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Abstract 

Background  Alveolar type II (ATII) cells have a stem cell potential in the adult lung and repair the epithelium 
after injury induced by harmful factors. Their damage contributes to emphysema development, characterized 
by alveolar wall destruction. Cigarette smoke is the main risk factor for this disease development.

Methods  ATII cells were obtained from control non-smoker and smoker organ donors and emphysema patients. 
Isolated cells were used to study the role of PICT1 in this disease. Also, a cigarette smoke-induced murine model 
of emphysema was applied to define its function in disease progression further.

Results  Decreased PICT1 expression was observed in human and murine ATII cells in emphysema. PICT1 was immu-
noprecipitated, followed by mass spectrometry analysis. We identified MRE11, which is involved in DNA damage 
repair, as its novel interactor. PICT1 and MRE11 protein levels were decreased in ATII cells in this disease. Moreover, 
cells with PICT1 deletion were exposed to cigarette smoke extract. This treatment induced cellular and mitochondrial 
ROS, cell cycle arrest, nuclear and mitochondrial DNA damage, decreased mitochondrial respiration, and impaired 
DNA damage repair.

Conclusions  This study indicates that PICT1 dysfunction can negatively affect genome stability and mitochon-
drial activity in ATII cells, contributing to emphysema development. Targeting PICT1 can lead to novel therapeutic 
approaches for this disease.
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Background
Abnormal inflammatory responses of the lungs to nox-
ious particles or gases, mainly cigarette smoke, are 
associated with chronic obstructive pulmonary disease 
(COPD) development [1, 2]. Emphysema is a form of 
COPD and pathologically is characterized by perma-
nent airflow restriction resulting from a unique pattern 
of alveolar wall destruction, enlargement of alveolar 
airspace, and loss of lung structure and elasticity [3–6]. 
Alveolar type II (ATII) cells play a major role in lung 
homeostasis and serve as a stem cell pool [7, 8]. They are 
abundant in mitochondria, which play a critical role in 
cell metabolism, and their dysfunction can contribute to 
respiratory diseases [7, 9].

Increased oxidative stress is one of the most consist-
ently observed alterations in COPD [1]. Also, cigarette 
smoke induces the recruitment of inflammatory cells, 
which then release proteolytic enzymes, causing the deg-
radation of the lung matrix and the death of structural 
cells. Disruption of the balance between apoptosis and 
replenishment of these cells in the lung can contribute 
to the destruction of lung tissue, leading to emphysema. 
We have previously reported that ATII cells isolated from 
emphysema patients exhibit mitochondrial (mt) DNA 
damage and dysfunction and correlated with increased 
ROS levels [8, 10]. MRE11 possesses DNA nuclease activ-
ities, is involved in DNA damage repair, and forms the 
MRE11-RAD50-NBS1 (MRN) complex, which binds to 
double-strand DNA breaks [11].

Protein interacting with carboxyl terminus-1 (PICT1, 
also known as GLTSCR2 or NOP53) is a multifunctional 
protein that enhances mitochondrial function for the 
maintenance of oxygen consumption, consistent with a 
pivotal role in the control of cellular respiration [12]. It 
responds to mitochondrial stress and regulates cellular 
proliferation and metabolism via the transcription fac-
tor MYC. The Pict1 loss impairs the survival of mouse 
embryos and embryonic stem cells, which proves that it 
is essential for preimplantation embryogenesis [13].

To our knowledge, the role of PICT1 in ATII cells or 
emphysema is unstudied. Here, we investigated its func-
tion in cigarette smoke-induced emphysema using 
human primary ATII cells and a mouse model. To our 
knowledge, there are only several reports on the role 
of PICT1 in the lung cells [14–16], and our study is the 
first to indicate the functional role of PICT1 and MRE11 
interaction. Our data highlight the impact of PICT1 defi-
ciency on emphysema development. Its stabilization can 
lead to potential therapeutic approaches in this disease.

Methods
Human ATII cell isolation
Lungs were obtained from 20 non-smoker organ donors 
(11 females and 9 males, age 63.55 ± 3.16), 16 smoker 
organ donors (10 females and 6 males, age 58.19 ± 2.19), 
and 17 patients with emphysema (6 females and 11 
males, age 62.56 ± 1.46). ATII cells were isolated, as we 
reported [17]. The IRB at Temple University approved 
this research. Informed written consent was obtained to 
use lungs for research.

Mass spectrometry analysis
We immunoprecipitated PICT1 in human lung tissue to 
identify its interactors. Mass spectrometry analysis with 
a standard protein identification strategy was used, as we 
previously described [18]. Trypsin digestion was applied 
to analyze MS/MS spectra (tandem mass spectrometry) 
generated from the LC–MS/MS runs (liquid chromatog-
raphy with tandem mass spectrometry).

Mice exposure to cigarette smoke
Male and female wild-type C57BL/6 mice (Jackson 
Laboratories) of 4–5  weeks of age were used in experi-
ments. Cigarette smoke was generated from research 
cigarettes 3R4F (Kentucky Tobacco Research & Devel-
opment Center). Mice were exposed to 300 mg/m3 total 
suspended particles (TSP) for 2 h for 5 days per week for 
3 weeks or 8 months using a Teague TE-10 smoking sys-
tem (Teague Enterprises). The IACUC at Temple Univer-
sity approved all experimental procedures.

Murine lung histology and micro‑CT
Murine lung sections were stained using hematoxylin 
(Ricca) and eosin solutions (Astral Diagnostics). Images 
were captured with brightfield microscopy (Zeiss). Mini-
mum, maximum, and mean alveolar diameters were 
measured using Image Pro v10.0.14 (Media Cybernetics) 
[19]. Also, lung tissue was analyzed using a micro-CT 
scanner (Bruker). Standard alcohol fixation and hexam-
ethyldisilazane (Sigma) were applied as described [20]. 
Analysis was performed using Bruker software per the 
manufacturer’s recommendations.

Chest CT scans
CT scans were performed using standard procedures, 
and 3D SLICER software was applied for computerized 
image analysis [21]. The study was conducted in accord-
ance with the Declaration of Helsinki and was approved 
by IRB at Partners Healthcare and the Committee for the 
Protection of Human Subjects at Temple University.
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PICT1 deletion
A549 cells, a model of ATII cells, were cultured and 
maintained in DMEM (GE Healthcare), supplemented 
with 10% FBS (GE Healthcare), 100  μg/ml streptomy-
cin, and 100 U/ml penicillin (Thermo Fisher Scien-
tific). PICT1 knockout A549 cell line was generated 
using PICT-1 CRISPR plasmid (Santa Cruz Biotechnol-
ogy) and CRISPR-Cas9 technology, as we previously 
described [18]. Mouse lung epithelial MLE15 cells were 
cultured and maintained in HITES medium formulated 
as follows: DMEM:Ham’s F12 (GE Healthcare, Gibco) 
with 50:50 mix, 0.005 mg/ml insulin, 0.01 mg/ml trans-
ferrin, 20  nM sodium selenite, 10  nM hydrocortisone 
(all from Lonza), 2% fetal bovine serum (GE Health-
care), 2 mM L-Glutamine, 100 μg/ml streptomycin and 
100 U/ml penicillin (all from Thermo Fisher Scientific). 
MLE15 cells were treated with 100 nM non-target (NT) 
siRNA or PICT1 siRNA (Santa Cruz Biotechnology) 
using RNAiMAX transfection reagent (Thermo Fisher 
Scientific) for 48  h, according to the manufacturer’s 
instructions. Cells with PICT1 knockdown were con-
firmed using Western blotting.

Comet assay
The OxiSelect Comet Assay (Cell Biolabs) was used 
to measure DNA damage. Individual nuclei of wild-
type and PICT1-deficient A549 cells treated with ciga-
rette smoke extract were analyzed. The manufacturer’s 
instructions were followed.

Fig. 1  Decreased PICT1 protein expression in ATII cells 
in emphysema patients. Lung tissue and ATII cells were obtained 
from control non-smoker (N) and smoker (S) organ donors 
and emphysema patients (E). Panel I: A—PICT1 mRNA levels in lung 
tissue by RT-PCR. B—Representative Western blot images of PICT1 
expression in lung tissue. C—Quantification of protein expression 
normalized to β-actin is shown. Panel II: A—PICT1 mRNA levels in ATII 
cells by RT-PCR. B—Representative Western blot images of PICT1 
expression in ATII cells. C—Quantification of protein expression. 
Panel III: A – PICT1 was immunoprecipitated in lung tissue, followed 
by mass spectrometry analysis. Representative PICT1 (A) and TRIM22 
spectrum (B) are shown. C TRIM22 mRNA expression in ATII cells 
by RT-PCR. D ATII cells were stained in lung tissue sections using 
SP-C (magenta), PICT1 (red), and TRIM22 (green) antibodies 
and DAPI (blue) followed by analysis by immunofluorescence 
(scale bar—5 μm). PICT1 fluorescence intensity in the nucleus 
(E) and cytoplasm (F) was quantified. G The ratio of nuclear 
to cytoplasmic PICT1 fluorescence intensity. H Pearson’s correlation 
coefficient for PICT1 and MRE11 fluorescence co-localization in ATII 
cells. Data are shown as means ± SEM (N = 3—14 lungs per group). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

◂
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Western blotting
Western blotting was performed to analyze protein 
levels. Briefly, membranes were incubated with pri-
mary antibodies PICT1, MRE11, 53BP1, LIGASE IV, 
KU80, VDAC, and β-actin (Santa Cruz Biotechnol-
ogy), LAMIN B (Proteintech), and TRIM22 (Bioss). 
HRP-conjugated donkey anti-rabbit or anti-mouse IgG 
(Jackson ImmunoResearch) were applied. A chemilu-
minescent detection agent (Millipore) was used. The 
quantification of band intensity was analyzed using 
Image J (NIH) software.

RT‑PCR
Cells and lung tissue were homogenized in RLT buffer 
(Qiagen). RNA was isolated using RNA Isolation Kit 
(Qiagen), according to the manufacturer’s recommen-
dations. RNAs were reverse transcribed to cDNA, and 
RT-PCR was performed. Human and murine primer 
sequences are shown in Supplementary Table 1 and Sup-
plementary Table  2. Reactions were carried out using a 
StepOnePlus Real-Time PCR System (Applied Biosys-
tems). Data were analyzed using the ΔΔCt method.

Immunohistofluorescence
Paraffin-embedded human and murine lung tissue sec-
tions were incubated overnight with antibodies: SP-C 
(Santa Cruz Biotechnology and Abclonal), PICT1 (Santa 
Cruz Biotechnology), MRE11, or TOM20 (Santa Cruz 
Biotechnology and Proteintech). Secondary antibod-
ies, Alexa Fluor 594, Alexa Fluor 488, and Alexa Fluor 
647 (Invitrogen), were used for 1  h. Control IgG stain-
ing was performed. A MOM staining kit (Vector Labo-
ratories) was used for murine tissue. Nuclei were labeled 
using a Fluoroshield Mounting Medium containing DAPI 
(Abcam). Images were captured by confocal laser-scan-
ning microscopy (Zeiss), and fluorescence intensity was 
quantified with ImageJ (NIH) software.

Mitochondrial function
Mitochondrial DNA (mtDNA) amount, mtDNA damage, 
and common deletion were determined by qPCR as we 

previously described [10]. MitoSOX Red (Thermo Fisher 
Scientific) and Cell Mito Stress Test (Agilent) were used 
according to the manufacturer’s instructions. The mito-
chondrial network was also analyzed using ImageJ (NIH) 
software [22].

Flow cytometry analysis
Wild-type and PICT1-deficient A549 cells were treated 
with 0, 125, 250, and 500 µM hydroxyurea (Sigma) or 20% 
cigarette smoke extract for 24 h and analyzed using Alexa 
Fluor 488 Annexin V/Dead Cell Apoptosis kit (Thermo 
Fisher Scientific) per manufacturer’s instructions. ROS 
generation was determined using a DCF-DA probe 
(Thermo Fisher Scientific). The cell cycle was analyzed 
using 1  μg/ml propidium iodide (PI) (Thermo  Fisher 
Scientific).

Statistics
The obtained results were analyzed using GraphPad-
Prism and expressed as means ± SEM from at least three 
experiments. One-way ANOVA and t-test were used. 
The results with  p < 0.05 were considered statistically 
significant.

Results
Decreased PICT1 protein levels in emphysema
PICT1 mRNA levels were increased in lung tissue 
obtained from emphysema patients compared to non-
smokers and smokers (Fig.  1, Panel I, A). Reduced 
PICT1 protein expression was found in this disease in 
comparison with non-smokers (Fig.  1, Panel I, B, C). 
We also  isolated ATII cells from lungs obtained from 
non-smokers, smokers, and individuals with emphy-
sema. The highest PICT1 mRNA level was detected in 
ATII cells in this disease (Fig. 1, Panel II, A). However, 
PICT1 protein expression was the lowest in this group 
(Fig. 1, Panel II, B, C), which suggests posttranslational 
regulation.

PICT1 was immunoprecipitated in lung tissue 
obtained from non-smokers, smokers, and emphysema, 
followed by mass spectrometry analysis. We identified 
its interaction with TRIM22, a class of E3 ubiquitin 

(See figure on next page.)
Fig. 2  Reduced MRE11 expression in ATII cells in emphysema. Lung tissue and ATII cells were obtained from non-smokers (NS), smokers (S), 
and emphysema patients (E). Panel I: PICT1 was immunoprecipitated in lung tissue, followed by mass spectrometry analysis. A Representative 
MRE11 spectrum is shown, which was identified as a PICT1 interactor. B MRE11 mRNA levels in ATII cells by RT-PCR. C Representative Western blot 
images of MRE11 expression in ATII cells. D Quantification of protein expression normalized to β-actin is shown. E MRE11 (green) and PICT1 (red) 
antibodies and DAPI (blue) were applied using immunofluorescence. ATII cells were identified in lung tissue sections using SP-C (magenta, scale 
bar 5 μm). F Pearson’s correlation coefficient for PICT1 and MRE11 fluorescence co-localization in ATII cells is shown. Panel II: A MRE11 mRNA levels 
in lung tissue by RT-PCR. B Representative Western blot image of MRE11 expression in lung tissue. C—Quantification of protein expression is shown. 
Data are shown as means ± SEM (N = 3 – 19 lungs per group). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2  (See legend on previous page.)
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ligases (Fig.  1, Panel III, A, B). TRIM22 mRNA levels 
were the lowest in ATII cells in emphysema (Fig.  1, 
Panel III, C). We also analyzed PICT1 and TRIM22 
expression in ATII cells (Fig. 1, Panel III, D). Decreased 
PICT1 levels were found in the cytoplasm and nucleus 
in emphysema patients compared to smokers (Fig.  1, 
Panel III, E, F). The lowest PICT1 nuclear/cytoplasm 
ratio and the highest PICT1 and TRIM22 co-localiza-
tion were detected in ATII cells in this disease (Fig. 1, 
Panel III, G, H).

PICT1 mRNA levels increased in lung tissue in severe 
emphysema, and we didn’t detect significant differences 
in the protein expression between analyzed groups (Sup-
plementary Fig. 1, Panel I, A, B, C). There was no differ-
ence between PICT1 levels in ATII cells obtained from 
mild and severe emphysema (Supplementary Fig. 1, Panel 
II, A, B). We also analyzed PICT1 expression in cytosolic, 
nuclear, and mitochondrial fractions obtained from lung 
tissue from non-smokers, smokers, and patients with this 
disease. There were no significant changes between the 
analyzed groups (Supplementary Figs. 2A-F). Our results 
suggest that decreased PICT1 expression may contribute 
to emphysema pathophysiology.

PICT1 and MRE11 interaction 
PICT1 was immunoprecipitated, followed by mass spec-
trometry analysis. We identified MRE11 as a novel PICT1 
interactor in the lung (Fig.  2, Panel I, A). Our results 
indicate the lowest MRE11 mRNA and protein levels in 
ATII cells in individuals with emphysema (Fig.  2, Panel 
I, B, C, D). We detected decreased PICT1 and MRE11 
co-localization in ATII cells in smokers and this disease 
compared to non-smokers (Fig. 2, Panel I, E, F). Reduced 
MRE11 expression was detected in lung tissues in smok-
ers compared to non-smokers or emphysema patients 

Fig. 3  Decreased MRE11 protein levels in ATII cells in a murine 
model of emphysema. Wild-type mice were exposed to cigarette 
smoke for 8 months, as described in the Methods section, to induce 
emphysema. A Hematoxylin and eosin staining in murine lung 
tissue (scale bar 50 μm). Minimum (B), maximum (C), and mean 
(D) alveolar diameters were measured in lung tissue sections. E 
Representative micro-CT of the murine lung (scale bar-100 μm). F The 
intersection surface was quantified using micro-CT images. G Pict1 
and H Mre11 mRNA levels were evaluated in lung tissue by RT-PCR. 
I Representative Western blotting images of PICT1 and MRE11 
expression in lung tissue. PICT1 (J) and MRE11 expression (K) are 
quantified. L ATII cells in lung tissue sections were identified using 
SP-C (green). PICT1 (magenta), and MRE11 (red) antibodies, and DAPI 
(blue) by immunofluorescence (scale bar—5 μm). Quantification 
of PICT1 (M) and MRE11 (N) fluorescence intensity in ATII cells 
is shown. O Pearson’s correlation coefficient for PICT1 and MRE11 
fluorescence co-localization. Data are shown as means ± SEM (N = 3 – 
8 mice per group). p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

◂
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(Fig. 2, Panel II, A). MRE11 protein levels were higher in 
this disease than in smokers (Fig. 2, Panel II, B, C). Many 
cell types are present in lung tissue, which can explain 
the obtained results. We identified PICT1 and MRE11 
interaction and decreased MRE11 levels in ATII cells in 
emphysema.

Reduced PICT1 levels in ATII cells in murine emphysema
We used a mouse model of cigarette smoke-induced 
emphysema to determine the role of PICT1. Significantly 
increased minimum, maximum, and mean alveolar diam-
eters were observed in these mice compared to controls 
(Figs. 3A, B, C, D). We also applied micro-CT and found 
a significantly decreased lung parenchyma intersection 
surface in emphysema (Figs. 3E, F).

Next, we determined Pict1 and Mre11 mRNA and pro-
tein levels using lung tissue obtained from mice exposed 
to cigarette smoke for 3 weeks and 8 months, where the 
latter induced emphysema. Our results showed increased 
Pict1 mRNA expression after short exposure to ciga-
rette smoke and a decrease in emphysema compared 
to controls (Fig.  3G). Mre11 levels were higher in mice 
exposed to cigarette smoke and in older control mice 
(Fig. 3H). We did not see significant differences in PICT1 
and MRE11 levels in lung tissue after 3  weeks of expo-
sure to cigarette smoke and in emphysema (Figs.  3I, J, 
K). Also, we analyzed PICT1 levels in cytoplasmic and 
nuclear fractions from lung tissue obtained from mice 
with cigarette smoke-induced emphysema. We found its 
decreased expression in the cytoplasm (Supplementary 
Figs. 3A, B, C, D).

We found a progressive decline in PICT1 expression in 
analyzed conditions, and its lowest level was detected in 
murine ATII cells in emphysema (Figs.  3L, M). Moreo-
ver, MRE11 levels were decreased after mice exposure to 
cigarette smoke for 3 weeks and in emphysema (Fig. 3N). 
A similar correlation was observed for the co-localization 
of PICT1 and MRE11 in ATII cells (Fig.  3O). Together, 
our data suggest decreased PICT1 and MRE11 expres-
sion in ATII cells in the murine model of cigarette smoke-
induced emphysema.

PICT1 deficiency sensitizes cells to DNA damage
A549 cell line with PICT1 knockout was generated 
using the CRISPR-Cas9 strategy, and PICT1 deficiency 
was confirmed by Western blotting (Fig.  4, Panel I, A). 
Increased ROS generation in wild-type A549 cells and 
PICT1-deficient cells compared to controls was detected 
after exposure to 20% cigarette smoke extract for 24  h 
(Figs. 4, Panel I, B, C). The highest ROS levels were found 
in A549 cells with PICT1 knockout. Next, we wanted 
to define whether PICT1 has a role in DNA damage 
repair. Wild-type A549 cells and cells with PICT1 dele-
tion were treated with cigarette smoke extract. DNA 
damage was the highest in PICT1-knockout cells after 
this treatment compared to all tested conditions (Fig. 4, 
Panel I, D, E). Furthermore, we analyzed the expres-
sion of proteins involved in double-strand breaks (DSB) 
repair in A549 cells with PICT1 deletion treated with 
cigarette smoke extract (Fig.  4, Panel II, A). This treat-
ment decreased MRE11 levels in wild-type A549 cells 
and cells with PICT1 deficiency, and its lowest expres-
sion was observed in the latter (Fig. 4, Panel II, B). 53BP1 
levels were reduced in A549 cells with PICT1 deficiency 
(Fig.  4, Panel II, C). However, exposure to cigarette 
smoke extract  increased 53BP1 expression in wild-type 
A549 cells compared to controls. LIGASE IV and KU80 
levels were decreased in PICT1-deficient cells compared 
to control wild-type A549 cells (Fig.  4, Panel II, D, E). 
MRE11 mRNA expression was unaffected by cigarette 
smoke extract exposure in wild-type and PICT1-defi-
cient A549 cells (Fig. 4, Panel III, A). 53BP1 mRNA levels 
were reduced in cells with PICT1 knockout treated with 
cigarette smoke extract compared to controls (Fig.  4, 
Panel III, B). There was no significant difference in KU80 
expression in all analyzed conditions (Fig. 4, Panel III, C). 
LIGASE IV levels were higher in cells with PICT1 dele-
tion than in control wild-type A549 cells (Fig. 4, Panel III, 
D). Our data suggest that PICT1 deficiency impairs DSB 
repair proteins, which can contribute to increased DNA 
damage.

Fig. 4  PICT1 deletion impairs DNA damage repair in A549 cells. Panel I: CRISPR-Cas9 strategy was used to generate cells with PICT1 deletion 
as described in the Methods section. A Representative Western blotting image of wild-type A549 cells and cells with PICT1 deletion. B Cells 
were treated with 20% cigarette smoke extract (CSE) for 24 h. Histograms were obtained by flow cytometry analysis using a DCF-DA probe. C 
DCF fluorescence intensity was quantified. D Representative images of comets  (scale bar—5 µm). E Olive tail moments were quantified. Panel 
II: Wild-type A549 cells and cells with PICT1 deletion were treated with 20% CSE for 24 h. A Representative Western blotting images of MRE11, 
53BP1, LIGASE IV, and KU80 expression. B-E Quantification of protein levels is shown. Panel III: mRNA expression of MRE11 (A), 53BP1 (B), KU80 
(C), and LIGASE IV (D) by RT-PCR. Data are shown as means ± SEM (C – control; N = 3 – 9 experimental replicates). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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The role of PICT1 in replication stress
A decrease in the subG1 and G0/G1 phases in PICT1 
knockout cells was detected compared to wild-type A549 
cells (Figs. 5A, B). The number of cells in the G2/M phase 
of the cell cycle was increased. Cell death increased with 
the concentration of hydroxyurea, which was enhanced 
by PICT1 deficiency (Figs. 5C, D). Also, our data indicate 
that PICT1 knockout led to the highest cell death after 
treatment with cigarette smoke extract compared to all 
analyzed conditions (Fig. 5E, F). Our results suggest that 
PICT1 deficiency sensitizes cells to replication stress and 
may contribute to cell death.

PICT1 deletion contributes to mitochondrial dysfunction
We found reduced mitochondrial co-localization of 
PICT1 and TOM20 in ATII cells in smokers and emphy-
sema patients compared to non-smokers (Figs.  6A, B). 
Moreover, we detected a decrease in the mitochondrial 
network in ATII cells in emphysema patients than in 
non-smokers (Fig. 6C). The role of PICT1 in mitochon-
drial metabolism was determined in A549 cells with 
PICT1 deletion treated with 20% cigarette smoke extract 
for 24 h. Changes in mitochondrial oxygen consumption 
rates (OCR) were monitored (Fig. 6D). OCR values were 
corrected for non-mitochondrial respiration following 
the addition of the inhibitors rotenone and antimycin A. 
After adding the ATP synthase inhibitor, oligomycin, the 
OCR decreased in cells with PICT1 deletion compared to 
wild-type A549 cells, suggesting ATP-linked respiration 
was inhibited. Moreover, adding the protonophore, FCCP 
stimulated the OCR to its maximal level in both cell lines 
but to a lower extent in PICT1-deficient cells. Basal res-
piration was significantly reduced in PICT1 knockout 
cells compared to wild-type A549 cells (Fig.  6E). Also, 
its levels were the lowest in cells with PICT1 deletion 
treated with cigarette smoke extract compared to all ana-
lyzed conditions. This suggests decreased mitochondrial 
metabolism caused by PICT1 deficiency. Treatment with 
cigarette smoke extract significantly increased maxi-
mum respiration in wild-type A549 cells and reduced it 
in PICT1 knockout cells compared to controls (Fig. 6F). 
This can result in lower spare capacity and ATP-coupled 
respiration in cells with PICT1 deletion. Also, the lowest 
ATP-linked respiration was observed in PICT1-deficient 

cells treated with cigarette smoke extract, suggesting 
general cell bioenergetic deficiency (Fig. 6G). Our results 
indicate that the mitochondrial oxidative phosphoryla-
tion (OXPHOS) system is impaired with loss of PICT1.

MtDNA amount was the lowest in A549 cells with 
PICT1 knockout treated with cigarette smoke extract 
compared to all tested conditions (Fig.  6H). MtDNA 
damage and common deletion (CD) were increased in 
cells with PICT1 knockout compared to wild-type A549 
cells (Figs.  6I, J). Mitochondrial ROS generation was 
the highest in A549 cells with PICT1 deficiency treated 
with cigarette smoke extract (Figs. 6K, L). We also ana-
lyzed mitochondrial ROS in MLE15 cells with PICT1 
knockdown (Fig.  6M, Supplementary Fig.  4). It was the 
highest in cells with PICT1 knockdown treated with ciga-
rette smoke extract compared to all tested conditions 
(Figs. 6N, O). Our results indicate that PICT1 deficiency 
inhibited mitochondrial respiration, increased mitochon-
drial ROS production, and caused mitochondrial DNA 
damage, leading to mitochondrial dysfunction.

Discussion
The role of nuclear-encoded PICT1 in maintaining mito-
chondrial genome stability highlights the importance 
of nuclear-mitochondrial interactions. Here, we inves-
tigated the impact of PICT1 on mitochondrial func-
tion and DNA damage in ATII cells in emphysema. Our 
results indicate that PICT1 protein expression is sig-
nificantly decreased in this disease. We also detected its 
interaction with E3 ubiquitin ligase, TRIM22. To fur-
ther define PICT1 function in this disease progression, 
we generated a murine model of emphysema by expos-
ing mice to cigarette smoke for 8  months. The analysis 
of the structural changes in the lungs by histology and 
micro-CT confirmed the emphysema phenotype. We 
observed a gradual decrease in PICT1 protein levels in 
ATII cells in mice exposed to cigarette smoke for 3 weeks 
and 8 months. Interestingly, it was reported that PICT1 
cytoplasmic expression was significantly higher in smok-
ers with non-small cell lung cancer and correlated with 
tumor progression and a poor prognostic factor [14].

Our previously published data indicate that emphy-
sema is associated with DNA damage and ATII cell death 
[8]. Its development is also correlated with inefficient 

(See figure on next page.)
Fig. 5  PICT1 deletion sensitizes A549 cells to replicative stress and cell death. A Representative cell cycle histograms showing sub-G1 (blue), 
G0/G1 (red), S (green), and G2/M (brown) phases in wild-type A549 cells and cells with PICT1 deletion using propidium iodide (PI) staining 
and flow cytometry analysis. B Quantification is also shown. C Representative flow cytometry plots of wild-type A549 cells and cells with PICT1 
deletion treated with hydroxyurea for 24 h and stained using PI and Annexin V. D Cell death quantification. E Representative flow cytometry plots 
of wild-type A549 cells and cells with PICT1 deletion treated with 20% cigarette smoke extract (CSE) for 24 h. F Cell death quantification is shown. 
Data represent means ± SEM (N = 3 – 9 experimental replicates). *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.001 compared to all tested conditions
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Fig. 5  (See legend on previous page.)
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DNA repair capacity [23]. Here, we found that cells with 
PICT1 knockout exposed to cigarette smoke extract have 
the highest DNA damage. This can trigger cell cycle arrest 
and death [24]. Cell cycle checkpoints can slow down or 
arrest cell cycle progression, allowing the cell to repair or 
prevent the transmission of damaged chromosomes [25, 
26]. Checkpoint machinery can initiate pathways lead-
ing to apoptosis and removing damaged cells. Blocking 
the G2/M transition protects against the segregation of 
incompletely replicated DNA [27]. Our results indicate 
that cells with PICT1 knockout have increased the G2/M 
phase, which suggests the critical role of PICT1 in main-
taining genome stability. It was shown that Pict1 loss 
led to enhanced apoptosis in embryonic stem cells [13]. 
Moreover, Pict1 KO pups were embryonic lethal, which 
indicates its crucial function.

MtDNA damage is linked to OXPHOS impairment and 
is associated with respiratory diseases that may result 
from DNA repair defects and mitochondrial dysfunction 
[28]. Here, we detected a link between PICT1 deficiency 
and mitochondrial abnormalities, including increased 
ROS, DNA damage, and altered metabolism, which can 
contribute to cell death. Reports have shown that rare res-
piratory diseases, such as alpha-1 antitrypsin deficiency 
(AATD), which can lead to emphysema, are associated 
with high oxidative stress and mitochondrial dysfunc-
tion [29–31]. Further studies are needed to determine 
the link between PICT1 function and AATD. We demon-
strate that ATII cells isolated from emphysema patients 
have reduced PICT1 expression and impaired mitochon-
drial function. We reported an increase in MitoSOX in 
this disease [10]. Also, cells with PICT1 deficiency had 

Fig. 6  Mitochondrial dysfunction in human primary ATII cells, A549 
cells, and MLE15 cells. A PICT1 (red), TOM20 (green), and DAPI (blue) 
staining in lung tissue sections obtained from non-smokers (N), 
smokers (S), and emphysema patients (E) by immunofluorescence 
(scale bar—5 μm). ATII cells were identified using SP-C (magenta). B 
Pearson’s correlation coefficient for PICT1 and TOM20 co-localization 
in ATII cells is shown (N = 3 lungs per group). C Quantification 
of mitochondrial networks in ATII cells. D Mitochondrial respiration 
analysis in wild-type A549 cells and cells with PICT1 deletion treated 
with 20% cigarette smoke extract (CSE) for 24 h. Quantification 
of basal respiration (E) and maximum respiration (F) in A549 cells. 
G ATP-linked respiration after exposure to CSE relative to controls 
in A549 cells. QPCR was used to determine mtDNA amount (H), 
mtDNA damage (I), and common deletions (CD, J) in A549 cells. 
Representative histograms using MitoSOX staining and flow 
cytometry analysis (K) and the quantification of fluorescence intensity 
(L) in A549 cells. M Representative Western blotting images of MLE15 
cells treated with NT (non-target) or PICT1 siRNA. N Histograms 
of MitoSOX staining by flow cytometry analysis (N) and quantification 
(O) in MLE15 cells. Data are shown as means ± SEM (KD – knockdown, 
N = 3 – 10 experimental replicates). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001

◂
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the highest cell death, indicating inefficient DNA dam-
age repair. Our data suggests that PICT1 is a novel fac-
tor contributing to nuclear DSB repair and mitochondrial 
function, and the impairment of these processes may 
contribute to emphysema development. We found that 
PICT1 and MRE11 interaction was decreased in smok-
ers and emphysema patients, in mice exposed to ciga-
rette smoke for 3  weeks, and in the murine model of 
this disease. Also, reduced MRE11 and PICT1 levels 
in human and murine emphysema suggest DSB repair 
defects, which can lead to impaired formation of the 
MRN complex. The lowest MRE11 protein expression 
was detected in cells with PICT1 knockout and corre-
lated with decreased 53BP1, LIGASE IV, and KU80 lev-
els. It was reported that MRE11 is essential in repairing 

DSBs, which are the most cytotoxic DNA lesions [32]. 
High MRE11 levels were observed in the cytoplasm in 
peripheral blood lymphocyte and airway epithelial cells 
in individuals exposed to biomass smoke [33]. However, 
MRE11 activity was inhibited while it moved from the 
nucleus to the cytoplasm, and cells became more sus-
ceptible to DNA damage. MtDNA is vulnerable to oxida-
tive damage induced by exogenous and endogenous ROS 
due to its proximity to the ETC and the lack of protective 
histones [34]. Our results indicate the highest mtDNA 
damage and the lowest mtDNA amount in ATII cells 
in emphysema compared to control non-smokers and 
smokers [10]. Here, we found mtDNA damage, common 
deletions, and decreased mtDNA amount in cells with 
PICT1 knockout exposed to cigarette smoke extract. 

Fig. 7  The role of PICT1 in nuclear DNA damage and mitochondrial (mt) function. Increased PICT1/TRIM22 interaction induced by smoking leads 
to decreased PICT1 levels and high ROS production. This caused nuclear and mtDNA damage, common deletions, mitochondrial superoxide 
generation, and reduced mtDNA amount and respiration, contributing to ATII cell death and emphysema development
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Common deletion is located between nucleotides 8,470 
and 13,459 and can contribute to mitochondrial dysfunc-
tion [35]. Our results show mitochondrial respiration 
inhibition in cells with PICT1 deficiency. This suggests 
that PICT1 can constitute a significant component of 
mitochondrial signaling, contribute to maintaining mito-
chondrial genome stability, and highlight the importance 
of nuclear-mitochondrial interactions. Our results are in 
agreement with data showing that PICT1 enhances mito-
chondrial function and is required to maintain oxygen 
consumption, consistent with its critical role in control-
ling cellular respiration [12].

Conclusions
Our results indicate that PICT1 deficiency contributes 
to mitochondrial dysfunction, which is attributable to 
increased ROS and nuclear and mtDNA damage, con-
tributing to cell death and emphysema (Fig.  7). Thera-
peutic approaches to stabilizing and restoring PICT1 
function may lead to potential clinical strategies for treat-
ing emphysema.

Abbreviations
ATII cells	� Alveolar type II cells
COPD	� Chronic obstructive pulmonary disease
DSB	� Double strand breaks
Mt	� Mitochondrial
OXPHOS	� Mitochondrial oxidative phosphorylation
MOM staining kit	� Mouse on mouse staining kit
MRN	� MRE11-RAD50-NBS1
MS/MS spectra	� Tandem mass spectrometry
PI	� Propidium iodide
PICT1	� Protein interacting with carboxyl terminus-1
ROS	� Reactive Oxygen Species
TSP	� Total suspended particles

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12964-​024-​01896-0.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
This work was partially supported by ES032081, HL150587, DoD W81XWH2110414 
(B.K.), ES030808, DoD W81XWH2110400 (K.B.), and discretionary funds from 
Temple University (B.K. and K.B.). We thank Dr. Hsin-Yao Tang for assistance with 
mass spectrometry analysis and Dr. Enkhee Purev for suggestions regarding MOM 
staining. Human lung tissue was provided through Temple Biobank.

Authors’ contributions
HS, HH – Conducted experiments, data analysis, and manuscript writing. BK, 
JWE, SB, NM, GJC – provided critical resources, analyzed and interpreted data, 
and/or contributed to manuscript writing. KB – funding acquisition, project 
administration, data analysis, and manuscript writing.

Data availability
All data generated or analyzed during this study are included.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1 Center for Inflammation and Lung Research, Lewis Katz School of Medicine 
at Temple University, 3500 N. Broad Street, Philadelphia, PA 19140, USA. 
2 Department of Microbiology, Immunology, and Inflammation, Lewis Katz 
School of Medicine at Temple University, Philadelphia, PA 19140, USA. 3 Aging 
& Cardiovascular Discovery Center, Lewis Katz School of Medicine at Temple 
University, Philadelphia, PA 19140, USA. 4 Department of Thoracic Medicine 
and Surgery, Lewis Katz School of Medicine at Temple University, Philadelphia, 
PA 19140, USA. 

Received: 2 April 2024   Accepted: 16 October 2024

References
	1.	 Demedts IK, Demoor T, Bracke KR, Joos GF, Brusselle GG. Role of apoptosis 

in the pathogenesis of COPD and pulmonary emphysema. Respir Res. 
2006;7:53.

	2.	 Quaderi SA, Hurst JR. The unmet global burden of COPD. Glob Health 
Epidemiol Genom. 2018;3:e4.

	3.	 Petrache I, Natarajan V, Zhen L, Medler TR, Richter AT, Cho C, et al. Cera-
mide upregulation causes pulmonary cell apoptosis and emphysema-like 
disease in mice. Nat Med. 2005;11(5):491–8.

	4.	 Criner GJ, Pinto-Plata V, Strange C, Dransfield M, Gotfried M, Leeds W, et al. 
Biologic lung volume reduction in advanced upper lobe emphysema: 
phase 2 results. Am J Respir Crit Care Med. 2009;179(9):791–8.

	5.	 Lee HJ, Seo JB, Chae EJ, Kim N, Lee CW, Oh YM, et al. Tracheal morphology 
and collapse in COPD: correlation with CT indices and pulmonary func-
tion test. Eur J Radiol. 2011;80(3):e531–5.

	6.	 Nakano Y, Muro S, Sakai H, HiraiHirai T, Chin K, Tsukino M, et al. Computed 
tomographic measurements of airway dimensions and emphysema 
in smokers. Correlation with lung function. Am J Respir Crit Care Med. 
2000;162(3 Pt 1):1102–8.

	7.	 Mason RJ. Biology of alveolar type II cells. Respirology. 
2006;11(Suppl):S12–5.

	8.	 Kosmider B, Lin CR, Vlasenko L, Marchetti N, Bolla S, Criner GJ, et al. 
Impaired non-homologous end joining in human primary alveolar type II 
cells in emphysema. Sci Rep. 2019;9(1):920.

	9.	 Rehan VK, Torday JS, Peleg S, Gennaro L, Vouros P, Padbury J, et al. 
1Alpha,25-dihydroxy-3-epi-vitamin D3, a natural metabolite of 1alpha,25-
dihydroxy vitamin D3: production and biological activity studies in 
pulmonary alveolar type II cells. Mol Genet Metab. 2002;76(1):46–56.

	10.	 Kosmider B, Lin CR, Karim L, Tomar D, Vlasenko L, Marchetti N, et al. 
Mitochondrial dysfunction in human primary alveolar type II cells in 
emphysema. EBioMedicine. 2019;46:305–16.

	11.	 Oh JM, Kang Y, Park J, Sung Y, Kim D, Seo Y, et al. MSH2-MSH3 promotes 
DNA end resection during homologous recombination and blocks poly-
merase theta-mediated end-joining through interaction with SMARCAD1 
and EXO1. Nucleic Acids Res. 2023;51(11):5584–602.

	12.	 Yoon JC, Ling AJ, Isik M, Lee DY, Steinbaugh MJ, Sack LM, et al. GLTSCR2/
PICT1 links mitochondrial stress and Myc signaling. Proc Natl Acad Sci U S 
A. 2014;111(10):3781–6.

	13.	 Sasaki M, Kawahara K, Nishio M, Mimori K, Kogo R, Hamada K, et al. 
Regulation of the MDM2-P53 pathway and tumor growth by PICT1 via 
nucleolar RPL11. Nat Med. 2011;17(8):944–51.

	14.	 Okamura K, Takayama K, Kawahara K, Harada T, Nishio M, Otsubo K, 
et al. PICT1 expression is a poor prognostic factor in non-small cell 
lung cancer. Oncoscience. 2014;1(5):375–82.

	15.	 Ji D, Deeds SL, Weinstein EJ. A screen of shRNAs targeting tumor sup-
pressor genes to identify factors involved in A549 paclitaxel sensitivity. 
Oncol Rep. 2007;18(6):1499–505.

	16.	 Kashyap T, Murray J, Walker CJ, Chang H, Tamir S, Hou B, et al. Selinexor, 
a novel selective inhibitor of nuclear export, reduces SARS-CoV-2 

https://doi.org/10.1186/s12964-024-01896-0
https://doi.org/10.1186/s12964-024-01896-0


Page 14 of 14Simborio et al. Cell Communication and Signaling          (2024) 22:562 

infection and protects the respiratory system in vivo. Antiviral Res. 
2021;192:105115.

	17.	 Kosmider B, Mason RJ, Bahmed K. Isolation and Characterization of 
Human Alveolar Type II Cells. Methods Mol Biol. 2018;1809:83–90.

	18.	 Bahmed K, Boukhenouna S, Karim L, Andrews T, Lin J, Powers R, et al. 
The effect of cysteine oxidation on DJ-1 cytoprotective function in 
human alveolar type II cells. Cell Death Dis. 2019;10(9):638.

	19.	 Brass DM, Hollingsworth JW, Cinque M, Li Z, Potts E, Toloza E, et al. 
Chronic LPS inhalation causes emphysema-like changes in mouse 
lung that are associated with apoptosis. Am J Respir Cell Mol Biol. 
2008;39(5):584–90.

	20.	 Sarabia-Vallejos MA, Ayala-Jeria P, Hurtado DE. Three-dimensional whole-
organ characterization of the regional alveolar morphology in normal 
murine lungs. Front Physiol. 2021;12:755468.

	21.	 Hersh CP, Washko GR, Jacobson FL, Gill R, Estepar RS, Reilly JJ, et al. 
Interobserver variability in the determination of upper lobe-predominant 
emphysema. Chest. 2007;131(2):424–31.

	22.	 Valente AJ, Maddalena LA, Robb EL, Moradi F, Stuart JA. A simple ImageJ 
macro tool for analyzing mitochondrial network morphology in mam-
malian cell culture. Acta Histochem. 2017;119(3):315–26.

	23.	 Neofytou E, Tzortzaki EG, Chatziantoniou A, Siafakas NM. DNA damage 
due to oxidative stress in Chronic Obstructive Pulmonary Disease (COPD). 
Int J Mol Sci. 2012;13(12):16853–64.

	24	 Tuder RM, Yoshida T, Arap W, Pasqualini R, Petrache I. State of the art. Cel-
lular and molecular mechanisms of alveolar destruction in emphysema: 
an evolutionary perspective. Proc Am Thorac Soc. 2006;3(6):503–10.

	25.	 Ishikawa K, Ishii H, Saito T. DNA damage-dependent cell cycle check-
points and genomic stability. DNA Cell Biol. 2006;25(7):406–11.

	26.	 Ambrosio S, Di Palo G, Napolitano G, Amente S, Dellino GI, Faretta M, 
et al. Cell cycle-dependent resolution of DNA double-strand breaks. 
Oncotarget. 2016;7(4):4949–60.

	27.	 Taylor WR, DePrimo SE, Agarwal A, Agarwal ML, Schonthal AH, Katula KS, 
et al. Mechanisms of G2 arrest in response to overexpression of p53. Mol 
Biol Cell. 1999;10(11):3607–22.

	28.	 Cloonan SM, Choi AM. Mitochondria in lung disease. J Clin Invest. 
2016;126(3):809–20.

	29.	 Magallon M, Pastor S, Carrion AE, Banuls L, Pellicer D, Castillo S, et al. 
Oxidative stress and endoplasmic reticulum stress in rare respiratory 
diseases. J Clin Med. 2021;10(6):1268.

	30.	 Rosenberg JB, De BP, Greco A, Gorman N, Kooner V, Chen A, et al. Safety of 
Intravenous Administration of an AAV8 Vector Coding for an Oxidation-
Resistant Human alpha1-Antitrypsin for the Treatment of alpha1-Antit-
rypsin Deficiency. Hum Gene Ther. 2023;34(3–4):139–49.

	31.	 Perez-Luz S, Lalchandani J, Matamala N, Barrero MJ, Gil-Martin S, Saz SR, 
et al. Quantitative Lipid Profiling Reveals Major Differences between Liver 
Organoids with Normal Pi*M and Deficient Pi*Z Variants of Alpha-1-antit-
rypsin. Int J Mol Sci. 2023;24(15):12472.

	32.	 Kim H, Kim D, Choi H, Shin G, Lee JK. Deubiquitinase USP2 stabilizes the 
MRE11-RAD50-NBS1 complex at DNA double-strand break sites by coun-
teracting the ubiquitination of NBS1. J Biol Chem. 2023;299(1):102752.

	33.	 Mondal NK, Mukherjee B, Das D, Ray MR. Micronucleus formation, DNA 
damage and repair in premenopausal women chronically exposed to 
high level of indoor air pollution from biomass fuel use in rural India. 
Mutat Res. 2010;697(1–2):47–54.

	34.	 Druzhyna NM, Wilson GL, LeDoux SP. Mitochondrial DNA repair in aging 
and disease. Mech Ageing Dev. 2008;129(7–8):383–90.

	35.	 Huang YH, Chen CM, Lee YS, Chang KH, Chen HW, Chen YC. Detection of 
mitochondrial DNA with 4977 bp deletion in leukocytes of patients with 
ischemic stroke. PLoS ONE. 2018;13(2): e0193175.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Mitochondrial dysfunction and impaired DNA damage repair through PICT1 dysregulation in alveolar type II cells in emphysema
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Human ATII cell isolation
	Mass spectrometry analysis
	Mice exposure to cigarette smoke
	Murine lung histology and micro-CT
	Chest CT scans
	PICT1 deletion
	Comet assay
	Western blotting
	RT-PCR
	Immunohistofluorescence
	Mitochondrial function
	Flow cytometry analysis
	Statistics

	Results
	Decreased PICT1 protein levels in emphysema
	PICT1 and MRE11 interaction 
	Reduced PICT1 levels in ATII cells in murine emphysema
	PICT1 deficiency sensitizes cells to DNA damage
	The role of PICT1 in replication stress
	PICT1 deletion contributes to mitochondrial dysfunction

	Discussion
	Conclusions
	Acknowledgements
	References


