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ARTICLE INFO ABSTRACT

Background: Cigarette smoke is the main risk factor of pulmonary emphysema development, which is character-
ized by alveolar wall destruction. Mitochondria are important for alveolar type II (ATII) cell metabolism due to
ATP generation.

Methods: We isolated ATII cells from control non-smoker and smoker organ donors, and after lung transplant of
patients with emphysema to determine mitochondrial function, dynamics and mitochondrial (mt) DNA damage.
Findings: We found high mitochondrial superoxide generation and mtDNA damage in ATII cells in emphysema.
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é(g;v};ords. This correlated with decreased mtDNA amount. We also detected high TOP1-cc and low TDP1 levels in mitochon-
Emphysema dria in ATII cells in emphysema. This contributed to the decreased resolution of TOP1-cc leading to accumulation
Lung of mtDNA damage and mitochondrial dysfunction. Moreover, we used lung tissue obtained from areas with mild
DNA damage and severe emphysema from the same patients. We found a correlation between the impaired fusion and fission

Alveolar type II cells
Mitochondria

as indicated by low MFN1, OPAT1, FIS1, and p-DRP1 levels and this disease severity. We detected lower TDP1 ex-

pression in severe compared to mild emphysema.

Interpretation: We found high DNA damage and impairment of DNA damage repair in mitochondria in ATII cells

isolated from emphysema patients, which contribute to abnormal mitochondrial dynamics. Our findings provide

molecular mechanisms of mitochondrial dysfunction in this disease.
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1. Introduction

Pulmonary emphysema is characterized by a unique pattern of alve-
olar wall destruction associated with high reactive oxygen species
(ROS) generation induced mainly by cigarette smoking [1]. Increased
ROS levels can lead to an imbalance between oxidant and antioxidant
systems [1,2]. High oxidative stress causes DNA damage and further im-
pairs the efficient repair of damaged DNA and the maintenance of DNA
integrity [3].

Alveolar type II (ATII) cells self-renew, proliferate, and differentiate
to alveolar type I cells to restore the epithelium after damage [4].
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Mitochondria convert energy from nutrients into ATP through oxidative
phosphorylation (OXPHOS). These organelles are important for ATII cell
metabolism [5]. ROS are eliminated through activation of the antioxi-
dant defense system. However, its impairment can cause ROS accumu-
lation leading to mitochondrial DNA (mtDNA) damage, mutations, and
deletions. MtDNA maintenance is controlled by nuclear gene expression
[6]. MtDNA contains genes encoding for essential subunits of the
OXPHOS system. Moreover, mtDNA is more prone to oxidative damage
than nuclear DNA due to the lack of protective histones [7]. Damage to
mtDNA and alterations of copy number disrupts mitochondrial func-
tion. Mitochondria constantly fuse and divide via fusion and fission ma-
chinery, respectively to eliminate damaged organelles and protect the
integrity of mtDNA [8]. Mitochondrial dynamics is regulated by
mitofusin 1 (MFN1), mitofusin 2 (MFN2), optic atrophy-1 (OPA1), mito-
chondrial fission 1 (FIS1) and dynamin family member dynamin-
related protein 1 (DRP1). Degradation of defective mitochondria occurs
through mitophagy. Mitochondrial dysfunction was reported in airway
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Research in context

Evidence before this study

Alveolar type Il (ATII) cells have a stem cell potential, they prolifer-
ate and restore the epithelium after damage. Mitochondria are im-
portant for ATII cell function due to ATP generation. Emphysema
is characterized by alveolar wall destruction, however, its patho-
physiology is not well known. Studies using isolated primary
ATII cells from patients with this disease are very limited.

Added value of this study

In this study, we isolated ATII cells from emphysema patients and
control organ donors. We observed impaired ATII cell function in
this disease pathogenesis and progression as determined by the
low mitochondrial amount and impaired mitochondrial dynamics.
Our results also indicated decreased TDP1 levels, which is in-
volved in DNA damage repair, leading to increased mitochondrial
TOP1-cc levels, DNA damage and dysfunction.

Implications of all the available evidence

Our results reveal a novel mechanism underlying the impaired
human primary ATII cell function in emphysema. Mitochondrial
dysfunction caused by decreased mitochondrial DNA damage re-
pair contributes to ATII cell death. Strategies restoring mitochon-
drial function in ATIl cells may slow down emphysema
development.

epithelial cells in patients with chronic obstructive pulmonary disease
(COPD) and a murine model of COPD [9-11].

Non-homologous end joining (NHE]) recognizes and ligates DNA
double-strand breaks (DSBs) [12]. NHE] is considered as an error-
prone DSBs repair pathway. Inaccurate repair of DSBs can generate mu-
tations and deletions leading to cell death. Moreover, mtDNA damage is
mostly repaired by nuclear DNA repair proteins. Topoisomerases are re-
quired for transiently cutting and re-ligating DNA backbone to maintain
proper DNA supercoiling density [13]. MtDNA damage can cause
stalling of topoisomerase 1 DNA covalent complex in mtDNA
(TOP1mt-cc) leading to the impairment of transcription and/or replica-
tion. We have recently shown the cytoprotective function of DJ-1 in
human primary ATII cells [14]. DJ-1 is localized in mitochondria, cyto-
plasm, and nucleus. Recent studies have shown the importance of DJ-
1 in maintaining mitochondrial function and activating the antioxidant
defense system under oxidative stress conditions [15].

In this report, we analyzed, for the first time, mitochondrial function
in isolated ATII cells from emphysema patients. We hypothesize that
high levels of ROS in ATII cells in this disease contributes to mtDNA
damage and stalling of TOP1-cc in mitochondria. Low tyrosyl-DNA-
phosphodiesterase (TDP1) decreases the resolution of TOP1mt-cc,
which contribute to mitochondrial dysfunction, ATII cell injury, and
death.

2. Materials and methods
2.1. Human lungs and ATII cell isolation

Lungs were obtained from non-smoker or smoker organ donors
through the Gift of Life Donor Program (Philadelphia, PA, USA). We se-
lected donors without a history of chronic lung disease with reasonable
lung function with a PaO,/FIO, ratio of >225, X-ray and clinical history
that did not indicate infection and limited time on a ventilator. Non-

smokers never smoked and smokers smoked 5-20 cigarettes per day
for at least 3 years. Lung tissue from patients with emphysema was ob-
tained from lung transplantation through Temple Lung Center Biobank
(Temple University, Philadelphia, PA, USA; N = 3-8 per group,
49-62 years old, females and males). ATII cells were isolated as we pre-
viously described [14,16,17] and freshly isolated ATII cells were used in
this study. Briefly, we instilled 12.9 U/ml elastase (Worthington, Lake-
wood, NJ, USA) and the lung was minced followed by centrifugation to
collect cell suspension. The cells were filtrated and purified using a den-
sity gradient made of Optiprep (Accurate Chemical Scientific Corp.,
Westbury, NY, USA). We used EpCAM microbeads (Miltenyi Biotec,
Germany) for a positive selection as we reported [18].

Lung tissue cores were obtained from areas with mild and severe
emphysema as we previously described [19]. Briefly, lungs were re-
moved from the thorax, inflated with air and frozen by liquid nitrogen
vapor followed by being cut into 2-cm thick slices in the same plane
as the CT scan. Tissue cores were collected from areas with mild and se-
vere emphysema using a sharpened steel cylinder diameter of 1 cm.
Emphysema was quantified by the percent of the lung voxels on inspi-
ratory CT scan with attenuation < —950 HU (Insp—950) [20]. CT
scans were subjected to a standard quality control procedure. Comput-
erized image analysis was performed with 3D SLICER software [21]. Em-
physema was considered absent in subjects with values for Insp—950
< 4% in smokers, to account for the fact that the increased lung density
in smokers results in a decrease in emphysema index [22]. Severe em-
physema was defined by Insp—950 > 14% in smokers. Subjects (N =
8) provided written informed consent before surgery for the use of
these specimens and the relevant clinical and radiological data required
for research. The study was performed in accordance with the Declara-
tion of Helsinki and was approved by the Institutional Review Boards at
Partners Healthcare and the Committee for the Protection of Human
Subjects at Temple University.

2.2. Mitochondrial parameters

Mitochondrial function was analyzed in freshly isolated ATII cells
from non-smokers, smokers and emphysema patients. Mitochondrial
membrane potential (A¥'m) was measured using the cationic potentio-
metric fluorescent dye, tetramethylrhodamine, methyl ester (TMRM,;
Thermo-Fisher, Waltham, MA, USA). ATII cells were incubated with
100 nM TMRM for 15 min at 37 °C and washed with PBS. The fluores-
cence intensity was monitored using a live cell confocal microscope
(Zeiss). Mitochondrial superoxide generation was measured using
MitoSOX Red (Thermo-Fisher). ATII cells were loaded with 10
UM MitoSOX Red for 10 min at 37 °C as we described previously [23].
MitoSOX Red fluorescence was quantified by using Image] software
(NIH). Quantification of mitochondrial swelling was performed in ATII
cells using SP-C (Millipore, Burlington, MA, USA) and TOM20 (Santa
Cruz Biotechnology, TX, USA) staining and NIH Image] software [24].
The mitochondrial swelling index was calculated as the average of mito-
chondrial area/perimeter, normalized to mitochondrial circularity.

2.3. Analysis of mitochondrial DNA

MtDNA amount, mtDNA damage and common deletions were eval-
uated as previously described [25,26]. We used a DNA isolation kit
(Promega, Madison, WI, USA) according to the manufacturer's instruc-
tions. DNA concentration in all samples was quantitated by Nanodrop,
and 15 ng was used for qPCR. We amplified 85 bp and 162 bp segments
of nuclear and mtDNA, respectively. Primers used for qPCR are shown in
Table E1A. MtDNA copy number was determined by the ratio of the mi-
tochondrial to nuclear DNA fragments. ACt method was applied to cal-
culate the relative mtDNA copy number. For analysis of mtDNA
damage, we used primers shown in Table E1B to amplify long (1.8 kb)
and short mtDNA fragments (162 bp) by qPCR [27]. The fluorescence in-
tensity from amplified long mtDNA fragments versus short mtDNA
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fragments reflects mtDNA damage. Common deletions indicate the
most frequent inaccurately repaired mtDNA damage [28] and were an-
alyzed by amplification of 15 ng of DNA by qPCR and normalized to
short mtDNA fragment. Primers used for common deletions are
shown in Table E1C.

2.4. RT-PCR

Total RNA was extracted from ATII cells and lung tissue obtained
from control non-smokers, smokers, and emphysema patients using
Trizol (Thermo-Fisher) according to the manufacturer's instructions.
The cDNA synthesis was carried out using SuperScript IV Reverse Tran-
script kit (Thermo-Fisher). SYBR Green Master Mix (Thermo-Fisher)
was applied for PCR amplification using a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). Primers used for
TDP1, MFN1, and DRP1 mRNA expression are listed in Table E2. Obtained
values were normalized to 1 for control non-smokers. Data were ana-
lyzed using the AACt method.

2.5. Chromatin immunoprecipitation (CHIP) assay

Complexes of DJ-1 or TDP1 with DNA were obtained through
pulldown using DJ-1 or TDP-1 antibodies (Santa Cruz Biotechnology),
respectively followed by applying G Mag Sepharose beads (GE
Healthcare, Bensalem, PA, USA) as previously published [29]. The
gqPCR was used to detect the presence of mtDNA among the isolated
complexes and a short mtDNA fragment (162 bp) was amplified. We
used ACt method to calculate the relative mtDNA copy number. House-
keeping GAPDH was used as a control. Primers used for qPCR are listed
in Table E3.

2.6. Western blotting

Western blotting was performed as we described previously
[17,19,30]. Briefly, cells were lysed and lung tissue was homogenized.
Mitochondrial fraction was prepared using subcellular fractionation kit
(G-Biosciences, St. Louis, MO, USA) per manufacturer's instructions.
Protein samples were separated by SDS-PAGE electrophoresis
(Thermo-Fisher) and transferred to nitrocellulose membranes. We
used the following antibodies: DRP1, TOM20, mtTFA, MFN1, MFN2,
POLy, TDP1, DJ-1 (all from Santa Cruz Biotechnology), TOP1-cc
(Millipore), p-DRP1 (Ser616) (Cell Signaling Technology, Danvers, MA,
USA), GAPDH (Abcam, Cambridge, MA, USA) and 3-actin (Sigma, St.
Louis, MO, USA). We used horseradish peroxidase (HRP)-conjugated
AffiniPure donkey anti-rabbit immunoglobulin (Ig) G or anti-mouse
IgG purchased from Jackson ImmunoResearch (West Grove, PA, USA).
The blots were developed using an enhanced chemiluminesence kit
for Western blotting (Millipore) according to the manufacturer's in-
structions. Images were quantitated using NIH Image ] software.

2.7. Immunostaining

ATII cells or paraffin-embedded human lung tissue sections were in-
cubated with SP-C, TOP1-cc (both from Millipore), SP-A (Novus Biolog-
icals, Littleton, CO, USA), pro-SP-C, p-DRP1, TOM20, MFN1, OPA1, FIS1,
p63, CD68, TDP1 or DJ-1 (all from Santa Cruz Biotechnology). Secondary
antibodies Alexa Fluor 594, Alexa Fluor 488 or Alexa 647 (Invitrogen
Corp., Carlsbad, CA, USA) were applied for 1 h. Mitochondrial nucleoids
were identified by DNA-intercalating dye Picogreen (Lumiprobe, Hunt
Valley, MD, USA) as previously described [29,31]. Sections were
mounted with Vectashield medium containing DAPI (Abcam) to detect
nuclei. Images were obtained using a confocal laser-scanning micro-
scope (Zeiss). Pearson's correlation coefficient was used to analyze the
colocalization of proteins of interest and TOM20 in SP-A-positive ATII
cells in non-smokers, smokers, and patients with emphysema. Protein

fluorescence intensity and colocalization were quantified by Image ]
(NIH) and normalized to control non-smokers as 1.

2.8. Statistical analysis

Data are expressed as the means + s.e.m. Statistically significant dif-
ferences among experimental groups were determined by one-way
ANOVA. A value of p < .05 was considered significant.

3. Results
3.1. Mitochondrial dysfunction in primary ATII cells in emphysema patients

ATII cells were isolated as we previously described [32]. We recov-
ered 200-300 x 108 ATII cells with no major difference in the number
of cells among the non-smoker or smoker donor lungs. We isolated
50-100 x 10° ATII cells from lung transplants of emphysema
patients. ATII cell viability was up to 93%. The purity of freshly isolated
ATII cells was confirmed using SP-C, p63, and CD68 by immuno-
cytofluorescence (Figs. 1A, E1). Mitochondria generate ATP and are im-
portant for ATII cell metabolism [5]. We further analyzed mitochondrial
superoxide production, mitochondrial function and mtDNA amount in
freshly isolated ATII cells. We found a significant increase in mitochon-
drial ROS fluorescence intensity in ATII cells obtained from smokers and
emphysema patients in comparison with non-smokers (Fig. 1B). Inter-
estingly, we detected significantly higher mitochondrial membrane po-
tential (A¥m) in ATII cells isolated from smokers and individuals with
emphysema in comparison with control non-smokers (Fig. 1C).

ROS is a trigger of mitochondrial fragmentation [33], and oxidative
stress generated by cigarette smoke contributes to emphysema devel-
opment [34]. We compared the mitochondrial levels in ATII cells. We
found that ATII cells obtained from emphysema patients have decreased
TOM20 expression in comparison with control smokers and non-
smokers as detected by immunohistofluorescence using confocal mi-
croscopy (Figs. 1D, E2). This suggests a lower mitochondrial population
in this disease compared to controls. We did not detect significant dif-
ferences in mitochondrial abundance in ATII cells isolated from smokers
and non-smokers. Next, we analyzed mitochondrial transcription factor
A (mtTFA) expression, which has a critical role in mitochondrial biogen-
esis. Decreased mtTFA expression was observed in ATII cells in emphy-
sema (Fig. 1E). We also determined mtDNA amount in ATII cells by
qPCR analysis. Our results indicate decreased mtDNA in emphysema pa-
tients in comparison with non-smokers and smokers (Fig. 1F), which
correlated with decreased TOM20 expression in ATII cells in individuals
with this disease (Figs. 1D, E2). Of note, we did not detect differences in
mtDNA amounts between smokers and non-smokers. Mitochondrial
swelling was detected in ATII cells from emphysema compared to con-
trols (Figs. 1G, E3). Together, our results indicate mitochondrial dys-
function in ATII cells in this disease.

3.2. The impairment of mitochondrial dynamics in ATII cells in emphysema

Mitochondrial fission removes damaged mitochondrial components
through mitophagy [35]. We found higher p-DRP1 levels in freshly iso-
lated ATII cells from smokers in comparison with non-smokers and em-
physema by Western blotting (Fig. 2A). However, we did not detect
significant differences in DRP1T mRNA expression between all groups
by RT-PCR (Fig. 2B). Our results also indicate decreased p-DRP1 and
TOM20 colocalization in smokers and individuals with emphysema
compared to non-smokers by immunohistofluorescence (Fig. 2C). P-
DRP1 activation leads to its translocation to mitochondria, which initi-
ates mitochondrial fission [36,37]. Therefore, we also analyzed the
levels of p-DRP1 in mitochondrial fractions obtained from lung tissue
by Western blotting (Fig. 2D). Our results show a significant decrease
in p-DRP1 expression in emphysema compared to non-smokers. In ad-
dition, lower FIS1 expression was observed in ATII cells in emphysema
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compared to smokers by immunocytofluorescence (Fig. 2E). The dis-
crepancy between our results obtained using lung tissue and ATII cells
can be caused by the presence of different cell types in former samples.

The fusion of mitochondria is considered as a rescue mechanism for
damaged organelles [35]. We found lower MFN1 expression in ATII cells
obtained from emphysema compared to smokers by Western blotting
(Fig. 3A). Moreover, we detected increased MFNT1 levels in ATII cells in
smokers in comparison with non-smokers. The same correlation was
found for MFN1 mRNA expression by RT-PCR (Fig. 3B). We also analyzed
mitochondrial MFN1 levels in ATII cells using TOM20 and SP-A staining
by immunohistofluorescence (Fig. 3C). We found decreased MFN1 and
TOM20 colocalization in mitochondria in ATII cells in smokers and em-
physema patients compared to non-smokers. In addition, we found
lower MFN2 expression in ATII cells obtained from emphysema patients
compared to smokers (Fig. E4). We also determined MFN1 expression in
mitochondrial fractions obtained from lung tissue and observed its
higher levels in emphysema patients compared to controls (Fig. 3D).
The discrepancy between results obtained from ATII cells and lung tis-
sue can be explained by different cell types present in the latter
samples. Moreover, we observed decreased OPA1 expression in
ATII cells obtained from emphysema compared to smokers by
immunocytofluorescence (Fig. 3E). Our data suggest increased fission
and fusion in ATII cells in smokers. On the other hand, we observed
the impairment of these processes in ATII cells in emphysema, which
suggests decreased mitochondrial dynamics.

3.3. TOP1-cc formation in mitochondria in ATII cells in emphysema

Lack of protective histones in mtDNA and its localization in the prox-
imity to the mitochondrial respiratory chain increases mtDNA vulnera-
bility to ROS-induced damage [38]. We found a significant increase in
mtDNA damage in ATII cells in emphysema compared to control non-
smokers and smokers (Fig. 4A). Interestingly, we did not see higher
mtDNA damage in smokers in comparison with non-smokers. Next,
we wanted to determine further the molecular mechanism involved
in mtDNA damage observed in ATII cells in emphysema. We detected
higher TOP1-cc and TOM20 co-localization in mitochondria in
ATII cells in smokers and individuals with this disease by

immunohistofluorescence, which suggests higher susceptibility to
DNA damage (Fig. 4B). We also analyzed DNA polymerase y (POLYy) ex-
pression, which is involved in replication-dependent repair pathway
[39]. However, its levels were unaltered in ATII cells isolated from em-
physema patients in comparison with controls by Western blotting
(Fig. E5). Next, we checked whether observed high TOP1mt-cc levels
were caused by the impairment of resolution of this covalent complex
by TDP1. There was no significant difference in TDP1 expression in
ATII cells isolated from all groups by Western blotting (Fig. EGA) and
RT-PCR (Fig. E6B). We analyzed TDP1 levels in mitochondrial fractions
obtained from lung tissue by Western blotting and detected lower
TDP1 expression in smokers and emphysema compared to non-
smokers (Fig. 4C). Decreased TDP1 co-localization in mitochondria
was also observed in ATII cells in individuals with this disease and
smokers using TOM20 and SP-A staining by immunohistofluorescence
(Fig. 4D). However, increased mtDNA damage and decreased mtDNA
amount was observed only in ATII cells in emphysema, which can be
caused by the impairment of the resolution of TOP1mt-cc by TDP1.
We further analyzed TDP1 localization in nucleoids in mitochondria in
ATII cells as described below.

3.4. The impairment of TOP1-cc resolution in mitochondria in emphysema
progression

The pathophysiology of emphysema is not well understood [40]. We
used lung tissue obtained from areas with mild and severe emphysema
of the same patient as we previously described [19]. Our results indicate
a significant decrease in mtDNA amount in severe compared to mild
emphysema (Fig. 5A). We also found higher mtDNA damage in areas
with severe than mild disease (Fig. 5B). Next, we analyzed the levels
of common deletions, which reflect the most frequent inaccurately
repaired mtDNA damage [28]. We detected greater mtDNA common
deletion levels in severe in comparison with mild emphysema (Fig. 5C).

Since we observed high TOP1-cc levels in mitochondria in emphy-
sema patients compared to control non-smokers and smokers
(Fig. 4B), we also determined TDP1 levels in emphysema progression.
Interestingly, we found decreased TDP1 levels in severe emphysema
(Fig. 5D).
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(EM). A - MEN1 expression was determined in ATII cells by Western blotting. MFN1 levels were normalized to 3-actin and control non-smokers. B - MFNT mRNA expression in ATII cells.
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MEFN1 and TOM20 co-localization in ATII cells is shown using Pearson's correlation coefficient. D — MFN1 levels and quantification in mitochondrial fractions obtained from lung tissue
by Western blotting. MEN1 levels were normalized to TOM20 and control non-smokers. E — OPA1 expression in ATII cells identified by proSP-C marker in lung tissue sections. Data is

expressed as means =+ s.e.m., N = 3-7 lungs per group, *P <.05; **P <.001.
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Impaired mitochondrial fission and fusion was observed in ATII cells
in emphysema compared to controls (Figs. 2, 3); therefore, we also an-
alyzed mitochondrial dynamics in emphysema progression. Our data
indicate lower p-DRP1 (Fig. 5E) and MFN1 (Fig. 5F) levels in areas
with severe compared to mild disease. We determined TDP1 (Fig. 5G),
DRP1 (Fig. 5H) and MFN1 (Fig. 51) mRNA expression; however, we did
not detect significant differences in emphysema progression. We also
analyzed variability and did not observe significant differences between
two mild or two severe regions obtained from individuals with this dis-
ease (Fig. E7). P-DRP1, MFN1 and TDP1 expression was determined in
ATII cells in mild and severe emphysema by immunohistofluorescence
(Fig. E8). Our results indicate their decreased levels compared to control

smokers. Together, our data suggest high mtDNA damage and mito-
chondrial dysfunction in this disease progression.

3.5. Decreased TDP1 localization in nucleoids in mitochondria in ATII cells in
emphysema

We found decreased TDP1 expression and increased TOP1mt-cc
accumulation in mitochondria in ATII cells in smokers and emphy-
sema (Fig. 4). We further analyzed TDP1 localization in mitochon-
drial nucleoids, which are mitochondrial DNA-protein structures
containing a variety of mtDNA repair proteins [31]. First, we found
TDP1 localization in nucleoids in ATII cells in smokers, providing
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further evidence of its mitochondrial function in these cells (Fig. 6A).
Second, we detected lower mitochondrial TDP1 localization in nucle-
oids in ATII cells in emphysema compared to non-smokers and
smokers (Fig. 6B), which suggests inefficient mtDNA damage repair.
Higher TDP1 association with mtDNA in lung tissue by CHIP assay in
smokers was observed, which indicates functional repair of potential
mtDNA damage (Fig. 6C). Together, our data suggest an important
role of TDP1 in nucleoids in mtDNA damage repair and mitochondrial
function.

DJ-1 is a chaperone-like protein localized in mitochondria, cyto-
plasm, and nucleus [41]. We found DJ-1 localization in mitochondrial
nucleoids in ATII cells (Fig. 6D) and higher DJ-1 levels in smokers and
emphysema (Fig. 6E). To further analyze the role of DJ-1, we assessed
its association with mtDNA in lung tissue by CHIP assay (Fig. 6F). Our
results suggest that DJ-1 binds to mtDNA and higher binding activity
was detected in smokers and emphysema patients compared to non-
smokers. Further studies are required to determine whether this
binding is direct or indirect and define DJ-1 oxidation status in mito-
chondria, which may correlate with this protein activity.

4. Discussion

Cigarette smoke causes a progressive disruption of alveolar mainte-
nance and variable degrees of inflammation [42]. Susceptible

individuals would have activated molecular and cellular processes in-
volved in alveolar destruction, protease/antiprotease imbalance, oxida-
tive stress, mitochondrial dysfunction, and apoptosis. It has been
reported that mitochondrial function and transfer play an important
role in the cellular bioenergetics, homeostasis of alveolar epithelium
and tissue regeneration after lung injury [43]. Mitochondria are highly
dynamic organelles and their fusion and fission are necessary to main-
tain their population [44]. The impairment of mitochondrial motility
causes fragmentation of these organelles, alteration of mitochondrial
membrane potential and decreased mtDNA amount leading to cell in-
jury and death [45]. Fission provides quality control by segregating
and targeting damaged mitochondria for elimination. This process is
mediated by a cytosolic p-DRP1 and FIS1 [36,37,46]. DRP1 is recruited
from the cytosol to form spirals around mitochondria that constrict to
serve both inner and outer membranes. We found that ATII cells isolated
from emphysema patients have decreased mitochondrial fission as de-
tected by lower p-DRP1 and FIS1 levels compared to controls. Mito-
chondrial fusion serves to mix and unify the mitochondrial
compartment and is thought to constitute a defense mechanism [47].
It is regulated by mitochondrial fusion proteins MFN1, MFN2 and
OPA1. We found their lower expression in ATII cells isolated from em-
physema patients in comparison with control smokers. This suggests
impaired mitochondrial dynamics in this disease pathophysiology and
progression, which may negatively affect mitochondrial function.
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It was reported that ROS contributes to emphysema pathophysiol-
ogy [48]. We found high mitochondrial superoxide production and mi-
tochondrial membrane potential in ATII cells obtained from smokers
and emphysema patients compared to non-smokers. Our results are in
agreement with Ballweg et al. [49], who observed increased mitochon-
drial potential after MLE12 cell treatment with cigarette smoke extract.
This was accompanied by functional mitochondrial changes, such as mi-
tochondrial fragmentation and mitophagy, which depended on the de-
gree of cellular stress. An increase in mitochondrial membrane potential
may indicate disruption of mitochondrial functions on the inner or
outer membrane and the early and necessary events for the initiation
of apoptosis [50,51]. It has been well established that cells pretreated
with F1FO-ATPase inhibitor oligomycin exhibits hyperpolarization of
mitochondrial potential followed by cell death [52]. In this context,
the high mitochondrial membrane potential promotes proton leak
rather than ATP production. Our results suggest that cigarette smoke
may cause mitochondrial hyperpolarization, which could participate
in ATII cell death with low ATP levels.

MLtTFA plays essential roles in the transcription, replication, and
packaging of circular mtDNA into nucleoids and has a critical function
in mitochondrial biogenesis [53]. Our data indicate decreased mtTFA ex-
pression in ATII cells in emphysema. We also analyzed mtDNA amount
and mtDNA damage as well as activation of DNA damage repair to de-
termine their contribution to mitochondrial function. ATII cells isolated
from emphysema patients had higher mtDNA damage and impaired
mtDNA damage repair. We detected mitochondrial dysfunction with
this disease progression. Interestingly, we observed lower mtDNA dam-
age and higher mtDNA amount in control smokers compared to emphy-
sema patients. Of note, both groups had high mitochondrial superoxide
levels. This suggests an efficient system of ROS-induced mtDNA damage
repair below a cellular critical threshold in smokers. It may also indicate
an adaptation to cellular stress induced by cigarette smoke [54]. On the
other hand, low mitochondrial amount and mitochondrial swelling ob-
served in ATII cells in emphysema may contribute to these organelles
dysfunction. Mitochondrial swelling has been reported in primary bron-
chial epithelial cells obtained from COPD patients [55]. Together, our
data suggest that mitochondrial dysfunction correlates with high
mtDNA damage and low mtDNA damage repair in this disease.

We further investigated the mechanism of mitochondrial dysfunc-
tion in ATII cells in emphysema. MtDNA is susceptible to oxidative
stress-induced damage [56]. Although it is predicted that mtDNA dam-
age is repaired by nuclear double-strand DNA breaks (DSBs) repair pro-
teins, the mechanisms underlying these processes are poorly
understood. Topoisomerases have been extensively studied in the can-
cer field [13], but their contribution to lung diseases is only beginning
to emerge. To further study the molecular mechanism, we analyzed
TOP1mt-cc levels, which are formed by stalling mitochondrial TOP1 at
mtDNA lesions [57]. TOP1 can also be trapped on oxidized damaged
DNA [58]. The most frequent mtDNA aberrancy is the “common dele-
tion”, which is located at the 8483-13,459 bp of the mitochondria ge-
nome [59]. We found a higher formation of common deletion in
emphysema progression. This may be caused by an excessive TOP1mt-
cc formation by oxidized DNA induced by high ROS levels. Furthermore,
several studies demonstrated the involvement of TDP1 in the repair of a
wide variety of oxidized DNA fragments [60]. TDP1 has an enzymatic ac-
tivity that resolves TOP1mt-cc [57] and is also involved in DNA breaks
repair including non-homologous end joining (NHEJ), a pathway that
repairs nuclear DSBs [61]. However, TDP1 function in mitochondria is
not well known. It has been shown that TOP1 depletion led to marked
protection from cell death induced by oxidative stress, suggesting that
TOP1-mediated DNA breaks are major contributors to cell injury, espe-
cially in situations where TDP1 is limiting [62]. We detected high mito-
chondrial ROS levels in both smokers and emphysema patients.
However, high mtDNA damage in ATII cells in this disease suggests
the impairment of mtDNA damage repair. This may cause accumulation
of aberration leading to dysregulated mitochondrial dynamics and

function. Recently, in human COPD, lung epithelial cells displayed in-
creased expression of the mitophagy proteins. These findings implicate
mitochondrial dysfunction in this disease [63,64]. Together, our results
suggest an important role of TDP1 in nucleoids in mtDNA damage repair
and mitochondrial function.

DJ-1 is a multifunctional protein localized in mitochondria, cyto-
plasm, and nucleus [15]. It has a redox sensitive cysteine at position
106, which can be easily oxidized [65]. We have shown the cytoplasmic
and nuclear role of DJ-1 in human primary ATII cells obtained from
smokers [14]. Of note, high ROS levels can cause DJ-1 overoxidation
leading to loss of protein structure and biological function [66]. We per-
formed a CHIP assay to analyze the DJ-1 role in mitochondria. We found
increased DJ-1 binding to mtDNA in smokers and emphysema. Al-
though, there are potential DJ-1 binding sites with different sequences
in the human genome, is not clear whether DJ-1 directly binds to DNA
or via other DNA-binding factors [67]. Further studies are required to as-
sess DJ-1 oxidation on binding activity, function and localization in mi-
tochondrial nucleoids in ATII cells in emphysema.

In summary, we observed high mtDNA damage, low mitochondrial
amount and impaired mitochondrial dynamics in ATII cells in emphy-
sema and this disease progression (Fig. E9). This suggests mitochondrial
dysfunction and decreased mtDNA damage repair in this disease.
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