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A B S T R A C T   

Cigarette smoke (CS), an indoor environmental pollutant, is a prominent risk factor for emphysema, which is a 
pathological feature of chronic obstructive pulmonary disease (COPD). Emerging function of circRNAs in im
mune responses and disease progression shed new light to explore the pathogenesis of emphysema. In this 
research, we demonstrated, by single-cell RNA sequencing (scRNAseq), that the ratio of M2 macrophages were 
increased in lung tissues of humans and mice with smoking-related emphysema. Further, our data showed that 
circADAMTS6 was associated with cigarette smoke extract (CSE)-induced M2 macrophage polarization. Mech
anistically, in macrophages, circADAMTS6 stabilized CAMK2A mRNA via forming a circADAMTS6/IGF2BP2/ 
CAMK2A RNA-protein ternary complex to activate CREB, which drives M2 macrophage polarization and leads to 
emphysema. In addition, in macrophages of mouse lung tissues, downregulation of circADAMTS6 reversed M2 
macrophage polarization, the proteinase/anti-proteinase imbalance, and the elastin degradation, which pro
tecting against CS-induced emphysema. Moreover, for macrophages and in a model with co-cultured lung 
organoids, the target of circADAMTS6 restored the growth of lung organoids compared to CSE-treated macro
phages. Our results also demonstrated that, for smokers and COPD smokers, elevation of circADAMTS6 nega
tively correlated with lung function. Overall, this study reveals a novel mechanism for circADAMTS6-driven M2 
macrophage polarization in smoking-related emphysema and postulates that circADAMTS6 could serve as a 
diagnostic and therapeutic marker for smoking-related emphysema.   

1. Introduction 

Cigarette smoke (CS), an indoor environmental pollution, contains 
more than 7000 chemicals, some of which constitute a serious threat to 
human health (Soleimani et al., 2022). Following the 2019 Global 
Burden of Disease study, CS affects 1.14 billion people and causes 7.69 
million deaths per year (Collaborators, 2021). CS exposure is the prin
cipal environmental risk factor for the occurrence and progression of 

various systemic ailments, including respiratory, nervous, and cardio
vascular diseases (Ma et al., 2021). Epigenetic mechanisms, including 
non-coding RNA, DNA modification, and histone modification, exert 
effects on various diseases associated with smoking (Gould, 2023). 
However, the specific molecular mechanisms of the adverse effects 
caused by smoking remain to be elucidated. 

Chronic obstructive pulmonary disease (COPD) is a heterogeneous 
respiratory disease and a leading cause of death and disability 
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worldwide, causing a social and economic burden (Christenson et al., 
2022). Emphysema, a principal pathological feature of COPD (Hisata 
et al., 2021), is characterized by permanent enlargement of the distal 
alveolar space, attenuation of alveolar elasticity, and irreversible 
destruction of alveolar tissue (Vlahos, 2020). Its main pathology in
volves inflammation, oxidative stress, a proteinase/anti-proteinase 
imbalance, and apoptosis of alveolar epithelial cells (Pasupneti et al., 
2020). The underlying molecular mechanisms of emphysema progres
sion remains unclear, but is suggested to associate with imbalance of 
proteinases response of macrophage polarization. 

Alveolar macrophages (AMs), which are mainly derived from 
monocytes and are abundant immune cells, contribute to respiratory 
disease progression via polarization into different phenotypes (Bel
chamber and Donnelly, 2020; Kulikauskaite and Wack, 2020). The 
imbalance of proteinases and their inhibitors secreted by AMs is a cause 
of CS-induced lung injury (Lugg et al., 2022). Matrix metallopeptidase 
12 (MMP12), a macrophage-derived cytokine, is an extracellular matrix 
(ECM)-degrading enzyme that mediates the destruction of alveolar 
structures (Doyle et al., 2019). Notably, deficiency of MMP12 protected 
against the expansion of alveolar space and the development of 
emphysema in CS-exposed mice (Hautamaki et al., 1997). In addition, 
macrophages of the M1 phenotype, which are classically activated, 
produce inflammatory cytokines and kill bacteria; those of the M2 
phenotype are alternatively activated and participate in immune regu
lation and tissue remodeling (Dong et al., 2022). Meanwhile, the clinical 
report showed the higher levels of M2-related genes in macrophages 
isolated from bronchoalveolar lavage fluid (BALF) of smokers and COPD 
smokers (Shaykhiev et al., 2009). However, whether M2 macrophage 
polarization is involved in smoking-related emphysema and the under
lying molecular mechanisms need to be explored. 

circRNAs, covalently closed single-stranded noncoding RNAs 
(ncRNAs), are generated by back-splicing from precursor mRNAs and 
are highly stable (Liu et al., 2021). circRNAs exhibit a diverse range of 
molecular mechanisms and functions in cells, and, in addition to their 
classical function as sponges for miRNAs, interact with proteins or 
mRNAs to regulate gene expression (Misir et al., 2022). In gastric cancer 
cells, circARID1A enhances the stability of SLC7A5 mRNA by binding to 
IGF2BP3 to promote the cell proliferation (Ma et al., 2022). Diseases 
related to exposure to environmental chemical pollution are usually 
accompanied by alterations in specific circRNAs expressions (Li et al., 
2020). Our previous study revealed that circRNAs are involved in CS- 
induced lung injury by mediating apoptosis and ferroptosis in alveolar 
epithelium (Xia et al., 2023; Zhao et al., 2023). circRNAs also play 
unique roles in immune response and regulating immune cell differen
tiation (Kumar et al., 2023). However, the role of circRNAs in regulating 
polarization of macrophage in smoking-related emphysema remains 
unknown. 

In the present research, we establish the mechanism for 
circADAMTS6-driven M2 macrophage polarization in smoking-related 
emphysema. Mechanically, circADAMTS6 recruits IGF2BP2 to stabilize 
calcium/calmodulin-dependent protein kinase II alpha (CAMK2A) 
mRNA via forming a circADAMTS6/IGF2BP2/CAMK2A RNA-protein 
ternary complex, which activates cAMP responsive element binding 
protein (CREB), a transcription factor, to promote M2 macrophage po
larization. M2 macrophages trigger a proteinase/anti-proteinase 
imbalance and cause elastin degradation, which contributes to the 
destruction of the alveolar structure, leading to emphysema. Herein, we 
demonstrate that circADAMTS6 is involved in CS-induced emphysema 
via driving M2 macrophage polarization, and circADAMTS6-driven M2 
polarization is a potential target for smoking-related emphysema. 

2. Methods 

2.1. Human samples 

Lung tissues of humans used in this study were collected from 

lobectomies for benign lung nodules or from lung transplants performed 
at Wuxi People’s Hospital affiliated to Nanjing Medical University 
(NJMU). The protocol for human research was approved by the ethics 
committee of NJMU (number: 2021-130). All human samples were ob
tained with informed consent from human donors and were anonymized 
before use. Physician diagnoses of COPD followed Global Strategy for 
Diagnosis, Treatment, and Management of COPD. For qRT-PCR, a cohort 
of serum samples were harvested from COPD smokers, Smokers, and 
Non-smokers. The clinicopathological characteristics for serum donors 
and for lung tissue donors are collected in Tables 1 and S1. 

2.2. Mice with CS-induced emphysema 

Male BALB/c mice at 6 weeks of age, obtained from the Animal Core 
Facility of NJUM, were housed under specific pathogen-free (SPF) 
conditions at the Safety Assessment and Research Center for Drug, 
Pesticide and Veterinary Drug of Jiangsu Province. The protocols for 
animals were reviewed and approved by the animal ethics committee of 
NJUM (IACUC-2209016, IACUC-2209049). 

Mice were housed in an SPF room, maintained at a constant tem
perature (23 ± 3 ◦C), relative humidity (40 %–70 %), and with succes
sive 12-hr light/dark cycles. Based on the existing research and our 
previous study, we established the concentration of CS to be used in 
mice and established mice with CS-induced emphysema. Yoshida et al. 
induced experimental COPD in mice at 6–8 weeks of age by using a 
whole-body exposure system, which exposed them to CS (200 mg/m3 

total suspended particles) from 3R4F Research Cigarettes five days a 
week for six months (Yoshida et al., 2019). Ten mice were exposed to 
five 3R4F reference cigarettes at 30-min smoke-free intervals four times 
a day, five days a week for 24 weeks, and lungs of the mice showed 
expansion of alveolar space and destruction of alveolar walls (Bracke 
et al., 2013). Our previous study showed that mice with CS-induced 
emphysema were exposed to 300 mg/m3 total particulate matter 
(TPM) in a whole-body exposure system for 60 min twice a day, 4 h 
apart, 5 days a week for a total of 16 weeks (Xia et al., 2022; Zhao et al., 
2023). Further, we converted environmental tobacco smoke (ETS) 
exposure dose for humans and mice based on published ETS exposure 
dose conversion models (Hartog et al., 2019; Phillips, 2017). The CS 
exposure dose of 0, 200, and 300 mg/m3 in mice is equivalent to none, 
moderate (0.5–1 pack/day), and severe smoking (>1 pack/day) for 
humans (Jang et al., 2012). In the present study, the exposure protocol 
for a mouse model of emphysema was as previously reported (Xia et al., 
2023). In brief, mice were placed in a whole-body exposure system 
(Beijing Huironghe Technology CO., Ltd., China) and exposed at 200 or 
300 mg/m3 TPM using 3R4F Research Cigarettes from the University of 
Kentucky, USA. The mice were chronically exposed to CS for 1 hr twice a 
day, with smoke-free intervals of 4 hr, five days a week for 24 weeks. 
Age-matched mice kept in a similar environment without exposure to CS 
served as controls. Finally, with this concentration of CS, there was 
destruction of the alveolar wall and an increase in the mean linear 
intercept in the mouse lungs, which was involved in the progression of 

Table 1 
Clinical information for human serum donors.   

Non-smokers Smokers COPD smokers 

Number 35 28 40 
Sex (male) 33 (94.3 %) 27 (96.4 %) 37 (92.5 %) 
Age (years) 60.5 ± 5.8 63.6 ± 7.2 65.6 ± 7.4 
BMI 25.4 ± 2.8 24.6 ± 3.1 23.3 ± 4.4 
Smoking history (pack-years) – 31.3 ± 15.7 45.9 ± 33.3 
GOLD grade, I/II/III/IV – – 12/11/10/7 
FEV1 (%) predicted 92.7 ± 14.5 85.5 ± 16.7 58.5 ± 25.2**,## 

FEV1/FVC (%) 82.9 ± 7.0 82.7 ± 7.8 52.1 ± 12.3**,## 

Data are presented as means ± SD. 
** P < 0.01 versus Non-smokers group. 
## P < 0.01 versus Smokers group. 
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smoking-related emphysema (Fig. S1). 

2.3. Cell culture 

THP-1 cells and RAW264.7 cells were obtained from the Shanghai 
Institute of Cell Biology, Chinese Academy of Sciences. THP-1 cells were 
maintained in RPMI-1640 (Life Technologies/Gibco, C11875500BT), 
and RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s 
medium (Life Technologies/Gibco, C11875500BT) containing 10 % 
fetal bovine serum (FBS, Life Technologies/Gibco, 10099141C) and 0.1 
% Penicillin-Streptomycin (Beyotime Institute of Biotechnology, C0222) 
under 5 % CO2 at 37 ◦C. THP-1 monocytes were treated with 100 µg/mL 
of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO) 
for 48 h to transform them into macrophage-like cells, THP-Ms. This was 
followed by removing the PMA by washing and a 24-hr rest period in 
fresh media prior to treatment. PMA (10 mg/mL) was dissolved in DMSO 
to 1 mg/mL, then diluted to 100 µg/mL in RPMI-1640. Aliquots were 
stored at − 80 ◦C. The THP-1 cells were passaged at a ratio 1:2 every 2 
days. The RAW264.7 cells were passaged at a ratio 1:4 every 2 days. 

Bone-marrow-derived macrophages (BMDMs) were extracted with 
the following protocol (Tang et al., 2022a). First, male BALB/c mice 
were sacrificed at 12 weeks of age under permission of the animal ethics 
committee of NJMU. Mice were immersed in iodophor, and femurs and 
tibias were removed on a clean laboratory bench. All bones were 
transferred to 75 % ethanol for disinfection and kept in ice-cold sterile 
PBS. Second, the bones were flushed with ice-cold PBS by suction in a 1- 
mL syringe until the color was white. The collected cell suspension was 
filtered through a 0.70-µm pore filter, and the suspension was centri
fuged at 1500 rpm for 5 min. Cells were suspended in 1 mL of red blood 
cells lysis buffer (Solarbio, R1010) for 5 min, and the cell suspension was 
centrifuged at 1500 rpm for 5 min. The bone marrow cells were main
tained in Dulbecco’s modified Eagle’s medium (Life Technologies/ 
Gibco, C11875500BT) containing 20 % fetal bovine serum (FBS, Life 
Technologies/Gibco, 10099141C), 0.1 % Penicillin-Streptomycin 
(Beyotime, C0222), and 20 ng/ml M-CSF (PeproTech, 315-02) under 
5 % CO2 at 37 ◦C for 7 days. The purity of the BMDM culture was 
validated by flow cytometry; the percentage of F4/80+ cells was >90 % 
(Fig. S7A). 

According to previous research and the association of the exposure 
dose between humans and cell cultures, we identified the concentration 
of CS used in cell culture. As previously reported, Fu et al. induced M2 
macrophage polarization by treatment with 0.25 %, 0.5 %, 1 %, 2 %, or 
4 % CSE (Fu et al., 2015). Our previous study showed that 1 %, 2 %, and 
4 % CSE promotes the progression of Non-Small Cell Lung Cancer by 
inducing M2 polarization of macrophages in vitro (Cheng et al., 2023). In 
our study, there was an increased number of M2 macrophages in CSE- 
treated macrophage cell lines and primary macrophages with a dos
e–response relationship (Figs. S7B and 8A). In addition, 2.5 % to 10 % 
CSE roughly corresponds to exposure from smoking 0.5 to 2 packs of 
cigarettes per day (Su et al., 1998). Referring to relevant studies, the 
concentrations of 0 %, 1 %, 2 %, and 4 % CSE for macrophages is similar 
to none, mild (0.5 pack/day), moderate (0.5–1 pack/day), and severe 
smoking (>1 pack/day) by humans (Jang et al., 2012). Therefore, we 
treated macrophages with 0 %, 1 %, 2 %, or 4 % CSE. 

2.4. Silencing of circADAMTS6 in macrophages of mouse lung tissue 

AAV9-circADAMTS6 shRNA was purchased from VigeneBio 
(Shangdong, China). pAV-F4/80-GFP-mir30.shRNA with an inserted 
nonsense sequence was used as a negative control. We administered 100 
μL of sterile saline containing 5 × 1011 virus particles by a nasal drip 
once a week for two weeks, initiating treatment after a week of CS 
exposure. Animals were checked daily, and their weights were 
compared to those for control mice. The viral load in the lungs of the 
mice peaked from 2 weeks to 1 month, after which the efficiency of 
infection was verified by fluorescence. 

2.5. Statistical analysis 

Statistical analyses were performed by use of GraphPad Prism 9 
(Graphpad Software Inc., San Diego, CA) or SPSS 19.2 (SPSS Inc., Chi
cago, USA). Data were derived for at least three independent experi
ments and were presented as means ± SD or SEM. Methods of statistical 
testing included unpaired Student’s t tests, chi-square tests, and one-way 
analysis of variance with Bonferroni correction. For the human popu
lation, the Pearson correlation coefficient was used to assess the corre
lation between serum circADAMTS6 expression and lung function. The 
differences were statistically significant when P < 0.05 or P < 0.01. 

Further details of materials and methods are described in supple
mentary information. 

3. Results 

3.1. M2 macrophage polarization exists in smoking-related emphysema 

Emphysema is a common characteristic of COPD (Spix et al., 2022). 
To elucidate the macrophage phenotype in smoking-related emphy
sema, we analyzed the results of scRNAseq from GSE173896 and 
GSE168299. These results were validated for both human and mouse 
lung tissues by immunofluorescent staining and western blotting 
(Fig. 1A). We identified 16 cell lineages, which expressed specific 
marker genes, from 3 normal and 5 COPD patients by dimensionality 
reduction and cluster analysis (Fig. 1B and 1C). Then, we proceeded to 
recluster the macrophages using the UMAP analysis and formed 7 cell 
lineages (Fig. 1D and 1E). The ratio of M2 macrophages was increased in 
COPD lungs, compared to the control lungs (Fig. 1F). In addition, we 
also analyzed scRNAseq from GSE168299 and identified 18 cell lineages 
on mouse lung tissues treated with or without CS (Fig. 1G and 1H). 
Macrophages were reclustered into 3 cell lineages and the ratio of M2 
macrophages was elevated in lungs of mice exposed to CS (Fig. 1I–K). 
Previous studies have shown that AMs of the M2 phenotype were 
elevated in BALF of normal smokers and COPD patients, which is 
consistent with results in CS-exposed COPD mouse models (Eapen et al., 
2017; He et al., 2017). Then, we collected lung tissues from COPD 
smokers, Smokers, and Non-smokers (Table S1) and established mice 
with CS-induced emphysema (Fig. S1A and S1B). The numbers of 
CD68+CD206+ M2 macrophages were elevated for Smokers and COPD 
smokers (Fig. 2A). We evaluated the M2 macrophage polarization in the 
lungs of COPD patients following the GOLD guideline and found that the 
numbers of CD68+CD206+ cells were elevated with the development of 
COPD (Fig. S2). The protein levels of ARG1 were also elevated (Fig. 2B). 
In addition, as determined by RNA-seq, there was elevated expression of 
M2 genes of AMs from Smokers and COPD smokers as shown by data 
from two Gene Expression Omnibus (GEO) databases (GSE13896 and 
130928) (Fig. S3). In lung tissues of mice, the numbers of F4/ 
80+CD206+ M2 macrophages were elevated (Fig. 2E), as were ARG1 
protein levels (Fig. 2F). These findings demonstrate that M2 macro
phages are elevated in smoking-related emphysema. 

The imbalance of proteinase/anti-proteinase derived from macro
phages is the central mechanism of COPD pathogenesis (Ishii et al., 
2014). We found that, in Smokers and COPD smokers, the numbers of 
MMP12+ cells in CD206+ M2 macrophages, which degrades elastin, was 
elevated (Fig. 2C). In the lung tissues of humans, MMP12 protein levels 
were elevated, but TIMP metallopeptidase inhibitor 1 (TIMP1), which is 
involved in controlling MMP12 activity (Spix et al., 2022), protein levels 
were lower (Fig. 2D). In addition, as determined with the two GEO 
databases described above, MMP12 expressions were increased and 
TIMP1 expressions were decreased in AMs from smokers and COPD 
smokers (Fig. S4). The protein levels of elastin decreased in Smokers and 
COPD smokers (Fig. 2D). Further, we found the same effects in CS- 
induced lungs of mice (Fig. 2G and 2H). Together, these results show 
that a proteinase/anti-proteinase imbalance and elastin degradation, 
induced by M2 macrophage polarization, exist in smoking-related 
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emphysema. 

3.2. The levels of circADAMTS6 are elevated in CSE-treated macrophages 

To explore the role of circRNAs in macrophages, we utilized mac
rophages (THP-Ms) derived from THP-1 cells and BMDMs. Firstly, we 
performed circRNA sequencing for THP-Ms exposed to 0 % or 4 % CSE, 
and found 45 altered circRNAs (P < 0.05 and |log2FC| > 2.0) compared 
to controls as shown by a heatmap (Fig. 3A). A volcano plot (Fig. 3B) 
showed the top ten up-regulated circRNAs, which are circ_0007113 
(circHERC4), circ_0072688 (circADAMTS6), circ_0001821 (circPVT1), 
circ_0003836 (circUGGT2), circ_0008338 (circZNF215), circ_0000033 
(circCEP85), circ_0006063 (circAPBB1IP), circ_0004851 (circCAP
RIN1), circ_0008043 (circPTGR1), and circ_0016374 (circTFEC). Sub
sequently, the levels of the top ten up-regulated circRNAs in THP-Ms 
were determined by qRT-PCR (Fig. 3C) or in BMDMs (Fig. S5) exposed to 

0 %, 1 %, 2 %, or 4 % CSE for 48 h. In CSE-treated macrophages, cir
cADAMTS6 and circAPBB1IP were elevated in a concentration- 
dependent manner, but circADAMTS6 was most significantly 
increased (Fig. 3C and S5). Based on these results, circADAMTS6 was 
selected for further validation and for functional experiments. 

circADAMTS6 was formed by back-splicing of exon 2–7 of the 
ADAMTS6 gene in THP-Ms and BMDMs (Fig. 3D). Divergent primers 
that amplify circADAMTS6 detected only in cDNA but not in gDNA, and 
circADAMTS6 amplified from cDNA, were resistant to RNase R (Fig. 3E). 
The expression of circADAMTS6 was more stable than linear ADAMTS6 
mRNA (Fig. 3F). Furthermore, circADAMTS6 was localized principally 
in the cytoplasm of THP-Ms, as demonstrated by nuclear and cyto
plasmic extraction (Fig. 3G) and fluorescence in situ hybridization 
(FISH) (Fig. 3H) examinations. Finally, by use of FISH and immunoflu
orescence assays, we found that, in lung tissues of Smokers and COPD 
smokers, the expression of circADAMTS6 was elevated and mainly 

Fig. 1. Single-cell transcriptomic atlas of lung cells and macrophages in lung tissues of human and mice. (A) Schematic chart of workflow. The results of scRNAseq 
from GSE173896 and GSE168299 showed expression of M2 macrophage in lung tissues, which were validated for human and mouse lung tissues by immunoflu
orescent staining and western blotting. (B) Uniform manifold approximation and projection (UMAP) visualizing the distribution of identified 16 lung cell lineages 
from 3 normal and 5 COPD patients (GSE173896). (C) Dot plots showing the expression of marker genes for per-cell cluster. (D) UMAP analysis of macrophages 
identified 7 distinct clusters. (E) Dot plots showing the expression of marker genes for per-cell cluster. (F) The ratio of different cell lineages in macrophages, colored 
by cell lineages. (G) Uniform manifold approximation and projection (UMAP) visualizing the distribution of identified 18 lung cell lineages from 4 mice treated 
without CS and 4 mice treated with CS (GSE168299). (H) Dot plots showing the expression of marker genes for per-cell cluster. (I) UMAP analysis of macrophages 
identified 3 distinct clusters. (J) Dot plots showing the expression of marker genes for per-cell cluster. (K) The ratio of different cell lineages in macrophages, colored 
by cell lineages. 
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located in CD68+ macrophages (Fig. S6). Together, these findings show 
that, in CSE-treated macrophages, the expression of circADAMTS6 is 
abundant and stable. 

3.3. In CSE-treated macrophages, circADAMTS6 is involved in M2 
polarization and in a proteinase/anti-proteinase imbalance 

To determine the influence of CS on macrophage polarization, we 
cultured murine BMDMs (Fig. S7A). For CSE-treated BMDMs, flow 
cytometry analysis revealed elevated numbers of F4/80+CD206+ M2 
macrophages (Fig. S7B). Consistent with flow cytometry results, 
immunofluorescence and immunoblots demonstrated that CD206 and 
ARG1, markers for M2 macrophages, were elevated (Fig. S7C and S7D). 
Immunofluorescence experiments confirmed that levels of MMP12 in 
CD206+ M2 macrophages were high (Fig. S7E). Further, levels of 
MMP12 protein and mRNA were elevated, but levels of TIMP1 protein 
and mRNA were lower (Fig. S7D and S7F). The levels of elastin degra
dation activity of CSE-treated BMDMs were high (Fig. S7G). Further, we 
found the same effects with CSE-treated THP-Ms (Fig. S8). These results 
reveal that elevated M2 polarization, and a proteinase/anti-proteinase 
imbalance in CSE-treated macrophages. 

Next, to clarify the function of circADAMTS6 in M2 macrophage 
polarization, we down-regulated circADAMTS6 in CSE-treated THP-Ms 

(Fig. 4A). Flow cytometry analysis demonstrated that downregulation of 
circADAMTS6 decreased the CSE-induced elevated numbers of 
CD11b+CD206+ M2 macrophages and ARG1 protein levels, but not 
circAPBB1IP (Fig. 4B, 4C and Fig. S9). RNA-seq showed that expressions 
of TGM2 and ADORA3, M2-related genes, were significantly lower, as 
verified by qRT-PCR (Fig. S10A–C). For THP-Ms, downregulation of 
circADAMTS6 reversed the CSE-induced increased MMP12 protein and 
mRNA levels and decreased TIMP1 protein and mRNA levels (Fig. 4C, 
S10D and S10E). For CSE-treated THP-Ms, downregulation of circA
DAMTS6 blocked the increased levels of elastin degradation activity 
(Fig. 4D). We found the same results for CSE-treated RAW264.7 cells, a 
murine macrophage cell line (Fig. S11). These results indicate that, in 
CSE-treated macrophages, circADAMTS6 participates in M2 polariza
tion and in a proteinase/anti-proteinase imbalance. 

3.4. circADAMTS6 activates CREB via CAMK2A in CSE-treated 
macrophages 

To elucidate the mechanism of circADAMTS6 in CS-induced M2 
macrophage polarization, we performed RNA-seq for CSE-treated THP- 
Ms transfected with or without circADAMTS6 siRNA (Fig. 4E). Bio
informatic analysis revealed 751 differentially expressed genes (P <
0.05 and |log2FC| > 1.0), of which 431 genes were down-regulated and 

Fig. 2. M2 macrophages, a proteinase/anti-proteinase imbalance and the degradation of elastin exist in smoking-related COPD and in mice with CS-induced 
emphysema. Lung tissues of humans were collected from Non-smokers (n = 8), Smokers (n = 10), or COPD smokers (n = 14). Male BALB/c mice (n = 6) at 6 
weeks of age were exposed to 0, 200, or 300 mg/m3 TPM CS for 24 weeks. (A) Representative images (left) of CD68 and CD206 immunostaining in lung tissues of 
humans (scale bars, 20 μm). The numbers of CD68+CD206+ cells in lung tissues of human (right). (B) Representative immunoblots (left), and relative quantitative 
expressions (right) of ARG1 in lung tissues of human. (C) Representative images (left) of CD206 and MMP12 immunostaining of lung tissues of humans (scale bars, 
20 μm). The numbers of CD206+MMP12+ cells in lung tissues of humans (right). (D) Representative immunoblots (left), and relative quantitative expressions (right) 
of MMP12, TIMP1, and elastin in lung tissues of humans. (E) Representative images (left) of F4/80 and CD206 immunostaining in lung tissues of mice (scale bars, 20 
μm). The numbers (right) of F4/80+CD206+ cells in lung tissues of mice. (F) Representative immunoblots (left), and relative quantitative expressions (right) of ARG1 
in lung tissues of mice. (G) Representative images (left) of CD206 and MMP12 immunostaining in lung tissues of mice (scale bars, 20 μm). The numbers of 
CD206+MMP12+ cells in lung tissues of mice (right). (H) Representative immunoblots (left), and relative quantitative expressions (right) of MMP12, TIMP1, and 
elastin in lung tissues of mice. Data represent means ± SEM. **P < 0.01, compared with Non-smokers group or compared with 0 mg/m3 TPM CS group. 
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320 genes were up-regulated, compared to CSE-treated THP-Ms (Fig. 4F 
and 4G). KEGG analysis showed that the cAMP signaling pathway was 
enriched (Fig. 4H). Prostaglandin E2 activates the cAMP-CREB signaling 
pathway to promote M2 macrophage polarization (Yang et al., 2019). 
During bone regeneration, adenosine promotes M2 macrophage polar
ization by activating the cAMP pathway through the A2b adenosine 
receptor (Sun et al., 2024). Our results demonstrated that, for macro
phages, downregulation of circADAMTS6 inhibited the CSE-induced 
activation of CREB (Fig. 4I and S12). We assessed the upregulated and 
downregulated genes by KEGG pathway analysis and found that the 
cAMP signaling pathway was both upregulated and downregulated after 
downregulating circADAMTS6 (Fig. S13). Further, levels of CAMK2A, 
CAMK2B, NRP1, GLI, ATP1A2, and ATP1B2 were low and levels of 
AHM, HCAR2, ATP2B1, PDE4B, FOS and NFKBIA were high, compared 
to those of CSE-treated THP-Ms (Fig. S14A). These are mediators of the 
cAMP signaling pathway. We excluded HCAR3, which is not homolo
gous for human and mice (Kapolka and Isom, 2020). Next, For CSE- 
treated macrophages, qRT-PCR verification showed that the mRNA 
levels of CAMK2A, CAMK2B, and GLI1 were suppressed and the mRNA 
levels of PDE4B were recovered after downregulating circADAMTS6 

(Fig. S14B and S14C). Further, RNA pull-down assays showed that cir
cADAMTS6 interacted with CAMK2A (Fig. S14D). For CSE-treated 
macrophages, CAMK2A protein levels decreased with lower levels of 
circADAMTS6 (Figs. 4I and S12). In addition, in THP-Ms, down
regulation of CAMK2A blocked CSE-induced activation of CREB 
(Fig. S15). These results show that, in CSE-treated macrophages, cir
cADAMTS6 activates CREB via CAMK2A. 

3.5. A circADAMTS6/IGF2BP2/CAMK2A RNA-protein ternary complex 
stabilizes CAMK2A mRNA 

We used the RNA Interactome Database (Kang et al., 2022) to predict 
the interaction between circADAMTS6 and the CAMK2A mRNA 3′UTR 
(Fig. 5A), and RNA pull-down assays confirmed this interaction 
(Fig. 5B). Next, for CSE-treated THP-Ms, downregulation of circA
DAMTS6 inhibited elevation of luciferase mRNA and the luciferase ac
tivity of CAMK2A-WT (Fig. 5C). For THP-Ms, knockdown of 
circADAMTS6 reduced the half-life of CAMK2A (Fig. 5D). We also found 
that downregulation of circADAMTS6 in CSE-treated THP-Ms did not 
reduce CAMK2A protein degradation (Fig. S16). These results suggest 

Fig. 3. Identification and characterization of circADAMTS6 in CSE-treated THP-Ms. THP-Ms were treated with 0 %, 1 %, 2 %, or 4 % CSE for 48 h. (A) Heatmap 
showing differentially expressed circRNAs in THP-Ms. (B) Volcano plot showing the top 10 up-regulated circRNAs in THP-Ms. (C) Levels of the top ten up-regulated 
circRNAs in THP-Ms as measured by qRT-PCR. (D) Schematic representation showing that circADAMTS6 was cyclized by six exons from the ADAMTS6 gene and 
Sanger sequencing for the back-splicing junction in THP-Ms (top) and BMDMs (bottom). (E) Agarose gel electrophoresis (AGE) showing the expression of circA
DAMTS6 and ADAMTS6 in THP-Ms treated with or without RNase R. (F) The abundances of circADAMTS6 and ADAMTS6 in THP-Ms were measured by qRT-PCR. (G) 
The expression of circADAMTS6 in the cytoplasm and nuclei of THP-Ms. (H) The localization of circADAMTS6 in THP-Ms was assessed by RNA fluorescence in situ 
hybridization (scale bars: 20 μm). Data represent means ± SD (n = 3). *P < 0.05, **P < 0.01, compared with 0 % CSE-treated cells or ADAMTS6 mRNA. n.s., no 
significance. 
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Fig. 4. circADAMTS6 is involved in M2 polarization, the proteinase/anti-proteinase imbalance, and activation of the cAMP signaling pathway in CSE-treated THP- 
Ms. THP-Ms were treated with 4 % CSE for 48 h after transfection with circADAMTS6 siRNA or NC siRNA for 6 h. (A) The levels of circADAMTS6 in THP-Ms were 
measured by qRT-PCR. (B) Representative flow cytometry plots (top) and quantification (bottom) of CD11b+CD206+ macrophages in THP-Ms. (C) Representative 
immunoblots (left), and relative quantitative expressions (right) of ARG1, MMP12, and TIMP1 in THP-Ms. (D) The levels of elastin degradation activity of THP-Ms 
were measured by fluorescence. (E) Schematic chart of workflow. Total RNA was extracted from THP-Ms treated with 4 % CSE for 48 h following transfection with 
circADAMTS6 siRNA or NC siRNA and then subjected to RNA sequencing. Heatmap (F) and Volcano plot (G) of differentially expressed genes in RNA sequencing. (H) 
Chord plot of KEGG functional enrichment analysis of the dysregulated genes. (I) Representative immunoblots (top) and relative quantitative expressions (bottom) of 
CAMK2A and p-CREB in THP-Ms. Data represent means ± SD (n = 3). **P < 0.01, compared with 0 % CSE-treated cells. ##P < 0.01, compared with 4 % CSE- 
treated cells. 
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that circADAMTS6 regulates CAMK2A expression by affecting its mRNA 
stability. 

circNSUN2, acting via IGF2BP2, an RNA-binding protein, enhances 
the stability of HMGA2 mRNA (Chen et al., 2019). By use of RNA pull- 

down assays followed by mass spectrometry analysis, we demon
strated that IGF2BP2 interacted with circADAMTS6 (Fig. 5E and 5F) 
(Table S2). RNA immunoprecipitation (RIP) assays confirmed that 
IGF2BP2 binds to circADAMTS6 (Fig. 5G). Immunofluorescence and 

Fig. 5. Enhancement of circADAMTS6 increases CAMK2A levels through recruiting IGF2BP2 to stabilize CAMK2A mRNA in CSE-treated THP-Ms. THP-Ms were 
treated with 4 % CSE for 48 h. (A) RNA Sequence showing the binding site between circADAMTS6 and 3′UTR of CAMK2A. (B) AGE showed that circADAMTS6 was 
associated with CAMK2A, as determined by an RNA pull-down assay. (C) Relative luciferase mRNA levels (left) and luciferase activity (right) of a luciferase reporter 
gene containing either CAMK2A-WT or CAMK2A-MUT in CSE-treated THP-Ms transfected with circADAMTS6 siRNA or NC siRNA for 6 h. (D) The abundances of 
CAMK2A in THP-Ms transfected with circADAMTS6 siRNA or NC siRNA for 6 h were measured by qRT-PCR. (E) Identification of the potential proteins pulled down 
by a circADAMTS6 probe or circADAMTS6 anti-probe in THP-Ms. (F) Representative immunoblots of IGF2BP2 showing its interaction with circADAMTS6, as 
determined by an RNA pull-down assay. (G) The association of IGF2BP2 with circADAMTS6 as assessed by RIP assays of THP-Ms. (H) circADAMTS6 was co-localized 
with IGF2BP2 protein in the cytoplasm, as shown by RNA fluorescence in situ hybridization. (I) RNA-EMSA assays showing the binding capacity of purified IGF2BP2 
with biotin-labeled oligonucleotides containing the CAUC motif from circADAMTS6. (J) The abundance of CAMK2A in THP-Ms transfected with IGF2BP2 siRNA or 
NC siRNA for 6 h were measured by qRT-PCR. (K) Representative immunoblots of IGF2BP2 and CAMK2A of CSE-treated THP-Ms transfected with IGF2BP2 siRNA or 
NC siRNA. (L) The association of IGF2BP2 with CAMK2A was determined by RIP assays of THP-Ms transfected with circADAMTS6 siRNA or NC siRNA. Data represent 
means ± SD (n = 3). **P < 0.01, compared with 0 % CSE-treated, circADAMTS6 siRNA-treated, or IGF2BP2 siRNA-treated cells. ##P < 0.01, compared with 4 % CSE- 
treated cells. n.s., no significant. 
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FISH assays showed that circADAMTS6 was expressed simultaneously in 
the cytoplasm with IGF2BP2 (Fig. 5H). catRAPID omics v2.0 (Armaos 
et al., 2021) was used to predict the propensity of the interaction be
tween circADAMTS6 and IGF2BP2 (Fig. S17). The sequence CAUH (H =
A, U, or C) is considered to be the only motif for recognizing IGF2BP2 
(Hafner et al., 2010). By performing RNA-EMSA for THP-Ms, we 
confirmed that circADAMTS6 interacted with IGF2BP2 via the CAUC 
motif, and that, when the motif was ACAG, circADAMTS6 did not bind 
to IGF2BP2. Moreover, super-shift experiments showed that IGF2BP2 
bound specifically to CAUC (Fig. 5I). These data demonstrate that, in the 
cytoplasm, circADAMTS6 interacts with IGF2BP2 via the CAUC motif. 

We found that, for THP-Ms, knockdown of IGF2BP2 shortened the 
half-life of CAMK2A (Fig. 5J and S18) and that, after knocking down 

IGF2BP2, CAMK2A protein levels were lower in CSE-treated THP-Ms 
(Fig. 5K). In CSE-treated THP-Ms, the protein levels of IGF2BP2 did not 
change after knocking down circADAMTS6, but the protein levels of 
CAMK2A were lower (Fig. S19). Furthermore, in RIP assays, down
regulation of circADAMTS6 reduced the RNA-protein interaction be
tween IGF2BP2 and CAMK2A (Fig. 5L). These results indicate that 
circADAMTS6 interacts with IGF2BP2 to enhance the stability of 
CAMK2A mRNA and increases CAMK2A levels via forming a circA
DAMTS6/IGF2BP2/CAMK2A RNA-protein ternary complex. 

Fig. 6. circADAMTS6 activates CREB via CAMK2A to drive M2 polarization in CSE-treated THP-Ms. THP-Ms transfected with circADAMTS6 siRNA or CAMK2A 
pcDNA for 6 h were treated with 0 % or 4 % CSE for 48 h. (A) Representative immunoblots (left) and relative quantitative expressions (right) of CAMK2A and p-CREB 
in THP-Ms. (B) The levels of TGM2 and ADORA3 in THP-Ms were measured by qRT-PCR. (C) Representative flow cytometry plots (top) and quantification (bottom) of 
CD11b+CD206+ macrophages in THP-Ms. (D) Representative immunoblots (left) and relative quantitative expressions (right) of ARG1, MMP12, and TIMP1 in THP- 
Ms. (E) The levels of MMP12 and TIMP1 in THP-Ms were measured by qRT-PCR. (F) The levels of elastin degradation activity of THP-Ms were determined by 
fluorescence. Data represent means ± SD (n = 3). **P < 0.01, compared with 0 % CSE-treated cells. ##P < 0.01, compared with 4 % CSE-treated cells transfected with 
circADAMTS6 siRNA. 
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3.6. circADAMTS6 activates CREB via CAMK2A to drive M2 
polarization in CSE-treated macrophages 

To evaluate the effects of circADAMTS6-mediated activation of 
cAMP signaling and M2 polarization in macrophages, circADAMTS6 
siRNA and CAMK2A pcDNA were transfected into CSE-treated macro
phages. We used CAMK2A pcDNA to overexpress CAMK2A in THP-Ms 
(Fig. S20). For CSE-treated THP-Ms, knockdown of circADAMTS6 pre
vented the increase of CAMK2A and p-CREB. However, upregulation of 
CAMK2A reversed this effect (Fig. 6A). The CSE-induced levels of TGM2 
and ADORA3 mRNA were reduced by knocking down circADAMTS6, 
but this influence was reversed after overexpression of CAMK2A 

(Fig. 6B). Flow cytometry analysis indicated that the CSE-induced 
increased numbers of CD11b+CD206+ M2 macrophages were lowered 
with the downregulation of circADAMTS6, but M2 macrophages were 
increased after overexpression of CAMK2A (Fig. 6C). In addition, after 
knocking down circADAMTS6, the protein level of ARG1 was lower in 
CSE-treated THP-Ms; this influence was reversed after upregulation of 
CAMK2A (Fig. 6D). Compared with the downregulation of circA
DAMTS6 alone, co-transfection of circADAMTS6 siRNA and CAMK2A 
pcDNA in CSE-treated THP-Ms reversed the decrease in MMP12 protein 
and mRNA levels and blocked the increase in TIMP1 protein and mRNA 
levels (Fig. 6D and 6E). Knockdown of circADAMTS6 reduced the elastin 
degradation activity of THP-Ms exposed to CSE, and overexpression of 

Fig. 7. Silencing of circADAMTS6 alleviates alveoli destruction through blocking M2 macrophage polarization in mice with CS-induced emphysema. (A) Schematic 
chart of workflow. Male BALB/c mice at 6 weeks of age treated with AAV-circADAMTS6 shRNA or AAV-NC shRNA were exposed to CS (0 or 300 mg/m3 TPM) for 24 
weeks. (B) Representative images of the AAV-circADAMTS6 shRNA and AAV-NC shRNA infection efficiencies in lung tissues of mice (scale bars, 20 μm). (C) In lung 
tissues of mice, the levels of circADAMTS6 were measured by qRT-PCR. (D) Representative immunoblots (top) and relative quantitative expressions (bottom) of 
CAMK2A and p-CREB in lung tissues of mice. (E) Representative images (left) of F4/80 and CD206 immunostaining in lung tissues of mice (scale bars, 20 μm). The 
numbers of F4/80+ CD206+ cells in lung tissues of mice (right). (F) The levels of Tgm2 and Adora3 in mouse lung tissues as determined by qRT-PCR. (G) Repre
sentative immunoblots (top) and relative quantitative expressions (bottom) of ARG1, MMP12, TIMP1, and elastin in lung tissues of mice. (H) Representative images 
(left) of CD206 and MMP12 immunostaining in mouse lung tissues (scale bars, 20 μm). The numbers of CD206+ MMP12+ cells in lung tissues of mice (right). (I) The 
levels of Mmp12 and Timp1 in lung tissues of mice as determined by qRT-PCR. (J) Representative H&E-stained (left) and quantification (right) of mean chord lengths 
(Lm) in lung tissues of mice (scale bars, 100 μm and 20 μm). Data represent means ± SEM (n = 6). **P < 0.05, compared with the 0 mg/m3 TPM CS group. ##P <
0.01, compared with the 300 mg/m3 TPM CS group. 
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CAMK2A increased the elastin degradation activity (Fig. 6F). Further
more, there were similar results for RAW264.7 cells (Fig. S21). These 
results indicate that, in CSE-treated macrophages, circADAMTS6 acti
vates CREB via CAMK2A to drive M2 polarization and promotes the 
proteinase/anti-proteinase imbalance and the increased elastin 
degradation. 

3.7. Target of circADAMTS6 in macrophages prevents against mice with 
CS-induced emphysema via M2 polarization 

To investigate the influence of circADAMTS6 in mice with CS- 
induced emphysema, we used AAV-circADAMTS6 shRNA to target 
macrophages in mouse lung tissues (Fig. 7A). The efficacy of AAV- 
circADAMTS6 shRNA was examined by body weights, immunofluores
cence staining, and qRT-PCR (Fig. S22 and 7B–C). Consistent with the in 
vitro experiments, the protein levels of CAMK2A and p-CREB were 
lowered in mouse lung tissues by silencing circADAMTS6 (Fig. 7D). 
Immunofluorescence staining showed that, in mouse lung macrophages, 
silencing of circADAMTS6 blocked the increased numbers of F4/ 
80+CD206+ M2 macrophages induced by CS (Fig. 7E). Tgm2 and 
Adora3 mRNA levels and the ARG1 protein levels were low (Fig. 7F and 
7G). The numbers of MMP12+ cells in CD206+ M2 macrophages were 
decreased (Fig. 7H). Silencing of circADAMTS6 blocked the CS-induced 
proteinase/anti-proteinase imbalance, which was manifested primarily 
by blocking the higher protein and mRNA levels of MMP12 and restoring 
the lower protein and mRNA levels of TIMP1 induced by CS (Fig. 7G and 
7I). Silencing of circADAMTS6 blocked the elastin degradation caused 
by CS (Fig. 7G) and the destruction of alveolar walls and enhancement of 
mean chord lengths (Fig. 7J). We found that Penh values were elevated 
in mice with CS-induced emphysema and were lower after down
regulation of circADAMTS6 (Fig. S23). These results demonstrate that, 
in mice, targeting of circADAMTS6 inhibits the M2 macrophage polar
ization and protects CS-induced emphysema. 

3.8. circADAMTS6 serves as a potential clinical marker for smoking- 
related emphysema 

Organoids are practical for basic and clinical research, and have 
potential applications in disease modeling and treatment screening 
(Tang et al., 2022b). We constructed a co-culture model of macrophages 
and mice lung organoids following a published method (Wang et al., 
2023) (Fig. 8A). We established the lung organ morphology by fluo
rescence microscopy, and characterized the surfactant protein-C- 
positive (SPC+) alveolar organoids by immunofluorescence staining 
(Fig. 8B). The growth of organoids co-cultured with CSE-treated 
RAW264.7 cells was inhibited; this inhibition of growth was reversed 
by downregulation of circADAMTS6 (Fig. 8C and 8D). In addition, the 
expressions of SPC+ cells were low in organoids co-cultured with CSE- 
treated RAW264.7 cells, an effect that was reversed by down
regulation of circADAMTS6 (Fig. S24). We also collected human serum 
(Table 1) and the serum levels of circADAMTS6 were elevated in 
Smokers and COPD smokers (Fig. 8E). They negatively correlated with 
FEV1/FVC (%) and with predicted FEV1 (%) as determined by Pearson 
correlation analysis (Fig. 8F). These results demonstrate that circA
DAMTS6 serves as a potential biomarker for smoking-related 
emphysema. 

4. Discussion 

Cigarette smoking is a serious public health problem, with approxi
mately 20 % of the global population smoking; about half of them die 
from smoking-related disease (Rigotti et al., 2022). CS is a powerful 
driver of the development of COPD, and studies conducted on cohorts of 
individuals with COPD have demonstrated that, compared to low CS 
exposure, high CS exposure exacerbates the decline in lung function 
(Kim et al., 2021b). Emphysema, a primary form of COPD, is manifested 

as the destruction of airway walls leading to the pathological expansion 
of alveolar space caused by CS (Fu et al., 2022). Macrophages, as innate 
immune cells in the pulmonary system, have the capacity to recognize 
and process various environmental stimuli, including CS and particulate 
matter (Akata and van Eeden, 2020). In the lungs of COPD patients, CS 
affects the function and phenotype of macrophages (Kotlyarov, 2023). 
In the lungs of COPD patients, macrophages of both the M1 and M2 
phenotypes are present and are associated with the severity of the dis
ease (Lee et al., 2021). Here, the results of scRNAseq showed that the 
ratio of M2 macrophages was increased in the lungs of COPD patients 
and mice with CS-induced emphysema. M2 macrophages were elevated 
in lung tissues of Smokers and COPD smokers and in the lung tissues of 
mice with CS-induced emphysema. 

The activation of macrophages is involved in regulating the degra
dation of elastin, a component of the ECM, and contributes to the 
pathogenesis of emphysema (Gharib et al., 2018). In addition, macro
phages in emphysema induced by chronic CS exposure are biased to
ward the M2 phenotype, which, in a chronic inflammatory environment, 
promotes degradation of the ECM and leads to abnormal tissue repair 
(Gharib et al., 2018). However, how the degradation of ECM promoted 
by M2 macrophages is involved in CS-induced emphysema remains 
unclear. In bronchial asthma, respiratory syncytial virus-induced M2 
polarization of macrophages produces MMP12, which leads to airway 
inflammation (Makino et al., 2021). By degrading elastin, MMP12 
causes destruction of the alveolar structure, leading to emphysema 
(Lugg et al., 2022). Here, we found, increased MMP12 secreted by M2 
macrophages. Decreased TIMP1 and elastin degradation were evident 
for Smokers and COPD smokers, and for mice with CS-induced emphy
sema. In addition, for CSE-treated macrophages, there were an increase 
in MMP12 expression, a decrease in TIMP1 expression, and an increase 
in elastin degradation. Therefore, these results show that, a proteinase/ 
anti-proteinase imbalance and elastin degradation induced by M2 
macrophage polarization are involved in the occurrence and develop
ment of smoking-related emphysema. 

With the development of bioinformatics and high-throughput 
sequencing, circRNAs are now established as being widely present in 
various species and organs (Chen et al., 2021). They are involved in 
numerous cellular processes and are associated with the pathogenesis of 
various diseases (He et al., 2021). For mouse lung tissues, CS exposure 
causes dysregulated expression of circRNAs, which are involved in the 
progression of COPD (Chen et al., 2020). circRNAs have various func
tions in the regulation of differentiation and adaptation of macrophages 
and T cells (Zhang et al., 2020). In our research, circADAMTS6 was 
elevated and located in CSE-treated macrophages. For these macro
phages, knockdown of circADAMTS6 inhibited the M2 polarization, 
which blocked the imbalance of proteinase/anti-proteinase and the 
elevation of elastin degradation activity. Consistent with the results for 
cultured cells, silencing of circADAMTS6 in macrophages of mice with 
CS-induced emphysema inhibited M2 polarization, which blocked the 
progression of CS-induced emphysema. Thus, we conclude that circA
DAMTS6 affects the progression of CS-induced emphysema by modu
lating the M2 polarization of macrophages. 

In the cytoplasm, circRNAs regulate gene expression by forming 
functional circRNP complexes, acting as sponges for miRNAs, interact
ing with mRNAs, and/or interacting with proteins (Liu and Chen, 2022). 
IGF2BP1-3, a family of highly conserved proteins, regulate the stability, 
transport, and translation of mRNA through the use of a distinctive co- 
recognized sequence, CAUH (H = A, U, or C), functioning as RNA- 
binding proteins (Hafner et al., 2010). By stabilizing FGF9 mRNA 
through IGF2BP2, circITGB6 promotes the occurrence and development 
of ovarian cancers (Li et al., 2022). Herein, we demonstrate that cir
cADAMTS6 interacts with IGF2BP2 to form a circADAMTS6/IGF2BP2/ 
CAMK2A RNA-protein ternary complex that enhances stability of 
CAMK2A mRNA. 

In the present study, we elucidated a mechanism by which circA
DAMTS6 regulates CS-induced M2 polarization in macrophages. We 
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Fig. 8. Circadamts6 serves as a potential clinical marker for smoking-related emphysema. Human serum was collected from Non-smokers (n = 35), Smokers (n =
28), or COPD smokers (n = 40). RAW264.7 cells transfected with circADAMTS6 siRNA or NC siRNA for 6 h were treated with 4 % CSE for 48 h. (A) Schematic chart of 
workflow. Establishment of mouse lung organoids, they were co-cultured with RAW264.7 cells. (B) Representative images of SPC immunostaining in mouse lung 
organoids (scale bars, 50 μm). (C) Representative images of mouse lung organoids in light microscopy (scale bars, 100 μm). (D) The average diameters of mouse lung 
organoids. (E) The levels of circADAMTS6 in human serum were measured by qRT-PCR. (F) Pearson correlation analysis of serum circADAMTS6 with FEV1/FVC (%) 
or predicted FEV1 (%). Data represent means ± SEM. **P < 0.01, compared with mouse lung organoids co-cultured with 0 % CSE-treated RAW264.7 cells or the Non- 
smokers group. ##P < 0.01, compared with mouse lung organoids co-cultured with 4 % CSE-treated RAW264.7 cells. 
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performed RNA-seq in CSE-treated THP-Ms with knockdown of circA
DAMTS6 and found an enriched cAMP signaling pathway. This pathway 
acts as a cofactor in macrophage reprogramming and participates in M2 
macrophage polarization through the phosphorylation of CREB (Zhao 
et al., 2022). After knockdown of circADAMTS6, CAMK2A causes 
obvious changes in the cAMP signaling pathway; it may have a regula
tory relationship. In microglia, CAMK2A activates phosphorylation of 
CREB to maintain synaptic plasticity (More et al., 2022). Moreover, 
phosphorylated CREB contributes to M2 polarization of macrophages 
(Jiang et al., 2022; Luan et al., 2015). Our results confirm that circA
DAMTS6 promotes the activation of CREB via CAMK2A to promote M2 
polarization in CSE-treated macrophages. 

Lung organoids are used to simulate lung diseases and to provide 
new therapeutic targets for these diseases (Liberti and Morrisey, 2021). 
Compared to two-dimensional disease models, the three-dimensional 
organoid model better reflects the interaction between cells and the 
ECM (Kim et al., 2021a). Therefore, to evaluate the role of M2 macro
phages in emphysema, we established a co-culture model of macro
phages and lung organoids. After knockdown of circADAMTS6 in CSE- 
treated RAW264.7 cells, the growth of organoids was restored. We 
also note that circRNAs are potential targets for disease diagnosis and 
treatment (Chen et al., 2022). In our research, we found that, in the 
serum of Smokers and COPD smokers, the levels of circADAMTS6 were 
elevated and negatively correlated with lung function. Thus, circA
DAMTS6 may serve as a clinical biomarker for smoking-related 
emphysema. 

In summary, we provide a newly identified mechanism for circA
DAMTS6 in CS-induced emphysema. This factor regulates M2 polari
zation, proteinase/anti-proteinase imbalance, and elastin degradation in 
CSE-treated macrophages and in a mouse model of CS-induced emphy
sema. Further, M2 macrophage polarization is involved in the patho
genesis of smoking-related COPD. In addition, elevated circADAMTS6 
levels in smoking-related COPD are inversely correlated with lung 
function, providing a potential marker for COPD diagnosis. 

5. Conclusion 

Our results demonstrate that polarization of circADAMTS6-driven 
M2 macrophages has an essential function in CS-induced emphysema. 
With CS exposure, elevated circADAMTS6 interacts with IGF2BP2 to 
form a circADAMTS6/IGF2BP2/CAMK2A RNA-protein ternary complex 
that enhances the stability of CAMK2A mRNA. Subsequently, elevated 
CAMK2A activates CREB to promote the M2 polarization of macro
phages, leading to a proteinase/anti-proteinase imbalance and elastin 
degradation that triggers emphysema. In addition, in the serum of 
smokers and COPD smokers, the levels of circADAMTS6 are elevated 
and negatively correlate with lung function. Therefore, circADAMTS6- 
driven M2 polarization in macrophages may serve as a diagnostic 
and/or therapeutic marker for CS-induced emphysema. 
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