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Abstract

Cigarette smoke (CS) is considered a major risk factor for chronic
obstructive pulmonary disease (COPD) that is currently the third
leading cause of death in the United States. Studies have indicated
that patients with COPD have elevated blood low-density
lipoprotein levels, which may contribute to the dysregulation of
lipid metabolism. Accumulating data show that microRNAs
(miRNAs) are involved in various human diseases. However, the
role of microRNAs in the pathogenesis of COPD remains poorly
defined. In this study, we found that miR-103a expression was
significantly reduced in alveolar macrophages from smokers and
patients with COPD versus that in alveolar macrophages from
nonsmokers. Our data indicated that reactive oxygen species

negatively regulate miR-103a in macrophages. Functionally,
miR-103a modulates the expressions of genes involved in lipid
metabolism and directly targets low-density lipoprotein receptors
in macrophages. Furthermore, overexpression of miR-103a
suppressed the accumulation of lipid droplets and reduced the
reactive oxygen species, both in vitro and in vivo. Taken together,
our findings indicate that downregulation of miR-103a
contributes to cigarette smoke-induced lipid-laden macrophage
formation and plays a critical role in lipid homeostasis in lung
macrophages in the pathogenesis of COPD.
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Cigarette smoke (CS) is the major risk factor
for the development of chronic obstructive
pulmonary disease (COPD), a respiratory
disease hallmarked by airflow limitation
because of airway mucosal inflammation,
small airway remodeling, and destruction of
the alveolar walls (emphysema) (1). COPD is
a major global health problem and is
currently the third leading cause of death
worldwide (2). The disease affects both males
and females, and the incidence increases with

increasing age (3). Nearly half of patients
with COPD remain undiagnosed as
significant lung function can be lost before
symptoms develop, and many patients only
present to healthcare providers when their
symptoms worsen and their quality of life is
impaired (4).

Alveolar macrophages (AMs) serve as
the “first-line defense” of the respiratory
system and play a central role in lung
diseases (5). The inflammatory response in

the lung during the pathogenesis of COPD
pathogenesis includes a significant increase
in the number of AMs, mainly because of
monocyte recruitment (6). In addition, the
dysfunction of AMs caused by altered lipid
metabolism has been linked to the
pathogenesis of COPD (7).

Several studies have linked AMs to
CS-induced altered metabolism of lipids,
including surfactant proteins leading to
alterations in macrophage function (8, 9).
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Type II alveolar epithelial cells produce
surfactant proteins that maintain low surface
tension and prevent alveolar collapse.

CS exposure is associated with increased
oxidative stress levels in the lungs, leading to
oxidation of pulmonary surfactant (7-9).
AMs normally ingest and degrade oxidized
surfactants, but when exposed to CS, the
processing of oxidized surfactants by AMs is
dysfunctional, leading to the accumulation of
lipids in AMs, which is a defining feature of
lipid-laden macrophages or foam cells

(5, 10). Another study reported that CS also
altered the size of the AMs in patients with
COPD and that while small macrophages are
still highly phagocytic, larger, lipid-laden
macrophages have lower proinflammatory
and phagocytic functions (11). Together,
these studies suggest that there is a direct link
between CS exposure and dysregulation of
lipid metabolism in AMs. However, the
molecular mechanism by which CS exposure
induces the formation of lipid-laden
macrophages is unknown.

MicroRNAs (miRNAs) are a group of
small noncoding RNAs with approximately
21-23 nucleotide molecules and serve as a
pivotal regulator of various cellular
processes, including proliferation,
differentiation, and cell death (12, 13).
Several research groups have shown that
miRNAs are involved in the pathogenesis of
COPD (14, 15). Among these studies, the
downregulation of miR-103a has been
linked to lung diseases, including
non-small-cell lung cancer (10).

In the current study, we found that
the expression of miR-103a was reduced
in AMs from smokers and patients with
COPD compared with that in AMs from
nonsmokers. To further investigate these
observations, we treated macrophages
with cigarette smoke extract (CSE)
in vitro and found that miR-103a was
significantly downregulated. In addition,
the downregulation of miR-103a caused by
CSE exposure was rescued by adding NAC
(N-acetylcysteine), an antioxidant, suggesting
that oxidative stress contributes to the
decrease in miR-103a expression in
macrophages. TagMan Array was performed
using primary macrophages treated with a
miR-103a mimic, a miR-103a inhibitor, or
CSE to determine whether miR-103a is
involved in the changes of lipid metabolism-
associated genes. Our data indicated that the
low-density lipoprotein receptor (LDLR) is a
downstream target of miR-103a using both
in vitro and in vivo models. Functionally,
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overexpression of miR-103a inhibited

CSE- or oxidized LDL (oxiLDL)-induced
lipid-laden macrophage formation and
reduced reactive oxygen species (ROS) levels
in macrophages in vitro and/or in vivo.
Taken together, our study demonstrated that
the reduced miR-103a expression induced by
CS exposure drives the abnormal lipid
accumulation in macrophages and that miR-
103a may serve as a therapeutic target to
reduce lipid-laden macrophage formation in
smoke-exposed lungs.

Methods

Human Specimens

The human samples of this study were
acquired and conducted as described
previously (16). Two cohorts were included
in this study: a BAL cohort and an
immunostaining cohort. miR-103a
expression in AMs from the BAL cohort was
quantified by quantitative reverse
transcription PCR (RT-qPCR). In this
cohort, 6 nonsmokers, 11 smokers, and

8 patients with COPD were included
(demographic and clinical characteristics are
shown in Table 1), and all of them were
recruited at Brigham and Women'’s Hospital.
The BAL samples were collected, centrifuged,
aliquoted, and stored at —80 °C (16). The
double immunofluorescence staining of
LDLR and CD68 was performed in lung
sections from the immunostaining cohort, in
which four nonsmokers and six patients with
COPD were included (demographic and
clinical characteristics are shown in Table 2).
The lung sections in this cohort were
provided by the LTRC (Lung Tissue
Research Consortium) or the Department

of Pathology at Brigham and Women’s
Hospital (16). Human studies were approved
by the institutional review boards at Brigham
and Women’s Hospital (16).

Animal Studies

Wild-type C57BL/6 mice of both sexes (6- to
8-week-old) were purchased from the
Jackson Laboratory. Under 2% isoflurane
anesthesia condition, 25 pug oxiLDL (Thermo
Fisher) in 50 wl Opti-MEM (Thermo Fisher)
was first administered to the mice by
oropharyngeal aspiration using a pipette and
sterile tip (17). The mimic control and
miR-103a mimic (200 pmol) were mixed
with lipofectamine 2000 as described above.
Thirty minutes after oxiLDL treatment,
mimic control and miR-103a mimic-loaded

liposomes (200 pmol in 50 ul Opti-MEM)
were delivered via oropharyngeal aspiration.
Next, the primary AMs were isolated from
BAL fluid according to the described
method (18) after 48 hours. Cytocentrifuge
preparations of the AMs were fixed with
10% formalin in saline (Sigma-Aldrich) and
then prepared for staining with LipidTOX
dye (Invitrogen) or Oil Red O (ORO) dye
(Sigma-Aldrich). All the animal studies were
approved by the Charlie Norwood Veterans
Affairs Medical Center Institutional Animal
Care and Use Committee and followed
the ARRIVE guideline (Animal Research:
Reporting of In Vivo Experiments).

The CS exposure method was
performed as described previously (16).
All the animal studies were approved by
Institutional Care and Use Committee at
Brigham and Women’s Hospital. Briefly,
wild-type mice in the CS group were exposed
to mixed main-stream and side-stream CS
from 3R4F research cigarettes (University of
Kentucky) for 2 hours per day and 6 days per
week in chambers, whereas the room air
control group was exposed only to room air.
Lung tissues were harvested, fixed in
formalin, and then embedded in paraffin for
subsequent analysis.

Additional Methods
Additional experimental details and methods
are provided in the data supplement.

Results

CS Exposure Decreases miR-103a
Expression in Macrophages

miR-103a has been proposed as a potential
therapeutic target for lung cancer (19), but its
regulation and function have not been
studied in COPD. As shown in Figure E1IA
in the data supplement, analysis of data from
the FANTOMS5 (Functional ANnoTation
Of Mammalian Genome) database revealed
that miR-103a is expressed by diverse cell
types but is most highly expressed by human
myeloid leukocytes, including macrophages,
polymorphonuclear leukocytes,
monocytes, and dendritic cells (20). In
addition to human primary cells, we
measured miR-103a expression levels in
various murine tissues. miR-103a is
detectable in multiple tissues and is highly
expressed in murine lung and brain (Figure
E1B). We next compared miR-103a
expression levels in AMs in the BAL cohort
including nonsmokers (1 = 6), smokers
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Table 1. Bronchoalveolar Lavage Cohort: Demographic and Clinical Characteristics

Characteristics Nonsmokers* (n =6) Smokerst (n=11) Patients with COPD* (n=8) P Value®
Males, n (%) 5 (83) 7 (36) 3 (38) P=0.2113
Age, yr 59+10 65+5 68 £5 P=0.1536
Pack-years of smoking 0 38 (12-68) 34 (7-160) P=0.001
Number of current smokers, n (%)’ 0 (0) 0 (0) 5 (63) P=0.0013
FEV,% predicted 94+8 91 =11 69 = 22 P=0.006"
FEV4/FVC% predicted 77*+3 78*+3 56+ 12 P <0.001**

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; FEV, =forced expiratory volume in 1 second; FVC =forced vital

capacity.

The table shows the demographic and clinical characteristics of the patients with COPD, smokers without COPD, and nonsmoker control

subjects who underwent BAL as part of another research study (16). Data are presented as median (interquartile range) for data that were not

normally distributed or mean = SD for data that were normally distributed.

*Nonsmokers were all never-smokers.

TSmokers were defined as subjects who had 10 pack-years or more of smoking history. Current smokers were defined as active smokers at the
time of the bronchoscopy or had stopped smoking less than 1 year before the bronchoscopy was performed.

*All patients with COPD had FEV,/FVC < 0.7, whereas smokers without COPD and nonsmoker control subjects had FEV/FCV =0.7.

SCategorical variables were analyzed with a chi-square test. Statistical analyses included one-way ANOVA tests for continuous variables (age,
FEV1% predicted, FEV+/FCV, and pack-years of smoking history) followed by pairwise comparisons using two-tailed Student’s t tests for data
that were normally distributed or Mann-Whitney U tests for data that were not normally distributed.

IThe pack-years of smoking histories of the patients with COPD were not significantly different from those of the smokers (P=0.408). The pack-
years of smoking histories of the patients with COPD and the smokers were significantly different from those of the nonsmoker group by design
(P<0.001 for both comparisons).

9The FEV, values for the patients with COPD were significantly lower than those of the smokers (P=0.011) and nonsmokers by design
(P=0.023). The FEV; values for the smokers were not significantly different from those for the nonsmoker groups (P=0.598).

**The FEV4/FVC ratios for the patients with COPD were significantly lower than those of the smoker and nonsmoker groups by design (P<0.001
for both comparisons). The FEV,/FVC ratios of the smokers were not significantly different from those of the nonsmokers (P=0.909).

(n=11), and patients with COPD (n = 8). in AMs from nonsmokers (Figure 1A) that 5-15% CSE treatment for 12 hours did
The demographic and clinical characteristics ~ (P=0.0174 and P=0.0345 vs. nonsmokers, not affect THP-1 cell viability (Figure 1B).

of this cohort are listed in Table 1. Our respectively). We next evaluated the in vitro Results produced by RT-qPCR show that
results showed that the expression of effects of smoke exposure on miR-103a treatment of CSE from 5% to 15% can reduce
miR-103a was significantly lower in AMs expression in macrophages. Before that, we the miR-103a level in THP-1 macrophages

from smokers and patients with COPD than  tested various CSE concentrations and found  (Figure 1C). Notably, both 10% and 15% CSE

Table 2. Lung Immunostaining Cohort: Demographic and Clinical Characteristics

Nonsmokers* Patients with COPD

Characteristics (n=4) (n=6) P Value*
Males, n (%) 2 (50) 3 (50) P>0.9999
Age, yr 52+8 60+5 P=0.165
Pack-years of smoking 0 45 +20 P=0.002°
Current smokers, n (%)!l 0 (0) 0 (0) P >0.9999
FEV,% predicted 102 +18 26+12 P <0.001"
FEV,/FVC % predicted 81 (74-104) 37 (32-51) P=0.01**

The table shows the demographic and clinical characteristics of the patients with chronic obstructive puimonary disease (COPD), smokers without
COPD, and nonsmoker control subjects who underwent either a lung biopsy, lung volume reduction surgery, or lung transplantation. Data are
presented as median (interquartile range) for data that were not normally distributed or mean = SD for data that were normally distributed.
*Nonsmokers were all never-smokers.

TAIl patients with COPD had FEV./FVC < 0.7, whereas nonsmoker control subjects had FEV/FCV=0.7.

*Categorical variables were analyzed with a chi-square test. Statistical analyses included one-way ANOVA tests for continuous variables (age,
FEV,% predicted, FEV4/FCV, and pack-years of smoking history) followed by pairwise comparisons using two-tailed Student’s t tests for data
that were normally distributed or Mann-Whitney U tests for data that were not normally distributed.

5The pack-years of smoking histories of the patients with COPD were significantly different from those of the nonsmoker group by design (P=0.002).

licurrent smokers were defined as active smokers at the time the samples were obtained or had stopped smoking less than 1year before the
samples were obtained.

"The FEV; values for the patients with COPD were significantly lower than those of the nonsmokers by design (P<0.001).

**The FEV4/FVC ratios for the patients with COPD were significantly lower than those of the nonsmoker groups by design (P=0.01).
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Figure 1. Cigarette smoke exposure decreases miR-103a expression in macrophages. (A) Relative expression of miR-103a in alveolar
macrophages (AMs) in nonsmokers (n=6), smokers (n=11) and patients with chronic obstructive pulmonary disease (COPD) (n=8) measured
by reverse transcription quantitative PCR (RT-gPCR). (B) THP-1 cells were cultured with 5%, 10%, and 15% cigarette smoke extract (CSE) for
12 hours. Cell viability was analyzed using an MTS assay. (C) miR-103a levels was measured in THP-1 cells cultured with 5%, 10%, and 15%
CSE for 12 hours. (D and E) THP-1 cells were cultured with 5%, 10%, and 15% CSE for 12 hours. One pM CellROX dye or 5 pM MitoSOX red
dye was added to detect the (D) cellular and (E) mitochondrial reactive oxygen species (ROS) levels. The nucleus was stained with DAPI. The
images were taken using a fluorescence microscope, and the intensity was quantified by Imaged software. Scale bar, 100 pm. (F-H) Cells were
cultured with 10% CSE for 12 and 24 hours. miR-103a expression was detected in (F) THP-1, (G) bone marrow-derived macrophage (BMDM), and
(H) MH-S cells using RT-gPCR. The data were from 3-5 independent experiments. P> 0.05, *P< 0.05, and **P< 0.01. MTS =[3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]; ns = not significant.

treatment strikingly downregulated miR-103a ~ Therefore, we confirmed the cellular and and 15% (Figures 1D and 1E). In addition to
expression (Figure 1C). It is well known that mitochondrial ROS levels in these CSE-treated  the dose-response, using the THP-1 cells,
CSE contains large amounts of unstable free THP-1 cells. We observed that both were murine bone marrow-derived macrophage

radicals, which enhance ROS production (21).  significantly induced by CSE, especially at 10%  (BMDM), and MH-S cells, we demonstrated a
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similar pattern of miR-103a expression
reduced by 10% CSE at both 12 and 24 hours
(Figures 1F-1H).

Oxidative Stress Mediates
CSE-induced Downregulation

of miR-103a

To further determine the contribution of
oxidative stress in CS-induced miR-103a
downregulation in macrophages, macrophages
were preincubated with a general ROS
inhibitor NAC (N-acetylcysteine) or a
mitochondrial antioxidant Mito-TEMPO and
then treated with CSE. The CSE-induced
reduction in miR-103a expression was
significantly rescued by adding NAC in
THP-1 cells but not altered by adding
Mito-TEMPO (Figure E2A). Consistently, the
CSE-reduced miR-103a levels were also
attenuated by NAC in MH-S (Figure E2B) and
BMDM cells (Figure E2C). Treating these cells
with H,O, also decreased miR-103a
expression, and NAC pretreatment rescued
H,0,-induced suppression of miR-103a
expression in THP-1 (Figure E2D) and MH-S
cells (Figure E2E). Taken together, our data
suggested that the oxidative stress associated
with CSE is at least in part responsible for the
CSE-induced downregulation of miR-103a
observed in macrophages.

miR-103a Regulates Genes Involved
in Lipid Metabolism

Previous studies have revealed that CS
exposure causes the alteration of lipid
metabolism in the lung (5, 22). To test
whether miR-103a mediates the dysregulation
of lipid metabolism during CS exposure,
lipid-regulated genes were examined in
BMDM using TaqMan Array (Table E1).
The expression of miR-103a was measured
after miR-103a overexpression (Figure 2A),
inhibition (Figure 2B), or CSE treatment
(Figure 2C). We found that multiple
lipid-regulated genes were robustly altered by
overexpression (Figure 2D), inhibition
(Figure 2E), or CSE treatment (Figure 2F).
Among the screened genes, we observed that
the expression of Cox2 (Ptgs2) and Ldlr were
consistently altered (Figure 2G). Next, we
validated the data using RT-qPCR and
observed that miR-103a significantly reduced
Ldlr expression. However, miR-103a
overexpression did not change Cox2
expression in BMDM (Figure 2H). Our data
suggested that miR-103a may participate in
the alteration of lipid metabolism in
macrophages induced by CS exposure.

CS Exposure Promotes LDLR
Expression in Lung Macrophages
Poliska and colleagues compared gene
expression in AMs and circulating
monocytes between patients with COPD and
healthy control subjects (23). We found that
steady-state LDLR mRNA levels were
significantly increased in AMs from patients
with COPD compared with those from the
control group (Figure 3A). Similarly,
increased LDLR expression was detected in
peripheral blood monocytes (Figure 3B) but
not in peripheral blood mononuclear cells
(PBMC:s) (Figure 3C) (GEO accession:
GSE42057) (6), which are likely to be
predominantly lymphocytes. Next, we
examined LDLR levels in lung macrophages
from patients with COPD versus control
subjects in the lung immunostaining cohort
by double immunostaining the lung sections
for LDLR and a marker of macrophages
(CD68). The demographic and clinical
characteristics of the lung immunostaining
cohort are shown in Table 2. LDLR staining
was significantly greater in lung
macrophages in patients with COPD (n =6)
compared with nonsmokers (1 =4)

(Figure 3D) (P =0.0256). Consistent with
these results, significantly increased LDLR
immunostaining was detected in
macrophages in lung sections from mice
exposed to CS versus air for 6 months
(Figure E3). Upregulation of LDLR was
confirmed at the protein level in primary
AMs after 5% CSE treatment using
immunofluorescence staining (Figure 3E).
Results produced by flow cytometry analysis
using AMs from mice exposed to CS versus
air for 6 months were similar to those
obtained by immunofluorescence staining
(Figure 3F). Together, these data indicate
that patients with COPD have elevated
macrophage LDLR levels and that CS
exposure increases LDLR expression on
macrophages.

LDLR Is a Direct Target of miR-103a
As miR-103a overexpression decreased Ldlr
at the mRNA degree in BMDM, we
transfected miR-103a mimic or mimic
control into BMDM and THP-1 cells

and then exposed them to CSE. The
overexpression of miR-103a in BMDM and
THP-1 cells was confirmed (Figures E4A
and E4B). Western blot analysis showed
that LDLR protein levels were reduced by
the miR-103a mimic in both cell types
(Figures 4A and 4B). Similar results were
obtained in 5% CSE-treated primary AMs

Zhu, Han, Almuntashiri, et al.: miR-103a Regulates Foam Cell Formation

using immunofluorescence staining

(Figure 4C) after miR-103a overexpression
(Figure E4C). To further test if LDLR is a
direct target of miR-103a, the 3'-untranslated
region (UTR) of LDLR containing the
potential miR-103a binding sites was
subcloned into a pRL-TK luciferase reporter
vector (Figure 4D). Luciferase assays
demonstrated that miR-103a mimic
transfection repressed luciferase activity via
the LDLR 3’-UTR. The inhibitory effect of
miR-103a was lost when the miR-103a
binding site in the reporter vector was
mutated (Figure 4E). These results indicated
that LDLR is a direct target of miR-103a in
macrophages.

Lipid-laden Macrophage Formation Is
Suppressed by miR-103a
It has been reported that the size of AMs is
significantly increased in patients with
COPD, and this is also a characteristic of
lipid-laden macrophages (24, 25). As shown
in Figure E5A, CD68 " lung macrophages
from mice exposed to CS for 6 months were
larger than those from the air control group.
To determine whether CSE exposure
increases macrophage size by increasing
intracellular lipid accumulations, THP-1 cells
were treated with CSE and stained with
ORO. Lipid droplet formation was observed
after 5% CSE treatment for 4 days
(Figure E5B). Interestingly, we found that
lipid accumulation induced by 5% CSE for
4 days was suppressed by miR-103a
overexpression (Figure 5A). Next, we
assessed whether miR-103a reduces lipid
accumulation in macrophages in vivo. As
shown in Figure 5B, oxiLDL was given to the
mice via oropharyngeal aspiration to induce
lipid-laden macrophages. Thirty minutes
after oxiLDL administration, miR-103a
mimic or a mimic control was delivered
to the mice. The relative expression levels of
miR-103a and Ldlr in AMs collected from
BAL were measured using RT-qPCR
(Figures E6A and E6B). The percentage of
ORO-positive AMs was significantly
decreased in the miR-103a mimic treated
group (Figure 5C). Furthermore, the
LipidTOX staining confirmed that
miR-103a overexpression suppresses
oxiLDL-induced lipid droplet formation in
the AMs (Figure 5D). Thus, our data
suggested that miR-103a plays a role in lipid-
laden macrophage formation.

To determine whether LDLR mediates
the role of miR-103a in lipid-laden
macrophage formation, we performed a
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Figure 2. Cigarette smoke (CS) regulates genes involved in lipid metabolism in macrophages via miR-103a. (A-G) BMDM (pooled RNA from
four independent experiments) were transfected with (A and D) miR-103a mimic/mimic control, (B and E) miR-103a inhibitor/inhibitor control, or
(C and F) treated with 10% CSE. (A-C) Forty-eight hours after transfection or treatment, miR-103a expression levels were measured using
RT-gPCR. Tagman array was performed to detect genes involved in lipid metabolism. (D-F) The fold change was normalized to the control
group, and log?2 transformed, respectively. (G) Venn diagram showing the genes with consistent changes in response to miR-103a
overexpression, inhibition, and CSE treatment. (H) BMDM were transfected with miR-103a mimic or mimic control. Forty-eight hours after
transfection, the mRNA expression of Cox2 and LdIr in BMDM was detected using qRT-PCR. The data were from 4 independent experiments.

P>0.05 and **P<0.01. ctrl = control.
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Figure 3. Cigarette smoke (CS) exposure induces low-density lipoprotein receptor (LDLR) in lung macrophages. (A-C) Analysis of LDLR
expression using Gene Expression Omnibus (GEO) dataset. (A) LDLR sample values in AMs from patients with chronic obstructive pulmonary
disease (COPD) (n=6) and control subjects (n=6). (B) LDLR sample value in pooled peripheral blood monocytes from patients with COPD
(n=5) and control subjects (n=5). (C) LDLR sample value in PBMCs from patients with COPD (n=92) and control subjects (n=42).

(D) Antibodies against LDLR and CD68 were used to conduct immunofluorescence staining in lung sections of patients with COPD (n=6)
and nonsmoker control subjects (n=4). Scale bar, 50 um. (E) The AMs were treated with or without 5% CSE for 12 hours. LDLR
immunofluorescence staining was performed. Scale bar, 50 pm. (F) Mice were exposed to CS or room air for 6 months. The LDLR protein
levels in AMs were compared in the air group (n=4) and CS-exposed group (n=>5) using flow cytometry. P>0.05, *P<0.05, and **P<0.01.
FITC =fluorescein isothiocyanate; IgG =immunoglobulin G; PBMC = peripheral blood mononuclear cell.
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Figure 4. miR-103a directly targets LDLR in macrophages. (A and B) Cells incubated with 10% CSE were transfected with the miR-103a mimic or
mimic control. After 48 hours, the LDLR protein level was detected in (A) BMDM and (B) THP-1 using Western blot. (C) AMs incubated with 5% CSE
were transfected with the miR-103a mimic or mimic control. After 48 hours, the LDLR protein level was detected using immunofluorescence staining.
Scale bar, 50 nm. (D) The sequence of the potential miR-103a binding site in the LDLR 3’-untranslated region (UTR). (E) Renilla luciferase reporter
containing WT or Mut LdIr 3’-UTR was cotransfected with miR-103a mimic or mimic control to HEK293T cells. Luciferase assay was performed
48 hours after transfection. **P<0.01. Mut = mutant; RLU =relative luminescence units; WT =wild type.

rescue experiment. First, transfection was As oxidative stress reduces miR-103a level (Figures 6A and 6B). Transfecting cells
confirmed in RAW 264.7 macrophages expression in macrophages, we assessed with miR-103a also reduced cellular and
(Figures E7A and E7B). As shown in Figure whether changes in miR-103a expression, mitochondrial ROS levels in oxiLDL-treated
E7C, overexpressing LDLR using LDLR in turn, alter oxidative stress levels in AMs but not in the untreated group

coding sequence without the 3'-UTR macrophages, thus creating a vicious cycle. (Figures 6C and 6D). Our data indicate that
significantly attenuated the effect of In CSE-treated THP-1 cells, both cellular miR-103a modulates macrophage ROS
miR-103a on CSE-induced lipid and mitochondrial ROS levels were generation.

accumulation. significantly reduced by miR-103a mimic

transfection as indicated by staining cells . .
Overexpression of miR-103a Reduces  with MitoSOX and CellROX dye (Figures 6A ~ Discussion

ROS Levels in Macrophages and 6B). In contrast, untreated cells

Oxidative stress is a key effector pathway in contained much lower ROS than CSE- COPD will remain a major worldwide health
the immune response and fundamental in treated cells, and miR-103a did not alter problem for the foreseeable future. Although
pathogen killing by macrophages (5, 26). cellular or mitochondrial ROS at the basal some nonpharmacologic-based treatments
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for COPD, including smoking cessation and
increasing physical activity, reduce
exacerbation and mortality rates in patients
with COPD, COPD is still associated with
high morbidity and mortality (27, 28). No
medical therapies exist that significantly alter
the course of COPD or eliminate symptoms
associated with this disease. Immune cells,
including AMs, are considered sentinel in
protecting the lung from inhaled noxious
particles. However, in patients with COPD,
smoke-induced increases in lung
macrophage numbers and/or impairment in
macrophage function have been linked to the
worsening of the disease (29). Many studies
have reported that exposure of AMs to CS
leads to changes in macrophage
characteristics and function, including
increases in their size and impairment in
their intracellular lipid metabolism (30).
However, the mechanisms involved and the
potential for new therapeutics targeting
CS-induced macrophage dysfunction have
not been well studied.

Robust expression of miR-103a has
been reported in cells of myeloid origin,
including macrophages, indicating a high
potential for miR-103a to regulate
macrophage cellular function (20). The
regulation and function of miR-103a in
various cancers, including non-small cell
lung cancer, colorectal cancer, and gastric
cancer, have been studied previously
(19, 31, 32), but the contribution of miR-103a
to the pathogenesis of COPD has not been
evaluated. Our study is the first to explore
the contribution of miR-103a to CS-induced
dysregulated lipid accumulation in
macrophages, a key cellular culprit in the
pathogenesis of COPD. We showed that
miR-103a expression is downregulated
in AMs from both patients with
spirometrically-confirmed COPD and
smokers and also in macrophages
exposed to CSE in vitro.

We identified Ldlr and Cox2 genes as
potential targets of miR-103a using TagMan
Array (Figure 3). In addition, miR-103a
overexpression decreased Ldlr expression
levels in macrophages as detected by
RT-qPCR but does not alter Cox2
expression. Our findings show that LDLR
expression levels are increased in lung
macrophages from patients with COPD and
are consistent with those reported previously
by Poliska and colleagues (23). Intriguingly,
our analysis of gene expression data from
Poliska and colleagues that are in the public
domain showed that LDLR expression levels

are elevated in peripheral blood monocyte
(pooled RNA samples, n =5) from patients
with COPD versus control subjects (GEO:
GSE16972) (23). However, a GEO analysis of
gene expression in PBMC reported no
significant difference in LDLR expression
between control subjects and COPD subjects
(GEO: GSE42057). Peripheral blood
monocytes represent only a minor (10-20%)
subpopulation of leukocytes in PBMCs, and
it is possible that an increased LDLR gene
expression signal in the monocyte
subpopulation was diluted out by the
lymphocytes (representing 70-90% of all
PBMCs) (33). A strength of our study is that
we also showed that LDLR is induced by CSE
treatment in primary AMs (Figure 3E).
Similarly, LDLR is elevated in lung
macrophages from CS-exposed mice versus
those from the air group (Figures 3F and E3).
Thus, the downregulation of miR-103a is
more prominent in AMs than PBMCs, and
the expression of miR-103a is negatively
related to LDLR level in AMs.

A novel finding of our study is that
miR-103a is a key negative regulator of
LDLR expression in macrophages as
CS-induced increases in LDLR protein levels
were decreased by miR-103a overexpression
in three different macrophages (BMDMs,
THP-1 cells, and murine AMs). LDLR 3'-
UTR luciferase reporter assays confirmed
that miR-103a directly targets LDLR.
Furthermore, we validated that LDLR
mediates the effect of miR-103a in
macrophages using a rescue experiment
(Figure E7).

Another novel finding in our study is
that miR-103a inhibits lipid accumulation in
lung macrophages. An increase in LDLR
levels in AMs from smokers and patients
with COPD was observed in several studies
(GEO: GSE16972 and GEO: GSE42057).
Meanwhile, an increase in the size of lung
macrophages has also been reported in
smokers and patients with COPD, suggesting
that large, lipid-laden macrophages
accumulate in CS-exposed lungs. Although
studies have suggested that lipid uptake in
macrophages is mediated via scavenger
receptors rather than LDL receptors, the role
of the former in lipid-laden macrophage
formation has been debated (34-36).
Deletion of the scavenger receptor A and
CD36 (receptors known to internalize LDL)
did not efficiently decrease the formation of
foam cells in an atherosclerosis murine
model (34). To investigate the potential
contributions of LDLR to the formation of
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lipid-laden macrophages, we performed
ORO staining on CSE-treated macrophages.
CSE treatment of macrophages significantly
increased the number of ORO-positive
macrophages, suggesting that CS induces the
expression of LDLR in lung macrophages to
thereby promote the formation of lipid-laden
macrophages. As overexpression of
miR-103a reduced LDLR expression in
macrophages, we next studied the
contributions of miR-103a to lipid-laden
macrophage formation. There were fewer
ORO-positive cells in the group treated with
the miR-103a mimic than in the mimic
control. When C57BL/6] mice were
challenged with inhaled oxiLDL and treated
with either the miR-103a or the control
mimic, there were fewer ORO-positive
alveolar macrophages in the miR-103a
mimic-treated group. This result was
confirmed when LipidTOX was used to stain
the macrophages for intracellular lipids.
Therefore, approaches to delivering
miR-103a to the lungs may have therapeutic
potential in COPD by reducing the
formation of lipid-laden macrophages
induced by inhaling CS.

CS contains large numbers of ROS and
also increases lung oxidative stress levels by
inducing the production of ROS by
macrophages and other cells in the lung (37).
Oxidative stress contributes to the
pathogenesis of COPD (2). Our study
showed that oxidative stress downregulates
miR-103a expression as both CSE- and
H,0,-treated cells have reduced expression
of miR-103a, which was, in part, rescued by
the antioxidant NAC but not Mito-TEMPO
(Figure E2). Another intriguing finding in
our study is that mitochondrial and cellular
ROS levels were attenuated by
overexpressing miR-103a. Previous findings
in endothelial cells showed that H,O,
treatment significantly decreases the
expression of miR-103 in human umbilical
vein endothelial cells (38). Overexpression of
miR-103 reduces H,O,-induced ROS
production (38). Another study
demonstrated that miR-103a alleviates
lipopolysaccharide-induced oxidative stress
in BV2 glial cells by targeting HMGBI (39).
Nevertheless, little is known about the
molecular interactions between ROS and
miR-103a, particularly in macrophages.
Further investigations are needed to address
the knowledge gap. In our study, elevated
levels of oxidative stress caused by CS
exposure downregulate the expression of
miR-103a in macrophages, leading to
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Figure 7. Schematic review of CS-induced lipid-laden macrophage formation mediated by downregulation of miR-103a. In macrophages,
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suggesting that miR-103a plays a critical role in altering lipid metabolism in macrophages.

increased accumulation of intracellular lipids
and ROS levels (Figure 7). The latter may
perpetuate or amplify the reduced cellular
expression of miR-103a and lipid
accumulation in macrophages, as increased
oxidative stress levels in macrophages have
been reported to induce changes in their
lipid metabolism (40, 41).

Our study has several limitations.
Further investigation is needed to assess
whether miR-103a suppresses lipid-laden
macrophage formation by reducing
macrophage ROS production. In addition, all
the functional studies were performed using
the gain-of-function approaches by
transfecting miR-103a mimic. Although a
miR-103a inhibitor was used in our
experiments, most of the observations were
modest in magnitude or not statistically
significant. However, in humans, the

miR-103 family comprises three miRNAs:
miR-103a, miR-103b, and miR-107, which
share the same seed sequence (42). Thus, it is
likely that miR-103a knockdown alone is
insufficient to increase LDLR expression
because of the persistence of miR-103b and
miR-107. Nevertheless, in the setting of
COPD and CS exposure, miR-103a levels in
lung macrophages are downregulated, and
overexpressing miR-103a is sufficient to
reduce LDLR expression, lipid accumulation,
and intracellular oxidative stress levels in
macrophages, suggesting that strategies to
deliver exogenous miR-103a to the COPD
lung may have therapeutic potential in
COPD.

Conclusions
We identified a novel role for miR-103a
in attenuating the lipid uptake in

macrophages by reducing LDLR
expression and inhibiting both
mitochondrial and cellular ROS levels that
are induced by the increases in oxidative
stress that are associated with exposure of
cells to CS. Most importantly, these
findings reveal miR-103a augmentation as
a novel therapeutic potential for
CS-induced diseases such as COPD

by suppressing ROS production by
macrophages and the formation of
lipid-laden macrophages. l
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