE27597

(Campbell et al., 2012) were downloaded and gene expression was analysed and normalized
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to control groups. The Human Protein Atlas website https://www.proteinatlas.org was also

accessed to examine lung tissue expression.

2.2.25 PRMT7 promoter analysis on publically available CHIP-Seq data
PRMT7 promoter analysis on publically available CHIP-Seq data was undertaken using the
Cistrome Data Browser (http://cistrome.org) (Mei et al.,, 2016), of five crucial myeloid

Transcription Factors (Sajti et al., 2020).

2.2.26 Statistical analysis

In this study, results were demonstrated as mean values + SD. Figure legends contain the
number of samples as well as number of repeats (“n” numbers) for each graph. To compare
the significany between only two groups, student’s unpaired t-test was performed however
when comparing more than two groups in one experiment, one-way ANOVA following
Bonferroni post-test was used. Significany was determined accoding to P value being lower

than 0.05. All graphs were generated with the help of GraphPad Prism 6 software.
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3. RESULTS

3.1 The contribution of PRMT7 to COPD immunopathogenesis

3.1.1 PRMT7 levels are increased in COPD patients

Cigarette smoke (CS) is described as the major cause of COPD however only 20% of smokers
develop the disease (Terzikhan et al., 2016). The factors and pathways underlying disease
progression are still elusive. In this respect, the first purpose of my thesis was to identify
which molecular pathways are contributing to COPD pathogenesis in only a subset of
smokers. For this purpose, unbiased gene set enrichment analysis (GSEA) was performed,
with the help of Dr. Thomas Conlon, on a publically available transcriptomics data set
(GSE76925). This transcriptomics data set was from the lungs of 111 COPD patients who were
smokers and 40 control smokers without disease. GSEA of the GO Molecular function
collection revealed N-methyltransferase activity was the most significantly enriched gene set
of the 642 analysed in the lungs of COPD patients, with a p-value of 0.0057 (Figure 3.1A and
B). In support, related pathways were also significantly enriched; transferring one carbon
groups, S-adenosylmethionine dependent and protein methyltransferase (Figure 3.1A).

Protein methyltransferases are crucial enzymes that catalyse the methylation of lysine and
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Figure 3.1 PRMT7 expression is enriched in COPD patients. (A) Heat map analysis of the most significantly enriched gene
sets in the lungs of COPD patients as a result of GSEA analysis of the GO molecular function set using array data from
GSE76925. Lung tissues in the analysis were from 40 healthy smoker controls and 111 COPD patients. (B) GSEA enrichment
plot for N-methyltransferase activity with normalized enrichment score (NES) being 1.64 and p value being 0.0057
(G0:0008170). (C) Volcano plot of the genes involved in N-methyltransferase activity and their expression in COPD patients
compared to smoker controls using the same array data from GSE76925. Red highlights represent PRMT genes.
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arginine residues and play a central role in gene transcription therefore in human diseases
(Kim et al., 2016). Therefore, as methyltransferase activity was the most significantly enriched
gene set in COPD patients, the genes involved in methyltransferase activity were analysed.
Top ten enriched gene list is shown in Table 3.1. In this list, there were mainly lysine and
arginine methyltransferases including GNMT, EZH2, SETD4, PNMT and PRMT7 as the most
five enriched genes. Within the arginine methyltransferases (PRMTs) of this gene set, PRMT7

was misregulated the highest (Figure 3.1C).

Table 3.1 GO N-methyltransferase activity gene list from the GSEA enrichment

RANK IN RANK METRIC CORE
GENE GENE LIST SCORE RUNNING ES |ENRICHMENT

1| GNMT 467 0.245240659 |[0.027529905 Yes
2 EZH2 614 0.22739704 0.06467469 Yes
3 | SETD4 905 0.200980946 |0.090989165 Yes
4 PNMT 1217 0.179593578 [0.112404205 Yes
5 | PRMT7 1234 0.177996531 | 0.14545777 Yes
6 | WHSCIL1| 1498 0.165477723 | 0.16614309 Yes
7 | PRDM6 | 1560 0.163096026 | 0.19455396 Yes
8 MEN1 1591 0.161792412 0.2239728 Yes
9 | RBBP5 1966 0.147326648 | 0.23672844 Yes
10 | PRDMS9 | 2162 0.140547186 0.255446 Yes

To investigate further, from the same array of GSE76925, the expression of PRMT7 was
compared to that of several well-established COPD disease markers as controls.
Metalloproteinase 9 (MMP9) is involved in COPD pathogenesis by degrading matrix proteins
such as elastin or collagen (Linder et al., 2015), whereas osteopontin gene (SPP1) triggers the
activation of autoreactive T cells in response to cigarette smoke (Shan et al., 2012). Moreover,
periostin (POSTN) is a stress response and inflammation marker in many respiratory diseases
including COPD (lzuhara et al., 2016). Analysis of the publically available array data confirmed
that PRMT7 was significantly upregulated in COPD patients consistent with the altered
regulation of the established COPD marker genes; MMP9, SPP1 and POSTN (Figure 3.2).

To validate these findings, another independent cohort (GSE27597) was examined.

Consistent with the previous cohort (GSE76925), PRMT7 expression was increased in the
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Figure 3.2 The expression of PRMT7 and established COPD markers. Relative expression of PRMT7, MMP9, SPP1 and POSTN
in the lungs of COPD patients in comparison to control smokers. Each dot represents one individual from the GSE76925 data
set. **P < 0.01, ***P <0.001, and ****P < 0.0001, Mann Whitney test. FC refers to fold change.

lungs of COPD patients in comparison to smoker controls (Figure 3.3A). Crucially, the increase
in PRMT7 expression positively correlated with emphysema (airspace enlargement)

development, a hallmark of COPD (Figure 3.3B).
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Figure 3.3 PRMT7 expression correlates with disease severity. (A) PRMT7 expression in COPD patients relative to healthy
control smokers using analysis of GSE27597 data set. (n=16 healthy smokers and n=48 COPD patients). (B) Correlation of
airspace enlargement, emphysema, with PRMT7 gene expression in the same data GSE27597 having p value of 0.0019.
*¥*%*p < 0.0001 Mann Whitney test. FC refers to fold change.

To further validate the findings from GSE76926 and GSE27597 transcriptomics data, PRMT7
gene and protein expression levels were examined performing gPCR and western blotting in
lung core biopsies from lungs of COPD patients and healthy controls in a third independent

cohort, kindly provided by Dr. Stijn Verleden with the ethical approval (University of Leuven,

Belgium). The clinical features of the patients from Leuven were demonstrated in Table 3.2.
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Table 3.2 :The features of COPD patients and healthy controls that were used in our study from Leuven University

COPD Healthy

Subjects (n) 16 11
Mean age years 57.06+1.23 46 £4.93
Sex

Male 7 10

Female 9 1
Height (m) 1.65 = 0.02 1.75 £0.03
Weight (kg) 5944318 8045297

Smoking (packs/year)  39.00=7.55

FEV1 (%) 34.38+5.55
FVC (%) 82.73+5.84
FEV1I/FVC (%) 31.01+5.07

FEV1: Forced expiratory volume in the first second

FVC: Forced vital capacity
gPCR analysis clearly demonstrated that PRMT7 gene expression in COPD patients was
significantly higher compared to controls (Figure 3.4A). Increased expression of TNF was used
as positive control (Figure 3.4A), being an established inflammatory marker in COPD disease
(Yao et al., 2019). Moreover, western blot analysis confirmed the increase in gene expression
by showing a remarkable upregulation of PRMT7 protein in COPD patients in comparison to

healthy controls (Figure 3.4B).

Protein arginine methyltransferases (PRMTs) in mammalian cells consist of nine family
members that catalyse the transfer of a methyl group from AdoMet to arginine residue
(Tewary et al., 2019). Between nine enzymes; PRMT1, PRMT4 (CARM1) and PRMT5 were
associated with having roles in a various of diseases particularly lung disorders. For instance;
elevated levels of PRMT1 is associated with several types of lung cancer (Yoshimatsu et al.,
2011) and pulmonary inflammation (Sun et al., 2012), loss of CARM1 is related to emphysema

development (Sarker et al.,, 2015) and dysregulation of PRMT5 is related to lung
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Figure 3.4 PRMT7 expression is upregulated in COPD patients. (A) The gene expression levels of PRMT7 and TNF in human
lung biopsies from healthy controls (n=8) and COPD patients (n=18) using qPCR analysis. (B) Representative picture of PRMT7
protein levels in lung core biopsies from healthy (n=2) and COPD patients (n=2) by Western blot analysis and densitometry
results of 8 biological samples for healthy controls (n=8) and COPD patients (n=8). Data shown as mean * SD, n=8-18. *P <
0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001, unpaired two-tailed Student’s t test.

tumorigenesis (Wang et al., 2018a). Since their importance in lung diseases is emerging, it
was important to address whether the other PRMTs might also have a role in COPD together
with PRMT7. For this reason, the expression of PRMT1, CARM1 and PRMT5 was determined
in COPD patients compared to healthy ones. gPCR results demonstrated that only gene
expression of PRMT5 was increased in COPD patients similar to PRMT7, whereas PRMT1 and
CARM1 gene expression levels were similar between these two groups (Figure 3.5).
Moreover, several chemokines and cytokines have been associated with inflammation in
COPD such as IL8, IL6, CCL2 and CXCL1. Inflammatory cells including macrophages,
neutrophils and T cells secrete these cytokines and chemokines in response to chronic
inflammation in COPD (Barnes, 2009). Here, previous findings were confirmed, as the
expression of IL8, IL6, CCL2 and CXCL1 chemokines were significantly increased in COPD

patients in comparison to controls (Figure 3.5).
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Figure 3.5 PRMT and inflammatory gene expression levels in human COPD patients. mRNA expression levels of PRMT genes
including PRMT1, CARM1, PRMT5 and inflammatory genes including IL8, IL6, CCL2 and CXCL1 in lung core biopsies from
healthy controls (n=11) and COPD patients (n=17). mRNA expression was determined by qPCR and each dot represents and
individual patient. Data shown as mean + SD, *P < 0.05, **P < 0.01 and ***P < 0.001, Mann Whitney test.

3.1.2 PRMT7 mainly localizes to macrophages in mouse and human lungs

Since PRMT7 expression was upregulated in the lungs of COPD patients, the next question
was to understand which cells in the lung express PRMT7. In the lung, there are many diverse
populations of resident cells, in the respiratory tract like airway epithelial cells (e.g. Club cells),
alveolar epithelial cells (e.g. ATII cells), blood cells (e.g. endothelial cells) and inflammatory
cells (e.g. macrophages) (Whitsett and Alenghat, 2015). To determine where PRMT7 is
predominantly expressed in the lung, the human protein atlas website

(https://www.proteinatlas.org/) was examined first. In this website, PRMT7 was shown to be
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Figure 3.6 Localization of PRMT7 in lung macrophages from human lung atlas website. (A) The expression of PRMT7 in
human lung macrophages using immunohistochemistry staining. Red arrows show stained macrophages for PRMT7. (B) the
expression of PRMT7 in human bronchus epithelial cells using immunohistochemistry staining. Images were taken from the

human protein atlas (https://www.proteinatlas.org/).
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primarily localized to the lung macrophages following immunohistochemistry staining of
human lung sections (Figure 3.6A). Another cell type expressing PRMT7 was bronchial

epithelial cells but at lower levels than macrophages in human lungs (Figure 3.6B).

Therefore, considering the preliminary data from the human protein atlas,
immunofluorescence analysis of lung tissue sections of human (healthy and COPD patients)
and mouse (Filtered air and cigarette smoke exposed) was performed. Co-localization of
PRMT7 and Galectin 3, which is a carbohydrate-binding lectin present on macrophages (Liu
et al., 1995), demonstrated that PRMT7 was predominantly expressed by macrophages in the
lungs of both healthy controls and COPD patients, with more double positive cells found in
COPD patients (Figure 3.7A). Moreover, mouse lungs exposed to FA and CS also
demonstrated that PRMT7 expression was mainly localized to lung macrophages (Figure

3.7B).

>

® Human

Mouse

Figure 3.7 PRMT7 expression is mainly localized to macrophages. (A) Representative pictures of immunofluorescence
analysis for co-localization (shown in yellow) of PRMT7 (Red) and the macrophage marker Galectin 3 (Green) in the lung
core biopsy sections of healthy and COPD patients (n=5), (scale bar 20um). (B) Representative pictures of
immunofluorescence analysis for co-localization (shown in yellow) of PRMT7 (Red) and Galectin 3 (Green) in the sections
from FA exposed and CS exposed mouse lungs (n=4), (scale bar 25um).

Besides macrophages, the human protein atlas revealed that pneumocytes also express

PRMT?7 in human lungs. Further, single cell transcriptomic analysis of lung tissue (Angelidis et
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al., 2019) revealed that Club cells and alveolar type Il epithelial cells also express PRMT7 in
the lung. Taking this finding into consideration, immunofluorescence staining for CC10
positive club cells and Pro-SPC positive alveolar type Il (ATIl) cells in the lungs was undertaken
to examine for co-localization with PRMT7. This revealed that some of the club cells
expressing CC10 (Figure 3.8A) and ATII cells expressing Pro-SPC (Figure 3.8B) also expressed

PRMT7 in mouse lung tissue.

: merged

| -
Figure 3.8 PRMT7 is also expressed in club cells and ATIl cells in mouse lung. (A) Representative images of
immunofluorescence analysis for co-localization (yellow) of PRMT7 (Red) and the club cell marker CC10 (Green) in sections

from mouse lung (n=3, scale bar 50um). (B) Representative images of immunofluorescence analysis for co-localization
(yellow) of PRMT7 (Red) and alveolar type Il cell marker Pro-SPC (Green) in sections from mouse lung (n=3, scale bar 50 um).
(C) Representative pictures of negative controls with only secondary antibodies included into stainings of the sections (scale
bar 50um). Alexa Fluor 488 shown in green whereas Alexa Fluor 568 and 555 shown in red.

3.1.3 PRMT7 increases in monocytes and macrophages upon cigarette smoke

exposure

Finding that PRMT7 was mainly expressed in lung macrophages, the next objective of the
study was to determine the expression levels of PRMT7 specifically in macrophages during
COPD pathogenesis. To better understand and to investigate the factors and pathways
involved in disease progression, the well-established CS-induced COPD mouse model was
utilized (Heckman and Dalbey, 1982). Considering CS-exposure to be the main causing factor

82



RESULTS

for the development of COPD, exposing mice to CS generates inflammation and mimics the
disease characteristics of COPD resulting in the development of emphysema and impaired
lung function (Conlon et al., 2020; Jia et al., 2018; John-Schuster et al., 2014a). Wild type mice
were first exposed to CS for 3 days and they were compared to filtered air (FA) exposed
control mice. After 3 days of CS exposure alveolar macrophages were isolated from the lungs
of both CS-exposed and FA control mice. Interestingly, alveolar macrophages isolated from
the lungs of CS-exposed mice significantly upregulated Prmt7 gene expression level as
determined by gPCR (Figure 3.9A). Increased Tnf gene expression confirms a pro-
inflammatory response in alveolar macrophages following CS exposure (Figure 3.9B). Similar
to lung data from COPD patients, Prmt1 and Carm1 expression in alveolar macrophages did

not differ following CS exposure (Figure 3.9C) while Prmt5 increased similarly to Prmt7.
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Figure 3.9 Expression of several PRMTs in alveolar macrophages from mouse lungs after cigarette smoke exposure. (A-C)
MRNA expression levels of Prmt7 (A), Tnfa (B), Prmt1, Carm1 and Prmt5 (C) determined by qPCR in alveolar macrophages
isolated from lungs of the mice after 3 days of cigarette smoke exposure. (n=3, one experiment). Data shown as mean + SD,
*P <0.05, **P <0.01 and ***P < 0.001, unpaired two-tailed Student’s t test.

Furthermore, monocytes are a crucial cell type driving inflammatory responses and
importantly, circulating monocytes from the blood give rise to tissue-resident and recruited
macrophages in lung tissue (Shi and Pamer, 2011). Therefore, monocytes were isolated from
the peripheral blood of mice exposed to CS for 3 days and the gene expression levels of Prmt7,
Prmtl, Carml, Prmt5 and Tnf were determined. Prmt7 expression levels increased in
monocytes (Figure 3.10A) after CS exposure whereas there was no increase in Tnf gene
expression (Figure 3.10B). Other important Prmt genes, including Prmt1, Carm1 and Prmt5
did not show any elevation in their transcription levels after 3 days of exposure (Figure 3.10C),

suggesting that PRMT7 may be involved in monocyte mediated development of CS-induced

COPD pathogenesis.
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Figure 3.10 Expression of PRMTs in circulating monocytes from the blood of cigarette smoke exposed mice. (A-C) mRNA
expression levels of Prmt7 (A), Tnf (B), Prmt1, Carm1 and Prmt5 (C) determined by gPCR in mouse monocytes isolated from
the peripheral blood of mice after 3 days of cigarette smoke exposure. (n=4, one experiment). Data shown as mean + SD, *P
<0.05, **P < 0.01 and ***P < 0.001, unpaired two-tailed student t-test.

The findings above indicated that macrophages and monocytes enhanced PRMT7 levels upon
acute inflammation following 3 days of CS exposure. To confirm these findings following
chronic CS-exposure, single cell RNA-Seq analysis was performed on whole lung tissue
isolated from the lungs of FA and CS-exposed mice for 2 and 4 months (Kindly undertaken by
the Schiller lab of the ILBD). As a result of single cell RNA-Seq analysis, it was clearly observed
that Prmt7 expression was elevated in both alveolar (Figure 3.11A) and interstitial
macrophages (Figure 3.11B) following 2 and 4 months of CS exposure, consistent with the
acute results. Monocytes also demonstrated increased Prmt7 expression following chronic
CS exposure (Figure 3.11C), implying that chronic CS exposure had a similar effect upon

PRMT?7 expression in both macrophages and monocytes as did acute CS exposure.

To support these findings in vitro, the murine lung alveolar macrophage cell line, MHS, was
explored. MHS cells are a continuous cell line of murine alveolar macrophages which was

created by simian virus 40 (SV40) transformation of bronchoalveolar lavage cells isolated

A Alveolar macrophages B Interstitial macrophages C Monocytes
2m CS M CS 2m CS
A 4m Cs 0.015 4m CS
~ ~ ~ 0.005
£ 0.008 £ E
o a a
5% 5% 5%
0.010 0.004

Figure 3.11 PRMT7 expression in macrophages and monocytes in single cell RNA-Seq analysis. (A-C) Prmt7 expression in
alveolar macrophages (A), interstitial macrophages (B) and monocytes (C) from mouse lung single cell RNA-seq data following
exposure to FA and CS for 2 and 4 months (n=3-5). Dot plot represents the cell percentage which are positive for Prmt7
expression in each subtype. Expression scale increases from bottom to up with the colour intensity.
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Figure 3.12 Expression of several PRMTs in MHS cells after stimulating with cigarette smoke extract (5%). The expression
levels of Prmt7, Prmt1, Carm1, Prmt5, Tnf and IL6 determined by gPCR in MHS cells with or without 5% of cigarette smoke
extract (CSE) treatment for 24h (n=4, one experiment). Data shown mean + SD, *P < 0.05, **P < 0.01 and ***P < 0.001,

unpaired two-tailed student t test.

from mouse lungs (Mbawuike and Herscowitz, 1989). In this study, MHS cells were subjected
to 5% of cigarette smoke extract (CSE) for 24h. MHS cells following CSE exposure significantly
induced expression of Prmt7 together with the pro-inflammatory markers Tnf and IL6,
whereas Prmt1, Carm1 and Prmt5 did not show any elevation in expression levels (Figure
3.12).

To confirm the translational applicability of our murine and in vitro findings, PRMT7
expression levels in circulating human monocytes taken from the peripheral blood of
individuals who have a smoking history was examined. In line with monocytes isolated from
CS exposed mice, human monocytes demonstrated elevated levels of PRMT7 in smokers
compared to non-smokers (Figure 3.13). Again, similar to mice, there was no difference in the
expression of TNF between monocytes isolated from non-smokers and smokers (Figure 3.13).
Taken all together, this data suggests that PRMT7 expressed by monocytes and macrophages

may potentially be contributing to CS-induced COPD pathogenesis.
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Figure 3.13 Expression of PRMT7 and TNF in circulating human monocytes from the blood of non smokers and smokers.
mMRNA expression levels of PRMT7 and TNF determined by gPCR in human monocytes isolated from the peripheral blood of
non-smokers and smokers. (n=7-10 for non-smokers and n=10 for smokers). Data shown mean + SD, *P < 0.05, **P < 0.01

and ***P < 0.001, unpaired two-tailed student t-test.
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3.2 Regulation of PRMT7 in macrophages and monocytes

3.2.1 Prmt7 gene promoter analysis

Considering that PRMT7 expression was increased in COPD patients and localized mainly to
macrophages in both mouse and human lungs, elucidating how PRMT7 is regulated in these
cells is essential to understand the contribution of PRMT7 to the pathogenesis of COPD. To
address the mechanism underlying the upstream regulation of PRMT7 in monocytes and
macrophages, promoter analysis on publically available CHIP-Seq data from the Cistrome
Data Browser (Mei et al., 2016) was first undertaken. A recent study revealed that important
transcriptional factors (TFs) for the function of lung macrophages included RELA, RELB, IRF1
and CEBPA (Sajti et al., 2020). CHIP-Seq analysis of the genomic binding regions of these four
crucial myeloid TFs demonstrated that RELA was clustered more densely on the promoter
region of Prmt7 rather than the other TFs; RELB, IRF1 and CEBPA (Figure 3.14A). Importantly,
this enrichment overlapped with H3K27ac (Zhang et al., 2020) and H3K4me3 (Guenther et al.,
2007) which are described as activation marks. Moreover, the enrichment peak of RELA on
the Prmt7 promoter correlated with open chromatin as determined by the ATAC-Seq analysis

of macrophages (Figure 3.14A). To support these findings, potential transcription binding
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Figure 3.14 Regulation of PRMT7 expression in macrophages. (A) Enrichment peaks of transcriptional factors including p65,
p50, IRF1 and CEBPA on the promoter site of mouse Prmt7 gene by CHIP-Seq analysis using Custom tracks on the UCSC
genome browser. H3K27ac and H3K4me3 represents activation marks in the genome. ATAC-Seq peak from our MHS
macrophage cell line for the same region is shown in violet colour. (B) JASPAR analysis of the ATAC seq Track across the
transcription start site (TSS) of Prmt7 showing the presence of NFKB1 consensus motifs.
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sites were analysed using the JASPAR database, which is a publically available tool of high
quality and matrix based transcriptional factor binding profiles (Fornes et al., 2019; Sandelin
et al., 2004). As a result of JASPAR analysis across the transcriptional start site (TSS) of Prmt?7,
NFKB1 consensus motifs were found in the open ATAC seq Track (Figure 3.14B). These data
together suggest that Prmt7 transcription might be regulated via NF-kB subunits, potentially

through RELA binding at the promoter.

3.2.2 PRMT7 expression is regulated via NF-kB in monocytes

RelA (referred as p65) is a subunit of the NF-kB transcription factor complex paired with
NFKB1, which can be translocated into the nucleus through inflammatory TLR4 signalling to
initiate the transcription of target genes (Sharif et al., 2007). Bacterial lipopolysaccharide
(LPS) is a well-known ligand of TLR4 and binding of LPS to TLR4 results in translocation of NF-
kB transcription factors including RelA into the nucleus (Kawai and Akira, 2010). Therefore,
mouse and human primary monocytes were stimulated with LPS in order to understand
whether NF-kB signaling regulates PRMT7 transcriptional expression. As predicted from the
promoter analysis, Prmt7 gene expression in primary mouse monocytes was increased
significantly following LPS stimulation, and was accompanied by the induction of the NF-kB
regulated inflammatory gene Tnf (Figure 3.15A). To validate this finding in humans, human
monocytes isolated from peripheral blood were stimulated with LPS. Similarly, PRMT7

expression was significantly upregulated along with the inflammatory marker TNF (Figure

3.158).
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Figure 3.15 The effect of LPS stimulation on PRMT7 levels in primary mouse and human monocytes. (A) mRNA expression
levels of Prmt7 and Tnf determined by gPCR in primary mouse monocytes upon 100ng of LPS stimulation (n=22-25, 5
experiments). FC represents fold change. (B) mMRNA expression levels of PRMT7 and TNF determined by qPCR in primary
human monocytes upon 100ng of LPS stimulation (n=5-6, one experiment). Data shown mean + SD, *P < 0.05, **P < 0.01,
***p < 0.001 and ****P < 0.0001, unpaired two-tailed student t-test.
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3.2.3 Inhibition of NF-kB pathway attenuated PRMT?7 levels

PRMT7 expression increased following LPS stimulation potentially via NF-kB signaling.
Therefore, it was asked whether inhibition of the NF-kB pathway could reduce the induction
of Prmt7 upon LPS stimulation. First, an irreversible inhibitor of cytokine-induced IkB-a
phosphorylation, BAY11-7082, was used. BAY11-7082 inhibits the NF-kB translocation into
the nucleus by preventing the release of NF-kB from the cytosolic IkB-a/NF-kB complex
(Pierce et al., 1997). It is known to be a non-specific inhibitor of both canonical and non-
canonical NF-kB signaling. The induction of Prmt7 expression upon LPS treatment was
reversed by using BAY11-7082 (Figure 3.16). Tnf, Il6 and I/1b genes were also examined as
they are known targets of NF-kB pathway (Liu et al., 2017; Wang et al., 2014a). As expected,
their LPS-induced expression was also reduced with BAY11-7082 treatment (Figure 3.16).
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Figure 3.16 Prmt7 expression is inhibited by BAY11-7082 NF-kB inhibitor in monocytes. mRNA expression levels of Prmt7,
Tnf, 116 and I/1b determined by gqPCR in primary mouse monocytes treated with 100ng LPS only or 100ng LPS combined with
1uM of BAY11-7082 compound for 24h (n=7-20, three experiments). FC refers to fold change relative to control. Data shown
as mean £ SD, ¥*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons
test.
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In confirmation, a more specific inhibitor of the nuclear translocation of RelA into the nucleus
was utilized in LPS treated monocytes. JSH-23 is a cell permeable drug that specifically blocks
the nuclear translocation of RelA/p65 without affecting upstream targets like IkB-a
degradation (Shin et al., 2004). Using JSH-23 also reduced the effect of LPS stimulation on
Prmt7 expression as well as the inflammatory genes, Tnf, 1l6 and //1b in primary mouse
monocytes (Figure 3.17A). Consistent with gene expression levels, further western blot
analysis demonstrated that JSH-23 treatment had reduced the protein level of PRMT7 upon
LPS induction in primary mouse monocytes (Figure 3.17B). More importantly, the enzyme

activity of PRMT7 defined by total mono-methylation levels was also diminished following
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JSH-23 inhibitor treatment (Figure 3.17B). Taken together, these findings suggested that
PRMT7 expression is regulated in myeloid cells by NF-kB signalling pathways predominantly
via the nuclear translocation of the transcription factor RelA.
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Figure 3.17 PRMT?7 expression is inhibited by JSH-23 inhibitor in monocytes. (A) mRNA expression levels of Prmt7, Tnf, ll6
and //1b determined by qPCR in primary mouse monocytes treated with only 100ng LPS or 100ng LPS combined with 20uM
of JSH-23 compound for 6h (n=6, three experiments). FC refers to fold change relative to control samples. (B) Representative
pictures of protein levels of PRMT7 and total mono-methylation levels determined by western blot analysis in primary
monocytes treated with only 100ng LPS or 100ng LPS combined with 20uM JSH-23 (n=3). Data shown as mean * SD, *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test. Densitometry
graphs were drawn as relative to B-actin levels.

3.3 Functional consequences of altered PRMT7 levels in COPD
animal models

3.3.1 Generation and validation of Prmt7*-mouse model

To delineate the role of PRMT7 in the development of COPD, mice with a disrupted Prmt7
allele, referred to as Prmt7*/-, were used in this study. The generation of Prmt7* mice is
explained in detail in the methods part of this thesis. The reason Prmt7*/- mice, instead of full
knockout mice were used in this study, was because Prmt7/- mice have been previously

reported to die between 5-10 days of birth (Ying et al., 2015). This phenotype was also
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observed by ourselves, therefore experiments were performed with Prmt7*/- animals and

wild-type (WT) litter mate controls.

To validate the deficiency of PRMT7 in Prmt7*/- mice, lungs were initially isolated from WT
and Prmt7*- mice and mRNA expression levels of Prmt7, Prmt1, Carm1 and Prmt5 were
analysed by gPCR in whole lung tissue samples. As predicted, a two-fold reduction in the
levels of Prmt7 mRNA was observed, whereas no change in the levels of Prmt1, Carm1 and
Prmt5 was detectable (Figure 3.18A). Consistent with these findings, mono-methylated
arginine levels of whole lung proteins were significantly decreased in Prmt7*/- mice (Figure
3.18B). Since PRMT7 is known to be the unique PRMT enzyme, which only catalyzes the
mono-methylation (MMA) reaction, reduced MMA levels also proves functional deficiency of
PRMT7 in whole lung. Additionally, based on the previous findings that PRMT7 was mainly
expressed in macrophages in the lung, the PRMT7 levels in monocytes and alveolar

macrophages from WT and Prmt7*/- mice was specifically investigated.
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Figure 3.18 Decreased PRMT7 expression and mono-methylation levels in the lungs of Prmt7*/- mice. (A) mRNA expression
levels of Prmt7, Prmt1, Carm1 and Prmt5 determined by gPCR in whole lung tissue of WT and Prmt7*/- mice (n=4). (B) Total
mono-methylation levels in the lungs of WT and Prmt7*/- mice determined by western blot analysis (n=4-5). Data shown as
mean * SD, ¥*P < 0.05, and ***P < 0.001 unpaired two-tailed Student’s t test. Densitometry graphs were drawn as relative to

B-actin levels.
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Similar to whole lung tissue results, bone marrow monocytes (Figure 3.19A) and alveolar
macrophages (Figure 3.19B) isolated from Prmt7*/- mice had diminished expression of Prmt7
compared to WT mice. Importantly, mRNA expression levels of other PRMTs including Prmt1,
Carm1 and Prmt5 did not show any differences between WT and Prmt7*/- mice (Figure 3.19A-

B), suggesting no compensatory increase in expression.
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Figure 3.19 Reduced PRMT7 expression in the bone marrow monocytes and alveolar macrophages of WT and Prmt7*/-
mice. (A) mMRNA expression levels of Prmt7, Prmt1, Carm1 and Prmt5 determined by gPCR in bone marrow monocytes
isolated from WT and Prmt7*/- mice (n=2-4). (B) mRNA expression levels of Prmt7, Prmt1, Carm1 and Prmt5 determined by
gPCR in alveolar macrophages isolated from the lungs of WT and Prmt7*/- mice (n=4). Data shown as mean * SD, *P < 0.05,
and ***P < 0.001 unpaired two-tailed Student’s t test.

3.3.2 Macrophage accumulation is impaired in the lungs of Prmt7*/- mice

following CS exposure
To understand the function of PRMT7 in the pathogenesis of COPD, both WT and Prmt7*/-
mice were subjected to CS, a well-known cause of COPD (Churg et al., 2008; Conlon et al.,
2020; Jia et al., 2018; John-Schuster et al., 2014a). Following 3 days of acute CS exposure,
inflammatory cell recruitment into the bronchoalveolar lavage (BAL) fluid was enhanced both
in WT and Prmt7*- mice (Figure 3.20A). However, Prmt7*- mice demonstrated reduced
amounts of total inflammatory cells in comparison to WT control mice following CS exposure
(Figure 3.20A). This impaired inflammatory cell number was due to a decline in the number
of macrophages, while neutrophil and lymphocyte numbers remained the same (Figure
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3.20A). To validate whether macrophage numbers are less in the lungs of Prmt7*/- mice,
immunohistochemistry staining of lung sections for Galectin-3 (Figure 3.20B), which is
defined as a marker for macrophages (Liu et al., 1995) was undertaken. This confirmed the
reduction in the number of macrophages found in the lung of Prmt7*/-mice compared to WT
mice after CS exposure (Figure 3.20B and C). Quantification of macrophage number from the
lung sections was assessed by computer assisted stereological toolbox (CAST) (Eriksen et al.,
2017) (Figure 3.20C). To understand the reason why macrophage numbers were decreased
in Prmt7*" mice, the expression levels of Ccl2, the main chemokine for macrophage
recruitment to the inflamed tissue (Gregory et al., 2006) was evaluated. Interestingly,
expression levels of Cc/2 increased similarly in both WT and Prmt7*/- mice after CS exposure,

excluding the possibility of reduced Cc/2 expression causing less macrophage recruitment
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Figure 3.20 Macrophage number is reduced in the lungs of Prmt7*/- mice following acute CS exposure for 3 days. (A-D) WT
and Prmt7*/- mice were exposed to filtered air (FA) or cigarette smoke (CS) for 3 days (n=4-5, three experiments). (A) Total
inflammatory cell counts as well as macrophage, neutrophil and lymphocyte cell counts from bronchoalveolar lavage fluid
(BALF). (B) Representative pictures of immunohistochemistry staining of lung sections for galectin-3 positive macrophages
(red signal refers to galectin-3 positive macrophages). (scale bar 100um). (C) Quantification of macrophage numbers from
stained lung sections in each group through 20 random fields counted by CAST. (D) mRNA expression levels of Cc/2 and Cxcl1
determined by gPCR in the lungs of WT and Prmt7*/- mice with FA or CS exposure. Data shown as mean * SD, *P < 0.05, **P
<0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.
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(Figure 3.20D). Moreover, the expression levels of the neutrophil chemoattractant, Cxcl1,
elevated comparably between the lungs of WT and Prmt7*/- mice post CS exposure as

predicted (Figure 3.20D).

Additionally, to address if the reduction in macrophage numbers in Prmt7*- mice after acute
CS exposure for 3 days was also occurring during chronic inflammatory responses, and could
potentially impact upon disease pathogenesis, mice were subjected to CS for 4 months, a
well-established mouse model of COPD (Jia et al., 2018; John-Schuster et al., 2014a). Similar
to what was observed after 3 days of CS exposure, quantification of immunohistochemistry
staining of lung tissue sections following 4 months of chronic CS exposure for Galectin-3

demonstrated impaired macrophage numbers in Prmt7*/-mice (Figure 3.21A-B).
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Figure 3.21 Macrophage accumulation is impaired in the lungs of Prmt7*/- mice following chronic CS exposure for 4
months. (A-B) WT and Prmt7*/- mice were exposed to filtered air (FA) or cigarette smoke (CS) for 4 months (n=4, two
experiments). (A) Representative pictures of immunohistochemistry staining of lung sections for galectin-3 positive
macrophages (red signal refers to galectin-3 positive macrophages). (scale bar 100um). (B) Quantification of macrophage
numbers from stained lung sections in each group through 20 random fields counted by CAST. Data shown as mean + SD,
*P<0.05, ¥*P<0.01, ***P <0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

Flow cytometry analysis of whole lung homogenate confirmed previous findings that total
macrophages which are represented by the F480* population (Dos Anjos Cassado, 2017) were
reduced in Prmt7*-mice compared to WT mice after chronic CS exposure (Figure 3.22A and
B). The populations are gated according to representative plots in Figure 3.22A. Moreover,
further analysis of total F480* lung macrophages indicated that there was a reduction in the

numbers of F480*CD11b* macrophages in Prmt7*/- mice in comparison to WT mice following

chronic CS exposure (Figure 3.22B). CD11b helps to distinguish the monocyte-derived
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Figure 3.22 Monocyte derived macrophage number is reduced in the lungs of Prmt7*/- mice following chronic CS exposure
for 4 months. (A-B) WT and Prmt7* mice were exposed to filtered air (FA) or cigarette smoke (CS) for 4 months (n=4, two
experiments). (A) Representative gating strategy plots of whole lung cells. F480* macrophages were gated from CD45* cells
and CD11b* cells were gated from F480* cells. (B) Quantification of F480" macrophages as well as F480* CD11b* macrophages
in each group from the gated populations shown in A. Data shown as mean % SD, *P < 0.05, **P < 0.01, ***P < 0.001, and
**%*p < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons and unpaired two-tailed Student’s t test.

macrophage population from resident alveolar macrophages (Misharin et al., 2013).
Therefore, these data suggested that the reduced macrophage number might originate from

impaired recruitment of monocyte-derived macrophages into the lungs of Prmt7*/- mice.

To exclude that the reduction in macrophage recruitment to the lungs of Prmt7* mice
following chronic CS exposure was caused by the lack of chemokine expression in the lungs,
CCL2 and CXCL1 levels were examined. Firstly, the mRNA expression levels of Ccl2 and Cxcl1
were identified after chronic CS exposure by qPCR, as chemoattractants for macrophages and
neutrophils, respectively. It was observed that Cc/2 and Cxcl/1 levels were increased equally
in the lungs of both WT and Prmt7*- mice (Figure 3.23A). Moreover, since these

chemoattractants are secreted into the BAL fluid, protein levels were also measured using an
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Figure 3.23 Chemokine levels are similar between the lungs of WT and Prmt7*/- mice following chronic CS exposure. (A-B)
WT and Prmt7*/-mice were exposed to filtered air (FA) or cigarette smoke (CS) for 4 months (n=6-7, two experiments). (A)
mRNA expression levels of Cc/2 and Cxcl1 determined by gPCR in the lungs of WT and Prmt7*/- mice. (B) Protein levels of
CCL2 and CXCL1 determined by ELISA in the BALF of WT and Prmt7* mice. Data shown mean #* SD, *P < 0.05, **P < 0.01,
***p < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.
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ELISA method. There were again similar increases in the expression of CCL2 and CXCL1 after
CS exposure in both mice (Figure 3.23B). These findings indicated that the reduction of
macrophage number in the lungs of Prmt7*- mice was not derived from impaired

chemoattractant levels upon chronic CS exposure.

The recruitment of immune cells including monocytes from blood vessels to tissue upon
inflammatory insult also depends on adhesion molecules expressed by the endothelial cells
(Ala et al., 2003). ICAM-1 and VCAM-1 are defined as two key important adhesion proteins
from the immunoglobulin superfamily, which are involved in monocyte trafficking including
adhesion and migration (Gerhardt and Ley, 2015). Therefore, it was next asked whether the
impaired recruitment of monocyte-derived macrophages into the lungs of Prmt7*/ mice

results from a deficiency in these two vital adhesion molecules. Initially, the expression levels
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Figure 3.24 ICAM1 and VCAM1 levels are not reduced in Prmt7*/- mice following CS exposure. (A-C) WT and Prmt7*/- mice
were exposed to filtered air (FA) or cigarette smoke (CS) for 3 days (n=4-5, two experiments). (D-F) WT and Prmt7*/- mice
were exposed to filtered air (FA) or cigarette smoke (CS) for 4 months (n=6-7, two experiments). (A) mRNA expression levels
of Icam1 and Vcam1 determined by qPCR in whole lungs of WT and Prmt7*- mice upon CS exposure. (B) Protein levels of
VCAM1 determined by Western blot analysis in the whole lungs of WT and Prmt7* mice upon CS exposure. (C)
Quantification of VCAM1 levels relative to B-actin from section B. (D) mRNA expression levels of /cam1 and Vcaml1
determined by gPCR in whole lungs of WT and Prmt7*-mice upon CS exposure. (E) Protein levels of VCAM1 determined by
Western blot analysis in the whole lungs of WT and Prmt7*/- mice upon CS exposure. (F) Quantification of VCAM1 levels
relative to B-actin from section E. Data shown mean + SD, *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001, one-way
ANOVA Bonferroni’s multiple comparisons test.
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of Icam1 and Vcam1 were determined in the lungs of both mice when subjected to FA or CS
for 3 days. Their expression did not differ between the lungs of Prmt7*- mice compared to
WT following acute CS exposure (Figure 3.24A). Similar to gene expression levels, VCAM1
protein levels were also similar in the lungs of both mice (Figure 3.24B) and western blotting
quantification is performed relative to B-actin control (Figure 3.24C). Similar to what was
observed in acute CS exposure, Icam1 and Vcam1 mRNA levels did not change between the
lungs of WT and Prmt7*/-mice in response to chronic CS exposure for 4 months (Figure 3.24D).
Supporting this finding, western blot analysis demonstrated that VCAM1 protein levels were

also similar for WT and Prmt7*/- mice (Figure 3.24E-F).

To better understand the possible effects of PRMT7 deficiency on endothelial cell expression
of ICAM1 and VCAM1, the SVEC4-10 endothelial cell line which is derived by the
transformation of endothelial cells isolated from lymph node vessels with the SV40 virus
(O'Connell and Edidin, 1990), were utilized in this study. SVEC4-10 cells were treated firstly
with an inhibitor of PRMT7 activity, SGC3027 (Szewczyk et al., 2020) and subsequently
stimulated with TNF to activate the endothelial cells. As a result of TNF stimulation,
endothelial cells enhanced the expression of Icam1 and Vcam1 genes to a similar level
regardless of PRMT7 inhibition (Figure 3.25). Considering these data suggested that the
expression of key adhesion molecules including ICAM1 and VCAM1, crucial for trans-
endothelial migration, did not change between WT and Prmt7*/-mice. Therefore, the reduced
macrophage number in the lungs of Prmt7*- mice following CS exposure was not caused by

reduced levels of these adhesion molecules on endothelial cells or the levels of chemokines.
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Figure 3.25 Icam1 and Vcam1 expression does not change with the inhibition of PRMT7 on endothelial cells. mRNA
expression levels of lcam1 and Vcam1 determined by gPCR in endothelial cell lines, SVEC4-10, with the pretreatment of 5uM
SGC3027 drug for 1h followed by 100ng TNF stimulation for 24h (n=4, two experiments).
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3.3.3 Prmt7*- mice are protected against emphysema in cigarette smoke-

induced COPD model

Based on the finding that macrophage numbers in the lungs of Prmt7*/- mice were reduced
following CS exposure for 4 months, it was investigated whether this reduction could affect
disease development. It is well studied that chronic CS exposure in several animal models
induces lung inflammation (Botelho et al., 2010) and emphysema development partly caused
by macrophage derived matrix metalloproteinases and other proteases (D'Hulst et al., 2005;
Jia et al., 2018; John-Schuster et al., 2014b). Considering these studies, lung damage after 4
months of CS exposure in WT and Prmt7*- mice was examined. Hematoxylin and eosin
staining of lung tissue sections showed that emphysema development was enhanced in the
lungs of WT mice however, significantly CS-induced emphysema was prevented in the lungs
of Prmt7*/- mice (Figure 3.26A). This observation was quantified by stereological analysis of
lung tissue for airspace enlargement via the CAST system and airspace enlargement was
significantly diminished in the lungs of Prmt7*/-mice post CS exposure compared to WT lungs
(Figure 3.26B). Moreover, this reduction in emphysema development was supported by
improved lung function. Diffusion capacity of Prmt7*/- mice did not show any impairment
compared to WT mice after CS exposure (Figure 3.26C). Furthermore, small airway
remodeling is also an important hallmark of COPD pathogenesis and characterized mainly by
collagen deposition and fibrosis of the airways (Higham et al., 2019; James and Wenzel, 2007).
Therefore, collagen deposition around small airways in the lungs of WT and Prmt7*/-mice was
examined in lung tissue sections stained with Masson’s Trichrome. WT mice had increased
amounts of collagen deposition whereas the lungs of Prmt7*/- mice produced significantly less
collagen around the airways following CS exposure compared to WT lungs (Figure 3.26D and
E). In summary, here it is clearly demonstrated that Prmt7*/-mice were protected against the
development of COPD with less emphysematous and fibrotic phenotype and improved lung

function.
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Figure 3.26 Prmt7*/- mice are protected against COPD development in response to chronic CS exposure. (A-E) WT and
Prmt7* mice were exposed to filtered air (FA) or cigarette smoke (CS) for 4 months (n=5-10, two experiments). (A)
Representative pictures of H&E staining of lung tissue sections from WT and Prmt7*/- mice (scale bar 50um). (B)
Quantification of airspace enlargement in terms of mean chord length in um via CAST system. (C) Diffusion capacity
measurement of carbon monoxide (CO) to determine the lung function. (D) Representative pictures of Masson trichrome
staining of lung tissue sections from WT and Prmt7*/-mice (scale bar 50um). (E) Quantification of collagen deposition volume
(um?3) per defined area (um?) via CAST system in lung sections of WT and Prmt7*/- mice stained with Masson’s Trichrome.

Data shown as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple
comparisons test.

3.3.4 Macrophage accumulation is impaired in the lungs of Prmt7*/- mice
following PPE exposure

To validate the findings from the CS-induced COPD model, an independent model of
emphysematous COPD, which is driven by macrophages in response to a single dose of
porcine pancreatic elastase (PPE) instillation (Antunes and Rocco, 2011; Ghorani et al., 2017),
was analysed. Elastase is secreted mainly by activated neutrophils in the lungs and causes
damage to alveolar tissue as a proteolytic enzyme (Janoff, 1985). Therefore, the principle of
elastase instillation in the mouse model is to induce an inflammatory responses resulting in

lung tissue damage and the development of emphysema, mimicking what is seen in COPD
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Figure 3.27 Macrophage number is reduced in the lungs of Prmt7*/- mice following acute PPE exposure for 24h. (A-C) WT
and Prmt7*/- mice were treated with a single oropharyngeal application of PBS or porcine pancreatic elastase (PPE) 40U/Kg
for 24h (n=3-5). (A) Total cell count as well as macrophage, neutrophil and lymphocyte cell counts from bronchoalveolar
lavage fluid (BALF) of WT and Prmt7* mice after PPE or PBS instillation. (B) Representative pictures of
immunohistochemistry stainings of lung sections with Galectin-3 antibody to stain macrophages (red signal refers Galectin-
3 positive) (scale bar 200um). (€C) Quantification of macrophage numbers from stained lung sections in each group through
20 random fields counted by CAST. Data shown as mean £ SD, *P < 0.05, ¥**P < 0.01, ***P < 0.001, and ****P < 0.0001, one-
way ANOVA Bonferroni’s multiple comparisons test.

(Bonfield, 2012; Ghorani et al., 2017). As a result of an acute exposure to porcine pancreatic
elastase (PPE) for 24h, similar findings to CS-exposure were observed in which Prmt7*/-mice
had less macrophages, whereas the numbers of neutrophils and lymphocytes remained the
same as the lungs of WT mice subjected to PPE (Figure 3.27A). Immunohistochemistry
staining of lung sections also confirmed that the amount of Galectin-3 expressing
macrophages was significantly elevated after PPE instillation following 24h in the lungs of WT
mice however, this increase was clearly impaired in Prmt7*- mice (Figure 3.27B-C).

Quantification was performed using the CAST system.

To confirm these findings, WT and Prmt7*/- mice were subjected to PPE with a single dose
instillation and examined after 28 days. Similar to previous results, macrophage numbers
counted in the BALF from the lungs of Prmt7*/- mice were again reduced in comparison to WT
controls (Figure 3.28A) and immunohistochemistry staining of lung sections against Galectin-
3 confirmed this observation, by revealing that Galectin-3 positive macrophage numbers did

not increase in the lungs of Prmt7*/-mice following PPE exposure (Figure 3.28B-C).
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Figure 3.28 Macrophage number is reduced in the lungs of Prmt7*/- mice following chronic PPE exposure for 28 days. (A-
C) WT and Prmt7*/- mice were treated with a single oropharyngeal application of PBS or porcine pancreatic elastase (PPE)
40U/Kg for 28 days (n=4-6, two experiments). (A) Total cell count as well as macrophage, neutrophil and lymphocyte cell
counts from bronchoalveolar lavage fluid (BALF) of WT and Prmt7*- mice after PPE or PBS instillation. (B) Representative
pictures of immunohistochemistry stainings of lung sections with Galectin-3 antibody to stain macrophages (red signal refers
Galectin-3 positive) (scale bar 200um). (C) Quantification of macrophage numbers from stained lung sections in each group
through 20 random fields counted by CAST. Data shown as mean * SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****p <
0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

3.3.5 Prmt7*- mice are protected from emphysema in the PPE-induced COPD

model

To comprehend the role of PRMT7 in elastase-induced COPD progression, emphysema
development was compared between WT and Prmt7*/- mice following 28 days of a single
instillation of PPE. After 28 days when WT mice demonstrated clear signs of emphysema
observed by destruction of alveolar structures, Prmt7*/- mice were again protected from
emphysema development (Figure 3.29A). The quantification of airspace enlargement which
defines the severity of emphysema development can be seen in Figure 3.29B. This
observation was accompanied by improved lung function since forced vital capacity did not
elevate in Prmt7*- mice as much as it did in WT controls following PPE treatment (Figure
3.290C).

In conclusion, taking all data into consideration, these findings suggested that PRMT7 is
crucial for the recruitment of macrophages into the lung following inflammatory insult.
Therefore, PRMT7 plays a critical role in the progression of macrophage-driven

emphysematous COPD in the lungs of both CS and PPE-exposed mice.
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Figure 3.29 Prmt7*/- mice are protected against COPD development in response to chronic PPE exposure. (A-C) WT and
Prmt7* mice were treated with a single oropharyngeal application of PBS or porcine pancreatic elastase (PPE) 40U/Kg for
28 days (n=4-6, two experiments). (A) Representative pictures of H&E stainining of lung tissue sections from WT and Prmt7*/-
mice (scale bar 50um). (B) Quantification of airspace enlargement in terms of mean chord length in um via CAST system. (C)
Forced vital capacity (FVC) measurement to determine lung function. Data shown as mean + SD, *P < 0.05, **P < 0.01, ***p
<0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

3.3.6 PRMT7 regulates monocyte-derived macrophage recruitment into the
lungs
Previous findings in this study already confirmed that macrophage accumulation in the lungs
of Prmt7*/- mice was impaired when there is an inflammatory insult. The next question was
to understand whether these macrophages were monocyte-derived, as suggested by the flow
cytometry data of reduced CD11b* macrophages in the lungs of Prmt7*- mice subjected to
chronic CS. To distinguish the role of monocyte-derived macrophages from resident
macrophages in emphysema development, the orthotopic lung transplantation model
(Smirnova et al., 2019) was used. This model is well described to comprehend immune
mediated events that cause rejection after lung transplantation (Jungraithmayr et al., 2009).
However, importantly for this study donor lungs retain resident alveolar macrophages during
lung transplantation (Nayak et al., 2016). In this study, firstly left lungs from WT mice were
transplanted into WT or Prmt7*/ recipients. All recipients were left for 3 weeks to recover
from surgery and then they were exposed to a single dose of PPE. The experimental design is
described in Figure 3.30A. Consistent with previous findings, macrophage recruitment was

impaired in WT lungs transplanted into Prmt7*/- recipients, but not those transplanted into
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Figure 3.30 Wild-type lungs transplanted into Prmt7*/- mice had reduced macrophage recruitment. (A-D) Left lungs of WT
mice were transplanted into WT or Prmt7*/ recipients and they were exposed to a single dose of PPE, 40U/K, after 3 weeks
from surgery. PPE exposed mice were analysed 28 days later (n=4). (A) The design of the experiment. (B)
Immunohistochemisty staining images of lung sections from transplanted lungs for Galectin-3 positive macrophages (red
signal represents galectin-3 positive cells) (scale bar 100um). (C) Quantification of macrophage numbers from stained
sections of transplanted lungs in each group through 20 random fields counted by CAST. (D) Total cell count as well as
macrophage cell count from bronchoalveolar lavage fluid (BALF) of WT and Prmt7*/" recipients. Data shown mean # SD, *P
<0.05 and **P < 0.01 unpaired two-tailed Student’s t test.

WT recipients (Figure 3.30B and C). Additionally, cell counts from broncoalveolar lavage fluid

also confirmed that Prmt7*/-recipients had reduced numbers of macrophages (Figure 3.30D).

Crucially, reduced macrophage numbers in Prmt7*- recipients were accompanied by
protection from emphysema development (Figure 3.31A). Airspace enlargement was

guantified by stereological analysis confirming that emphysema development was reduced

WT >WT WT >Prmt7*-

=100

£
= e

u [T
. 8 G

- f 5 a £
" 2 g

¢ S . T
L = ] & 2

]} % LN e
2 4 S 4 g

i

Figure 3.31 Wild-type lungs transplanted into Prmt7*/- mice are protected from elastase-induced emphysema.(A-C) Left
lungs of WT mice were transplanted into WT or Prmt7*/ recipients and they were exposed to a single dose of PPE, 40U/K,
after 3 weeks from surgery. PPE exposed mice were analysed 28 days later (n=4). (A) Hematoxylin and Eosin stained images
of lung sections from transplanted lungs (scale bar 200um). (B) Quantification of airspace enlargement in terms of mean
chord length in pum via CAST system. (C) Diffusion capacity of carbon monoxide (CO) and Forced vital capacity (FVC)
measuremesnt to determine lung function. Data shown as mean + SD, *P < 0.05 and **P < 0.01 unpaired two-tailed
Student’s t test.
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in Prmt7*/ recipients compared to WT recipients (Figure 3.31B). Diffusion capacity and forced
vital capacity were also improved in Prmt7* recipients (Figure 3.31C). These data clearly
suggested that monocyte-derived macrophages but not resident macrophages play a central
role in disease pathogenesis and Prmt7*- mice were protected against emphysema

development by reduced recruitment of monocyte-derived macrophages.

To support the idea that the recruitment of monocyte-derived macrophages into the lungs of
Prmt7*/- mice was impaired, trans-endothelial migration assays were performed. Primary
monocytes isolated from the bone marrow of Prmt7*/- mice demonstrated impaired trans-
endothelial migration compared to WT controls towards the chemokine CCL2, which is the
main chemokine for macrophage recruitment (Figure 3.32A). Even though migration through
CCL2 was disrupted, CCR2, the receptor of the CCL2 ligand, surface expression levels on
monocytes from WT and Prmt7*/- did not differ, suggesting that the deficient migration was

not caused by reduced surface levels of CCR2 (Figure 3.32B).
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Figure 3.32 PRMT7 regulates monocyte recruitment. (A) The number of monocytes which were migrated through CCL2
ligand as a result of trans-endothelial migration assay. The monolayer was formed with SVEC endothelial cells and they were

activated with 10ng/ml TNF before migration. Monocytes isolated from WT and Prmt7*- mice were migrated through
endothelial cells towards +/- 100ng/ml of CCL2 (n=3, three experiments). (B) Flow cytometry anaylsis of CCR2 surface
expression on monocytes isolated from WT and Prmt7*/-mice. The graph shows mean fluorescent intensity of CCR2 levels in
monoyctes from both mice (n=4). Data shown as mean £ SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-

way ANOVA Bonferroni’s multiple comparisons test.

3.3.7 Macrophages from Prmt7*/- mice develop and function normally

To exclude the possibility of impaired macrophage development as a reason for reduced
recruitment of macrophages into the lungs of Prmt7*- mice following exposure to CS or PPE,

the subpopulations of bone marrow derived macrophages and their polarization behavior
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Figure 3.33 The development of macrophages from WT and Prmt7*/- mice is similar. (A-B) Flow cytometry analysis of freshly
isolated bone marrow single cell suspensions from WT and Prmt7*- mice. (A) Representative FACS plots showing the gates
with CD45, F480, Cd11b, CD11c surface markers to evaluate different subpopulations of macrophages. (B) Quantification of
F480*, CD11b"CD11c*, CD11b*CD11c and CD11b*CD11c* macrophages from A (n=3).

was examined. To do so, flow cytometric analysis using the cell surface markers CD45, F480,
CD11b and CD11c was performed upon bone marrow derived macrophages (BMDMs) from
WT and Prmt7*- mice to distinguish subpopulations (Figure 3.33A). Total macrophage
numbers defined by F480 did not differ between freshly isolated bone marrow of WT and
Prmt7*~ mice. Moreover, the subpopulation of macrophages such as CD11bCD11c
CD11b*CD11c and CD11b*CD11c* in freshly isolated bone marrow did not show any

differences between WT and Prmt7* mice (Figure 3.33B).
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Figure 3.34 The development and differentiation of macrophages from WT and Prmt7*- mice is similar. (A-B) Flow
cytometry analysis of bone marrow derived macrophages (7-day differentiation) from WT and Prmt7*" mice in vitro. (A)
Representative FACS plots showing the gates with CD45, F480, Cd1lb, CD11c surface markers to evaluate different
subpopulations of macrophages. (B) Quantification of F480*, CD11b'CD11c*, CD11b*CD11c and CD11b*CD11c* macrophages
from A (n=2-3).
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Consistent with this finding, in vitro differentiation of BMDMs over 7 days did not reveal any
differences in macrophage subsets across WT and Prmt7*~ mice (Figure 3.34A-B). The gating
strategy and surface markers were identical to the ones in Figure 3.33. This data suggested
that neither freshly isolated nor differentiated macrophages in vitro showed differences

between WT and Prmt7*- mice.

Since the polarization of macrophages into M1 and M2 phenotypes is crucial for their function
and disease pathogenesis (Shapouri-Moghaddam et al., 2018), the next step was to analyze
and compare the polarization between WT and Prmt7*" mice. iNOS and IL1B are known as
pro-M1 genes induced by classically activated macrophages whereas Fizz1 and Argl are
reported as M2 macrophage markers (Orecchioni et al., 2019). In our study, polarization of
mature BMDMs to M1 and M2 phenotypes was quite similar in WT and Prmt7*- BMDMs
(Figure 3.35).

Fizz1 (mRNA exp.)
Argl (mRNA exp.)

Inos (MRNA exp.)
1116 (mRNA exp.)

Figure 3.35 Macrophage polarization is similar in WT and Prmt7*/- mice. mRNA expression levels of Inos, ll1b, Fizz1 and
Arg1 to assess M1 and M2 polarization of BMDMs isolated from WT (n=2) and Prmt7*- mice (n=3). It is determined by qPCR.
Data shown mean £ SD, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons
test.

3.3.8 Dendritic cells from Prmt7*/- mice develop and function normally

Considering the potential role of dendritic cells (DCs) as mediators of inflammation in COPD
pathogenesis (Givi et al., 2012), as well as having a common bi-potent progenitor with
macrophages in the bone marrow (Cheong et al., 2010; Paul et al., 2015; Schraml| and Reis e
Sousa, 2015), it was necessary to understand whether PRMT7 deficiency could affect DCs and
their activation. The gating of bone marrow derived dendritic cells of WT and Prmt7*- mice
can be seen in Figure 3.36A. The ratio of DC populations (CD11c* MHCII* CD11b'") did not

show any differences between WT and Prmt7*- mice (Figure 3.36B). Moreover, there was
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Figure 3.36 DC development and differentiation is similar in WT and Prmt7*/- mice. (A) Representative flow cytometry plots
of bone marrow derived dendritic cells isolated and differentiated from WT and Prmt7* mice for 7 days gated with CD11c,
MHCII, CD11b and CD86 markers. (B) Flow cytometry plot of CD80 MFI of CD11c* MHCII* CD11b'° BMDCs stimulated with
LPS. (C) Quantification of the percentage of CD11c*, MHCII* Cd11b' and CD80* DCs and quantification of MFI of CD86* DCs
upon LPS treatment. Data shown as mean + SD, **P < 0.01, ***P <0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s
multiple comparisons test.

also no difference in CD80 and CD86 surface activation marker levels post LPS activation in

WT and Prmt7*- mice following flow cytometric analysis (Figure 3.36C).

Consistently, upon LPS stimulation, expression levels of genes involved in DC activation
including Tnf, 1l12p35, Cd86 did not exhibit any differences between WT and Prmt7*" mice
even though Prmt7 expression was highly reduced in these DCs (Figure 3.37). As a result of
these findings, one can conclude that PRMT7 deficiency does not alter the development and

function of macrophages and dendritic cells.
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Figure 3.37 The activation of DCs is same in WT and Prmt7*/- mice. mRNA expression levels of Tnf, 112p35, Cd86 and Prmt7
of DCs isolated from WT and Prmt7*/- mice. It was determined by qPCR upon LPS treatment (n=3 per group). Data shown
mean % SD, ¥**P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

3.3.9 The trans-differentiation of ATII cells into ATI cells is not affected by the

absence of PRMT?7
Earlier immunofluorescence staining results of mouse lung tissue (Figure 3.8) revealed that
some Pro-SPC positive alveolar type Il (ATIl) cells also expressed PRMT7. This suggests that
ATII cells in the lung may also be affected by PRMT7 deficiency. To support the function of
PRMT7 in macrophages contributing to the pathogenesis of COPD rather than lung
parenchyma, the trans-differentiation of primary ATII cells isolated from WT and Prmt7*"
mice into ATI cells was evaluated. ATIl cells function as the progenitor cells for ATI cells
following any damage, and play a key role in repair and regeneration processes of the lung
epithelial barrier (Zhao et al., 2010). Interestingly, ATII cells from both WT and Prmt7* mice
trans-differentiate into ATI cells similarly (Figure 3.38), as determined by western blot

analysis to evaluate T1-alpha protein levels as a marker for ATI cell differentiation (Ramirez

et al.,, 2003).
dl d5
WT Prmt7*- WT Prmt7*" - ¥
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S0kDa—] 7?‘ 24
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Figure 3.38 Reduced PRMT7 levels does not influence ATII cell differentiation into ATI cells. T1-alpha protein levels
determined by western blot analysis at dayl and day5 after culturing alveolar type Il cells isolated from WT and Prmt7+-
mice. T1-alpha is used as a marker for ATI cell differentiation. Quantification was done relative to B-actin levels (3 mice were

used).
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As discussed above, the trans-differentiation of ATIl to ATI cells to restore alveolar structure
and function is a key response to lung injury (Olajuyin et al., 2019). ATII cell activation
promotes repairing and regeneration processes when lung injury occurs. In the light of this,
the next step was to compare the abilities of ATIl cells to repair wounds when PRMT7
expression is silenced. Therefore, siRNA knock-down of Prmt7 in the murine ATII cell line
MLE12 was performed (Figure 3.39A). However, cells did not alter their capability to repair
wounds in a scratch assay following knock-down of Prmt7 (Figure 3.39B). The wound closure
was measured and calculated after 6 hours and 24 hours (Figure 3.39C). Taken together,
these results suggested that the protection against emphysema observed in Prmt7*/- mice
resulted from the impaired recruitment of monocyte-derived macrophages to the lungs, and

not from impaired functions of lung parenchyma cells.
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Figure 3.39 Reduced PRMT7 levels do not affect repair ability of ATII cells. (A) mRNA expression levels of Prmt7 in the
murine alveolar type Il cell line, MLE12 cells, treated with scramble siRNA (Scr), two different siRNAs which target Prmt7
gene or without any treatment (Ctrl) (n=3). (B) Representative images for wound healing assay using 3 different cells
including control MLE12 cells, MLE12 cells treated with scrambled siRNA or treated with siRNA targetting Prmt7 gene 6h nd
24h after scratch was generated (n=4). Wound was highlighted in red. (C) Quantification of wound closure after 6h and 24h
of scratch by measuring the wound surface area in each cell type to determine the wound closure after 6h and 24h. Data
shown mean + SD, ***P < 0.001 unpaired two-tailed Student’s t test.

3.4 Identification of how PRMT7 mechanistically regulates
macrophages in COPD

3.4.1 Generation of CRISPR/Cas9 targeted knock-out of Prmt7 in MHS cells
To fully understand the mechanisms contributing to the impaired recruitment of
macrophages into the lungs of Prmt7*- mice, CRISPR/Cas9-mediated knockout of Prmt7 in

the MHS cell line, was undertaken in collaboration with Dr. Benoit Piavaux, to completely
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abolish PRMT7 function. CRISPR/Cas9-mediated knockout of Prmt7 was generated by
targeting exon 2 of the Prmt7 gene, using CRISPR guide A and B shown in Figure 3.40A and
described in the methods, to obtain Prmt7™"" cells (Figure 3.40B). A deletion of the mutation
target region was confirmed by running PCR products (Figure 3.40B). The sequenced regions
of Prmt7*/* MHS cells and Prmt7"“" MHS cells were demonstrated in Figure 3.40C. The deleted
region in Prmt7™"' MHS cells are labelled in red (Figure 3.40C).

A Exon 2 C Prmt7*/* vs NC_000074.6 (Prmt7)
AT~ —— ————ARIRIPIRARAY : L AT
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B Exon 2
Prmt7+*
PP - AP A
A38bp
Exon 2 300 0
. Prmt7"
PAMPAPMIAFASY AL AFAP ISP AP ALY Prmt 7™ ys NC_000074.6 (Prmt7)
368bp w0 1m0 1380 0 10

TCCTAAGAAGTAAATTAACAAGEC TCACGTTTC TGTGLARACAL

AACAAGCC TCACGTT
60
1440 450 150

Prmt7+* Prmt7m!
1000bp — T TGTGECCOTOLCARTEC TACEACGOBATE

500bp —

m ™

1560 1580

GEAGGGETCCTCCATGTCAATTTAGGTTTGA

Prme? ™ GoooeT GG TTGEAATARTATTGEEGAATTTGTTTTTGA
00 0 20 no "o o

Figure 3.40 CRISPR/Cas9 knockout system targets exon 2 of Prmt7 gene in MHS cell line. (A) Design of CRISPR guides A and
B sequences targeting mutation region shown in red in exon 2 of Prmt7 gene. (B) The representative DNA sequences of
Prmt7** and Prmt7™" MHS cells with 438bp and 368bp, respectively. PCR of genomic DNA of these two cell lines. (C)
Genomic DNAs of Prmt7*/* and Prmt7"" MHS cells confirming the deletion in exon 2. Deleted sequences shown in red.

The deficiency in PRMT7 was confirmed by qPCR revealing that Prmt7"' MHS cells depleted
mRNA expression completely (Figure 3.41A). Western blot analysis showed that Prmt7"!
MHS cells also lack expression of the PRMT7 protein (Figure 3.41B). Total mono-methylation
(MMA) levels of proteins is a good indicator of the catalytic function of PRMT7. Therefore,
mono-methylation levels in Prmt7*/*and Prmt7""" MHS cells were checked. Reduced arginine
mono-methylation of multiple proteins was observed, highlighting functional impairment in

these cells in the absence of PRMT7 (Figure 3.41C).
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Figure 3.41 Validation of PRMT7 deficiency in MHS cell line. (A) mRNA expression level of Prmt7 determined by qPCR in
Prmt7** and Prmt7™" MHS cells generated by CRISPR/Cas9 (n=3, three experiments). (B) Western blot analysis of PRMT7
protein levels in Prmt7*/* and Prmt7™" MHS cells. (C) Western blot analysis of monomethylated protein levels in Prmt7+/+

and Prmt7"" MIHS cells. Quantification was done relative to B-actin level. Data shown as mean + SD, *P < 0.05, **P < 0.01
and ***P < 0.001, unpaired two-tailed Student’s t test.

3.4.2 PRMT7 regulates leukocyte transendothelial migration pathway

To investigate the mechanisms contributing to the impaired recruitment of macrophages into
the lungs of Prmt7*- mice, the methylation targets of PRMT7 were analyzed. To do so,
proteomic analysis of proteins differentially pulled down by anti-monomethylated arginine
antibody from whole-cell lysates of Prmt7*/* and Prmt7""" MHS cells was performed by our
colleagues in the lab of Prof. Dr. Gunnar Dittmar of the Luxembourg Institute of Health. The
design of the experiment is shown in Figure 3.42A. As validation of the approach, the levels
of immunoprecipitated core histones H2B, H3 and H4, which are known histone targets of
PRMT7 (Jain and Clarke, 2019), were initially examined. As expected, the levels of
immunoprecipitated core histones H2B, H3 and H4 were reduced in Prmt7™" compared to
Prmt7*/* MHS cells, whereas the pull down levels of H1.2 and H1.5 linker proteins did not
differ between these two cell types (Figure 3.42B). This data confirmed that PRMT7
monomethylates the core histone proteins H2B, H3 and H4 in macrophages and validates the

methodological approach.

INCroMAP enrichment analysis (Wrzodek et al.,, 2013) of the differentially regulated
immunoprecipitated proteins highlighted the most dysregulated KEGG pathways under

Immune Signaling, Cell Community and Signal Transduction to be leukocyte transendothelial
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Figure 3.42 Mass spectrometry analysis confirms the methylation of core histones by PRMT7. (A) The design of experiment.
Immunoprecipitation of monomethylated proteins using MMA antibody from cell lysates of Prmt7*/* and Prmt 7" MHS cells.
Analysis was performed by LC-MS/MS (n=3). (B) The intensity of immunoprecipitation in H2B, H3, H4 and H1 histone proteins
for Prmt7*/* and Prmt7"" MHS cells. Data shown mean * SD, **P < 0.01, ***P < 0.001, and ****P < 0.0001, unpaired two-
tailed Student’s t test.

migration, focal adhesion and MAPK signaling respectively (Figure 3.43A). Observing that
leukocyte transendothelial migration is impaired in Prmt7™"" MHS cells confirmed the
previous in vivo and ex vivo findings. To further investigate the migration ability of Prmt 7!
MHS cells, transwell migration assays were performed. Similar to primary monocytes from
Prmt7*- mice, Prmt7""" MHS cells had a deficiency in their ability to migrate towards CCL2

compared to Prmt7*/* MHS cells (Figure 3.43B). Moreover, wound healing assays confirmed
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Figure 3.43 Loss of PRMT?7 results in impaired transendothelial migration in MHS cells. (A) InCroMAP analysis of less pulled
down proteins in Prmt7""" MHS cells using MMA antibody. Top enriched ones are indicated under KEGG pathways of immune
system, cell community and signal transduction (FC<-1.6). (B) Migration of Prmt7*/* and Prmt7"" MHS cells towards
100ng/ml of CCL2 for 24 hours. The migration fold change was relative to Prmt7*/* control MHS cells (n=2, two experiments).
(€) Wound migration assay of Prmt7*/* and Prmt7"" MHS cells in 24 hours after scratching. Representative images were
taken at Oh and 24h post scratch and wound closure was measured by the wound area at Oh and 24h time points (n=3, two
experiments). (D) Proliferation determined by WST assay for Prmt7*/* and Prmt7""" MHS cells at 24h post seeding (n=2, two
experiments). Data shown mean £ SD, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple
comparisons test (B), unpaired two-tailed Student’s t test (C).
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that wound closure in Prmt7""" MHS cells was significantly reduced after 24h (Figure 3.43C),
implying that migration was impaired in Prmt7"! cells. Since wound healing might be
influenced not only by migration but also proliferation, proliferation of Prmt7** and Prmt7"\"
MHS cells was measured by WST assay. Proliferation of these two cell types did not show any
difference between them (Figure 3.43D). In summary, these data suggested that the loss of

PRMT?7 contributes to an impaired migration in MHS cells.

3.4.3 PRMT7 mediates focal adhesion

Another pathway highlighted by enrichment analysis of reduced monomethylated proteins
was focal adhesion of the KEGG cell community (Figure 3.44A). To understand better, a simple
cell attachment experiment with Prmt7*/* and Prmt7"“" MHS cells was performed. Both cell
types were seeded at the same time and the unattached cells floating to the surface were
quantified and compared over time. A clear difference between Prmt7*/* and Prmt7""" MHS
cells in terms of their adhesion abilities was observed (Figure 3.44B). Adhesion and migration

of monocytes and macrophages depends on the expression of integrins which mediate
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Figure 3.44 Adhesion of MHS cells is impaired in the absence of PRMT7. (A) InCroMAP analysis of less pulled down proteins
in Prmt7"" MHS cells using MMA antibody. Top enriched ones are indicated under KEGG pathways of immune system, cell
community and signal transduction (FC<-1.6). (B) Quantification of un-attached Prmt7*/* and Prmt7"! MHS cells as
percentage by time when they were seeded at the same time (n=2, two experiments). (C) Mean fluorescence intensity (MFI)
of ITGAL and ITGAM surface levels on Prmt7*/* and Prmt7""" MHS cells determined by FACS (n=3-4). (D) mRNA expression of
ITGAL and ITGAM levels determined by gPCR in the monocytes isolated from human smokers vs non-smokers (n=10-11).
Data shown mean £ SD, **P < 0.01, ***P <0.001, and ****P < 0.0001, unpaired two-tailed Student’s t test.
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interactions with endothelial cells (Meerschaert and Furie, 1995). CD11a (ITGAL) and CD11b
(ITGAM) are important integrins on monocytes and their expression and activation play key
roles in adhesion and transmigration (Gerhardt and Ley, 2015). The surface levels of these
two key integrins on Prmt7*/* and Prmt7™" MHS cells were therefore examined by flow
cytometry. ITGAL and ITGAM surface expression was significantly diminished in PRMT7
deficient MHS cells (Figure 3.44C). Consistently, the mRNA expression of these two integrins
was enhanced in monocytes isolated from human smokers compared to non-smokers (Figure
3.44D) similar to PRMT7 expression (Figure 3.4), confirming that inflammation promotes

integrin expression to induce adhesion and migration of immune cells including monocytes.

In order to support these findings, the SAM-competitive PRMT7 inhibitor, SGC3027, which is
a cell permeable prodrug (Szewczyk et al., 2020) was used on MHS cells. It was demonstrated
that the SGC3027 PRMT7 inhibitor reduced mono-methylation levels in the mouse myoblast
cell line, C2C12 (Szewczyk et al., 2020). Firstly, to confirm that the drug also functions on MHS
cells, mono-methylation (MMA) levels were examined. As a result of treatment with the drug,
total MMA levels in MHS cells in comparison to non-treated control MHS cells was reduced
(Figure 3.45A). Consistent with previous findings, MHS cells treated with the PRMT7 inhibitor

displayed attenuated surface expression of the two key integrins, ITGAL (CD11a) and ITGAM

.
o\ {T' 1,'\
A O o o9 B
Q(ﬁ\ ? ‘cg('}
250kDa =]
150kDa —
100kDa —f
75kDa —f <
- == *_g 15 4000 2000 ok
50kDa = > ek
MMA _‘E 1.0 — —. 3000 E 1500
37kDa—| E it ‘_E._ s
— c = 2000 1000
2 2 Z
25kDa—| o ° S 1000 S so0
2 = =
20kDa=— . Eﬂj . . i
BPrmt7+* Vehicle 8 Prmt7** Vehicle
' BPrmt7** SGC3027 B Prmt7+* SGC3027
50kDa = B-actin
— —
37kDa—|

Figure 3.45 PRMT7 inhibitor, SGC3027, reduced the expression of adhesion molecules on MHS cells. (A) Total mono-
methylation (MMA) levels, determined by western blot, of MHS cells treated with and without 5uM of SGC3027 inhibitor
for 24h (n=3). Quantification was relative to B-actin. (B) Mean fluorescence intensity (MFI) of ITGAL and ITGAM surface
expression determined by FACS anaylsis on MHS cells treated with and without 5uM of SGC3027 inhibitor for 24h (n=2).
Data shown mean + SD, **P < 0.01, ***P < 0.001, and ****P < 0.0001, unpaired two-tailed Student’s t test.
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(CD11b) following flow cytometry analysis (Figure 3.45B). Considering the results, these data

suggested that PRMT7 regulates adhesion in macrophages.

3.4.4 PRMT7 regulates MAPK signalling pathway

The same enrichment analysis using InCroMAP software of the immunoprecipitated proteins
revealed that the MAPK signaling pathway was also one of the most significantly regulated
KEGG pathways in Prmt7™! cells (Figure 3.46A). The importance of mitogen-activated protein
kinases (MAPKs) in immune cells especially in monocytes and macrophages has been very
well established (Pearson et al., 2001). So far, MAPKs have been associated with survival,
proliferation, differentiation, activation and cytokine production of monocytes and
macrophages (Kasper et al., 2007; Rao, 2001; Valledor et al.,, 2008). MAPK cascades
predominantly extracellular signal-regulated kinase (ERK) and p38MAPK are activated by G-
protein-coupled receptors (GPCRs) which are proteins on the cell surface responsible for
signal transmission when they bind to external ligands (Marinissen and Gutkind, 2001; Naor
et al., 2000). As CCR2 is a G protein-coupled receptor and activates MAPK signaling following
interaction with its ligand CCL2 (Fang et al., 2012), Prmt7*/* and Prmt7™" MHS cells were
stimulated with CCL2, to confirm MAPK signaling pathway is impaired in Prmt7""" MHS cells.
Confirming the enrichment analysis, reduced levels of phosphorylated ERK and p38 was
observed in Prmt7™" cells compared to Prmt7*/* cells (Figure 3.46B). Densitometric
quantification also confirmed this observation (Figure 3.46D). To support these findings, an
alternative ligand to trigger MAPK signaling in MHS cells was also used. Stimulating MHS cells
with TLR4 agonist LPS, demonstrated that the phosphorylation levels of ERK and p38 was
clearly diminished in Prmt7™" cells (Figure 3.46C). Quantification of western blots validated
this finding (Figure 3.46D and E). Moreover, to understand whether this reduced
phosphorylation in Prmt7™!" cells is caused by impaired CCR2 receptor levels, FACS analysis
was performed. When CCR2 surface levels on Prmt7*/* and Prmt7""" MHS cells were
compared, no differences were observed, implying that reduced CCR2 was not the reason for
impaired MAPK signaling in Prmt 7™ cells (Figure 3.46F). All in all, these results suggested that
PRMT7 regulates transendothelial migration together with adhesion and MAPK signaling in

macrophages.

114



RESULTS

A Enriched KEGG pathways B C
Immune System Prmt7*  prmt7ul Prmt7** _Prmt7™!
Leukocyte transendothelial migration e ——— e —— _ + _ + LPS
Antigen processing and presentation = + = + CCL2
I NOD-like receptor signaling pathway 44kDa =— pa— pERK
B Fc gamma R-mediated phagocytosis  44kDa==| s - e pERK 47kDa =] —
B Hematopoietic cell lineage 42kDa —| -
Cell Community 44kDa=— — ERK
Focal adhesion 44kDa=— — — w——|ERK A2kDa mm| — — —
B Adherens junction 42kDa= = —
I Tight junction

Signal Transduction 38kDa —m pP38 A2KkDa m—
B WMAPK signaling pathway . - .

I NOD-like receptor signaling pathway .
I Adipocytokine signaling pathway 42kDa=| we— w—— | B-actin
I PPAR signaling pathway

B Estrogen signaling pathway

0

— 3
Enrichment (-log P)

o
m
-

10 10 20 Loc

1 0 0.8 i o f—

it 2 & e Z

ae a 06 a a =

o e : v o'l : P

24 2 04 B WT Vehicle g g B WT vehicle O 200

s = B wr+ccL2 & Bos B WT+LPS “ B Prmt7
22 & 02 B Prmt7" Vehicle ] ] @ Prmt7™" Vehicle @ Prmt7i

0 Prmt7™+CCL2 O Prmt7™" +LPS

e
=
o
=

Figure 3.46 Absence of PRMT7 results in impaired MAPK signalling in MHS cells. (A) InCroMAP analysis of less pulled down
proteins in Prmt7""' MHS cells using MMA antibody. Top enriched ones are indicated under KEGG pathways of immune
system, cell community and signal transduction (FC<-1.6). (B) Analysis of phosphorylated ERK and p38 in Prmt7*/* and
Prmt7"" MHS cells by western blot after incubating with 100ng/ml CCL2 for 30 mins (n=2). (C) Analysis of phosphorylated
ERK and p38 in Prmt7/* and Prmt7"" MHS cells by western blot after incubating with 1ug/ml LPS for 15 mins (n=2). (D-E)
Densitometry analysis of western blots from B and C relative to B-actin, respectively. (F) MFI of CCR2 surface expression
levels on Prmt7+/*and Prmt 7™ MHS cells determined by flow cytometry (n=11). Data shown mean * SD, **P < 0.01, ***P <
0.001, and ****P < 0.0001, unpaired two-tailed Students t test.

3.4.5 PRMT7 regulates the expression of RAP1 via histone methylation

The findings so far have demonstrated that PRMT7 has a role in migration and MAPK signaling
in macrophages. However, how PRMT7 regulates these processes is still not clear. To
understand the mechanisms between these biological events and the involvement of PRMT7,
a comparison of proteins across the three dysregulated pathways was undertaken. As a result
of overlapping the migration, adhesion and MAPK signaling pathways, interestingly one
protein known as RAP1A/B, which is a small G protein in the Ras superfamily, was revealed in
common between the three pathways, which were impaired in Prmt7""" MHS cells (Figure
3.47A). Ras-associated protein-1 (RAP1A/B) has been implicated in the regulation of
important cellular processes, especially integrin-mediated cellular adhesion and migration

(Bos et al., 2003) as well as MAPK activation (Stork, 2003; Wu et al., 2015). For example; in
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Figure 3.47 RAP1A/B is a common protein found in all three dysregulated pathways in and Prmt7"!' MHS cells. (A) Venn
diagram analysis of three dysregulated pathways including transendothelial migration, focal adhesion and MAPK signaling
in Prmt7™" MHS cells. (B) Representative of RAP1A/B downstream signaling pathway targets including MAPK and integrin
activation.

cancer cells, RAP1A/B was shown to promote tumorigenesis and metastasis by regulating
MAPK signaling and integrin activation (Gao et al., 2006). Moreover, more specifically,
Rapla’ mice demonstrated that cell adhesion and migration towards chemokines were
adversely affected in macrophages, despite the development of macrophages remained the
same (Li et al., 2007). Figure 3.47B summarizes the role of RAP1 in the cell following activation
by GTP binding, and its role as an upstream regulator of MAPK signaling including ERK and
p38 as well as integrin activation. In the light of these findings it is possible that RAP1 is be
regulated by PRMT7.

Circumstantially supporting this hypothesis, Rapla expression levels were enhanced in
monocytes isolated from the lungs of chronic CS exposed mice as determined by single cell
RNA-Seq (Figure 3.48A). Moreover, mRNA expression of RAP1A was elevated in circulating
monocytes from the peripheral blood of smokers compared to non-smokers (Figure 3.48B).
These data were consistent with the previous findings that PRMT7 expression was also
increased in monocytes from CS exposed mice (Figure 3.11) as well as from patients with a

smoking history (Figure 3.13).

116



RESULTS

B
Monocytes
g
EA 50% £
2m CS o s
4m CS 0.35 0% =
20% =
L] ~
g g
g oc
0.30 O Non-Smoker

B Smoker

Figure 3.48 RAP1A expression is increased in monocytes from CS exposed mice and in monocytes from smokers. (A) Rapla
expression representation via dot plot (log transformed, normalized UMI counts) in monocytes from the lungs of CS exposed
mice for 2 and 4 months determined by single cell RNA-seq data. FA control was used as comparison (n=3 for FA and n=5 for
CS). (B) mRNA expression levels of RAP1A in the human monocytes isolated from the blood of smokers (n=10) and non-
smokers (n=11). The data was determined by gPCR. Data shown mean = SD, *P < 0.05, **P <0.01 and ***P <0.001, unpaired
two-tailed Student’s t test.

To understand whether RAP1 deficiency gives similar results to PRMT7 deficient MHS cells,
the activity of RAP1 was first inhibited by using GGTI-298, a drug that inhibits GTP binding
therefore impairing RAP1 activation (McGuire et al., 1996). Consistently, RAP1 inhibition via
GGTI-298 on MHS cells decreased the surface expression levels of ITGAM and ITGAL (Figure
3.49A), which are key molecules for adhesion and migration, similar to what had been
observed in Prmt7""" MHS cells (Figure 3.44C). Moreover, MHS cells inhibited with GGTI-298
demonstrated impaired phosphorylation of ERK following stimulation with LPS (Figure 3.49B).

This finding was comparable to what was observed in Prmt7""' MHS cells (Figure 3.46B-C).
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Figure 3.49 Inhibition of RAP1 activity reduced the levels of adhesion molecules and MAPK activity. (A) Mean fluorescence
intensity (MFI) of ITGAL and ITGAM surface expression determined by FACS analysis on MHS cells pretreated with and
without 20uM of GGTI-298 RAP1 inhibitor for 2h and analysed 6h later (n=2, three experiments). (B) Analysis of
phosphorylated ERK in Prmt7*/* MHS cells pretreated with and without 20uM of GGTI-298 RAP1 inhibitor for 2h followed by
15 mins 1pg/ml LPS stimulation (n=2). The data was determined by western blot and quantification was relative to B-actin.
Data shown as mean + SD, *P < 0.05, **P < 0.01 and ***P < 0.001, unpaired two-tailed Student’s t test.
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All things considered, this data suggests that there may be a potential link between RAP1 and
PRMT7. As RAP1 is an upstream regulator of leukocyte migration and MAPK signaling, its
expression levels in Prmt7™!' MHS cells was investigated. Interestingly, western blot analysis
demonstrated that RAP1A/B protein levels were reduced in whole lysates from Prmt 7' MHS
cells (Figure 3.50A). The western blot results referred to total RAP1A/B protein levels because
the antibody could not distinguish between RAP1A or RAP1B protein. Therefore, mRNA
expression levels of Rapla and Raplb was examined separately in these cell lines. qPCR
revealed that Rapla expression was significantly decreased in Prmt7™" MHS cells in
comparison to Prmt7** cells (Figure 3.50B). However, there was no difference in Rap1b

MRNA expression in the absence of PRMT7 (Figure 3.50B).
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Figure 3.50 Rapla expression is reduced in the absence of PRMT7 on MHS cells. (A) Western blot analysis of RAP1A/B
protein levels in whole lysates from Prmt7+* and Prmt7""" MHS cells. (B) mRNA expression levels of Rapla and Raplb in
Prmt7+* and Prmt7"" MHS cells (n=2, two experiments). The data was determined by qPCR. Data shown mean * SD, *P <
0.05, **P < 0.01 and ***P < 0.001, unpaired two-tailed Student’s t test.

To fully understand the mechanism underlying how RAP1 is potentially regulated by PRMT7,
ATAC-Seq analysis was undertaken (by the company Active Motif), which is a very fast and
sensitive method to examine chromatin accessibility genome-wide (Buenrostro et al., 2015).
A peak correlation scatter plot of read counts across the entire genome of Prmt7*/* and
Prmt7™" MHS cells did not reveal major global changes in chromatin accessibility (Figure
3.51A). Further, regions of the genome that were enriched in ATAC-Seq signal were mapped
to genomic features to determine their distribution. As a result, peaks relative to genomic
location between Prmt7* and Prmt7™" MHS cells were quite similar (Figure 3.51B).
Examination of the ATAC-Seq signal enrichment around the transcription start sites (TSSs)

across the two groups did not reveal any differences either (Figure 3.51C).
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Figure 3.51 Chromatin accessibility does not differ in the whole genome between Prmt7*/* and Prmt7"" MHS cells. (A-C)
ATAC-Seq anaylsis of Prmt7*/* and Prmt7™" MHS cells (A) Heat map of tag distributions across promoters (TSS) of Prmt7+/*
and Prmt7™" MHS cells. (B) Peak correlation scatter plot for Prmt7*/* and Prmt7™" MHS cells with pearson correlation
coefficiency 0.98 and slope 1.17. (C) Representative pie chart demonstrating the genomic distribution of accessible regions
in Prmt7/* and Prmt7™" MHS cells. Data and plots generated by Active Motive.

Although there was no significant difference between the two different cell types in terms of
total promoter site peaks analysis, when transcription start site enrichment was analyzed
specifically on Rapla, the accessibility at the Rapla gene was decreased in 5 different regions

in Prmt7"" MHS cells compared to Prmt7*/* cells (Figure 3.52).

To investigate further how PRMT7 may transcriptionally regulate Rapla, ChIP-qPCR on

chromatin isolated from Prmt7** and Prmt7"™" MHS cells was performed. Chromatin
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Figure 3.52 Chromatin accessibility at the Rapla gene is reduced in the absence of PRMT7 in MHS cells. ATAC-Seq anaylsis
of Prmt7*/* and Prmt7™" MHS cells. In each cell line, enrichment peaks around the transcription start site (TSS) of the Rapla
gene was shown. The graph on the right side shows the differences in peak height across Prmt7*/* and Prmt7™" MHS cells.
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Immunoprecipitation (ChIP) is a common technique to study protein-DNA interactions in
cells. When it is combined with quantitative PCR, target protein and DNA interactions at
specific genomic binding sites can be also evaluated (Kim and Dekker, 2018; Lacazette, 2017).
In this study, the aim was to examine whether the PRMT7 protein is enriched at the Rapla
gene region. Therefore, the primers in an area upstream of exon 1 that was a putative
enhancer for Rapla in BMDMs as determined by enrichment of H3K4mel and H3K27a
(Primer pair I) and a pair outside of this area as a control (Primer pair 1l) were designed (Figure
3.53A). Interestingly, ChIP-gPCR analysis demonstrated that PRMT7 was enriched at the
Rapla gene with primer pair | compared to the Gapdh locus (Figure 3.53B). As predicted, this
enrichment was lost in Prmt7™!" MHS cells (Figure 3.53B). Additionally, H3R2me1l and the
activator mark H3R2me2s were also enriched in the same region and this enrichment was

decreased in Prmt7™" MHS cells (Figure 3.53C). Consistent with these findings, PRMT7 has
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Figure 3.53 PRMT7 regulates RAP1A expression via histone methylation. (A) The primers designed for ChIP-gPCR around
Rapla region. H3K4mel and H3K27a enrichment analysis in BMDMs were taken from UCSC genome browser Track
accessions: wgEncodeEM002658 and wgEncodeEMO002657. (B) ChIP-qPCR analysis with anti-PRMT7 antibody on chromatin
isolated from Prmt7*/* and Prmt7"" MHS cells and primers specific for genomic regions of Gapdh and Rapla (n=2). (C) ChIP-
gPCR analysis with anti-H3R2me1l and anti-H3R2me2s on chromatin isolated from Prmt7** and Prmt7""!" MHS cells and
primers specific for genomic regions of Rapla (n=2). (D) Western blot analysis of H3R2mel and H3R2me2 as well as H3 in
Prmt7+* and Prmt7""" MHS cells. B-actin was used as loading control. Data shown as mean * SD, *P < 0.05, **P < 0.01 and
***p < 0.001, unpaired two-tailed Student’s t test.
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been reported to both monomethylate arginine residues and regulate H3R2mel and
H3R2me2 marks either directly or potentially indirectly via other PRMTs (Jain et al., 2017;
Yang and Bedford, 2013). Moreover, H3R2me2s and H3R2me2 marks can function as
activators of transcription (Blanc et al., 2016; Migliori et al., 2012). In parallel with these
previous studies, reduced levels of H3R2 mono and dimethylation was detected in Prmt7"!
MHS cells compared to Prmt7*/* MHS cells, with total H3 levels similar in both cell lines (Figure
3.53D). All in all, these findings suggested that Rapla is transcriptionally regulated by PRMT7
through H3R2 methylation at the regulatory regions of the Rapla gene. Furthermore,
reduced expression of RAP1 in PRMT7 deficient macrophages impaired adhesion and

migration abilities as well as attenuated MAPK signaling.

3.5 The effect of PRMT7 deficiency specifically in macrophages in
different disease models

3.5.1 Macrophage recruitment is impaired into the lungs of Lyz2-Cre Prmt7"/*

mice upon bleomycin exposure
So far, in this study it has been demonstrated that Prmt7*- mice had impaired migration of
monocyte-derived macrophages into the lungs through the regulation of RAP1. These mice
were protected against emphysema progression and to have improved lung function in two
different COPD disease models including CS-induced and elastase-induced. Considering these
findings, the next step was to understand whether PRMT7 regulates monocyte migration only
in COPD or the effect of PRMT7 on monocyte migration is crucial for other diseases. If it is, it
would make PRMT7 a great therapeutic target against multiple inflammatory diseases. For
this reason, several other disease models where monocyte-derived macrophages play a
central role in the pathogenesis of the disease were evaluated using conditional knock out
mice, Lyz2-Cre Prmt7"/f. These mice have a deficiency of PRMT7 expression only in myeloid
cells so it is a useful model to assess the role of PRMT7 specifically in monocytes and

macrophages.
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The first disease model using Lyz2-Cre Prmt7"f mice was bleomycin-induced lung fibrosis.
Instillation of bleomycin intratracheally is a very common experimental model of lung fibrosis,
however the mechanism of lung injury in response to bleomycin exposure is not yet clear
(Reinert et al.,, 2013). Potential mechanisms might include oxidative damage, genetic
susceptibility and increase in inflammatory cytokines to recruit immune cells (Sleijfer, 2001).
WT and mice with a conditional knockout of Prmt7 in Lyz2 expressing cells (Lyz2-Cre Prmt7/)
were exposed to bleomycin or PBS and examined 14 days later. A time point at which
macrophage numbers were already shown to be increased in the lungs of mice subjected to
bleomycin (lzbicki et al., 2002). Immunohistochemistry staining against Galectin 3 revealed
that the number of macrophages in the lungs of Lyz2-Cre Prmt7"f mice post bleomycin
instillation was significantly reduced compared to the lungs of WT controls (Figure 3.54A).
Quantification of lung sections after IHC staining confirmed the reduction in macrophage
numbers in the lungs of Lyz2-Cre Prmt7"f mice using CAST (Figure 3.54B). This result was

guite comparable to the COPD models.
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Figure 3.54 Macrophage numbers are reduced in the lungs of Lyz2-Cre Prmt7"/" mice upon bleomycin exposure. (A-B) WT
and Lyz2-Cre Prmt7"f mice were instilled with 2U/Kg bleomycin or PBS and analysed after 14 days (n=3-5). (A)
Representative pictures of immunohistochemistry staining of lung sections for galectin-3 positive macrophages (red signal
refers to galectin-3 positive macrophages). (scale bar 100um). (B) Quantification of macrophage numbers from stained lung
sections in each group through 20 random fields counted by CAST. Data shown as mean + SD, *P < 0.05, **P < 0.01, ***pP <
0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

3.5.2 Lyz2-Cre Prmt7"f mice are protected against collagen deposition

To understand if the reduction in macrophage numbers in the lungs of Lyz2-Cre Prmt 7"/ mice
after bleomycin instillation influences lung fibrosis development, collagen deposition, which

is a hallmark of the fibrosis (Laurent, 1985), was quantified. Masson’s trichrome staining of

122



RESULTS

lung sections demonstrated an attenuated collagen deposition in the lungs of Lyz2-Cre
Prmt7"f mice in comparison to WT ones (Figure 3.55A). Quantification of the volume of
collagen deposition per area confirmed a significant decrease in the lungs of Lyz2-Cre
Prmt7"f mice compared to WT controls (Figure 3.55B). These results offer further evidence
that PRMT7 is essential for the migration of monocytes and macrophages in bleomycin-

induced lung fibrosis and that this contributes to collagen deposition.
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Figure 3.55 Collagen deposition is reduced in the lungs of Lyz2-Cre Prmt7®"/% mice. (A-B) WT and Lyz2-Cre Prmt7"/f mice
were instilled with 2U/Kg bleomycin or PBS and analysed after 14 days (n=3-5). (A) Representative pictures of masson’s
trichrome staining of lung sections from WT and Lyz2-Cre Prmt7"/f mice to observe collagen formation (green; collagen, red;
cytoplasm, dark brown to black; cell nuclei) (Scale bar 100um). (B) Quantification of collagen deposition from stained lung
sections in each group through 30 random fields counted by CAST. Data shown as mean + SD, *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

3.5.3 Injured skin of Lyz2-Cre Prmt7"/f mice recruits less macrophages than
WT mice

Moreover, an independent skin injury model where macrophage recruitment plays an
important role in scar formation was utilized (by the kind assistance of Dr. Dongsheng Jiang)
to support the previous findings. Macrophages are key cells during each step of the wound
healing process including inflammation, proliferation and remodeling (Krzyszczyk et al.,
2018). Many studies implied that monocyte-derived macrophages with an M1 pro-
inflammatory phenotype contributed to the inflammation in scar tissue by secreting pro-
inflammatory cytokines (Delavary et al., 2011; Kreimendahl et al., 2019). When macrophage
recruitment into the injured skin of WT and Lyz2-Cre Prmt7"f mice was assessed, it was
observed that macrophage numbers were significantly reduced in the skin of Lyz2-Cre

Prmt7"% mice after 3 days post-injury compared to WT mice (Figure 3.56A). Quantification of
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Figure 3.56 Macrophage recruitment into the injured skin of Lyz2-Cre Prmt7"/f mice is impaired. (A-B) WT and Lyz2-Cre
Prmt7"f mice were exposed to 5mm splinted full-thickness excisional dorsal wounds and they were analysed after 3 days.
Healthy skin was taken from neighboring skin which are not injured as control. (A) Representative pictures of
immunohistochemistry staining of skin sections for galectin-3 positive macrophages (red signal refers to galectin-3 positive
macrophages). (scale bar 100um). (B) Quantification of macrophage numbers from stained lung sections in each group
through 20 random fields counted by CAST. Data shown as mean * SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****pP <

0.0001, one-way ANOVA Bonferroni’s multiple comparisons test.

Galectin-3 positive macrophages via the CAST system confirmed that Lyz2-Cre Prmt 7"/ mice

had impaired recruitment of macrophages into the injured tissue (Figure 3.56B). Taken all

together this data highlights that PRMT7 regulated recruitment of monocyte derived

macrophages plays a key role in multiple monocyte driven inflammatory responses in several

disease models.
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4. DISCUSSION

In this study, the main goal was to comprehend the potential role of PRMT7 in the
pathogenesis of COPD. Here, it was demonstrated that PRMT7-driven mono-methylation of
histone proteins in monocytes and macrophages is required for their accumulation in the
lungs in response to inflammation, and this drives the pathogenesis of COPD and other
chronic inflammatory diseases like fibrosis. The first crucial finding of this research project
was that mice with a reduced expression of PRMT7, Prmt7*/- mice, were protected against
emphysema progression after 4 months of CS exposure or 28 days of elastase exposure. This
protection was found to be associated with impaired recruitment of pro-inflammatory
monocyte derived macrophages into the lung. These findings were supported in primary
monocytes that were isolated from Prmt7*/- mice, as they displayed impaired trans-
endothelial migratory ability towards the main chemokine CCL2. Moreover, in this study, it
was also identified mechanistically how PRMT7 mediated mono-methylation in macrophages
affects their adhesion and migration abilities into the lungs. Prmt7™!" macrophages had
impaired transendothelial migration, focal adhesion and MAPK signalling pathways and it was
further elucidated that PRMT7 induced mono-methylation of H3 histone protein in
macrophages regulates Rapla expression, which is a common mediator of these three
pathways. Taken all together, these findings have significant indications to fully understand
the monocyte trans-endothelial migration into several target organs including both lung and
skin in response to inflammatory insult. Moreover, the link between migration of
macrophages into these target organs and disease pathogenesis is confirmed. Collectively,
these data suggest that PRMT7 might be a potential novel target for therapeutic

interventions.

4.1 The function of PRMT7 in the pathogenesis of COPD

COPD recently became the third leading cause of death worldwide and COPD patients mainly
suffer from an irreversible decline in lung function due to chronic exposure to toxic gases and
particles especially CS (Vijayan, 2013). Inflammatory response caused by innate immune cells,

predominantly macrophages and neutrophils, as well as adaptive B and T cells following CS
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exposure leads to hallmarks of COPD including the destruction of alveolar tissue -
emphysema, small airway remodelling and airway obstruction (Hogg et al., 2004). Even
though COPD is a deadly disease with known symptoms, the precise molecular mechanisms
underlying these responses remain to be elusive. Since not all cigarette smokers develop the
disease (Terzikhan et al., 2016), there must be other important factors which play central
roles in the development of the disease in COPD patients. The first objective in this study was
to identify these intrinsic factors in COPD pathogenesis. Transcriptomics data obtained from
the lungs of 111 COPD patients with smoking history and 40 control smokers (Morrow et al.,
2017) was compared, COPD patients demonstrated enrichment for methyltransferase
activity upon GSEA analysis (Figure 3.1). In this pathway, the most mis-regulated protein
arginine methyltransferase (PRMT) gene was PRMT7 (Figure 3.1C), thus implying a possible
role in disease development. This finding was supported by the upregulation of PRMT7 gene
and protein levels in the lungs of an independent cohort of COPD patients compared to
healthy controls (Figure 3.4). Consistently, this upregulation was correlated with disease
severity (Figure 3.3). It was crucial to understand which cells predominantly express PRMT7
in the lungs of COPD patients and contributes to disease development. In this regard, it was
clearly demonstrated for the first time that PRMT7 is mainly localized to macrophages in the
lungs of COPD patients as well as in the lungs of healthy controls (Figure 3.6 and Figure 3.7)
suggesting that PRMT7 exerts its function in macrophages. In support, a recent study
investigating the gene expression profile of chromatin modifying enzymes showed that there
was no change in the expression of PRMT7 after cigarette smoke extract exposure on human
epithelial cells (Sundar and Rahman, 2016). To confirm the hypothesis that PRMT7 has a
functional role in macrophages in the lung, the alveolar macrophage cell line (MHS) was
subjected to cigarette smoke extract (CSE) and unsurprisingly Prmt7 expression was highly
upregulated in these macrophages upon CSE (Figure 3.12). To support these findings in
primary cells as well, alveolar macrophages and blood monocytes freshly isolated from CS
exposed mice for 3 days displayed similar levels of Prmt7 upregulation (Figure 3.9 and Figure
3.10). Moreover, when the other PRMTs like PRMT1, PRMT4 and PRMT5 were analysed in

MHS cells, there was no significant differences following CSE exposure unlike PRMT7 (Figure
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3.12). Primary monocytes isolated from acute CS exposed mice also showed similar results
(Figure 3.9). However, alveolar macrophages isolated from acute CS exposed mice
demonstrated significant upregulation in Prmt5 expression levels similar to Prmt7 (Figure
3.10). This result is perhaps not so surprising when one considers that PRMT7 and PRMTS5 are
mentioned in the same biological processes together, including cancer metastasis and
tumorigenesis (Shailesh et al., 2018; Yao et al., 2014) as well as RNA splicing (Gonsalvez et al.,
2007a). Additionally, their functions are dependent on each other enzymatically since PRMT7
allosterically regulates the function of PRMT5 (Jain et al., 2017; Smil et al., 2015). This
cooperative work might explain the increase in Prmt5 expression in alveolar macrophages in
this study. Considering these findings, it is highly suggestive that PRMT7 may have a potential

role in the pathogenesis of COPD through monocytes and macrophages in the lungs.

4.2 Regulation of PRMT7 in primary monocytes through NF-kB
pathway

Considering the upregulation of PRMT7 in macrophages and its potential role in disease
pathogenesis, the next objective was to identify the upstream regulation of PRMT7 in
macrophages. There are plenty of molecular signaling pathways that are activated in
macrophages in response to inflammatory insult. Significantly, nuclear factor kappa B (NF-kB)
has been highly associated with CS induced airway inflammation (Barnes, 2016; Schuliga,
2015; Zhou et al., 2018) in COPD and it plays an active role in enhancing the expression of
pro-inflammatory cytokines in activated macrophages (Wang et al., 2014a). Considering the
crucial involvement of NF-kB pathway in COPD, primary monocytes freshly isolated from
mouse and the peripheral blood of humans were stimulated with LPS which can directly
activate the NF-kB pathway via interacting with Toll Like Receptor 4 (TLR4) (Dorrington and
Fraser, 2019). As a result, it was observed that primary monocytes isolated from mouse and
human upregulated Prmt7 expression upon LPS stimulation, which was suggestive that the
NF-kB pathway is an upstream regulator of the Prmt7 gene (Figure 3.15). This finding was
validated by using specific NF-kB pathway inhibitors, BAY11-7082 and JSH-23 (Kumar et al.,
2011; Mori et al., 2002) (Figure 3.16 and Figure 3.17). Moreover, it is relevant given the
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importance of the involvement of NF-kB signaling not only in COPD but also in several other
pulmonary diseases such as asthma (Gagliardo et al., 2003) (Edwards et al., 2009) and fibrosis
(Hou et al., 2018; Luedde and Schwabe, 2011). Taken together, it was suggestive that PRMT7

expression is regulated via NF-kB/RELA pathway in monocytes and macrophages.

4.3 Targeting PRMT7 in COPD animal models

Next, the question how PRMT7 influenced macrophage contribution to the development of
COPD was addressed. To identify the role of PRMT7 in this aspect, mice with reduced
expression of PRMT7, Prmt7*/-mice were used. Prmt7*/- mice rather than homozygous mice
were used because Prmt7/- mice have been previously reported to die between 5-10 days of
birth (Ying et al., 2015). Interestingly, Prmt7*-mice did not accumulate macrophages in their
lungs following acute CS for 3 days (Figure 3.20) and chronic CS for 4 months (Figure 3.21).
This finding was supported by exposure to elastase (Figure 3.27 and Figure 3.28). This
reduction of macrophages in the lungs of Prmt7*/-mice led to protection against emphysema
development, one of the main hallmarks of COPD (Figure 3.26 and Figure 3.29). Considering
that macrophages are a great source of cytokine production and proteolytic enzyme secretion
like elastase (Smith et al., 1998), this result was consistent with previous findings. When
macrophages were depleted after tissue injury, inflammation was significantly reduced
(Duffield et al., 2013). It has also been known for some time that macrophage elastase
deficient mice are protected from emphysema development following chronic CS exposure
(Hautamaki et al., 1997). Supporting this finding, the deletion of alveolar macrophages in the
lungs with alendronate administration inhibited airspace enlargement in an elastase-induced
mouse model of COPD (Ueno et al., 2015a). Therefore, less macrophage recruitment in the
lungs of Prmt7*/- mice, resulting in impaired emphysema development in COPD animal
models has precedent. In support of this, endogenous monocyte derived macrophages from
Prmt7*- mice were not recruited into wild-type lungs that had been transplanted into the
Prmt7*/- mice (Figure 3.30), confirming an inability of the recruitment of monocyte-derived
macrophages in Prmt7*- mice. As expected, these lungs with less macrophages were

protected from emphysema development, unlike wild-type lungs grafted into wild-type
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recipients (Figure 3.31). These findings were also validated by in vivo trans-endothelial
migration assay using primary monocytes. Consistently, primary monocytes from Prmt7+/-

mice displayed impaired trans-endothelial migratory ability towards CCL2 (Figure 3.32).

Monocyte-derived macrophages are recruited into inflamed tissue via CCL2, which is the main
chemokine for macrophage recruitment (Mak and Uetrecht, 2019). One possible reason for
impaired recruitment and accumulation of macrophages in the lungs of Prmt7*/- mice could
be CCL2 deficiency. However, CCL2 was expressed similarly in the lungs and BALF of wild-type
and Prmt7*/- mice after acute (Figure 3.20) and chronic CS exposure (Figure 3.23), suggesting
an intrinsic defect in the macrophages of Prmt7*/- animals. Both Prmt 7" MHS cells generated
by CRISPR/Cas9-targeted mutation and monocytes isolated from Prmt7*- mice expressed
CCR2 levels on their surface comparable to their wild-type counterparts. This finding
highlighted that PRMT7 did not affect cytokine levels nor receptor levels. Therefore, it may

be critical for the regulation of downstream receptor signaling.

The levels of two main adhesion molecules, VCAM1 and ICAM1, which play a critical role in
the adhesion and migration of monocytes from blood vessels to targeted tissue (Sans et al.,
1999), was also examined. The expression of these adhesion molecules did not vary between
the lungs of Prmt7*/-and WT mice (Figure 3.24 and Figure 3.25), suggesting that a deficiency

of VCAM1 and ICAM1 was not the cause of less macrophage recruitment in Prmt7*/- mice.

Furthermore, given the importance of macrophage involvement in the pathogenesis of COPD,
the altered differentiation of macrophages, dysregulated polarization and activation all play
a potential role in promoting lung tissue damage (Cornwell et al., 2018; Shaykhiev et al.,
2009). It was crucial their development and differentiation in the absence of PRMT7 should
also be considered carefully. However, in this study it was clearly demonstrated that
macrophages isolated from Prmt7*- mice did not have any impairments in terms of their
development and differentiation (Figure 3.33, Figure 3.34 and Figure 3.35). Besides
macrophages, dendritic cells (DCs) which are sharing a common progenitor with
macrophages (Xiao et al.,, 2017) play a significant role in inflammation during COPD

pathogenesis (Givi et al., 2012). For this reason, the effects of PRMT7 deficiency on the
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development and activation of DCs was examined. As a result, dendritic cell development and
activation was not adversely affected by the reduction of PRMT7 (Figure 3.36). All in all, these
findings highly proposed that PRMT7 is crucial for the recruitment of monocyte-derived

macrophages into the lungs following inflammatory insult in multiple COPD models.

4.4 Underlying molecular mechanisms of impaired macrophage

recruitment into lungs in the absence of PRMT7

Prmt7*/- mice had impaired monocyte-derived macrophage recruitment into their lungs as a
result of CS and elastase exposure. A further objective was to elucidate the underlying
molecular mechanisms of this phenomenon. For this purpose, proteomic analysis of
immunoprecipitated monomethylated arginine containing proteins from Prmt 7" MHS cells,
which were CRISPR-Cas9 generated, was undertaken. Validation of this approach was
confirmed by less monomethylated core histone proteins being detected, including H2B, H3
and H4 in Prmt7""" compared to Prmt7*/* MHS cells (Figure 3.42). This was expected as PRMT7
was already shown to target these specific histones for methylation (Feng et al., 2013). As a
result of KEGG pathway analysis, three main pathways were identified to be potentially
regulated by PRMT7. These were leukocyte transendothelial migration, focal adhesion as well
as MAPK signaling pathways (Figure 3.43). These results were quite consistent with the
previous findings of this study. Interestingly, these three different pathways have one
common protein, RAP1A/B. RAP1A and RAP1B are two separate isoforms which share 95%
identical sequence (Wittchen et al., 2011), therefore the peptides generated after tryptic
digestion could not distinguish between RAP1A or RAP1B. Western blot results demonstrated
a significant reduction of RAP1A/B protein levels in Prmt7™"" MHS cells compared to Prmt7*/*
MHS cells (Figure 3.50). The western blot antibody also was not able to distinguish the two
different isoforms. However, qPCR analysis revealed that mRNA expression levels of Rapla
was reduced in Prmt7""" MHS cells compared to Prmt7*/* cells while Raplb expression

remained the same across the two cell lines (Figure 3.50).

RAP1 are small G proteins in the Ras superfamily and they are activated by GTP binding (Bos
et al., 2001). More interestingly, RAP1 has been implicated to be associated with many
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cellular events particularly adhesion related (Caron, 2003). Consistent with findings in this
study, RAP1 controls cellular adhesion and migration via inducing integrin activation (Kooistra
et al., 2007; Zhang et al., 2014) and modulating MAPK signaling activity (Gao et al., 2006;
Stork and Dillon, 2005). In keeping, B and T cells isolated from the spleen of Rapla deficient
mice showed impaired integrin-mediated cell adhesion (Duchniewicz et al., 2006). More
relevant to this study, macrophages isolated from Rapla”’  mice demonstrated decreased
adhesion ability and impaired migration towards chemokines (Li et al., 2007), similar to what
was observed here with Prmt7"!' MHS cells (Figure 3.43 and Figure 3.44). Considering the
role of RAP1A in adhesion and migration, it was perhaps not surprising that Prmt7"' MHS
cells had reduced surface expression of the integrins ITGAM and ITGAL (Figure 3.44) and
impaired migration towards CCL2 (Figure 3.43). RAP1 is an upstream regulator of MAPK
signaling (Zhang and Liu, 2002) and its activity is increased with the binding of LPS to TLR4
(Caron et al., 2000). Next purpose of this study was to understand whether MAPK signaling
cascade was affected adversely in the absence of PRMT7, since Rapla levels were
significantly reduced in Prmt7™"" MHS cells. As predicted, reduced phosphorylation of ERK
and p38 following LPS stimulation in Prmt7™" MHS cells in comparison to Prmt7*/* cells was
seen (Figure 3.46). Similarly, Prmt7™!' MHS cells stimulated by CCL2 as an alternative ligand
for G coupled receptor signaling demonstrated reduced phosphorylation of ERK and p38,
implying impaired G protein coupled receptor signaling in PRMT7 deficient macrophages

potentially due to reduced RAP1A expression.

To confirm, blocking the activity of RAP1 with GGTI-298 inhibitor (Ke et al., 2019; Li et al.,
2010) in MHS cells also displayed an impairment in the phosphorylation of ERK, similar to
Prmt7™" MHS cells following LPS stimulation (Figure 3.49). Moreover, GGTI-298 inhibition of
RAP1 (Ke et al., 2019) also reduced the surface expression of the adhesion molecules ITGAL
(CD11a) and ITGAM (CD11b) that was consistent with reduced surface expression levels
observed in Prmt7™" cells (Figure 3.49). This finding was supported by using a novel PRMT7
inhibitor, SGC2037, targeting the enzyme activity of PRMT7 (Szewczyk et al., 2020).
Treatment of MHS cells with the inhibitor of PRMT7 resulted in decreased surface expression

levels of the key adhesion molecules ITGAL (CD11a) and ITGAM (CD11b) (Figure 3.45). These
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two integrins were found to be critical for the adhesion of circulating leukocytes including
monocytes to activated endothelium (Gerhardt and Ley, 2015). It was therefore not
surprising that reduced expression of adhesion molecules was accompanied by impaired
transendothelial migration in the absence of PRMT7 (Figure 3.43). These findings were in
keeping with the proteome analysis revealing that focal adhesion and migration was impaired
in Prmt7""" MHS cells compared to Prmt7*/* cells. Taken all together, this data suggests that
PRMT7 may regulate RAP1A expression and subsequent downstream processes including

adhesion, migration as well as MAPK signaling.

Crucial was to identify how PRMT7 regulates Rapla gene expression in macrophages. PRMTs
in general are known to be responsible for modulating gene expression epigenetically via
histone methylations (Di Lorenzo and Bedford, 2011; Litt et al., 2009). PRMT7 has been linked
to regulate two important activating marks of transcription, which are H4R3me2a and
H3R2me2s (Blanc and Richard, 2017). In the same direction, lack of PRMT7 has been reported
to decrease symmetrical methylation of H4R3 at gene promoters (Blanc et al., 2016).
Moreover, the amount of H3R2me2s mark has been shown to be diminished in PRMT7-
deficient cells (Migliori et al., 2012). So far, the function of PRMT7 in relation to its ability to
monomethylate target proteins at arginine residues has been discussed. However, in many
studies PRMT7 has been described to regulate dimethylation in cells, yet biochemically can
only undertake mono-methylation (Zurita-Lopez et al.,, 2012). The explanation for this
dilemma was that PRMT7 mono-methylation allosterically modulates the activity of PRMT5
to di-methylate the same substrate. These two enzymes function in conjunction to
symmetrically di-methylate histone substrates including H3R2 and H4R3 (Jain et al., 2017;
Smil et al., 2015). These studies suggest a potential explanation for the lack of dimethylation
found following the disruption of PRMT7 here and in other studies. In terms of RAP1A
transcriptional regulation, ChIP-Seq analysis of human CD4 T cells demonstrated that
H3R2mel and H3R2me2 were enriched upstream of the transcriptional start site of the
RAP1A gene (Barski et al., 2007). Taking this into consideration, it is explicitly shown here that
Prmt7™" MHS cells had reduced H3R2mel and H3R2me2s marks upstream of the

transcriptional start site (TSS) of Rapla in comparison to Prmt7*/* cells. Consistently, PRMT7
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was also enriched at the same site on the Rapla gene compared to the promoter of Gapdh,
which was completely lost in Prmt7™!"' MHS cells (Figure 3.53). Between two different primer
pairs used to amplify the genomic region upstream of the Rapla TSS, primer | resulted in the
strongest enrichment. When overlaying the primer regions with UCSC/ENCODE H3K4mel
and H3K27a ChlIP-Seq tracks of the Rapla region taken from BMDM cells, Accession:
wgEncodeEMO002658 and wgEncodeEMO002657 respectively, the results suggested that
primer | region could be an enhancer (Heintzman et al., 2009; Shen et al., 2012). There were
studies showing that PRMTs might localize at the enhancers and regulate transcription of
target genes. For example; PRMT5 dependent H4R3me2s was decreased in the absence of
PRMTS5 and resulted in modulation of target gene transcription (Zhao et al., 2009). Moreover,
another study elegantly demonstrated that localization of PRMT6 at enhancers can regulate
transcription of associated genes (Bouchard et al.,, 2018). Consistent with these findings,
PRMT7 appears to target histone H3 at active enhancer regions upstream of Rapla in

macrophages to regulate Rapla expression.

Even though PRMT7 methylates histone proteins to regulate the transcription of potential
genes, it has been also shown to target non-histone proteins. One of the direct targets of
PRMT7 was reported to be dishevelled 3 protein, which plays a key role in WNT signaling
(Bikkavilli et al., 2012). In that study, the methylation of dishevelled 3 by PRMT7 together
with PRMT1 affected the translocation of dishevelled 3 into the membrane and regulated
WNT signaling. Methylation deficient dishevelled 3 localized in the membrane and led to
continuous activation of WNT signaling (Bikkavilli et al., 2012). Considering these previous
findings in which PRMT7 has a crucial role in WNT signaling, it was crucial to understand if
PRMT7 reduction in Prmt7* mice could cause less emphysema formation as a result of CS
and elastase exposure through modulation of WNT signaling. WNT signaling plays a central
role in the pathogenesis of lung diseases like COPD and fibrosis, particularly in repair and
regeneration mechanisms of alveolar epithelial cells following inflammatory insults damaging
the lung (Konigshoff and Eickelberg, 2010; Shi et al., 2017). Therefore, the trans-
differentiation of ATII cells into ATI cells isolated from Prmt7*/- and WT mice was examined,

as this trans-differentiation is controlled by WNT signaling. ATII cells are defined as progenitor
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cells for ATl cells and this transition is a crucial step in repair and regeneration following lung
injury (Aspal and Zemans, 2020). However, there was no difference in terms of the
differentiation marker, T1-alpha in between cells isolated from Prmt7*/- and WT mice. Aside
from trans-differentiation, wound healing ability of ATII cells with silenced PRMT7 expression
remained the same when compared to control ATl cells (Figure 3.38 and Figure 3.39). Further
evidence that deficiency in lung parenchyma was not the reason for the impaired emphysema
development, was observed in the transplantation experiment. It was demonstrated that
wild-type lungs grafted into Prmt7*/- mice were also protected from emphysema (Figure

3.31).

4.5 Contribution of PRMT7 in other disease models

In this study, it has been highlighted that Prmt7* mice with reduced expression and
enzymatic activity of PRMT7 were protected against emphysema development, which is a
main hallmark of COPD pathogenesis. The findings suggest that this protection arose from
having less monocyte-derived macrophage recruitment into the lungs of Prmt7*- mice. A
further purpose of this study was to examine if macrophage expressed PRMT7 may play a key
role in the progression of other diseases driven by macrophage recruitment. To address this
Lyz2-Cre Prmt7"f mice which do not express PRMT7 specifically in myeloid cells were
generated. First these mice were used to investigate the potential role of macrophage
expressed PRMT7 in the bleomycin-induced pulmonary fibrosis disease model, which is a
common experimental study model of human lung fibrosis (Shi et al., 2014). This model was
targeted because it has previously been demonstrated that the development of pulmonary
fibrosis, which is bleomycin induced, is dependent on monocyte-derived macrophage
recruitment to the lung and mice lacking macrophages had reduced fibrosis (Gibbons et al.,
2011). Therefore, WT and Lyz2-Cre Prmt7"f mice were exposed to bleomycin for 14 days. In
supporting of previous findings in this study, Lyz2-Cre Prmt7%/f mice displayed less
macrophage recruitment into the lungs following bleomycin instillation (Figure 3.54). To
understand if this reduction in macrophage numbers in Lyz2-Cre Prmt7"f mice after

bleomycin instillation influences lung fibrosis development, collagen deposition, which is a
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hallmark of fibrosis, was quantified. Consistently, the reduced macrophage number was
accompanied by reduced collagen deposition in the lungs of Lyz2-Cre Prmt7"" mice in
comparison to WT mice (Figure 3.55). To further support and validate these findings, an
independent skin injury model was utilized, where macrophage recruitment following skin
injury is key for inflammation, scar formation and wound healing (Krzyszczyk et al., 2018).
Therefore, macrophage numbers were quantified after 3 days of skin injury in Lyz2-Cre
Prmt7"f and WT mice. Lyz2-Cre Prmt7"f mice demonstrated reduced numbers of
macrophages in injured skin after 3 days compared to control mice (Figure 3.56).
Furthermore, multiple sclerosis disease has the same pattern, where macrophage
recruitment is considered to be harmful by initiating the demyelination of axons (Yamasaki
et al., 2014). Our preliminary data in a multiple sclerosis model demonstrated that Lyz2-Cre
Prmt7"" mice delayed the disease onset and severity compared to WT controls after MOG
injection in the EAE model (Data not shown). Further investigation is required for this
experiment to quantify macrophage number in the spinal cord and correlate with disease
severity. Taken all together PRMT7 is essential for the migration of monocytes and
macrophages in several disease models including COPD, fibrosis, skin injury and potentially

multiple sclerosis.

4.6 Conclusions and future directions

To conclude, here it has been shown that PRMT7 regulates the recruitment of monocyte-
derived macrophages into tissue such as lung or skin following injury or inflammatory insult.
The recruitment of macrophages into tissue is a critical step in the pathogenesis of several
diseases including COPD. Translationally, methyltransferase activity accompanied by
increased PRMT7 expression was enriched in COPD patients. PRMT7 expression in monocytes
was found to be regulated via the NF-kB/RelA signaling pathway. Mechanistically,
monomethylated histones, specifically H3, at enhancer regions via PRMT7 could regulate
Rapla expression in macrophages. RAP1A expression and activation play a key role in MAPK
signaling as well as adhesion and migration of macrophages via integrin-mediated regulation.

The schematic summary of these findings are demonstrated in (Figure 4.1).
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Taking all results from this study into account, PRMT7 is revealed as an important

determinant of monocyte driven inflammatory responses in lung disease and beyond. Thus

targeting PRMT7 offers novel therapeutic potential against COPD and other chronic

inflammatory conditions driven by monocyte recruitment.
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Figure 4.1 Schematic representation of PRMT7 mediated migration of macrophages into the tissue of injury. Inflammatory
insults like CS exposure triggers NF-kB signaling and leads to transcriptional expression of PRMT7 in monocytes. PRMT7
functions on histone proteins like H3 to monomethylate and monomethylated H3 enhances Rapla expression. RAP1A after
activation by GTP binding regulates MAPK signaling, integrin activation and therefore transendothelial migration of

monocytes from blood to tissue of injury. Scheme drawing was supported by Zeynep Ertiiz.
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