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Abstract: Pulmonary emphysema is characterized by airspace enlargement and the destruction of
alveoli. Alveolar type II (ATII) cells are very abundant in mitochondria. OXPHOS complexes are
composed of proteins encoded by the mitochondrial and nuclear genomes. Mitochondrial 12S and
16S rRNAs are required to assemble the small and large subunits of the mitoribosome, respectively.
We aimed to determine the mechanism of mitoribosome dysfunction in ATII cells in emphysema.
ATII cells were isolated from control nonsmokers and smokers, and emphysema patients. Mito-
chondrial transcription and translation were analyzed. We also determined the miRNA expression.
Decreases in ND1 and UQCRC2 expression levels were found in ATII cells in emphysema. Moreover,
nuclear NDUFS1 and SDHB levels increased, and mitochondrial transcribed ND1 protein expression
decreased. These results suggest an impairment of the nuclear and mitochondrial stoichiometry in
this disease. We also detected low levels of the mitoribosome structural protein MRPL48 in ATII
cells in emphysema. Decreased 16S rRNA expression and increased 12S rRNA levels were observed.
Moreover, we analyzed miR4485-3p levels in this disease. Our results suggest a negative feedback
loop between miR-4485-3p and 16S rRNA. The obtained results provide molecular mechanisms of
mitoribosome dysfunction in ATII cells in emphysema.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) impairs lung function and reduces
lung capacity [1]. COPD involves emphysema, a progressive disease characterized by
airspace enlargement and the destruction of alveoli which decreases the surface area
available for gas exchange [2,3]. Cigarette smoke is the main risk factor for emphysema
development; however, the exact mechanism remains unclear.

The alveolar wall comprises alveolar type II (ATII) cells and alveolar type I (ATI)
cells [4–6]. ATII cells produce and secrete pulmonary surfactants, proliferate, and differen-
tiate into ATI cells [6]. Exposure to cigarette smoke induces reactive oxygen species (ROS)
generation and ATII cell injury [7]. Oxidative stress can trigger antioxidant imbalance, cell
cycle arrest, pro-inflammatory responses, and senescence leading to cell death [8]. Most
studies focused on pulmonary emphysema pathophysiology have used lung tissue and
multiple cell types; however, there are very limited reports on ATII cells isolated from
patients with this disease.
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ATII cells are abundant in mitochondria, which produce ATP important for their
high metabolism and function [9,10]. Mitochondrial dysfunction or altered morphology
correlates with impaired bioenergetics and dynamics [11,12]. Additionally, this can increase
ROS generation leading to mitochondrial DNA (mtDNA) damage which contributes to cell
death [13,14]. The respiratory chain complexes (RCC), dedicated to the ATP-generating
oxidative phosphorylation system (OXPHOS), have dual origins. There are 13 genes
encoded in the mtDNA and 84 genes encoded in the nuclear DNA, and their expression
is coordinated to keep a certain stoichiometry [15,16]. OXPHOS complexes are present in
the inner membrane of mitochondria and are composed of complexes I-V. Additionally,
mtDNA encodes 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs). The 12S rRNA
and 16S rRNA are encoded by MT-RNR1 and MT-RNR2, respectively, and are required for
mitoribosome assembly, along with the 78 nuclear-encoded mitochondrial proteins required
to translate the mtDNA-encoded subunits [8]. PTCD1 and PTCD3 are RNA-binding
proteins, which interact with and stabilize 16S rRNAs and 12S rRNA, respectively, and
contribute to mitoribosome stability and mitochondrial protein translation [17,18]. MRPS27
and MRPL48 are among the components of the small and large subunits, respectively,
in the mitoribosome. The effects of oxidative stress on mitochondrial transcription and
translation in airway cells or skeletal muscles in COPD patients [19–23] and mouse models
of emphysema [24] have been reported. However, mitochondrial RNA homeostasis in
human ATII cells in emphysema is unknown.

miRNAs are single-stranded non-coding RNAs that target mRNAs, regulating their
stability and gene expression [25,26]. Furthermore, miRNAs translocate to mitochondria
or are generated in these organelles and are involved in the translation of mitochondrial
transcripts [27,28]. The interaction of miRNAs with their target genes is dynamic and
regulated by several factors, including miRNA abundance and miRNA–mRNA affinity.
In addition, circulating miRNAs are used as biomarkers of COPD [29]. However, there
are no reports on miRNA’s effect on mitochondrial transcription and translation in human
primary ATII cells in emphysema.

We recently showed that ATII cells isolated from emphysema patients display mito-
chondrial dysfunction, a decreased mtDNA amount, and increased mtDNA damage [30].
Here, we studied mitochondrial ribosome function in ATII cells obtained from individuals
with this disease.

2. Materials and Methods
2.1. ATII Cell Isolation from Human Lungs

Lungs were obtained from the Gift of Life Foundation. Nonsmokers never smoked,
and smokers smoked at least 5 to 10 cigarettes per day for at least ten years. Emphysematous
lungs were obtained from transplantation performed at Temple University. We used lungs
from males and females, 45 to 69 years old (N = 4–14 per group). ATII cells were isolated as
we previously described [30]. Plasma was obtained from nonsmokers, smokers, and COPD
patients (Table 1).

Table 1. Characteristics of the study cohort for analysis of circulating miRNA in plasma.

NS SM COLD1 COLD2 COLD3 COLD4

Total subjects (N) 9 6 8 6 6 6

Age (± SD) 60 ± 7 71 ± 11 77 ± 7 74 ± 10 73 ± 7 64 ± 10

Gender (% Male) 44% 50% 63% 50% 50% 50%

FEV1 Normal ≥80% ≥80% 80% > FEV1 ≥ 50% 50% > FEV1 ≥ 30% <30%

FEV1/FVC Normal ≥0.7 <0.7 <0.7 <0.7 <0.7

Abbreviations: NS—nonsmokers; SM—smokers; FEV1-Forced expiratory volume in the first second; FVC-Forced
vital capacity. Age is shown in years as median ± SD.
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2.2. Western Blotting

The following primary antibodies were used for Western blotting: ATP5A (sc-136178),
COX4 (sc-517553), COX5A (sc-376907), UQCRC2 (sc-390378), SDHB (sc-271548), NDUFS1
(sc-271510) from Santa Cruz Biotechnology (Dallas, TX, USA). We obtained MRPS27 (66724-
1-Ig), MRPL48 (14667-1-AP), ND1 (19703-1-AP), and PTCD3 (25158-1-AP) antibodies from
Proteintech (Rosemont, IL, USA), PTCD1 antibody (A16219) from Abclonal (Woburn, MA,
USA), β-actin (A5441) and vinculin antibodies (V9131) from Sigma-Aldrich (St. Louis,
MO, USA). We used the corresponding anti-rabbit HRP and anti-mouse HRP secondary
antibodies (Jackson ImmunoResearch, West Grove, PA, USA).

2.3. RT-PCR

RNA was isolated using Quick-RNA MiniPrep (Zymo Research, Irvine, CA, USA) and
converted into cDNA using the SuperScript IV First-Strand Synthesis System (Invitrogen,
Waltham, MA, USA). We used the SYBR Green Master Mix. mRNA expression was
normalized to GAPDH levels and calculated using the 2ˆddCt method [31] using validated
primers [32] obtained from Invitrogen (Table S1).

2.4. miRNA Analysis

miRNAs were isolated using the miRNeasy Kit (Qiagen, Hilden, Germany) and
converted into cDNA using the SuperScript IV First-Strand Synthesis System (Invitrogen)
and stem-loop RT primers. The resulting cDNA with a miRNA-specific forward primer
was measured to quantify the miRNA expression by RT-PCR using SYBR Green Master Mix.
miRNA expression was normalized to U6 expression using the 2ˆddCt method (Table S1).
For miRNA overexpression, miR-4485-3p mimics or non-target (NT) (Genscript Biotech,
Piscataway, NJ, USA) were used at 100 nM and incubated with Lipofectamine RNAiMAX
(Invitrogen). A549 cells were analyzed 72 h post-transfection by RT-PCR as we have
previously described [33].

2.5. Immunofluorescence

The purity of freshly isolated ATII cells was determined by immunocytofluorescence
using surfactant protein-C (SP-C, sc-518029, Santa Cruz Biotechnology), p63 (051K4894,
Sigma-Aldrich), and CD68 (sc-9139, Santa Cruz Biotechnology) antibodies. Active caspase
9 antibody (ab2324) was obtained from Abcam. Human lung tissue sections were stained
with humanin (NB100-56876, Novus Biologicals) and SP-C antibodies. The corresponding
secondary antibodies Alexa Fluor 594 or Alexa Fluor 488 (Invitrogen) were applied. Im-
ages were obtained using a confocal microscope (Zeiss, Jena Germany), and fluorescence
intensity was quantified using ImageJ software (NIH).

2.6. Mitochondrial Amount and Network Analysis

Mitochondria were visualized and quantified in freshly isolated ATII cells using
MitoTracker Green (Invitrogen). Mitotracker fluorescent intensity was measured using
ImageJ and normalized to Hoechst 33342 intensity. Mitochondrial Network Analysis
(MiNA) (https://github.com/StuartLab accessed on 14 April 2022) was used to define the
morphology of mitochondrial structures quantitatively. We determined distinct morpholo-
gies: networks characterized by connected branches and individuals (punctate, rods, and
large/round structures).

2.7. Cigarette Smoke Extract Generation

Cigarette smoke extract (CSE) was prepared using one 3R4F cigarette (Kentucky To-
bacco Research & Development Center, Lexington, KY, USA) and a peristaltic pump (Mano-
stat, Thermo Fisher Scientific, Waltham, MA, USA), as we have previously described [7].
A549 cells were treated with 20% cigarette smoke extract for 4 h, 24 h, 48 h, and 72 h.

https://github.com/StuartLab
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2.8. ATP Measurement

ATII cells were seeded in a 96-well plate, and ATP levels were measured by CellTiter-
Glo 2.0 assay (G9241, Promega, Madison, WI, USA) using a luminometer (Infinite M1000
PRO). Medium without cells was used as a blank control. Luminescence values were
recorded per the manufacturer recommendations.

2.9. Calcium Levels Measurement

ATII cells were incubated with 2.5 µM Fluo-4, AM (F14201, Invitrogen) for 30 min,
followed by an additional 10-min incubation in a dye-free medium. Flow cytometry was
used for the detection of fluorescence at 488 nm.

2.10. Statistical Analysis

Data are expressed as means ± s.e.m from at least 3 experiments. Results were
normalized to control nonsmokers. Statistically significant differences were determined by
one-way ANOVA or t-test depending on the number of groups. A value of p < 0.05 was
considered significant.

3. Results
3.1. OXPHOS Gene and Protein Levels in Lung Tissue in Emphysema

We found a significant decrease in mitochondrial mRNA transcripts ND1 (complex I),
CYTB (complex III), COX1, and COX2 (complex IV) in lung tissue obtained from smokers
and patients with emphysema in comparison with nonsmokers by RT-PCR (Figure 1A). Our
results show a significant decrease in COX5A mRNA expression in emphysema compared
to nonsmokers (Figure 1B). We did not detect any significant differences in the levels
of other analyzed genes among these groups. Next, we checked the OXPHOS protein
complexes in the lung tissue (Figure 1C,D). ND1 expression was significantly increased and
UQCRC2 levels were decreased in emphysema patients compared to smokers. Our results
suggest a lower expression of mitochondria-encoded genes in lung tissue in emphysema
compared to controls.

Among mitochondrial mRNA transcripts, only CYTB expression was increased in
severe emphysema compared to mild (Figure S1A). We found significantly higher UQCRC1
levels in areas with severe emphysema compared to mild (Figure S1B). However, we did
not detect significant differences in OXPHOS protein complexes in the lung tissue obtained
from mild and severe emphysema (Figure S1C,D). Our results can be explained by the
presence of various cell types.
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cantly higher in emphysema in comparison with nonsmokers. We found NDUFS1 mRNA 
downregulation in smokers. ND1, UQCRC2, and COX4 levels were decreased in ATII 
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Figure 1. Reduced expression of mitochondria-encoded genes in lung tissue in smokers and emphy-
sema. The expression of mitochondria-encoded (A) and nuclear-encoded (B) mitochondrial genes
was determined by RT-PCR in lung tissue obtained from control nonsmokers (NS), smokers (SM), and
patients with emphysema (EM). Mitochondrial protein levels were assessed by Western blotting (C),
quantified, and normalized to β-actin expression (D). Data are shown as means ± s.e.m (N = 4–10
per group; * p < 0.05; ** p < 0.01).

3.2. The Impairment of OXPHOS Protein Expression in ATII Cells in Emphysema

The purity of freshly isolated cells was determined using SP-C, CD68, and p63 staining
by immunofluorescence (Figures 2A and S2). We found a significantly lower mitochondrial
amount in ATII cells obtained from emphysema patients compared to smokers (Figure 2B,C).
Next, we wanted to define the mitochondrial network morphology. The number of in-
dividuals (punctate, rods and structures) was decreased in the ATII cells obtained from
emphysema patients and smokers compared to nonsmokers, suggesting mitochondrial
fragmentation (Figure 2D). Moreover, the number of branched networks in emphysema
patients was lower than in the control groups (Figure 2E). Furthermore, we found a sig-
nificantly higher co-localization of TOM20 with lysosome degradation marker LAMP1 in
ATII cells in emphysema compared to control organ donors (Figure 2F,G). There was no
significant difference in the endoplasmic reticulum (ER) abundance in ATII cells isolated
from any of the analyzed groups, indicating an effect in the mitochondria (Figure S3).
Our data indicate mitochondrial dysfunction, disruption of the mitochondrial network,
and mitophagy in ATII cells in emphysema which could explain the lower mitochondrial
amount in ATII cells. We analyzed the active caspase 9 levels in ATII cells to determine
apoptosis. We found its higher expression in emphysema patients compared to controls
(Figure 2H,I), suggesting that mitophagy may trigger apoptosis. Interestingly, we also
found a decreased Ki67 expression in ATII cells in smokers and patients with this disease
compared to nonsmokers (Figure S4).

We further analyzed the mitochondrial function in ATII cells. Unexpectedly, we de-
tected significantly increased ND1, CYTB, COX1, and COX2 mRNA levels in emphysema
patients compared to nonsmokers and smokers (Figure 3A). Additionally, the expression
of the nuclear-encoded genes SDHB, COX5A, and ATP5A was upregulated in ATII cells
in this disease compared to controls (Figure 3B). UQCRC2 mRNA expression was signifi-
cantly higher in emphysema in comparison with nonsmokers. We found NDUFS1 mRNA
downregulation in smokers. ND1, UQCRC2, and COX4 levels were decreased in ATII
cells in emphysema compared to smokers by Western blotting (Figure 3C,D). Interestingly,
NDUSF1 protein expression was significantly increased in ATII cells in this disease com-
pared to controls. Moreover, SDHB levels were higher in emphysema patients compared
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to nonsmokers. We did not detect significant changes in COX5A and ATP5A protein ex-
pression among all groups. Our results suggest that the increased mRNA expression of
mitochondria- and nuclear-encoded OXPHOS subunits in ATII cells in emphysema may
represent a protective response. However, the OXPHOS transcripts were less efficiently
translated in this disease, resulting in mitochondrial dysfunction.
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Figure 2. Human primary ATII cell purity and mitochondrial amount. (A) ATII cells were isolated
from lungs obtained from nonsmokers (NS), smokers (SM), and emphysema patients (EM). Cytospins
of freshly isolated ATII cells were stained using SP-C and DAPI (immunofluorescence; scale bar,
10 µm). (B) Mitochondrial amount was determined using MitoTracker dye and a confocal fluorescence
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microscope (scale bar, 5 µm). (C) Quantification is also shown. The number of individuals (D) and net-
works (E) of mitochondrial structures were quantified using MitoTracker staining. (F) Co-localization
of mitochondrial protein TOM20 (green) with LAMP1 (red) in ATII cells using confocal microscopy
(scale bar, 10 µm). (G) Quantification is shown. (H) Active caspase 9 expression (green) in ATII
cells identified by SP-C antibody (red) in lung tissue sections by immunohistofluorescence (scale bar,
10 µm). (I) Quantification of active caspase 9 fluorescence intensity is shown. Data are shown as
means ± s.e.m (N = 3–4 per group; * p < 0.05, ** p < 0.01).
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assess mRNA expression of mitochondria-encoded (A) and nuclear-encoded (B) mitochondrial
genes. Corresponding protein levels were determined by Western blotting (C), quantified, and
normalized to β-actin expression (D). (E) Total cellular ATP levels in ATII cells are shown. (F) Ratio
of glycolysis/OXPHOS ATP production in ATII cells was determined. (G) Cellular Ca2+ levels using
Fluo-4 by flow cytometry analysis. (H) Data are shown as means ± s.e.m (N = 4–14 per group;
* p < 0.05; ** p < 0.01; *** p < 0.001).

The primary function of mitochondria is ATP generation through oxidative phos-
phorylation. Therefore, we evaluated the overall ATP levels in ATII cells obtained from
emphysema and control organ donors. We found a decreased total ATP content in this
disease compared to nonsmokers (Figure 3E). Moreover, we evaluated the ratio between
glycolysis and the OXPHOS ATP levels. Their ratio was higher in ATII cells obtained from
emphysema patients than in controls, which indicates an increase in glycolysis (Figure 3F).
Furthermore, an impaired capacity to synthesize ATP under stress conditions could affect
cellular Ca2+. We analyzed cytosolic Ca2+ levels in ATII cells and detected a significant
increase in emphysema compared to controls (Figure 3G,H). Together, our results suggest
mitochondrial dysfunction in this disease.

3.3. Alteration of Mitoribosome 16S rRNA Levels in ATII Cells in Emphysema

We found that 12S rRNA had a higher expression in ATII cells in emphysema patients
compared to controls (Figure 4A). Unexpectedly, 16S rRNA expression was significantly
lower in ATII cells in this disease in comparison with control smokers. There was no
significant difference between 12S–16S rRNA junction expression among all groups, which
excluded RNA transcription and processing defects. The expression of 12S rRNA was
significantly reduced in lung tissue in smokers and emphysema compared to nonsmokers
as determined by RT-PCR (Figure S5A). There was no difference between the 16S rRNA
and 12S–16S rRNA junction levels in the analyzed groups. Together, our results indicate
the post-transcriptional degradation of 16S rRNA in ATII cells in emphysema.
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Figure 4. Dysregulated expression of mitoribosome components, PTCD1, and PTCD3 in ATII cells
in emphysema. (A) The expression of mitoribosome 12S, 16S, and the junction 12S–16S rRNA was
assessed using RT-PCR in ATII cells isolated from nonsmokers (NS), smokers (SM), and emphysema
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patients (EM). mRNA expression of PTCD1 and PTCD3 (B) and MRPS27 and MRPL48 (C) was
assessed by RT-PCR. (D) MRPS27 and MRPL48 protein levels were evaluated by Western blotting.
(E) Protein quantification by densitometry analysis and normalization to vinculin is shown. Data are
presented as means ± s.e.m (N = 4–14 per group; * p < 0.05; ** p < 0.01; *** p < 0.001).

3.4. Mitoribosome Dysfunction in Emphysema

There was no difference in the PTCD1 levels in lung tissue obtained from nonsmokers,
smokers, and emphysema patients as determined by RT-PCR (Figure S5B). PTCD3 mRNA
expression was lower in this disease compared to nonsmokers. We did not detect any
significant changes in PTCD1 and PTCD3 protein levels between controls and emphysema
by Western blotting (Figure S5C,D). We used freshly isolated ATII cells and found a higher
PTCD1 mRNA expression in this disease in comparison with controls (Figure 4B). PTCD3
levels were decreased in smokers and individuals with emphysema compared to nonsmok-
ers as detected by RT-PCR. However, there was no significant difference between PTCD1
and PTCD3 expression in any of the analyzed groups as determined by Western blotting
(Figure S6A,B). Our results suggest that 16S rRNA stability may be independent of PTCD1
in ATII cells. Moreover, we found that MRPS27 mRNA levels were decreased in ATII cells
in smokers and emphysema patients compared to nonsmokers (Figure 4C). We did not
find any differences in MRPL48 expression among any of the analyzed groups by RT-PCR.
However, MRPS27 levels were unchanged and MRPL48 expression was decreased at the
protein levels in ATII cells in this disease compared to nonsmokers and smokers, as detected
by Western blotting (Figure 4D,E). Moreover, we did not detect any significant changes in
MRPS27 and MRPL48 levels using lung tissue obtained from nonsmokers, smokers, and
emphysema patients by RT-PCR and Western blotting (Figure S7A–C).

We also analyzed humanin expression, which is a 16S rRNA-derived peptide, in ATII
cells. Our results indicate its decreased levels in smokers and individuals with emphy-
sema compared to nonsmokers (Figure 5A,B). Further studies are required to determine
the molecular mechanism of humanin downregulation. Together, our data suggest an
imbalance in rRNA and protein levels involved in the structure and the function of the
mitoribosome subunits, which may result in their instability and disassembly in ATII cells
in emphysema.
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Figure 5. Humanin expression in ATII cells. (A) Lung sections were obtained from nonsmokers (NS),
smokers (SM), and emphysema (EM). Staining using SP-C (green) and humanin (red) antibodies
and DAPI (blue) was performed by immunofluorescence using confocal fluorescence microscopy.
(B) Relative humanin protein expression was normalized to DAPI intensity in ATII cells identified
using SP-C staining. Data are presented as means ± s.e.m (N = 4–14 per group; * p < 0.05; ** p < 0.01,
scale bar, 50 µm).
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3.5. Reduced Expression of MT-RNR2-Derived Molecules in ATII Cells in Emphysema

A combination of 16S rRNA sense and anti-sense transcripts leads to the synthesis of
a sense of non-coding mitochondrial RNA (SncmtRNA) and two anti-sense non-coding
mitochondrial RNAs (ASncmtRNA-1 and ASncmtRNA-2) (Figure 6). First, we found that
their expression was significantly decreased in ATII cells in emphysema patients compared
to smokers (Figure 7A). Second, their levels were lower in nonsmokers than in smokers.
These results are correlated with the 16S rRNA expression.
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Figure 6. Model of MT-RNR2 derived transcripts and their expression in ATII cells. Increased (↑) and
decreased (↓) RNA or protein expression in ATII cells obtained from smokers (SM) and emphysema
patients (EM) compared to nonsmokers is shown (#—significantly increased expression compared to
EM; ns: non-significant).

Moreover, we analyzed the levels of miR1973 and miR4485-3p, which partially orig-
inate from MT-RNR2 gene transcripts. mir1973 expression was decreased in ATII cells
in emphysema compared to smokers and was lower in nonsmokers than in smokers
(Figure 7B), which correlated with the 16S rRNA levels. However, miR4485-3p expression
was higher in both smokers and emphysema patients in comparison with nonsmokers.

3.6. A miR-4485-3p Negative Feedback Loop in Emphysema

A recent study showed that mir-4485 has an interaction binding site in 16S rRNA [34],
and there is an affinity between miR4485-3p and a conserved region of 16S rRNA using
a BiBiServ [35]. miR-4485-3p overexpression in A549 cells significantly decreased the 16S
rRNA transcript (Figure 7C). It is worth noticing that we did not observe any changes in
12S rRNA expression. Together, our results suggest 16S rRNA degradation by miR-4485-3p
as a feedback loop mechanism (Figure S8). The regulation of 16S rRNA by miR-4485-3p
may contribute to the stability of the mitoribosome and mitochondrial function.

A549 cells treated with 20% CSE for 48 h and 72 h had a higher expression of 16S rRNA
and 12S rRNA (Figure 7D). This suggests that cigarette smoke enhances mitochondrial
transcription, as observed in ATII cells isolated from smokers (Figure 4A). It may also
compensate for a miR4485-3p negative feedback loop (Figure 7B).
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Figure 7. Increased miR4485-3p expression in emphysema. ATII cells were isolated from non-
smokers (NS), smokers (SM), and emphysema patients (EM). (A) Sense SncmtRNA and anti-sense
ASncmtRNA-1 and ASncmtRNA-2 RNAs levels were normalized to GAPDH and determined by
RT-PCR. (B) mir1973 and mir4485-3p expressions were normalized to U6 and analyzed by RT-PCR.
(C) A549 cells were transfected with miR-4485-3p or NT for 72 h, and 12S and 16S rRNA expression
was determined by RT-PCR and normalized to GAPDH (N = 3 biological replicates). (D) A549
cells were treated with CSE for 4 h, 24 h, 48 h, and 72 h. The expression of 12S and 16S rRNA was
determined by RT-PCR and normalized to GAPDH (N = 3 biological replicates). (E) Plasma samples
obtained from NS, SM, and COPD (GOLD1–GOLD4) were used to assess the expression of circulating
mir-4485-3p (N = 4–9 per group). Results were normalized to U6 and analyzed by RT-PCR. Data are
shown as means ± s.e.m (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.7. Circulating miR4485-3p in Emphysema

Higher miR4485-3p expression was detected in plasma samples obtained from COPD
patients (GOLD3 and GOLD4) (Table 1) in comparison to control nonsmokers and smokers
(Figure 7E). Moreover, there was an increase in its levels in GOLD4 compared to GOLD2
and in GOLD3 than GOLD2. We did not detect significant differences between nonsmokers,
smokers, GOLD1, or GOLD2. Additionally, miR1973 expression was analyzed in plasma
obtained from patients with COPD, and we found its increased levels in GOLD1 compared
to smokers (Figure S9). Together, our results suggest a potential role of circulating miR4485-
3p as a biomarker of mitochondrial dysfunction in COPD.

4. Discussion

Here, we studied the role of mitochondrial transcription and translation machinery in
ATII cells in emphysema. It has been reported that several diseases are linked to defective
OXPHOS [36]. OXPHOS complexes are composed of proteins encoded by the mitochondrial
and nuclear genomes. Mitochondria import nuclear-encoded proteins required for, among
other processes, the electron transport chain (ETC) subunits, which rely on the balance
between the transcription and translation of the mitochondrial and nuclear proteins [37,38].

Among the OXPHOS complexes, complex I plays a major role in energy metabolism,
and its dysfunction is linked to more than 30% of hereditary mitochondrial encephalopathies
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and several human diseases [39]. We found an increase in ND1 (complex I) mRNA expres-
sion by RT-PCR and a decrease at the protein level by Western blotting in ATII cells in
emphysema. Similarly, our analysis also showed a discrepancy in UQCRC2 levels, a core
component of complex III. This suggests that an inhibition of ND1 and UQCRC2 protein
expression in this disease may contribute to the loss of function of complex I and com-
plex III, respectively, leading to the dysfunctional ETC activity. This may cause an increase
in mitophagy and ROS generation, which suggests decreased mitochondrial dynamics in
ATII cells in emphysema, as we have previously reported [30,40]. We have shown that
ATII cells isolated from patients with this disease exhibit a higher ROS production, mtDNA
damage, and a low mtDNA amount [30,40]. Consistent with these data, we observed the
mitochondrial network’s impairment in emphysema. Interestingly, we detected a high
sequestered cytosolic Ca2+, which may exceed the mitochondrial Ca2+ retention capacity.
This may lead to low ATP production by mitochondria and high glycolysis in this disease.
In addition, we found the activation of caspase 9, which triggers a caspase signaling cas-
cade to induce apoptosis. Together, our results suggest that mitophagy in ATII cells in
emphysema may induce apoptosis and contribute to the disease pathophysiology.

Moreover, our results suggest an impairment of mitochondrial and nuclear transcrip-
tion and translation of ETC subunits in ATII cells in emphysema. Although the levels
of multiple mitochondrial transcripts were increased, we did not find a corresponding
increase in the protein levels. Additionally, our data show the impairment of the nu-
clear/mitochondrial stoichiometry in ATII cells, since there is an increase in thelevels
of nuclear proteins such as NDUFS1 and SDHB and a decrease in the expression of the
mitochondrial ND1 protein. The impairment of proteasome-mediated protein degradation
has been reported in emphysema [41,42], which excludes this pathway’s contribution to
the observed alterations. Together, our results suggest an impairment of the translation
machinery. The activation of the transcription of studied mitoribosome genes and the
decreased corresponding protein levels may indicate inefficient mitochondrial translation
in ATII cells in emphysema. Moreover, we found reduced mitochondrial structural pro-
tein MRPL48 levels and no significant change in MRPS27 expression. This imbalance in
mitoribosome proteins’ levels may cause the disruption of its structure and subsequent
steps in its assembly, leading to mitoribosome dysfunction. This is supported by a recent
study showing that unassembled copies of MRPs are rapidly degraded, highlighting the
importance of the mitoribosome assembly’s timing [43].

Moreover, mitochondrial rRNA expression and processing are required for mitoribo-
some assembly [44]. Indeed, 12S and 16S rRNAs are necessary to assemble the small and
large subunits of the mitoribosome, respectively. Our results show increased 12S rRNA
levels while the 16S rRNA was decreased in ATII cells isolated from emphysema patients
compared to control smokers. This may also contribute to the impairment of mitoribosome
assembly. Mitochondrial rRNAs are tandemly transcribed to generate a precursor, which is
cleaved by RNase P and ELAC2 to separate the mature RNAs [45]. However, we did not
find a significant difference in 12S–16S-rRNA junction levels among the analyzed groups,
which excludes the impairment of mitochondrial gene transcription and processing in
emphysema. Therefore, the decreased 16S rRNA expression in ATII cells in this disease
compared to control smokers suggests its degradation during post-transcriptional events.
In addition, the alteration of the 16S to 12S rRNA ratio may indicate delayed and/or
impaired mitoribosome assembly. This is supported by previous observations that the
impairment of this ratio may contribute to mitochondrial dysfunction [46–48].

The low expression of 16S rRNA in ATII cells in emphysema may also negatively affect
mitoribosome protein levels. Indeed, a recent report elegantly showed that the depletion
of 16S rRNA led to a decreased expression of the mitoribosome proteins of the large sub-
unit [49]. Our results indicate a reduced expression of the MRPL48 subunit accompanying
the downregulation of 16S rRNA in ATII cells in emphysema, which agrees with this study.
On the other hand, we found higher 12S rRNA and ND1 mRNA levels in ATII cells isolated
from emphysema patients. However, the 16S rRNA is located between these two genes,
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and its expression was decreased in this disease. It has been reported that the depletion
of the PTCD1 protein, which is involved in the stability and/or pseudouridylation of
16S rRNA, led to a decreased expression of 16S rRNA only—without affecting 12S rRNA
expression [17,49–51]. We considered the possibility that the lower expression of 16S rRNA
in ATII cells in emphysema may be related to its impaired processing. Therefore, we
analyzed PTCD1 expression in ATII cells in this disease compared to controls. Our results
indicate an unchanged PTCD1 expression among nonsmokers, smokers, and emphysema
patients. This suggests that decreased 16S rRNA levels are independent of the stabilizing
PTCD1 protein.

We wanted to determine whether the alternative usage of 16S rRNA may explain
its low levels in ATII cells in emphysema. First, we assessed SncmtRNA, ASncmtRNA-1,
and ASncmtRNA-2 expression, which are long non-coding RNAs (lncRNAs) and originate
from the sense and anti-sense MT-RNR2 gene [52–56]. We found their downregulation
in ATII cells isolated from emphysema patients compared to control smokers. It has
been reported that Argonaute and Dicer, miRNA machinery proteins, are located in the
mitochondria [57–59], indicating that miRNA can be generated from the mitochondrial
genome [60–63]. Therefore, we analyzed miRNAs that are produced by ASncmtRNA-2,
namely miR4485-3p and miR1973 [54,55]. The expression pattern of miR1973 in ATII cells
obtained from controls and emphysema patients was similar to 16S rRNA, suggesting a di-
rect link between lncRNAs, MT-RNR2 transcripts in general, and miRNA1973. miR4485-3p
can be originated from either nuclear DNA chromosome 11 and/or from mitochondrial
MT-RNR2 gene transcripts. miR4485-3p had a different expression pattern than the stud-
ied MT-RNR2-derived rRNAs, and its levels were increased in ATII cells obtained from
both smokers and emphysema patients. This suggests a negative feedback loop between
miR4485-3p and 16S rRNA, which may function as a molecular switch for a 16S rRNA reg-
ulatory role in the mitoribosome. We examined whether miR4485-3p may, in turn, regulate
16S rRNA expression and act reciprocally to repress each other. Indeed, we found that
A549 cells transfected with miR4485-3p mimics have decreased 16S rRNA levels. However,
further investigations may determine the potential indirect effects of miR4485-3p on 16S
rRNA stability.

5. Conclusions

In summary, we have shown mitophagy and mitochondrial dysfunction in ATII cells
in emphysema. Our results also suggest the mechanisms of its progression.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10071497/s1, Figure S1. Expression of mitochondrial
genes and proteins in areas with mild and severe emphysema in lung tissue.Figure S2. Purity of
primary ATII cells, Figure S3. Expression of PDI in ATII cells. Figure S4. Ki67 expression in ATII cells.
Figure S5. Expression of mitoribosome components, PTCD1 and PTCD3 in lung tissue. Figure S6.
Expression of PTCD1 and PTCD3 in ATII cells. Figure S7. Expression of mitoribosome components
in lung tissue. Figure S8. Model of the miR4485-3p-mediated negative feedback loop. Figure S9.
Circulating miR1973 expression in plasma. Table S1. Primers used for RT-PCR.

Author Contributions: Data curation, L.K., C.-R.L., B.K. and K.B.; formal analysis, L.K., C.-R.L.,
B.K. and K.B.; investigation, L.K., C.-R.L., B.K. and K.B.; methodology, L.K., C.-R.L., B.K. and K.B.;
resources, B.K., G.C., N.M., S.B. and R.B.; validation, L.K. and K.B.; writing—original draft, L.K., B.K.
and K.B.; writing—review and editing, G.C., N.M., S.B. and R.B. We thank Zakaria Alyan for help
with a model. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by R21 ES030808, Department of Defense W81XWH2110400, the
Catalyst Award from the American Lung Association (KB), R01 ES032081, R01 HL150587, and the
Department of Defense W81XWH2110414 (B.K.).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board at Temple University
(protocol 23201 approved on 21 October 2020).

https://www.mdpi.com/article/10.3390/biomedicines10071497/s1
https://www.mdpi.com/article/10.3390/biomedicines10071497/s1


Biomedicines 2022, 10, 1497 14 of 16

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Chronic obstructive pulmonary disease: COPD; alveolar type II cells: ATII cells; reactive oxygen
species: ROS; adenosine triphosphate: ATP; oxidative phosphorylation system: OXPHOS; respiratory
chain complexes: RCC; mitochondrial DNA: mtDNA; transfer RNA: tRNAs; pentatricopeptide repeat
domain: PTCD; mitochondrial ribosomal protein small subunit: MRPS; mitochondrial ribosomal
protein large subunit: MRPL; cytochrome C oxidase: COX; surfactant protein-C: SP-C; cigarette smoke
extract: CSE; electron transport chain: ETC; sense of non-coding mitochondrial RNA: SncmtRNA;
ubiquinol-cytochrome C reductase core protein 2: UQCRC2; NADH-ubiquinone oxidoreductase core
subunit s1: NDUFS1.

References
1. Quaderi, S.; Hurst, J. The unmet global burden of COPD. Glob. Health Epidemiol. Genom. 2018, 3, e4. [CrossRef]
2. Litmanovich, D.; Boiselle, P.M.; Bankier, A.A. CT of pulmonary emphysema—Current status, challenges, and future directions.

Eur. Radiol. 2009, 19, 537–551. [CrossRef] [PubMed]
3. Duffy, S.P.; Criner, G.J. Chronic Obstructive Pulmonary Disease: Evaluation and Management. Med. Clin. N. Am. 2019,

103, 453–461. [CrossRef] [PubMed]
4. Morrisey, E.E.; Hogan, B.L. Preparing for the first breath: Genetic and cellular mechanisms in lung development. Dev. Cell 2010,

18, 8–23. [CrossRef]
5. Rodríguez-Castillo, J.A.; Pérez, D.B.; Ntokou, A.; Seeger, W.; Morty, R.E.; Ahlbrecht, K. Understanding alveolarization to induce

lung regeneration. Respir. Res. 2018, 19, 148. [CrossRef] [PubMed]
6. Mason, R.J. Biology of alveolar type II cells. Respirology 2006, 11, S12–S15. [CrossRef]
7. Kosmider, B.; Messier, E.M.; Chu, H.W.; Mason, R.J. Human alveolar epithelial cell injury induced by cigarette smoke. PLoS ONE

2011, 6, e26059. [CrossRef]
8. Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ. J.

2012, 5, 9–19. [CrossRef]
9. Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis 2007, 12, 913–922.

[CrossRef]
10. van der Vliet, A.; Janssen-Heininger, Y.M.W.; Anathy, V. Oxidative stress in chronic lung disease: From mitochondrial dysfunction

to dysregulated redox signaling. Mol. Asp. Med. 2018, 63, 59–69. [CrossRef]
11. Lottes, R.G.; Newton, D.A.; Spyropoulos, D.D.; Baatz, J.E. Alveolar type II cells maintain bioenergetic homeostasis in hypoxia

through metabolic and molecular adaptation. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 306, L947–L955. [CrossRef] [PubMed]
12. Lottes, R.G.; Newton, D.A.; Spyropoulos, D.D.; Baatz, J.E. Lactate as substrate for mitochondrial respiration in alveolar epithelial

type II cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L953–L961. [CrossRef] [PubMed]
13. Jezek, J.; Cooper, K.F.; Strich, R. Reactive Oxygen Species and Mitochondrial Dynamics: The Yin and Yang of Mitochondrial

Dysfunction and Cancer Progression. Antioxidants 2018, 7, 13. [CrossRef] [PubMed]
14. Salminen, A.; Ojala, J.; Kaarniranta, K.; Kauppinen, A. Mitochondrial dysfunction and oxidative stress activate inflammasomes:

Impact on the aging process and age-related diseases. Cell Mol. Life Sci. 2012, 69, 2999–3013. [CrossRef]
15. Yates, B.; Braschi, B.; Gray, K.A.; Seal, R.L.; Tweedie, S.; Bruford, E.A. Genenames.org: The HGNC and VGNC resources in 2017.

Nucleic Acids Res. 2017, 45, D619–D625. [CrossRef] [PubMed]
16. Signes, A.; Fernandez-Vizarra, E. Assembly of mammalian oxidative phosphorylation complexes I-V and supercomplexes. Essays

Biochem. 2018, 62, 255–270.
17. Perks, K.; Rossetti, G.; Kuznetsova, I.; Hughes, L.; Ermer, J.; Ferreira, N.; Busch, J.; Rudler, D.; Spahr, H.; Schondorf, T.; et al. PTCD1

Is Required for 16S rRNA Maturation Complex Stability and Mitochondrial Ribosome Assembly. Cell Rep. 2018, 23, 127–142.
[CrossRef]

18. Davies, S.; Rackham, O.; Shearwood, A.; Hamilton, K.; Narsai, R.; Whelan, J.; Filipovska, A. Pentatricopeptide repeat domain
protein 3 associates with the mitochondrial small ribosomal subunit and regulates translation. FEBS Lett. 2009, 583, 1853–1858.
[CrossRef]

19. Wiegman, C.H.; Michaeloudes, C.; Haji, G.; Narang, P.; Clarke, C.J.; Russell, K.E.; Bao, W.; Pavlidis, S.; Barnes, P.J.; Kanerva, J.; et al.
Copdmap, Oxidative stress-induced mitochondrial dysfunction drives inflammation and airway smooth muscle remodeling in
patients with chronic obstructive pulmonary disease. J. Allergy Clin. Immunol. 2015, 136, 769–780. [CrossRef]

http://doi.org/10.1017/gheg.2018.1
http://doi.org/10.1007/s00330-008-1186-4
http://www.ncbi.nlm.nih.gov/pubmed/18825385
http://doi.org/10.1016/j.mcna.2018.12.005
http://www.ncbi.nlm.nih.gov/pubmed/30955513
http://doi.org/10.1016/j.devcel.2009.12.010
http://doi.org/10.1186/s12931-018-0837-5
http://www.ncbi.nlm.nih.gov/pubmed/30081910
http://doi.org/10.1111/j.1440-1843.2006.00800.x
http://doi.org/10.1371/journal.pone.0026059
http://doi.org/10.1097/WOX.0b013e3182439613
http://doi.org/10.1007/s10495-007-0756-2
http://doi.org/10.1016/j.mam.2018.08.001
http://doi.org/10.1152/ajplung.00298.2013
http://www.ncbi.nlm.nih.gov/pubmed/24682450
http://doi.org/10.1152/ajplung.00335.2014
http://www.ncbi.nlm.nih.gov/pubmed/25747963
http://doi.org/10.3390/antiox7010013
http://www.ncbi.nlm.nih.gov/pubmed/29337889
http://doi.org/10.1007/s00018-012-0962-0
http://doi.org/10.1093/nar/gkw1033
http://www.ncbi.nlm.nih.gov/pubmed/27799471
http://doi.org/10.1016/j.celrep.2018.03.033
http://doi.org/10.1016/j.febslet.2009.04.048
http://doi.org/10.1016/j.jaci.2015.01.046


Biomedicines 2022, 10, 1497 15 of 16

20. Sauleda, J.; García-Palmer, F.; Wiesner, R.J.; Tarraga, S.; Harting, I.; Tomás, P.; Gómez, C.; Saus, C.; Palou, A.; Agustí, A.G.
Cytochrome oxidase activity and mitochondrial gene expression in skeletal muscle of patients with chronic obstructive pulmonary
disease. Am. J. Respir Crit Care Med. 1998, 157 Pt 1, 1413–1417. [CrossRef]

21. Ribera, F.; N’Guessan, B.; Zoll, J.; Fortin, D.; Serrurier, B.; Mettauer, B.; Bigard, X.; Ventura-Clapier, R.; Lampert, E. Mitochondrial
electron transport chain function is enhanced in inspiratory muscles of patients with chronic obstructive pulmonary disease. Am.
J. Respir Crit Care Med. 2003, 167, 873–879. [CrossRef] [PubMed]

22. Peng, H.; Guo, T.; Chen, Z.; Zhang, H.; Cai, S.; Yang, M.; Chen, P.; Guan, C.; Fang, X. Hypermethylation of mitochondrial
transcription factor A induced by cigarette smoke is associated with chronic obstructive pulmonary disease. Exp. Lung Res. 2019,
45, 101–111. [CrossRef] [PubMed]

23. Cloonan, S.; Glass, K.; Laucho-Contreras, M.; Bhashyam, A.; Cervo, M.; Pabon, M.; Konrad, C.; Polverino, F.; Siempos, I.;
Perez, E.; et al. Mitochondrial iron chelation ameliorates cigarette smoke-induced bronchitis and emphysema in mice. Nat. Med.
2016, 22, 163–174. [CrossRef] [PubMed]

24. Zhang, H.; Chen, P.; Zeng, H.; Zhang, Y.; Peng, H.; Chen, Y.; He, Z. Protective effect of demethylation treatment on cigarette
smoke extract-induced mouse emphysema model. J. Pharmacol. Sci 2013, 123, 159–166. [CrossRef]

25. Carthew, R.W.; Sontheimer, E.J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642–655. [CrossRef]
26. Chekulaeva, M.; Filipowicz, W. Mechanisms of miRNA-mediated post-transcriptional regulation in animal cells. Curr. Opin. Cell

Biol. 2009, 21, 452–460. [CrossRef]
27. Zhang, X.; Zuo, X.; Yang, B.; Li, Z.; Xue, Y.; Zhou, Y.; Huang, J.; Zhao, X.; Zhou, J.; Yan, Y.; et al. MicroRNA directly enhances

mitochondrial translation during muscle differentiation. Cell 2014, 158, 607–619. [CrossRef]
28. Nouws, J.; Shadel, G.S. microManaging mitochondrial translation. Cell 2014, 158, 477–478. [CrossRef]
29. Sundar, I.K.; Li, D.; Rahman, I. Small RNA-sequence analysis of plasma-derived extracellular vesicle miRNAs in smokers and

patients with chronic obstructive pulmonary disease as circulating biomarkers. J. Extracell Vesicles 2019, 8, 1684816. [CrossRef]
30. Kosmider, B.; Lin, C.R.; Karim, L.; Tomar, D.; Vlasenko, L.; Marchetti, N.; Bolla, S.; Madesh, M.; Criner, G.J.; Bahmed, K.

Mitochondrial dysfunction in human primary alveolar type II cells in emphysema. EBioMedicine 2019, 46, 305–316. [CrossRef]
31. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta

C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
32. Wang, X.; Spandidos, A.; Wang, H.; Seed, B. PrimerBank: A PCR primer database for quantitative gene expression analysis, 2012

update. Nucleic Acids Res. 2012, 40, D1144–D1149. [CrossRef] [PubMed]
33. Bahmed, K.; Boukhenouna, S.; Karim, L.; Andrews, T.; Lin, J.; Powers, R.; Wilson, M.; Lin, C.; Messier, E.; Reisdorph, N.; et al.

The effect of cysteine oxidation on DJ-1 cytoprotective function in human alveolar type II cells. Cell Death Dis. 2019, 10, 638.
[CrossRef] [PubMed]

34. Plotnikova, O.; Baranova, A.; Skoblov, M. Comprehensive Analysis of Human microRNA-mRNA Interactome. Front. Genet. 2019,
10, 933. [CrossRef]

35. Available online: https://bibiserv.cebitec.uni-bielefeld.de (accessed on 8 November 2021).
36. Nam, H.S.; Izumchenko, E.; Dasgupta, S.; Hoque, M.O. Mitochondria in chronic obstructive pulmonary disease and lung cancer:

Where are we now? Biomark. Med. 2017, 11, 475–489. [CrossRef]
37. Huang, J.; Liu, P.; Wang, G. Regulation of mitochondrion-associated cytosolic ribosomes by mammalian mitochondrial ribonucle-

ase T2 (RNASET2). J. Biol. Chem. 2018, 293, 19633–19644. [CrossRef]
38. Couvillion, M.T.; Soto, I.C.; Shipkovenska, G.; Churchman, L.S. Synchronized mitochondrial and cytosolic translation programs.

Nature 2016, 533, 499–503. [CrossRef]
39. Taddei, M.L.; Giannoni, E.; Raugei, G.; Scacco, S.; Sardanelli, A.M.; Papa, S.; Chiarugi, P. Mitochondrial Oxidative Stress due to

Complex I Dysfunction Promotes Fibroblast Activation and Melanoma Cell Invasiveness. J. Signal. Transduct. 2012, 2012, 684592.
[CrossRef]

40. Kosmider, B.; Lin, C.; Vlasenko, L.; Marchetti, N.; Bolla, S.; Criner, G.; Messier, E.; Reisdorph, N.; Powell, R.; Madesh, M.; et al.
Impaired non-homologous end joining in human primary alveolar type II cells in emphysema. Sci. Rep. 2019, 9, 920. [CrossRef]

41. Min, T.; Bodas, M.; Mazur, S.; Vij, N. Critical role of proteostasis-imbalance in pathogenesis of COPD and severe emphysema. J.
Mol. Med. 2011, 89, 577–593. [CrossRef]

42. Stepaniants, S.; Wang, I.M.; Boie, Y.; Mortimer, J.; Kennedy, B.; Elliott, M.; Hayashi, S.; Luo, H.; Wong, J.; Loy, L.; et al. Genes
related to emphysema are enriched for ubiquitination pathways. BMC Pulm. Med. 2014, 14, 187. [CrossRef] [PubMed]

43. Bogenhagen, D.F.; Ostermeyer-Fay, A.G.; Haley, J.D.; Garcia-Diaz, M. Kinetics and Mechanism of Mammalian Mitochondrial
Ribosome Assembly. Cell Rep. 2018, 22, 1935–1944. [CrossRef] [PubMed]

44. De Silva, D.; Tu, Y.T.; Amunts, A.; Fontanesi, F.; Barrientos, A. Mitochondrial ribosome assembly in health and disease. Cell Cycle
2015, 14, 2226–2250. [CrossRef] [PubMed]

45. D’Souza, A.R.; Minczuk, M. Mitochondrial transcription and translation: Overview. Essays Biochem. 2018, 62, 309–320.
46. Farre-Garros, R.; Lee, J.Y.; Natanek, S.A.; Connolly, M.; Sayer, A.A.; Patel, H.; Cooper, C.; Polkey, M.I.; Kemp, P.R. Quadriceps

miR-542-3p and -5p are elevated in COPD and reduce function by inhibiting ribosomal and protein synthesis. J. Appl. Physiol.
(1985) 2019, 126, 1514–1524. [CrossRef]

47. Chen, H.; Shi, Z.; Guo, J.; Chang, K.J.; Chen, Q.; Yao, C.H.; Haigis, M.C.; Shi, Y. The human mitochondrial 12S rRNA m. J. Biol.
Chem. 2020, 295, 8505–8513. [CrossRef]

http://doi.org/10.1164/ajrccm.157.5.9710039
http://doi.org/10.1164/rccm.200206-519OC
http://www.ncbi.nlm.nih.gov/pubmed/12493645
http://doi.org/10.1080/01902148.2018.1556748
http://www.ncbi.nlm.nih.gov/pubmed/31198067
http://doi.org/10.1038/nm.4021
http://www.ncbi.nlm.nih.gov/pubmed/26752519
http://doi.org/10.1254/jphs.13072FP
http://doi.org/10.1016/j.cell.2009.01.035
http://doi.org/10.1016/j.ceb.2009.04.009
http://doi.org/10.1016/j.cell.2014.05.047
http://doi.org/10.1016/j.cell.2014.07.010
http://doi.org/10.1080/20013078.2019.1684816
http://doi.org/10.1016/j.ebiom.2019.07.063
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1093/nar/gkr1013
http://www.ncbi.nlm.nih.gov/pubmed/22086960
http://doi.org/10.1038/s41419-019-1833-5
http://www.ncbi.nlm.nih.gov/pubmed/31474749
http://doi.org/10.3389/fgene.2019.00933
https://bibiserv.cebitec.uni-bielefeld.de
http://doi.org/10.2217/bmm-2016-0373
http://doi.org/10.1074/jbc.RA118.005433
http://doi.org/10.1038/nature18015
http://doi.org/10.1155/2012/684592
http://doi.org/10.1038/s41598-018-37000-z
http://doi.org/10.1007/s00109-011-0732-8
http://doi.org/10.1186/1471-2466-14-187
http://www.ncbi.nlm.nih.gov/pubmed/25432663
http://doi.org/10.1016/j.celrep.2018.01.066
http://www.ncbi.nlm.nih.gov/pubmed/29444443
http://doi.org/10.1080/15384101.2015.1053672
http://www.ncbi.nlm.nih.gov/pubmed/26030272
http://doi.org/10.1152/japplphysiol.00882.2018
http://doi.org/10.1074/jbc.RA119.012127


Biomedicines 2022, 10, 1497 16 of 16

48. Van Haute, L.; Hendrick, A.G.; D’Souza, A.R.; Powell, C.A.; Rebelo-Guiomar, P.; Harbour, M.E.; Ding, S.; Fearnley, I.M.;
Andrews, B.; Minczuk, M. METTL15 introduces N4-methylcytidine into human mitochondrial 12S rRNA and is required for
mitoribosome biogenesis. Nucleic Acids Res. 2019, 47, 10267–10281. [CrossRef]

49. Tu, Y.; Barrientos, A. The Human Mitochondrial DEAD-Box Protein DDX28 Resides in RNA Granules and Functions in
Mitoribosome Assembly. Cell Rep. 2015, 10, 854–864. [CrossRef]

50. Zaganelli, S.; Rebelo-Guiomar, P.; Maundrell, K.; Rozanska, A.; Pierredon, S.; Powell, C.; Jourdain, A.; Hulo, N.; Lightowlers, R.;
Chrzanowska-Lightowlers, Z.; et al. The Pseudouridine Synthase RPUSD4 Is an Essential Component of Mitochondrial RNA
Granules. J. Biol. Chem. 2017, 292, 4519–4532. [CrossRef]

51. Arroyo, J.; Jourdain, A.; Calvo, S.; Ballarano, C.; Doench, J.; Root, D.; Mootha, V. A Genome-wide CRISPR Death Screen Identifies
Genes Essential for Oxidative Phosphorylation. Cell Metab. 2016, 24, 875–885. [CrossRef]

52. Borgna, V.; Villegas, J.; Burzio, V.; Belmar, S.; Araya, M.; Jeldes, E.; Lobos-Gonzalez, L.; Silva, V.; Villota, C.; Oliveira-Cruz, L.; et al.
Mitochondrial ASncmtRNA-1 and ASncmtRNA-2 as potent targets to inhibit tumor growth and metastasis in the RenCa murine
renal adenocarcinoma model. Oncotarget 2017, 8, 43692–43708. [CrossRef] [PubMed]

53. Vidaurre, S.; Fitzpatrick, C.; Burzio, V.A.; Briones, M.; Villota, C.; Villegas, J.; Echenique, J.; Oliveira-Cruz, L.; Araya, M.;
Borgna, V.; et al. Down-regulation of the anti-sense mitochondrial non-coding RNAs (ncRNAs) is a unique vulnerability of cancer
cells and a potential target for cancer therapy. J. Biol. Chem. 2014, 289, 27182–27198. [CrossRef] [PubMed]

54. Fitzpatrick, C.; Bendek, M.; Briones, M.; Farfan, N.; Silva, V.; Nardocci, G.; Montecino, M.; Boland, A.; Deleuze, J.; Villegas, J.; et al.
Mitochondrial ncRNA targeting induces cell cycle arrest and tumor growth inhibition of MDA-MB-231 breast cancer cells through
reduction of key cell cycle progression factors. Cell Death Dis. 2019, 10, 423. [CrossRef] [PubMed]

55. Bianchessi, V.; Badi, I.; Bertolotti, M.; Nigro, P.; D’Alessandra, Y.; Capogrossi, M.; Zanobini, M.; Pompilio, G.; Raucci, A.; Lauri, A.
The mitochondrial lncRNA ASncmtRNA-2 is induced in aging and replicative senescence in Endothelial Cells. J. Mol. Cell. Cardiol.
2015, 81, 62–70. [CrossRef]

56. Burzio, V.A.; Villota, C.; Villegas, J.; Landerer, E.; Boccardo, E.; Villa, L.L.; Martínez, R.; Lopez, C.; Gaete, F.; Toro, V.; et al.
Expression of a family of non-coding mitochondrial RNAs distinguishes normal from cancer cells. Proc. Natl. Acad. Sci. USA
2009, 106, 9430–9434. [CrossRef]

57. Bandiera, S.; Rüberg, S.; Girard, M.; Cagnard, N.; Hanein, S.; Chrétien, D.; Munnich, A.; Lyonnet, S.; Henrion-Caude, A. Nuclear
outsourcing of RNA interference components to human mitochondria. PLoS ONE 2011, 6, e20746. [CrossRef]

58. Das, S.; Ferlito, M.; Kent, O.A.; Fox-Talbot, K.; Wang, R.; Liu, D.; Raghavachari, N.; Yang, Y.; Wheelan, S.J.; Murphy, E.; et al.
Nuclear miRNA regulates the mitochondrial genome in the heart. Circ. Res. 2012, 110, 1596–1603. [CrossRef]

59. Wang, W.X.; Springer, J.E. Role of mitochondria in regulating microRNA activity and its relevance to the central nervous system.
Neural Regen. Res. 2015, 10, 1026–1028. [CrossRef]

60. Lung, B.; Zemann, A.; Madej, M.J.; Schuelke, M.; Techritz, S.; Ruf, S.; Bock, R.; Hüttenhofer, A. Identification of small non-coding
RNAs from mitochondria and chloroplasts. Nucleic Acids Res. 2006, 34, 3842–3852. [CrossRef] [PubMed]

61. Barrey, E.; Saint-Auret, G.; Bonnamy, B.; Damas, D.; Boyer, O.; Gidrol, X. Pre-microRNA and mature microRNA in human
mitochondria. PLoS ONE 2011, 6, e20220. [CrossRef]

62. Shinde, S.; Bhadra, U. A complex genome-microRNA interplay in human mitochondria. Biomed. Res. Int 2015, 2015, 206382.
[CrossRef] [PubMed]

63. Sripada, L.; Tomar, D.; Prajapati, P.; Singh, R.; Singh, A.K. Systematic analysis of small RNAs associated with human mitochondria
by deep sequencing: Detailed analysis of mitochondrial associated miRNA. PLoS ONE 2012, 7, e44873. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkz735
http://doi.org/10.1016/j.celrep.2015.01.033
http://doi.org/10.1074/jbc.M116.771105
http://doi.org/10.1016/j.cmet.2016.08.017
http://doi.org/10.18632/oncotarget.18460
http://www.ncbi.nlm.nih.gov/pubmed/28620146
http://doi.org/10.1074/jbc.M114.558841
http://www.ncbi.nlm.nih.gov/pubmed/25100722
http://doi.org/10.1038/s41419-019-1649-3
http://www.ncbi.nlm.nih.gov/pubmed/31142736
http://doi.org/10.1016/j.yjmcc.2015.01.012
http://doi.org/10.1073/pnas.0903086106
http://doi.org/10.1371/journal.pone.0020746
http://doi.org/10.1161/CIRCRESAHA.112.267732
http://doi.org/10.4103/1673-5374.160061
http://doi.org/10.1093/nar/gkl448
http://www.ncbi.nlm.nih.gov/pubmed/16899451
http://doi.org/10.1371/journal.pone.0020220
http://doi.org/10.1155/2015/206382
http://www.ncbi.nlm.nih.gov/pubmed/25695052
http://doi.org/10.1371/journal.pone.0044873
http://www.ncbi.nlm.nih.gov/pubmed/22984580

	Introduction 
	Materials and Methods 
	ATII Cell Isolation from Human Lungs 
	Western Blotting 
	RT-PCR 
	miRNA Analysis 
	Immunofluorescence 
	Mitochondrial Amount and Network Analysis 
	Cigarette Smoke Extract Generation 
	ATP Measurement 
	Calcium Levels Measurement 
	Statistical Analysis 

	Results 
	OXPHOS Gene and Protein Levels in Lung Tissue in Emphysema 
	The Impairment of OXPHOS Protein Expression in ATII Cells in Emphysema 
	Alteration of Mitoribosome 16S rRNA Levels in ATII Cells in Emphysema 
	Mitoribosome Dysfunction in Emphysema 
	Reduced Expression of MT-RNR2-Derived Molecules in ATII Cells in Emphysema 
	A miR-4485-3p Negative Feedback Loop in Emphysema 
	Circulating miR4485-3p in Emphysema 

	Discussion 
	Conclusions 
	References

