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Idiopathic pulmonary fibrosis (IPF) is the prototypic fibrotic lung disease in which pro-
gressive extracellular matrix deposition and remodelling impairs lung function and
ultimately causes death. The cause of IPF remains unclear, and no approved treatment
for IPF can halt disease progression. Injury to and/or dysfunction of alveolar epithe-
lium are strongly implicated in IPF disease initiation, but what factors determine why
fibrosis progresses rather than tissue repair occurs remain poorly understood. We have
recently identified that the activity of factor inhibiting HIF (FIH) is reduced in IPF fi-
broblasts compared to normal healthy lung fibroblasts. Functionally, FIH regulates the
expression of LOXL2 and PLOD2 via regulating hypoxia-inducible factor (HIF) activ-
ity. This study aims to investigate the hypothesis that in IPF loss of function of FIH is
a key regulator of progressive fibrosis via both HIF-dependent and -independent path-
ways. Specifically, I will use IPF disease models in conjunction with transcriptomic
analysis and molecular cell biology to determine (1) global transcriptomic alteration in
FIH-depleted fibroblasts; (2) altered biological processes when FIH is depleted in hu-
man lung fibroblasts; (3) determine if the biological alteration is HIF-dependent or not.

Our results showed that FIH depletion in lung fibroblasts led to notable transcriptomic
changes, including changes in cell cycle processes, pathways related to hypoxia, cellu-
lar metabolism and ECM deposition. Further experiments suggest that FIH depletion
impaired mitochondrial function, reducing oxygen consumption rates and ATP pro-
duction, a process reversed by co-depleting HIF1β, confirming FIH’s impact on bioen-
ergetics via HIF pathways. Meanwhile FIH-depletion downregulated glycolysis but
induced cellular senescence in a HIF-independent manner. FIH also reduced TGFβ-
induced α-SMA and collagen 1 expression in a HIF-independent manner, suggesting a
role in fibroblast-to-myofibroblast transition through non-HIF mechanisms (Figure.1).

In conclusion, FIH plays a critical role in regulating fibroblast metabolism, senescence,
and fibroblast-to-myofibroblast transition (FMT) through either HIF-dependent or HIF-
independent pathways, offering potential new avenues for therapeutic targeting in fi-
brotic diseases.
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FIGURE 1: The role of mesenchymal FIH in lung fibrosis

Schematic representation illustrating the dual role of FIH in regulating fibroblast func-
tion through both HIF-dependent and HIF-independent mechanisms. Previous work
from our lab demonstrated that FIH inhibition increases the expression of LOXL2 and
PLOD2 via HIF-1α. In this thesis, FIH depletion was shown to impair OXPHOS in
a HIF-dependent manner. In contrast, the results reveals that FIH depletion down-
regulates glycolysis and induces cellular senescence in the HIF-independent pathway.
Additionally, FIH modulates fibroblast activation by reducing TGF-β-induced α-SMA
and collagen1 expression, highlighting its role in the fibroblast-to-myofibroblast transi-
tion (FMT) through non-HIF mechanisms. ECM, extracellular matrix.
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Chapter 1

Introduction

1.1 Idiopathic pulmonary fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is a chronic, fibrosing interstitial pneumonia of un-
known cause that is associated with radiological and histologic features of usual inter-
stitial pneumonia (UIP) (Martinez et al., 2017). It occurs primarily in older adults, is
characterised by progressive worsening of dyspnea and lung function, and has a poor
prognosis (Raghu et al., 2018, 2022).

1.1.1 Incidence and prevalence

The incidence and prevalence of IPF vary based on country/geographic region, case
definition and population demographics. Both of them increase significantly with age.
The estimated global incidence of IPF varies widely across regions, ranging from ap-
proximately 1 to 24 per 100,000 persons, with the highest incidence reported in South
Korea, Italy, and the United States. Prevalence estimates similarly show significant
regional variation, ranging from about 3 to 111 per 100,000 persons, with the highest
prevalence rates observed in South Korea, Canada, and the USA (Table.1.1). More men
have been reported with IPF than women, and most of patients have a history of smok-
ing (Raghu et al., 2006; Behr et al., 2015).

The increasing incidence and prevalence of IPF present significant challenges that are
not fully explained by demographic factors such as age. These trends may be partly
attributed to evolving definitions of IPF, the more widespread use of CT scans, and
improved diagnostic rates (Gribbin et al., 2006). As the global population continues to
age with the mean age at diagnosis typically around 65–70 years (Raghu et al., 2018),
the burden of IPF is expected to grow, fueled by greater awareness of its clinical mani-
festations and the rising prevalence of risk factors like air pollution.
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The growing incidence of IPF has led to a significant increase in cumulative prevalence,
to the point where it challenges the classification of IPF as a rare disease (Richeldi et al.,
2017). This trend underscores the need for heightened awareness, early diagnosis, and
improved management strategies to address the increasing burden of IPF worldwide.

TABLE 1.1: Global incidence rate and prevalence of IPF

Region Country/Area Publication
year

Incidence
(/100,000)

Prevalence
(/100,000)

Ref.

Asia-
Pacific

South Korea 2015 1.7 (Gjonbrataj
et al., 2015)

2016 12.9 38.9 (Lee et al., 2016)
2021 2.5-3.8 (Song et al.,

2021)
Japan 2014 2.23 10 (Natsuizaka

et al., 2014)
Taiwan (China) 2012 3.1 4.9 (Lai et al., 2012)

2020 0.7-1.3 3.1-6.4 (Yang et al.,
2020)

Europe Finland 2015 1.3 8.6 (Kaunisto et al.,
2015)

France 2017 2.8 8.2 (Duchemann
et al., 2017)

Greece 2009 0.9 3.4 (Karakatsani
et al., 2009)

Italy 2014 9.3 25.6 (Agabiti et al.,
2014)

2016 2.6 21.2 (Harari et al.,
2016)

United King-
dom

2018 1.2 11.6 (Strongman
et al., 2018)

North
America

Canada 2016 9.0 20.0 (Hopkins et al.,
2016)

2018 21.7 72.7 (Tarride et al.,
2018)

United States 2010 8.8 28.1 (Pérez et al.,
2010)

2014 24.2 111 (Raghu et al.,
2014)

2016 2.6 6.7 (Raimundo
et al., 2016)

Oceania Australia 2022 10.2 32.6 (Cox et al., 2022)
Information collected from (Maher et al., 2021; Cox et al., 2022; Yang et al., 2020; Song et al., 2021)
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1.1.2 Morbidity and mortality

The median survival time for patients diagnosed with IPF has traditionally been re-
ported as 3 to 5 years from the time of diagnosis (Podolanczuk et al., 2023). Specifically,
in a cohort of United State adults aged over 65 years diagnosed with IPF between 2001
and 2011, the median survival was found to be 3.8 years (Raghu et al., 2014). A Cana-
dian study conducted from 2007 to 2011 reported a 41% risk of death within four years
of diagnosis (Hopkins et al., 2016). Survival rates tend to decrease with advancing age
and are generally lower in males (Raghu et al., 2014). Notably, several studies have
reported an improvement in survival over the past two decades, which is likely at-
tributable to earlier diagnosis, decreased use of immunosuppressive medications, and
advancements in treatment options (Raghu et al., 2014; Margaritopoulos et al., 2018;
Guenther et al., 2018; Behr et al., 2020; Moon et al., 2021).

Globally, the number of deaths attributed to IPF continues to rise, despite evidence
indicating that survival rates among those diagnosed are improving. Data from the
World Health Organisation (WHO) mortality database showed that the median mor-
tality rate due to IPF in Europe between 2011 and 2013 was 3.75 per 100,000 for men and
1.50 per 100,000 for women (Marshall et al., 2018). In the United States, using a broader
definition of pulmonary fibrosis, the age-adjusted mortality rate in 2017 was reported
at 26.7 per 100,000 for men and 16.3 per 100,000 for women, with significant variabil-
ity observed across different racial and ethnic groups (Dove et al., 2019). Furthermore,
death certificate data from 2010 revealed age-adjusted mortality rates ranging from 4.6
per 100,000 in Sweden to 9.9 per 100,000 in Japan, with similarly high rates observed
in the United Kingdom (8.5 per 100,000 in England and Wales, and 9.7 per 100,000 in
Scotland) and lower rates in Spain and New Zealand (5.3 and 5.6 per 100,000, respec-
tively) (Hutchinson et al., 2014).

Between 2000 and 2012, there was an annual increase in IPF-related mortality of ap-
proximately 2–3% across all countries for which data were available (Hutchinson et al.,
2014). In the United States, the age-adjusted mortality rate due to IPF increased by
an average of 0.7% per year between 1999 and 2017 (Pérez et al., 2010). Recent es-
timates indicate that approximately 5,500 people in the United Kingdom and up to
17,000 people in the United States die from IPF each year (Navaratnam and Hubbard,
2019; Hutchinson et al., 2014). The most common cause of death among IPF patients
is the progression of lung disease, frequently leading to acute exacerbations and acute
respiratory failure, accounting for 60–70% of deaths (Olson et al., 2007; Kärkkäinen
et al., 2018). Other notable causes of death include ischemic heart disease, lung cancer,
pneumonia, pulmonary embolism, and chronic obstructive pulmonary disease (COPD)
(Kärkkäinen et al., 2018).
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1.1.3 Risk factors

1.1.3.1 Genetic factors

IPF can occur both sporadically and within families, pointing to a genetic predispo-
sition. Familial Pulmonary Fibrosis (FPF), where two or more family members have
idiopathic interstitial pneumonia, accounts for about 5-20% of IPF cases (Raghu et al.,
2011; Cutting et al., 2021). The presence of pulmonary fibrosis in family clusters and
certain rare genetic conditions suggests that genetics play a key role in IPF. Differences
in the incidence and progression of IPF among patients with similar exposures also in-
dicate that genetic background significantly influences the disease (Loyd, 2003; Borie
et al., 2023).

The genetic risk factors for IPF can be categorized into several functional groups (Ta-
ble.1.2). In the domain of host defense, the MUC5B mutation (rs35705950) significantly
increases IPF risk by upregulating MUC5B expression in the lungs, with carriers ex-
hibiting much higher expression levels and a strong association with disease presence
(Fingerlin et al., 2013; Seibold et al., 2011). Mouse models show that overexpression
of Muc5b disrupts mucociliary clearance, leading to a fibroproliferative response that
may contribute to IPF pathology (Hancock et al., 2018). Conversely, mutations in the
TOLLIP gene, particularly the rs5743890 G variant, are associated with a lower risk
of developing IPF, suggesting a protective role, although individuals with this variant
who develop IPF tend to have higher mortality rates. This indicates that TOLLIP influ-
ences both disease risk and severity by affecting immune responses and inflammatory
pathways (Noth et al., 2013). Variants in telomere maintenance genes, including TERT,
TERC, PARN, RTEL1, DKC1, TINF2, OBFC1, and STN1, are linked to both familial and
sporadic IPF cases, leading to telomere shortening, accelerated cellular aging, and de-
fective epithelial repair (Fingerlin et al., 2013; Noth et al., 2013; Armanios et al., 2007;
Stuart et al., 2015; Kropski et al., 2014; Alder et al., 2015; Song et al., 2021). In the area
of surfactant dysfunction, mutations in SFTPC have been linked to familial lung fibro-
sis, damaging type II lung cells and resulting in various lung diseases, suggesting a
common genetic origin (Thomas et al., 2002). Similarly, mutations in SFTPA2 disrupt
the structure of surfactant protein A2, leading to its retention in the endoplasmic retic-
ulum, interfering with protein trafficking and contributing to familial IPF and lung
cancer (Wang et al., 2009). Additionally, rare mutations in cell cycle regulation genes
such as KIF15, MAD1L1, CDKN1A, and TP53 have been identified in IPF cases (Allen
et al., 2020; Korthagen et al., 2012). Finally, a large genome-wide association study of
non-Hispanic White subjects identified associations with variants in the DSP and DPP9
genes, which are involved in cell adhesion and may lead to a loss of epithelial integrity
(Fingerlin et al., 2013), further emphasizing the multifaceted genetic contributions to
IPF.
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TABLE 1.2: Genetic risk factors for IPF

Category Gene Ref.

Host defence MUC5B (Fingerlin et al., 2013; Seibold et al., 2011)
MUC2 (Fingerlin et al., 2013)
ATP11A (Fingerlin et al., 2013)
TOLLIP (Noth et al., 2013)

Telomere maintenance TERT (Armanios et al., 2007)
TERC (Armanios et al., 2007)
PARN (Stuart et al., 2015)
RTEL1 (Stuart et al., 2015; Cogan et al., 2015)
DKC1 (Kropski et al., 2014)
TINF2 (Alder et al., 2015)
OBFC1 (Fingerlin et al., 2013)
STN1 (Noth et al., 2013)

Cell-cycle regulation KIF15 (Allen et al., 2020)
MAD1L1 (Allen et al., 2020)
CDKN1A (Korthagen et al., 2012)
TP53 (Korthagen et al., 2012)

Surfactant processing SFTPC (Thomas et al., 2002)
SFTPA1 (Takezaki et al., 2019)
SFTPA2 (Wang et al., 2009)
ABCA3 (Campo et al., 2014)

Epithelial intergrity DSP (Fingerlin et al., 2013)
DPP9 (Fingerlin et al., 2013)

Fibrotic signaling AKAP13 (Allen et al., 2017)
Information collected from (Podolanczuk et al., 2023; Moss et al., 2022; Raghu et al.,
2011)

1.1.3.2 Cigarette

Smoking is associated with an increased risk of developing IPF, with former smokers
and those with higher cumulative smoking exposure showing significantly elevated
odds. The study found that 72% of IPF cases had a history of smoking, compared
to 63% of controls, with an odds ratio (OR) of 1.6 for ever smoking. Although no clear
exposure-response pattern was observed with cumulative cigarette consumption, there
was a trend indicating higher risk among those who had recently quit smoking (Baum-
gartner et al., 1997). Additionally, chronic cigarette smoke can induce time-dependent
epigenetic alterations in bronchial epithelial cells, leading to a predisposition for onco-
genic transformation, which may contribute to the pathogenesis of smoking-related
lung diseases, including IPF (Vaz et al., 2017).
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1.1.3.3 Microbial agents

Certain viral exposures, particularly to Epstein-Barr virus (EBV), cytomegalovirus (CMV),
human herpesvirus 7 (HHV-7), and HHV-8, have been associated with an increased risk
of IPF (Moore and Moore, 2015; Sheng et al., 2020). Research on the role of chronic viral
infections in IPF has largely focused on EBV and hepatitis C. Studies have found higher
viral loads of EBV and CMV in IPF patients, with EBV antigens specifically detected in
alveolar epithelial cells (AECs). These antigens are linked to markers of endoplasmic
reticulum (ER) stress, suggesting a potential connection between latent viral infections
and the development of IPF (Kropski et al., 2015). EBV genome rearrangements, in-
dicating active replication, were found in a significant number of EBV DNA-positive
IPF biopsies (Kelly et al., 2002). Additionally, Tang et al. detected the presence of eight
herpesviruses, including EBV, in lung specimens from 33 patients with IPF, and found
that one or more herpesviruses were detected in almost all IPF lungs compared with
one-third of the control lungs (Tang et al., 2003). The rise in incidence and prevalence of
IPF predates the COVID-19 pandemic, but exploring potential links between the two
diseases remains relevant as IPF cases continue to grow. The symptoms and clinical
presentation of acute COVID-19 infection are similar to those of IPF (Upadhya et al.,
2021), and one study has identified IPF as a potential risk factor for COVID-19 (George
et al., 2020). Additionally, IPF has been reported as a complication of COVID-19, as
well as a symptom of long COVID (Zhang et al., 2021).

1.1.3.4 Environmental exposure

Environmental exposures have been increasingly recognized as potential risk factors
for IPF, although establishing a direct causal link remains challenging. Numerous stud-
ies have documented correlations between IPF and various occupational exposures,
such as agricultural chemicals, livestock, wood dust, metal dust, stone, and sand, as
well as broader environmental factors like cigarette smoke (CS) and air pollution (Sack
and Raghu, 2019). The lung microbiome also represents a persistent environmental
exposure, with animal models and patient studies suggesting an association between
increased bacterial burden, loss of microbial diversity, and fibrosis in IPF (Lipinski et al.,
2020; O’Dwyer and Garantziotis, 2021). However, the structural changes in the lungs
of IPF patients likely alter the local microbial environment, complicating conclusions
about causality. Further, increased risk of IPF has been linked to occupations such as
farming, bird raising, hairdressing, and stone cutting, with higher exposure to dusts
from metals (brass, lead, steel), wood (pine), livestock, and vegetables (Hubbard et al.,
1996; Miyake et al., 2005; Hubbard et al., 2000; Abramson et al., 2020). Autopsy stud-
ies have detected elevated levels of inorganic particles in the lymph nodes of patients
with pulmonary fibrosis, supporting an environmental etiology (Kitamura et al., 2007).
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However, these observations must be interpreted with caution due to the biases and
limitations inherent in epidemiological studies of environmental risk factors.

1.1.4 Pathogenesis

The adult lung consists of four major, biologically distinct components: the trachea,
bronchi, bronchioles, and alveoli, each with its own specific stem or progenitor cell
population (Hackett et al., 2008). The pathogenesis of IPF primarily involves the lung
alveoli and is driven by a complex interplay of various cell types and signaling path-
ways. The prevailing paradigm suggests that IPF results from repetitive micro-injuries
to an aging alveolar epithelium, coupled with aberrant epithelial-mesenchymal com-
munication. This leads to excessive extracellular matrix deposition and lung remodel-
ing, ultimately impairing the lung’s gas exchange capacity (Richeldi et al., 2017). How-
ever, this model is continually being challenged by emerging studies on IPF.

Historically, medical experts have faced challenges in understanding the intricate patho-
physiology of IPF. It was initially thought to be a chronic inflammatory disorder (Haschek
and Witschi, 1979), later considered an immune disorder, and today is recognized as a
multifactorial disease driven by a combination of genetic and environmental factors.
Despite significant advances, the precise causes and molecular mechanisms of IPF re-
main incompletely understood. Given the lack of effective treatment options, further
exploration of the underlying mechanisms in IPF pathogenesis is crucial for develop-
ing potential therapies.

1.1.4.1 Epithelial cell injury and dysfunction

Alveoli, the specialized terminal structures of the distal airways, are essential for gas
exchange. The alveolar surface is lined by two main epithelial cell types: alveolar type
1 (AT1) and alveolar type 2 (AT2) cells. AT1 cells are broad, flat cells that cover ap-
proximately 95% of the alveolar surface, mediating gas exchange and providing the
majority of the epithelial surface area (Desai et al., 2014). In contrast, AT2 cells are
smaller, cuboidal cells responsible for secreting surfactant to prevent alveolar collapse
(Herzog et al., 2008).

Injuries and dysfunction of the alveolar epithelium play a key role in the initiation of
IPF (Wynn, 2011; Parimon et al., 2020). Most studies on AT1 cell turnover in the injured,
mature rodent lung indicate that AT1 cells are derived from AT2 cells during alveolar
repair to maintain the epithelial lining (Evans and Hackney, 1972; Fujino et al., 2011;
Olajuyin et al., 2019). However, repetitive injury to the alveolar epithelium—whether
due to environmental insults or antigen stimulation—leads to significant loss of AT1
cells and pathological alterations in AT2 cells, including increased apoptosis, cellular
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senescence, abnormal differentiation, and reduced regenerative capacity (Zhu et al.,
2022; Liu et al., 2022) .

The first factor is cellular senescence of AT2 cells. Normally, the alveolar epithelium is
maintained by the proliferation of AT2 cells, which act as multi-functional stem cells
and produce pulmonary surfactant when in a resting state (Barkauskas et al., 2013).
However, under genetic or environmental stress, the ability of AT2 cells to proliferate
is reduced, impairing epithelial maintenance. Xu et al. used single-cell RNA sequenc-
ing to show that fibrotic regions in IPF lung tissue are characterised by both a loss of
AT2 cells and abnormal activation of pathways related to cellular senescence, such as
p53 signaling (Xu et al., 2016). They also found that AT2 cells from IPF lungs have a re-
duced ability to form alveolospheres (Liang et al., 2016). Sin3a loss in AT2 cells induces
senescence, leading to persistent lung fibrosis resembling human IPF, whereas simple
depletion of AT2 cells causes only transient fibrosis in mice (Yao et al., 2021).

Moreover, in IPF, AT2 cells exhibit mitochondrial dysfunction and increased ER stress.
Deletion of Grp78 in AT2 cells induces ER stress, apoptosis, senescence, and fibrosis
resembling IPF, effects that are more pronounced in older and male mice. The reduction
of Grp78 in AT2 cells is associated with aging and IPF progression (Borok et al., 2020).

In IPF lungs, most of the epithelial cells are abnormally activated and secrete virtually
numerous fibrogenic growth factors and cytokines that contribute to the expansion of
the fibroblast and myofibroblast populations and to the remodeling of the ECM, in-
cluding TGF-β, PDGF, TNF, CTGF, several matrix metalloproteinases (MMP1, MMP2,
MMP7, MMP19) and a numerous of chemokines (including CCL2 and CXCL12) (Zhu
et al., 2022; Yanagihara et al., 2022; Prata et al., 2017; Liu, Liu, Wang, Liu and Min, 2023;
Golan-Gerstl et al., 2012). Several recent transcriptomic studies have identified epithe-
lial cells with a molecular profile indicating a transitional state between AT2 and AT1
cells, commonly referred to as ”transitional cells,” ”damage-associated transitional pro-
genitors” (DATPs), or ”prealveolar type-1 transitional cells” (PATS) (Details described
in Table.1.3). For instance, Strunz et al. used scRNA-seq to profile cellular dynam-
ics during mouse lung regeneration and identified KRT8+ ADI cells as a transitional
state between AT2 and AT1 cells. These cells facilitate lung repair by promoting tissue
remodeling and differentiation into mature AT1 cells. However, in IPF, KRT8+ ADI
cells persist abnormally, secreting pro-fibrotic factors like Ctgf and Edn1, and inter-
acting with mesenchymal cells and macrophages, driving fibrosis (Strunz et al., 2020).
Peng Jiang and colleagues, using scRNA-seq, found that AT2 cells differentiate into
AT1 cells in two stages: an early stage with upregulation of KRT8/KRT18, driven by
TGF-β signaling, and a late stage where TGF-β signaling decreases. In fibrosis, persis-
tent TGF-β activation blocks this process, causing an accumulation of KRT8/KRT18hi

transitional cells, which hinders lung repair and may contribute to IPF (Jiang et al.,
2020). Kobayashi et al. identified KRT17 and TP63 positive cells as a subset of transi-
tional epithelial cells in fibrotic lungs, particularly in IPF, using organoid cultures and
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scRNA-seq. These cells resemble PATS-like populations derived from AT2 cells that
fail to fully differentiate into AT1 cells, contributing to fibrosis. Enriched in senescence,
TP53 signaling, and TGF-β pathways, these cells exhibit aberrant repair and persistent
stress responses, leading to impaired tissue regeneration. They are vulnerable to DNA
damage, which may further drive fibrosis (Kobayashi et al., 2020). Choi and colleagues
used scRNA-seq and lineage tracing to identify two important cell types, Il1r1+ AT2
cells and DATPs, essential for lung regeneration. Inflammatory signals, especially IL-
1β, control the differentiation of these cells during repair. Persistent IL-1β signaling dis-
rupts cell transitions, impairing regeneration and contributing to lung diseases (Choi,
Park, Tsagkogeorga, Yanagita, Koo, Han and Lee, 2020). Auyeung et al. used genetic
knockouts and a selective IRE1α inhibitor to investigate its role in lung regeneration
and fibrosis. Persistent IRE1α signaling traps DATPs in a transitional state, hindering
repair and promoting fibrosis. Inhibiting IRE1α reduced fibrosis and stimulated alveo-
lar cell regeneration, making IRE1α a potential therapeutic target (Auyeung et al., 2022).
Habermann and colleagues identified KRT5−/KRT17+ epithelial cells expressing both
epithelial and mesenchymal markers, representing an intermediate state contributing
to ECM production in fibrosis (Habermann et al., 2020).

These studies reveal that transitional cell types, such as KRT8+ ADI cells, KRT17+
TP63+ cells, and DATPs, play a central role in both lung regeneration and fibrosis.
Under normal conditions, these cells facilitate tissue repair following injury by transi-
tioning AT2 cells into AT1 cells. However, in diseases like IPF, persistent activation of
stress pathways such as TGF-β, IL-1β, TP53, and IRE1α prevents these cells from fully
differentiating, leading to fibrosis. Instead of promoting repair, they secrete pro-fibrotic
factors, interact with fibroblasts, and contribute to ECM deposition, ultimately driving
disease progression.
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TABLE 1.3: Summary of the role of transient epithelial cellsin lung injury repair and
fibrosis

Cellular
marker

Description Ref.

KRT8+

• Role in Cell-Cell Communication: Krt8+ ADI cells in-
teract with mesenchymal cells and macrophages, me-
diating signaling through the secretion of pro-fibrotic
factors like Ctgf, Itgb6, Areg, Hbegf, and Edn1.

• Balance Between Repair and Fibrosis: Essential for
lung repair but associated with fibrotic pathways
when abnormally regulated, contributing to IPF and
other lung diseases.

• Comparison to EMT and Senescence: While shar-
ing features with EMT and senescence, Krt8+ ADI
cells do not convert into fibroblasts but overlap in
gene expression with cells undergoing epithelial-
mesenchymal transition.

(Strunz
et al., 2020)

KRT8/KRT18hi

• Initiation of AT2-to-AT1 Differentiation:
KRT8/KRT18hi cells initiate the early differentia-
tion of AT2 to AT1, regulated by TGF-β signaling.

• Support of Alveolar Regeneration: Serve as a transi-
tional state in early lung repair, aiding full differenti-
ation of AT1 cells.

• Response to Injury: Upregulated in response to in-
jury, representing an intermediate phase aiding alve-
olar repair.

• Potential Contribution to Fibrosis in IPF: Persistent
expression in fibrosis disrupts AT2-to-AT1 differenti-
ation, contributing to fibrotic remodeling.

• Regulation of Differentiation Dynamics: Critical for
initiating AT2 differentiation in vitro, with expression
patterns regulated by TGF-β.

(Jiang et al.,
2020)

Continued on next page
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TABLE 1.3: Summary of the role of transient epithelial cellsin lung injury repair and
fibrosis (continued)

Cellular
marker

Description Ref.

SFN+,
KRT17+,
TP63+

• Contributing to Fibrosis and Aberrant Repair:
KRT17+TP63+ cells, enriched in senescence and TGF-
β pathways, impair AT2-to-AT1 differentiation and
contribute to fibrosis.

• Potential Origin and Heterogeneity: Likely derived
from AT2 cells and are part of a heterogeneous alveo-
lar and airway population.

• Vulnerability to DNA Damage and Stress: Display
increased DNA damage from cellular stretching and
stress-induced pathways linked to fibrosis and can-
cer.

(Kobayashi
et al., 2020)

IL1R1+

• Regeneration Initiation: Il1r1+ AT2 cells initiate re-
pair by responding to IL-1β signaling, aiding AT2-to-
AT1 differentiation.

• Promoting Differentiation: Prime AT2 cells for differ-
entiation into AT1 cells, acting as intermediaries in
lung regeneration.

• Generation of DATPs: Contribute to DATPs, which
are necessary for AT1 cell production.

• Facilitating Tissue Repair: Play a crucial role in alve-
olar regeneration and repair.

• Response to Inflammatory Signals: Bridge inflamma-
tory signals to cell differentiation in the repair pro-
cess.

(Choi,
Park,
Tsagko-
georga,
Yanagita,
Koo, Han
and Lee,
2020)

Continued on next page
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TABLE 1.3: Summary of the role of transient epithelial cellsin lung injury repair and
fibrosis (continued)

Cellular
marker

Description Ref.

KRT7+,
KRT8+ • Transitional State During Lung Repair: DATPs are

transitional cells that emerge after epithelial injury
and facilitate repair with stress and fibrosis-related
gene programs.

• Dual Role in Regeneration and Fibrosis: Promote re-
generation during normal repair, but failure to differ-
entiate can lead to fibroblast activation and fibrosis.

• IRE1α Signaling and Fibrosis: IRE1α signaling sus-
tains DATP phenotype, reinforcing TGF-β pathways
and preventing differentiation, with inhibition pro-
moting regeneration.

(Auyeung
et al., 2022)

KRT5−,
KRT17+ • Intermediate State in Epithelial Remodeling:

KRT5−/KRT17+ cells act as intermediates be-
tween AT2 and AT1 cells, possessing both epithelial
and mesenchymal-like features.

• Pathological Contribution to Fibrosis: Co-express
mesenchymal genes alongside epithelial markers,
contributing to ECM deposition and fibrosis.

• TGF-β and Stress Response: Associated with upregu-
lated lung injury and fibrosis pathways, maintaining
a fibrotic niche.

• Aberrant Differentiation and Senescence: Represent
an aberrant differentiation state failing to transition to
mature AT1 cells, contributing to dysregulated repair
in fibrotic regions.

(Habermann
et al., 2020)

ADI, alveolar-damaged intermediate; Ctgf, connective tissue growth factor; Itgb6, integrin beta-6;
Areg, amphiregulin; Hbegf, heparin-binding EGF-like growth factor; Edn1, endothelin-1; IPF, id-
iopathic pulmonary fibrosis; EMT, epithelial-mesenchymal transition; AT2, alveolar type 2 cells;
AT1, alveolar type 1 cells; TGF-β, transforming growth factor-beta; IL-1β, interleukin-1 beta; Il1r1,
interleukin-1 receptor 1; DATPs, damage-associated transitional progenitors; IRE1α, inositol-requiring
enzyme 1 alpha; ECM, extracellular matrix; KRT, keratin.
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1.1.4.2 Inflammation and immune response

IPF was first characterised as an inflammation-driven disease. However, clinical trials
with broad immunosuppression failed to show benefit and sometimes caused harm.
Even so, inflammatory responses—both innate and adaptive—are central to wound
healing and fibrosis in many tissues, including the lung (Moss et al., 2022). Here, I out-
line how innate immune triggers initiate and sustain fibroblast activation in IPF, how
these cues connect to adaptive immunity, and how specific cell types (macrophages,
monocytes, lymphocytes, fibrocytes) shape the fibrotic niche.

Injured or apoptotic alveolar epithelial cells release damage-associated molecular pat-
terns (DAMPs) that activate Toll-like receptors (TLRs) and downstream inflammatory
cascades. Genetic studies also implicate innate regulators: for example, TOLLIP vari-
ants affect TLR and TGF-β signalling (Noth et al., 2013). The innate system further en-
gages cytosolic inflammasomes—multimeric complexes (e.g., NLRP3, AIM2) that pro-
cess IL-1β/IL-18 via caspase-1 (Tweedell and Kanneganti, 2024; Martinon et al., 2002).
The NLRP3 inflammasome recognises pathogen- and damage-associated signals and
can promote fibrosis through TGF-β and EMT-linked pathways (Artlett, 2022; Lasithio-
taki et al., 2016). In addition, TLR9 activation has been proposed to accelerate fibrotic
progression by promoting myofibroblast differentiation (Hogaboam et al., 2012).

The healthy lung contains alveolar macrophages (AMs), interstitial macrophages, and—after
injury—recruited monocyte-derived macrophages. Although the M1/M2 scheme is
simplified, it is useful here: M2-like programmes support wound repair (ECM depo-
sition, angiogenesis, tissue remodelling) but become profibrotic if sustained. In IPF,
M2-skewed macrophages and monocytes are increased, and markers such as CD163
are elevated on lung macrophages (Gibbons et al., 2011). At baseline, resident AMs
are essential for lung development, surfactant homeostasis, pathogen clearance, and
immune balance (Lambrecht, 2006). Macrophages are also major sources of profibrotic
mediators, including TGF-β (MacKinnon et al., 2012) and growth factors (FGF, PDGF,
IGF1, VEGF) that support fibroblast activation and ECM accumulation (Heukels, Moor,
Von der Thüsen, Wijsenbeek and Kool, 2019; Phan et al., 2021; Khalil et al., 1989).

Classically activated (M1-like) macrophages produce IL-1β and TNFα, which contribute
to IPF pathogenesis (Wilson et al., 2010; Gasse et al., 2007; Krausgruber et al., 2011). Ele-
vated IL-1β in BALF from IPF patients likely derives from alveolar/interstitial macrophages
(Wilson et al., 2010). In the bleomycin model, deletion of the IL-1 receptor (Il1r1) re-
duces lung inflammation and fibrosis (Gasse et al., 2007). IL-1β effects are time- and
dose-dependent: transient, low-level signalling supports AT1 differentiation and re-
pair, whereas sustained production impairs regeneration and drives maladaptive re-
modelling (Choi, Park, Tsagkogeorga, Yanagita, Koo, Han and Lee, 2020). Consistent
with a pathogenic role for inflammasomes, both NLRP3 and AIM2 are activated in AMs
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in human and murine fibrotic lungs (Lasithiotaki et al., 2016), and Nlrp3 deficiency con-
fers resistance to bleomycin-induced inflammation and fibrosis.

After lung injury, circulating monocytes are recruited and mature into macrophages
within the fibrotic lung (Ginhoux and Jung, 2014). Higher levels of circulating classi-
cal/intermediate monocytes associate with disease progression, and intermediate mono-
cytes can predict poorer outcomes in IPF (Moore et al., 2014). These cells release pro-
inflammatory cytokines (e.g., IFN-α, CCL3/MIP-1α, CCL4/MIP-1β) that can promote
myofibroblast differentiation (Landsman et al., 2007).

Innate sensing by AMs and dendritic cells (DCs) produces IL-1β, IL-6, GM-CSF and
TGF-β and enhances antigen presentation. DCs then migrate to draining lymph nodes.
Chemokines such as CCL19/21 and CXCL13 help recruit and organise T and B cells.
These cues shape CD4+ T-cell fates (Th1 vs Th2/Th17/Treg) and support B-cell activa-
tion and BALT formation. Thus, chronic innate activation provides the conditions for
adaptive immune engagement in IPF.

CD8+ cytotoxic T cells recognise MHC I, and CD4+ Th cells recognise MHC II and co-
ordinate immune responses. Th1 (T-bet+ IFN-γ+), Th2 (GATA3+), and Th17 (RORγT+)
subsets have all been implicated in ILD (Ruterbusch et al., 2020). IL-17A promotes lung
fibrosis by stimulating EMT, fibroblast recruitment/proliferation, and ECM production
(Wilson et al., 2010; Mi et al., 2011; Zhang et al., 2019). In early inflammation, IL-23
drives IL-17A production by Th17 and γδ T cells, thereby enhancing fibrotic responses
in murine bleomycin models (Gasse et al., 2011). (While IL-23 can activate fibroblasts in
some contexts, its adverse effects in vivo are thought to be mediated primarily through
lymphoid cells.)

B-cell involvement is also evident in IPF. IgA+ memory B cells are increased in blood
and lung and co-localise with PD-1+ Tfh cells (Heukels et al., 2019). Circulating plas-
mablasts (CD19+/CD38+CD27+) are more abundant and correlate negatively with
lung function (Xue et al., 2013). Lung biopsies frequently contain CD20+ B-cell ag-
gregates and plasma cells, and BALT with germinal centres can form. These structures
correlate with cytokines that organise T–B interactions (CCL21, CXCL13, BAFF, ICOSL)
(Kim et al., 2020; Rangel-Moreno et al., 2006).

Fibrocytes are bone-marrow–derived, circulating cells (CD45+, intracellular collagen-
1+) that arise from monocytes and can differentiate toward myofibroblasts (Bucala
et al., 1994). They produce matrix proteins (collagen I/III, vimentin, fibronectin) and
secrete IL-8, IL-6, TGF-β, PDGF, GM-CSF, and VEGF, thereby promoting fibroblast ac-
tivation, angiogenesis, and inflammatory cell recruitment (Andersson-Sjöland et al.,
2008; Chesney et al., 1998). In co-culture, fibrocytes enhance fibroblast production of
collagen I, MMP-1, and PDGF-β (Garcı́a de Alba et al., 2015).
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Together, these data support a model in which innate pathways (DAMP–TLR signalling,
inflammasomes, macrophage/monocyte programmes) initiate and sustain a profibrotic
niche, while adaptive axes (selected T- and B-cell responses, tertiary lymphoid struc-
tures) contribute in a context- and stage-dependent manner. This framework helps
reconcile why broad immunosuppression is not beneficial in IPF, yet immune mecha-
nisms still shape disease biology: targeted, phase-appropriate modulation of specific
pathways may be required, whereas antifibrotic agents remain the standard of care.

1.1.4.3 Myofibroblast activation

Myofibroblasts are the main effector cells in the progression of IPF. Under normal con-
dition, resident fibroblast generically describes a connective tissue cell with the ability
to produce connective tissue substance like collagens. However, under tissue injury
or stimulus from profibrotic signals, fibroblasts temporarily suspend their specialized
functions and adopt repair mechanisms to rapidly contain tissue damage by producing
a fibrous, collagen-rich ECM, which eventually contracts to form a mechanically stabi-
lizing scar. This is called fibroblast-to-myofibroblast transition (FMT) or myofibroblast
activation.

There are also many types of myofibroblast precursors reported in human lung except
for fibroblasts, such as epithelial cells (through EMT), endothelial cells, fibrocytes and
macrophages via various signaling pathways. Myofibroblast differentiation from these
precursors and resistance to apoptosis is mediated by a host of factors, including TGF-
β, integrin αVβ6, PDGF, CTGF, VEGF, overexpression of Wnt, decreased expression
of BMP2, decreased AMP-activated protein kinase (AMPK) activation, and imbalance
of oxidant-antioxidants. Many of these signaling pathways, including TGF-β, PDGF
receptor, epidermal growth factor, FGF, and Wnt, specifically promote expression of
mesenchymal genes and downregulation of epithelial genes and thus activation of fi-
broblasts.

Epithelial cells

Alveolar epithelial cells are very important cells during the development of lung fibro-
sis as introduced before. EMT is a biological process in which epithelial cells (mainly
AT2 cells) lose cell-cell adhesion and apical-basal polarity, undergo significant cytoskele-
tal changes, and acquire mesenchymal features such as increased invasion, migration,
and ECM production (Salton et al., 2019). Although EMT is a physiological and often
reversible process necessary for normal embryonic development and wound healing,
it also plays a role in the initiation of IPF. During fibrosis, TGF-β can induce EMT in hu-
man AT-II cells in a time- and concentration-dependent manner (Kasai et al., 2005). Key
features of EMT include the downregulation of E-cadherin and the miRNA200 family,
loss of epithelial cell apical-basal polarity, and increased expression of mesenchymal
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markers such as fibroblast-specific protein 1 (FSP1), α-SMA, collagen type I, vimentin,
and fibronectin (Kalluri et al., 2009; Rout-Pitt et al., 2018). Additionally, transcription
factors that drive fibroblast proliferation and mesenchymal differentiation, including
ZEB1, ZEB2, Twist, Slug, and Snail, are upregulated during EMT. However, the occur-
rance of EMT remain controversial.

Previous studies have provided different perspectives on the contribution of EMT to
fibroblast populations in lung fibrosis. Tanjore et al. demonstrated that EMT accounts
for approximately one-third of FSP+ fibroblasts derived from lung epithelial cells two
weeks after bleomycin-induced fibrosis in a mouse model (Tanjore et al., 2009). Simi-
larly, Kim et al. showed that AT-II cells act as progenitors capable of undergoing EMT
and contributing to fibroblast-like cells during lung injury and fibrosis (Kim, Kugler,
Wolters, Robillard, Galvez, Brumwell, Sheppard and Chapman, 2006). In contrast, a
study by Rock and colleagues, using lineage tracing techniques, found no evidence
that epithelial cells convert into myofibroblasts in vivo (Rock et al., 2011). Adding to
the debate, scRNA-seq data from IPF lungs have been analysed to identify mesenchy-
mal markers within aberrant transitional epithelial cells; however, these findings do not
support an epithelial origin for fibroblast populations (Adams et al., 2020; Tsukui et al.,
2020). The discrepancies between studies on EMT contribution to fibroblast and my-
ofibroblast populations in IPF may reflect differences in experimental models, method-
ologies, and disease context. For example, lineage-tracing in mice often shows limited
evidence for fully differentiated myofibroblasts arising from epithelial cells, whereas
in vitro studies and human biopsy analyses report robust EMT-like signatures. This
divergence may be due to variations in the stage of disease examined, the sensitivity
of lineage-tracing techniques, or the fact that epithelial cells can undergo partial EMT,
acquiring mesenchymal traits without fully transitioning. Furthermore, microenviron-
mental factors such as TGF-β signaling intensity, hypoxia, and extracellular matrix stiff-
ness differ between experimental systems and may influence the degree to which EMT
contributes to fibroblast pools. Thus, conflicting results may not be mutually exclusive,
but rather highlight the context-dependent nature of EMT in fibrotic remodeling..

Pericytes

Pericytes, the mural cells of blood microvessels, play a crucial role in tissue fibrosis
(Armulik et al., 2011). Genetic lineage tracing by Humphreys et al. has shown that
pericytes expand and differentiate into myofibroblasts in response to kidney injury
(Humphreys et al., 2010). Similarly, Hung et al. identified two distinct populations
of lung mesenchymal cells with roles in fibrosis, one being Foxd1-derived pericytes.
These cells originate from Foxd1-expressing progenitors that enter lung buds during
embryonic development and mature into a microvascular network, expressing peri-
cyte markers such as PDGFRβ, NG2, and CD146. When stimulated by TGF-β, primary
Foxd1-lineage stromal cells isolated from transgenic mouse lungs upregulate α-SMA
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expression. Importantly, Foxd1-derived pericytes constitute a significant source of my-
ofibroblasts during lung injury, accounting for around 68% of α-SMA+ myofibroblasts
in fibrosis (Hung et al., 2013). However, the precise characterization of pericyte mark-
ers remains a topic of ongoing debate since Rock and colleagues did not find significant
contribution to myofibroblasts in the lung using NG2 as the genetic label for lung peri-
cytes (Rock et al., 2011).

Resident fibroblasts

Resident fibroblasts populations are generally recognized as the primary sources of ac-
tivated myofibroblasts. Significant efforts have been made to better characterise the
heterogeneity of lung mesenchymal populations. However, the lack of a single, defini-
tive marker complicates the ability to accurately quantify their relative contributions to
myofibroblasts. Another population that Hung et al. identified in lung fibrosis consists
of resident fibroblasts that produce collagen-Iα1 and express PDGFRα, showing both
transcriptional and morphological differences from Foxd1-derived pericytes. These
cells resemble typical fibroblasts and likely contribute to up to 55% of the myofibrob-
last population post-injury, highlighting their significance as another major source of
fibrogenic cells in the lung (Hung et al., 2013). Other markers of resident fibroblasts
include Thy-1 (Hagood et al., 2005), fibronectin, and desmin (Phan, 2002).

The activation of resident fibroblasts is induced by TGF-β produced from injured ep-
ithelium or AMs. The activation of PDGF and CTGF by TGF-β are also involved in the
activcation of fibroblasts.

Myofibroblasts are not only abnormally activated but also resistant to apoptosis. TGF-
β1 has been shown to promote α-SMA expression and myofibroblast differentiation
while preventing IL-1β-induced apoptosis by inhibiting iNOS expression, thereby re-
ducing NO-mediated apoptotic signals from fibroblasts (Zhang and Phan, 1999). Addi-
tionally, myofibroblasts in both healthy and IPF lungs express TRPA1 ion channels, but
TGF-β1 significantly down-regulates their expression. This down-regulation shields
myofibroblasts from oxidative stress-induced cell death, supporting their survival and
contributing to the persistence of fibrosis (Virk et al., 2021).

1.1.4.4 ECM remodeling

Extensive reorganisation of the lung ECM is a pathological alteration that leads to func-
tional changes in lung function for several chronic lung diseases including asthma,
COPD and IPF. The remodeling of the ECM is regulated through diverse mechanisms,
including ECM protein synthesis, post-translational modifications, deposition, and degra-
dation.

Excessive ECM protein deposition
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The lung ECM is generated and maintained by various cell types, including fibroblasts,
smooth muscle cells, as well as epithelial, endothelial, and immune cells. Activated
fibroblasts and myofibroblasts in fibroblastic foci are believed to be the major producers
of the ECM.

The main components of the basement membrane consist of collagen IV, collagen V, and
laminins (the most abundant non-collagenous component), along with chondroitin sul-
fate proteoglycans (perlecan, agrin, and dystroglycan), entactin, fibronectin, fibulin I,
and fibulin II. In contrast, the interstitial matrix is primarily composed of a meshwork
of elastin, fibronectin, vitronectin, tenascin, versican, decorin, and fibrillar collagen I
and III (Halfter et al., 2015; LeBleu et al., 2007; Faffe and Zin, 2009). Several studies
have shown that collagen III is predominately deposited in early IPF, whereas more
collagen I deposition is present in late-stage IPF (Kuhn III et al., 2012; Kage and Borok,
2012). Hoffman et al. demonstrated the ECM composition in IPF lungs is significantly
altered compared to normal lungs, with notable region-specific differences. While the
total collagen content is reduced, there is a distinct increase in COL3A1 within the
whole ECM (wECM) and vascular ECM (vECM), a feature associated with fibrotic pro-
cesses in IPF. The alveolar ECM (aECM) and wECM in IPF show changes in protein
composition, including an increased proportion of fibulins (FBLN2 and FBLN3), which
are linked to ECM remodeling. Additionally, the ECM glycoprotein content is elevated
in IPF wECM compared to normal lungs, potentially influencing disease progression
through altered biochemical signaling. While the airways ECM (airECM) maintains an
increased presence of cartilage-associated collagens and proteoglycans, contributing to
airway stiffness and remodeling, the overall changes across different regions highlight
the complex remodeling of ECM components in IPF pathology (Hoffman et al., 2023).

ECM crosslinking

The ECM in fibrotic lungs exhibits abnormal biochemical and biomechanical character-
istics. Increased ECM content and altered post-translational modifications are thought
to enhance matrix stiffness, which, in turn, may drive sustained mesenchymal cell ac-
tivation and progressive fibrosis through a positive feedback loop.

Fibrillar collagens are a major component of lung ECM, providing a scaffold that sup-
ports tissue architecture and significantly influences tissue stiffness (White, 2015). Highly
crosslinked collagens are more resistant to degradation by MMPs (Issa et al., 2004).
During biosynthesis, collagen undergoes various post-translational modifications, such
as lysine hydroxylation and oxidation, which are essential for its structure and function.

Enzymatic crosslinking is primarily mediated by the lysyl oxidase (LOX) enzyme fam-
ily, which includes LOX and LOX-like proteins (LOXL1-4). These enzymes, which
are copper-dependent amine oxidases, produce reactive aldehydes that form covalent
intra- and intermolecular crosslinks by reacting with other aldehydes or specific ly-
sine and hydroxylysine residues (Eekhoff et al., 2018). Previous studies have found
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increased expression of LOX, LOXL1, and LOXL2 in IPF compared to non-IPF lung
tissues (Aumiller et al., 2017; Barry-Hamilton et al., 2010; Tjin et al., 2017). A recent
study by Ma et al. revealed that LOXL4 plays a crucial role in pathological collagen
cross-linking in lung fibrosis and may serve as a promising therapeutic target, whereas
LOXL2 appears to have a limited role (Ma et al., 2023). LOX inhibition has been shown
to reduce fibrillar collagen crosslinking and ECM stiffening in decellularized matrix
models (Chen, Li and Li, 2019). The formation of LOX/LOXL-mediated collagen cross-
links is influenced by the hydroxylation of telopeptides, a process catalyzed by lysyl
hydroxylase 2 (LH2) or procollagen lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2)
(Brinckmann et al., 1999). PLODs hydroxylate lysine residues inside cells before col-
lagen is secreted, and LOX then acts on hydroxylysine residues in the extracellular col-
lagen fibers, promoting cross-link formation (Saito and Marumo, 2010). This enzyme-
dependent collagen crosslinking stabilizes new collagen fibers and enhances matrix
stiffness, which contributes to IPF progression. Emerging evidence suggests that HIFs
may regulate enzymes such as PLOD2 and LOXL2 in this context, thereby linking hy-
poxic signaling to collagen crosslinking and tissue stiffening. The role of HIF signaling
in fibrosis will be discussed in detail in a later section.

ECM feedback on myofibroblasts

Myofibroblast activation is a multi-step process involving biochemical and biomechan-
ical signaling pathways. Fibroblasts secrete TGF-β1 in a latent form, complexed with its
latency-associated peptide (LAP). This latent complex is stored in the ECM by binding
to latent TGF-β1-binding protein 1 (LTBP1) (Rifkin et al., 2018). Within the stiff ECM of
tissues undergoing repair, contractile forces transmitted through actomyosin bundles
and αv integrins to RGD-binding domains in LAP lead to a conformational change that
releases active TGF-β1 (Wipff et al., 2007; Henderson et al., 2013).

Active TGF-β1 then binds to TGF-β receptors, triggering SMAD signaling, which re-
sults in SMAD4-SMAD2-SMAD3 complexes entering the nucleus to regulate the tran-
scription of pro-fibrotic genes, such as ACTA2 (encoding α-SMA) (Lodyga and Hinz,
2020; Massagué and Sheppard, 2023; Frangogiannis, 2022). This is counteracted by
the negative regulator SMAD7. Additionally, TGF-β1 induces non-canonical signaling
through pathways like JNK, p38, ERK, MAPK, and Rho-ROCK (Zhang, 2017; Derynck
and Budi, 2019).

In the presence of mechanical stress (such as a stiff ECM), integrins undergo conforma-
tional changes, which lead to recruitment of signaling and structural proteins to their
cytoplasmic side, forming focal adhesion complexes. These complexes involve proteins
like vinculin, kindlin, talin (Sun et al., 2019), and FAK (Thannickal et al., 2003), which
connect to actin filaments (F-actin) and support the formation of stress fibers.

The activation of ROCK is a key downstream event in myofibroblast signaling. Follow-
ing the activation of RhoA by factors like LPA and thrombin binding to GPCRs, ROCK
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enhances fibroblast contraction by inhibiting myosin light chain phosphatase (MLCP)
and activating myosin light chain kinase (MLCK) (Zhang et al., 2022; Sakai et al., 2017).
Additionally, Rho GTPases regulate actin polymerization, which is crucial for control-
ling gene transcription through co-transcription factors like MRTFA (Bialik et al., 2019).
When actin polymerizes, MRTFA is released from G-actin and moves into the nucleus,
where it associates with serum response factor (SRF) to promote the transcription of
pro-fibrotic genes like CCN2 and ACTA2 (Yamamura et al., 2023).

The activation of RhoA also leads to the regulation of YAP/TAZ signaling. When stress
fibers form, LATS1 and LATS2 (components of the Hippo pathway) are inhibited, in-
creasing the levels of unphosphorylated YAP and TAZ in the cytosol (Dey et al., 2020).
Unlike their phosphorylated forms, which are degraded, unphosphorylated YAP and
TAZ translocate to the nucleus. There, they interact with transcription factors such as
TEAD, β-catenin, and TCF–LEF to drive the expression of pro-fibrotic genes like CCN2
and microRNA-21 (Luo, 2017).

Overall, myofibroblast activation is driven by the release of TGF-β1, the formation of
stress fibers through ROCK and RhoA signaling, actin polymerization, and the nuclear
translocation of co-transcription factors such as MRTFA, YAP, and TAZ, which collec-
tively enhance the transcription of pro-fibrotic genes.

In conclusion, the pathogenesis of IPF is a complex interplay of epithelial injury, im-
mune response, and fibroblast activation, all leading to excessive extracellular matrix
deposition and progressive lung scarring. Alveolar epithelial cell dysfunction, partic-
ularly of AT2 cells, triggers aberrant repair processes that promote fibrosis rather than
regeneration. Key signaling pathways involving TGF-β, RhoA/ROCK, and YAP/TAZ
drive myofibroblast activation and resistance to apoptosis, perpetuating the fibrotic
cycle. Understanding these mechanisms provides valuable insights into potential ther-
apeutic targets aimed at halting or reversing fibrosis in IPF (Figure.1.1 and Figure.1.2).
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FIGURE 1.1: Diagram of normal lung alveolar and normal repair after lung injury
The diagram illustrates the key cell types within the human lung alveolus and the pro-
cess of normal lung repair following injury. During this repair, AT1 cells undergo apop-
tosis and are subsequently cleared by lung-resident alveolar macrophages. Meanwhile,
a portion of AT2 cells differentiate into new AT1 cells to restore the alveolar epithelium.
Figure adapted from (Liu et al., 2022).
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FIGURE 1.2: Diagram of mechanisms invloved in the development of IPF
The diagram illustrates the progression of IPF in the alveolar region, focusing on dis-
ordered repair mechanisms. Recurrent injuries to the alveolar epithelium, caused by
environmental insults or antigen stimulation, lead to AT1 cell death and aberrant acti-
vation of AT2 cells. The process of AT2 cells differentiating into AT1 cells is impaired in
fibrotic regions, resulting in the formation of transient cells that secrete large amounts
of cytokines, promoting the differentiation of fibroblasts into myofibroblasts. Abnor-
mally activated AT2 cells also contribute to fibroblast and myofibroblast proliferation
through the production of PDGF, TGF-β, and CTGF. In response to failed epithelial
repair, circulating monocytes are recruited to the alveolar space and differentiate into
profibrotic alveolar macrophages. These monocyte-derived macrophages, along with
resident alveolar macrophages, secrete PDGF and other growth factors, facilitating the
activation, proliferation, and differentiation of fibroblasts into myofibroblasts. Peri-
cytes further differentiate into myofibroblasts under TGF-β stimulation. The resulting
myofibroblasts produce excess ECM proteins, leading to lung tissue stiffening. The stiff
matrix inhibits fibroblast apoptosis, creating a positive feedback loop that sustains fi-
brosis.
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1.1.5 Treatment

Since the pathogensis of IPF is complex and multiple molecular pathways involve in
it, the treatment targeting IPF become a challenge. A variety of approaches have been
utilised in the treatment of IPF, unfortunately the majority of these have been ineffec-
tive. Ninetdanib and pirefenidone, two FDA approved drugs for the treatment of IPF
have been shown to reduce the rate of the fibrosis progression but can not stop it or
reverse it. In the last two decades, amount of clinical trials on IPF failed but the de-
velopment of treatment for IPF is still moving forward. This section will outline the
pharmacotherapeutic and non-pharmacotherapeutic strategies for managing IPF.

1.1.5.1 Pharmacotherapy

Pirfenidone

Pirfenidone (PFD) is an oral antioxidant, antifibrotic, and anti-inflammatory drug ap-
proved by the US FDA for the treatment of IPF in October 2014. Its efficacy was demon-
strated in three pivotal phase 3 trials: CAPACITY I, CAPACITY II, and ASCEND. In
CAPACITY I and II, pirfenidone significantly slowed disease progression by reducing
the decline in forced vital capacity (FVC) over 72 weeks compared to placebo (-8.5% vs.
-11.0%; P = 0.005) (Noble et al., 2011). In the ASCEND trial, pirfenidone reduced the
proportion of patients experiencing a 10% or greater decline in FVC or death after 52
weeks (16.5% vs. 31.8%; P < 0.001). Pooled analyses further showed lower all-cause
and IPF-specific mortality, and a reduced risk of respiratory-related hospital admis-
sions (P = 0.001) (King Jr et al., 2014; Ruwanpura et al., 2020).

One of the primary mechanisms by which PFD achieves its therapeutic benefits is
through its antifibrotic activity. It inhibits the production of proteins (Ma et al., 2018;
Hirano et al., 2006; Oku et al., 2008; Liu et al., 2005) or mRNA expression (Pourgho-
lamhossein et al., 2018) of TGF-β1, a key mediator in fibrosis, thereby blocking path-
ways involved in fibroblast proliferation and myofibroblast differentiation (Conte et al.,
2014; Ma et al., 2018; Qin et al., 2018; Molina-Molina et al., 2018). Vicens-Zygmunt et al.
showed that PFD suppresses the production of ECM components, including collagen I,
II, III, and fibronectin (Vicens-Zygmunt et al., 2015). It also inhibits heat shock protein
47 (HSP47), reducing collagen synthesis and ECM deposition, key drivers of fibrosis
progression (Kakugawa et al., 2004; Nakayama et al., 2008; Torre et al., 2024). Beyond
TGF-β1, PFD regulates other growth factors like PDGF and bFGF, both fibroblast mi-
togens (Gurujeyalakshmi et al., 1999), and inhibits the protein expression of PDGF-A
and -B in bleomycin-induced lung fibrosis models (Yu et al., 2017). Kurita et al. re-
ported that PFD reduces myofibroblast differentiation by inhibiting PDGFR-PI3K-Akt
signaling (Kurita et al., 2017). PFD was also found to suppress bFGF expression in
bleomycin-induced lung fibrosis (Oku et al., 2008). Fibrosis development, driven by
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an imbalance of MMPs and TIMPs, leads to excess ECM production (Giannandrea and
Parks, 2014; Tomos et al., 2023). PFD demonstrated therapeutic effects by reducing
TIMP1 expression in bleomycin-induced lung fibrosis (Tian et al., 2006).

In addition to its antifibrotic effects, PFD has potent antioxidant properties. In a paraquat-
induced lung injury and fibrosis mouse model, PFD significantly reduced the expres-
sion of reactive oxygen species(ROS)-related genes, such as iNos, Nox1, Nox4, and Gpx1.
It also decreased lipid peroxidation and restored antioxidant enzymes, including super-
oxide dismutase and catalase. These actions mitigate oxidative stress, a major contribu-
tor to lung injury, protecting lung cells from further damage (van der Vliet et al., 2018).

PFD also shows substantial anti-inflammatory effects, contributing to its clinical ef-
ficacy. It reduces fibrosis by inhibiting macrophage-driven cytokines like IL-1, TNF-
α, TGF-β1, PDGF (Gurujeyalakshmi et al., 1999; Iyer et al., 1999), HSP47 (Kakugawa
et al., 2004), and MCP-1 (Rouhani et al., 2009), and by decreasing macrophage numbers
(Trivedi et al., 2012; Xie et al., 2024). Additionally, PFD significantly suppresses TGF-
β1 production induced by IL-4 and IL-13 in rat alveolar macrophages in vitro (Toda
et al., 2018). It also inhibits NLRP3 inflammasome activation, reducing the secretion
of cytokines like IL-1β (Li et al., 2018). These anti-inflammatory effects help alleviate
chronic inflammation in IPF, supporting the long-term use of PFD in managing the dis-
ease.

PFD is approved for treating IPF in many countries and is recommended by current
clinical guidelines for patients with mild-to-moderate IPF (Raghu et al., 2011). Studies
have shown that it provides similar benefits for patients with advanced IPF (Chung
et al., 2020) and for other interstitial lung diseases (ILDs) (Maher et al., 2020; Behr et al.,
2021) with recent disease progression.

Nintedanib

Nintedanib (BIBF 1120) is a tyrosine kinase inhibitor (TKI) with anti-angiogenic prop-
erties, primarily by blocking the VEGF pathway (Wollin et al., 2014). It was also ap-
proved by the US FDA for the treatment of IPF in October 2014, based on results from
two phase 2 INPULSIS trials (Richeldi et al., 2014). Both trials showed that nintedanib
significantly reduced the annual decline in FVC at 52 weeks compared to placebo. In
INPULSIS 1, the difference in FVC decline was 125.3 mL/year (95% confidence inter-
val [CI], 77.7 to 172.8; P <0.001), while in INPULSIS 2, the difference was 93.7 mL/year
(95% CI, 44.8 to 142.7; P <0.001). However, pooled analyses showed no significant dif-
ference between nintedanib and placebo regarding time to the first acute exacerbation,
all-cause mortality, or respiratory-related death.

Nintedanib is a tyrosine kinase inhibitor originally developed as an anti-angiogenic
cancer drug, designed to block PDGFR, FGFR-1, and VEGFR-2. Its inhibitory activity
was confirmed in primary human lung fibroblasts from both IPF patients (IPLF) and
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control donors (NHLF). Nintedanib effectively blocked PDGF-BB-stimulated PDGFR
autophosphorylation and significantly reduced growth factor-induced cell prolifera-
tion in both IPF-HLF and N-HLF. It also reversed the pro-proliferative effects of PDGF-
BB, FGF-2, and VEGF in IPF-HLF (Wollin et al., 2014). Additionally, nintedanib in-
hibited the migration of fibroblasts stimulated by PDGF and FGF in a concentration-
dependent manner, demonstrating strong efficacy in reducing fibroblast motility in
both cell types (Hostettler et al., 2014). Another study in primary lung fibroblasts de-
rived from IPF patients showed that nintedanib exerts its antifibrotic effects by inhibit-
ing ECM production, such as collagen and TIMP-2, and blocking TGF-β signaling. It
also suppresses fibroblast-to-myofibroblast differentiation by inhibiting TGF-β signal-
ing, and induces noncanonical autophagy, though this process does not directly con-
tribute to its antifibrotic action (Rangarajan et al., 2016).

Moreover, nintedanib effectively inhibits angiogenesis and fibrosis by targeting en-
dothelial cells, pericytes, and smooth muscle cells. It has demonstrated potent an-
tiangiogenic and antifibrotic effects in preclinical models, where it suppresses tumor
growth, cell proliferation, and fibrosis progression (Hilberg et al., 2008; Wollin et al.,
2015). Although IPF is primarily a fibrotic disease, abnormal blood vessel growth also
contributes to its progression. IPF lungs show uneven vascular changes, with excess
capillaries in non-fibrotic regions and loss in fibrotic areas, while the new vessels that
form are often abnormal. This imbalance promotes endothelial injury, hypoxia, and
fibroblast activation. By blocking VEGFR, PDGFR, and FGFR pathways, nintedanib
reduces both pro-fibrotic and pro-angiogenic signaling, helping to restore vascular bal-
ance and slow disease progression (Mondoni et al., 2024).

Novel treatment under clinical trials

The pathogenic mechanisms driving irreversible fibrosis remain incompletely under-
stood. However, recent advances in basic and translational research have uncovered
new potential therapeutic targets and several molecular pathways strongly linked to
the disease, leading to numerous randomized controlled trials. A summary of ongoing
or completed phase 2 and 3 trials is provided in Table.1.4. For instance, BMS-986278, an
oral lysophosphatidic acid receptor 1 (LPA1) antagonist, is being developed for treat-
ing IPF and PPF. In a phase 2 trial (NCT04308681), 278 IPF patients were randomized to
receive placebo or BMS-986278 (30 mg or 60 mg) twice daily for 26 weeks. The primary
endpoint was the rate of change in percent predicted forced vital capacity (ppFVC). Pa-
tients receiving the 60 mg dose showed a 54% reduction in ppFVC decline compared to
placebo, with a 62% reduction using the while-on-treatment strategy. A post hoc anal-
ysis also revealed that the 60 mg group had fewer progression events (23%) compared
to placebo (39%). Adverse events, including diarrhea, cough, and orthostatic hypoten-
sion, were similar across groups, with serious AEs reported in 11% of the 60 mg group
(Kreuter et al., 2024; Corte et al., 2023). Currently, BMS-986278 is under phase3 trial
(NCT06003426). BI 1015550, an oral phosphodiesterase 4B (PDE4B) inhibitor, is being
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developed for the treatment of IPF due to its anti-inflammatory and antifibrotic effects.
In a phase 2, double-blind, placebo-controlled trial, BI 1015550 was shown to signifi-
cantly reduce the decline in FVC over 12 weeks in IPF patients, both with and without
background antifibrotic therapy. The trial enrolled 147 patients, and those treated with
BI 1015550 had a median FVC decline significantly smaller than placebo, with a dif-
ference of 88.4 ml in those without antifibrotics and 62.4 ml in those on antifibrotics.
These findings suggest that BI 1015550 effectively preserves lung function. The ongo-
ing phase 3 trial is now evaluating the long-term tolerability of BI 1015550 and its abil-
ity to improve lung function and delay symptom progression, hospitalization, or death
in patients with pulmonary fibrosis (Richeldi et al., 2022). Treprostinil, a prostacyclin
analogue, is under phase 3 trial for IPF treatment. It improves mitochondrial function
and reduces mitochondrial damage in lung fibroblasts from IPF patients, while also
downregulating fibrosis-related proteins such as collagen and PAI-1. Its antifibrotic ef-
fects are mediated through the IP receptor in a cAMP-independent pathway, making
it more effective than other cAMP-inducing agents (Waxman et al., 2020; Deeney et al.,
2024; Fang et al., 2023). Additionally, several comprehensive reviews on IPF treatment
have been published in recent years, following a surge in novel therapeutic approaches
being tested for the condition (Antoniou et al., 2021; Bonella et al., 2023; Guo et al., 2023;
R Lapthorn et al., 2024).
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TABLE 1.4: Clinical studies for IPF

Target Category NCT Number Name Machanism of action Phase

Cytokines and Pathways NCT05671835 TTI-101 STAT3 inhibitor 2
NCT06097260 Bexotegrast (PLN-74809) Dual αvβ1/αvβ6 integrin inhibitor 2
NCT06132256 Axatilimab Anti-CSF-1R mAb 2
NCT05983471 ME-015 (Suplatast Tosilate) Selective Th2 cytokine inhibitor 2
NCT06588686 Buloxibutid Angiotensin II Type 2 Receptor Agonist 2
NCT06422884 ENV-101 Hh pathway inhibitor 2
NCT05785624 Vixarelimab Oncostatin M receptor β mAb 2
NCT05060822 HEC585 TGF-βR1 inhibitor 2
NCT05722964 SHR-1906 Anti-CTGF mAb 2

Kinases NCT05975983 INS018 055 TNIK inhibitor 2
NCT05570058 RXC-007 ROCK2 inhibitor 2
NCT04598919 Saracatinib Dual Src/ Bcr-Abl tyrosine-kinase inhibitor 2
NCT05119972 ZSP-1603 Triple tyrosine kinase inhibitor 1/2

Phosphodiesterases NCT04419506 BI-1015550 PDE4B inhibitor 2
NCT06238622 3

Other compounds NCT06567717 Nicotinamide Riboside (NR) NAD+ precursors 2
NCT06125327 Sufenidone (SC1011) Pirfenidone analogue 2/3
NCT06317285 GSK3915393 Irreversible tTG2 inhibitor 2
NCT06003426 BMS-986278 LPA1 antagonist 3
NCT04965298 Lansoprazole Selective menbrane H+/K+ATPase inhibitor 3
NCT06335303 BI 1819479 ATX inhibitor 2
NCT05571059 Lfetroban TxA2/PGH2 Receptor Antagonist 2
NCT03865927 GKT137831 Nox1/4 dual inhibitor 2
NCT05424887 GDC-3280 (AK 3280) Pirfenidone derivative 2
NCT06331624 GRI-0621 iNKT activation inhibitor 2
NCT05951296 Leramistat Mitochondrial complex 1 inhibitor 2
NCT05389215 DWN12088 Prolyl-tRNA Synthetase Inhibitor 2
NCT04708782 Treprostinil Epoprostenol analog 3
NCT02538536 PBI-4050 GPR-40 agonist and GPR-84 antagonist 2
NCT02503657 Tipelukast LT-R antagonist, PDE3/4 and 5-LO inhibitor 2

Information collected from ClinicalTrial.gov (https://www.clinicaltrials.gov/) and
(Antoniou et al., 2021; Bonella et al., 2023; R Lapthorn et al., 2024) (STAT, signal
transducer and activator of transcription; CSF, colony stimulating factor; TGF-
βR, transforming growth factor beta receptor; TNIK, TRAF2 and NCK-interacting
kinase; ROCK, Rho-associated protein kinase; PDE, phosphodiesterase; NAD, nicoti-
namide adenine dinucleotide; TG, transglutaminase; PGH, prostaglandin H; LPA,
lysophosphatidic acid; ATX, autotaxin; iNKT, invariant natural killer T cells; GPR, G
protein-coupled receptor).

1.1.5.2 Non-pharmacotherapy

In addition to pharmacological therapies, non-pharmacological interventions play a
key role in managing IPF.

Pulmomary rehabilitaion (PR)

Pulmonary rehabilitation (PR) is a vital part of the non-pharmacological management
of IPF. It involves a comprehensive approach that starts with a detailed patient assess-
ment, followed by a personalized treatment plan aimed at improving the physical and
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psychological well-being of individuals with chronic respiratory diseases. PR also en-
courages long-term commitment to health-promoting behaviors (Spruit et al., 2013).
Research has demonstrated that PR significantly enhances the quality of life and func-
tional capacity of IPF patients, and it remains the only intervention proven to improve
exercise tolerance (Holland et al., 2008; Sharif, 2017).

The evidence for PR in IPF has grown significantly. The most recent Cochrane review
included 21 RCTs on PR in ILD, nine of which focused on IPF, and found that PR im-
proved the 6-minute walk distance (6MWD) by 37 m (95% CI 26–48 m), exceeding the
minimal important difference of 30 m (Dowman et al., 2021; Holland et al., 2009). Al-
though the impact on anxiety and depression is less clear, some subgroups with mood
disorders saw improvements (Jarosch et al., 2016; Edwards et al., 2023). A review of
240 ILD patients, 45% with IPF, showed PR effectively improved dyspnea and exer-
cise capacity regardless of diagnosis or severity (Brunetti et al., 2021). The long-term
benefits of PR are uncertain. Kataoka et al. (Kataoka et al., 2023) conducted the first
RCT evaluating a maintenance strategy for PR in IPF, demonstrating that adding a 40-
week maintenance program with home exercise and monthly sessions improved cycle
endurance time at 12, 16, and 52 weeks. Maintenance exercise programs may help
preserve PR benefits, but more research is needed to determine the most effective ap-
proaches (Dowman and Holland, 2024).

Lung transplantation (LT)

Lung transplantation is the only treatment that significantly improves both quality of
life and survival for patients with advanced IPF, particularly when other treatments
have failed (Le Pavec et al., 2020). Early evaluation for transplantation is essential,
especially for patients with limited treatment options and a predicted mortality risk
exceeding 50% within two years (George et al., 2019). Current survival rates post-lung
transplantation for IPF have steadily improved, with a 1-year survival rate of 88.8%
and a 5-year survival rate of 50% to 56% (Valapour et al., 2021; Le Pavec et al., 2020).
Studies suggest that IPF patients have favorable long-term survival compared to other
conditions requiring transplantation (George et al., 2019; Anderson et al., 2024).

However, precise timing for transplantation remains unclear, with decisions typically
based on disease progression and diffusion capacity. The choice between single-lung
transplantation (SLT) and bilateral lung transplantation (BLT) is still debated, as the
survival benefit of one approach over the other is uncertain. While SLT was previ-
ously preferred due to fewer cardiac complications, advancements in surgical tech-
niques have led to an increasing trend toward BLT, which is now performed in over
50% of IPF cases and is associated with better long-term outcomes (Thabut et al., 2009;
Kapnadak and Raghu, 2021).

Over the past decade, lung transplants for IPF have increased, accounting for 28% of
all procedures in 2009, up from 16% in 2000, nearing rates seen in COPD (Valapour
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et al., 2021). Given the complexities of lung transplantation, including donor scarcity
and the increasing comorbidities of IPF patients, early referral for transplant evaluation
is recommended to maximize outcomes according to ISHLT guidelines.

Oxygen therapy

Long-term supplemental oxygen is used for patients with advanced IPF to maintain ad-
equate oxygen saturation and alleviate hypoxemia, improving both exercise tolerance
and quality of life. The ATS/ERS/JRS/ALAT international evidence-based guideline
strongly recommended to treatment long term oxygen therapy (LTOT) for IPF patients
with hypoxemia (Raghu et al., 2011). Ishiwari et al. showed that the patients with
connective tissue disease-related interstitial lung disease (CTD-ILD) had longer overall
survival than those with IPF (36.0 vs 23.5 months, P =0.028), there was no significant
difference in prognosis after the initiation of LTOT between the two groups (Ishiwari
et al., 2024). Currently the studies of the impact of LTOT on IPF patients and the prog-
nosis are still lacking.

It is crucial that IPF patients have access to both pharmacological and non-pharmacological
therapies. Regular assessments are essential to ensure treatments are evaluated and ad-
justed as needed. Eligible patients should also be referred for participation in clinical
trials.

1.2 TGF-β signaling pathway

1.2.1 Overview

As we introduced in the previous section, many studies have focused on the pathogene-
sis mechanisms, which mainly include the Smad, MAPK, and ERK signaling pathways
(Zhou et al., 2024). Among these mechanisms, TGF-β1 holds significant importance.
This section aim to summarize the role of TGF-β1 and relevant pathways in the devel-
opment of IPF.

1.2.2 TGF-β subfamily

TGF-β is the prototype of a family of secreted polypeptide growth factors. Since its
identification in 1981 (Roberts et al., 1981), when it was found to induce the transform-
ing growth of cultured fibroblasts, more than 40 members of this superfamily have
been discovered. The TGF-β family consists of three isoforms—TGF-β1, TGF-β2, and
TGF-β3—each formed by interrelated dimeric polypeptide chains. These isoforms are
encoded by genes located on different chromosomes: TGFB1 is found on the long arm
of chromosome 19 (19q13.1) for TGF-β1, TGFB2 on chromosome 1 (1q41) for TGF-β2,
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and TGFB3 on chromosome 14 (14q24) for TGF-β3 (Fujii et al., 1986; Barton et al., 1988).
TGF-β1 is the most prevalent isoform in human tissues, such as the lungs, liver, kid-
neys, and heart. When analysing their primary structure, polypeptides in the TGF-β
family form a highly homologous group. TGF-β1 and TGF-β2 share 71.4% of their
amino acid sequences, while TGF-β3 shares 76% of its sequence with TGF-β1 and 80%
with TGF-β2 (Marquardt et al., 1987). Despite these differences, all three isoforms func-
tion through the same receptor signaling system.

1.2.3 Canonical TGF-β1/Smad signaling pathway

The Smad family is divided into three subfamilies: five receptor-activated Smads (R-
Smads), one common mediator Smad (Co-Smad), and two inhibitory Smads (I-Smads).
R-Smads are further classified into two groups: BMP-Smads and TGF-β/activin-Smads.
Smad1, Smad5, and Smad8 are phosphorylated by BMP type I receptors (ALK-2, ALK-
3, ALK-6) and ALK-1, while Smad2 and Smad3 are activated by TGF-β and activin type
I receptors (ALK-5 and ALK-4) and the orphan receptor ALK-7. Smad6 and Smad7,
known as inhibitory or anti-Smads, structurally differ from other family members and
inhibit Smad signaling by blocking R-Smad activation (Werner et al., 2000). In mam-
mals, a single Co-Smad, Smad4, has been identified (Itoh et al., 2000). Typically, TGF-β1
activates Smads via the transmembrane receptor serine/threonine kinase, sequentially
regulating target gene transcription (Ye and Hu, 2021).

Following TGF-β1 activation of the TGF-β type I receptor - ALK5, Smad2 and Smad3
are phosphorylated which can be inhibited by Smad7 and form a complex with Smad4,
which translocates to the nucleus to regulate gene expression (Figure.1.3).

1.2.4 The role of TGF-β1/Smad signaling pathway in IPF

The TGF-β1/Smad signaling pathway contributes to IPF through four key processes:
myofibroblast differentiation, EMT, endothelial-to-mesenchymal transition (EndMT),
and fibrogenesis.

1.2.4.1 Myofibroblast differentiation

TGF-β1 is crucial for regulating the differentiation of HLFs and promotes the expres-
sion of ECM proteins, along with the myofibroblast marker αSMA. The TGF-β1/Smad2/-
Smad3 signaling pathway is the main mechanism driving fibroblast differentiation.
However, the role of Smad2 in TGF-β1-induced FMT remains debated.

Gu et al. found that TGF-β1 induces αSMA transcription via a Smad3-dependent,
but not Smad2-dependent, pathway, increasing αSMA expression in HFLFs (Gu et al.,
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2007). Conversely, Deng et al. reported that TGF-β1 activation of Smad3 in HLFs does
not affect collagen I or αSMA expression (Deng et al., 2015).

In contrast, Lim et al. demonstrated that Smad2 is essential for TGF-β1-induced fibrob-
last differentiation. Gal-1 interacts with Smad2, enhancing its phosphorylation and
nuclear retention, both of which are crucial for differentiation. Knockdown of Gal-1
reduced Smad2 activity, preventing fibroblast differentiation (Lim et al., 2014). Ard et
al. further suggested that sustained Smad2 phosphorylation, dependent on Smad3 ac-
tivity, is required for myofibroblast differentiation (Ard et al., 2019).

MicroRNAs are also involved in regulating TGF-β-mediated fibrosis. TGF-β1 upreg-
ulates miR-424 through the Smad3-dependent pathway. miR-424 acts as a positive
feedback regulator by inhibiting Slit2, which suppresses TGF-β1’s profibrogenic ef-
fects. Inhibiting miR-424 reduces Smad3 phosphorylation, reinforcing its role in the
TGF-β1/Smad3 feedback loop (Huang, Xie, Abel, Wei, Plowman, Toews, Strah, Sid-
dique, Bailey and Tu, 2020). Additionally, miR-101 inhibits lung fibroblast activation
by targeting ALK5, reducing Smad2/3 phosphorylation and suppressing fibroblast ac-
tivation (Huang et al., 2017).

TGF-β1/Smad3 signaling also contributes to NOX4-mediated production of H2O2, which
is essential for myofibroblast differentiation in lung mesenchymal cells, suggesting
NOX4 as a potential therapeutic target in IPF. TGF-β1 further accelerates lung fibro-
sis by stimulating ROS production through NOX4, promoting the nuclear export of
HDAC4 and the formation of αSMA fibers in NHLFs (Guo et al., 2017). ROS exposure
also upregulates miR-9-5p, which inhibits the transformation of mesothelial cells into
myofibroblasts and reduces fibrogenesis by targeting TGFBR2 and NOX4, suggesting a
self-limiting mechanism in fibrosis regulation (Fierro-Fernandez et al., 2015).

Additionally, TGF-β1 upregulates SIRT6 in HFLFs. Overexpression of SIRT6 inhibits
TGF-β1-induced myofibroblast differentiation by suppressing both TGF-β1/Smad2 and
NF-κB signaling pathways (Zhang, Tu, Tian, Han, Wang, Chen and Zhou, 2019). Inhi-
bition of TGF-β1/Smad signaling also downregulates Rock1, RhoC, and RhoA, indi-
cating that Rho kinase is a key mediator of TGF-β1/Smad-induced myofibroblast dif-
ferentiation (Ji et al., 2014; Mendoza and Jimenez, 2022).

1.2.4.2 EMT and EndMT

TGF-β is one of the most studied growth factors involved in EMT. The SMAD com-
plex in nucleus represses the expression of E-cadherin through SNAIL1 and SNAIL2
transcription factors, which induce the expression of mesenchymal proteins such as
N-cadherin, fibronectin and metalloproteinases. Furthermore, TGF-β1/Smad signal-
ing drives the EMT transcription response indirectly through induced expression of
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TWIST, ZEB1 and ZEB2, and overlaps with other EMT pathways such as Wnt (Willis
and Borok, 2007; Chilosi et al., 2017; Salton et al., 2019).

TGF-β also serves as a key regulator of EndMT in pulmonary fibrosis. TGF-β1 up-
regulates CXCR7, a seven-transmembrane G protein-coupled receptor in endothelial
cells, in a Smad2/3-dependent manner. Overexpression of CXCR7 inhibits TGF-β1-
induced EndMT and lung fibrosis by suppressing the Jag1-Notch pathway (Guan and
Zhou, 2017). Additionally, TGF-β1 significantly increases the expression of RELM-β
via the Smad2/3/4 pathway, which has been shown to enhance TGF-β1-induced cell
proliferation and EndMT (Jiang et al., 2018). Rho kinase signaling, activated by TGF-β1
during EMT, positively regulates PDE4, promoting EMT in AECs (Kolosionek et al.,
2009). In a bleomycin-induced pulmonary fibrosis mouse model, combined treatment
with active TGF-β and Ras induced the expression of Snail and Twist in endothelial
cells (Hashimoto et al., 2010; Nataraj et al., 2010).

1.2.4.3 Fibrogenesis

TGF-β1 plays a central role in promoting fibrogenesis in pulmonary fibrosis, largely
through its regulation of multiple signaling pathways. One key regulator of fibro-
sis is peroxisome proliferator-activated receptor γ (PPARγ), which negatively regu-
lates TGF-β1-induced fibrosis. TGF-β1 downregulates PPARγ in a Smad3-dependent
manner, as cells lacking Smad3 exhibit a weakened repression of PPARγ by TGF-β1
(Ramirez et al., 2012). Furthermore, a study using a bleomycin-induced pulmonary
fibrosis mouse model showed that co-treatment with recombinant CTGF and TGF-β
increased profibrotic markers in fibroblasts, confirming the synergistic effect of CTGF
with TGF-β/Smad3 signaling in promoting pulmonary fibrosis (Yanagihara et al., 2022).

Follistatin-like protein 1 (Fstl1), another significant player in fibrogenesis, is upregu-
lated at both the transcriptional and translational levels by TGF-β1 through the Smad3/c-
Jun pathway in pulmonary fibroblasts. This suggests that the TGF-β1/Smad3/c-Jun/Fstl1
axis contributes to IPF (Zheng et al., 2017). Additionally, TGF-β1/Smad3 signaling sup-
presses the expression of the long noncoding RNA FENDRR, which normally acts to
reduce fibrosis and inhibit pulmonary fibrogenesis (Huang, Liang, Zeng, Yang, Xu,
Gou, Sathiaseelan, Senavirathna, Wang and Liu, 2020).

The TGF-β1/Smad3 pathway also promotes pulmonary fibrosis by enhancing ERK5
phosphorylation, leading to increased collagen contraction and migration in fibroblasts
(Kadoya et al., 2019). Interestingly, TGF-β1 also activates Semaphorin 7A (SEMA7A)
and its receptors through Smad3-independent mechanisms, further driving pulmonary
fibrosis (Kang et al., 2007).

Moreover, TGF-β1/Smad3 signaling increases the expression of activating transcrip-
tion factor 4 (ATF4), a crucial regulator of amino acid metabolism. This occurs through
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the activation of mTORC1 and its downstream target 4E-BP1, promoting collagen biosyn-
thesis. This pathway is a key mechanism by which TGF-β1 stimulates collagen pro-
duction in human lung fibroblasts, contributing to the development of IPF (Mukherjee
et al., 2020).

1.2.5 Non-canonical TGF-β1 relavent pathways

TGF-β1/Smad1/5/8 signaling pathway

Unlike the canonical ALK5-Smad2/3 pathway, the TGF-β type I receptor ALK1 forms
a heterodimer with ALK5 under stimulation by active TGF-β, leading to activation of
Smad1/5/8 and suppression of ALK5-Smad2/3 signaling (Finnson et al., 2008; Zhang
et al., 2017). The activation of Smad1/5/8 can be inhibited by Smad7 (Katsuno et al.,
2018). Pannu et al. showed that in a mouse model of scleroderma-like fibrosis due
to forced expression of ALK5, activation of a fibrogenic transcriptional program was
dependent on Smad1 and Erk1/2, and not on Smad2/3 (Pannu et al., 2007). A recent
study demonstrated the efficacy of PFD in reversing EMT of A549 cells in vitro by
differentially regulating the TGF-β1 mediated Smad1-7 signaling pathway and modu-
lating both E-Cadherin and Vimentin expression (Kulshrestha et al., 2023).

PI3K signaling pathway

Numerous studies have shown that phosphatidylinositol-3-kinase (PI3K) plays a key
role in the pathogenesis of pulmonary fibrosis (Margaria et al., 2022; Wang, Hu, Cai,
Yang, He, Wang and Weng, 2022). PI3K has also been identified as a crucial factor in
TGF-β1-associated IPF.

TGF-β1 significantly upregulates hAT1R mRNA and protein levels through Smad2/3
activation. The study also emphasizes that the PI3K, p38 MAPK, and JNK pathways
are essential for TGF-β1-induced hAT1R expression, as inhibition of these pathways
markedly reduces hAT1R levels, demonstrating their critical role alongside the Smad
pathway (Martin et al., 2007). TGF-β1 has been shown to induce EMT and ECM syn-
thesis in lung epithelial cells via the TGF-β1/PI3K/CTGF signaling pathway (Shi et al.,
2016). Treatment with a PI3K inhibitor in human lung epithelial cells not only sup-
presses CTGF and type I collagen synthesis but also reverses TGF-β1-induced EMT and
fibrogenesis. Furthermore, TGF-β1 activates PI3K and PKB/AKT through SEMA7A-
dependent mechanisms (Kang et al., 2007), and it synergistically activates the PI3K/JNK/AKT
and AP-1 pathways to induce tissue factor expression in HLF, promoting IPF progres-
sion (Wygrecka et al., 2012).

JNK signaling pathway
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Coagulation factor XII (FXII), a serine protease involved in fibrinolysis, has been shown
to be produced in HLFs in response to TGF-β1 through JNK/Smad3 signaling path-
ways (Jablonska et al., 2010). Stimulation with TGF-β1 also significantly increased the
expression of phosphorylated p38, phosphorylated JNK, and interstitial markers such
as desmin, vimentin, and αSMA (Kasai et al., 2005). TGF-β1 induces the differentiation
of HLFs into myofibroblasts in a dose- and time-dependent manner. Although TGF-β1
activates c-JNK, p38 MAPK, and ERK, the phenotypic shift from HLF to myofibroblast
is primarily regulated by c-JNK, suggesting that TGF-β1 promotes this transition via
a c-JNK-mediated pathway (Hashimoto et al., 2001). Furthermore, TGF-β1 has been
reported to contribute to pulmonary fibrosis by downregulating VEGF-D expression
in HLFs through the JNK signaling pathway, offering a potential mechanism for tissue
remodeling in IPF (Cui et al., 2014). Another study found that TGF-β induces the syn-
thesis of endothelin-1 (ET-1), a potent pro-fibrotic factor, through a non-Smad pathway
involving ALK5/JNK/AP1 in both normal and fibrotic lung fibroblasts. The study also
noted that fibrotic lung fibroblasts exhibit constitutive JNK activation, which sustains
the myofibroblast phenotype in pulmonary fibrosis (Shi-Wen et al., 2006).

p38 signaling pathway

TGF-β1 inhibits fibroblast apoptosis by inducing a p38-dependent growth factor, which
activates the PI3K/AKT pathway (Kulasekaran et al., 2009). Interestingly, while TGF-
β1-induced activation of p38 MAPK promotes the expression of α-SMA in HLFs, it does
not induce collagen I expression (Deng et al., 2015). TIMP3, an effective angiogenesis
inhibitor that blocks VEGF binding to VEGFR2, has been identified as a key mediator of
TGF-β1-induced IPF (Garcia-Alvarez et al., 2006). TGF-β1 strongly upregulates TIMP3
expression in HLFs via the p38 pathway, independent of ERK signaling. Furthermore,
p38-mediated downregulation of epithelial complement inhibitory proteins (CIPs) by
TGF-β1 exacerbates epithelial damage in IPF, triggering complement activation. This,
in turn, reduces CIP levels and induces a feedback loop that further increases TGF-β1
expression (Gu et al., 2014).

Wnt/β-catenin signaling pathway

Growing evidence suggests that Wnt/β-catenin signaling is involved in TGF-β1-related
IPF. TGF-β1 initiates the Wnt/β-catenin cascade by upregulating β-catenin and GSK-
3β, promoting fibrotic differentiation of lung mesenchymal stem cells (Lu et al., 2019).
In addition, Wnt/β-catenin is necessary for the initiation of TGF-β1-induced Smad2/3
signaling, indicating potential crosstalk between these pathways in myofibroblast dif-
ferentiation (Xu et al., 2017). TGF-β1 activates β-catenin signaling, increasing tran-
scriptionally active and total β-catenin protein levels, along with the expression of
collagen1α1, αSMA, and fibronectin—effects that are reduced by β-catenin-specific siRNA
and pharmacological inhibition (Baarsma et al., 2011). Further research from the same
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group showed that GSK-3 signaling reduces CREB phosphorylation, weakening its an-
tagonistic effect on TGF-β/Smad signaling, thus promoting myofibroblast differenti-
ation in HLFs (Baarsma et al., 2013). However, Liu et al. suggested that in human
skin fibroblasts, Wnt/β-catenin acts as a negative regulator of TGF-β1-induced my-
ofibroblast transition (Liu, Wang, Pan, Su, Zhang, Han, Zhu, Tang and Hu, 2012). In
alveolar epithelial cells (AECs), TGF-β1 induces nuclear accumulation of β-catenin, fa-
cilitating EMT through a CBP-dependent mechanism, revealing a potential TGF-β1/β-
catenin/CBP cascade (Zhou et al., 2012).

In conclusion, TGF-β1 plays a central role in the pathogenesis of IPF by regulating key
signaling pathways, including Smad, PI3K, JNK, p38/MAPK, Wnt/β-catenin. These
pathways collectively drive processes such as myofibroblast differentiation, EMT, EndMT,
and fibrogenesis, contributing to the progression of fibrosis. Targeting these signaling
mechanisms, particularly the PI3K and JNK pathways, presents promising opportuni-
ties for therapeutic intervention. Future research should focus on developing targeted
therapies that inhibit these pathways to attenuate fibrosis and improve outcomes for
patients with IPF.
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FIGURE 1.3: Diagram of TGF-β1 relevant signaling pathways in lung fibrosis
The diagram demonstrates the activation of TGF-β signaling through both Smad-
dependent and non-Smad pathways, all converging to promote pulmonary fibrosis.
Upon binding of TGF-β to its receptor complex (TGFBR), consisting of a type II re-
ceptor and type I receptors (ALK5 or ALK1), distinct signaling pathways are initi-
ated. ALK5-ALK5 homodimer activates Smad2/3, while ALK1-ALK5 heterodimaer ac-
tivates Smad1/5/8. The phosphorylated Smads form complexes with Smad4, translo-
cate to the nucleus, and regulate gene expression, resulting in key fibrogenic pro-
cesses such as myofibroblast differentiation, EMT, EndMT, fibrogenesis, and ECM re-
modeling. In parallel, TGF-β also triggers non-Smad pathways, including PI3K, JNK,
p38/MAPK, and Wnt/β-catenin, which contribute to these same fibrotic outcomes.
EMT, epithelial-to-mesenchymal transition; EndMT, endothelial-to-mesenchymal tran-
sition; PI3K, phosphatidylinositol-3-kinase; JNK, c-jun N-terminal kinase; MAPK,
mitogen-activated protein kinase.
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1.3 HIF-1α pathway

1.3.1 Overview

IPF is a chronic fibrosing lung disease with unclear pathogenesis and limited treatment.
The hypoxic microenvironment is implicated in the IPF lung tissue due to the upreg-
ulation of hypoxia-inducible factor(HIF)-1α expression (Tzouvelekis et al., 2007) and
HIF-related markers in IPF lung (Landi et al., 2014). The transcriptional complex HIF
has emerged as a key regulator of the molecular hypoxic response, mediating a wide
range of physiological and cellular mechanisms necessary to adapt to reduced oxygen.
It’s important to investigate the role of HIF in the progression of IPF (Semenza, 2000).

1.3.2 HIF proteins

Human HIF-α has three isoforms: HIF-1α, HIF-2α, and HIF-3α. Of these, HIF-1α and
HIF-2α have been studied most extensively (Wang et al., 1995) (Figure.1.4).

HIF-1α is encoded by the HIF1A gene. It contains an N-terminal basic helix-loop-
helix (bHLH) domain, followed by two Per-ARNT-Sim (PAS) domains, the oxygen-
dependent degradation domain (ODDD), and two transactivation domains (TADs): the
N-terminal TAD (N-TAD) and C-terminal TAD (C-TAD). Notably, the N-TAD partially
overlaps with the ODDD (Weidemann and Johnson, 2008; Kaelin and Ratcliffe, 2008).
The bHLH domain is responsible for DNA binding (Sadeghi et al., 2020), while the two
PAS domains mediate heterodimerization with HIF-1β (Scheuermann et al., 2007; Ema
et al., 1997). The ODDD contains two conserved proline residues (Pro402 and Pro564)
that are hydroxylated by the prolyl hydroxylase domain (PHD) family, regulating the
stability of HIF-1α. The C-TAD harbors a conserved asparagine (Asn803), which is hy-
droxylated by the factor inhibiting HIF (FIH) and regulates the transcriptional activity
of HIF-1α (Schofield and Ratcliffe, 2004).

HIF-2α, encoded by the EPAS1 gene, shares 48% amino acid identity with HIF-1α. Like
HIF-1α, it is regulated by prolyl hydroxylation, forms heterodimers with HIF-1β, and
binds to the same target DNA sequence as the HIF-1α β heterodimer (Befani and Liakos,
2018). HIF-2α and HIF-1α share 83% and 70% sequence identities in their DNA-binding
and dimerization domains, respectively, with both the bHLH and PAS domains func-
tioning similarly in the two isoforms. However, the N-TAD of HIF-2α confers target
gene specificity, while the C-TAD drives the expression of genes shared by both HIF-1α

and HIF-2α (Hu et al., 2007a). In this thesis, we will mainly discuss the regulation of
HIF-1α.

HIF-3α differs significantly from the other two isoforms. It contains a leucine zipper
(LZIP) domain, which facilitates protein-protein interactions. Additionally, it has a
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transactivation domain at its N-terminus only, whereas both HIF-1α and HIF-2α have
TADs at both the N- and C-termini. HIF-3α also exhibits substantial alternative splic-
ing, with 10 known isoforms identified so far (Heikkilä et al., 2011; Gornostaeva et al.,
2024). Interestingly, alternative splicing of HIF-3α generates an inhibitory PAS domain
protein that is composed of the N-terminal basic helix-loop-helix and PAS domains but
lacks TAD. It inhibits HIF response by forming transcriptionally inactive heterodimers
with HIF-1α (Makino et al., 2001).

HIF-1β, a transcription factor belonging to the bHLH-PAS family, contains a bHLH do-
main for DNA binding, two PAS domains (PAS-A and PAS-B) essential for dimeriza-
tion, and one transactivation domain (Rankin and Giaccia, 2008; Mandl and Depping,
2014).

FIGURE 1.4: The structure of hypoxia-inducible factors (HIFs)

The structural domains of HIF-1α, HIF-2α, HIF-3α, and HIF-1β (or ARNT) proteins. The
bHLH and PAS domains are involved in DNA binding and heterodimerization. The
ODD domain is required for oxygen-dependent hydroxylation and degradation, con-
taining two hydroxylation-sensitive proline residues. The N-TAD and C-TAD domains
are essential for transcriptional activation, while the LZIP domain in HIF-3α facilitates
protein binding. ARNT, aryl hydrocarbon nuclear receptor translocator; bHLH, basic
helix-loop-helix; HIF, hypoxia-inducible factor; PAS, Per-ARNT-Sim; ODD, oxygen-
dependent degradation domain; C-TAD, C-terminal activation domain; N-TAD, N-
terminal activation domain; LZIP, leucine zipper.

1.3.3 HIF-1α and HIF-2α target genes

Although both HIF-1α and HIF-2α bind to the same hypoxia response element (HRE),
they regulate overlapping yet distinct transcriptional programs due to differences in
their transactivation domains and cofactor recruitment (Keith et al., 2012; Hu et al.,
2007b). Broadly, HIF-1α preferentially drives the acute metabolic adaptation to hypoxia,
while HIF-2α controls vascular, erythropoietic, and cell-fate programs more prominent
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in chronic hypoxia. For example, HIF-1α strongly induces glycolytic enzymes such as
GLUT1/3, HK2, PFKP, ALDOA, ENO1, LDHA, PDK1 as well as pH regulators like CA9
and mitophagy mediators BNIP3/BNIP3L (Semenza, 2013). In contrast, HIF-2α selec-
tively activates EPO in kidney and liver, endothelial receptors such as KDR/VEGFR2
and TEK/TIE2, and cell-fate genes such as POU5F1/OCT4, linking it to angiogenesis
and stemness regulation (Haase, 2010; Covello et al., 2006). Some targets, including
VEGFA, ADM, SERPINE1, and NDRG1, are regulated by both isoforms, though the
relative contribution of HIF-1 versus HIF-2 is context-dependent (Branco-Price et al.,
2012) (Table.1.5)

TABLE 1.5: Representative gene programs regulated by HIF-1α and HIF-2α

Program HIF-1α-biased HIF-2α-biased
Metabolism / pH control GLUT1/3, HK2, PFKP,

LDHA, PDK1, CA9
SOD2 (oxidative stress,
context-dependent)

Cell survival / fate BNIP3, BNIP3L POU5F1/OCT4, TGF-α
(context)

Vascular / erythropoietic — EPO, KDR/VEGFR2,
TEK/TIE2

Shared (both isoforms) VEGFA, ADM, SERPINE1/PAI-1, NDRG1, PGK1

HIF-1α and HIF-2α show distinct patterns of tissue and cell distribution that help ex-
plain their different biological roles. HIF-1α is broadly expressed across most tissues
and cell types and is considered the dominant isoform for acute hypoxic responses. It
is particularly abundant in metabolically active cells such as epithelial cells, fibroblasts,
and immune cells, where it rapidly induces glycolytic and stress-response programs.
By contrast, HIF-2α has a more restricted distribution, being enriched in endothelial
cells, type II alveolar epithelial cells, interstitial fibroblasts, kidney interstitial cells, and
hepatocytes (Talks et al., 2000; Chandel and Simon, 2008). In the lung, HIF-2α is es-
pecially important for endothelial and epithelial regulation, linking it to angiogene-
sis, vascular remodeling, and erythropoietin production (Cowburn et al., 2016). These
patterns support the view that HIF-1α primarily mediates rapid metabolic adaptation
to hypoxia, whereas HIF-2α governs vascular, erythropoietic, and chronic hypoxic re-
sponses.

1.3.4 Regulation of HIF-1α

Under normoxic conditions, HIF-1α is rapidly degraded due to oxygen-dependent hy-
droxylation at two conserved proline residues (Pro402 and Pro564) on its α subunit
(Figure.1.5). This results in a very short half-life of approximately 5–10 minutes (Jew-
ell et al., 2001; Ivan et al., 2001). The hydroxylation is performed by the PHD family,
which includes three major isoforms: PHD1, PHD2, and PHD3. Hydroxylation of HIF-
1α by PHDs promotes its binding to the von Hippel-Lindau (VHL) protein, a compo-
nent of the E3 ubiquitin ligase complex, leading to polyubiquitination and subsequent
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degradation of the α subunit by the 26S proteasome (Maxwell et al., 1999; Ohh et al.,
2000). VHL binding depends on the hydroxylation of Pro402 or Pro564 (or both) by
PHD2, a dioxygenase that uses O2 and α-ketoglutarate as substrates, generating CO2

and succinate as by-products (Appelhoff et al., 2004). While PHD2 is ubiquitously ex-
pressed and well studied, the roles of PHD1 and PHD3 in regulating HIF-1α are less
clear (Berra et al., 2003). Studies have shown that PHD2 and PHD3 are upregulated by
HIF-1α under hypoxic conditions, promoting HIF-1α degradation and creating a neg-
ative feedback loop, while PHD1 expression remains unchanged (Marxsen et al., 2004;
Stiehl et al., 2006). Additionally, PHD3 shows similar activity toward both HIF-1α and
HIF-2α (Appelhoff et al., 2004).

HIF-1α is also regulated by hydroxylation at an asparagine residue (Asn803) in its C-
terminal transactivation domain by FIH. This modification hinders the transcriptional
activity of HIF-1α in normoxic conditions by preventing its interaction with coactiva-
tors such as CBP/p300 (Mahon et al., 2001; Lando et al., 2002). Therefore, oxygen-
dependent hydroxylation represses HIF-1α under normal oxygen conditions.

However, under hypoxic conditions, PHD2 activity is reduced due to limited substrate
availability, inhibition of its catalytic center, or both. As a result, HIF-1α degradation
is blocked, allowing the protein to accumulate. It then dimerizes with HIF-1β, binds
to HREs in target genes, and recruits coactivator proteins, leading to increased tran-
scription. Notably, for FIH to directly affect HIF-α/β-mediated transcription, HIF-α
must first accumulate to sufficient levels. This aligns with evidence suggesting that
FIH is less sensitive to low oxygen levels than PHDs, making it less affected by hy-
poxia (Chan, Ilott, Schödel, Sims, Tumber, Lippl, Mole, Pugh, Ratcliffe, Ponting et al.,
2016; Koivunen et al., 2004).
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FIGURE 1.5: Overview of the roles of FIH, and PHDs, in the dioxygen-dependent
regulation of HIF-mediated transcription

The diagram illustrates the regulation of HIF-1α under varying oxygen concentrations.
Under normoxic conditions, HIF-1α is hydroxylated by PHDs, marking it for degra-
dation via the 26S proteasome. Additionally, HIF-1α is hydroxylated by FIH, which
suppresses its transcriptional activity. In hypoxic conditions, the activity of PHDs and
FIH is inhibited, preventing the hydroxylation of HIF-1α. As a result, HIF-1α stabi-
lizes, dimerizes with HIF-1β, and translocates to the nucleus, where it activates the
transcription of target genes involved in the cellular response to hypoxia. CTAD, C-
terminal activation domain of HIF-α; HRE, hypoxic response element sequence in the
HIF target gene; ODD, oxygen-dependent degradation domain; VHL, von Hippel-
Lindau protein-ubiquitin ligase complex; p300/CBP, histone acetyl transferases that
promote transcription.

HIF stabilising agents

Pharmacological stabilisation of HIF is widely used to study oxygen-sensing pathways.
The 2-oxoglutarate analogue dimethyloxalylglycine (DMOG) is a well-established and
potent inhibitor of PHDs. It also acts on other 2-OG–dependent dioxygenases, which
broadens its effects beyond HIF regulation but makes it a widely used and effective
tool in both in vitro and in vivo studies (Jaakkola et al., 2001). Another commonly used
compound is IOX2, which has greater selectivity for PHD2 and therefore allows more
targeted stabilisation of HIF-α subunits with relatively little effect on FIH at standard
concentrations (Rabinowitz, 2013). While IOX2 offers higher specificity, DMOG re-
mains valuable in experimental models where broad HIF pathway activation is desired.
Other approaches include cobalt chloride (CoCl2), which stabilises HIF by substituting
for Fe2+, and deferoxamine (DFO), an iron chelator that reduces hydroxylase activity;
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however, both influence a wide range of iron-dependent enzymes (Jaakkola et al., 2001).
More recently, IOX4 has been developed as a brain-penetrant PHD inhibitor, and clin-
ically approved compounds such as roxadustat, daprodustat, and molidustat provide
selective PHD inhibition with pharmacokinetic control (Chan, Holt-Martyn, Schofield
and Ratcliffe, 2016). In addition, VH298 stabilises HIF by blocking the VHL–HIF pro-
tein–protein interaction, thereby preventing degradation without hydroxylase inhibi-
tion (Frost et al., 2016). Together, these agents represent a versatile toolkit with differing
specificities and translational relevance for dissecting HIF biology (Table .1.6).

TABLE 1.6: Commonly used HIF stabilising agents and their characteristics.

Agent Primary target Notes
DMOG Pan-2OG dioxyge-

nases (PHDs, FIH,
others)

Potent and widely used; induces
broad HIF stabilisation but also in-
hibits other 2-OG enzymes (Jaakkola
et al., 2001).

IOX2 PHD2 > PHD1/3 More selective stabilisation of HIF-α;
minimal FIH inhibition at standard
doses (Rabinowitz, 2013).

IOX4 PHDs (brain-
penetrant)

PHD-selective; useful in CNS mod-
els (Chan, Holt-Martyn, Schofield and
Ratcliffe, 2016).

CoCl2 Iron substitution Inexpensive; affects multiple iron-
dependent enzymes (Jaakkola et al.,
2001).

DFO Iron chelation Stabilises HIF via Fe2+ depletion; off-
target effects likely (Jaakkola et al.,
2001).

Roxadustat and
other clinical
PHD inhibitors

PHDs Clinically approved; selective, con-
trolled pharmacokinetics (Chan, Holt-
Martyn, Schofield and Ratcliffe, 2016).

VH298 VHL–HIF interaction Prevents HIF degradation without hy-
droxylase inhibition (Frost et al., 2016).

Although HIF stability is primarily regulated by oxygen-dependent prolyl and asparaginyl
hydroxylation, multiple mechanisms allow for hypoxia-independent control of HIF ac-
tivity. Metabolic intermediates such as succinate and fumarate can accumulate in cer-
tain contexts (e.g., mitochondrial dysfunction, tumour metabolism) and inhibit PHD
enzymes competitively, leading to HIF stabilisation even under normoxic conditions
(Selak et al., 2005; Cramer-Morales et al., 2020). Similarly, depletion of essential cofac-
tors such as ascorbate or Fe2+ impairs hydroxylase activity (Knowles et al., 2003). In
addition, reactive oxygen and nitrogen species (ROS and RNS) can modify hydroxylase
cofactors or cysteine residues, further reducing PHD activity (Jung et al., 2008). Beyond
hydroxylase inhibition, several signalling pathways can promote HIF activation inde-
pendently of oxygen tension. Growth factor and inflammatory cascades—including
PI3K–AKT–mTOR, MAPK/ERK, and NF-κB—enhance HIF-α transcription, transla-
tion, or transactivation (Koh et al., 2011; Sang et al., 2003). Finally, proteins such as VHL,
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HSP90, and Mint3/APBA3 can directly modulate HIF-α stability or co-activator recruit-
ment (Isaacs et al., 2002; Sakamoto and Seiki, 2009). Collectively, these mechanisms
demonstrate that HIF is not solely an oxygen sensor but is integrated into broader
metabolic and signalling networks, enabling cells to fine-tune hypoxic responses in
diverse physiological and pathological contexts(Kaelin and Ratcliffe, 2008; Semenza,
2012).

1.3.5 The role of HIF-1α pathway in IPF

HIF-1α is a central regulator of the cellular response to hypoxia, and its activation
drives the expression of numerous target genes, such as GLUT1, VEGF, ANGPT2, and
IGF2, which are involved in several key biological processes. Several studies have
shown that HIF-1α target genes are implicated in pathological processes which con-
tribute to the progressive fibrosis in IPF. Tzouvelekis and colleagues demonstrated that
HIF-1α plays a crucial early role in the development of IPF, being overexpressed in
alveolar epithelial cells before significant lung damage occurs. HIF-1α along with its
target genes (such as VEGF and p53) contribute to key pathogenic processes, including
metabolic reprogramming, angiogenesis, and ECM deposition, highlighting it as a po-
tential therapeutic target for IPF (Tzouvelekis et al., 2007).

In metabolic programming, HIF-1α drives the expression of glycolysis-related genes
like PDK1 and LDH5, which promote glycolytic reprogramming and lactate produc-
tion, respectively, both of which enhance myofibroblast differentiation and fibrosis pro-
gression (Goodwin et al., 2018; Yan et al., 2023). HIF-1α also contributes to EMT, with
genes such as Snail and LOX facilitating EMT in early fibrosis, particularly in injury-
induced models (Zhu et al., 2016; Lu et al., 2018).

Additionally, HIF-1α supports pro-fibrotic signaling by regulating genes like ADORA2B,
which modulates macrophage function, and CHOP, which induces AEC apoptosis (Philip
et al., 2017; Delbrel et al., 2018). While the role of VEGFA remains unclear, other targets
such as GPR81 promote fibrotic progression by enhancing MPC fibrogenicity (Barratt
et al., 2018; Yang et al., 2023). In ECM remodeling, pseudohypoxia-mediated inhibition
of FIH induces LOXL2 and PLOD2 expression, contributing to increased ECM stiffness
and fibrosis. Through these pathways, HIF-1α exerts a multifaceted influence on the
progression of IPF (Brereton et al., 2022). To provide a clearer view of the multifaceted
role HIF-1α plays in the pathogenesis of IPF, the following table summarizes key HIF-
1α target genes, categorizing them based on their associated biological processes and
their contribution to the progression of fibrosis (Table.1.7).
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TABLE 1.7: Summary of HIF-1α target genes in IPF and their functional roles

Category Gene/Protein Biological processes Reference
Metabolic pro-
gramming

PDK1 Hypoxia-induced PDK1 expression via
HIF-1α enhances glycolytic reprogram-
ming, leading to increased myofibroblast
differentiation.

(Goodwin et al.,
2018)

LDH5 TGF-β-induced LDH5 via HIF-1α pro-
moting lactate production and differenti-
ation into myofibroblasts

(Yan et al., 2023)

EMT Snail Induces EMT in PQ poisoning-induced
early pulmonary fibrosis.

(Zhu et al., 2016)

β-catenin

LOX Induces EMT in PQ poisoning-induced
early pulmonary fibrosis.

(Lu et al., 2018)

Pro-fibrotic ADORA2B With HIF-1α inhibitor, ADORA2B and
profibrotic mediator expression reduce in
lung macrophages

(Philip et al.,
2017)

CHOP Induction of CHOP expression leads to
AECs apoptosis

(Delbrel et al.,
2018)

VEGFA Unclear (Barratt et al.,
2018)

GPR81 Increasing the expression of GPR81, en-
hancing IPF MPC fibrogenicity driving fi-
brotic progression.

(Yang et al., 2023)

ECM remodel-
ing

LOXL2 peseudohypoxia-inhibited FIH induce
expression of LOXL2 and PLOD2, result-
ing in increasing ECM stiffness.

(Brereton et al.,
2022)

PLOD2
HIF-1α, hypoxia-inducible factor 1-alpha; PDK1, pyruvate dehydrogenase kinase
1; LDH5, lactate dehydrogenase 5; TGF-β, transforming growth factor beta; EMT,
epithelial-mesenchymal transition; LOX, lysyl oxidase; ADORA2B, adenosine A2B
receptor; CHOP, C/EBP homologous protein; VEGFA, vascular endothelial growth
factor A; GPR81, G-protein-coupled receptor 81; MPC, mesenchymal progenitor cells;
ECM, extracellular matrix; FIH, factor inhibiting HIF-1; PLOD2, procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2; PQ, paraquat.

1.4 Factor Inhibiting HIF (FIH)

1.4.1 Overview

As discussed in the previous section, FIH is a key regulator of HIF-1α activity. How-
ever, beyond HIF-1α, FIH has numerous other substrates or potential binding partners
whose functions remain unclear. Brereton and colleagues observed that FIH’s catalytic
activity on HIF-1α is reduced in IPF-derived primary lung fibroblasts compared to nor-
mal fibroblasts (Brereton et al., 2022). Furthermore, FIH inhibition leads to the upregu-
lation of PLOD2 and LOXL2 in a HIF-dependent manner, resulting in increased ECM
stiffness. These findings suggest that FIH may play an important role in the progres-
sion of IPF, warranting further investigation.



1.4. Factor Inhibiting HIF (FIH) 45

1.4.2 Structure

The FIH protein is encoded by the HIF1AN gene, located on human chromosome 10q24.31,
and consists of 349 amino acids. The conserved double-stranded β-helix (DSBH) core
of FIH consists of eight β-strands that support Fe(II) and 2OG binding. This core is lo-
cated in the C-terminal half of FIH and forms two β-sheets. Additionally, six β-strands
in the N-terminal region extend these β-sheets, which are surrounded by helical ele-
ments. At the C-terminus of the DSBH core, α-helices from each monomer form the
dimer interface through strong hydrophobic helix-helix interactions (Elkins et al., 2003;
Dann III et al., 2002).

1.4.3 Regulation of FIH activity

1.4.3.1 Hypoxic regulation of FIH activity

FIH-catalyzed asparagine hydroxylation requires Fe(II), O2, and 2-oxoglutarate (2OG)
as cofactors. Limiting access to these substrates, as occurs in hypoxia, directly inhibits
its catalytic activity. Structural studies have identified His-199, Asp-201, and His-279
as key iron-binding residues, and substitution of His-199 or Asp-201 with alanine dis-
rupts FIH activity in cells (McDonough et al., 2005; Hewitson et al., 2007; Lando et al.,
2002). Crystal structure analyses revealed that FIH forms a homodimer dependent on
its C-terminal α-helix, with a point mutation at L340R abolishing both dimer formation
and catalytic activity (Elkins et al., 2003; Lancaster et al., 2004). Additional residues, in-
cluding Tyr-145, Thr-196, Lys-214, and Asn-294, mediate 2OG binding, further defining
the structural basis of hydroxylase function (Dann III et al., 2002). Under hypoxia, in-
hibition of asparagine hydroxylation of HIF-α enhances recruitment of transcriptional
co-activators, thereby increasing HIF transcriptional activity.

1.4.3.2 Non-hypoxic regulation of FIH activity

Although FIH is best known as an oxygen sensor, several non-hypoxic mechanisms also
regulate its function. As discussed in Section 1.4.3, several non-hypoxic mechanisms
can regulate HIF stability, including the accumulation of metabolic intermediates such
as succinate and fumarate, cofactor depletion (ascorbate, Fe2+), reactive oxygen and
nitrogen species, and activation of growth factor and inflammatory pathways. These
mechanisms affect the activity of both PHDs and FIH, highlighting their shared de-
pendence on oxygen, iron, and 2OG. However, FIH regulation extends beyond these
general principles. FIH also displays greater sensitivity to oxidative stress compared to
PHDs. Masson and colleagues showed that FIH-catalyzed asparagine hydroxylation is
markedly inhibited by H2O2 at concentrations that have only modest effects on PHD
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activity (Masson et al., 2012). Unlike PHD inhibition, which is largely reversible, FIH
inhibition by peroxide is not rapidly restored, likely due to Fenton chemistry involv-
ing the Fe(II) cofactor and irreversible oxidative modifications. This difference sug-
gests that under conditions of chronic oxidative stress, such as in IPF, FIH activity
may be preferentially suppressed relative to PHDs, with consequences for both HIF-
dependent and HIF-independent signalling. Furthermore, substrate competition from
ARD-containing proteins, such as Notch and NF-κB, represents a unique mode of regu-
lation not shared by PHDs (??). In addition, inflammatory and growth factor pathways
influence FIH activity. NF-κB and PI3K–AKT–MAPK signalling can modulate FIH ex-
pression and activity, linking oxygen sensing with immune and growth control path-
ways (Cockman et al., 2006). These findings demonstrate that FIH activity is shaped by
metabolic state, redox environment, signalling cues, and protein–protein interactions,
making it a broader cellular regulator whose dysregulation may contribute to fibrotic
disease.

1.4.4 Hydroxylation substrates

FIH-mediated hydroxylation often influences protein-protein interactions or modu-
lates signaling pathways rather than causing degradation or major structural changes.
As discussed in the regulation of the HIF pathway (Section 1.4.3), FIH hydroxylates
HIF-1α at Asn-803, inhibiting its transcriptional activity. Similarly, FIH can hydroxylate
HIF-2α at Asn-851, preventing the binding of the transcriptional co-activator p300/CBP
and reducing the activity of the carboxy-terminal transactivation domain of HIF (Schofield
and Ratcliffe, 2004).

Since 2006, many studies have shown that FIH can also hydroxylate a variety of ankyrin-
repeat domain (ARD) proteins. ARDs are composed of a variable number of 33-residue
ARs that individually fold into a helix-loop-helix hairpin loop conformation with pairs
of α-helices arranged in antiparallel fashion connected by β-hairpin loops (Cockman
et al., 2009). Among ARD proteins, FIH hydroxylates ASPP2 at Asn-986, enhancing
its interaction with Par-3, crucial for cell polarity, without affecting its stability. Hy-
droxylation of IκBα at Asn-210 and Asn-244 is inconsequential, while FIH modifies
IKKϵ at Asn-254, Asn-700, and Asn-701, suppressing its activation in IFN signaling by
preventing TBK1 and TRAF3 binding, thus reducing antiviral responses and polyubiq-
uitination (Cockman et al., 2006; Devries et al., 2010; Cai et al., 2024).

The Notch family proteins are significantly affected by FIH hydroxylation. For instance,
FIH hydroxylates Notch1 at Asn-1945 and Asn-2012, potentially regulating HIF-1α ac-
tivity, while hydroxylation of Notch2 at Asn-1902 and Asn-1969 impairs its transcrip-
tional activity, affecting neurogenesis and myogenesis (Wilkins et al., 2009; Coleman
et al., 2007; Zheng et al., 2008).
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Other substrates include MYPT1, hydroxylated by FIH at Asn-67, Asn-100, and Asn-
226, resembling the effect on Notch1, and p105, which is hydroxylated at Asn-678, in-
hibiting its processing into p50 and reducing NFκB pathway activation and inflamma-
tion (Webb et al., 2009). For proteins like TNKS2 (hydroxylated at Asn-586, Asn-706,
and Asn-739) and TRPA1 (Asn-336), the functional consequences remain unclear, while
hydroxylation of TRPV3 at Asn-242 inhibits its channel activity. Interestingly, in TNKS2
protein, FIH has been found to hydroxylate not only multiple asparagine residues but
also two histidine residues to varying extents (Yang et al., 2011; Karttunen et al., 2015;
Saward et al., 2023).

Non-ARD proteins like ASB4 (hydroxylated at Asn-246) and HACE1 (modified at Asn-
191) are also FIH targets (Ferguson III et al., 2007; Kim et al., 2019). Although hydrox-
ylation does not affect their stability, it alters their functions—FIH-mediated hydroxy-
lation of HACE1 inhibits Rac1 ubiquitination, decreasing breast cancer cell migration
and invasion. Peptide-based studies suggest that FIH may have a broader range of sub-
strates than currently identified, potentially including dihydroxylation, oxidation of D-
residues, and oxidation of hydrophobic residues (Yang et al., 2013; Choi, Hardy, Leiss-
ing, Chowdhury, Nakashima, Ge, Markoulides, Scotti, Gerken, Thorbjornsrud et al.,
2020) (Details showed in Table.1.8).

TABLE 1.8: Non-HIF substrates of FIH

Category Protein Hydroxylated
residue

Description Ref.

ARD
proteins

ASPP2 Asn-986 Does not affect ASPP2 sta-
bility or total cellular protein
levels but enhances its inter-
action with partitioning de-
fective 3 homologue (Par-3), a
protein involved in cell polar-
ity.

(Janke
et al., 2013)

IκBα Asn-210, Asn-
244

Inconsequential. (Cockman
et al., 2006;
Devries
et al., 2010)

Continued on next page
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TABLE 1.8: Non-HIF substrates of FIH (continued)

Category Protein Hydroxylated
residue

Description Ref.

IKKϵ Asn-254, Asn-
700, Asn-701

Suppresses its activation
for IFN signaling and an-
tiviral immune responses
by preventing IKKϵ from
binding to TBK1 and TRAF3.
Reduces K63-linked polyu-
biquitination of IKKϵ at
Lys-416, catalyzed by the
cIAP1/cIAP2/TRAF2 E3
ubiquitin ligase complex.

(Cai et al.,
2024)

MYPT1 Asn-67, Asn-
100, Asn-226

May be similar to Notch1. (Webb
et al., 2009)

Notch1 Asn-1945,
Asn-2012

Notch1 has a higher affinity
for FIH, which may compete
with HIF-1α for binding to
FIH, regulating HIF-1α activ-
ity.

(Wilkins
et al., 2009;
Coleman
et al., 2007;
Zheng
et al., 2008)

Notch2 Asn-1902,
Asn-1969

Significantly reduces tran-
scriptional activity and
impairs Notch-mediated
control of neurogenesis and
myogenesis.

(Wilkins
et al., 2009)

Notch3 Asn-1867,
Asn-1934

(Wilkins
et al., 2009)

OTUD7B
(Cezanne)

Asn-35 Greatly reduces the interac-
tion of UBACez with ubiqui-
tin.

(Mader
et al., 2020)

p105 Asn-678 Inhibits processing of p105
into p50, reducing activa-
tion via the NFκB pathway
and downstream inflamma-
tory signaling.

(Scholz
et al., 2013;
Volkova
et al., 2024)

Continued on next page
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TABLE 1.8: Non-HIF substrates of FIH (continued)

Category Protein Hydroxylated
residue

Description Ref.

TNKS2 Asn-586, Asn-
706, Asn-739

Unclear. (Yang et al.,
2011)

TRPA1 Asn-336 Unclear. (Saward
et al., 2023)

TRPV3 Asn-242 The interaction of TRPV3
with FIH inhibits channel ac-
tivity.

(Karttunen
et al., 2015)

Other
proteins

ASB4 Asn-246 Does not affect the stability or
function of ASB4 in cells.

(Ferguson III
et al., 2007)

HACE1 Asn-191 Does not affect cellular lev-
els but inhibits the ability to
ubiquitinate active Rac1, re-
ducing cell migration and in-
vasion in breast cancer.

(Kim et al.,
2019)

OTUB1 Asn-22 Does not affect the stability
or deubiquitinase activity of
OTUB1 but alters interactions
with proteins involved in ox-
idative metabolism.

(Pickel
et al., 2019;
Scholz
et al., 2016)

ARD, ankyrin repeat domain; ASPP2, apoptosis-stimulating protein of p53 2; IκBα, inhibitor of nu-
clear factor kappa B alpha; IKKϵ, IκB kinase epsilon; TBK1, TANK-binding kinase 1; TRAF3, TNF
receptor-associated factor 3; cIAP1/cIAP2, cellular inhibitor of apoptosis protein 1/2; TRAF2, TNF
receptor-associated factor 2; MYPT1, myosin phosphatase target subunit 1; HIF-1α, hypoxia-inducible
factor 1-alpha; FIH, factor inhibiting HIF-1; Notch1/2/3, members of the Notch receptor family (Notch
homolog 1, 2, 3); OTUD7B (Cezanne), ovarian tumor domain-containing protein 7B; UBA, ubiquitin-
associated domain; p105, precursor of nuclear factor NF-κB p50 subunit; NFκB, nuclear factor kappa-
light-chain-enhancer of activated B cells; TNKS2, tankyrase 2; TRPA1, transient receptor potential
ankyrin 1; TRPV3, transient receptor potential vanilloid 3; ASB4, ankyrin repeat and SOCS box protein
4; HACE1, HECT domain and ankyrin repeat-containing E3 ubiquitin-protein ligase 1; OTUB1, OTU
deubiquitinase, ubiquitin aldehyde-binding 1.

1.4.5 The role of FIH in human diseases

Building on the understanding of FIH substrates, it is evident that FIH plays diverse
and context-dependent roles in various human diseases by modulating key substrates
and cellular pathways through its regulation of both HIF and non-HIF targets. In this
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section, we summarize how FIH contributes to disease pathogenesis via its diverse
substrates, focusing on both HIF-related and non-HIF-related pathways.

A detailed overview of the role of HIF-1α in IPF is provided in Section 1.4.4 (Table
1.7). However, few studies have directly examined the role of FIH in IPF. Brereton
et al. demonstrated that FIH inhibition under pseudohypoxic conditions upregulates
LOXL2 and PLOD2, contributing to ECM remodeling and fibrosis progression in a HIF-
dependent manner. Whether FIH also influences IPF through the hydroxylation of non-
HIF substrates remains unclear. In renal cell carcinoma, FIH inhibition increases HIF
target expression and induces apoptosis in CCRCC cells (Khan et al., 2011). Acting
as a tumor suppressor, FIH limits tumor invasion and metastasis in colon cancer by in-
hibiting HIF-1α activity, while paradoxically promoting tumor growth in other contexts
through in vivo mechanisms (Chen et al., 2015; Pelletier et al., 2012). FIH’s involvement
in breast cancer is notable for its regulation of the FIH-HACE1-Rac1 axis, which affects
cell migration and invasion, particularly in hypoxic conditions, and its hydroxylation of
ASPP2, enhancing tumor suppressor activity by altering cell polarity (Kim et al., 2019;
Hyseni et al., 2011; Janke et al., 2013). Tumor growth in osteosarcoma is facilitated by
FIH through enhanced vessel maturation, while in pancreatic endocrine tumors, high
FIH expression correlates with aggressive behavior and poor prognosis (Kuzmanov
et al., 2012). Loss of FIH in glioblastoma multiforme leads to heightened HIF-mediated
transcription of pro-tumorigenic genes like GLUT-1 and VEGF-A, a similar outcome
seen in hepatocellular carcinoma (Ma et al., 2017), where reduced FIH expression is
linked to more aggressive tumor phenotypes. In non-small cell lung cancer, FIH sup-
ports tumor proliferation, survival, and metabolism by regulating HIF-1α and other
pathways, such as p53/p21 and YAP/TAZ. A deficiency in FIH results in reduced tu-
mor growth and increased immune infiltration in these lung cancers (Giatromanolaki
et al., 2008; Garcı́a-del Rı́o et al., 2023). Finally, in chronic kidney disease, FIH forms
a hypoxia-sensitive complex with IκBβ, promoting NF-κB-mediated pro-inflammatory
gene expression, contributing to CKD-related inflammation (Volkova et al., 2024).

Currently, only a few studies have reported global transcriptome alterations in human
cells following FIH depletion. Given the important role of FIH in the progression of
multiple diseases, understanding its function is crucial. As an asparaginyl hydroxy-
lase, FIH has the potential to modify various substrates beyond HIF-α, indicating a
broader scope of biological activity. Additionally, while FIH activity is regulated by
hypoxia, emerging evidence suggests that it is also influenced by other cellular sig-
nals and environmental factors, underscoring the complexity of its regulation. These
non-hypoxic mechanisms and alternative substrates imply that the role of FIH extends
beyond the canonical HIF pathway, potentially impacting diverse cellular processes.
Thus, a deeper investigation into the HIF-independent functions of FIH may reveal
novel mechanisms underlying disease pathogenesis. This exploration could provide
critical insights into FIH as a therapeutic target in human diseases.
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TABLE 1.9: The role of FIH in human diseases

Disease Related
substrate

Description Ref

Breast can-
cer

HACE1 FIH-1 hydroxylates HACE1, regulat-
ing its interaction with Rac1 and influ-
encing tumor-suppressive functions,
particularly in hypoxic breast cancer.
The FIH-HACE1-Rac1 pathway mod-
ulates cell migration, invasion, and
ubiquitin processes.

(Kim
et al.,
2019)

HIF-1α FIH-1 is widely expressed in invasive
breast carcinomas, with subcellular lo-
calization correlating to tumor grade
and HIF-1α overexpression. However,
its expression does not explain the
differences between diffuse and per-
inecrotic HIF-1α patterns.

(Hyseni
et al.,
2011)

ASPP2 FIH-1 hydroxylates ASPP2, enhancing
its interaction with Par-3, altering cell
polarity and enhancing tumor sup-
pressor function.

(Janke
et al.,
2013)

Chronic
kidney dis-
ease

IκBβ FIH forms a hypoxia-sensitive oxomer
with IκBβ, preventing IκBβ from bind-
ing to NF-κB dimers and promot-
ing pro-inflammatory gene expres-
sion, potentially contributing to in-
flammation in CKD.

(Volkova
et al.,
2024)

Colon can-
cer

HIF-1α FIH-1 acts as a tumor suppressor in
colorectal cancer (CRC) by inhibiting
cell proliferation, migration, invasion,
and tumor growth. Its reduced ex-
pression is associated with deeper tu-
mor invasion, lymph node involve-
ment, and metastasis, potentially due
to the loss of FIH-1’s ability to inhibit
HIF-1α-mediated transcription of key
target genes like GLUT1 and VEGF.

(Chen
et al.,
2015)

Continued on next page
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TABLE 1.9: The role of FIH in human diseases (continued)

Disease Related
substrate

Description Ref

HIF-1α FIH promotes tumor growth in vivo
in both colon adenocarcinoma and
melanoma cells. Silencing of FIH
severely decreased the size of mice
xenografts originating from two dif-
ferent cell lines (LS174 and A375),
whereas overexpression of FIH in-
creased tumor growth.

(Pelletier
et al.,
2012)

Not iden-
tified

Reduced FIH-1 protein expression
was linked to advanced tumor stage
and grade, suggesting its potential
role in CRC progression.

(Vakil
et al.,
2016)

Glioblastoma
multiforme

HIF-1α Loss of FIH-1 promotes GBM progres-
sion by enhancing HIF-mediated tran-
scription of genes like GLUT-1 and
VEGF-A, even under hypoxic condi-
tions.

(Wang
et al.,
2014)

Hepatocellular
carcinoma

HIF-1α Reduced expression of PHD3 and FIH
is associated with more aggressive tu-
mor behavior, higher TNM stage, and
poorer prognosis, with their combined
low levels enhancing HIF-1α activity
and serving as strong indicators of un-
favorable outcomes.

(Ma et al.,
2017)

IPF HIF-1α Under pseudohypoxic conditions, FIH
inhibition induces the expression of
LOXL2 and PLOD2, further promot-
ing the stiffening of the ECM, which
plays a significant role in the fibrotic
process.

(Brereton
et al.,
2022)

Continued on next page
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TABLE 1.9: The role of FIH in human diseases (continued)

Disease Related
substrate

Description Ref

NSCLC HIF-1α PHDs and FIH are co-expressed in
NSCLC, with their expression corre-
lating with HIF levels to reveal distinct
tumor subgroups characterized by up-
regulated, standard, or defective hy-
poxia regulation.

(Giatromanolaki
et al.,
2008)

HIF-1α FIH promotes lung cancer cell pro-
liferation, survival, and metabolism
by regulating HIF activity and other
key pathways, such as p53/p21 and
YAP/TAZ signaling. FIH deficiency
leads to reduced tumor growth and in-
creased immune infiltration.

(Garcı́a-
del Rı́o
et al.,
2023)

Osteosarcoma Not iden-
tified

Overexpression of FIH in osteosar-
coma cells promotes tumor growth
by enhancing vessel maturation, facili-
tated through increased recruitment of
α-SMA-positive pericytes and upregu-
lation of PDGF-C.

(Kuzmanov
et al.,
2012)

Pancreatic
endocrine
tumors

HIF-1α FIH and PHDs are highly expressed
in PETs, with their cytoplasmic local-
ization correlating with aggressive tu-
mor behavior and poor prognosis. FIH
plays a key role in targeting HIF-1α for
regulation within the cytoplasm.

(Couvelard
et al.,
2008)

Renal cell
carcinoma

HIF-1α FIH-1 inhibition in CCRCC cells can
increase expression of HIF targets, and
inhibiting FIH-1 can increase apopto-
sis in these cells.

(Khan
et al.,
2011)

Continued on next page
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TABLE 1.9: The role of FIH in human diseases (continued)

Disease Related
substrate

Description Ref

CCRCC, clear cell renal cell carcinoma; CKD, chronic kidney disease; CRC, colorectal cancer; GBM,
glioblastoma multiforme; GLUT1, glucose transporter type 1; HACE1, HECT domain and ankyrin
repeat-containing E3 ubiquitin-protein ligase 1; IPF, idiopathic pulmonary fibrosis; LOXL2, lysyl
oxidase-like 2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NSCLC, non-
small cell lung cancer; Par-3, partitioning defective 3 homolog; PDGF-C, platelet-derived growth
factor-C; PETs, pancreatic endocrine tumors; PHD, prolyl hydroxylase domain; PLOD2, procollagen-
lysine, 2-oxoglutarate 5-dioxygenase 2; Rac1, Ras-related C3 botulinum toxin substrate 1; VEGF, vascu-
lar endothelial growth factor; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-
binding motif; α-SMA, alpha-smooth muscle actin; ASPP2, apoptosis-stimulating protein of p53 2;
p53/p21, tumor protein p53/cyclin-dependent kinase inhibitor 1.
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1.5 Summary and aims of thesis

Following the introduction, several key factors have led to the development of this
project. This section outlines the current understanding and challenges in IPF, the role
of HIF in fibrosis, and the significance of FIH. In addition, the limitations of existing
studies on FIH are discussed, providing the rationale for the investigations conducted
in this thesis.

Idiopathic pulmonary fibrosis: overview and current challenges

IPF is a chronic, progressive interstitial lung disease that primarily affects older adults,
characterised by scarring of the lung tissue (fibrosis) and a pattern of UIP. The disease
results in worsening lung function, leading to respiratory failure and death, with a
median survival time of 3 to 5 years post-diagnosis. Though the exact cause of IPF is
unknown, it is believed to arise from a combination of genetic predisposition and envi-
ronmental factors, such as smoking, leading to repeated alveolar epithelial cell injury
and aberrant wound healing responses. This excessive tissue remodeling and fibrosis
compromise gas exchange, resulting in severe respiratory impairment. The global in-
cidence of IPF is on the rise, particularly in countries like the USA, Italy, and South
Korea, posing significant healthcare challenges, with more men affected than women.

Despite advancements in understanding the disease, the pathogenesis of IPF remains
poorly understood. The persistence of activated fibroblasts and myofibroblasts, cou-
pled with excessive deposition of the extracellular matrix, perpetuates fibrosis and lung
dysfunction. Current treatment options, including pirfenidone and nintedanib, only
slow the progression of the disease, and lung transplantation remains the only viable
option for significantly improving survival in advanced cases, though it is not suit-
able for all patients. The disease mechanisms, involving mitochondrial dysfunction,
immune activation, and abnormal epithelial-mesenchymal interactions, remain areas
of active research. These challenges highlight the urgent need for novel therapeutic
strategies to halt or reverse the fibrotic process in IPF, as current treatments are insuffi-
cient to fully address the disease burden.

The role of HIF-1α in IPF

HIF, particularly HIF-1α, is a key transcriptional regulator in response to hypoxic con-
ditions. In IPF, the hypoxic lung microenvironment leads to the upregulation of HIF-1α,
which drives several pathogenic processes contributing to fibrosis. HIF-1α is overex-
pressed in alveolar epithelial cells early in IPF development, before significant lung
damage occurs. Through its downstream target genes, including VEGF, p53, and PDK1,
HIF-1α mediates metabolic reprogramming, promotes angiogenesis, and regulates ECM
remodeling—all central to the fibrotic response. Specifically, it induces EMT and myofi-
broblast differentiation, which are crucial events in fibrosis progression. Additionally,



56 Chapter 1

the hypoxia-induced activation of HIF pathways in IPF promotes collagen cross-linking
and ECM stiffening, further exacerbating the disease. Collectively, HIF-1α plays a piv-
otal role in the molecular mechanisms driving fibrosis, making it a potential therapeutic
target for IPF.

FIH and its underexplored role in Disease

FIH is a dioxygenase enzyme that plays a crucial role in regulating HIFs by hydroxylat-
ing specific asparagine residues. This hydroxylation prevents the recruitment of tran-
scriptional coactivators, thus inhibiting HIF-mediated transcription under normoxic
conditions. FIH primarily targets HIF-1α and HIF-2α, but it has also been found to hy-
droxylate non-HIF substrates, such as ankyrin repeat domain proteins, indicating its
broader regulatory potential.

In diseases like IPF, FIH may act as a key regulator of fibroblast metabolism, particu-
larly influencing mitochondrial function and energy production, both of which are cru-
cial for fibroblast activation and extracellular matrix remodeling. Despite the emerging
evidence that links FIH to fibrotic diseases, much of its role remains underexplored.
One major limitation of current studies is the focus on FIH’s classical function in hy-
poxia regulation, often overlooking its potential hypoxia-independent roles and inter-
actions with non-HIF substrates. This limited scope hampers a comprehensive un-
derstanding of FIH’s involvement in broader disease mechanisms, such as metabolic
reprogramming in fibroblasts. A deeper investigation into these areas may uncover
novel therapeutic targets for diseases like IPF.

1.5.1 Hypothesis

Based on current understanding of IPF pathogenesis, the hypothesis is that FIH regu-
lates fibrosis progression by modulating fibroblast behavior through both HIF-related
and non-HIF-related pathways, affecting key processes like metabolism, senescence,
and fibroblast activation.

1.5.2 Aim and objectives

The overall aim of this project is to investigate the functional role of FIH in fibrosis,
specifically focusing on its influence on fibroblast behavior and the modulation of fi-
brotic pathways. This study will explore both HIF-related and non-HIF-related mech-
anisms in order to elucidate the broader impact of FIH in fibrotic processes.

The specific objectives of this thesis are:
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1. To determine the global transcriptomic changes resulting from FIH depletion
in human lung mesenchymal cells: This objective involves analysing multiple
bulk RNA sequencing datasets using FIH-depleted fibroblasts to assess transcrip-
tomic alterations. Comparisons will be made between siRNA and CRISPR-Cas9
methods of FIH depletion, as well as between human lung fibroblasts and mouse
embryonic fibroblasts (MEFs).

2. To investigate the role of FIH in modulating fibroblast phenotypes: This ob-
jective focuses on exploring how FIH influences key fibroblast characteristics, in-
cluding metabolism, cellular senescence, and fibroblast activation, to better un-
derstand its regulatory functions.

3. To determine if FIH-mediated biological changes is HIF-related or not: Using
transcriptomic data and targeted experiments, this objective aims to distinguish
pathways that are directly linked to HIF regulation from those arising through al-
ternative FIH substrates, broadening understanding of its contribution to fibrotic
disease.
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Materials and methods

2.1 Global transcriptomic processing

This study analysed three bulk RNA sequencing datasets and one microarray dataset to
explore the role of FIH in fibroblasts. The microarray dataset (GSE20335) was obtained
from the Gene Expression Omnibus (GEO) database. The first RNA-seq dataset focused
on FIH wild-type (WT) and knockout (KO) MRC5 fibroblasts, with or without TGF-β
treatment. FIH was knocked out using CRISPR-Cas9, and cells were treated with TGF-
β (5 ng/ml) for 24 hours, resulting in four experimental groups with three biological
replicates per group. This dataset was processed by the author and Dr. Zijian Xu.

The second RNA-seq dataset involved MRC5 fibroblasts transfected with FIH siRNA
targeting FIH (siFIH), comprising two groups with triplicates. The third dataset con-
tained siFIH-treated normal human lung fibroblasts (NHLFs), with two groups and
duplicates. RNA samples for the microarray and siFIH MRC5 datasets were prepared
by Dr. Liudi Yao, while the siFIH datasets were processed by Dr. Yilu Zhou using the
same tools and protocols as the first RNA-seq dataset.

2.1.1 Bulk RNA sequencing data processing

2.1.1.1 RNA-seq library preparation and sequencing

For each RNA-seq sample, total RNA was extracted, and sequencing libraries were
constructed using the RNeasy Mini Kits (QIAGEN, Germany) following the manufac-
turer’s instructions. Libraries were pooled and sequenced as paired-end reads (2×150
bp) on the Illumina NovaSeq 6000 platform (Novogene, Cambridge, UK). Each dataset
was processed to ensure sufficient biological replicates and comprehensive gene cover-
age.



60 Chapter 2

2.1.1.2 Quality control, alignment, and quantification

Quality control of the raw RNA-seq data was performed using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc). Adapter trimming and filter-
ing of low-quality reads (Phred score > 30) and short reads (< 50 bp) were conducted
using Trim Galore (https://github.com/FelixKrueger/TrimGalore). Filtered reads
were aligned to the human genome (Ensembl GRCh38) using Hisat2, and the resulting
SAM files were converted to BAM files using Samtools. Read counts for each gene were
summarized with featureCounts for subsequent differential expression analysis.

2.1.1.3 Data processing environment and analysis

All computational steps were performed on the Iridis5 High Performance Computing
(HPC) system at the University of Southampton under a Linux environment. The bioin-
formatics tools utilized, including FastQC, Trim Galore, Hisat2, Samtools, and feature-
Counts, were managed through Conda environments, ensuring standardization and
reproducibility. The read count data from all RNA-seq datasets were analysed using
the DESeq2 R package (version 1.26.0) within RStudio for normalization and differen-
tial gene expression analysis.

2.1.1.4 Differentially expressed genes (DEGs) analysis

The raw read counts were processed in RStudio for gene expression analysis. To ac-
count for sample variability, the data were normalized using the variance stabiliza-
tion normalization (VSN) method, implemented with the justvsn function from the
VSN package in R. Following normalization, the data were Log2-transformed to sta-
bilize variance across samples. DEGs were identified using the DESeq2 package (ver-
sion 1.26.0) in R, applying a significance threshold of adjusted P-value < 0.05 and a
|log2 fold change| ≥ 0.5(may be changed in specific condition). Transcripts with low
abundance (fewer than 10 counts across all samples) were excluded from further anal-
ysis.

2.1.2 Microarray data processing

2.1.2.1 Raw data download and processing

The microarray dataset (GSE20335) was processed and analysed to identify DEGs. The
CEL files containing raw microarray data were downloaded from the Gene Expres-
sion Omnibus (GEO) database. Data processing was conducted in RStudio using the
‘GEOquery‘, ‘oligo‘, and ‘affy‘ packages. CEL files were read and loaded using the

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://github.com/FelixKrueger/TrimGalore
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‘read.celfiles‘ function from the ‘oligo‘ package and the ‘ReadAffy‘ function from the
‘affy‘ package.

The robust multi-array average (RMA) algorithm was employed for background cor-
rection, normalization, and summarization of the microarray data using the ‘rma‘ func-
tion. Boxplots of raw and normalized data were generated to assess the quality and dis-
tribution of the expression data. Following normalization, the expression values were
extracted and transformed for downstream analysis. Gene symbols were annotated by
downloading the soft file from the GEO database and extracting relevant information,
including probe IDs and corresponding gene symbols.

To remove duplicate gene symbols, only the first gene name was retained when mul-
tiple symbols were present, and median expression values were calculated for genes
with multiple probes. The data were then subset into specific groups for WT and FIH
knockout (KO) analyses.

2.1.2.2 Differential expression analysis and annotation

Differential expression analysis was conducted using the ‘limma‘ package in R. A linear
model was designed for each comparison (e.g., FIH KO vs. WT). The model matrix was
constructed using the ‘model.matrix‘ function, and contrasts between conditions were
created using the ‘makeContrasts‘ function.

DEGs were identified by fitting the linear model to the expression data using the ‘lmFit‘
function, followed by contrast fitting with ‘contrasts.fit‘. The empirical Bayes method
was then applied using ‘eBayes‘ to calculate the false discovery rate (FDR). DEGs were
filtered based on an adjusted P-value threshold (< 0.05). Results for the differentially
expressed genes were obtained using the ‘topTable‘ function, which lists genes with
significant expression changes in each comparison.

2.2 Cell culture

2.2.1 Cell lines

All cell lines and their complete media used in this thesis were listed in Table 2.1.
Cells were usually cultured in Corning T75 flasks or 100mm dishes (both from Fisher
Scientific, UK) at 37°C with 5% CO2 in a humidified incubator. Unless otherwise stated,
all reagents were obtained from Life Technologies (UK).
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TABLE 2.1: Preparation of cell culture media

Cell Line Originated from Media composition

HEK293-FT Highly trans-
fectable clonal
isolate derived
from human em-
bryonal kidney
cells transformed
with the SV40
large T antigen

DMEM with 10% heat-inactivated FBS,
50U/ml Penicillin, 50µg/ml Streptomycin

MRC5 Lung fibroblasts
isolated from a
male fetus

DMEM with 10% heat-inactivated FBS,
50U/ml Penicillin, 50µg/ml Streptomycin,
1mM sodium pyruvate, and 1mM
non-essential amino acidsNormal human

lung fibeoblasts
(NHLFs)

Primary fibrob-
lasts isolated
from healthy
people

Primary human lung fibroblasts were kindly provided by the Brooke Lab at the Clinical
and Experimental Sciences department of the University of Southampton (University
Southampton Hospital, UK). Dr. Mark Jones and Franco Conforti, from the same lab,
established primary lung fibroblast cultures from control and IPF lungs, following the
methods outlined in their earlier work (Jones et al., 2018; Conforti et al., 2017). All hu-
man lung studies were approved by the local research ethics committees (Southamp-
ton and South West Hampshire, and Mid and South Buckinghamshire) under reference
number 07/H0607/73. All participants provided written informed consent. The IPF
samples were from patients later diagnosed with IPF according to international con-
sensus guidelines (Jones et al., 2018). FIH KO MRC5 cells were used at passages 35–40.
This passage range reflects the requirement for long-term selection of knockout clones
and the limited availability of reserved cell stocks. Despite the higher passage number,
cells at this stage retained stable growth and reproducible experimental responses.

2.2.2 Cell trypsinasation and passaging

When cells reached over 90% but not full confluency, they were passaged for experi-
mental use or routine maintenance. To remove residual FBS that could inhibit trypsin
activity, 1x room-tempratured phosphate-buffered saline (PBS) (Life Technologies, UK)
was added to the cells. Then, 0.05% trypsin (Life Technologies, UK) was applied to the
washed cell mono layer (the volume of trypsin was adjusted according to the different



2.2. Cell culture 63

culture dish). Cells were incubated at 37°C for about 5 minutes until the monolayer de-
tached. Trypsinisation was halted by adding complete media, and the cell suspension
was then centrifuged at 300 g for 5 minutes. The resulting cell pellet was resuspended
in fresh complete media for routine maintenance or further plating.

2.2.3 Cell counting

After trypsinisation (Section 2.2.2), the cell were resuspend using complete medium.
Then 10µL cell suspension was mixed with the same volume of 0.4%trypan blue (Life
Technologies, UK) and 10 µL mixture was added to a Marienfeld Superior with Neubau-
er improved Hemocytometer (depth 0.1mm) (Fisher Scientific, Milton Keynes, UK),
ensuring that the chamber was not overfilled. The chamber was then placed under
a 10× objective on a light EVOS XL core microscope (Life Technologies, UK), using
phase-contrast to distinguish the cells. The cells were counted within the large, central
gridded square (1 mm2). The count was multiplied by 2×104 to estimate the number
of cells per mL.

2.2.4 Cell cryopreservation and thawing

Following trypsinisation (Section 2.2.2), the cells were resuspended in complete growth
medium, and the viable cell count was determined (Section 2.2.3). After centrifugation,
the supernatant was carefully removed using a pipette, leaving only a minimal volume
without disturbing the cell pellet. The cells were then resuspended in freezing medium
at a concentration of 1×106 to 2×106 cells/mL. The cell suspension was aliquoted into
labeled 2ml cryogenic storage vials (SRATLAB, UK). The cryogenic vials were then
transferred into a Mr. Frosty freezing container and placed in a -80°C freezer, before
being transferred into liquid nitrogen the next day.

To begin the thawing process, the cryovial containing the frozen cells is promptly re-
trieved from liquid nitrogen storage or -80°C freezer and defrosted in a 37°C water
bath as soon as possible. The vial is gently swirled to facilitate rapid thawing, typi-
cally within one minute, until only a small amount of ice remains. The thawed vial is
then transferred to the biological safety cabinet (BSC). Pre-warmed complete growth
medium is gradually added dropwise to the centrifuge tube containing the thawed
cells. The cell suspension is subsequently centrifuged at 300g for 5 minutes. Following
centrifugation, the supernatant is inspected for clarity, and the presence of a distinct cell
pellet is confirmed. The supernatant is carefully decanted to avoid disturbing the pel-
let, after which the cells are gently resuspended in fresh complete growth medium. Fi-
nally, the resuspended cells are transferred to an appropriate culture vessel and placed
at 37°C with 5% CO2 in a humidified incubator. Change the medium to remove resid-
ual DMSO if necessary.
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2.3 CRISPR-Cas9

The construction of CRISPR-Cas9 cell line was done under the supervision of Prof.
Nullin Divecha and Dr. Bhav Sheth.

2.3.1 CRISPR-Cas9 plasmid design and construction

The lentiviral plasmids were constructed by Prof. Nullin Divecha. The first step in uti-
lizing CRISPR-Cas9 technology involves designing the guide RNA (gRNA) sequences
specific to the target gene of interest. The sgRNAs stargeting HIF1AN (gene encodes
FIH) was designed on CRISPick (https://portals.broadinstitute.org/gppx/crispick/public).
Once designed, the gRNA sequence is cloned into lentiCRISPR V1.0 (Figure.2.1) . This
plasmid serves as the backbone for CRISPR-Cas9-mediated genome editing. The plas-
mid is then amplified and purified for subsequent use in transfection. We picked 5
sgRNA oligos for the following plasmids construction and finally chose two oligos (Ta-
ble.2.2) whose knockout efficiency were best.

FIGURE 2.1: LentiCRISPR V1.0 plasmid map
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TABLE 2.2: List of sgRNA oligos targeting HIF1AN

Oligo number Sequence

HIF1AN sgRNA 1 GAAGCTATAACTGCGCAACT
HIF1AN sgRNA 2 GTCTGAGTCAGAGCGACCCC

2.3.2 Preparation of lentiviral particles

To facilitate the delivery of the CRISPR-Cas9 plasmids into target cells, lentiviral parti-
cles are produced using HEK 293FT cells.

Day 1: Cell plating 1×106 HEK293-FT cells were plated into each well of a 6-well plate
with complete DMEM(10% FBS with Pen/Strep). The cells should be allowed to adhere
and grow overnight in an incubater at 37°C with 5% CO2.

Day 2: Transfection Approximately one hour before transfection, refresh the medium
in each well to ensure a better transfect efficiency. Prepare the transfection mixture
in a sterile Eppendorf tube as indicated in Table.2.3 for each well. After adding all
components, the mixture was incubated for 15-20 minutes without disturbing. Once
ready, the DNA/PEI (TOCRIS, UK) solution was added to the cells in each well in a
dropwise manner. The cells should be incubated overnight under standard conditions.

TABLE 2.3: Transfection mixture for generation of lenti virus

Component Volume or Amount

Opti-MEM 100 µL
Experimental plasmid 1.14 µg
GAG pol plasmid 0.57 µg
VSVG plasmid 0.28 µg

PEI (Polyethylenimine, 1mg/ml) 6 µL

Day 3: Media Change After overnight incubation, the medium in each well was care-
fully replaced with 4 mL of fresh complete medium, taking care not to disturb the cells.
The cells were then incubated for an additional 48 hours to produce a higher yield of
virus with improved efficiency.

Day 4: Target cell plating One day prior to virus transduction, 200,000 to 250,000 target
cells were plated in a 6-well plate, ensuring that one well was reserved as a ”no virus”
control.
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Day 5: Virus Collection and filteration Collect 4 mL of the 48-hour viral production
media into a 15 mL Falcon tube, then filter the medium through a 0.45 µm filter (Mil-
lipore, UK) to remove any cell debris. After collecting the supernatant, discard the
remaining cells. Aliquot the filtered viral solution into 1 mL portions in cryovials,
snap-freeze the aliquots, and store them in a -80°C freezer. Retain 1 mL of the viral
suspension for immediate transduction experiments, while the remaining aliquots are
stored for future use.

2.3.3 Lentiviral transduction of target cells

The target cells are prepared in six-well plates. The stored lentiviral particles are thawed
and diluted in complete growth medium, with the addition of polybrene to enhance in-
fection efficiency. The viral mixture is then added to the target cells, and the cells are
incubated overnight. The following day, the medium is replaced with fresh growth
medium. After an additional day of incubation, the cells are subjected to puromycin
(Sigma Aldrich, UK) selection to isolate successfully transduced cells. Non-transduced
cells, identified by the lack of survival under antibiotic pressure, are removed, ensuring
a pure population of CRISPR-Cas9 modified cells.

2.3.4 Validation and expansion of CRISPR-Cas9 edited cells

After transduction and selection, the surviving cells are expanded and subjected to
validation assays to confirm successful gene editing. This may include Western blot
analysis to assess protein expression levels (Figure.2.2). Once validated, the edited cell
population can be expanded further for downstream experiments or cryopreserved for
future use.

FIGURE 2.2: Validation of FIH KO in MRC5 cells

Protein expression of FIH in MRC5 after puromycin selection in MRC5. β-Tubulin was
used as a loading control.
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2.4 siRNA reverse transfection

Reverse transfection was used in the study. For reverse transfection, 25 pmol of siRNA
and 3.75 µL of Lipofectamine RNAiMAX reagent (Invitrogen, UK) were used per well
in a 6-well plate. siRNA oligos target interested genes were purchased from Dharma-
con (USA) (Table. 2.4).

The siRNA-Lipofectamine RNAiMAX complexes were prepared directly in the wells.
First, 25 pmol of siRNA was diluted in 150 µL of Opti-MEM medium and added to
each well of the tissue culture plate. Lipofectamine RNAiMAX reagent was gently
mixed before use, and 3.75 µL was added to each well containing the diluted siRNA.
The mixture was gently mixed and incubated at room temperature for 10–20 minutes
to allow complex formation.

MRC5 cells or NHLFs were diluted in complete growth medium so that 850 µL con-
tained the desired number of cells, aiming for 60-70% confluence 24 hours after plat-
ing. After incubation, 850 µL of the diluted cells was added to each well, resulting in
a final volume of 1000 µL per well. The cells were gently mixed with the siRNA-lipid
complexes by rocking the plate back and forth. The plate was incubated at 37°C in a
CO2 incubator for at least 48 hours before validation for gene knockdown (Figure 2.3).

TABLE 2.4: List of small interfering RNA (siRNA)

siRNA Catalog Number Company

HIF1AN (FIH) MU-005035-02-0010 Dharmacon
ARNT (HIF1β) MU-010230-00-0002 Dharmacon
Control (siGENOME-RISCfree) D-001220-01-20 Dharmacon

FIGURE 2.3: Validation of siRNA targeting FIH and HIF1β in MRC5 cells

Protein expression of FIH and HIF1β in MRC5 at 48 hours after reverse transfection.
β-Tubulin was used as a loading control.
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2.5 Quantitative real-time PCR (q-RT-PCR)

2.5.1 RNA quantification and extraction

To quantify the mRNA expression, RNA was extracted using RNeasy mini kits (QI-
AGEN, Germany) following the manufacturer’s instructions. In a 6-well plate, cells
were lysed using 350 µL buffer RLT. After homogenizing the lysate by pipeting, the
lysate was mixed with an equal volume of 70% ethanol (Sigma Aldrich, UK) and the
mixture was transferred to an RNeasy spin column placed in a 2 mL collection tube.
The column was washed by 700 µL Buffer RW1 once and 500 µL Buffer RPE twice se-
quentially with centrifugation (8,000g, > 30s) after each washing. Finally, the column
was transferred into a brand new 1.5 mL tube and 50 µL RNAse-free water was used
to elute the RNA by centrifuging at 8,000g for 1 min. RNA concentration was quanti-
fied on the Nanodrop Spectrophotometer 2000c (ThermoFisher Scientific) and stored in
-80Cuntil f urtherqPCRanalysis.

2.5.2 Quantitative real-time PCR (q-RT-PCR)

The final concentration of RNA samples for qPCR is 20ng/µL diluted by RNase free
water. Real-time PCR was performed using QuantiNova SYBR Green RT-PCR kit (QI-
AGEN, Germany) according to the manufacturer’s instruction. The reaction setup (Ta-
ble.2.5), the QuantiTect gene-specific primers (QIAGEN, Germany) (Table.2.6) and the
thermocycling condition were listed (Table.2.7).

Triplicates were performed for each sample in a 96-well plate on StepOnePlusTM Real-
Time PCR System (ThermoFisher Scientific, UK). During the running, the fluorescent
signal increases as the DNA amplifies. The Ct value is the cycle number at which the
fluorescent signal crosses the threshold. The ∆∆Ct method was used to calculate the
relative expression level of a gene between two samples as following steps show:

1. ∆Ct: Calculate the difference between the Ct value of the target gene and ACTB
gene in each sample. ∆Ct here is the average of the triplicates.

∆Ct = CtTarget - CtACTB

2. ∆∆Ct: Calculate the difference between the ∆Ct values of the two samples.

∆∆Ct = ∆Ctsample1 - ∆Ctsample2

3. Fold Change: Calculate the relative expression level as a fold change.

Fold Change = 2-∆∆Ct
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Finally, the foldchange was demonstrated in barplot with P value generated by Graph-
pad Prism (V10.0.2).

TABLE 2.5: qRT-PCR reaction setup

Component Volume (µL)

2× QuantiNova SYBR Green RT-PCR Master Mix 10
QN ROX Reference Dye 1
QN SYBR Green RT-Mix 0.2
10× primer mix 2
RNA (20 ng/µL) 2
RNase-Free Water 4.8

Total reaction volume 20 µL

TABLE 2.6: List of qPCR QuantiTect primers (QIAGEN, Germany)

Gene Name Reference Code

GAPDH QT01192646
ACTA2 QT00088102
COL1A1 QT00037793
COL3A1 QT00058233
FN1 QT00038024
ACTB QT01680476

TABLE 2.7: Thermocycling condition for qRT-PCR (StepOnePlus, Thermofisher)

Step Time Temperature

Reverse transcription 10 min 50 C
PCR initial activation step 2 min 95 C

Two-step cycling

Denaturation 5 s 95 C
Combined annealing/extension 10 s 60 C

Number of cycles 35-40

Melting Curve

Denaturation 15 s 95 C
Annealing 1 min 60 C

High resolution melting 15 s 95 C
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2.6 SDS-PAGE and western blotting

2.6.1 Protein extraction and quantification

Cells were lysed using 100-200µL urea buffer (Table.A.1) with protease inhibitors(Roche,
UK), added after washing the cell monolayer with ice-cold PBS. The lysate is collected
using a cell scraper and left on ice for 30 minutes, then transferred to tubes for freezing
or immediate use.

Samples are sonicated on ice for 5 minutes to break down cell structures and then cen-
trifuged at high speed at 4C.Thesupernatantisused f orproteinquanti f icationviatheBrad f ordassayusingtheBioRadproteinassay(Bio−
Rad, UK), wheresamplesandstandardsaremixedwithBrad f ordreagentandabsorbanceismeasuredat595nmusingPolarstarOmegaplatereader(BMGLabtech, UK).Piercebovineserumalbuminstandard(BSA)(2mg/mL)(ThermoFisherScienti f ic, USA)wasusedtoproduceastandardcurve.Thenthenormalizedproteinsamplesarepreparedbycalculatingtherequiredvolume f orloadingontogelsandmixingwith4×
LDS loading buffer (Invitrogen, UK) and β-mercaptoethanol (ThermoFisher, UK). This
mixture is boiled at 100C f or5minutestodenaturetheproteins, centri f uged, andeitherloadedontogelsorstoredat−
20C for future use.

2.6.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel preparation

Before running the gel, the SDS-PAGE gel was prepared. SDS-PAGE plates (Bio-Rad,
UK)were cleaned with ethanol or distilled water (ddH2O) to ensure they were clean
and dry. The front and spacer plates were assembled in the green casting frame, secured
with clips, and placed in the casting stand.

For the separation gel, a solution of the required percentage was prepared according to
standard protocols (detail listed in Table.A.2). This solution was poured into the cas-
sette and overlaid with isopropanol to exclude oxygen, facilitating gel polymerization.
After 20-30 minutes, the polymerized gel was rinsed with distilled water, and any ex-
cess water was blotted away.

A 5% stacking gel solution was then prepared and poured on top of the separation gel
(detail listed in Table.A.3). A 10 or 15 well comb was inserted, ensuring no air bubbles
were trapped. The stacking gel was left to set for 20-30 minutes. Once set, the gel
cassette was removed from the casting stand and placed into the electrode assembly
with the short plate facing inward.

2.6.3 SDS-PAGE gel electrophoresis

The chamber between the gels was filled with 1x running buffer (Table.A.4 ). Protein
molecular weight markers (Lonza, UK) was used to reference and estimate the protein
sizes. The remainder of the tank was filled with running buffer to the indicated level.
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The assembly was connected to a PowerPac Basic power pack (Bio-Rad, UK), and elec-
trophoresis was performed at 80V for sample concentration (20-30 minutes) and then
at 120V for sample separation. The process continued until the bromophenol blue dye
front reached the bottom of the separation gel. Gels were then carefully removed for
subsequent steps.

2.6.4 Protein transferring

The stacking gel and the bromophenol blue dye at the bottom of the separating gel
were cut off. The gel was placed in cold transfer buffer (Table.A.5) for several minutes
to remove salts and preshrink. A nitrocellulose (NC) membrane was cut to match the
gel size. The transfer cassette was assembled with presoaked layers in transfer buffer,
ensuring no air bubbles. Electrophoretic transfer was performed at 80V for 3 hours in a
TE22 mini tank transfer unit (GE Health Life Science, UK) in the cold room. Optionally,
a transfer at 25V for 16 hours could be performed.

2.6.5 Ponceau S staining

After transfer, the membrane was briefly rinsed with TBST (Table.A.6) to remove resid-
ual gel fragments. Ponceau S solution (SigmaAldrich, UK) was used to stain the mem-
brane for 1-2 minutes to check for protein transfer. The membrane was then destained
with several changes of TBST until visible bands remained.

2.6.6 Blocking and antibody incubations

Non-specific binding sites on the membrane were blocked by incubating in 5% milk
in TBST for 60 minutes on a shaker at room temprature. After washing by TBST for
three times, the membrane was incubated in the primary antibody (Table.2.8) diluted
in blocking buffer overnight at 4°C on a roller.

After primary antibody incubation, the membrane was equilibrated to room temper-
ature for 15 minutes and washed with TBST (initial rinse followed by three 5-minute
washes). The secondary antibody (LI-COR Bioscience, Lincoln, NE, USA) (Table.2.9)
was diluted in blocking buffer and incubated with the membrane for 1 hours at room
temperature on a roller. Unbound secondary antibody was removed with an initial
rinse followed by three 5-minute washes in TBST.
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2.6.7 Imaging and analysis

Protein bands were visualised by Odyssey Imaging System (LI-COR Bioscience). Pro-
tein band was quantified using FIJI software with β-Tubulin as the loading control.

TABLE 2.8: List of primary antibodies

Antibody Supplier Cat-No

α-SMA Cell Signalling Technology 14968
β-tubulin Cell Signalling Technology 86298
Phospho-Smad2/Smad3 Cell Signalling Technology 8828
FIH Oxford, UK Mouse monoclonal 162 C
Total-Smad2 Cell Signalling Technology 3122
Collagen 1 Abcam ab34710
HIF1β Cell Signalling Technology 5537

TABLE 2.9: List of secondary antibodies

Antibody Supplier Cat-No

IRDye 800CW Goat anti-Rabbit LI-COR Biosciences 926-32211
IRDye 800CW Donkey anti-Goat LI-COR Biosciences 926-32214
IRDye 680CW Goat anti-Mouse LI-COR Biosciences 926-68020

2.7 Seahorse real-time assay

The mitochondrial stress test and glycolytic stress test were conducted by Dr. Charlie
Birts, with me observing and assisting.

2.7.1 Mitochondrial stress test

Under the supervision of Dr. Charlie Birts, the Seahorse assay was performed to mea-
sure bioenergetic profiles both at basal levels and during a mitochondrial stress test.
This test involved: (1) inhibiting ATP synthase with oligomycin to assess mitochon-
drial ATP production, (2) using the OXPHOS uncoupler FCCP to disrupt the mitochon-
drial membrane potential and evaluate maximal mitochondrial activity independently
of ATP production, and (3) blocking residual mitochondrial activity with antimycin to
measure non-mitochondrial oxygen consumption (Figure. 2.4).
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FIGURE 2.4: Seahorse XF mito stress test overview

The diagram illustrates the Seahorse XF Mito Stress Test used to assess mitochondrial
respiration by measuring the OCR. (A) Diagram shows a schematic of the ETC within
the inner mitochondrial membrane, highlighting the inhibition points for each chem-
ical: Rotenone inhibits Complex I, blocking electron flow from NADH; Antimycin
A inhibits Complex III, preventing electron transfer from ubiquinol to cytochrome c;
Oligomycin inhibits ATP synthase (Complex V), stopping ATP production; and FCCP
uncouples the proton gradient, driving maximal respiration. (B) Seahorse Mito-Stress
test profile displays the fundamental parameters of mitochondrial function: basal respi-
ration, ATP turnover, proton leak, maximal respiration and spare respiratory capacity.

Day 1: Cells were plated at a density of 7500 cells per well in a Seahorse XF96 plate
(Agilent, UK) 48 hours prior to the assay. The sensor cartridge was prepared by im-
mersing it in 200 µL of Seahorse calibrant per well and stored overnight at 37°C in a
non-CO2 incubator. Seahorse running media was prepared by mixing DMEM powder
with water and penicillin/streptomycin, adjusting the pH to 7.4, filtering it, and storing
at 4°C as per manufacturers’ instructions (Sigma).

Day 2: After taking images of the cells, Seahorse running media for the mitochondrial
stress test (RMmiG) was prepared by adding 1 mM pyruvate and 5 mM glucose to the
basic Seahorse DMEM media with 2 mM glutamine. The working concentrations of
the reagents for the mitochondrial stress test were as follows: 10 µM glucose, 1 µM
oligomycin, 1 µM FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), and
a mixture of 1 µM antimycin and 1 µM rotenone (The manufacturer details of chemical
components are listed in Table.2.10). The sensor cartridge was calibrated to eliminate
any bubbles.

Cells were washed with Seahorse running media by aspirating the medium, leaving ap-
proximately 5 µL in each well, followed by washing with RMmiG. After the Seahorse
calibration was complete, 150 µL of pre-warmed RMmiG with the relevant inhibitors
was added to the wells, and the plate was placed back into the non-CO2 incubator for 5
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minutes. The cell plate was then loaded into the Seahorse machine, and the mitochon-
drial stress test was run. The oxygen consumption rate (OCR) was calculated according
to the manufacturer’s guidelines. After the run, cell attachment was checked, and Brad-
ford protein normalization was performed to normalize the results to the total protein
per well.

2.7.2 Glycolytic stress test

Similar to the Seahorse real-time mito-stress assay, the glycolytic assay involves se-
quentially injecting specific reagents into the cell culture. Briefly, bioenergetics pro-
files were measured at the basal state, followed by a glycolytic stress test. This test
involved sequentially: (1) adding glucose to initiate glycolysis, which increases ECAR;
(2) adding oligomycin, an inhibitor of mitochondrial ATP synthase, which forces cells
to rely solely on glycolysis for ATP production, further elevating ECAR; and (3) inject-
ing 2-DG, a glucose analog, to inhibit glycolysis by blocking hexokinase, resulting in a
decrease in ECAR. These reagent-induced changes in ECAR allow for the assessment
of glycolytic rate, capacity, and reserve, providing a comprehensive evaluation of the
cells’ glycolytic function (Figure. 2.5).

FIGURE 2.5: Seahorse XF glycolytic test overview

The diagram illustrates the Seahorse XF Glycolysis stress test, which measures gly-
colytic function by assessing ECAR. (A) An overview of glycolytic pathway, where
glucose is converted to pyruvate, highlighting the inhibition points by 2-DG, which
blocks hexokinase, and oligomycin, which inhibits ATP synthase. (B) The Seahorse Gly-
colytic stress assay profile: glucose addition initiates glycolysis, increasing ECAR (basal
glycolysis); oligomycin further increases ECAR by inhibiting mitochondrial ATP pro-
duction, thus revealing glycolytic capacity; and 2-DG addition sharply reduces ECAR,
indicating non-glycolytic acidification.
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Day 1: The procedure for the first day was the same as the mitochondrial stress test,
with cells plated at 7500 cells per well in the XF96 plate and the sensor cartridge pre-
pared and stored overnight.

Day 2: For the glycolytic stress test, Seahorse running media (RMgl) was prepared by
adding 2 mM glutamine to Seahorse DMEM media. The working concentrations of the
reagents for the glycolytic stress test were: 5 mM glucose, 1 µM oligomycin, and 50 mM
2-deoxyglucose (2-DG).

Cells were washed with RMgl in the same manner as the mitochondrial test. Once the
Seahorse calibration was complete, 150 µL of pre-warmed RMgl with the relevant in-
hibitors was added to the wells. The plate was incubated for 5 minutes before loading
onto the Seahorse machine to run the glycolytic stress test. The extracellular acidifica-
tion rate (ECAR) was calculated according to the manufacturer’s guidelines. As with
the mitochondrial test, cell attachment was checked, and protein normalization was
carried out afterward.

TABLE 2.10: Seahorse reagent information

Reagent Manufacture Cat. No.

DMEM powder Sigma D5030-10L
45% glucose solution Fisher Scientific (Corning Media Tech) 15363581
2-deoxy-glucose Fisher Scientific (Acros Organics) 111980050
Oligomycin Sigma O4876-5MG
FCCP Sigma C2920-10MG
Antimycin A Sigma A8674-25MG
Rotenone Sigma R8875-1G
Sodium Pyruvate Sigma S8636-100ml
Seahorse XFe96 FluxPaks Agilent 102416-100
Seahorse XFe96 FluxPaks Agilent 102601-100

2.7.3 Protein quantification after Seahorse assay

Following the Seahorse assay, protein quantification for normalization was performed
using a modified Bradford assay. After aspirating the growth media, cells were lysed
with 20 µL of lysis buffer (250 mM Tris, pH 7.4, and 0.1% Triton X-100) and incubated
for 15 minutes at room temperature. To reduce detergent interference, 130 µL of dilu-
tion buffer (250 mM Tris, pH 7.4) was added to the lysates. The lysates were mixed
with 150 µL of 2X Bradford reagent (diluted from 5×), and 200 µL of this mixture was
transferred to a new 96-well plate for absorbance measurement at 595 nm using a mi-
croplate reader. Absorbance readings were taken within 1 hour to ensure accuracy.
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The protein content in each well was determined by comparing the absorbance values
to the standard curve, enabling accurate normalization of Seahorse assay data.

2.8 1H NMR based metabolite screening

2.8.1 NMR sample preparation

In this study, the volumes and vessel sizes used were suitable for a 6-well plate format.
Bench surfaces and items to be used, including internal surfaces of the biological safety
cabinet (BSC), were sprayed with 70:30 ethanol:water (EtOH:H2O) and fully wiped
down. Following the designed experiment treatment to the cells, the cultured media
in the vessel were transferred into a sterilized tube within the BSC. The media were
then centrifuged at 1500 rpm for 5 minutes at 4 °C to pellet dead cells, after which the
supernatant was transferred to a fresh 1.5mL tube, leaving the pellet behind. Aliquots
of the supernatant (typically 1 mL) were stored at -80 °C for subsequent NMR and MS
analyses. The cells adhered to the culture vessel surface were washed twice with 1 mL
of cold (4 °C) PBS to remove residual media. After each wash, the PBS was discarded.
The cells were then quenched by adding 1 mL of cold filtered methanol (kept on dry ice)
to the culture vessel and allowed to lyse at room temperature for 2 minutes in the BSC.
The lysed cellular material was detached from the culture vessel using a cell scraper or
cell lifter and transferred into a fresh tube. Steps involving methanol quenching and cell
scraping were repeated to maximize metabolite recovery. The resulting suspensions
were dried down using a Centrifugal Vacuum Concentrator (Eppendorf, UK) without
a heat lamp, sealed, and stored at -80 °C.

2.8.2 NMR experiments and data processing

The methanol-quenched cell samples were obtained from the -80 °C freezer and placed
on ice. While keeping the samples on ice, 80 µL of phosphate buffer (kindly offer by
Joshua Green Jenkinson) was added to each sample. The samples were then vortexed
for 30 seconds at full speed to ensure thorough mixing. Subsequently, the samples were
centrifuged at 14,000 rpm (approximately 13,000 g) for 10 minutes. After centrifugation,
50 µL of the supernatant was carefully transferred into 1.7 mm NMR capillary tubes,
which were then capped and labeled for subsequent NMR analysis. The NMR analysis
was done and monitored by Dr Johnathan Swann.
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2.8.3 Data processing

The data processing of NMR was done under the supervison of Dr. Johnathan Swann
and Micheal Harvey. NMR spectral data were processed in Matlab (MATLAB R2018a).
Initially, the spectral data were imported using the spec preproc function, with options
set for phase correction, baseline correction, and referencing to TSP, depending on the
sample type. Uninformative spectral regions, such as those corresponding to water
and other unwanted signals, were removed. The data were then normalized using the
probabilistic quotient normalization (PQN) method to reduce variability due to sample
concentration differences.

To correct for peak shifts across samples, the recursive segment-wise peak alignment
(RSPA) algorithm was applied. This alignment process was further refined manually
using the uiAlignment graphical interface for regions that exhibited significant peak
shifting. Once aligned, the spectral data were plotted and visually inspected to ensure
consistency across all samples.

Subsequent data analysis was carried out using Principal Component Analysis (PCA)
and Orthogonal Signal Correction Partial Least Squares Discriminant Analysis (OPLS-
DA) in MATLAB. Cross-validated PCA (JTPcrossvalidatedPCA.m) was used to exam-
ine data trends and identify potential outliers. For discriminant analysis, OPLS-DA was
performed using mjrMainO2pls.m, and the number of components was selected based
on model validation criteria such as explained variance (R2) and predictive ability (Q2).
Loadings were back-scaled onto the original spectral data to identify key metabolic
markers. Metabolites identification was done according to Chenomx NMR Suite.

2.9 CellTiter-Glo assay

The CellTiter-Glo Luminescent Cell Viability Assay (Promega, UK) was used to assess
ATP production. NHLFs and MRC5 cells were seeded in a 96-well plate at a suitable
density, aiming for 80-90% confluence at measurement. Control wells containing only
DMEM medium were included to determine background luminescence.

Prior to the assay, the CellTiter-Glo reagent was prepared by reconstituting the lyophilized
CellTiter-Glo® Substrate with the appropriate volume of CellTiter-Glo® Buffer, accord-
ing to the manufacturer’s instructions. The reagent was mixed by gentle inversion to
ensure homogeneity.

At the day of measurement, the plate was equilibrated to room temperature for 30 min-
utes. Then, an equal volume of CellTiter-Glo Reagent (100µL) was added to each well,
including experimental and control wells. The plate was gently shaken for 2 minutes
to induce cell lysis and to allow the development of luminescence. Following lysis, the
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plate was incubated at room temperature for 10 minutes to stabilize the luminescent
signal.

Luminescence was measured using a microplate luminometer. The ATP levels, propor-
tional to the number of viable cells, were calculated after subtracting the background
luminescence from the control wells. The data were normalized to protein content in
parallel wells to accurately quantify ATP production in each experimental condition.
The method for protein quantification is adapted from the method for protein quantifi-
cation after Seahorse assay (see section 2.7.3).

2.10 Lactate-Glo assay

The intracellualr and extracellualr lactate was measured using Lactate GloTM Assay kit
(Promega, UK). 10,000 cells per well were plated in a 96-well plate, with control wells
containing only the medium.

For measuring changes in extracellular lactate, at designated experimental time points,
5µL of medium was collected and diluted into 95µL PBS. Samples were either immedi-
ately processed or frozen at –20°C in a well-sealed 96-well plate with an adhesive plate
sealer and plastic lid.

To assess intracellular lactate levels, the cells were washed with cold PBS to avoid con-
tamination from extracellular lactate after collecting cultured medium. All steps were
performed rapidly to minimize alterations in lactate metabolism. Following the PBS
wash, Inactivation Solution (0.6N HCl) was directly added to the wells to lyse the cells,
halt metabolic processes, and inhibit endogenous protein activity, eliminating the need
for centrifugation or deproteinization. This step also destroys reduced NAD(P)H dinu-
cleotides, ensuring accurate intracellular lactate measurement. Afterward, Neutraliza-
tion Solution (1M Tris base) was added to each well to neutralize the sample. Samples
were either assayed immediately using the Lactate-Glo Assay or stored at –20°C for
future analysis.

On the day of the assay, frozen samples were thawed, and 50µL was transferred to a
new 96-well assay plate. An equal volume (50µL) of Lactate Detection Reagent (details
showed in Table.2.11) was added to each well, followed by shaking the plate for 30–60
seconds to ensure proper mixing. After incubating for 60 minutes at room temperature,
luminescence was recorded to assess lactate levels. The final luminance signal was
normalized to the protein amount from the parallele well.



2.11. β-galactosidase staining assay 79

TABLE 2.11: Preparation of Lactate Detection Reagent)

Component Per reaction

Luciferin Detection Solution 50 µL
Reductase 0.25 µL
Reductase Substrate 0.25 µL
Lactate Dehydrogenase 0.25 µL
NAD 0.25 µL

2.11 β-galactosidase staining assay

2.11.1 β-galactosidase staining

For β-galactosidase staining, cells were cultured in 35 mm wells of a 6-well plate. All
volumes described below are for a 35 mm well. Prior to staining, cells were washed
with 2 mL of cold 1× PBS to remove residual growth media. 1 mL of freshly prepared
1X Fixative Solution (diluted from a 10× stock) was added to each well, and cells were
incubated at room temperature for 10–15 minutes to fix. Following fixation, cells were
rinsed twice with 2 mL of cold 1× PBS. At this point, plates could be stored in PBS at
4°C overnight, if necessary.

For staining, a β-galactosidase Staining Solution was prepared by combining 930 µL of
1× Staining Solution, 10 µL of 100× Solution A, 10 µL of 100× Solution B, and 50 µL
of 20 mg/ml X-gal stock solution. The final pH of the staining solution was adjusted to
6.0 (acceptable range: 5.9–6.1) using HCl or NaOH if necessary. The staining solution
was applied to each well (1 mL per well), and the plate was sealed with parafilm to
prevent evaporation. The plates were incubated at 37°C in a dry incubator (without
CO2) overnight (around 14 hours).

The next day, the development of blue staining indicative of β-galactosidase activ-
ity was monitored using a microscope at 200X magnification. After staining, the β-
galactosidase staining solution was removed, and the cells were overlaid with 70%
glycerol for long-term storage at 4°C.

2.11.2 Quantification of β-galactosidase staining positive cells

For the quantification of β-galactosidase staining, each experimental group was per-
formed in triplicate. In each well, 6 representative images were captured using a EVOS
XL core microscope. Each image contained at least 100 cells. The number of positively
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stained cells (blue cells) was manually counted in each image in FIJI, and the ratio of
positive cells to the total number of cells was calculated for each image.

The ratio of β-galactosidase positive cells was determined by the following equation:

Ratio of Positive Cells =
Number of Positive Cells

Total Number of Cells
× 100

The ratios were averaged across the 6 images for each well, and the mean ratio of posi-
tive cells was reported for each group of triplicates. This provided an accurate measure-
ment of the percentage of cells expressing β-galactosidase activity in each experimental
condition.

2.12 Statistical analysis

Experiments were validated with at least two independent repeats. Data are presented
as mean ± SD (standard deviation). Statistical analyses were only performed when at
least three independent biological repeats were available. For comparisons between
two independent groups, a Student’s t-test was applied for parametric data, and for
multiple group comparisons, one-way ANOVA followed by Tukey’s multiple compar-
isons test was used. Statistical significance was defined as P < 0.05, with * indicating
P < 0.05, ** indicating P < 0.01, and *** indicating P < 0.001. In cases where only two
repeats were performed, results are shown descriptively without statistical testing, as
indicated in the corresponding figure legends. Unless otherwise stated, all data anal-
ysis and graph generation were performed using GraphPad Prism (version 9.0–10.0,
GraphPad Software Inc).
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Comprehensive global
transcriptomic analysis in
FIH-depleted human lung
fibroblasts

3.1 Introduction and rationales

IPF is a chronic, progressive fibrotic lung disease marked by excessive extracellular
matrix deposition, leading to impaired lung function and poor prognosis (Martinez
et al., 2017). Its incidence and prevalence vary globally, increasing with age, and is
more commonly diagnosed in men than women. Smoking history is a significant risk
factor. The global incidence of IPF ranges from 1 to 24 per 100,000 individuals, with
prevalence estimates spanning from 3 to 111 per 100,000. The highest rates are reported
in South Korea, Canada, and the United States (Raghu et al., 2006; Behr et al., 2015).

IPF progression is associated with high morbidity and mortality, with a median sur-
vival of 3 to 5 years post-diagnosis. The increasing incidence presents a substantial
health burden, partly due to better diagnostic practices and an aging population. De-
spite advancements in early diagnosis and treatment, current pharmacotherapies such
as nintedanib (Wollin et al., 2014) and pirfenidone (Noble et al., 2011; Raghu et al., 2011;
Chung et al., 2020) can only slow disease progression and are not curative, emphasiz-
ing the need for more effective management strategies.

Recent studies suggest that loss of FIH activity in IPF fibroblasts promotes collagen
post-translational modification and increases tissue stiffness through upregulation of
PLOD2 and LOXL2, indicating that FIH may play a significant role in IPF progression
(Brereton et al., 2022).
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FIH is a critical regulator of HIF-1α, modulating its transcriptional activity through hy-
droxylation (Lando et al., 2002). Beyond HIF-1α, FIH targets various other substrates,
particularly ARD proteins involved in pathways such as NFκB and Notch (Janke et al.,
2013; Cockman et al., 2006; Devries et al., 2010; Cai et al., 2024; Wilkins et al., 2009).
These hydroxylation activities impact numerous biological processes, including gene
expression, cell signaling, metabolism, and cell polarity.

The FIH protein structure contains a DSBH core that binds Fe(II) and 2OG, essential
for catalytic function (McDonough et al., 2005; Hewitson et al., 2007). FIH forms a
homodimer stabilized by C-terminal α-helices, and its activity can be inhibited by hy-
poxia and ROS. Specific residues in FIH are responsible for binding iron, 2OG, and
substrates, thereby influencing catalytic efficiency and specificity (Elkins et al., 2003;
Lancaster et al., 2004; Mansfield et al., 2005).

FIH has been implicated in various diseases through its regulation of HIF and non-HIF
pathways. In cancer (e.g., colon, breast, renal cell carcinoma), FIH activity influences tu-
mor growth, cell proliferation, apoptosis, and hypoxia pathway regulation (Table.1.3).

Bulk RNA sequencing is a preferred method for transcriptomic analysis of pooled cell
populations, tissue sections, or biopsies. Following raw data interpretation and nor-
malization, analyses such as GSVA (Hänzelmann et al., 2013) and GO analysis (Con-
sortium, 2019) provide insights into transcriptomic alterations after treatment.

Currently, there is limited data on the transcriptomic profile of FIH-depleted lung fi-
broblasts. Given FIH’s broad range of substrates and multifaceted regulatory roles in
both health and disease, further investigation is needed to understand its function and
therapeutic potential. This chapter analyses bulk RNA sequencing data from human
lung fibroblasts with FIH loss induced by either CRISPR-Cas9 or siRNA.
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3.2 Aim and objectives

3.2.1 Aim

The aim of this study is to investigate the role of FIH in the regulation of cellular pro-
cesses related to pulmonary fibrosis, by performing a comprehensive transcriptomic
analysis on FIH-depleted human lung fibroblasts (MRC5 cells) and mouse embryonic
fibroblasts (MEFs). Through the comparison of FIH KO via CRISPR-Cas9 and KD via
siRNA, this study seeks to uncover the impact of FIH loss on gene expression profiles
and the associated biological pathways involved in fibrosis progression.

3.2.2 Objectives

1. characterise transcriptional changes in FIH-Depleted MRC5 Cells:

• Perform bulk RNA sequencing on FIH KO and siFIH KD MRC5 cells to iden-
tify DEGs and characterise transcriptional changes through PCA, heatmaps,
and volcano plots.

2. Identify Enriched Biological Processes Affected by FIH Depletion:

• Use GO analysis, hallmark pathway enrichment, and GSVA to determine
enriched biological processes affected by FIH loss in fibroblasts.

3. Compare the Effects of FIH KO vs. KD in MRC5 Cells:

• Assess the differences between FIH KO via CRISPR-Cas9 and FIH KD via
siRNA to determine the specific impact of each method on the transcrip-
tional landscape and the associated biological processes in human lung fi-
broblasts.

4. Examine the Cross-Species Transcriptomic Changes in FIH-Depleted Cells:

• Conduct comparative GO analysis between FIH KO MRC5 cells and FIH KO
MEFs to explore how FIH depletion differentially affects human lung fibrob-
lasts and mouse fibroblasts, highlighting any conserved or species-specific
pathways involved in cellular function and fibrosis.

By achieving these objectives, this study aims to provide a deeper understanding of the
molecular mechanisms through which FIH influences fibrosis, potentially offering new
perspectives on therapeutic interventions for fibrotic diseases.
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3.3 Results

3.3.1 Global transcriptomic changes in FIH knocked-out MRC5 cells

We utilized CRISPR-Cas9 to knock out (KO) HIF1AN (FIH) in MRC5 cells.

After confirming the knockout efficiency, we selected the second strain of the cell line,
along with control cells, for further experimentation. RNA samples from both FIH
wildtype and FIH KO MRC5 cells were subjected to bulk RNA sequencing. Princi-
pal component analysis (PCA), a dimensionality reduction method, was applied to
the RNA sequencing data to visualize the overall data structure and identify patterns
of variation among the samples. This analysis revealed that lung fibroblast samples
clustered into two distinct groups (Figure.3.1 A). Following normalization of the raw
expression data, we identified 4,749 differentially expressed genes (DEGs) with signifi-
cant differential expression (Adjusted P-value < 0.05), including 2,300 upregulated and
2,449 downregulated genes, as depicted in the volcano plot (Figure.3.1 B).

A B

FIGURE 3.1: Gene expression changes in FIH KO MRC5 cells

(A) PCA plot of gene expression data obtained via RNA-seq data for three biological
replicates corresponding to the samples from FIH WT and KO MRC5 cells. (B) Volcano
plot showing up and down-regulated DEGs in FIH KO MRC5 cells. Red dots repre-
sent up-regulated DEGs (Log2Foldchange > 0.5) , blue dots represent down-regulated
DEGs (Log2Foldchange < -0.5) and grey dots represent no significant changed DEGs.

To further investigate the impact of FIH depletion in MRC5 cells, we utilized Metas-
cape (Zhou et al., 2019) to perform GO term enrichment analysis on the upregulated
and downregulated DEGs. The analysis was conducted using a threshold of adjusted
P value < 0.05 and |Log2Foldchange| > 0.5. For the upregulated DEGs, the analysis
identified 1,163 GO terms with a Log P value < -2, which were categorized into Bio-
logical Process (823 items), Cellular Component (200 items), and Molecular Function
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(140 items). The top 10 enriched GO terms in each category are presented in a bub-
ble plot (Figure. 3.2 A). The enriched GO terms suggest that FIH depletion primarily
upregulates the synthesis and transportation of intracellular proteins within the Bio-
logical Process category, with most of these proteins localized to organelle membranes
as indicated by the Cellular Component category, and involved in protein kinase bind-
ing or activity according to the Molecular Function category. Additionally, a Treemap
analysis of the top 50 Biological Process GO terms indicates that they are predominantly
associated with metabolic processes and cellular localization (Figure. 3.3 A). These find-
ings suggest that FIH depletion plays a significant role in the upregulation of protein
degradation, localization, and activity within the cell, processes largely associated with
post-translational modifications.

For the downregulated DEGs, the analysis identified 2,094 GO terms, categorized into
Biological Process (1,612 items), Cellular Component (233 items), and Molecular Func-
tion (249 items). The top 10 enriched GO terms in each category are presented in a bub-
ble plot (Figure. 3.2 B). The results indicate that FIH depletion predominantly down-
regulates biological processes involved in cell division and proliferation. According to
the Cellular Component GO terms, most of the affected DEGs are localized to the cell
chromosome, while the Molecular Function category highlights chromatin/transcrip-
tion factor binding and ATP-dependent catalytic activity. The Treemap analysis of the
top 50 Biological Process GO terms for downregulated DEGs primarily focuses on cel-
lular processes and metabolic processes (Figure. 3.3 B). These results suggest that FIH
depletion can significantly downregulate biological processes related to cell prolifera-
tion.

GSVA is an unsupervised Gene Set Enrichment (GSE) method that assesses variations
in pathway activity across a sample population (Hänzelmann et al., 2013). The Hall-
mark collection, comprising fifty gene sets, succinctly represents distinct biological
states or processes with coherent expression profiles (Liberzon et al., 2015). This collec-
tion was chosen to further analyse our RNA-seq data. We calculated the average GSVA
scores for each group and presented the results in a heatmap (Figure.3.4). The heatmap
demonstrates that in FIH KO MRC5 cells, gene sets linked to proliferation—such as
E2F Targets (P = 1.02 ×10−6, Difference (FIH KO - FIH WT) = −0.998) , G2M Check-
point (P = 1.34 ×10−5, Difference = −0.924) MYC Targets V1 (P = 2.76 × 10−2, Difference
= −0.516), MYC Targets V2 (P = 4.73 ×10−3, Difference = −0.695), and Mitotic Spindle
(P = 4.18 ×10−3, Difference = −0.462) (Liberzon et al., 2015)—were markedly down-
regulated. These findings align with the GO term enrichment analysis of downreg-
ulated DEGs. Additionally, the downregulation of TGF-β Signaling (P = 2.36 ×10−2,
Difference = −0.427) and Epithelial-Mesenchymal Transition (P = 1.01 ×10−3, Difference
= −0.327), both critical in lung fibrosis, was observed. Conversely, gene sets associated
with metabolic processes were upregulated after FIH depletion, corroborating the re-
sults from our GO term enrichment analysis.
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FIGURE 3.2: GO enrichment analysis of DEGs in FIH KO MRC5 cells
Scatter plot showing enriched Gene Ontology (GO) terms from three categories (BP, bi-
ological process; CC, cellular component; and MF, molecular function) of upregulated
DEGs (A) and downregulated DEGs (B) in FIH KO MRC5 cells. DEGs are the genes
with adjust p value < 0.05 and |Log2Foldchange| > 0.5. The sizes of circles represent
gene counts, and the colours of circles represent the -Log10 of the P-value. GO enrich-
ment analysis was conducted in Metascape(https://metascape.org/).
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A

B

FIGURE 3.3: Treemap of top 50 biological process GO terms for DEGs in FIH knock-
out MRC5 cells

The treemap shows the Top50 Biological Process GO)terms enriched in upregulated
DEGs (A) and downregulated DEGs (B) in FIH-depleted MRC5 cells. Each rectangle
corresponds to a specific GO term and is nested under its parent GO term. The size of
the rectangles is determined by the number of genes (Rich.ratio) associated with each
GO term, while the color represents the LogP, with darker colors indicating greater
statistical significance.
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FIGURE 3.4: Hallmark pathway GSVA score in WT and FIH KO MRC5 cells
Heatmap showing the average hallmark GSVA score in WT and FIH KO MRC5 cells.
GSVA, gene set variation analysis. * P < 0.05, ** P < 0.01, *** P < 0.001 by Student’s
t-test.
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3.3.2 Global transcriptomic changes in siRNA-mediated FIH knocked-down
(siFIH) MRC5 cells

To further confirm our observations in FIH KO MRC5 cells, we transfected MRC5 cells
with siRNA targeting HIF1AN for 48 hours, followed by RNA extraction and sequenc-
ing (Sample preparation courtesy of Dr. Liudi Yao). PCA plot revealed that the lung
fibroblast samples segregated into two distinct clusters (Figure. 3.5 A). Upon normal-
izing the raw expression data, we identified 7,452 DEGs exhibiting significant differen-
tial expression (adjusted P value < 0.05), with 3,707 genes upregulated and 3,745 genes
downregulated, as depicted in the volcano plot (Figure. 3.5 B).

A B

FIGURE 3.5: Gene expression changes in siFIH MRC5 cells

(A) PCA plot of gene expression data obtained via RNA-seq data for three biological
replicates corresponding to the samples from control and siFIH MRC5 cells. (B) Volcano
plot showing up and down-regulated DEGs in siFIH MRC5 cells. Red dots represent
up-regulated DEGs (Log2Foldchange > 0.5), blue dots represent down-regulated DEGs
(Log2Foldchange < -0.5) and grey dots represent no significant changed DEGs.

As in the previous analysis, we employed Metascape to conduct GO term enrichment
analysis for both upregulated and downregulated DEGs. For the upregulated DEGs,
759 GO terms were identified. These terms were categorized into Biological Process
(640 items), Cellular Component (37 items), and Molecular Function (82 items). The
top 10 enriched GO terms in each category are presented in a bubble plot (Figure. 3.6
A) and detailed in the accompanying table. The enrichment analysis revealed that FIH
knockdown predominantly induced responses to oxygen levels and cell locomotion
within the Biological Process category, with most genes localized to cell-cell junctions in
the Cellular Component category and involved in signaling receptor binding or activity
in the Molecular Function category. The Treemap analysis further demonstrated that
the parental GO terms of the top 50 Biological Process GO terms were associated with
responses to stimuli and locomotion (Figure. 3.7 A). These findings suggest that FIH
knockdown induces cellular responses to oxygen levels, likely due to FIH’s role as an
enzyme that inhibits HIF activity, and promotes cellular locomotion.
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For the downregulated DEGs, 783 GO terms were identified, categorized into Biolog-
ical Process (597 items), Cellular Component (108 items), and Molecular Function (78
items). The top 10 enriched GO terms in each category are depicted in a bubble plot
(Figure. 3.6 B) and detailed in the table. The analysis indicated that FIH depletion
primarily downregulates biological processes related to the cell cycle and metabolism,
with most DEGs localized to the extracellular matrix according to Cellular Compo-
nent GO terms and associated with protein kinase activity in the Molecular Function
category. The Treemap analysis of the top 50 Biological Process GO terms for down-
regulated DEGs highlighted a focus on metabolic processes, regulation of biological
processes, and localization (Figure. 3.7 B). These results suggest that FIH knockdown
mitigates cell cycle progression and cellular metabolism.

The Hallmark GSVA score indicates that in siFIH MRC5 cells, several gene sets asso-
ciated with proliferation were significantly decreased, including E2F Targets (P = 1.65
×10−2, Difference = −0.34) and G2M Checkpoint (P = 5.37 ×10−2, Difference = −0.332)
(Figure. 3.8). This finding is consistent with the GO term enrichment results for down-
regulated DEGs. Additionally, some gene sets related to metabolism, such as Choles-
terol Homeostasis (P = 1.34 ×10−4, Difference = −0.642), Fatty Acid Metabolism (P = 0.386
, Difference = 7.78 ×10−2), Bile Acid Metabolism (P = 6.64 ×10−2, Difference = −0.214),
and Xenobiotic Metabolism (P = 0.669, Difference = 2.11 ×10−2), were also decreased,
although these changes were not statistically significant. Conversely, gene sets related
to signaling pathways, including Hypoxia (P = 7.96 ×10−2, Difference = 0.284), Notch
Signaling (P = 0.107, Difference = 0.245), and TNFα Signaling via NFκB (P = 1.18 ×10−3,
Difference = 0.532), were increased following FIH knockdown in MRC5 cells.
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FIGURE 3.6: GO enrichment analysis of DEGs in siFIH MRC5 cells
Scatter plot showing enriched GO terms from three categories (BP, biological process;
CC, cellular component; and MF, molecular function) of upregulated DEGs (A) and
downregulated DEGs (B) in siFIH MRC5 cells. DEGs are the genes with adjust p value
< 0.05 and |Log2Foldchange| > 0.5. The sizes of circles represent gene counts, and
the colours of circles represent the -Log10 of the P-value. GO enrichment analysis was
conducted in Metascape(https://metascape.org/).
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FIGURE 3.7: Treemap of top 50 biological process GO terms for DEGs in siFIH
MRC5 cells

The treemap shows the Top50 Biological Process GO terms enriched in upregulated
DEGs (A) and downregulated DEGs (B) in siFIH MRC5 cells. Each rectangle corre-
sponds to a specific GO term and is nested under its parent GO term. The size of the
rectangles is determined by the number of genes (Rich.ratio) associated with each GO
term, while the color represents the LogP, with darker colors indicating greater statisti-
cal significance.
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FIGURE 3.8: Hallmark pathway GSVA score in control and siFIH MRC5 cells
Heatmap showing the average hallmark GSVA score in control and siFIH MRC5 cells.
GSVA, gene set variation analysis. *P < 0.05, ∗∗ P < 0.01, ∗ ∗ ∗ P < 0.001 by Student’s
t-test.
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3.3.3 Global transcriptomic changes in siRNA-mediated FIH knocked-down
(siFIH) normal human lung fibroblasts (NHLFs)

Although MRC5 cell line is widely used in the lung fibrosis studies, primary human
lung fibroblasts may be a more physiologically accurate model of lung fibroblast be-
haviour. So we transfected siRNA targeting HIF1AN into human normal lung fibrob-
lasts and extracted RNA samples foe bulk RNA sequencing (sample preparation was
done by Dr. Liudi Yao). Due to some technical issues, there were only 2 repeats in each
group. PCA plot reveals that lung fibroblast samples clustered in 2 different groups
(Figure. 3.9 A). After normalizing the raw expression data, we identified 6046 DEGs
with a significant differential expression (Adjust P value < 0.05), of which 3084 genes
were upregulated and 2962 genes were downregulated as the volcano plot shows (Fig-
ure. 3.9 B).

A B

FIGURE 3.9: Gene expression changes in NHLFs after FIH depletion

(A) PCA plot of gene expression data obtained via RNA-seq data for biological dupli-
cates corresponding to the samples from control and siFIH NHLFs cells. (B) Volcano
plot showing up and down-regulated DEGs in siFIH NHLFs cells. Red dots represent
up-regulated DEGs (Log2Foldchange > 0.5), blue dots represent down-regulated DEGs
(Log2Foldchange < -0.5) and grey dots represent no significant changed DEGs.

We also used Metascape to perform GO term enrichment analysis for upregulated
DEGs and downregulated DEGs with a threshold of an adjusted P value less than 0.05
and |Log2Foldchange| > 0.5. From upregulated DEGs, the results retrieved 723 GO
terms. The GO terms were further grouped into Biological Process (589 items), Cellular
Component (53 items) and Molecular Function (81 items). Top 10 enriched GO terms
of each category were displayed in the bubble plot (Figure. 3.10 A) and the table. Sim-
ilar with the GO term enrichment result in MRC5 cells with knocked-down FIH, the
enriched result shows that knocking down of FIH mainly induced the response to oxy-
gen levels and cell locomotion in Biological Process, most of them located on cell-cell
junction and cell membrane in Cellular Component, signaling receptor/ protein kinase
binding or activity in Molecular Function. Also, the Treemap clearly showed that the
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parental GO terms of top50 Biological Process GO terms were related to the response
to stimulus and regulation of biological process (Figure. 3.11 A). These results indicate
knockdown of FIH can induce cellular response to oxygen level and cellular locomo-
tion in human primary lung fibroblasts.

From downregulated DEGs, the results retrieved 873 GO terms. The GO terms were
further grouped into Biological Process (688 items), Cellular Component (102 items)
and Molecular Function (83 items). Top 10 enriched GO terms of each category were
displayed in the bubble plot (Figure. 3.10 B) and the table. The results showed that
FIH depletion can mainly downregulate the biological process involved in extracellular
matrix regulation and cell cycle, most of the DEGs are located at the cellular organelle
membrane according to the Cellular Component GO terms, protein kinase binding/ac-
tivity in Molecular Function. The Treemap demonstrate Top 50 BP GO terms for down-
regulated DEGs mainly focus on metabolic process and regulation of biological process
(Figure. 3.11 B). These results indicate knockingdown of FIH in primary human lung
fibroblasts can mitigate cell cycle, cellular metabolism and extracellular matrix organi-
sation.
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FIGURE 3.10: GO enrichment analysis of DEGs in siFIH NHLFs
Scatter plot showing enriched GO terms from three categories (BP, biological process;
CC, cellular component; and MF, molecular function) of upregulated DEGs (A) and
downregulated DEGs (B) in siFIH NHLFs. DEGs are the genes with adjust p value
< 0.05 and |Log2Foldchange| > 0.5. The sizes of circles represent gene counts, and
the colours of circles represent the -Log10 of the P-value. GO enrichment analysis was
conducted in Metascape(https://metascape.org/).
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FIGURE 3.11: Treemap of top 50 biological process GO terms for DEGs in siFIH
NHLFs

The treemap shows the Top50 Biological Process GO terms enriched in upregulated
DEGs (A) and downregulated DEGs (B) in siFIH NHLFs. Each rectangle corresponds
to a specific GO term and is nested under its parent GO term. The size of the rectangles
is determined by the number of genes (Rich.ratio) associated with each GO term, while
the color represents the LogP, with darker colors indicating greater statistical signifi-
cance.
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After analysing RNA sequencing data from MRC5 cells and NHLFs, we observed that
the results from these two cell lines were remarkably similar. To further explore this
similarity, we performed a Venn diagram analysis using Biological Process (BP) GO
terms enriched in upregulated DEGs from both datasets (Figure. 3.12A). The Venn plot
revealed 367 common BP GO terms between siFIH MRC5 cells and siFIH NHLFs. The
top 10 ranked GO terms were primarily associated with cell migration/locomotion and
response to stimuli, as illustrated in the bubble plot (Figure. 3.12B). Additionally, in the
BP GO terms enriched in downregulated DEGs, we identified 420 common BP GO
terms, with the top 10 ranked GO terms related to the regulation of the cell cycle.

These findings suggest that FIH knockdown regulates cell migration and response to
hypoxia while simultaneously mitigating cell cycle regulation in both MRC5 cells and
NHLFs. For a comprehensive comparison, we will proceed with further analysis using
data from MRC5 cells and use data from NHLFs for confirmation purposes.
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FIGURE 3.12: Common enriched biological process GO terms in upregulated DEGs
of siFIH MRC5 cells and NHLFs

(A) Venn diagram showing 367 common BP GO terms enriched in upregulated DEGs in
the two datasets; (B) Bubble plot depicting the top 25 BP GO terms from the common
GO terms in the two datasets. GO BP terms are ranked according to their -Log10 P-
value. The sizes of the circles represent gene counts, while the colors of the circles
indicate the -Log10 P-value. GO enrichment analysis was performed using Metascape
(https://metascape.org/).
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FIGURE 3.13: Common enirched biological process GO terms in downregulated
DEGs of siFIH MRC5 cells and NHLFs

(A) Venn diagram showing 420 common BP GO terms enriched in downregulated
DEGs in the two datasets; (B) Bubble plot depicting the top 25 BP GO terms from
the common GO terms in the two datasets. GO BP terms are ranked according to
their -Log10 P-value. The sizes of the circles represent gene counts, while the colors
of the circles indicate the -Log10 P-value. GO enrichment analysis was performed us-
ing Metascape (https://metascape.org/).
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3.3.4 Global transcriptomic changes in FIH knocked-out MEFs

To validate our findings in FIH KO MRC5 cells, we searched for other studies which use
FIH KO cell lines and finally we found a microarray data set GSE20335 (Zhang et al.,
2010). Zhang and colleagues conditionally knocked out in Mouse Embryonic Fibrob-
lasts (MEFs) and extracted RNA samples for microarray analysis. PCA revealed that
MEF samples clustered in 2 different groups (Figure. 3.14 A). After gene expression ma-
trix analysis, we identified 648 DEGs with a significant differential expression (Adjust
P value < 0.05), of which 198 genes were upregulated and 450 genes were downregu-
lated as the volcano plot shows (Figure. 3.14 B).

A B

FIGURE 3.14: Gene expression changes in FIH KO MEFs

(A) PCA plot of gene expression data obtained via RNA-seq data for three biological
replicates corresponding to the samples from FIH WT and KO MEFs (GSE20335). (B)
Volcano plot showing up and down-regulated DEGs in FIH KO MEFs. Red dots repre-
sent up-regulated DEGs (Log2Foldchange > 0.5), blue dots represent down-regulated
DEGs (Log2Foldchange < -0.5) and grey dots represent no significant changed DEGs.

In the GO term enrichment analysis, Metascape identified 28 GO terms from the up-
regulated DEGs with a Logq value threshold of < -2. These GO terms were further
classified into Biological Process (24 items), Cellular Component (3 items), and Molec-
ular Function (1 item). The top-ranked enriched GO terms from each category are dis-
played in the bubble plot (Figure. 3.15 A) and detailed in the accompanying table. The
enrichment analysis revealed that FIH depletion primarily upregulated processes re-
lated to morphogenesis within the Biological Process category, extracellular matrix in
the Cellular Component category, and extracellular matrix structural constituent in the
Molecular Function category. Additionally, the Treemap analysis clearly showed that
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the parental GO terms for all Biological Process GO terms were associated with devel-
opmental processes and locomotion (Figure. 3.16 A). These findings suggest that FIH
depletion primarily induces the regulation of morphogenesis in MEFs.

From the downregulated DEGs, 301 GO terms were identified. These were grouped
into Biological Process (275 items), Cellular Component (4 items), and Molecular Func-
tion (22 items). The top 10 enriched GO terms from each category are presented in the
bubble plot (Figure. 3.15 B) and summarized in the table. The results indicated that
FIH depletion mainly downregulates processes related to skeletal system development
and ECM organisation in the Biological Process category. Most of the DEGs were lo-
cated in the ECM according to the Cellular Component GO terms, while the Molecular
Function category primarily involved signaling receptor regulator or activator activ-
ity. The Treemap analysis of the top 50 BP GO terms for downregulated DEGs further
demonstrated that the majority of these terms belonged to the developmental process
category (Figure. 3.16 B). These findings suggest that FIH depletion downregulates bi-
ological processes related to cell proliferation.

These results indicate that FIH depletion consistently downregulates pathways involved
in proliferation and key signaling processes, while upregulating pathways related to
morphogenesis, extracellular matrix organisation, and apoptosis, revealing FIH’s cru-
cial role in cellular development and regulatory mechanisms.
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FIGURE 3.15: GO enrichment analysis of DEGs in FIH KO MEFs
Scatter plot showing enriched GO terms from three categories (BP, biological process;
CC, cellular component; and MF, molecular function) of upregulated DEGs (A) and
downregulated DEGs (B) in FIH KO MRC5 cells. DEGs are the genes with adjust P
value < 0.05 and |Log2Foldchange| > 0.5. The sizes of circles represent gene counts,
and the colours of circles represent the -Log10 of the P-value. GO enrichment analysis
was conducted in Metascape (https://metascape.org/).



108 Chapter 3

A

B

FIGURE 3.16: Treemap of biological process GO terms for DEGs in FIH knockout
MEFs

The treemap shows the Biological Process GO terms enriched in upregulated DEGs (A)
and downregulated DEGs (B) in FIH-depleted MEFs. Each rectangle corresponds to a
specific GO term and is nested under its parent GO term. The size of the rectangles is
determined by the number of genes (Rich.ratio) associated with each GO term, while
the color represents the LogP, with darker colors indicating greater statistical signifi-
cance.
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3.3.5 Comparison and analysis among different datasets

After analysing three bulk RNA sequencing datasets and one microarray dataset, we
observed both common and distinct effects of FIH depletion. We want to do compari-
son of hallmark pathway enrichment among these four datasets, as well as comparison
between different genetic depletion methods (siRNA and CRISPR-cas9) and compari-
son between human and mice transcriptome after loss of FIH.

Comparative effects of FIH depletion in MRC5 fibroblasts via RNAi and CRISPR-
Cas9

To quantify these effects, we calculated the GSVA score difference (average GSVA score
of the FIH-depleted group minus the average score of the WT or control group) and
indicated statistical significance with an asterisk (*), as shown in the heatmap (Fig-
ure. 3.17).

Loss of function for a gene can be achieved through RNA interference or CRISPR-Cas9
knockout, each with specific advantages and limitations. In MRC5 fibroblasts, we ob-
served both common and divergent effects of FIH depletion using these approaches.
Both RNAi and CRISPR-Cas9 reduced pathways related to the cell cycle and prolifer-
ation, including E2F Targets, G2M Checkpoint, Mitotic Spindle, and MYC Targets V1 and
V2.

By contrast, several metabolic pathways displayed opposing regulation between the
two approaches. Pathways such as Protein Secretion, Peroxisome, and Oxidative Phospho-
rylation showed a trend toward upregulation in CRISPR-Cas9 knockout cells but were
suppressed following RNAi-mediated knockdown, while others (e.g., Heme Metabolism,
Fatty Acid Metabolism) showed less consistent changes. These differences suggest context-
dependent effects of acute versus stable FIH loss on metabolic programs. This suggests
that stable FIH knockout may enhance metabolic activity, whereas transient knock-
down suppresses it. The lack of significant changes in glycolysis and the contrasting
effects on other metabolic pathways warrant further investigation.

Additionally, signalling pathways such as Hypoxia, TGF-β Signaling, and TNFα Signal-
ing via NFκB were downregulated in CRISPR-Cas9 knockout cells but upregulated in
RNAi-treated fibroblasts. Finally, several pathways were consistently downregulated
across both methods, including Estrogen Response Early, Estrogen Response Late, MYC
Targets V1 and V2, IL6-JAK-STAT3 Signaling, and IL2-STAT5 Signaling.
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FIGURE 3.17: Hallmark pathway enrichment score comparison among four different
RNA sequencing datasets

Heatmap showing the average hallmark GSVA average score difference (Average
GSVA score of FIH KO/siFIH group – average GSVA score of WT/control group) be-
tween two different datasets analysed in previous subsections. GSVA, gene set varia-
tion analysis. *P < 0.05, ***P < 0.01, ***P < 0.001 by Student’s t-test.
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We sought to identify common transcriptional changes resulting from two different
methods of FIH depletion in MRC5 cells: gene knockout using CRISPR-Cas9 and gene
knockdown via siRNA transfection. To achieve this, we compared the enriched bio-
logical process GO terms associated with upregulated DEGs in each dataset. The Venn
plot shows that 256 BP GO terms are shared between the two datasets (Figure. 3.18 A).
The bubble plot displays the top 25 biological process (BP) GO terms from the com-
mon GO terms identified in both datasets (Figure. 3.18 B). Notably, Response to decreased
oxygen levels, Response to hypoxia, and several GO terms related to cellular response to
stimuli were among the most enriched in the siFIH MRC5 dataset. These terms also
appeared in the FIHKO MRC5 dataset, though they did not rank within the top 25
BP GO terms. This suggests that both FIH knockdown and knockout can activate the
HIF pathway even under normoxic conditions, with a noticeably stronger response ob-
served in siFIH MRC5 cells. BP GO terms related to cellular migration, such as positive
regulation of cell migration, positive regulation of locomotion, and positive regulation of cell
motility, were prominently featured in both datasets. Overall, the common GO terms
in the FIH KO and siFIH datasets are involved in various biological processes, includ-
ing cellular migration/localization and cellular metabolism, though the significance of
most GO terms differs considerably between the two datasets.

In FIH KO MRC5 cells, among the 25 distinct upregulated GO terms identified, the
most prominently enriched include cytoplasmic translation, peptide metabolic process,
translation, amide biosynthetic process, peptide biosynthesis, membrane organisation,
Golgi vesicle transport, regulation of autophagy, and localization within membranes.
These top GO terms suggest a strong activation of pathways related to protein synthe-
sis, membrane dynamics, and cellular transport. Such enrichment highlights that FIH
knockout has a significant impact on processes driving protein production, autophagy
regulation, and membrane organisation within the cells (Figure.3.19 A). While in siFIH
MRC5 cells, the upregulation of GO terms such as inflammatory response, cellular re-
sponse to cytokine stimulus, response to lipopolysaccharide, cytokine-mediated signal-
ing pathway, chemotaxis, taxis, cellular response to lipid, locomotion, and regulation
of leukocyte migration indicates a heightened inflammatory and immune response in
the cells. This suggests that pathways involved in responding to cytokines, lipids, and
other inflammatory stimuli are significantly activated. Additionally, the increase in pro-
cesses related to cell movement, such as chemotaxis and leukocyte migration, points to
enhanced cellular motility and immune cell recruitment, highlighting a potential role
in mediating immune responses and inflammation within the affected cells (Figure.3.19
B).

After analysing the upregulated GO terms, we also examined the downregulated GO
terms across both datasets. A total of 387 commonly enriched downregulated GO terms
were identified in both FIH KO and siFIH MRC5 cells (Figure.3.20 A). Among the top
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common terms were processes such as the mitotic cell cycle, cell division, and regula-
tion of the cell cycle, indicating that the loss of FIH significantly suppresses pathways
related to cell cycle progression and mitosis (Figure. 3.20 B).

The downregulation of these pathways suggests that FIH is crucial for promoting cell
cycle activity and division, and its depletion impairs cell proliferation, potentially hin-
dering cell growth and renewal. This decrease in mitotic activity could affect cellular
responses to stress, tissue regeneration, or development in FIH-dependent tissues.

To explore differences in downregulated pathways between the two datasets, we fur-
ther analysed unique GO terms. In FIH KO MRC5 cells, processes maintaining genome
stability, gene expression regulation, and chromatin structure—such as DNA metabolic
regulation, chromatin organisation, mRNA processing, DNA recombination, and RNA
localization—were among the most affected (Figure.3.21 A). This suggests that FIH KO
impairs DNA repair, reduces gene transcription activity, disrupts chromatin remodel-
ing, and potentially decreases cellular proliferation and genomic integrity.

In contrast, siFIH MRC5 cells showed downregulation of processes linked to lipid
metabolism and homeostasis, including membrane lipid metabolism, alcohol metabolism,
and lipid biosynthesis and transport (Figure.3.21 B). These alterations may disrupt lipid
biosynthesis and catabolism, impair lipid signaling, reduce energy production from
lipids, and compromise membrane structure and function—all of which are vital for
maintaining cellular integrity and proper signaling.
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FIGURE 3.18: Comparison of upregulated biological process GO term between FIH
knocked out MRC5 cells and knocked down MRC5 cells

(A) Venn diagram showing 256 common upregulated BP GO terms enriched in the
two datasets; (B) Bubble plot depicting the top 25 BP GO terms from the common
GO terms in the two datasets. GO BP terms are ranked according to their -Log10 P-
value. The sizes of the circles represent gene counts, while the colors of the circles
indicate the -Log10 P-value. GO enrichment analysis was performed using Metascape
(https://metascape.org/).
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FIGURE 3.19: Top 25 upregulated biological process GO terms unique to FIH KO
and siFIH MRC5 cells

Bubble plot showing top 25 BP GO terms enriched in upregulated DEGs unique to FIH
KO MRC5 cells (A) and siFIH MRC5 cells (B). GO BP terms are ranked according to
their -Log10 P-value. The sizes of the circles represent gene counts, while the colors of
the circles indicate the -Log10 P-value. GO enrichment analysis was performed using
Metascape (https://metascape.org/).
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FIGURE 3.20: Comparison of downregulated biology process GO term between FIH
knocked out MRC5 cells and FIH knocked down MRC5 cells

(A) Venn diagram showing 387 common downregulated BP GO terms enriched in the
two datasets; (B) Bubble plot depicting the top 25 BP GO terms from the common
GO terms in the two datasets. GO BP terms are ranked according to their -Log10 P-
value. The sizes of the circles represent gene counts, while the colors of the circles
indicate the -Log10 P-value. GO enrichment analysis was performed using Metascape
(https://metascape.org/).
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FIGURE 3.21: Top 25 downregulated biological process GO terms unique to FIH KO
and siFIH MRC5 cells

Bubble plot showing top 25 BP GO terms unique enriched in downregulated DEGs
unique to FIH KO MRC5 cells (A) and siFIH MRC5 cells (B). GO BP terms are ranked
according to their -Log10 P-value. The sizes of the circles represent gene counts, while
the colors of the circles indicate the -Log10 P-value. GO enrichment analysis was per-
formed using Metascape (https://metascape.org/).
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After comparing the effects of FIH depletion via CRISPR-Cas9 and siRNA, we also
examined the similarities and differences between FIH KO human lung fibroblasts
(MRC5) and MEFs. Due to the limited number of upregulated DEGs in FIH KO MEFs,
only 8 common GO terms were identified between the two datasets. These included
tube morphogenesis, tissue morphogenesis, morphogenesis of an epithelium, extracel-
lular matrix organisation, extracellular structure organisation, external encapsulating
structure organisation, skeletal system development, and connective tissue develop-
ment. The upregulation of these processes suggests an enhanced role in tissue remod-
eling and structural organisation, particularly in shaping tissues, developing epithelial
layers, and organising the ECM, indicating that FIH loss may promote processes re-
lated to tissue formation and structural development (Figure.3.22 A).

In FIH KO MRC5 cells, distinct upregulated GO terms are consistent with those dis-
cussed previously, highlighting processes related to protein production, autophagy
regulation, and membrane organisation (Figure.3.23 A). In contrast, MEFs with FIH
knockout showed a significant upregulation in developmental processes, including
embryonic limb morphogenesis, appendage morphogenesis, limb development, and
skeletal system morphogenesis. These processes are associated with limb patterning,
appendage growth, and skeletal structure formation, suggesting that FIH loss in MEFs
influences pathways involved in embryonic development and morphogenesis (Fig-
ure.3.23 B).

There are 227 common enriched downregulated GO terms between the two datasets
(Figure.3.24 A). Among them, tube morphogenesis, positive regulation of cell migra-
tion, skeletal system development, tissue morphogenesis, positive regulation of loco-
motion, and cell motility are linked to cellular movement, tissue organisation, and de-
velopmental processes. The downregulation of these terms suggests a reduction in
pathways governing cell migration, tissue formation, and skeletal development. This
indicates that FIH depletion may impair cellular motility and tissue structuring, po-
tentially disrupting normal tissue remodeling and developmental pathways in both
human and mice cells (Figure.3.24 B).

As previously shown, in FIH KO MRC5 cells, the top distinct downregulated GO terms
are related to cellular proliferation and genomic integrity maintenance (Figure.3.25 A).
In contrast, in MEFs, the loss of FIH leads to the downregulation of processes such
as embryonic skeletal system development, anterior/posterior pattern specification,
nephron epithelium development, renal tubule development, and regulation of hor-
mone levels. This suggests a decrease in early developmental pathways, organ forma-
tion, and hormonal balance. Specifically, these changes may reflect impaired skeletal
patterning, disrupted kidney development (including nephron and renal tubule forma-
tion), and altered hormone regulation, potentially affecting embryonic development,
organ structure, and physiological processes dependent on hormone signaling (Fig-
ure.3.25 B).
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FIGURE 3.22: Comparison of upregulated biological process GO term between FIH
knocked out MRC5 cells and FIH knocked out MEFs

(A) Venn diagram showing 8 common upregulated BP GO terms enriched in the two
datasets; (B) Bubble plot depicting the 8 common BP GO terms in the two datasets. GO
BP terms are ranked according to their -Log10 P-value. The sizes of the circles represent
gene counts, while the colors of the circles indicate the -Log10 P-value. GO enrichment
analysis was performed using Metascape (https://metascape.org/).



3.3. Results 119

A

B

FIGURE 3.23: Top ranked upregulated biological process GO terms unique to FIH
KO MRC5 Cells and FIH KO MEFs

Bubble plot showing top 25 BP GO terms enriched in upregulated DEGs unique to
FIH KO MRC5 cells (A) and top 16 unique to FIH KO MEFs (B). GO BP terms are
ranked according to their -Log10 P-value. The sizes of the circles represent gene counts,
while the colors of the circles indicate the -Log10 P-value. GO enrichment analysis was
performed using Metascape (https://metascape.org/).
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FIGURE 3.24: Comparison of downregulated biology process GO term between FIH
KO MRC5 cells and FIH KO MEFs

(A) Venn diagram showing 227 common downregulated BP GO terms enriched in the
two datasets; (B) Bubble plot depicting the top 25 BP GO terms from the common
GO terms in the two datasets. GO BP terms are ranked according to their -Log10 P-
value. The sizes of the circles represent gene counts, while the colors of the circles
indicate the -Log10 P-value. GO enrichment analysis was performed using Metascape
(https://metascape.org/).
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FIGURE 3.25: Top 25 downregulated biological process GO terms unique to FIH KO
MRC5 cells and FIH knocked out MEFs

Bubble plot showing top 25 BP GO terms unique enriched in downregulated DEGs
unique to FIH KO MRC5 cells (A) and FIH KO MEFs (B). GO BP terms are ranked ac-
cording to their -Log10 P-value. The sizes of the circles represent gene counts, while
the colors of the circles indicate the -Log10 P-value. GO enrichment analysis was per-
formed using Metascape (https://metascape.org/).
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3.4 Discussion

In this study, we investigated the global transcriptomic changes resulting from the de-
pletion of FIH in MRC5 human lung fibroblasts, NHLFs, and MEFs. By utilizing both
CRISPR-Cas9 and siRNA-mediated gene silencing, we aimed to compare the effects
of FIH knockout and knockdown on gene expression and biological processes across
different fibroblast models. We also included mouse embryonic fibroblasts (MEFs) to
provide a complementary model system, enabling us to test whether the observed ef-
fects are conserved across species and not restricted to human fibroblasts. In addition
to primary human lung fibroblasts, MEFs are widely used as a tractable model system
in fibrosis and signalling research. MEFs offer several advantages, including ease of
genetic manipulation, availability of well-characterized knockout strains, and reduced
variability compared to primary human cells. While they do not fully recapitulate the
tissue-specific features of human fibroblasts, MEFs provide complementary insights
into conserved signalling pathways and facilitate mechanistic studies that are more
difficult to perform in primary cells. Using both MEFs and human fibroblasts there-
fore allows us to assess species-specific differences while strengthening the generality
of our findings.

The CRISPR-Cas9-mediated knockout of FIH in MRC5 cells led to approximately equal
numbers of upregulated and downregulated genes. GO enrichment analysis revealed
that FIH depletion upregulated processes related to protein synthesis, transport, and
localization, particularly within cellular organelle membranes. Downregulated pro-
cesses predominantly involved cell division and proliferation, with DEGs localized to
the chromosome and associated with transcription factor binding and ATP-dependent
catalytic activity. GSVA further confirmed that hallmark gene sets related to cell pro-
liferation, such as the G2M checkpoint, E2F targets, and mitotic spindle, were signifi-
cantly downregulated.

In siFIH-transfected MRC5 cells, upregulated DEGs were associated with cellular re-
sponses to oxygen levels and cell locomotion, while downregulated genes were linked
to cell cycle regulation and metabolism, consistent with the findings from FIH knockout
cells. GSVA analysis highlighted the downregulation of pathways related to cell prolif-
eration and metabolism and upregulation of signaling pathways such as hypoxia, TGF-
β, and TNFα signaling via NFκB. Similar results were obtained in NHLFs following FIH
knockdown, supporting the role of FIH depletion in modulating cell cycle progression,
metabolism, and cellular responses to stimuli. Although FIH depletion reduced TGF-β,
ECM, and myofibroblast gene sets in our in-vitro models, this does not exclude a profi-
brotic role for FIH in disease. FIH has multiple substrates, and its effects are likely to
vary with environmental stimuli such as hypoxia, mechanical stress, or chronic TGF-β
exposure. In particular, the FIH/HIF axis is known to regulate collagen maturation and
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cross-linking in addition to transcriptional programs, which may explain why reduced
transcript levels in vitro could still coexist with profibrotic outcomes in vivo.

We observed common changes and differences in the enriched pathways when com-
paring RNA-seq data from FIH KO and siFIH MRC5 cells. Both CRISPR-Cas9 knock-
out and siRNA knockdown consistently led to the downregulation of cell cycle-related
processes and cellular metabolism and upregulation of pathways associated with hy-
poxia and cellular migration. Given that FIH acts as a main regulator of HIF-1α, it is
expected that hypoxia-related pathways will be activated following FIH depletion. But
we didn’t see enriched Hallmark hypoxia pathway in FIN KO fibroblast. We assume
this is due to a difference between acute vs long-term loss of FIH. In the siRNA setting,
acute depletion may transiently derepress HIF transcriptional activity, resulting in a de-
tectable enrichment of hypoxia-related genes. In contrast, long-term CRISPR KO clones
are likely to undergo adaptive compensation. Fibroblasts are chemotactic and can mi-
grate to accumulate in response to secreted cytokines, a behavior well characterised in
wound healing after tissue injury. During lung fibrosis progression, fibroblast migra-
tion is crucial for accumulating cells in fibroblast foci, which contributes to the fibrotic
process (Fernandez and Eickelberg, 2012b).

The role of HIF-1α and FIH in regulating migration remains complex. Li et al. found
that HIF-1α promotes cell migration independently of hypoxia; knockout of HIF-1α

significantly reduced cell migration by up to 80% in MEFs, which could be partially re-
stored by ectopic expression of HIF-1α, though the detailed mechanism was not iden-
tified (Li et al., 2010). In contrast, another study showed that hypoxia (1% oxygen)
inhibits mesenchymal stem cell (MSC) migration, primarily through a mechanism in-
volving HIF-1α. Stabilization of HIF-1α under normoxic conditions similarly reduces
migration and decreases RhoA activation, akin to the effects seen in hypoxia, and RhoA
activation rescues migration in hypoxic cells (Raheja et al., 2011).

In breast cancer cells, FIH indirectly promotes cell migration by hydroxylating HACE1,
reducing HACE1’s ability to bind and ubiquitinate Rac1, a key regulator of cell migra-
tion. Under hypoxic conditions or when FIH is inhibited, hydroxylation is reduced,
leading to increased HACE1-Rac1 interaction, decreased Rac1 activity, and impaired
cell migration (Kim et al., 2019). These findings suggest that FIH and HIF-1α play com-
plex roles in the regulation of fibroblast migration and the fibrotic process.

Furthermore, the proliferation of fibroblasts contributes to fibrotic progression. Caraci
and colleagues demonstrated that TGF-β, via the phosphorylation of ERK1/2, activates
the Wnt pathway in lung fibroblasts, inhibiting GSK-3β activity, thus promoting the cy-
tosolic accumulation and subsequent nuclear translocation of β-catenin (Caraci et al.,
2008). The transcription of ERK1/2 target genes, induced by TGF-β, could also lead
to a secondary activation of other signaling pathways that may regulate cell prolifera-
tion and apoptosis (Vancheri, 2012). Currently, there are not many studies discussing
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the relationship between FIH and fibroblast proliferation. Whether FIH hydroxylates
potential substrates involved in signaling pathways or interacts with unidentified pro-
teins requires further investigation.

Interestingly, notable differences emerged, particularly in the regulation of metabolic
processes and signaling pathways like TGF-β and TNFα. GO enrichment analysis
showed that loss of FIH via CRISPR-cas9 and RNAi led to downregulation of metabolism
process, but in FIH KO MRC5 cells, there were also several biological processes related
with metabolism upregulated.

In FIH KO cells, pathways related to genome stability, gene expression, and chromatin
organisation are downregulated, indicating impaired DNA repair and transcriptional
regulation. Conversely, FIH KD cells exhibit downregulation in lipid metabolism and
homeostasis, affecting lipid synthesis, signaling, and membrane structure. Both alter-
ations can result in the mitigation of cell proliferation but via different mechanisms
which need further investigation. These variations highlight the different transcrip-
tomic effects that can arise depending on whether gene knockout or knockdown tech-
niques are applied.

There are a lot of discussions about these two different method to manipulate gene ex-
pression. RNA interference (RNAi) is currently the most widely used reverse genetics
technique for studying gene function in mammalian cells. Its effectiveness is due to its
basis in an evolutionarily conserved endogenous pathway that regulates gene expres-
sion through small RNAs (Wilson and Doudna, 2013). A key advantage of RNAi is that
the silencing machinery is present in almost all mammalian somatic cells. Therefore,
no prior genetic modification of the target cell line is necessary, and a straightforward
siRNA transfection can effectively produce a loss-of-function phenotype (Boettcher and
McManus, 2015) in 48 hours. Due to this efficiency, cells suppose to response to the loss
of target gene. So we can see the hypoxia pathway and several pathways realted to
cells response to stimulus enriched in upregulated DEGs. The main problem of RNAi
is the off-target effect. The off-target effects of RNAi are a significant challenge due to
both sequence-specific and non-sequence-specific mechanisms. Sequence-specific ef-
fects occur when siRNAs partially match the 3'-UTR of non-target mRNAs, leading to
unintended translational repression or degradation of these mRNAs, potentially affect-
ing hundreds of transcripts. These effects are dosage-dependent and can overshadow
the intended gene silencing. Additionally, the introduction of exogenous siRNAs or
shRNAs can disrupt the natural microRNA regulatory pathway by displacing endoge-
nous microRNAs from RISC, altering gene expression and causing off-target pheno-
types unrelated to the siRNA sequence itself. These concerns have driven the search
for more precise genetic tools (Sigoillot and King, 2011).

The CRISPR-Cas9 system allows precise genome editing through the use of a guide
RNA, which directs the Cas9 nuclease to a target DNA sequence to create double-strand
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breaks. These breaks can be repaired either by nonhomologous end joining (NHEJ),
leading to insertions or deletions, or by homology-directed repair (HDR) for targeted
sequence changes. A double-nicking strategy with a Cas9 mutant enhances specificity,
enabling rapid and accurate genome modifications (Ran et al., 2013). Establishing a
CRISPR-Cas9 KO cell line typically requires 1-2 weeks to achieve stable gene knock-
out. There is ongoing discussion about the compensatory effects after CRISPR-Cas9-
induced gene KO and comparisons between RNAi and CRISPR-Cas9 approaches. For
instance, De and colleagues observed that while both siRNA-mediated knockdown and
genetic knockout of Ppara in mice produce phenotypes such as hypoglycemia and hy-
pertriglyceridemia, the timing differs: siRNA-treated mice exhibited these phenotypes
in the fed state, whereas in Ppara knockout mice, they emerged primarily after fast-
ing. This suggests that siRNA KD induces a more immediate loss of function without
compensatory adaptation, unlike genetic KO, where such mechanisms may develop
over time (De Souza et al., 2006). Similarly, Speicher and colleagues compared siRNA-
mediated knockdown and CRISPR-Cas9 KO of β1-integrins in liver regeneration, re-
vealing that while both methods impair hepatocyte proliferation and regeneration, the
KO leads to more severe effects, including lethality after hepatectomy. In contrast, KD
retains residual gene expression, mitigating severity and facilitating mechanistic stud-
ies. This indicates that siRNA-mediated KD can closely mimic KO phenotypes with
reduced severity, providing a useful model for studying partial gene function loss, akin
to certain human diseases (Speicher et al., 2014).

To validate our findings in a different cell type, we analysed transcriptomic changes
in MEFs with FIH knockout. While fewer DEGs were identified compared to MRC5
cells, GO term enrichment indicated that FIH depletion upregulated processes related
to tissue morphogenesis and ECM organisation, while downregulated processes were
associated with cell cycle regulation, metabolism, and developmental processes. GSVA
analysis revealed downregulation of pathways such as IL6-JAK-STAT3 signaling, TGF-
β signaling, and Notch signaling, whereas pathways like PI3K-AKT-mTOR signaling,
apoptosis, and epithelial-mesenchymal transition were upregulated. Tissue remodel-
ing is a multifaceted process involving distinct and sometimes opposing pathways. In
our analyses, the upregulated terms (e.g., ECM organisation, connective tissue devel-
opment) were mainly driven by genes linked to matrix deposition and structural organ-
isation, whereas the downregulated terms (e.g., cell migration, tissue morphogenesis)
reflected genes involved in motility and developmental patterning. Taken together,
these findings suggest that FIH depletion does not globally activate or suppress tissue
remodeling, but rather shifts its balance—enhancing ECM deposition while reducing
regenerative or developmental remodeling.

Additionally, comparison between human lung fibroblasts and MEFs highlighted dis-
tinct transcriptional responses, with human cells exhibiting consistent downregulation



126 Chapter 3

of proliferation-related pathways, while MEFs displayed upregulation of developmen-
tal processes and morphogenesis pathways. Despite these differences, shared down-
regulated processes across both cell types were related to cell migration, morphogene-
sis, and skeletal system development, indicating that FIH plays a crucial role in regu-
lating pathways governing cell movement and tissue structuring.

MEFs are cells derived from the connective tissue of developing mouse embryos. They
are commonly used in laboratory settings for a variety of purposes, such as gene knock-
out studies, virus propagation, and as feeder layers to support the growth of stem cells
(Conner, 2000). MEFs serve as a model for studying cellular processes like prolifer-
ation, differentiation, and response to genetic modifications, making them a versatile
tool for both basic and applied biological research. It is rational to hypothesise that de-
velopment related pathways may be more sensitive in MEFs response to loss of target
genes.

The comparison of human and mouse transcriptomes reveals both similarities and dif-
ferences in gene expression profiles. Although overall gene expression is conserved
between the species, the extent of conservation depends on the tissues and genes be-
ing analysed. This variation is not directly linked to regulatory sequence conservation,
as even shared biological pathways may differ in regulatory mechanisms between hu-
mans and mice. For instance, immune and inflammatory responses show transcrip-
tional differences, potentially due to species-specific regulatory elements. Non-coding
RNA elements, such as lncRNAs and small RNAs, exhibit less conservation between
species compared to protein-coding genes, complicating direct transcriptomic compar-
isons.

One example is cystic fibrosis (OMIM 219700); while mouse models have been crucial
in discovering genetic correction strategies (Egan, 2009), they fail to fully replicate the
spontaneous lung disease seen in humans (Fisher et al., 2011). Another example is the
study by Obeidat and colleagues, who compared gene expression in smoke-exposed
murine lungs to human lungs. They found a significant overlap in smoking-induced
gene expression, with nearly half of the human smoking signature shared with murine
lung profiles, particularly in genes related to immune response and detoxification path-
ways. However, only a modest overlap was found between murine models and severe
COPD signatures in humans, suggesting that mice more accurately model the effects
of smoking rather than COPD-specific changes (Obeidat et al., 2018). Furthermore, ap-
proximately 6% of the shared genes were oppositely regulated between the two species,
which may be due to inherent biological differences or differences in smoke exposure
duration.

Combining above all information, the expression patterns of genes are more species-
specific, particularly for non-coding elements, adding to the complexities of translating
findings from mouse models to human biology. These complexities emphasize that the
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applicability of mouse transcriptomes to human biology depends on the specific genes,
tissues, and biological processes in question. For some tissues, such as brain, heart,
and liver, there is a higher conservation of gene expression, while other tissues with
less specific gene activity exhibit greater interspecies differences.

Overall, our findings demonstrate that FIH depletion leads to significant and diverse
transcriptomic changes, affecting key biological processes such as cell proliferation,
metabolism, cellular response to stimuli, and ECM organisation across different fibrob-
last models. These data highlight the critical role of FIH in regulating cellular behavior
and underscore the need for further exploration of its function in the context of lung
fibrosis and other fibrotic diseases.
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Chapter 4

FIH as a metabolic switch in lung
fibroblasts

4.1 Introduction and rationale

4.1.1 Cellular metabolism

Core metabolism can be simplified to those pathways involving abundant nutrients
like carbohydrates, fatty acids, and amino acids, essential for energy homeostasis and
macromolecular synthesis in humans. Pathways of core metabolism can then be sepa-
rated conveniently into three classes: i) Anabolism: those that synthesize simple molecules
or polymerize them into more complex macromolecules; ii) Catabolism: those that de-
grade molecules to release energy; iii) Waste disposal: those that help to eliminate the
toxic waste produced by the other classes (DeBerardinis and Thompson, 2012). Among
these three classes, the pathways responsible for energy production in humans and
other organisms include core activities such as glycolysis (including the Warburg ef-
fect in cancer cells), the tricarboxylic acid (TCA) and urea cycles (Krebs), glycogen
catabolism (Cori and Cori), OXPHOS (Mitchell), and the supremacy of ATP in energy
transfer reactions (Lipmann). According to our bioinformatic analysis in the previous
chapter, we firstly wanted to study the role of FIH in two of the most common biologi-
cal metabolic process, glycolysis and oxidatice phosphrylation.

4.1.1.1 Glycolysis

Glycolysis is a metabolic process that converts glucose (C6H12O6) into pyruvate within
the cytosol of most cells. This conversion releases free energy, which is utilized to syn-
thesize adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide
(NADH), both of which are crucial high-energy molecules.
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The entire glycolytic pathway is composed of ten sequential enzymatic reactions, each
facilitated by a specific enzyme. It begins with glucose being phosphorylated by hexok-
inase to form glucose-6-phosphate, which is then rearranged into fructose-6-phosphate
by phosphoglucose isomerase. Phosphofructokinase-1 adds a second phosphate group,
producing fructose-1,6-bisphosphate, which aldolase cleaves into two three-carbon molecules,
glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). DHAP
is quickly converted into G3P by triose phosphate isomerase, allowing both molecules
to proceed through the pathway. G3P is oxidized and phosphorylated by glyceraldehyde-
3-phosphate dehydrogenase to form 1,3-bisphosphoglycerate and NADH. Phospho-
glycerate kinase then transfers a phosphate group from 1,3-bisphosphoglycerate to
ADP, creating ATP and 3-phosphoglycerate. This compound is converted into 2-phosphoglycerate
by phosphoglycerate mutase, which is then dehydrated by enolase to produce phos-
phoenolpyruvate (PEP). The final step, catalysed by pyruvate kinase, transfers the
phosphate group from PEP to ADP, resulting in the formation of ATP and pyruvate
(Xiong et al., 2011; Malaisse et al., 2004) (Figure. 4.1).

Glycolysis occurs in both aerobic and anaerobic conditions. In aerobic glycolysis, glu-
cose is metabolized to pyruvate in the cytosol, generating ATP and NADH. When oxy-
gen is present, pyruvate is transported to the mitochondria, where it is fully oxidized,
allowing for more efficient ATP generation through subsequent metabolic pathways.
When oxygen is absent, pyruvate is reduced to lactate by lactate dehydrogenase, re-
generating NAD+ and allowing glycolysis to continue. This process is called anaerobic
glycolysis and and in the context of cancer cells is refered to as the Warburg effect. It
provides a quick but limited supply of ATP, which is especially important in muscles
during intense exercise (Lunt and Vander Heiden, 2011).

4.1.1.2 TCA cycle and oxidative phosphorylation

The tricarboxylic acid cycle -also known as the Krebs cycle-is a broadly conserved
metabolic pathway consisting of a cyclic series of chemical reactions that harness high-
energy electrons from fuel sources (Krebs and Johnson, 1937, 1980). The TCA cycle
begins with the condensation of acetyl-CoA and oxaloacetate (OAA) to form citrate,
catalysed by citrate synthase. Citrate is then isomerized to isocitrate by aconitase.
Next, isocitrate undergoes oxidative decarboxylation by isocitrate dehydrogenase to
produce α-ketoglutarate and CO2, with the concomitant reduction of NAD+ to NADH.
α-Ketoglutarate is further oxidatively decarboxylated by the α-ketoglutarate dehydro-
genase complex, forming succinyl-CoA, CO2, and NADH. Succinyl-CoA is then con-
verted to succinate by succinyl-CoA synthetase, generating ATP or GTP through substrate-
level phosphorylation. Succinate is oxidized to fumarate by succinate dehydrogenase,
coupled with the reduction of FAD to FADH2. Fumarate is subsequently hydrated to
malate by fumarase. Finally, malate is oxidized to regenerate oxaloacetate by malate
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dehydrogenase, producing NADH and completing the cycle (Arnold and Finley, 2023;
Ryan and O’Neill, 2020). The electron transport chain (ETC) is a series of protein
complexes located in the inner mitochondrial membrane, crucial for OXPHOS. NADH
(generated from glycolysis and the TCA cycle) and FADH2 (generated from the TCA cy-
cle) deposit their electrons onto the ETC. These electrons pass through Complexes I, II,
III, and IV, ultimately reducing oxygen to water. As electrons move through the chain,
protons are pumped from the mitochondrial matrix into the intermembrane space, cre-
ating an electrochemical proton gradient. This gradient drives protons back into the
matrix through ATP synthase (Complex V), enabling the synthesis of ATP from ADP
and inorganic phosphate (Figure. 4.1). Thus, the ETC is essential for converting the
energy stored in electron carriers into ATP, the cell’s primary energy currency (Cogliati
et al., 2021).
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FIGURE 4.1: Integrated overview of glycolysis, the TCA Cycle, and the electron
transport chain

This diagram provides a detailed overview of the interconnected biochemical pathways
involved in cellular energy production: glycolysis, the TCA cycle, and ETC. Glycolysis:
Shown on the left, this process converts glucose to pyruvate in the cytoplasm, generat-
ing ATP and NADH. Key enzymes and alternative fates of glucose intermediates, such
as lactate formation and entry into the TCA cycle, are depicted. TCA Cycle: Located
in the mitochondria, the TCA cycle oxidizes acetyl-CoA to produce NADH, FADH2,
and GTP, with labeled intermediates and enzymes. Electron Transport Chain (ETC):
Depicted at the bottom right, the ETC uses electrons from NADH and FADH2 to drive
ATP production through OXPHOS, with oxygen as the final electron acceptor. HK:
Hexokinase; PGI: Phosphoglucose Isomerase; PFK1: Phosphofructokinase-1; GAPDH:
Glyceraldehyde-3-Phosphate Dehydrogenase; PGK: Phosphoglycerate Kinase; PGAM:
Phosphoglycerate Mutase; ENO: Enolase; PKM2: Pyruvate Kinase M2; LDH: Lac-
tate Dehydrogenase; PDH: Pyruvate Dehydrogenase; TCA: Tricarboxylic Acid (Cycle);
FAD+: Flavin Adenine Dinucleotide (oxidized form); FADH2: Flavin Adenine Dinu-
cleotide (reduced form); NAD+: Nicotinamide Adenine Dinucleotide (oxidized form);
NADH: Nicotinamide Adenine Dinucleotide (reduced form); ADP: Adenosine Diphos-
phate; ATP: Adenosine Triphosphate.
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4.1.1.3 Metabolic reprogramming/Warburg effect

In the presence of oxygen, most differentiated cells mainly metabolize glucose via gly-
colysis, TCA cycle and OXPHOS to maximaze ATP production, with minimal produc-
tion of lactate. It is only under anaerobic conditions that differentiated cells prorduce
large amounts of lactate. However, in cancer cells and other proliferating or develop-
ing cells, the rate of glucose uptake dramatically increases and large amount of lac-
tate is produced regardless of the availablility of oxygen. This process is known as
the Warburg Effect (Warburg, 1956). The metabolic reprogramming has several critical
functions that can benefit cancer cells. Firstly, it enables rapid ATP production through
glycolysis, which, although less efficient per glucose molecule compared to OXPHOS,
can occur at a much faster rate (Shestov et al., 2014). This rapid ATP synthesis provides
a selective advantage in tumor environments where energy resources are limited, and
there is competition for nutrients.

In addition to supporting energy production, the Warburg effect facilitates biosynthesis
by diverting glucose metabolites into anabolic pathways. These pathways provide the
necessary building blocks for nucleotide, lipid, and protein synthesis, which are cru-
cial for sustaining the accelerated proliferation of cancer cells (Locasale and Cantley,
2011; Vander Heiden et al., 2009). The effect also contributes to the acidification of the
tumor microenvironment due to increased lactate production. This acidic environment
promotes tumor invasiveness and helps cancer cells evade immune surveillance by im-
pairing the function of immune cells (Chang et al., 2015; Ho et al., 2015; Colegio et al.,
2014).

Furthermore, the Warburg effect may play a role in cellular signaling, particularly
through the regulation of reactive oxygen species (ROS) (Chang et al., 2013; Locasale
and Cantley, 2011) and chromatin modifications (Cluntun et al., 2015; Lu and Thomp-
son, 2012; Liberti and Locasale, 2016). Alterations in ROS levels can affect various sig-
naling pathways, promoting cell survival and proliferation. Meanwhile, the production
of acetyl-CoA during glycolysis can influence histone acetylation, thereby impacting
gene expression and further driving oncogenic processes (Wellen et al., 2009). Despite
these proposed benefits, the full functional implications of the Warburg effect in cancer
are complex and continue to be a subject of extensive research, as many aspects of its
role in tumor biology remain incompletely understood.

4.1.2 Metabolic alteration in lung disease

Given the well-established occurrence of the Warburg effect in cancer cells, we review
the metabolic alterations specific to lung cancer here. Lung cancer is a disease with
a high incidence and mortality rate globally. It is mainly divided into small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC). In lung cancer, the glycolytic
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pathway is markedly upregulated, driven by key enzymes and associated oncogenic
signaling pathways. Glucose transport into cells is mediated by GLUT1, whose in-
hibition by WZB117 reduces glucose uptake and suppresses tumor growth, particu-
larly in combination with chemotherapy agents like cisplatin and paclitaxel in A549
cells (Liu, Cao, Zhang, Bergmeier, Qian, Akbar, Colvin, Ding, Tong, Wu et al., 2012).
Upon entry into the cell, glucose is phosphorylated by hexokinase 2 (HK2), a reaction
crucial for promoting glucose metabolism in tumors. Targeting HK2 with inhibitors
such as 2-deoxy-D-glucose (2-DG) enhances the efficacy of conventional chemother-
apy and reverses drug resistance in NSCLC. 2-DG combined with Adriamycin or pa-
clitaxel can significantly delay tumor growth and prolong the survival time of mice
with NSCLC (Maschek et al., 2004). As glycolysis progresses, phosphofructokinase 1
(PFK1), activated by upstream factors like YAP1 (Lin et al., 2021), drives the conversion
of fructose-6-phosphate, furthering glycolytic flux. Pyruvate kinase M2 (PKM2), pre-
dominantly expressed in lung cancer, catalyses the final step of glycolysis, generating
pyruvate and ATP; its inhibition sensitizes cancer cells to chemotherapy by promoting
apoptosis (Guo et al., 2011; Shi et al., 2010). Additionally, lactate dehydrogenase (LDH)
upregulation facilitates the conversion of pyruvate to lactate, which not only fuels tu-
mor growth through various metabolic pathways but also promotes immune evasion
and drug resistance. Inhibition of LDH activity by small interfering RNA or oxalate
can overcome the drug resistance of tumor cells to paclitaxel and trastuzumab (Zhao
et al., 2011; Zhou et al., 2010). These metabolic alterations are often regulated by HIF1α

and MYC, which regulate the expression of key glycolytic enzymes (Xie et al., 2015),
perpetuating the Warburg effect in lung cancer cells.

Moreover, there are a lot of studies reporting the metabolic reprogramming also hap-
pens in chronic lung disease such as IPF. According to current studies, one of the most
notable changes in pulmonary fibrosis is the upregulation of glycolysis in fibroblasts
and myofibroblasts, the key effector cells responsible for ECM production. Researchers
have identified an increased expression of GLUT1 in the lungs of patients with IPF
and in a bleomycin-induced pulmonary fibrosis mouse model (Andrianifahanana et al.,
2016). The induction of TGF-β was found to elevate both mRNA and protein levels of
GLUT1 in mouse fibroblast cell lines and primary cells, thereby enhancing glucose up-
take (Cho et al., 2017; Inoki et al., 1999; Zhao et al., 2018). After transportation of glucose
into cells by GLUTs, there are several key glycolytic enzymes that catalyse the reac-
tions in glycolysis. The abnormal expression of these key glycolytic enzymes in pul-
monary fibrosis may regulate the progression of fibrosis. After comprehensive analysis
of the gene expression profile and major metabolic programs of alveolar macrophages
in bleomycin-induced lung fibrosis mice, researchers found that alveolar macrophages
in fibrotic lungs induced by bleomycin and active TGF-β exhibited predominant pro-
fibrotic M2-like characteristics. Furthermore, these fibrotic alveolar macrophages were
often accompanied by significantly enhanced glycolysis and upregulation of various
key glycolytic intermediates (Xie et al., 2017). As a typical pro-fibrotic cytokine, TGF-β
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can promote glucose consumption in fibroblasts. It has been shown to induce an in-
crease in lactate levels and enhance the expression levels of glycolytic enzymes, includ-
ing HK1, PFK, pyruvate kinase M1 (PKM1), and pyruvate dehydrogenase kinase iso-
form 1 (PDK5) (Selvarajah et al., 2019). Xie et al. found that myofibroblasts in IPF exhibit
a significant increase in glycolysis which is marked by the upregulation of several key
glycolytic enzymes, notably 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3). The upregulation of PFKFB3 and the resulting glycolytic shift in myofibrob-
lasts are driven by TGF-β. The application of the inhibitor targeting PFKFB3, 3PO, was
shown to attenuate the profibrotic phenotype of myofibroblasts (Xie et al., 2015).

The increased glycolytic activity serves several purposes in fibrotic cells. First, it pro-
vides rapid ATP production to meet the high energy demands of fibroblast proliferation
and ECM synthesis. Second, glycolysis generates biosynthetic precursors, such as G6P,
which can enter the pentose phosphate pathway (PPP) to produce ribose-5-phosphate
for nucleotide synthesis and NADPH for reductive biosynthesis and antioxidant de-
fense (Nigdelioglu et al., 2016). Third, the production of pyruvate and its subsequent
conversion to lactate by LDH leads to an acidic microenvironment, which can further
promote fibrosis by activating latent TGF-β and enhancing the invasive capacity of my-
ofibroblasts (Kottmann et al., 2012).

Mitochondrial dysfunction is another hallmark of metabolic reprogramming in pul-
monary fibrosis. In healthy cells, mitochondria efficiently oxidize pyruvate derived
from glycolysis via the TCA cycle and OXPHOS to generate ATP. However, in fibrotic
fibroblasts, mitochondrial respiration is often impaired due to decreased expression of
key enzymes in the TCA cycle and OXPHOS complexes (Álvarez et al., 2017). This im-
pairment leads to reduced ATP production from OXPHOS and an increased reliance
on glycolysis for energy.

The dysfunction in mitochondrial respiration is often associated with increased produc-
tion of ROS, which can further exacerbate fibrosis. Elevated ROS levels promote the ac-
tivation of profibrotic signaling pathways (Bocchino et al., 2010), including those medi-
ated by TGF-β, and contribute to oxidative damage of cellular components, perpetuat-
ing the fibrotic process. Moreover, the reduced efficiency of mitochondrial metabolism
limits the ability of cells to utilize fatty acids and glutamine as alternative energy sources,
thereby reinforcing the dependence on glycolysis (Bueno et al., 2020).

4.1.3 Cellular senescence in IPF

Cellular senescence is an evolutionarily conserved state of stable replicative arrest in-
duced by pro-ageing stressors also implicated in IPF pathogenesis, including telom-
ere attrition, oxidative stress, DNA damage and proteome instability. Accumulated
cellular damage activates cyclin-dependent kinase inhibitors such as p16Ink4a and the
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p53-p21Cip1/Waf1 pathway, which in turn inhibit cyclin-dependent kinases, leading to a
halt in cell cycle progression. Through the secretion of the senescence-associated secre-
tory phenotype (SASP), which includes a wide range of cytokines, chemokines, matrix-
remodeling proteases, and growth factors, senescent cells can paracrinely induce the
proliferation of nearby cells and exacerbate tissue deterioration(Van Deursen, 2014). On
the other hand, cellular senescence serves as an autonomous mechanism to suppress
proliferation, playing a pivotal role in cutaneous wound healing (Demaria et al., 2014)
and in limiting pathological processes like liver fibrosis (Krizhanovsky et al., 2008).

An increasing evidence suggests that accelerated aging mechanisms, including cellular
senescence, play a crucial role in the pathogenesis of IPF (Faner et al., 2012; Schafer
et al., 2017; Armanios et al., 2007; Hashimoto et al., 2016). Key senescence biomarkers
such as p16, p21, and senescence-associated β-galactosidase activity have been detected
in both fibroblasts and epithelial cells within human IPF lung tissue (Chen et al., 2020;
Kuwano et al., 1996). Furthermore, cells from IPF patients exhibit a heightened propen-
sity for senescence when studied ex vivo (Yanai et al., 2015). In bleomycin-induced
lung fibrosis mouse models, the bleomycin-induced lung injury triggers a senescence-
associated molecular signature in alveolar epithelial cells (Aoshiba et al., 2003, 2013),
and the age-dependent accumulation of senescent myofibroblasts may hinder the reso-
lution of fibrosis after bleomycin exposure (Hecker et al., 2014). Very interestingly, over-
expression of an enzyme involved in the production of the extracellular matrix com-
ponent hyaluronan worsens bleomycin-induced lung injury (Li et al., 2011), whereas
depletion of this enzyme seems to activate senescence (Li et al., 2016), challenging a
negative role for senescence in bleomycin-induced lung fibrosis.

These observations highlight the dual role of cellular senescence in IPF, where it can
both protect against and contribute to disease progression. The challenge lies in care-
fully targeting senescence pathways to mitigate fibrosis without disrupting their bene-
ficial effects on tissue repair.

4.1.4 The role of FIH in metabolic reprogramming

Several studies have highlighted the role of FIH in the regulation of cellular metabolism.
It has been observed that impairment of FIH often induces the expression of glycolytic
genes in a HIF-dependent manner. For instance, Sakamoto et al. reported that inhibition
of FIH through its interaction with Mint3 led to increased expression of SLC2A1, which
encodes GLUT1, in triple-negative breast cancer cell lines under normoxia (Sakamoto
et al., 2011). Similarly, Wang et al. demonstrated that FIH inhibition elevated GLUT1
mRNA levels in glioblastoma cell lines under hypoxic conditions (Wang et al., 2014).
Further, Sim et al. found that deletion of HIF1AN, the gene encoding FIH, caused in-
creased glycolysis when oxidative metabolism was compromised in FIH-null MEFs
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(Sim et al., 2018). These findings suggest that in many diseases, the loss of FIH typi-
cally induces glycolysis via HIF activation.

Interestingly, Zhang et al. discovered that deletion of FIH alters cellular metabolism,
leading to increased intracellular ATP levels in MEFs and suppression of AMP kinase
activation in developing embryos, without the expected acidosis and increased glycol-
ysis typically associated with HIF activation (Zhang et al., 2010). Whole-body energy
expenditure analysis in FIH mutants revealed an accelerated metabolic rate, yet no ev-
idence of increased glycolysis, indicating that the altered metabolism in these mutants
is not simply a result of increased HIF activity.

Beyond the HIF pathway, FIH has been implicated in the regulation of other metabolic
processes. Scholz and colleagues identified the deubiquitinase OTUB1 as a target of
FIH-mediated hydroxylation. Mutation of the hydroxylation site N22 of OTUB1 in
HEK293 cells altered interactions with several metabolism-related proteins, highlight-
ing the broader metabolic influence of FIH (Scholz et al., 2016). Additionally, Garcia et
al. reported FIH expression in normal lung tissue as well as in LUAD and LUSC. De-
pletion of FIH via CRISPR-Cas9 increased glucose uptake and lactate production under
both normoxic and hypoxic conditions, though the underlying mechanisms remain un-
clear (Garcı́a-del Rı́o et al., 2023).

These researches underscore the multifaceted role of FIH in metabolic regulation, ex-
tending beyond its interaction with the HIF pathway to influence broader aspects of
cellular metabolism.

4.1.5 The role of FIH in cellular senescence

FIH has been implicated in various cellular processes and cancer pathologies through
its interaction with multiple signaling pathways. Kato et al. demonstrated that overex-
pression of FIH in an endometrial cancer cell line (HHUA cells) disrupted HIF1 activity,
leading to the induction of senescent cell morphology and a significant increase in β-gal
positive cells, markers of cellular senescence. In addition, FIH has been shown to play
a crucial role in tumor growth by suppressing the p53-p21 axis in colon carcinoma and
melanoma cells (Pelletier et al., 2012).

Furthermore, Kaplan et al. identified a multifaceted role for FIH in the regulation of
p63α levels in the epidermis and limbal epithelium (Kaplan et al., 2020). This regula-
tion is achieved through several mechanisms: FIH interacts with novel targets such as
Plectin1 and STAT1 to upregulate p63α expression, inactivates ASPP2 to further en-
hance p63α levels, and inhibits HDAC1 to prevent GADD45α expression, which in
turn elevates p63α—a process associated with the regulation of keratinocyte senescence
(Lena et al., 2012).
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These findings underscore the diverse roles of FIH in modulating cellular pathways
that influence both tumor progression and cellular senescence, highlighting its poten-
tial as a therapeutic target in cancer and other diseases characterised by dysregulated
cell growth and aging.

Typically studies on FIH have investigated its role as a HIF-1α regulator. Few studies
have investigated the impact of FIH on metabolism or cellular senescence in a HIF-
independent manner. Furthermore, the study of the role of FIH in lung fibrosis is lack-
ing. Given our bioinformatic results, we wanted to investigate how the loss of FIH
affects cellular metabolism and its role in cellular senescence.
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4.2 Aim and Objectives

4.2.1 Aim

This study aims to explore the role of FIH in the regulation of cellular metabolism
and its contribution to cellular senescence in human lung fibroblasts. We intend to
determine the effects of FIH loss on key metabolic pathways, such as glycolysis and
OXPHOS, and to uncover potential HIF-independent mechanisms involved in these
processes.

4.2.2 Objectives

1. To investigate the effects of FIH knockdown on mitochondrial respiration and
oxidative phosphorylation in lung fibroblasts using Seahorse real-time mitochon-
drial stress assays.

2. To analyse the impact of FIH depletion on glycolysis by measuring extracellular
acidification rates and lactate production.

3. To conduct metabolomic profiling through NMR to identify metabolic shifts re-
sulting from the loss of FIH.

4. To examine the induction of cellular senescence in FIH-deficient fibroblasts and
assess whether these effects occur independently of the HIF pathway.
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4.3 Results

4.3.1 Mitostress test reveals FIH depletion inhibits mitochondrial function

Following our bioinformatic analysis, we investigated the potential impact of FIH loss
on mitochondrial function. We began by conducting a Seahorse real-time mitochon-
drial stress assay. NHLFs were subjected to FIH knockdown for 72 hours before being
tested. The oxygen consumption rate (OCR) was recorded every 5 minutes for a total
of 20 minutes after each injection (Figure. 4.2A).

As shown in Figure. 4.2B and C, siRNA-mediated FIH knockdown (siFIH) led to a sig-
nificant decrease in both basal (control vs siFIH = 5.85 vs 3.01, P = 0.003) and maximal
respiration OCR (control vs siFIH = 9.85 vs 6.59, P = 0.004), indicating that FIH loss im-
pairs both baseline oxidative phosphorylation (OXPHOS) and maximal mitochondrial
capacity. To explore potential links with HIF signalling, we separately knocked down
FIH, HIF-1β, and both genes simultaneously in NHLFs for 72 hours. HIF-1β depletion
alone did not significantly affect basal (control vs siHIF-1β = 5.85 vs 6.57, P = 0.65) or
maximal respiration OCR (control vs siHIF-1β = 9.85 vs 11.1, P = 0.39). Interestingly,
co-depletion of HIF-1β reversed the reduction in basal OCR (siFIH vs siFIH+siHIF-1β

= 3.01 vs 6.48, P < 0.001) and maximal respiration OCR (siFIH vs siFIH+siHIF-1β =
6.59 vs 11.4, P < 0.001) observed with FIH knockdown, suggesting that HIF-related
pathways may contribute to the mitochondrial changes observed upon FIH loss.

To further assess cellular energy metabolism, ATP production was measured using the
Celltiter-Glo kit (Figure. 4.2D). FIH depletion significantly reduced ATP levels com-
pared to controls (siFIH/control = 0.56, P < 0.001). Co-depletion of FIH and HIF-1β

also resulted in reduced ATP production (siFIH+siHIF-1β/control = 0.54, P < 0.001),
which did not align with the OCR findings. This discrepancy likely reflects the con-
tribution of other energy-generating pathways, such as glycolysis, which may not be
regulated through HIF-related mechanisms.

Given the central role of TGF-β in fibrosis, we next investigated the effect of FIH deple-
tion on mitochondrial function under TGF-β stimulation. MRC5 cells were first trans-
fected with siRNA targeting FIH and then treated with PBS or TGF-β after 24 hours.
After an additional 48 hours, cells were subjected to the Seahorse assay (Figure. 4.3A).
Compared to the control group, FIH knockdown reduced both basal and maximal OCR
(Basal OCR: control vs siFIH = 7.83 vs 5.63, P < 0.001; Maximal OCR: control vs siFIH
= 16.6 vs 10.2, P = 0.004) (Figure. 4.3B, C). Interestingly, after 48-hour TGF-β treatment,
both basal and maximal OCR were significantly increased compared to the untreated
groups (Basal OCR: siFIH vs siFIH+TGF-β = 5.63 vs 9.62, P < 0.001; Maximal OCR:
siFIH vs siFIH+TGF-β = 10.2 vs 24.9, P < 0.001). In this setting, FIH knockdown no
longer reduced OCR, suggesting that TGF-β may override the metabolic effects of FIH
depletion.
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Building on bioinformatic analysis in Chapter 3 (Figure. 3.17), which indicated differ-
ences between FIH KO and siFIH cells, we performed the Seahorse assay in FIH WT
and KO MRC5 cells (Figure. B.6D, Appendix B). FIH knockout alone did not signif-
icantly affect basal or maximal OCR. However, after 48-hour TGF-β treatment, both
parameters were significantly reduced compared to untreated cells. These findings
suggest that MRC5 cells may adapt to long-term FIH loss, restoring mitochondrial
function, whereas acute knockdown produces more immediate changes. The interplay
between FIH and TGF-β signalling in regulating mitochondrial function remains to be
clarified.
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A B

C D

FIGURE 4.2: FIH depletion impairs mitochondrial function in NHLFs in a HIF-
dependent manner

NHLFs were transfected with siRNA targeting FIH for 72 hours, then subjected to de-
termination of real-time OCR (A). Basal OCR (B) and Maximal respiration OCR. (C)
were calculated from data shown in A (mean ± SD, n = 4). *P < 0.05, **P < 0.01, ***
P < 0.001 by Tukey’s multiplecomparison test. (D) Graph showing the relative ATP
production in NHLFs transfected with siRNA oligos indicated for 72 hours using the
CellTiter Glo assay. The data was normalized to protein content (µg) in parallel wells
(mean ± SD, n = 3). *P < 0.05, **P < 0.01, *** P < 0.001 by Tukey’s multiple comparison
test. OCR, oxygen consumption rate.
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A B C

FIGURE 4.3: FIH depletion inhibits mitochondrial OXPHOS, but can be interfered
by TGF-β

MRC5 cells were transfected with siRNA targeting FIH for 72 hours, followed by real-
time measurement of OCR (A). Basal OCR (B) and maximal respiration OCR (C) were
calculated from the data shown in (A) (mean ± SD, n = 4). *P < 0.05, **P < 0.01, *** P <

0.001 by Tukey’s multiplecomparison test. OCR, oxygen consumption rate.

4.3.2 Glycolytic stress test and Lactate-Glo assay indecated FIH depletion
inhibits glycolysis in human lung fibroblasts

Cells often increase their glycolytic activity to ensure energy supply when mitochon-
drial function is impaired. To further investigate the potential impacts of FIH knock-
down on glycolysis in human lung fibroblasts, we measured the extracellular acidifica-
tion rate (ECAR), an indicator of glycolysis at regular ten-minute intervals before and
after each reagent addition (Figure.4.4A).

A B C

FIGURE 4.4: FIH depletion inhibits glycolysis independent with the activity of
HIF1α pathway in NHLFs

(A–C) NHLFs were transfected with siRNA targeting FIH for 72 hours, followed by
real-time measurement of ECAR (A). Basal ECAR (B) and glycolytic capacity ECAR (C)
were calculated from the data shown in (A) (mean ± SD, n = 4). *P < 0.05, **P < 0.01,
*** P < 0.001 by Tukey’s multiple comparison test. ECAR, extracellular acidification
rate.
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In addition, NHLFs were used alongside MRC5 cells to validate findings in primary hu-
man fibroblasts, as their limited passage capacity makes them unsuitable for CRISPR-
based knockout but well-suited for transient siRNA experiments. In NHLFs, we indi-
vidually knocked down FIH, HIF-1β, and both together. The results (Figure. 4.4B, C)
showed that FIH depletion significantly reduced both basal ECAR (control vs siFIH =
8.06 vs 4.55, P < 0.001) and glycolytic capacity ECAR (control vs siFIH = 10.94 vs 6.70,
P = 0.0111). In contrast, HIF-1β knockdown alone had no effect on glycolysis and did
not prevent the reductions in ECAR observed with FIH depletion. These data therefore
suggest that the effect of FIH on glycolysis in lung fibroblasts is unlikely to be mediated
solely through HIF-1β.

To further validate these findings, we performed a Lactate-Glo assay to measure lactate
production in fibroblasts. WT and FIH KO MRC5 cells were transfected with siRNA
targeting HIF-1β for 72 hours, after which both culture medium and cell lysates were
collected following the manufacturer’s protocol (Figure. 4.5A, B). FIH knockout led to
reduced intracellular and extracellular lactate levels, although the decreases were not
statistically significant. In culture medium, HIF-1β depletion increased lactate levels
but did not reverse the reduction seen with FIH KO. Conversely, in cell lysates, HIF-1β

knockdown decreased lactate levels and further reduced lactate production in FIH KO
MRC5 cells.

Together with the Seahorse results, these findings indicate that loss of FIH alters gly-
colytic metabolism in human lung fibroblasts through mechanisms that appear not to
rely exclusively on HIF-1β regulation.
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FIGURE 4.5: FIH depletion reduced the extracellular lactate level which is indepen-
dent with the activity of HIF1α pathway in MRC5 cells

MRC5 cells were tranfected with siRNA as indicated for 72 hours. The extracellular (A)
and intracellular (B) lactate level was detected using Lactate-Glo kit (Promega, UK).
Data from 2 independent biological samples of 3 replicates were plotted which was
normalized to the protein level.

We also want to know if TGF-β plays a role in the regulation of glycolysis when FIH is
depleted in human lung fibroblasts, so we performed seahorse glycolytic stress test on
MRC5 cells transfected with siRNA targeting FIH and treated with TGF-β as indicated
(Figure. 4.6 A). The depletion of FIH reduced both basal and glycolytic capacity ECAR
(Figure.4.6 B and C) (Basal ECAR: control vs siFIH = 12.6 vs 9.45, P = 0.04; glycolytic ca-
pacity ECAR: 18.31 vs 12.73, P = 0.0255), while 48-hour TGF-β treatment didn’t reverse
both ECAR completely. To further validate the results, we also treated FIH WT and KO
MRC5 cells with TGF-β for 48 hours and then send the cells to the seahorse assay (Fig-
ure. B.2 A). Consistent with the results using NHLFs in which FIH was knocked down,
the basal and glycolytic capacity ECAR decreased in FIH KO MRC5 cells compared to
FIH WT MRC5 cells meanwhile TGF-β treatment partially reversed both ECAR in FIH
KO MRC5 (Figrue. B.2 B and C).
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A B C

FIGURE 4.6: FIH depletion inhibits glycolysis in MRC5 cells

(A–C) MRC5 were transfected with siRNA targeting FIH for 72 hours, with 48-hour
TGF-β treatment, then subjected to determination of real-time ECAR (A). Basal ECAR
(B) and Glycolytic capacity OCR (C) were calculated from data shown in A (mean ±
SD, n = 4). *P < 0.05, **P < 0.01, *** P < 0.001 by Tukey’s multiple comparison test.
ECAR, Extracellular acidification rate.

The intracellualr and extracellualr lactate level were measured in both FIH WT and
KO MRC5 cell lysate and cultured medium with or without TGF-β treatment. In the
cultured medium, lactate levels were significantly reduced when FIH was depleted,
while TGF-β treatment slightly increased lactate secretion from both WT and FIH KO
MRC5 cells. In contrast, intracellular lactate levels showed a slight increase in FIH KO
MRC5 cells and were further elevated by TGF-β treatment.

Based on these findings, we conclude that FIH depletion inhibits glycolysis in human
lung fibroblasts in a HIF-independent manner, as evidenced by the reduced secretion
of lactate. This regulatory effect appears to act upstream of TGF-β-mediated glycoly-
sis. Additionally, there may be an alternative pathway influencing glycolysis that is not
directly related to TGF-β, given that TGF-β only partially increased lactate secretion in
MRC5 cells. The variability and low reproducibility of intracellular lactate measure-
ments, due to their significantly lower levels compared to secreted lactate, prevent us
from drawing firm conclusions about FIH’s impact on intracellular lactate.
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A B
Cultured medium

Cell lysate

FIGURE 4.7: FIH depletion reduced extracellular lactate level which was slightly
reversed by TGF-β in MRC5 cells

FIH WT MRC5 cells and two strains of FIH KO MRC5 cells constructed using CRISPR-
Cas9 were treat with TGF-β (5ng/mL) for 48 hours. The extracellular (A) and intracel-
lular (B) lactate levels was measured using Lactate-Glo kit (Promega, UK). Data from
two independent biological repeats (n =2) with 3 technique repeats in each repeats were
plotted.

4.3.3 Metabolic profiling of FIH knockout MRC5 cells reveals distinct lac-
tate alterations following TGF-β treatment

To explore the impact of FIH deletion on cellular metabolism in MRC5 cells, we con-
ducted 1H-NMR-based metabolite screening. FIH WT MRC5 cells and a CRISPR-Cas9-
generated FIH KO MRC5 cell line were treated with TGF-β (5 ng/mL) for 48 hours
following the workflow as Figure.4.8. Cell lysates were then prepared and analysed by
NMR (with the help from Dr. Johnathan Swann and Micheal Harvey). PCA of the 1H-
NMR spectral data revealed clear metabolic differences between the four experimental
groups, indicating that both FIH status and TGF-β treatment significantly influence the
metabolic profile of MRC5 cells (Figure.4.9 A). The distinct clustering observed in the
PCA plot suggests that the loss of FIH alters the metabolic response to TGF-β stimula-
tion.

A closer examination of the 1H-NMR spectra allowed for the clear identification of lac-
tate peaks, highlighting its role as a key metabolite affected by FIH deletion (Figure.4.9
B). Quantitative analysis of the spectra showed a significant increasing of intracellular
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lactate levels in FIH KO cells compared to WT controls similar with the TGF-β treat-
ment on WT cells. However, to our surprise, the loss of FIH showed a diffrent impact on
the cell under TGF-β treatment. It reduced intracellular level under TGF-β treatment.
Also, TGF-β treatment decreased lactate production in FIH KO cells (Figure.4.10 A).
Additionally, similar result was observed in the ratio of lactate to pyruvate (Figure.4.10
B). We initially intended to analyse the cultured medium via NMR as Figure.4.8 shows;
however, upon reviewing the data from the cell lysates, it became apparent that the
cell count was significantly lower than expected. This low cell density complicated
the assignment of specific metabolites, particularly in the cultured medium, due to the
complexity and disruption of its components. Due to time constraints, we were unable
to further optimize this aspect of the NMR analysis, and therefore, these results will be
treated as supplementary. The current results suggest that FIH deletion significantly
disrupts normal metabolic processes in MRC5 cells, particularly by increasing intracel-
lular lactate production under baseline conditions, while decreasing it in the presence
of TGF-β.
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FIGURE 4.8: Workflow for 1H-NMR-based metabolite screening in FIH KO and WT
MRC5 cells under TGF-β treatment

The workflow illustrates the steps involved in performing 1H-NMR-based metabolite
screening. FIH knockout and wild-type MRC5 cells were treated with TGF-β (5 ng/mL)
for 48 hours. Following treatment, cell lysates were prepared according to the method
described, and samples were subjected to 1H-NMR spectroscopy. The spectral data
were then processed for PCA to identify metabolic differences, followed by the identi-
fication and quantification of key metabolites.
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FIGURE 4.9: 1H-NMR based metabolites screening using FIH KO MRC5 cells with
or without TGF-β treatment

FIH WT MRC5 cells and CRISPR-Cas9-generated FIH KO MRC5 cell line were treated
with TGF-β (5 ng/mL) for 48 hours. Cell lysates were prepared as described in the
Methods section and subsequently analysed by NMR. (A) The PCA score plot from 1H
NMR spectral data reveals distinct metabolic differences among the four groups. (B)
Representative 1H NMR spectra of the indicated groups, highlighting the assignment
of lactate peaks.

A B

FIGURE 4.10: 1H-NMR based metabolites screening suggests alteration of intracel-
lualr lactate level in FIH KO MRC5 cells

Box plots showing the expression level of lactate in the cell lysate (A) and the ratio of
lactate to pyruvate in the cells treated as indicated (B). *P < 0.05, **P < 0.01, *** P <

0.001 by Tukey’s multiple comparison test .
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4.3.4 FIH depletion may induce senescence in human lung fibroblasts

Our prior bioinformatics analysis of RNA-seq data suggested that the loss of FIH may
influence cell cycle–related pathways (Figure.3.4). Since metabolic alterations are often
associated with cellular senescence (Wiley and Campisi, 2016), we conducted a pre-
liminary exploration to assess whether FIH-depleted fibroblasts might display signs of
senescence. RNA sequencing data from FIH WT and KO MRC5 cells showed an in-
crease in the GSVA score for the FRIDMAN SENESCENCE UP gene set (Fridman and
Tainsky, 2008) in FIH KO cells (Figure.4.11 A). Moreover, a heatmap of mRNA expres-
sion levels highlighted the genes included in this gene set (Figure.4.11 B).

A B

FIGURE 4.11: RNAseq results reveals the induction of cellular senescence upon FIH
depletion

(A) Scatter plot shows the GSVA score using FRIDMAN SENESCENCE UP gene list
was induced by deletion of FIH (mean ± SD, n = 4). *P < 0.05, **P < 0.01, *** P
< 0.001 by Student’s t-test. (B) Heatmap showing the basemean of genes in FRID-
MAN SENESCENCE UP GO term in RNAseq data.

Encouraged by the RNA-seq analysis results, we performed preliminary β-gal staining
in FIH knockdown and knockout MRC5 cells. Representative images of β-gal stained
MRC5 cells were captured, and ImageJ was used to quantify the proportion of positive
and negative staining cells. After 48 hours of siRNA transfection targeting FIH, the
percentage of β-gal positive cells increased significantly (Figure.4.12 A and B) (control
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vs siFIH = 1.00 vs 1.94, P < 0.001). A similar trend was observed in FIH KO MRC5 cells
(Figure.4.12 C and D) (WT vs FIH KO = 1.00 vs 1.91, P < 0.001).

To further explore this observation, we transfected MRC5 cells with siRNA targeting
FIH, HIF-1β, or both for 48 hours. FIH depletion was associated with an increase in
β-gal positivity, and HIF-1β knockdown produced a comparable effect. Interestingly,
combined depletion of FIH and HIF-1β appeared to further increase the proportion of
senescent cells (Figure.4.13 A and B) (control vs siFIH = 1.00 vs 2.82, P = 0.02; control
vs siHIF-1β = 1.00 vs 3.54, P = 0.002; control vs siFIH+HIF-1β = 1.00 vs 5.41, P < 0.001).

Taken together, these initial experiments provide preliminary evidence that the loss
of FIH may contribute to cellular senescence in lung fibroblasts, potentially through
mechanisms not solely dependent on HIF-1β. However, as these data remain exploratory,
further validation with additional senescence markers and functional assays will be re-
quired to confirm and clarify the role of FIH in regulating fibroblast senescence.

FIGURE 4.12: β-gal staining showing increasing cellular senescence in both FIH
knocked down and knocked out MRC5 cells

(A) Representative of β-gal staining images of MRC5 cells transfected with siRNA tar-
geting FIH for 48 hours. Micrographs were obtained with phase contrast microscopy.
(B) Quantification of β-gal positive cells cultures shown in (A). (C) Representative of
β-gal staining images of FIH KO MRC5 cells. Micrographs were obtained with phase
contrast microscopy. (D) Quantification of β-gal positive cells cultures shown in (C).
β-gal staining positive cells were scored in 5 fields of at least 200 total cells. Results are
expressed as the percentage of stained cells (mean ± SE, n = 3). *P < 0.05, **P < 0.01,
*** P < 0.001 by Student’s t-test.
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FIGURE 4.13: FIH depletion is associated with induction of cellular senescence in
fibroblasts

(A) Representative of β-gal staining images of MRC5 cells transfected with siRNA as
indicated for 48 hours. Micrographs were obtained with phase contrast microscopy. (B)
Quantification of β-gal positive cells cultures shown in (A). β-gal staining positive cells
were scored in 5 fields of at least 200 total cells. Results are expressed as the percentage
of stained cells (mean ± SE, n = 3). *P < 0.05, **P < 0.01, *** P < 0.001 by Tukey’s
multiplecomparison test.
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4.4 Discussion

In this chapter, we investigated the impact of FIH on mitochondrial function, glycol-
ysis, and cellular senescence in human lung fibroblasts. Our results demonstrate that
FIH plays a critical role in maintaining cellular metabolism, with effects that extend
beyond its traditional association with the HIF pathway. We found that FIH deple-
tion led to a significant reduction in OXPHOS, as evidenced by decreased basal and
maximal OCR. Notably, the mitochondrial dysfunction observed in FIH-deficient cells
was partially rescued by TGF-β treatment, suggesting a complex interaction between
FIH and TGF-β signaling in the regulation of mitochondrial activity. Our exploration
of glycolytic processes revealed that the absence of FIH leads to a marked decrease in
glycolysis, as shown by reduced basal ECAR and glycolytic capacity. This was further
supported by Lactate-Glo assay data, which indicated lower lactate production in FIH
knockout cells. These findings suggest that FIH is essential for sustaining glycolytic
flux in lung fibroblasts, in a manner not readily explained by canonical HIF-α pathway
activation.

These observations are surprising given that most existing research suggests FIH de-
pletion usually enhances glycolysis, primarily through mechanisms that permit HIF1α-
driven metabolic gene expression. For example, Sakamoto et al. (Sakamoto et al., 2011)
and Wang et al. (Wang et al., 2014) reported that FIH inhibition increased GLUT1 and
other key glycolytic enzymes in cancer cells under normoxic and hypoxic conditions.
The mRNA level of HKII was upregulated via HIF1 in NSCLC cells exposed to hy-
poxia or the iron chelator DFO (Riddle et al., 2000; Iyer et al., 1998). Likewise, Sim et
al. (Sim et al., 2018) observed that FIH-null cells exhibited increased glycolysis, partic-
ularly when oxidative metabolism was compromised. Pyruvate dehydrogenase kinase
(PDK), which inactivates PDH, is encoded by four isoforms, and PDK1 is induced by
HIF1 in lymphoma cells (Kim, Tchernyshyov, Semenza and Dang, 2006). As a result,
pyruvate is shunted away from mitochondria, lowering TCA cycle flux and reducing
delivery of NADH and FADH2 to the electron transport chain. Zhang et al. (Zhang
et al., 2010) found that in MEFs, deletion of FIH increased intracellular ATP levels and
suppressed AMP kinase activation, though without the expected increase in glycolysis
usually associated with HIF1. In HEK293 cells, Scholz et al. (Scholz et al., 2016) iden-
tified OTUB1 as an FIH substrate, influencing its interactions with metabolism-related
proteins and suggesting that FIH has broader metabolic roles. Garcia et al. (Garcı́a-del
Rı́o et al., 2023) similarly showed that in LUAD and LUSC, FIH depletion enhanced
glucose uptake and lactate production, though the mechanisms remain unclear. Col-
lectively, these studies indicate that FIH loss often promotes glycolysis in transformed
or highly proliferative cells.

By contrast, our findings show that in non-cancerous lung fibroblasts, FIH depletion
reduces both glycolysis and mitochondrial function. Notably, although we refer to this
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as altered “mitochondrial function,” the observed changes may instead reflect a reduc-
tion in mitochondrial abundance rather than an intrinsic defect in mitochondrial activ-
ity. One explanation for this discrepancy lies in the cellular context. Studies reporting
increased glycolysis following FIH inhibition were mostly conducted in cancer cells,
which undergo metabolic reprogramming, or in MEFs, which do not represent lung fi-
broblasts. In these systems, loss of FIH may amplify pre-existing glycolytic activity. In
contrast, non-cancerous lung fibroblasts have a different metabolic program, and FIH
loss may disrupt the balance between glycolysis and OXPHOS in ways that extend be-
yond HIF1α regulation. Our data also suggest that FIH interacts with TGF-β signaling,
since TGF-β partially restored mitochondrial function in FIH-depleted fibroblasts. This
implies that FIH contributes to broader pathways critical for mitochondrial integrity
and energy homeostasis.

Furthermore, our results align with the study by Zhang et al. (Zhang et al., 2010), which
showed that FIH deletion altered cellular metabolism without necessarily increasing
glycolysis. Instead, they observed higher ATP levels and reduced AMPK activation.
This suggests that the metabolic impact of FIH loss varies substantially by cell type
and environmental context. Taken together, our findings emphasize that while FIH
inhibition enhances glycolysis in many cancer models, its loss in primary fibroblasts
impairs both glycolysis and OXPHOS. These differences highlight the complexity of
FIH’s role in cellular metabolism and point to the need for further studies in disease-
relevant models such as lung fibrosis.

In addition to metabolic effects, our preliminary data suggest that FIH depletion may
be associated with cellular senescence. RNA sequencing indicated increased expres-
sion of several aging-related genes in FIH knockout cells, which was supported by ele-
vated β-gal staining. Notably, the senescence phenotype appeared stronger when both
FIH and HIF-1β were silenced, raising the possibility of interactions between FIH and
HIF-associated cofactors. However, these findings should be interpreted cautiously,
as they remain exploratory, and further validation with additional senescence markers
and functional assays will be required to establish whether FIH plays a direct role in
regulating fibroblast senescence.

Our study has several limitations and unanswered questions that need to be addressed.
We used complete DMEM (10% FBS) in experiments related to metabolism, such as the
Lactate-Glo assay and NMR-based metabolite screening. While this was done to main-
tain consistency with the conditions used for bulk RNA sequencing, it would have been
more accurate to limit FBS, glucose, or pyruvate to better monitor nutrient consump-
tion and metabolite production. In the future, using a modified culture medium that
aligns more closely with Seahorse assay conditions, which begin with cell starvation,
could improve the relevance of our metabolic investigations. This approach would
also allow for the quantification of nutrient consumption, such as glucose or pyruvate.
Also, although protein normalization was performed after Seahorse assays to control
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for differences in cell number, this approach does not fully account for changes in cell
viability or mitochondrial mass that may occur following siRNA transfection. Since
altered survival or mitochondrial abundance could contribute to differences in respi-
ration and glycolysis, future experiments should incorporate viability assays (e.g., try-
pan blue exclusion or propidium iodide staining) alongside measures of mitochondrial
mass (e.g., MitoTracker staining or citrate synthase activity). These additional controls
would help confirm that the observed metabolic changes reflect genuine alterations in
mitochondrial function rather than secondary effects of cell loss or altered organelle
content.

Our 1H NMR-based metabolite screening faced challenges, primarily due to the low
number of cells used. The analysis of the spectrum data from cell lysate revealed a
high background, making it difficult to accurately assign metabolites. This issue likely
contributed to the difficulties in interpreting intracellular lactate levels. Due to these
limitations, we opted not to analyse the cultured medium from the same experiment to
avoid wasting reagents and time. 1H NMR spectroscopy has its constraints, as it tends
to be biased toward detecting more abundant metabolites, while less abundant ones
may be obscured by larger peaks. This challenge is well-documented in the literature,
where the large dynamic range in metabolite concentrations can complicate statistical
analysis (Bell et al., 1989; Yamaguchi et al., 1985; Serkova and Niemann, 2006). A poten-
tial solution would be to use two-dimensional (2D) NMR spectroscopy, which allows
for the detection of both hydrogen and carbon nuclei. The combination of 1D and 2D
NMR could provide a more precise metabolite profile and help us identify how FIH
knockout impacts specific steps in glycolysis (Van et al., 2008; Pollak et al., 2024).

Moreover, the mechanism by which FIH regulates glycolysis in a HIF-independent
manner remains unclear. We hypothesize that FIH may hydroxylate a substrate or
interact with a protein that regulates glycolytic enzymes, or that FIH may directly hy-
droxylate one of these enzymes. In our current studies, we only measured the lactate
levels produced by fibroblasts under different treatments. Notably, Zhang et al. found
that FIH-null cells have a reduced capacity for fatty acid oxidation compared to WT
cells. This finding suggests that the increased glycolysis observed in FIH-null cells
is more likely directed towards pyruvate production rather than lactate (Zhang et al.,
2010). This shift indicates the potential existence of a compensatory metabolic adap-
tation in response to the loss of FIH. Future studies should focus on identifying the
specific reactions and enzymes affected by FIH loss, using data from our NMR-based
metabolite screening as a guide. Then we can use the inhibitors targeting specific gly-
colytic enzymes to perturbate glycolysis to figure out the downstream of FIH regula-
tion.

Lastly, the mechanism by which FIH loss regulates cellular senescence is still unclear.
We know that this regulation occurs in a HIF-independent manner. The well-known
pathways involved in cellular senescence include the p53/p21WAF1/CIP1, p16INK4A/pRB,
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p38/MAPK, and PI3K/AKT/mTOR pathways, with HIF1α activation capable of trig-
gering most of these (Gao et al., 2023). Interestingly, Young et al. showed that acute
VHL inactivation causes a senescent-like phenotype in vitro and in vivo, independent
of p53 and HIF, but dependent on the retinoblastoma protein (Rb) and the SWI2/SNF2
chromatin remodeler p400. Rb activation occurred through a decrease in Skp2 mRNA,
leading to the upregulation of p27 in a HIF-independent fashion (Young et al., 2008). It
is reasonable to hypothesize that FIH may influence cellular senescence through a po-
tential non-HIF substrate, although further evidence is needed to confirm this. Addi-
tionally, given the observed metabolic alterations following FIH loss in fibroblasts, we
are curious whether the induction of cellular senescence is related to these metabolic
changes and, if so, which process occurs first. This will be explored in the final discus-
sion.

There is a growing interest in targeting metabolic pathways as a potential treatment
strategy for IPF as introduced in chapter 1. Numerous drugs have been developed to
modulate key aspects of metabolism, such as glycolysis and mitochondrial function,
which are often altered in IPF. Chen et al. demonstrated that Anlotinib reduces gly-
colysis by lowering PFKFB3, lactate, and glucose consumption, leading to decreased
fibrosis markers such as αSMA, Col1, and FN (Chen et al., 2021). Diphenyleneiodo-
nium enhances glycolysis while reducing fibrosis by decreasing lung Col, α-SMA, and
TGF-β expression, as well as improving fibrosis severity (Wang, Gao, Wang, Yu, Zhang,
Liu, Song, Xu, Wang, Lou et al., 2023). Similarly, Wang et al. showed that Fenben-
dazole inhibits glycolysis and glucose consumption, reducing TGF-β-induced fibrosis
markers, including α-SMA and Col1, and mitigating bleomycin-induced lung fibrosis
(Wang, Xu, Wang, Ding, Zhao, Wan, Zhao, Guo, Pan, Yang et al., 2022). Fenofibrate
decreases OXPHOS while increasing glycolysis, resulting in reduced fibroblast activa-
tion and migration in response to TGF-β (Kikuchi et al., 2021). Yin et al. found that
Lonidamine, an HK2 inhibitor, lowers Col and FN expression while improving lung
function in bleomycin-induced fibrosis (Yin et al., 2019). Metformin enhances mito-
chondrial complex I and increases mtDNA, leading to a reduction in fibrosis markers
like α-SMA and Col. While Pirfenidone influences glucose metabolites, its metabolic
effects are less clearly defined (Rangarajan et al., 2018). Summer et al. reported that
Rapamycin reduces OXPHOS and fibrosis markers, such as β-gal and inflammatory
cytokines, in bleomycin-treated lungs (Summer et al., 2019). These approaches are be-
ing explored to disrupt the pathological processes driving fibrosis and to improve pa-
tient outcomes (Details showed in Table.4.1). It is interesting that some drug induced
glycolysis while some reduced glycolysis, their final effect is decreasing the expression
of profibrotic genes, which means there must be several different impact of metabolic
alteration on the progression of lung fibrosis.

Given the critical role of FIH in regulating cellular metabolism, FIH and its substrates
present promising targets for future IPF therapies. Our findings suggest that FIH plays
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a significant role in maintaining the balance between glycolysis and OXPHOS in lung
fibroblasts. Targeting FIH or its downstream effects could offer a novel therapeutic ap-
proach to managing IPF, particularly by restoring proper metabolic function in affected
cells.

TABLE 4.1: Metabolic influence of clinical drugs and natural compounds and their
therapeutic effects in IPF

Compound
category

Compound
name

Metabolic
modulatory
impact

Therapeutic effects Reference

Clinical
Drug

Anlotinib ↓ glycolysis,
PFKFB3,
lactate, and
glucose con-
sumption

↓ bleomycin-induced lung α-SMA, col-
lagen 1, FN, and hydroxyproline; TGF-
β-induced lung fibroblast α-SMA, col-
lagen 1, FN, migration, and prolifera-
tion

(Chen
et al.,
2021)

Clinical
Drug

Diphenylen-
eiodonium

↑ glycolysis ↓ bleomycin-induced lung collagen,
mRNA of α-SMA, Col1a1, Fn, and
TGF-β, Ashcroft fibrosis score, lung
fibrosis microCT, and macrophage
CD206 expression and mRNA of
CD206 and CD163

(Wang,
Gao,
Wang,
Yu,
Zhang,
Liu,
Song, Xu,
Wang,
Lou et al.,
2023)

↑ bleomycin-induced lung
macrophage mRNA of CD86 and
iNOS and mice body weight

Clinical
Drug

Fenbendazole ↓ glycolysis
and glucose
consump-
tion

↓ TGF-β-induced lung fibroblast α-
SMA, collagen 1, FN, N-cadherin, and
vimentin; bleomycin-induced lung α-
SMA, collagen 1, hydroxyproline, and
Ashcroft fibrosis score

(Wang,
Xu,
Wang,
Ding,
Zhao,
Wan,
Zhao,
Guo,
Pan,
Yang
et al.,
2022)

↔ OXPHOS

Continued on next page
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Compound
category

Compound
name

Metabolic
modulatory
impact

Therapeutic effects Reference

Clinical
Drug

Fenofibrate ↓ OXPHOS ↓ TGF-β-induced lung fibroblast α-
SMA, collagen, CTGF, and migration

(Kikuchi
et al.,
2021)

↑ glycolysis

Clinical
Drug

Lonidamine HK2 in-
hibitor

↓ bleomycin-induced lung collagen,
FN, hydroxyproline, and mRNA of α-
SMA, Col1a1, Ctgf, and Pai-1

(Yin
et al.,
2019)

↑ bleomycin-induced lung compliance
and peripheral blood oxygenation

Clinical
Drug

Metformin ↑ complex
I and mito-
chondrial
DNA

↓ bleomycin-induced lung α-SMA, col-
lagen, and hydroxyproline

(Rangarajan
et al.,
2018)

Clinical
Drug

Pirfenidone Glucose
metabolites

(Sun
et al.,
2018)

Clinical
Drug

Rapamycin ↓ OXPHOS ↓ bleomycin-induced EC β-
galactosidase, p21, phosphorylated
p53, and mRNA of Il-1α, Il-6, Mcp-1,
Mmp-2, and Tnf-α

(Summer
et al.,
2019)

Natural
Com-
pound

Alamandine ↓ glycolysis,
HK2, and
PFKFB3

↓ bleomycin-induced lung α-SMA and
collagen 1; TGF-β-induced lung fibrob-
last αSMA and collagen 1

(Wang,
Zhang,
Huang,
Yuan,
Hong,
Xie, Li,
Chen,
Li and
Meng,
2023)

↑ ATP and
OXPHOS

Natural
Com-
pound

Dihydromyr-
icetin

↓ GLUT1
and OX-
PHOS

↓ TGF-β-induced IPF-derived lung fi-
broblast αSMA, collagen 1, FN, mi-
gration, and proliferation; bleomycin-
induced lung αSMA, collagen 1, and
FN, Ashcroft fibrosis score, and mice
mortality

(Li et al.,
2022)

Continued on next page
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Compound
category

Compound
name

Metabolic
modulatory
impact

Therapeutic effects Reference

Natural
Com-
pound

Gossypol LDHA in-
hibitor

↓ bleomycin-induced lung collagen,
FN, hydroxyproline, and TGF-β,
and mRNA of Col1 and Col3; TGF-
β-induced lung fibroblast α-SMA,
calponin, and mRNA of Col1a1 and
Col3a1

(Kottmann
et al.,
2015)

No change of bleomycin-induced
BALF cell counts

Natural
Com-
pound

Morin ↓ GLS1, glu-
tamate, and
α-KG

↓ bleomycin-induced lung αSMA, col-
lagen 1, FN, hydroxyproline, and in-
flammation; TGF-β-induced lung fi-
broblast αSMA, collagen 1, FN, and mi-
gration

(Miao
et al.,
2022)

↔ GLUD1,
GOT1, GPT2

Natural
Com-
pound

Phloretin GLUT1 in-
hibitor

↓ bleomycin-induced lung collagen
and fibronectin

(Cho
et al.,
2017)

↑ body weight

↔ airway cell counts

Natural
Com-
pound

Tanshinone
IIA

↓ ATP, glu-
tamate, and
αKG

↓ bleomycin-induced lung αSMA, col-
lagen, hydroxyproline, and TGF-β,
mRNA of Col1, Col3, and Fn, and pri-
mary lung fibroblast growth

(An et al.,
2019)
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Chapter 5

FIH may invlove in ECM regulation
and fibroblasts activation

5.1 Introduction and rationale

5.1.1 Fibroblast-to-myofibroblast transition

Lung fibroblasts are a specialized population of mesenchymal cells that play a critical
role in maintaining the structural integrity and functional capacity of the lung (Plikus
et al., 2021). These cells are responsible for producing ECM proteins and maintaining
ECM organisation, which provides the necessary mechanical support for lung tissues
to perform essential functions, such as gas exchange and resistance to physical stress.

The transition of fibroblasts to myofibroblasts is a critical event in wound healing,
typically marked by increased expression of α-SMA. Myofibroblasts are essential for
generating the contractile force necessary for wound closure and are associated with
increased collagen deposition. In IPF, the proliferation of myofibroblasts significantly
contributes to fibrosis and disease progression. There have been loads of studies report-
ing the regulation of FMT. Myofibroblast differentiation and their resistance to apopto-
sis are driven by multiple factors, including TGF-β (Fernandez and Eickelberg, 2012a),
integrin αVβ6 (Munger et al., 1999), PDGF (Joshi et al., 2020; Adler et al., 2020), CTGF
(Pan et al., 2001), VEGF (Murray et al., 2017), overexpression of Wnt (Königshoff et al.,
2008, 2009), reduced expression of BMP2 (Fukihara et al., 2022) and decreased AMPK
activation (Jiang et al., 2017) as introduced in Chapter 2. Many of these signaling path-
ways—such as TGF-β, PDGF receptor, EGF, FGF, and Wnt—specifically promote the
expression of mesenchymal genes while downregulating epithelial genes, thereby ac-
tivating fibroblasts. Overall, lung fibroblasts and myofibroblasts are central to both
the maintenance of lung function and the pathological processes that lead to fibrosis.
Their roles in ECM production, tissue remodeling, and response to injury highlight
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their importance in both health and disease, making them key targets for therapeutic
intervention in fibrotic lung diseases. However, whether FIH is involved in the regula-
tion of FMT remains unclear.

5.1.2 Extracellualr matrix

The extracellular matrix (ECM) was once considered just a structural framework that
supports cells, but it is now recognized as a critical regulator of both health and dis-
ease. The ECM is a dynamic and flexible network of interconnected proteins that offers
crucial structural support for cells and plays a vital role in regulating nearly all cellular
functions (Hynes, 2009). In addition to providing the necessary support for tissues, the
ECM sends vital signals to cells that affect their growth, movement, transformation into
different cell types, death, and the production of important molecules that are secreted
by the cells (Hardie et al., 2009; Mutsaers et al., 1997). The ECM also stores growth
factors and cytokines, which are essential during tissue repair, helping to guide and
localize the wound healing response. During development, the ECM plays a crucial
role in shaping key processes like the branching of the lungs (Sakai et al., 2003) and the
development of the heart and nervous systems (Li et al., 1998). Therefore, the ECM is a
fundamental part of not only maintaining tissue structure but also ensuring the proper
function and development of tissues (Booth et al., 2012)

The ECM of the lung is composed of several major components including fibrillar col-
lagens (type I, II, III, V, XI) (Herrera et al., 2019), elastin, fibronectin, proteoglycans,
hyaluronan, and laminin (Kliment and Oury, 2010). Type I collagen is relatively rigid
and contributes to tissue stiffness, whereas type III collagen is more flexible and is
found in higher proportions in the lungs compared to other tissues (Asgari et al., 2017;
Liu et al., 2021). Abrrant deposition of fibrillar collagens is a hallmark of IPF and TGF-β
is one of the main modulator of ECM protein deposition. Apart from the ECM proteins
deposition, the crosslinking of the ECM proteins is another factor resulting in ECM
stiffening. The stiffened ECM is not merely a epiphenomenon of lung fibrosis but can
actively drive the progression of fibrotic lung disease. According to the previous work
from Brereton and his colleagues, in lung primary fibroblasts derived from IPF pa-
tients, the loss of FIH activity induced the expression level of PLOD2 and LOXL2, two
enzymes responsible for collagen cross-linking, in a HIF-dependent manner (Brereton
et al., 2022).

Interestingly, in our bulk RNAseq data analysis, we found that activity of TGF-β signal-
ing and EMT were downregulated in FIH KO MRC5 cells which leaves us an unclear
role of FIH. We are eager to investigate the role of FIH in the regulation of myofibrob-
last activation and ECM organisation.
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5.2 Aim and Objectives

5.2.1 Aim

The aim of this chapter is to investigate the role of FIH in FMT and ECM organisa-
tion, particularly in the context of TGF-β signaling This chapter combines bioinformatic
analysis with laboratory experiments to explore how FIH affects these processes, which
are important in lung fibrosis.

5.2.2 Objectives

1. Analyse RNA sequencing data on FIH WT and KO MRC5 cells treated with PBS
or TGF-β to identify key transcriptomic changes, with a focus on pathways re-
lated to FMT and ECM organisation.

2. Validate bioinformatic predictions by assessing αSMA and Collagen 1 expression
in FIH WT and KO MRC5 cells, as well as in FIH knockdown human primary
lung fibroblasts, under TGF-β treatment.

3. Investigate the impact of FIH depletion on the TGF-β signaling pathway, specifi-
cally through the analysis of p-Smad2/Smad2 ratios, to determine its role in FMT
and ECM regulation.
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5.3 Results

5.3.1 Gobal transcriptomic changes identify FIH depletion play an impor-
tant role in ECM organisation

When investigating the global transcriptomic changes between FIH WT and KO MRC5
cells, we extended our analysis to include two additional groups to evaluate the role of
FIH under TGF-β treatment. To provide a comprehensive comparison among the dif-
ferent conditions, we included all four groups in the analysis presented in this chapter.
Both FIH WT and KO MRC5 cells were treated with PBS or TGF-β for 24 hours before
RNA was extracted for bulk RNA sequencing. PCA revealed that samples within each
group clustered closely together, indicating similar gene expression profiles, whereas
samples from different groups were clearly separated, suggesting distinct transcrip-
tional responses (Figure.5.1 A).

To better understand the impact of FIH depletion on MRC5 cells, with and without
TGF-β, we utilized GSVA on normalized mRNA expression data. The heatmap showed
that several pathways activated by TGF-β were attenuated in FIH KO cells (Figure.5.1
B). Notably, pathways related to the cell cycle, such as E2F targets and G2M checkpoint,
were upregulated by TGF-β but downregulated upon FIH loss. Interestingly, the TGF-
β signaling pathway (P = 0.001, Difference (FIH KO - WT) = −0.427), as well as the
Epithelial mesenchymal transition pathway (P = 0.01, Difference = −0.155), were signifi-
cantly downregulated in FIH KO cells, even under TGF-β treatment (Figure.5.1 C).

TGF-β signaling is crucial for lung fibrosis progression, primarily through the induc-
tion of FMT, leading to excessive ECM deposition. EMT, while typically occurring in
epithelial cells, involves gene sets that are also crucial for myofibroblast activation and
ECM organisation.

In order to further investigate the impact of FIH depletion on FMT ECM organisation,
we performed GSVA using several gene lists. The myofibroblast marker gene list was
identified using the Seurat FindMarkers() function on the Kropski single-cell RNA-seq
dataset (Habermann et al., 2020), as provided by Dr. Joseph Bell from the Brookes lab.
The scatter plot (Figure.5.2 A) demonstrates that the loss of FIH significantly reduced
the myofibroblast score in MRC5 cells without TGF-β treatment compared to FIH WT
MRC5 cells (P = 0.004, Difference (FIH KO - WT) = −0.387). Notably, even under TGF-β
treatment, FIH depletion still partially decreased the expression of myofibroblast mark-
ers (P = 0.004, Difference (FIH KO with TGFβ− WT with TGFβ) = −0.39). This sug-
gests that FIH may regulate the differentiation of fibroblasts into myofibroblasts up-
stream of TGF-β signaling. Furthermore, the GSVA score calculated using the gene list
associated with the GO term ”extracellular matrix organisation” revealed that FIH loss
downregulated genes involved in ECM organisation, irrespective of TGF-β treatment
(Figure.5.2 B) ( WT vs FIH KO: P = 0.03, Difference (FIH KO − WT) = −0.20).
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Collagens are the most abundant proteins in the human body, primarily found in the
ECM of connective tissues such as tendons and skin. They serve as the main structural
protein within the ECM, providing tensile strength and playing crucial roles in cellu-
lar processes like adhesion and migration. We identified 45 collagen-expressing genes
in human lung tissue using MatrisomeDB 2.0 (Shao et al., 2023; Lansky et al., 2019).
Additionally, 35 TGF-β-induced collagen genes were identified from preliminary RNA
sequencing data of MRC5 cells treated with PBS or TGF-β. Genes were selected based
on a Log2 fold change greater than 0 and an adjusted P-value (padj) less than 0.05.
The intersection of these two lists resulted in 17 collagen-expressing genes induced by
TGF-β in human fibroblasts. The GSVA score using this gene list revealed that FIH de-
pletion significantly reduced the expression of TGF-β-induced collagens (Figure.5.2 C)
(WT with TGF-β vs FIH KO with TGF-β: P = 0.04, Difference (FIH KO with TGFβ− WT
with TGFβ) = −0.189). The accompanying heatmap shows that the overall expression
levels of these collagens were downregulated by FIH loss, regardless of TGF-β treat-
ment (Figure.5.2 D).
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FIGURE 5.1: Global transcriptomic analysis in FIH KO MRC5 cells with or without
TGF-β treatment

(A) PCA plot of gene expression data from RNA-seq, representing three biological
replicates for FIH WT and KO MRC5 cells treated with either PBS or TGF-β (5 ng/mL)
for 24 hours. (B) Heatmap displaying GSVA scores for 50 hallmark pathways derived
from RNA sequencing data. Statistical significance is indicated as follows: *P < 0.05,
**P < 0.01, ***P < 0.001 vs. WT group; # P < 0.05, ## P < 0.01, ### P < 0.001 vs.
WT group with TGF-β treatment by Tukey’s multiple comparison test. (C) Scatter plot
highlighting the GSVA scores for the TGF BETA SIGNALING pathway across the four
experimental groups. *P < 0.05, **P < 0.01, ***P < 0.001 by Tukey’s multiple compari-
son test.
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FIGURE 5.2: Bulk RNA sequencing analysis reveals the loss of FIH mitigates fi-
broblasts to myofibroblasts transition and collagen production induced by TGF-β

treatment

(A-C) Scatter plots displaying the GSVA scores for the myofibroblast marker gene list
(A), the extracellular matrix organisation GO term (B), and the TGF-β-induced collagen
gene list (C). (D) Heatmap showing the base mean expression levels of collagen-coding
genes that are upregulated by TGF-β treatment. *P < 0.05, **P < 0.01, ***P < 0.001 by
Tukey’s multiple comparison test.
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5.3.2 FIH depletion and the fibroblast to myofibroblasts transition induced
by TGF-β

To validate these transcriptomic observations, we performed in vitro experiments in
MRC5 cells and primary human lung fibroblasts.

FIH WT and KO MRC5 cells were treated with PBS or TGF-β for 48 hours, followed by
the collection of cell lysates and conditioned media for immunoblotting. The results re-
vealed that αSMA, a key marker of myofibroblasts, was upregulated following TGF-β
treatment, whereas the loss of FIH inhibited this induction. Similarly, the secretion of
Collagen 1 into the culture medium followed the same pattern, with TGF-β treatment
enhancing Collagen 1 expression, an effect that was attenuated by FIH depletion (Fig-
ure.5.3 A). In human primary lung fibroblasts, FIH knockdown produced comparable
results, reducing TGF-β-induced expression of αSMA and Collagen 1 (αSMA: control
with TGF-β vs siFIH with TGF-β = 0.848 vs 0.147, P < 0.001; Collagen 1: control with
TGF-β vs siFIH with TGF-β = 0.559 vs 0.228, P = 0.02) (Figure.5.3 B). Triplicate experi-
ments with gray-scale quantification (Figure.5.3 C) confirmed the role of FIH in attenu-
ating FMT. Moreover, the phospho-Smad2 (p-Smad2)/Smad2 ratio suggested that FIH
loss disrupts TGF-β signaling, leading to reduced FMT and collagen expression (con-
trol with TGF-β vs siFIH with TGF-β = 1.20 vs 0.85, P = 0.14).

5.3.3 FIH and HIF1β in FMT and ECM regulation

We aimed to investigate whether FIH’s regulation of FMT and ECM regulation associ-
ated with HIF pathway. To do so, we conducted knockdown experiments targeting FIH
and HIF1β individually and in combination in human primary lung fibroblasts treated
with TGF-β for 48 hours.

Immunoblotting analysis and subsequent quantification indicated that both FIH deple-
tion and HIF1β knockdown were associated with reduced TGF-β-induced αSMA ex-
pression (αSMA: control with TGF-β vs. siFIH with TGF-β = 0.777 vs. 0.181, P = 0.002)
(Figure.5.4 A and C). This observation was consistent in a separate strain of primary
lung fibroblasts (Figure.5.4 B). The combined knockdown resulted in a significant re-
duction of the p-Smad2/Smad2 ratio (P = 0.04), whereas single knockdowns produced
inconsistent changes. qRT-PCR analysis further indicated reduced ACTA2 expression
after FIH depletion (P = 0.03) (Figure.5.4 D).

Overall, these findings suggest that FIH may modulate fibroblast activation and ECM
regulation, potentially interacting with TGF-β and HIF-related pathways. However,
the data remain preliminary and should be interpreted with caution. Additional exper-
iments are needed to clarify the mechanisms, confirm reproducibility across fibroblast
strains, and determine the relevance of these pathways in vivo.
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FIGURE 5.3: TGF-β-induced αSMA and collagen 1 can be partially blocked by FIH
depletion

(A) Protein expression of αSMA, phospho-Smad2 (p-Smad2) and FIH in MRC5 with
indicated treatment. β-Tubulin was used as a loading control. Protein expression of
Collagen 1 in cultured media from MRC5 with indicated treatment. Ponceau S staining
showing total protein levels. (B) Protein expression of αSMA, p-Smad2, total Smad2
and FIH in MRC5 with indicated treatment. β-tubulin was used as a loading control.
Protein expression of Collagen 1 in cultured media from NHLFs with indicated treat-
ment. Ponceau S staining showing total protein levels. (C) Quantification of protein
expression of αSMA which normalized to the expression of β-Tubulin and the ratio of
the expression of p-Smad2 and total Smad2. ImageJ was used to do the quantification.
* P < 0.05, ** P < 0.01, *** P<0.001 by Tukey’s multiple comparison test.
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FIGURE 5.4: Inhibition of FMT by loss of FIH is HIF-independent
(A-B) Protein expression of αSMA, phospho-Smad2 (p-Smad2), total Smad2, HIF1β and
FIH in two strains of NHLFs with indicated treatment. β-Tubulin was used as a loading
control. (C) Quantification of protein expression of αSMA which normalized to the
expression of β-Tubulin and the ratio of the expression of p-Smad2 and total Smad2.
ImageJ was used to do the quantification. (D) The mRNA level of ACTA2 gene in the
NHLFs with indicated treatment. ACTB was used as the house-keeping gene. * P <
0.05, ** P < 0.01, *** P<0.001 by Tukey’s multiple comparison test.
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5.4 Discussion

In this chapter, we investigated the role of FIH in regulating fibroblast-to-myofibroblast
transition (FMT) and extracellular matrix (ECM) organisation, particularly in the con-
text of TGF-β signaling. FMT is a critical event in wound healing and fibrosis, char-
acterized by increased α-SMA expression and collagen-rich ECM production. Myofi-
broblasts are central to the progression of IPF, contributing to excessive ECM deposi-
tion and tissue stiffening, which ultimately impairs lung function. While myofibroblast
activation involves multiple signaling pathways—including those related to ECM me-
chanical properties—the contribution of FIH to FMT in human lung disease remains
poorly defined.

Transcriptomic analyses revealed that FIH depletion alters pathways related to cell cy-
cle regulation and TGF-β signaling, with a reduction in myofibroblast markers and
ECM-related gene sets, including collagens. In line with these findings, immunoblot-
ting showed that under normoxic conditions, loss of FIH was associated with reduced
TGF-β-induced α-SMA expression. While these data suggest that FIH may influence
fibroblast activation in a manner not fully explained by canonical HIF signaling, the
precise mechanism remains uncertain. Although FIH depletion reduced TGF-β, ECM,
and myofibroblast gene sets in our in-vitro models, this does not exclude a profibrotic
role for FIH in disease. FIH has multiple substrates, and its effects may vary depending
on environmental stimuli such as hypoxia, mechanical stress, or chronic TGF-β expo-
sure. In particular, the FIH/HIF axis is known to regulate collagen maturation and
cross-linking rather than transcription alone, which may explain why reduced tran-
script levels in our system could still coexist with profibrotic outcomes in tissue.

Previous work has highlighted important roles for the HIF pathway in fibroblast ac-
tivation during fibrosis (Haase, 2012; Kim et al., 2022; Strowitzki et al., 2019; Higgins
et al., 2007). By contrast, relatively few studies have examined whether FIH regulates
fibroblast function independently of HIF. For example, Hu et al. demonstrated that FIH
acts as a checkpoint in liver fibrosis by suppressing hepatic stellate cell activation, with
miR-31-mediated FIH downregulation promoting α-SMA and collagen expression via
TGF-β/Smad3 signaling (Hu et al., 2015). Similarly, Manresa et al. showed that hydrox-
ylase inhibitors (DMOG and JNJ1935) attenuated TGF-β-mediated fibroblast activation,
at least partly through non-HIF mechanisms involving ERK signaling (Manresa et al.,
2016). Together, these studies support the possibility that FIH can influence fibroblast
activation beyond its role in regulating HIF.

Our results further indicate that FIH depletion reduced secretion of collagen I under
TGF-β stimulation. However, interpretation of these data requires caution. Western
blotting, while prepared under non-denaturing conditions, has inherent limitations in
detecting post-translational modifications of collagen, which are crucial for fibril stabil-
ity and ECM stiffness (White, 2015; Jones et al., 2018). Indeed, HIF activation in fibrotic
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lungs promotes collagen cross-linking through enzymes such as PLOD2 and LOXL2,
altering fibril nano-architecture and increasing stiffness (Aquino-Gálvez et al., 2019;
Brereton et al., 2022). The extent to which FIH depletion influences these processes di-
rectly or indirectly remains unclear.

Single-cell RNA sequencing studies have revealed fibroblast heterogeneity in IPF lungs,
including ACTA2+ myofibroblasts, HAS1-high fibroblasts, and PLIN2+ fibroblasts (Haber-
mann et al., 2020). Of note, HAS1-high and PLIN2+ subsets exhibit elevated HIF ac-
tivity and oxidative stress (Brereton et al., 2022). It is possible that FIH loss influences
fibroblast differentiation into distinct mesenchymal subsets with altered ECM output.
While our western blot results suggested a trend toward reduced TGF-β-induced col-
lagen I expression in FIH-depleted cells, statistical support was limited, and we can-
not conclude whether this effect is HIF-dependent or independent. Given FIH’s broad
substrate profile—including ankyrin repeat domain (ARD)-containing proteins such as
Notch and NF-κB (Cockman et al., 2009)—alternative regulatory mechanisms beyond
HIF signaling are also possible.

This study has several limitations. First, our results were obtained under normoxic
conditions without hypoxia or hypoxia mimetics, and no direct assessment of HIF1α or
HIF2α stability was performed, limiting interpretation of HIF-dependent mechanisms.
Second, while collagen I secretion was reduced with FIH depletion, post-translational
modifications critical for collagen function (e.g., hydroxylation and cross-linking) were
not measured. Third, western blot reproducibility for p-Smad2 was limited, making it
difficult to determine whether FIH directly influences TGF-β/Smad signaling. Finally,
fibroblast heterogeneity in IPF complicates translation of these findings, and additional
experiments—such as transcription factor analysis of ACTA2 or proteomic pulldown of
FIH substrates—will be required to clarify the mechanisms involved.

Future studies are required to clarify how FIH regulates fibroblast-to-myofibroblast
transition and ECM remodeling. Single-cell RNA sequencing in FIH-depleted lung
fibrosis models would enable identification of mesenchymal subpopulations affected
by FIH loss. Candidate markers revealed from these analyses could then be validated
by western blotting and qPCR. To broaden our understanding of collagen regulation,
it will be important to assess multiple collagen types using immunoblotting, qPCR,
immunofluorescence, and immunohistochemistry, thereby providing both quantitative
and spatial insights. In addition, the role of FIH in collagen post-translational modifica-
tions warrants further study, including measurements of collagen solubility, turnover,
and matrix metalloproteinase (MMP)-mediated degradation. ELISA-based quantifica-
tion of mature trivalent collagen cross-links could offer additional insight into ECM
remodeling in fibrotic conditions.

Since 2D cultures cannot fully replicate tissue-level mechanics, 3D culture systems will
be critical to investigate the contribution of FIH to ECM regulation. These approaches
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capture in vivo-like biochemical and biomechanical interactions, including the impact
of stiffness and mechanical stretch on fibroblast behavior. Fibroblasts sense matrix stiff-
ness through integrins, and increased stiffness promotes myofibroblast differentiation
via both TGF-β-dependent and -independent pathways. Transcriptional regulators
such as YAP1 and TAZ, which are elevated in IPF lungs, act as key mechanotrans-
duction mediators (Chen, Zhao, Sun, Su, Zhang, Li, Liu, Zhang, Lu, Shan et al., 2019;
Noguchi et al., 2017). Conversely, prostaglandin E2, which decreases with matrix stiff-
ening, may contribute to the inability of myofibroblasts to resolve after injury (Bozyk
and Moore, 2011). Mechanical stretch further amplifies fibrosis by activating latent
TGF-β, creating a feed-forward loop.

A promising strategy is the use of fibroblast-derived matrices, generated by culturing
pulmonary fibroblasts with or without FIH on substrates, followed by decellulariza-
tion. These ECM scaffolds can then be used to study how FIH loss alters fibroblast-
derived microenvironments. Such systems have been successfully applied to investi-
gate fibroblast TGF-β secretion and activation, differences between fibroblast and my-
ofibroblast ECM, and the contribution of profibrotic genes to ECM remodeling (Kling-
berg et al., 2014; Liu et al., 2015). Applying this approach to FIH-deficient fibroblasts
may provide new mechanistic insights into how FIH influences ECM regulation and
fibrotic progression.
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Chapter 6

Conclusion and Future Work

6.1 Final conclusion

In the final stages of this thesis, it is important to revisit the central challenge: IPF,
a progressive and fatal lung disease with limited treatment options. While the roles
of hypoxia and HIF signaling in fibrosis are well established, the contribution of FIH
remains much less understood.

In this work, we investigated the consequences of FIH depletion in lung fibroblasts
using both CRISPR-Cas9 knockout and siRNA knockdown models. Transcriptomic
analysis revealed consistent downregulation of cell cycle–related pathways, alongside
upregulation of processes related to hypoxia response and cell migration. These results
suggest that FIH influences fibroblast proliferation and stress adaptation, although the
precise mechanisms remain to be clarified. Interestingly, we also observed that FIH
KO and KD produced distinct transcriptional changes: KO cells showed alterations in
genome stability and chromatin regulation, while KD cells displayed changes in lipid
metabolism. These observations indicate that FIH may act through multiple mecha-
nisms, some overlapping with HIF signaling and others independent, though further
validation is needed.

We next assessed the role of FIH in fibroblast metabolism. Seahorse assays and ATP
measurements suggested that FIH loss reduced mitochondrial respiration and energy
production. Co-depletion of HIF-1β partially reversed these effects, implying that HIF-
related pathways may contribute, although these data should be interpreted cautiously
given the absence of hypoxia or hypoxia mimetic conditions in our models.

Transcriptomic and functional assays also indicated that FIH influences fibroblast-to-
myofibroblast transition (FMT) and ECM regulation under TGF-β stimulation. In both
fibroblast cell lines and primary fibroblasts, FIH depletion was associated with reduced
αSMA and collagen I expression. These effects appeared at least partially independent
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of HIF-1β, though the underlying mechanisms remain unresolved and require further
investigation.

While we have discussed the results at the end of each chapter, there are additional
intriguing topics that emerge when we consider insights across multiple chapters.

Links between cellular metabolism and senescence

There is substantial evidence demonstrating metabolic reprogramming in senescent
cells, with PF widely recognized as closely linked to aging. Studies have shown that
senescent cells exhibit increased PDK4-dependent aerobic glycolysis and elevated lac-
tate production, which stimulates ROS generation through NADPH oxidase 1 (NOX1),
promoting the SASP and contributing to disease progression (Dou et al., 2023).

Conversely, metabolic alterations can also induce cellular senescence. Metabolic stress,
such as mitochondrial dysfunction, disrupted NAD+ metabolism, and oxidative stress,
triggers senescence by increasing ROS production and depleting essential factors like
NAD+. Mitochondrial dysfunction is a central contributor, leading to energy imbal-
ances and promoting SASP (Wiley et al., 2016). Velarde and colleagues demonstrated
that Sod2 loss results in heightened ROS production, DNA damage, and reduced ATP
synthesis, leading to cellular senescence in the epidermis, a hallmark of aging skin (Ve-
larde et al., 2012). Additionally, declining NAD+ levels maintain senescence by impair-
ing DNA repair and autophagy while amplifying inflammation (Nacarelli et al., 2019).
Changes in lipid metabolism, especially the accumulation of polyunsaturated fatty
acids, further reinforce senescence and the SASP. Venables et al. identified ceramide
as a key regulator of cellular senescence, distinct from quiescent growth arrest. Ele-
vated ceramide levels and sphingomyelinase activity are specifically observed in senes-
cent cells, where exogenous ceramide induces traits such as inhibited DNA synthesis,
growth suppression, and dephosphorylation of the Rb protein in young human diploid
fibroblasts, mimicking senescence (Venable et al., 1995). Additionally, Ras-induced
senescence (RIS) in IMR-90 fibroblasts is associated with distinct metabolic profiles,
including the accumulation of long-chain fatty acids and increased mitochondrial fatty
acid oxidation. These metabolic changes drive the production of pro-inflammatory cy-
tokines, particularly IL-1β, contributing to the SASP (Quijano et al., 2012). Senescent
cells, in turn, exacerbate metabolic diseases such as diabetes and fatty liver through
their pro-inflammatory effects, creating a feedback loop between metabolic dysfunc-
tion and aging.

Our results demonstrated that FIH depletion led to a downregulation of both glycoly-
sis and OXPHOS, while simultaneously inducing cellular senescence. This observation
contrasts with the widely accepted theory that senescent cells typically exhibit impaired
OXPHOS alongside increased glycolysis. Currently, we do not have a clear explanation
for this discrepancy, highlighting the need for further validation and investigation. In-
terestingly, the Hallmark pathway Fatty Acid Metabolism was upregulated following
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FIH knockout in MRC5 cells, suggesting a potential link between fatty acid metabolism
and the induction of cellular senescence caused by FIH loss, which warrants further ex-
ploration.

Links between metabolism, ECM remodeling and myofibroblast

The de novo synthesis of serine via the serine biosynthetic pathway diverges from gly-
colysis at the intermediate 3-phosphoglycerate, which is converted to serine through
a three-step enzymatic process involving phosphoglycerate dehydrogenase (PHGDH),
phosphoserine aminotransferase 1 (PSAT1), and phosphoserine phosphatase (PSPH).
Serine then fuels glycine synthesis through the action of serine hydroxymethyltrans-
ferases (SHMT1 in the cytoplasm and SHMT2 in the mitochondria) (Amelio et al., 2014;
Pacold et al., 2016; Possemato et al., 2011). Nigdelioglu and colleagues demonstrated
that TGF-β induces metabolic reprogramming in lung fibroblasts by upregulating gly-
colysis and the de novo serine synthesis pathway. This leads to increased expression
of PHGDH and SHMT2, essential for glycine production, a key component of collagen.
Inhibiting these enzymes or limiting glycine significantly reduces collagen synthesis,
underscoring their importance in fibrosis (Nigdelioglu et al., 2016). Another study
reinforced this by showing that blocking PHGDH pharmacologically or with siRNA
similarly reduces collagen production in vitro and in bleomycin-induced lung fibro-
sis, suggesting its potential as a therapeutic target for IPF. Notably, myofibroblasts can
still produce collagen independently of extracellular serine and glycine by relying on
glucose-derived glycine (Hamanaka et al., 2018).

In our study, we observed that FIH depletion downregulated both glycolysis and colla-
gen 1 production. To explore whether FIH affects the de novo serine synthesis pathway,
we conducted qPCR to assess the expression of key enzymes (PHGDH, PSAT1, PSPH,
SHMT1, and SHMT2). However, the data lacked reproducibility, and no significant
changes were observed in their mRNA levels (data not shown). Despite these negative
findings, the potential regulation of the de novo serine synthesis pathway by FIH war-
rants further investigation.

The study reveals that lactic acid levels are elevated in IPF lung tissue and myofibrob-
lasts, driven by increased LDH5 expression, which is upregulated by TGF-β. This
elevated lactic acid lowers pH, activating latent TGF-β and promoting myofibroblast
differentiation and fibrosis. Inhibiting LDH5 reduces lactic acid production, pH acid-
ification, and myofibroblast differentiation, positioning LDH5 as a potential therapeu-
tic target in IPF. Additionally, the study highlights a feed-forward loop where lactic
acid activates TGF-β, which induces HIF1α and further LDH5 expression, perpetuat-
ing fibrosis (Kottmann et al., 2012). Extracellular lactate accumulation, as shown by
Kottmann and colleagues, is likely due to the balance between lactate production and
export via monocarboxylate transporters (MCTs). Hypoxia increases MCT-4 expres-
sion to facilitate lactate export in glycolytic cells, while MCT-1 supports lactate uptake
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for oxidative phosphorylation. This lactate shuttling between glycolytic and oxida-
tive cells mirrors processes in muscle and brain cells and occurs in cancer-associated
fibroblasts, which supply lactate to tumor cells via aerobic glycolysis. In IPF, lactate
accumulation in the fibroproliferative environment may affect broader cellular pro-
cesses beyond TGF-β activation. Investigating MCT isoforms in IPF could elucidate
mechanisms behind lactate buildup and reveal novel therapeutic strategies for this fa-
tal disease (Tuder et al., 2012). Xie and colleagues further demonstrated that targeting
glycolytic flux via inhibition of a rate-limiting glycolytic enzyme, 6-phosphofructo-2-
kinase, effectively reduced myofibroblast differentiation and fibrotic progression (Xie
et al., 2015). In contrast, our results showed decreased extracellular lactic acid levels,
which may contribute to the attenuation of FMT following FIH depletion. However,
whether the reduction in glycolysis directly leads to the inhibition of myofibroblast dif-
ferentiation remains to be further investigated.

6.2 Future Work

Considering all the results and discussions above, it is clear that FIH plays a crucial
role in fibroblasts and may contribute to the progression of lung fibrosis. Based on our
findings so far, there are several validations can be done in the future.

1. Defining the subtype of fibroblasts in bioinformatic analysis

It is now widely accepted that several fibroblast subtypes are involved in the progres-
sion of IPF (Fries et al., 1994). A recent study highlights that multiple fibroblast sub-
types contribute to ECM production in lung fibrosis, with myofibroblasts being the
primary contributors. Lipofibroblasts, which typically support alveolar development,
also express collagen under fibrotic conditions and can transition into myofibroblasts.
EBF1+ fibroblasts and pericytes have been shown to express collagen genes, while in-
termediate fibroblasts marked by CTHRC1 also play a significant role. Mesothelial
cells, though less abundant, may support fibrosis through cell interactions (Liu, Dai,
Zhang, Huang, Lynn, Rabata, Liang, Noble and Jiang, 2023). In this project, we focused
primarily on myofibroblasts rather than other subtypes. While additional research is
needed to validate these various fibroblast subtypes, our study underscores the im-
portance of understanding cellular marker changes following FIH depletion. As part
of our future work, we plan to collect genetic markers from different fibroblast sub-
types and use CIBERSORT to identify the proportion of each fibroblast subtype present
in our samples. This analysis will help clarify the specific roles of fibroblast subtypes
in FIH-regulated processes and further elucidate how FIH depletion affects fibroblast
composition and function in fibrosis. By exploring the molecular shifts in various fi-
broblast subtypes, we aim to gain a deeper understanding of FIH’s role in lung fibrosis
and identify new therapeutic targets.
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2. Mechanism underlying metabolic alteration caused by the loss of FIH.

To further investigate the mechanisms behind FIH depletion-induced metabolic changes,
a comprehensive metabolite screening is essential. The inconsistencies observed be-
tween the transcriptomic alterations in FIH KO and KD MRC5 cells make it challeng-
ing to pinpoint the exact metabolic reactions FIH is involved in. Metabolic pathways
such as glycolysis and OXPHOS require the coordinated action of numerous enzymes.
However, changes in enzyme activity do not always manifest at the mRNA or protein
levels, making it difficult to infer functional alterations from transcriptomic data alone.
This highlights the limitations of relying solely on gene expression data to understand
the metabolic impact of FIH depletion.

A detailed analysis of the metabolite profile in FIH-depleted MRC5 cells could provide
crucial insights into the specific metabolic steps regulated by FIH. Identifying alter-
ations in intermediate metabolites could help pinpoint where in the glycolysis or OX-
PHOS pathways FIH plays a regulatory role. By performing metabolomics studies, we
could potentially uncover the direct downstream effects of FIH depletion on cellular
metabolism and link them to the observed phenotypic changes.

Among the various metabolomic techniques available, 2D-NMR offers significant po-
tential for achieving this goal. 2D-NMR enables a highly detailed and quantitative
assessment of the metabolome, making it an ideal method for identifying changes in
metabolic intermediates and pathways. However, before applying NMR techniques,
the experimental conditions need optimization. For instance, we must ensure a suffi-
cient number of MRC5 cells are available, and the culture medium should be tailored to
avoid interference with the NMR analysis. Optimizing these conditions will be crucial
to obtaining high-quality data and ensuring accurate metabolite quantification.

Following the metabolite screening, we can utilize enzyme inhibitors or siRNA to block
the function of the identified enzymes, or alternatively, restore enzyme activity using
recombinant enzymes from commercial kits. These approaches will allow us to deter-
mine whether the enzyme function is directly affected by FIH depletion.

This could not only help us understand the specific metabolic reactions that FIH is
involved in, but also uncover novel therapeutic targets for diseases like fibrosis, where
altered cellular metabolism plays a significant role.

3. Mechanism underlying induction of cellular senescence by FIH depletion.

To investigate the role of FIH in the regulation of cellular senescence, several key ex-
periments and methodologies can be employed. In my current work, I have already
demonstrated that the loss of FIH induces senescence, which was confirmed by β-gal
staining, a widely used assay for detecting senescent cells. This method visualizes SA-
β-gal activity, a hallmark of senescent cells, and helps identify cells that have entered a
growth-arrested state.
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Building upon this initial finding, future work will further explore the molecular mech-
anisms underlying FIH-induced senescence by examining additional markers of senes-
cence, such as p16INK4a, p21, and p53. These are critical regulators of cell cycle arrest
during senescence. Immunoblotting and immunofluorescence can be used to detect
the expression levels of these proteins, helping to clarify how FIH depletion triggers
the senescence pathway.

In addition, the role of oxidative stress in FIH-induced senescence should be explored.
As increased ROS levels are commonly associated with senescence, future experiments
will measure ROS production in FIH-depleted cells using fluorescent probes like DCFDA.
By correlating ROS levels with markers of senescence, this will help determine whether
oxidative stress is a driving factor in the senescence phenotype observed with FIH de-
pletion.

Furthermore, it would be essential to assess the DNA damage response (DDR) in FIH-
depleted cells, as persistent DNA damage is a known inducer of cellular senescence.
Immunofluorescence staining for γH2AX and 53BP1, key markers of DNA damage,
will reveal whether the loss of FIH induces DNA damage foci, providing further in-
sights into the relationship between FIH depletion and cellular senescence.

To investigate the relationship between metabolic alterations and increased cellular
senescence, we plan to restore lactate levels in the culture environment and subse-
quently perform the assays mentioned above. This approach will help determine whether
normalizing extracellular lactate levels can reverse or mitigate the senescence pheno-
type induced by FIH depletion. By comparing the results, we aim to assess if restoring
lactate can return cellular senescence markers to baseline, providing insight into the
role of lactate in regulating senescence.

By integrating these experimental approaches, future studies can provide a more com-
prehensive understanding of the role of FIH in cellular senescence and reveal potential
therapeutic targets for conditions linked to senescence, such as aging and fibrotic dis-
eases.

4. Fibroblast-epithelial cell interactions: metabolism, SASP, and ECM remodeling
via conditioned medium or 3D culture systems

While our current models have provided valuable insights, it is important to recognize
that they are predominantly 2D systems. Although 2D cultures allow precise control
of experimental variables and facilitate mechanistic dissection, they fail to fully cap-
ture the structural and cellular complexity of the fibrotic lung. Fibrotic foci in vivo
are composed of multiple interacting cell types, including fibroblasts, epithelial cells,
immune cells, and endothelial cells, all embedded in a dynamic extracellular matrix
(ECM). Within this environment, fibroblasts not only remodel the ECM but also influ-
ence epithelial cell fate and function through metabolic reprogramming and secretion



6.2. Future Work 181

of senescence-associated secretory phenotype (SASP) factors. These interactions are
difficult to recapitulate in 2D monolayers, where spatial cues and matrix remodeling
are absent.

To address this limitation, our future work emphasizes the use of 3D systems. Embed-
ding fibroblasts within hydrogels or scaffolds and co-culturing them with epithelial
cells will provide a more physiologically relevant platform for investigating recipro-
cal interactions. Such models enable the study of fibroblast-driven changes in epithe-
lial proliferation, migration, and differentiation under conditions that better mimic tis-
sue architecture. Techniques such as 3D bioprinting and organoid co-culture can even
recreate aspects of alveolar geometry and ECM heterogeneity, providing insights into
how fibroblast-driven metabolic alterations or SASP molecules reshape epithelial be-
havior in fibrosis.

In parallel, the use of fibroblast-conditioned media offers a complementary approach to
isolate the role of secreted factors. By analyzing metabolic outcomes (e.g., lactate pro-
duction, mitochondrial function) and profiling SASP-associated cytokines, we can de-
lineate fibroblast-to-epithelial signaling pathways. Incorporating epithelial organoids
into this workflow provides a valuable intermediate system: these organoids preserve
the architecture and differentiation capacity of alveolar epithelium while allowing ex-
perimental manipulation of fibroblast inputs.

Finally, direct assessment of ECM remodeling in 3D matrices or decellularized lung
scaffolds will allow us to link fibroblast activity to alterations in stiffness, composition,
and architecture—critical regulators of epithelial adhesion and plasticity. Combining
biophysical readouts (e.g., AFM, rheometry) with imaging of ECM proteins (e.g., colla-
gen, fibronectin) will enable us to connect fibroblast metabolic and secretory programs
to tangible structural consequences that drive fibrosis progression.

Taken together, this transition from 2D to 3D approaches will move our studies closer to
the in vivo setting, offering a more comprehensive understanding of fibroblast–epithelial
crosstalk and revealing therapeutic targets that may be overlooked in reductionist sys-
tems.
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Appendix A

Supplementary information: Buffers

A.1 Protein Lysis Buffer

TABLE A.1: Recipe of urea buffer

Component Concentration Manufacturer

Urea 8M Sigma-Aldrich

Tiourea 1M Sigma-Aldrich

Dithiothreitol (DTT) 50mM Sigma-Aldrich

Spermine 24mM Sigma-Aldrich

CHAPS 0.5% Sigma-Aldrich

A.2 SDS-PAGE gel preparation

TABLE A.2: Solutions for preparing separation gel

Solution component 6% Gel 10% Gel Manufacturer

dH2O 5.3ml 4.0ml

30% acrylamide mix 2.0ml 3.3ml Severn Biotech Ltd

1.5M Tris (pH8.8) 2.5ml 2.5ml Severn Biotech Ltd

10% SDS 0.1ml 0.1ml Severn Biotech Ltd

10 % Ammonium Persulfate (APS) 0.1ml 0.1ml Sigma-Aldrich

TEMED 0.008ml 0.004ml ThermoFisher Scientific
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TABLE A.3: Solutions for preparing 5% stacking gel

Solution Component Volume Manufacturer

dH2O 2.7ml

30% acrylamide mix 0.67ml Severn Biotech Ltd

1.0M Tris (pH6.8) 0.5ml Severn Biotech Ltd

10% SDS 0.04ml Severn Biotech Ltd

10 % Ammonium Persulfate (APS) 0.04ml Sigma-Aldrich

TEMED 0.004ml ThermoFisher Scientific

A.3 Running Buffer for SDS-PAGE

TABLE A.4: 10× Running buffer for SDS-PAGE

Component Concentration Manufacturer

Tris-Base 0.25M Severn Biotech Ltd

Glycine 1.92M Fisher Scientific

SDS 1% Sigma-Aldrich

dH2O

Adjust pH to 8.3 using HCl

Dilute to 1 10 for a 1× working concentration using dH2O.

A.4 Western Blotting Buffers

TABLE A.5: 10× Transfer buffer

Component Concentration Manufacturer

Tris-Base 0.25M Severn Biotech Ltd

Glycine 1.92M Fisher Scientific

dH2O
Dilute 1 10 for a 1× working concentration, 700ml dH2O, 200ml Methanol and 100ml 10× buffer.
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TABLE A.6: 0.1% Tween-Tris buffered saline (TBST)

Component Concentration Manufacturer

Sodium Chloride (NaCl) 0.15M Fisher Scientific

1M Tris-HCl (pH7.5-8.0) 0.1M Severn Biotech Ltd

Tween 20 0.1% Sigma-Aldrich
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Appendix B

Supplementary information: Figures
and tables

B.1 Tables

B.1.1 Tables in chapter 3
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TABLE B.1: Average Hallmark GSVA score and P-value in FIH KO MRC5

Description FIH WT FIH KO Difference P value

PROTEIN SECRETION -2.56E-01 2.63E-01 5.19E-01 1.65E-02

CHOLESTEROL HOMEOSTASIS -2.02E-01 1.51E-01 3.53E-01 2.68E-02

PANCREAS BETA CELLS -2.01E-01 2.05E-01 4.06E-01 1.69E-03

OXIDATIVE PHOSPHORYLATION -1.90E-01 1.56E-01 3.46E-01 1.25E-01

PEROXISOME -1.90E-01 1.67E-01 3.57E-01 2.30E-03

HEME METABOLISM -1.86E-01 1.47E-01 3.32E-01 4.69E-04

FATTY ACID METABOLISM -1.79E-01 1.19E-01 2.98E-01 1.42E-02

HEDGEHOG SIGNALING -1.52E-01 1.34E-01 2.86E-01 7.16E-02

P53 PATHWAY -1.21E-01 9.90E-02 2.20E-01 1.32E-01

KRAS SIGNALING DN -1.18E-01 9.21E-02 2.10E-01 5.89E-02

APICAL SURFACE -1.15E-01 9.58E-02 2.11E-01 9.20E-02

BILE ACID METABOLISM -7.95E-02 7.96E-02 1.59E-01 1.19E-01

GLYCOLYSIS -6.13E-02 4.48E-02 1.06E-01 2.37E-01

APOPTOSIS -4.61E-02 2.28E-02 6.88E-02 1.87E-01

XENOBIOTIC METABOLISM -3.67E-02 -6.53E-03 3.02E-02 7.46E-01

ADIPOGENESIS -3.49E-02 1.50E-02 4.99E-02 4.29E-01

APICAL JUNCTION -3.34E-02 -1.27E-03 3.21E-02 7.58E-01

HYPOXIA -3.08E-02 1.21E-02 4.29E-02 5.44E-01

COAGULATION -3.07E-02 -4.56E-03 2.61E-02 8.25E-01

MYOGENESIS -1.61E-02 -3.23E-04 1.58E-02 8.47E-01

REACTIVE OXYGEN SPECIES PATHWAY -1.57E-02 -5.24E-03 1.05E-02 9.51E-01

COMPLEMENT -1.07E-02 -1.35E-02 -2.76E-03 9.12E-01

WNT BETA CATENIN SIGNALING 1.59E-02 -6.81E-02 -8.40E-02 7.08E-01

ALLOGRAFT REJECTION 1.73E-02 -2.32E-03 -1.96E-02 7.68E-01

PI3K AKT MTOR SIGNALING 2.28E-02 -5.63E-02 -7.91E-02 3.47E-01

ESTROGEN RESPONSE EARLY 2.46E-02 -3.15E-02 -5.61E-02 5.53E-01

DNA REPAIR 2.53E-02 -5.66E-02 -8.19E-02 3.42E-01

UV RESPONSE UP 3.89E-02 -7.45E-02 -1.13E-01 3.37E-01

UV RESPONSE DN 4.74E-02 -6.37E-02 -1.11E-01 5.34E-01

KRAS SIGNALING UP 5.82E-02 -9.49E-02 -1.53E-01 4.11E-02

ESTROGEN RESPONSE LATE 1.01E-01 -8.82E-02 -1.89E-01 8.79E-02

ANDROGEN RESPONSE 1.03E-01 -1.32E-01 -2.35E-01 6.53E-02

ANGIOGENESIS 1.04E-01 -1.54E-01 -2.59E-01 1.52E-01

IL2 STAT5 SIGNALING 1.10E-01 -1.05E-01 -2.15E-01 4.31E-03

NOTCH SIGNALING 1.25E-01 -1.46E-01 -2.72E-01 1.92E-01

INTERFERON ALPHA RESPONSE 1.32E-01 -1.16E-01 -2.48E-01 2.72E-01

INFLAMMATORY RESPONSE 1.37E-01 -1.00E-01 -2.37E-01 5.08E-02

INTERFERON GAMMA RESPONSE 1.40E-01 -1.61E-01 -3.01E-01 1.23E-01

MTORC1 SIGNALING 1.43E-01 -1.62E-01 -3.05E-01 9.21E-03

IL6 JAK STAT3 SIGNALING 1.51E-01 -1.61E-01 -3.12E-01 1.33E-02

EPITHELIAL MESENCHYMAL TRANSITION 1.58E-01 -1.68E-01 -3.27E-01 1.01E-03

UNFOLDED PROTEIN RESPONSE 1.63E-01 -1.88E-01 -3.51E-01 6.87E-03

SPERMATOGENESIS 1.84E-01 -2.15E-01 -3.99E-01 1.03E-02

TNFA SIGNALING VIA NFKB 2.12E-01 -2.43E-01 -4.55E-01 9.39E-05

TGF BETA SIGNALING 2.20E-01 -2.07E-01 -4.27E-01 2.36E-02

MITOTIC SPINDLE 2.27E-01 -2.35E-01 -4.62E-01 4.18E-03

MYC TARGETS V1 2.45E-01 -2.71E-01 -5.16E-01 2.76E-02

MYC TARGETS V2 3.39E-01 -3.56E-01 -6.95E-01 4.73E-03

G2M CHECKPOINT 4.55E-01 -4.69E-01 -9.24E-01 1.34E-05

E2F TARGETS 5.00E-01 -4.98E-01 -9.98E-01 1.02E-06
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TABLE B.2: Average Hallmark GSVA score and P-value in siFIH MRC5 cells

Description Control siFIH Difference P value

ANGIOGENESIS -3.69E-01 3.03E-01 6.72E-01 3.20E-02

PANCREAS BETA CELLS -2.86E-01 2.52E-01 5.38E-01 2.73E-01

TNFA SIGNALING VIA NFKB -2.78E-01 2.55E-01 5.32E-01 1.18E-03

WNT BETA CATENIN SIGNALING -2.08E-01 1.55E-01 3.63E-01 3.29E-02

HEME METABOLISM -2.05E-01 2.15E-01 4.19E-01 6.83E-02

TGF BETA SIGNALING -1.76E-01 9.54E-02 2.72E-01 2.16E-01

EPITHELIAL MESENCHYMAL TRANSITION -1.62E-01 1.53E-01 3.14E-01 9.87E-02

ANDROGEN RESPONSE -1.47E-01 1.33E-01 2.80E-01 1.48E-01

APOPTOSIS -1.45E-01 1.21E-01 2.66E-01 1.39E-01

HYPOXIA -1.42E-01 1.42E-01 2.84E-01 7.96E-02

NOTCH SIGNALING -1.40E-01 1.05E-01 2.45E-01 1.07E-01

INFLAMMATORY RESPONSE -1.31E-01 1.05E-01 2.36E-01 4.46E-02

GLYCOLYSIS -1.16E-01 9.01E-02 2.06E-01 1.48E-01

HEDGEHOG SIGNALING -7.76E-02 7.88E-02 1.56E-01 5.50E-01

KRAS SIGNALING DN -7.38E-02 5.99E-02 1.34E-01 4.79E-02

P53 PATHWAY -6.96E-02 5.18E-02 1.21E-01 2.41E-01

IL6 JAK STAT3 SIGNALING -6.04E-02 2.38E-02 8.42E-02 6.48E-01

UV RESPONSE UP -5.56E-02 4.44E-02 1.00E-01 5.40E-01

UNFOLDED PROTEIN RESPONSE -5.29E-02 1.46E-02 6.75E-02 6.99E-01

ADIPOGENESIS -4.62E-02 3.07E-03 4.92E-02 8.21E-01

MYC TARGETS V1 -1.80E-02 5.57E-03 2.36E-02 8.96E-01

KRAS SIGNALING UP -1.56E-02 1.89E-02 3.45E-02 6.86E-01

IL2 STAT5 SIGNALING -1.21E-02 -2.54E-03 9.56E-03 9.23E-01

XENOBIOTIC METABOLISM -6.24E-03 1.49E-02 2.11E-02 6.69E-01

PROTEIN SECRETION 3.40E-03 -3.92E-02 -4.26E-02 7.55E-01

ALLOGRAFT REJECTION 4.45E-03 -7.07E-02 -7.51E-02 6.03E-01

MYOGENESIS 4.83E-03 9.16E-03 4.33E-03 9.72E-01

DNA REPAIR 1.01E-02 -6.49E-03 -1.66E-02 9.07E-01

OXIDATIVE PHOSPHORYLATION 1.07E-02 -5.38E-02 -6.45E-02 7.87E-01

PEROXISOME 1.27E-02 3.19E-03 -9.50E-03 9.07E-01

MITOTIC SPINDLE 3.06E-02 2.65E-02 -4.17E-03 9.86E-01

ESTROGEN RESPONSE EARLY 3.07E-02 -2.90E-02 -5.97E-02 4.66E-01

UV RESPONSE DN 3.66E-02 -4.08E-02 -7.74E-02 5.19E-01

MTORC1 SIGNALING 4.59E-02 -1.07E-01 -1.53E-01 4.42E-01

APICAL JUNCTION 4.93E-02 -4.06E-02 -8.98E-02 3.40E-01

FATTY ACID METABOLISM 7.05E-02 -8.24E-03 -7.88E-02 3.86E-01

INTERFERON GAMMA RESPONSE 7.32E-02 -1.37E-01 -2.10E-01 4.18E-01

COMPLEMENT 7.39E-02 -5.56E-02 -1.30E-01 2.71E-01

COAGULATION 8.04E-02 -5.41E-02 -1.34E-01 2.07E-01

APICAL SURFACE 8.57E-02 -1.22E-01 -2.08E-01 1.39E-01

REACTIVE OXYGEN SPECIES PATHWAY 1.11E-01 -1.10E-01 -2.21E-01 4.75E-01

MYC TARGETS V2 1.19E-01 -1.31E-01 -2.50E-01 4.60E-02

BILE ACID METABOLISM 1.24E-01 -8.97E-02 -2.14E-01 6.64E-02

SPERMATOGENESIS 1.25E-01 -1.23E-01 -2.48E-01 3.79E-02

ESTROGEN RESPONSE LATE 1.35E-01 -1.43E-01 -2.78E-01 3.24E-02

E2F TARGETS 1.44E-01 -1.96E-01 -3.40E-01 1.65E-02

G2M CHECKPOINT 1.57E-01 -1.75E-01 -3.32E-01 5.37E-02

PI3K AKT MTOR SIGNALING 1.75E-01 -1.76E-01 -3.51E-01 3.30E-02

INTERFERON ALPHA RESPONSE 2.06E-01 -2.68E-01 -4.73E-01 1.65E-01

CHOLESTEROL HOMEOSTASIS 3.21E-01 -3.21E-01 -6.42E-01 1.34E-04
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TABLE B.3: Average Hallmark GSVA score and P-value in siFIH NHLFs

Description Control siFIH Difference P value

HYPOXIA -2.61E-01 2.23E-01 4.84E-01 9.25E-02

TGF BETA SIGNALING -2.50E-01 2.25E-01 4.75E-01 1.61E-02

TNFA SIGNALING VIA NFKB -2.37E-01 2.30E-01 4.67E-01 4.21E-02

P53 PATHWAY -2.02E-01 1.50E-01 3.52E-01 1.63E-01

UV RESPONSE DN -1.97E-01 1.77E-01 3.74E-01 7.08E-03

WNT BETA CATENIN SIGNALING -1.61E-01 1.18E-01 2.79E-01 2.76E-01

KRAS SIGNALING UP -1.55E-01 1.21E-01 2.75E-01 2.96E-01

EPITHELIAL MESENCHYMAL TRANSITION -1.47E-01 1.31E-01 2.78E-01 5.76E-02

MYOGENESIS -1.33E-01 1.19E-01 2.52E-01 2.97E-02

HEME METABOLISM -1.33E-01 8.70E-02 2.19E-01 2.74E-01

ANDROGEN RESPONSE -1.13E-01 1.09E-01 2.22E-01 1.87E-01

APOPTOSIS -8.86E-02 7.85E-02 1.67E-01 3.27E-01

COAGULATION -8.31E-02 6.63E-02 1.49E-01 1.99E-01

APICAL JUNCTION -8.04E-02 8.22E-02 1.63E-01 1.24E-01

UV RESPONSE UP -7.16E-02 4.03E-02 1.12E-01 6.24E-01

ANGIOGENESIS -5.34E-02 3.45E-02 8.79E-02 7.80E-01

IL2 STAT5 SIGNALING -3.94E-02 4.52E-02 8.45E-02 3.14E-01

ESTROGEN RESPONSE EARLY -2.09E-02 1.66E-02 3.75E-02 5.34E-01

APICAL SURFACE -2.08E-02 5.25E-02 7.33E-02 7.58E-01

COMPLEMENT -2.01E-02 1.81E-04 2.02E-02 9.26E-01

MYC TARGETS V2 -1.77E-02 -3.05E-02 -1.28E-02 7.43E-01

MITOTIC SPINDLE -1.19E-02 1.49E-02 2.68E-02 9.01E-01

PROTEIN SECRETION 3.76E-03 -8.93E-03 -1.27E-02 9.21E-01

GLYCOLYSIS 1.20E-02 1.45E-02 2.51E-03 9.94E-01

DNA REPAIR 1.47E-02 -5.61E-02 -7.08E-02 7.87E-01

KRAS SIGNALING DN 1.67E-02 3.79E-02 2.12E-02 8.90E-01

PI3K AKT MTOR SIGNALING 1.70E-02 -9.52E-03 -2.65E-02 7.78E-01

ESTROGEN RESPONSE LATE 2.00E-02 -3.12E-02 -5.12E-02 6.81E-01

PEROXISOME 4.49E-02 -4.29E-02 -8.78E-02 7.59E-01

HEDGEHOG SIGNALING 4.62E-02 -6.19E-02 -1.08E-01 5.08E-01

ADIPOGENESIS 5.42E-02 -5.88E-02 -1.13E-01 6.32E-01

NOTCH SIGNALING 5.52E-02 -1.89E-02 -7.42E-02 6.30E-01

ALLOGRAFT REJECTION 5.87E-02 -3.31E-02 -9.18E-02 4.15E-01

INFLAMMATORY RESPONSE 6.40E-02 -4.52E-02 -1.09E-01 4.74E-01

FATTY ACID METABOLISM 7.35E-02 -6.07E-02 -1.34E-01 6.56E-01

OXIDATIVE PHOSPHORYLATION 9.12E-02 -5.35E-02 -1.45E-01 7.49E-01

PANCREAS BETA CELLS 9.15E-02 1.36E-02 -7.79E-02 6.62E-01

XENOBIOTIC METABOLISM 9.38E-02 -7.29E-02 -1.67E-01 4.44E-01

REACTIVE OXYGEN SPECIES PATHWAY 1.11E-01 -4.95E-02 -1.60E-01 5.78E-01

BILE ACID METABOLISM 1.11E-01 -1.25E-01 -2.37E-01 1.49E-01

CHOLESTEROL HOMEOSTASIS 1.32E-01 -1.23E-01 -2.55E-01 1.55E-01

UNFOLDED PROTEIN RESPONSE 1.44E-01 -1.71E-01 -3.15E-01 7.05E-02

SPERMATOGENESIS 1.75E-01 -1.62E-01 -3.37E-01 2.28E-01

MYC TARGETS V1 1.85E-01 -1.28E-01 -3.13E-01 2.61E-01

MTORC1 SIGNALING 1.96E-01 -1.83E-01 -3.78E-01 1.06E-01

IL6 JAK STAT3 SIGNALING 2.46E-01 -2.46E-01 -4.92E-01 4.23E-02

G2M CHECKPOINT 3.41E-01 -3.29E-01 -6.71E-01 1.67E-03

INTERFERON GAMMA RESPONSE 3.48E-01 -3.42E-01 -6.89E-01 1.14E-02

INTERFERON ALPHA RESPONSE 3.93E-01 -3.79E-01 -7.72E-01 1.91E-02

E2F TARGETS 4.16E-01 -4.03E-01 -8.19E-01 2.19E-03
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TABLE B.4: Average Hallmark GSVA score and P-value in FIH KO MEFs

Description FIH WT FIH KO Difference P value

PI3K AKT MTOR SIGNALING -6.99E-01 6.99E-01 1.40E+00 1.79E-04

SPERMATOGENESIS -6.97E-01 6.97E-01 1.39E+00 1.29E-02

MTORC1 SIGNALING -6.46E-01 6.32E-01 1.28E+00 1.39E-02

PANCREAS BETA CELLS -4.00E-01 3.97E-01 7.97E-01 1.43E-02

HEME METABOLISM -3.91E-01 5.05E-01 8.96E-01 3.10E-02

ALLOGRAFT REJECTION -3.81E-01 2.48E-01 6.29E-01 1.03E-01

HEDGEHOG SIGNALING -3.75E-01 6.91E-02 4.44E-01 5.34E-01

REACTIVE OXYGEN SPECIES PATHWAY -3.65E-01 5.17E-01 8.82E-01 1.03E-01

APICAL JUNCTION -3.42E-01 2.89E-01 6.31E-01 1.49E-01

INTERFERON GAMMA RESPONSE -3.20E-01 2.14E-01 5.34E-01 8.00E-02

G2M CHECKPOINT -2.75E-01 2.33E-01 5.08E-01 6.52E-02

APOPTOSIS -2.73E-01 2.48E-01 5.21E-01 4.28E-02

GLYCOLYSIS -2.55E-01 2.32E-01 4.87E-01 7.36E-02

EPITHELIAL MESENCHYMAL TRANSITION -2.47E-01 2.38E-01 4.85E-01 2.69E-02

UNFOLDED PROTEIN RESPONSE -2.31E-01 1.92E-01 4.22E-01 3.83E-01

ANGIOGENESIS -2.28E-01 6.33E-02 2.91E-01 3.04E-01

INTERFERON ALPHA RESPONSE -2.13E-01 2.87E-01 4.99E-01 4.61E-01

MITOTIC SPINDLE -2.09E-01 3.05E-01 5.14E-01 2.53E-01

E2F TARGETS -1.56E-01 2.62E-01 4.18E-01 1.29E-01

P53 PATHWAY -1.38E-01 3.34E-02 1.72E-01 3.06E-01

ADIPOGENESIS -1.27E-01 2.50E-01 3.76E-01 4.99E-01

BILE ACID METABOLISM -1.26E-01 -1.77E-02 1.08E-01 7.47E-01

PEROXISOME -8.78E-02 1.35E-02 1.01E-01 6.11E-01

COMPLEMENT -8.05E-02 -6.53E-02 1.52E-02 9.71E-01

ANDROGEN RESPONSE -7.73E-02 6.24E-02 1.40E-01 5.83E-01

PROTEIN SECRETION -6.64E-02 1.35E-01 2.02E-01 7.95E-01

UV RESPONSE DN -3.36E-02 2.19E-02 5.55E-02 8.72E-01

ESTROGEN RESPONSE LATE -2.65E-02 3.64E-02 6.29E-02 8.12E-01

XENOBIOTIC METABOLISM -6.62E-03 9.63E-02 1.03E-01 7.06E-01

HYPOXIA -6.52E-03 -4.91E-02 -4.26E-02 4.68E-01

CHOLESTEROL HOMEOSTASIS 1.02E-02 5.48E-03 -4.68E-03 9.93E-01

FATTY ACID METABOLISM 2.51E-02 -3.34E-02 -5.85E-02 9.05E-01

DNA REPAIR 6.68E-02 1.28E-01 6.13E-02 9.00E-01

ESTROGEN RESPONSE EARLY 6.94E-02 -9.00E-02 -1.59E-01 2.52E-01

UV RESPONSE UP 1.09E-01 -1.45E-01 -2.54E-01 5.98E-01

KRAS SIGNALING UP 1.34E-01 -1.56E-01 -2.90E-01 4.21E-01

IL2 STAT5 SIGNALING 1.36E-01 -1.18E-01 -2.55E-01 7.42E-02

TNFA SIGNALING VIA NFKB 1.51E-01 -2.69E-01 -4.20E-01 4.10E-02

APICAL SURFACE 1.52E-01 -3.33E-01 -4.85E-01 3.80E-01

COAGULATION 1.65E-01 4.11E-02 -1.24E-01 6.54E-01

MYOGENESIS 1.99E-01 -2.52E-01 -4.51E-01 2.29E-01

MYC TARGETS V2 3.06E-01 -3.06E-01 -6.12E-01 1.02E-01

INFLAMMATORY RESPONSE 3.11E-01 -3.11E-01 -6.22E-01 1.76E-02

NOTCH SIGNALING 3.20E-01 -3.08E-01 -6.29E-01 2.75E-01

WNT BETA CATENIN SIGNALING 4.08E-01 -3.94E-01 -8.02E-01 4.17E-02

OXIDATIVE PHOSPHORYLATION 4.44E-01 -3.48E-01 -7.92E-01 9.66E-02

KRAS SIGNALING DN 4.45E-01 -3.46E-01 -7.91E-01 4.08E-02

MYC TARGETS V1 4.97E-01 -4.60E-01 -9.57E-01 2.18E-03

TGF BETA SIGNALING 5.95E-01 -3.11E-01 -9.06E-01 5.01E-03

IL6 JAK STAT3 SIGNALING 6.24E-01 -3.46E-01 -9.70E-01 1.04E-01
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TABLE B.5: Average Hallmark GSVA score of 4 datasets

Description MRC5 FIHKO MRC5 siFIH NHLFs siFIH MEF FIHKO

E2F TARGETS -9.98E-01 -5.58E-01 -8.19E-01 4.18E-01

G2M CHECKPOINT -9.24E-01 -3.96E-01 -6.71E-01 5.08E-01

MYC TARGETS V2 -6.95E-01 1.32E-02 -1.28E-02 -6.12E-01

MYC TARGETS V1 -5.16E-01 -3.51E-02 -3.13E-01 -9.57E-01

MITOTIC SPINDLE -4.62E-01 -6.12E-02 2.68E-02 5.14E-01

TNFA SIGNALING VIA NFKB -4.55E-01 5.58E-01 4.67E-01 -4.20E-01

TGF BETA SIGNALING -4.27E-01 2.08E-01 4.75E-01 -9.06E-01

SPERMATOGENESIS -3.99E-01 -3.02E-01 -3.37E-01 1.39E+00

UNFOLDED PROTEIN RESPONSE -3.51E-01 -1.02E-01 -3.15E-01 4.22E-01

EPITHELIAL MESENCHYMAL TRANSITION -3.27E-01 1.92E-01 2.78E-01 4.85E-01

IL6 JAK STAT3 SIGNALING -3.12E-01 5.50E-02 -4.92E-01 -9.70E-01

MTORC1 SIGNALING -3.05E-01 -2.13E-01 -3.78E-01 1.28E+00

INTERFERON GAMMA RESPONSE -3.01E-01 -1.95E-01 -6.89E-01 5.34E-01

NOTCH SIGNALING -2.72E-01 3.48E-01 -7.42E-02 -6.29E-01

ANGIOGENESIS -2.59E-01 2.06E-03 8.79E-02 2.91E-01

INTERFERON ALPHA RESPONSE -2.48E-01 -4.95E-01 -7.72E-01 5.00E-01

INFLAMMATORY RESPONSE -2.37E-01 2.77E-01 -1.09E-01 -6.22E-01

ANDROGEN RESPONSE -2.35E-01 6.58E-02 2.22E-01 1.40E-01

IL2 STAT5 SIGNALING -2.15E-01 8.72E-02 8.45E-02 -2.55E-01

ESTROGEN RESPONSE LATE -1.89E-01 -2.45E-01 -5.12E-02 6.29E-02

KRAS SIGNALING UP -1.53E-01 5.28E-02 2.75E-01 -2.90E-01

UV RESPONSE UP -1.13E-01 1.98E-02 1.12E-01 -2.54E-01

UV RESPONSE DN -1.11E-01 7.08E-02 3.74E-01 5.55E-02

WNT BETA CATENIN SIGNALING -8.40E-02 -4.37E-02 2.79E-01 -8.02E-01

DNA REPAIR -8.19E-02 -1.59E-01 -7.08E-02 6.13E-02

PI3K AKT MTOR SIGNALING -7.91E-02 -1.96E-01 -2.65E-02 1.40E+00

ESTROGEN RESPONSE EARLY -5.61E-02 2.48E-02 3.75E-02 -1.59E-01

ALLOGRAFT REJECTION -1.96E-02 1.35E-01 -9.18E-02 6.29E-01

COMPLEMENT -2.76E-03 -1.57E-02 2.02E-02 1.52E-02

REACTIVE OXYGEN SPECIES PATHWAY 1.05E-02 -2.87E-01 -1.60E-01 8.82E-01

MYOGENESIS 1.58E-02 2.84E-03 2.52E-01 -4.51E-01

COAGULATION 2.61E-02 6.23E-02 1.49E-01 -1.24E-01

XENOBIOTIC METABOLISM 3.02E-02 -2.12E-01 -1.67E-01 1.03E-01

APICAL JUNCTION 3.21E-02 -6.95E-02 1.63E-01 6.31E-01

HYPOXIA 4.29E-02 4.13E-01 4.84E-01 -4.26E-02

ADIPOGENESIS 4.99E-02 -1.01E-01 -1.13E-01 3.76E-01

APOPTOSIS 6.88E-02 2.32E-02 1.67E-01 5.21E-01

GLYCOLYSIS 1.06E-01 1.19E-01 2.51E-03 4.87E-01

BILE ACID METABOLISM 1.59E-01 -2.16E-01 -2.37E-01 1.08E-01

KRAS SIGNALING DN 2.10E-01 -2.04E-02 2.12E-02 -7.91E-01

APICAL SURFACE 2.11E-01 -1.60E-01 7.33E-02 -4.85E-01

P53 PATHWAY 2.20E-01 -9.43E-02 3.52E-01 1.72E-01

HEDGEHOG SIGNALING 2.86E-01 -9.76E-02 -1.08E-01 4.44E-01

FATTY ACID METABOLISM 2.98E-01 -3.03E-01 -1.34E-01 -5.85E-02

HEME METABOLISM 3.32E-01 1.54E-01 2.19E-01 8.96E-01

OXIDATIVE PHOSPHORYLATION 3.46E-01 -1.17E-01 -1.45E-01 -7.92E-01

CHOLESTEROL HOMEOSTASIS 3.53E-01 -4.30E-01 -2.55E-01 -4.68E-03

PEROXISOME 3.57E-01 -1.28E-01 -8.78E-02 1.01E-01

PANCREAS BETA CELLS 4.06E-01 -3.09E-01 -7.79E-02 7.97E-01

PROTEIN SECRETION 5.19E-01 2.12E-02 -1.27E-02 2.02E-01
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B.1.2 Tables in chapter 5

TABLE B.6: Average Hallmark GSVA score and P-value in FIH KO MRC5 with/with-
out TGFβ

GSVA score P value

Hallmark pathway WT WT TGFβ FIHKO FIHKO TGFβ WT TGFβ vs FIHKO TGFβ WT TGFβ vs WT

PANCREAS BETA CELLS -3.98E-01 3.78E-01 -2.82E-02 1.32E-01 2.48E-01 8.88E-04

HEDGEHOG SIGNALING -3.85E-01 2.49E-01 -3.89E-02 2.13E-01 9.45E-01 5.11E-05

CHOLESTEROL HOMEOSTASIS -3.42E-01 1.72E-01 -4.16E-02 2.35E-01 8.14E-01 4.31E-04

EPITHELIAL MESENCHYMAL TRANSITION -2.17E-01 3.79E-01 -3.61E-01 2.14E-01 1.32E-02 1.78E-06

PROTEIN SECRETION -1.87E-01 -3.07E-01 2.76E-01 1.33E-01 1.36E-02 6.79E-01

MYOGENESIS -1.81E-01 7.95E-02 -3.96E-02 1.24E-01 8.75E-01 1.07E-02

GLYCOLYSIS -1.50E-01 -2.16E-02 -7.71E-02 2.08E-01 5.86E-03 1.03E-01

HEME METABOLISM -1.41E-01 -1.46E-01 1.79E-01 5.58E-02 1.20E-02 9.99E-01

UNFOLDED PROTEIN RESPONSE -1.40E-01 2.79E-01 -3.85E-01 2.15E-01 3.36E-01 1.17E-05

HYPOXIA -1.14E-01 -2.29E-02 -7.34E-02 1.76E-01 5.08E-02 4.97E-01

PEROXISOME -1.07E-01 -1.48E-01 1.87E-01 3.34E-02 1.13E-02 7.63E-01

MTORC1 SIGNALING -8.76E-02 2.67E-01 -3.42E-01 1.46E-01 4.22E-02 4.84E-05

APICAL SURFACE -8.12E-02 -1.29E-01 1.70E-01 1.33E-01 3.97E-02 9.24E-01

FATTY ACID METABOLISM -8.04E-02 -1.38E-01 1.99E-01 -3.76E-02 5.84E-01 8.73E-01

APICAL JUNCTION -6.01E-02 1.18E-02 -3.63E-02 6.37E-02 8.81E-01 7.46E-01

P53 PATHWAY -4.82E-02 -2.03E-01 1.82E-01 9.14E-02 1.21E-03 4.73E-02

MITOTIC SPINDLE -2.81E-02 3.42E-01 -3.89E-01 5.27E-02 1.74E-04 2.86E-05

APOPTOSIS -2.57E-02 -3.18E-02 2.45E-02 4.32E-03 8.72E-01 9.99E-01

UV RESPONSE DN -1.30E-02 6.74E-02 -1.31E-01 4.83E-02 9.97E-01 8.48E-01

OXIDATIVE PHOSPHORYLATION 3.23E-03 -3.05E-01 2.53E-01 1.18E-02 8.77E-02 9.75E-02

COAGULATION 2.94E-02 -3.57E-02 6.76E-02 -9.47E-02 6.28E-01 5.57E-01

DNA REPAIR 4.18E-02 2.22E-02 -1.10E-01 -3.59E-02 8.66E-01 9.93E-01

KRAS SIGNALING DN 4.36E-02 -2.27E-01 1.53E-01 -2.90E-02 1.13E-03 1.28E-04

ADIPOGENESIS 5.16E-02 -1.74E-01 1.45E-01 -8.22E-02 4.47E-01 2.08E-02

TGF BETA SIGNALING 5.75E-02 3.09E-01 -3.61E-01 1.54E-02 9.24E-03 2.16E-02

XENOBIOTIC METABOLISM 6.25E-02 -5.48E-02 4.51E-02 -5.68E-02 1.00E+00 4.02E-01

ESTROGEN RESPONSE EARLY 6.91E-02 -7.30E-02 -1.58E-02 3.33E-02 1.95E-01 6.84E-02

COMPLEMENT 6.94E-02 -1.03E-01 6.50E-02 -5.67E-02 6.62E-01 1.02E-02

ANGIOGENESIS 7.24E-02 1.75E-01 -1.88E-01 -9.60E-02 1.42E-01 7.90E-01

ANDROGEN RESPONSE 7.28E-02 1.86E-01 -2.12E-01 -5.55E-02 4.11E-03 1.57E-01

WNT BETA CATENIN SIGNALING 8.17E-02 1.29E-02 -2.88E-02 -1.50E-01 5.89E-01 9.44E-01

BILE ACID METABOLISM 8.43E-02 -1.87E-01 1.86E-01 -8.60E-02 5.13E-01 2.01E-02

IL2 STAT5 SIGNALING 8.98E-02 3.34E-02 -8.10E-02 -6.71E-02 3.43E-01 7.51E-01

KRAS SIGNALING UP 9.10E-02 1.73E-02 -4.85E-02 -8.91E-02 5.85E-02 2.19E-01

MYC TARGETS V2 1.12E-01 3.91E-01 -5.79E-01 1.99E-01 4.17E-01 1.61E-01

PI3K AKT MTOR SIGNALING 1.13E-01 -1.14E-01 -4.93E-02 -6.16E-03 5.95E-01 9.98E-02

UV RESPONSE UP 1.44E-01 -7.49E-02 -8.03E-02 7.99E-03 6.67E-01 6.14E-02

ESTROGEN RESPONSE LATE 1.49E-01 -5.41E-02 -7.02E-02 -3.02E-02 9.56E-01 1.14E-02

SPERMATOGENESIS 1.51E-01 1.68E-01 -2.43E-01 -6.34E-02 2.32E-02 9.92E-01

ALLOGRAFT REJECTION 1.55E-01 -1.79E-01 9.94E-02 -5.60E-02 1.79E-01 1.15E-03

MYC TARGETS V1 1.56E-01 2.80E-01 -4.37E-01 6.98E-02 1.76E-01 5.59E-01

NOTCH SIGNALING 1.85E-01 1.19E-02 -1.10E-01 -7.94E-02 8.87E-01 5.54E-01

REACTIVE OXYGEN SPECIES PATHWAY 2.04E-01 -2.53E-01 2.12E-01 -1.82E-01 8.17E-01 2.18E-03

INFLAMMATORY RESPONSE 2.33E-01 2.09E-02 -7.17E-02 -1.77E-01 2.66E-02 1.85E-02

TNFA SIGNALING VIA NFKB 2.62E-01 1.04E-01 -1.60E-01 -2.35E-01 7.87E-06 1.78E-03

G2M CHECKPOINT 3.02E-01 5.45E-01 -6.14E-01 -2.09E-01 1.21E-06 4.08E-03

IL6 JAK STAT3 SIGNALING 3.53E-01 -1.94E-01 5.75E-02 -2.42E-01 2.01E-01 2.93E-08

E2F TARGETS 4.21E-01 5.71E-01 -6.59E-01 -3.45E-01 1.03E-09 5.75E-04

INTERFERON GAMMA RESPONSE 4.33E-01 -2.59E-01 1.98E-01 -4.15E-01 1.46E-01 2.14E-05

INTERFERON ALPHA RESPONSE 4.86E-01 -3.79E-01 3.25E-01 -4.66E-01 5.78E-01 5.30E-06
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B.2 Figure

B.2.1 Figure for Chapter 4

D E F

A B C

FIGURE B.1: FIH knockout have no significant effect on mitochondrial oxidative
phosphorylation

FIH WT and KO MRC5 cells were treated with TGFβ for 48 hours, followed by real-
time measurement of oxygen consumption rate (OCR) (A). Basal OCR (B) and maximal
respiration OCR (C) were calculated from the data shown in (A) (mean ± SD, n = 4).
*P < 0.05, **P < 0.01, *** P < 0.001 by Tukey’s multiplecomparison test. OCR, Oxygen
consumption rate.

A B C

FIGURE B.2: FIH depletion inhibits glycolysis

(A–C) FIH WT and FIH KO MRC5 cells were treated with PBS/TGFβ for 48 hours,
then subjected to determination of real-time ECAR (A). Basal ECAR (B) and Glycolytic
capacity OCR (C) were calculated from data shown in A (mean ± SD, n = 4). *P < 0.05,
**P < 0.01, *** P < 0.001 by Tukey’s multiple comparison test. ECAR, Extracellular
acidification rate.

B.2.2 Figure for Chapter 5
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FIGURE B.3: Raw data of western blotting for Figure.5.3A
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FIGURE B.4: Raw data of western blotting for Figure.5.3B
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FIGURE B.5: Raw data of western blotting for Figure.5.4A
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FIGURE B.6: Raw data of western blotting for Figure.5.4B
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B.3 R script

B.3.1 Raw count processing

1 ## Import raw counts file ##

2 df <- read.table(file.choose (), header = T, sep = ’\t’)

3 df <- df[, c(1 ,7:12)] # Select the relevant columns

4

5 ## Remove rows with excessive zero reads ##

6 zero_count <- c()

7 to_remove <- c()

8

9 # Iterate through each row of the data frame

10 for (i in 1:nrow(df)) {

11 # Count the number of zeros in the current row

12 zero_count <- sum(df[i, 2:7] == 0)

13 # If the number of zeros is greater than 5, add the index of the

current row to the vector of rows to be removed

14 if (zero_count > 5) {

15 to_remove <- c(to_remove , i)

16 }

17 }

18

19 # Remove rows that have more than 5 zeros

20 df_clean <- df[-to_remove , ]

21

22 df_clean$Geneid <- as.character(df_clean$Geneid)
23

24 ## Reset gene symbol ##

25 # Process the Geneid column to remove the dot and everything after

it

26 df_clean$Geneid <- sapply(df_clean$Geneid , function(x) {

27 start <- which(strsplit(x, ’’)[[1]] == ’.’)

28 if (length(start) > 0) {

29 return(substr(x, 1, start - 1))

30 } else {

31 return(x)

32 }

33 })

34

35 # Initialize the gene_symbol column

36 df_clean$gene_symbol <- NA

37

38 ## Import Ensembl IDs and gene symbols ##

39 gene_info <- read.table(file.choose (), header = T, sep = ’\t’)

40 gene_info <- gene_info[, c(1,6)]
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41 colnames(gene_info) <- c("Geneid", "Gene_name")

42

43 # Merge the cleaned data with gene_info by Geneid

44 exprSet <- merge(df_clean , gene_info , by = ’Geneid ’, all.x = TRUE)

45 exprSet <- exprSet[, c(1:7, 9)]

46

47 # Aggregate duplicate gene entries by calculating the median

48 exprSet <- aggregate(x = exprSet[, 2:7], by = list(exprSet$Gene_
name), FUN = median)

49 rownames(exprSet) <- exprSet$Group.1
50 exprSet <- exprSet[, -1]

51

52 # Save the processed raw counts as a CSV file

53 write.csv(exprSet , file = ’MRC5_siFIH_RNAseq_rawcount.csv’)

54

55 #### DESeq Analysis ####

56 # Replace any NA values with 1

57 exprSet[is.na(exprSet)] <- 1

58 exprSet[, c(1:6)] <- sapply(exprSet[, c(1:6)], as.integer)

59

60 # Create a factor variable containing sample condition information

61 condition_rna <- factor(c(rep(’siFIH’, length(exprSet [1,]) / 2),

rep(’control ’, length(exprSet [1,]) / 2)))

62

63 # Create a data frame containing the sample condition information

64 coldata <- data.frame(row.names = colnames(exprSet), condition_rna

)

65

66 # Create a DESeq dataset for analysis

67 dds <- DESeqDataSetFromMatrix(countData = exprSet , colData =

coldata , design = ~condition_rna)

68 nrow(dds)

69 dds <- dds[rowSums(counts(dds)) > 5, ]

70

71 # Run the DESeq differential expression analysis

72 dds <- DESeq(dds)

73 pdf("qc-dispersions.pdf", pointsize = 2)

74 plotDispEsts(dds , main = "Dispersion plot")

75 dev.off()

76

77 #### Output expression file & PCA ####

78 # Log transformation for heatmap plotting

79 rld <- rlogTransformation(dds)

80 exprMatrix_rlog = assay(rld)

81

82 # Save the expression matrix as a CSV file

83 write.csv(exprMatrix_rlog , ’exprMatrix.rlog.csv’)
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84

85 # Generate colors for heatmap

86 install.packages("RColorBrewer")

87 library(’RColorBrewer ’)

88 hmcol <- colorRampPalette(brewer.pal(9, "GnBu"))(100)

89

90 # Calculate Pearson correlation

91 pearson_cor <- as.matrix(cor(exprMatrix_rlog , method = "pearson"))

92 hc <- hclust(as.dist(1 - pearson_cor), method = "complete")

93 library(stats)

94 library(cluster) # Contains clustering algorithms

95 library(ggplot2)

96 library(gplots)

97 pdf("ehbio_trans.Count_matrix.xls.DESeq2.normalized.rlog.pearson.

pdf", pointsize = 10)

98 heatmap .2( pearson_cor , Rowv = as.dendrogram(hc), symm = T, trace =

"none",

99 col = hmcol , margins = c(11, 11), main = "Pearson

correlation")

100 dev.off()

LISTING B.1: R code for processing raw counts

B.3.2 PCA plot

1 library(ggplot2)

2 install.packages(’ggfortify ’)

3 library(ggfortify)

4

5 # Transpose the expression data

6 trans_df <- t(exprSet)

7

8 # Identify columns with constant values or all zeros

9 constant_cols <- apply(trans_df , 2, function(x) length(unique(x))

== 1)

10 zero_cols <- apply(trans_df , 2, function(x) all(x == 0))

11

12 # Identify columns to remove (either constant or zero)

13 cols_to_remove <- constant_cols | zero_cols

14

15 # Remove the identified columns

16 trans_df_filtered <- trans_df[, !cols_to_remove]

17

18 # Perform PCA on the filtered data

19 PCA_2 <- prcomp(trans_df_filtered , scale = TRUE)

20
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21 # Extract standard deviations of principal components

22 standard_deviations <- PCA_2$sdev
23

24 # Calculate variance percentage of each principal component

25 variance_percent <- round (100 * standard_deviations ^2 / sum(

standard_deviations ^2), 2)

26

27 # Output variance percentages of principal components

28 print(variance_percent)

29

30 # Define group data (use numbers instead of letters for simplicity

)

31 group_data <- c("1", "1", "1", "2", "2", "2")

32

33 # Define colors for each group

34 group_colors <- c("1" = "#35 BFC4", "2" = "#F9766D")

35

36 # Define labels for the legend

37 group_labels <- c("Control", "siFIH")

38

39 # Plot the PCA data

40 p <- ggplot () +

41 geom_point(data = trans_df_filtered ,

42 aes(x = PCA_2$x[, 1], y = PCA_2$x[, 2], color =

factor(group_data)), size = 5) +

43 scale_colour_manual(values = group_colors , labels = group_labels

) +

44 labs(color = "Group",

45 x = paste0("PC1 (", variance_percent [1], "% variance)"),

46 y = paste0("PC2 (", variance_percent [2], "% variance)")) +

47 theme_minimal () +

48 theme(

49 # Set legend and axis text to bold Arial font with specific

size

50 legend.text = element_text(face = "bold", size = 16),

51 legend.title = element_text(face = "bold", size = 20),

52 axis.text = element_text(face = "bold", size = 18),

53 axis.title = element_text(face = "bold", size = 24)

54 )

55

56 # Print the plot

57 print(p)

LISTING B.2: R code for generating PCA plot
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B.3.3 Volcano plot

1 library(ggplot2)

2 library(ggrepel)

3

4 # Load data

5 res <- MRC5i

6

7 # Initial labeling of differential expression

8 res$diffexpressed <- "NO"

9

10 # If log2FoldChange > 0.5 and pvalue < 0.05, set as "UP"

11 res$diffexpressed[res$log2FoldChange > 0.5 & res$pvalue < 0.05] <-

"UP"

12

13 # If log2FoldChange < -0.5 and pvalue < 0.05, set as "DOWN"

14 res$diffexpressed[res$log2FoldChange < -0.5 & res$pvalue < 0.05]

<- "DOWN"

15

16 # Define colors for different expression states

17 mycolors <- c("#377 EF0", "#F9766D", "grey")

18 names(mycolors) <- c("DOWN", "UP", "NO")

19

20 # Define the gene symbol of interest

21 Genesymbol <- "HIF1AN"

22

23 # Subset data for the gene of interest

24 gene_data <- subset(res , res$X == ’HIF1AN ’)

25

26 # Define nudge values to adjust the position of the label

27 nudge_x <- -1 # Adjust horizontally

28 nudge_y <- -1 # Adjust vertically

29

30 # Plot volcano plot

31 p <- ggplot(data = res , aes(x=log2FoldChange , y=-log10(pvalue),

col=diffexpressed)) +

32 geom_point() +

33 scale_colour_manual(values = mycolors) +

34 theme(

35 # Modify axis title font size and style

36 axis.title = element_text(face = "bold", size = 24),

37 # Modify axis text font size and style

38 axis.text = element_text(face = "bold", size = 18),

39 # Modify text font size and style for data points

40 text = element_text(face = "bold", size = 16)

41 )

42
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43 # Print the plot

44 print(p)

LISTING B.3: R code for generating Volcano plot with annotated gene

B.3.4 Venn plot

1 # Assign variables to GO_BP descriptions

2 A <- Mk_decre_GO_BP$Description
3 C <- Mi_decre_GO_BP$Description
4 B <- Me_decre_GO_BP$Description
5 D <- Ni_decre_GO_BP$Description
6

7 # Create Venn diagram

8 venn.plot <- VennDiagram ::venn.diagram(

9 x = list(

10 FIHKO_MRC5 = A,

11 FIHKO_MEF = B,

12 siFIH_MRC5 = C,

13 siFIH_NHLF = D

14 ),

15 height = 2000, width = 2000, resolution = 500,

16 filename = "Venn diagram of decreBP in all datasets.tiff",

17 imagetype = "tiff",

18 col = "transparent",

19 fill = c("#D18C89", "#F5DD9D", "#7 CA872", "#ACD2EB"),

20 alpha = 0.5,

21 cat.col = "black",

22 cat.cex = 0.8,

23 cat.fontface = "bold",

24 margin = 0.07,

25 cex = 1,

26 na = "none"

27 )

LISTING B.4: R code for generating Venn diagram

B.3.5 Heatmap

1 # Create data frame for heatmap

2 heatmap_data <- data.frame(

3 Group = rep(c(’WT’, ’WT_TGFb’, ’FIHKO’, ’FIHKO_TGFb’), each =

nrow(KO_GSVA)),

4 Value = c(KO_GSVA[,1], KO_GSVA[,2], KO_GSVA[,3], KO_GSVA [,4]),
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5 Significance = c(rep(NA , each = nrow(KO_GSVA)), KO_GSVA[,10],

rep(NA , each = nrow(KO_GSVA)), KO_GSVA [,9]),

6 RowName = rownames(KO_GSVA) # Add row names

7 )

8

9 heatmap_data$Group <- factor(heatmap_data$Group , levels = c(’WT’,

’WT_TGFb’, ’FIHKO’, ’FIHKO_TGFb’))

10 heatmap_data$RowName <- factor(heatmap_data$RowName , levels =

rownames(KO_GSVA))

11

12 # Add significance symbols based on p-values

13 heatmap_data$Significance <- ifelse(heatmap_data$Significance <

0.001 & heatmap_data$Group == "WT_TGFb", "***",

14 ifelse(heatmap_data$Significance <

0.01 & heatmap_data$Group == "WT_TGFb", "**",

15 ifelse(heatmap_data$Significance <

0.05 & heatmap_data$Group == "WT_TGFb", "*",

16 ifelse(heatmap_data$Significance <

0.001 & heatmap_data$Group == "FIHKO_TGFb", "###",

17 ifelse(heatmap_data$Significance <

0.01 & heatmap_data$Group == "FIHKO_TGFb", "##",

18 ifelse(heatmap_data$Significance <

0.05 & heatmap_data$Group == "FIHKO_TGFb", "#",""))))))

19

20 # Replace empty strings with NA

21 heatmap_data$Significance[heatmap_data$Significance == ""] <- NA

22

23 # Load ggplot2 package and create heatmap

24 library(ggplot2)

25 p <- ggplot(heatmap_data , aes(x = Group , y = RowName , fill = Value

)) +

26 geom_tile() +

27 geom_text(aes(label = Significance), color = "black", size = 3,

fontface = "bold", na.rm = TRUE) + # Show significance markers

28 scale_fill_gradientn(colors = colorbar , limits = range(heatmap_

data$Value),
29 guide = guide_colorbar(title = "GSVA score

")) +

30 labs(x = NULL , y = "Hallmark pathway", fill = "Value") +

31 theme_minimal () +

32 theme(axis.text.x = element_text(angle = 45, hjust = 1)) #

Adjust text angle

33

34 # Adjust aspect ratio for heatmap

35 p = p + theme(

36 aspect.ratio = 4.5 # Set aspect ratio for height and width

37 )



206 Chapter B

38

39 # Print heatmap

40 print(p)

LISTING B.5: R code for Heatmap of GSVA scores with significance

B.3.6 Bubble plot

1 # Create top GO terms data frame for MEF

2 MEF_incre_GO_top10 <- as.data.frame(matrix(data = NA , nrow = 14,

ncol = 14))

3 colnames(MEF_incre_GO_top10) <- colnames(MEF_incre_GO)

4

5 # Populate data for Biological Processes , Cellular Components , and

Molecular Functions

6 MEF_incre_GO_top10[c(1:10) , ] <- MEF_incre_GO_BP[c(1:10) , ]

7 MEF_incre_GO_top10[c(11:13) , ] <- MEF_incre_GO_CC[c(1:3), ]

8 MEF_incre_GO_top10 [14, ] <- MEF_incre_GO_MF[1, ]

9

10 # Add category column and rename columns for plotting

11 MEF_incre_GO_top10$Category <- c(rep("Biological Processes", 10),

rep("Cellular Components", 3), rep("Molecular Functions", 1))

12 colnames(MEF_incre_GO_top10)[11] <- "Rich.ratio"

13 colnames(MEF_incre_GO_top10)[10] <- "Count"

14 colnames(MEF_incre_GO_top10)[3] <- "Name"

15

16 # Generate the ggplot

17 ggplot(MEF_incre_GO_top10 , aes(

18 x = Rich.ratio ,

19 y = reorder(Name , -LogP),

20 color = -1 * LogP ,

21 size = Count

22 )) +

23 geom_point() +

24 scale_color_gradient(low = "blue", high = "red") +

25 facet_wrap(~MEF_incre_GO_top10$Category) +

26 theme(text = element_text(size = 15))

LISTING B.6: R code for GO Enrichment Analysis Visualization– Bubble plot

B.3.7 Treemap

1 # Load treemap package and create treemap visualization

2 treemap :: treemap(

3 Mk_incre_BP_50,
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4 index = c("PARENT_GO", "Description"),

5 vSize = "X.InGO",

6 vColor = "LogP",

7 type = "index"

8 )

LISTING B.7: R code for Treemap visualization of GO terms

B.3.8 GSVA

1 # Initialize an empty GSVA matrix

2 GSVA_matrix <- as.data.frame(matrix(data = NA , nrow = 50, ncol =

4, dimnames = list(c(), colnames(MEF_exp))))

3

4 # Read hallmark dataset from .gmt file

5 hallmark_dataset <- GSA.read.gmt(’hallmark_allsymbols.gmt’)

6

7 # Fill GSVA matrix with calculated GSVA scores

8 for (i in 1:50) {

9 rownames(GSVA_matrix)[i] <- hallmark_dataset$geneset.names[i]
10 print(hallmark_dataset$geneset.names[i])
11 GSVA_matrix[i, ] <- gsva(as.matrix(MEF_exp), list(hallmark_

dataset$genesets[i][[1]]) , mx.diff = 1)

12 }

LISTING B.8: R code for Calculation of GSVA Scores

B.3.9 One-way ANOVA

1 # Create a vector for the samples and their grouping

2 samples <- rep(c("WT", "WT_TGFbeta", "FIHKO", "FIHKO_TGFbeta"),

each = 3)

3 group_info <- data.frame(Sample = colnames(MRC5k_GSVA), Group =

samples)

4

5 # Create an empty dataframe to store the extracted information

6 extracted_info <- data.frame(Gene = character (),

7 F_value = numeric (),

8 Pr_gt_F = numeric (),

9 stringsAsFactors = FALSE)

10

11 # Create an empty dataframe to store Tukey ’s HSD results

12 tukey_summary <- data.frame()

13

14 # Loop through each gene ’s data
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15 for (i in 1:50) {

16 # Prepare data

17 gene_data <- data.frame(Expression = as.numeric(MRC5k_GSVA[i, ])

,

18 Group = factor(group_info$Group))
19

20 # Perform one -way ANOVA

21 anova_result <- oneway.test(gene_data$Expression ~ gene_data$
Group)

22

23 # Extract relevant information

24 gene_name <- rownames(MRC5k_GSVA)[i]

25 f_value <- anova_result$statistic
26 pr_gt_f <- anova_result$p.value
27

28 # Output information for the current gene

29 cat("Gene:", gene_name , "\n")

30 cat("F value:", f_value , "\n")

31 cat("Pr(>F):", pr_gt_f, "\n")

32

33 # Add extracted information to dataframe

34 extracted_info <- rbind(extracted_info , data.frame(Gene = gene_

name ,

35 F_value = f_

value ,

36 Pr_gt_F = pr_

gt_f))

37

38 # Perform Tukey ’s HSD multiple comparisons

39 posthoc_result <- TukeyHSD(aov(Expression ~ Group , data = gene_

data))

40

41 # Check if multiple comparison results exist

42 if (!is.null(posthoc_result)) {

43 # Get the multiple comparison results

44 posthoc_df <- as.data.frame(posthoc_result [[1]])

45

46 # Add gene name column

47 posthoc_df$Gene <- gene_name

48

49 # Append results to tukey_summary

50 tukey_summary <- rbind(tukey_summary , posthoc_df)

51 }

52 }

53

54 # Display extracted ANOVA information

55 print(extracted_info)
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56

57 # Save results to CSV files

58 write.csv(tukey_summary , ’FIHKO_GSVA_ANOVA.csv’)

59 write.csv(FIHKO_GSVA_average , ’FIHKO_GSVA_average.csv’)

LISTING B.9: R code for ANOVA and Tukey’s HSD Test for Gene Expression Data

B.3.10 Student’s T test

1 # Load required package

2 library(dplyr)

3

4 # Convert GSVA scores to a data frame

5 MRC5_KO_GSVA <- as.data.frame(MRC5_KO_GSVA)

6

7 # Calculate group averages

8 FIHKO_average <- MRC5_KO_GSVA %>%

9 mutate(

10 mean_group1 = rowMeans(select(., c(1:3))),

11 mean_group2 = rowMeans(select(., c(4:6)))

12 )

13

14 # Extract and rename averages

15 FIHKO_GSVA_average <- FIHKO_average[, c(7, 8)]

16 colnames(FIHKO_GSVA_average) <- c(’WT’, ’FIH_KO’)

17

18 # Initialize vector for storing t-test results

19 t_test_results <- vector("list", nrow(MRC5_KO_GSVA))

20

21 # Perform t-tests on each row for the two groups

22 for (i in 1:nrow(MRC5_KO_GSVA)) {

23 group1 <- MRC5_KO_GSVA[i, 1:3]

24 group2 <- MRC5_KO_GSVA[i, 4:6]

25 t_test_results [[i]] <- t.test(group1 , group2 , var.equal = TRUE)

# Use Student ’s t-test

26 }

27

28 # Print t-test results

29 for (i in 1:nrow(MRC5_KO_GSVA)) {

30 print(t_test_results [[i]])

31 }

32

33 # Create a data frame to store t-test results

34 t_test_df <- data.frame(

35 row = 1: length(t_test_results),

36 statistic = numeric(length(t_test_results)),
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37 p.value = numeric(length(t_test_results)),

38 method = character(length(t_test_results)),

39 alternative = character(length(t_test_results)),

40 mean_group1 = numeric(length(t_test_results)),

41 mean_group2 = numeric(length(t_test_results))

42 )

43

44 # Store t-test results in the data frame

45 for (i in 1: length(t_test_results)) {

46 t_test_df[i, "statistic"] <- t_test_results [[i]]$statistic
47 t_test_df[i, "p.value"] <- t_test_results [[i]]$p.value
48 t_test_df[i, "method"] <- t_test_results [[i]]$method
49 t_test_df[i, "alternative"] <- t_test_results [[i]]$alternative
50 t_test_df[i, "mean_group1"] <- t_test_results [[i]]$estimate [1]
51 t_test_df[i, "mean_group2"] <- t_test_results [[i]]$estimate [2]
52 }

LISTING B.10: R code for Student’s T-Test Analysis of GSVA Scores
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Odorisio, T., Mahé, C., Calin, G. et al. (2012), ‘p63-microrna feedback in keratinocyte
senescence.’, Proceedings of the National Academy of Sciences of the United States of Amer-
ica 109(4), 1133–1138.

Li, D. Y., Brooke, B., Davis, E. C., Mecham, R. P., Sorensen, L. K., Boak, B. B., Eichwald,
E. and Keating, M. T. (1998), ‘Elastin is an essential determinant of arterial morpho-
genesis’, Nature 393(6682), 276–280.



238 REFERENCES

Li, L., Madu, C. O., Lu, A. and Lu, Y. (2010), ‘Hif-1α promotes a hypoxia-independent
cell migration’, The open biology journal 3, 8.

Li, Y., Jiang, D., Liang, J., Meltzer, E. B., Gray, A., Miura, R., Wogensen, L., Yam-
aguchi, Y. and Noble, P. W. (2011), ‘Severe lung fibrosis requires an invasive fibroblast
phenotype regulated by hyaluronan and cd44’, The Journal of experimental medicine
208(7), 1459.

Li, Y., Li, H., Liu, S., Pan, P., Su, X., Tan, H., Wu, D., Zhang, L., Song, C., Dai, M. et al.
(2018), ‘Pirfenidone ameliorates lipopolysaccharide-induced pulmonary inflamma-
tion and fibrosis by blocking nlrp3 inflammasome activation’, Molecular immunology
99, 134–144.

Li, Y., Liang, J., Yang, T., Mena, J. M., Huan, C., Xie, T., Kurkciyan, A., Liu, N., Jiang,
D. and Noble, P. W. (2016), ‘Hyaluronan synthase 2 regulates fibroblast senescence in
pulmonary fibrosis’, Matrix Biology 55, 35–48.

Li, Z., Geng, J., Xie, B., He, J., Wang, J., Peng, L., Hu, Y., Dai, H. and Wang, C.
(2022), ‘Dihydromyricetin alleviates pulmonary fibrosis by regulating abnormal fi-
broblasts through the stat3/p-stat3/glut1 signaling pathway’, Frontiers in Pharmacol-
ogy 13, 834604.

Liang, J., Zhang, Y., Xie, T., Liu, N., Chen, H., Geng, Y., Kurkciyan, A., Mena, J. M.,
Stripp, B. R., Jiang, D. et al. (2016), ‘Hyaluronan and tlr4 promote surfactant-protein-
c-positive alveolar progenitor cell renewal and prevent severe pulmonary fibrosis in
mice’, Nature medicine 22(11), 1285–1293.

Liberti, M. V. and Locasale, J. W. (2016), ‘The warburg effect: how does it benefit cancer
cells?’, Trends in biochemical sciences 41(3), 211–218.
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