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Abstract

Background This study aimed to identify molecular markers that influence liver metastasis in colorectal cancer (CRC)
and assess their clinical relevance.

Methods Proteomic analysis compared differential protein expression between CRC patients with liver metastasis
(CRLM) and those without (CRNLM). Bioinformatics and survival analyses identified key proteins and validated them
using the TCGA database for expression and clinical significance. Clinical and pathological data, along with tissue sam-
ples from our center, were used to create tissue microarrays for immunohistochemistry. Logistic regression assessed
odds ratios (OR) for molecular markers linked to liver metastasis post-CRC surgery. Stable LCAT knockdown and over-
expression CRC cell lines were constructed, and Transwell assays assessed the impact LCAT on cell migration. Nile red
staining of these cells validated the effect LCAT on lipid metabolism in CRC cells.

Results Proteomic analysis identified 383 differentially expressed proteins between the CRLM and CRNLM groups
(212 upregulated, 171 downregulated). Enrichment analysis linked these proteins to steroid and alcohol metabolism,
inflammation, lipoproteins, and HDL particles, with key pathways in cholesterol and retinol metabolism. Lecithin
cholesterol acyltransferase (LCAT), an important enzyme in this process, showed higher expression in CRC tissues,
with increased LCAT linked to poorer 5-year OS, DSS, and PFI. LCAT expression also increased with tumor stage.
Among 119 patients with CRC, preoperative complications, tumor staging, and LCAT scores differed significantly
between patients with and without liver metastasis within 3 years post-surgery. LCAT and postoperative CEA lev-

els were independent risk factors for liver metastasis (LCAT OR, 10.221; P=0.002; CEA OR, 1.296; P=0.014). Western
blotting confirmed significantly higher LCAT expression in CRC tissues with liver metastasis. Transwell assays showed
that LCAT overexpression enhanced migratory ability, while knockdown inhibited it. Nile red staining revealed
increased lipid droplet accumulation in LCAT-overexpressing CRC cells, which was reduced by LCAT knockdown.

Conclusion LCAT, which is involved in lipid metabolism, is an independent risk factor for liver metastasis follow-
ing CRC surgery, suggesting its potential as a therapeutic target.
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Background

According to the latest global cancer statistics, the inci-
dence and mortality rates of colorectal cancer (CRC)
have reached 10.0% and 9.4%, respectively, ranking third
in incidence and second in mortality among all malig-
nant tumors [1]. Although surgery and comprehensive
treatment have significantly improved the diagnosis and
efficacy of CRC treatment, the overall survival (OS) rate
remains relatively low in patients with liver metastasis
(LM) [2]. LM is the most common type of distant metas-
tasis, with an estimated 15-25% of patients showing signs
of LM at the time of initial diagnosis, and approximately
20-25% of patients developing LM after resection of pri-
mary CRC [3, 4]. Furthermore, 40-75% of patients expe-
rience recurrence after liver resection [5, 6]. Therefore,
in clinical practice, identifying molecular markers that
affect the occurrence of LM in CRC is valuable for diag-
nosis and treatment and is of great significance for both
short- and long-term prognosis in patients with CRC.

Recent studies have uncovered numerous molecular
markers that influence LM in CRC. In 2021, Xu et al.
found that the polycomb protein BMI-1 plays a signifi-
cant role in CRC LM. Their study revealed that BMI-1
is upregulated in CRC with LM and is associated with
stage T4 and depth of invasion. Further cellular and ani-
mal studies demonstrated that BMI-1 overexpression
promotes CRC invasiveness and epithelial-mesenchymal
transition (EMT), suggesting it as a potential molecular
target for treating CRC LM (CRCLM) [7]. In 2022, Xi Liu
et al. identified a mechanism by which MT2A influences
LM in CRC. The study showed that overexpression of
MT2A enhances the phosphorylation of MST1, LAST2,
and YAP1, which inhibits the Hippo signaling pathway
and reduces LM in CRC [8]. In a 2024 study, Zhang et al.
demonstrated that SLC14A1 interacts with and stabi-
lizes the TPRII protein, preventing its K48-linked ubiq-
uitination and degradation by Smurfl, thus enhancing
the TGF-B/Smad signaling pathway and increasing CRC
cell invasiveness. Furthermore, TGF-Bf1 upregulates
SLC14A1 mRNA expression, creating a positive feed-
back loop. Clinical data analysis revealed that SLC14A1
is upregulated in CRC patients with LM, confirming its
potential as a predictive marker for LM in CRC [9].

As tumor research has advanced, an increasing number
of studies have highlighted the significant role of cellu-
lar metabolism in cancer development [10-12]. Lecithin
cholesterol acyltransferase (LCAT) is an enzyme respon-
sible for producing most cholesterol esters in plasma and
plays a crucial role in the reverse cholesterol transport
process. LCAT activity is essential for the formation of
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mature high-density lipoprotein (HDL) and the remod-
eling of HDL particles [13—17]. Traditionally, LCAT has
been considered "anti-atherosclerotic"; however, recent
studies suggest that LCAT may also play a unique role
in cancer. Overexpression of LCAT has been linked to
certain cancers, including breast and ovarian cancers,
where it may alter lipid metabolism in cancer cells and
promote tumor growth and invasion [18-21]. Given the
special role of LCAT in cancer, it has emerged as a poten-
tial therapeutic target. Inhibition of LCAT activity or its
expression may suppress tumor growth. However, the
mechanisms by which LCAT affects the intracellular and
extracellular lipid microenvironment in CRC, thereby
contributing to LM, remain unclear and require further
investigation.

In this study, we aimed to identify molecular markers
influencing LM after CRC surgery. Using proteomic mass
spectrometry (MS), we identified differentially expressed
proteins between CRC patients who developed LM after
surgery and those who did not. Bioinformatics analy-
sis was employed to select hub proteins, and data from
the The Cancer Genome Atlas (TCGA) public tumor
database were integrated to validate their expression
and clinical significance. We collected clinical data and
pathological tissue specimens from CRC patients meet-
ing inclusion criteria at our center and established tissue
microarray chips to analyze the clinical value of the hub
proteins. Finally, a series of experiments were conducted
using tissue samples and tumor cells to explore whether
LCAT influences CRC cells, elucidating its mechanisms
and identifying potential molecular markers affecting
LM in CRC. This research provides valuable guidance for
clinical practitioners, aiming to improve diagnosis, treat-
ment plans, and ultimately the prognosis of patients with
CRC.

Materials and methods

Proteomics mass spectrometry analysis

Essential solutions were prepared for protein extraction
using 25 mM dithiothreitol (DTT), 100 mM iodoaceta-
mide, and a phenol extraction reagent (sucrose). The con-
centration of extracted proteins was determined using
the Bradford protein assay. SDS—polyacrylamide gel
electrophoresis was then performed, followed by trypsin
digestion, peptide desalting, and high-resolution mass
spectrometry analysis using liquid chromatography-tan-
dem mass spectrometry (LC—MS/MS). Detailed experi-
mental methods can be found in Supplementary Material
1.

Tissue microarray fabrication, staining, and scanning
Each tissue specimen was cut into blocks measuring
5%15%x15 mm and fixed in formalin. Tissue samples
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were dehydrated using an ASP300 automated tissue pro-
cessor. The dehydrated samples were then embedded in
paraffin blocks, which were sectioned into 4 pm thick
tissue microarrays using an automated microtome. The
prepared tissue microarrays were stained using immu-
nohistochemical methods, and the stained arrays were
scanned and quantified using a digital pathology slide
scanner to obtain H-score values. Detailed methods for
tissue microarray fabrication, staining, and quantitative
scanning are provided in Supplementary Material 1.

Enrichment analysis

After identifying differentially expressed proteins, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were conducted
using R (R packages AnnotationDbi, org.Hs.eg.db, and
ClusterProfiler) to describe their functions. The GO/
KEGG functional enrichment process involved using the
species protein as the background list and the differential
protein list as the candidate list. Enrichment significance
of functional sets in the differential protein list was calcu-
lated using the hypergeometric distribution test to deter-
mine the P-value.

Public data sources and analysis

RNA-seq data and clinical information from 698 CRC
patients were obtained from TCGA. The cohort was
divided into high- and low-expression groups based
on the median value for survival analysis. Differen-
tial expression between tumor and normal tissues was
assessed through comparison of non-matched and
matched sample groups. Additionally, the cohort was
stratified into four groups based on tumor stage, and dif-
ferential analysis was conducted to test for expression
differences across these groups.

Inclusion and exclusion criteria for the clinical cohort

We retrospectively collected data from patients who
underwent curative resection for CRC at our department
between January 2011 and December 2019. The inclu-
sion criteria were: (1) a confirmed pathological diagno-
sis of colorectal adenocarcinoma, (2) curative surgical
resection, (3) no history of other malignant tumors, (4)
at least three years of follow-up, and (5) complete clinical
data. The exclusion criteria were: (1) synchronous distant
metastasis at initial diagnosis, (2) LM within 3 months
after surgery, (3) distant metastasis to other sites after
surgery, and (4) loss to follow-up. Ultimately, 119 patients
were enrolled and divided into two groups: (1) the LM
group (60 patients), defined as those who developed CRC
LM (CRLM) within 36 months after resection of the pri-
mary tumor, and (2) the non-LM group (59 patients),
defined as those who did not develop distant metastasis
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(CRC non-LM, CRNLM) within 36 months after resec-
tion of the primary tumor [22].

Patient information and grouping

Clinical information included age, sex, preoperative
tumor complications, T stage, N stage, tumor size, dif-
ferentiation grade, vascular and neural invasion, post-
operative adjuvant chemotherapy, number of lymph
node metastases, and postoperative CEA and CA199
levels (measured three months after surgery). All data
were obtained from clinical medical records, examina-
tion reports, and pathological materials. This study was
approved by the Ethics Committee of Zhongshan Hospi-
tal, affiliated with Dalian University (Approval Number:
KY2023-002-1).

Follow-up

Follow-up assessments were conducted every three
months for the first two years, every six months for the
next five years, and annually thereafter. The routine fol-
low-up procedures included: (1) routine physical exami-
nations and blood tests every three months for the first
two years, every six months for five years, and annu-
ally thereafter; (2) chest radiography and abdominal CT
scans every six months for the first two years, and annu-
ally thereafter; and (3) gastrointestinal endoscopies annu-
ally for the first two years. During follow-up, LM was
confirmed using contrast-enhanced CT. Patients without
metastasis were followed for at least three years after sur-
gery. The follow-up period was defined as the time from
the first day after CRC surgery to the appearance of LM
or the end of follow-up.

Quantitative real-time PCR

Total RNA was extracted from CRC tissues and adjacent
normal tissues using the TRIzol method, which involves
tissue processing, Trizol lysis, chloroform separation,
isopropanol precipitation, and ethanol washing. LCAT
expression was detected using quantitative PCR (qPCR).
The primer concentration was 10 pmol/L, and the reac-
tion conditions were as follows: initial denaturation at
55 °C, denaturation at 95 °C, and annealing/extension at
60 °C for 40 cycles. Data analysis was performed using the
27AACt relative quantification method. The experiment
was repeated three times, and a P-value <0.05 was con-
sidered indicative of significant differences. For detailed
experimental methods, see Supplementary Material 1.

Western blotting

Total protein was extracted from cancer and adjacent
normal tissues. Tissue samples were minced, washed
with phosphate-buffered saline (PBS), homogenized,
and centrifuged in RIPA lysis buffer containing PMSE.
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The supernatant was collected and stored at —20 °C. For
adherent cells, the same procedure was applied: the cells
were washed with PBS, lysed in RIPA buffer containing
PMSEF on ice, and centrifuged to collect the supernatant
for storage. The protein concentration was determined
using the Bicinchoninic Acid (BCA) assay kit. Standards
and samples were prepared, mixed with BCA working
solution, and incubated at 37 °C. Protein concentration
was calculated by measuring absorbance with a micro-
plate reader. SDS-PAGE gels (resolved and stacked) were
prepared, poured onto glass plates, and dried for later
use. For the Western blotting experiment, 50 pg of pro-
tein samples were denatured at 100 °C, then subjected to
SDS-PAGE. Proteins were transferred to a PVDF mem-
brane, blocked, incubated with primary and secondary
antibodies, and visualized using an ECL chemilumines-
cence substrate to detect protein expression levels. For
detailed experimental methods, see Supplementary
Material 1.

Construction of LCAT stably expressing cells

The lentiviral packaging process involved transfection
and culture of 293 T cells. Prior to transfection, the
cells were adjusted to an optimal density and switched
to serum-free medium. The miRNA expression vectors
pHelper1.0 and pHelper2.0 were then mixed with Lipo-
fectamine 2000 to form transfection complexes, which
were added to the cell culture medium. After transfec-
tion, the cells were cultured for an additional 48 h. The
supernatant was collected and subjected to centrifuga-
tion, filtration, and ultracentrifugation to concentrate
the virus. The virus was aliquoted and stored at —80 °C.
Lentivirus titer determination was performed by infect-
ing cells, selecting stably transfected cells with puromy-
cin, and calculating the number of viable cells. Finally, the
lentivirus was used to infect cancer cells. After infection,
the medium was replaced, and puromycin was added for
selection. LCAT expression was detected using qRT-PCR
and Western blotting. For detailed experimental meth-
ods, see Supplementary Material 1.

Transwell migration assay

The basement membrane was hydrated for 30 min. A cell
suspension was then prepared by serum-starving cells
for 12-24 h, digesting with trypsin, centrifuging, wash-
ing with PBS, and resuspending in serum-free medium
containing bovine serum albumin (BSA) to a concentra-
tion of 5x10° cells/ml. Next, 100 uL of the cell suspen-
sion was added to the upper chamber of the Transwell
insert, and 600 pL of medium containing 10% FBS was
added to the lower chamber. The cells were cultured for
12-48 h. After the culture period, the cells were fixed
with methanol for 30 min and stained with crystal violet.
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Non-migrated cells were removed by wiping, and five
random fields were selected under a microscope to count
the migrated cells, which were used to assess migratory
capacity.

Nile red staining

CRC cells with either overexpressed or downregulated
LCAT were cultured at an optimal density. The cells
were washed three times with PBS to remove the cul-
ture medium, then fixed with 4% paraformaldehyde for
15 min and washed again with PBS. The cells were incu-
bated with diluted Nile Red staining solution at 37 °C
for 15-30 min, followed by washing 2-3 times with
PBS to remove unbound dye. The red or orange-yellow
fluorescence of intracellular lipid droplets was observed
and imaged using a fluorescence microscope (excitation
wavelength: 543 nm; emission wavelength: 598 nm), and
the experimental results were recorded.

Statistical analysis

Continuous variables that fit a normal distribution are
expressed as meantstandard deviation (meanztSD),
while those not fitting a normal distribution are expressed
as median with interquartile range (Median, IQR). Cat-
egorical variables are expressed as frequencies and
percentages. Differences between two groups were com-
pared using the t-test or chi-square test, and differences
among multiple groups were compared using analysis of
variance (ANOVA). All tests were two-sided. Survival
curves were plotted using the Kaplan—Meier method,
and differences between survival curves were compared
using the log-rank test. Odds ratios (OR) were calculated
using logistic regression. Multivariate logistic regression
analysis was performed to assess covariates significantly
associated with the univariate analysis results. Statistical
analyses were conducted using SPSS (version 27.0; IBM
Corp., Armonk, NY, USA) and R (version 4.3.1; R Foun-
dation for Statistical Computing, Vienna, Austria). Statis-
tical significance was defined as P<0.05.

Results

Differential protein analysis

Proteomic analysis was conducted on pathological tis-
sues from five CRC patients with LM (CRLM) and five
without (CRNLM) within three years post-surgery. Using
a P-value<0.05 and a fold change of |log2FC|>1, cluster
analysis heat maps (Fig. 1A) and volcano plots (Fig. 1B)
identified 383 differentially expressed proteins: 212
upregulated and 171 downregulated.

Enrichment analysis
GO and KEGG enrichment analyses were performed
on the 383 differentially expressed proteins. The GO
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Fig. 1 Differential proteins between the CRLM and CRNLM groups. A Cluster Analysis Heatmap: The redder the color, the greater the upregulation
of protein expression, and the bluer the color, the greater the downregulation of protein expression. B Volcano Plot: Blue dots represent
downregulated proteins, red dots represent upregulated proteins, and gray dots represent proteins with no significant difference in expression

enrichment analysis covered three main categories:
biological process (BP), cellular component (CC), and
molecular function (MF). The results indicated that
these proteins were involved in biological processes
such as steroid metabolism, alcohol metabolism, and
acute inflammatory responses. They were associated
with cellular components, including lipoprotein par-
ticles, protein-lipid complexes, and HDL particles,
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and exhibited molecular functions such as lipopro-
tein particle binding and protein-lipid complex bind-
ing (Fig. 2A). KEGG enrichment analysis revealed that
these proteins participated in metabolic pathways,
including cholesterol metabolism, retinol metabolism,
tyrosine metabolism, biosynthesis of steroid hormones,
glutathione metabolism, arachidonic acid metabolism,
and ferroptosis (Fig. 2B).

Drug metabolism - cytochrome PAS0
tabolism of xenobiotics by cytochrome P4S0
Cholesterol metabolism {

Chemical carcinogenesis - DNA adducts
Biosynthesis of cofactors

Retinol metabolism+

Complement and coagulation cascades

Tyrosine metabolism{ padjust
Folate biosynthesis:
5 004
Staphylococeus aureus infection
Steroid hormane biosynthesis 003
Ntrogen metabolism{ 0.02
Porphyrin metabolism { 001

Pentose and glucuronate interconversions
Giutathione metabolism {

Drug metabolism - other enzymes
Arachidonic acid metabolism 4

Ferroptosis

Bile secretion

Ascorbate and aldarate metabolism{

Alcoholic liver disease

Gene Number

Fig. 2 GO/KEGG enrichment analysis. A GO enrichment analysis: red indicates the top five biological processes enriched for differential proteins,
gray indicates the top five cellular components enriched for differential proteins, blue indicates the top five molecular functions enriched

for differential proteins, and the horizontal axis represents the number of enriched proteins. B KEGG enrichment analysis: the redder the color
indicates a smaller P-value, the bluer the color indicates a larger P-value, and the horizontal axis represents the number of enriched proteins
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PPI analysis and TCGA database analysis to identify hub
proteins

Protein—protein interaction (PPI) network analysis of
the differentially expressed proteins was conducted
using the STRING website. The Cytoscape software
CytoHubba plugin was used to calculate the connec-
tivity of the nodes within the differentially expressed
proteins and to identify the top 10 hub proteins (Fig. 3).
The hub proteins, ranked from first to tenth, were
LCAT, APOA1, SERPINAL, HPX, APOA2, KNGI1, C3,
AFM, ORM1, and HRG (Supplementary Fig. 1).

The analysis was conducted using transcriptome
sequencing data and associated clinical data from 698
patients in the TCGA public database. Survival analysis
revealed that LCAT significantly affected the prognosis
of patients with CRC. However, APOA1, SERPINAI,
HPX, APOA2, KNGI1, C3, and ORMI1 did not affect
CRC prognosis (AFM and HRG had too many miss-
ing values in the TCGA database to yield meaningful
results) (Supplementary Fig. 2). Differential expression
analysis showed that LCAT expression levels in CRC
tissues were significantly higher than those in adja-
cent normal tissues (P<0.05) (Supplementary Fig. 3).
The 5-year OS (HR=1.64, 95% CI: 1.16-2.34; Log-rank
P=0.006), disease-specific survival (DSS) (HR=1.73,
95% CI: 1.10-2.74; Log-rank P=0.018), and progres-
sion-free interval (PFI) (HR=1.49, 95% CI: 1.09-2.03;
Log-rank P=0.012) were all lower in the high LCAT
expression group than in the low LCAT expression
group. Analysis of expression differences among tumor
pathological stages revealed that LCAT expression lev-
els were significantly higher in more advanced stages
(P<0.05) (Supplementary Fig. 4).

Fig. 3 PPl network interaction analysis. Cytoscape software filters
the top 10 hub proteins, with redder colors indicating a higher
ranking
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The expression level of LCAT was higher in CRLM

than in CRNLM

Surgical pathological tissues from 119 patients with
CRC were collected for immunohistochemical stain-
ing and subsequent scoring. The results of immunohis-
tochemical staining and intergroup scoring are shown
in Fig. 4. Patients with CRC who developed LM within
three years post-surgery exhibited strong LCAT expres-
sion in their tumor tissues, while patients who did not
develop LM within three years post-surgery showed
weak LCAT expression. A statistically significant differ-
ence was observed between the two groups (P<0.05).
Western blot analysis confirmed that LCAT expression
levels in CRLM tumor lesions were significantly higher
than those in CRNLM (CRC without LM) (Fig. 5).

Clinical data analysis

We collected clinical data from 60 patients with CRC
who developed LM within 3 years after surgery and
59 patients who did not. The clinical baseline data of
the patients are presented in Table 1. There were no
statistically significant differences in sex, age, postop-
erative chemotherapy, tumor size, or differentiation
degree between the LM and non-LM groups (P> 0.05).
However, significant differences were observed in pre-
operative tumor complications, T staging, N staging,
neurovascular invasion, number of lymph node metas-
tases, postoperative CEA, postoperative CA199, and
LCAT scores (P<0.05).

The results of the univariate and multivariate logistic
regression analyses are presented in Table 2. Preop-
erative tumor complications, N staging, neurovascular
invasion, number of lymph node metastases, postop-
erative CEA, postoperative CA199, and LCAT scores
were identified as statistically significant risk factors
for LM after CRC surgery (P <0.05). Multivariate logis-
tic regression analysis revealed that LCAT scores (OR:
10.221 [95% CI: 2.287-45.679]; P=0.002) and postop-
erative CEA levels (OR: 1.296 [95% CI: 1.054—-1.593];
P=0.014) were independent risk factors for LM after
CRC surgery (P<0.05).

Supplementary Table 1 presents the intergroup dif-
ferences between the high and low LCAT expression
groups. Significant differences were observed between
the groups in preoperative tumor complications, T
stage, perineural and vascular invasion, LM, and CEA
and CA199 levels (P<0.05). However, no significant
differences were found in age, sex, postoperative chem-
otherapy, tumor size, degree of differentiation, N stage,
or number of lymph node metastases (P> 0.05).
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Fig.4 LCAT staining in the tissue microarray (left). The upper part shows results observed under a microscope, and the lower part shows scanning
results. The right side presents the differential H-score analysis of LCAT between the CRLM and CRNLM groups. P<0.001
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Fig. 5 Western blot analysis showing LCAT protein expression in the CRNLM and CRLM groups. The upper band represents the LCAT protein
(approximately 55 kDa), and the lower band represents -actin (approximately 42 kDa), used as an internal reference. The CRNLM group includes

samples #1 to #5, and the CRLM group includes samples #6 to #10

LCAT promotes tumor cell migration by affecting lipid
droplet aggregation in CRC
The LOVO cell line was used for LCAT overexpression
and knockdown (Supplementary Fig. 5), and Transwell
migration assays were performed. The results showed
that LOVO cells overexpressing LCAT exhibited signifi-
cantly enhanced migration, whereas LCAT knockdown
in LOVO cells significantly inhibited migration (Fig. 6).
To investigate the mechanisms through which LCAT
affects CRC cells, Nile Red staining experiments
were conducted. The results showed that CRC cells

overexpressing LCAT exhibited more pronounced lipid
droplet aggregation, whereas LCAT knockdown signifi-
cantly reduced lipid droplet aggregation (Fig. 7).

Discussion

Globally, the high incidence and mortality rates of CRC
present significant challenges to the medical community.
Despite advancements in surgical techniques and inte-
grated therapeutic strategies that have notably improved
CRC treatment, enhancing the OS rate of patients with
liver metastases remains a complex issue. This study
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Table 1 Baseline data table
Characteristics CRLM CRNLM Pvalue
n 60 59
Sex 0510
Male 32 (53.3%) 35 (59.3%)
Female 28 (46.7%) 24 (40.7%)
Age 0.167
<65 21 (35.0%) 28 (47.5%)
>65 39 (65.0%) 31 (52.5%)
Preoperative tumor complications <0.001
Yes 38 (63.3%) 11 (18.6%)
No 22 (36.7%) 48 (81.4%)
Postoperative chemotherapy 0.786
Yes 28 (46.7%) 29 (49.2%)
No 32(53.3%) 30 (50.8%)
Tumor size (cm) 0.119
<5 22 (36.7%) 30 (50.8%)
>5 38 (63.3%) 29 (49.2%)
Degree of differentiation 0.104
Medium-high 52 (86.7%) 57 (96.6%)
Poorly 8(13.3%) 2 (3.4%)
T Stage <0.001
T3+T4 59 (98.3%) 43 (72.9%)
TI+T2 1(1.7%) 16 (27.1%)
N Stage <0.001
NO 13 (21.7%) 31 (52.5%)
N+ 47 (78.3%) 28 (47.5%)
Neurovascular infiltration <0.001
No 31 (51.7%) 48 (81.4%)
Yes 29 (48.3%) 11 (18.6%)
Lymph node metastasis 2 (0-5) 0(0-1) <0.001
Postoperative CEA(ng/ml) 16.48 (12.47-333.53) 1.53(0.94-2.47) <0.001
Postoperative CA199(U/ml) 3043 (21.13-598.18) 9.31 (6.02-14.87) <0.001
LCAT 469 (345-5.81) 3.09 (2.09-3.64) <0.001

employed proteomic MS to identify differential proteins
between patients with CRC who did and did not develop
LM after surgery. Through comprehensive bioinformat-
ics analysis, a key hub protein, LCAT, was selected. Our
research further utilized data from the public tumor
database TCGA to validate the correlation between
LCAT expression levels and the clinical characteristics of
patients with CRC, providing important molecular evi-
dence for understanding the role of LCAT in CRC LM.
Additionally, by collecting and analyzing clinical data
and pathological tissues from patients with CRC at our
center, we further confirmed the clinical significance of
LCAT as a potential molecular marker.

With the continuous advancement of multiom-
ics techniques, significant progress has been made in

understanding the molecular mechanisms underly-
ing the LM of CRC. In particular, the role of tumor cell
metabolism in CRC LM has gradually emerged. A 2013
study by Thomas et al. revealed significant lipid altera-
tions in tumor regions of CRC LM using imaging MS
(IMS) technology, underscoring the key role of lipids in
this process [23]. Furthermore, a 2022 study by Wang
et al. identified inositol monophosphatase 2 (IMPA2) as
a potential hub gene in the occurrence and LM of CRC.
Its expression positively correlates with poor prognosis
and advanced tumor staging. IMPA2 may influence CRC
occurrence and LM by affecting tumor lipid metabolism
and the EMT process, as well as regulating its expres-
sion through DNA methylation [24]. The findings of this
study further expand our understanding of this area. We
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Table 2 Logistic univariate and multivariate risk regression
Characteristics Univariate analysis Multivariate analysis
0Odds Ratio (95% Cl) P value 0Odds Ratio (95% Cl) P value

Sex

Male Reference

Female 1.276 (0.617-2.637) 0510
Age

<65 Reference

>65 1.677 (0.803-3.504) 0.169
Preoperative tumor complications

No Reference Reference

Yes 7.537 (3.255-17.452) <0.001 4.233(0.553-32.391) 0.165
Postoperative chemotherapy

Yes Reference

No 0.905 (0.441-1.859) 0.786
Tumor size(cm)

<5 Reference

>5 1.787 (0.859-3.716) 0.120
Degree of differentiation

Medium-high Reference

Poorly 4.385 (0.890-21.596) 0.069
T stage

T14T2 Reference

T3+T4 21.953 (2.803-171.929) 0.060
N stage

NO Reference Reference

N+ 4,003 (1.800-8.899) <0.001 4.142 (0471-36.427) 0.200
Neurovascular infiltration

No Reference Reference

Yes 4.082 (1.784-9.343) <0.001 0.097 (0.006-1.606) 0.103
Lymph node metastasis 4(1.062-1.387) 0.004 1.345 (0.900-2.01 1) 0.148
Postoperative CEA(ng/ml) 1.263 (1.155-1.381) <0.001 1.296 (1.054-1.593) 0.014
Postoperative CA199(U/ml) 1.068 (1.030-1.106) <0.001 1.020 (0.966-1 O77) 0475
LCAT 2.804 (1.886-4.167) <0.001 10.221 (2.287-45.679) 0.002

observed significant differences in protein expression
patterns between patients who did and did not develop
LM after CRC surgery. Pathway enrichment analysis
revealed that these differentially expressed proteins were
enriched in various metabolic pathways, including cho-
lesterol, retinol, tyrosine, steroid hormone biosynthesis,
glutathione, arachidonic acid, and ferroptosis [25-40].
Notably, LCAT, a key enzyme involved in cholesterol
esterification and transport, occupied a central position
among the significantly altered proteins. In a 2022 study
by Zhang et al., LCAT activity in the serum of patients
with liver cancer was significantly disrupted compared to
that in normal individuals, and LCAT was strongly cor-
related with prognosis, immune cell infiltration, immune
regulatory factors, sensitivity to anticancer drugs, and

the proliferation marker K167 [41]. Moreover, studies by
Liang Hong Guogqing Ouyang et al. confirmed the dys-
regulation of LCAT expression in hepatocellular carci-
noma [42, 43].

Through bioinformatics analysis, we found that LCAT
expression in CRC samples was significantly higher than
in normal tissue samples, and that high LCAT expres-
sion was associated with lower OS, disease-free survival,
progression-free survival, and advanced tumor staging.
This suggests that, after the onset of CRC, changes in
LCAT expression may mediate lipid metabolism within
or outside tumor cells, thereby influencing tumor bio-
logical behavior. A 2020 study by Hyoung-Min Park and
colleagues highlighted that LCAT is a biomarker for inva-
sive breast cancer and is highly expressed in late-stage
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Fig. 6 Panel A shows that LCAT knockdown reduced the migratory ability of tumor cells, while Panel B shows that LCAT overexpression increased

the migratory ability of tumor cells (P < 0.05)

or highly metastatic tumors [18], further supporting the
potential role of LCAT in tumor invasion and metasta-
sis. In this study, we confirmed that CRC tissues with LM
post-surgery exhibited significantly higher LCAT expres-
sion levels compared to those without LM post-surgery
through immunohistochemical staining, Western blot
(WB) experiments, and clinical data analysis. Univariate

SiNC

SIiLCAT

pLV-NC pLV-LCAT

Fig. 7 Nile red staining to validate the impact of siLCAT and pLV-LCAT
on lipid droplet aggregation in colorectal cancer cells

and multivariate regression analyses identified LCAT as
an independent risk factor for LM after CRC surgery.
Additionally, through cellular experiments and Nile Red
staining, we found that LCAT might promote tumor cell
migration by influencing lipid droplet aggregation in
CRC cells, thereby affecting lipid metabolism, which ulti-
mately contributes to postoperative LM.

Although this study provides new insights into the
role of LCAT in LM of CRC, it has several limitations.
First, due to the relatively small sample size, there may
be a certain degree of selection bias, which could affect
the generalizability and applicability of the results. To
address this limitation, we plan to expand the sample size
in future studies to enhance the statistical power and reli-
ability of our findings. Second, the specific mechanisms
underlying the role of LCAT in CRC LM were not veri-
fied through animal experiments in this study. Therefore,
follow-up studies are needed to design and implement a
series of basic experiments to explore how LCAT affects
LM in CRC.

Despite these limitations, this study is the first to
reveal that LCAT is a potential molecular marker of LM
in CRC. By influencing lipid metabolism in CRC cells,
LCAT may promotes LM, offering a new perspective for
clinical treatment. This not only provides clinicians with
a potential therapeutic target but also brings new treat-
ment strategies and hope for patients. We look forward
to conducting prospective multicenter studies in the
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future to further validate the clinical value of LCAT as a
biomarker and to provide higher-level evidence and prac-
tical guidance for the clinical diagnosis and treatment of
patients with CRC LM.

Conclusion

Our study identified LCAT as a crucial molecular bio-
marker of LM in CRC. LCAT serves as an independent
risk factor for postoperative LM in patients with CRC,
potentially by influencing lipid metabolism in CRC cells,
thereby facilitating the development of LM after surgery.
This study presents a novel therapeutic target for cancer
patients and offers a predictive value for the occurrence
of postoperative LM.
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