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Background: Hepatocellular carcinoma (HCC), the most common primary liver cancer, exhibits metabolic reprogramming with
disrupted cholesterol metabolism as a key feature. Lecithin-cholesterol acyltransferase (LCAT) contributes to HCC development, but
its exact on cogenic mechanisms remain unclear. This study aims to investigate the role of LCAT in hepatocarcinogenesis and
elucidate its underlying molecular mechanisms in HCC.

Methods: The Cancer Genome Atlas (TCGA), GEPIA, and Kaplan—Meier plotter databases were used to analyze LCAT expression
and perform survival analysis and functional enrichment analysis. Clinical paired samples were collected to evaluate LCAT expression
and observed changes in cholesterol metabolism levels Liver-specific Lcat knockout mice were constructed to investigate the
hepatocarcinogenesis effect of LCAT. Loss-of-function studies were performed to confirm the molecular mechanism of LCAT in
HCC. Finally, investigated the correlation between LCAT and immune infiltration.

Results: LCAT expression level was down-regulated in HCC patients and low LCAT level was associated with poor prognosis.
International Cancer Genome Consortium (ICGC) data reveal dysregulated cholesterol metabolism in HCC, further validated by
clinical evidence of metabolic aberrations in patients Besides, we constructed DEN induced HCC model using Alb-Cre; Lea?™ mice
and found that liver-specific Lcat knockout promoted cancerogenesis through ERK pathway. Meanwhile, knockdown of LCAT
significantly promoted proliferation, migration, and invasion in Huh7 cell. Finally, immune infiltration analysis showed that LCAT
was significantly related to immune infiltration, and LCAT expression was significantly associated with more than 10 immune
checkpoint markers such as IL12A, VTCNI1, BTLA, and TIGIT.

Conclusion: This study first explored the biological functions of LCAT in HCC based on in vitro and in vivo experiments. Our results
indicate that LCAT deficiency correlates with aggressive HCC progression and immunosuppression, suggesting its potential as
a prognostic biomarker. Given its role in modulating the HCC microenvironment, LCAT warrants further investigation as
a predictive marker for immunotherapy response.
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Introduction
Hepatocellular carcinoma is a highly malignant tumor, ranking sixth in global cancer incidence and fourth in cancer-related
mortality."* It was reported that the estimated incidence of HCC is expected to rise to 1.4 million individuals in 2040.> The
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prognosis for patients with HCC remains poor due to the high degree of malignancy, rapid growth and proliferation ability, and
high metastasis rate.* Only 20% of patients are eligible for curative surgery at presentation, and the remainder have limited
therapeutic options.” Although, with the development of cell molecular biology and immunology, immune therapy has
become a novel treatment direction for HCC, only a small subset of patients responds to immunotherapy.® Cholesterol
metabolism reprogramming has recently emerged as a critical factor in HCC progression. Cholesterol, a key component of
biological membranes and energy storage, plays dual roles in maintaining cellular homeostasis and shaping HCC
pathogenesis.”® While its physiological functions are well-established, its impact on HCC remains debated. Clarifying
cholesterol-linked mechanisms in HCC development could unlock novel therapeutic strategies.” Thus, it is urgent to find
novel and effective diagnostic markers for HCC and provide a theoretical basis for the later diagnosis, treatment, and
prevention of HCC.

Lecithin-Cholesterol Acyltransferase (LCAT), a hepatocyte-derived factor primarily secreted by the liver, is an
important enzyme involved in the maintenance of tissue and plasma cholesterol equilibrium via reverse cholesterol
transport (RCT).'” In 1962, Glomset named LCAT after noticing a drop in lecithin and FC levels in human plasma and
suggested that the acyltransferase reaction mediated by LCAT is the major source of the esterified cholesterol of the
HDL."" In normal physiological circumstances, LCAT mediates the synthesis of 70% cholesterol esters in plasma, which
then results in the formation of mature HDL particles. In this way, the HDL particles transport cholesterol from
peripheral tissues via LDL to the liver, and the excess cholesterol were then excreted by bile acid metabolism.
Consequently, LCAT critically facilitates the maintenance of physiological homeostasis via RCT. Numerous studies
have demonstrated that mutations in both alleles of LCAT gene lead to two syndromes namely, familial LCAT deficiency
(FLD),'? and fish-eye disease (FED)'® which caused serious clinical symptoms including a decrease in HDL cholesterol
level, Apolipoprotein A-I (apoA-I)apoA-I and apo A-II, a decrease in LDL cholesterol level and an increase in FC and
Apo E.'"* LCAT was proved to show a cardiovascular disease preventive effect during physiological states.'> Moreover,
there is a recognized strong association of LCAT with many diseases such as parenchymal liver disease, central nervous
system disease, reproductive system disease as well as malignant tumors.'®'’

To date, some had been written in the literature regarding the association between LCAT and tumors.'® *° The plasma
LCAT activity is dynamically altered as a serum secretory protein during tumorigenesis and the progression of various
tumors. Hyoung-Min Park®® reported LCAT upregulation was observed in high-grade and lymph node-positive breast
cancer through computational analysis, highlighting its possible role as a circulating biomarker. And in colorectal cancer
(CRC), Marija Mihajlovica®' found that plasma LCAT activity was decreased in CRC patients. Also, Russell reported
that combined biomarker panels (IGFBP2, LCAT, and CA125) provide increased diagnostic lead times for Type I and
Type II ovarian cancer.”? Besides, the expression level of LCAT is down-regulated in hepatocellular carcinoma and could
be utilized as a novel prognostic marker for survival prognostication in patients with HCC based on bioinformatic
analysis.”> However, the specific mechanisms have not been fully elucidated.

This study initially characterized LCAT expression profiles in paired HCC clinical specimens, followed by in vitro
functional investigations through LCAT knockdown models to delineate its mechanistic roles. Furthermore, we generated
Alb-Cre; Leat™ (Leat ¢KO) mice and probed the preliminary mechanism of LCAT knockout in DEN-induced HCC
model. Since immune status is critical for the survival of HCC patients, the relationship between LCAT expression and
immune cell infiltration immune checkpoints was also examined.

Materials and Methods
Expression and Survival Analyses of LCAT in HCC

We downloaded the uniformly normalized pan-cancer dataset from the UCSC (https://xenabrowser.net/) database

including 371 TCGA HCC tumor tissues, and 50 TCGA paired normal tissues. We calculated the difference in expression
between paired tumor and adjacent normal tissues as well as normal and tumor samples in indicated tumor types using
R software (version 3.6.4). CCLE (https://sites.broadinstitute.org/ccle) was used to validate the expression levels in

different cancer cell lines. Sangerbox 3.0 (http://vip.sangerbox.com/home.html) was used to perform the survival

analyses and the association between the expression of LCAT and different pathologic states of HCC.
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Functional Enrichment Analysis
We downloaded the dataset from the UCSC (https://xenabrowser.net/) which included 424 samples. We extracted the
expression level of LCAT in tumor tissues and normal tissues based on the row count expression matrix and FPKM

expression matrix of the TCGA-LIHC cohort. Correlation analysis was conducted between LCAT expression and related
gene expression and then we performed GO and KEGG enrichment analysis based on the correlation analysis results.

Human Studies

Serum samples and 10 pairs of HCC tissues and adjacent tissues were obtained from Sir Run Run Hospital Affiliated
with Nanjing University in Nanjing, China. All patients aged less than 45 years and no other anticancer treatment
measures were performed before surgery, including radio chemotherapy, immunotherapy, and percutaneous ablation.
Informed consent for the human study was provided by all participants, and study protocols were reviewed and approved
by the Ethical Committee of Nanjing University, Ethics Audit No. (2024-1029-01).

Animals

Mice with the C57BL/6J background were used in this study. The Alb-Cre transgenic mice were purchased from the
GemPharmatech (China). Mice were maintained on a 12-h/12-h light/dark cycle on a regular chow diet (Xietong Bio,
XTI01ZJ-009,Nanjing, Jiangsu, China, containing >18% protein, >4% fat, <5% fiber, and <8% ash by weight, with no
added cholesterol (<0.02%). All the mouse experiments were performed by the Guide for the Animal Care and Use
Committee of the Model Animal Research Center of Nanjing Medical University.

Generation of Alb-Cre; Lcat ™7 Mice

The Lcat-floxed (Lea?™) mouse line was generated by using CRISPR/Cas9 genome editing. The Alb-Cre mouse was
back crossed to C57BL/6 wild type (WT) for at least six generations. Liver-specific Lcat knockout mice were generated
by crossing Lea!™ mice with Alb-Cre transgenic mice. To generate Lcat cKO mice, Leat™ were bred with Alb-Cre to
obtain AIb-Cre; Lea?”". The latter were then crossed to Lea?™ to generate Alb-Cre; Lea!™ (Leat ¢KO) and Lea™

(control) mice.

Genotyping

The genotype of Lcat cKO mice was identified by PCR using genomic DNA from their tails. Briefly, crude genomic DNA was
extracted from mouse tails using NaOH (50 mM) at 99 °C for 30 min. 1uL of the digested DNA was used as a template for a 20puL.
reaction mixture including specific primers as well as Taq Master Mix (P112-01, Vazyme Biotech., China). All PCR products
were visualized by gel electrophoresis using 1.2% agarose with GelRed (TSJ003, Tsingke Biotech, China). The primer sequence
used was as follows. For Lear™, the forward primer was CAGCCAGAGATACCCAGCTATCC, and the reverse primer was
GGCTCCATTCTTACTGTCCCAC. For Alb-Cre, the forward primer was GGGCAGTCTGGTACTTCCAAGCT, and the
reverse primer was TAGCTACCTATGCGATCCAAACAAC.

DEN-Induced HCC Model

For DEN-induced mouse HCC, 10-day-old Lcat™ or Leat ¢KO mice were intraperitoneally injected once with 50 mg/kg
DEN (N0756, Sigmal-Aldrich,) and the mice were checked for the development of HCC by ultrasound regularly after
feeding for 6 months.

Cell Culture

Huh7 cell was purchased at Shanghai cell bank of Chinese Academy of Sciences. The cells were cultured in DMEM
medium (TD-JC001-YP500A, T&D Bio) with 10% fetal bovine serum (FBSSR-01021-500, Oricell) and 1% penicillin/
streptomycin (15140122, Gibco) at 37 °C in a 5% CO2 incubator.
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Cell Transfection and Knock-Down of Lcat

For cell transfection, Lcat-shRNA and scramble-shRNA plasmids (OBio, China) were transfected into Huh7 cells. Cells
were transfected with 1 pg of each plasmid in six-well plates with Lipofectamine®™ 2000 (Thermo Fisher Scientific, Inc.)
following the instructions. After 48 h of cell culture, the knockdown efficiency was examined by Western blot analysis.

Cell Proliferation Assays, Colony-forming Assays, Wound Healing Assays, Transwell
Assay

The Cell Counting Kit-8 (CCK-8) assay was performed to assess the proliferative capacity after knockdown of Lcat.
Briefly, a total of 3000 cells were seeded in each well of the 96-well plates. At 24, 48, and 72 h following transfection,
10 uL CCK-8 solution was added into each well and incubated for 1 h. Absorbance at 450 nm was measured after
incubation at 37 °C for 4 h.

For wound healing migration assay, the transfected cells were seeded onto 6-well plates. When cells grew to 95%-—
100%, a 200 uL pipette tip was used to inflict a wound. After removing the debris, the cells were incubated in a serum-
free medium for 24 h, 48 h, and 72 h. The images were taken under an inverted microscope (Olympus, Tokyo, Japan).
For the migration assay, briefly, 200 pL serum-free medium containing 1x10” transfected cells was plated in the upper
compartment of the chamber (Corning, New York, NY, USA) and 500 pL culture medium containing 10% FBS was
added to the lower chamber as a chemoattractant. After incubation at 37 °C for 24 h, the cells in the upper chamber were
gently wiped off with cotton swabs, and the migrated cells were fixed with methanol and stained with 0.1% crystal violet.
For the invasion assay, the transwell chamber was coated with matrigel (Bection Dickinson, U.S.) before the cells were
plated in the chamber and the remaining steps are consistent with the migration assay. More than three fields were
captured randomly under an inverted microscope (Olympus, Japan).

Quantitative Real-Time PCR (qRT-PCR)

Total RNAs of HCC tissues and cells were isolated using an RNA-easy Isolation Reagent (R701-01, Vazyme, China).
The concentration and purity of each DNA sample were evaluated spectrophotometrically. 1 pg of total RNA samples
were mixed with the HiScript®™ I Q RT SuperMix (R223, Vazyme, China) for reverse transcription. cDNAs were diluted
with DEPC water at 1:2. 1 pL sample and the ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme, China) were
used for each qPCR experiment. Lcat expression levels were normalized to the B-actin gene using the 2—AACt method
and the primers are as follows. For Lcat, the forward primer was ACCTGGTCAACAATGGCTACG, and the reverse
primer was TAGAGCAAGTGTAGACAGCCG. For B-actin, the forward primer was CATGTACGTTGCTATCCAGGC,
and the reverse primer was CTCCTTAATGTCACGCACGAT.

Western Blot

Liver tissues and cells were lysed with radio-immunoprecipitation assay (RIPA) (PC101, Epizyme Biotech, China) prior
to BCA quantification (Thermo). 30 pg of total protein were loaded and separated with a 10% SDS-PAGE gel. Proteins
in an electrophoresis gel were transferred to polyvinylidene fluoride membranes (Roche). After blocking with 5% skim
milk, primary antibodies against LCAT (Boster, M00906, Dilution:1:1000), ERK1/2 (CST, 4695, Dilution:1:5000),
p-ERK1/2 (CST, 4370, Dilution:1:1000) and B-actin (Bioworld, BS1002, Dilution:1:5000) were utilized to incubate
the membranes throughout the night at 4 °C. Horseradish peroxidase (HRP)-conjugated secondary antibody were added
the following day for 1 h at room temperature. After PBST washed 3 times X10 min, ECL chemiluminescence was used
for band development. ImageJ was used to quantify intensities for targeted protein bands.

Elisa

LCAT serum concentrations were measured according to the instructions of commercial sandwich enzyme immunoassay
kits (SEJ516Hu, Cloud-clone Corp, China). Briefly, the serum samples and standards were diluted to 1:1000, and 100 puL
was added to the microplate and incubated for 1 hour at 37 °C. After removing the contents, a biotinylated LCAT
antibody was added and incubated for 1 hour at 37 °C. Thereafter, HRP-labeled avidin was added into the medium and
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incubated for 30 minutes at 37 °C. After thorough washing, the substrate TMB was added for color development.
Absorbance was measured at 450 nm using spectrophotometry.

Histological Analysis

Liver samples were fixed in paraformaldehyde, embedded in paraffin, and cut into 6 um sections. Sections were stained
with hematoxylin and eosin (H&E) or Sirius red for morphometric analysis or fibrosis evaluation. Images for HE staining
were captured using an Olympus microscope. Three images were selected for each mouse. At least three mice were used
in each group.

Immunofluorescence

The cultured cells were fixed with 4% polyformaldehyde for 30 min after the cells were washed with PBS three times.
Next, the cells were permeabilized for 30 min with 0.1% TritonX-100 and then washed with PBS three times. Then the
cells were blocked with 5% goat serum at room temperature for 30 min and incubated with anti-Ki67 (Proteintech,
27309, Dilution:1:500) antibody in a humidified chamber overnight at 4 °C. The cells were washed with PBS 3 times,
incubated with the corresponding fluorescence-labeled secondary antibody for 2 h, and stained with DAPI for 5 min at
room temperature. Samples were photographed with an OLYMPUS Spin SR (Tokyo, Japan).

Immunohistochemistry (IHC)

Liver slices were dewaxed in xylene and rehydrated in decreasing concentrations of ethanol, washed with distilled water.
Antigen retrieval was completed by microwaving the slides in citrate buffer (2 mM citrate acid, 0.01 M sodium citrate,
pH 6.0) for 10 min and then incubated in 3% H,0, for 15 min at room temperature to eliminate endogenous peroxidase
activity. The slices were then blocked with goat serum albumin (BOSTER, USA) for 1 h at room temperature, and
incubated overnight with a primary antibody specific for LCAT (Boster, M00906,Dilution: 1:200),0-SMA (Proteintech,
14395-1-AP.

Dilution:1:3000), Ki67 (Proteintech, 27309,Dilution:1:5000) at 4 °C. The next day, following three times PBS
washes, these slices were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at
room temperature and rinsed with PBS. Finally, the slices were incubated with DAB chromogen and an Olympus VS200
slide scanner was used to obtain overview images.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA). All data
are presented as mean + standard deviation (SD). Statistical significance was considered with p value less than 0.05.

Results

Aberrant Cholesterol Metabolism in HCC Patients

To further confirm this abnormal cholesterol metabolism in HCC patients. We collected the information on the
biochemical parameters for blood samples pooled from 32 normal people and 642 HCC patients. ALT, AST, ALP and
GGT levels were unsurprisingly increased in HCC patients (Figure 1A—D). Moreover, we also found total bilirubin level
was increased (Figure 1E); however, direct bilirubin level (Figure 1F) and TG (Figure 1G) level were not change in HCC
patients. While the total cholesterol level was decreased in HCC patients (Figure 1H). All the above results suggested
that HCC patients showed an aberrant cholesterol metabolism and may correlate with HCC development. Cholesterol
always plays an important role in cancer development. And HCC is strongly associated with abnormal cholesterol
metabolism.>* Thus, we firstly investigated the expression of different cholesterol metabolism makers (cholesterol
biosynthesis, HMGCR; cholesterol intake, LDLR and NPCILI; cholesterol efflux, ABCA1, ABCGl, ABCG5 and
ABCGS; cholesterol metabolism, CYP7A1) based on ICGC database. We found HMGCR expression was slightly
increased in tumor tissues. LDLR, NPC1L1, ABCA1, ABCG5 and ABCGS expressions were down-regulated in tumor
tissues. Besides, an increased level of CYP7A1 was observed in tumor tissues (Figure 11).
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Figure | Abnormal cholesterol metabolism in HCC patients. (A) Serum ALT level in normal people (n=32) and HCC patients (n=642). (B) Serum AST level in normal
people and HCC patients. (C) Serum ALP level in normal people and HCC patients. (D) Serum GGT level in normal people and HCC patients. (E) Serum TBIL level in
normal people and HCC patients. (F) Serum DBIL level in normal people and HCC patients. (G) Serum TG level in normal people and HCC patients. (H) Serum TC level in
normal people and HCC patients. (I) Expression of different cholesterol metabolism makers in normal and tumor tissues based on ICGC database analysis. ns: Not
significant p = 0.05,%*P < 0.01, ***P < 0.001.
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LCAT Was Down-Regulated in HCC and Decreasing Levels of LCAT Predicted a Poor

Prognosis in HCC Patients

We first investigated the pan-cancer expression patterns of LCAT based on the Cancer Genome Atlas (TCGA) and Genotype-
Tissue Expression (GTEx) datasets. LCAT showed a decreased level in many malignant tumors including BRCA (Breast
Cancer), CHOL (Cholangiocarcinoma), KICH (Kidney Chromophobe), LIHC (Liver hepatocellular carcinoma), LUAD (Lung
adenocarcinoma), LUSC (Lung squamous cell carcinoma), PRAD (Prostate adenocarcinoma), THCA (Testicular Germ Cell
Tumors), UCEC (Uterine Corpus Endometrial Carcinoma) (Figure 2A). LCAT also presented different expression levels in
different cancer cell lines via the screening of expression data from the Cancer Cell Lineage Encyclopedia (CCLE) dataset
(Figure 2B). Considering that LCAT is ubiquitously expressed and particularly abundant and secreted from the liver. We explored
the expression profiles of LCAT in HCC by evaluating the 369 samples (Figure 2C) and the 50 paired tissues (Figure 2D) in the
TCGA database and found that LCAT was significantly down-regulated in HCC. We next analyzed the expression of LCAT in
different pathologic states (stage I, II, III and IV). LCAT expression was significantly decreased in stage II which indicated that
LCAT may be involved in the early progression of HCC (Figure 2E). As shown in (Figure 2F and G) lower LCAT expression was
correlated with poorer Overall survival (OS) and disease-specific survival (DSS) analyze by the Kaplan-Meier survival curve.
Besides, a univariate analysis was performed and showed that LCAT expression, the M stage, the N stage, and race were
associated with OS (Figure 2H). Those results indicated that LCAT may be an independent risk predictor for HCC. Functional
enrichment analysis revealed that LCAT is significantly associated with chemical carcinogenesis, cytochrome P450-mediated
drug metabolism, fatty acid degradation, and glycine, serine and threonine metabolism (Figure S1A). KEGG pathway analysis
further demonstrated LCAT’s involvement in a-amino acid degradation, fatty acid B-oxidation, and monocarboxylic acid
catabolic processes (Figure S1B). Intriguingly, additional evidence suggests that LCAT may contribute to HCC progression
via immunomodulatory mechanisms, potentially facilitating tumor immune evasion (Figure S2).

LCAT Expression Was Associated with the Clinicopathologic Parameters

Based on the previous results of bioinformatics analysis, 10 paired tumors, and adjacent non-tumor liver tissues were
finally collected for further detection of LCAT expression in practical samples. We found that LCAT expression level was
significantly decreased both in protein and mRNA levels (Figure 3A-D). Research suggests where overexpression of
oncogenic proteins like Vavl correlates with poor prognosis. Meanwhile, the profileation, invasion and migration ability
of HCC when knockdown PRDX6 and KIF5B.% 7 Our discovery of LCAT downregulation in tumor tissues suggests
another layer of metabolic regulation in HCC pathogenesis. In this study, we also collected serum samples from
10 healthy individuals and assessed the changes in LCAT levels in comparison to those of HCC patients, as a secretory
protein, LCAT was mainly synthesized in the liver. Consistent with our expectations, the serum LCAT expression showed
a small but significant reduction (Figure 3E).

Liver-Specific Lcat Knockout Mice Promoted DEN-Induced Carcinogenesis

To further evaluate the role of LCAT in HCC development, we successfully generated Liver-specific Lcat knockout mice by
crossing Lcat-floxed mice with Alb-Cre transgenic mice. To construct the DEN-induced hepatocarcinogenesis model, a single
intraperitoneal injection of DEN (20 pg/g body weight) was injected into Leat™ (Leat cKO) and Lea?™ (control) mice on day 10
after birth. All of the Leat cKO and Lea™ mice mice developed liver tumors by 8 months of age and Lcat cKO mice developed
more tumors (Figure 4A and B). We detected the expression level of LCAT both in tumor and adjacent tissues and found that
LCAT was significantly decreased in tumor tissues (Figure 4C—E). This result was consistent with previous clinical observations.
LCAT is an important enzyme involved in the maintenance of tissue and plasma cholesterol equilibrium. It removes the
cholesterol from peripheral macrophage foam cells via HDL and then transports the CE to the liver, where it is utilized by
hepatocytes for energy metabolism through RCT. Our previous work proved that LCAT could enhance the translocation of bone-
derived cholesterol to the injured liver and alleviate liver impairment in mice with CCl, treatment.”® a-SMA immunohisto-
chemical staining and sirius red staining showed more severe fibrosis in the liver of Lcat ¢KO mice which indicated that
decreased expression of LCAT in the liver renders the mice more susceptible to DEN-induced injury (Figure 4F). And further
Ki67 immunohistochemistry revealed that the Lcat cKO tumors showed moderate levels of anti-Ki67 staining, whereas the levels
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cancer using the TCGA tumor database. (B) The expression of LCAT in tumor cell lines, based on the CCLE database. (C) LCAT mRNA expression in 371 HCCs, and 160
adjacent normal tissues from the TCGA and GTEx databases. (D) LCAT mRNA expression in paired tumor and adjacent normal tissues of 50 patients with HCC in TCGA.
(E) LCAT expression in different pathological stages. (F and G) Survival curves of OS and DSS between high and low LCAT expression subgroups in HCC. (H) Univariate
Cox regression analysis of LCAT. *P < 0.05, **P < 0.0, **P < 0.001,****P < 0.0001.
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of anti-Ki67 staining in the Leaf™ tumors were diminished (Figure 4F). Numerous signaling pathways are involved in the
occurrence and development of HCC, our results indicated that the p-ERK expression in adjacent tissues of Lcat cKO mice were
significantly induced compared with the adjacent tissues of Lca™" mice. Further analysis showed that ERK phosphorylation
status was further activated in tumor tissues of Lcat cKO mice (Figure 4G). In vitro experiments using Huh7 cells demonstrated
that knockdown of LCAT expression by siRNA resulted in a marked increase in phosphorylated ERK protein levels, a finding
consistent with observations made at the animal level. Importantly, this effect was effectively reversed upon treatment with
recombinant LCAT protein (Figure S3D-E). Furthermore, in Huh7 cells transfected with shRNA targeting Lcat (sh-Lcat),
application of the ERK inhibitor SCH772984 (at a concentration of 20 uM) significantly attenuated the sh-Lcat-induced
proliferative response, as assessed by the CCK-8 assay (Figure S3F-G). Taken together, these data suggested that LCAT
deficiency exacerbated DEN-induced liver damage and promoted HCC progression by activating the ERK signaling pathways.
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Liver-Specific Lcat Silencing Induced Cholesterol Imbalance

In order to explore the effect of LCAT gene knockout on cholesterol levels, we first examined the serum and liver total
cholesterol levels of Lcat knockout mice. We found that total intrahepatic cholesterol was unchanged after liver-
specific LCAT knockdown, but increased after DEN injection-induced liver injury, consistent with active cholesterol
metabolism in malignant tumours (Figure 5A). Blood cholesterol decreased after DEN-induced liver injury, which
means that the synthesis of cholesterol in the liver decreased after liver injury (Figure 5B). Cholesterol metabolism is
a complex process, including de novo hepatic synthesis of cholesterol, dietary cholesterol uptake, and excretion
through bile and free cholesterol. HMGCR serves as the key enzyme in regulating cholesterol synthesis in the liver by
controlling the de novo production of cholesterol from acetyl-CoA. SREBP2 acts as a regulatory factor for genes
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Figure 5 The downregulation of LCAT facilitates the dysregulation of cholesterol metabolism in hepatocellular carcinoma. (A and B) Total cholesterol levels in mice. (C and D)
The mRNA levels of the cholesterol synthesis factors Hmgcr | and Srebp2 were detected by qRT-PCR. (E and F) The mRNA levels of the cholesterol synthesis factors Ldlr and Npc! 11
were detected by qRT-PCR. (G-J) The mRNA levels of cholesterol efflux factors Abcal, Abcgl, Abcg5 and Abcg8 were measured using qRT-PCR. (K and L) qRT-PCR The mRNA
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involved in cholesterol synthesis. Our research indicates that following liver damage caused by DEN, there is
a decrease in cholesterol synthesis (Figure 5C and D). LDLR is the receptor for low-density lipoprotein and is
responsible for the uptake of low-density lipoprotein in the blood by the liver, while NPCI1L1 is a key factor in the
uptake of dietary cholesterol from intestinal epithelial cells. We found that after DEN damages the liver, the body takes
up cholesterol from food. The potential is reduced, but the ability to absorb cholesterol in the blood is increased
(Figure S5E and F). In mice, ABCG1 and ABCAI1 are regulatory factors that secrete cholesterol from the liver into the
blood and promote the production of high-density lipoprotein, while ABCGS and ABCGS directly promote the efflux
of cholesterol into the bile. Our results indicate that after DEN damages the liver and liver cholesterol, the flow of
high-density lipoproteins into the blood increases, and the elimination of cholesterol from the body through bile acids
also increases. (Figure 5G-J). Since we found that cholesterol has an increased potential to be excreted from the body
through bile acid metabolism, and CYP7A1 and FXR are key factors that control bile synthesis and secretion, we
found that after DEN injury, bile synthesis increases, and the potential for more cholesterol to be excreted from the
body increases (Figure 5K and L). In summary, we found that DEN damages the liver and causes cholesterol
metabolism disorders, which will promote the development of HCC.

LCAT Deficiency Promoted Proliferation and Migration in Huh7 Cell Line

To further investigate the functionality of LCAT in the proliferation, migration, and invasion of hepatoma cells, we first
evaluated LCAT protein expression levels in various cell lines and found that Huh 7, HepG2, and Hep3B showed a low
expression level compared to normal LO2 cells and in particular, Huh7 cells showed the highest level of LCAT
expression (Figure 6A and B). Then, Huh7 cells were transfected with sh-Lcat as described previously and knockdown
was confirmed by immunoblotting (Figure 6C and D). CCK8 assay showed that the downregulation of LCAT promoted
cell proliferation (Figure 6E). This result was also confirmed by immunofluorescence microscopy which was presented
by the increased Ki67-positive cells after LCAT knockdown (Figure 6F and G). Moreover, we also detected colony
forming ability of different numbers of LCAT knockdown cells (500,1000, and 1500 per well) by plate clone formation
assay in vitro. The results showed that the number of clone formation of Huh7 cells increased after knockdown of
LCAT (Figure 6H). Besides, we examined the effects of LCAT on the invasion and migration of Huh7 cells. Transwell
migration and invasion assays demonstrated that knockdown of LCAT in Huh7 can remarkably promote its migration
and invasion ability (Figure 6]1-K). In parallel, wound healing assay indicated that LCAT knockdown promoted the
wound closure speed of Huh7 cells (Figure 6L and M). We further validated our findings in the MHCC-97L cell line

(Figure S3A—C).

LCAT Inhibited Huh7 Proliferation in vitro

In order to verify the inhibitory effect of LCAT on Huh7 proliferation, we established the tumor spheroidization model for
further investigation. Decreased LCAT-level HCC patients might lead to tumor deterioration.”” Therefore, we considered
whether hepatogenic factor LCAT could inhibit the development of HCC, and tested whether LCAT had an effect on the
proliferation of tumor spheres by Huh7 cell tumor pellet formation assay. (Figure 7A). We used the tumor sphere volume as the
evaluation of tumor size. ImageJ software was used to measure the longest side as length a, the side perpendicular to a as width
b, and the sphere volume as S, S=(a*b)?/2. By comparing the tumor volume at the same time point, we found that the tumor
sphere volume treated with LCAT recombinant protein was significantly smaller than that of the control group on the
eighth day (Figure 7B). Our results show that when we treat Huh7 cell tumor spheres with LCAT recombinant protein, the
growth rate of tumor sphere volume is inhibited. Certainly, the results of tumor spheroid formation experiments seem to
indicate that LCAT is promising as a therapeutic target for HCC and as one of the new markers of poor prognosis. But in vivo
therapeutic studies, either gene therapy or protein delivery is needed before considering clinical translation.

Discussion
HCC is the major pathological type of liver cancer, one of the most devastating tumors worldwide.*® Although molecular

targeted therapies have emerged as promising treatments by selectively kills tumor cells with minimal harm to normal

31,32

tissues, offering safety and fewer side effects, the clinical management of HCC continues to face significant
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challenges. Late diagnosis and poor prognosis are hallmarks of this disease, driven by its complex pathogenesis involving
dysregulated tumor metabolism, immunosuppressive microenvironment, and aberrant signaling pathways.>>> An

increasing number of studies regard cholesterol metabolic reprogramming as a critical component in the progression
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Figure 7 In vitro addition of recombinant LCAT protein inhabited the growth of Huh7 tumor cell spheroid. (A) The tumor spheres of Huh7 cells were treated with
recombinant LCAT protein and the volume of tumor spheres was detected at (2D, 4D, 6D, 8D). (B) Statistical analysis of tumor spheroid volume at different time points,
Volume statistical formula:S=(a*b)?/2, the longest diameter a represents the length, b perpendicular to a represents width, S stands for size, **P < 0.01.

of HCC.***7 Specifically, tumor cells exploit cholesterol homeostasis pathways to sustain proliferation, membrane
integrity, and signal transduction, making cholesterol metabolism an attractive therapeutic target. Our retrospective
study of 642 HCC patients and 32 healthy controls revealed significant cholesterol metabolism dysregulation in HCC.
Within this metabolic landscape, hepatokines have garnered attention for their roles in modulating HCC progression and
prognosis.38’39 LCAT is abundantly expressed in the liver and also expressed in small amounts in astrocytes in the brain
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as well as in the testes.*” As an important hepatokine, LCAT catalyzed the cholesterol esterification and promoted
cholesterol efflux from macrophages, which is a critical step in RCT.*' Additionally, Xiuzhi Zhang et al** reported
significantly reduced LCAT activity in the serum of HCC patients. Given this, the association between LCAT and liver
diseases could not be ignored. In this study, we systematically described the presentation and prognosis of LCAT in HCC
and found that LCAT can regulate HCC proliferation both in vivo and in vitro. These findings suggest that LCAT may
contribute to the regulation of HCC progression via the modulation of cholesterol metabolism.

During the RCT process, the HDL particles transport cholesterol from peripheral tissues via LDL to the liver, and the excess
cholesterol were then excreted by bile acid metabolism.** Therefore, given the nonnegligible role of LCAT in modulating
cholesterol metabolism, scientists should consider the relationship between LCAT and liver disease. In early studies, plasma
LCAT activity tended to be decreased in parenchymal liver disease.** Moreover, LCAT has also been identified as a potential
biomarker for breast cancer and colorectal cancer.'®*° However, few studies elucidated the exact mechanism of LCAT in HCC,
although studies had shown that LCAT was downregulated in HCC based on the previous bioinformatics analysis.

Through further analysis of the TCGA database, we identified the clinical significance of down-regulating LCAT among 9
tumor types.*> Considering that LCAT was secreted primarily by the liver, we focused on its relationship with the prognosis in
HCC and found lower LCAT level was significantly associated with survival in HCC patients. To verify the bioinformatics
analysis results, we used clinical paired samples to verify the analysis results. In addition to decreased LCAT level in tumor
tissue, serum LCAT level was also reduced in HCC patients. Lower serum levels of LCAT are associated with an increased risk
of hepatocellular carcinoma incidence. Hepatic factor LCAT shows considerable promise for early prediction of HCC and is
expected to become a novel serum biomarker for early screening of HCC. Abnormal metabolism always occurs in HCC
tissues such as lipid metabolism disorders, glucose metabolism disorders, inflammatory infiltrate, and hypoxic conditions.*®
Therefore, further researches are still necessary to study the detailed mechanism of reduced level of LCAT in HCC.

LCAT abounds in the liver. Thus, we generated liver-specific Lcat knockout mice rather than systemic Lcat depletion.
Through the construction of DEN induced HCC model, we further investigated the role of LCAT in vivo. Unsurprisingly, all
Leat™ mice and Leat ¢KO mice developed HCC after 8 months. Moreover, Leat deficiency promoted tumor growth in the HCC
model. LCAT level was down-regulated in tumor tissues, which were consistent with clinical results. LCAT is responsible for the
essential step of RCT and mediated cholesterol metabolism. In the study by Zan Huang et al, LCAT-induced enhancement of
HDL-C uptake was shown to impair the maturation of SREBP2, a key regulator of cholesterol synthesis, thereby reducing
endogenous cholesterol biosynthesis and suppressing HCC cell proliferation. Treatment with HDL-C alone inhibited HCC
growth, with an efficacy comparable to that of the cholesterol-lowering drug lovastatin; moreover, overexpression of SREBF2
counteracted the inhibitory activity of LCAT.***” Our recent study revealed for the first that LCAT could augment the osteoblast
activity and inhibit the osteoclast by regulating cholesterol metabolism.?® Exogenous supplementation with LCAT also relieves
liver fibrosis and increases BMD in the mouse hepatic osteodystrophy model by promoting the reversal of cholesterol transport
from the bone to the liver via the liver-bone axis. It is worth noting that liver tissues are more likely to be injured after Lcar
knockout. This serves to highlight the role of LCAT in the protection of liver injury. It was reported that LCAT was negatively
correlated with the fibrosis area, which suggests that LCAT could be exploited as a specific biomarker for detecting liver
fibrosis.*® Indeed, as an essential component in mammalian membranes, cholesterol is known to be involved in the facilitating
repair of the injured cell membrane.*’ Hence, we speculated that knockout of LCAT limited the transportation of cholesterol to
the liver and led the liver more susceptible to a multitude of injuries.

Activation of several signaling pathways has been implicated in human hepatocarcinogenesis.” In this study, we
found that the deficiency of LCAT not only exacerbates liver cancer but also activates the ERK signaling pathway. In
addition to directly regulating these pathways, our results showed that LCAT is also involved in multiple biological
processes including fatty acid B oxidation, and a-amino acid catabolic process. Therefore, targeting certain metabolism
processes induced by LCAT may provide a novel therapeutic strategy for HCC treatment.!

The tumor microenvironment (TME) contains various cells including a large proportion of infiltrating immune cells. The
infiltration of immune cells in the TME is a critical component of antitumor immune responses.’>>* Recent studies revealed
that intratumoral T cells exhibit cholesterol depletion and low cholesterol levels inhibit T cell proliferation and cause
autophagy-mediated apoptosis, particularly for cytotoxic T cells.>*>> Based on TIMER2, we found LCAT level showed
a close correlation to infiltrations of immune cells. Besides, LCAT was negatively correlated with immunosuppressive cells
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including regulatory T cells (Tregs), M2 macrophages, and myeloid-derived suppressor cells (MDSCs). Thus, LCAT may
promote the progression of HCC by influencing immune suppressive cells by mediating liver cholesterol content.

Limitation

Although our research provided multi-level evidence for the importance of LCAT in the development and progression of
HCC, the main limitation of our study still existed. A larger number of clinical samples should be included in further
investigations as well as the individual serum lipid profile. More experiments should be performed to validate the
regulation of immunosuppressive cells by LCAT.

Conclusion

In conclusion, our results demonstrate that LCAT serves as a promising biomarker for prognosis assessment, clinical
treatment optimization, and immunotherapy response prediction in HCC, highlighting the critical role of cholesterol
homeostasis and modulate immune cell infiltration.
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