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Abstract— Chronic obstructive pulmonary disease (COPD) is primarily caused by inha-
lation of cigarette smoke and is the third leading cause of death worldwide. Pulmonary
surfactant, a complex of phospholipids and proteins, plays an essential role in respira-
tion by reducing the surface tension in the alveoli. Lysophosphatidylcholine acyltrans-
ferase 1 (LPCATI) is an enzyme that catalyzes the biosynthesis of surfactant lipids and
is expressed in type 2 alveolar epithelial cells. Its dysfunction is suggested to be involved
in various lung diseases; however, the relationship between LPCAT1 and COPD remains
unclear. To investigate the role of LPCAT1 in the pathology of COPD, we analyzed an
elastase-induced emphysema model using Lpcatl knockout (KO) mice. In Lpcatl KO
mice, elastase-induced emphysema was significantly exacerbated with increased apoptotic
cells, which was not ameliorated by supplementation with dipalmitoylphosphatidylcholine,
which is a major component of the surfactant synthesized by LPCAT1. We subsequently
evaluated the effects of cigarette smoking on primary human type 2 alveolar epithelial cells
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(hAEC?2s) and found that cigarette smoke extract (CSE) downregulated the expression
of Lpcatl. Furthermore, RNA sequencing analysis revealed that the apoptosis pathway
was significantly enriched in CSE-treated primary hAEC2s. Finally, we downregulated
the expression of Lpcatl using small interfering RNA, which resulted in enhanced CSE-
induced apoptosis in A549 cells. Taken together, cigarette smoke—induced downregulation
of LPCAT1 can promote the exacerbation of pulmonary emphysema by increasing the
susceptibility of alveolar epithelial cells to apoptosis, thereby suggesting that Lpcatl is a
novel therapeutic target for irreversible emphysema.

KEY WORDS: LPCATI; emphysema; dipalmitoyl phosphatidylcholine; type 2 alveolar epithelial cell;

apoptosis.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
caused by the inhalation of harmful substances, such as
cigarette smoke and air pollutants, and has become the
third leading cause of death worldwide in recent years [1].
COPD is characterized by airway obstruction and lung
emphysema, caused by a range of small airway diseases
and airway destruction. In addition, patients with COPD
and severe lung emphysema due to alveolar destruction,
including alveolar epithelial cell apoptosis, display a
rapid decrease in capacity for carbon monoxide diffusion,
which results in poor prognosis [2].

Type 2 alveolar epithelial cells (AEC2s) are cube-
shaped cells comprising 16% of adult lung parenchymal
cells [3]. AEC2s play an important role in the synthesis
and secretion of pulmonary surfactants and maintenance
of homeostasis in the alveoli through the regulation of
fluids and ion transport [4]. In addition, AEC2s differen-
tiate into type 1 alveolar epithelial cells (AEC1s) during
lung injury and repair [5]. Moreover, the dysfunction and
apoptosis of AEC2s by noxious particles are key features
of COPD, particularly the development of lung emphy-
sema [6].

The pulmonary surfactant produced and secreted by
AEC2s consists of 90% phospholipids and 10% surfactant-
associated proteins [7]. Phospholipids in pulmonary sur-
factants consist of approximately 80% phosphatidylcho-
line (PC). In addition, dipalmitoyl-PC (DPPC) is the major
component (~30%) of PC in pulmonary surfactants [8].
The key functions of DPPC are to decrease the surface
tension for proper alveolar opening and protect lung cells
from oxidative stresses. Smoking decreases the amount
of PC and surfactant protein (SP)-D in the bronchoalveo-
lar lavage fluid (BALF) [9]. Furthermore, PC including
DPPC in the BALF of patients with COPD is lower than

that of healthy individuals, and forced expiratory volume
measured during the first second (FEV1) correlates with
the amount of PC and DPPC in the BALF [10]. However,
although there are reports on the association between SP
disorders, such as SP-C [11], SP-D [12], and emphysema,
the association between surfactant lipids and emphysema
has not been clarified.

PC is biosynthesized by lysophosphatidylcholine
acyltransferase (LPCAT) using acyl-coenzyme A and
lysophosphatidylcholine as substrates in the remodeling
pathway (Lands’ cycle) [13—15]. Recently, Chen et al. and
our group independently discovered LPCAT1 [16, 17]
(also known as lysophospholipid acyltransferase 8) [18],
which is expressed substantially in the lungs, followed by
the spleen and brain [16]. In the lungs, its expression is
higher in AEC2s, and it catalyzes the synthesis of DPPC,
the major component of pulmonary surfactant [16]. We
previously reported that Lpcat! knockout (KO) mice pro-
duced a similar amount of total PC compared with wild-
type (WT) mice; however, the proportion of DPPC was
halved [19]. Consequently, Lpcat]! KO mice displayed a
high mortality rate because of respiratory failure [19, 20].

Taken together, we hypothesized that the change
in the proportion of DPPC through the dysfunction of
LPCAT]1 is related to the development of lung emphy-
sema. To test this hypothesis, we compared the severity of
lung emphysema induced by porcine pancreatic elastase
(PPE) in both WT and Lpcat! KO mice.

MATERIALS AND METHODS

Mice

Female C57BL/6 N mice were obtained from San-
kyo Labo (Tokyo, Japan). All animal experiments and
procedures were approved by the Laboratory Animal
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Center, the Keio University School of Medicine (Protocol
No. 10258), and were performed in accordance with the
institutional guidelines. Lpcat! KO mice were generated
as previously described [19].

Elastase-Induced Emphysema Mouse Model

Eight-week-old mice (WT and Lpcatl KO) were
intratracheally injected with 1.5 units of PPE (Elastin
Products, Owensville, MO, USA) in 50 pL of phosphate-
buffered solution (PBS) using a micro-sprayer drug deliv-
ery device (Penn-Century, Philadelphia, PA, USA). We
used a low dose of PPE (1.5 units) to clarify the differ-
ences between Lpcat! KO and WT mice. Control mice
were age-matched and intratracheally injected with 50 puL
of PBS. PPE was administered only once, and mice were
observed for 6 weeks after administration and then sacri-
ficed. After elastase administration, we observed the mice
for up to 6 weeks, considering the possibility that Lpcat!
deficiency may cause long-term exacerbation of elastase
emphysema than what has been reported in previous stud-
ies [21, 22]. At least three mice were used in each group.

Micro-computed Tomography (CT) Imaging

Mice were anesthetized via the inhalation of isoflu-
rane (Pfizer, Tokyo, Japan) and scanned using an X-ray
micro-CT system (R_mCT2; Rigaku, Tokyo, Japan).
The system was operated with the following parameters:
90 kV, 160 pA, chest CT; respiratory and cardiac recon-
struction mode, field of view: 24 X 24 mm (pixel size:
5050 pm), and scan time: 4.5 min. For reconstruction,
we used the respiratory and cardiac reconstruction mode,
which reconstructs lung images only at the diastolic phase
of the heart at the end-expiratory period by simultaneously
monitoring both respiratory and cardiac motion under
X-ray fluoroscopy. To calibrate the CT values, a 15-mL
tube of water was scanned and the image was used to set
0 HU for water and 1000 HU for air [23]. We analyzed
the micro-CT images using a Lexus 64 workstation (AZE,
Tokyo, Japan). Lung parenchyma was arbitrarily defined
as a region with X-ray attenuation values between — 1024
and —450 HU, and intra- and surrounding extrapulmonary
tissues were excluded [23]. Low-attenuation area (LAA)
thresholds were arbitrarily set to < —780 HU to calibrate
the percentage of LAA to the total lung volume in control
mice at<5% [24].

Morphologic Evaluation of Emphysema

The mice lungs were inflated with 4% paraformal-
dehyde at a pressure of 25 cmH,O for 5 min and fixed
in formalin for 24 h at room temperature. Lung tis-
sues were paraffin-embedded, sectioned in the sagittal
plane, and stained with hematoxylin and eosin (H & E).
Regarding the measurement of the mean linear inter-
cept (Lm), a standard method of air space evaluation
[25] was used. In detail, images of five lung lobes were
captured using NanoZoomer (Hamamatsu Photonics,
Shizuoka, Japan), and 10 fields were randomly selected
in each mouse. Two lines were randomly drawn hori-
zontally and vertically on the selected images, and the
intersections between the lines and the alveolar walls
were counted manually. Lm was calculated by dividing
the length of the lines by the number of intersections.

Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling (TUNEL) Staining

To evaluate apoptosis, we performed TUNEL
staining using a DeadEnd Fluorometric TUNEL Sys-
tem (Promega; Fitchburg, WI, USA) according to the
manufacturer’s protocol. Apoptotic cell numbers were
counted at 1 week following the elastase injection by
averaging the five lobe findings for each group, as
described previously [26].

PC Analysis in Lipid Extracts

Lipids were extracted from the BALF using the
Bligh and Dyer method [27]. We analyzed the samples
using an LCMS8040 and LCMS8050 (Shimadzu Corp.,
Kyoto, Japan), as described in the Supplementary Mate-
rials and Methods.

Flow Cytometry

Single-cell suspensions and cultured cells were
used for flow cytometric analysis. The antibody and
staining methods are provided in the Supplementary
Materials. Stained cells were run on a Gallios Flow
Cytometer (Beckman Coulter, Brea, CA, USA) and
analyzed using FlowJo 7.6.2 (Tree Star, Ashland, OR,
USA).



1768 Tanosaki et al.

*kk*k
I *kkk I
*kkk I I
a I *kkk I
200- ! ! 60+ p =017
* _I
" 1 *k °
150 : . * ~ ! o
_ — &L 40 1 o
E ° o .0 [ ]
s >
£ 1007 cogs % o0,
— —
- 20+ =+
504 0 -
° [ ]
O T T T 0 I T T
WT-PBS KO-PBS WT-PPE  KO-PPE WT-PBS KO-PBS WT-PPE KO-PPE

WT-PPE

Fig. 1 Lpcatl KO mice have exacerbated PPE-induced emphysema. (a) Comparison between WT and Lpcat! KO mice 6 weeks after PPE injec-
tion. The mean linear intercept (Lm, left) and LAA% (right) are measured as described in the “Materials and Methods” section. (b) Representative
images of hematoxylin and eosin—stained lung Sects. 6 weeks after PPE or PBS injection in WT or KO mice. Scale bar, 250 um. Data are presented
as mean +standard of mean (n=4-14). **P<0.01 (two-way ANOVA with Tukey adjustment). WT: wild type; KO: knockout; PBS: phosphate-
buffered solution; PPE: porcine pancreatic elastase; Lm: mean linear intercept; LAA%: low attenuation area %; LPCAT1: Lysophosphatidylcholine
acyltransferase 1; ANOVA: analysis of variance.
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Fig. 2 Analysis of BALF and whole lung after PPE injection. (a) The number of total cells (left) and the percentage of macrophages, neutrophils, and lym-
phocytes (right). (b) Relative expression of inflammatory cytokines (Cxcll, Cxcl2, 1i6) and MMPs (Mmp2, Mmp9, and Mmp12) in whole lung tissue at the
indicated time points. (¢) Percentage of DPPC among total PC content in the BALF. Data are presented as mean +standard of mean (n=3-13). *P<0.05,
*#*P<0.01, and ***P <0.001 (two-way ANOVA with Bonferroni adjustments). PPE, porcine pancreatic elastase; MMPs: matrix metalloproteinases; DPPC:
dipalmitoyl phosphatidylcholine; PC: phosphatidylcholine; BALF: bronchoalveolar lavage fluid; ANOVA: analysis of variance.
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<« Fig. 3 Increased number of apoptotic cells and mortality of AEC2
in the lungs of Lpcatl KO mice 1 week after PPE administration. (a)
Representative high power (lower panel) and low power images (upper
panel) of TUNEL staining in the lungs, 1 week after PPE administra-
tion. Scale bar, 100 um. (b) The number of apoptotic cells. Data are
presented as mean +standard error of mean (n=3-5). Data are ana-
lyzed by two-way ANOVA with Bonferroni adjustments. (¢) Repre-
sentative images of flow cytometric analysis using double staining
with SPC and EpCAM (left column) and the histogram of fixable aqua
in SPC*EpCAM™ cells (dead AEC2 cells, right column). (d) Dead
cell rate in SPC*EpCAM? cells (AEC2). Data are presented as
mean + standard of mean (n=3-4). *P<0.05 (two-way ANOVA with
Bonferroni adjustments). PPE, porcine pancreatic elastase; TUNEL:
terminal deoxynucleotidyl transferase dUTP nick end labeling; PPE:
porcine pancreatic elastase; WT: wild type mice; KO: Lpcat! KO mice;
AEC2: type 2 alveolar epithelial cells; ANOVA: analysis of variance.

RNA Sequencing Gene-Expression Analysis
in Primary Human Type 2 Alveolar Epithelial
Cells (hAEC2s)

Total RNA was extracted from hAEC2s using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). We per-
formed library preparation and sequencing using BGI
Genomics. All analysis techniques are described in the
Supplementary Materials and Methods. All RNA-seq
datasets were deposited in the Gene Expression Omni-
bus database (GSE186359, https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE186359).

Statistical Analyses

Data are presented as the mean =+ standard error
of the mean and were analyzed using GraphPad Prism
6 (GraphPad Software, San Diego, CA, USA). The Stu-
dent’s t-test was performed for comparisons between two
groups. We performed the one-way analysis of variance
(ANOVA) or two-way ANOVA with Dunnett’s multiple
comparison tests, Tukey’s multiple comparison tests, or
Bonferroni’s multiple comparison tests for comparisons
between three or more groups. Statistical significance was
set at p <0.05.

RESULTS
Lpcatl KO Mice Were More Susceptible
to PPE-Induced Lung Emphysema

We performed sequential micro-CT at 1, 2, 4,
and 6 weeks post-PPE administration for measuring

the LAA percentage (LAA%) to evaluate lung emphy-
sema in mice. We measured the Lm 6 weeks after PPE
administration. Micro-CT imaging revealed that PPE-
administered mouse lungs displayed a higher LAA% at
1 week after PPE administration than both PBS-treated
mouse lungs and mouse lungs before PPE treatment.
Furthermore, Lpcat! KO mice demonstrated a relatively
higher LAA% than WT mice (Supplemental Fig. S1).
Six weeks following PPE administration, Lm and
LAA% in the PPE-treated group were higher than those
in the PBS-treated group. Lm was significantly higher
in PPE-treated KO mice than in WT mice (Fig. 1a, left).
The LAA% was also higher in PPE-treated KO mice
than in WT mice (Fig. 1a, right); however, the increase
in LAA% was not statistically significant. In addition,
there was no significant difference in LAA% and Lm
between PBS-treated Lpcat! KO and WT mice. H & E
staining of lung tissue with PPE treatment also revealed
that Lpcatl KO mice exhibited more severe emphysema
than Lpcat] WT mice (Fig. 1b, right column). In con-
trast, H & E staining of lung tissue after PBS admin-
istration did not display any visual difference between
Lpcatl KO and WT mice (Fig. 1b, left column).

PPE-Treated Lpcatl KO Mice Promoted Cxcl2,
116, and Mmp12 Gene Expression in the Lungs

Subsequently, we examined the cell numbers and
cell differentiation in the BALF. PPE administration
increased the number of cells in the BALF from 24 h
to 7 days. However, the total cell count and the propor-
tion of the cell types in the BALF were not statistically
different between WT and Lpcatl KO mice (Fig. 2a).
To assess cytokine induction following PPE treatment,
we examined Cxcll, Cxcl2, and 116 mRNA expression
at similar time points. We selected these cytokines
because they have been reported to be upregulated in
a ventilator-induced lung injury model of Lpcati KO
mice [19] and also because LPCAT]1 deficiency has
been shown to be involved in the promotion of elastase
emphysema [21, 28-30]. Changes in these cytokines
were relatively large at 24 h after PPE administra-
tion. PPE treatment significantly promoted //6 mRNA
expression in the whole lung. Cxcl2 expression tended
to be upregulated in KO mice, compared with WT mice,
particularly during the early phase after administra-
tion (Fig. 2b). In addition, we examined the expres-
sion of MMPs and proteases, which are important in
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«Fig.4 CSE stimulation alters the expression of Lpcatl in both
hAEC2 and A549 cells. (a) Number of genes with altered expression
in hAEC2 cells and A549 cells after CSE stimulation. (b) Pathways
enriched in CSE-treated hAEC2 cells analyzed by GO analysis. (c)
Heat map of genes related to phospholipid biosynthesis in the remod-
eling pathway (TPM>0.1), which are present in the 616 genes with
altered expression because of CSE administration. CSE: cigarette
smoke extract; hAEC2: human type 2 alveolar epithelial cells; GO
analysis: gene ontology analysis; TPM: transcripts per kilobase mil-
lion.

emphysema progression [31]. Mmp2 and Mmp12 were
upregulated 2 weeks after PPE administration both in
WT and KO mice (Fig. 2b). Mmp2 expression was not
different between WT and KO mice. In contrast, Mmp12
expression was upregulated early after treatment in KO
mice compared with that in WT mice, as was Cxcl2.
Furthermore, we analyzed the PC composition in the
BALF. The proportion of DPPC in total PC in Lpcatl
KO mice was lower than that in WT mice, similar to the
results of a previous lipidomic analysis of the BALF
[19]. In addition, the DPPC proportion of total phos-
pholipids in the BALF in Lpcatl KO mice decreased
1 week after elastase injection, similar to that in WT
mice (Fig. 2c, Supplemental Fig. S2).

DPPC Supplementation Did Not Attenuate
the Development of PPE-Induced Emphysema

We hypothesized that the lack of LPCAT1 made
the PPE-treated mice susceptible to development of
lung emphysema through a decrease in DPPC synthesis.
Considering that LPCAT1 is a key enzyme for DPPC
production and DPPC is the major PC in the surfactant,
we administered DPPC to the PPE-treated Lpcatl
KO mice to determine if artificial surfactant (aSF)—
containing DPPC rescued lung emphysema. Palmitoyl-
oleoyl-PC, which is not produced by LPCAT1, was used
as a control. The lungs of PPE-treated mice were intra-
nasally administered with aSF. We selected intranasal
administration since it is a safe and widely used method
that has been reported to be comparable with intratra-
cheal administration [32]. We followed two protocols,
i.e., aSF was administered before and after treatment
with PPE or only after the treatment (Supplemental
Fig. S3a, S3c). Contrary to our expectations, neither
group revealed improvements in the LAA% and Lm
(Supplemental Fig. S3b, S3d).

Lpcatl KO Mice Lungs Displayed Enhanced
PPE-Induced Apoptosis

We hypothesized that the enhancement of emphy-
sema in Lpcatl KO mice was because of the apoptosis
induction in AECs. This can be attributed to the signifi-
cance of AEC apoptosis in the development of human
emphysema [33]. To investigate apoptosis in the lungs fol-
lowing PPE administration, we performed TUNEL stain-
ing in Lpcatl KO and WT mice at 1 week post-elastase
administration (Fig. 3a). Although the PPE-induced
inflammation was attenuated within 2 weeks after admin-
istration (Fig. 2a and b) and there was no accumulation of
inflammatory cells in the lung at 6 weeks after adminis-
tration, Lm was significantly higher in Lpcatl KO mice
than that in WT mice (Fig. 1a). We therefore believed that
apoptosis commenced soon after PPE administration and
remained for 2 weeks. Therefore, we analyzed apoptosis
1 week after PPE administration. PPE-treated Lpcatl KO
lungs had a relatively higher number of TUNEL-positive
(apoptotic) cells than WT lungs (Fig. 3b). Furthermore,
Lpcatl is specifically expressed in AEC2s, as shown
previously [16]. Therefore, we analyzed the number of
dead cells in flow cytometry—sorted AEC2s from WT and
Lpcatl KO mice 1 week after PPE administration. Lpcat!
KO mice revealed a higher dead cell rate of EpCAM*
SPC* AEC2s in the lung following PPE administration
compared with WT mice (Fig. 3c, d). In other words,
AEC2s in Lpcat] KO mice were more vulnerable to PPE
than AEC2s in WT mice.

Lpcatl mRNA Expression Was Altered in Both
hAEC2s and A549 Cells with CSE Stimulation

To simulate the in vivo situation in vitro, we per-
formed a transcriptomic analysis of hAEC2s that were
treated with CSE for 48 h and compared them with
microarray datasets (GSE77942) [34] from CSE-treated
AS549 cells, a human alveolar epithelial cell line. A total
of 4,705 genes were significantly changed in the CSE-
treated hAEC2s, and 616 of them were similar to the
significantly changed genes of CSE-treated A549 cells
(Fig. 4a). The gene ontology analysis revealed that the
CSE-treated cells enriched gene sets related to apop-
tosis and the regulation of DNA replication (Fig. 4b).
CSE treatment downregulated Lpcatl expression in
hAEC2s. Among the genes related to lysophospholipid
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«Fig.5 Lpcatl knockdown increases cell susceptibility to apoptosis.
(a) Numbers of cells following Lpcatl siRNA transfection. *P <0.05,
**P<0.01, and ***P<0.001 (one-way ANOVA with Tukey’s mul-
tiple comparisons). (b) Numbers of cells after the addition of CSE
for another 48 h after Lpcatl knockdown. *P <0.05, **P <0.01, and
*###%P <0.0001 (two-way ANOVA with Tukey’s multiple compari-
sons). (c) Representative images of flow cytometric analysis using
double staining with Annexin V and propidium iodide. The upper left
quadrants show the cells in the early apoptotic stage. The upper right
quadrants show the cells in the late apoptotic stage. The lower right
quadrants show necrotic cells and the lower left quadrants show liv-
ing cells. (d) The percentage of apoptotic cells (cells in the early and
late apoptotic stages; Annexin V—positive cells). Data are presented as
mean + standard error of mean (n=3-4). *P<0.05, ****P <0.0001
(two-way ANOVA with Tukey’s multiple comparisons). siRNA: small
interfering RNA; CTL: control; NC siRNA: negative control small
interfering RNA; CSE: cigarette smoke extract; PI: propidium iodide;
ANOVA: analysis of variance.

acyltransferase, their substrates and biosynthesis [14,
35-38]—which also includes Lpcat]—CSE treatment
downregulated the expression of Lpcat3, Mboat2,
Pnpla4, Agpat3, and Pdah3. In contrast, CSE treatment
upregulated the expression of Pafahlb2 and Pnpla8
(Fig. 4c¢).

Lpcatl Knockdown Suppressed the Proliferation
of A549 Cells and Enhanced CSE-Induced
Apoptosis

LPCATI is involved in cell proliferation and apop-
tosis [39]. We tested the effects of Lpcatl knockdown
on cell proliferation in A549 cells. Lpcat! knockdown
significantly reduced cell proliferation (Fig. 5a). CSE
significantly attenuated cell proliferation, and the knock-
down of Lpcatl enhanced the effect of CSE on the cells
(Fig. 5b). To confirm the mechanism of the loss of cell
proliferation, we performed an apoptosis assay by stain-
ing the cells with Annexin V and propidium iodide (PI).
The knockdown of Lpcatl by small interfering RNA
(siRNA) induced both necrotic cells (Annexin V —/PI+)
and early and late apoptotic cells (Annexin V +). How-
ever, CSE treatment induced moderate apoptosis in WT
cells or negative control siRNA-transfected cells (NC
siRNA). Moreover, CSE-treated Lpcatl knockdown cells
revealed higher early and late (Annexin V +) apoptotic
cells (Fig. 5c, d). This result indicated that the lack of
LPCATI increased susceptibility to CSE-induced cell
death.

DISCUSSION

We initially hypothesized that LPCAT1 deficiency
exacerbated lung emphysema through an imbalance in
the proportion of lipids in the alveolar surfactant. To
address our hypothesis, we utilized an elastase-induced
lung emphysema model for Lpcatl KO mice. Lpcatl
KO mice revealed higher Lm and LAA% than WT mice,
which are characteristics of advanced emphysema. How-
ever, the addition of artificial surfactants (DPPC, a prod-
uct of LPCAT1) did not recover emphysema exacerba-
tion. Therefore, we hypothesized that the worsening of
lung emphysema because of LPCAT1 deficiency was an
outcome of alveolar epithelial apoptosis. Bulk RNA-seq
revealed that CSE treatment downregulated lipid synthe-
sis genes in primary hAEC2s. Lpcatl siRNA knockdown
attenuated the proliferation of lung epithelial cells, and
Lpcatl knockdown enhanced CSE-induced apoptosis.
Therefore, we concluded that LPCAT1 plays an impor-
tant role in cell survival during the development of lung
emphysema.

Previous reports have suggested that LPCAT1 is
involved in the synthesis of phospholipids in lung sur-
factants [19]. LPCAT1 has also been associated with
lung diseases, such as the exacerbation of a ventila-
tor lung injury model in Lpcatl KO mice [19] and the
suppression of oleic acid—induced acute lung injury
by Lpcatl gene transfer [40]. Our findings revealed
that LPCAT1 deficiency exacerbated elastase-induced
emphysema (Fig. 1) and elastase reduced DPPC in
the BALF (Fig. 2). The percentage of DPPC in the
surfactant was decreased in Lpcatl KO mice [19]
(Fig. 2¢); this decrease was shown to reduce the surface
tension—lowering effect of the surfactant [19], which
may have subsequently weakened the ability to open
the alveoli. Therefore, LAA% after PPE administration
could be underestimated in the Iungs of Lpcat! KO mice
(Fig. 1a). In addition, bulk RNA-seq data from hAEC2s
revealed a significant decrease in the expression of lipid
synthesis genes, including Lpcatl, following CSE treat-
ment in an in vitro model of COPD [41] (Fig. 4). Our
findings indicated that the stimulation of tobacco smoke,
which is the cause of emphysema, may be involved in
emphysema formation through a decrease in LPCAT]I,
yielding a decrease in DPPC production. In contrast,
the supplementation of lung surfactant phospholipids to
mice following elastase administration did not improve
emphysema (Supplemental Fig. S3). DPPC is a key
surfactant lipid in the reduction of surface tension, an
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important function of surfactants [19]. A recent study
mentioned that DPPC was the most decreased phos-
pholipid in the BALF of Lpcatl KO mouse lungs [19].
Nonetheless, changes occur in other phospholipids, such
as decrease in palmitoyl-palmitoleoyl-PC and palmitoyl-
myristoyl-PC. These PCs can also reduce the surface
tension on the alveoli [42]. Furthermore, changes in
the proportion of PCs apart from DPPC because of
LPCAT1 deficiency (change in surfactant “quality”)
may involve the exacerbation of emphysema in Lpcatl
KO mice. In addition, the intratracheal administration of
elastase generally results in more severe emphysematous
changes in the lungs than smoking-induced emphysema
[43]. The emphysematous changes caused by elastase-
induced lung inflammation may be so strong that the
supplementation with an artificial surfactant may not
be sufficient to reverse these changes (Supplemen-
tal Fig. S3). Taken together, we hypothesized that the
mechanism of emphysema exacerbation in the lungs of
Lpcatl KO mice was not limited to changes in LPCAT1-
catalyzing surfactant phospholipids.

LPCATI is principally expressed in the AEC2s
[16]. AEC2s proliferate for alveolar epithelial repair and
differentiate into AEC1s in response to lung injury [5,
441. Previous reports have demonstrated enhanced apop-
tosis in the alveolar wall in the lungs of patients with
emphysema [33]. In addition, AEC2s are senescent in
patients with emphysema and have a reduced prolifera-
tive capacity [45]. One mouse study suggested that the
administration of active caspase-3 protein with Chariot
caused emphysema in mice [46]. Our findings suggested
that elastase-treated LPCAT1-deficient mice exhibited
enhanced apoptosis in the lungs, that AEC2s exhibited
a high dead cell rate post-elastase treatment (Fig. 3), and
that loss of LPCAT1 in A549 cells promoted apoptosis
upon CSE stimulation (Fig. 5). Thus, LPCAT1 deficiency
induces AEC2 cell death. We believed that the loss of
Lpcatl had a long-term effect on this model by inappro-
priately repairing the lungs through greater damage to
the AEC2s involved in lung repair, rather than prolonging
short-term inflammation.

LPCAT]1 is reportedly upregulated in several car-
cinomas and is associated with poor prognosis [47] and
cancer cell proliferation [48]. Several types of tumors,
such as colorectal cancer [49] and renal carcinoma
[50], enhance Lpcatl expression. These cancer cells
promote cell proliferation and alter the lipid compo-
sition of the tumor. In addition, an increase in DPPC
of the cell membrane because of enhanced Lpcatl
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expression in glioblastoma increases cell proliferation
[51]. This might be due to the positive feedback loop
of the LPCAT1 and EGF receptor signaling. Moreover,
LPCATI reportedly affects the survival of non-cancer
cells. The retinal degeneration 11 (rd11) mouse model
is an animal model with rapid photoreceptor degen-
eration and carries a mutation in the Lpcatl gene [52].
Decreased DPPC levels [52] and increased photorecep-
tor cell apoptosis [53] have been observed in the rd11
mouse retina. Reactive oxygen species might be involved
in the apoptosis of photoreceptor cells (Shindou
H et al., unpublished). In our study, CSE stimula-
tion of AEC2s and A549 cells demonstrated that the
Lpcatl gene was commonly downregulated and that the
commonly upregulated genes in both were associated
with apoptosis (Fig. 4). Furthermore, Lpcatl siRNA
transfection of A549 suppressed cell proliferation and
enhanced CSE-stimulated apoptosis (Fig. 5). These
findings suggested that LPCAT1 deficiency may con-
tribute to the progression of emphysema by enhanc-
ing apoptosis and reducing alveolar repair rather than
a change in surfactant production. In addition, CSE
stimulation of AEC2s modified the genes involved in
phospholipid metabolism, including Lpcatl, which
necessitates further study.

This study has several limitations. First, the
elastase-induced emphysema model used in this study had
a different origin compared with human smoking-induced
emphysema. However, it is a widely accepted model that
can induce emphysema in a short period. Second, the dos-
age of aSF used in this study may have been too low to
improve the elastase-induced emphysema. However, we
considered that the dosage and frequency of aSF used in
this study corresponded with the limits of safe administra-
tion. Third, despite the widespread use of A549 cells as
a model for AEC2 biology experiments, they represent a
cancer cell line. Considering potential differences among
normal AEC2s, we used primary hAEC2s. However,
these cells can easily differentiate into AECls, and it is
difficult to maintain the AEC2 phenotype using conven-
tional culture methods. Recently, Katsura et al. reported a
novel culture method to maintain the phenotype of AEC2
in organoids without feeder cells [54]. The wide availabil-
ity of this method would enable its application for further
research with respect to AEC2 cell biology.

In conclusion, Lpcatl deficiency exacerbated
PPE-induced emphysema in mice. Using an in vitro
COPD model, CSE-treated hAEC2s, we discovered
that the expression of numerous lipid synthesis genes
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was reduced in these cells, including Lpcatl. Eventu-
ally, we demonstrated that LPCAT1 deficiency enhanced
CSE-induced apoptosis in AEC2s. The protective effects
of LPCAT1 on emphysema could be attributed to the
inhibition of AEC2 cell apoptosis. The management of
LPCAT1 deficiency and lipid alteration by Lpcatl gene
transfer may be an approach in the future for COPD ther-
apy. Further studies are required to elucidate the mecha-
nism of apoptosis induction by LPCAT1 deficiency-
induced lipid changes.
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