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Abstract

Background: Lung adenocarcinoma (LUAD) is one of the leading causes of cancer-related mortality. Lysophosphatidylglycerol acyl-
transferase (LPGAT1) regulates the biosynthesis of triacylglycerol, which is essential for maintaining phospholipid homeostasis and
modulating the structural integrity of mitochondrial membranes. LPGAT1 has been demonstrated to be differentially expressed in nor-
mal lung tissue and LUAD tissues, and can serve as a metabolically relevant gene with potential prognostic value. However, the potential
role of LPGAT1 in LUAD is still unknown. This study sought to determine the role of LPGAT1 in LUAD progression. Methods: LP-
GAT1 expression was examined in LUAD cells and tumor tissues from LUAD patients. The effect of LPGAT1 was then assessed in both
cell and animal models after LPGAT1 was knocked down by RNA interference. Results: LPGAT1 was upregulated in LUAD tissues.
Overexpression of LPGAT1 was associated with an unfavorable prognosis in LUAD patients, as revealed by univariate and multivariate
Cox analyses. Knockdown of LPGAT1 abrogated tumor growth and proliferation in both cell and animal models. Conclusions: This
study demonstrates that LPGAT1 promotes proliferation and inhibits apoptosis in LUAD. Hence, LPGAT1 may provide new treatment
strategies for LUAD.
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1. Introduction
Lung cancer (LC) has become one of the most

deadly malignancies worldwide [1,2]. The predominant
histopathologic subtype of LC is non-small cell lung can-
cer (NSCLC), which accounts for over 80% of all LCs
[3,4]. Lung adenocarcinoma (LUAD) is the most com-
mon subtype of NSCLC, with a 5-year survival rate of ap-
proximately 15% [5,6]. Recently, much progress has been
achieved in the study of driver oncogenes, including mes-
enchymal lymphoma kinase and epidermal growth factor
receptor [7,8]. However, resistance to targeted therapies
against these genes is a significant limitation for patients.
Therefore, it is of utmost importance to explore new thera-
peutic mechanisms for LUAD in clinical practice [9].

Lysophosphatidylglycerol acyltransferase (LPGAT1)
is encoded by a gene on chromosome 1q32.2, which was
originally cloned in 2004 [10]. It has been reported that LP-
GAT1 regulates the biosynthesis of triacylglycerol, which
is essential for maintaining phospholipid homeostasis and
modulating the structural integrity of mitochondrial mem-
branes [11]. LPGAT1 has also been shown to be primar-
ily involved in lipid metabolism, and its effects on body
mass index and body fat have been confirmed [12]. These

effects of LPGAT1 on the organism occur when it is in
its regular expression profile. However, at levels beyond
normal expression, it may lead to the development of cer-
tain diseases. Previous studies have shown that LPGAT1
gene expression is upregulated in tumor tissue compared
to normal tissue, suggesting that LPGAT1 may be a poten-
tial target for the diagnosis of LUAD [13–15]. Therefore,
LPGAT1 is a metabolically relevant gene with prognostic
significance, and may be a new therapeutic and diagnostic
target for LUAD.

In this study, by analyzing the results of the LUAD-
TCGA database, LPGAT1 was found to be upregulated in
LUAD tissue compared to normal tumor-adjacent lung tis-
sue. Univariate and multivariate Cox analyses revealed that
LPGAT1 was related to an unfavorable prognosis in LUAD
patients. LPGAT1 expression was analyzed in LUAD cells
and lung tumor tissues from patients. It was found that LP-
GAT1 was overexpressed in LC tissues. Subsequently, the
functional roles of LPGAT1 were examined in both cell and
animal models. On a cellular level, LPGAT1 promoted cell
proliferation and inhibited apoptosis in LUAD. In mouse
models, knockdown of LPGAT1 reduced the growth of the
LUAD xenograft. The transcriptome analysis of the H1299
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cell line indicated that LPGAT1 knockdown upregulated the
phosphatidylglycerol metabolism pathway. However, val-
idation of the associated mechanisms requires more exten-
sive investigation. In summary, the findings in the present
study indicate that up-regulation of LPGAT1 facilitates the
oncogenesis of LUAD.

2. Materials and Methods
2.1 Tissue Collection

Between October 2018 and December 2019, 60 pairs
of LUAD and neighboring lung tissues were obtained from
LUAD patients in the First Affiliated Hospital of Bengbu
Medical College (Anhui Province, China). All subjects un-
derwent surgery after obtaining informed consent. This re-
search was approved by the Ethics Committee of the same
institute, and was in compliance with the standards estab-
lished by the Declaration of Helsinki. After snap-freezing
in liquid nitrogen, the samples were kept at –80 ℃ until
further analysis.

2.2 Immunohistochemistry (IHC)
The tissue specimens were fixed in 4% formalin, em-

bedded in paraffin, and sectioned at 4 µm thickness using a
microtome. The sections were then exposed to 3% H2O2 to
inhibit endogenous peroxidase activities, followed by heat-
ing at 95℃ for 20 min in 10 mM citrate buffer (pH 6.0) for
antigen retrieval. To prevent non-specific binding, 0.4%
triton-X100 (P0096, Beyotime, Shanghai, China) + 10%
bovine serum albumin (BSA, ST023, Beyotime, Shanghai,
China) was used at room temperature (RT) for 1 h. Next,
these sections were cultured with LPGAT1-specific anti-
body (ab230647, Abcam, Waltham, MA, USA) at 37℃ for
60 min, followed by incubation with the secondary antibod-
ies (PV-6000, Zsbio, Beijing, China). DAB chromogenic
agent (ZLI-9018, Zsbio, Beijing, China) was then used for
nucleus staining at RT for 10 min. Finally, the stained sec-
tions were examined using an microscope (CX43, Olym-
pus, Tokyo, Japan).

2.3 Cell Culture and Transfection
Human LUAD cell lines (PC9, H1299, A549 and

H23) and HEK-293T cell line were supplied by the Institute
of Cell Research, Chinese Academy of Sciences (Shang-
hai, China). All cell lines were tested for mycoplasma and
no mycoplasma contamination was observed. All cell lines
were detected by short tandem repeat (STR) and all were de-
tected correctly. All cells were cultured in DMEM contain-
ing 10% fetal bovine serum (FBS, A3160802, Gibco, Grand
Island, NY, USA), and 10 mg/mL penicillin-streptomycin
(PS, 15140122, Gibco, Grand Island, NY, USA). Cells were
grown at 37 ℃ in an appropriate incubator with 5% CO2.

2.4 Gene Silencing
LPGAT1 knockdown was performed by siRNA and

shRNA viruses. siLPGAT1 and siCtrl were the experimen-

tal and control groups, respectively. H1299 and A549 cells
were transfected with siLPGAT1 and siCtrl. The target se-
quences of siLPGAT1 and siCtrl are displayed in Supple-
mentary Table 1. shLPGAT1 and shCtrl were cloned into
pLKO.1 plasmid, followed by sequencing. The shRNA-
pLKO.1 and helper plasmids (delta8.9 and VSVG) were
transfected into HEK293T cells for 3 days. Lentiviruses
were generated, collected, and purified via ultracentrifuga-
tion. The viral titer was determined by evaluating the infec-
tious capacity of HEK293T cells. Stable, transfected cells
were screened with 2 µg/mL puromycin (ST551, Beyotime,
China). Subsequently, quantitative real-time reverse tran-
scription PCR (qRT-PCR) and western blot (WB) analyses
were conducted.

2.5 Cell Counting Kit-8 (CCK-8) Assay
The lentivirus-infected H1299 and A549 cells (1000

cells/well) were grown in a 96-well plate, followed by incu-
bation at 37 °C. At 1, 2, 3, 4 and 5 days, 10 µL of cell count-
ing kit -8 (CCK8, BL001B, Biomiky, Shanghai, China) was
added to each well. After 4 h, the absorbance was deter-
mined using a microplate reader (F50, Tecan, Männedorf,
Switzerland) at 450 nm.

2.6 Flow Cytometry (FC) Analysis
To evaluate the impact of LPGAT1 on apoptosis, the

treated H1299 and A549 cells (5× 105) were collected and
stained with Annexin VFITC/PI (22837, AAT Bioquest,
Sunnyvale, CA, USA). Cell apoptosis was evaluated using
the FACS Calibur (FACSCanto, BD, San Jose, CA, USA).

2.7 Automated Cell Cycle Profiling and Analysis
To assess the effect of LPGAT1 on the cell cycle, A549

and H1299 cells (1 × 106) were harvested and fixed with
70% ethanol at 4 ℃ for 1 h. After rinsing twice with phos-
phate buffered saline (PBS, C10010500BT, Gibco, Grand
Island, NY, USA), the cells were added into 2 mg/mL pro-
pidium (PI, C1052, beyotime, Shanghai, China) and 10
mg/mL RNase A (C1052 ,Beyotime, Shanghai, China), fol-
lowed by incubation at 4 ℃ for 30 min in the dark. PI flu-
orescence intensity was measured using FACS Calibur.

2.8 Colony Formation Assays (CFA)
H1299 (or A549) cells were exposed to sh-LPGAT1

or sh-Ctrl lentivirus and cultured for 2 days. The cells were
then dissociated and grown in a 6-well plate for colony for-
mation at six hundred viable cells per well. Three replicate
wells were set up for each experimental group. After 14
days, most clones contained more than 50 cells (medium
was exchanged every three days). Crystal violet staining
(1000 µL/well) was then performed and visualized using a
microscope. Only a colony with more than 50 cells was
counted.
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2.9 RNA-seq
After being interfered by siLPGAT1 and siCtrl, the

H1299 cell lines were extracted for RNA, and transcrip-
tome sequencing was performed. We selected differentially
expressed genes (DEGs) with |log2 fold change| ≥2 and a
p-value < 0.05. A clustering heat map was drawn with the
DEGs, and then these DEGs were detected by GO func-
tional enrichment analysis, and the results were classified
into three terms, including biological processes (BPs), cel-
lular components (CCs) and molecular functions (MFs).

2.10 qRT-PCR
Total RNAwas extracted from the H1299 cells treated

with lentivirus using the TRIzol® Plus RNA Purification
Kit (12183-555, Invitrogen, Carlsbad, CA, USA). RNA
was reverse-transcribed by SuperScript™ III First-Strand
Synthesis SuperMix (11752-050, Invitrogen, Carlsbad, CA,
USA), and qPCR was performed by Power SYBR Green
PCRMaster Mix (4367659, Applied Biosystems, Waltham,
MA, USA). The primer sequences are displayed in Sup-
plementary Table 1. The CFX384 multiplex RT-PCR in-
strument (Bio-Rad, Berkeley, CA, USA) was employed for
mRNAexpression analysis. The fold-changewasmeasured
using the 2−∆∆Ct method.

2.11 Protein Isolation and WB Analysis
A total protein extraction kit containing protease in-

hibitor cocktail (BC3710, Solarbio, Beijing, China) was uti-
lized for total protein isolation. A bicinchoninic acid (BCA)
quantification kit (B0010, Beyotime, Shanghai, China) was
utilized for total protein quantification. After separation
through 10% SDS-PAGE, the proteins were subsequently
transferred onto PVDF membranes (IPVH00010, Milli-
pore, St. Louis, MO, USA). The membranes were incu-
bated with the primary antibodies at 4 °C overnight, fol-
lowed by the secondary antibodies (Goat anti-Rabbit IgG
(H+L), 31210, Thermo Pierce, Waltham, MA, USA) at
RT for 1 h. The following primary antibodies were em-
ployed: anti-LPGAT1 (bs-18347r, Bioss, Woburn, MA,
USA), anti-GPAM (bs-5063r, Bioss, Woburn, MA, USA),
anti-LCLAT1 (bs-18190r, Bioss, Woburn, MA, USA), anti-
LPCAT1(16112-1-AP, Proteintech, Wuhan, China) anti-
LPCAT4 (17905-1-AP, Proteintech, Wuhan, China), anti-
CRLS1 (14845-1-AP, Proteintech, Wuhan, China), and
anti-α-tubulin (11224-1-AP, Proteintech, Wuhan, China).
Protein bands were quantified with ImageJ software (NIH,
Bethesda, MD, USA).

2.12 Nude Mouse Xenograft Studies
All the experimental protocols were conducted in ac-

cordance with the institutional ethics and safety guidelines
of the same institute. Twenty-two BALB/c nude mice (fe-
male, 6 weeks old, 16–18 g) were supplied by Shang-
hai Lingchang Biotechnology (Shanghai, China), and were
maintained at the Experimental Animal Center, and under-

went a 10/14-h light-dark cycle (55 ± 5% humidity and 22
± 1 °C). The mice were randomly assigned to four groups.
LPGAT1 knockdown and control xenograft models were
established by injecting 4× 106 H1299 (or A549) cells into
the right flank of mice. After 2 weeks, the tumor size was
examined twice a week. Tumor length and width were de-
termined using a caliper. Tumor volume was calculated as
follows: volume (mm3) = π/6 × length × width × width.
Following six weeks, each mouse was euthanized by cervi-
cal dislocation, and tumor tissues were obtained. Tumor
volumes were calculated as described above, and tumor
weights were measured using an electronic balance.

2.13 Survival Analysis
The mRNA level of LPGAT1 was detected using the

TCGA-LUAD cohort. After merging with LPGAT1 ex-
pression data, the samples with complete information on
patient survival, age, gender, N stage, T stage and tumor
stage were used to construct the Kaplan-Meier curve and
perform univariate and multivariate Cox analyses.

2.14 Statistical Analysis
All values are shown as mean ± SD. The differences

between groups were compared by Student’s t-test or one-
way ANOVA. p-values of <0.05 were regarded as statis-
tically significant. All tests were performed with SPSS
v18.0 (IBM, Amonk, NY, USA) and GraphPad Prism v6.0
(GraphPad Software, San Diego, CA, USA).

3. Results
3.1 LPGAT1 is Highly Expressed in LUAD and Related to
Poor Prognosis

This study assessed the role of LPGAT1 in LUAD.
Expression data from the Cancer Genome Atlas (TCGA-
LUAD), comprising 497 LUAD tissues and 54 non-tumor
tissues, were analyzed. Our results indicated that LPGAT1
was significantly increased in LUAD tissue compared to
non-tumor tissue (Fig. 1A). All LUAD patients were clas-
sified into LPGAT1 high-expression and low-expression
groups based on the median value of LPGAT1 expression.
However, Kaplan-Meier analysis revealed that the survival
rate of the LPGAT1 low-expression group was not better
than that of the LPGAT1 high-expression group (Fig. 1B).
In addition, after combining LPGAT1 expression data and
survival data from these samples, univariate and multivari-
ate Cox analyses were performed. The results demon-
strated that LPGAT1 was an independent poor prognostic
factor (Supplementary Tables 2, 3). 60 pairs of LUAD
and neighboring normal tissues were acquired, and the fol-
lowing steps were performed: immunohistochemical stain-
ing, photography, interpretation, and pathological analysis.
The findings were highly consistent with the above data,
in which the expression of LPGAT1 was higher in LUAD
tissues than in paracancer tissues (Fig. 1C). The immuno-
histochemical scores of the 60 clinical samples are shown
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Fig. 1. LPGAT1 is highly expressed in lung adenocarcinoma tissues. (A) Statistical results of LPGAT1 expression data from TCGA-
LUAD. (B) Kaplan-Meier analysis of LUAD patients’ prognosis with high and low expression of LPGAT1. (C) LPGAT1 expression in
tumor tissues and normal tissues via IHC staining. Scale bars: 20 µm. (D) IHC results of 60 clinical samples were scored: 0 as negative,
1 as <10% of positive cells, 2 as 11–50%, 3 as 51–75%, and 4 as >75%.

in Fig. 1D.

3.2 Upregulation of LPGAT1 Inhibits Apoptosis and
Promotes Proliferation in LUAD Cell Lines

To explore the role of LPGAT1 in LUAD, a series of
functional assays were performed in LUAD cells. H1299
and A549 cells with the highest LPGAT1 expression were

selected for the subsequent analyses (Fig. 2A and Sup-
plementary Fig. 1A,B). These LUAD cell lines were
transfected with siLPGAT1 and siCtrl, and qPCR assays
were then conducted to detect the endogenous LPGAT1
expression. It was observed that the expression of LP-
GAT1 was downregulated by 95% in H1299 cells (Fig. 2B)
and 88% in A549 cells (Supplementary Fig. 1C). Next,
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Fig. 2. Knockdown of LPGAT1 inhibits cell proliferation and promotes cell apoptosis in H1299 cell lines. (A,B) The expression
levels of LPGAT1 in four NSCLC cell lines (A549, H1299, PC9, and H23), and the knockdown efficiency of siLPGAT1 in H1299,
were detected by qRT-PCR. Unpaired two-tailed t-test; ∗∗∗∗p < 0.0001. (C) Cell Counting Kit-8 assay was used to detect H1299 cell
proliferation, n = 3. Two-way ANOVA. ∗p = 0.0262 (day 3), ∗∗p = 0.0030 (day 4), ∗∗∗p = 0.0006 (day 5). (D,E) The cell cycles in
the control (D) and LPGAT1-knockdown groups (E) were detected by flow cytometry, n = 3. (F) Statistical results of the cell cycle
assay. Unpaired two-tailed t-test; ∗p = 0.0115 (G1 phase), nsp = 0.0552 (S phase), ∗∗p = 0.0087 (G2/M phase). (G,H) Cell apoptosis
in the control (G) and LPGAT1-knockdown groups (H) was detected by flow cytometry, n = 3. (I) Statistical results of cell apoptosis
assay. Unpaired two-tailed t-test; ∗∗p = 0.0019. (J) Colony formation assay, n = 3. (K) Statistical results of the colony formation assay.
Unpaired two-tailed t-test; ∗∗p = 0.0015.
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CCK-8, FC and CFA were conducted on the stable trans-
fected LUAD cells to assess cell proliferation and apopto-
sis. The findings of CCK-8 assays demonstrated that the
proliferation of H1299 cell line (Fig. 2C) and A549 cell
line (Supplementary Fig. 1D,E) was attenuated by LP-
GAT1 knockdown. FC analysis revealed that, compared
to the control group, the LPGAT1-knockdown group inhib-
ited the cell cycle progression, G2/M cells were decreased,
and G1 cells were increased in H1299 cell lines (Fig. 2D–
F and Supplementary Fig. 1F), while only G1 cells were
increased in A549 cell lines (Supplementary Fig. 1G,H).
The green-, yellow-, and blue-emitting populations in the
latter corresponded to G1, G1/S and S/G2-M cells, respec-
tively. In addition, the data of FC indicated that the apop-
totic rate of LUAD cells was dramatically elevated after LP-
GAT1 knockdown (Fig. 2G–I, Supplementary Fig. 1I,J
and Supplementary Fig. 2A). Furthermore, the findings
of CFA showed that the number of colonies was decreased
in H1299 cells with LPGAT1 knockdown (Fig. 2J,K).

3.3 LPGAT1 Knockdown Suppresses LUAD Progression
in Vivo

A BALB/cnu/nu nude mouse xenograft model was
constructed by subcutaneously injecting H1299 cells to
investigate whether LPGAT1 knockdown can suppress
LUAD progression in vivo. H1299 cells were transfected
with lentiviruses (shCtrl and shLPGAT1) for 48 h (Fig. 3A).
The infection efficiency of the lentivirus was 93.6% and
94.1%, respectively (Supplementary Fig. 2B). Eight mice
were subcutaneously injected with shCtrl-infected H1299
cells (4 × 106 each) into the right flanks, while the other
eight mice were injected with shLPGAT1-infected H1299
cells (Fig. 3B). Consistent with the in vitro results, the LP-
GAT1 knockdown group had a more significant inhibitory
effect on tumor volume growth in a time-dependent fash-
ion (Fig. 3C). After 4 weeks, tumors were peeled from
the nude mouse subcutis. Then, the tumors were weighed
(Fig. 3D) and their length and width were measured to cal-
culate the tumor volumes (Fig. 3E–G). The results of the ex-
periments performed with A549 cells were similar to those
of the H1299 cells (Supplementary Fig. 2C,D). The tu-
mors in the shLPGAT1 groupwere smaller in size and lower
in weight compared with those in the control group.

3.4 Upregulation of LPGAT1 Promotes LUAD
Progression via Phosphatidylglycerol Metabolic Process

After the knockdown of LPGAT1, H1299 cells were
collected for RNA-Seq. 106 DEGs are shown in the
heatmap (Fig. 4A). These genes were detected by GO en-
richment analysis; the top 10 results in BPs, CCs, and MFs
are shown in Fig. 4B and Supplementary Table 4. We
found the most prominent regulation involved the phos-
phatidylglycerol metabolic pathway, phosphatidylglycerol
acyl-chain remodeling, the phosphatidic acid biosynthetic
process, the phosphatidic acid metabolic processes, and

the phospholipid biosynthetic process in BPs. There were
five common genes in the five most prominent path-
ways, namely LPCAT4, LPCAT1, Lyso-CL acyltransferase
1 (LCLAT1), Glycerol-3-phosphate acyltransferase mito-
chondrial (GPAM), and cardiolipin synthase 1 (CRLS1). In
order to verify the effect of target gene LPGAT1 knock-
down on these pathways, we performed qRT-PCR and WB
analyses. Based on the qRT-PCR data, these genes were up-
regulated in H1299 cells with LPGAT1 knockdown com-
pared to the control group (Fig. 5A–E). However, WB anal-
ysis demonstrated that the levels of CRLS1, GPAM and
LPLAT1 proteins had an upward trend in H1299 cells with
LPGAT1 knockdown, but no statistical significancewas ob-
served. Similarly, there was no marked difference in the ex-
pression of LPCAT1 and LPCAT4 between the two groups
(Fig. 5F,G).

4. Discussion
LC is a leading cause of cancer-related mortality

worldwide, with around 1.76 million deaths and 2 mil-
lion new cases annually [16]. Existing studies [17,18]
have shown that the development and progression of LC
is closely associated with lipid metabolism.

LPGAT1 regulates triacylglycerol biosynthesis and
is essential for maintaining phospholipid homeostasis and
modulating the structural integrity of the mitochondrial
membrane [11]. It has been reported that LPGAT1 is dif-
ferentially expressed in normal and tumor tissues [14]. It
is a target gene for upregulated expression of miRNAs
in LUAD and may be involved in lipid metabolic pro-
cesses. A previous study has proposed that LPGAT1 can
remodel phosphatidylglycerol, an intermediate of the car-
diolipin (CL) pathway. LPGAT1 is of central importance
for the regulation of lipid metabolism [19,20].

In this study, we confirmed that the expression of LP-
GAT1 in LUAD tissues was higher than that in adjacent tis-
sues by IHC in 60 pairs of clinical samples. This study is
the first to demonstrate that LPGAT1 knockdown could in-
hibit the progression of NSCLC in both human cell lines
and mouse models. In the cell lines, after knockdown of
LPGAT1, cell proliferation was inhibited as shown by the
CCK-8 assay, apoptosis was increased, and the cell cycle
was arrested as shown by FC. In in vivo experiments in
mice, tumor growth was also inhibited in the knockdown
group compared to the controls. Thus, in addition to previ-
ous reports [19,20], we further clarified the role of LPGAT1
in LUAD progression, and hypothesized that the inhibition
of tumor growth after LPGAT1 knockdown was related to
lipid metabolism. We performed transcriptome sequencing
to further explore this concept.

After the transcriptome sequencing of H1299 cell lines
in the LPGAT1 knockdown and control groups, GO en-
richment analysis was performed to screen the up-regulated
pathways and pathway-related genes (CRLS1, GPAM,
LCLAT1, LPCAT1, LPCAT4). The functions of these
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Fig. 3. Knockdown of LPGAT1 inhibits tumor growth in tumor-bearing mice. (A) Infection efficiency of lentiviruses (shCtrl and
shLPGAT1) in H1299 cells. Scale bars: 25 µm. (B) In vivo imaging of tumor-bearing mice in the control and LPGAT1-knockdown
groups, n = 8. Scale bars: 1 cm. (C, D) Measurement of the volume and weight of tumors. C, measure the volume of tumors twice a
week since 17 days after injection, volume (mm3) = π/6 × length × width × width; ∗p = 0.0124 (at day 17), ∗p = 0.0106 (at day 21),
∗p = 0.0110 (at day 24), ∗∗∗p = 0.0002 (at day 28), ∗∗p = 0.0011 (at day 30); (D) tumors were peeled and then weighed after 4 weeks,
Welch t-test, ∗∗p = 0.0015 (tumor weight). (E) Tumor size was measured in the control and LPGAT1-knockdown groups. Scale bars:
1 cm. (F, G) Statistical analysis of the differences in length and width between the two groups of tumors. ∗∗p = 0.0017 (tumor length),
∗∗∗p = 0.0006 (tumor width).
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Fig. 4. Heatmap of DEGs and GO functional enrichment analysis after LPGAT1 knockdown in H1299 cell lines. (A) Heatmap
of differentially expressed genes between the control group (on the right) and the shLPGAT1 group (on the left). (B) Top 30 GO terms,
including biological processes (BPs), cellular components (CCs) and molecular functions (MFs).
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Fig. 5. Expression of the related proteins after LPGAT1 knockdown in H1299 cell lines. (A–E) The mRNA levels of CRLS1,
LCLAT1, GPAM, LPCAT1 and LPCAT4 in the shCtrl and shLPGAT1 groups. Unpaired two-tailed t-test; ∗∗p = 0.0052 (CRLS1), ∗∗p
= 0.0021 (LCLAT1), ∗∗∗∗p < 0.0001 (GPAM), ∗∗∗p = 0.0001 (LPCAT1),∗∗∗∗p < 0.0001 (LPCAT4). (F) The protein levels of CRLS1,
LCLAT1, GPAM, LPCAT1 and LPCAT4 in the shCtrl and shLPGAT1 groups. (G) Statistical results of protein expression intensity.

genes have also been reported. LPCAT catalyzes the con-
version of Lys phosphatidylcholine to phosphatidylcholine,
thereby remodeling the biosynthesis pathway [21]. GPAM
has been reported to play a vital role in lipid biosynthesis;
especially phospholipid synthesis [22]. Human CRLS1 is
critical for CL synthesis and phosphatidylglycerol remod-
eling [23,24]. CLs are specific phospholipids of the mito-
chondria [25–27]. LCLAT1 localizes in the mitochondria-
associated membrane [28], and its overexpression elevates

the levels of polyunsaturated fatty acids containing CL [28–
30], all of which are related to lipid metabolism. Therefore,
we speculate that the downregulation of LPGAT1 affects
lipid metabolism and the expression of these genes. Sub-
sequently, we verified the genes by qPCR, and the knock-
down group showed significant up-regulation compared to
the control group. However, WB results showed no signif-
icant difference in protein-level expression of these genes
between the two groups. Thus, further exploration of the in-
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teraction between LPGAT1 and these pathway related genes
is still needed, and will be examined in future studies.

5. Conclusions
In conclusion, our study revealed that LPGAT1 plays

a critical role in the tumorigenesis of NSCLC. These exper-
imental results demonstrated that knockdown of LPGAT1
inhibited tumor growth, which was characterized by inhib-
ited cell proliferation and the induction of cell apoptosis.
Nevertheless, the mechanism by which LPGAT1 promotes
LUAD needs to be further investigated. In conclusion, LP-
GAT1 may serve as a new therapeutic target for treatment
of LUAD.
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