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Mitochondria in chronic obstructive
pulmonary disease and lung cancer: where
are we now?

Recent advances in mitochondrial biogenesis have provided the emerging recognition
that mitochondria do much more than ‘simply providing energy for cellular function’.
Currently, a constantly improving understanding of the mitochondrial structure and
function has been providing valuable insights into the contribution of defects in
mitochondrial metabolism to various human diseases, including chronic obstructive
pulmonary disease and lung cancer. The growing interest in mitochondria research
led to development of new biomedical fields in the two main smoking-related lung
diseases. However, there is considerable paucity in our understanding of mechanisms
by which mitochondrial dynamics regulate lung diseases. In this review, we will discuss
our current knowledge on the role of mitochondrial dysfunction in the pathogenesis

of chronic obstructive pulmonary disease and non-small-cell lung cancer.
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Background

Mitochondria are the only subcellular organ-
elle with their own DNA (mtDNA) that
are hallmarks of eukaryotes 1. The major
tasks of mitochondria include the produc-
tion of ATP and the metabolites necessary
to fulfill the bioenergetics and biosynthetic
demands of the cell. Based on these crucial
roles, mitochondria are regarded as the ‘pow-
erhouse of the cell’ [2]. In addition to later
two major roles, mitochondria are involved
in other essential tasks, such as cellular sig-
naling, differentiation and cell death, as
well as maintaining control of the cell cycle
and cell growth [2-4]. Mitochondria are also
widely recognized as a major endogenous
source of reactive oxygen species (ROS),
which have important roles in cell signaling
and homeostasis, during their normal oxi-
dative metabolism. Although optimal level
of ROS production is necessary for normal
oxidative metabolism, excessive ROS has

adverse effect on cell integrity and can dam-
age other important molecules such as lipids,
proteins and DNA [5-7]. Thus, defects in the
complex and dynamic mitochondrial func-
tion, including metabolic alterations, have
been implicated in several human diseases
such as diabetes, atherosclerosis, neurode-
generative diseases including Parkinson’s and
Alzheimer’s diseases, and several inherited
conditions [7-11].

The two main smoking-related lung dis-
eases, chronic obstructive pulmonary disease
(COPD) and lung cancer, are major health
concerns worldwide. Despite the advances
in understanding of the molecular processes
underlying these diseases, the prognosis
remains alarming over the last few decades.
Unfortunately, by using current approaches it
is difficult to diagnose COPD until it is clini-
cally apparent and moderately advanced [12].
The WHO has predicted a rise of COPD

mortality, from the fourth leading cause of
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death in 2004 to the third in 2030 [13]. Despite current
measures for management of COPD patients, such as
smoking cessation, combination of inhaled corticoste-
roid with long-acting B2 agonist or long-acting musca-
rinic antagonist, and several novel anti-inflammatory
drugs, many COPD patients are still suffering from
persistent and progressive pulmonary inflamma-
tion [14]. Similarly, lung cancer is one of the leading
causes of cancer-related mortality. The prognosis of
patients with lung cancer has improved only mini-
mally during the past two decades, with overall 5-year
survival rates between 14 and 16% [15]. Moreover, most
novel therapeutic agents for non-small-cell lung cancer
(NSCLCQ) target a single molecular aberration, while
the majority of patients will either not possess that
particular mutations or harbor tumors with multiple
abnormalities [16]. Eventually, these reasons often lead
to drug resistance after initial benefit through a variety
of mechanisms. This poses an unmet need to develop
new strategies for finding more robust biomarkers of
early diagnosis and more effective novel drugs for these
two major lung diseases.

COPD and lung cancer are both associated with
chronic inflammation and oxidative stress [17-21]. Gen-
erally, cigarette smoke (CS) is an environmental pol-
lutant that contains more than 5000 chemical com-
pounds [22], which are well-known sources of ROS such
as hydrogen peroxide, superoxide anion and hydroxyl
radicals [23]. Majority of these compounds have not
only possessed mutagenic properties but also possess
carcinogenic activity [22]. In addition to the exogenous
source of ROS that implies CS by itself, endogenous
production of ROS is also increased among smok-
ers 24]. As mitochondria are the major endogenous
source of ROS, it is reasonable to assume that mitochon-
drial dysfunction may contribute to the pathogenesis of
COPD and lung cancer. Over the last decade, stud-
ies of mitochondria have contributed to better under-
standing of its function and led to development of new
biomedical fields in several human diseases. Recently,
several excellent reviews on mitochondrial biology in
relevance to lung diseases, including lung cancer, have
been published [25-28]. However, there is considerable
paucity in our understanding of mechanisms by which
mitochondrial dynamics regulate lung diseases. There-
fore, in this review we will discuss our current knowl-
edge on the role of mitochondrial dysfunction in the

pathogenesis of COPD and NSCLC.

Mitochondria
Structure of the mitochondria
Mitochondria contain two membranes that separate

four distinct compartments; the outer membrane
(OMM), the inner membrane (IMM), the inter-

membrane space and the matrix (Figure 1). The IMM
is highly folded into cristae, which houses the mega
dalton complexes of the electron transport chain and
ATP synthase that control the basic rates of cellular
metabolism [2]. The production of ATP is generated
by means of the electron-transport chain and the oxi-
dative-phosphorylation system (also known as ‘respira-
tory chain’) [11]. The respiratory chain is located along
the IMM and consists of five multimeric protein com-
plexes, termed complex I (nicotinamide adenine dinu-
cleotide-Coenzyme Q oxidoreductase, approximately
46 subunits), complex II (succinate-Coenzyme Q oxi-
doreductase, 4 subunits), complex III (Q-cytochrome ¢
oxidoreductase 11 subunits), complex IV (cytochrome
¢ oxidase, 13 subunits) and complex V (ATP synthase,
approximately 16 subunits) [11.2930].

mtDNA

Mitochondria are the only subcellular organelles with
their own mtDNA, and they are under the dual genetic
control of both nDNA and mtDNA [31]. The human
mtDNA is a double-stranded circular molecule of
16,569 nucleotides, which contains 37 genes. Of these,
24 are encoded for mitochondrial translation (two ribo-
somal RNAs [rRNAs] and 22 transfer RNAs [tRNAs])
and 13 are encoded subunits for the respiratory com-
plexes I, IIT and IV; only complex I1 is solely composed
of proteins encoded by nuclear genes [32.33]. mtDNA
is exclusively maternally inherited and can replicate
independently of nDNA. While nDNA is protected by
histones which shield it from a variety of potentially
dangerous ROS, mtDNA lack such protection, and it is
therefore more ROS susceptible [3134].

The advantages of mtDNA mutation detection as a
potential biomarker for disease come from the differ-
ences between mtDNA and nDNA. The mtDNA is
characterized by its small size (16.5 kb) harboring 37
densely packed genes and high copy number (several
hundreds to thousands copies per cell). It is a distinct
advantage over nDNA for the detection in precious
clinical samples. In addition, because mitochondria
have lacking protective histones and less efficient
repair mechanism than nuclear genomes, mutations
may accumulate in the coding regions and are more
likely to have biological consequences [3s]. Therefore,
analyses of mtDNA mutation can be used as a poten-
tial biomarker for early detection, monitoring of dis-
ease progression and response to therapy, or predictive
stratification of patients for treatment.

Overview of mitochondrial roles in eukaryotic
cells

Mitochondria are found in all eukaryotic cells and
play many important roles in human pathophysiol-
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ogy. The most important role of mitochondria is to
produce cellular ATP by oxidative phosphorylation,
a process that requires the orchestrated actions of five
respiratory enzyme complexes [1136]. The central set of
reactions involved in ATP production are collectively
known as the citric acid cycle (also known as the tri-
carboxylic acid cycle or the Krebs cycle). Mitochon-
dria are also involved in orchestrating other metabolic
processes, such as signaling through ROS (37, regula-
tion of apoptosis [4], calcium signaling [38], heme and
steroid synthesis [39.40], cellular differentiation and
growth, and cell cycle control. However, some of those
mitochondrial functions are selective for specific cell
types [2,8,41].

Mitochondrial dynamics & mitophagy

Mitochondria are dynamic intracellular organelle. The
structure and number of mitochondria can dramatically
change in response to their physiological state through
constitutive cycles of fusion and fission (collectively
termed mitochondrial dynamics). Mitochondria are
also actively transported in cells and can have defined
subcellular distributions [42,43]. The field of mitochon-
drial dynamics was established by Lewis et al., who
described it as: “Any one type of mitochondria such as
a granule, rod or thread may at times change into any
other type or may fuse with another mitochondrion, or
it may divide into one or several mitochondria” [8.44].
Biesele ez al. first observed the elongation and disjoin-
ing of mitochondria caused by coenzyme A, suggest-
ing changes in the metabolic activity of the cell [4s].
Mitochondrial fusion, which is a fundamental process
in life of eukaryotic cells, plays a central role in main-
taining intact mtDNA copies and oxidized proteins,
mitochondrial membrane components and matrix
metabolites, and results in a more interconnected
mitochondrial network. In contrast, mitochondrial fis-
sion, creates smaller, more discrete mitochondria and
takes part in segregation of dysfunctional mitochon-
dria from the mitochondrial pool [8.42.43.46]. A simpli-
fied representation of the mitochondrial fusion—fission
cycle is depicted in Figure 2. Mitochondrial fusion
and fission are antagonistic activities and mediated
by a small number of highly conserved, guanosine
triphosphatases (GTPases) [8,47-49]. Thus, the rates of
fusion and fission must be tightly controlled to adjust
the homeostasis of cell mitochondria depending on
changing physiological conditions [8.42.43]. Although
this tightly regulated system is not completely under-
stood, some of the key proteins involved have been
identified (Table 1). Fusion is mediated by MFN1 and
MFN2 isoforms in the OMM and by OPALI protein
in the IMM (850]. Fission is mediated by DRPI, a
cytosolic protein that translocates to the OMM upon

Quter membrane
Inner membrane

Intermembrane space

Cristae

Matrix

Figure 1. The basic structure of the mitochondrion.
Mitochondria are enveloped by two highly specialized
lipid membranes, with four distinct parts; the outer
membrane, the inner membrane, the intermembrane
space and the matrix. The highly folded and convoluted
inner membrane, called cristae, extended into the inner
mitochondria matrix.

activation. DRP1 is actively targeted to the OMM by
non-GTPase receptor proteins such as FIS1, MFF and
mitochondrial elongation factor [8,51].

Autophagy is a process of self-degradation of cel-
lular components, such as the cytosol, organelles and
protein aggregates, through their encapsulation by
a double-membrane autophagosome. The specific
autophagic elimination of mitochondria is termed as
mitochondrial autopghagy (also referred to as mitoph-
agy). Mitophagy is thought to serve as an intrinsic
mitochondrial quality control mechanism. Mitochon-
drial fusion is important for the dissipation of meta-
bolic energy and for the complementation of mtDNA
gene products in heteroplasmic cells, whereas dam-
aged mitochondria are separated from the mitochon-
drial network by fission and subsequently degraded
by mitophagy [42.52]. Emerging evidence suggests that
mitophagy can be either protective or deleterious in the

lung of COPD.

Mitochondrial ROS

ROS are oxygen (O,) derived molecules that can read-
ily oxidize other molecules. In general, free radicals
and other ROS are generated in a wide range of normal
physiological conditions. Historically, accumulation of
ROS and oxidative stress have been linked to multiple
human diseases and mitochondrial ROS were exclu-
sively thought to cause cellular damage and were con-
sidered to lack a physiological function [6]. However,
substantial evidences have demonstrated that produc-
tion of mitochondrial ROS has evolved as a method of
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Biogenesis

(mitochondrial synthesis)

MFN1, MFN2, OPAI1

FIS, DRP1

Mitophagy
(degradation)

Fusion (increaded in mitochondrial mass)

&
%

Fisson (increase in mitochondrial number)

Figure 2. A simplified fusion-fission cycle of mitochondria. Mitochondria are dynamically regulated to maintain
cellular homeostasis. Mitochondrial biogenesis increases mitochondrial numbers and replaces damaged
mitochondria. MFN1 and MFN2 and OPA1-mediated fusion dilutes damage that accumulates in the mitochondria,
including mitochondrial DNA mutations and reactive oxygen species. In contrast, the excessive mitochondrial
damages can promote fission mediated through DRP1 and FIS1. Repaired polarized mitochondria re-enter

the mitochondrial pool by fusion, and remaining depolarized mitochondria are transported to lysosomes for

elimination by mitophagy (autophagy).
Data taken from [8,9].

communication between mitochondrial function and
other cellular processes to maintain homeostasis and
promote adaptation to stress [6,37,53]. The major source
of endogenous ROS is mitochondrial electron trans-
port chain during normal metabolism. The content of
mitochondrial ROS is determined by the rates of both
mitochondrial ROS production and disposal, and it
is tightly regulated by a number of physiological cell
signaling, such as mitochondrial membrane potential,
metabolic state of mitochondria and O, levels [637].
Optimal mitochondrial ROS production has impor-
tant role in regulating the range of cell homeostasis
processes, including adaptation to hypoxia, autophagy,
immunity, differentiation and aging [6]. However, the
production of mitochondrial ROS has been reported to
be increased in a variety of pathologic conditions, such
as hypoxia, ischemia, reperfusion, aging and chemi-
cal inhibition of mitochondrial respiration [554-56].
Recently, accumulating data have demonstrated that
the excessive production of mitochondrial ROS may
critically mediate several core autophagic pathways in
cancer initiation and progression [s7].

Mitochondria & apoptosis

Apoptosis is the process of programmed cell death that
serves as a major mechanism for the precise regulation
of cell numbers, and as a defense mechanism to remove

unwanted and potentially dangerous cells. However,
the inappropriate activation of apoptotic process may
cause or contribute to a variety of pathologic condi-
tions [58-60]. Mitochondria play key roles in regulat-
ing apoptosis in mammalian cells [4]. Mitochondria
can trigger cell death in a number of ways; disrupting
electron transport and energy metabolism, by releas-
ing or activating apoptosis-related proteins such as
cytochrome ¢ and apoptosis-inducing factor, and by
altering cellular redox potential [4.61.62]. These pro-
cesses are subjected to a complex regulation involving
multiple proteins that, among the other roles, maintain
the integrity of mitochondrial compartments. Due to
its fundamental importance, the multifaceted role of
mitochondria in orchestrating apoptotic machinery has
been discussed in great details in a numerous focused
review [63-67]. Although significant advances have been
made over the last 20 years in our understanding of
the mitochondrial apoptotic pathway, a series of recent
studies were undertaken to re-evaluate its role in can-
cer cell growth and progression. While discussing all
that is known on the relationship between mitochon-
drial apoptosis and cancer is beyond the scope of this
manuscript, it is crucial to ‘stress out’ that molecu-
lar networks underlining this mechanisms may have
potential translational applications [68,69]. Develop-
ment of the new approaches that BH3 mimetic was a
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milestone moment and is being tested in clinical trials.
Thus, studying the role of mitochondria in apoptotic
processes may allow further insight into how mito-
chondrial defects contribute to the pathogenesis of
human diseases, including cancer.

Mitochondrial & human diseases

Nearly a century ago, mitochondrial dysfunction has
been observed in cancer cells. This observation, known
as the “Warburg effect’” or ‘acrobic glycolysis’, is that can-
cer cells take up glucose and produce lactic acid in the
presence of oxygen [70-72]. The first human mitochon-
dria disease and pathogenic mtDNA mutations were
identified in 1962 and 1988, respectively [73-75]. These
observations lead to growing interest for the basic scien-
tist and translational researcher to further study the role
of mitochondrial genome in different human diseases
and disseminate that knowledge into clinical practice.
Currently, more than 250 pathogenic mtDNA muta-
tions have been identified in a wide variety of human
diseases including cancer, with a heterogeneity of pheno-
types and a variable age of onset [1031,76]. Primary respi-
ratory chain diseases could be initiated and progress as a
result of mtDNA mutations or mutation of nuclear genes
encoding respiratory chain subunits. The most common
respiratory chain disorders are also known as mitochon-
drial encephalopathy, and involve brain, nervous system
and skeletal muscle [9.11]. In addition, an emerging con-
cept suggests that disordered mitochondrial dynamics
are directly or indirectly involved in pathogenesis of
complex diseases including cancer, cardiovascular and
neurodegenerative conditions, that are not classically
considered to involve mitochondria [8,9.25-28,32,77.78].

Mitochondrial dysfunction in COPD

Overview of COPD

COPD s characterized by progressive, irreversible
airflow limitation resulting from an abnormal and
chronic inflammatory response of the lungs to nox-
ious particles and gases [12]. COPD is a multidimen-
sional disease, with pathologic changes in the large
and small airways (chronic bronchitis and bronchiol-
itis) and lung parenchyma (emphysema). The patho-
logic changes vary greatly in their expression among
patients. Several pathogenetic mechanisms contribute
to the development of COPD. First, influx of nox-
ious particles (such as CS) in the small airway and
alveoli may lead to abnormal inflammatory response,
provoking activation of various inflammatory media-
tors (such as macrophages, neutrophils and CD8* T
lymphocytes) that participate in the inflammatory
response in the airways of COPD patients. Second,
there is a disruption of the balance between proteo-
lytic and antiproteolytic molecules in the lung. An
increased proteolytic activity promotes emphysema.
This response may be a consequence of inflamma-
tion or may arise from genetic factors (e.g., o.-1 anti-
trypsin deficiency). A third mechanism is oxidative
stress, which arises as a result of endogenous anti-
oxidant defenses being genetically impaired and/or
overwhelmed by the presence of ROS. Oxidants are
generated in the airways by CS or are released from
inflammatory and epithelial cells. Oxidative stress can
lead to cell dysfunction or cell death and can induce
damage to the lung extracellular matrix. Recent
advances in understanding the COPD pathogenesis
have suggested a fourth mechanism; disruption of the

Table 1. The key proteins involved in mediation of mitochondrial fusion and fission.

mitochondria

- Optic atrophy 1
mitochondrial

— Mitochondrial elongation

Fission proteins:

— Dynamic-related protein 1
when activated

— Mitochondrial fission 1

— Mitochondrial fission factor

Protein Function Localization Ref.
Fusion proteins: [8,50,51]
- Mitofusin-1 and -2 GTPase protein, tethers adjacent OMM

GTPase protein, mediates fusion of inner IMM

DRP1-targeting protein, recruits DRP1 to OMM
mitochondria but inhibits its function,
promoting fusion

GTPase protein, translocates to the OMM

DRP1-targeting protein, recruits DRP1 from OMM
the cytosol to the mitochondria

DRP1-targeting protein, recruits DRP1 OMM
during mitochondrial fission

GTPase: Guanosinetriphosphatase; IMM: The inner membrane; OMM: The outer membrane.

[8,42]
Mostly cytosol
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Mitochondrial Stress
(environmental factors,
genetics, spontanequs)

BEFELL L

COPD pathogenesis

Tumorigenesis

Figure 3. The schema of the development of chronic obstructive pulmonary disease and lung cancer.
Mitochondrial stress [48], such as environmental (radiation, toxic chemicals), genetics (mutations in genes for
metabolic processes or repair pathways) and spontaneous (ROS generated as byproduct of electron transport),
can cause mtDNA damage or mutation, and subsequently lead to mitochondrial dysfunction.
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Figure 3. The schema of the development of chronic obstructive pulmonary disease and lung cancer (cont.

from facing page). The mitochondrial dysfunction in airways and lung parenchyma can enhance the major
chronic obstructive pulmonary disease (COPD) pathogenesis, including imbalance of proteolysis, disruption of
apoptosis, oxidative stress and chronic inflammation response. These processes eventually lead to COPD, which is
characterized by mucous hypersecretion, tissue destruction and/or airway inflammation and fibrosis (x-ray shows
hyperinflated lungs, flattened diaphragms, diminished vascular markings suggest emphysema). Mitochondrial
dysfunction can be induced by some oncogenes (O) and tumor suppressor genes (T), similar to the major COPD
pathogenesis, can induce tumorigenesis in the lung and eventually can lead to lung cancer (x-ray shows right hilar
mass which on biopsy came out to be squamous cell carcinoma).

balance between apoptosis and clearance of apoptotic
cells in the lung. Several studies in COPD patients
with emphysema describe an increase in apoptosis,
support an important role for apoptosis in the patho-
genesis of COPD. These findings suggest that COPD
pathology deteriorates even after smoking cessation
may be related to increased apoptosis in the airways of
COPD patients even after smoking cessation. How-
ever, more studies are needed to identify the most
important apoptotic pathways in the development of
COPD, including also the chronic bronchitis compo-
nent of COPD ([79.80]. These four processes involved
in the pathogenesis of COPD are not independent
mechanisms and several interactions between these
processes occur during disease development [18,80-84].
Thus, by virtue of COPD pathogenesis (e.g., involve-
ment of ROS production and apoptosis), mitochon-
dria may play a distinctive role in the development
and progression of COPD (Figure 3).

Mitochondrial dysfunction & COPD

Since the first evidence that large aggregates of
mitochondria were found in diaphragm muscle of
COPD patient (85], many studies of muscle dysfunc-
tion in COPD have shown that significant skeletal
muscle mitochondrial dysfunction occurred among
COPD patients [86]. A study using muscle biopsies
of mild-to-moderate COPD reported that skeletal
and respiratory muscles of COPD patients demon-
strate increased cytochrome oxidase activity and
excessive ROS production. These results suggest
that mitochondrial dysfunctions occur in relation to
systemic factors and already present at early stage of
disease [87]. More recent study suggests that there are
three major mitochondrial dysfunctions related to
muscle dysfunction in COPD [s¢], including reduc-
tion in oxidative capacity [88], enhanced mitochon-
drial ROS production [89] and increased autophagy
and apoptosis [90,91]. The peroxisome proliferator-
activated receptors (PPARs) and PPAR-y coactiva-
tor (PGC)-la are key regulators of mitochondrial
biogenesis and hence of skeletal muscle oxidative
capacity [92]. In several studies, expression of PPARs
and PGC-la, as well as TFAM, which maintains
mtDNA copy number by regulating mtDNA replica-
tion and transcription in proportion to muscle oxida-

tive capacity, was shown to be reduced in peripheral
skeletal muscle of patients with moderate-to-severe
COPD and muscle weakness [86,92,93]. These results
proposed that PGC-1a and the PPAR signaling path-
ways may represent a novel class of potential targets
for pharmacological agents that could be helpful in
the management of COPD ([86,93].

Prohibitin (PHB) complexes, essential components
of the mitochondrial fusion machinery, are predomi-
nately localized in the IMM, and maintaining normal
mitochondrial function and morphology. They have a
diverse role in pathogenesis of several diseases such as
cancer, inflammatory bowel disease, diabetes and obe-
sity [94,95]. The first study of PHB level in COPD lung
tissue showed significant downregulation of PHBI
in COPD and non-COPD smokers in comparison
to nonsmoker, especially in the mitochondria of the
COPD patients. Moreover, PHBI levels were associ-
ated with the degree of airway obstruction [96]. The
iron-regulatory proteins (IRDPs) regulate cellular iron
homeostasis and serve as the major regulatory proteins
in mammalian cells. IRP2 is identified as a leading
candidate COPD-susceptibility gene in humans, as it
is often increased in the COPD lungs. Furthermore,
IRP2 is located on human chromosome 15q25, which
has been associated with lung cancer [97]. The subse-
quent study showed that IRP2 promotes mitochon-
drial dysfunction in experimental COPD, where mice
treated with a mitochondrial iron chelator were pro-
tected from CS-induced COPD, suggesting a critical
functional role and potential therapeutic intervention
for the mitochondrial-iron axis in COPD [9s].

The changes of mitochondrial structure in COPD
were first studied in bronchial epithelial cells. Mito-
chondrial changes including depletion of cristae,
increased branching and elongation and swelling of
the mitochondria were observed GOLD IV COPD
epithelium. Furthermore, long-term CS exposure
significantly increased the expression of specific fis-
sion/fusion markers, oxidative phosphorylation
(OXPHOS) proteins and oxidative stress markers.
These changes were accompanied by increased lev-
els of the pro-inflammatory mediators [99]. Another
study showed that airway smooth muscle cells from
COPD patients have decreased mitochondrial mem-
brane potential, ATP content and lower complex pro-
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tein expression, whereas mitochondrial ROS levels
were increased. In addition, in a mouse model of oxi-
dative stress induced by chronic exposure to ozone,
prophylactic treatment with mitochondrial-targeted
antioxidant MitoQ restored mitochondrial function
in lung tissue, prevented airway hyper-responsiveness
and precluded the presence of inflammatory cells
and mediators [100]. These results further support the
notion that mitochondrial dysfunction may play a key
role in COPD pathogenesis and potentially provide a
novel therapeutic target for COPD maintenance and
prevention.

There is now considerable interest in autophagy
processes in lung disease, particularly relevant to the
effects of inflammation. Recently, in human COPD,
lung epithelial cells displayed increased expression of
the mitophagy protein PINKI, the necroptosis reg-
ulator RIP3 and the fission regulator DRP1. These
finding implicate mitophagy-dependent necroptosis
in lung emphysematous changes in response to CS
exposure [101,102]. Another study showed that CS
exposure in vitro augmented cellular senescence in
lung epithelial cells and fibroblasts, mouse lung as
well as human smokers and patients with COPD.
Moreover, mitochondria-targeted antioxidant (Mito-
Tempo) restored impaired mitophagy, decreased
mitochondrial mass accumulation and delayed cel-
lular senescence in Parkin-overexpressing cells. This
finding is the first report that the mechanisms of
defective mitophagy lead to accumulation of dys-
functional and damaged mitochondria [103]. These
results provide new insight into the role of mitophagy
in pathogenesis of COPD and promising therapeutic
strategies in COPD.

Mitochondrial dysfunction in NSCLC
Overview of NSCLC

Lung cancer, which arises from the cells of the respi-
ratory epithelium, can be divided into two major his-
tologic categories. Small cell lung cancer is a highly
malignant tumor derived from cells exhibiting neuro-
endocrine characteristics and accounts for 15% of lung
cancer cases. NSCLC, which accounts for the remain-
ing 85% of cases, is further divided into three major
histologic subtypes: adenocarcinoma (AD), squamous
cell carcinoma (SCC) and large cell carcinoma [104,105].
The development of molecular profiling of NSCLC,
especially in AD [106], has led to the emergence of
‘personalized therapy’, which provides the potential
to tailor medical care both at tumor and patient lev-
els (10s]. However, the majority of patients develop
resistance to these targeted therapies over time, result-
ing in disease progression. These facts have given rise
to the term ‘precision medicine’, an emerging approach

for disease treatment and prevention which takes into
account more refined and effective therapies based
on individual diagnostic tests and individual genetic
analyses [107].

Mitochondrial dysfunction & NSCLC

The causal link between inflammation and cancer have
been suggested by Virchow in the 19th century [108].
Currently, genetic instability resulting from chronic
inflammation represents the seventh hallmark of
tumorigenesis [109]. Chronic inflammation may result
in superfluous ROS. ROS-induced mtDNA damage
is implicated in a wide range of pathologic process,
including carcinogenesis, aging and degenerative dis-
eases. Traditional oncogenes and tumor suppressor
genes, such as RAS, MYCand TP53, can induce altered
mitochondrial function including increased electron
transport, oxygen uptake and ROS production [20.110].
T'P53 point mutations are widely evident in the respi-
ratory epithelium of smokers and asbestos-exposed
individuals [111].

Several mtDNA mutations have been reported in
various types of human cancers including lung [10]. The
mtDNA D-loop is important for regulation of mito-
chondrial genome replication and expression. Some
studies reported that D-loop alterations are frequent
in NSCLC and SNPs in mtDNA D-loop are found to
be independent prognostic markers for NSCLC out-
come [112,113]. The prevalence of mtDNA mutations in
lung cancers of never-smokers patients, as compared
with the current-smokers, was significantly higher, and
were associated with mutation at exons 19 and 21 of
the EGFR gene [114]. Furthermore, increased mtDNA
copy number was found to be associated with subse-
quent risk of lung cancer among heavy smokers [115].
These results suggest that further studies of signature
mtDNA alterations may provide new strategies for
detecting and managing lung cancer that occur among
nonsmokers and heavy smokers.

Recent study of altered mitochondrial dynam-
ics in lung cancer has reported that human AD tis-
sues and cell lines have reduced MFN2 and increased
DRP1 expression, mitochondrial fusion and fission
mediators, respectively. Furthermore, lung cancer
cells treated with inhibitors of DRP1 or enhancers
of MFN2, showed a marked reduction in cancer cell
proliferation and increase in spontaneous apoptosis.
Whereas in xenotransplantation model, it was found
to induce the regression of lung tumor [116]. Another
study has reported that increased DRP1 expression in
lung AD correlates with poor prognosis [117]. OPA1
is involved in the IMM fusion and anticancer drug-
mediated cytotoxicity. High level of OPA1 expression
is frequently found in lung AD and is associated with
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poor prognosis. Notably, OPA1 expression correlates
with expression levels of DRP1 and MFN1/2. Silenc-
ing of OPA1 led to reduced cisplatin resistance and
activation of caspase-dependent apoptotic pathway
in cell lines [118]. The focal adhesion protein paxillin
(PXN) was reported to be mutated, amplified and
overexpressed in NSCLC, with higher levels seen in
more advanced stages of the disease [119]. PXN mutants
were associated with anti-apoptotic protein BCL-2,
which is known to localize to the mitochondria, and
with DRPI overexpression. Although overexpression
of either wild-type or mutated paxillin increased cell’s
resistance to cisplatin, clinically, NSCLC patients with
PXN mutations have poorer survival rates relative to
patients with wild-type PXN [120]. More recent study
showed that inhibition of the mitochondrial chaperone
HSP90-like protein is leading to decreased NSCLC
cell migration and invasion in vitro (121]. These data
suggest that mitochondrial dynamics play a complex
role in cancer cell proliferation, migration and survival.

Mitochondrial dysfunction in NSCLC with
COPD

The relationship between COPD & NSCLC

It is well established that CS is a major contributor to
COPD and NSCLC. Patients with these conditions
share a common environmental risk factor (such as
CS) as well as genetic predisposition represented by the
incidence of these diseases in only a fraction of smok-
ers (Figure 3) [122]. Clinically, both can remain silent
until late in the diseases process. Generally, cancer is
characterized by anti-apoptotic processes, unlimited
cell proliferation and sustained angiogenesis, whereas
COPD is characterized by increased apoptosis, extra-
cellular matrix degradation and limited angiogen-
esis (122]. In this regard, these diseases have been con-
sidered as two different manifestations of the same
condition, two sides of the same coin [122-124]. Thus,
understanding of molecular alterations that are either
shared or difference between COPD and NSCLC
may be extremely informative for managing both
conditions.

Interestingly, COPD itself is an independent risk
factor for lung cancer. The COPD increases the risk of
lung cancer up to 4.5-fold [125-127]. Furthermore, the
presence of emphysema is associated with poor prog-
nosis in lung cancer patients [128]. Particularly, smok-
ers with COPD have a higher risk of developing an
SCC histological subtype of NSCLC [129]. Recently,
large international case—control consortium reported
an investigation into the association between multiple
previous respiratory diseases (PRDs) and lung cancer.
Findings of this study have shown that co-occurrence
of chronic bronchitis and emphysema and/or pneu-

monia had a stronger positive association with lung
cancer than chronic bronchitis ‘only’, and emphysema
was found to have stronger association with lung can-
cer, compared with chronic bronchitis as well as other
PRDs. These findings are consistent with previous
pooled analysis [130]. Lung cancer is also a leading cause
of morbidity and mortality in COPD patients [131].
Thus, a better understanding of the potential patho-
genetic mechanisms, including field carcinogenesis,
epithelial-mesenchymal transition, chronic inflam-
mation, genetic or epigenetic abnormalities including
DNA methylation and telomere shortening, and pul-
monary stem cells [19,122,123,132], leading to lung cancer
in COPD is of great clinical interest.

Although little is currently known about epigenetic
mechanism linking lung cancer and COPD suscepti-
bility, a few data indicate that CS induce cancer associ-
ated epigenomic alterations in respiratory epithelium.
These findings include activation of Wnt signaling,
a diminution of H4K16Ac and H4K20Me3 marks,
increasing levels of H3K27Me3, and hypomethyl-
ation including that of D474, NBL2 and LINE-I,
repetitive DNA sequences along with gene-specific
hypermethylation of tumor suppressor genes (TSGs)
such as RASSF1A and RAR-B. Furthermore, aber-
rant methylation of the pl6 tumor suppressor gene
and/or O°-methylguanine-DNA  methyltransferase
promoters, and the DNA hypermethylation status
of the pl6, CDHI13, RASSF1A and APC genes have
been proposed as a biomarker for early detection of

NSCLC [133].

Mitochondrial dysfunction & NSCLC with COPD
A study of gene expression signature in lung SCC
patients with and without COPD has demonstrated a
significant overexpression of genes related to mitochon-
drial localization in SCC patients with COPD [134].
Another study reported that expression of mtTFA,
which promotes transcription of mtDNA and regulates
mtDNA replication, is lower in the SCC with COPD
group when compared with SCC patients without
COPD history. Notably, expression of the mtTFA
protein positively correlated with pulmonary function
(FEV)), and negatively correlated with apoptic and
smoke index [135].

Conclusion & future perspective

It has been over a century since mitochondria first
captured the attention of scientists [70,72]. Although
an interest in mitochondria was waning over the
years, accumulating evidence of novel, previously
unknown roles of mitochondria, such as regula-
tion of cellular apoptosis, has led to a turning point
and provoked growing interest in mitochondria
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Table 2. Summary of proteins related to mitochondrial dysfunction in chronic obstructive

pulmonary disease and non-small-cell lung cancer noted in this article.

Protein Function Results and a potential role as Ref.
biomarker
PPARs Key regulators of mitochondrial biogenesis COPD muscle (), potential [86,92,93]
therapeutic target
PGC-1a Key regulators of mitochondrial biogenesis -
TFAM Maintains mtDNA copy number -
Prohibitin Maintaining normal mitochondrial function COPD lung ({), poor prognostic [96]
factor
IRP Regulate cellular iron homeostasis COPD lung (1), potential therapeutic [98]
target
MFN2 Fusion regulatory protein AD tissues and cell lines ({) [116]
DRP1 Fission regulatory protein AD tissues and cell lines (1), poor [116,117]
prognostic factor
OPA1 Fusion regulatory protein AD tissues (1), poor prognostic [118]
factor
PXN Associated with anti-apoptotic protein NSCLC tissues (1), poor prognostic [119,120]
B cell lymphoma 2 and Drp-1 protein factor
overexpression
HSP90-like Mitochondrial chaperone NSCLC cell migration and invasion [121]
protein )
mtTFA Promotes transcription of mtDNA and SCC tissue with COPD ({), good [135]
regulates mtDNA replication prognostic factor
(T): Overexpression or increased; ({): Downregulation or decreased.
AD: Adenocarcinoma; COPD: Chronic obstructive pulmonary disease; IRP: Iron-regulatory protein; mtDNA: Mitochondrial DNA;
mtTFA: Mitochondrial transcription factor A; NSCLC: Non-small-cell lung cancer; PPAR: Peroxisome proliferator-activated receptor;
PXN: Protein paxillin; SCC: Squamous cell carcinoma; TFAM: Transcription factor A mitochondrial.

research [4,58,62]. Recent advances in genetics and
biology of mitochondria have provided the emerging
recognition that mitochondria do much more than
‘simply providing energy for cellular function’. Cur-
rently, mitochondria are being increasingly viewed as
the major organelle for maintaining cellular homeo-
stasis. In addition, a constantly improving under-
standing of the mitochondrial structure and func-
tion has been providing valuable insights into the
contribution of defects in mitochondrial metabolism
to various human diseases, including COPD and
NSCLC.

As the COPD and NSCLC are major inflammation-
related lung diseases, the importance of mitochondria
is obvious. Over the past years, defects of the complex
and dynamic mitochondrial function, including meta-
bolic alterations, have been identified as the cause of
pathogenesis in COPD and NSCLC. The proteins
related to mitochondrial dysfunction in COPD and
NSCLC discussed in the present overview are summa-
rized in Table 2. However, to date there are no clini-
cally approved mitochondria-targeted therapies avail-
able for treatment and maintenance of these diseases.
Nevertheless, a number of prospective clinical trials of

metformin, oxidative phosphorylation inhibitors, are
currently underway, including the use of metformin as
a chemoprevention agent and as a therapeutic in com-
bination with other standard lung cancer treatment
regimens [25]. Based on the constantly increasing num-
ber of studies on mitochondrial metabolic profiling in
COPD and NSCLC, it is quite plausible that in the
future, mitochondria-based early diagnostic biomark-
ers and therapeutic regimens for these conditions will
emerge.
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Executive summary

Mitochondria

e Mitochondria are double-membrane subcellular organelles with their own DNA (mtDNA) that are essential for
cell survival in eukaryotes. Their fusion—fission cycle (collectively termed mitochondrial dynamics) is important
for the maintenance of mitochondrial functions.

e Mitochondria are the major organelle for ATP production and for maintaining cellular homeostasis, such
as signaling through ROS, regulation of apoptosis, calcium signaling, heme and steroid synthesis, cellular
differentiation and growth, and cell cycle control.

Mitochondrial dysfunction in chronic obstructive pulmonary disease or non-small-cell lung cancer

e The two main smoking-related lung disease, chronic obstructive pulmonary disease (COPD) and non-small-cell
lung cancer (NSCLC), are associated with chronic inflammation and oxidative stress.

e Defects of the complex and dynamic mitochondrial function have been identified as the cause of pathogenesis
in COPD and NSCLC.

¢ The proteins related to mitochondrial dysfunction in COPD are as follows: PPARs, PGC-1a, TFAM, prohibitin
and IRP.

e The proteins related to mitochondrial dysfunction in NSCLC are as follows: MFN2, DRP1, OPA1, PXN and
HSP90-like protein.

e The proteins related to mitochondrial dysfunction in NSCLC with COPD are as follows: genes related to
mitochondrial localization and mtTFA.

Conclusion

e The importance of mitochondria in the cause of pathogenesis in COPD and NSCLC is as clear as daylight.

e The growing interest in mitochondrial metabolic profiling in COPD and NSCLC will emerge in mitochondria-
based early diagnostic biomarkers and therapeutic regimens in the near future.
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