Xu et al. Cellular & Molecular Biology Letters
https://doi.org/10.1186/511658-023-00506-0

(2023) 28:90 Cellular & Molecular

Biology Letters

RESEARCH ARTICLE Open Access

=
GCN5L1 regulates pulmonary surfactant ol

production by modulating lamellar body
biogenesis and trafficking in mouse alveolar
epithelial cells

Wengjin Xu'?3", Xiaocui Ma*', Qing Wang'?3", Jingjing Ye'**", Nenggian Wang®, Zhenzhen Ye® and

Tianbing Chen'??*"

"Wengin Xu, Xiaocui Ma, Qing
Wang and Jingjing Ye contribute
equally to the article.

*Correspondence:
ctb0410021@126.com

! Central Laboratory, Yijishan
Hospital of Wannan Medical
College, Wuhu, China

2 Anhui Province Key Laboratory
of Non-Coding RNA Basic

and Clinical Transformation,
Wannan Medical College, Wuhu,
China

3 Clinical Research Center

for Critical Respiratory Medicine
of Anhui Province, Wannan
Medical College, Wuhu, China
“4Henan Clinical Research Center
of Childhood Diseases, Children’s
Hospital Affiliated to Zhengzhou
University, Zhengzhou, China

5 Department of Pediatrics,
Yijishan Hospital of Wannan
Medical College, Wuhu, China

Abstract

Background: The pulmonary surfactant that lines the air-liquid surface within alveoli
is a protein-lipid mixture essential for gas exchange. Surfactant lipids and proteins are
synthesized and stored in the lamellar body (LB) before being secreted from alveolar
type Il (AT2) cells. The molecular and cellular mechanisms that regulate these processes
are incompletely understood. We previously identified an essential role of general con-
trol of amino acid synthesis 5 like T (GCN5L1) and the biogenesis of lysosome-related
organelle complex 1 subunit 1 (BLOST) in surfactant system development in zebrafish.
Here, we explored the role of GCN5LT in pulmonary surfactant regulation.

Method: GCN5L1 knockout cell lines were generated with the CRISPR/Cas9 system.
Cell viability was analyzed by MTT assay. Released surfactant proteins were measured
by ELISA. Released surfactant lipids were measured based on coupled enzymatic
reactions. Gene overexpression was mediated through lentivirus. The RNA levels
were detected through RNA-sequencing (RNA-seq) and quantitative reverse tran-
scription (QRT)- polymerase chain reaction (PCR). The protein levels were detected
through western blotting. The cellular localization was analyzed by immunofluores-
cence. Morphology of the lamellar body was analyzed through transmission electron
microscopy (TEM), Lysotracker staining, and BODIPY phosphatidylcholine labeling.

Results: Knocking out GCN5LT in MLE-12 significantly decreased the release of sur-
factant proteins and lipids. We detected the downregulation of some surfactant-related
genes and misregulation of the ROS—Erk-Foxo1-Cebpa axis in mutant cells. Modulat-
ing the activity of the axis or reconstructing the mitochondrial expression of GCN5LT
could partially restore the expression of these surfactant-related genes. We further
showed that MLE-12 cells contained many LB-like organelles that were lipid enriched
and positive for multiple LB markers. These organelles were smaller in size and accu-
mulated in the absence of GCN5L1, indicating both biogenesis and trafficking defects.
Accumulated endogenous surfactant protein (SP)-B or exogenously expressed SP-B/
SP-Cin adenosine triphosphate-binding cassette transporterA3 (ABCA3)-positive orga-
nelles was detected in mutant cells. GCN5L1 localized to the mitochondria and LBs.

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

B BMC


http://orcid.org/0000-0002-3487-6487
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11658-023-00506-0&domain=pdf

Xu et al. Cellular & Molecular Biology Letters (2023) 28:90 Page 2 of 21

Reconstruction of mitochondrial GCN5L1 expression rescued the organelle morphol-
ogy but failed to restore the trafficking defect and surfactant release, indicating specific
roles associated with different subcellular localizations.

Conclusions: In summary, our study identified GCN5L1 as a new regulator of pulmo-
nary surfactant that plays a role in the biogenesis and positioning/trafficking of sur-
factant-containing LBs.

Keywords: Pulmonary surfactant, Type Il alveolar epithelial cell, Lamellar body,
Trafficking, GCN5L1

Introduction

The alveolar epithelium contains two distinct types of epithelial cells that support the gas
exchange function of the respiratory system. Type I (AT I) cells, the main contributors to
gas exchange, are flat and thin that cover ~ 95% of the alveolar surface [1]. Type II (AT II)
cells are cuboidal and play an essential role in the synthesis and secretion of pulmonary
surfactant (PS), a complex mixture consisting predominantly of phospholipids; ~ 10% of
PS comprises specific surfactant proteins (SP-A, SP-B, SP-C, and SP-D) [2]. Surfactant
lipids are synthesized in the endoplasmic reticulum (ER) and subsequently routed to the
multivesicular body (MVB) and finally to the lamellar body (LB), the pulmonary sur-
factant storage organelle in AT II cells [2]. The transportation of surfactant lipids to LBs
requires adenosine triphosphate (ATP)-binding cassette transporter A3 (ABCA3), a
membrane-spanning transporter protein located on the limiting membrane of the LB
[2]. Surfactant precursor proteins, including pro-SP-B and pro-SP-C, are processed pro-
teolytically during trafficking to MVBs and LBs. Surfactant phospholipids are assembled
with the active/mature hydrophobic proteins SP-B and SP-C into bilayer membranes
that are stored in LBs [2, 3]. The contents of LBs are secreted into the airway via multi-
ple stimulating factors. After secretion, the LB contents unwind and interact with SP-A
and SP-D to produce tubular myelin and multilayered surface films that spread over the
alveolus. The main function of this pulmonary surfactant system is to minimize the sur-
face tension at the alveolar air-liquid interface, optimizing the mechanics of breathing
and preventing alveolar collapse after expiration [2]. Mutations in several genes playing
roles in regulating surfactant homeostasis have been associated with several severe lung
diseases in neonates and older infants. The identification of surfactant proteins, lipid
transporters, transcription factors, and signal pathways that regulate surfactant forma-
tion and metabolism has provided a framework for understanding the molecular and
cellular processes of pulmonary surfactant production and homeostasis. Despite these
advances, many aspects of the surfactant pathway remain unknown.

General control of amino acid synthesis 5 like 1 (GCN5L1), also known as biogen-
esis of lysosome-related organelles complex 1 subunit 1 (BLOS1), along with BLOS2
and Snapin, are shared subunits of two distinct octameric protein complexes—biogen-
esis of lysosome-related organelles complex 1 (BLOC-1) and BLOC-1-related complex
(BORC) [4]. BORC regulates lysosomal vesicles positioning/trafficking [5]; BLOC-1 was
identified earlier than BORC and participates in the biogenesis of lysosome-related orga-
nelles (LROs), including melanosomes in the retinal pigment epithelium and melano-
cytes, lytic granules in lymphocytes, delta granules in platelets, and lamellar bodies in
alveolar type 2 epithelial cells [6]. Defects in BLOC-1 components are associated with
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Hermansky—Pudlak syndrome (HPS), which is a human autosomal recessive disorder
characterized by oculocutaneous albinism and a deficiency of the platelet storage pool
due to defective LRO biogenesis [6]. GCN5L1/BLOSI has also been found to play a criti-
cal role in protein acetylation in the mitochondria and cytosol [7-12]; thus, this pro-
tein is involved in multiple aspects of cellular regulation. We previously generated and
compared three zebrafish lines with mutations targeting two BLOC-1 and BORC shared
subunits, GCN5L1/BLOS1 and BLOS2, and one BLOC-1 specific subunit, dystro-
brevin binding protein 1la [13]. We confirmed the BLOC-1- and BORC-dependent roles
of GCN5L1/BLOS] in zebrafish larvae and identified the unique phenotype of absent
swimbladder surfactant in GCN5L1 mutant fish [13]. Since the homology between the
swimbladder and lung has long been recognized, here we explored the potential role of
GCNS5L1 in pulmonary surfactant regulation.

In this study, we confirmed that GCN5L1 is involved in surfactant regulation in
murine alveolar epithelial cells. GCN5L1 knockout (KO) in MLE-12 cells impaired sur-
factant production and resulted in transcriptional changes in some genes associated
with surfactant biology. The reactive oxygen species (ROS)—extracellular signal-regu-
lated kinase (ERK)—forkhead box protein O1 (Foxol)-CCAAT enhancer binding protein
alpha (Cebpa) axis was found to be responsible for the dysregulation of some surfactant-
related genes. Moreover, GCN5L1-KO MLE-12 cells contained small, misdistributed
LB-like organelles. Hence, we revealed multiple ways that GCN5L1 regulates pulmonary
surfactant production.

Methods

Generation of clonal GCN5L1 knockout cell lines with the CRISPR/Cas9 system

MLE-12 cells (American Type Culture Collection, CRL-2110) were cultured in DMEM/
F12 medium supplemented with 10% (v/v) fetal bovine serum in a humidified 37 °C
atmosphere containing 5% CO,. The px330—-EGFP plasmid was derived from px330—
mCherry (98750; Addgene), by replacing the mCherry with EGFP through double
restriction enzyme digestion. Single-guide RNA sequences targeting mouse GCN5L1
were cloned into px330-EGFP. The plasmids were transiently transfected into cells
using Lipofectamine 2000 reagent (Invitrogen). EGFP-positive cells were plated one cell
per well in 96-well plates 48 h after transfection by flowcytometry-assisted cell sorting
(FACS) (Beckman, MoFlo XDP), cultured, and analyzed by polymerase chain reaction
(PCR) to confirm the homozygous KO of GCN5L1. The sgRNA and primer sequences
are listed in Additional file 14: Table S3.

MTT assay and measurement of released surfactant proteins and lipids
Cell viability was analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Beyotime, Shanghai, China). Briefly, equal numbers of cells were
seeded in 96-well plates and cultured under standard conditions. Before the assay, the
cells were washed and further incubated with 0.5 mg/mL MTT for 4 h. The formed
formazan dye was dissolved in dimethylsulfoxide (DMSO), and the absorbance at
570 nm was recorded.

Regarding the measurement of secreted surfactant proteins, cells were first counted
and plated in 6-well plates, and fresh culture medium (DMEM/F12 with 2% FBS) was
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added when the cells reached 50% confluency. The cells were then cultured for another
2 days, and the supernatant was analyzed by enzyme-linked immunosorbent assay
(ELISA) using kits for mouse SP-B and SP-C (CSB-E12638m and SB-E12639m, Cusabio,
China).

For the quantification of released lipids, cells in 24-well plates at 90% confluence were
washed with Ringer’s solution three times, 250 pL fresh solution containing 100 pM ATP
was added, and the cells were cultured for 3 h. The supernatants were centrifuged and
collected for the subsequent analysis of the phospholipid (the main component of sur-
factant lipids) content following a previous published method based on coupled enzy-
matic reactions [49]. Briefly, 100 pL of supernatant was first transferred into a 96-well
plate well, 100 pL “reaction mix” containing choline oxidase (0.2 U/mL), horseradish
peroxidase (HRP; 2 U/mL), phospholipase D (1 U/mL), and Amplex Red (0.1 mM) was
added, and resorufin formation was recorded with a plate reader (Promega). The Amplex
Red Phospholipase D Assay kit (A12219) was purchased from Thermo Scientific, and
Phospholipase D (P0065) was purchased from Sigma.

Lentivirus production and infection

The CDS sequences of mouse Gen5ll, Foxol, and Cebpa were amplified either from
MLE-12 total cDNA (GCN5L1) or commercial plasmids (Origene MR227240 for Foxol;
Origene MR205482 for Cebpa), Mitochondria—~GCN5L1 was generated by fusing
the COX 8 mitochondrial targeting sequence (36 amino acid at N terminal) with the
GCNS5L1 encoding sequence and inserted into the pCDH-Puro lentiviral vector. The
expression plasmids were cotransfected with packing vectors psPAX2 and pMD2.G into
HEK293T cells using Lipofectamine 2000 (Invitrogen). The medium was collected ~ 50 h
after transfection and filtered with a 0.45-pm filter. Viral infection was conducted with
an enhancer (30001-2, Engreen). After infection, cells were selected with 2 ug/mL puro-
mycin for 2 weeks. The primers used are listed in Additional file 14: Table S3.

RNA sequencing and quantitative real-time PCR (qRT-PCR)

RNA sequencing and analyses were conducted by OE Biotech Co., Ltd. (Shanghai,
China). Significantly differentially expressed genes (DEGs) between wild-type (WT)
and GCN5L1-KO cells were identified based on fold change>2 and P-value <0.05
using the DEGseq function. Standard Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses were performed. For qRT-PCR, total RNA was
extracted using TRIzol reagent (Ambion, Life Technologies, CA, USA) according to the
manufacturer’s protocol. RNA was reverse transcribed into cDNA using The RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific, Lithuania, USA). qRT-PCR was
performed according to the QuantiNova SYBR® Green PCR Kit (Qiagen, Hilden, Ger-
many) protocol. The primers are listed in Additional file 14: Table S3.

Transmission electron microscopy (TEM), lysotracker staining, BODIPY phosphatidylcholine
labeling, and measurement of ROS

For TEM analysis, cells were fixed in 2% glutaraldehyde, washed with cacodylate buffer,
post-fixed in 1% OsO4, rewashed with cacodylate buffer, then placed in 1% uranyl acetate
for 1 h and dehydrated in ethanol. The cell precipitate was then filtered through a propylene
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oxide/Epon series, and embedded in Epon. Hardened blocks were sectioned using an ultra-
microtome (Leica), stained with uranyl acetate and lead citrate, and examined under a
Hitachi HT-7700 electron microscope. The diameters of the LB-like organelles was meas-
ured using Image J.

For Lysotracker Red staining, the probes (Beyotime, Shanghai, China) were directly added
to the cell medium and incubated for several minutes, then washed with fresh medium and
imaged by confocal microscopy. For the BODIPY labeling assay, cells were incubated over-
night with 1 uM B-BODIPY " FL C,,-HPC (D3792, Invitrogen) and washed before imaging.

For measuring intracellular ROS, cells were washed with phosphate-buffered saline (PBS)
and incubated with 10 uM CM-H2DCFDA (Invitrogen) for 30 min. Cells were then trypsi-
nized and resuspended in PBS containing 1% bovine serum albumin (BSA) and 0.5 mM
ethylenediaminetetraacetic acid (EDTA).The analysis was conducted using an FC500
instrument (Beckman), and meanfluorescence intensity was normalized to the WT group.
A series of concentrations of DPI and SCH772984 were tested for inhibiting ROS genera-
tion and ERK activity, respectively; 0.1 uM DPI (Sigma) and 0.5 uM SCH772984 (MCE)
restored ROS and p-ERK levels in mutant cells to that in WT cells; thus, cells were incu-
bated overnight with these concentrations before the subsequent analysis.

Western blotting and immunofluorescence analyses

Cells were lysed in RIPA lysis buffer (Beyotime) containing complete protease inhibitor
cocktail (Roche). Lysates were incubated on ice for 30 min and centrifuged to pellet the
cellular debris. Samples were boiled for 10 min with SDS buffer, loaded onto 12% poly-
acrylamide gel, and transferred to PVDF membranes. Blots were incubated with primary
antibodies (Actin, 1:5000 Cell Signaling Technology; Cebpa, Ttfl, Foxa2,Foxol and LC3
1:1000 Proteintech; p-ERK and total ERK, 1:1000 Cell Signaling Technology; SP-B, 1:1000
Abcam or 1:500 Santa cruz) followed by HRP-conjugated secondary antibodies.

For immunofluorescence microscopy, cells were seeded into confocal dishes and tran-
siently transfected at 50% confluency with Sftpb, Sftpc, and TOM20 expressing plasmids
(miaolingbio, P5954, P5862, and P24668, Wuhan, China). The GCN5L1-FLAG expressing
fragment was PCR amplified by adding the flag sequence to the primer; ABCA3-EGEFP and
ABCA3-mCherry were constructed by amplifying three overlapping segments from the
¢DNA of human paracancerous lung tissue and cloning them into pEGFP-N1/pmCherry-
N3 with an In-Fusion® HD Cloning Plus kit from Takara (catalog no. 638909), cultured for
another 36 h, fixed with 4% paraformaldehyde for 15 min, and permeabilized with 1% Tri-
ton X-100 for 10 min. For IF staining, fixed cells were incubated with primary antibodies
(Lampl, 1:200 Abcam; SP-B, 1:300 Abcam; SP-C, 1:300 Seven Hills Bioreagents; TOM20,
1:200 Proteintech; Flag, 1:200 CST) at 4 °C overnight. The next day, the cells were washed
with PBS three times for 10 min, incubated for 1 h with the secondary antibody (Abcam),
washed, and stained with DAPI before imaging.

Results

Knocking out GCN5L1 impaired surfactant production in MLE-12 cells

To investigate the potential function of GCN5LI in surfactant biology, we examined its
expression in the developmental lung using the Lung Gene Expression Analysis (LGEA)
Web Portal database. We found that GCN5L1 is expressed in the mouse lung at all stages
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before and after birth (Additional file 1: Fig. S1A). Its expression was detected in differ-
ent kinds of lung cells, including alveolar type II epithelial cells (Additional file 1: Fig.
S1B). This finding was consistent with those of previous studies in which GCN5L1/
BLOS1 and other components within the BLOC-1 complex were demonstrated to be
widely expressed but with cell type-specific functions [14]. Next, we generated GCN5L1-
mutant MLE-12 cells with the CRISPR/Cas9 system. Three targets for Cas9 were
designed, and one with high efficiency, as evidenced by T7EI assay followed by sanger
sequencing, was located near the start codon (T3, reverse strand) and used for subse-
quent experiments (Additional file 2: Fig. S2A-C). Multiple mutant clones were estab-
lished (Additional file 2: Fig. S2D, Additional file 3: Fig. S3). M2 had a 43-bp deletion in
one allele and a 146-bp deletion in the other; the M29 clone had 1-bp addition in one
allele and a 4-bp deletion in the other (Additional file 2: Fig. S2D, Additional file 3: Fig.
S3). We chose M2 and M29 for subsequent experiments, the mRNA levels were signifi-
cantly decreased (Additional file 4: Fig. S4A), possibly through the nonsense-mediated
decay mechanism. The successful KO of the GCN5L1 protein in these two mutant lines
was also confirmed through western blotting (Additional file 4: Fig. S4B). Additional
clones (M2, M8, M16, M20, M22, and M27) that contained nonframeshift mutations or
WT sequences were discarded (Additional file 2: Fig. S2D, Additional file 3: Fig. S3).

To assess the influence of GCN5L1 deletion on MLE-12 cells, we first tested cell via-
bility using an MTT assay. The results showed no obvious effect on cell viability after
GCNS5L1 disruption (Additional file 4: Fig. S4C). Then, we analyzed the influence of
GCNS5L1 deficiency on surfactant production. The coupled enzymatic reactions method
was used to quantify phospholipids, revealing significantly reduced phospholipid release
from GCN5L1-mutant versus WT cells (Fig. 1A). Consistently, a comparative lipidomic
analysis of the culture supernatant demonstrated a significant reduction in secreted
phospholipid species from GCN5L1-mutant cells (Additional file 5: Fig. S5). The ELISA
analysis also showed a significant reduction in released SP-B and SP-C in the culture
supernatant from GCN5L1-mutant cells (Fig. 1B). Moreover, restoring GCN5L1 expres-
sion in M2 cells restored the level of released surfactant proteins and lipids (Fig. 1C, D).
These results suggest that GCN5LI, similar to its function in regulating swimbladder
surfactant in zebrafish, is involved in regulating lung surfactant production in mamma-
lian cells.

Disruption of GCN5L1 influenced the expression of genes associated with surfactant
biology

As demonstrated in our previous work, GCN5L1/BLOS1 mutation resulted in the pro-
found disruption of gene expression in the zebrafish swimbladder and hampered normal
postembryonic development of the epithelium [13]. Hence, we performed RNA-seq to
examine changes in the transcription profile after GCN5L1/BLOS1 disruption in MLE-
12 cells. DEGs between control (WT) and M2 mutant cells were extracted (Additional
file 6: Fig. S6A), and GO and KEGG enrichment analyses were conducted. Among the
downregulated genes, the top enriched GO terms included “multicellular organism
development,” “cell adhesion,” “cell differentiation,” and “growth factor binding” (Addi-
tional file 6: Fig. S6B). Regarding the upregulated genes, enriched GO terms included
“toll-like receptor 4 signaling pathway,” and “positive regulation of transforming growth
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Fig. 1 GCN5L1 gene KO impaired surfactant production in MLE-12 cells. A Phospholipid secretion in WT and
GCN5L1-KO MLE-12 cells. B ELISAs of secreted SPs in the culture supernatant of WT and GCN5L1-KO MLE-12
cells. C Reconstruction of GCN5L1T expression repaired phospholipid secretion in GCN5L1 mutant cells. D
Reconstruction of GCN5L1 expression repaired SP-B and SP-C secretion in GCN5L1T mutant cells. The results
are expressed as the mean = SD of three independent experiments; **P < 0.01; t-test

factor beta production” (Additional file 6: Fig. S6C). In the KEGG analysis, the DEGs
were mostly enriched in “focal adhesion,” “ECM-receptor interaction,” and “TGF-beta
signaling pathway” (Additional file 6: Fig. S6D-E). These enriched terms could function
in maintaining epithelial characteristics and/or AT II cell specific functions.

To further investigate the surfactant defect in the mutant cells, we mined DEGs related
to surfactant biology. The expression levels of surfactant protein genes Sftpb and Sfipc
and the lipid transporter Abca3 were reduced in M2 cells (Additional file 12: Table S1).
However, no Sftpal or Sftpd expression was detected in WT or mutant cells (Additional
file 12: Table S1). Since SP-B, SP-C, and Abca3 are LB components, we further examined
the expression of other LB proteins by merging the LB proteome with our DEGs [15,
16], revealing more downregulated LB genes, including Alpl, Aldoc, Aldh3b1, C3, Ptg-
frn, Vnnl, Susd2, Xpnpep, and Gsn (Additional file 12: Table S1). Q-PCR confirmed the
dysregulation of Sftpb, Sftpc and Abca3, and some other LB genes in M2 and M29 cells
(Fig. 2A). Additionally, we examined the mRNA expression of some transcription fac-
tors involved in surfactant production [17-21]. No significant changes in the expression
levels of Nkx2-1, Foxa2, Gata6, Nfatc3, Stat3, Srebfl, and Srebf2 were observed after
GCNS5L1 deletion (Additional file 13: Table S2). However, the expression level of Cebpa
was significantly decreased, as demonstrated by RNA-seq (Additional file 13: Table S2)
and confirmed by q-PCR and western blotting (Fig. 2B, C). This decline in Cebpa expres-
sion was restored in lentivirus-mediated GCN5L1-reconstructed M2 cells (Fig. 2D).
Moreover, lentivirus mediated overexpression of both Cebpa and GCN5L1 significantly
restored the downregulated mRNA levels of Sftpb, Sftpc and other LB-associated genes
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Fig. 2 Disruption of GCN5L1 altered the expression of Cebpa and surfactant-related genes. A Q-PCR
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in GCN5L1 mutant cells (Fig. 2D, E). In summary, these results suggest that GCN5L1
deletion dysregulates genes involved in surfactant biology, and Cebpa is a crucial associ-
ated regulator.

Disruption of GCN5L1 altered the activity of the ROS-ERK-Foxo1-Cebpa axis in MLE-12 cells
To explore the upstream mechanism underlying Cebpa dysregulation, we first examined
the protein levels of Nkx2-1 and Foxa2, both of which are known Cebpa regulators [21].
Consistent with the mRNA findings (Additional file 13: Table S2), no significant changes
in the expression levels of these two proteins were detected in GCN5L1 mutant cells
(Additional file 7: Fig. S7A). We next used the STRING database to search for poten-
tial Cebpa interactors. Ten primary interactors were found (Additional file 7: Fig. S7B),
among which Foxol attracted our attention since a previous study revealed that the
ROS-ERK-Foxol axis is dysregulated in GCN5L1-deficient hepatocytes [22]. Moreover,
Foxol could interact with Cebpa and influence its expression [23, 24]. Thus, we exam-
ined the activity of this axis. While Foxol mRNA expression levels were similar (Fig. 3A),
the protein levels in mutant cells were significantly reduced (Fig. 3B). ERK activity was
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also analyzed; consistently, ERK was found to be activated, as indicated by increased
p-ERK levels (Fig. 3C). ROS level elevation after GCN5L1 deletion has been reported
in different circumstances [7, 25-27]. As expected, the ROS levels were also increased
in mutant MLE-12 clones (Fig. 3D). Moreover, the activity of the ROS—ERK-Foxo1 axis
recovered in GCN5L1-reconstructed M2 cells (Fig. 3B—D). Together, these data indi-
cate that alteration of ROS—ERK-Foxo1l-Cebpa axis activity occurs following GCN5L1
depletion in MLE-12 cells.

To assess whether alteration of the ROS—ERK-Foxol-Cebpa axis was responsible
for the surfactant defect in GCN5L1 mutant cells, we assessed the effect of modifying
different components within the axis. As shown in Fig. 3E, reducing ROS with diphe-
nylene iodonium (DPI) suppressed ERK activation and increased Foxol expression in
M2 cells. Inhibiting ERK activity with SCH772984 also restored Foxol levels. These
two modifications together with lentivirus mediated overexpression of Foxol all signifi-

cantly promoted Cebpa protein expression and partially restored the expression of most
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Fig. 3 Disruption of GCN5L1 altered the activity of the ROS-ERK-FOXO1 axis in MLE-12 cells. A Q-PCR
detection of Foxol mRNA expression in WT, GCN5L1-KO MLE-12 cells. B Representative immunoblot
image of Foxo1 protein expression levels in WT, GCN5L1-KO MLE-12 cells and M2 cells infected with
lentivirus expressing exogenous GCN5L1T (M2 + GCN5L1). € Representative immunoblot images of ERK
and p-ERK protein expression levels in WT, GCN5L1-KO MLE-12 cells and M2 cells infected with lentivirus
expressing exogenous GCN5L1T (M2 4+ GCN5L1). D Cellular ROS levels of WT, GCN5L1-KO MLE-12 cells, and
M2 cells infected with lentivirus expressing exogenous GCN5L1 (M2 4+ GCN5L1). Cells were incubated

with CM-H2DCFDA and measured by FACS; mean fluorescence intensity was normalized to WT group. E
Representative immunoblot images of ERK, p-ERK, Foxo1, and Cebpa protein expression levels in WT cells,
M2 cells treated with DPI (M2 + DPI) or SCH772984 (M2 + SCH772984), and M2 cells infected with lentivirus
expressing exogenous Foxo1 (M2 + Foxo1). F Q-PCR assays of the RNA levels of surfactant-related genes in
WT cells, M2 cells treated with DPI (M2 4 DPI) or SCH772984 (M2 4 SCH772984), and M2 cells infected with
lentivirus expressing exogenous Foxo1 (M2 4 Foxo1). The results are expressed as the mean =+ SD of three
independent experiments; ns, not significant; *P <0.05,**P <0.01; t-test
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dysregulated surfactant related genes (Fig. 3E, F). However, unexpectedly, the effect of
these rescue experiments and Cebpa overexpression did not significantly affect sur-
factant production (Additional file 8: Fig. S8A-D). Collectively, these results imply that
the ROS—ERK-Foxol-Cebpa axis is involved in the misregulation of some surfactant
related genes in GCN5L1-mutant cells.

Given that GCN5L1 is repeatedly reported to be a mitochondrial enriched protein
[7-12], we tested its localization in MLE-12 cells. Consistent with previous reports,
we observed strong colocalization of GCN5L1-FLAG with the mitochondrial marker
TOM20 in MLE-12 cells (Fig. 4A, B). Thus, we tried to restore the GCN5L1-KO defect
through the direct reconstruction of GCN5L1 expression in mitochondria. Unexpect-
edly, unlike GCN5L1 reconstruction (Fig. 1C, D), mito-GCN5L1 reconstruction failed to
significantly restore surfactant release (Additional file 8: Fig. SSE—F); however, it rescued
the expression level of dysregulated genes in mutant cells (Fig. 4C), indicating a specific
role of mitochondria-localized GCN5L1 in the regulation of these genes.

Disruption of GCN5L1 impaired lamellar body biogenesis and trafficking in MLE-12 cells

The above findings do not explain the decreased release of surfactant from mutant
cells. Surfactant lipids and proteins are transported and stored in LBs before secre-
tion. Moreover, a previous study demonstrated that GCN5L1/BLOSI is a subunit of the
BORC protein complex that plays a role in lysosomal organelle positioning/trafficking
[5, 28-30]. Since the LB is an LRO and shares some common features with lysosomes
[31], we explored potential LB positioning/trafficking defects after GCN5L1 mutation.
Lysotracker Red was used to stain LB-like organelles in MLE-12 cells [32—34]. Strikingly,
while these lysotracker-positive organelles were scattered in WT MLE-12 cells, they
were perinuclearly clustered in GCN5L1 mutant M2 and M29 cells (Fig. 5A, Additional
file 9: Fig. S9A). This phenotype was rescued in M2 cells when the expression of GCN5L1
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Fig. 4 Mitochondria-localized GCN5L1 is responsible for the regulation of surfactant-related genes. A
Colocalization of GCN5L1-FLAG with TOM20 in MLE-12 cells. Cells were cotransfected with TOM20- and
GCN5L1-FLAG-expressing plasmids before staining with anti-TOM20 and anti-FLAG antibodies. B The
colocalization scatter plot of anti-TOM20 and anti-GCN5L1-FLAG signals. Pearson correlation coefficient is
0.78, Manders' overlap coefficient is 0.82. C Q-PCR assays of the RNA levels of surfactant related genes in WT
cells, M2 cells, and M2 cells infected with lentivirus expressing mito-GCN5L1 (M2 4+ mito-GCN5L1).The results
are expressed as the mean =4 SD of three independent experiments; *P < 0.05, **P<0.01; t-test
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was reconstructed (Fig. 5A, Additional file 9: Fig. S9A). The colocalization of these sig-
nals within ABCA3-EGFP vesicles indicated they were likely LBs (Fig. 5D, Additional
file 9: Fig. S9D). To further confirm the identity of these organelles, we performed
metabolic labeling with BODIPY phosphatidylcholine (a probe that undergoes native-
like transport and metabolism in cells). As shown in Fig. 5B, these organelles were also
lipid-enriched, similar to LBs in primary AT2 cells. BODIPY-labeled vesicles were also
ABCA3-mCherry positive and showed accumulation in mutant cells (Fig. 5B, E, Addi-
tional file 9: Fig. S9B, E). Endogenous Lampl, a frequently reported marker for LBs, was
found to colocalize well with ABCA3-EGFP (Fig. 5C, F). Similarly, these Lamp1-posi-
tive structures also accumulated in GCN5L1 mutant cells (Fig. 5C, F, Additional file 9:
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Fig. 5 Impairment of LB positioning/trafficking in GCN5L1-KO cells. A Lysotracker Red staining of WT,
GCN5L1-KO clones (M2 and M29), and GCN5L1 reconstructed mutant cells (M2 4+ GCN5L1). BWT and M2
cells were metabolically labeled with BODIPY phosphatidylcholine. CWT and M2 cells were immunostained
with Lamp1 antibody. D-F WT and M2 cells were transfected with h-ABCA3-EGFP or ABCA3-mCherry before
staining with Lysotracker Red (D), BODIPY phosphatidylcholine (E), and Lamp1 antibody (F)
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Fig. S9C, F). Because autophagosomes are also stained by Lysotracker [35], and previous
studies have revealed abnormal autophagosome accumulation in GCN5L1 deleted cells
[36, 37], we investigated whether the Lysotracker Red stained organelles were or con-
tained autophagosomes. Transient transfection of a GFP-LC3-expressing plasmid failed
to label these organelles in GCN5L1 mutant cells (Additional file 10: Fig. S10A), suggest-
ing they were not autophagosomes. Immunoblotting with LC3 antibody also showed no
obvious alteration in the LC3 II/I ratio after GCN5L1 knockout (Additional file 10: Fig.
S10B). Collectively, these results indicate that LB-like vesicles accumulate in MLE-12
cells after GCN5L1 disruption.

The size and number of these organelles differed between WT and mutant cells. Care-
ful quantification revealed found that while the number of these LBs increased in mutant
cells, their size significantly decreased (Fig. 6A—C). This phenotype indicated an LB bio-
genesis defect and is consistent with the downregulation of multiple LB-related genes
in mutant cells (Fig. 2A). Interestingly, we found that despite the lack of increased sur-
factant release (Additional file 8: Fig. SSE—F), the mito-GCN5L1 expressing M2 cells had
normal-sized LBs, indicating a direct role of mito-GCN5L1 in LB biogenesis (Fig. 6A,
C). These restored LBs in mito-GCN5L1-expressing cells failed to efficiently transport
at the same level as those in WT or GCN5L1 reconstructed M2 cells, resulting in accu-
mulation within cells (Fig. 6A, B). Considering that no significant increase in surfactant
release was observed, the relatively smaller number of LBs in mito-GCN5L1-expressing
cells than that in M2 cells could have resulted from incomplete counting since accumu-
lated large LBs partially overlapped in the images. Next, we performed TEM analysis on
WT and M2 cells to better examine these organelles. As shown in Fig. 6D and E, MLE-
12 M2 cells contained more but smaller LB-like organelles containing numerous mem-
branous structures potentially constituting cell surfactant. However due to the relatively
low activity of the surfactant biogenesis machinery in these cells, these membranous
structures did not fill the LBs. Collectively, these results indicate that the disruption
of GCN5L1 impaired LB biogenesis and positioning in MLE-12 cells. Additionally, the
GCNS5L1 signal clearly colocalized with the endogenous LB marker Lamp1 (Fig. 7, Addi-
tional file 11: Fig. S11), indicating a possible direct role of GCN5LI in regulating the traf-
ficking of these organelles.

Disruption of GCN5L1 resulted in the accumulation of surfactant proteins within MLE-12
cells

To investigate the consequences of LB defects on surfactant production, especially sur-
factant protein secretion, we performed western blotting to examine the endogenous
protein levels of SP-B and SP-C. Although mature SP-C was not detected in either con-
trol or mutant cells (data not shown), we detected a striking ~ 18KD band, correspond-
ing to the SP-B dimer [38—40], with two different SP-B antibodies (Fig. 8A, B). While the
expression of this band was weak in WT and GCN5L1-reconstructed M2 cells, it was
strong in GCN5L1-mutant cells, implying accumulation of this protein within mutant
cells. We further visualized the accumulated proteins within cells directly through
immunofluorescence. Neither endogenous SP-B nor SP-C could be detected with our
antibodies. However, when the cells were pretransfected with SP-B- or SP-C-express-
ing plasmids, we detected more perinuclear signals located within ABCA3-positive
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Fig. 6 Abnormal size and number of LB-like organelles in GCN5L1-KO cells. A Representative images
showing Lysotracker-stained organelles in WT, M2, M2 + GCN5L1, and M2 4+ mito-GCN5L1 cells. B, CThe
numbers and size (area) in WT, M2, M2 4+ GCN5L1, and M2 + mito-GCN5L1 cells; **P<0.01 (Kolmogorov—
Smirnov test). D Transmission electron micrographs of WT and M2 cells. Many LB-like organelles are present
within the cytoplasm; arrows point to lamellar-like materials in the organelles. E, F The diameters and
numbers of LBs in the TEM images were measured and counted with Image J. The results are expressed as
the mean £ SD of four independently measured data; *P < 0.05; t-test

organelles in mutant versus control cells (Fig. 8C, D). Collectively, these results indicate
that defects resulting from GCN5L1 deletion caused the accumulation of surfactant pro-
teins within LBs in MLE-12 cells.

Discussion

In the present study, we investigated the roles of GCN5L1 in pulmonary surfactant regu-
lation by establishing GCN5L1-KO MLE-12 (murine AT II-like) cell lines. The release of
surfactant proteins and lipids from GCN5L1-KO cells was significantly decreased. An
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Anti-Lamp1 GCN5L1-Flag Merge

Fig. 7 Localization of GCN5L1 in LBs. Cells were transfected with GCN5L1-FLAG-expressing plasmid and
stained with anti-Lamp1 and anti-FLAG antibodies

enrichment analysis of RNA-seq data revealed the alteration of pathways likely influenc-
ing epithelial functions. We revealed the “ROS—Erk-Foxol-Cebpa” axis downstream
of GCN5L1, which regulates the expression of some LB-related genes and contributes
to the morphology defects in mutant cells during LB biogenesis (Fig. 9). Moreover, we
identified that LBs in mutant cells were defective in trafficking, thus accumulating sur-
factant proteins within GCN5L1-KO cells (Fig. 9).

Defective surfactant production was observed in two independent GCN5LI-
KO clones, and the defect could be rescued when GCN5L1 expression was recon-

structed (Fig. 1). Hence, the genotype-to-phenotype relationship was confirmed. Our
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Fig. 8 Accumulation of SP proteins in GCN5L1-KO cells. A Immunoblot image of WT, M2, and GCN5L1
reconstructed M2+ GCN5L1 cells with an SP-B antibody (Santa Cruz). B Immunoblot image of WT, M2, and
GCN5L1 reconstructed M2 + GCN5L1 cells with another SP-B antibody (Abcam). CWT and M2 cells were
cotransfected with h-ABCA3-mCherry and m-Sftpb expressing plasmids and immunostained with an SP-B
antibody (Abcam). D WT and M2 cells were cotransfected with h-ABCA3-EGFP- and m-Sftpc-expressing
plasmids and immunostained with an SP-C antibody (Seven Hills Bioreagents). **P < 0.01; t-test

previous work in zebrafish showed disturbed surfactant-related gene expression in
the GCN5L1/BLOS1-KO swimbladder [13]. We obtained similar results in this study.
RNA-seq identified several downregulated genes related to surfactant biology, includ-
ing some LB-associated genes, such as Sftpb and Sftpc, and the transcription factor
Cebpa (Fig. 2). The decreased supply of these LB components, and possibly other yet
unknown factors involved in LB biogenesis, explains the smaller LBs in GCN5L1-KO
cells (Figs. 6, 9). The trafficking defect could explain the relatively higher number of
LBs in GCN5L1-KO cells (Fig. 6). Similarly, the immature LBs accumulated in the
swimbladder epithelium of GCN5L1/BLOS1-KO zebrafish [13]. The regulatory effect
of Cebpa on surfactant-related genes has been previously reported [21]. In this study,
we also detected synchronous changes in Sftpb, Sftpc and Abca3 levels as Cebpa lev-
els changed (Fig. 2A, E). Moreover, the mRNA levels of several unreported LB genes
fluctuated following changes in Cebpa expression in mutant cells (Fig. 2A, E). Hence,
these genes could also be downstream targets of Cebpa. GO and KEGG analyses also
revealed enriched pathways that could influence epithelial and/or AT II cell function
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Fig. 9 A hypotheticalillustration of GCN5L1 functions in the regulation of pulmonary surfactant production

(Additional file 6: Fig. S6). We speculate that GCN5L1 plays a vital role in fetal lung
development. Our previous work showed normal early embryonic development but
defective postembryonic swimbladder development in GCN5L1/BLOS1-KO zebrafish
[13]. Thus, the potential role of GCN5L1 in late stage of lung development (such as
the alveolarization stage) should be investigated in the future.

Changes in the activity of the “ROS—Erk—Foxol” axis was previously reported in
GCN5L1-KO hepatocytes [22]. Dysregulation of this axis also occurred in GCN5L1-
KO MLE-12 cells (Fig. 3), implying that this pathway and the regulatory effect of
GCNS5L1 on it is similar in these two cell types. Indeed, increased ROS after GCN5L1
KO has been previously reported in several studies [7, 25-27]. Mitochondria are a
main source of ROS and GCN5L1 has been repeatedly reported as a mitochondria
enriched protein [4]; thus, we hypothesized that this localization would be associated
with ROS control. Consistently, we found mitochondrial enrichment of GCN5L1 in
MLE-12 cells (Fig. 4A). Autophagy changes have been documented in GCN5L1-KO
MEEF cells [36, 37]. Because autophagy also affects LB biogenesis [41], we analyzed the
autophagy activity. No obvious alteration of autophagesome formation was observed
after GCN5L1 KO (Additional file 10: Fig.S10), suggesting that the ability of GCN5L1
to regulate autophagy is cell type-dependent and that the autophagy pathway is not
involved in the surfactant defect in GCN5L1-KO MLE-12 cells.

As mentioned in the introduction section, GCN5L1 is a subunit of the BLOC-1
complex. This complex (comprising eight distinct proteins: BLOS1/GCN5L1, BLOS2,
BLOS3, Snapin, Dysbindin, Pallidin, Muted, and Cappuccino) was identified as part of
the vesicular transport machinery 2 decades ago [42]. Despite the ubiquitous expres-
sion of its components in multiple organs, the main known function of the complex
has long been restrained to the biogenesis of cell type-specific LROs [31]. This was
due to the well-studied connection between BLOC-1 mutations and the human dis-
ease HPS, an autosomal recessive disorder characterized primarily by oculocutaneous
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albinism and a deficiency in the platelet storage pool resulting from defective LRO
biogenesis, including melanosomes in the retinal pigment epithelium or melanocytes,
and delta granules in platelets [6]. Loss-of-function mutations in BLOS3, Dysbindin,
Pallidin, Muted, and Cappuccino correspond to different HPS subtypes in humans
or cause HPS-like phenotypes in mice [31]. LBs in alveolar type 2 epithelial cells are
LROs, and defects in these organelles have been proposed in some subtypes of HPS
[31]; however, to the best of our knowledge, no studies have reported BLOC-1 defi-
ciency with an LB/surfactant phenotype in mice or HPS patients. Thus, the roles of
GCNS5LLI in lung LB/surfactant regulation identified here are likely BLOC-1 inde-
pendent. Our previous work in zebrafish also supports the BLOC-1-independent role
of this protein in regulating swimbladder surfactant [13].

Moreover, unlike the five HPS proteins, dysfunction of the remaining three proteins of
BLOC-1 (BLOS1, BLOS2, or Snapin) is lethal in mice, indicating novel functions beyond
BLOC-1 [37, 43, 44]. Interestingly, BLOS1, BLOS2, and Snapin (also named BORCS1-
3) comprise a subunit of another complex, BORC, which contains an additional five
subunits (also named BORCS4-8), namely KXD1, myrlysin (LOH12CR1), lyspersin
(C170rf59), diaskedin (C100rf32), and MEF2BNB [5]. BORC promotes “lysosome” (late
endosomes and lysosomes) movement toward the cell periphery, and, thereby, affects
lysosome positioning in HeLa cells [5]. Considering that the LB is a lysosome-related
organelle and shares some properties with lysosomes, we examined potential trans-
port defects in GCN5L1-KO MLE-12 cells. Although not shown in previous reports
[38], we observed LB-like organelles in MLE-12 cells (Figs. 5, 6). These organelles were
both positive for Abca3 (exogenous) and Lysotracker Red, similar to previously docu-
mented LBs in primary human type II cells [34]. The strikingly perinuclear localization
of these organelles in mutant cells suggested that their trafficking was impaired (Fig. 5).
This impairment could block the release of surfactant, as supported by the accumula-
tion of endogenous SP-B and exogenous expressed SP-B and SP-C within LBs in mutant
cells (Fig. 8). Interestingly, a recent study revealed that both BORCS5-KO and BORCS7-
KO A549 cells accumulate LAMP1-positive organelles (however, the potential LB
nature of these organelles and the effects of these KOs on surfactant release was not
examined) near the nuclei [45]. Moreover, Borcs5 KO and Borcs7 KO are both neona-
tal lethal in mice [46, 47]. Interestingly, the Borcs5-KO mouse showed atelectasis of the
lungs and died of respiratory failure within 1 h of birth [46]. We speculated these traf-
ficking defects might also occur in vivo and influence pulmonary surfactant production
in corresponding mutant mice, and leading to perinatal death phenotypes. However, it
would be improper to conclude that BORCS5, BORCS7 and GCN5L1/BORCS]1 regulate
LB trafficking through BORC complex since several findings did not support this con-
clusion. First, KXD1/BORCS4-KO mice are viable [48]. Second, BLOS2/BORCS2-KO
zebrafish did not show a surfactant defect phenotype in the swimbladder [13]. Finally,
BORCS6-KO A549 cells did not accumulate LAMP1-positive organelles perinuclearly
[45]. Hence, the trafficking regulation machinery of LB likely only involves some BORC
members. The interesting findings here indicate that further exploration of the traffick-
ing machinery employed by LBs might shed new light on neonatal lethality due to res-
piratory problems.
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Abbreviations

PS Pulmonary surfactant

AT2 Alveolar type Il epithelial cells
LB Lamellar body

MVB Multivesicular body

SP Surfactant protein

ABCA3 Adenosine triphosphate (ATP)-binding cassette transporter A3
GCN5L1  GCNS5 (general control of amino acid synthesis 5)-like 1

BLOC-1 Biogenesis of lysosome-related organelles complex 1

BORC BLOC-1-related complex

LRO Lysosome-related organelles
HPS Hermansky-Pudlak syndrome
WT Wild-type

KO Knockout
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gene structure of GCN5L1T and the positions of the Cas9 targets, start and stop codons. B. Analysis of the efficiency of
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Additional file 8: Figure S8. Modulating activity of the ROS-ERK-Foxo1-Cebpa axis or reconstruction of the mito-
chondrial expression of GCN5L1 failed to rescue surfactant production in GCN5L1 cells. A. Secretion of phospholipid
in WT cells, M2 cells, M2 cells treated with DPI (M2 + DPI) or SCH772984 (M2 + SCH772984), or M2 cells infected with
lentivirus expressing exogenous Foxo1 (M2 + Foxo1). B. Secretion of SP-B and SP-C in WT cells, M2 cells, M2 cells
treated with DPI (M2 4 DPI) or SCH772984 (M2 + SCH772984), M2 cells infected with lentivirus expressing exogenous
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Lysotracker Red-positive vesicles in WT cells, M2 cells, M29 cells and M2 + GCN5L1 cells. B. Quantitation of BODIPY
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and M2 cells. D. Quantitation of Lysotracker Red and ABCA3-EGFP double-positive vesicles in WT cells and M2 cells.
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Additional file 10: Figure S10. Autophagy activity analysis of WT and GCN5L1 mutant cells. A.WT and M2 cells
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Additional file 11: Figure S11. Localization of GCN5L1 in LBs. A. The co-localization scatter plot of anti-Lamp1 and
anti-GCN5L1-FLAG signals. Pearson correlation coefficient is 0.17; Manders' overlap coefficient is 0.51. B. Cells were
transfected with GCN5L1-FLAG-expressing plasmid and stained with anti-Lamp1 and anti-FLAG antibodies.

Additional file 12: Table S1. Downregulated surfactant-related genes after GCN5L1 KO (extracted from RNA-seq
results).
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