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Lsm2 is critical to club cell proliferation s

and its inhibition aggravates COPD progression
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Abstract

Background Chronic obstructive pulmonary disease (COPD) is a prevalent respiratory condition, with its severity
inversely related to the levels of Club cell 10 kDa secretory protein (CC10). The gene Lsm2, involved in RNA metabo-
lism and cell proliferation, has an unclear role in COPD development.

Methods An in vitro COPD model was developed by stimulating 16HBE cells with cigarette smoke extract (CSE).
To establish an in vivo COPD model, mice with defective Lsm2 gene expression in lung or club cells were exposed
to cigarette smoke for 3 months. Multiplexed immunohistochemistry (mIHC) was employed to identify the specific
cells where Lsm2 gene expression is predominant. RNA sequencing and single-nucleus RNA sequencing were con-
ducted to investigate the role of Lsm2 in the pathogenesis of COPD.

Results In this study, we found that cigarette smoke extract increases Lsm2 expression, and knocking down Lsm?2

in 16HBE cells significantly reduces cell viability in vitro. mIHC showed that Lsm2 is primarily expressed in Club cells.
Knockout of Lsm2, either in the lungs or specifically in Club cells, exacerbated lung injury and inflammation caused
by cigarette smoke exposure in vivo. Single-nucleus RNA sequencing analysis revealed that Club cell-specific knock-
out of Lsm2 leads to a reduction in the Club cell population, particularly those expressing Chia1*/Crb17. This decrease
in Club cells subsequently reduces the number of ciliated epithelial cells.

Conclusion Knocking out Lsm2 in Club cells results in a significant decrease in Club cell numbers, which subse-
quently leads to a reduction in ciliated epithelial cells. This increased lung vulnerability to cigarette smoke and accel-
erating the progression of COPD. Our findings highlight that Lsm?2 is critical to club cell proliferation and its inhibition
aggravates COPD progression.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
heterogeneous lung disorder characterized by persis-
tent respiratory symptoms such as dyspnea, cough, and
expectoration. These symptoms result from ongoing,
often progressive, airflow obstruction due to irregulari-
ties in the airways (bronchitis, bronchiolitis) or alveoli
(emphysema) [1]. The pathogenesis of COPD involves
complex interactions between genetic predispositions
and environmental factors, significantly influencing sus-
ceptibility to the disease and its progression over an indi-
vidual’s lifetime [2].

The airway epithelium comprises multiple cell types,
predominantly ciliated, goblet, basal, and Club cells [3].
Club cells, identified by the marker Scgblal®, are non-
ciliated secretory cells found in the bronchioles and tra-
chea [4]. These cells have self-renewal ability and play a
crucial role in airway tract repair, secreting anti-inflam-
matory and immunomodulatory proteins [5]. In COPD,
cigarette smoke (CS) damages Club cells, leading to
decreased secretion of the protein CC10 into circulation
[6, 7]. Previous studies have shown that CC10 levels are
negatively correlated with the severity of COPD and are
associated with the airflow limitation index [6, 7].

Ciliated epithelial cells, which constitute at least 50% of
airway epithelial cells, are the predominant epithelial cell
type [8]. Their primary function is to facilitate the clear-
ance of airway mucus [9]. In COPD patients, structural
changes occur in ciliated epithelial cells, including short-
ened cilia and reduced ciliary beating frequency [10, 11].
Cilia dysfunction can exacerbate COPD symptoms; how-
ever, the mechanisms underlying this dysfunction remain
unclear.

LSM2 belongs to the extensive family of Sm-like pro-
teins (LSM), which are highly conserved across species
and play crucial roles in RNA metabolism signaling path-
ways [12]. Previous studies have shown that the LSM1-7
complex, localized in the cytoplasm and interacting with
decapping enzymes, enhances mRNA sensitivity to the
5’ to 3’ exonuclease enzyme XRN-1 [13]. In contrast, the
LSM2-8 complex resides in the nucleus and comprises
the U6 small nuclear ribonucleoprotein. LSM2 specifi-
cally recognizes the 3’ end sequence of U6 RNA, facili-
tating interactions with other splicing factors to catalyze
RNA splicing and regulate gene expression [14]. mRNA
splicing is essential for generating protein diversity and
maintaining biological homeostasis. Several studies have
linked elevated LSM2 expression to the onset and prog-
nosis of cancers, including ovarian, breast, liver, and lung
cancers [15—-18]. However, the role of LSM2 in COPD
remains unclear.

In this study, we investigated the role of Lsm2 in COPD
pathogenesis, identifying its significant impact on the
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number of ciliated epithelial cells by influencing Club
cell proliferation. Our findings offer novel insights into
COPD treatment.

Material and methods

Sex as a biological variable

Our study examined male and female animals, and simi-
lar findings are reported for both sexes.

Bioinformatics analysis

The GSE5058 and GSE8545 datasets were selected from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/)
to analyze LSM2 expression in lung tissue. Only non-
smokers (Control) and COPD patients were included
in both datasets. The following are the steps: (1) Data
Retrieval and Download. Visit the GEO database (https://
www.ncbi.nlm.nih.gov/geo/) and then download the
series matrix file, which typically contains gene expres-
sion data and sample annotation information. (2) Load
R packages. The R packages include limma for differen-
tial analysis, GEOquery for data acquisition and prelimi-
nary processing, and ggplot2 for visualization. (3) Data
Preprocessing. Use GEOquery to read the downloaded
data and convert it into an appropriate expression matrix
and remove unnecessary annotation information, retain-
ing only gene names and sample expression values. (4)
Extraction of Target Gene Expression Data. From the
preprocessed expression matrix, based on the gene ID,
accurately screen out the ID_REF corresponding to the
target gene (LSM2). (5) Visualization of Expression Lev-
els. Use ggplot2 to draw a box plot of LSM2.

Construction of COPD model with lung-specific Lsm2
knockout mice

Eight-week-old C57BL/6 mice were purchased from Cya-
gen Bioscience Inc. (Suzhou, China) and intratracheally
instilled with 50 pL of ADM-GEFP, which were randomly
divided into two groups: NC and NC_CS. C57BL/6]-
Lsm2em#lflosmoc ice  (targeted transcript (Ensembl
number): Lsm2-201 (ENSMUST00000007266.13), Flox
targets exons: exon3, 4, 5) were generated by the Shang-
hai Model Organisms Center, Inc. (Shanghai, China). To
induce lung-specific Lsm2 knockout, 50 pL of AdV5-
CMV-Cre-mCMV-copGFP was intratracheally instilled.
Subsequently, lung-specific Lsm2 knockout (Lsm2~/7)
mice were randomly divided into two groups, Lsm2~/~
and Lsm2~/~_CS, each containing five mice. All mice
were housed in the animal facility at Zhongshan Hospital
Affiliated with Fudan University, maintained under suit-
able environmental conditions (temperature, humidity,
12-h light/dark cycle), and provided ad libitum access to
food and water. Two weeks after intratracheal instillation,
the WT_CS and Lsm2~/~_CS groups were exposed to CS
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for 3 months to establish a COPD model (5 days a week,
20 cigarettes per day, 6 h of exposure per day; Daqgian-
men, Shanghai, China).

Construction of COPD model with club cell-specific Lsm2
knockout mice

To generate Club cell-specific Lsm2 knockout mice
(Lsm245¢b1aly - C57BL/6]-Lsm2¢m#1(floxsmoc  mice  were
crossed with Scgblal-IRES-Cre mice obtained from the
Shanghai Model Organisms Center, Inc. Wild-type con-
trol mice were 8-week-old male C57BL/6 mice purchased
from Cyagen Bioscience Inc. and randomly assigned to
WT and WT_CS groups. All mice were housed in the
animal facility at Zhongshan Hospital Affiliated with
Fudan University. Mice in the WT_CS and Lsm2ASeeblal
CS groups were exposed to CS for 3 months to establish a
COPD model (5 days a week, 20 cigarettes per day, 6 h of
exposure per day; Daqianmen, Shanghai, China).

Hematoxylin and eosin (HE) staining

After euthanizing the mice, the right upper lung was
fixed in 10% formalin for at least 24 h. The tissue was
then paraffin-embedded, and 3 pm sections were pre-
pared. HE staining was performed following the manu-
facturer’s instructions [19].

Multiplexed immunohistochemistry (mIHC)
Four-pm-thick lung tissue sections were dewaxed and
stained using the TSA 7-color kit (abs50029-100T,
Absinbio, Shanghai, China). Initially, sections were incu-
bated overnight at 4 °C with a Foxjl antibody (1:200,
14-9965-82, Invitrogen, Carlsbad, CA, USA). They were
then treated with an anti-rabbit horseradish peroxidase-
conjugated secondary antibody (abs50015-02, Absinbio,
Shanghai, China) for 10 min. Labeling was conducted for
10 min using TSA 520 as per the manufacturer’s instruc-
tions. Slides were washed with Tris Buffered Saline with
Tween-20 (TBST) (PS103, Epizyme, Shanghai, China)
and subjected to antigen retrieval in preheated citrate
solution (90 °C), followed by cooling to 25 °C in citrate
solution. Tris buffer was used for washing between each
step. Sodium citrate was utilized for repair. The same
process was repeated for subsequent antibodies and
fluorescent dyes: anti-Scgblal/TSA 570 (1:200, MAS5-
29780, Thermo Fisher Scientific, Waltham, MA, USA),
anti-Lsm2/TSA 620 (1:200, NBP2-38093, Novus, Little-
ton, CO, USA), and anti-Krt5/TSA700 (1:100, ab64081,
Abcam, Cambridge, UK). Each slide was then treated
with DAPI (abs47047616, Absinbio, Shanghai). Finally,
images were captured using Phenolmager HT (Akoya
Biosciences, USA) and analyzed with Halo software
(Indica Labs, USA).
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Image quantification and colocalization analysis was
performed using Image] software (National Institutes of
Health, USA). Briefly, each individual channel image was
first converted into a stack. The Line Tool from the tool-
bar was then used to select the cell of interest. For the
analysis, CC10 protein was localized to the cytoplasm,
while FOXJ1 and LSM2 were localized to the nucleus.
A line was drawn through the selected cell to ensure it
traversed both cytoplasmic and nuclear regions. Finally,
the variation in fluorescence intensity along the selected
line was analyzed. During the counting of positive cells,
the threshold for FOXJ1" cells was set to 33-255, for
LSM2* cells to 50255, for CC10* cells to 49-235, and
for KRT5" cells to 38-255. To ensure accurate cell identi-
fication, size and circularity parameters were adjusted to
include cells with the expected morphology (size range
[8 um?—c0), circularity [0.3—1]). Only particles within the
thresholded region and exhibiting fluorescence intensity
above the set threshold were considered positive.

Immunohistochemistry (IHC)

Sections were dewaxed using xylene and subsequently
treated with 100%, 90%, and 75% ethanol. They were then
fixed with citrate and incubated overnight at 4 °C with an
Lsm?2 antibody (1:200, NBP2-38093, NOVUS). The fol-
lowing day, the sections were incubated with horseradish
peroxidase-conjugated secondary antibodies for 60 min
at room temperature. Subsequently, 3,3"-diaminoben-
zidine staining was performed, and the stained sections
were observed under a microscope (Olympus, Tokyo,
Japan) [20].

Enzyme-linked immunosorbent assay (ELISA)
Bronchoalveolar lavage fluid (BALF) was collected fol-
lowing established procedures outlined in the literature
[21]. ELISA kits specific for IL-6 (DY406, R&D Systems,
Minneapolis, MN, USA), CXCL15 (DY442, R&D Sys-
tems), and TNF-a (DY410, R&D Systems) were used to
quantify their levels in the BALF samples.

Immunofluorescence (IF)

After dewaxing and fixing, 3 pm paraffin sections were
stained with antibodies against acetylated a-tubulin
(1:500, T7451, Sigma-Aldrich, Saint Louis, MO, USA).
The sections were incubated overnight at 4 °C with the
primary antibodies. Subsequently, the sections were
incubated for 1 h at 37 °C with Alexa Fluor® 488 goat
anti-mouse IgG (H+L) (A11001, Thermo Fisher Sci-
entific). For nuclear counterstaining, 4,6-diamidino-
2-phenylindole (DAPI, C1006, Beyotime Biotechnology,
Shanghai, China) was used.



Zhu et al. Respiratory Research (2025) 26:71

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)

The mouse trachea was initially fixed with a solution
containing 2.5% glutaraldehyde and 1.5% paraform-
aldehyde for 3 h at room temperature. Following this,
the specimens were treated with 1% OsO, for 2 h at
room temperature. After fixation, the specimens under-
went dehydration using a series of graded ethanol solu-
tions. They were then dried using a critical-point dryer
(Quorum, K850, UK), mounted on stubs, and finally
coated with gold—palladium using a cold sputter coater
(HITACHI, MC1000, Tokyo, Japan). The prepared speci-
mens were examined using a scanning electron micro-
scope (SEM) (HITACHI, SU8100, Tokyo, Japan).

For TEM, tissue samples were embedded in araldite
CY212 resin. The embedded samples were sectioned
into 1 pm thick sections and stained with toluidine blue
after dehydration to aid in locating regions of interest.
Ultrathin sections (60—-80 nm) were subsequently cut
from the areas of interest, stained with uranyl acetate
and alkaline lead citrate to enhance contrast, and exam-
ined using a Hitachi HT7700 electron microscope. This
allowed for detailed analysis of the length and ultrastruc-
ture of cilia according to established methodologies doc-
umented in the literature [22].

RNA sequencing

The right mid-lung tissue from the mouse was obtained,
and 1 mL of TRIzol (15596018CN, Thermo Fisher Sci-
entific) was added to isolate the total RNA following
the manufacturer’s instructions. The purity and con-
centration of the extracted RNA were assessed using an
ND-2000 spectrophotometer (NanoDrop Technologies,
Thermo Fisher Scientific). To obtain high-quality RNA
samples suitable for mRNA sequencing, Oligo (dT) mag-
netic beads were employed to enrich mRNA. The mRNA
was then fragmented and reverse transcribed to synthe-
size complementary DNA (cDNA), which was ligated
with adapters for sequencing purposes. Sequencing was
conducted on the NovaSeq X Plus platform (PE150) (Illu-
mina, San Diego, CA, USA) using the NovaSeq Reagent
Kit. All experimental procedures and analyses were con-
ducted at Majorbio Bio-pharm Biotechnology Co., Ltd.
(Shanghai, China).

10X genomics single nucleus RNA sequencing

Whole lung tissue from the mice was initially minced
and snap-frozen in liquid nitrogen for at least 2 h. The
tissue was then dissociated using the Chromium Nuclei
Isolation Kit (PN-1000494, 10X Genomics, Pleasanton,
CA, USA) following the manufacturer’s protocol for sin-
gle nucleus RNA sequencing. To ensure high cell viabil-
ity, cell suspensions were enriched using the Dead Cell
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Removal Kit (130-090-101, Miltenyi Biotec, Cologne,
Germany), resulting in a concentration of 700—1200 cells/
pL with a viability of >85%. These viable cells were then
loaded on the 10X Genomics Chromium platform, with
10,000 cells used to prepare scRNA-seq libraries. The
Chromium Single Cell 3’ Library and Gel Bead Kit V3.1
(PN1000268, 10x Genomics) was employed to generate
single-cell gel beads in emulsion (GEM). After thorough
quality control of the prepared libraries, sequencing was
performed on an Illumina Novaseq 6000 platform using a
150 bp paired-end sequencing strategy at Berry Genom-
ics Corporation (Beijing, China).

Cell culture and cigarette smoke extract (CSE) stimulation
16HBE cells were cultured in RPMI 1640 medium (Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin—streptomycin
(Gibco). They were incubated in a 37 °C incubator with
5% CO,. When the cells reached suitable confluence,
they were dissociated with trypsin (Gibco) and seeded
into six-well plates. After 24 h of incubation, they were
stimulated with 0.5%, 1%, or 1.5% CSE, or with 1.5% CSE
for 24, 48, and 72 h. The extraction method of CSE is
described in our previous studies [20].

Lentiviral infection and cell viability detection
Lentivirus-containing short hairpin RNA (shRNA) tar-
geting Lsm2 and lentivirus vectors were obtained from
Genechem (Shanghai, China). Appropriate concentra-
tions of 16HBE cells were seeded into six-well plates
and incubated in a 37 °C, 5% CO, incubator for 24 h.
Once the cells reached 50-60% confluence, the medium
was replaced with 1 mL of medium containing 5 pg/
mL polybrene (Genechem), along with either lentivirus-
containing shRNA targeting Lsm2 (shLsm2) or lentivi-
rus vectors (negative control, NC). The cells were then
incubated for 48 h. Following incubation, cells from the
NC and shLsm2 groups were dissociated to obtain a cell
suspension. Approximately 1x 10* cells from each group
were seeded in a 96-well plate and further incubated in
a 37 °C, 5% CO, incubator for 48 h. Next, the medium
was replaced with fresh culture medium containing
10% CCK-8 (SB-CCKS, SanegeneBio, Shanghai, China),
and the cells were incubated for 1 h. Subsequently, the
absorbance at a wavelength of 450 nm was measured to
assess cell viability.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

RNA extraction from lung tissue was carried out using
the RNA-Quick Purification Kit (RN001, Shanghai Yis-
han Biotechnology Co. Ltd., Shanghai, China). The
extracted RNA was then reverse-transcribed into cDNA
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Table 1 Primers used for quantitative real-time PCR

Gene Sequence (5'— 3’)

Mouse Lsm2 Forward ACCCTGAGAAATACCCTCACAT

Mouse Lsm2 Reverse GACGACTGAGCCCCTGATG
Human LSM2 Forward CATCTGTGGAACCCTCCATTC
Human LSM2 Reverse GCACGTATCGGACCACTGAG

using the PrimeScript” RT reagent kit (RR037A, Takara
Biotechnology, Osaka, Japan). qRT-PCR was performed
to amplify the target genes using RR420A from Takara
Biotechnology. The primer sequences are shown in
Table 1.

Cell cycle detection

16HBE cells (2x10°) from the shLsm2 or negative con-
trol (NC) group were seeded into 6-well culture plates
and incubated at 37 °C in a 5% CO, incubator for 24 h.
Once the cell density reached 80%, cells were digested
with 0.25% trypsin (without EDTA) and collected into
flow cytometry tubes. After centrifugation at 1500 rpm
for 5 min, the cell pellet was resuspended in 300 pL PBS,
and 700 pL pre-cooled anhydrous ethanol was slowly
added dropwise while the tube was stored at —4 °C for
overnight fixation. The following day, the fixed cells were
mixed, and 3 mL PBS was added to each tube for resus-
pension. Cells were centrifuged again at 1800 rpm for
5 min, and the supernatant was discarded. Next, 10 pL of
RNase (10 pg/mL) and 100 pL PBS were added to each
tube, followed by incubation in a 37 °C water bath for
30 min. Finally, 20 pL propidium iodide (PI, 250 pg/mL)
was added for resuspension, and the samples were pre-
pared for analysis using the 70-CCS012 Cell Cycle Stain-
ing Kit (MultiSciences, China).

Statistical analysis

GraphPad Prism9.0 software was used for all data analy-
ses. For normally distributed data, comparisons were
made using the t-test and one-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparison test.
For non-normally distributed data, the Mann—Whit-
ney U test was applied. Results are presented as the
mean + standard deviation (SD), with statistical signifi-
cance defined as p < 0.05.

Results

Cigarette smoke enhances Lsm2 expression

In the GEO database, we compared the expression levels
of LSM2 in lung tissue samples from healthy individu-
als and COPD patients. The results showed that LSM2
expression was significantly higher in the lung tissue of
COPD patients compared to healthy individuals (Fig. 1A).
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We then compared Lsm2 gene expression between wild-
type (WT) mice and mice exposed to cigarette smoke for
3 months (Fig. 1B). The results showed increased Lsm2
expression in the WT_CS group at both the protein and
gene levels (Fig. 1C, D). Additionally, LSM2 was visu-
ally confirmed to be expressed in airway epithelial cells,
as shown in Fig. 1C. Thus, 16HBE cells stimulated with
cigarette smoke extract (CSE) exhibited a concentra-
tion- and time-dependent increase in Lsm2 gene expres-
sion, with the highest elevation observed after 1.5% CSE
stimulation for 72 h (Fig. 1IE-G). Knockdown of Lsm2 in
16HBE cells significantly reduced cell viability (Fig. 1H,
I). Furthermore, compared to the NC group, the shLsm2
group exhibited significant changes in the cell cycle, with
an increased proportion of cells in the S phase (Fig. 1J).
These findings suggest that Lsm2 plays a crucial role in
COPD development.

Lung-specific Lsm2 knockout exacerbates lung injury

and inflammation induced by cigarette smoke exposure

To investigate Lsm2’s role in COPD, we developed a con-
ditional Lsm2 knockout mouse (C57BL/6J-Lsm2¢™#1(flox)
Smoc) Lung-specific Lsm2 knockout (Lsm2~") mice
were generated by administering AdV5-CMV-Cre-
mCMV-copGFP via intratracheal administration to
C57BL/6]-Lsm2em#1flox)Smoc 1ice - These Lsm2~/~ mice
were exposed to CS for 3 months to establish a COPD
model (Fig. 2A, B). Histological examination using HE
staining revealed significant lung pathology in NC_CS
mice, including prominent leukocyte infiltration, eryth-
rocyte exudation, airway thickening (Fig. 2C). Lung-spe-
cific Lsm2 knockout mice exposed to CS (Lsm2~/~_CS)
exhibited even greater lung inflammation and injury, as
evaluated by lung injury score, and mean alveolar septal
thickness (MAST) [19, 23] (Fig. 2D).

We quantified TNF-a, CXCL15, and IL-6 levels in
bronchoalveolar lavage fluid (BALF) using ELISA. The
WT_CS group showed a significant increase in TNF-a,
CXCL15, and IL-6 levels following CS exposure com-
pared to the WT group. The Lsm2 knockout resulted in
an even more pronounced elevation in TNF-a, CXCL15,
and IL-6 secretion caused by CS (Fig. 2E).

Club cell-specific Lsm2 knockout exacerbates CS-induced
lung injury

To determine the cell types where Lsm2 is mainly
expressed, mIHC was used to stain LSM2 along with
markers for epithelial cell types, specifically CC10™ Club
cells, FOX]J1* ciliated epithelial cells, and KRT5" basal
cells (Fig. 3A and Supplementary Fig. 1A). LSM2 was pri-
marily expressed in Club cells of wild-type mice (Fig. 3B,
C and Supplementary Fig. 1B-C). Exposure to cigarette
smoke increased the ratio of CC10"LSM2*/CC10"cells
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Fig. 1 Cigarette smoke enhances the expression of Lsm2. A The expression of LSM2 in nonsmokers (Control) and patients with COPD

was obtained from the Gene Expression Omnibus (GEO) database, using datasets GSE5058 and GSE8545. B Schematic of COPD modeling. C
Immunohistochemistry (IHC) of LSM2 (n=3 biological replicates). Black arrows indicate LSM2* cells. D Lsm2 gene expression in mice (n=6
biological replicates). E Schematic diagram of CSE stimulation in 16HBE cells. F Expression of LSM2 in 16HBE cells stimulated with 1.5% CSE

at different time points. G Expression of LSM2 in 16HBE cells stimulated with different concentrations of CSE for 72 h. H Lentivirus-containing
short hairpin RNA (shRNA) targeting Lsm?2 inhibited Lsm2 expression in 16HBE cells (n=4 biological replicates). | Reduction in cell viability
following Lsm2 knockdown (n=4 biological replicates). J Cell cycle in NC and shLSM2 group (n=3 biological replicates). **p <0.01; ****p < 0.0001
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Fig. 2 Lung-specific Lsm2 knockout exacerbates cigarette smoke-induced lung injury and inflammation. A The diagram of design strategy

for generating Lsm2 conditional knockout mice using CRISPR/Cas9 technique. B Experimental design schematic. C Hematoxylin and eosin

(HE) staining. The green arrows point to exudative red blood cells, the blue arrows highlight infiltrating inflammatory cells, and the asterisk (*)
denotes thickened airways. D Lung tissue pathology scoring, including lung injury score, and MAST, E concentration of TNF-a, CXCL15 and IL-6
in bronchoalveolar lavage fluid (BALF) (pg/mL); Values represent mean +SD, n=3-5 for each group. *p < 0.05; **p <0.01; ****p <0.0001. NC group
Negative control mice, NC_CS group negative control mice exposed to cigarette smoke for 3 months, Lsm2~~ group lung-specific Lsm2 knockout
mice, Lsm2~~_CS group Lung-specific Lsm2 knockout mice exposed to cigarette smoke for 3 months

(See figure on next page.)

Fig. 3 Club cell-specific Lsm2 knockout exacerbates cigarette smoke (CS)-induced lung injury. A Multiplexed immunohistochemistry (mIHC)

of FOXJ1, CC10, and LSM2 (n=3 biological replicates). B The percent of CC10*LSM2*/CC10*Cells, FOXJ17LSM2*/FOXJ1*Cells, and CC10*LSM2*/Total
cells (n=3 biological replicates). C Fluorescence colocalization analysis. D Experimental design schema diagram. E Immunohistochemistry (IHC)
staining of LSM2 and hematoxylin and eosin (HE) staining of lung tissue. F Lung tissue pathology scoring, including lung injury score, and MAST.
The blue arrows indicate tar-engulfing macrophages, while the asterisk (*) marks the thinner airway epithelium in Lsm2259279" and Lsm225<9797_CS
groups compared to the WT and WT_CS groups. Values represent mean + SD, n=3-6 for each group. *p <0.05; **p <0.01; ****p <0.0001

in the WT_CS group, indicating enhanced Lsm2 expres-
sion in Club cells following smoke exposure (Fig. 3B).
This suggests that Lsm2 might play an important role in
Club cells during COPD pathogenesis.

To investigate the role of Lsm2 in Club cells, we gener-
ated Club cell-specific Lsm2 knockout mice and exposed
them to CS for 3 months (Fig. 3D). Immunohistochemical

(IHC) staining of LSM2 confirmed the effectiveness of
gene knockout, with negligible LSM2 protein expression
in the lungs of Lsm245%€¥1%! and Lsm245€*1!_CS mice
despite increased LSM2 expression following CS expo-
sure (Fig. 3E).

HE staining showed notable disruption of lung tissue
architecture in the WT_CS group, with the presence of
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giant tar-devouring cells within the alveolar cavities along
with inflammatory cell infiltration. The Lsm245eeblal g
group exhibited more severe destruction, with increased
infiltration of tar-engulfing macrophages (Fig. 3E). The
airway epithelium in the Lsm24Seeblal i d [, gmpASceblal
CS groups appeared thinner and more discontinuous
than in the WT and WT_CS groups (Fig. 3E). However,
compared with the WT group, the Lsm225¢/14! group
did not have obvious inflammatory cell infiltration. Path-
ological scoring indicated that the lung injury score and
MAST were significantly higher in the Lsm245%¢/14!_CS
group compared to the WT_CS group (Fig. 3F). These
results indicating that Club cell-specific Lsm2 knockout
decreases the number of Club cells without inducing
lung injury at baseline, but exacerbates CS-induced lung
injury during CS exposure.

RNA-Seq analysis and inflammatory response

RNA-Seq analysis of lung tissues from the four groups
of mice, and the differential expression of genes among
these groups is depicted in Fig. 4A. Initially, we identi-
fied 306 genes with significantly increased expression fol-
lowing smoke exposure. Among these, 14 genes showed
further increases upon Club cell-specific Lsm2 knockout
(Fig. 4B, C). Gene Ontology (GO) enrichment analysis
revealed significant involvement in immune response,
innate immune response, and immune system processes,
predominantly linked to inflammation (Fig. 4D).

To validate the RNA-Seq findings, we assessed inflam-
matory indicators by measuring white blood cell (WBC)
count and IL-6, CXCL15, and TNF-a levels in BALF
using ELISA. The WT_CS group showed significant
increases in these markers compared to the WT group,
with even higher levels in the Lsm245¢*!4!_CS group
(Fig. 4E, F). Luminex assay confirmed increased secretion
of IL-6, G-CSF, and MIP-1a in Club cell-specific Lsm2
knockout mice exposed to CS for 3 months, with similar
trends observed for MCP-1, CXCL1, and IL-17A (Sup-
plementary Fig. 2A). These results support the RNA-Seq
data, emphasizing the role of LSM2 in regulating lung
inflammation, particularly in Club cells, during COPD
development.

Club cell-specific Lsm2 knockout induces ciliated epithelial
cell defects

RNA-Seq analysis revealed that, compared to the WT_CS
group, 573 genes exhibited decreased expression and 626
genes exhibited increased expression in the Lsm245%€?1a!_
CS group (Fig. 4A and Supplementary Fig. 3A). To under-
stand the functional implications of the downregulated
genes in the Lsm245¢%14_CS group, we conducted GO
functional enrichment analysis, which indicated a strong
association with ciliated epithelial cell composition and
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function, including processes such as cilium movement,
assembly, organization, and the structure of 9+2 motile
cilium (Supplementary Fig. 3B). Subsequent qRT-PCR
analysis confirmed that genes involved in these cilium-
related pathways were significantly downregulated in the
Lsm245¢1a!_CS group compared to the WT_CS group
(Supplementary Fig. 3C).

To further investigate the role of Club cell-specific
Lsm2 knockout in ciliated epithelial cells, we examined
cilia length and the “9+42” microscopic structure using
electron microscopy and assessed ciliated epithelial cell
beating frequency. Cigarette smoke exposure resulted
in reduced cilia length in the WT_CS group, along with
instances of ciliary membrane rupture, blistering, and
dynein wall damage compared to the WT group (Fig. 5A,
B).

The Lsm245¢/4!_CS group showed significantly
shorter cilia compared to the WT_CS group (Fig. 5B).
However, there were no significant differences in the
“942” structure between the Lsm245¢€14! and WT
groups, or between the Lsm245¢*/¢!_CS and WT_CS
groups (Fig. 5A), suggesting that Club cell-specific Lsm2
knockout exacerbates cigarette smoke-induced cilia
shortening but does not affect ciliary structure. Addition-
ally, the WT_CS group exhibited decreased ciliary oscil-
lation frequency compared to the WT group, indicating
impaired ciliary function after cigarette smoke exposure
(Fig. 5C). Club cell-specific Lsm2 knockout (Lsm245¢>14
and Lsm245%€1%1_CS groups) did not alter ciliary oscilla-
tion frequency compared to the WT and WT_CS groups,
respectively (Fig. 5C).

Using the ciliated epithelial cell marker a-tubulin, we
observed a notable absence of a-tubulin® cells within
the airway epithelium of both the Lsm245¢¥#! and
Lsm245¢14!_CS groups compared to the WT and WT_
CS groups (Fig. 5D, E). These findings indicate that Club
cell-specific Lsm2 knockout reduces the number of cili-
ated epithelial cells.

Club cell-specific Lsm2 knockout modulates cellular
composition
We conducted single-cell sequencing (10X Genomics) on
lung tissue from four groups of mice to investigate the
impact of Club cell-specific Lsm2 knockout on cellular
composition. After FACS and quality control screening,
we isolated 7889 cells from the WT group, 12,038 from
the WT_CS group, 11,862 from the Lsm2AScgblal group,
and 10,400 from the Lsm245¢?141_CS group (Fig. 6A).
Dimensionality reduction clustering analysis using
t-distributed stochastic neighbor embedding (t-SNE)
identified 29 cell types (Fig. 6B and Supplemen-
tary Fig. 5A), further categorized into 16 types based
on marker gene expression levels (Fig. 6C). These
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Fig.4 Club cell-specific Lsm2 knockout exacerbates cigarette smoke (CS)-induced lung inflammation. A Number of differentially expressed genes
in four groups (n =3 biological replicates). B, C Differential genes with significantly increased expression following smoke exposure, which further
increased upon Club cell-specific Lsm2 knockout. D Gene Ontology (GO) enrichment analysis of differentially expressed genes. E Number of white

blood cells in bronchoalveolar lavage fluid (BALF). F Concentrations of IL-6,

CXCL15, and TNF-a in BALF measured by ELISA (pg/ml). Values represent

mean + SD, n=3-6 for each group. *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001

included type II pneumocytes (Sftpc, Lamp3), mac-
rophages (Mrcl), Club cells (Scgblal, Aldhlal), lym-
phatic endothelial cells (Bmp6), type I pneumocytes
(Ager, Akap5), B cells (Pax5, Bank1), T cells (Skapl, Itk),
fibroblasts (Nox4, Pdgfra), monocytes (Adgre4, Ccr2),

mesothelial cells (Upk3b), endothelial cells (Pecam1), cili-
ated epithelial cells (Cfap299, Dnah12), NK cells (Ncrl,
Ccl5), pericytes (Pdgfrb), dendritic cells (Ccr7), and neu-
roendocrine cells (Bex2, Calca) (Fig. 6D).
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Further investigation focused on changes in cell type
numbers and proportions in each group. Cigarette
smoke exposure increased both the number and propor-
tion of Club cells from 1,191 (15.89%) in the WT group
to 1,788 (15.94%) in the WT_CS group. In contrast, the
Lsm245¢21! group showed a significant decrease to
265 (2.38%). Although the number of Club cells slightly
increased to 425 (4.35%) in the Lsm245¢%1¢!_CS group
compared to the Lsm245¢>1¢! group, it remained signifi-
cantly lower than in the WT and WT_CS groups (Fig. 6E,
E).

Significant changes were also observed in ciliated epi-
thelial cells. Compared to the WT group (158, 2.11%),
the proportion of ciliated epithelial cells in the WT_CS
group decreased to 1.54% (173). The Lsm245€*14! group
showed a significant decrease to 31 (0.28%), while the
Lsm245¢b11_CS group had 48 (0.49%) (Fig. 6E, F).

To minimize interference from immune cells, we
selected CD45" cells and reclassified them into sepa-
rate groups. The results showed that club cells comprise
23.34% in the WT group and 23.28% in the WT_CS
group, whereas their proportions in the Lsm245¢ble!
and Lsm225¢¥14!_CS groups are only 4.23% and 6.75%,
respectively. Similarly, the proportions of ciliated epi-
thelial cells in the four groups were as follows: WT
group (3.1%), WT_CS group (2.25%), Lsm245€¥141 group
(0.49%), and Lsm245«¢b1e! Cg group (0.76%). Even after
removing CD45™ cells, we were still able to demonstrate
that knockout of the Lsm2 gene in club cells significantly
reduces the number of both club cells and ciliated epithe-
lial cells (Supplementary Fig. 4).

Volcano plots depicting differential gene expres-
sion between the ciliated epithelial cells of WT and
Lsm?245¢gblal groups, as well as between the WT_CS
and Lsm245¢%141_CS groups, are shown in Fig. 6G. GO
enrichment analysis of differentially expressed genes
from ciliated epithelial cells in the four groups revealed
no association with cilia structure and function (Supple-
mentary Fig. 5B, C). This further supports our conclusion
that Club cell-specific Lsm2 knockout reduces the num-
ber of ciliated epithelial cells without affecting individual
cilia function and structure.

Significance of Chia1*/Crb17 club cells

in transdifferentiation to ciliated epithelial cells

Club cell-specific Lsm2 knockout induces signifi-
cant alterations in the airway epithelium of both the
Lsm245¢¢blal and Lsm2ASeeblal g groups. We re-clus-
tered and analyzed airway epithelial cells from the four
groups, resulting in 18 clusters (Fig. 7A, B). Among these,
Club cells were subdivided into six distinct clusters,
while ciliated epithelial cells comprised only one cluster
(Fig. 7C). Previous studies have shown that Club cells can
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differentiate into ciliated epithelial cells, but the specific
subtype crucial to this process remains unclear [24, 25].
To investigate the evolutionary dynamics between Club
and ciliated epithelial cells, we conducted pseudo-time
cell trajectory analysis of the six Club cell clusters and cil-
iated epithelial cells, revealing a three-branch trajectory
illustrating the development from Club cells to ciliated
epithelial cells (Fig. 7D).

After confirming the starting point, developmental
routes were determined, bifurcating into either Cell fate
1 or Cell fate 2 branches. Significant differences emerged
in Club cell cluster 7 between the Club cell-specific
Lsm2 knockout and wild-type mice. Specifically, in the
Lsm245gblal and 1 sm24Seblal g groups, the number
of Club cells in cluster 7 at the differentiation origin was
notably reduced, with a higher proportion differentiating
into Cell fate 2, a pattern absent in the WT and WT_CS
groups. Club cell cluster 7 was identified as a subgroup
characterized by Chial*/Crb1™" cells (Fig. 7E). GO func-
tional enrichment analysis of genes downregulated in
Cluster 7 compared to the WT group revealed their
involvement in epithelial cell proliferation (GO: 0050673)
(Fig. 7F). The differentially expressed genes and their cor-
responding expression levels are listed in Supplementary
Table 1.

Discussion

Previous studies have shown that the LSM protein fam-
ily comprises RNA-binding proteins essential for RNA
metabolism. Tang et al. [26] demonstrated that the
Lsm2-8 complex protects the mature 3’ end of the tel-
omerase RNA subunit 1 (TER1) in fission yeast, shield-
ing it from exonucleolytic degradation. This protection
enhances telomerase activity, preserves telomere stability,
and supports cell division. Telomerase typically exhibits
heightened activity in stem cells, germ cells, and tumor
cells [27]. Additionally, prior research indicates that
Lsm2 gene expression significantly correlates with the
onset and prognosis of malignant tumors such as breast
cancer, melanoma, and hepatocellular carcinoma [13, 15,
16]. Collectively, these findings underscore the associa-
tion of Lsm2 with cell proliferation.

COPD is a chronic airway disease often caused by
smoking [28]. In this study, we initially stimulated 16HBE
cells with CSE and observed an increase in Lsm2 expres-
sion in vitro. Long-term exposure to cigarette smoke also
resulted in elevated Lsm2 expression in vivo. Further-
more, knocking down Lsm2 in 16HBE cells significantly
reduced cell viability in vitro (Fig. 1). These experimental
results suggest that Lsm?2 is crucial for cell proliferation
and may play an important role in the pathogenesis of
COPD.



Zhu et al. Respiratory Research

o
25 M
® .
LI
~, *
H

g ° .
.
.
.
.
.

25

D Cluster |

Lsm24segbial_CS

Lsm24SegbTat

5 .
7

i
1
i
/
¢
f

(2025) 26:71

25

Type Il preumocytes
Club cells

Type | pneumocytes
Ciliated epithelial cells

Neuroendocrine cells
Basal cells

9 -
11 13

£ ]
3
Collfate2
i
5 L e e
Club cells17- e O o
Clubcelsi3| @ @ o o @ O - e e e e
Clbcellst2{ o =+ o - o ® o ® .
z
E
]
=
Clubcels5{ @ @ e O ©° . . .
Cubeels7] « © @ @ © @ =+ - o .
Clbeelsil{ @ @ . . [} [ ] [ [ L[] .
NS @ & & D
@ N N & o’ &
e"g & & F & o & & & < &
& B
Features

W-10SN

7
A
12

&

Page 14 of 18

B Lamse b ot

L2.cs 105N
B Loma==_Cs-Club cls?
W 1 WT-Ciub cels7
K 1 wr_cs-cub cats?

B LamzeeClu ol
B Lonz S Club cetss
B WrCiob celiss

B WT_cS-Cub celiss
B Lsm2sr.Club celistt

B Lsmosst_Cs-Club celst
B Wr-ciob cett

B wr_csclubcelstt

B Lsm2tsoe.Club cels12

B Lsmasss_CS-Ci cels12
B Wb cels12

B Wr_cscubcelst2

[ Lsm2s i cels13
[ Lsm2s=_CS.Club celist3
B WrCub celis1s

B WT_CsClubcalst3
B Lsm2=.Ciub celist?

B Lsm2esonr_Cs-Club celis17
B wrcub ceis17

B wr_cs.cub celst7

[Cepithelial cell

synapse organization
postsynaptic density

asymmetric synapse

neuron to neuron synapse

postsynaptic specialization

regulation of protein-containing complex assembly
regulation of epithelial cell proliferation

urogenital system development

ameboidal-type cell migration

dendrite development

homeostasis of number of cells:

positive regulation of protein-containing complex assembly
0 regulation of transmembrane transporter activity
regulation of transporter activity

Percent Expressed postsynapse organization
0 positive regulation of transmembrane transport
.25 positive regulation of ion transmembrane transport
regulation of ion transmembrane transporter activity:
dendrite morphogenesis

positive regulation of epithelial cell proliferation
dendritic spine development

sodium ion transmembrane transport

dendritic spine organization

i neuron projection organization
positive regulation of ion transmembrane transporter

Average Expression
2

1

activity
bone mineralization

dendritic spine morphogenesis

regulation of bone mineralization

negative regulation of glucose transmembrane transport

LI )

LI

0.04 0.06
GeneRatio

Fig. 7 Chia1%/Crb1* cells play a key role in the transformation of Club cells into ciliated epithelial cells. A tSNE visualization of all lung cells
showing 18 clusters. B tSNE visualization of all epithelial cell types. C tSNE visualization of six clusters of Club cells in WT, WT_CS, [ sm2Ascgblal
and Lsm2259°181_CS groups. D Pseudo-time cell trajectory analysis of the six clusters of Club cells and ciliated epithelial cells. E Bubble plots
of the marker genes expressed in the six clusters of Club cells. F GO analysis of the differentially upregulated genes in the WT group compared

to the Lsm22°9°79" group in cluster 7

To investigate the role of Lsm2 in COPD, we devel-
oped a conditional Lsm2 knockout mouse (C57BL/6]-
. We first induced lung-specific Lsm2

Lsmzem#l(ﬂox)SmOC)

knockout (Lsm2~/7) mice and observed inflammatory
cell infiltration, increased secretion of inflammatory fac-
tors, and aggravated lung injury (Fig. 2). Since mIHC
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staining showed that Lsm2 is mainly expressed in Club
cells (Fig. 3), we then generated Club cell-specific Lsm2
knockout mice. We found that Club cell-specific Lsm2
knockout significantly aggravated the infiltration of
immune cells, such as macrophages, and increased the
secretion of multiple inflammatory factors, including
CXCL15, IL-6, and TNF-a (Fig. 3). Macrophage infil-
tration in the lung creates a more pro-inflammatory
environment and causes tissue damage [29]. The high
secretion of IL-6, CXCL15, and TNF-a is associated with
poor clinical outcomes in COPD [30-32].

RNA-Seq analysis revealed a significant impairment in
cilia function in the Lsm245¢?2¢!_CS group compared to
the WT_CS group. Subsequent experiments confirmed
that this impairment was due to a reduction in the num-
ber of ciliated epithelial cells. Ciliated epithelial cells are
the predominant epithelial cell type, comprising at least
50% [33]. These cells play a crucial role in airway mucus
clearance [9]. Motile cilia (MC) are the primary type in
the airway epithelium, forming a natural barrier in the
lung bronchial epithelium [8]. In healthy individuals,
motile cilia beat at a frequency of 10-14 Hz, clearing
inhaled pathogens and particulate matter trapped in the
mucus layer from the airways. Typically, a ciliated epi-
thelial cell contains 200-300 cilia [34]. In some patients
with COPD, the ciliated epithelial cell structure is altered,
resulting in shortened cilia and reduced beating fre-
quency [10, 11]. Cilia dysfunction can exacerbate COPD
symptoms. Therefore, we initially hypothesized that Club
cell-specific Lsm2 knockout might affect COPD progres-
sion by altering cilia structure in ciliated epithelial cells.
After cigarette smoke exposure, the WT_CS group did
show cilia shortening, structural damage, and a decrease
in ciliary oscillation frequency compared to the WT
group. However, Club cell-specific Lsm2 knockout exac-
erbated cigarette smoke-induced cilia shortening with-
out affecting the structure and beating frequency of cilia
(Fig. 5A-C).

Immunofluorescence results showed that a-tubulin®
cells within the airway epithelium were significantly
reduced in both the Lsm245%¢P14l and 1sm245«¢hlal g
groups compared to the WT and WT_CS groups, respec-
tively (Fig. 5D, E), indicating that Club cell-specific Lsm2
knockout reduces the number of ciliated epithelial cells.
Furthermore, single-cell sequencing of lung tissue from
mice revealed a significant decrease in the number of
Club and ciliated epithelial cells in the Lsm245¢%14! and
Lsm245¢21a!_CS groups compared to the WT and WT_
CS groups, respectively (Fig. 6E, F). Consistent with this,
HE staining showed that the airway epithelium in the
Lsm245b1al and Lsm245¢P1!_CS groups is significantly
thinner than in the WT and WT_CS groups, respectively
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(Fig. 3C). The thinning of the airway epithelium may be
attributed to the loss of Club and ciliated epithelial cells.
These results suggest that Club cell-specific Lsm2 knock-
out promotes COPD progression by reducing the num-
ber of Club and ciliated epithelial cells.

Ciliated epithelial cells require replenishment by a
stem cell population [35]. Lineage labeling studies have
demonstrated that in bronchioles, both during postna-
tal growth and adult homeostasis, Club cells possess the
capability of self-renewal and differentiation into ciliated
epithelial cells [24]. Specifically, in adult bronchioles,
almost all renewal of ciliated epithelial cells originates
from Club cells [24, 36], which are known for their het-
erogeneity [37]. Given that functional ciliated epithe-
lial cells were still present in the lungs of mice in the
Lsm245€b1a1 and Lsm245%¢0141_CS groups, it suggests that
Lsm2 may not affect all subtypes of Club cells uniformly.
To better delineate which Club cell subpopulations are
primarily influenced by Lsm2, we further subgrouped the
Club cells.

Pseudotime analysis simulates the cell differentiation
process. Leveraging the known differentiation relation-
ship between Club cells and ciliated epithelial cells [4,
38], we conducted developmental trajectory analysis on
six subpopulations of Club cells and ciliated epithelial
cells. We found that the developmental trajectory of clus-
ter 7 of Club cells in the Lsm245€*?! and Lsm245€b1a!_
CS groups significantly diverged from that in the WT and
WT_CS groups, respectively (Fig. 7D). Cluster 7 of Club
cells consists of Chial™/Crb1™ cells. Bacillus circulans
WL-12 chitinase Al (Chial) is an antimicrobial-related
protein. Previous studies have shown reduced expression
of Chial in lung tissue of mice with coal pneumoconio-
sis compared to normal mice [39]. Crumbs cell polarity
complex component 1 gene (Crbl) is highly associated
with retinal development and long-term retinal integrity
[40]. The high expression of Chial and Crb1 in Club cells
cluster 7 suggests that the function of this cluster may be
related to proliferation and antimicrobial activity. There-
fore, we propose that Lsm2 knockout in Club cells leads
to a reduction in club cells, specifically inhibits the trans-
differentiation of Club cell cluster 7 (Chial*/Crb1*) into
ciliated epithelial cells, ultimately leading to a reduction
in the number of ciliated epithelial cells.

In summary, our experimental results demonstrate
several key findings: Lsm2 is primarily expressed in Club
cells, and exposure to cigarette smoke increases Lsm2
expression. Knockdown of Lsm2 impedes the prolifera-
tion of Club cells. Specifically, Club cell-specific knock-
out of Lsm2 diminishes the population of Club cells,
particularly those characterized by Chial*/Crb1* expres-
sion. Consequently, this reduction in Club cells leads to
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Fig. 8 Lsm2 regulates the progression of COPD by influencing the differentiation of Club cells into ciliated epithelial cells

a decrease in ciliated epithelial cells, rendering the lungs
more vulnerable to cigarette smoke and expediting the
progression of COPD (Fig. 8).

Conclusion

In this study, we elucidated the protective role of Lsm2
in COPD. Club cell-specific Lsm2 knockout reduced the
proliferation of Club cells and disrupted their differentia-
tion into ciliated epithelial cells. Consequently, the num-
ber of ciliated epithelial cells decreased, exacerbating
lung injury and inflammation induced by cigarette smoke
exposure. This aggravated COPD progression and led to
a deterioration in lung function.
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