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ABSTRACT

The lungs, the main organs of the respiratory system, are constantly exposed to the external
environment. Exposure to noxious agents in inhaled air can include inhaled pathogens as well as
air pollution that is caused by different factors such as cigarette smoke. Cigarette Smoke (CS)
exposure has been linked to numerous diseases with no cure and limited therapeutic options; this
includes chronic obstructive pulmonary disease (COPD) and more recently coronavirus-induced
disease (COVID)-19. Persistent exposure to CS induces inflammation in several cell types found
in the lung, such as epithelial cells, fibroblasts and alveolar macrophages. This inflammation is
characterized by secretion of inflammatory mediators (e.g., interleukin-8 [IL-8] and
cyclooxygenase-2 [COX-2]), recruitment of immune cells (mainly neutrophils, lymphocytes and
monocytes) and release of proteases (e.g., matrix metalloproteinases [MMPs]). Uncontrolled, this
inflammation leads to the obstruction of small airways and destruction of lung parenchyma.
Cannabis is the most smoked plant after tobacco but there is equivocal evidence for its involvement
in the development of lung diseases. CS and cannabis smoke may cause lung inflammation via
activation of human antigen R (HuR). HuR is a ubiquitously-expressed RNA-binding protein
(RBP) that regulates the stability, localization and/or translation of inflammatory-associated
mRNAs. To stabilize target mRNA, HuR translocates from the nucleus (where it normally resides)
to the cytoplasm. CS may increase HuR translocation to the cytoplasm, thus indirectly augmenting
cellular protein levels. Patients with COPD, primarily caused by CS, face an increased risk for
severe illness from COVID-19 because of angiotensin-converting enzyme 2 (ACE2) upregulation,
the entry receptor for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). However,

how ACE2 expression is controlled in the lungs is not well understood.
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Given the broad spectrum of mRNA regulated by HuR, and the well documented
overexpression of this protein in cancer development, we aimed to characterize the role of HuR in
pathological features associated with exposure to CS and its implication in COPD. We found that
COPD-derived lung fibroblasts express higher level of ACE2, and chronic CS exposure
significantly increases pulmonary ACE2 protein. We also found that cytoplasmic localization of
HuR (indicative of activation) is higher in lung tissue from Smoker and COPD subjects compared
to Non-smoker subjects. Further, there was an increase in cytoplasmic HuR in human lung
fibroblasts (HLFs) exposed to cigarette smoke extract (CSE), an in vitro surrogate for CS exposure.
HuR also binds to ACE2 mRNA; however, knockdown of HuR does not change ACE2 protein
levels. Moreover, we revealed that HuR controls numerous biological pathways in HLFs. Contrary
to what was expected, we found that the protein and mRNA levels of PTGS2/COX-2 and
CXCLS/IL-8 were significantly higher in siHuR-transfected HLFs in response to CSE.
Interestingly, opposite to what known about HuR stabilizing targets mRNA, we found that HuR
destabilizes PTGS2 and CXCLS mRNA in response CSE. This suggests that HuR attenuates CSE-
induced COX-2 and IL-8 expression by promoting the degradation of their mRNA. Finally, we
have optimized the preparation of a standardized cannabis smoke extract (CaSE) in cell culture
media, and we found that cannabis smoke induces COX-2 and IL-8 in HLFs. This standardized

preparation can now be used to evaluate if HuR is involved in the inflammatory response to CaSE.

To date, the specific mechanisms of how smoke exposure causes the development of
chronic diseases is not completely understood. This thesis is the first that investigate the role of
HuR in regulating smoke-induced inflammation; this includes both tobacco and cannabis smoke.
Further, the experimental design in this study will allow the identification of smoking-related

alterations in primary lung cells. Accordingly, this innovative mechanism could be therapeutically
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targeted to develop a novel therapy for smoke-related diseases such as COPD. In turn, this research

evokes new hope for thousands of Canadians living with this fatal disease.
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RESUME

Les poumons, principaux organes du systéme respiratoire, sont constamment exposés au
milieu extérieur. L'exposition a des agents nocifs dans l'air inhalé peut inclure des agents
pathogéenes inhalés ainsi que la pollution de 1'air causée par différents facteurs ; tels que la fumée
de cigarette. L'exposition a la fumée de cigarette (CS) a été associée a de nombreuses maladies
incurables dont les options thérapeutiques sont limitées ; cela inclut la maladie pulmonaire
obstructive chronique (MPOC) et plus récemment la maladie induite par le coronavirus (COVID)-
19. Une exposition persistante au CS induit une inflammation dans plusieurs types de cellules
pulmonaires, telles que les cellules épithéliales, les fibroblastes et les macrophages alvéolaires.
Cette inflammation est caractérisée par la sécrétion de médiateurs inflammatoires (ex :
interleukine-8 [IL-8] et cyclooxygénase-2 [COX-2]), le recrutement de cellules immunitaires
(principalement des neutrophiles, des lymphocytes et des monocytes) et la libération de protéases
(ex : les métalloprotéinases matricielles [MMPs]). Si cette inflammation n’est pas contrdlée, elle
entraine 1'obstruction des petites voies respiratoires et la destruction du parenchyme pulmonaire.
Le cannabis est la substance la plus consommée apres le tabac, mais il existe des preuves
équivoques de son implication dans le développement des maladies pulmonaires. Le tabac et le
cannabis peuvent provoquer une inflammation pulmonaire via l'activation de l'antigéne humain R
(HuR). HuR est une protéine de liaison a 'ARN exprimée de mani¢re omniprésente ; elle régule
la stabilité, la localisation et/ou la traduction des ARNm associés a l'inflammation. Pour stabiliser
I'"ARNm cible, HuR effectue une translocation du noyau (ou elle réside normalement) vers le
cytoplasme. CS peut induire la translocation de HuR vers le cytoplasme, augmentant ainsi
indirectement ses niveaux de protéines cellulaires. Les patients atteints de MPOC, principalement

causée par le CS, font face a un risque accru de maladie grave due au COVID-19 en raison de la
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régulation a la hausse de I'enzyme de conversion de I'angiotensine 2 (ACE2), un récepteur d'entrée
du SRAS-CoV-2. Cependant, la fagon dont 1'expression de I' ACE2 est contrdlée dans les poumons

n'est pas bien comprise.

Compte tenu du large spectre dARNm régulés par HuR et de la surexpression bien
documentée de cette protéine dans le développement du cancer, nous avons cherché a caractériser
le role de HuR dans les caractéristiques pathologiques associées a l'exposition au CS et son
implication dans la MPOC. Nous avons constaté que les fibroblastes pulmonaires dérivés des
patients atteints de MPOC expriment un niveau plus élevé d'ACE2 et que I'exposition chronique
au CS augmente de maniére significative les niveaux d’expression de la protéine pulmonaire
ACE2. Nous avons également constaté que la localisation cytoplasmique de HuR (indiquant
l'activation) est plus élevée dans le tissu pulmonaire des sujets fumeurs et des sujets atteints de
MPOC par rapport aux sujets non-fumeurs. De plus, il y a eu une augmentation du HuR dans le
cytoplasme des fibroblastes pulmonaires humains (HLFs) exposés au CSE, un substitut in vitro de
l'exposition a la fumée de cigarette. HuR se lie également a I'ARNm ACE2 ; cependant, la
suppression de HuR ne modifie pas les niveaux de la protéine ACE2. De plus, nous avons révélé
que HuR contrdle plusieurs voies biologiques dans les HLFs. Contrairement a ce qui était attendu,
nous avons constaté que les niveaux de protéines et d'ARNm de PTGS2/COX-2 étaient
significativement plus élevés dans les HLFs transfectées par siHuR en réponse au CS. Fait
intéressant, contrairement a ce que 1'on savait sur les effets de HuR sur la stabilisation de ’ARNm
de geéenes cibles, nous avons constaté que HuR déstabilise 'ARNm de PTGS2 et CXCLS en
réponse au CS. Cela suggere que HuR atténue 1'expression de COX-2 et IL-8 induite par CS en

favorisant la dégradation de leur ARNm. Enfin, nous avons optimisé la préparation d'un extrait de
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fumée de cannabis standardisé dans des milieux de culture cellulaire, et nous avons découvert que

la fumée de cannabis induisait COX-2 et IL-8 dans les HLFs.

A ce jour, les mécanismes spécifiques de la fagon dont I'exposition a la fumée du tabac
provoque le développement de maladies chroniques ne sont pas completement compris. Cette thése
est la premiére a étudier le role de HuR dans la régulation de l'inflammation induite par la fumée ;
cela comprend a la fois la fumée du tabac et du cannabis. De plus, la conception expérimentale de
cette étude permettra d'identifier les altérations liées au tabagisme dans les cellules pulmonaires
primaires. En conséquence, ce mécanisme innovant pourrait étre ciblé pour développer une
nouvelle thérapie pour les maladies liées a la fumée ; telles que la MPOC. A son tour, cette
recherche évoque un nouvel espoir pour des milliers de Canadiens vivant avec cette maladie

mortelle.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

The studies included in this thesis have identified, for the first time, the importance of HuR
in primary HLFs and its implication in COPD. This work has collectively characterized the
regulation of HuR function by CS. In doing so, we have shown that lung fibroblasts from Smokers
and COPD have high expression of ACE2, a receptor for SARS-CoV-2 that causes COVID-19.
Then, we assessed the role of HuR in the regulation of this receptor. We also demonstrated that
cytoplasmic HuR level was higher in lung tissue, including epithelial cells and fibroblasts, from
Smokers and COPD subjects. Moreover, we found that HuR cleavage product (CP-1) elevated in
lung fibroblasts from Smoker and COPD, and that CS induces its cleavage. Most importantly, we
revealed fundamental roles for HuR in the regulation of numerous biological processes, such as
inflammation, in primary HLFs at the basal level and in response to CS. Collectively, these
findings highlight an important role for HuR in the regulation of CS-induced lung damage. To then
identify the function of HuR in response to another inhaled stimuli, we standardized a protocol for
aqueous CaSE preparation. This protocol can be used for further molecular investigations of
cannabis smoke that will improve our understanding about the impact of cannabis smoke on lung

pathology features.
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CHAPTER1

1. LITERATURE REVIEW

1.1. INTRODUCTION

Human organ systems rely on the dynamics of gene expression to regulate homeostasis,
cell survival, fate and differentiation, as well as responses to stress and environmental signals [5].
Eukaryotic cells have developed sophisticated mechanisms to produce and use the transcripts with
optimum efficacy through their life cycle. When RNA is synthesized in the nucleus, its biogenesis,
translocation to the cytosol and interaction with proteins and other components are necessary to
achieve their encoded function. All these steps undergo post-transcriptional regulation of that
initial messenger RNA (mRNA), and these steps comprise an important part of overall gene and
protein expression. Post-transcriptional regulation is a coordinated process that takes place when
the RNA is transcribed but before it is translated into protein. Factors that associate with and
regulate target mRNAs at the post-transcriptional level are RNA-binding proteins (RBPs),
microRNA (miRNA) and long non-coding RNA (IncRNA) [6, 7]. In mammalian cells, the fate of
mRNA is controlled by almost 2000 RBPs [8]. This factor dynamically modulates mRNAs during
biological processes [8] and its dysregulation is likely to be involved in pathological processes,

including those caused by environmental exposures.

Cigarette smoke (CS) exposure remains a major cause of morbidity and mortality worldwide
and causes a variety of chronic lung disorders, including chronic obstructive pulmonary disease
(COPD). CS is responsible for approximately 70% of COPD cases [9]. Other inhalation exposures
of concern include air pollution, e-cigarettes, and cannabis. In fact, cannabis (marijuana) is the
second most-smoked plant after tobacco and the third most prevalent psychoactive substance used

worldwide after alcohol and tobacco [10-13], but the impact of cannabis smoke inhalation on
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respiratory health is largely unknown. However, it has been established that the pathogenesis of
diseases associated with cigarette smoking involves the dysregulation of numerous cellular and
physiological pathways such as proliferation, apoptosis and inflammation [14-19]. These
processes are controlled at both the transcriptional and post-transcriptional level via the regulation
of mRNAs. In this writing, will discuss RBPs that regulate the post-transcriptional modifications
of mRNA and their involvement in normal physiology. We will then highlight RBP regulatory
mechanisms that are dysregulated in response to smoke and thus may be implicated in the
pathogenesis of COPD. Finally, we will address the current knowledge about one of the best

characterized RBPs called human antigen R (HuR), the central focus of this thesis.

1.2. CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)

COPD is a leading cause of chronic morbidity and mortality worldwide [20]. The World
Health Organization (WHO) lists COPD as the third leading cause of death [21], with its
prevalence expected to increase by more than 30% in the coming decade. The Global Initiative for
Chronic Obstructive Lung Disease (GOLD) defines COPD as a lung disease characterized by
progressive and irreversible airflow limitation which is usually associated with an abnormal
inflammatory response in the airways and lungs to noxious particles or gases. The clinical
presentation in COPD patients include cough, sputum production, and/or dyspnea [22]. Chronic
airflow limitation is due to both emphysema, which is the irreversible destruction of the gas-
exchanging alveoli, and chronic bronchitis, a clinical entity characterized by the presence of
productive cough for at least three consecutive months during the last two consecutive years [23].
Small airway disease is also a recognized feature of COPD characterized by the presence of
inflammation, fibrosis, and mucous plugging, all of which correlated with the severity of airflow

obstruction [24].



1.2.1. Risk factors
The risk factors for the development of COPD include a combination of genetic
susceptibility and exposure to environmental toxicants [25]. Genetic factors are associated with
the development of COPD. The most notable of these is deficiency of alpha-1 antitrypsin (al1AT),
which accounts for approximately 1- 2% of COPD cases [25, 26]. Additional risk factors for COPD

include respiratory infections, age, and childhood asthma [9, 25].

1.2.1.1. Exposure to cigarette smoke (CS)

The main cause of COPD is CS [25]. Globally, there are around 1.3 billion tobacco smokers
[27]. CS is a complex combination of thousands of chemicals (approximately 7000 individual
components) of which at least 158 have known toxicological properties [28, 29]. The components
with the strongest correlations to disease development are polycyclic aromatic hydrocarbons
(PAHs) and N-nitrosamines. Other components that are associated with pulmonary toxicity
include free radicals, catechols, and aldehydes [17]. Clinical symptoms can develop in patients
many years after starting to smoke, with COPD commonly diagnosed in people over the age of 50

years, with the highest incidence at the age of 75 to 79 years [30, 31].

1.2.1.2. Exposure to air pollution
Beyond CS, additional risk factors for COPD include exposure to ambient and biomass air
pollution [9, 23, 25, 26, 32]. Air pollution is an alteration of the natural characteristics of the
atmosphere by any chemical, physical, or biological contamination. Air pollution consists of
particulate matter (PM), ozone, carbon monoxide (CO), sulfur dioxide (SO2) and nitrogen oxides
(NO») [33, 34]. PM is a mixture of small solid and liquid particles which is divided, depending on
the particle size (in um), into fractions including ultra-fine particulate matter (UFPM), PM> s and

PMio [35]. According to the WHO, air pollution accounts for around 7 million deaths worldwide



per year due to diseases including chronic respiratory diseases [33]. Therefore, the WHO
developed air quality guideline (AQG) levels for major health-damaging air pollutants. The
recommended annual AQG level for PMas and PMyo is 5 pg/m® and 15 pg/m?, respectively.
Additionally, the recommended 24 hour AQG level for CO, SOz and NOz is 4 mg/m?, 40 pg/m?
and 25 pg/m?, respectively [36]. However, around 99% of the world’s population live in areas
where the air quality levels exceed WHO limits [33]. The inhaled air pollution constituents induce
inflammatory responses in several cell types, including epithelial cells and macrophages. The
constituents of air pollution trigger cellular signalling pathways such as toll-like receptors (TLRs)
and PAH sensing pathways, which in turn induce pro-inflammatory cytokine production [35].
Subsequently, long time exposure to the pollutants could produce irreversible loss of pulmonary

function and the development of COPD.

1.2.1.3. Exposure to e-cigarettes

E-cigarettes, which are also called vape devices or electronic nicotine delivery systems
(ENDS), have become widely popular in the last decade [37]. The components of e-cigarette are a
battery, atomizer, and e-liquid-containing reservoir, which holds the e-liquid that contains
humectants (glycerin and/or propylene glycol), nicotine, and often flavors. Chemicals, including
formaldehyde, acetaldehyde, acrolein and benzaldehyde, are detected in the aerosol generated
from e-cigarette solutions [38]. In 2020, there were approximately 68 million of e-cigarette users
worldwide [39]. The association between e-cigarette exposure and development of COPD is yet
to be established. However, there is experimental evidence suggesting a link between e-cigarettes
and COPD [40]. A preclinical study has shown that chronic exposure of mice to e-cigarettes
induces distal airspace enlargement, airway hyper-reactivity, and the expression of cytokine and

proteases [41]. Furthermore, e-cigarette aerosol induces an inflammatory response in the



respiratory system by increasing neutrophil and macrophage infiltration as well as increasing the
production of pro-inflammatory mediators [37, 42]. These studies suggest that exposure to e-

cigarette may be involved in the development of COPD, although additional studies are needed.

1.2.1.4. Exposure to cannabis smoke

Cannabis sativa- commonly referred to as marijuana, is an erect annual, dioecious,
flowering herb. Belonging to the family of Cannabaceae, there are three genera- C. sativa, C.
indica and C. ruderalis- which are differentiated from each other by key physical characteristics
[43-45]. Cannabis contains more than 100 chemicals called cannabinoids, as well as other
compounds such as terpenes and flavonoids [10]. Among the cannabinoids, delta-9-
tetrahydrocannabinol (A°-THC or THC) is the one which is psychoactive [46]. According to the
WHO, around 150 million people (3% of world population) consume cannabis each year, making
this the most widely-used illicit drug in the world [47]. Cannabis smoke contains complex mixture
of chemicals qualitatively similar to tobacco smoke, except for nicotine which is a unique
component in tobacco products. Chemicals in cannabis smoke including carcinogens (e.g., PAHs)
and other toxicants (e.g., CO). The concentration of other chemicals such as aromatic amines,
hydrogen cyanide and nitrogen oxides are three to five times higher in cannabis smoke than
tobacco smoke [48]. A recent study revealed that cannabis smoke contains chemicals with known
health risks through carcinogenic, mutagenic, or other toxic mechanisms [49]. These studies

suggest that cannabis smoke shares similar compounds with tobacco smoke.

The increase in usage of cannabis smoke raises concerns about the short and the long-term
impacts on respiratory system. The consequence of cannabis smoke on the function of respiratory
system and the development of COPD remains unclear. However, cannabis smoking is related to

a greater incidence of respiratory symptoms including sore throat, productive cough and shortness



of breath [50]. These symptoms may be due to harmful impacts of cannabis smoke on the
respiratory system, including goblet cell hyperplasia, squamous metaplasia and inflammation, as
observed in tracheobronchial specimens of cannabis smokers [51]. Consistently, airway
inflammatory changes are observed even in asymptomatic cannabis smokers [52]. Furthermore, in
vitro studies on the molecular pathways affected by cannabis smoke in comparison with tobacco
smoke highlight that in epithelial cells exposed to cannabis smoke condensate or tobacco smoke
condensate, the genes involved in inflammation, oxidative stress and DNA damage response are
significantly altered. Although the effects of the condensates are largely similar, cannabis smoke
condensate is noticeably more potent than tobacco smoke condensate. Interestingly, apoptotic and
inflammatory pathways are significantly more affected in cells exposed to cannabis smoke
condensate [53]. Independent study also showed that exposure to cannabis smoke induces pro-
inflammatory mediators [54]. These studies indicate that cannabis smoke may increase the risk
factor for the development of lung diseases such as COPD. Nevertheless, the pathogenetic
mechanisms of the noxious effects of cannabis smoke is equivocal and warrants additional

investigations.

1.2.2. COPD Pathogenesis
The main risk factor for COPD is CS [25]. Mechanistically, the development of COPD is
initiated by inflammation caused by repeated exposure to CS, which induces a pulmonary
inflammatory response in several cell types, including epithelial cells, fibroblasts, and
macrophages [14-16]. Repeated exposure to CS leads to the additional recruitment of innate and
adaptive immune cells including neutrophils, macrophages, and lymphocytes. This, in turn,
amplifies the production of inflammatory mediators such as tumor necrosis factor alpha (TNF-a),

interleukin (IL)-6, C-C motif ligand 2 (CCL2), CCL7, C-X-C motif ligand 1 (CXCL1), CXCL5,



CXCLS8 (IL-8), leukotriene (LT) B4 and cyclooxygenase-2 (COX-2/ PTGS2) [15, 55-60]. In
addition to inflammation, other pathogenic mechanisms involved in COPD include an imbalance
between proteases and antiproteases as well as heightened oxidative stress in the lungs [61].
Mechanistically, repeated exposure to CS causes the release of proteases, such as neutrophil
elastase (NE) and matrix metalloproteinases (MMPs), can result in apoptosis of alveolar septal
cells, ultimately leading to the destruction of alveolar walls seen in emphysema [56, 62-64].
Moreover, proteases, such as NE, cathepsin G and proteinase-3 promote mucus secretion by
increasing the number of goblet cells, stimulating degranulation in these cells, and cause the
enlargement of submucosal glands. The combination of mucus hypersecretion, inflammation in
the airways, fibrosis formation around the small airways and loss of lung elastic recoil leads to the

narrowing of small airways, and subsequently airflow obstruction [56, 62, 63] (Figure 1.1).

1.2.2.1. Structural and immune cell crosstalk in COPD

The lungs are made up of over 40 different cell types, with many believed to contribute to
disease pathogenesis [65]. Cells which contribute to COPD pathogenesis include both lung
structural cells, such as epithelial cells, fibroblasts and endothelial cells, and inflammatory cells,
such as macrophages, neutrophils, lymphocytes and dendritic cells [66]. Epithelial cells, lining the
airways and the lungs, are a ‘front line’ of defence and are susceptible to direct damage caused by
CS [66, 67]. Consequently, exposure to CS releases inflammatory mediators, impairs the defense
response mechanisms of the airway epithelium and increases the susceptibility to infection [66,
67]. Pulmonary fibroblasts directly connect type II pneumocytes to endothelial cells, which
provide a bridge for leukocyte migration [68, 69]. Further, cell adhesion molecules are activated
in endothelial cells from COPD patients [70]. Thus, the inflammatory mediators secreted by these

structural cells activate and attract immune cells to the lung. Indeed, it is now recognized that these



structural cells can regulate immune responses and educate local immune cells within the lung,
which are functions classically attributed to immune cells [66, 67]. As a consequence, activated
alveolar macrophages, for example, produce additional inflammatory mediators, thereby recruiting
immune cells to the site of injury [71, 72]. Included among the recruited immune cells are
neutrophils, coming to both the airways and parenchyma, that are facilitated by their initial
adhesion to endothelial cells via adhesion molecules including E-selectin. E-selectin is upregulated
on endothelial cells from COPD patients [70, 73]. The number of neutrophils is increased in
response to CS and in COPD, which is associated with the severity of the disease [64, 74].
Activated neutrophils and macrophages are sources of proteases that contribute to the destruction
of alveolar walls as well as mucus secretion [64, 72, 74]. Furthermore, abnormalities in the number
and the function of T lymphocytes are observed in COPD, which is correlated with the chronic
inflammation and the amount of alveolar destruction [75]. Another type of immune cell involved
in COPD pathogenesis are dendritic cells, which in turn communicate and activate other immune
cells [76]. Altogether, the perpetual crosstalk between structural and immune cells in the lungs

may contribute to COPD pathogenesis in a susceptible individual.
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Figure 1.1. Etiology and pathogenesis of COPD.

The risk factors for the development of COPD include CS, air pollution and occupational
exposures; childhood asthma; respiratory infections; and al AT deficiency. Upon exposure to CS,
lung structural cells, including epithelial cells and fibroblasts, as well as alveolar macrophages, are
activated. These cells produce inflammatory mediators to recruit additional inflammatory cells as
neutrophils, macrophages, and lymphocytes to the site of exposure. This augments the production
of inflammatory mediators such as TNF-a, IL-6, CCL2, CCL7, CXCL1, CXCLS5, CXCLS (IL-8),
LTB4 and COX-2 as well as boosts the releases proteases such as NE, cathepsins and MMPs. This
dysregulation leads to chronic pulmonary inflammation, airflow obstruction and alveolar wall
destruction (emphysema) in susceptible individuals [1].

1.2.3. Exacerbations in COPD
The inflammation in COPD further increases during acute exacerbations, which are defined
as a worsening of day-to-day symptoms, and are predominantly caused by bacterial or viral

infection [55]. Exacerbations in COPD are strongly correlated with an increase in hospitalization



and mortality, and a decrease in lung function [30]. Additionally, COPD is associated with
increased severity of coronavirus disease 2019 (COVID-19) [77], which is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel B-coronavirus [78, 79]. Structurally,
SARS-CoV-2 has main structural proteins including spike (S), envelope (E), membrane (M), and
nucleocapsid (N) as well as several accessory proteins. The entry of SARS-CoV-2 into host cells
depends on the binding of surface S1 of the S proteins to the cellular receptor angiotensin-
converting enzyme 2 (ACE2) [79]. In COPD, ACE2 is overexpressed in alveolar and bronchial
epithelium [80, 81]. Thus, patients with COPD may be at heightened risk for severe COVID-19.
The mechanism(s) accounting for the increased ACE2 expression in the lungs is currently not

known.

1.2.4. Disease Management

Upon diagnosis of COPD, effective strategies to reduce symptoms and limit the severity
of exacerbations should be provided according to individualized evaluations. As COPD is
characterized by airflow limitation, the first line treatments are short-acting and long-acting
bronchodilators, such as long-acting [-agonists (LABA) [82]. P2-agonists bind to [2-
adrenoceptors on the cell membrane and activate the Gs protein [83], which in turn activates
intracellular adenyl cyclase. Then, adenyl cyclase converts adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (cAMP), a second messenger that activates protein kinase A (PKA).
This leads to myosin dephosphorylation and smooth muscle relaxation [83, 84]. A second line
treatment for COPD patients is the prescription of inhaled corticosteroids (ICS) to reduce
inflammation [82]. ICS cross the plasma membrane and activate glucocorticoid receptors (GR) in
the cytoplasm, which either decreases pro-inflammatory gene expression or activates the

transcription of anti-inflammatory genes. However, corticosteroids have limited effectiveness in
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COPD [85]. When symptoms persist or worsen, ICS are combined with LABA. It is also
recommended that the patient stops smoking, reduces exposure to environmental and occupational

risk factors, and get an influenza vaccine annually [25].

However, no disease modifying therapies exist for COPD. After smoke exposure and in
COPD, transcriptional regulation alters the expression of inflammatory mediators, such as IL-6,
COX-2, TNF-q, IL-1pB and IL-8 [86]. It is well-studied that in response to smoke and in COPD,
the expression of these inflammatory mediators is regulated by the transcription factor nuclear
factor-xB (NF-«xB) [86, 87]. Inhibitors targeting NF-kB activity have been developed as a potential
therapy for COPD, but these have not been approved for clinical use [88, 89]. However, targeting
NF-kB in COPD may not be sufficient, because inflammation in COPD is also regulated by other
transcription factors, such as activator protein-1 (AP-1) [90, 91]. Furthermore, immunosuppression
and infection susceptibility caused by the inhibition of NF-kB must be considered as a confounding
factor. In this regard, the post-transcriptional regulation of mRNA by RBPs has emerged an
important mechanism in the overall control of gene and protein expression under both normal and
pathological conditions. Post-transcriptional regulation includes the regulation of mRNA
maturation, stability, and translation [92]. Therefore, a better understanding of the mechanistic
underpinnings of post-transcriptional regulation of mRNA by RBPs could lead to the development
of new targeted therapies for COPD. Here, we summarize the current state-of-knowledge of post-
transcriptional regulation by RBPs that is applicable to pathogenic mechanisms implicated in the

response to CS and in the development of COPD.

1.3. RNA BINDING PROTEINs (RBPs)
RBPs are a group of over 2000 proteins, each possessing multiple RNA binding domains,

and which are known to be involved in RNA decay [8]. RBPs associate with RNA transcripts and
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form ribonucleoprotein (RNP) complexes after transcription. Some RBPs bind early during RNA
synthesis to precursor mRNA (pre-mRNA) and remain bound to the pre-mRNA until its
degradation or translation, while other RBPs recognize and bind to pre-mRNA for specific
processes such as splicing, stability, transport, and cellular localization [93]. The diversity of RBP
functions suggest that several RNA-binding domains (RBD) are responsible for RNA recognition
and for recruitment to specific RNA targets [94, 95]. RBPs contain one or multiple RBDs, such as
the RNA-recognition motif (RRM), K-homology domain (KH), double-stranded RBD (dsRBD),
zinc fingers (Znf), DEAD box helicase domain, among others. There is also diversity in the
specificity and affinity of RBD interaction with RNA [8, 96, 97]. Some RBPs with dsRBD interact
with the phosphate-sugar backbone of their RNA targets [8, 96]. Other RBPs, such as those with
RRMs, interact in a sequence-specific manner with the nucleotide base and shape complementarity
of the RNA [8, 96-98]. In this section, we will explore the role of RBPs in different aspects of

RNA biology.

1.3.1. Biological functions of RBPs
RBP-mediated post-transcriptional regulation is essential for proper cellular function and
as such, its perturbation can lead to the development of disease. For example, the fragile X
syndrome of mental retardation (FXS) is caused by a defect in the RBP fragile X mental retardation
protein (FMRP), which is important for normal brain development [99]. The fate of RNA, from
transcription to translation, is highly dependent on RBP-mediated polyadenylation, pre-mRNA

splicing, as well as mRNA editing, turnover, subcellular localization, and translation (Figure 1.2).
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Figure 1.2. Cellular functions of RBPs.

RBPs are involved in post-transcriptional regulation of target mRNA. pre-mRNA is first
transcribed from the DNA. Then, RBPs regulate the production of mature mRNA via
polyadenylation (1), splicing (2) and mRNA editing (3). RBPs can also regulate mRNA stability
(4) and mRNA subcellular localization (5) within the cell in SGs or P-bodies; RBPs are also
involved in mRNA translation into proteins (6). SGs, stress granules; P-bodies, Processing-bodies

[1].

1.3.1.1. Polyadenylation
Polyadenylation of pre-mRNA is an essential processing event for RNA nuclear export,
stability, and translation. Polyadenylation is a 3’ end maturation step which all pre-mRNAs in
eukaryotic cells, except histones, receive poly(A) tails of around 200 adenine (A) nucleotides to
their 3' end by a multiprotein machinery complex [100, 101]. This occurs in a coupled cleavage

reaction whereby the pre-mRNA is first cleaved between AAUAAA sequences upstream and
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U/GU rich sequences downstream of the cleavage site followed by addition of a polyadenosine
tail. The cleavage and polyadenylation machinery consists of four multi-subunit protein
complexes: the cleavage and polyadenylation specificity factor (CPSF), the cleavage stimulation
factor (CstF), and mammalian cleavage factors I and II (CFIm and CFIIm) [102]. The CPSF
protein complex consists of six protein subunits that are vital for cleavage of pre-mRNA and
interaction with AAUAAA sequences [101, 102]. CstF consists of three subunits that interacts
with the downstream element and upstream site of the pre-mRNA [100, 102, 103]. CFIm and
CFlIIm are required for the cleavage step [103, 104]. Then, poly (A) polymerase (PAP), stimulated
by CPSF and the RBP nuclear poly(A) binding protein (PABPNI), adds the poly(A) tail to the

cleavage product of the synthesized pre-mRNA molecule to produce mature mRNA [105, 106].

1.3.1.2. pre-mRNA splicing

Splicing of pre-mRNA is a step of gene expression in which introns (noncoding sequences)
are removed and exons (coding sequences) are assembled by the spliceosome. The spliceosome is
a ribonucleoprotein complex composed of five small nuclear RNAs (snRNAs)- U1, U2, U4, U5
and U6- and more than 50 protein factors such as U2 auxiliary factor (U2AF) and SR (Serine-
Arginine rich) proteins [107, 108]. Some exons are constitutively spliced [109]. However, many
exons are alternatively spliced, in which more than one mRNA can be generated from a single pre-
mRNA. At least 74% of human multi-exon genes express several mRNAs through alternative
splicing (AS) [110]. Studies using high-throughput sequencing showed that ~95% of multi-exon
genes undergo AS [111, 112]. RBPs also regulate this process, including SR proteins and
heterogeneous nuclear ribonucleoproteins (hnRNPs) [113]. In human cells, hnRNPs are the most
abundant RBPs that regulate AS of pre-mRNA. Genome-wide analysis showed that more than half

of all AS events are regulated by six major hnRNP proteins: A1, A2/B1, H1, F, M, and U [114].
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1.3.1.3. mRNA editing

RNA editing is a type of RNA modification characterized by alteration of site-specific
RNA sequence from that encoded in DNA [115]. The RNA codon and protein sequence are
changed if the editing occurs in the coding region [116]. When editing occurs in the noncoding
regions, it may affect splicing, stability, or translation of the mRNA [117, 118]. RNA editing,
mediated by adenosine deaminases acting on RNA (ADAR) proteins, involves adenosine (A)
deamination to inosine (I) that is then recognized as guanosine by the translational apparatus [115,
117, 119, 120]. ADARs contain two or three RBDs and a highly conserved deaminase domain
[121]. Three ADAR proteins, ADAR1, ADAR2 and ADAR3, are present in humans [120-123].
A-to-I editing can occur in noncoding regions of the RNA, such as in Alu repeats which are good

substrates for ADAR proteins [118, 124, 125].

1.3.1.4. mRNA turnover

The translation of mRNA is coupled with its stability and decay. RBPs that regulate mRNA
stability are either mRNA decay activators or mRNA stabilizers. Activators of mRNA decay
recognize the constitutive decay AU- and GU-rich elements of their target mRNA and affect its
cellular levels by several mechanisms [126]. For example, tristetraprolin (TTP), also known as
zinc finger protein 36 (ZFP36), is an RBP that promotes mRNA decay [127]. TTP promotes
deadenylation of 7NF-a mRNA and its degradation upon exposure to lipopolysaccharide (LPS)
[128-130]. TTP also downregulates numerous inflammatory mRNA, such as IL-6, IL-2 and COX-
2 [131-133]. Other RNA-binding proteins implicated in mRNA decay include KH-type splicing
regulatory protein (KSRP) [134], Roquin [135], and ARE/poly(U)-binding/degradation factor 1
(AUF1) [136-138]. Conversely, other RBPs act as mRNA stabilizers and impede mRNA

degradation. One of the best known RBPs with a regulatory influence on mRNA stability is HuR.
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HuR targets mRNAs which have uridylate (U)- or adenylate-uridylate (AU)-rich elements (AREs)
in the 3'-untranslated region (UTR); these mRNA typically encode proteins involved in cell

proliferation, differentiation, migration, apoptosis, inflammation, and fibrosis [139-146].

1.3.1.5. mRNA subcellular localization

Localization of mRNA is critical for protein synthesis. Stress granules (SGs) and
Processing (P) bodies are cytoplasmic RNA granules consisting of aggregates of ribonucleoprotein
complexes. SGs and P-bodies are assembled in stressed and in unstressed cells, respectively [147].
SGs sequester mRNA for storage and translational silencing [148]. In human osteoarthritis (OA)
chondrocytes, for example, in response to IL-1p, PTGS2 mRNA is sequestered in SGs by HuR,
thereby decreasing protein levels due to a delay in the translation of the mRNA [149]. SGs also
contain other RPBs involved in RNA metabolism including poly(A)-binding protein (PABP), T-
cell intracellular antigen 1 (TIA-1) and TTP [150]. In contrast, P-bodies contain mRNA targeted
for degradation and the RBPs that are involved in this process [151]. For instance, roquin
suppresses inducible co-stimulator (ICOS) expression, which prevents autoimmunity through its

association with P-bodies in T-helper cells [152].

1.3.1.6. mRNA translation
The regulation of mRNA translation controls gene expression in the cytoplasm. Numerous
proteins, including RBPs, regulate mRNA location and assembly into ribosomes for protein
synthesis. For example, the RBP PABP that binds to stable mRNA also interacts with eukaryotic
initiation factors 4E (elF4E) whereby the 48S and 80S ribosome initiation complex are assembled
and translation is initiated [153]. Another example is the RBP TIA-1 which represses translation

of various mRNA, including PTGS2 mRNA [154].
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1.3.2. Interplay of RBPs

Dynamic interactions between RBPs may fine-tune post-transcriptional modifications of
common mRNAs. RBPs can either cooperate or compete to bind target mRNAs. For example,
ADARI cooperates with HuR and forms an RNA-dependent complex, which regulates the stability
of ADARI targets in human B cells [155]. ADARI mediates A-to-I editing of cathepsin S (CTSS)
[156], a cysteine protease associated with remodeling/degradation of connective tissue and
basement membrane [157]. HuR also binds to the 3’ UTR of C7SS mRNA and controls its stability
and expression [156]. HuR and TIA-1 can also interact to impact mRNA encoding programmed
cell death 4 (PDCD4), a tumor suppressor that induces apoptosis. Here, increasing TIA-1 prevents
HuR from binding to PDCD4 mRNA, while decreasing TIA-1 induces HuR binding to PDCD4
mRNA [158]. Furthermore, TTP interacts with PABP1 in activated primary mouse bone-marrow-
derived-macrophages (BMDMs) to represses the translation of TTP target mRNA involved in
inflammatory response [159]. Together, these few studies illustrate the interplay of RBPs in the
regulation of various post-transcriptional processes involved in physiological and pathological

mechanisms.

1.3.3. The regulation of RBPs in COPD
Elucidation of changes in the expression and the function of RBPs may suggest putative
pathogenetic roles for them. Targeting RBPs could also be a novel therapeutic strategy. However,
only a handful of studies have directly investigated RBPs in COPD. One such study was a genome-
wide association study (GWAS) which identified iron-responsive element binding protein 2 (IRP2
or IREB2), an RNA-binding protein that regulate cellular iron homeostasis, as a COPD
susceptibility gene. /RP2 mRNA and protein levels are elevated in lungs from COPD subjects

[160-163], and IRP2 expression is increased in the lungs of mice chronically exposed to CS.
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Furthermore, knockout of IRP2 protected mice from CS-induced pulmonary inflammation and
impairment of airway mucociliary clearance (MCC). Mechanistically, IRP2 in the lungs induces
mitochondrial dysfunction by promoting mitochondrial iron loading and cytochrome c oxidase
[164]. Previous observations have shown that iron deposition is increased in lungs from severe
COPD patients as well as in response to CS [165, 166], which may be regulated by the elevation

of IRP2.

Another RBP studied in the context of COPD is AUF1, which participates in mRNA decay.
AUF1 is decreased in the bronchial epithelium from COPD subjects compared to smokers without
COPD. Analysis of a microarray from primary airway epithelium of COPD subjects revealed that
AUF]1 target genes are upregulated, including those associated with inflammation [167]. Although
this suggests that AUF1 may regulate the expression of inflammatory genes involved in COPD,
direct regulation by AUF1 of these downstream mRNA and its implications for the pathogenesis
of COPD remain to be investigated. Overall, these studies raise the possibility that RBPs may be
involved in the development of COPD. As little is known about the direct role of RBPs in COPD
per se, below we summarize studies which have examined related mechanisms associated with the

development of this disease.

1.3.3.1. RBPs in inflammation
CS causes direct damage to airway and alveolar epithelial cells, which leads to the
recruitment of inflammatory cells and the release of numerous inflammatory mediators including
TNF-a [15, 17, 55-59, 168], the overexpression of which induces pulmonary inflammation and
airspace enlargement [ 169]. An RBP known to regulate TNF-a expression is TTP. TTP is generally
an anti-inflammatory RBP, as TTP knockout mice have a proinflammatory phenotype [170]. TTP

promotes mRNA decay of TNF-a by binding to AREs present within the 3’UTR [128]. TTP also
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destabilizes other mRNA associated with inflammation including PTGS?2, IL-6, CXCL8 and CCL2
[171, 172]. Glucocorticoids, which are used clinically in COPD, elevate mRNA and protein levels
of TTP, that are crucial for glucocorticoid-mediated inhibition of 7NF-o mRNA [173].
Glucocorticoid inhibition of other inflammatory genes including CCL2, CCL7, CXCLI and
CXCLS is also abrogated in TTP-knockout cells [174]. Overall, these studies suggest that TTP
target mRNA encoding proteins that are responsible for the inflammatory response associated with

COPD pathogenesis.

AUF1 is another RBP that induces the decay of target mRNA, including TNF-a. AUF1
knockout mice are susceptible to endotoxin challenge due to TNF-a and IL-1B overproduction
[175]; these mice also exhibit chronic dermatitis with age, concomitant with TNF-a and IL-1§
overexpression [176]. Given that AUF1 expression is decreased in COPD [167] and that many
inflammatory mediators regulated by AUF1 are also upregulated in COPD, it is possible that

dysregulation of AUF1 may contribute to the inflammatory response associated with this disease.

1.3.3.2. RBPs in apoptosis and protease expression

Emphysema is characterized by the loss of lung structural cells, including alveolar
epithelial cells and fibroblasts [22, 177]. Mechanistically, emphysema is thought to develop
because of CS-induced apoptotic cell death [18, 19]. Evidence for this comes from studies where
intra-tracheal administration of active caspase-3 induces epithelial cell apoptosis, elastolytic
activity in bronchoalveolar lavage (BAL) and airspace enlargement in mouse lungs [178]. Other
proteins, such as vascular endothelial growth factor (VEGF), help alveolar cells withstand damage
by CS. Experimentally, blocking of VEGF receptors stimulates apoptosis of alveolar cells and
induces an emphysema-like pathology [179, 180]. In COPD, the level of VEGF is decreased,

which may be a contributing factor to the development of emphysema in people [181]. Many of
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the RPBs mentioned above that regulate inflammation also have roles in apoptosis. For example,
TTP destabilizes VEGF mRNA [182]. In contrast, hnRNP L stabilizes VEGF expression [183].
hnRNP L is a multifunctional splicing factor that involved in the regulation of AS and mRNA
stability [183, 184]. Interestingly, knockout of hnRNP L in hematopoietic stem cells causes cell
death through caspase-dependent pathways [185], raising the possibility that the downregulation
of VEGF and upregulation of cell death in COPD could be regulated by hnRNP L. In addition to
aberrant cell death, lung tissue destruction in COPD is mediated by proteases. As for apoptosis,
RBPs implicated in the regulation of proteases include TTP, which destabilizes MMP-9 and MMP-

2 mRNA [186].

1.3.3.3. The response of RBPs to CS

One of the RBPs that has been studied in the context of smoking is RNA-binding motif
protein 5 (RBMS). The gene of RBMS, also known as H37 or Lucal5 located in chromosomal
region 3p21.3, is frequently deleted in heavy smokers and lung cancer patients [187, 188]. RbmJ5
loss-of-function (heterozygous) mice exposed to the tobacco carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK) develop more aggressive lung cancer [189]. In cells exposed to
CSE, RBM5 mRNA and protein levels are decreased whereas B-catenin is increased. -catenin is
a key player in canonical Wnt signaling, whose activation induces genes involved in cell
differentiation [190]. B-catenin is increased in proximal airway epithelium in COPD, with
activation of Wnt/B-catenin signaling increasing epithelial-to-mesenchymal transition (EMT)
[191]. EMT is a process where epithelial cells gradually lose cellular polarity and adhesiveness
and acquire migratory capacity and invasiveness like that in a mesenchymal phenotype. EMT is
increased in bronchial epithelial cells from COPD patients, which contributes to fibrosis formation

around the small airways leading to airflow obstruction [192]. Although the evidence is indirect,
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these studies raise the prospect that RBMS could regulate EMT in COPD through B-catenin

pathway. At this writing, the expression and function of RBMS5 in COPD is unknown.

Collectively, RBPs are examples of post-transcriptional regulons that may be involved in
the pathogenesis of COPD and in the pathological changes caused by tobacco smoke. To date,
many studies have largely focused on transcriptional regulatory pathways implicated in the
development of COPD and in response to toxicants such as tobacco and cannabis smoke. However,
it is increasingly apparent that post-transcriptional regulation of gene expression adds a dynamic
layer of complexity to chronic diseases, as RBPs regulate polyadenylation, pre-mRNA splicing,
RNA modification, nuclear export, localization, and turnover of target mRNA. Altered function of
RBPs may contribute to the development of chronic diseases, particularly those caused by
environmental exposures, such as COPD, and future work should address these mechanisms. In
this regard, RBPs such as HuR represent potential therapeutic targets. For instance, MS-444 is a
small molecule inhibitor that interferes with the RNA binding activity of HuR [193] which has
been shown to exhibit antitumor activity in vitro and in vivo [194]. Therefore, post-transcriptional
regulation of protein expression by HuR deserves serious consideration in therapeutic strategies

for smoke related diseases such as COPD.

1.4. Hu/ELAV FAMILY: HuR
One of the best known RBPs with a regulatory influence on mRNA is hu antigen R (HuR).
HuR, also known as HuA or embryonic lethal abnormal vision-like protein 1 (ELAVLTI), belongs
to the embryonic lethal abnormal vision (ELAV) family of RBPs. Other members include HuB,
HuC and HuD, which are neural-specific proteins [195]. Hu/elav proteins were discovered in the
early 1990s as tumor antigens, with a molecular mass of 35- 40 kDa, that are expressed in small

cell lung cancer and in neurons [196, 197]. HuR was identified in 1996 as a ubiquitously-expressed
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member of ELAV family of proteins [198], and its gene is localized on chromosome 19p13.2 in

human [199].

HuR has a predicted molecular mass of 36 kDa and contains a short N-terminal domain
followed by two RNA-binding domains called RRM1 and RRM2, a basic linker domain in the
hinge region (HuR nuclear shuttling domain; HNS) and a third RRM, RRM3, in the C-terminal

domain [198, 200, 201] (Figure 1.3).

Figure 1.3. Structure of HuR.

This illustrating the three RNA recognition motifs (RRMs) and the hinge region of HuR.

RRMI1 and RRM2 bind to AREs, while RRM3 binds to the poly (A) sequence of target
mRNAs [198, 202]. However, a recent study revealed that RRM3 binds to the ARE of target
mRNA and has low affinity to poly (A) sequence [201]. RRM3 is also involved in the HuR-RNA
complex stabilization as well as in protein-protein interactions [203, 204]. The HNS is localized
in the hinge region between RRM2 and RRM3 and is important for the shuttling of HuR out of
and back into the nucleus [200]. Besides the HNS region, the mobilization of HuR is regulated by
transportins 1 and 2, the chromosome region maintenance 1 (CRM1) and importin-1a, which are
components of nuclear transport machinery [205-207]. Further, posttranslational modifications of
HuR impact its subcellular localization as well as its RNA-binding activity, which will be

discussed below.
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1.4.1. The control of HuR function
1.4.1.1. HuR expression and abundance
HuR abundance controls, in part, the function of HuR, with the cellular abundance of
ELAVLI mRNA and protein being regulated by multiple mechanisms. First, the expression of HuR
is regulated at the transcriptional level by the NF-kB and SMAD mothers against decapentaplegic
homolog (SMADs) [208, 209]. HuR expression is also controlled by a positive feedback loop via
HuR binding to and stabilizing its own mRNA, thus inducing its protein level [210-212]. On the
other hand, HuR protein levels are reduced by miRNAs such as miR-125a, miRNA-519, miR-
291b-3p and miR-570-3p [213-216]. Finally, HuR abundance is affected by mechanisms that

operate at the posttranslational level such as ubiquitination and cleavage.

1.4.1.1.1. HuR ubiquitination

Ubiquitination, also referred to as ubiquitylation, is a cellular process by which the protein
is recognized by proteasome for degradation. Ubiquitination occurs through consecutive steps that
requires three enzymes. First, the activating (E1) enzyme transfers the ubiquitin to the active
cysteine (Cys) residue of the conjugating (E2) enzyme. Sequentially, E2 interacts with the ligase
(E3) enzyme that mediates ubiquitin attachment to an internal lysine (Lys) residue of a substrate
protein [217]. In certain instances, such as heat shock, HuR is ubiquitinated at residue Lys-182
and degraded by proteasome, thus HuR protein levels are decreased [218-220]. Additionally,
glycolytic stress induces HuR translocation to the cytoplasm, where it is targeted for ubiquitination
by B-transducin repeat-containing protein (B-TrCP), an E3 ubiquitin ligase [221]. Interestingly,
HuR ubiquitination can also influence its binding to mRNA. For instance, ubiquitination of HuR

with a short K29-linked polyubiquitin chain interferes with HuR from binding to target mRNA
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such as p21 [222]. These studies suggest that HuR ubiquitination alters its protein stability and

abundance, as well as its RNA-binding activity in cells under conditions of stress.

1.4.1.1.2. HuR cleavage
Under lethal condition such as treatment with staurosporine, HuR is translocated to the
cytoplasm and cleaved at aspartate 226 (A226) in the HNS by caspase-3 and caspase-7 into two

cleavage products designated as CP-1 (24 kDa) and CP-2 (~ 8 kDa) (Figure 1.4).

CP-1

CP-
i 3

At 226

2

Figure 1.4. HuR cleavage.

HuR undergoes cleavage at A226 by caspases and produces two cleavage products: CP-1 and CP-
2.

HuR cleavage is also dependent on the Fas associated via death domain (FADD)/caspase-
8 pathway. The products of this cleavage promote apoptosis [223], and mutation of the cleavage
site A226 delays apoptotic cell death [224]. Additionally, ionizing radiation (IR) activates caspase-
3 which induces HuR cleavage. The cleaved product CP-1 binds to and stabilizes the pro-apoptotic
factor BAX (Bcl-2-associated X protein) mRNA and activates the apoptotic pathway. Inhibition of
caspase-3 activation, following IR, reduces HuR cleavage and decreases the rate of apoptosis in
vitro and in vivo [225]. CP-1 is also associated with other target mRNA encoding proteins that are
involved in cell death pathways [226]. An independent study also showed that both CP-1 and CP-
2 associate with and stabilize caspase-9 which promotes caspase-mediated apoptosis [227].

Furthermore, HuR is cleaved by activated caspase-3 during myogenesis, a physiological muscle
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fiber formation. Consequently, CP-1 prevents nuclear import of HuR which causes accumulation
of HuR in the cytoplasm. Here, HuR stabilizes pro-myogenic mRNAs, including myogenin
mRNA, to promote myogenesis [228]. These studies revealed that caspase-induced HuR cleavage

regulates apoptosis as well as myogenesis.

1.4.1.2. HuR phosphorylation

Phosphorylation is a reversible posttranslational modification of proteins, whereby a
phosphate group is attached to an amino acid residue by protein kinases, such as cyclin-dependent
kinase 1(CDK1), protein kinase C (PKC)a, PKC9, p38 mitogen-activated protein kinase (MAPK)
and IkB kinase o (IKKa) [144, 221, 229-232]. HuR phosphorylation influences its function by
affecting subcellular localization, RNA-binding affinity, and protein stability. For example, HuR
phosphorylation at the serine 202 (S202) residue in the HNS region by CDK1, a G2-phase kinase,
retains HuR in the nucleus during G2 /M phase [230]. However, HuR phosphorylation at the S221
residue in the HNS region by PKCa or PKC9, in response to a stable ATP analog or angiotensin
II, respectively, induces HuR translocation to the cytoplasm [144, 231]. p38 MAPK also induces
HuR translocation to the cytoplasm in cells exposed to y-irradiation by phosphorylating HuR at
the threonine 118 (T118) residue in the RRM2 [232]. Furthermore, in response to IL-1p, activated
p38 phosphorylates HuR at T118 and induces its binding to and stabilizing PTGS2/COX-2 mRNA
and cytosolic phospholipase A2a (cPLA2a) mRNA [233]. cPLA2a is involved in inflammation by
breaking down phospholipids from the plasma membrane to produce arachidonic acid which in
turn metabolized by COX-2 to synthesize prostaglandins [234, 235]. Finally, HuR phosphorylation
by PKCa at S318 and by IKKa at the S304 residues in the RRM3 induces HuR degradation, by
which PKCa and IKKa regulates cytoplasmic translocation of HuR. Subsequently, HuR is targeted

for ubiquitination by B-TrCP1 [221]. Overall, phosphorylation of HuR at different residues affects
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HuR function by regulating its subcellular localization, RNA-binding activity, and protein

stability.

1.4.1.3. HuR methylation

Protein methylation is another posttranslational modification of proteins, whereby a methyl
group is added to arginine residues. Protein methylation is catalyzed by protein arginine
methyltransferases (PRMTs) such as PRMT4, also known as coactivator-associated arginine
methyltransferase 1 (CARMI) [236]. Under certain conditions, HuR methylation influences its
function by affecting the decay of target mRNA. For example, in macrophages exposed to LPS,
CARMI methylates HuR at arginine 217 (R217) in the HNS [237], which may be involved in HuR
stabilization of TNF-a mRNA [238]. Further, mutation of R217 or knockdown of CARM1 reduces
the ability of HuR to stabilize target mRNAs including cyclin A [239], a protein that regulates cell
cycle progression [139]. These studies suggest that HuR methylation may involve in HuR

regulation of target mRNAs.

1.4.2. HuR function

The abundance and posttranslational modifications of HuR impact its function by
controlling its subcellular localization as well as its ability to control target genes. HuR participates
in polyadenylation and pre-mRNA splicing as well as controls mRNA stability, translocation
and/or translation (Figure 1.5) [240-243]. HuR blocks polyadenylation of the simian virus 40 late
(SVL) poly(A) site that has U-rich sequences both upstream and downstream of the cleavage site,
which leads to a decrease of SVL poly(A) site-containing mRNA [240]. HuR is also involved in
pre-mRNA splicing process, which can promote exon 6 skipping of the apoptosis receptor Fas pre-

mRNA through the inhibition of U2 auxiliary factor 65 kDa (U2AF65) association with the
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upstream 3’ splice site. This leads to the production of the soluble isoform of Fas that prevents

apoptosis [241].

Perhaps the best known function of HuR is its ability to stabilize or destabilize mRNA
bearing AREs in the 3'UTR, depending on cell type and/or stimuli [243]. HuR is well-described
to associate with the 3'UTR of mRNA and stabilize these mRNA, such as cyclin A2, B1, D1 and
El, p21, myogenin, MyoD, COX-2, TNF-q, IL-6, IL-8, VEGF and transforming growth factor
beta (TGF-B). These mRNA are involved in cell proliferation, survival, and differentiation as well
as inflammation, angiogenesis and fibrosis [139, 140, 146, 238, 244-252]. Furthermore, HuR
destabilizes target mRNA and downregulates its expression by cooperating with miRNA or RBP.
An example of this is the ability of HuR to promote the interaction of the miRNA let-7- loaded
RNA-induced silencing complex (RISC) with the 3'UTR of the proto-oncogene MYC mRNA to
destabilize it and repress its expression [253]. HuR also cooperates with the RBP KSRP and form
a complex that binds to the 3'UTR of nucleophosmin (NPM) and destabilizes it, and consequently
promotes myogenesis [254]. HuR has also the ability to regulate the translation of target mRNA
when it associates with the 3'UTR of mRNA. For instance, HuR binds to 3'UTR of prothymosin
o (ProTa), an enhancer of cell survival, and induces its translation [255]. These studies suggest
that HuR binding to 3'UTR controls the stability or the translation of target mRNA, thus affecting

their expression.

HuR can also bind to the coding region of target mRNA to regulate their localization within
the cells. For instance, HuR binds to the coding region of CD83 mRNA, a marker for mature
dendritic cells. During the stimulation of cytokine production, HuR binds to and induces the
cytoplasmic accumulation of CD83 mRNA and induces its expression [256]. Hence, HuR binding

to the coding region of target mRNA controls its localization and expression.
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Finally, besides HuR binding to the 3'UTR and coding region of target mRNA, HuR
associates with the 5'UTR of target mRNA and regulates their translation. For example, HuR
associates with the 5'UTR of thrombomodulin (TM), a transmembrane endothelial protein that
binds thrombin and thus activates protein C, which has anti-coagulation and anti-inflammation
effects. In inflammation, the expression of TM is reduced. Mechanistically, HuR binds to the
5'UTR of TM and prevents its translation in response to IL-1 [257]. On the other hand, HuR binds
to 5'UTR of hypoxia-Inducible Factor la (HIF1a) mRNA and induces its translation in response
to hypoxia mimetic cobalt chloride (CoCly) [258]. These studies suggest that HuR binding to
5'UTR regulates the translation of target mRNA. Table 1.1 contains well-known mRNAs with

their biological processes that regulated by HuR.
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Table 1.1. Influence of HuR on target mRNA that involved in cellular processes.

Cellular process HuR target mRNAs HuR function Reference
Angiogenesis VEGF 1 Stability [259]
HIFla 1 Translation [258]

Fibrosis TGF-B1 1 Stability [146, 251]
ACTA/a-SMA 1 Stability [260]

COL1 ? [260, 261]

FN ? [260, 261]
Immunity/Inflammation PTGS2/COX2 1 Stability [233]
cPLA2a 1 Stability [233]

CXCLS/IL-8 1 Stability [248, 252]

TNF-a 1 Stability [145, 238, 248]

CCL2 1 Stability [145, 262]
CCL11 1 Stability [263]
L4 1 Stability [264]
IL13 1 Stability [265]
CD83 localization [256]
™ | Translation [257]
Proteases/Invasion MMP9 1 Stability [266]
CTSS 1 Stability [156]
Myogenesis Myogenin 1 Stability [140]
MyoD 1 Stability [140]
NPM | Stability [254]
Proliferation/Survival Cyclin A2 1 Stability [139]
Cyclin Bl 1 Stability [139]
Cyclin D1 1 Stability [244]
Cyclin E1 1 Stability [245]
P21 1 Stability [244]
MYC | Translation [253]
ProTa 1 Translation [255]
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Figure 1.5. HuR function.

HuR participates in polyadenylation and splicing of target genes. HuR also controls the stability,
localization, and translation of target mRNA (Table 1.1) encoding protein involved in many
cellular processes as inflammation, angiogenesis, fibrosis, etc. Created with BioRender.com.

1.4.2.1. HuR function in lung diseases
HuR has been studied in the context of many diseases, particularly cancer, where HuR has
bene shown to regulate the expression of mRNA that are involved in disease pathogenesis. In
addition, the expression of HuR is higher in many types of cancer, including colon cancer,
pancreatic cancer, breast cancer and ovarian cancer [249, 267-270]. HuR expression and its
cytoplasmic localization are increased during cancer development and has been shown to be a
prognostic factor in colon cancer and ovarian cancer [270-272]. Moreover, changes in the

expression and the function of HuR may also occur in respiratory diseases including lung cancer,
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asthma, pulmonary fibrosis, and COPD); these are all lung diseases with an environmental etiology.

Here, the current state-of-knowledge of HuR in pulmonary disease will be highlighted.

1.4.2.1.1. Lung cancer

Globally, lung cancer remains as the most common cause of cancer death. In 2020,
approximately 2.2 million people were diagnosed with lung cancer and there were 1.79 million
fatalities, accounting for 18% of total cancer deaths [273]. CS accounts for about 80% of lung
cancer cases [274]; other risk factors include radon and air pollution [274, 275]. Lung
carcinogenesis is a series of complex molecular events involving abnormal DNA repair and genetic
predisposition which cause aberrant cell proliferation along with evasion of apoptosis.
Subsequently, normal cells transform into malignant cells that lead to cell invasion and metastasis
[276]. HuR is implicated in the pathogenesis of lung cancer, and high levels of HuR in lung cancer
tissue is associated with metastasis and poor survival [277]. HuR cytoplasmic localization is
elevated in lung cancer tissue, which is associated with the high level of VEGF-C, a member of
VEGF family. A causal relationship between HuR and VEGF-C was experimentally shown via
knockdown of HuR in lung cancer cells, which reduced the expression of VEGF-C as well as
COX-2 [278]. Owing to the association between HuR and lung cancer, it has been suggested that
targeting HuR by siRNA-based nanoparticles could inhibit lung cancer cell proliferation,
migration, and invasion [279]. Further support for the utility of targeting HuR as a therapy comes
from the discovery of CMLD-2, a small molecule inhibitor that disrupts the interaction between
HuR protein and ARE of target mRNAs; CMLD-2 exhibits antitumor activity in lung cancer cells

[280].
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1.4.2.1.2. Idiopathic pulmonary fibrosis (IPF)

IPF is a chronic progressive lung disease characterized by irreversible loss of lung function
due to abnormal accumulation of fibrotic tissue [281, 282]. While the cause of IPF is not known,
IPF risk factors including CS, metal/wood dust inhalation and genetic factors [281].
Mechanistically, IPF is driven by the accumulation of fibrotic tissue caused by the activation of
alpha-actin (a-SMA)-expressing myofibroblasts and excessive extracellular matrix (ECM) protein
production, including collagens (COL) and fibronectin (FN) [282]. The process of lung fibroblast
differentiation to myofibroblasts occurs under the direction of cytokines and growth factors,
particularly TGF-B [282]. We have recently shown that cytoplasmic HuR is increased in the lungs
of IPF patients and mice exposed to bleomycin and thoracic radiation, two well characterized lung
fibrosis models. We also showed the importance of HuR in driving myofibroblast differentiation,
with HuR stabilizing ACTA/a-SMA mRNA to increase its protein expression in primary human
lung fibroblasts exposed to TGF-B. HuR also increased ECM production, including COL1 and
FN protein under fibrotic conditions [260, 261]. These data suggest that HuR controls
myofibroblast differentiation and ECM production that is key to the development of fibrotic lung
disease. Thus, HuR could be a promising therapeutic target for IPF, a disease with no current

medications that can halt the fibrotic progression or improve patient survival.

1.4.2.1.3. Asthma
Asthma is a serious global health problem that affects more than 339 million individuals
[283]. Asthma is a common respiratory disease characterized by reversible airflow obstruction and
chronic inflammation of the airways [284-286] that is associated with airway hyperresponsiveness.
This nature of asthmatic inflammation encompasses both the activation of airway and lung

structural cells as well as the activation and/or recruitment of inflammatory cells including
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eosinophils and Th2 lymphocytes. These cells release chemokines and cytokines such as CCL11
(eotaxin), IL-4, IL-5 and IL-13 that contribute to many pathogenic features of the disease (e.g.,
mucus production, immunoglobulin E (IgE) production by B lymphocytes etc.,). [91, 287]. IgE
activates mast cells by crosslinking of the high affinity receptor for IgE with allergens to produce
mediators, such as histamine, which are capable of inducing bronchoconstriction, mucus secretion,
microvascular permeability, and inflammation [285, 287]. Several studies have shown that HuR
upregulates mRNA of cytokines and chemokines that are involved in asthma, such as CCL11, IL-
4 and IL-13, in various cell types including airway epithelial cells, Th2 cells, and airway smooth
muscle cell [263-265, 288]. Furthermore, airway epithelium-specific HuR deletion reduced
allergen house dust mite (HDM)-induced lung inflammation, including eosinophil infiltration, and
chemokines production, such as CCL11 [288]. These data emphasize the role of HuR at post-
transcriptional level of gene expression which could be a promising therapeutic strategy to treat

asthma.

1.4.2.1.4. COPD

Investigation of a role for HuR and COPD is still in its infancy. However, HuR expression
is increased in the airway epithelium from smokers with and without COPD [289], suggesting that
the increase in HuR expression is likely due to smoking and not COPD itself. This notion was
further supported by a separate study showing that HuR expression is similar in the bronchial
epithelium from both COPD subjects and smokers without COPD [167]. While these studies
support that HuR may be dysregulated by smoking, there are a few studies exploring HuR in the
context of COPD itself. Below, we summarize studies that have investigated HuR in mechanisms
associated with the pathogenesis of this disease, thereby highlighting the potential of HuR driving

this obstructive lung disease.
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Several studies have shown that HuR upregulates mRNA of inflammatory mediators
(Table 1.1) which are involved in COPD pathogenesis [15, 55-60], in various cell types including
bronchial epithelial cells and macrophages exposed to different stimuli such as CS and TNF-a
[145, 238, 248, 252, 263, 290, 291]. Thus, HuR may be involved in the early pathogenic events,
such as inflammation, that are associated with the development of COPD. Furthermore,
emphysema is another condition involved in COPD pathogenesis that characterized by the loss of
lung structural cells which is mediated by increase in cell death and proteases activity [18, 19, 22,
177, 178]. Activated neutrophils and macrophages are sources of proteases, such as MMP-9 and
cathepsins, all of which can contribute to the destruction of alveolar walls [64, 72, 74]. HuR can
greatly impact the expression of proteases. For example, HuR binds to MMP9 and CTSS mRNAs
to stabilize their expression [156, 266, 292, 293]. Taken together, these data show that HuR
regulate the expression of proteases, leading to the notion of their importance in COPD

pathogenesis.

To sum, the post-transcriptional regulation of mRNA is an important part of gene
expression. HuR is one of the post-transcriptional regulators of target mRNA expression. HuR
abundance and its posttranslational modifications affect HuR binding to target mRNA, all
effectively impacting HuR function. HuR associates with target mRNA and controls its stability,
translation and/or nucleocytoplasmic translocation (Figure 1.5). These target mRNA (Table 1.1)
encode proteins involved in inflammation [243]. However, nothing is known about the post-
transcriptional regulation of mRNA by HuR in the pathogenic events of COPD, including
inflammation, and future work should address these mechanisms. Thus, elucidation of the
mechanisms that regulated by HuR could lead to the development of therapeutic strategies for

COPD.

34



1.5. PROJECT INTRODUCTION

HuR targets mRNA that encode proteins involved in different pathological processes [243].
It is well-studied that in response to CS, the expression of inflammatory mediators, as COX-2 and
IL-8, are upregulated [15, 16]. Persistent exposure to CS induces inflammation in different lung
cells including fibroblasts [14-16]. This inflammation leads to obstruction of the small airways
and destruction of lung parenchyma, which involved in the development of COPD [55]. CS is a
risk factor for numerous diseases with no cure and limited therapeutic options, including COPD
and COVID-19 [25, 294, 295]. Indeed, COPD patients may have an increased risk for severe
illness of COVID-19 because of the higher expression of ACE2, the entry receptor for SARS-
CoV-2 [77]. Further, there is equivocal evidence that other inhalational toxicants may be involved
in the development of COPD; this includes cannabis smoke [296]. To our knowledge, the
involvement of HuR in COPD pathogenesis, including the association with COVID-19, and in
response to cigarette and cannabis smoke, are currently unknown. Therefore, we hypothesis that
HuR controls the pathological features associated with cigarette smoke exposure that may be

involved in the development COPD.
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2.1. ABSTRACT

The COVID-19 pandemic is associated with severe pneumonia and acute respiratory
distress syndrome leading to death in susceptible individuals. For those who recover, post-COVID-
19 complications may include development of pulmonary fibrosis. Factors contributing to disease
severity or development of complications is not known. Using computational analysis with
experimental data, we report that IPF and COPD-derived lung fibroblasts express higher levels of
ACE?2, the receptor for SARS-CoV-2 entry and part of the renin-angiotensin system that is anti-
fibrotic and anti-inflammatory. In preclinical models, we found that chronic exposure to cigarette
smoke, a risk factor for both COPD and IPF and potentially for SARS-CoV-2 infection,
significantly increased pulmonary ACE2 protein expression. Further studies are needed to
understand the functional implications of ACE2 on lung fibroblasts, a cell type that thus far as

received relatively little attention in the context of COVID-19.
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2.2. INTRODUCTION

In December 2019, a newly-identified novel coronavirus called SARS-CoV-2 spread
rapidly through the world, causing an outbreak of coronavirus disease-2019 (COVID-19) (28).
COVID-19 is associated with a myriad of symptoms ranging from asymptomatic to severe
pneumonia and acute respiratory distress syndrome leading to death (16). There are at least 20
million COVID-19 cases worldwide and hundreds of thousands of deaths. SARS-CoV-2 infects
humans by binding to the human angiotensin-converting enzyme 2 (ACE2). Pulmonary ACE2 is
concentrated in type II alveolar cells and bronchial and tracheal epithelial cells, which serve as an
entry point for viral infection (12). Changes in the expression of ACE2 may contribute to
susceptibility of SARS-Cov-2. Environmental factors such as smoking are linked to an increase in
ACE?2 expression. Although controversial, high ACE2 expression may explain the risk of severe
COVID-19 in certain populations, including those with underlying health conditions linked to
smoking, such as chronic obstructive pulmonary disease (COPD) (23, 24). Even among COVID-
19 patients who recover, there is the potential for post-COVID-19 complications, particularly the

development of pulmonary fibrosis (7, 11).

Although most studies have focused on epithelial expression, ACE2 in other cell types
within the lung may also be important. Fibroblasts have been shown to harbor viral particles from
SARS-CoV-2 in patients with COVID-19 (10). It is well-accepted that fibroblasts provide structure
to the lungs and other organs by synthesizing extracellular matrix (ECM) proteins, and are
increasingly recognized to play key roles in innate immunity (17). In pulmonary fibrosis,
fibroblasts are the key cell type involved in excessive ECM deposition that stiffens the lungs. In

COPD, loss of lung fibroblast repair function may contribute to the emphysema component of this
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disease and cause small airway fibrosis that limits airflow (22). When we also consider that ACE2
is part of the renin-angiotensin-system (RAS) branch that is anti-fibrotic and anti-inflammatory
(18), knowledge regarding the expression of ACE2 in lung fibroblasts is highly relevant. Here, we
sought to determine the expression of ACE on COPD- and IPF-derived lung fibroblasts and

provide direct evidence on whether cigarette smoke changes pulmonary ACE levels.
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2.3. METHODS

Computational analysis of single cell ACE2 expression

The single-cell data wused for the analyses was downloaded from

https://advances.sciencemag.org/content/6/28/eabal 983, which profiled 32 IPF lungs, 18 COPD

lungs and 28 control donor lungs (1). The dataset was further processed using the scanpy (25) and
scdiff (9) software. Cells expressing less than 200 genes or with more than 40% of mitochondrial
reads were filtered. The expression was transformed into the log space (loglp). After the
processing, we got 312922 cells in total, including 147167 IPF cells, 69452 COPD cells, and 96303

Control cells.

Derivation and culture of lung fibroblasts

For COPD, fibroblasts were derived from lung tissues of subjects undergoing lung
resection surgery at McMaster University as previously described (20). Patient characteristics are
in (20) and a subset of these cells were utilized in this study which included never-smokers
(Control; Male [M]/Female [F] = 1/3; age 71 + 7 years) as well as current smokers with (COPD;
M/F =2/2; age 61 + 5.4 years) and without COPD (Smoker; M/F = 1/3; age 61.3 + 4.8 years). For
IPF fibroblasts, Control (M/F = 2/2; age 35 + 11.05 years) and IPF (3M [1 unknown]); age 58.7
6.8 years)-derived primary normal lung fibroblasts were cultured from the outgrowths of
histologically normal regions of lungs that were provided for organ donation but were later deemed
unsuitable for transplantation (Gift of Life, Michigan). Cells were isolated and cultured as

previously described (13).
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Western blot

Total cellular protein was extracted using RIPA lysis buffer (Thermo Scientific, Rockford)
and Protease Inhibitor Cocktail (PIC, Roche, US). Ten to twenty pug of protein lysate were
subjected to 10% SDS-PAGE gels and transferred onto Immuno-blot PVDF membranes (Bio-Rad
Laboratories, Hercules, CA). Then, membrane was blocked for one hour at room temperature in
blocking solution (5% w/v of non-fat dry milk in 1x PBS/0.1% Tween-20). Antibodies against
ACE2 (SNO0754; 1:500-1:1000; Invitrogen, CA), actin (1:10000; Millipore, MA) and tubulin
(1:50000; Sigma, CA) and the secondary antibodies goat anti-rabbit IgG HRP-linked (1:10000,
Cell Signaling Technologies, CA) and HRP-conjugated horse anti-mouse IgG (1:10000, Cell
Signaling) were used. Protein bands were visualized using a ChemiDoc™ MP Imaging System
(Bio-Rad). Densitometric analysis was performed using Image Lab™ Software Version 5 (Bio-
Rad). Protein expression was normalized to tubulin or actin and the data presented as the fold-
change. All antibodies detected the target protein at the predicted molecular weight. As an

additional control, ACE2 siRNA was used to reduce ACE2 protein levels (data not shown).

Preparation of Cigarette Smoke Extract (CSE)

Research grade cigarettes (3R4F) with a filter were obtained from the Kentucky Tobacco
Research Council (Lexington, KT) and CSE was generated as previously described (2-5). Briefly,
smoke from one cigarette was bubbled into 10 ml of serum free-media and subsequently passed
through a 0.45 pm sterile filter (25-mm Acrodisc; Pall Corp., Ann Arbor, MI). An optical density
0f 0.65 (320 nm) was considered to represent 100% CSE. This CSE preparation was diluted to 2%

in serum-free media.
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Preclinical Cigarette Smoke exposure

Mice (Jackson Laboratory; C57/BL6; age 8-12 weeks; male mice) were exposed to
cigarette smoke using a whole-body exposure system as we have described (InExpose; SCIREQ
Inc., Montreal, Canada) (8, 21, 26). Briefly, mice were exposed to research cigarettes (3R4F;
University of Kentucky, Lexington, KY) for two, 1-hr smoke exposures per day for 3 days or for
5 days/week for 2 or 4 weeks. All animal procedures were approved by the McGill University
Animal Care Committee (Protocol Number 5933) and were carried out in accordance with the
Canadian Council on Animal Care. Lung tissue was collected for protein/western blot analysis as

described above.

Statistical Analysis

Statistical analysis was performed using Prism 6-1 (La Jolla, CA). Statistical differences
between group mean values were determined by ANOVA followed by a Newman-Keuls multiple
comparisons test. A t-test was used to determine significance between two groups. P-value < 0.05

was considered significant.
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2.4. RESULTS

To first address the extent to which ACE2 gene expression differed between COPD and
IPF in pulmonary cell populations, we used single-cell data profiled from 32 idiopathic pulmonary
fibrosis (IPF) lungs, 18 COPD lungs and 28 control lungs (1). The dataset was further processed
using scanpy and scdiff software (9, 25) and the expression was transformed into the log space
(loglp). ACE?2 expressions in ACE2+ COPD cells (mean value=1.08) are significantly higher than
the ACE?2 expressions in ACE2+ IPF cells (mean value=0.85) as well as Control cells (mean
value=0.96) with one-sided Mann-Whitney U test (p-values 5.16e-49 and 3.53e-11, respectively)
(Figure 2.1A). We also found that ACE2+ cells account for 2.94% (4321/147167) of the IPF cells,
2.40% (1667/69452) of the COPD cells, and 2.30% (2211/96393) of Control cells (Figure 2.1B).
We further examined the percentage of ACE2+ cells amongst the different cell types in the lungs
(1). ACE2+ cells are mostly enriched in lung epithelial cells (goblet cells 6.6%; basal cells 5.6%).

Fibroblasts (4.0%) are also enriched with ACE2, ranking 9th of all 38 cell types (Figure 2.1C).
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Figure 2.1. Cell-specific ACE2 expression in COPD and IPF lungs.

A. Expression of ACE2: Data analysis of scRNA-seq of COPD, IPF and control lungs revealed
that there were more ACE2+ cells in COPD. B. Percentage (%) of ACE2+ cells: ACE2+ cells
accounted for 2.94% of the IPF cells, 2.40% of the COPD cells, and 2.30% of Control cells. C.
Cell-specific ACE2+ percentage (%): ACE2+ cells are mostly enriched in lung epithelial cells
(goblet cells 6.6%:; basal cells 5.6%). Fibroblasts (4.0%) are also enriched with ACE2, ranking 9th
of all 38 cell types. Results were analysed with a one-sided Mann-Whitney U test. ACE2,
angiotensin-converting enzyme 2; COPD, chronic obstructive pulmonary disease; IPF, idiopathic
pulmonary fibrosis.
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Next, we examined ACE2 protein expression by western blot in COPD and IPF fibroblasts.
COPD fibroblasts were derived as described previously (20) and included never-smokers and
smokers with and without COPD. In COPD-derived fibroblasts, ACE2 protein was significantly
higher compared to control (never-smokers) fibroblasts (Figure 2.2A and 2.2B). There was a trend
towards increase ACE2 in smoker-derived cells, but this did not reach statistical significance. In
IPF lung fibroblasts, protein levels of ACE2 were also significantly increased compared to control

lung fibroblasts (Figure 2.2C and 2.2D).
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Figure 2.2. ACE2 protein is higher in COPD- and IPF-derived lung fibroblasts.

A. and B. COPD fibroblasts: Lung fibroblasts derived from COPD subjects had significantly
higher ACE2 protein expression compared to lung fibroblasts from never-smokers (*p<0.05).
There was a trend towards higher ACE2 in smoker-derived fibroblasts. Smoker and COPD-derived
lung fibroblasts were from current smokers. Data were analyzed by a one-way ANOVA followed
by Dunn’s test. C. and D. IPF fibroblasts: Lung fibroblasts derived from IPF subjects had
significantly higher ACE2 protein compared to control cells. Data were analyzed by a 2-tailed t-
test. Results are expressed as the mean = SEM (¥**p< 0.001 compared to control cells) N =
4/group. ACE2, angiotensin-converting enzyme 2; COPD, chronic obstructive pulmonary disease;
IPF, idiopathic pulmonary fibrosis.
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Cigarette smoke remains a prevalent environmental toxicant and leading risk factor for
both COPD and pulmonary fibrosis. This led us to wonder if exposure to cigarette smoke could
directly increase ACE2 protein expression, as suggested by recent data from smoker lungs (15).
First, we evaluated whether ACE2 was affected by exposure of lung fibroblasts to CSE, an in vitro
surrogate for cigarette smoke (19). For these studies, lung fibroblasts from a never-smoker were
exposed to 2% CSE for up to 48 hours; this concentration of CSE induces an overall inflammatory
and oxidative stress response in lung structural cells (3, 4). However, there was no difference in
ACE2 protein in response to CSE (Figure 2.3A). We next used our preclinical model of cigarette
smoke exposure to mimic acute and chronic exposure scenarios (8, 21). In lungs from mice
exposed to a 3-day (acute) cigarette smoke, ACE2 protein expression was not significantly altered
(Figure 2.3B and 2.3C). However, ACE2 protein expression was significantly increased in lungs
from mice chronically exposed to cigarette smoke (Figure 2.3D and 2.3E). Exposure to cigarette
smoke for 4 weeks significantly increased ACE2 protein compared to air-exposed controls as well
as those exposed for 2 weeks (normalized to actin). Thus, chronic exposure to cigarette smoke is

necessary to increase ACE2 expression in the lungs.
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Figure 2.3. Chronic cigarette smoke exposure increases pulmonary ACE2 protein
expression.

A. in vitro CSE exposure: Primary human lung fibroblasts from a never smoker were exposed to
2% CSE for 8-48 hours and ACE2 protein evaluated by western blot; normalization was done to
tubulin. There was no change in total ACE2 expression upon exposure to CSE. B. and C. Acute
exposure: Mice were exposed to cigarette smoke using the SCIREQ inExpose whole body
exposure system twice per days for 3 days. Control mice were exposed to room air. Mice were
sacrificed and the lungs processed for western blot analysis. There was no change in the total levels
of ACE2 in the CS-exposed mice compared to the control mice. Number of mice in each group is
indicated Data were analyzed by a 2-tailed t-test. D. and E. Chronic exposure: Mice were exposed
to cigarette smoke for 5 days/week for 2 or 4 weeks and the lungs processed for western blot;
tubulin and actin were used as loading controls; data were normalized using actin. Control mice
were exposed to only room air. There was a noticeable increase in ACE2 protein expression after
2 weeks of smoke exposure; this increase in ACE2 reached statistical significance by 4 weeks of
cigarette smoke exposure compared to both air control mice (**p<0.01) as well as mice exposed
to CS for 2 weeks (**p< 0.05). Number of mice in each group is indicated. Data were analyzed by
a one- way ANOVA followed by Holm-Sidak post hoc test. ACE2, angiotensin-converting
enzyme 2; CSE, cigarette smoke extract.
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2.5. DISCUSSION

COVID-19 is a pandemic disease and people with pre-existing conditions may be at a
higher risk. Potential post-COVID-19 complications include the development of pulmonary
fibrosis, which may be an emerging health threat for the millions who recover. Although epithelial
cells are considered the primary cells for SARS-CoV-2 infection, lung fibroblasts also express
ACE2 and may be an important cell type responsible for the persistence of infection, disease
severity and recovery from COVID-19. Lung fibroblasts not only respond directly to inciting
agents like cigarette smoke, but also to cues provided by adjacent cells, including leukocytes and
epithelial cells. In the context of SARS-Cov-2 infection, their release of pro-fibrotic/inflammatory
mediators such as TGF-B could drive myofibroblast differentiation and consequent ECM
deposition. Characterization of ACE2 in lung fibroblasts is also particularly relevant as activation
of the ACE2-Ang-(1-7)-Mas axis protects against fibrosis (27) and smoke-induced lung

inflammation (14).

Our findings are also the first direct evidence that chronic (but not acute) cigarette smoke
exposure increases ACE2. Although a limitation of this study is that we did not determine the
specific cell type(s) in which ACE2 expression increased after smoke exposure, we would
anticipate increased levels in multiple cell types, including epithelial cells and fibroblasts. Part of
the reason for this is that our data also show there is an increase in ACE2 expression in COPD-
and IPF-derived lung fibroblasts, a finding that may initially seem contradictory given the
protective role of ACE2. It is possible that this increase reflects a compensatory response to the
disease phenotype and/or the inciting agent (i.e., smoke). Whether ACE2 in fibroblasts reduces

features of inflammation (i.e., cytokine expression) and fibrosis (e.g., ECM protein expression) in
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the context of COVID-19 is not known. It could also be that there is dysregulation of other
components of the ACE2-Ang-(1-7)-Mas axis not examined in this study, particularly Mas
receptor which is down-regulated by TGF-f in fibroblasts (6). One might speculate that although
ACE2 could have anti-fibrotic properties, lower levels of the Mas receptor may abrogate these
protective effects, with increased ACE2 not only augmenting susceptibility to SARS-CoV-2

infection, but also post-COVID complications.

There were some additional limitations of this study, including the evaluation of a
relatively small number of lung fibroblasts and that the cross-sectional nature of these data does
not allow us to show causation. Nevertheless, our work is the first to evaluate ACE2 expression in
human lung fibroblasts, a cell type that has been overlooked in COVID-19 but whose dysfunction
may contribute significantly to disease burden. More research is needed to understand the
functional significance of higher ACE2 in lung fibroblasts and the potential consequence towards

COVID-19 and its clinical outcomes.
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PREFACE: CHAPTER III

In Chapter II, we demonstrated that the expression of ACE2, the receptor for SARS-CoV-
2, is elevated in lung fibroblasts from COPD patients. Moreover, we found that chronic CS
exposure significantly increases pulmonary ACE2 protein. However, mechanisms controlling
ACE2 expression is poorly understood, a limitation in our understanding that precludes the

development of drugs targeting this protein.

Therefore, in Chapter III, we investigated the involvement of HuR in regulating ACE2
expression. ACE2 expression may be controlled at multiple levels (e.g., transcriptional, post-
transcriptional and/or translational) [297]. However, there is no information on HuR involvement
in the regulation of ACE2. Thus, in this next study, we evaluated HuR expression in lungs from
COPD and COVID-19 subjects and mechanistically interrogated whether HuR controls ACE2

expression in response to CS.
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3.1. ABSTRACT

Patients with COPD may be at an increased risk for severe illness from COVID-19 because
of ACE2 upregulation, the entry receptor for SARS-CoV-2. Chronic exposure to cigarette smoke,
the main risk factor for COPD, increases pulmonary ACE2. How ACE2 expression is controlled
is not known but may involve HuR, an RNA binding protein that increases protein expression by
stabilizing mRNA. We hypothesized that HuR would increase ACE2 protein expression. We
analyzed scRNA-seq data to profile ELAVLI expression in distinct respiratory cell populations in
COVID-19 and COPD patients. HuR expression and cellular localization was evaluated in COPD
lung tissue by multiplex immunohistochemistry and in human lung cells by imaging flow
cytometry. The regulation of ACE2 expression was evaluated using siRNA-mediated knockdown
of HuR. There is a significant positive correlation between ELAVLI and ACE2 in COPD cells.
HuR cytoplasmic localization is higher in smoker and COPD lung tissue; there were also higher
levels of cleaved HuR (CP-1). HuR binds to ACE2 mRNA but knockdown of HuR does not change
ACE2 protein levels in primary human lung fibroblasts (HLFs). Our work is the first to investigate
the association between ACE2 and HuR. Further investigation is needed to understand the

mechanistic underpinning behind the regulation of ACE2 expression.
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3.2. INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and
mortality worldwide [1]. COPD is now the third leading cause of death [2], which is expected to
further increase in the coming decades. COPD is an umbrella term encompassing emphysema,
which is the irreversible destruction of alveolar sacs, and chronic bronchitis that is characterized
by a productive cough accompanied by an abnormal inflammatory response in the airways and
lungs [3]. Smoking is the main risk factor for developing COPD [4], and people with COPD may
also face an increased risk for severe illness from coronavirus disease (COVID-19) with increased
hospitalization and intensive care unit (ICU) admission [5]. COVID-19 has rapidly spread through
the world and is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a

novel B-coronavirus [6].

One reason that individuals with COPD may be at heightened risk for severe COVID-19
is the increased expression of the angiotensin-converting enzyme 2 (ACE2), the entry receptor for
SARS-CoV-2[6,7]. ACE2 is expressed in many organs, including the kidney, heart, and lungs [8].
Pulmonary ACE?2 is concentrated mainly in type II alveolar cells and macrophages but is also
present in bronchial and tracheal epithelial cells and lung fibroblasts [8,9,10,11,12]. Although
ACE2 is the primary means for SARS-CoV-2 entry, maintenance of ACE2 levels is essential for
combatting inflammatory and fibrotic lung disease [13]. ACE2 is part of the renin—angiotensin
system (RAS) that cleaves angiotensin II to Ang-(1-7) [14]. Ang-(1-7) then activates the Mas
receptor, leading to release of nitric oxide, prostaglandin E2, and bradykinin [15], resulting in

vasodilation, natriuresis and a decrease in inflammation [16,17].
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Therefore, changes in the expression of ACE2 may contribute to susceptibility to COVID-
19 or predispose to post-COVID-19 complications. Environmental factors, such as smoking,
increase ACE2 expression [18,19]. In COPD, ACE2 is overexpressed in alveolar and bronchial
epithelium [20], and our group recently showed that COPD-derived lung fibroblasts express higher
levels of ACE2; chronic cigarette smoke also increased ACE2 protein in mouse lungs [9].
Although ACE2 expression may be controlled at multiple levels (e.g., transcriptional, post-
transcriptional and/or translational) [21], with the stability of mRNA factoring predominantly in
the overall regulation of gene expression in response to changing environmental conditions (e.g.,
oxidative stress, hypoxia) [22], ACE2 expression may be controlled by alterations in mRNA

stability [23]. However, it is not well understood how ACE2 expression is regulated.

mRNA stability can be controlled by RNA-binding proteins (RBPs), such as human antigen
R (HuR). HuR, encoded by the ELAVLI gene, belongs to the embryonic lethal abnormal vision
(ELAV) family of RBPs [24,25]. HuR binds to mRNAs to control stability and/or translation of
target mRNAs, and participates in pre-mRNA splicing and the nucleocytoplasmic translocation of
target mRNAs [24,25,26]. These target mRNAs encode proteins involved in cellular processes,
such as proliferation, differentiation, apoptosis, and inflammation [24,25]. HuR is mainly located
in the nucleus in resting cells and translocates to the cytoplasm along with bound mRNA in
response to stimuli, such as UVB, radiation, and cigarette smoke [24,25,27,28]. Although HuR is
expressed in several lung cell types, including epithelial cells and fibroblasts [28], little is known
about its expression in other lung cells. It is also not known whether HUR/ELAVL1 expression

changes in the context of lung disease, including COVID-19 and COPD, or whether the
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upregulation of ACE2 in smokers and COPD is regulated by HuR. Therefore, we hypothesis that

HuR controls the expression of pulmonary ACE2.

Using scRNA-seq datasets, we first profiled the differential expression of ELAVLI in cells
of the upper and lower respiratory system in COPD and COVID-19 subjects. We found a
significant positive correlation between ELAVLI and ACE2 in COPD cells, and that there is
elevated cytoplasmic HuR protein in cells within smoker and COPD lungs. Mechanistically
though, HuR does not control the upregulation of ACE2 in smoker and COPD cells despite HuR
binding to the ACE?2 transcript. These data highlight the need for more mechanistic research into
factors controlling pulmonary ACE2 expression. Identification of these mechanisms could lead to
new therapeutic targets for both inflammatory and fibrotic stimuli as well as for SARS-CoV-2

entry into the respiratory system.
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3.3. METHODS

Chemicals

All chemicals were obtained from Sigma (St. Louis, MO, USA) unless otherwise indicated.

Actinomycin D (ActD) was from Enzo Life Sciences.

Single Cell RNA-Sequencing Analysis

Raw single-cell RNA-seq expression matrices for lung cells [29] or
nasopharyngeal/bronchial cells [30] were filtered using SCANPY software [31]. Cells with less
than 200 expressing genes or more than 40% of mitochondrial reads were filtered. Genes that were
only expressed in less than three cells were also removed. Genes were further filtered if they
exhibited low dispersion (<0.15) or very low-level expression (<0.0125). The filtered gene
expression matrix was then converted to log2 space (log2 expression+1) for the following analysis.
We then cluster cells from the obtained cell-by-gene expression matrices (by rows). The cell type
annotations for the resulting clusters were directly downloaded from the original studies [29,30],
which were based on known cell type markers. We further explored the expression of ELAVLI
gene in various cell populations. Mann—Whitney U tests were used to quantify the difference in
ELAVLI gene expression between different cell populations. The ELAVLI positive cells in each
cell population (cluster) are also counted, and we sort all the cell types based on the percentage of
ELAVLI positive cells. By comparing the difference in the percentage of ELAVLI positive cells,
we can also identify a list of cell types with the most differential ELAVLI gene expression between

conditions (e.g., COPD vs. control).
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COPD Subjects

The study population included current smokers with COPD (COPD), smokers without
COPD (smoker) and non-smokers without COPD (non-smoker; normal). Subject characteristics
are as we have published [32]. Lung tissue was obtained from subjects undergoing lung resection

surgery at McMaster University.

Multiplex Immunohistochemistry (mIHC)

mIHC was performed on lung tissues from non-smokers (control; M/F = 1/3; age 64.75 +
6.1 years), current smokers with COPD (COPD; M/F = 1/3; age 54.5 + 3.4 years) and without
COPD (smoker; M/F = 0/3; age 67.3 +£4.98 years) by the Discovery Ultra Ventana automated slide
preparation system (Roche, Laval, QC, Canada). Briefly, formalin-fixed paraffin-embedded
blocks were cut to a one 4-um-thick section. Slides were deparaffinized at 69 °C and pretreated
with CC1 (EDTA) for 24 min at 95 °C. Then, Discovery Inhibitor was added for 4 min. The slides
were incubated with primary anti-HuR antibody (1:100; Santa Cruz, Dallas, TX, USA) for 15 min
at 37 °C. Secondary antibody conjugated to horseradish peroxidase (HRP) (OMap anti-mouse
HRP, Roche, Laval, QC, Canada) was incubated for 16 min. Immunodetection was performed with
3,3'-diaminobenzidine (DAB, Roche, Laval, QC, Canada). Then, primary anti-vimentin antibody
(1:50; Cell Signaling Technologies, Whitby, ON, Canada) was incubated for 16 min at 37 °C
followed by the secondary antibody UltraMap (anti- rabbit alkaline phosphatase) and incubated
for 16 min at 37 °C. Immunodetection was performed with DISCOVERY Yellow kit. Next, the
slides were incubated with the triple stain using the primary antibody for cytokeratin 19 (Roche,

Laval, QC, Canada) for 16 min at 37 °C. The secondary antibody was multimer HRP (OMap anti-
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mouse HRP, Roche, Laval, QC, Canada) and was incubated for 16 min. Immunodetection was
performed with DISCOVERY Purple detection. Finally, nuclei were subsequently visualized with
hematoxylin. The images were taken with Aperio ImageScope. We semi-quantitively scored the
slides based on the intensity of the brown color (HuR): weak, moderate, and strong. The intensity

of the HuR was also analyzed by the Aperio Positive Pixel Count Algorithm v9.

Cell Culture

Primary human lung fibroblasts (HLFs) were isolated from lung tissue by explant
procedure [33]. Cells utilized in this study were derived from non-smokers (control; M/F = 1/3;
age 71 + 7 years), current smokers with COPD (M/F = 2/2; age 61 + 5.4 years) and without COPD
(smoker; M/F = 1/3; age 61.3 + 4.8 years). Experiments were conducted with fibroblasts from 3—
4 different individuals of each patient group unless otherwise indicated and were between passages
five to eight. All fibroblast strains were cultured and analyzed at the same time and were within

one passage to assess the basal expression levels of HuR.

Western Blot

HLFs were grown to approximately 70-80% confluence and cultured with serum-free
MEM for 18 h before the treatment. Total cellular protein was extracted using RIPA lysis buffer
(ThermoFisher Scientific, Waltham, MA, USA) and Protease Inhibitor Cocktail (PIC, Roche,
Laval, QC, Canada). Nuclear and cytoplasmic fractions were extracted using a nuclear extract kit
(Active Motif, Carlsbad, CA, USA). Ten to twenty pg (for ACE2 and COX-2 detection) or 60 pg

(for cleaved HuR detection) of protein lysate were subjected to 10% SDS-PAGE gels and
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transferred onto Immuno-blot PVDF membranes (Bio-Rad Laboratories, Mississauga, ON,
Canada), as previously described [34]. Then, the membrane was blocked for one hour at room
temperature in blocking solution (5% w/v of non-fat dry milk in 1x PBS/0.1% Tween-20).
Antibodies against HuR (1:2000; Santa Cruz, Dallas, TX, USA), ACE2 (SN0754; 1:500-1:1000;
Invitrogen, Waltham, MA, USA), COX-2 (1:1000; Cell Signaling Technologies, Whitby, ON,
Canada), Laminin A/C (1:1000; Cell Signaling Technologies, Whitby, ON, Canada) and f-Tubulin
(1:50,000; Sigma, St. Louis, MO, USA) were used. Secondary antibodies goat anti-rabbit IgG
HRP-linked (1:10,000, Cell Signaling Technologies) and HRP-conjugated horse anti-mouse IgG
(1:10,000, Cell Signaling Technologies, Whitby, ON, Canada) were used. Detection of protein
was catalyzed by enhanced chemiluminescence (ECL) and visualized using a ChemiDoc™ MP
Imaging System (Bio-Rad Laboratories, Mississauga, ON, Canada). Densitometric analysis was
performed using Image Lab™ Software Version 5 (Bio-Rad, Mississauga, ON, Canada). Protein
expression was normalized to B-Tubulin and the data presented as the fold-change relative to the

untreated condition.

Quantitative RT-PCR (RT-qPCR)

Total RNA was isolated using miRNeasy Kits (QIAzol based RNA purification, Qiagen)
according to the manufacturer’s instructions. Quantification was conducted on a Nanodrop 1000
spectrophotometer (infinite M200 pro, TECAN, San Jose, CA, USA). Reverse transcription of
RNA was carried out using iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories,
Mississauga, ON, Canada). Then, mRNA levels of ELAVLI, ACE2 and S9 were analyzed using
this cDNA template and gene-specific primers (Table 3.1). Quantitative PCR (qPCR) was
performed by addition of 1 pL. cDNA and 0.5 uM primers with SsoFast™ EvaGreen® (Bio-Rad
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Laboratories, Mississauga, ON, Canada), and PCR amplification was performed using a CFX96
Real-Time PCR Detection System (Bio-Rad Laboratories, Mississauga, ON, Canada). Thermal
cycling was initiated at 95 °C for 3 min and followed by 39 cycles denaturation at 95 °C for 10 s
and annealing at 59 °C for 5 s. Gene expression was analyzed using the AACT method, and results

are presented as fold-change normalized to the housekeeping gene (S9).

Table 3.1. Primer sequences used for RT-qPCR analysis.

Gene Forward Primer Sequence Reverse Primer Sequence
ELALVI AAC GCC TCC TCC GGC TGG GCG GTA GCC GTT CAG GCT
TGC GGC

ACE2-201-202 AACTGC TGC TCA GTCCAC  GACCATTTGTCC CCAGCATT
CA

ACE2-202 CCC AGA GCATGC CTG ATA CCCACT TCA GAG GGT GAA CA
GA

S9 CAGCTTCAT CTTGCCCTCA CTGCTG ACG CTT GAT GAG AA

RNA Immunoprecipitation-qPCR (RIP-qPCR)

HLFs were grown to approximately 70—80% confluence and cultured with serum-free
MEM for 18 h before collection. Cells were collected in PBS and centrifuged at 1500 rpm at 4 °C
for 5 min. The cell pellets were lysed (50 mM Tris PH 8; 0.5% Triton X100; 450 mM NacCl;
Protease Inhibitor Cocktail; Phosphatase Inhibitor (Roche, Laval, QC, Canada), incubated for 15
min on ice, and then centrifuged at 10,000 rpm, 4 °C for 15 min. The extracts were transferred into
as new tube and a buffer containing 50 mM Tris pH 8; 0.5% Triton X100; 10% glycerol; Protease
Inhibitor Cocktail; Phosphatase Inhibitor (Roche, Laval, QC, Canada) [35,36] was added. Protein
concentration was measured by the BCA Protein Assay Kit. Thirty-five pL of protein G
SepharoseTM 4 fast glow beads (GE Healthcare, Mississauga, ON, Canada) were pre-coated with
3 ng of IgG (Cell Signaling Technologies, Whitby, ON, Canada) or 3 pg of anti-HuR (Santa Cruz
Biotechnology, Dallas, TX, USA) antibodies overnight on a rotator at 4 °C. Beads were washed
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three times with buffer (50 mM Tris PH 8; 0.5% Triton X100; 150 mM NaCl) and incubated with
cell extracts for 2 h a 4 °C. Beads were washed three times to wash out unbound materials. RNA
was then extracted, reverse transcribed and analyzed by qPCR (RT-qPCR), as described above.

RNA expression was normalized to S9 mRNA bound in a non-specific manner to IgG.

HuR-esiRNA Knockdown in Human Lung Fibroblasts

HLFs were seeded at 10 x 104 cells/cm2 and transfected with 60 pmol of endoribonuclease
prepared siRNA (esiRNA) against ELAVL1 (MISSION® esiRNA, Sigma, St. Louis, MO, USA)
or non-targeting control esiRNA (MISSION® esiRNA, Sigma) with Lipofectamine RNAIMAX
transfection reagent (ThermoFisher Scientific, Waltham, MA, USA) in accordance with the
manufacturer’s instructions. One hour after the transfection, 10% MEM medium was added on the
cells. After 24 h, the cells were switched to serum-free MEM for 44 h, after which cellular proteins
were collected. Confirmation of HuR knockdown was done by Western blot within 68 h after

transfection.

Determination of mRNA Stability

HLFs were serum-starved for 18 h followed by treatment of Actinomycin D (ActD-1
pg/mL) (Enzo Life Sciences, Toronto, ON, Canada), an inhibitor of RNA synthesis [28,37], for 0,
3, 6, and 9 h, after which RNA was collected; qPCR was performed as described above to
determine the remaining levels of ACE2 mRNA. The concentration of ActD used in this

experiment did not affect cell viability (data not shown) but blocked transcription [38].
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Determination of Protein Stability

HLFs were serum-starved for 18 h followed by the protein collection for the 0-h time point.
The remaining cells were treated with cycloheximide (CHX-1 pg/mL)—an inhibitor of protein
synthesis [39]—for 4, 8, 24, and 48 h. Total protein was harvested, and Western blot was
performed to determine the remaining levels of ACE2 protein. CHX concentration used in this

experiment did not affect cell viability (data not shown).

Preparation of Cigarette Smoke Extract (CSE)

Research grade cigarettes (3R4F) with a filter were acquired from the Kentucky Tobacco
Research Council (Lexington, KT, USA). Each cigarette contains 0.73 mg of nicotine, 9.4 mg of
tar, and 12.0 mg of CO, as described by the manufacturer. CSE was produced as previously

described [28,32,38,40,41].

Imaging Flow Cytometry

HLFs were grown to approximately 70—80% confluence and cultured with serum-free
MEM for 18 h before the treatment. Cells were exposed to 2% CSE for 4 h. Then, cells were
trypsinized, collected, and prepared according to the manufacturer’s instructions. Briefly, after
washing cells with PBS-0.2% BSA, cells were fixed with 4% paraformaldehyde (PFA) for 20 min
at room temperature. After incubation, PBS-0.2% BSA was added, spun down at 400x g at 4 °C

for 5 min, and the supernatant was discarded. The pellet was resuspended in 400 uL PBS-0.2%
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BSA, spun down at 400x g at 4 °C for 5 min, and again the supernatant was discarded. Then, the
pellet was resuspended in 100 pL of permeabilization buffer (BD Perm/WashTM Buffer,
eBioscience™), and was incubated for 15 min at room temperature. After incubation, 1 uL of PE
mouse anti-HuR (1:100, BD Pharmingen™) was added and incubated for 30 min at 4 °C in the
dark, and then 1 mL of permeabilization buffer was added. The samples were centrifuged, and the
pellet was resuspended in 75 pL of 1x PBS-0.2% BSA. The samples were filtered and kept in the
dark. Before acquiring the samples, 5 puL. Hoechst (1: 20,000, Hoechst 3342, ThermoFisher
Scientific, Waltham, MA, USA) was added. In each experiment 20,000 events for each sample
were acquired using a 12 channel Amnis® ImageStream®X Mark II (EMD Millipore, Oakville,
ON, Canada) imaging flow cytometer equipped with the 405 nm and 488 nm lasers. Samples were
gated to remove debris, and 20,000 event/sample were analyzed using IDEAS®. After gating the

cytoplasmic fraction, intensity was used to evaluate HuR expression.

Statistical Analysis

Using GraphPad Prism 6 (v. 6.02; La Jolla, CA, USA), statistical analysis was performed
using a non-parametric one-way analysis of variance (ANOVA) followed by Dunn’s multiple
comparisons test to assess the differences between the non-smoker, smoker, and COPD subjects
as well as between treatments of more than two. Groups of two were analyzed by the one- or two-
tailed unpaired t-test, as described below. A two-way analysis of variance (ANOVA), followed by
Sidak’s multiple comparisons test was used to evaluate differences between groups and conditions
of more than two. Results are presented as means +standard error of the means (SEM) of the fold-

changes relative to control cells. In all cases, p values < 0.05 were considered statistically
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significant. Mann—Whitney U tests were also used in single-cell RNA-seq to quantify the

difference in ELAVLI gene expression between different cell populations.
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3.4. RESULTS

Expression of ELAVLI and ACE?2 in Cells of the Upper and Lower Respiratory System

Comprehensive expression analysis of ELAVLI in pulmonary cell populations has not been
done. Therefore, we first analyzed existing single-cell RNA-seq datasets to comprehensively
profile ELAVLI in cells along the respiratory tract. The first dataset utilized
nasopharyngeal/bronchial cells from 19 SARS-CoV-2-positive patients and five SARS-CoV-2-
negative donors [30]. Conducting airway epithelial cells, (basal, secretory, ciliated, FOXN4+ cells,
and ionocytes) and immune cells (macrophages, dendritic cells, and natural killer (NK) cells) were
among the cells detected (Figure 3.1A). Comparing ELAVLI expression in these different cell
populations in COVID-19 patients revealed that the expression of ELAVL]I is significantly higher
(Mann—Whitney U test, p-value = 0) in ciliated, FOXN4+, and secretory cells (Figure 3.1B) and

that there was differential ELAVL1 expression based on COVID-19 severity (Figure 3.1C).
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Figure 3.1. ELAVLI single-cell level expression in nasopharyngeal and bronchial cells.

A. Different cell populations in an existing single-cell RNA-seq data [30] were analyzed as
described in the Materials and Methods. B. Dotplot representing the expression of ELAVLI in
different cell populations. The size of the circle denotes the % of cells expressing the ELAVLI
gene. The darkness of the circle shows the expression level. The expression of ELAVLI is
significantly higher (Mann—Whitney U test, p-value = 0) in ciliated, FOXN4, secretory cells than
that in any other cells. C. The expression of ELAVLI is significantly lower (Mann—Whitney U test,
p-value = 4.41 x 107%%) in critical COVID-19 patients than in moderate and control patients.

It is also unknown whether ELAVLI expression changes with COPD. Therefore, we also
assessed ELAVLI expression in lung cells from COPD patients using existing single-cell RNA-
seq expression data on samples obtained from 28 control donor lungs and 18 COPD lungs [29].

The cell populations identified are in Figure 3.2A. In COPD, ELAVLI expression is higher in
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aberrant basaloid, mesothelial, peribronchial vascular endothelial (VE), pulmonary
neuroendocrine cell (PNEC), ciliated, and club cells, relative to other cell types (Figure 3.2B).
Further, we found that mesothelial, PNEC, and myofibroblasts have relatively high ELAVLI
expression in COPD, whereas alveolar type II (ATII), fibroblasts, and macrophages are among the

cell types with relatively high % of ELAVL 1+ cells in control (Figure 3.2C).
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Figure 3.2. ELAVLI single-cell level expression in COPD.

A. Different cell populations in the COPD single-cell RNA-seq data [29]. B. Dotplot shows the
expression of ELAVLI in different cell populations. The size of the circle denotes the % of cells
expressing ELAVLI. The darkness of the circle shows the expression level. Aberrant basaloid,
mesothelial, VE peribronchial, PNEC, ciliated, and club cells are among the cell types with the
highest expression of ELAVLI. C. Percentage of ELAVLI+ cells: on the right side (positive %
difference) is the cell types with higher % of ELAVL 1+ cells in control. On the left side are the cell

types with higher % of ELAVLI+ cells in COPD (0.1 denotes 10%).
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Finally, we explored whether there was a correlation between ELAVLI and ACE2
expressions in COPD cells that express both genes. We found a significant positive correlation
(Pearson correlation coefficient = 0.631; p-value < 0.01) between ELAVLI and ACE?2 expression
(Figure 3.3). In summary, ELAVLI expression varies amongst various pulmonary cell types and

disease phenotypes but there is a positive correlation between ELAVLI and ACE2 expression in

COPD.
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Figure 3.3. Correlation between ELAVLI and ACE2 in COPD.

The percentage of ELAVLI and ACE?2 positive cells in all cell types of the COPD samples were
analyzed. There was a significant (p-value < 0.01) correlation (Pearson correlation coefficient =
0.631) between ELAVLI and ACE2. Only cell types expressing both ELAVLI and ACE2 were

included in the analysis.
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Cytoplasmic Localization of HuR Is Increased in Smoker and COPD Lung Cells

We next used mIHC to detect HuR (brown) in epithelial cells (purple) and fibroblasts
(yellow) (Figure 3.4A and B). In lungs of non-smokers, HuR was localized predominantly in the
nucleus of epithelial cells and fibroblasts while only weak cytoplasmic HuR expression was
detected in both cell types (Figure 3.4A—left panel). Prominent HuR expression was detected in
lung cells of smokers with and without COPD (Figure 3.4A—middle and right panels). We also
found that cytoplasmic HuR expression was relatively high in pulmonary macrophages of smokers
and COPD subjects (Figure 3.4B). These data indicate differential localization of HuR in the lungs

in response to cigarette smoke, with there being prominent cytoplasmic levels.
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A. Lung tissue-mIHC

Non-smoker Smoker

B. Macrophages- mIHC

Non-smoker

Figure 3.4. Cytoplasmic expression of HuR increased in lung tissue and macrophages from
smoker and COPD subjects.

A. Lung tissue—mIHC: lung tissue was stained with mIHC: HuR was stained with brown color,
Cytokeratin 19 expression (a marker of epithelial cells) was stained with purple color, and vimentin
(a marker for fibroblasts) was stained yellow. There was more HuR in the cytoplasm of epithelial
cells and fibroblasts from smoker and COPD subjects comparing to these cells from non-smoker
individuals. B. Macrophages—mIHC: there was an increase in cytoplasmic HuR in macrophages
from smoker and COPD subjects. The pictures were taken by Aperio ImageScope with 20, and
40x for higher magnification. Images are representative for 3 to 4 subjects/group.
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Protein Expression of HuR Is Similar between Non-Smoker, Smoker, and COPD-Derived

Lung Fibroblasts

We used HLFs to mechanistically evaluate the involvement of HuR in controlling ACE2
expression, as we have previously shown that HuR protein is constitutively expressed in these cells
[28] and that there is more ACE2 protein in COPD-derived lung fibroblasts [9]. ELAVLI mRNA
levels were significantly higher in COPD-derived HLFs relative to the smoker-derived cells
(Figure 3.5A). In the non-smoker, smoker, and COPD-derived HLFs, HuR protein was detected at
its predicted molecular weight (MW) of ~34 kDa (Figure 3.5B). There was no significant
difference in HuR protein expression between the three groups (Figure 3.5C). Interestingly,
another ~27 kDa protein band was detected only in the smoker and COPD-derived cells (Figure
3.5B) that likely reflects cleaved HuR (CP-1) [42]; CP-1 expression is significantly higher in
smoker comparing to non-smoker HLFs (Figure 3.5D). Then, we evaluated the effect of cigarette
smoke extract (CSE) on the expression of HuR in non-smoker-derived HLFs by treating cells with
2% CSE for 6 h, 8 h, and 24 h. There was no difference in total HuR protein expression in response
to 2% CSE (Figure 3.5E). However, there was a significant increase in cleaved HuR (CP-1) in
response to 2% CSE for 24 h in non-smoker-derived HLFs (Figure 3.5E). Together, these data
indicate that cigarette smoke does not change the total HuR protein in HLFs but induces its

cleavage.

76



A. ELAVLI mRNA- RT-qPCR B. Total HuR Protein and cleaved HuR- western blot
« * % Non-smoker Smoker COPD
Z 25 - : s Al | [ ] s Al
> | A
ES 20 | HUR | 0 s o o a0 0 S
55 15 “EEs T
~ 8 T . | Cleaved-HuR : 2
2 F 10| e |
2 E . ‘ Tubulin w——"
s Z 0.5 — _—
se 0 - Subjects: 1 2 3 41123 41123 4
c 0.0 | | \
Non-smoker Smoker COPD
C. Total HuR Protein- densitometry D. Cleaved HuR Protein (CP-1)- densitometry
1.5+ 8 . =
—_ —_ : L
:; L] ™ _?_ ; od %
ERTIE —E 52 | A
8 3 ) g2 |
:5 2 f = 44 ] _&
0.0 ; ‘ . 0 . . .
Noirsmoker Smoker COPD Norrsmoker Smoker COPD
E. Cleaved HuR in Non-smoker HLF exposedto 2% CSE
2%CSE - 8h 24h A -
) | s
2C 5| '
Cleaved-HuR m g3
Tubulin |y S = é ’
z g —so0e— at v
0 T T T
2% CSE - 8h 24h

Figure 3.5. HuR expression in non-smoker, smoker, and COPD HLFs.

A. ELAVLI mRNA-RT-qPCR: HLFs from 4 non-smoker (circle), 4 smoker (square), and 4 COPD
(triangle) subjects were harvested for RT-qPCR. There was a significant difference between
smoker and COPD-derived HLFs (** p < 0.01). Results are expressed as the mean + SEM. B.
Total HuR Protein—Western blot- densitometry: HLFs from 4 non-smoker, 4 smoker, and 4
COPD subjects were harvested for Western blot. HuR protein expression was detected at the
predicted MW of 34 kDa. The cleaved HuR product (CP-1, 27 kDa) was detected in HLFs from
smoker and COPD subjects. B-Tubulin was used as loading control. C. Total HuR Protein—
densitometry: there was no significant difference in total expression of HuR between non-smoker
(circle), smoker (square), and COPD (triangle) HLFs. Results are expressed as the mean + SEM.
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D. Cleaved HuR Protein (CP-1)—densitometry: there was significant increase in the cleaved HuR
(CP-1) in smoker (square) HLFs comparing to non-smoker (circle) HLFs (** p = 0.009). Results
are expressed as the mean + SEM. E. Cleaved HuR in non-smoker HLFs exposed to 2% CSE:
there was an increase in the cleaved HuR product (CP-1) in HLFs from non-smokers exposed to
2% CSE for 8 h and 24 h (* p=0.01). Results are expressed as the mean + SEM of 4 independent
experiments.

Increased ACE2 Protein in COPD-Derived Lung Fibroblasts Is Not Associated with Changes

at the mRNA Level or Increased Binding to HuR

We next examined if there was differential expression of ACE2 at the mRNA level. Using
two different primers sets for human ACE2 (ACE2-201-202 and ACE2-202), we found that there
was a significant difference in ACE2 mRNA levels between quiescent HLFs derived from non-
smoker and smoker lungs for ACE2-201-202 (Figure 3.6A) but not for ACE2-202 (Figure 3.6B).
Overall, this suggests that changes at the transcriptome level are unlikely to account for higher

ACE?2 protein in COPD-derived HLFs.

HuR binds to target mRNA, thereby increasing stability of the transcript [25]. It is not
known whether HuR associates with ACE2 mRNA. To address this, we assessed HuR association
with ACE2 mRNA by immunoprecipitation of HuR followed by RT-qPCR analysis of ACE?2
mRNA. Western blot analysis showed that HuR immunoprecipitated from HLF cell extracts
similarly between non-smoker, smoker, and COPD (Figure 3.6C). Note the specificity of the IP,
as the immunoglobulin G (IgG) antibody did not immunoprecipitate HuR, as indicated by the
absence of a band on the Western blot. Furthermore, HuR strongly bound ACE2-201-202 mRNA
in smoker-derived HLFs (Figure 3.6D). HuR did not associated with ACE2-202 mRNA (data not

shown). Thus, HuR can bind ACE2 mRNA in HLFs.
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Figure 3.6. ACE2 mRNA expression and binding to HuR.

A. ACE2-201-202 mRNA: there was significantly less mRNA in smoker (triangle) compared to
non-smoker (circle) HLFs (* p < 0.05) B. ACE2-202 mRNA: there was no significant difference
between the three groups of HLFs. C. RIP—Western blot: representative Western blot of HuR IP
is shown. Input (In) refers to cell lysates. IP-IgG refers to immunoprecipitation (IP) with control
IgG antibody while IP-HuR refers to the IP with anti-HuR IgG antibody. Note the presence of HuR
protein in IP-HuR but not in IP-IgG. D. ACE2-201-202 mRNA: detection of ACE2-201-202
mRNA in IP-IgG and IP-HuR was done using qPCR. Values are expressed as fold enrichment to
values measured in IP-IgG. The enrichment of ACE2-201-202 in IP-HuR of HLFs from non-
smoker and smoker but not in COPD. Results are presented as the mean + SEM) (* p < 0.05
compared to IP-IgG).
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HuR Does Not Control ACE2 mRNA or Protein Stability

To evaluate stability of the ACE2 transcript between non-smoker, smoker, and COPD-
derived HLFs, we treated these cells with actinomycin D (ActD 1 pg/mL), an inhibitor of RNA
synthesis [28,37], for 3, 6, and 9 h, followed by an analysis of ACE2 mRNA. There was no
significant difference in the rate of ACE2 mRNA decay between cells from the three subject groups
(Figure 3.7A). There was also no change in the rate of ACE2 mRNA decay within cells from
subjects within a group. This indicates that ACE2 mRNA expression is unlikely to be controlled

at the level of mRNA stability in HLFs.
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Figure 3.7. ACE2 mRNA and protein stability are not controlled by HuR.

A. ActD Chase—RT-qPCR: HLFs from 3 non-smoker, 3 smoker, and 3 COPD subjects were
exposed to ActD (1 pg/mL) for the indicated time point. ACE?2 levels were set to equal 100% after
starvation for 18 h (0 h) and are expressed as percentage (%) of ACE2 mRNA remaining. In non-
smoker, smoker, and COPD HLFs, ACE2 mRNA was similar after exposure to ActD for 3 h, 6 h,
and 9 h compared to time 0. B. CHX: HLFs were exposed to ethanol (control), IL-1p (1 ng/mL)
alone for 24 h, pretreated with CHX (1 pg/mL) for 1 h followed by IL-1B for 24 h, or pretreated
with IL-1 for 24 h followed by CHX for 24 h. COX-2 protein expression was reduced by CHX.
Representative Western blot is shown. C. CHX Chase—Western blot: HLFs from 3 non-smoker,
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3 smoker, and 3 COPD subjects were exposed to CHX (1 ug/mL) for the indicated time point.
Note that there is no change in ACE2 upon CHX treatment. D. CHX chase—quantification: ACE2
levels were set to equal 100% after starvation for 18 h (0 h) and are expressed as percentage (%)
of ACE2 remaining. In non-smoker, smoker, and COPD HLFs, ACE2 protein was similar after
exposure to CHX for 4 h, 8 h, 24 h, and 48 h compared to time 0. Results are expressed as the
mean + SEM. E. HuR KD-ACE?2 protein: HuR knockdown had minimal effect on basal ACE2
protein levels in lung fibroblasts. Representative Western blots are shown.

To evaluate ACE2 protein stability, we exposed HLFs from non-smoker, smoker, and
COPD subjects to cycloheximide (CHX 1 pg/mL), an inhibitor of protein synthesis [39], for up to
48 h, and assessed ACE2 protein expression by Western blot. To ensure that protein synthesis was
indeed blocked by CHX, we include data demonstrating that both pre-and post-treatment with
CHX attenuated IL-1B-induced COX-2 expression (Figure 3.7B). CHX did not significantly
change ACE2 protein levels in HLFs. In addition, no significant difference in ACE2 protein
stability between non-smoker, smoker, and COPD-derived lung fibroblasts were observed (Figure
3.7C and D). These results indicate that increased ACE2 expression in COPD-derived HLFs is not

due to alterations in mRNA or protein stability.

To confirm HuR involvement in basal ACE2 expression, we transiently transfected HLFs
derived from non-smoker, smoker, and COPD with control esiRNA (esiCtrl) or HuR-specific
esiRNA (esiHuR). Basal HuR expression declined by ~80% in cells transfected with esiHuR-
relative to esiCtrl-transfected cells (Figure 3.7E) but there was no significant difference in ACE2
protein levels in esiHuR-transfected cells relative to those transfected with esiCtrl in the three
groups, suggesting that HuR does not play a dominant role in regulating ACE2 protein expression

in quiescent HLFs (Figure 3.7E).
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Non-Smoker and COPD-Derived Lung Fibroblasts Exposed to CSE Exhibit Increased

Cytoplasmic HuR

Finally, to directly assess whether HuR regulates ACE2 expression in response to cigarette
smoking, we used CSE, an in vitro surrogate of cigarette smoke exposure. Cytoplasmic HuR
protein levels detected by Western blotting significantly increased in response to acute 2% CSE
exposure (Figure 3.8A and B); ActD was used as a positive control. To confirm the effect of CSE
on HuR localization, we used imaging flow cytometry (ImageStream®). There was a noticeable
increase in cytoplasmic HuR levels in response to 2% CSE (4 h) in HLFs derived from non-smoker
(Figure 3.8C) and COPD (Figure 3.8D), suggesting that acute cigarette smoke exposure induces

translocation of HuR to the cytoplasm of primary HLFs.
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Figure 3.8. Cytoplasmic HuR is increased by cigarette smoke.
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A. Cytoplasmic HuR in non-smoker HLFs: there was an increase in HuR cytoplasmic localization
in response to 2% CSE for 4 h (** p = 0.004). Actinomycin D (ActD) was used as positive control
for the translocation of HuR. Lamin A/C is a nuclear marker, while tubulin is a cytoplasmic
marker. Results are expressed as the mean = SEM of 5 independent experiments. B. COPD HLFs:
there was an increase in HuR cytoplasmic localization in response to 2% CSE for 4 h (* p <0.05).
Results are expressed as the mean = SEM of 3 independent experiments. Data between untreated
and CSE-exposed cells were analyzed by a Mann—Whitney one-tailed t-test. C. Cytoplasmic HuR
in non-smoker HLFs: HuR localization in non-smoker HLFs treated with 2% CSE was assessed
by Imaging Flow Cytometry. There was an increase in HuR expression in response to 2% CSE for
4 h. ActD was used as a positive control for HuR translocation into the cytoplasm. A representative
picture for cells is shown from 2 independent experiments. D. Cytoplasmic HuR in COPD HLFs:
there was an increase in HuR expression in the cytoplasm of COPD HLFs exposed to 2% CSE for
4 h. A representative picture for cells is shown from one COPD subject.

Finally, we conducted knockdown experiments to evaluate if HuR regulates ACE2
expression in response to CSE. Verification of HuR knockdown is shown in Figure 3.9A. HuR
knockdown had no effect on ACE2 protein or mRNA levels in the absence and presence of CSE
exposure (Figure 3.9B and C). Thus, we show the differential expression of ELVAL1 (HuR) in
lung cell populations and show that the regulation of ACE2 is unlikely to be mediated by HuR
despite activation of HuR by cigarette smoke. Further insight into the molecular regulation of
ACE2 is needed to facilitate the development of new medications to combat coronavirus

infections.
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Figure 3.9. HuR silencing does not affect protein and mRNA expression of ACE2.

A. HuR protein—Western blot: transfection of non-smoker HLFs with esiHuR reduced the level
of HuR protein by ~80%. B. ACE2 protein: there was no significant difference in ACE2 protein
levels in esiHuR-transfected HLFs exposed to 2% CSE for 24 h compared to untreated esiHuR-
transfected cells and to esiCtrl-transfected cells. Results are expressed as the mean + SEM of 3
independent experiments (HLFs used from one non-smoker subject). C. ACE2 mRNA: there was
no significant difference in ACE2 mRNA in esiHuR-transfected HLFs exposed to 2% CSE for 24
h compared to untreated esiHuR-transfected cells and to esiCtrl-transfected cells. Results are
expressed as the mean £ SEM of 3 independent experiments (HLFs used from one non-smoker

subject).
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3.5. DISCUSSION

COPD is a major health problem with limited therapeutic options [1] that is primarily
caused by cigarette smoke exposure [4]. COPD patients may be at risk of increased hospitalization
and severe illness from COVID-19 caused by SARS-CoV-2 [5]. One possible reason behind
increased susceptibility may be the upregulation of ACE2, the entry receptor for SARS-CoV-2
[6,7]. However, the mechanism(s) involved in the upregulation of ACE2 are poorly understood.
Therefore, in this study, we investigated the role of HuR in the regulation of pulmonary ACE2.
We also sought to comprehensively profile the expression of HuR/ELAVLI in the various cells of
lungs from COPD and COVID-19 patients. Further, we predicted HuR would regulate expression
of the ACE2 protein. Herein, we describe the differential regulation of ELAVLI in distinct
populations of pulmonary cells and the extensive cytoplasmic localization of HuR in COPD lungs.
We found that there was a significant positive correlation between ELAVLI and ACE2 in COPD.
While we speculate that the increased cytoplasmic HuR in COPD lungs drives features of disease
pathology (e.g., inflammation), our data show that HuR is not likely to be involved in the regulation

of ACE2 protein expression.

Our rationale for focusing on HuR is the fact that RBPs regulate mRNA post-
transcriptional events of genes involved in various cellular mechanisms [43,44], including viral
infection [45]. A recent study showed that SARS-CoV-2 RNA binds to 104 human proteins,
including ribosomal proteins, translation factors, and RBPs [46]. Cellular nucleic acid-binding
protein (CNBP) is one of the direct interactors with SARS-CoV-2 RNA. Another RBP that binds
to SARS-CoV-2 RNA is la-related protein 1 (LARP1). Ina LARP1 knockout cell line, intracellular
viral RNA and the infectious virus production are elevated. In contrast, LARP1 overexpression
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decreases viral RNA and the levels of infectious virus [46]. Furthermore, the alphavirus Sindbis
virus, a single-stranded positive-sense RNA virus that contains multiple U-rich elements, recruits
cellular HuR to stabilize its viral RNA to aid in the expression viral proteins and maintain infection.
Sindbis virus infection also induces HuR cytoplasmic translocation where the viral RNAs
accumulate [47]. HuR also associates with the U-rich elements of hepatitis C virus (HCV) RNA
[48] and the late regulatory element (LRE) of human papillomaviruse 16 (HPV16), with HuR
depletion reducing L1 capsid protein expression [49]. Because Sindbis virus has high affinity to
HuR, it sequestrates HuR in the cytoplasm. Consequently, the alternative pre-mRNA
polyadenylation and splicing of cellular pre-mRNAs as well as the stability of a subset of cellular
mRNAs are dysregulated during Sindbis virus infection [50]. These studies provide rationale for
investigating the function of RBPs in the context of viral infection, and they may be crucial to our

understanding of infectivity, particularly in light of the ongoing COVID-19 pandemic.

We found that cytoplasmic localization of HuR 1is increased in lung structural cells, mainly
epithelial cells and fibroblasts, in lung tissue from smoker and COPD subjects. These findings
recapitulate those of a previous study showing cytoplasmic HuR is elevated in lung tissue from
smoker and COPD patients [51] and suggests that smoking itself influences the cellular
localization of HuR in the lung. We also found that macrophages from smoker and COPD subjects
have higher cytoplasmic localization of HuR compared to macrophages from non-smokers.
Macrophages are involved in the pathophysiology of COPD via the production of inflammatory
mediators and proteases [52]. Alveolar macrophages are also involved in the pathogenesis of
SARS-CoV-2 [53]. Matrix metalloproteinase-9 (MMP-9) is increased in COPD and by SARS-

CoV-2 infection that may be involved in alveolar destruction [54,55]. HuR stabilizes MMP-9
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mRNA and induces its protein expression [56]. Increased cytoplasmic expression of HuR also
stabilizes tumor necrosis factor-o (TNF-a) and interlukin-6 (I1-6) mRNA in macrophages [57],
two pro-inflammatory mediators that are also increased in COPD and SARS-CoV-2 infection
[54,58]. HuR may also be involved in the pathogenesis of COVID-19 by its ability to increase
inflammation, as SARS-CoV-2 infection induces TNF-a, IL-6, and CC-chemokine ligand 2

(CCL2) [58,59].

Although ELAVLI mRNA is significantly increased in COPD compared to smoker, the
protein levels are similar between the two groups. This decoupling of protein and mRNA
expression in COPD suggests that elevated mRNA levels in COPD might because of the increase
in ELAVLI transcription and/or its mRNA stability. However, the regulation of ELAVLI at
transcriptional and/or at post-transcriptional levels in smoker and COPD is not known yet. Other
possible mechanism by which ELAVLI mRNA levels may rise in the absence of their translation
is the sequestration of these transcripts in stress granules (SGs), which are cytoplasmic
ribonucleoprotein complexes that assemble in response to stress and sequester mRNAs [60].

Currently, we do not know about SGs assembly during cigarette smoke exposure and in COPD.

Our notion that HuR could also control ACE2 expression was based in part on our recent
report demonstrating increased ACE2 expression in COPD-derived lung fibroblasts, and that
pulmonary ACE2 protein increases in response to chronic cigarette smoke exposure [9]. Lung
fibroblasts provide structure and support to the lungs by synthesizing and maintaining an

extracellular matrix (ECM) [61], and in the context of chronic inflammation, activation of
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fibroblasts leads to the production of several cytokines and chemokines [62]. We found that CSE
induced HuR translocation to the cytoplasm and that HuR binds to ACE2 mRNA in lung fibroblasts
from smoker, but silencing HuR had no effect on ACE2 mRNA and protein. This is consistent with
a previous observation that HuR binds to PTGS2 mRNA in muscle cells treated with tumor
necrosis factor alpha (TNF-a) and interferon gamma (IFN-y). However, knockdown of HuR had
no effect on PTGS2/COX-2 protein in these conditions [63]. Interestingly, independent study
observed that HuR binds to PTGS2 mRNA and HuR silencing decreases the expression of
PTGS2/COX-2 in human colon carcinoma cells [64]. These data suggest that HuR does not
directly regulate ACE2 expression in human lung fibroblasts with/without CSE, but it might

regulate ACE2 expression in other conditions.

Furthermore, it is possible that ACE2 is regulated by RBPs other than HuR, such as the
heterogeneous nuclear ribonucleoprotein F (hnRNP F). Overexpression of hnRNP F induces the
transcription of renal ACE?2 gene, suppresses profibrotic genes (TGF-£1, TGF-frll), and prevents
renal fibrosis [65]. Another possibility is that ACE2 is regulated post-transcriptionally by miRNA,
which are short noncoding RNAs that influence gene expression by controlling mRNA stability or
by interfering with translation [66,67]. This is supported by the observation that in primary human
cardiac myofibroblasts, miR-421 binds to ACE2 to down-regulate protein levels [68].
Interestingly, miR-421 is downregulated in mouse lungs exposed to cigarette smoke [69]. This
raises the possibility that the upregulation of pulmonary ACE2 protein in response to cigarette

smoke and/or in the context of COPD could be due the downregulation of miR-421.

90



In addition to cellular localization, the cleavage of HuR may also affect cellular function.
In this regard, we found significant differences in HuR protein cleavage, with cleaved HuR (CP-
1) being observed in smoker and COPD HLFs but not in non-smoker HLFs. This suggests that
smoking itself results in HuR cleavage. To this effect, in vitro administration of CSE induced the
cleavage of HuR. Cleavage of HuR protein into two fragments (CP-1, 27 kDa, and CP-2, 8 kDa)
occurs in response to lethal cellular damage [42,70]. These HuR fragments are involved in
apoptosis through the regulation of proapoptotic mRNAs, such as caspase-9 (CASPY9) [42,70,71].
Given that apoptotic cell death is increased in COPD and in response to cigarette smoke as well as
in the SARS-CoV-2 infection [59,72,73], it is possible that cleaved HuR expression in smoker and
COPD-derived cells is driving an apoptotic phenotype and consequent lung damage in these
diseases. Thus, increased cleaved HuR (CP-1) in smokers and COPD subjects may exacerbate cell

death associated with SARS-CoV-2 infection, and warrants further exploration.

In summary, our work is the first to investigate the possible link between HuR and ACE2,
information that is important in light of the ongoing COVID-19 pandemic. Although our data do
not support a role for HuR in controlling ACE2 expression in lung fibroblasts, our study enables
investigators to focus on other possible pathways, such as miRNAs, that may regulate ACE2 in
the lung. We should emphasize that our conclusion, regarding the lack of a critical role for HuR in
the regulation of ACE2 expression, applies only to lung fibroblasts. Further studies should be
dedicated to evaluating possible role for HuR in the regulation of ACE2 expression in pulmonary
and airway epithelial cells, as these cells are the port of entry of SARS-CoV-2 into the respiratory
system. It should also be noted that our study demonstrates that cytoplasmic HuR is elevated in

COPD lungs and that cigarette smoke induces its cleavage, a finding that may implicate HuR in
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the pathogenesis of both COPD and COVID-19 through the regulation of pro-inflammatory and
pro-apoptotic genes that can damage the lungs. As such, our findings also point to HuR as a novel
therapeutic target to combat a chronic lung disease with high morbidity and mortality, such as
COPD. Further studies to mechanistically evaluate the contribution of HuR in the context of

smoke-related pathologies are warranted.
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PREFACE: CHAPTER IV

In Chapter 111, we demonstrated that HuR/ELAVLI is expressed throughout the lungs, and
its expression and cellular localization is altered in COPD. Here, there was elevated cytoplasmic
HuR in cells within smoker and COPD lungs, suggesting its importance in lung disease
pathogenesis. However, for HuR to be considered as a novel therapeutic target in COPD, further
studies to mechanistically evaluate its contribution in the context of smoke-related pathologies,
such as inflammation, is warranted.

Thus, in Chapter IV, we comprehensively explored HuR functions in HLFs using multi-
omics approaches to show the importance of HuR in regulating numerous biological processes in
response to CS, including inflammation. We have previously shown that lung fibroblasts produce
COX-2 in response to CS [15, 59] and that the aryl hydrocarbon receptor (AhR) destabilizes
PTGS2 mRNA by sequestering HuR in the nucleus [290]. HuR can also directly regulates the
expression of COX-2 and other inflammatory mediators [243, 298]. It is therefore the identification
of these mechanisms could lead to elucidate HuR function in the pathogenesis of CS-related

diseases, such as COPD.
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CHAPTER 1V

4. A multi-omics approach reveals fundamental roles for human
antigen R in lung fibroblasts
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4.1. ABSTRACT
Human antigen R (HuR) is an RNA-binding protein that exerts post-transcriptional control over
the expression of mRNA under physiological conditions and in response to various endogenous
and exogenous stimuli. The lungs are an organ system constantly exposed to the external
environment. In humans, the lungs contain over 400 million alveoli that covers an estimated
surface area of up to 140m?, with the quality of air greatly impacting our overall health. Exposure
to noxious agents in inhaled air can include infectious organisms and air pollution caused by
industries, traffic, common occupations, burning of biomass fuel and cigarette smoke (CS). CS
remains the leading cause of preventable death worldwide and is the main risk factors for diseases
such as lung cancer and chronic obstructive pulmonary disease (COPD). HuR is extensively
expressed in the respiratory system and may control numerous pathological processes involved in
chronic lung disease development. However, the molecular function of HuR in the lungs is largely
unexplored. Herein, we comprehensively evaluated HuR functions in human lung fibroblasts
(HLFs) using multi-omics approaches to show the importance of HuR in regulating numerous
biological processes in response to CS, including pathways implicated in inflammation and
oxidative stress. Thus, HuR plays fundamental roles in maintaining cellular homeostasis in the
lungs in response to noxious stimuli, which suggests that therapeutic targeting of HuR may

alleviate prevalent and deadly lung diseases.
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4.2. INTRODUCTION

The respiratory system is comprised of airways that conduct air to and from the alveoli, the
latter being the primary location for gas exchange [1]. There are over 40 types of cells within the
respiratory system that contribute to lung structure and function. Among these cells are epithelial
cells that line the respiratory tract, interstitial fibroblasts that provide structure, and immune cells,
such as alveolar macrophages, that contribute to host defense. These cells not only maintain normal
lung physiology but also respond to exogenous stimuli [2, 3]. The lungs are constantly exposed to
the external environment, coming into contact with both inhaled pathogens as well as air pollution
that is caused by industries, traffic, burning of biomass fuel and cigarette smoke (CS) [3, 4]. The
World Health Organization (WHO) estimates that 9 out of 10 people worldwide breathe polluted
air [5]; this includes CS, a prevalent respiratory toxicant, that today is still responsible for more
than 8 million deaths each year worldwide [6]. Importantly, the carcinogenic and toxic components
in CS are similar to that of air pollution [7]. Inhalational exposure to CS activates lung structural
and resident immune cells to produce a myriad of inflammatory mediators that initiate a vicious
cycle leading to chronic inflammation. Consequently, it is thought that this chronic inflammatory
response underlies the development of lung diseases such as lung cancer and chronic obstructive
pulmonary disease (COPD) [8-10]. Lung cancer and COPD exert significant morbidity and
mortality worldwide and are complex diseases with perturbations in multiple cellular processes
including differentiation, proliferation, cell survival, metabolism, and immune function [11-16].
However, the mechanisms through which inhaled toxicants, such as CS, lead to chronic lung

disease remain poorly understood.
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One potential protein whose dysregulation may alter these numerous cellular and
physiological processes that occur in response to CS exposure is human antigen R (HuR) [17-21].
HuR, also known as embryonic lethal abnormal vision-like protein 1 (ELAVL1), is a ubiquitously
expressed member in the ELAV family of RNA binding proteins (RBPs) [17, 18]. HuR is best
known for its ability to associate with target mRNA within uridylate (U)- or adenylate-uridylate
(AU)-rich elements (AREs) located at the 3'-untranslated region (UTR). This binding of HuR to
mRNA influences pre-mRNA splicing, nucleocytoplasmic translocation, stability, and translation;
the net effect of these underlies the ability of HuR to indirectly alter protein expression at the post-
transcriptional level [18, 19, 22]. Under basal conditions, HuR is predominantly nuclear but is
transported to the cytoplasm, along with bound mRNA, in response to various endogenous or
exogenous stimuli, including CS [17-21]. Numerous mRNAs are regulated by HuR, and the
protein products of these mRNA are involved in various cellular mechanisms, including cell
proliferation, differentiation, inflammation, wound healing, cell survival, and senescence [17-19,
23-31]. Dysregulation of HuR expression is now well-described in many types of diseases
including various cancers such as lung cancer, [24, 32-34]. In this context, HuR is implicated in
the pathogenesis and the progression of lung cancer, such that high levels of HuR is associated
with metastasis and poor survival [32]. Owing to the association between HuR and lung cancer, it
has been suggested that targeting HuR could inhibit lung cancer cell proliferation, migration, and
invasion [34]. Thus, HuR could be a novel and a promising therapeutic strategy to treat smoke-

related diseases including lung cancer, but also COPD.

Interestingly, and in the context of COPD, we recently profiled HuR/ELAVLI expression

in the lungs via scRNA-seq analysis and found that HuR is present in multiple pulmonary cell
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types. We also observed that mesenchymal cells (fibroblasts, myofibroblasts) had relatively high
ELAVLI expression in COPD [21]. Lung fibroblasts provide structure to the lungs by synthesizing
extracellular matrix (ECM) proteins and connecting type II pneumocytes to endothelial cells [35,
36], thereby playing a vital role in fibrotic lung diseases. In addition, their role in regulating
immune responses 1S now being recognized [37]. Moreover, altered fibroblast function and
phenotype can contribute to lung damage from CS [38-44]. However, the extent to which HuR
controls perturbations in lung cell function- including fibroblasts- caused by CS is largely
unexplored. Therefore, we used a combination of molecular silencing of HuR in human lung
fibroblasts together with RNA-seq to investigate its role in controlling pathways implicated in the
development of chronic lung diseases. Our results show that HuR controls the expression of
hundreds of coding RNA that are linked to various pathological processes, including inflammation
and oxidative stress, as well as a variety of signaling pathways that are activated in response to
CS. As a key feature in the function of HuR is its ability to bind target mRNA, we also show that,
under conditions of CS exposure, HuR binds to mRNA that are involved in mRNA maturation and
post-translational modification of proteins. Surprisingly, we found that HuR suppresses the
induction of two of its well-known targets- cyclooxygenase-2 (PTGS2/COX-2) and interleukin-8
(CXCLS/IL-8)- both at the basal level and in response to CS. COX-2 and IL-8 are among the
inflammatory mediators that are increased by CS [41, 45, 46] and play an important role in the
pathophysiology of airway diseases including COPD [47-49]. Together, these data highlight the
importance of HuR in controlling fundamental cellular mechanisms whose dysregulation is linked
to chronic lung disease development, supporting the utility of therapeutically targeting HuR for

disease prevention.
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4.3. METHODS

Chemicals

All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise indicated.

Actinomycin D (ActD) was obtained from Enzo Life Sciences.

Cell Culture

This study was approved by the Research Ethics Board of St Joseph's Healthcare Hamilton
(00-1839). Primary human lung fibroblasts (HLFs) were isolated from cancer-free lung tissue by
explant procedure [50]. Characterization of the fibroblasts is as previously described [50, 51].
Experiments were conducted with fibroblasts from three different individuals of non-smoker group

(Normal; M/F = 1/2; age 68 + 9 years) and within the passage five to nine.

Preparation of Cigarette Smoke Extract (CSE)

Research grade cigarettes (3R4F) with a filter were acquired from the Kentucky Tobacco
Research Council (Lexington, KT). Each cigarette contains 0.73 mg of nicotine, 9.4 mg of tar, and
12.0 mg of CO as described by the manufacturer. CSE was produced as previously described [20,
45]. Briefly, CSE was prepared by bubbling smoke from a cigarette through 15 ml of serum-free
MEM, sterile-filtering with a 0.45-um filter (25-mm Acrodisc; Pall Corp., Ann Arbor, MI) and
was used within 30 minutes of preparation. An optical density of 0.65 (320 nm) was regarded as

100% CSE [20, 45] which was diluted in serum-free MEM to the appropriate concentration.
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HuR knock-down by siRNA

HLFs were seeded at 10x104 cells/cm2 and transfected with 60 nM of siRNA against HuR
(siHuR, Santa Cruz, CA) or non-targeting control siRNA (siCtrl, Santa Cruz, CA) in accordance
with manufacturer’s instructions. Six hours after the transfection, 20% MEM was added on the
cells. After 24 hours, the cells were treated with serum-free MEM for 18h, followed by exposure
to 2% CSE. HLFs were also transfected with 60 pmol of endoribonuclease prepared siRNA
(esiRNA) against ELAVLI (MISSION® esiRNA, Sigma) or non-targeting control esiRNA
(MISSION® esiRNA, Sigma) using Lipofectamine RNAIMAX transfection reagent
(ThermoFisher) in accordance with manufacturer’s instructions. One hour after the transfection,
10% MEM was added on the cells. After 24 hours, the cells were switched to serum-free MEM
for 18h, followed by exposure to 2% CSE. Confirmation of HuR knock-down was done by western

blot.

Library preparation for RNA-sequencing

siCtrl- and siHuR-transfected cells were cultured with serum-free MEM for 18 hours
followed by exposure to 2% CSE for 24 hours. Then, total RNA was isolated using miRNeasy Kits
(QIAzol based RNA purification, Qiagen). Sequencing libraries were prepared from polyA
enriched mRNA as previously described [52]. Total RNA (0.446 ng; 8 ul) was incubated and
PolyA enriched mRNA was fragmented in 0.5 pl of QIAseq FastSelect-rRNA HMR to remove
rRNA (Qiagen) with 10x Superscript III RT buffer (Invitrogen), incubated at 95 °C for 9 min and
immediately chilled on ice. The fragmented mRNA, 0.5 pl of Random primer (Invitrogen), 0.5 pl

of Oligo dT primer (Invitrogen), 0.5 pl of SUPERase-In (Ambion) and 1 pl of dNTPs (10 mM)
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were heated at 50 °C for 1 min. Then, 5.8 uLL of water, 0.1 ul Actinomycin D (2 pg/ul), 1 pl of
DTT (100 mM), 0.2 ul of 1% Tween-20 (Sigma) and 0.5 pl of Superscript III (Invitrogen) were
added and incubated in a PCR machine under the following conditions: 25 °C for 10 min, 50 °C
for 50 min. The product was then purified with 54 ul RNAClean XP beads and incubated on ice
for 15 min. The beads were collected for 5 min on a magnet and the supernatant was discarded.
The beads were washed twice with 75% ethanol and air-dried for 10 min. Then, the cDNA was
eluted with 10 pl nuclease-free water. The RNA/cDNA double-stranded hybrid was then added to
1.5 pl of 10 X Blue Buffer (Enzymatics), 1 pl of PCR mix (10 mM dATP, dCTP, dGTP and dUTP),
0.1 ul dUTP (100nM), 0.2 ul of RNAse H (10 U/ul), 1 pl of DNA polymerase I (Enzymatics), 0.15
ul of 1% Tween-20 and 1.05 pl of nuclease-free water. The mixture was incubated at 16 °C for 2.5
h. The resulting dUTP-marked dsDNA was purified using 1 pl of Seradyn 3 EDAC Speedbeads
(Thermo Fisher Scientific), diluted with 28 pl of 20% PEG8000/2.5M NaCl (final of 13% PEG),
incubated at room temperature for 10 min, washed twice with 75% ethanol, air-dried for 10 min
and eluted with 40 pl TE buffer (10 mM Tris-Cl EDTA, pH 8.5). The purified dsSDNA (40 pl)
underwent end repair by blunting. The mix (2.9 pl nuclease-free water, 0.5 pl of 1% Tween-20, 5
ul T4 ligase buffer, 1 ul ANTP mix (10mM), 0.3 pl T4 DNA polymerase, 0.06 pl Klenow and 0.3
ul T4 PNK) was added to 40 pl of dsDNA and incubated at 20 °C for 30 min. Next, a mixture of
1 pl of Seradyn 3 EDAC SpeedBeads (Thermo Fisher Scientific) and 93 pl of 20% PEG8000/2.5 M
NaCl (13% final) was added and incubated for 10 min at room temperature. Magnetic beads were
washed twice with 80% ethanol and air-dried for 10 min before elution in 15 pl TE buffer. dA-
Tailing was performed by incubating DNA at 37 °C for 30 min in the mixture solution with 10.8 pl
nuclease-free water, 0.3 ul 1% Tween-20, 3 ul 10 X Blue Buffer (Enzymatics), 0.6 ul dATP

(10 mM, Thermo Fisher Scientific), 0.3 ul Klenow 3-5 Exo (Enzymatics). Then, 55.8 ul of 20%
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PEG8000/2.5M NaCl (13% final) was added and incubated for 10 min at room temperature.
Magnetic beads were washed twice with 80% ethanol and air-dried for 10 min before elution in
15 ul TE buffer. For adapter ligation, each sample was mixed with 0.5 ul of a BIOO barcode
adapter (BIOO Scientific, USA) with 15 ul Rapid Ligation Buffer (Enzymatics), 0.33 ul 1%
Tween-20 and 0.5 ul T4 DNA ligase HC (Enzymatics) and incubated for 15 min at room
temperature. Next, 7 ul of 20% PEG8000/2.5 M NaCl was added and incubated for 10 min at room
temperature, washed twice with 80% ethanol, eluted with 20 ul TE buffer and 1 ul UDG and
incubated at 37 °C for 30 min. Next, 10 pl from the eluted volume was further used for PCR
amplification (16 cycles) with IGA primers (AATGATACGGCGACCACCGA) and IGB primers
(CAAGCAGAAGACGGCATACGA) in a 1:1 ratio. Lastly, libraries were size selected using 10%
PAGE/TBE gels, eluted and quantified with Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific). Sequencing was performed on the [llumina NextSeq550. The reads were aligned. The
Fastq files were obtained, and reads were mapped to the hg38 human genome using STAR.
Transcript counts were obtained using HOMER analyze repeats and converted to fpkm normalized

counts using HOMER. Differential expression analysis was analyzed using the edgeR package.

RNA Immunoprecipitation (RIP)

HLFs were grown to approximately 70-80% confluence and cultured with serum-free
MEM for 18 hours followed by exposure to 2% CSE. Then, cells were collected in PBS and
centrifuged at 1500 rpm, 4°C for 5 minutes. The cell pellets were lysed (50 mM Tris PH 8; 0.5%
Triton X100; 450 mM NaCl; Protease Inhibitor Cocktail; Phosphatase Inhibitor (Roche, US)),
incubated for 15 min on ice and then centrifuged at 10,000 rpm, 4°C for 15 min. The extracts were

transferred into new tube and a buffer containing 50 mM Tris pH 8; 0.5% Triton X100; 10%
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glycerol; Protease Inhibitor Cocktail; Phosphatase Inhibitor (Roche, US) [27, 53] was added.
Protein concentration was measured by BCA Protein Assay Kit. Thirty-five ul of protein G
SepharoseTM 4 fast glow beads (GE Healthcare) were pre-coated with 3 ug of IgG (Cell Signaling
Technologies, CA) or 3 pg of anti-HuR (Santa Cruz Biotechnology) antibodies overnight on a
rotator at 4°C. Beads were washed three times with buffer (50 mM Tris PH §; 0.5% Triton X100;
150 mM NaCl) and incubated with cell extracts for 2 hours a 4°C [28]. Beads were washed three
times to wash out unbound materials. RNA was then extracted using Genezol TriRNA pure kit
(Geneaid RNA purification) according to manufacturer’s instructions. For RNA sequencing, the
RNA quality of the extracted RNA was assessed with the 2100 Bioanalyzer (Agilent Technologies)
and all samples had a RIN above 9.5. Transcriptome libraries were generated using the KAPA
RNA HyperPrep Kit with RiboErase (Roche) starting with 100ng of total RNA per sample.
Sequencing was performed on the Illumina NextSeq500 75 cycles, obtaining around 60M single-
end reads per sample. The reads were trimmed using fastp and then aligned using the STAR
aligner. From the aligned reads, HTSeq was used to get the raw read counts. If there was a known

batch effect, it was accounted for using the sva R package.

Functional annotation and pathway enrichment analysis

Commonly expressed up— and down-regulated differentially expressed genes (DEGs)
between groups was selected using the Venn diagram (Venny, v2.1.0) [54]. For RNA-seq, the
differentially regulated mRNA was selected using the following criteria: log2 fold change > 2 for
upregulated and <-2 for downregulated genes and the adjusted p value < 0.05. For the RIP-RNA-
seq, the differentially regulated mRNA was selected using the following criteria: log2 fold change

> 1.5. To functionally annotate DEGs identified by the comparison groups, annotation, and
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visualization of gene ontology (GO) biological processes and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways was performed on Metascape [55]. The overlap between DEG lists
of GO terms were visualized by Circos plot on Metascape [55]. Molecular complex detection
(MCODE) algorithm was used on Metascape to identify densely connected network of protein-
protein interaction, where the MCODE complexes were colored according to their identities. All

the data were performed on the latest version of Metascape database (last updated on 2022-01-01).

Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated as described above and quantification conducted on a Nanodrop
1000 spectrophotometer (infinite M200 pro, TECAN, CA). Reverse transcription of RNA was
carried out using iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories, Mississauga,
ON). Then, the mRNA levels of ELAVLI, PTGS2, CXCLS and S9 were analyzed using this cDNA
template and gene-specific primers (Table 4.1). Quantitative PCR (qPCR) was performed by
addition of 1 pl cDNA and 0.5 pM primers with SsoFast™ EvaGreen® (Bio-Rad Laboratories,
Mississauga, ON), and PCR amplification was performed using a CFX96 Real-Time PCR
Detection System (Bio-Rad, CA). Thermal cycling was initiated at 95°C for 3 minutes and
followed by 39 cycles denaturation at 95°C for 10 seconds and annealing at 59°C for 5 seconds.
Gene expression was analyzed using the AACT method, and results are presented as fold-change
normalized to housekeeping gene (S9). For RIP-qPCR, the extracted RNA was reverse transcribed
and analyzed by qPCR. The RNA expression was normalized to S9 mRNA bound in a non-specific

manner to IgG.
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Table 4.1. Primer sequences used for qRT-PCR analysis.

Gene Forward Primer Sequence Reverse Primer Sequence
ELAVLI AAC GCCTCCTCC GGCTGGTGC  GCG GTA GCC GTT CAG GCT GGC
PTGS2 TCA CAGGCTTCC ATT GACCAG CCGAGGCTTTTCTACCAGA

CXCLS8 GAT GTC AGT GCA TAA AGA CAT GCT CTC TTC CAT CAG AAA GCT
ACT CCA A TTA CAATA
S9 CAG CTT CAT CTT GCC CTC A CTG CTG ACG CTT GAT GAG AA

Western Blot

HLFs were grown to approximately 70-80% confluence and cultured with serum-free
MEM for 18 hours before the treatment. Total cellular protein was extracted using RIPA lysis
buffer (Thermo Scientific, Rockford) and Protease Inhibitor Cocktail (PIC, Roche, US). Ten to
twenty ug of protein lysate were subjected to 10% SDS-PAGE gels and transferred onto Immuno-
blot PVDF membranes (Bio-Rad Laboratories, Hercules, CA) as previously described [56]. Then,
the membrane was blocked for one hour at room temperature in blocking solution (5% w/v of non-
fat dry milk in 1x PBS/0.1% Tween-20). Antibodies against HuR (1:2000; Santa Cruz, CA), COX
2 (1:1000; Cell Signalling Technologies, CA), and B-Tubulin (1:50000; Sigma, CA) were used.
The secondary antibodies goat anti-rabbit IgG, HRP-linked (1:10000, Cell Signaling
Technologies, CA) and HRP-conjugated horse anti-mouse IgG (1:10000, Cell Signaling
Technologies, CA) were used. Detection of protein levels was catalyzed by ClarityTM western
ECL substrate (Bio-Rad Laboratories, Mississauga, ON) or AmershamTM western ECL substrate
(GE Healthcare, Italy). Protein bands were visualized using a ChemiDoc™ MP Imaging System
(Bio-Rad, CA). Densitometric analysis was performed using Image Lab™ Software Version 5
(Bio-Rad, CA). Protein expression was normalized to B-Tubulin and the data presented as fold-

change relative to untreated condition.
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Enzyme-linked immunosorbent assay (ELISA)

The concentration of interleukin-8 (IL-8) in the cell culture supernatant from was
determined by ELISA (Human IL-8 ELISA Duo Set, R&D Systems, U.S) according to the
manufacturer’s instructions. The absorbance was read at 450 nm and 570 nm within fifteen minutes

by infinite TECAN (M200 pro, TECAN, CA).

Determination of mRNA stability

SiCtrl and siHuR- transfected cells were prepared for treatment as described above. Then,
cells were exposed to 2% CSE for 24 hours followed by the treatment of Actinomycin D (ActD; 2
pug/ml), an inhibitor of RNA synthesis [20, 57], for 1 hours or 3 hours. Total RNA was harvested,

and qPCR was performed to determine the remaining levels of PTGS2 and CXCLS mRNAs.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 (v. 9.02; La Jolla, CA).
Statistical analysis was performed using two-way analysis of variance (ANOVA), followed by
Tukey’s or Sidak’s multiple comparisons tests to evaluate differences between treatment groups
of more than two. Results are presented as mean + standard error of the mean (SEM) of the fold-
changes compared to control cells. In all cases, a p value < 0.05 is considered statistically
significant. The heatmaps of top mRNA were created using GraphPad Prism 9 (v. 9.02; La Jolla,

CA).
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4.4. RESULTS
Knockdown of HuR impacts mRNA expression that is associated with numerous biological

pathways in primary lung fibroblasts

HuR regulates hundreds of RNA that are involved in diverse biological processes [17, 18,
58-62] but its role in lung fibroblasts is not well known. To first address the global transcriptional
profile controlled by HuR in these primary lung cells, we transiently transfected HLFs with either
HuR-specific siRNA (siH) or with control siRNA (siC), followed by treatment with 2% CSE; siH
reduced HuR levels by approximately 50% (Figure 4.1A). Then, we profiled the transcriptome
using RNA sequencing (RNA-Seq). We detected a total of 14,401 coding and noncoding genes
(Supplementary Table S4.1). To understand the extent to which CSE induces gene transcription in
HLFs, we first compared cells transfected with siC and either exposed to CSE or not, as these
represent cells with constitutive HuR expression. This group is designated as siC-CSE and had 89
upregulated mRNA (Figure 4.1C). To then identify differences in mRNA based on HuR expression
alone (i.e., no CSE exposure), we compared DEG profiles in cells whereby HuR was knocked
down but untreated; comparison was to the untreated siC cells; this comparison group was
designated as AsiH. There were 161 upregulated mRNA (Figure 4.1C), suggesting that HuR
regulates multiple genes at the basal level. Our next DEG comparison was in HuR knockdown
cells exposed to CSE relative to siC cells exposed to CSE (AsiH-CSE); this resulted in the
upregulation of 162 mRNA (Figure 4.1C). Finally, the overall effect of HuR knockdown and
exposure to CSE was evaluated by comparing untreated siC cells with siH cells exposed to CSE
(siC/siH-CSE); this comparison yielded the induction of 82 distinct mRNA (Figure 4.1C). These
last two comparisons suggest that HuR controls the expression of genes in response to CSE. In

addition to mRNA whose expression is distinct between the four experimental comparisons, there
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were two common mRNA- PTGS2 and CXCLS- amongst all four (Figure 4.1B). These two mRNA
are well known to be upregulated in response to CSE in lung fibroblasts [41, 45, 46, 51]. Although
PTGS2 and CXCLS8 mRNA were upregulated in response to CSE, the largest fold-increase
occurred upon HuR knockdown (Table 4.2). Thus, our data not only confirm that CSE induces the
expression of PTGS2 and CXCLS in HLFs but importantly, that HuR knockdown induced their
expression even in the absence of CSE. These data suggest that HuR plays a direct regulatory role
for these mRNA, further supporting that HuR supresses the expression of hundreds of mRNA both

at the basal level and in response to CSE in primary HLFs.

While the previous data indicate that HuR suppresses the expression of numerous genes,
including those linked to an inflammatory response, analysis of these data also showed that there
was numerous mRNA whose expression was downregulated both at the basal level and in response
to CSE upon HuR knockdown. Even in cells which express HuR and that were treated with or
without CSE (siC-CSE), there were 194 downregulated mRNA (Figure 4.1D). Knockdown of HuR
also downregulated the expression of 137 mRNA at the basal level (Figure 4.1D, AsiH), supporting
that HuR is fundamentally necessary to control mRNA expression even in the absence of
exogenous stimuli. In response to CSE, HuR silencing also downregulated 83 distinct mRNA
(Figure 4.1D, AsiH-CSE). Finally, in response to CSE, HuR knockdown reduced 114 mRNA
compared to cells expressing HuR at the basal level (Figure 4.1D, siC/siH-CSE). These
observations suggest that HuR is also essential for promoting the expression of genes in cells
exposed to CSE. The functions of the top upregulated and downregulated genes for each
comparison group are shown in Table 4.2. Note that some of these genes have no described

function whereas others have well known functions. The complete list of upregulated and
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downregulated mRNA is shown in Supplementary Tables S4.2 and S4.3, respectively. Altogether,
these data show that HuR controls the expression of numerous mRNA at the basal level and in

response to CSE in primary lung cells.

A, B.
%‘ 51 Group 1: siC-CSE == siC - CSE vs siC + CSE
13" Group 2: AsiH —»siC - CSE vs siHl - CSE
%E 0.5
£ Group 3: A siH-CSE=—> siC + CSE vs siH + CSE
2%%31;%?): R 24h - 24h . . . .
i€ S Group 4: siC/siH-CSE — siC - CSE vs siH + CSE
C D.
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siC-CSE siC/siH-CSE

Figure 4.1. Identification of mRNAs in HLFs.

A. RT-gPCR was conducted to demonstrate the efficiency of HuR silencing. B. Nomenclature for
the 4 comparison groups. C. Venn diagram indicating the number of the upregulated mRNA across
the four key comparisons: siC-CSE, A siH, A siH-CSE and siC/siH-CSE, and the overlap between
each set of genes. D. Venn diagram indicating the number of the downregulated mRNAs across
four comparison groups and the overlap between each set of genes.
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Table 4.2. Top genes differentially expressed by HuR silencing.

Ensembl

ENSG00000073756

ENSG00000169429

ENSG00000189195

ENSGO00000173535

Gene

PTGS2

CXCLS

BTBDS

TNFRS
Fi10C

ENSG00000160326 SLC246

Name

Prostaglandin
G/H synthase
2/

COX-2

C-X-C Motif
Chemokine
Ligand 8/

IL-8

BTB/POZ
domain-
containing
protein 8

TNF Receptor
Superfamily
Member 10c

Solute Carrier
Family 2
Member 6

Group

siC-CSE,
A siH,

A siH-CSE,
siC/siH-
CSE
siC-CSE,
A siH,

A siH-CSE,
siC/siH-
CSE

siC-CSE

A siH

A siH-CSE

116

Log2
(Fold
Change)
24,
2.5,
3.4,
5.8

2.2,
3.4,
3.8,

6.1

8.5

94

8.6

PANTHER
Protein Class

Oxygenase

Chemokine

N/A

Transmembrane
signal receptor

N/A

Function

Prostaglandin
metabolic
process

Chemotactic
for
leucocytes.

N/A

Decoy
receptors for
the TNF-
related
apoptosis-
inducing
ligand
(TRAIL), a
member of
the TNF
family

N/A



ENSG00000183850

ENSG00000143858

ENSG00000141086

ENSG00000114529

ENSG00000065717

ZNF730

SYT2

CTRL

C3orf52

TLE?

Zinc Finger
Protein 730

Synaptotagmin-
2

Chymotrypsin
Like

Chromosome 3
Open Reading
Frame 52

TLE Family
Member 2,
Transcriptional
Corepressor

siC/siH- 8.1
CSE

siC-CSE -9.6

A siH -8.1

A siH-CSE -7.9

siC/siH- -8.2
CSE

DNA-binding
transcription
factor

Membrane

trafficking

regulatory
protein

Serine protease

N/A

Transcription
cofactor

N/A

Regulation of
ion transport

Proteolysis

N/A

Transcription
regulator
complex

To further characterize the mRNA whose expression is upregulated in HLFs, DEGs were

classified into GO biological process pathways. First, we generated a heatmap to show the top

enriched clusters and their enrichment patterns across the four groups (Figure 4.2A). Pathways

related to detoxification and response to reactive oxygen species (ROS) were enriched in siC-CSE

group (Figure 4.2A), suggesting that CS controls the expression of genes implicated in these

pathways. The expression of some genes in these two pathways were also changed with HuR

knockdown; hence, these two pathways were also enriched in siC/siH-CSE group, indicating that

HuR may play an important role in the regulation of detoxification and response to ROS.

Furthermore, several pathways related to inflammation, such as inflammatory response, response

to cytokines and cytokine-mediated signaling, were not enriched in siC-CSE group but were

enriched in the AsiH, AsiH-CSE and siC/siH-CSE groups (Figure 4.2A). Together, this supports
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the involvement of HuR in the regulation of inflammation, even in the absence of exogenous

stimuli.

Next, we used a Circos plot to visualize the extent to which genes from the input lists (i.e.,
siC-CSE, AsiH, AsiH-CSE and siC/siH-CSE) used in the GO analysis overlapped (Figure 4.2B).
On the outside, each colored curve represents the identity of the gene list, while on the inside, each
colored curve represents the gene list, whereby each gene of that list was assigned a spot on the
curve. Note that the size of the outside curve represents the total number of genes in each list,
whereby the shortest curve (red) is represented in siC-CSE group- which had the lowest number
of total genes- whereas the longest curve (blue) occurred with the siC/siH-CSE comparison group
and thus had the greatest number of genes. These data indicate that HuR impacts a greater number
of genes compared to CSE alone. The inside curved, dark orange color represents the genes that
are shared by multiple groups whereas the lighter orange portion of that same curve represents
genes which were unique to that comparison group. Additionally, the purple lines link the same
genes that are shared between the groups. In other words, the greater the number of purple links
and the longer the dark orange curve, the greater the overlap among the comparison groups. For
example, the siC/siH-CSE comparison group had the longest portion of the dark orange curve and
therefore the greatest number of genes that were shared with the other three groups, while the AsiH
and AsiH-CSE comparison groups had the greatest number of unique genes (light orange). Finally,
the blue lines link the genes that fall under the same GO term, which means that blue links indicate

the amount of functional overlap among the input gene lists.

Next, we selected pathways related to ROS and inflammation from Figure 4.2A because it

is well known that these two pathways are involved in CS-induced lung damage [9, 10, 15, 41,
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46]. We generated a heatmap to show the top genes from these two pathways and their expression
across the four comparisons groups. For those genes involved in the response to ROS pathway
(Figure 4.2C), many of these are known HuR targets, including HMOX1, NQO1,SLC7A11, PTGS?2
and /L6. However, many of the genes in this pathway have not been associated with HuR and thus
are novel HuR targets; these genes included AKRIC3, UCP3, RNF112, FXN, MAPT, APOD,
TACRI, SRXNI, GPX2 and CD36. We also mapped the upregulated mRNA that belong to
inflammation pathways, which included both known the HuR targets PTGS2, CXCLS, CXCL?2,
IL6, IL7 and IL12RB1 as well as novel HuR targets CXCR6, IL15, CD14, CD36, PTGER3, LAG3,
TNFSF13, MSTIR, ERBB3 and APOD (Figure 4.2D). These data show for the first time that HuR
controls the expression of genes involved in ROS and inflammation pathways in response to CS.
Then, using KEGG analysis, our data show that some pathways, such as the cytokine-cytokine
receptor interaction pathway, was enriched only in AsiH-CSE and siC/siH-CSE groups (Figure
4.3), indicating that genes involved in inflammation, that are part of numerous biological
pathways, may be universally regulated by HuR. The genes that fell under each GO biological
processes and KEGG pathways are listed in Supplementary Tables S4.4 and S4.5, respectively.
Overall, these data indicate that HuR controls the expression of mRNA that are involved in
numerous biological processes including inflammation, a key feature implicated in the

pathogenesis of CS-related diseases.
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Figure 4.2. HuR regulates different genes involved in inflammation and oxidative stress in

HLFs.

A. Heatmap of enriched GO terms across input gene lists for the comparison groups A siH, A siH-
CSE, siC-CSE and siC/siH-CSE, colored by p-values. Gray color indicates a lack of significance.
B. Circos plot shows overlap between gene lists from the comparison groups A siH, A siH-CSE,
siC-CSE and siC/siH-CSE at the gene level (purple curves on the inside the circle) and at the
shared term level (blue curves on the inside the circle) which link genes that belong to the same
enriched ontology term. Genes that hit multiple lists are colored in dark orange, and genes unique
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to a list are shown in light orange. C. Heatmap of mRNA involved in response to reactive oxygen
species (G0O:0000302) in A siH, A siH-CSE, siC-CSE and siC/siH-CSE comparison groups. The
gradation from red to green represents the transition from large to small values of log2 fold change.
D. Heatmap of mRNA involved in inflammation pathways (GO:0006954, GO:0019221 and
GO0:0034097) for the A siH, A siH-CSE, siC-CSE and siC/siH-CSE comparison groups. The
gradation from red to green represents the transition from large to small values of log2 fold change.

-log10(P)

02346 10 20

hsa03320: PPAR signaling pathway

hsa04514: Cell adhesion molecules

hsa04964: Proximal tubule bicarbonate reclamation
hsa03460: Fanconi anemia pathway

hsa00980: Metabolism of xenobiotics by cytochrome P450
hsa00140: Steroid hormone biosynthesis

hsa05214: Glioma

hsa04921: Oxytocin signaling pathway

hsa05323: Rheumatoid arthritis

hsa04060: Cytokine-cytokine receptor interaction
hsa04640: Hematopoietic cell lineage

hsa04672: Intestinal immune network for IgA production
hsa04914: Progesterone-mediated oocyte maturation
hsa00670: One carbon pool by folate

hsa00410: beta-Alanine metabolism

hsa04080: Neuroactive ligand-receptor interaction

hsa00790: Folate biosynthesis
hsa00590: Arachidonic acid metabolism
hsa05200: Pathways in cancer

hsa02010: ABC transporters

|

ﬁ

HSO-HISV
HSD-0O18
Hs v

ASO-HIS/OIS

Figure 4.3. KEGG pathway analysis of upregulated mRNA.

Heatmap of enriched KEGG pathways across input gene lists for the comparison groups A siH, A
siH-CSE, siC-CSE and siC/siH-CSE, colored by p-values. Gray color indicates a lack of
significance.

While the above information pertained to those genes whose expression was upregulated,

we also performed similar analysis for mRNA whose expression was downregulated in our
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comparison groups. First, the heatmap generated from these downregulated genes shows the top
enriched clusters and their enrichment patterns across the four groups (Figure 4.4A). Some
pathways were enriched only in AsiH group (i.e., independent of CSE); this included the activation
of GTPase activity pathway (Figure 4.4A). However, several other pathways, including the
regulation of ion transport, regulation of cytosolic calcium ion concentration, inflammatory
response and positive regulation of MAPK cascade, were enriched in AsiH, AsiH-CSE and
siC/siH-CSE groups (Figure 4.4A). This suggests that HuR is required for the expression of genes
involved in these pathways- regardless of CSE exposure. Interestingly, peptidyl-serine
phosphorylation and the positive regulation of cytosolic calcium ion concentration involved in
phospholipase C-activating G protein-coupled signaling pathways were enriched only in AsiH-
CSE comparison group (Figure 4.4A). This means that, in response to CSE, HuR promotes the

expression of genes that may involved in protein phosphorylation and related signaling pathways.

Next, we used the Circos plot to show how genes from these gene lists (i.e., derived from
the siC-CSE, AsiH, AsiH-CSE and siC/siH-CSE comparison groups) in the GO analysis
overlapped (Figure 4.4B). The shortest curve (purple), representing AsiH-CSE comparison group,
had the lowest number of overall genes, while the longest curve (green), representing the siC/siH-
CSE comparison group, had the greatest number of genes. This suggests that HuR controls a large
number of genes in HLFs. Finally, this plot informs that the siC/siH-CSE comparison group, which
has the longest dark orange curve, has the biggest number of genes that were shared with the other

three comparison groups, while siC-CSE had the greatest number of unique genes (light orange).
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We then generated a heatmap to show the top downregulated genes from the positive
regulation of cytosolic calcium ion concentration involved in phospholipase C-activating G
protein-coupled signaling pathway in Figure 4.4A as well as their expression across the four
comparisons groups. We selected this pathway because it has been reported that CS controls the
expression of G protein-coupled receptors (GPCRs) [63]. However, not much is known about the
involvement of GPCRs in CS-induced lung damage or COPD pathogenesis. Overall, these genes
are novel HuR targets and included GPR55, GPRIS, F2RL3, EDNI, PTN4R, STARDS,
PLEKHG4B. Of these, GPR55 and GPRI8 mRNA were upregulated in siC-CSE group, showing
for the first time that CSE increases their expression. Yet, in response to CSE, knockdown of HuR
decreased the expression of GPR55 and GPRIS (Figure 4.4C), suggesting that HuR is important
for the expression of these genes in response to smoke. Then, we assessed the downregulated genes
associated with HuR silencing that are involved in the inflammatory response pathway from Figure
4.4A. The heatmap showed the expression of genes involved in this pathway, which included
known HuR targets, such as /L5, and novel HuR targets, such as /IL17D, IL34, LTB4R, LIAS, HP,
GGTS5, AOC3, NLRC4, ALOX5AP and ADORA2A (Figure 4.4D). Then, KEGG analysis revealed
that the calcium signaling pathway was enriched in AsiH, AsiH-CSE and siC/siH-CSE comparison
groups (Figure 4.5). The genes under each GO biological processes and KEGG pathways are listed
in Supplementary Tables S4.6 and S4.7, respectively. In summary, our RNA-seq data showed that
HuR controls genes linked to biological processes, particularly inflammation, at the basal level

and in response to CSE.
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Figure 4.4. HuR induces the expression of mRNA involved in the regulation of cytosolic
calcium and inflammatory response.

A. Heatmap of enriched GO terms across input gene lists for the comparison groups A siH, A siH-
CSE, siC-CSE and siC/siH-CSE, colored by p-values. Gray color indicates a lack of significance.
B. Circos plot shows overlap between gene lists from the comparison groups: A siH, A siH-CSE,
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siC-CSE and siC/siH-CSE. C. Heatmap of mRNA involved in the regulation of cytosolic calcium
ion concentration (GO:0051482) in A siH, A siH-CSE, siC-CSE and siC/siH-CSE comparison
groups. The gradation from red to green represents the transition from large to small values of log2
fold change. D. Heatmap of mRNA involved in inflammatory response (GO:0006954) in A siH, A
siH-CSE, siC-CSE and siC/siH-CSE comparison groups. The gradation from red to green
represents the transition from large to small values of log2 fold change.
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Figure 4.5. KEGG pathway analysis of the downregulated mRNA.

Heatmap of enriched KEGG pathways across input gene lists for the comparison groups A siH, A
siH-CSE, siC-CSE and siC/siH-CSE, colored by p-values. Gray color indicates a lack of
significance.
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HuR physically associates with genes involved in multiple cellular pathways in primary lung

fibroblasts

As we have shown above, HuR controls the expression of hundreds of mRNA. However,
how HuR regulates the expression of these genes is not fully understood. One possibility is that
HuR associates with target genes to control their cellular levels. In this regard, HuR is known for
its ability to bind to target mRNA, which allows for that mRNA to be stabilized and subsequently
translated into protein [17, 18, 58-62]. To assess HuR binding to mRNA, we immunoprecipitated
HuR from primary HLFs and performed RNA-seq on the extracted RNA (RIP-Seq). Note the
specificity of the IP, where the IgG (non-specific; control) antibody did not immunoprecipitate
HuR as indicated by the absence of the band (Figure 4.6A). For the RIP-Seq analysis, we compared
IP-HuR relative to IP-IgG at the basal level (AIP-HuR) and IP-HuR relative to IP-IgG in response
to CSE (AIP-HuR-CSE). From these comparisons, we found that 618 genes were enriched in both
AIP-HuR and AIP-HuR-CSE comparison groups, where 276 of these genes were common to both
groups (Figure 4.6C). In other words, HuR binds to hundreds of genes in HLFs regardless of CSE
exposure. These data also revealed that HuR associated with 35 genes at the basal level (Figure

4.6C, AIP-HuR) but in response to CSE, HuR bound to 307 genes (AIP-HuR-CSE).
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Figure 4.6. HuR binds to hundreds of genes in HLFs.

A. Representative western blot of HuR immunoprecipitation (IP) is shown. Input (In) refers to cell
lysates. IgG refers to IP with control IgG antibody while HuR refers to the IP with anti-HuR IgG
antibody. Note the presence of HuR protein in HuR but not in IgG. B. Nomenclature for the 2
comparison groups. C. Venn diagram indicating the number of genes across two key comparisons:
AIP-HuR (Blue) and AIP-HuR-CSE (Yellow) and the overlap between each set of genes.

127



To further characterize the genes whose expression is enriched in AIP-HuR and AIP-HuR-
CSE comparison groups, DEGs were classified into GO biological process pathways. The heatmap
revealed the top enriched pathways in AIP-HuR and AIP-HuR-CSE groups (Figure 4.7A). Several
pathways were enriched in both groups, such as the positive regulation of I-kappaB kinase/NF-
kappaB signaling, cellular response to external stimuli and regulation of cellular response to stress,
suggesting that HuR binds to genes within these pathways. Then, the overlap of genes between the
two groups was visualized using a Circos plot (Figure 4.7B). The shortest curve (blue) within the
AIP-HuR comparison group reveals that this group had the lowest number of genes, while the
longest curve (red) within the AIP-HuR-CSE comparison group therefore had the greatest number
of genes. This latter comparison group also had the greatest number of unique genes (light orange).
These observations collectively suggest that HuR associates with more genes in the presence of
CSE. Furthermore, KEGG analysis revealed that MAPK signaling, TNF signaling, and RNA
degradation pathways were enriched in both groups (Figure 4.7C). The lists of genes in GO and
KEGG pathways are shown in Supplementary Tables S4.8 and S4.9, respectively. These data
suggest that HuR binds to hundreds of RNA that regulate several biological processes in HLFs

both at the basal level and in response to CSE.
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Figure 4.7. GO and KEGG pathway analysis of HuR-associated genes.
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A. Heatmap of enriched GO terms across input gene lists between AIP-HuR and AIP-HuR-CSE,
colored by p-values. Gray color indicates a lack of significance. B. Circos plot shows overlap
between the gene lists from the 2 comparison groups: AIP-HuR and AIP-HuR-CSE. The plot shows
that most of the genes were shared between the 2 comparison groups and the AIP-HuR-CSE group
has the most unique genes. C. Heatmap of enriched KEGG pathways across input gene lists, AIP-
HuR and AIP-HuR-CSE, colored by p-values. Gray color indicates a lack of significance.

Then, to describe the full repertoire of protein-protein interactions from the RIP-seq data,
we assessed the interactome using the MCODE clustering algorithm on Metascape. The MCODE
algorithm identifies proteins that are densely connected by automatically extracting protein
complexes embedded in the large network. The MCODE analysis for our RIP-seq data
demonstrated that genes were grouped into 8 MCODE complexes, which is assigned a unique
color for each complex (Figure 4.8). The three most significantly enriched GO terms were
combined to explain putative biological roles within each MCODE complex (Table 4.3). Because
enriched GO terms for MCODE 6, 7 and 8 complexes were not available, their functions are not
further defined. However, the enriched GO terms for the other 5 MCODE complexes are indicated
in Table 4.3 and reveals that HuR binds to RNA which are largely involved in protein
modifications, including protein phosphorylation, intracellular transport and translation, as well as

genes involved in mRNA splicing.
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Figure 4.8. Protein-protein interaction network and MCODE components.

MCODE method was applied to identify closely related protein from protein-protein interaction
network. The MCODE algorithm subclustered the network into 8 MCODE. The proteins from
each MCODE have the same GO pathway. The detail of each MCODE is given in Table 4.3.
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Table 4.3. GO enrichment analysis and MCODE network components.

Color

RED

BLUE

GREEN

PURPLE

ORANGE

MCODE

MCODE 1

MCODE 1|

MCODE 1

MCODE 2

MCODE 2

MCODE 2

MCODE 3

MCODE 3

MCODE 3

MCODE 4

MCODE 4

MCODE 5

MCODE 5

MCODE _5

GO

G0O:0035305

G0:0035303

G0O:0006468

G0O:0006886

GO:0017157

GO:0060627

G0O:0016071

GO:0006397

G0O:0008380

GO:0006417

G0O:0034248

GO:0016567

G0O:0000209

G0O:0032446

Description

negative regulation of
dephosphorylation

regulation of dephosphorylation

protein phosphorylation

intracellular protein transport

regulation of exocytosis

regulation of vesicle-mediated
transport

mRNA metabolic process

mRNA processing

RNA splicing

regulation of translation

regulation of cellular amide
metabolic process

protein ubiquitination

protein polyubiquitination

protein modification by small
protein conjugation

Logl10(P)

-5.1

3.8

-6.7

-14.3

-12.9

-11.2



HuR abrogates CS-induced COX-2 and IL-8 in primary lung fibroblasts

To further investigate the molecular function of HuR in HLFs, we next focused on the
expression of COX-2 and IL-8 for several reasons. First, it is well established that HuR promotes
the expression of these genes in many cell types [24, 32-34]. Second, CS is well described by us
and other to induce the expression of COX-2 and IL-8 in various cell types including lung
fibroblasts [41, 45, 46]. Finally, our data showed that HuR controls the expression of these two
genes at the basal level and in response to CSE (Figure 4.2D). Thus, we utilized COX-2 and IL-8
to further evaluate how HuR is controlling their expression in primary lung cells. First, we
confirmed the RNA-seq data using RT-qPCR in which HuR was silenced (siH). Here, there was a
robust increase in the level of PTGS2 and CXCLS mRNA in siH HLFs at the basal level and in
response to CSE (Figure 4.9A and 4.9B), confirming that HuR prevents the induction of PTGS2

and CXCLS in response to CSE.

We next evaluated the expression of COX-2 and IL-8 at the protein level upon knockdown
of HuR (Figure 4.9C). In accordance with mRNA expression, there was also a significant increase
in COX-2 protein when HuR expression was reduced (Figure 4.9D). Similarly, IL-8 was also
significantly increased with HuR knockdown (Figure 4.9E). To be sure these results were not due
to off-target effects of the siRNA, we utilized HuR-specific esiRNA (esiHuR) and corresponding
control esiRNA (esiCtrl) (Figure 4.10A). Using these, we confirmed that COX-2 and IL-8 were
significantly increased by HuR silencing following CSE exposure (Figure 4.10B and 4.10C).

Hence, HuR suppresses CSE-induced COX-2 and IL-8 in HLFs.
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Figure 4.9. HuR silencing increases COX-2 and IL-8 expression in CSE-exposed HLFs.
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A. There was an increase in the PTGS2 mRNA in siHuR cells at the basal level and in response
to 2% CSE for 24h. Results are expressed as the mean = SEM of 5 independent experiments. B.
There was an increase in the CXCLS mRNA in siHuR cells at the basal level and in response to
2% CSE for 24h. Results are expressed as the mean + SEM of 4 independent experiments. C.
Transfection of HLFs with siHuR reduced the level of HuR protein to ~50%. Results are expressed
as the mean = SEM of 5 independent experiments. D. There was significant increase in COX-2
protein levels in siHuR-transfected cells exposed to 2% CSE for 24h compared to siCtrl-
transfected cells exposed to 2% CSE for 24h (***p=0.0004). Results are expressed as the mean +
SEM of 5 independent experiments. E. There was significant increase in IL-8 protein levels in the
cell culture supernatant from siHuR-transfected cells exposed to 2% CSE for 24h (****p=0.0001).
Results are expressed as the mean + SEM of 3 independent experiments.
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Figure 4.10. Validation of HuR suppression to CSE-induced COX-2 and IL-8 in HLFs.
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A. The transfection of HLFs with esiHuR reduced the level of HuR protein to ~80%. Results are
expressed as the mean + SEM of 3 independent experiments. B. There was significant increase in
COX-2 protein levels in esiHuR-transfected cells exposed to 2% CSE for 24h compared to siCtrl-
transfected cells (*p= 0.01). Results are expressed as the mean + SEM of 3 independent
experiments. C. There was significant increase in IL-8 protein levels in the media from siHuR-
transfected cells exposed to 2% CSE for 24h (****p=0.0001). Results are expressed as the mean
+ SEM of 3 independent experiments.

HuR silencing stabilizes PTGS2 and CXCL8 mRNA in primary lung fibroblasts exposed to

CSE.

HuR binds to target mRNA, thereby impacting their expression by regulating the stability
of the transcript [18]. It is not known whether HuR associates with PTGS2 and CXCLS mRNA in
response to CS. To address this, we assessed HuR association with mRNA by immunoprecipitation
of HuR followed by RT-qPCR analysis of PTGS2 and CXCL8 mRNA. Confirmation of successful
HuR immunoprecipitation is in Figure 4.11A. In response to CSE, HuR strongly bound to PTGS?2
and CXCL8 mRNA (Figure 4.11B and 4.11C). We also noticed that HuR associated with these
two genes at the basal level. Thus, HuR binds to PTGS2 and CXCLS mRNA in HLFs both at the
basal level and in response to CSE. Then, we assessed if HuR controls the decay of PTGS2 and
CXCL8 mRNA by performing ActD-chase experiments. We found that HuR knockdown increased
the stability of PTGS2 and CXCLS mRNA with CSE exposure (Figure 4.12A and 4.12B).
Surprisingly, HuR abrogates CS-induced COX-2 and IL-8 expression by promoting the decay of
their mRNA in HLFs. Altogether, these results support the importance of HuR in numerous
cellular responses, including inflammation, in primary lung fibroblasts. Further insight into the
molecular regulation of CS-induced inflammatory mediators, such as COX-2 and IL-8, is needed
to understand the exact function of HuR in the context of CS-related diseases and further to

facilitate the development of new target therapy.
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Figure 4.11. HuR binds to PTGS2 and CXCL8 mRNA in response to CSE.

A. Representative western blot (4 independent experiments) of IP-HuR is shown. Note the
presence of HuR protein in IP-HuR but not in IP-IgG in both conditions. B. Enrichment of PTGS2
mRNA in IP-HuR of HLFs at the basal level and in response to 2% CSE for 24h. Results are
presented as the mean + SEM of 4 independent experiments (** p = 0.01 compared to IgG). C.
Enrichment of CXYCLS mRNA in IP-HuR of HLFs at the basal level and in response to 2% CSE
for 24h. Results are presented as the mean + SEM of 3 independent experiments (* p = 0.01 and
** p=0.006 compared to IgG).
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Figure 4.12. Knockdown of HuR stabilizes PTGS2 and CXCL8 mRNA in response to CSE.

A. siCtrl- and siHuR-transfected cells were treated with 2% CSE for 24h and then exposed to ActD
(2 ug/ ml) for the indicated time point. PTGS2 levels were set to equal 100% after CSE treatment
for 24h and are expressed as percentage (%) of PTGS2 mRNA remaining. In siHuR-transfected
HLF, PTGS2 mRNA was stable compared to siCtrl-transfected HLFs after exposure to ActD for
3h (** p=0.005). Results are expressed as the mean + SEM of 3 independent experiments. B.
CXCL8 mRNA was stable copmared to siCtrl-transfected HLF after exposure to ActD for 3h (* p =
0.02). Results are expressed as the mean = SEM of 3 independent experiments.
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4.5. DISCUSSION
Depending on the stimuli, HuR differently regulates the post-transcriptional modifications of
target mRNAs; these modifications include mRNA stability [17, 19, 64]. To stabilize target
mRNA, HuR translocates from the nucleus (where it normally resides) to the cytoplasm. HuR
targets mRNA encoding proteins that are involved in numerous cellular processes including
inflammation [17-21]. We recently found that HuR cytoplasmic localization is increased in the
airway epithelium from smokers with or without COPD. We also observed that CSE induces HuR
translocation to the cytoplasm in human lung fibroblasts, suggesting that smoke activates HuR
[21]. However, HuR function in CS-induced lung inflammation still remains unclear. Therefore,
in our current study, we sought to identify the role of HuR in lung fibroblasts in response to CSE
using a multi-omics approach. We found that HuR reduces and induces genes involved in
inflammation and calcium signaling pathways, respectively. HuR also binds to genes involved in
the post-transcriptional regulations of mRNA. Mechanistically, we also reported that HuR
repressed CS-induced COX-2 and IL-8 in lung fibroblasts by inducing the degradation of their

mRNA.

Transcriptome analysis is a powerful tool that can be used to examine the quantity and
sequences of RNA in a biological sample, which leads to the unbiased identification of genes.
Consequently, this technique can help to elucidate the molecular regulatory mechanisms of these
genes in cells upon administration of a stimuli such as CS. One of the main features of chronic CS
exposure is the presence of inflammation, characterized in part by elevated levels of inflammatory
mediators [41, 42]. Using an established in vitro system of CS exposure together with RNA-seq,

we found that HuR can reduce and induce the expression of hundreds of genes implicated in
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multiple cellular pathways. For instance, HuR supresses genes involved in the inflammatory
response, including PTGS2, CXCLS and CD36. Surprisingly, this overall result is opposite to what
has been found in previous studies. For example, it is well-established that HuR targets
inflammatory genes, such as PTGS2, and can increase its expression in cancer cells [65-68]. A
similar function of HuR was also observed in response to exogenous stimuli such as
lipopolysaccharide (LPS) [67, 69, 70]. Here, we showed, for the first time, that HuR supresses the
expression of these genes in lung fibroblasts exposed to CSE. One possible reason for the
discrepancy between these results and ours may be due to differences in the disease state of the
cells (cancer versus normal) and/or to the exogenous stimuli given the fact that we used primary
HLFs derived from a non-smoker (without COPD) and utilized CSE as the stimuli. In light of this
discrepancy, it would be advantageous to investigate HuR in HLFs from Smoker and COPD
subjects, as HuR may function differently in diseased HLFs. However, our findings are not without
precedence in the literature, as deletion of HuR in vivo enhances inflammation [71, 72]. It is
noteworthy that HuR did promote the expression of other inflammatory genes, including IL17D.
Moreover, we show for the first time that /L/7D is expressed in lung fibroblasts and that its
expression is regulated by HuR. Observations that IL-17D-deficient mice exhibit signs of more
severe viral infection compared to wild type mice [73] suggests that IL-17D has an anti-
inflammatory function and may protect the host against viral infection. However, the function of
IL-17D in the lungs under CS exposure conditions needs to be elucidated. Altogether, HuR may
act as both a repressor of pro-inflammatory genes and a promoter of genes that may have anti-

inflammatory function in lung fibroblasts exposed to CSE.
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HuR is well-described in the literature to promote the expression COX-2 [65, 68, 69, 74-
76], an inducible enzyme that metabolizes arachidonic acid that has been released from the plasma
membrane via phospholipase [77]. COX-2 synthesizes prostaglandins, including prostaglandin
(PG) E2 [77]. HuR also induces the expression of IL-8 [78, 79], a chemokine that attracts immune
cells to the site of the injury, particularly neutrophils and monocytes [47, 48]. However, when we
knockdown HuR in lung fibroblasts, we observed an increase in COX-2 and IL-8 expression at the
protein levels, findings that are therefore inconsistent with previous studies but in accordance with
the mRNA expression discussed above. For example, knockdown HuR decreased IL-8 secretion
in primary human bronchial epithelial cells exposed to CSE in combination with human rhinovirus
(HRV) [79]. HRV infection is a common trigger of virus-associated COPD exacerbations that is
correlated with persistent lung inflammation [80, 81]. Although HuR function in response to HRV
alone is not clear, previous studies showed that HuR can participate in other viral infection [82].
For instance, Sindbis virus has high affinity for HuR and sequestrates HuR in cytoplasm;
consequently, the expression of cellular mRNA is dysregulated during infection [83]. This finding
reveals that HRV may induce HuR translocation to the cytoplasm to differentially regulate target
genes. Mechanistically, we postulated that HuR would stabilize PTGS2 and CXCL8 mRNA in
response to CSE as a means to increase their protein expression. However, we found that HuR
promotes the decay of PTGS2 and CXCLS mRNA upon exposure to CSE, and subsequently
reduces their expression. Although HuR is well recognized for its ability to stabilize target mRNA,
there are some studies have found that HuR induces the decay of target mRNA- results that are
similar to ours. A possible mechanism for HuR to induce the decay of target genes is through the
collaboration with microRNA (miRNA). miRNA pairs to the 3' UTR of mRNA by partial sequence

matching after being incorporated into the RNA-induced silencing complex (RISC). This leads to
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direct post-transcriptional repression by inhibiting translation and/or inducing mRNA decay [84,
85]. HuR also pairs to the 3’ UTR of mRNA; hence miRNA and HuR may interact to further fine-
tune post-transcriptional regulatory mechanisms. For example, HuR promotes the interaction of
miRNA /et-7- loaded RISC with the 3" UTR of the proto-oncogene MYC mRNA to repress its
expression [86]. Interestingly, overexpression of /et-7 miRNA reduces the expression of PTGS2
and CXCLS [87, 88]. These finding suggest that HuR may collaborate with /ez-7 miRNA to repress
COX-2 and IL-8 in lung fibroblasts. Further, CS can differentially up- and down-regulate miRNA
at the same time [89, 90], suggesting that HuR collaboration with miRNA to regulate the
expression target genes may depend on the timing and level of select miRNA within the cell. For
example, let-7 miRNA is downregulated in response to chronic CS exposure and in COPD [90-
92], and we previously found that COX-2 is elevated in COPD-derived lung fibroblasts [49].
Although a role for HuR and/or /et-7 interaction in COPD is not known yet, these data raise the
possibility that the loss of /e-7 may switch HuR function from a destabilizer to a stabilizer of

PTGS2 mRNA in the context of CS and/or COPD.

HuR can also cooperate with other RBPs to bind target mRNA and regulate their
expression. An example of this is the ability of HuR to promote the interaction of the RBP KH-
type splicing regulatory protein (KSRP) with Nucleophosmin (NPM, also known as B23) mRNA
leading to a decrease in its protein level [29]. KSRP can also destabilize PTGS2 and CXCLS
mRNA [93], a finding that suggests the possibility that HuR and KSRP may collaborate to
destabilize PTGS2 and CXCL8 mRNA in lung fibroblasts. However, the function of HuR and/or
KSRP in CS-induced diseases, including COPD, needs further investigation. One mechanism not

explored in this study is the potential that HuR may be increasing the protein level and/or the

142



activity of other RBPs, which would change the expression of target mRNA. For example, HuR
induces the protein expression of KSRP and T-cell intracellular antigen 1 (TIA-1) [94]. Thus, in
addition to HuR cooperating with KSRP, HuR may also induce KSRP as a means to reduce target
gene expression in lung fibroblast. Additionally, TIA-1 is a well known RBP that represses the
expression of various mRNA, including P7TGS2 [95, 96]. TIA-1 is also involved in the
pathogenesis of asthma because of its ability to decrease pulmonary inflammation [97]. These data
raise the possibility that HuR may upregulate TIA-1 as a mechanism through which COX-2
expression is attenuated in lung fibroblasts. However, the function of HuR, KSRP and/or TIA-1 in

CS-related diseases, including COPD, needs additional investigation.

Our data also suggests that HuR regulation of protein expression occurs at multiple levels
within the cell. We found that HuR up- and down-regulates hundreds of genes; HuR also binds to
hundreds of genes, suggesting action at the post-transcriptional level. This is supported by our
observation that HuR associates with PTGS2 and CXCLS mRNA and induces their mRNA
degradation, which subsequently reduces their expression. This was not the case for all genes,
where we found that HuR binds to numerous mRNA but does not control the mRNA level of these
genes, suggesting differential response based on the particular gene itself. Another well known
function of HuR is its ability to regulate protein translation. An example of this is HuR binding to
STAT3 mRNA and promoting its translation- but without affecting the mRNA level of STAT3 [27].
HuR can also binds to the P53 (7P53) mRNA and induces its translation [98]. P53 is a tumor
suppressor protein that controls the transcription of many genes involved in cell cycle arrest and
DNA repair [98]. Here, we found that in response to CSE, HuR binds to 7P53 mRNA. However,

HuR did not regulate its mRNA level, and we did not assess whether HuR alters the protein level
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of TP53 mRNA in our experimental system. Based on the above evidence, however, these data
suggest that HuR may bind to target mRNA to control protein levels by either inducing or

suppressing translation without changing the mRNA level.

To date, there are only a handful studies that have investigated HuR in the pathogenesis of
COPD, a leading cause of chronic morbidity and mortality worldwide [99]. COPD is a lung disease
characterized by both emphysema and chronic bronchitis [100]. Small airway disease is also a
recognized feature of COPD, and is characterized by the presence of inflammation, fibrosis, and
mucous plugging, all of which correlate with the severity of airflow obstruction [101]. We recently
found that HuR cytoplasmic localization is higher in lung cells, including epithelial cells and
fibroblasts, from smoker and COPD subjects as well as in lung fibroblasts exposed to CSE [21].
These findings raise the possibility that the expression and localization of HuR in important lung
structural cells may predispose to the aberrant tissue damage in response to CS. In support of this,
we found that lung fibroblasts express /L34 and that HuR promotes its expression. 1L-34 is a
cytokine that binds to colony-stimulating factor (CSF)-1 receptor, which induces monocytes
survival and growth, and their differentiation into macrophages [102]. Intriguingly, 1L-34
increases the secretion of IL-10, an anti-inflammatory cytokine, in macrophages [103]. This data
suggests that HuR may have an anti-inflammatory function in response to CS by promoting the
expression of IL-34. Further, liver- and intestinal-derived fibroblasts express IL-34, which induces
collagen production [104, 105]. We and others have also found that HuR induces the expression
of COL 1[28, 106, 107], which is associated with fibrosis formation. These data suggest that HuR
may promote fibrosis via IL-34 in lung fibroblasts, and thus could be involved in fibrosis

formation, a feature of small airway disease. Moreover, we found that HuR reduces CD36
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expression in lung fibroblasts exposed to CSE. CD36 is a multi-ligand scavenger receptor that is
expressed in various cell types, including fibroblasts [108]. CD36 induces COL I degradation
[109]. These data indicate a possible mechanism by which HuR control over CD36 may promote
the expression of COL I by lung fibroblasts, leading to the development of fibrosis in COPD.
CD36 is also required for the senescence-associated secretory phenotype, and is upregulated in
senescent fibroblasts [108, 110]. It is also known that HuR silencing accelerates the senescent
phenotype [30]. Although senescence is a hallmark in COPD [111, 112], and the function and
regulation of CD36 by HuR in the context of COPD pathogenesis is not known, it could be that

HuR may prevent cellular senescence, in part, through the downregulation of CD36 expression.

In summary, using multi-omics approaches, our work is the first to elucidate the regulatory
role of HuR in lung fibroblasts at the basal level and in response to CSE. We found that HuR
demotes inflammation and oxidative stress and promotes calcium signaling pathways. HuR also
binds to genes involved in the post-transcriptional regulation of mRNA. Mechanistically, we
showed that HuR dampens the expression of COX-2 and IL-8 in lung fibroblasts exposed to CSE
by inducing the decay of PTGS2 and CXCL8 mRNA (Figure 4.13). With a growing interest in
understanding the molecular underpinnings of post-transcriptional gene regulation by HuR, our
results raise awareness for the consideration of additional molecular investigation of HuR in lungs.
The uncovering of these mechanisms may lead to the identification of novel target therapy of CS-

related diseases, including COPD.
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Figure 4.13. HuR function in lung fibroblasts exposed to CS.

Integrated analysis of HuR in lung fibroblasts indicates that HuR controls mRNA involved in
numererous cellular pathways including Inflammation, ROS, Calcium signaling pathway, Ion
transport, etc., and binds to mRNAs involved in the Response to external stimuli, mRNA metabolic
process, Translation, Intracellular transport, etc. Notably, HuR decreases the expression of COX-
2 and IL-8 by inducing mRNA degradation. KD-RNAseq; knockdown of HuR followed by RNA-
seq.
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4.6. SUPPLEMENTARY TABLES
Tables S4.: Supplementary tables from the RNA-seq data.
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PREFACE: CHAPTER V

In the last two Chapters, we demonstrated the contribution of HuR in the context of CS-
related pathologies, namely inflammation. Importantly, other inhalational toxicants may be also
involved in the pathogenesis of lung diseases; this includes inhalation of cannabis smoke [296].
However, no standardized protocol for cannabis smoke extract currently exists. To understand the
impact of cannabis smoke on biological and toxicological indices, the development of in vitro
surrogates of cannabis smoke exposure is necessary. Therefore, in Chapter V, we optimized a
standardized protocol to generate cannabis smoke extract (CaSE) in order to elucidate its effect on
different mechanisms in vitro. Our standardized protocol can be then used to interrogate the extent
to which HuR participates in cellular functions that altered by cannabis smoke, including

inflammation.
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5.1. ABSTRACT

Cannabis (marijuana) is the most commonly used illicit product in the world and is the
second most smoked plant after tobacco. There has been a rapid increase in the number of countries
legalizing cannabis for both recreational and medicinal purposes. Smoking cannabis in the form
of a joint is the most common mode of cannabis consumption. Combustion of cannabis smoke
generates many of the same chemicals as tobacco smoke. Although the impact of tobacco smoke
on respiratory health is well-known, the consequence of cannabis smoke on the respiratory system
and, in particular, the inflammatory response is unclear. Besides the combustion products present
in cannabis smoke, cannabis also contains cannabinoids including A°-tetrahydrocannabinol (A°-
THC) and cannabidiol (CBD). These compounds are hydrophobic and not present in aqueous
solutions. In order to understand the impact of cannabis smoke on pathological mechanisms
associated with adverse respiratory outcomes, the development of in vitro surrogates of cannabis
smoke exposure is needed. Therefore, we developed a standardized protocol for the generation of
cannabis smoke extract (CaSE) to investigate its effect on cellular mechanisms in vitro. First, we
determined the concentration of A>-THC, one of the major cannabinoids, by ELISA and found that
addition of methanol to the cell culture media during generation of the aqueous smoke extract
significantly increased the amount of A°>-THC. We also observed by LC-MS/MS that CaSE
preparation with methanol contains CBD. Using a functional assay in cells for CB1 receptors, the
major target of cannabinoids, we found that this CaSE contains A’>-THC which activates CB1
receptors. Finally, this standardized preparation of CaSE induces an inflammatory response in
human lung fibroblasts. This study provides an optimized protocol for aqueous CaSE preparation
containing biologically active cannabinoids that can be used for in vitro experimentation of

cannabis smoke and its potential impact on various indices of pulmonary health.
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5.2. INTRODUCTION

Cannabis has been used for medical purposes for thousands of years (Hillig, 2005; Rana,
2010; Atakan, 2012). Cannabis, commonly referred as marijuana, is a flowering plant belonging
to the family Cannabaceae. There are three main subspecies of cannabis: C. sativa, C. indica and
C. ruderalis, which are differentiated by key physical characteristics and production of
cannabinoids (Hillig, 2005; Rana, 2010; Atakan, 2012). Cannabis produces more than 100
cannabinoids (Baron, 2018) that have many effects in the human body, including modulation of
mood, memory and the immune response. One of the major cannabinoids is A°-
tetrahydrocannabinol (A°-THC), which is responsible for the psychotropic effect of cannabis via
activation of cannabinoid-1 (CB1) receptors in the brain (Mersiades et al., 2018). Cannabidiol
(CBD), cannabigerol (CBG) and cannabichromene (CBC) are other cannabinoids currently under
scientific investigation for their therapeutic potential. Of these, CBD has gained the most interest,
particularly as an anti-inflammatory agent that lacks the psychoactive properties of A>-THC (Rajan

et al., 2016; Morales et al., 2017).

A°-THC and CBD are produced in the trichomes of the female inflorescence as acidic
precursors THCA and CBDA, respectively, that undergo decarboxylation when heated by
consumption methods such as smoking (Tahir et al., 2021). According to the World Health
Organization (WHO), approximately 15 million people (3% of world population) consume
cannabis each year, making this the most widely-used illicit drug in the world. Currently, cannabis
is the second most-smoked plant after tobacco (Baron, 2018; Brown, 2020; Campeny et al., 2020;
Li et al., 2020), making inhalation of cannabis smoke the most common consumption method

(Schuermeyer et al., 2014). Smoking cannabis provides the fastest A>~THC delivery to the body,
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resulting in rapid onset of psychoactive effects. Like tobacco smoke, cannabis smoke also contains
carcinogens [e.g., polycyclic aromatic hydrocarbons (PAHs)] and other toxicants (e.g., carbon
monoxide) (Moir et al., 2008; Maertens et al., 2009; Graves et al., 2020). A recent study showed
that there are 4,350 and 2,575 compounds in tobacco and cannabis smoke, respectively. Of these,
69 were common in both and are known to have adverse health risks through carcinogenic,
mutagenic, or other toxic mechanisms (Graves et al., 2020). Unlike tobacco smoke, where the
adverse respiratory effects are well-established (Strzelak et al., 2018), there are significant gaps in
our understanding of the impact of cannabis smoke on respiratory health. Based on a limited
number of studies, there is evidence that cannabis smoking is associated with inflammation and
chronic bronchitis (Yayan and Rasche, 2016; Urban and Hureaux, 2017). Cannabis smoke can also
negatively affect physical (e.g., mucociliary clearance) and immunological respiratory defense
mechanisms (Chatkin et al., 2017). Regular cannabis use may also increase risk for asthma and
accelerate the decline in lung function (Chatkin et al., 2019). However, the net effects of cannabis
smoke on respiratory health, and in particular inflammation, remain largely unknown and such
findings are often complicated by concurrent tobacco use in human participants. Thus, there is a

pressing need to understand the consequences of cannabis smoke on the inflammatory response.

Our understanding of the ill health effects of tobacco smoke were driven in part by
preclinical models of exposure. There are now established in vifro and in vivo models that
recapitulate many of the exposure parameters observed in humans. These models have been
extensively used to evaluate the mechanistic impact of tobacco smoke exposure (Carp and Janoff,
1978; Aoshiba et al., 2001; Carnevali et al., 2003; Baglole et al., 2006; Damico et al., 2011; Zago

et al., 2013; de Souza et al., 2014; Guerrina et al., 2021a; Rico de Souza et al., 2021). Of these,
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cigarette smoke extract (CSE) is a widely-utilized in vitro surrogate for tobacco smoke exposure,
and protocols for the generation of CSE are established and readily adaptable by many laboratories
(Carp and Janoft, 1978; Martey et al., 2005; Baglole et al., 2006, Baglole et al., 2008b; Bertram et
al., 2009; Damico et al., 2011). However, no such standardized protocol for cannabis smoke extract
(CaSE) currently exists, greatly limiting investigation into the impact of cannabis smoke on
biological and toxicological indices. Therefore, we developed a standardized protocol for the
preparation of an aqueous cannabis smoke extract (CaSE) for in vitro evaluation. We used a legal
cannabis source with a described composition and developed a protocol for standardization that
allows for comparison between studies; this CaSE can be prepared and standardized using common
laboratory equipment. Importantly, we confirmed that these CaSE preparations contain
pharmacologically active A>-THC using a signaling pathway downstream of the CB1 receptor: the
Rho small G protein, with a Bioluminescence Resonance Energy Transfer (BRET) assay for this
effector (Namkung et al., 2018). Finally, we used CaSE to show that key inflammatory markers
are induced in human lung cells, suggesting that cannabis smoke is not harmless. With more
countries legalizing cannabis for medical purposes, additional research is needed to better

understand the cellular and molecular consequences of cannabis smoke exposure.
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5.3. MATERIALS AND METHODS

Chemicals

All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise indicated.
Coelenterazine 400a was purchased from Nanolight™ Technology. 2-AG, A°-THC and CBD are
from Cayman Chemical (Ann Arbor, MI). The sp-hCB1 encoding plasmid (signal peptide human

CB1) was a gift from Michel Bouvier, (University of Montreal).

Preparation of Cigarette Smoke Extract (CSE)

Research grade cigarettes (3R4F) with a filter were acquired from the Kentucky Tobacco
Research Council (Lexington, KY). Research grade cigarettes (3R4F) contain 0.73 mg of nicotine,
9.4 mg of tar, and 12.0 mg of CO as described by the manufacturer. CSE was produced as
previously described by us (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a;
Guerrina et al., 2021b). Briefly, CSE was prepared by bubbling smoke from a cigarette through 10
ml of serum-free cell culture medium with the exception that some extracts were prepared with
30% methanol (MeOH). The CSE was then sterile-filtered with a 0.45-um filter (25-mm Acrodisc;
Pall Corp., Ann Arbor, MI). Standardization was done for each CSE preparation by
spectrophotometer using an OD320 nm of 0.65 to represent 100% CSE as described (Baglole et

al., 2006; Zago et al., 2013).

Preparation of Cannabis Smoke Extract
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Cannabis was purchased from the Société¢ québécoise du cannabis SQDC online store
(Quebec, Canada). Whole flower cannabis that was selected for purchase contained varying
cannabinoid profiles based on THC/CBD content. Those purchased were as follows: 1) Indica-
THC dominant; contains 16-22% THC and 0-0.1% CBD (#688083002311). 2): Sativa-CBD
dominant; contains 0.1-2% THC and 13-19% CBD (#694144000219) and 3) Hybrid-Balanced:
contains 5—11% THC and 5-11% CBD (#688083002588). Cannabis joints (cigarettes) were hand-
rolled by grinding the dried cannabis flower with a plastic grinder and packing the product into
classic 1 1/4 size rolling paper (RAW®). Each cannabis cigarette contained 0.5 + 0.05 g of
cannabis. A slim unrefined cellulose filter (RAW®) was added to the end of the joint. Then, CaSE
was produced as previously described for CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina
et al., 2021b) where the smoke from the lit cannabis cigarette was bubbled through 10ml of serum-
free cell culture Dulbecco’s modified Eagle’s medium (DMEM) with or without 30% methanol
(MeOH) or 30% ethanol (EtOH). CaSE was then filtered using a 0.45-um filter (25-mm Acrodisc;
Pall Corp., Ann Arbor, MI). Because the tar components in tobacco and cannabis are similar
(Tashkin, 2013), and chemical species of tobacco tar absorb light at 320 nm (Taylor et al., 2020),
we standardized each CaSE preparation as previously described for CSE (Baglole et al., 2008a;
Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al., 2021b) to ensure consistency in CaSE
preparations between experiments. Similar to CSE preparation described above, an optical density
of 0.65 was considered to represent 100% CaSE. Then, the CaSE solution was diluted with serum-
free MEM for further analysis. The pH of 2% CaSE and 5% CaSE was 7.3 = 0.06 and 7.7 + 0.08,

respectively.

Enzyme-Linked Immunosorbent Assay
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A°-THC concentration in CaSE was analyzed by a direct competitive THC Forensic ELISA
kit NEOGEN®) according to manufacturer’s instructions. The concentration of interleukin-8 (IL-
8) in the cell culture supernatant was determined by ELISA (Human IL-8 ELISA Duo Set, R&D
Systems, United States) according to the manufacturer’s instructions. The absorbance was read at

450 and 570 nm within 15 minutes by infinite TECAN (M200 pro, TECAN, CA).

Cell Culture and Transfection

Human embryonic kidney (HEK) 293 cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS) and gentamicin (20 pg/ml). Cells were grown at 37°C in 5% CO2
and 90% humidity. HEK293 cells were seeded at a density of 1 x 10° cells per 100-mm dish and
transfected the next day with 3 pg of sp-hCB1 with 120 ng of PKN-RBD-Rlucll and 480 ng of
rGFP-CAAX using PEI methods as described previously (Boussif et al., 1995; Namkung et al.,
2018). Briefly, a total of 6 pg of DNA (adjusted with pcDNA3.1 zeo (+)) in 0.5 ml of PBS was
mixed with 12 ul of PEI (25 kDa linear, 1 mg/ml) in 0.5 ml PBS and then incubated for 20 min at
RT prior to applying to the cells. After 24 h, cells were detached and seeded onto poly-ornithine-
coated 96-well white plates at a density of 25,000 cells per well for the BRET assays, which were

performed 48 h after transfection.

Primary human lung fibroblasts (HLFs) were isolated from cancer-free lung tissue by
explant procedure as described (Baglole et al., 2005). This study was approved by the Research
Ethics Board of St. Joseph’s Healthcare Hamilton and informed written consent was obtained from

each patient. Experiments were conducted with fibroblasts from three different individuals of the
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non-smoker group (Normal; M/F = 1/2; age 68 + 9 years) and within passage six to nine. HLFs

were cultured in 10% MEM and treated with THC dominant CaSE for 6 and 24 h.

Rho BRET Assay

BRET assay for detecting Rho activation was performed as previously described
(Namkung et al., 2018). Briefly, cells in 96 well plates were washed once with 150 pl/well of
Tyrode’s buffer (140 mM NaCl, 2.7 mM KCl, 1 mM CaCl, 12 mM NaHCOs3, 5.6 mM D-glucose,
0.5 mM MgCl,, 0.37 mM NaH;POs4, 25 mM HEPES, pH 7.4) and left in 80 pl/well of Tyrode’s
buffer. 2-AG, THC, and CBD were serially diluted in 15% MeOH in Tyrode’s buffer. The final
concentration of MeOH in the assay is 3.75%. For BRET assay, the cells were loaded with 10 pl
of coelenterazine 400a (final concentrations of ~3.5 uM) and then the cells were stimulated with
30 pl of ligands or two-fold diluted CaSE in Tyrode’s buffer for 4 min prior to BRET
measurement. Thus, final concentrations of CaSE were 12.5% (8-fold dilution of original CaSE).
BRET signals were measured using a Synergy?2 (BioTek) microplate reader. The filter was set at
410/80 nm and 515/30 nm for detecting the Rlucll Renilla luciferase (donor) and rGFP (acceptor)
light emissions, respectively. The BRET ratio was determined by calculating the ratio of the light

emitted by rGFP over the light emitted by the Rlucll.

Liquid Chromatography with Tandem Mass Spectrometry

CaSE culture media samples were diluted 1:20 v/v by adding 10 pl to 190 pl of MeOH
containing an internal standard CBD-d9 (10 pmol); 10 ul was subsequently analyzed by LC-

MS/MS. In some cases, a 1:2 dilution was prepared by mixing 100 pl of CaSE culture medium
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with 100 pl of methanol containing internal standard CBD-d9 (10 pmol). CBD was
chromatographed on a Waters UPLC reversed phase column (100 x 2.1 mm i.d.) using a blend of
water and acetonitrile containing 0.1% acetic acid with a flow rate of 0.2 ml/min. The eluate was
directed into a Thermo Quantum Access Max triple-quadrupole mass spectrometer and the CBD
and CBD-d9 detected by single-reaction monitoring. The peak area for CBD was normalized by
the peak area for the internal standard (CBD-d9) and the ratio compared to an external calibration

curve for CBD prepared in MeOH. The limit of quantitation for CBD was 10 nM.

Western Blot

HLFs were grown to approximately 70-80% confluence and cultured with serum-free
MEM for 18 h before the treatment. Total cellular protein was extracted using RIPA lysis buffer
(Thermo Scientific, Rockford) containing Protease Inhibitor Cocktail (PIC, Roche, United States).
Ten to 20 png of protein lysate were subjected to 10% SDS-PAGE gels and transferred onto
Immuno-blot PVDF membranes (Bio-Rad Laboratories, Hercules, CA). Then, the membrane was
blocked for 1 hour at room temperature in blocking solution (5% w/v of non-fat dry milk in 1x
PBS/0.1% Tween-20). The primary antibodies, COX-2 (1:1,000; Cell Signaling Technology, CA)
and B-Tubulin (1:50000; Sigma, CA) were added to the membranes and incubated overnight at
4°C or 1 h at room temperature. After several washes, membrane was incubated with secondary
antibodies goat anti-rabbit [gG HRP-linked (1:10000, Cell Signaling Technology, CA) or HRP-
conjugated horse anti-mouse IgG (1:10000, Cell Signaling Technology, CA). Detection of protein
was done by enhanced chemiluminescence (ECL) and visualized using a ChemiDoc™ MP

Imaging System (Bio-Rad, CA). Densitometric analysis was performed using Image Lab™
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Software Version 5 (Bio-Rad, CA). Protein expression was normalized to B-tubulin and the data

presented as the fold-change relative to the untreated condition.

Quantitative RT-PCR

Using the Aurum™ Total RNA Kit (Bio-Rad, CA), total RNA was isolated according to
the manufacturer’s instructions. Quantification of RNA was conducted on a Nanodrop 1,000
spectrophotometer. Reverse transcription of RNA was carried out using iScript™ Reverse
Transcription Supermix (Bio-Rad, CA). Then, using this cDNA template, mRNA levels of PTGS2,
CXCLS and S9 (Table 5.1) were analyzed by quantitative PCR (qPCR) by using 1 ul of cDNA (10
ng/ul) and 0.5 uM primers with SsoFast™ EvaGreen® (Bio-Rad, CA). Sequences of gene-specific
primers are listed in Table 1. PCR amplification was performed using a CFX96 Real-Time PCR
Detection System (Bio-Rad, CA). Thermal cycling was initiated at 95°C for 3 min and followed
by 39 cycles denaturation at 95°C for 10 s and annealing at 59°C for 5 s. Gene expression was
analyzed using the AACT method, and results are presented as fold-change normalized to

housekeeping gene (S9).

Table 5.1. Primer sequences used for qRT-PCR analysis.

Gene Forward Primer Sequence Reverse Primer Sequence

PTGS2 TCA CAG GCT TCC ATT GACCAG CCGAGGCTTTTCTAC CAG A

CXCLS8 GAT GTC AGT GCA TAA AGA CAT GCTCTCTTC CAT CAG AAA GCTTTA

ACT CCA A CAATA
S9 CAG CTT CAT CTT GCC CTC A CTG CTG ACG CTT GAT GAG AA
Statistical Analysis
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Using GraphPad Prism 6 (v. 6.02; La Jolla, CA), statistical analysis was performed using
a one-way analysis of variance (ANOV A) followed by Dunn’s multiple comparisons test to assess
differences between treatments. Groups of two were analyzed by paired t-test. A two-way analysis
of variance (ANOVA), followed by Tukey’s multiple comparisons test was used to evaluate
differences between groups and conditions of more than two. Results are presented as mean =+
standard error of the mean (SEM) or as mean =+ standard deviation (SD) of the fold-changes
compared to control cells. Experimental readings were done in triplicate and averaged; statistical
analysis was therefore done using averaged values from three to five independent experiments
unless otherwise indicated. In all cases, a p value <0.05 is considered statistically significant. For
Table 5.4 and Table 5.5, the standard THC concentration response curve was obtained from a
nonlinear regression curve fitting in GraphPad Prism software. The mean, upper limits, and lower
limits of the unknowns were interpolated from the fitted standard curve with a confidential interval

of 95%.
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5.4. RESULTS

Generation of Cannabis Smoke Extract Preparations That Contains A°>THC and CBD

Like tobacco, cannabis smoke contains hundreds of combustion products. However,
cannabis also contains cannabinoids that exert biological and pharmacological effects.
Standardized preparations of aqueous cigarette smoke extract (CSE) are well-described in the
literature and are used to understand the consequences of tobacco exposure (Carnevali et al., 2003;
Baglole et al., 2006; Baglole et al., 2008b; Hecht et al., 2014); no such standardized extract for
cannabis smoke exists. Moreover, CSE prepared in cell culture media or PBS contains water
soluble gas and particle phases of cigarette smoke (Kim et al., 2018). While many of these same
compounds would be captured from cannabis smoke, cannabis also contains cannabinoids which
are hydrophobic (Huestis, 2007) and unlikely to be present in an aqueous extract suitable for in
vitro testing. Therefore, we sought to develop a cannabis smoke extract (CaSE) that contains
biologically active cannabinoids. First, we utilized a semi-quantitative THC Forensic ELISA kit
for which we developed a standard curve using A°>-THC to allow for subsequent quantification.
The standard curve was first prepared to calculate the relative concentration of A’>-THC relative to
the absorbance. We diluted A’-THC (in the ELISA buffer) from a starting concentration of 1 mg/ml
to an upper limit of 4 pg/ml. The concentration of this A°~THC standard curve therefore ranged
from 0 pg/ml (buffer only)- 4 pg/ml (0-12.7 uM) (Figure 5.1) and was used for analysis with all

CaSE preparations.
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Figure 5.1. The standard curve for A>-THC.

A°-THC was diluted in ELISA buffer from a starting concentration of 1 mg/ml to an upper limit
of 4 ug/ml. Then, the concentration of this A’>-THC standard curve was ranged from 0 pg/ml (buffer
only)- 4 pg/ml (0-12.7 uM). Results are expressed as the mean = SEM of two to four independent
experiments.

Next, we evaluated A’>-THC level by ELISA and CBD level LC-MS/MS in various aqueous
CaSE preparations. Given that cannabinoids are hydrophobic, we compared A’-THC levels in
CaSE prepared in standard cell culture media with and without MeOH. As additional controls, we
also evaluated A°-THC concentrations in CSE prepared from research grade cigarettes. As
expected, cell culture media alone with 30% MeOH as well as CSE (with 30% MeOH) contained
no A°-THC or CBD (Table 5.2). We also measured A°>-THC and CBD concentrations in CaSE
prepared from the different strains of cannabis with reported varying amounts of A’-THC and
CBD. A°-THC levels in CaSE generated from the A°~THC dominant and THC/CBD balanced
strains with 10% MeOH were 0.62 £+ 0.2 and 0.36 + 0.02, respectively, and were therefore similar
to the level in CaSE without MeOH. However, in CaSE generated from the A~ THC dominant

strain with 30% MeOH, there were significantly higher levels of A>~THC compared to the CaSE
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without MeOH (THC dominant CaSE; Table 5.2). CBD levels were below the limit of detection
by LC-MS/MS. Here, the estimated A’-THC concentration was 6.7 = 0.29 uM in CaSE prepared
in cell culture media with 30% MeOH. Preparation of CaSE from the balanced cannabis strain
with 5-10% THC and 5-11% CBD also yielded significant A’>-THC levels only when CaSE was
prepared in media containing 30% MeOH. Finally, CaSE prepared from the CBD dominant
cannabis strain in media with 30% MeOH has less A’>-THC compared to CaSE prepared from the
other two cannabis strains (Table 5.2). In CaSE generated from the balanced cannabis strain with
5-10% THC and 5-11% CBD, there were higher levels of CBD compared to the CaSE without
MeOH (THC/CBD balanced CaSE; Table 5.2). CaSE prepared from the CBD dominant cannabis
strain in media with 30% MeOH has higher CBD compared to CaSE prepared from the THC
dominant strains. However, CBD levels are similar between CBD dominant and THC/CBD
balanced strains (Table 5.2). We also generated CaSE from the A°~THC dominant strain in media
with 30% EtOH. We found that the A’-THC level was slightly less in CaSE containing EtOH (5.7
+ 0.35 uM) comparing to CaSE with MeOH (6.7 = 0.29 uM). These data show that preparation of
CaSE in cell culture media with MeOH yields significantly higher concentrations of A~ THC and
CBD compared to CaSE prepared without MeOH. Thus, the remainder of experiments were

conducted with CaSE prepared in media with 30% MeOH and is refereed to hereafter as CaSE.
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Table 5.2. Estimated concentration of A°>~THC and CBD in CaSE.

Extract THC Absorbance A°-THC (uM) CBD (uM)
(ELISA) (ELISA) (LC-MS/MS)
Media + 30% 1.662 0 <0.01
MeOH
CSE+ 30% 1.398 0 <0.01
MeOH
THC dominant 0.29+ 0.02 0.67+ 0.05 <0.01
CaSE
THC dominant 0.08+ 0.002 6.7+ 0.29% <0.01
CaSE + 30%
MeOH
THC/CBD 0.4538+ 0.037 0.34+ 0.05 <0.01
balanced CaSE
THC/CBD 0.087+ 0.008 5.5+ 0.46** 10.31+9.125
balanced CaSE
+30% MeOH
CBD dominant 0.16+ 0.01 1.7 0.4 7.733+2.652
CaSE+ 30%
MeOH

Results presented as average = SEM.

*THC dominant CaSE+30% MeOH was significantly higher (p<0.03) compared to THC
dominant CaSE without MeOH.; **THC/CBD balanced CaSE+30% MeOH was significantly
higher (p <0.008) compared to THC/CBD balanced CaSE without MeOH. Results are expressed
as the mean = SEM of three to five independent extracts.

Standardization of Cannabis Smoke Extract Using OD320

The tar components in tobacco and cannabis are similar (Tashkin, 2013), and chemical
species of tobacco tar absorb light at 320 nm (Taylor et al., 2020). Thus, to ensure consistency in
CaSE preparations between experiments, we standardized each CaSE preparation as previously

described for CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al.,
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2021b). Nine extracts from THC dominant cannabis were prepared and two measurements were
taken for fresh extracts and after thawing of the same extracts that had been frozen at —80°C for
16 weeks. The optical density (OD) at 320 was 0.7 = 0.05 and 0.64 + 0.05 for fresh and frozen
extracts, respectively (Table 5.3). Given that an OD of 0.65 is used to represent 100% CaSE, the
percentage of CaSE averaged to be 110% + 8 and 99% =+ 7.7 for fresh and frozen extracts,
respectively. We also evaluated A°-THC content by ELISA. The estimated A~ THC concentration
of fresh and frozen extracts was similar and was approximately 12 pM. These data suggest that
storage of CaSE extracts up to 16 weeks at —80°C does not affect A>-THC concentration and that

an OD320 can be used to standardize aqueous CaSE to minimize batch-to-batch variability.

Table 5.3. A’-THC absorbance (ODs20) and estimated concentration by ELISA.

Extract OD320 Percentage THC EISA A°-THC (uM)
Fresh CaSE 0.7+£0.05 110% = 8 0.06 £ 0.0005 12.4+£0.2
Frozen CaSE 0.64+0.05 99% £ 7.7 0.066 £ 0.001 122+0.2

Results presented as mean + SEM of 9 independent extracts.

Cannabis Smoke Extract Activates CB1 Receptors

A°-THC has high affinity to CB1 and CB2 receptors (Pertwee, 2010), which are G protein
coupled receptors (GPCRs). CB1 couples to not only G, but also to the Giz/13 subfamily and
activates the down-stream protein Rho (Inoue et al., 2019; Krishna Kumar et al., 2019; Avet et al.,
2020). To determine whether there is sufficient A>-THC in the CaSE preparations to activate CB1,

we used a BRET-based Rho biosensor (Namkung et al., 2018). We transiently transfected HEK293
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cells with signal-peptide-human CB1 (CB1) along with PKN-RBD-RLuclI and rGFP-CAAX (Rho
sensor) and stimulated the cells with A°>-THC, CBD and 2-arachidonoylglycerol (2-AG), an
endogenous CB ligand (Figure 5.2). The BRET signal increased in response to A’>-THC and 2-AG
but not to CBD (Figure 5.2A). Further, we observed that AM251, a CB1-specific antagonist,
abolished the THC- and 2-AG- promoted BRET signals (Figure 5.2B). To verify the specificity of
AM251 on CB1-mediated Rho activation, we examined the effect of AM251 on angiotensin II
type 1 receptor (AT1R)-mediated Rho activation, which also couple to this pathway (Namkung et
al., 2018). AM251 showed no effect on the basal BRET whereas Angll induced a BRET signal in
HEK?293 cells expressing ATIR along with Rho sensor (Figure 5.2C). These data show that A°-

THC- and 2-AG- promoted CB1 activation and signaling to the Gi2/13-Rho pathway.
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Figure 5.2. Validation of CB1-mediated Rho activation.

A. Concentration response curves of Rho activation in HEK293 cells expressing CB1, PKN-RBD-
RLucll and rGFP-CAAX. Cells were stimulated with either 2-AG (blue square), THC (turquoise
triangle) or CBD (red circle). CB1 was activated with 2-AG and A’-THC but not with CBD. Data
represent means = SEM of four independent experiments performed in triplicate. B. Validation of
CBI1-mediated Rho activation by CB1 antagonist AM-251. Cells were stimulated with control, 2-
AG (10 pM) or A°-THC (THC, 10 uM) in the absence (vehicle, 0.1% DMSO (black bar)) or
presence of 10 uM of AM-251 (grey bar). There was an increase in Rho activation in cells exposed
to 2-AG (****p < 0.0001) and A°-THC (***p < 0.0002). AM251 abolished 2-AG- and THC-
induced CB1 activation (§§§§ p < 0.0001). C. Cells expressing ATIR, PKN-RBD-RLucll and
rGFP-CAAX were stimulated with control or with 100 nM of Angll, agonist for ATIR, with 0.1%
of DMSO (black bar) or 10 uM of AM-251 (grey bar). There was an increase in AT1R-mediated
Rho activation in cells exposed to Angll (****p < 0.0001). There was no effect of AM251 on
ATI1R-mediated Rho activation. Data represent means £ SEM of three independent experiments.

We next vetted three different extracts prepared from THC-dominant or THC/CBD
balanced cannabis prepared in media with or without 30% MeOH to verify that these CaSE
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preparations contained biologically active A>-THC; we utilized the same extracts as for the data
presented in Table 5.2. First, the activation of CB1 in response to different concentrations of A°-
THC (0.3-25 pM) was assessed. There was a concentration-dependent activation of CB1 by A°-
THC (Figure 5.3). Furthermore, there was an increase in CB1 activation in cells treated with CaSE
from THC dominant or THC/CBD balanced cannabis prepared in media with 30% MeOH (Figure
5.3). Extracts in media without 30% MeOH did not show BRET signals in our assay (data not
shown). Based on CB1 activation by A’>-THC (Figure 5.3), we extrapolated that CaSE prepared
from THC-dominant cannabis activates CB1 in concentrations equivalent to 57 uM of A°>-THC
(Table 5.4). CaSE from THC/CBD balanced cannabis also activates the receptor, which is

equivalent to 3-50 pM of A°>-THC (Table 5.4).
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Figure 5.3. CaSE promotes Rho activation in CB1 expressing cells.

HEK293 cells expressing CB1 along with PKN-RBD-RLucll and rGFP-CAAX were stimulated
with indicated concentrations of A’-THC in buffer or 8-fold diluted CaSE (15 pl in total 120 pl
assay volume, 12.5% CaSE) from A’>~-THC dominant and THC/CBD balanced strains prepared in
media with 30% MeOH. There was an increase in CB1 activation in a concentration-dependent
manner by A°-THC. There was an increase in the activation of CB1 in cells treated with CaSE
from THC dominant or THC/CBD balanced cannabis. Buffer was 8-fold dilution of 30%
MeOH/DMEM with Tyrode’s buffer. Data represent means + SD of triplicate (THC) and duplicate
(CaSE) of a representative experiment. Similar results were obtained with 20 pl or 10 pl

application of CaSE.
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Table 5.4. Estimation of THC concentrations in 100% CaSE. THC concentrations in CaSE were
estimated from interpolation of standard THC concentration response curve in Figure 5.3.

CaSE THC conc. (unM) 95% CI

THC dominant 5.32 3.47-8.31

THC dominant 4.45 2.77-7.04
THC dominant 6.58 4.43-10.14

THC/CBD balanced 3.23 1.67-5.30
THC/CBD balanced 18.83 12.80-27.10
THC/CBD balanced 47.16 31.88-73.00

We then tested whether the receptor itself was affected by the MeOH and evaluated the
specificity of the system by adding CSE prepared in media with 30% MeOH; we also included
CaSE from all three cannabis strains (see Table 5.2). We found that there was no Rho activation
with media containing 30% MeOH or CSE (Figure 5.4). CaSE from THC dominant, THC/CBD
balanced, and CBD-dominant cannabis all activated Rho signaling (Figure 5.4), at levels that
corresponded approximately to between 422 uM of A’-THC present in the extracts (Table 5.5).
Thus, CaSE, but not media containing MeOH or CSE, activates the CB1 receptor. Finally, we used
the CB1 antagonist AM251 to confirm that CaSE is specific in its ability to activate CB1. AM251
inhibited THC-induced Rho activation. We also found that AM251 significantly inhibits CaSE-
induced Rho activation for the CaSE prepared from the THC-dominant and THC/CBD balanced
strains (Figure 5.5). Thus, CaSE induces Rho activation through CB1. Taken together, these data

show that a standardized preparation of CaSE contains biologically active cannabinoids.
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Figure 5.4. CaSE promotes Rho activation in CB1 expressing cells in comparison to A°>-THC.

HEK293 cells expressing CB1 along with Rho sensor were stimulated with indicated
concentrations of A’>-THC in buffer or 8-fold diluted indicated extracts prepared in media with
30% MeOH: Media with only 30% MeOH, CaSE and CSE. There was an increase in CB1
activation in cells exposed to CaSE from THC dominant, THC/CBD balanced and CBD-dominant
cannabis, but not Media with MeOH or CSE. Buffer was 8-fold dilution of 30% MeOH/DMEM
with Tyrode’s buffer. Data were expressed as a ligand-promoted BRET (ABRET) by subtracting
BRET ratio in control media. Data represent mean + SEM of three to five independent
experiments.

Table 5.5. Estimation of THC concentration in 100% CaSE. THC concentrations in CaSE were
estimated from interpolation of standard THC concentration response curve in Figure 5.4.

CaSE Est. Concentration (nM) 95% CI
THC dominant 13.9 10.0-19.5
THC/CBD balanced 22.1 15.7-30.3
CBD dominant 4.5 3.0-6.7
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Figure 5.5. CaSE-induced Rho activation is mediated by CB1.

HEK293 cells expressing CB1 and Rho sensor were stimulated with A’>-THC (25 uM) or indicated
CaSE (12.5%) in the absence (0.1% DMSO, black bar) or presence of AM 251 (10 uM) (grey bar).
AM 251 abolished the A’-THC- and CaSE-mediated Rho activation in CaSE prepared from THC
dominant and THC/CBD balanced strains (*p <0.05). CSE treatment did not increase Rho activity
compared to buffer; AM 251 had no effect. Data represent mean = SD from two independent
experiments.

COX-2 and IL-8 Are Increased in HLFs Exposed to Cannabis Smoke Extract

COX-2 and IL-8 are among the proinflammatory mediators that are induced by tobacco
smoke (Martey et al., 2004; Li et al., 2007). IL-8 is also elevated in serum from cannabis smokers
(Bayazit et al., 2017). To explore whether we could replicate these findings, we characterized the
effect of CaSE exposure on the expression of COX-2 and IL-8 at the mRNA and protein levels in
primary HLFs. For these experiments, HLFs were treated with either 2% or 5% CaSE that was

prepared from THC dominant cannabis. Selection of these concentrations was based on our
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previous publications with CSE (Baglole et al., 2008a; Guerrina et al.,, 2021a). These
concentrations of CaSE did not affect cell viability (data not shown). The concentration of A>-THC
in 2% CaSE was 0.18 + 0.003 pM and in 5% CaSE was 0.45 + 0.006 uM (n = 3). The mRNA for
PTGS?2 did not increase with 6 h of CaSE (Figure 5.6A). However, there was a significant increase
in PTGS2 mRNA upon exposure to 5% CaSE for 24 h- but not 2% CaSE. Accordingly, there was
a significant increase in COX-2 protein with 5% CaSE (Figure 5.6B). There was also a significant
increase in CXCL8 mRNA in response to 5% CaSE for 24 h (Figure 5.6C). At the protein level,
IL-8 was also induced upon 5% CaSE treatment for 24 h (Figure 5.6D). These data indicate that a
standardized CaSE preparation, containing biologically active cannabinoids, induces an

inflammatory response in primary HLFs.
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Figure 5.6. CaSE induces COX-2 and IL-8 expression in human lung fibroblasts.

A. PTGS2 mRNA: there was a slight increase, but not statistically significant, in P7TGS2 mRNA
in HLFs exposed to 2 and 5% CaSE for 6 h and in HLFs exposed to 2% CaSE for 24 h compared
to corresponding control. There was significant increase in PTGS2 mRNA in HLFs exposed to 5%
CaSE for 24 h (**p =0.009) compared to corresponding control. Results are expressed as the mean
+ SEM of 4 independent experiments of HLFs used from 3 Normal subjects. B. COX-2 Protein-
densitometry: there was significant increase in COX-2 protein levels in HLFs exposed to 5% CaSE
for 24 h (*p = 0.04) compared to corresponding control. Results are expressed as the mean + SEM
of 3 independent experiments (HLFs used from 3 Normal subjects). C. CXCL8 mRNA: there was
a slight -but not statistically significant-increase in CXYCL8 mRNA in HLFs exposed to 2 and 5%
CaSE for 6 h There was significant increase in CXCL8 mRNA in HLFs exposed to 5% CaSE for
24 h (*p =0.01) compared to corresponding control. Results are expressed as the mean + SEM of
4 independent experiments (HLFs used from 3 Normal subjects). D. IL-8 Protein: there was an
increase in IL-8 protein levels in the media from HLFs exposed to 5% CaSE for 24 h compared to
corresponding control. Results are expressed as the mean = SEM of 3 independent experiments
(HLFs used from 3 Normal subjects).
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5.5. DISCUSSION

Cannabis is the most commonly-smoked plant after tobacco (Baron, 2018; Brown, 2020;
Campeny et al., 2020; Li et al., 2020). Recently, the personal use of cannabis has been approved
in nine states of the United States as well as in Uruguay and Canada (Campeny et al., 2020).
Cannabis smoke is often considered to be harmless compared to tobacco smoke (Sinclair et al.,
2013). However, cannabis smoke contains many chemicals (toxicants, irritants, carcinogens, and
fine particles) as does tobacco smoke (Moir et al., 2008; Manolis et al., 2019; Graves et al., 2020).
The latest report from the Canadian Centre on Substance Use and Addiction (CCSA) highlights
the risks of cannabis smoking to the heart and lungs as heavy users of cannabis can potentially
develop cardiovascular and respiratory diseases (Canadian Centre on Substance Use and
Addiction, 2020). Cannabis smoking is associated with a greater incidence of respiratory
symptoms including sore throat, productive cough, and shortness of breath (Henderson et al.,
1972). These symptoms are likely due to harmful impacts of cannabis smoke on the respiratory
system. Indeed, there is evidence of goblet cell hyperplasia, squamous metaplasia, and
inflammation in tracheobronchial specimens of cannabis smokers compared to non-smokers
(Fligiel et al., 1997) as well as airway inflammatory changes in asymptomatic marijuana smokers
compared to non-smokers (Roth et al., 1998). This is also supported by in vivo studies which
showed that exposing mice to cannabis smoke alters the immune cell populations in the airways
and lung tissue (Fantauzzi et al., 2021) and induces bronchial hyperreactivity, inflammation, and
tissue destruction (Helyes et al., 2017). Thus, cannabis smoke may cause adverse respiratory
features, and may increase the risk of developing lung diseases similar to tobacco smoke. However,
the number of studies investigating the health effects of cannabis smoke exposure remains limited,

and it is not well understood if there is a link between exposure to cannabis smoke and respiratory
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disease development. Thus, there is a need for experimental models into order to investigate the

impact of cannabis smoke on respiratory health.

Despite this need, there are no validated experimental models with which to perform
detailed evaluations on the effect of cannabis smoke in vitro. We are only aware of one study
utilizing a cannabis smoke extract for in vitro assessment (Aguiar et al., 2019). However, the
cannabis smoke extract in that study was prepared without adding a solvent to capture the
cannabinoids in the aqueous solution; the presence of A’>-THC or other cannabinoids was also not
measured (Aguiar et al., 2019). Based on our results, an aqueous preparation of cannabis smoke-
as in the study by Aguiar and colleagues-likely did not contain active cannabinoids. Therefore, we
sought to develop a standardized protocol for the preparation of CaSE utilizing a protocol similar
to that used in the generation of CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al.,
2021a; Guerrina et al., 2021b) but one that contains cannabinoids. To achieve this, we made a
modification to the preparation via the addition of MeOH to the cell culture media, as cannabinoids
are hydrophobic (Huestis, 2007) and MeOH is a suitable solvent for the isolation of fat-soluble
compounds (Rozanc et al.,, 2021). Thus, the addition of MeOH significantly increased the
concentration of A>-THC and CBD in the extract compared to negligible levels in CaSE prepared
in culture media alone. One of the advantages of this standardized method is that it can be
performed using common laboratory equipment, allowing for easy adaptation. Here, we followed
the same standardization method for CSE by measuring the absorbance of CaSE at 320 nm, similar
to what we have previously used for CSE (Martey et al., 2004; Baglole et al., 2008a; Zago et al.,
2013; Zago et al., 2014). Because the tar components in tobacco and cannabis are similar (Tashkin,

2013) and the chemical species of tar in tobacco absorb light at 320 nm (Taylor et al., 2020),
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standardization can be performed via spectroscopy, and confirmation of cannabinoid presence
made by a commercial ELISA. One of the limitations of this study is that we measured only A°-
THC and CBD levels in CaSE, and thus cannot provide information on the presence or absence of
additional cannabinoids or other compounds, including those could also affect the activity of the
CBI receptor. Another limitation that we did not assess whether MeOH affects the solubility of
the chemical species found in the tar fraction. Nonetheless, this methodology allows for robust and
reliable generation of a cannabis extract that contains biologically-active cannabinoids (A’-THC

and CBD) to allow for consistency between experiments and comparison between studies.

The detection of cannabinoids in CaSE is important as cannabinoids carry out a variety of
physiological functions by engaging with receptors present in the body, including cannabinoids
receptors (CBR) (Reggio, 2010). The first discovered CBRs are CB1 and CB2, which belong to
the GPCR superfamily. CBI1 is expressed predominantly in the central nervous system (CNS),
particularly in the basal ganglia, hippocampus, cortex, and cerebellum; these CB1 receptors
mediate the psychoactive effects from A’-THC (Sim-Selley, 2003; Kawamura et al., 2006). A°-
THC also binds to CB2 receptors with similar binding affinity (Pertwee, 2010). CB2 receptors are
present mainly on the surface of immune and hematopoietic cells (Graham et al., 2010). In the
respiratory system, CB1 and CB2 receptors are both expressed on epithelial cells with alveolar
type II cells displaying CB1 receptor and lung fibroblasts having CB2 receptor (Kicman et al.,
2021). Although lung fibroblasts provide structure and support to the lungs by synthesizing and
maintaining an extracellular matrix (ECM) (White, 2015), fibroblast activation also leads to the
production of several cytokines and chemokines (Buckley et al., 2001; Davidson et al., 2021). The

effects of CSE on lung fibroblasts is well-described by us and others (Carnevali et al., 2003; Martey
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et al., 2004; Baglole et al., 2006; Baglole et al., 2008a; Baglole et al., 2008b), making these a
relevant lung cell type. Herein, we observed that the CaSE-like CSE-induces an inflammatory
response in primary lung fibroblasts, including induction of COX-2 and IL-8 levels by 5% CaSE
derived from the THC dominant strain. By our estimation, this preparation contains ~0.45 uM of
A°-THC, which is similar to the plasma levels of THC in cannabis smokers (~ 1 pM) (Azorlosa et
al., 1992). The ability of 5% CaSE to induce COX-2 and IL-8 expression occurred despite the
presence of cannabinoids at physiologically-relevant concentrations. It could be that A>-THC itself
induced the inflammatory response; this would be in line with another publication whereby COX-
2 is induced by A’-THC in neurons and astroglial cells (Chen et al., 2013). It could also be that the
cannabinoids present in the extract could not compensate for products of combustion-which
promote an inflammatory response typified by the induction of COX-2 (Martey et al., 2004). Of
note is the absence of CBD from extracts prepared from the THC dominant strain. CBD has anti-
oxidative and anti-inflammatory properties (Atalay et al., 2019). Comparison of CaSE prepared
from different cannabis strains (with varying THC/CBD ratios) may shed light on whether all

CaSE preparations have the same inflammatory potential.

In order for A>~THC and CBD to be biologically active, the acidic precursors THCA and
CBDA need to undergo decarboxylation, a process that is facilitated by combustion. Our
standardized CaSE indeed contained forms of cannabinoids that activated the CB1 receptor. As
the CB1 receptor is coupled to Gy, and Gi2/13 subfamilies and activates its down-stream Rho (Inoue
etal., 2019; Krishna Kumar et al., 2019; Avet et al., 2020), we transfected cells with CB1 receptors
along with Rho sensor to evaluate CB1 receptor activation. Here, it was only with CaSE prepared

with MeOH that activated the CB1 receptor, with highest activation in extracts from the THC/CBD
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balanced strain. This was surprising, given that CBD has relatively low affinity for the CBI
receptor (McPartland et al., 2015) and our result showed that pure CBD does not activate CBI1.
However, it is still possible that CBD may modulate the activity of the receptor (McPartland et al.,
2015) or that CBD and/or other cannabinoids in the extract affects the binding of A’-THC to the
CBI1 receptor. We also found that the estimated A’-THC concentration in these extracts from the
functional assay was 3—50 uM, which is higher than the estimated concentration from the ELISA
(~5.5 uM). Nonetheless, the presence of biologically-active cannabinoids in this CaSE preparation
further highlights its utility in evaluating the physiological and pathological implications of

cannabis smoke.

A limitation of this study is that we did not assess additional signaling mechanisms that
may account for the induction of inflammation of CaSE or the ability of CaSE to activate other
receptors. For example, A°-THC also binds to the CB2 receptor (Pertwee, 2010) with CB2
activation controlling inflammation and immune functions (Turcotte et al., 2016). A’>-THC can
also activate the nuclear factor-kB (NF-kB) pathway (Do et al., 2004), a transcription factor that
regulates genes involved inflammation, such as COX-2 and IL-8 (Ahn and Aggarwal, 2005). As
lung fibroblasts express the CB2 receptor (Kicman et al., 2021), it may be that CaSE induces
inflammation via the activation of CB2 receptor and/or NF-kB. However, A’-THC can also
activate other GPCRs such as GPR55 (Sharir and Abood, 2010) which is also expressed in the
lung (Ryberg et al., 2007). Interestingly, agonist interaction with GPRS55 can also activate NF-xB
(Henstridge et al., 2010). However, direct regulation of cannabinoids on the activation of GPRS55
still needs to be elucidated. Finally, one of the downstream signaling pathways of the CB1 receptor

s p38 MAPK (Chen et al., 2013). It is well studied that cigarette smoke can also active p38 MAPK
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to induce an inflammatory response (Moretto et al., 2012; Marumo et al., 2014). However, nothing
is known about the effect of cannabis smoke on this- and other-signaling pathways in pulmonary

cells, a deficit in knowledge that can be addressed by utilization of this standardized extract.

In this study, we sought to develop a protocol for the preparation of a cannabis smoke
extract that could be used to investigate the effect of cannabis smoke in vitro. We successfully
captured A’-THC and CBD within an aqueous preparation (CaSE), which allowed us to
recapitulate as closely as possible to what smokers are inhaling; this includes cannabinoids and
combustion products. Our data also revealed that this CaSE activates CB1 receptors, further
highlighting that it contains biologically active cannabinoids. Importantly, this extract can be
prepared and standardized using common laboratory equipment. This CaSE can be used for further
molecular investigation into the downstream mechanisms of cannabis smoke/cannabinoids that
will ultimately improve our understanding about the effect of cannabis smoke on features of lung

pathology.
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6. GENERAL DISCUSSION

It is now well-established that smoking is harmful to human health. Smoke- either from tobacco
or cannabis combustion- contains many toxicants and carcinogens. Although it is well recognized
that cigarette smoke is a risk factor for numerous diseases with no cure and limited therapeutic
options, such as COPD [25, 294, 295], the mechanisms involved in smoke-induced lung damage
are still poorly understood. In this body of work, we focused on the mechanistic link between
COPD, smoke exposure and the RNA-binding protein HuR. It is well known that HuR regulates
target mRNA at the post-transcriptional level [241, 299]. These mRNA are involved in various
cellular mechanisms, ranging from cell proliferation and adaptation to the stress response to
differentiation, inflammation, apoptosis, and senescence [142, 242, 246, 254, 260, 268, 299-303].
Hence, we postulated that HuR would control cellular features associated with COPD
pathogenesis. First, in Chapter II, we found that ACE2 expression, the entry receptor for SARS-
CoV-2[77], is increased in lung fibroblasts from smoker and COPD subjects. Then, we determined
the expression and the localization of HuR in the lungs from smokers and COPD subjects in
Chapter III. We also reported the effect of CS on the cytoplasmic translocation of HuR, a feature
of its activation status, and thus predicted that HuR activation by smoke would regulate the
expression of ACE2. Then, in Chapter IV, we delved deeper into the molecular function of HuR
in numerous biological processes of lung fibroblasts and how these change in response to CS.
Finally, in Chapter V, we developed a standardized cannabis smoke extract protocol that can now
be used to interrogate the extent to which HuR participates in cellular functions altered by cannabis
smoke, another type of inhalation exposure that may lead to adverse pulmonary outcomes.

Therefore, these studies lay the foundation for which unraveling the detailed mechanisms of HuR
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function could lead to the development of therapeutic strategies against environmental diseases

including COPD.

6.1. Where does HuR bind?

HuR contains three RRMs which associate with the 3’UTR, 5’UTR or coding region of
target mRNA to regulate their stability, translation, as well as intracellular trafficking [198, 200,
201, 203, 204]. In this context, we demonstrated that HuR binds to hundreds of mRNA in lung
fibroblasts at the basal level and in response to CS (Chapter IV). However, a limitation of this
finding is that the exact binding site(s) on these target mRNAs was not investigated. Understanding
HuR binding sites could lead to the design of potent and specific HuR inhibitors to be used as
novel therapies for various diseases. In this context, there are some studies that have identified
small molecule inhibitors that prevent HuR from binding to its target mRNA in numerous models
of cancer [194, 304, 305]. For instance, CMLD-2, a coumarin-derived compound, is a small
molecule inhibitor that disrupts HuR binding to the ARE within 3’UTR of target mRNA that are
involved in cancer [304]. Thus, CMLD-2 has antitumor activity in colorectal, pancreatic and lung
cancer cells in part by inducing cell death [304, 306]. However, this inhibitor has not been
investigated in normal primary cells that are exposed to external stimuli. Altogether, the
availability of these HuR small molecule disruptors could be extremely valuable as novel therapies

for HuR-regulated diseases.
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6.2. What are the possible protein partners of HuR that control target mRNA stability?

Dynamic interactions between RBPs may fine-tune post-transcriptional modifications of
common mRNA. In this context, HuR can either cooperate or compete with other RBPs to bind
target mRNA and regulate their expression. To investigate protein partners that associate with HuR
in lung fibroblasts, we immunoprecipitated HuR and performed protein profiling using LC-
MS/MS. Here, we observed that HuR associates with several proteins both at the basal level and
in response to CSE (Table A1 and A2). For example, these data show that HuR binds to the RBP
HNRNPAB/hnRNP A/B, regardless of exposure to CSE. hnRNP A/B belongs to the ubiquitous
hnRNP family of proteins that control transcription, alternative splicing, mRNA stability, as well
as translocation of mRNA from nucleus to cytoplasm [307]. There are approximately 20 hnRNP
proteins identified in human cells, designated hnRNP Al to U. The members in hnRNP A/B
subfamily include hnRNP A1, A2/B1 and A3, which share a high degree of sequence homology
[307, 308]. Although it is known that HuR associates with other members of hnRNPs family,
including hnRNP A1, C1/C2, L and D [309], our data that HuR binds to hnRNP A/B is a novel
finding. hnRNP A/B proteins are upregulated in lung cancer [308], and may thus be a marker for
early lung cancer detection [310]. Mechanistically, nRNP A2/B1 promotes migration and reduces
the expression of E-cadherin, an epithelial marker; hence, it is thought that hnRNP A/B induces
EMT in lung cancer cells [311]. EMT also occurs in COPD, which is a process that may contribute
to fibrosis formation around the small airways, leading to airflow obstruction [192]. These data
may therefore suggest that hnRNP A/B expression may be involved in the pathogenesis of COPD
by promoting EMT. To our knowledge, the expression and function of hnRNP A/B proteins in

COPD are unknown. Additionally, given that EMT occurs in response to CS [192], and that HuR
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promotes CSE-induced EMT in human bronchial epithelial cells [289], we speculate that HuR and

hnRNP A/B association might regulate the expression of mRNA involved in this process.

6.3. Are there miRNA partners of HuR that control target mRNA in response to CSE?

miRNA are small non-coding RNA (~22 nucleotides) that control genes expression at the
post-transcriptional level. miRNA pairs to the 3" UTR of mRNA by partial sequence matching
after being incorporated into the RISC. This leads to direct post-transcriptional repression by
inhibiting translation and/or inducing mRNA decay [312, 313]. miRNA and HuR interact to further
fine-tune post-transcriptional regulatory mechanisms. An example of this is the ability of HuR to
promote the interaction of let-7- loaded RISC with the 3'UTR of the proto-oncogene MYC mRNA
to repress its expression [253]. Thus, we propose that HuR could work cooperatively with miRNA
as a mechanism to downregulate target mRNA. HuR has a strong binding affinity to AREs in
3’UTR of PTGS2 and CXCLS mRNA, which consequently induces their stability and protein
expression in cancer cells [246, 247, 300]. Nevertheless, we found that HuR binds to PTGS2 and
CXCLS8 mRNA and destabilizes these mRNA (Chapter IV); thus, HuR may in fact supress
inflammation in lung fibroblasts exposed to CS. Despite not knowing where HuR binds to PTGS?2
and CXCL8 mRNA in the context of smoke exposure, we speculate that HuR may bind to 3’'UTR
of these genes to reduce their stability via miRNA, and hence supress protein expression.
Therefore, our assessment of miRNA enrichment using RIP-RNA-seq revealed that HuR
associates with subset of miRNA in lung fibroblasts both at the basal level and upon exposure to
CSE (Tables A3 and A4). One miRNA that associated with HuR in lung fibroblasts exposed to
CSE was MIR4517, a miRNA predicted to target PTGS2 mRNA. Additionally, MIR5706 is a

miRNA that associates with HuR in lung fibroblasts exposed to CSE and is predicted to target
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CXCLS8 mRNA. These data suggest that HuR may cooperate with MIR4517 and MIR5706 to
dampen PTGS2 and CXCLS expression, respectively, in lung fibroblasts. The discovery of
crosstalk between HuR and miRNA supports the cooperative possibility for their dynamic
regulation of gene expression associated with cellular mechanisms whose dysregulation

contributes to the pathogenesis of COPD development.

6.4. Does HuR regulate miRNA expression in lung fibroblasts?

The above section highlights that HuR interaction with miRNA may be a mechanism that
regulates gene expression [302, 314]. However, HuR itself may also indirectly control the
expression of miRNA. For example, HuR silencing induces the expression of miR-466i, which
destabilizes granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-17 mRNA,
subsequently reduces their expression in Th17 cells [315]. In addition to this, HuR promotes MAX
Interactor 1 (Mxil) mRNA and protein expression, which suppresses the function of c-Myc, a
transcription factor that regulates miRNA expression, resulting in inhibition in the expression of
miR-4661 [315]. Our data also supports that HuR may control the expression of miRNA in lung
fibroblasts. We found that knockdown of HuR differentially changed the expression of several
miRNA (Table AS and A6). Thus, it is possible that HuR changes the expression of miRNA,

resulting in indirect inhibition of target mRNA expression.

6.5. Is HuR involved in SGs assembly caused by CS?
SGs are cytoplasmic ribonucleoprotein complexes that assemble in response to stress and

sequester mRNA for storage and translational silencing, consequently promoting cell survival and
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minimizing stress-related damage [148]. SG formation is initiated by G3BP stress granule
assembly factor 1 (G3BP) as well as by the RBPs TIA-1, TTP, TIAR and FMRP, which are
involved in RNA metabolism. Another RBP, PABP1, connects different SG components and
interacts with SG proteins [148, 150]. It has been reported that SGs assemble in response to
different stimuli, such as NO [316]. Currently, we do not know whether SGs assemble under CS
exposure, but is a possibility given that CS contains high concentrations of NO [317]. Interestingly,
and of relevance to this project, HuR sequesters P7TGS2 mRNA in SGs in response to IL-1p, the
result of which decreases COX-2 protein expression due to a delay in translation of its mRNA
[149]. Based on the results presented herein, we speculate that CS may induce SG assembly and
that a function of HuR may be to sequester mRNA within them, resulting in a delay in translation.
This could explain why knockdown of HuR increased the level of COX-2 protein (Chapter IV).

Thus, the role of HuR in SG assembly is an area of ongoing experimentation.

6.6. How does CS control HuR function?

Posttranslational modifications of HuR impact its function by regulating its subcellular
localization as well as its ability to bind to target mRNA. Some established posttranslational
modifications of HuR include its phosphorylation by protein kinases, such as p38 MAPK [144,
221, 230-233] as well as its methylation by CARMI1 [237, 239]. In this study, we observed that
HuR cytoplasmic localization is higher in the lung cells from Smoker and COPD subjects as well
as in lung fibroblasts exposed to CSE (Chapter I1I). Although the mechanism through which CS
induces HuR translocation to the cytoplasm and/or its binding to target mRNA is unknown, we
propose that it may involve activation of p38 MAPK pathway because: 1) phospho-p38 is elevated

in smoker and COPD lungs; 2) CS activates p38 [318-320] and 3) HuR phosphorylation by p38
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MAPK alters its subcellular localization [232, 233]. These data suggest that CS-induced HuR

shuttling may be mediated through p38 activation.

It could also be that CARMI controls HuR function in response to CS. CARMI is a
methyltransferase enzyme that belongs to PRMTs family and regulates the transcription of genes
involved in proliferation, differentiation and senescence [236, 321]. For example, CARMI1
methylates HuR to regulate the expression of mRNA involved in proliferation, including cyclin A.
In support of this, CARMI silencing reduces HuR target mRNA, the effect of which prevented
proliferation and accelerated cellular senescence [239]. It is noteworthy that CARM1 expression
is decreased in bronchial epithelial cells from COPD patients and that CARM1 silencing in human
airway epithelial cells leads to cellular senescence [321]. Senescence is a hallmark of aging, and
COPD is regarded as a form of accelerated lung aging [322, 323]. Cellular senescence is a
permanent state of cell cycle arrest but remains one that is metabolically active. Senescent cells
display a senescence-associated secretory phenotype that includes release of proinflammatory
cytokines and chemokines as well as MMPs [324], all of which are involved in COPD pathogenesis
(Chapter I: Section 1.2.2). Based on these observations, we propose that loss of CARMI leads to
reduction in HuR methylation, which may accelerate cellular senescence in COPD. Interestingly,
in Chapter IV, we observed that HuR reduces the expression of /L6, CXCLS and CD36, which are
markers of a senescence-associated secretory phenotype [325], suggesting that CARM1 may
methylate HuR to prevent cellular senescence. Altogether, understanding the posttranslational
modifications underlying the dynamic control of HuR could help to develop novel therapeutic

strategies targeting HuR in COPD.
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6.7. Does HuR regulate cannabis smoke-induced inflammation?

It is well known that CS is a risk factor for COPD development. However, other
inhalational toxicants may be involved in the pathogenesis of this disease; this includes inhalation
of cannabis smoke [296]. Although cannabis is the second most-smoked plant after tobacco [10-
13], the consequence of cannabis smoke on cellular and pathological mechanisms associated with
COPD remains unclear, in part because of concurrent tobacco use by study participants. To
therefore understand the impact of cannabis smoke on cellular and pathological mechanisms, the
development of in vitro surrogates of cannabis smoke exposure is necessary- much like CSE that
was utilized throughout this study as a surrogate for tobacco. Unfortunately, there are no optimized
exposure protocols with which to conduct such assessments. Therefore, we developed and
optimized a standardized protocol to generate CaSE in order to elucidate its effect on cellular
mechanisms in vitro (Chapter V). We found that CaSE- similar to CSE- induces the expression of
COX-2 and IL-8 in lung fibroblasts; however, the mechanism(s) underlying the CaSE-induced
inflammation are not known. In our study, CaSE preparation contains cannabinoids, including A’-
THC (Chapter V). A’>-THC carries out a variety of physiological functions by engaging with
receptors in the body particularly CNRI/CB1 and CNR2/CB2 [326]. These GPCRs are part of the
endocannabinoid system (ECS). In fact, A>-THC has high affinity to CB1 and CB2 [327-329]. In
the respiratory system, CB1 and CB2 are expressed on epithelial cells, with alveolar type II cells
displaying CB1 and lung fibroblasts having CB2 [330]. One of the downstream signaling pathways
of the CB1 receptor is p38 MAPK [331]. Although as noted above, CS actives p38 MAPK to
induce an inflammatory response [318, 319], nothing is known about the effect of cannabis smoke
on this- or other-signaling pathways in pulmonary cells; this includes HuR. Therefore, we

speculate that CaSE may activate CB1 and its downstream signaling p38; p38 may then
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phosphorylate HuR and induce its translocation to the cytoplasm. Moreover, there are emerging
links between HuR and components of the ECS. For instance, HuR binds to CNR/ mRNA and
promotes its expression in macrophages exposed to arachidonyl-2'-chloroethylamide (ACEA), a
synthetic CB1 agonist [332]. Based on these data we could envision a pathway through which
activation of p38 MAPK in response to CaSE may phosphorylate and activate HuR, which then
would control CNRI expression to regulate downstream signaling pathways. Additionally, the
effect of HuR knockdown on cannabis smoke-induced COX-2 and IL-8 is consider for future
investigation. In Chapter IV, we found that HuR reduces CS-induced inflammation, including
COX-2 and IL-8. Because CS and cannabis smoke share similarities in chemical compounds [48,
49, 333], we hypothesize that HuR may also control the inflammatory response to cannabis smoke,

and will be an area of active investigation.

6.8. Is HuR a friend or foe?

The collective results in this thesis still beg the question as to whether HuR is beneficial or
detrimental to lung health in response to CS. HuR targets mRNA that encode protein involved in
physiological processes, including organ development and immune function, and as such,
dysregulation of HuR is linked to the pathogenesis of numerous human diseases. Information of
the fundamental importance for HuR comes from the observation that whole-body deletion of HuR
is embryonic lethal [334, 335], suggesting HuR as a friend during organ development. Therefore,
utilization of models with tissue and/or cell specific knockout of HuR have shed light into its
functions in physiology and disease. For example, adipose-specific deletion of HuR revealed that
HuR in fact protects against obesity [336]. Furthermore, and of relevance to this project, HuR is

involved in lung branching morphogenesis by regulating the synthesis of fibroblast growth factor
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10 (FGF10) mRNA, a growth factor that controls airway tree morphogenesis, by inducing its
translation into protein [337]. In the context of COPD, recent findings connected FGF10 genetic
variants to structural airway abnormalities in COPD among smokers [338]. This suggests that
mutations in FGF10 gene can cause structural abnormalities leading to COPD following years of
environmental exposures. Although the implication of HuR in the regulation of FGF10 genetic
variants is not investigated, we speculate that HuR may regulate FGF10 expression in smokers
who are susceptible to developing COPD. In our RNA-seq data (Chapter IV), we found that HuR
did not associate with FGF10 mRNA, and that HuR knockdown did not change F'GF'10 expression
in response to CS. However, HuR may control the protein level of FGF10 based on the knowledge
that HuR regulates the translation of FGF10 mRNA in response to FGF9, an epithelia-derived
inducer of FGF10 expression [337]. Altogether, the requirement of HuR for lung branching
highlights its role in the lung development, and that HuR dysregulation may contribute to the
airway abnormalities associated with the development of COPD. This suggests that HuR could be

a friend during the development of COPD.

Dysregulation of HuR is also implicated in many cancers such as lung cancer [17, 277,
339, 340]. High HuR expression in lung cancer tissue is associated with metastasis and poor
survival [277, 340]. Perhaps unsurprisingly, HuR controls many aspects of cancer pathogenesis,
including apoptosis, proliferation, angiogenesis, and invasion [267, 301]. In this regard, HuR is
acting as a foe. Hence, it is proposed that targeting HuR could be a promising therapeutic strategy
to treat cancer. HuR also plays a key role in the pathogenesis of other diseases, such as IPF [260,
341-343]. We have recently shown that cytoplasmic HuR is increased in the lungs of IPF patients
and mice exposed to bleomycin and thoracic radiation, two well characterized lung fibrosis models

[260]. We and others have also found that HuR promotes the differentiation of lung fibroblasts to
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myofibroblasts and induces the production of ECM in response to TGF- 3 [260, 261, 343]. Because
of these findings, it could be that HuR controls fibrosis formation around the small airways in
COPD, believed to be a major region of airflow limitation. Altogether, these studies highlight HuR

as a foe in different pathologies.

Another lung disease we speculated that HuR might act as a foe is COVID-19, particularly
as it relates to susceptibility in certain populations. Recently, it was reported that COPD patients
have an increased risk for severe illness from COVID-19 because of the upregulation of ACE2
[77]. Although our study showed that HuR does not control the expression of ACE2 in lung
fibroblasts (Chapter III), our experimental approach revealed that HuR reduces inflammation in
response to CS (Chapter V). This finding is consistent with previous reports showing that myeloid
deletion of HuR induces the sensitivity of the mice to systemic inflammation [344, 345]. Further,
we profiled ELAVLI expression in nasopharyngeal/bronchial cells from COVID-19 patients via
scRNA-seq analysis. We observed that the expression of ELAVL] is significantly lower in critical
COVID-19 patients than in moderate and control patients (Chapter III). These data suggest that
the loss of HuR may be involved in the pathogenesis of COVID-19 by its ability to dampen
inflammation, as SARS-CoV-2 infection induces pro-inflammatory mediators, including IL-8 and
IL-6 [346]. Interestingly, these data raise the possibility that HuR may act as a friend during

cellular response to external stimuli, such as viral infection and CS exposure.

6.9. Future Directions and Conclusion
The goal of this study was to investigate the role of HuR in pathological features involved
in COPD development. First, in Chapter II, we found that the expression of ACE2, the entry
receptor for SARS-CoV-2 [77], is increased in lung fibroblasts from Smoker and COPD subjects.
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Then, in Chapter 111, we identified that cytoplasmic localization of HuR in the lungs from Smokers
and COPD subjects is increased. Using our in vitro model, we also showed that CS directly induces
the cytoplasmic shuttling of HuR, a feature of its activation status, and thus predicted that HuR
activation by smoke would regulate the expression of ACE2- this was not the case. However, we
believe that additional studies should be devoted to evaluating HuR regulation of ACE2 expression
in pulmonary epithelial cells, which are the port of entry of SARS-CoV-2 into the respiratory

system.

Then, in Chapter IV, we delved deeper into how the molecular function of HuR changed
in response to CS using multi-omics approaches. We found that HuR controlled numerous
biological processes in response to cigarette smoke, including pathways involved in inflammation
and oxidative stress, in part by its ability to bind to target mRNA. Mechanistically, we
demonstrated that HuR abrogates CS-induced COX-2 and IL-8 through destabilization of their
mRNA. As recommended above, this finding should be addressed in other lung cell types such as
epithelial cells and macrophages, as HuR cytoplasmic expression was increased in these two cells
in the lungs from Smokers and COPD subjects (Chapter III). Thus, we believe that HuR may

control CS-induced inflammation in multiple lung cell types.

Our findings alone cannot definitively prove that HuR controls pathological responses in
the lungs that caused by CS because our in vitro studies focused solely on lung fibroblasts. Further,
in the context of chronic inflammation, activation of fibroblasts leads to the production of several
cytokines and chemokines [347]. Indeed, our results clearly show that HuR controls multiple
cellular mechanisms both at the basal level and in response to CS. Therefore, it would be
interesting to study the role of HuR in lung physiology and in CS-induced lung damage in vivo.

Based on our finding that HuR cleavage is elevated in lung fibroblasts from smoker and COPD
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subjects as well as in response to CS (chapter III), we speculate that acute smoke exposure (3 days)
and chronic smoke exposure (6 months) may induce HuR cleavage. The products of HuR cleavage
promote apoptosis [223], and mutation of the cleavage site A226 delays apoptotic cell death [224].

Altogether, we believe that HuR cleavage may exaggerate CS-induced lung damage.

There are over 40 types of cells within the lungs that contribute to lung structure and
function [65]. For this reason, as well as issues of embryonic lethality in the whole body knockout
mouse, it would be advantageous to conditionally-knockout HuR in specific cell types, such
epithelial cells or fibroblasts, in the mouse lung. Our lab has in fact optimized the conditional
deletion of HuR in lung fibroblasts using the fibroblast-specific (Colla2) gene promoter to
generate the Colla2Cre-transgenic mice. By breeding Elavi11®1°* mice with Colla2Cre mice,
we have generated conditional fibroblast-specific HuR-deficient mice that is inducible with
tamoxifen administration. Although the objective of generating these conditional knockout mice
is to evaluate the role of HuR in lung fibrosis, we could expose these mice to CS and assess for
changes in lung inflammation. Because in this thesis we showed that in the absence of HuR
inflammatory mediators are upregulated in lung fibroblasts exposed to CS, we speculate that HuR
would control recruitment of immune cells to the lungs, including neutrophils and monocytes,
because of the increase in inflammatory mediators, such as IL-6 and CXCL2. Investigating the
dysregulated mechanisms in vivo will provide a more in-depth understanding of the role of HuR

in lung pathophysiology.

Based on the data within this collective body of work, we propose that HuR may be a
double-edged sword in lung health and disease for the following reasons. First, we found that HuR
abrogates CS-induced inflammation in lung fibroblasts by destabilizing PTGS2 mRNA. Second,

we previously demonstrated that knockout of AhR in lung fibroblasts exposed to CS induces HuR
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translocation to the cytoplasm, hence stabilizing PTGS2 mRNA [290]. Interestingly, we found that
AhR expression is reduced in lung tissue from COPD subjects [348], and that COX-2 expression
is elevated in COPD-derived lung fibroblasts which correlates with reduced levels of AhR [349].
These data suggest that the loss of AhR may induce HuR to stabilize PTGS2 mRNA. Altogether,
we speculate that HuR may shift its function from being a promoter of PTGS2 mRNA decay to a
promoter of PTGS2 mRNA stability in lung fibroblasts exposed to CS through AhR expression.
Finally, our belief that further studies investigating mechanisms regulated by HuR (Figure 6.1)

will open the door to new therapies targeting HuR for deadly diseases with no cure, such as COPD.

210



mRNAs involved in:
; Response to external stimuli, RIP-RINAseq :
E mRNA metabolic process, i
: Translation, : —§ COX-2 and
= KD-RNAseq Intracellular transport, etc : !
5 » 5
L i \\ : <'
i Translation :?::'D%" ( ; D Cytoplasm
mRNAs involved in: s G =) Jibosome : .
Inflammation, —— ! mRNA degradation :: ;qé‘
ROS, ; 3 ) mEE .
ks sty B 5- LU R EE)--- 3 (
Ton transport, etc @
5 s
s@uuuIUSTUARR -3 ¢ Splicing { o S@UUISULREE) -3
o H S @@L L LY RY AY A)--- 38 s
" S0t
T RO CORI
5 () T :
|
1 1
1 1
- Inflammation - Inflammation
- Airflow obstruction - Respiratory symptoms
- Alveolar wall destruction (sorc throat, ctc)

1 .
)

Figure 6.1. Mechanisms regulated by HuR in lung cells exposed to external stimuli.

A. Upon exposure to CS, lung cells produce inflammatory mediators and releases proteases. This
cascade of events can lead to chronic pulmonary inflammation, airflow obstruction, and alveolar
wall destruction (emphysema) that is involved in COPD pathogenesis. At the cellular level,
integrated analysis of HuR in lung fibroblasts indicates that HuR controls mRNA involved in
inflammation, ROS, calcium signaling, ion transport, etc., and binds to mRNA involved in the
response to external stimuli, mRNA metabolic process, translation, intracellular transport, etc.
HuR also reduces the expression of COX-2 and IL-8 protein by inducing the decay of their mRNA.
All these processes may be involved in COPD pathogenesis. B. Cannabis smoke may cause
pulmonary inflammation and respiratory symptoms including sore throat, productive cough and
shortness of breath. However, the involvement of these pathological features in COPD
development, and whether HuR controls these features still need to be elucidated. KD-RNAseq;
knockdown of HuR followed by RNA-seq. Created with BioRender.com.
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7. APPENDIX

Table Al. Proteins associated with HuR in lung fibroblasts at the basal level (AIP-HuR). LFQ
(label-free quantification) ratios.

Gene Name Protein Name AIP-HuR (LFQ PANTHER Function
ratios) protein class
Eukaryotic translation 2.5 Translation Translation
EIF3F initiation factor 3 initiation factor
subunit F
Reticulocalbin-1 2.2 Calmodulin- Calcium
RCNI1 ) .
related ion binding
Heterogeneous nuclear 2.1 RNA metabolism RNA
HNRNPAB ribonucleoprotein A/B protein binding
Coatomer subunit 2.0 Vesicle coat Intracellular
COPA alpha;Xenin;Proxenin protein protein
transport
Heterogeneous nuclear 2.0 RNA metabolism RNA
HNRNPDL ribonucleoprotein D-like protein binding
CALU Calumenin 2.0 Calmodulin- ' Calgiurp
related ion binding
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Table A2. Proteins associated with HuR in lung fibroblasts exposed to CSE (AIP-HuR-CSE).

Gene Name
RTN4
CANX
ITGB1
EIF3F
EHD2

CYB5R3

PSMC4

HNRNPAB

DDOST

P4HB

RPN2

CALR
ATPSA1

HIST2H2A
C;
HIST2H2A
A3

Protein Name

Reticulon-4
Calnexin

Integrin beta-1
Eukaryotic translation
initiation factor 3 subunit
F
EH domain-containing
protein 2
Cytochrome B5 Reductase
3; NADH-cytochrome b5
reductase 3;

268 protease regulatory
subunit 6B

Heterogeneous nuclear
ribonucleoprotein A/B
Dolichyl-
diphosphooligosaccharide
--protein
glycosyltransferase 48 kDa
subunit
Protein disulfide-
isomerase
Dolichyl-
diphosphooligosaccharide
--protein
glycosyltransferase
subunit 2
Calreticulin

ATP synthase subunit
alpha, mitochondrial
Histone H2A type 2-C;
Histone H2A type 2-A

AIP-HuR-
CSE (LFQ
ratios)
3.6
3.5
33
2.8
2.6

2.6

2.5

24

23

2.2

2.1

2.1
2.1

2.1
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PANTHER Function
protein class
NA NA
Chaperone Protein
folding
Integrin Cell adhesion
Translation Translation
initiation factor
Membrane traffic Protein
protein localization
Reductase Catalytic
activity
Protease Proteasome-
mediated
ubiquitin-
dependent
protein
catabolic
process
RNA metabolism  RNA binding
protein
Glycosyltransferase =~ Metabolic
process
Chaperone Protein
folding
Glycosyltransferase =~ Metabolic
process
Chaperone Protein
folding
NA NA
NA NA



ATPSB

PSMD11

TUBAIA

PSMCS

DYNCI112

ATP synthase subunit
beta, mitochondrial
26S proteasome non-
ATPase regulatory subunit
11
Tubulin alpha-1A chain

26S protease regulatory
subunit 8

Cytoplasmic dynein 1
intermediate chain 2
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2.1

2.0

2.0

2.0

NA

NA

Tubulin

Protease

Microtubule or
microtubule-
binding
cytoskeletal protein

NA

NA

Microtubule
cytoskeleton
organization
Proteasome-
mediated
ubiquitin-
dependent
protein
catabolic
process
Transport
along
microtubule



miRNA
MIR8&072

MIRLET7B

MIR421

MIR221

MIR4800

MIR663A

MIR3190

MIR4683

MIR762

MIR7845
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Table A3. miRNA associated with HuR in lung fibroblasts at the basal level (AIP-HuR).

AIP-HuR (log2 fold change)

4.27500705

3.01970191

2.71588199

2.6825733

2.34846671

2.24184018

2.15055968

1.78659636

1.78659636

1.54596837



miRNA
MIR4517

MIR 1306

MIR3198-2

MIR3655

MIR29C

MIR3662

MIR491

MIR34A

MIRS590

MIR331

MIRS5706

MIR3605

MIR4683

MIR30E

MIR4653

MIRLET7G

MIR542

MIRS589

Table A4. miRNAs associated with HuR in lung fibroblasts exposed to CSE (AIP-HuR-CSE).
AIP-HuR-CSE (log2 fold change)

3.14567746

3.12432814

3.02325535

2.81352469

2.52985083

2.43028527

2.42760617

2.39854938

2.32768736

2.15380534

2.1473067

1.87970577

1.87184365

1.82374936

1.76977174

1.67355642

1.58976349

1.51601515



Table AS. miRNA differentially expressed with HuR silencing in lung fibroblasts at the basal level

(AsiH).
miRNA AsiH (log2 fold change)
MIR5047 8.214622
MIR9718 7.292987
MIR4258 7.142006
MIR4721 7.060144
MIR6809 7.060144
MIR711 6.973357
MIR4683 6.973357
MIR5193 6.973357
MIR10397 4.568847
MIR4751 -2.94454
MIR34A -2.89936
MIR6716 -3.24478
MIR1271 -7.05013
MIR649 -7.63146
MIR4714 -7.63146
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Table A6. miRNAs differentially expressed with HuR silencing in lung fibroblasts exposed to
CSE (AsiH-CSE).

miRNA AsiH-CSE (log2 fold change)
MIR3614 7.076787
MIR6864 7.006932
MIRS55 6.687806
MIR10393 2.577937
MIR4687 -2.1155
MIR6869 -3.03775
MIR6892 -3.37917
MIR4709 -7.43067

218



10.

1.

12.

13.

14.

15.

16.

17.

18.

8. REFERENCES

Aloufi, N., et al., Aberrant Post-Transcriptional Regulation of Protein Expression in the
Development of Chronic Obstructive Pulmonary Disease. Int ] Mol Sci, 2021. 22(21).
Aloufi, N., et al., Angiotensin-converting enzyme 2 expression in COPD and IPF
fibroblasts: the forgotten cell in COVID-19. Am J Physiol Lung Cell Mol Physiol, 2021.
320(1): p. L152-L157.

Aloufi, N., et al., Role of Human Antigen R (HuR) in the Regulation of Pulmonary ACE?2
Expression. Cells, 2021. 11(1).

Aloufi, N., et al., Standardized Cannabis Smoke Extract Induces Inflammation in Human
Lung Fibroblasts. 2022. 13.

Orphanides, G. and D. Reinberg, 4 unified theory of gene expression. Cell, 2002. 108(4):
p. 439-51.

Keene, J.D., RNA regulons: coordination of post-transcriptional events. Nat Rev Genet,
2007. 8(7): p. 533-43.

He, R.Z., D.X. Luo, and Y.Y. Mo, Emerging roles of IncRNAs in the post-transcriptional
regulation in cancer. Genes Dis, 2019. 6(1): p. 6-15.

Corley, M., M.C. Burns, and G.W. Yeo, How RNA-Binding Proteins Interact with RNA:
Molecules and Mechanisms. Mol Cell, 2020. 78(1): p. 9-29.

Tan, W.C., et al., Characteristics of COPD in never-smokers and ever-smokers in the
general population: results from the CanCOLD study. Thorax, 2015. 70(9): p. 822-9.
Baron, E.P., Medicinal Properties of Cannabinoids, Terpenes, and Flavonoids in
Cannabis, and Benefits in Migraine, Headache, and Pain: An Update on Current Evidence
and Cannabis Science. Headache, 2018. 58(7): p. 1139-1186.

Li, H., et al., Overview of cannabidiol (CBD) and its analogues: Structures, biological
activities, and neuroprotective mechanisms in epilepsy and Alzheimer's disease. Eur ] Med
Chem, 2020. 192: p. 112163.

Brown, J.D., Potential Adverse Drug Events with Tetrahydrocannabinol (THC) Due to
Drug-Drug Interactions. J Clin Med, 2020. 9(4).

Campeny, E., et al., The blind men and the elephant: Systematic review of systematic
reviews of cannabis use related health harms. Eur Neuropsychopharmacol, 2020.
Stampfli, M.R. and G.P. Anderson, How cigarette smoke skews immune responses to
promote infection, lung disease and cancer. Nat Rev Immunol, 2009. 9(5): p. 377-84.
Martey, C.A., et al.,, Cigarette smoke induces cyclooxygenase-2 and microsomal
prostaglandin E2 synthase in human lung fibroblasts: implications for lung inflammation
and cancer. Am J Physiol Lung Cell Mol Physiol, 2004. 287(5): p. L981-91.

Li, CJ., et al., MAPK pathway mediates EGR-1-HSP70-dependent cigarette smoke-
induced chemokine production. Am J Physiol Lung Cell Mol Physiol, 2007. 292(5): p.
L1297-303.

Bhalla, D.K., et al., Cigarette smoke, inflammation, and lung injury: a mechanistic
perspective. J Toxicol Environ Health B Crit Rev, 2009. 12(1): p. 45-64.

Kosmider, B., et al., Human alveolar epithelial cell injury induced by cigarette smoke.
PLoS One, 2011. 6(12): p. €26059.

219



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Baglole, C.J., et al., Differential induction of apoptosis by cigarette smoke extract in
primary human lung fibroblast strains: implications for emphysema. Am J Physiol Lung
Cell Mol Physiol, 2006. 291(1): p. L19-29.

Vestbo, J., et al., Global strategy for the diagnosis, management, and prevention of chronic
obstructive pulmonary disease: GOLD executive summary. Am J Respir Crit Care Med,
2013. 187(4): p. 347-65.

Report, W.H.; Available from: https://www.who.int/en/news-room/fact-sheets/detail/the-
top-10-causes-of-death.

Global Strategy for the Diagnosis, Management and Prevention of COPD, Global
Initiative for Chronic Obstructive Lung Disease (GOLD) 2020.

Pauwels, R.A. and K.F. Rabe, Burden and clinical features of chronic obstructive
pulmonary disease (COPD). Lancet, 2004. 364(9434): p. 613-20.

Macnee, W., et al. , COPD: Pathogenesis and Natural History, in Murray and Nadel's
Textbook of Respiratory Medicine. 2016. p. 751-766.¢7.

Decramer, M., W. Janssens, and M. Miravitlles, Chronic obstructive pulmonary disease.
Lancet, 2012. 379(9823): p. 1341-51.

Athanazio, R., Adirway disease: similarities and differences between asthma, COPD and
bronchiectasis. Clinics, 2012. 67.11 p. 1335-1343.

WHO. 2020; Available from: https://www.who.int/news-room/fact-sheets/detail/tobacco.
FDA. Chemicals in Cigarettes: From Plant to Product to Puff. 2020; Available from:
https://www.fda.gov/tobacco-products/products-ingredients-components/chemicals-
cigarettes-plant-product-puff.

Fowles, J. and E. Dybing, Application of toxicological risk assessment principles to the
chemical constituents of cigarette smoke. Tob Control, 2003. 12(4): p. 424-30.

King, P.T., Inflammation in chronic obstructive pulmonary disease and its role in
cardiovascular disease and lung cancer. Clin Transl Med, 2015. 4(1): p. 68.

van Durme, Y., et al., Prevalence, incidence, and lifetime risk for the development of
COPD in the elderly: the Rotterdam study. Chest, 2009. 135(2): p. 368-377.

Eisner, M.D., et al., An official American Thoracic Society public policy statement: Novel
risk factors and the global burden of chronic obstructive pulmonary disease. Am J Respir
Crit Care Med, 2010. 182(5): p. 693-718.

WHO. Air pollution. 2021; Available from: https://www.who.int/health-topics/air-
pollution#tab=tab_1.

Losacco, C. and A. Perillo, Particulate matter air pollution and respiratory impact on
humans and animals. Environ Sci Pollut Res Int, 2018. 25(34): p. 33901-33910.
Glencross, D.A., et al., Air pollution and its effects on the immune system. Free Radic Biol
Med, 2020. 151: p. 56-68.

WHO. WHO global air quality  guidelines. 2021;  Available from:
https://www.who.int/publications/i/item/9789240034228.

Traboulsi, H., et al., Inhalation Toxicology of Vaping Products and Implications for
Pulmonary Health. Int J Mol Sci, 2020. 21(10).

Herrington, J.S. and C. Myers, Electronic cigarette solutions and resultant aerosol
profiles. ] Chromatogr A, 2015. 1418: p. 192-199.

Jerzynski, T., et al., Estimation of the global number of e-cigarette users in 202(0. Harm
Reduct J, 2021. 18(1): p. 109.

220


https://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/tobacco
https://www.fda.gov/tobacco-products/products-ingredients-components/chemicals-cigarettes-plant-product-puff
https://www.fda.gov/tobacco-products/products-ingredients-components/chemicals-cigarettes-plant-product-puff
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://www.who.int/publications/i/item/9789240034228

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Osei, A.D., et al.,, Association Between E-Cigarette Use and Chronic Obstructive
Pulmonary Disease by Smoking Status: Behavioral Risk Factor Surveillance System 2016
and 2017. Am J Prev Med, 2020. 58(3): p. 336-342.

Garcia-Arcos, L., et al., Chronic electronic cigarette exposure in mice induces features of
COPD in a nicotine-dependent manner. Thorax, 2016. 71(12): p. 1119-1129.

Scott, A., et al., Pro-inflammatory effects of e-cigarette vapour condensate on human
alveolar macrophages. Thorax, 2018. 73(12): p. 1161-1169.

Rana, A.C., N. , Floral Biology and Pollination Biology of Cannabis sativa L. The
International Journal of Plant Reproductive Biology, 2010. 2: p. 191-195.

Hillig, K.W., Genetic evidence for speciation in Cannabis (Cannabaceae). Genetic
Resources and Crop Evolution 2005. 52(161-180.).

Atakan, Z., Cannabis, a complex plant: different compounds and different effects on
individuals. Ther Adv Psychopharmacol, 2012. 2(6): p. 241-54.

Mersiades, A.J., et al., Oral cannabinoid-rich THC/CBD cannabis extract for secondary
prevention of chemotherapy-induced nausea and vomiting: a study protocol for a pilot and
definitive randomised double-blind placebo-controlled trial (CannabisCINV). BMJ Open,
2018. 8(9): p. €020745.

organisation, w.h.  Management of  substance abuse. Available from:
https://www.who.int/substance abuse/facts/cannabis/en/.

Moir, D., et al., A comparison of mainstream and sidestream marijuana and tobacco
cigarette smoke produced under two machine smoking conditions. Chem Res Toxicol,
2008. 21(2): p. 494-502.

Graves, B.M., et al., Comprehensive characterization of mainstream marijuana and
tobacco smoke. Sci Rep, 2020. 10(1): p. 7160.

Henderson, R.L., F.S. Tennant, and R. Guerry, Respiratory manifestations of hashish
smoking. Arch Otolaryngol, 1972. 95(3): p. 248-51.

Fligiel, S.E., et al., Tracheobronchial histopathology in habitual smokers of cocaine,
marijuana, and/or tobacco. Chest, 1997. 112(2): p. 319-26.

Roth, M.D., et al., Airway inflammation in young marijuana and tobacco smokers. Am J
Respir Crit Care Med, 1998. 157(3 Pt 1): p. 928-37.

Maertens, R.M., et al., 4 global toxicogenomic analysis investigating the mechanistic
differences between tobacco and marijuana smoke condensates in vitro. Toxicology, 2013.
308: p. 60-73.

Aguiar, J.A., et al., Transcriptomic and barrier responses of human airway epithelial cells
exposed to cannabis smoke. Physiol Rep, 2019. 7(20): p. e14249.

Barnes, P.J., Inflammatory mechanisms in patients with chronic obstructive pulmonary
disease. J Allergy Clin Immunol, 2016. 138(1): p. 16-27.

Sethi, S., et al., Inflammation in COPD: implications for management. Am J Med, 2012.
125(12): p. 1162-70.

Donnelly, L.E. and P.J. Barnes, Chemokine receptors as therapeutic targets in chronic
obstructive pulmonary disease. Trends Pharmacol Sci, 2006. 27(10): p. 546-53.
Frankenberger, M., et al., Chemokine expression by small sputum macrophages in COPD.
Mol Med, 2011. 17(7-8): p. 762-70.

Sheridan, J.A., et al., Decreased expression of the NF-kappaB family member RelB in lung
fibroblasts from Smokers with and without COPD potentiates cigarette smoke-induced
COX-2 expression. Respir Res, 2015. 16: p. 54.

221


https://www.who.int/substance_abuse/facts/cannabis/en/

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Chen, Y., et al., Enhanced levels of prostaglandin E2 and matrix metalloproteinase-2
correlate with the severity of airflow limitation in stable COPD. Respirology, 2008. 13(7):
p. 1014-21.

Bagdonas, E., et al., Novel aspects of pathogenesis and regeneration mechanisms in
COPD. Int J Chron Obstruct Pulmon Dis, 2015. 10: p. 995-1013.

Barnes, P.J., S.D. Shapiro, and R.A. Pauwels, Chronic obstructive pulmonary disease:
molecular and cellular mechanisms. Eur Respir J, 2003. 22(4): p. 672-88.

Owen, C.A., Roles for proteinases in the pathogenesis of chronic obstructive pulmonary
disease. Int ] Chron Obstruct Pulmon Dis, 2008. 3(2): p. 253-68.

Hoenderdos, K. and A. Condliffe, The neutrophil in chronic obstructive pulmonary
disease. Am J Respir Cell Mol Biol, 2013. 48(5): p. 531-9.

Franks, T.J., et al., Resident cellular components of the human lung: current knowledge
and goals for research on cell phenotyping and function. Proc Am Thorac Soc, 2008. 5(7):
p. 763-6.

Barnes, P.J., Cellular and molecular mechanisms of chronic obstructive pulmonary
disease. Clin Chest Med, 2014. 35(1): p. 71-86.

Worrell, J.C. and M.K.L. MacLeod, Stromal-immune cell crosstalk fundamentally alters
the lung microenvironment following tissue insult. Immunology, 2021. 163(3): p. 239-249.
Sirianni, F.E., F.S. Chu, and D.C. Walker, Human alveolar wall fibroblasts directly link
epithelial type 2 cells to capillary endothelium. Am J Respir Crit Care Med, 2003. 168(12):
p. 1532-7.

Burns, A.R., C.W. Smith, and D.C. Walker, Unique structural features that influence
neutrophil emigration into the lung. Physiol Rev, 2003. 83(2): p. 309-36.

Green, C.E. and A.M. Turner, The role of the endothelium in asthma and chronic
obstructive pulmonary disease (COPD). Respir Res, 2017. 18(1): p. 20.

Vlahos, R. and S. Bozinovski, Role of alveolar macrophages in chronic obstructive
pulmonary disease. Front Immunol, 2014. 5: p. 435.

Kapellos, T.S., et al., Dysregulated Functions of Lung Macrophage Populations in COPD.
J Immunol Res, 2018. 2018: p. 2349045.

Riise, G.C., et al., Circulating cell adhesion molecules in bronchial lavage and serum in
COPD patients with chronic bronchitis. Eur Respir J, 1994. 7(9): p. 1673-7.

Jasper, A.E., et al., Understanding the role of neutrophils in chronic inflammatory airway
disease. F1000Res, 2019. 8.

Grumelli, S., et al., An immune basis for lung parenchymal destruction in chronic
obstructive pulmonary disease and emphysema. PLoS Med, 2004. 1(1): p. e8.

Freeman, C.M. and J.L. Curtis, Lung Dendritic Cells: Shaping Immune Responses
throughout Chronic Obstructive Pulmonary Disease Progression. Am J Respir Cell Mol
Biol, 2017. 56(2): p. 152-159.

Attaway, A.A., J. Zein, and U.S. Hatipoglu, SARS-Co V-2 infection in the COPD population
is associated with increased healthcare utilization: An analysis of Cleveland clinic's
COVID-19 registry. EClinicalMedicine, 2020. 26: p. 100515.

Hoftmann, M., et al., SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS?2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell, 2020. 181(2): p. 271-280 e8.

Hu, B., et al., Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol, 2021.
19(3): p. 141-154.

222



80.

81.

82.

&3.

&4.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Leung, J.M., et al., ACE-2 expression in the small airway epithelia of smokers and COPD
patients: implications for COVID-19. Eur Respir J, 2020. 55(5).

Jacobs, M., et al., Increased expression of ACE2, the SARS-CoV-2 entry receptor, in
alveolar and bronchial epithelium of smokers and COPD subjects. Eur Respir J, 2020.
56(2).

Balkissoon, R., et al., Chronic obstructive pulmonary disease: a concise review. Med Clin
North Am, 2011. 95(6): p. 1125-41.

Billington, C.K., et al., cAMP regulation of airway smooth muscle function. Pulm
Pharmacol Ther, 2013. 26(1): p. 112-20.

Malerba, M., et al., Investigational beta-2 adrenergic agonists for the treatment of chronic
obstructive pulmonary disease. Expert Opin Investig Drugs, 2017. 26(3): p. 319-329.
Khorasani, N., et al., Reversal of corticosteroid insensitivity by p38 MAPK inhibition in
peripheral blood mononuclear cells from COPD. Int J Chron Obstruct Pulmon Dis, 2015.
10: p. 283-91.

Ahn, K.S. and B.B. Aggarwal, Transcription factor NF-kappaB: a sensor for smoke and
stress signals. Ann N'Y Acad Sci, 2005. 1056: p. 218-33.

Di Stefano, A., et al., Increased expression of nuclear factor-kappaB in bronchial biopsies
from smokers and patients with COPD. Eur Respir J, 2002. 20(3): p. 556-63.

Edwards, M.R., et al., Targeting the NF-kappaB pathway in asthma and chronic
obstructive pulmonary disease. Pharmacol Ther, 2009. 121(1): p. 1-13.

Wang, C., et al., Progress in the mechanism and targeted drug therapy for COPD. Signal
Transduct Target Ther, 2020. 5(1): p. 248.

Barnes, P.J., Transcription factors in airway diseases. Lab Invest, 2006. 86(9): p. 867-72.
Caramori, G., P. Casolari, and 1. Adcock, Role of transcription factors in the pathogenesis
of asthma and COPD. Cell Commun Adhes, 2013. 20(1-2): p. 21-40.

Khabar, K.S., Post-transcriptional control during chronic inflammation and cancer: a
focus on AU-rich elements. Cell Mol Life Sci, 2010. 67(17): p. 2937-55.

Dreyfuss, G., V.N. Kim, and N. Kataoka, Messenger-RNA-binding proteins and the
messages they carry. Nat Rev Mol Cell Biol, 2002. 3(3): p. 195-205.

Burd, C.G. and G. Dreyfuss, Conserved structures and diversity of functions of RNA-
binding proteins. Science, 1994. 265(5172): p. 615-21.

Glisovic, T., et al., RNA-binding proteins and post-transcriptional gene regulation. FEBS
Lett, 2008. 582(14): p. 1977-86.

Lunde, B.M., C. Moore, and G. Varani, RNA-binding proteins: modular design for efficient
function. Nat Rev Mol Cell Biol, 2007. 8(6): p. 479-90.

Lorkovi¢, Z.J., RNA binding proteins. Molecular biology intelligence unit. 2012, Austin,
Tex.: Landes Bioscience. 162 p.

Auweter, S.D., F.C. Oberstrass, and F.H. Allain, Sequence-specific binding of single-
stranded RNA: is there a code for recognition? Nucleic Acids Res, 2006. 34(17): p. 4943-
59.

Richter, J.D. and X. Zhao, The molecular biology of FMRP: new insights into fragile X
syndrome. Nat Rev Neurosci, 2021. 22(4): p. 209-222.

Takagaki, Y., et al., The human 64-kDa polyadenylylation factor contains a
ribonucleoprotein-type RNA binding domain and unusual auxiliary motifs. Proc Natl Acad
SciU S A, 1992. 89(4): p. 1403-7.

223



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Shimberg, G.D., et al., Cleavage and polyadenylation specificity factor 30: An RNA-
binding zinc-finger protein with an unexpected 2Fe-2S cluster. Proc Natl Acad SciU S A,
2016. 113(17): p. 4700-5.

Neve, J., et al.,, Cleavage and polyadenylation: Ending the message expands gene
regulation. RNA Biol, 2017. 14(7): p. 865-890.

Minvielle-Sebastia, L. and W. Keller, mRNA polyadenylation and its coupling to other
RNA processing reactions and to transcription. Curr Opin Cell Biol, 1999. 11(3): p. 352-
7.

Dettwiler, S., et al., Distinct sequence motifs within the 68-kDa subunit of cleavage factor
Im mediate RNA binding, protein-protein interactions, and subcellular localization. J Biol
Chem, 2004. 279(34): p. 35788-97.

Wahle, E., 4 novel poly(A)-binding protein acts as a specificity factor in the second phase
of messenger RNA polyadenylation. Cell, 1991. 66(4): p. 759-68.

Bienroth, S., W. Keller, and E. Wahle, Assembly of a processive messenger RNA
polyadenylation complex. EMBO J, 1993. 12(2): p. 585-94.

Staley, J.P. and C. Guthrie, Mechanical devices of the spliceosome: motors, clocks, springs,
and things. Cell, 1998. 92(3): p. 315-26.

Zahler, AM., et al., SR proteins: a conserved family of pre-mRNA splicing factors. Genes
Dev, 1992. 6(5): p. 837-47.

Will, C.L. and R. Luhrmann, Spliceosome structure and function. Cold Spring Harb
Perspect Biol, 2011. 3(7).

Johnson, J.M., et al., Genome-wide survey of human alternative pre-mRNA splicing with
exon junction microarrays. Science, 2003. 302(5653): p. 2141-4.

Pan, Q., et al.,, Deep surveying of alternative splicing complexity in the human
transcriptome by high-throughput sequencing. Nat Genet, 2008. 40(12): p. 1413-5.
Wang, E.T., et al., Alternative isoform regulation in human tissue transcriptomes. Nature,
2008. 456(7221): p. 470-6.

Wang, Z. and C.B. Burge, Splicing regulation: from a parts list of regulatory elements to
an integrated splicing code. RNA, 2008. 14(5): p. 802-13.

Huelga, S.C., et al., Integrative genome-wide analysis reveals cooperative regulation of
alternative splicing by hnRNP proteins. Cell Rep, 2012. 1(2): p. 167-78.

Bass, B.L., RNA editing and hypermutation by adenosine deamination. Trends Biochem
Sci, 1997. 22(5): p. 157-62.

Schaub, M. and W. Keller, RNA editing by adenosine deaminases generates RNA and
protein diversity. Biochimie, 2002. 84(8): p. 791-803.

Valente, L. and K. Nishikura, ADAR gene family and A-to-I RNA editing: diverse roles in
posttranscriptional gene regulation. Prog Nucleic Acid Res Mol Biol, 2005. 79: p. 299-
338.

Athanasiadis, A., A. Rich, and S. Maas, Widespread A-to-I RNA editing of Alu-containing
mRNAs in the human transcriptome. PLoS Biol, 2004. 2(12): p. e391.

Keller, W., J. Wolf, and A. Gerber, Editing of messenger RNA precursors and of tRNAs by
adenosine to inosine conversion. FEBS Lett, 1999. 452(1-2): p. 71-6.

Gerber, A.P. and W. Keller, RNA editing by base deamination: more enzymes, more
targets, new mysteries. Trends Biochem Sci, 2001. 26(6): p. 376-84.

Bass, B.L., RNA editing by adenosine deaminases that act on RNA. Annu Rev Biochem,
2002. 71: p. 817-46.

224



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Bass, B.L., et al., 4 standardized nomenclature for adenosine deaminases that act on RNA.
RNA, 1997. 3(9): p. 947-9.

Chen, C.X., et al., 4 third member of the RNA-specific adenosine deaminase gene family,
ADARS3, contains both single- and double-stranded RNA binding domains. RNA, 2000.
6(5): p. 755-67.

Levanon, E.Y., et al., Systematic identification of abundant A-to-I editing sites in the
human transcriptome. Nat Biotechnol, 2004. 22(8): p. 1001-5.

Kim, D.D., et al., Widespread RNA editing of embedded alu elements in the human
transcriptome. Genome Res, 2004. 14(9): p. 1719-25.

Schoenberg, D.R. and L.E. Maquat, Regulation of cytoplasmic mRNA decay. Nat Rev
Genet, 2012. 13(4): p. 246-59.

Blackshear, P.J., Tristetraprolin and other CCCH tandem zinc-finger proteins in the
regulation of mRNA turnover. Biochem Soc Trans, 2002. 30(Pt 6): p. 945-52.

Carballo, E., W.S. Lai, and P.J. Blackshear, Feedback inhibition of macrophage tumor
necrosis factor-alpha production by tristetraprolin. Science, 1998. 281(5379): p. 1001-5.
Lai, W.S., et al., Evidence that tristetraprolin binds to AU-rich elements and promotes the
deadenylation and destabilization of tumor necrosis factor alpha mRNA. Mol Cell Biol,
1999. 19(6): p. 4311-23.

Kratochvill, F., et al., Tristetraprolin-driven regulatory circuit controls quality and timing
of mRNA decay in inflammation. Mol Syst Biol, 2011. 7: p. 560.

Sauer, 1., et al., Interferons limit inflammatory responses by induction of tristetraprolin.
Blood, 2006. 107(12): p. 4790-7.

Ogilvie, R.L., et al., Tristetraprolin down-regulates IL-2 gene expression through AU-rich
element-mediated mRNA decay. J Immunol, 2005. 174(2): p. 953-61.

Phillips, K., et al., Arthritis suppressor genes TIA-1 and TTP dampen the expression of
tumor necrosis factor alpha, cyclooxygenase 2, and inflammatory arthritis. Proc Natl Acad
Sci U S A, 2004. 101(7): p. 2011-6.

Winzen, R., et al., Functional analysis of KSRP interaction with the AU-rich element of
interleukin-8 and identification of inflammatory mRNA targets. Mol Cell Biol, 2007.
27(23): p. 8388-400.

Leppek, K., et al., Roquin promotes constitutive mRNA decay via a conserved class of stem-
loop recognition motifs. Cell, 2013. 153(4): p. 869-81.

Paschoud, S., et al., Destabilization of interleukin-6 mRNA requires a putative RNA stem-
loop structure, an AU-rich element, and the RNA-binding protein AUF1. Mol Cell Biol,
2006. 26(22): p. 8228-41.

Gratacos, F.M. and G. Brewer, The role of AUFI in regulated mRNA decay. Wiley
Interdiscip Rev RNA, 2010. 1(3): p. 457-73.

White, E.J., G. Brewer, and G.M. Wilson, Post-transcriptional control of gene expression
by AUF1: mechanisms, physiological targets, and regulation. Biochim Biophys Acta,
2013. 1829(6-7): p. 680-8.

Wang, W., et al., HuR regulates cyclin A and cyclin Bl mRNA stability during cell
proliferation. EMBO J, 2000. 19(10): p. 2340-50.

Figueroa, A., et al., Role of HuR in skeletal myogenesis through coordinate regulation of
muscle differentiation genes. Mol Cell Biol, 2003. 23(14): p. 4991-5004.

van der Giessen, K., et al., RNAi-mediated HuR depletion leads to the inhibition of muscle
cell differentiation. J Biol Chem, 2003. 278(47): p. 47119-28.

225



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Dormoy-Raclet, V., et al., The RNA-binding protein HuR promotes cell migration and cell
invasion by stabilizing the beta-actin mRNA in a U-rich-element-dependent manner. Mol
Cell Biol, 2007. 27(15): p. 5365-80.

Ishimaru, D., et al., Regulation of Bcl-2 expression by HuR in HL60 leukemia cells and
A431 carcinoma cells. Mol Cancer Res, 2009. 7(8): p. 1354-66.

Doller, A., et al., Protein kinase C alpha-dependent phosphorylation of the mRNA-
stabilizing factor HuR: implications for posttranscriptional regulation of cyclooxygenase-
2. Mol Biol Cell, 2007. 18(6): p. 2137-48.

Fan, J., et al., Chemokine transcripts as targets of the RNA-binding protein HuR in human
airway epithelium. J Immunol, 2011. 186(4): p. 2482-94.

Bai, D., et al., 4 conserved TGFbetal/HuR feedback circuit regulates the fibrogenic
response in fibroblasts. Cell Signal, 2012. 24(7): p. 1426-32.

Adjibade, P. and R. Mazroui, Control of mRNA turnover: implication of cytoplasmic RNA
granules. Semin Cell Dev Biol, 2014. 34: p. 15-23.

Mahboubi, H. and U. Stochaj, Cytoplasmic stress granules: Dynamic modulators of cell
signaling and disease. Biochim Biophys Acta Mol Basis Dis, 2017. 1863(4): p. 884-895.
Ansari, M.Y. and T.M. Haqqi, Interleukin-1beta induced Stress Granules Sequester COX-
2 mRNA and Regulates its Stability and Translation in Human OA Chondrocytes. Sci Rep,
2016. 6: p. 27611.

Kedersha, N., P. Ivanov, and P. Anderson, Stress granules and cell signaling: more than
just a passing phase? Trends Biochem Sci, 2013. 38(10): p. 494-506.

Jain, S. and R. Parker, The discovery and analysis of P Bodies. Adv Exp Med Biol, 2013.
768: p. 23-43.

Glasmacher, E., et al., Roquin binds inducible costimulator mRNA and effectors of mRNA
decay to induce microRNA-independent post-transcriptional repression. Nat Immunol,
2010. 11(8): p. 725-33.

Kahvejian, A., et al., Mammalian poly(A)-binding protein is a eukaryotic translation
initiation factor, which acts via multiple mechanisms. Genes Dev, 2005. 19(1): p. 104-13.
Dixon, D.A., etal., Regulation of cyclooxygenase-2 expression by the translational silencer
TIA-1. J Exp Med, 2003. 198(3): p. 475-81.

Wang, [.X., et al., ADAR regulates RNA editing, transcript stability, and gene expression.
Cell Rep, 2013. 5(3): p. 849-60.

Stellos, K., et al., Adenosine-to-inosine RNA editing controls cathepsin S expression in
atherosclerosis by enabling HuR-mediated post-transcriptional regulation. Nat Med,
2016. 22(10): p. 1140-1150.

Brown, R., et al., Cathepsin S: investigating an old player in lung disease pathogenesis,
comorbidities, and potential therapeutics. Respir Res, 2020. 21(1): p. 111.

Wigington, C.P., et al., Post-transcriptional regulation of programmed cell death 4
(PDCD4) mRNA by the RNA-binding proteins human antigen R (HuR) and T-cell
intracellular antigen 1 (TIA1). J Biol Chem, 2015. 290(6): p. 3468-87.

Zhang, X., et al., Translation repression via modulation of the cytoplasmic poly(A)-binding
protein in the inflammatory response. Elife, 2017. 6.

Bhattacharya, S., et al., Molecular biomarkers for quantitative and discrete COPD
phenotypes. Am J Respir Cell Mol Biol, 2009. 40(3): p. 359-67.

DeMeo, D.L., et al., Integration of genomic and genetic approaches implicates IREB2 as
a COPD susceptibility gene. Am J Hum Genet, 2009. 85(4): p. 493-502.

226



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Qiu, W., et al., Genetics of sputum gene expression in chronic obstructive pulmonary
disease. PLoS One, 2011. 6(9): p. €24395.

Hardin, M., et al., CHRNA3/5, IREB2, and ADCY?2 are associated with severe chronic
obstructive pulmonary disease in Poland. Am J Respir Cell Mol Biol, 2012. 47(2): p. 203-
8.

Cloonan, S.M., et al., Mitochondrial iron chelation ameliorates cigarette smoke-induced
bronchitis and emphysema in mice. Nat Med, 2016. 22(2): p. 163-74.

Ghio, A.J., et al., Particulate matter in cigarette smoke alters iron homeostasis to produce
a biological effect. Am J Respir Crit Care Med, 2008. 178(11): p. 1130-8.

Philippot, Q., et al., Increased iron sequestration in alveolar macrophages in chronic
obstructive pulmonary disease. PLoS One, 2014. 9(5): p. €96285.

Ricciardi, L., et al., Differential expression of RNA-binding proteins in bronchial
epithelium of stable COPD patients. Int J Chron Obstruct Pulmon Dis, 2018. 13: p. 3173-
3190.

Hogg, J.C. and W. Timens, The pathology of chronic obstructive pulmonary disease. Annu
Rev Pathol, 2009. 4: p. 435-59.

Thomson, E.M., et al., Overexpression of tumor necrosis factor-alpha in the lungs alters
immune response, matrix remodeling, and repair and maintenance pathways. Am J Pathol,
2012. 180(4): p. 1413-30.

Taylor, G.A., et al., A pathogenetic role for TNF alpha in the syndrome of cachexia,
arthritis, and autoimmunity resulting from tristetraprolin (TTP) deficiency. Immunity,
1996. 4(5): p. 445-54.

Prabhala, P. and A.J. Ammit, Tristetraprolin and its role in regulation of airway
inflammation. Mol Pharmacol, 2015. 87(4): p. 629-38.

Mino, T. and O. Takeuchi, Post-transcriptional regulation of cytokine mRNA controls the
initiation and resolution of inflammation. Biotechnol Genet Eng Rev, 2013. 29: p. 49-60.
Smoak, K. and J.A. Cidlowski, Glucocorticoids regulate tristetraprolin synthesis and
posttranscriptionally regulate tumor necrosis factor alpha inflammatory signaling. Mol
Cell Biol, 2006. 26(23): p. 9126-35.

Ishmael, F.T., et al., Role of the RNA-binding protein tristetraprolin in glucocorticoid-
mediated gene regulation. J Immunol, 2008. 180(12): p. 8342-53.

Lu, J.Y., N. Sadri, and R.J. Schneider, Endotoxic shock in AUF1 knockout mice mediated
by failure to degrade proinflammatory cytokine mRNAs. Genes Dev, 2006. 20(22): p. 3174-
84.

Sadri, N. and R.J. Schneider, Aufl/Hnrnpd-deficient mice develop pruritic inflammatory
skin disease. J Invest Dermatol, 2009. 129(3): p. 657-70.

Morissette, M.C., J. Parent, and J. Milot, Alveolar epithelial and endothelial cell apoptosis
in emphysema: what we know and what we need to know. Int J Chron Obstruct Pulmon
Dis, 2009. 4: p. 19-31.

Aoshiba, K., N. Yokohori, and A. Nagai, Alveolar wall apoptosis causes lung destruction
and emphysematous changes. Am J Respir Cell Mol Biol, 2003. 28(5): p. 555-62.
Kasahara, Y., et al., Inhibition of VEGF receptors causes lung cell apoptosis and
emphysema. J Clin Invest, 2000. 106(11): p. 1311-9.

Kasahara, Y., et al., Endothelial cell death and decreased expression of vascular
endothelial growth factor and vascular endothelial growth factor receptor 2 in
emphysema. Am J Respir Crit Care Med, 2001. 163(3 Pt 1): p. 737-44.

227



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Kanazawa, H., et al., Simultaneous assessment of hepatocyte growth factor and vascular
endothelial growth factor in epithelial lining fluid from patients with COPD. Chest, 2014.
146(5): p. 1159-1165.

Essafi-Benkhadir, K., et al., Tristetraprolin inhibits Ras-dependent tumor vascularization
by inducing vascular endothelial growth factor mRNA degradation. Mol Biol Cell, 2007.
18(11): p. 4648-58.

Shih, S.C. and K.P. Claffey, Regulation of human vascular endothelial growth factor
mRNA stability in hypoxia by heterogeneous nuclear ribonucleoprotein L. J Biol Chem,
1999. 274(3): p. 1359-65.

Heiner, M., et al., HnRNP L-mediated regulation of mammalian alternative splicing by
interference with splice site recognition. RNA Biol, 2010. 7(1): p. 56-64.

Gaudreau, M.C., et al., Heterogeneous Nuclear Ribonucleoprotein L is required for the
survival and functional integrity of murine hematopoietic stem cells. Sci Rep, 2016. 6: p.
27379.

Van Tubergen, E.A., et al., Inactivation or loss of TTP promotes invasion in head and neck
cancer via transcript stabilization and secretion of MMPY9, MMP2, and IL-6. Clin Cancer
Res, 2013. 19(5): p. 1169-79.

Angeloni, D., Molecular analysis of deletions in human chromosome 3p21 and the role of
resident cancer genes in disease. Brief Funct Genomic Proteomic, 2007. 6(1): p. 19-39.
Timmer, T., et al., 4 comparison of genomic structures and expression patterns of two
closely related flanking genes in a critical lung cancer region at 3p21.3. Eur ] Hum Genet,
1999. 7(4): p. 478-86.

Jamsai, D., et al., In vivo evidence that RBM35 is a tumour suppressor in the lung. Sci Rep,
2017.7(1): p. 16323.

Hao, Y.Q., et al., RNA-binding motif protein 5 negatively regulates the activity of Wnt/beta-
catenin signaling in cigarette smoke-induced alveolar epithelial injury. Oncol Rep, 2015.
33(5): p. 2438-44.

Carlier, F.M., et al., Canonical WNT pathway is activated in the airway epithelium in
chronic obstructive pulmonary disease. EBioMedicine, 2020. 61: p. 103034.

Milara, J., et al., Epithelial to mesenchymal transition is increased in patients with COPD
and induced by cigarette smoke. Thorax, 2013. 68(5): p. 410-20.

Meisner, N.C., et al., Identification and mechanistic characterization of low-molecular-
weight inhibitors for HuR. Nat Chem Biol, 2007. 3(8): p. 508-15.

Blanco, F.F., et al., Impact of HuR inhibition by the small molecule MS-444 on colorectal
cancer cell tumorigenesis. Oncotarget, 2016. 7(45): p. 74043-74058.

Antic, D. and J.D. Keene, Embryonic lethal abnormal visual RNA-binding proteins
involved in growth, differentiation, and posttranscriptional gene expression. Am J Hum
Genet, 1997. 61(2): p. 273-8.

Dalmau, J., et al., Detection of the anti-Hu antibody in the serum of patients with small cell
lung cancer--a quantitative western blot analysis. Ann Neurol, 1990. 27(5): p. 544-52.
Szabo, A., et al., HuD, a paraneoplastic encephalomyelitis antigen, contains RNA-binding
domains and is homologous to Elav and Sex-lethal. Cell, 1991. 67(2): p. 325-33.

Ma, W.J., et al., Cloning and characterization of HuR, a ubiquitously expressed Elav-like
protein. J Biol Chem, 1996. 271(14): p. 8144-51.

Ma, W.J. and H. Furneaux, Localization of the human HuR gene to chromosome 19p13.2.
Hum Genet, 1997. 99(1): p. 32-3.

228



200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Fan, X.C. and J.A. Steitz, HNS, a nuclear-cytoplasmic shuttling sequence in HuR. Proc
Natl Acad Sci U S A, 1998. 95(26): p. 15293-8.

Ripin, N., et al., Molecular basis for AU-rich element recognition and dimerization by the
HuR C-terminal RRM. Proc Natl Acad Sci U S A, 2019. 116(8): p. 2935-2944.

Ma, W.J., S. Chung, and H. Furneaux, The Elav-like proteins bind to AU-rich elements and
to the poly(A) tail of mRNA. Nucleic Acids Res, 1997. 25(18): p. 3564-9.

Fan, X.C. and J.A. Steitz, Overexpression of HuR, a nuclear-cytoplasmic shuttling protein,
increases the in vivo stability of ARE-containing mRNAs. EMBO J, 1998. 17(12): p. 3448-
60.

Brennan, C.M., LE. Gallouzi, and J.A. Steitz, Protein ligands to HuR modulate its
interaction with target mRNAs in vivo. J Cell Biol, 2000. 151(1): p. 1-14.

Gallouzi, LE. and J.A. Steitz, Delineation of mRNA export pathways by the use of cell-
permeable peptides. Science, 2001. 294(5548): p. 1895-901.

Rebane, A., A. Aab, and J.A. Steitz, Transportins 1 and 2 are redundant nuclear import
factors for nRNP Al and HuR. RNA, 2004. 10(4): p. 590-9.

Wang, W., et al., AMP-activated protein kinase-regulated phosphorylation and acetylation
of importin alphal: involvement in the nuclear import of RNA-binding protein HuR. J Biol
Chem, 2004. 279(46): p. 48376-88.

Kang, M.J., et al., NF-kappaB activates transcription of the RNA-binding factor HuR, via
PI3K-AKT signaling, to promote gastric tumorigenesis. Gastroenterology, 2008. 135(6):
p. 2030-42, 2042 e1-3.

Jeyaraj, S.C., et al., Transcriptional control of human antigen R by bone morphogenetic
protein. ] Biol Chem, 2010. 285(7): p. 4432-40.

Pullmann, R., Jr., et al., Analysis of turnover and translation regulatory RNA-binding
protein expression through binding to cognate mRNAs. Mol Cell Biol, 2007. 27(18): p.
6265-78.

Al-Ahmadi, W., et al., Alternative polyadenylation variants of the RNA binding protein,
HuR: abundance, role of AU-rich elements and auto-Regulation. Nucleic Acids Res, 2009.
37(11): p. 3612-24.

Y1, J., et al., Reduced nuclear export of HuR mRNA by HuR is linked to the loss of HuR in
replicative senescence. Nucleic Acids Res, 2010. 38(5): p. 1547-58.

Guo, X., Y. Wu, and R.S. Hartley, MicroRNA-125a represses cell growth by targeting HuR
in breast cancer. RNA Biol, 2009. 6(5): p. 575-83.

Abdelmohsen, K., et al., miR-519 suppresses tumor growth by reducing HuR levels. Cell
Cycle, 2010. 9(7): p. 1354-9.

Guo, J., etal., MiR-291b-3p induces apoptosis in liver cell line NCTC1469 by reducing the
level of RNA-binding protein HuR. Cell Physiol Biochem, 2014. 33(3): p. 810-22.

Roff, A.N., et al., MicroRNA-570-3p regulates HuR and cytokine expression in airway
epithelial cells. Am J Clin Exp Immunol, 2014. 3(2): p. 68-83.

Kliza, K. and K. Husnjak, Resolving the Complexity of Ubiquitin Networks. Front Mol
Biosci, 2020. 7: p. 21.

Abdelmohsen, K., et al., Ubiquitin-mediated proteolysis of HuR by heat shock. EMBO ],
2009. 28(9): p. 1271-82.

Lucchesi, C., M.S. Sheikh, and Y. Huang, Negative regulation of RNA-binding protein
HuR by tumor-suppressor ECRG2. Oncogene, 2016. 35(20): p. 2565-73.

229



220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Guha, A., et al., Integrated Regulation of HuR by Translation Repression and Protein
Degradation Determines Pulsatile Expression of p53 Under DNA Damage. iScience, 2019.
15: p. 342-359.

Chu, P.C., et al., The mRNA-stabilizing factor HuR protein is targeted by beta-TrCP
protein for degradation in response to glycolysis inhibition. J Biol Chem, 2012. 287(52):
p- 43639-50.

Zhou, H.L., et al., The p97-UBXDS complex destabilizes mRNA by promoting release of
ubiquitinated HuR from mRNP. Genes Dev, 2013. 27(9): p. 1046-58.

von Roretz, C. and I.E. Gallouzi, Protein kinase RNA/FADD/caspase-8 pathway mediates
the proapoptotic activity of the RNA-binding protein human antigen R (HuR). J Biol Chem,
2010. 285(22): p. 16806-13.

Mazroui, R., et al., Caspase-mediated cleavage of HuR in the cytoplasm contributes to
pp32/PHAP-I regulation of apoptosis. J Cell Biol, 2008. 180(1): p. 113-27.

Talwar, S., et al., Inhibition of caspases protects mice from radiation-induced oral
mucositis and abolishes the cleavage of RNA-binding protein HuR. J Biol Chem, 2014.
289(6): p. 3487-500.

Janakiraman, H., et al., Repression of caspase-3 and RNA-binding protein HuR cleavage
by cyclooxygenase-2 promotes drug resistance in oral squamous cell carcinoma.
Oncogene, 2017. 36(22): p. 3137-3148.

von Roretz, C., et al., Apoptotic-induced cleavage shifts HuR from being a promoter of
survival to an activator of caspase-mediated apoptosis. Cell Death Differ, 2013. 20(1): p.
154-68.

Beauchamp, P., et al., The cleavage of HuR interferes with its transportin-2-mediated
nuclear import and promotes muscle fiber formation. Cell Death Differ, 2010. 17(10): p.
1588-99.

Ardito, F., et al., The crucial role of protein phosphorylation in cell signaling and its use
as targeted therapy (Review). Int J Mol Med, 2017. 40(2): p. 271-280.

Kim, H.H., et al., Nuclear HuR accumulation through phosphorylation by Cdkl. Genes
Dev, 2008. 22(13): p. 1804-15.

Doller, A., et al., Posttranslational modification of the AU-rich element binding protein
HuR by protein kinase Cdelta elicits angiotensin Il-induced stabilization and nuclear
export of cyclooxygenase 2 mRNA. Mol Cell Biol, 2008. 28(8): p. 2608-25.

Lafarga, V., et al., p38 Mitogen-activated protein kinase- and HuR-dependent stabilization
of p21(Cipl) mRNA mediates the G(1)/S checkpoint. Mol Cell Biol, 2009. 29(16): p. 4341-
51.

Liao, W.L., et al., The RNA-binding protein HuR stabilizes cytosolic phospholipase
A2alpha mRNA under interleukin-1beta treatment in non-small cell lung cancer A549
Cells. J Biol Chem, 2011. 286(41): p. 35499-35508.

Leslie, C.C., Cytosolic phospholipase A(2): physiological function and role in disease. J
Lipid Res, 2015. 56(8): p. 1386-402.

Sobolewski, C., et al., The role of cyclooxygenase-2 in cell proliferation and cell death in
human malignancies. Int J Cell Biol, 2010. 2010: p. 215158.

Bedford, M.T. and S.G. Clarke, Protein arginine methylation in mammals: who, what, and
why. Mol Cell, 2009. 33(1): p. 1-13.

230



237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Li, H., et al., Lipopolysaccharide-induced methylation of HuR, an mRNA-stabilizing
protein, by CARMI. Coactivator-associated arginine methyltransferase. J Biol Chem,
2002. 277(47): p. 44623-30.

Dean, J.L., et al., The 3' untranslated region of tumor necrosis factor alpha mRNA is a
target of the mRNA-stabilizing factor HuR. Mol Cell Biol, 2001. 21(3): p. 721-30.

Pang, L., etal., Loss of CARMI1 is linked to reduced HuR function in replicative senescence.
BMC Mol Biol, 2013. 14: p. 15.

Zhu, H., et al., Hu proteins regulate polyadenylation by blocking sites containing U-rich
sequences. J Biol Chem, 2007. 282(4): p. 2203-10.

Izquierdo, J.M., Hu antigen R (HuR) functions as an alternative pre-mRNA splicing
regulator of Fas apoptosis-promoting receptor on exon definition. J Biol Chem, 2008.
283(27): p. 19077-84.

Brennan, C.M. and J.A. Steitz, HuR and mRNA stability. Cell Mol Life Sci, 2001. 58(2):
p. 266-77.

Srikantan, S. and M. Gorospe, HuR function in disease. Front Biosci (Landmark Ed), 2012.
17: p. 189-205.

Lal, A., et al., Concurrent versus individual binding of HuR and AUFI to common labile
target mRNAs. EMBO J, 2004. 23(15): p. 3092-102.

Guo, X. and R.S. Hartley, HuR contributes to cyclin El deregulation in MCF-7 breast
cancer cells. Cancer Res, 2006. 66(16): p. 7948-56.

Nabors, L.B., et al., HuR, a RNA stability factor, is expressed in malignant brain tumors
and binds to adenine- and uridine-rich elements within the 3' untranslated regions of
cytokine and angiogenic factor mRNAs. Cancer Res, 2001. 61(5): p. 2154-61.

Kurosu, T., et al., HuR keeps an angiogenic switch on by stabilising mRNA of VEGF and
COX-2 in tumour endothelium. Br J Cancer, 2011. 104(5): p. 819-29.

Nabors, L.B., et al., Tumor necrosis factor alpha induces angiogenic factor up-regulation
in malignant glioma cells: a role for RNA stabilization and HuR. Cancer Res, 2003. 63(14):
p. 4181-7.

Dixon, D.A., et al., Altered expression of the mRNA stability factor HuR promotes
cyclooxygenase-2 expression in colon cancer cells. J Clin Invest, 2001. 108(11): p. 1657-
65.

Doller, A., et al., High-constitutive HuR phosphorylation at Ser 318 by PKC{delta}
propagates tumor relevant functions in colon carcinoma cells. Carcinogenesis, 2011.
32(5): p. 676-85.

Wang, N., etal., 4 HuR/TGF-betal feedback circuit regulates airway remodeling in airway
smooth muscle cells. Respir Res, 2016. 17(1): p. 117.

Choi, H.J., et al., HuR/ELAVLI1 RNA binding protein modulates interleukin-8 induction by
muco-active ribotoxin deoxynivalenol. Toxicol Appl Pharmacol, 2009. 240(1): p. 46-54.
Kim, H.H., et al., HuR recruits let-7/RISC to repress c-Myc expression. Genes Dev, 2009.
23(15): p. 1743-8.

Cammas, A., et al., Destabilization of nucleophosmin mRNA by the HuR/KSRP complex is
required for muscle fibre formation. Nat Commun, 2014. 5: p. 4190.

Lal, A., et al., Antiapoptotic function of RNA-binding protein HuR effected through
prothymosin alpha. EMBO J, 2005. 24(10): p. 1852-62.

Prechtel, A.T., et al., Expression of CD83 is regulated by HuR via a novel cis-active coding
region RNA element. J Biol Chem, 2006. 281(16): p. 10912-25.

231



257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Yeh, C.H., et al., RNA-binding protein HuR interacts with thrombomodulin 5'untranslated
region and represses internal ribosome entry site-mediated translation under IL-1 beta
treatment. Mol Biol Cell, 2008. 19(9): p. 3812-22.

Galban, S., et al., RNA-binding proteins HuR and PTB promote the translation of hypoxia-
inducible factor lalpha. Mol Cell Biol, 2008. 28(1): p. 93-107.

Levy, N.S., et al., Hypoxic stabilization of vascular endothelial growth factor mRNA by
the RNA-binding protein HuR. J Biol Chem, 1998. 273(11): p. 6417-23.

Al-Habeeb, F., et al., Human antigen R promotes lung fibroblast differentiation to
myofibroblasts and increases extracellular matrix production. J Cell Physiol, 2021.
236(10): p. 6836-6851.

Trivlidis, J., et al.,, HuR drives lung fibroblast differentiation but not metabolic
reprogramming in response to TGF-beta and hypoxia. Respir Res, 2021. 22(1): p. 323.
Sasaki, Y., et al., NOX4 Regulates CCR2 and CCL2 mRNA Stability in Alcoholic Liver
Disease. Sci Rep, 2017. 7: p. 46144,

Atasoy, U., et al., Regulation of eotaxin gene expression by TNF-alpha and IL-4 through
mRNA stabilization: involvement of the RNA-binding protein HuR. J Immunol, 2003.
171(8): p. 4369-78.

Yarovinsky, T.O., et al., Early exposure to IL-4 stabilizes IL-4 mRNA in CD4+ T cells via
RNA-binding protein HuR. J Immunol, 2006. 177(7): p. 4426-35.

Casolaro, V., et al., Posttranscriptional regulation of IL-13 in T cells: role of the RNA-
binding protein HuR. J Allergy Clin Immunol, 2008. 121(4): p. 853-9 e4.

Huwiler, A., et al., ATP potentiates interleukin-1 beta-induced MMP-9 expression in
mesangial cells via recruitment of the ELAV protein HuR. J Biol Chem, 2003. 278(51): p.
51758-69.

Abdelmohsen, K. and M. Gorospe, Posttranscriptional regulation of cancer traits by HuR.
Wiley Interdiscip Rev RNA, 2010. 1(2): p. 214-29.

Wang, J., et al., Multiple functions of the RNA-binding protein HuR in cancer progression,
treatment responses and prognosis. Int J Mol Sci, 2013. 14(5): p. 10015-41.
Kotta-Loizou, L., et al., Current Evidence and Future Perspectives on HuR and Breast
Cancer Development, Prognosis, and Treatment. Neoplasia, 2016. 18(11): p. 674-688.
Lopez de Silanes, 1., et al., Role of the RNA-binding protein HuR in colon carcinogenesis.
Oncogene, 2003. 22(46): p. 7146-54.

Yoo, P.S., et al, Tissue microarray analysis of 560 patients with colorectal
adenocarcinoma: high expression of HuR predicts poor survival. Ann Surg Oncol, 2009.
16(1): p. 200-7.

Denkert, C., et al., Overexpression of the embryonic-lethal abnormal vision-like protein
HuR in ovarian carcinoma is a prognostic factor and is associated with increased
cyclooxygenase 2 expression. Cancer Res, 2004. 64(1): p. 189-95.

WHO. Cancer fact sheets. 2020; Available from: https://gco.iarc.fr/today/fact-sheets-
cancers.

Bade, B.C. and C.S. Dela Cruz, Lung Cancer 2020: Epidemiology, Etiology, and
Prevention. Clin Chest Med, 2020. 41(1): p. 1-24.

Malhotra, J., et al., Risk factors for lung cancer worldwide. Eur Respir J, 2016. 48(3): p.
889-902.

Fong, K.M., et al., Lung cancer. 9: Molecular biology of lung cancer: clinical implications.
Thorax, 2003. 58(10): p. 892-900.

232


https://gco.iarc.fr/today/fact-sheets-cancers
https://gco.iarc.fr/today/fact-sheets-cancers

2717.

278.

279.

280.

281.

282.

283.

284.
285.

286.

287.

288.

2809.

290.

291.

292.

293.

294.

Giaginis, C., et al., Hu-antigen receptor (HuR) and cyclooxygenase-2 (COX-2) expression
in human non-small-cell lung carcinoma: associations with clinicopathological
parameters, tumor proliferative capacity and patients' survival. Tumour Biol, 2015. 36(1):
p. 315-27.

Wang, J., et al., The expression of RNA-binding protein HuR in non-small cell lung cancer
correlates with vascular endothelial growth factor-C expression and lymph node
metastasis. Oncology, 2009. 76(6): p. 420-9.

Muralidharan, R., et al., HuR-targeted nanotherapy in combination with AMD3100
suppresses CXCR4 expression, cell growth, migration and invasion in lung cancer. Cancer
Gene Ther, 2015. 22(12): p. 581-90.

Muralidharan, R., et al., HuR-targeted small molecule inhibitor exhibits cytotoxicity
towards human lung cancer cells. Sci Rep, 2017. 7(1): p. 9694.

Mabher, T.M., et al., Global incidence and prevalence of idiopathic pulmonary fibrosis.
Respir Res, 2021. 22(1): p. 197.

Morganstein, T., et al., Involvement of the ACE2/Ang-(1-7)/MasR Axis in Pulmonary
Fibrosis: Implications for COVID-19. Int J Mol Sci, 2021. 22(23).

WHO. Asthma. 2020; Available from: https://www.who.int/news-room/fact-
sheets/detail/asthma.

Patel, S.J. and S.J. Teach, Asthma. Pediatr Rev, 2019. 40(11): p. 549-567.

Castillo, J.R., S.P. Peters, and W.W. Busse, Asthma Exacerbations: Pathogenesis,
Prevention, and Treatment. J Allergy Clin Immunol Pract, 2017. 5(4): p. 918-927.

Mims, J.W., Asthma: definitions and pathophysiology. Int Forum Allergy Rhinol, 2015. 5
Suppl 1: p. S2-6.

Cukic, V., et al.,, Asthma and Chronic Obstructive Pulmonary Disease (COPD) -
Differences and Similarities. Mater Sociomed, 2012. 24(2): p. 100-5.

Herjan, T., J. Xiao, and M. Dziendziel Kolanek, RNA-Binding Protein HuR Promotes
Airway Inflammation in a House Dust Mite-Induced Allergic Asthma Model. Journal of
interferon & cytokine research : the official journal of the International Society for
Interferon and Cytokine Research, 2022. 42(1): p. 29-38.

Sun, J., et al., Human antigen R enhances the epithelial-mesenchymal transition via
regulation of ZEB-1 in the human airway epithelium. Respir Res, 2018. 19(1): p. 109.
Zago, M., et al., Aryl Hydrocarbon Receptor-Dependent Retention of Nuclear HuR
Suppresses Cigarette Smoke-Induced Cyclooxygenase-2 Expression Independent of DNA-
Binding. PLoS One, 2013. 8(9): p. €74953.

Hudy, M.H. and D. Proud, Cigarette smoke enhances human rhinovirus-induced CXCLS8
production via HuR-mediated mRNA stabilization in human airway epithelial cells. Respir
Res, 2013. 14: p. 88.

Akool el, S., et al., Nitric oxide increases the decay of matrix metalloproteinase 9 mRNA
by inhibiting the expression of mRNA-stabilizing factor HuR. Mol Cell Biol, 2003. 23(14):
p- 4901-16.

Krishnamurthy, P., et al., IL-10 inhibits inflammation and attenuates left ventricular
remodeling after myocardial infarction via activation of STAT3 and suppression of HuR.
Circ Res, 2009. 104(2): p. €9-18.

Engin, A.B., E.D. Engin, and A. Engin, Two important controversial risk factors in SARS-
CoV-2 infection: Obesity and smoking. Environ Toxicol Pharmacol, 2020. 78: p. 103411.

233


https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/news-room/fact-sheets/detail/asthma

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.
313.

Smith, J.C., et al., Cigarette smoke exposure and inflammatory signaling increase the
expression of the SARS-CoV-2 receptor ACE?2 in the respiratory tract. Dev Cell, 2020.
Campeny, E., et al., The blind men and the elephant: Systematic review of systematic
reviews of cannabis use related health harms. Eur Neuropsychopharmacol, 2020. 33: p. 1-
35.

Shen, H., et al., MDM?2-Mediated Ubiquitination of Angiotensin-Converting Enzyme 2
Contributes to the Development of Pulmonary Arterial Hypertension. Circulation, 2020.
142(12): p. 1190-1204.

Zhou, H., et al., HIV protease inhibitors increase TNF-alpha and IL-6 expression in
macrophages: involvement of the RNA-binding protein HuR. Atherosclerosis, 2007.
195(1): p. e134-43.

Grammatikakis, I., K. Abdelmohsen, and M. Gorospe, Posttranslational control of HuR
function. Wiley Interdiscip Rev RNA, 2017. 8(1).

Srikantan, S. and M. Gorospe, HuR function in disease. Frontiers in bioscience (Landmark
edition), 2012. 17(1): p. 189-205.

Abdelmohsen, K., et al., Posttranscriptional orchestration of an anti-apoptotic program
by HuR. Cell Cycle, 2007. 6(11): p. 1288-92.

Mubaid, S., et al., HuR counteracts miR-330 to promote STAT3 translation during
inflammation-induced muscle wasting. Proc Natl Acad Sci U S A, 2019. 116(35): p. 17261-
17270.

Lee, J.H., et al., Loss of RNA-binding protein HuR facilitates cellular senescence through
posttranscriptional regulation of TIN2 mRNA. Nucleic Acids Res, 2018. 46(8): p. 4271-
4285.

Wu, X., et al., Identification and validation of novel small molecule disruptors of HuR-
mRNA interaction. ACS chemical biology, 2015. 10(6): p. 1476-1484.

Schultz, C.W., et al., Understanding and targeting the disease-related RNA binding protein
human antigen R (HuR). Wiley interdisciplinary reviews. RNA, 2020. 11(3): p. el581-
el581.

Muralidharan, R., et al., HuR-targeted small molecule inhibitor exhibits cytotoxicity
towards human lung cancer cells. Scientific reports, 2017. 7(1): p. 9694-9694.

Thibault, P.A., et al., inRNP A/B Proteins: An Encyclopedic Assessment of Their Roles in
Homeostasis and Disease. Biology (Basel), 2021. 10(8).

Boukakis, G., et al., Deregulated expression of hnRNP A/B proteins in human non-small
cell lung cancer: parallel assessment of protein and mRNA levels in paired tumour/non-
tumour tissues. BMC cancer, 2010. 10: p. 434-434.

Papadopoulou, C., et al., HuR-hnRNP interactions and the effect of cellular stress. Mol
Cell Biochem, 2013. 372(1-2): p. 137-47.

Zhou, J., et al., Expression of early lung cancer detection marker: hnRNP-A2/B1 and its
relation to microsatellite alteration in non-small cell lung cancer. Lung Cancer, 2001.
34(3): p. 341-50.

Tauler, J., et al., inRNP A2/B1 modulates epithelial-mesenchymal transition in lung cancer
cell lines. Cancer Res, 2010. 70(18): p. 7137-47.

Kawamata, T. and Y. Tomari, Making RISC. Trends Biochem Sci, 2010. 35(7): p. 368-76.
Fabian, M.R., N. Sonenberg, and W. Filipowicz, Regulation of mRNA translation and
stability by microRNAs. Annu Rev Biochem, 2010. 79: p. 351-79.

234



314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

Srikantan, S., K. Tominaga, and M. Gorospe, Functional interplay between RNA-binding
protein HuR and microRNAs. Curr Protein Pept Sci, 2012. 13(4): p. 372-9.

Chen, J., et al., Interaction of RNA-binding protein HuR and miR-466i regulates GM-CSF
expression. Sci Rep, 2017. 7(1): p. 17233.

Aulas, A., et al., Nitric oxide triggers the assembly of "type 11" stress granules linked to
decreased cell viability. Cell Death Dis, 2018. 9(11): p. 1129.

Chambers, D.C., W.S. Tunnicliffe, and J.G. Ayres, Acute inhalation of cigarette smoke
increases lower respiratory tract nitric oxide concentrations. Thorax, 1998. 53(8): p. 677-
9.

Moretto, N., et al., Cigarette smoke and its component acrolein augment IL-8/CXCLS
mRNA stability via p38 MAPK/MK?2 signaling in human pulmonary cells. Am J Physiol
Lung Cell Mol Physiol, 2012. 303(10): p. L929-38.

Marumo, S., et al., p38 mitogen-activated protein kinase determines the susceptibility to
cigarette smoke-induced emphysema in mice. BMC Pulm Med, 2014. 14: p. 79.

Gaffey, K., et al., Increased phosphorylated p38 mitogen-activated protein kinase in
COPD lungs. Eur Respir J, 2013. 42(1): p. 28-41.

Sarker, R.S.J., et al., CARM1 regulates senescence during airway epithelial cell injury in
COPD pathogenesis. Am J Physiol Lung Cell Mol Physiol, 2019. 317(5): p. L602-L614.
Barnes, P.J., Senescence in COPD and Its Comorbidities. Annu Rev Physiol, 2017. 79: p.
517-539.

Antony, V.B. and V.J. Thannickal, Cellular Senescence in Chronic Obstructive Pulmonary
Disease: Multifaceted and Multifunctional. Am J Respir Cell Mol Biol, 2018. 59(2): p.
135-136.

Hernandez-Segura, A., J. Nehme, and M. Demaria, Hallmarks of Cellular Senescence.
Trends Cell Biol, 2018. 28(6): p. 436-453.

Chong, M., et al., CD36 initiates the secretory phenotype during the establishment of
cellular senescence. EMBO Rep, 2018. 19(6).

Reggio, P.H., Endocannabinoid binding to the cannabinoid receptors: what is known and
what remains unknown. Curr Med Chem, 2010. 17(14): p. 1468-86.

Pertwee, R.G., Receptors and channels targeted by synthetic cannabinoid receptor
agonists and antagonists. Curr Med Chem, 2010. 17(14): p. 1360-81.

Sim-Selley, L.J., Regulation of cannabinoid CB1 receptors in the central nervous system
by chronic cannabinoids. Crit Rev Neurobiol, 2003. 15(2): p. 91-119.

Kawamura, Y., et al., The CBI cannabinoid receptor is the major cannabinoid receptor at
excitatory presynaptic sites in the hippocampus and cerebellum. J Neurosci, 2006. 26(11):
p- 2991-3001.

Kicman, A., A. Pedzinska-Betiuk, and H. Kozlowska, The potential of cannabinoids and
inhibitors of endocannabinoid degradation in respiratory diseases. Eur J Pharmacol, 2021.
911: p. 174560.

Chen, R., et al., Delta9-THC-caused synaptic and memory impairments are mediated
through COX-2 signaling. Cell, 2013. 155(5): p. 1154-1165.

Chang, N., et al., Both HuR and miR-29s regulate expression of CB1 involved in infiltration
of bone marrow monocyte/macrophage in chronic liver injury. J Cell Physiol, 2020.
235(3): p. 2532-2544.

Maertens, R.M., et al., The genotoxicity of mainstream and sidestream marijuana and
tobacco smoke condensates. Chem Res Toxicol, 2009. 22(8): p. 1406-14.

235



334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

Katsanou, V., et al., The RNA-binding protein Elavll/HuR is essential for placental
branching morphogenesis and embryonic development. Mol Cell Biol, 2009. 29(10): p.
2762-76.

Ghosh, M., et al., Essential role of the RNA-binding protein HuR in progenitor cell survival
in mice. J Clin Invest, 2009. 119(12): p. 3530-43.

Li, J., et al., Adipose HuR protects against diet-induced obesity and insulin resistance. Nat
Commun, 2019. 10(1): p. 2375.

Sgantzis, N., et al., HuR controls lung branching morphogenesis and mesenchymal FGF
networks. Dev Biol, 2011. 354(2): p. 267-79.

Smith, B.M., et al., Human airway branch variation and chronic obstructive pulmonary
disease. Proc Natl Acad Sci U S A, 2018. 115(5): p. E974-E981.

Kim, G.Y., S.J. Lim, and Y.W. Kim, Expression of HuR, COX-2, and survivin in lung
cancers, cytoplasmic HuR stabilizes cyclooxygenase-2 in squamous cell carcinomas. Mod
Pathol, 2011. 24(10): p. 1336-47.

Wang, J., et al., Cytoplasmic HuR expression correlates with angiogenesis,
lymphangiogenesis, and poor outcome in lung cancer. Med Oncol, 2011. 28 Suppl 1: p.
S577-85.

Li, H,, et al., Integrated Bioinformatics Analysis Identifies ELAVLI and APP as Candidate
Crucial Genes for Crohn's Disease. ] Immunol Res, 2020. 2020: p. 3067273.

Green, L.C., et al., Human antigen R as a therapeutic target in pathological cardiac
hypertrophy. JCI Insight, 2019. 4(4).

Ge, J., et al., Essential Roles of RNA-binding Protein HuR in Activation of Hepatic Stellate
Cells Induced by Transforming Growth Factor-betal. Sci Rep, 2016. 6: p. 22141.
Yiakouvaki, A., et al., Myeloid cell expression of the RNA-binding protein HuR protects
mice from pathologic inflammation and colorectal carcinogenesis. J Clin Invest, 2012.
122(1): p. 48-61.

Katsanou, V., et al., HuR as a negative posttranscriptional modulator in inflammation. Mol
Cell, 2005. 19(6): p. 777-89.

Merad, M. and J.C. Martin, Pathological inflammation in patients with COVID-19: a key
role for monocytes and macrophages. Nature reviews. Immunology, 2020. 20(6): p. 355-
362.

Krausgruber, T., et al., Structural cells are key regulators of organ-specific immune
responses. Nature, 2020. 583(7815): p. 296-302.

Guerrina, N., et al., Aryl hydrocarbon receptor deficiency causes the development of
chronic obstructive pulmonary disease through the integration of multiple pathogenic
mechanisms. FASEB J, 2021. 35(3): p. e21376.

Zago, M., et al., Low levels of the AhR in chronic obstructive pulmonary disease (COPD)-
derived lung cells increases COX-2 protein by altering mRNA stability. PloS one, 2017.
12(7): p. e0180881-e0180881.

236



