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Background: The prognosis of patients with advanced hepatocellular carcinoma (HCC) 
remains poor. Lipid remodeling modulators are considered promising therapeutic targets of 
cancers, owing to their functions of facilitating cancer cells’ adaption to the limited environ-
ment. Lysophosphatidylcholine acyltransferases (LPCATs) are enzymes regulating bio- 
membrane remodeling, whose roles in HCC have not been fully illuminated.
Methods: Multiple bioinformatic tools were applied to comprehensively evaluate the 
expression, genetic alterations, clinical relevance, prognostic values, DNA methylation, 
biological functions, and correlations with immune infiltration of LPCATs in HCC.
Results: We found LPCAT1 was significantly overexpressed and the most frequently altered 
in HCC. The high-expression of LPCAT1/4 indicated clinicopathological advancements and 
poor prognoses of HCC patients. Even though the global DNA methylation of LPCATs in 
HCC showed no significant difference with that in normal liver, the hypermethylation of 
numerous CpG sites of them implied worse survivals of HCC patients. Thirty LPCATs’ 
interactive genes were identified, which were generally membrane components and partook 
in phospholipid metabolism pathways. Finally, we found the expression of LPCATs was 
extensively positively correlated with the infiltration of various stimulatory and suppressive 
tumor-infiltrating immune cells (TIICs) in the tumor microenvironment.
Conclusion: This study addressed LPCAT1/4 were potential prognostic and immunother-
apeutic biomarkers of HCC targeting bio-membrane lipid remodeling.
Keywords: hepatocellular carcinoma, LPCATs, bioinformatics, biomarker, immune 
infiltration

Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent and fatal cancers 
worldwide. Most HCC patients are diagnosed at advanced stages and miss oppor-
tunities for curative remedies. Despite appreciable progress has been achieved in 
systematic treatments, especially molecular target agents and immune checkpoint 
inhibitors, the overall clinical benefits are still unsatisfying. The prognosis of 
patients with advanced HCC remains poor, with a 5-year survival rate of 12%.1 

Thus, there are urgent calls for effective diagnostic and therapeutic targets of HCC.
Metabolic reprogramming is a hallmark of cancers, especially the enhancement 

of aerobic glycolysis and glutaminolysis in cancer cells. Recently, lipid remodeling 
has attracted rising attention for its participation in cancer promotion.
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Lysophosphatidylcholine acyltransferases (LPCATs) are 
enzymes catalyzing lysophosphatidylcholine (LPC) to phos-
phatidylcholine (PC) conversion, which comprises four iso-
forms (LPCAT1-4) in humans.2,3 PCs are the most abundant 
constituents of cellular membrane lipids. PC metabolic dysre-
gulation and subsequent membrane composition alterations 
are observed in various cancers, which can provide energy, 
signaling molecule substrates, and epigenetic regulators to 
conduce cancer cells’ adaptation to the local tumor microen-
vironment (TME).4,5 In view of the importance of LPCATs in 
PC generation, it was not surprising that some studies sug-
gested LPCATs contributed to cancer development.

LPCAT1 is essential for pulmonary surfactant homeos-
tasis, which had been observed to be upregulated and might 
indicate negative outcomes for several malignancies, includ-
ing kidney,3 breast,7 prostate,8 and liver cancers.9 Lipid 
droplet accumulation regulated by LPCAT2 might drive 
chemoresistance and curtailment of cancer immunogenicity 
in colorectal cancer patients.10 LPCAT3 regulates very-low- 
density lipoprotein secretion and intestinal lipid absorption, 
whose deficiency would increase cholesterol biosynthesis 
and promote tumorigenesis in mice.11 LPCAT4 was ever 
found overexpressed in colorectal cancer, too.12 However, 
the specific clinical, prognostic values, and potential regula-
tory mechanisms of every LPCAT member in HCC have not 
been fully elucidated yet.

Cell behaviors are modulated by both genetic and epige-
netic mechanisms, and DNA methylation is a type of most 
studied epigenetic alteration concerning the ordination and 
promotion of HCC.13 In addition, emerging researches have 
shed light on the crosstalk between aberrant lipid metabo-
lism and the immune microenvironment in HCC.14

In this study, we comprehensively analyzed the expres-
sion, genetic alterations, clinical relevance, prognostic sig-
nificance, DNA methylation, correlations with immune 
infiltration, and underlying functional mechanisms of 
LPCATs in HCC. The findings of our study might help 
to deepen the understanding of LPCATs in HCC, and 
inspire lipid metabolism-targeting insights for further 
investigations and therapeutic strategies.

Materials and Methods
Analysis of the mRNA Expression of 
LPCATs in HCC
Oncomine (https://www.oncomine.org) is an analytic tool 
integrating published transcriptome data of over 18,000 
cancer microarrays.15 A meta-analysis of the differential 

mRNA expression of LPCATs in HCC versus normal liver 
tissues was performed using Oncomine, with the signifi-
cance threshold of fold change >2.0, P value <0.05, and 
a gene rank of top 10%.

Gene Expression Profiling Interactive Analysis 2 
(GEPIA2, http://gepia2.cancerpku.cn/) provides comprehen-
sive transcriptomic analysis using mRNA sequencing data 
from Cancer Genome Atlas (TCGA) and GTEx projects.16 

The mRNA expression of LPCATs in HCC and normal liver 
samples was confirmed using GEPIA2, and the significance 
criteria were set as fold change >2 and P value <0.05.

Analysis of the Protein Expression of 
LPCATs in HCC
The protein expression of LPCATs in HCC and normal 
liver tissues was evaluated using immunohistochemistry 
(IHC) staining data from the Human Protein Atlas (HPA) 
(https://www.proteinatlas.org).17 Protein expression levels 
were measured by the intensity and quantity of IHC stain-
ing, and were categorized into four grades: negative, weak, 
medium, and strong.

Analysis of Genetic Alterations of 
LPCATs in HCC
cBioPortal (http://www.cbioportal.org) is a web platform 
providing visual and multidimensional cancer genomics 
resources.18,19 Genetic alterations of LPCATs including 
mutations, copy-number alterations, and mRNA expression 
(z-scores relative to diploid samples with a score threshold 
of ± 2.0) were analyzed using the data of 360 HCC samples 
from “TCGA, Firehose Legacy” dataset by cBioPortal. To 
discover the survival significance of LPCATs’ global altera-
tion on HCC patients, the overall survival (OS) and disease- 
free survival (DFS) of patients between “altered” and “unal-
tered” groups were compared respectively.

Analysis of the Clinicopathological 
Relevance of LPCATs in HCC Patients
UALCAN(http://ualcan.path.uab.edu)20 and LinkedOmics 
(http://www.linkedomics.org)21 are both online tools pro-
viding in-depth cancer omics analysis based on TCGA 
data. Relationships between LPCATs expression and 
pathological stages and tumor grades of HCC patients 
were explored using UALCAN. Associations between 
LPCATs expression and TNM stages were analyzed 
using LinkedOmics.
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Analysis of the Prognostic Significance of 
LPCATs in HCC Patients
Kaplan–Meier (KM) plotter (http://www.kmplot.com/) is 
a widely used platform for survival analysis of 54k genes in 
various cancers.22 KM plotter was applied to evaluate associa-
tions between LPCATs expression and OS, relapse-free survi-
val (RFS), progression-free survival (PFS), and disease- 
specific survival (DSS) of all HCC patients. Furthermore, 
associations between LPCATs expression and OS of HCC 
patients with distinct clinicopathological features were 
assessed.

Analysis of DNA Methylation of LPCATs 
in HCC
Comparison of global DNA methylation levels of LPCATs 
and methylation levels of cytosine-phosphate-guanine 
(CpG) sites between HCC and normal controls was per-
formed integrating two tools, DNA Methylation Interactive 
Visualization Database (DNMIVD, http://www.unimd.org/ 
dnmivd/)23 and SurvivalMeth (http://biobigdata.hrbmu. 
edu.cn/survivalmeth/).24 Effects of methylation levels of 
LPCATs’ CpG sites on OS of HCC patients was evaluated 
using MethSurv (https://biit.cs.ut.ee/methsurv/).25

Genetic Interactions, Protein–Protein 
Interactions, and Functional Enrichment 
Analysis of LPCATs
Interactive genes of LPCATs were investigated using 
GeneMANIA (http://genemania.org).26 Next, protein–pro-
tein interaction (PPI) analysis for LPCATs and their inter-
active genes was conducted using the Search Tool for the 
Retrieval of Interacting Genes (STRING, https://string-db. 
org), with the settings of “homo sapiens” and a minimum 
interaction score of 0.4. The PPI network was visualized 
using Cytoscape software (version 3.7.0), and five core 
genes were identified using the CytoHubba plugin, accord-
ing to their degree values in the network. Furthermore, the 
expression of the core genes and their correlations with 
LPCATs in HCC were analyzed using GEPIA2.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses were 
carried out for LPCATs and their interactive genes using 
Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) server (https://david.ncifcrf.gov/ 
home.jsp).27 GO functional annotation describes genes’ 

functions in biological process (BP), cellular component 
(CC), and molecular function (MF) aspects.

Analysis of Correlations Between 
LPCATs Expression and Immune 
Infiltration in HCC
Tumor IMmune Estimation Resource (TIMER, http://timer. 
cistrome.org) is a web server for the investigation of tumor- 
immune interactions, covering 32 TCGA cancer types.28 

Correlations between LPCATs expression and infiltration 
levels of diverse tumor-infiltrating immune cells (TIICs), 
including CD8+ T cells, CD4+ T cells, neutrophils, macro-
phages, B cells, myeloid dendritic cells (mDCs), regulatory 
T cells (Tregs), and myeloid-derived suppressor cells 
(MDSCs) in the TME of HCC were analyzed using TIMER. 
Besides, correlations between the expression of LPCATs and 
biomarkers of some TIICs were analyzed using GEPIA2.

Statistical Analysis
Comparison of the mRNA expression of a gene between any 
two groups was performed using Student’s t-test (Oncomine 
and UALCAN), one-way ANOVA test (GEPIA), or 
Kruskal–Wallis test (LinkedOmics). For survival analysis, 
all cases were split into two groups by the median of expres-
sion levels or DNA methylation beta values of a gene. KM 
curves and Log rank test were used to identify differences 
between two groups and calculate P values. Then, Cox 
proportional hazards regression was performed to generate 
hazard ratio (HR) and 95% confidence interval (CI). 
Correlations between any two genes were evaluated using 
Pearson test. Correlations between gene expression and infil-
tration levels of TIICs were analyzed using Spearman’s test. 
Correlation strengths were measured by correlation coeffi-
cient (r): 0.00–0.19 was very weak, 0.20–0.39 was weak, 
0.40–0.59 was moderate, 0.60–0.79 was strong, and 0.80−1.0 
was very strong.29,30 All tests were two-tailed paired and 
P values <0.05 were considered statistically significant. 
Besides, false discovery rate (FDR) <0.05 was an additional 
criterion for functional enrichment analysis.

Results
Expression of LPCATs in HCC and 
Normal Liver Tissues
Initially, a meta-analysis of the differential expression of 
LPCATs in HCC versus normal liver tissues was performed 
using Oncomine. As shown in Figure 1A and Table 1, 
LPCAT1 was significantly higher expressed in HCC than 
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normal liver tissues in the three datasets, while no significant 
difference referring LPCAT2-4 was found. Additionally, the 
up-expression of LPCAT1 was identified in multitudinous 
datasets of other cancers. Given the results from GEPIA, 
although LPCAT1/2/4 were higher expressed in HCC than 
normal controls, only the difference of LPCAT1 showed 
statistical significance (Figure 1B). Nevertheless, LPCAT3 
expressed similarly between two kinds of tissues.

Next, the protein expression of LPCATs in HCC and nor-
mal liver was further validated using IHC data. Except for the 
absence of LPCAT3 data, LPCAT1/2/4 proteins were 
expressed strongly, moderately, and strongly in HCC tissues, 
respectively, while those were expressed weakly, weakly, and 
moderately in normal liver tissues, respectively 
(Supplementary Figure 1). Thus, consistent with their mRNA 

expression, LPCAT1/2/4 proteins were elevated in HCC, com-
pared with normal liver.

Genetic Alterations of LPCATs in HCC
Genetic alterations of LPCATs in HCC patients were ana-
lyzed using cBioPortal. Overall, six types of alterations, 
including mutations of missense, splice, and truncating; 
copy-number alterations of amplification and deep dele-
tion; also, mRNA overexpression of LPCATs were 
observed in a total of 78 out of 360 (21.67%) HCC 
samples (Figure 2A). The most frequent alteration was 
mRNA overexpression, which occurred in 56 of all the 
cases (15.56%). And LPCAT1 has the highest alteration 
frequency of 9.72%. However, the overall genetic altera-
tion of LPCATs had no significant association with OS and 
DFS of HCC patients (Figure 2B and C).

Figure 1 The mRNA expression of LPCATs in HCC and normal liver tissues. (A) A summary of the datasets in which LPCATs were significantly up- (red) or down- (blue) 
expressed in various cancers, compared with the corresponding normal liver tissues (Oncomine). Numbers in colored cells represent the counts of datasets. The color of 
cells is paralleled with the best gene rank percentile for the analyses within the cell. (B) The mRNA expression of LPCATs in HCC and normal liver samples (GEPIA2). *P < 
0.05. 
Abbreviation: TPM, transcript per million.

Table 1 Comparison of LPCAT1 Expression Between HCC and Normal Liver Tissues (Oncomine)

Gene Name Type of Cancer vs Normal Tissue Fold Change P value t-test Reference (PMID)

LPCAT1 HCC vs normal liver 2.369 4.23E-6 5.320 17393520

2.359 1.18E-42 15.639 21159642

2.676 3.15E-6 5.457 21159642
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Clinicopathological Relevance of LPCATs 
in HCC Patients
Since pathological stages and tumor histological grades were 
critical factors determining patients’ outcomes, we subse-
quently investigated associations of LPCATs expression with 
these clinicopathological characteristics of HCC patients. 
Generally, LPCATs expression was significantly increased in 
most stages and tumor grades of HCC, compared with normal 
liver samples (P < 0.05) (Figure 3A–H). The expression of 
LPCAT1 (Figure 3A) and LPCAT4 (Figure 3D) in HCC sam-
ples was significantly raised as the stages advanced from I to 
III and was also associated with pathologic T stage progression 
(P < 0.01) (Figure 3I and J). However, relationships between 
LPCATs expression and N/M stages could not be analyzed for 
insufficient sample sizes of positive groups (Supplementary 
Figure 2). Moreover, LPCAT4 expression was significantly 
elevated grade by grade in HCC samples (P < 0.05) 
(Figure 3H). And LPCAT2 expression was significantly higher 
in Grade-3 tumors than that in Grade-2 ones (P < 0.05) 
(Figure 3F). Briefly, the high-expression of LPCAT1/4 

displayed significant clinicopathological relevance in HCC 
patients.

Prognostic Values of LPCATs in HCC 
Patients
Following, associations between LPCATs expression and 
survivals of all HCC patients were explored using KM plot-
ter. It turned out that LPCAT1 high-expression was signifi-
cantly associated with bad OS (HR = 2.28, P = 3.5E-6), RFS 
(HR = 1.43, P = 0.033), PFS (HR = 1.56, P = 0.003), and 
DSS (HR = 2.44, P=7.5E-5) of HCC patients. LPCAT4 high- 
expression was linked with unfavorable OS (HR = 1.64, 
P=0.05) of all HCC patients. Nevertheless, no prognostic 
significance was found for LPCAT2/3 (Figure 4).

Relationships between LPCATs expression and OS of 
HCC patients with diverse clinicopathological para-
meters were further assessed. We found LPCAT1 upre-
gulation indicated unfavorable OS of HCC patients, 
regardless of genders, pathological stages, tumor grades, 
and alcohol intakes; also, patients without hepatitis 

Figure 2 Genetic alterations of LPCATs in HCC. (A) An overview of the genetic alterations of LPCATs occurring in HCC samples. (B and C) The impacts of the overall 
genetic alteration of LPCATs on (B) OS and (C) DFS of HCC patients (cBioPortal). 
Abbreviations: OS, overall survival; DFS, disease-free survival.
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history. The overexpression of LPCAT4 suggested worse 
OS of male HCC patients, and patients with Grade-2 
tumors, or alcohol intakes, or without a hepatitis history. 
Additionally, high-expressed LPCAT3 was related to 
worse OS of HCC patients with Grade-2 tumors 
(Table 2).

Prognostic Impacts of DNA Methylation 
of LPCATs on HCC Patients
Since DNA methylation alterations affect biological beha-
viors and clinical outcomes of HCC patients.31 We subse-
quently investigated correlations between LPCATs’ 
methylation and their expression, and patients’ survivals. 
In terms of the global DNA methylation of LPCATs, 
LPCAT1/3/4 were almost unmethylated; LPCAT2 was 
hypermethylated with a beta value of about 0.9 in both 
HCC and normal liver samples, but no significant 

difference was found between the two tissues 
(Supplementary Figure 3A). Moreover, the DNA methyla-
tion of LPCAT2/4 was significantly negatively correlated 
with their expression in HCC (Supplementary Figure 3B).

In terms of the methylation of CpG sites, three CpG sites 
of LPCAT1, five CpG sites of LPCAT2, two CpG sites of 
LPCAT3, and one CpG site of LPCAT4 were significantly 
hypermethylated, while 53 CpG sites of LPCAT1, four CpG 
sites of LPCAT2, six CpG sites of LPCAT3, and four CpG 
sites of LPCAT4 were significantly hypomethylated in HCC, 
compared with normal liver samples (Supplementary 
Table 1). Among them, the hypermethylation of 10 CpG 
sites of LPCAT1, one CpG site of LPCAT2, five CpG sites of 
LPCAT3, and two CpG sites of LPCAT4 was significantly 
associated with worse OS of HCC patients; while one CpG 
site of LPCAT3 did oppositely (Figure 5). Additionally, 
methylation levels of these CpG sites were slightly higher 
in normal liver than HCC tissues (Supplementary Table 1).

Figure 3 Associations between LPCATs expression and distinct clinicopathological features of HCC patients. The expression of LPCAT1-4 in HCC patients with diverse (A–D) 
pathological stages and (E–H) tumor grades (UALCAN). *P < 0.05, **P < 0.01, ***P < 0.001. The expression of (I) LPCAT1 and (J) LPCAT4 in HCC patients in different pathologic 
T stages (LinkedOmics).
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Putative Functions of the Gene 
Interaction Network of LPCATs
To learn potential functional mechanisms of LPCATs in 
HCC, 30 interactive genes of LPCATs were identified based 
on physical interactions, co-expression, and protein domain 

sharing (Figure 6A). Then, a PPI network was constructed 
with the 34 interactive genes (Figure 6B). In the PPI network, 
membrane bound O-acyltransferase domain containing 1 
(MBOAT1), 1-acylglycerol-3-phosphate O-acyltransferase 4/ 
3/1 (AGPAT4/3/1), and glycerol-3-phosphate acyltransferase, 

Figure 4 Prognostic significance of LPCATs in HCC patients. Associations between LPCATs expression with (A) OS, (B) RFS, (C) PFS, and (D) DSS of HCC patients (KM 
plotter). 
Abbreviations: OS, overall survival; RFS, relapse-free survival; PFS, progression-free survival; DSS, disease-specific survival; HR, hazard ratio.
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mitochondrial (GPAM) turned out to be the core genes 
(Figure 6C and Table 3). Among these core genes, AGPAT1 
was significantly up-expressed in HCC, compared with nor-
mal controls (Supplementary Figure 4). The following ana-
lyses revealed that LPCAT1 and LPCAT4 had the closest 
correlation with each other, with an r value over 0.6 (P = 
2.1E−44). And the correlations between LPCATs and the five 
core genes ranged from weak to moderate (Figure 6D).

Finally, the GO functional annotation analysis uncov-
ered the interactive genes were generally components of 
bio-membranes and participated in phospholipid biosyn-
thetic and metabolic processes, mostly by exerting as 
AGPATs and acyltransferases (Figure 6E–G). Moreover, 
the significantly enriched KEGG terms elucidated signal-
ing pathways of glycerophospholipid and glycerolipid 
metabolism were the most involved (Figure 6H).

Correlations Between LPCATs 
Expression and Immune Infiltration in 
HCC
To deepen the knowledge of LPCATs, correlations 
between LPCATs expression and immune infiltration in 
HCC were investigated using TIMER server. Because 
tumor purity impacts the evaluation of immune infiltration, 
all analyses were adjusted with the corresponding tumor 

purity.32 As exhibited in Figure 7A, LPCATs expression 
was significantly positively correlated with infiltration 
densities of CD8+ T cells, CD4+ T cells, mDCs, neutro-
phils, macrophages, B cells, Tregs, and MDSCs (P < 
0.05); no significant negative correlation was observed. 
Noteworthy, infiltration levels of mDCs and MDSCs 
were moderately to strongly correlated with the expression 
of LPCAT1 (mDCs: r = 0.579, P = 3.29E-32; MDSCs: r = 
0.557, P = 1.69E-29) and LPCAT4 (mDCs: r = 0.623, P = 
1.63E-38; MDSCs: r = 0.494, P = 1.18E-22).

Since diverse subsets of CD4+ T cells [helper T cell (Th) 1, 
Th2, and Th17] and tumor-associated macrophages (TAMs) 
function very differently, correlations between LPCATs 
expression and biomarkers of these subsets were further ana-
lyzed to explore their participation. It turned out that LPCATs 
expression was consistently positively correlated with the 
biomarkers of Th1, Th2, Th17, and M1/M2 TAMs with 
weak to moderate correlation strengths (P < 0.05) (Figure 7B).

Discussion
Molecules regulating lipid reprogram are emerging as 
prospective cancer therapeutic targets, for their roles in 
fulfilling increased needs of cell membrane materials and 
nutrients of cancer cells.33 In this study, comprehensive 
analyses were carried out to excavate prognostic and 

Table 2 Associations Between LPCATs Expression and OS of HCC Patients with Diverse Clinicopathological Features

Clinicopathologica l Features n LPCAT1 LPCAT2 LPCAT3 LPCAT4

HR(95% CI) P HR(95% CI) P HR(95% CI) P HR(95% CI) P

Gender

Male 246 2.69(1.68–4.30) 1.70E-5 1.24(0.80–1.93) 0.337 0.78(0.50–1.21) 0.261 1.78(1.13–2.79) 0.012

Female 118 1.77(1.01–3.10) 0.042 1.63(0.94–2.84) 0.079 1.37(0.79–2.38) 0.261 1.47(0.84–2.57) 0.170

Alcohol intake

Yes 115 2.06(1.09–3.91) 0.024 1.57(0.82–3.02) 0.174 1.03(0.55–1.94) 0.921 1.92(0.99–3.73) 0.049

No 202 2.25(1.40–3.62) 0.001 1.3(0.82–2.05) 0.263 1.01(0.64–1.59) 0.977 1.54(0.97–2.45) 0.065

Heptitis 0.73(0.22–2.43) 0.609 0.91(0.26–3.15) 0.881 1.71(0.48–6.09) 0.409 0.54(0.16–1.83) 0.322

Yes 150 1.58(0.82–3.05) 0.168 1.68(0.87–3.24) 0.119 0.99(0.52–1.89) 0.978 1.26(0.66–2.42) 0.476

No 167 2.29(1.44–3.64) 3.00E-4 1.19(0.76–1.86) 0.448 0.99(0.63–1.55) 0.966 1.57(1.00–2.48) 0.048

Pathologic stage

I+II 253 1.7(1.04–2.77) 0.031 1.19(0.74–1.91) 0.481 1.14(0.70–1.83) 0.602 1.52(0.94–2.46) 0.089

III+IV 87 2.24(1.25–4.01) 0.005 1.31(0.73–2.36) 0.370 0.96(0.54–1.71) 0.884 1.6(0.90–2.84) 0.105

Tumor grade

1 55 1.4(0.55–3.56) 0.477 1.64(0.64–4.19) 0.294 0.92(0.36–2.36) 0.868 1.36(0.54–3.47) 0.513

2 174 2.63(1.54–4.50) 2.00E-4 1.26(0.76–2.09) 0.378 1.84(1.09–3.1) 0.020 1.69(1.00–2.86) 0.049

3 118 1.87(1.02–3.44) 0.040 1.65(0.90–3.02) 0.103 0.58(0.32–1.07) 0.080 1.71(0.93–3.13) 0.080

Note: P values with statistical significance are in bold. 
Abbreviations: OS, overall survival; HR, hazard ratio; CI, confidence interval.
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immunotherapeutic values of a lipometabolism regulator 
family, LPCATs in HCC.

Enhanced PC remodeling can not only supply more 
biomass materials for the proliferation of cancer cells but 
also make membranes more saturated. More saturated 
lipids in membrane bilayers can increase structural stabi-
lities to protect cancer cells from peroxidative injuries and 
sustain the activities of protein receptors on plasma 
membranes.3,34 For example, LPCAT1 is a central link 
between oncogenic epidermal growth factor receptor 
(EGFR) signaling and membrane lipid remodeling.4 

LPCAT1 upregulation had been observed in various malig-
nancies, including clear renal cell carcinoma,6 breast 
cancer,7 prostate cancer,8,35 HCC,9 gastric cancer,36 lung 

cancer,37 head and neck cancer,37 acute myeloid 
leukemia,38 and colorectal cancer,39 and might promote 
cancer progression, metastasis, therapeutic resistance, and 
deteriorated patients’ outcomes. In this work, we found 
only LPCAT1 significantly up-expressed in HCC, and it 
was the most frequently altered one among LPCAT mem-
bers. LPCAT1 upregulation was significantly associated 
with clinicopathological advancements and unfavorable 
prognoses of HCC patients with different clinical para-
meters. What is new, we reported high LPCAT4 expression 
indicated worse pathological features and survivals of 
HCC patients for the first time.

Subsequently, we found the hypermethylation of 
numerous CpG sites of LPCATs implied unfavorable 

Figure 5 Prognostic significance of the methylated CpG sites of LPCATs on OS of HCC patients (MethSurv). 
Abbreviation: HR, hazard ratio.
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Figure 6 Underlying functional mechanisms of LPCATs and their interactive genes. (A) Thirty interactive genes of LPCATs identified by GeneMANIA. In the network, nodes 
represent genes, edges represent interactions between any two genes, and edge colors represent interaction types. (B) The PPI network constructed using LPCATs and 
their interactive genes by STRING. Edge thicknesses indicate confidence strengths. (C) The five core genes in the PPI network. The redder the color of a node, the higher 
the degree value is. (D) Correlations among LPCATs and the five core genes. The significantly enriched (E) GO-BP, (F) GO-CC, (G) GO-MF, and (H) KEGG pathway terms 
for LPCATs and their interactive genes.
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prognoses of HCC patients, even though their global 
methylation levels were almost indifferent between 
HCC and normal liver tissues. Therefore, we inferred 
that DNA methylation was not a major epigenetic 

mechanism underlying LPCATs’ participation in the 
development of HCC, but some existing molecular 
dysregulations in HCC might have susceptibility to 
the hypermethylation of LPCATs’ CpG sites, which 

Table 3 The Core Genes in the PPI Network

Gene Symbol Gene Name Degree Value

MBOAT1 Membrane bound O-acyltransferase domain containing 1 23

AGPAT4 1-Acylglycerol-3-phosphate O-acyltransferase 4 23

AGPAT3 1-Acylglycerol-3-phosphate O-acyltransferase 3 22

AGPAT1 1-Acylglycerol-3-phosphate O-acyltransferase 1 22

GPAM Glycerol-3-phosphate acyltransferase, mitochondrial 21

Figure 7 Correlations between LPCATs expression and immune infiltration of HCC. (A) Correlations between LPCATs expression with tumor purity, and infiltration levels 
of CD8+ T cells, CD4+ T cells, mDCs, neutrophils, macrophages, B cells, Tregs, and MDSCs in the TME of HCC (TIMER). (B) Correlations between LPCATs and the 
expression of biomarkers of Th cells and TAMs in HCC. Red or blue color represents positive or negative correlation, respectively. Correlation coefficients with statistical 
significance are in bold. 
Abbreviations: mDCs, myeloid dendritic cells; Tregs, regulatory T cells; MDSCs, myeloid-derived suppressor cells; TAMs, tumor-associated macrophages; Th cells, helper 
T cells.
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afterward activated downstream signals conducive to 
tumor promotion.

LPCATs and their interactive genes were the main com-
ponents of cellular membranes and worked as acyltrans-
ferases in phospholipid-related metabolism processes, 
among which MBOAT1, AGPAT1/3/4, and GPAM might 
play the hub roles. In fact, LPCAT3 (also named 
MBOAT5)40 and LPCAT4 (also named AGPAT7)41 belong 
to MBOAT and AGPAT families, respectively. AGPATs and 
MBOATs both engage in modifying fatty chain compositions 
of membrane glycerophospholipids in the Lands’ cycle.42 By 
the way, LPCAT1 and LPCAT4 had a strong correlation with 
each other, indicating their close collaborations.

Furthermore, we found LPCATs expression was exten-
sively positively correlated with the infiltration levels of var-
ious TIICs in the TME, including subsets of TAMs and Th 
cells. It was no surprise to see these observations, since PC 
reprogramming occurs in both cancer cells and peripheral 
immune or inflammatory cells.43 Here were some pieces of 
evidence, Taylor et al observed plasma inflammatory indexes 
were elevated as LPC to PC conversion rates in cancer 
patients.44 LPCAT2 is abundantly expressed in inflammatory 
cells to biosynthesize PCs and pro-inflammatory lipid platelet- 
activating factors. Particularly, LPCAT2 is essential for the 
expression and release of macrophage cytokines in response to 
the stimulation of bacterial ligands.45,46 Besides, LPCAT3 is 
a primary responder of liver X receptors’ modulations on 
inflammatory responses through affecting both cellular mem-
brane composition and substrate availability for inflammatory 
mediator production.47,48

Notably, we found LPCAT1/4 expression was closely 
correlated with the infiltration densities of MDSCs, 
TAMs, and mDCs, which are plastic myeloid cells at the 
crossroad of energy and immune regulations, under the 
environmental stress in cancers. Mounting evidence sug-
gests dysregulated lipid reprogramming can change endo-
plasmic reticulum and Golgi expansion of immune cells, 
thereby molding their pro-cancer phenotypes.48,49 M2 
TAMs are the predominant population of TAMs in solid 
cancers. M2 TAMs and MDSCs are the main immunosup-
pressors in the TME, high infiltration levels of both of 
them indicate dismal outcomes of patients. MDCs are 
professional antigen-presenting cells; however, they 
usually exhibit an impaired immune-stimulating capacity 
and can induce immunosuppression in HCC. CD8+ T cells 
are the principal immunosurveillance undertakers in the 
TME, whose functions are activated by the proinflamma-
tory cytokines secreted by Th1 cells. Oppositely, Th2, 

Th17, and Tregs secret inhibitory cytokines to foment 
immune escape and subsequent cancer metastasis. 
B cells and neutrophils act flexibly depending on the 
inflammatory factors in the TME.50–52 To summary, 
LPCATs, particularly LPCAT1/4, might interact with 
both immunostimulatory and immunosuppressive TIICs 
in the TME of HCC, which should partly explain their 
roles in HCC progression.

Conclusions
LPCATs extensively rebuild bio-membrane structures via 
synthesizing PCs, thereby can promote cancer by directly 
facilitating cancer cell growth and indirectly regulating 
component cells in the TME. Within the LPCAT family, 
high LPCAT1/4 expression was significantly associated 
with unfavorable clinicopathological features and survi-
vals of HCC patients; also, the infiltration of immunosup-
pressive MDSCs and DCs in the TME of HCC. However, 
only LPCAT1 was markedly overexpressed in HCC. 
Additionally, numerous hypermethylated CpG islands of 
LPCATs showed unfavorable prognostic significance in 
HCC patients. Although validations are still needed, this 
study proposed LPCAT1/4 might serve as promising prog-
nostic and immunotherapeutic biomarkers of HCC target-
ing membrane lipid remodeling.
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