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Abstract 
Backgr ound: Gastr ointestinal (GI) cancers are characterized by high malignancy and poor prognosis. Tumors in different locations 
exhibit both commonalities and differences. Although immunotherapy has made progress in some GI cancers, the specific immune- 
related patterns in hepatobiliary tumors have not yet been fully elucidated. 

Methods: Using our developed explainable gene ontology fingerprint (XGOF) method, a GI cancer GOF w as esta b lished. By inte gr ating 
omics data from 20 hepatocellular carcinoma (HCC) and 15 intrahepatic cholangiocarcinoma (ICC) tissues in our clinic with public 
data bases, imm une-r elated patterns specificall y expr essed in he patobiliar y tumors wer e identified via RNA, pr otein, methylation, 
tumor micr oenvir onment (TME) anal ysis, and experimental v erification. 

Results: XGOF showed that GI cancers are related to diverse immune functions, especially macrophage migration. Compared to others, 
he patobiliar y tumors exhibit distinct patterns of gene expr ession, m utation, and meth ylation. Se ven genes (APOA1, LBP, FGA, C9, APCS, 
ARG1, and MBL2) were identified as imm une-r elated genes specificall y decr eased in he patobiliar y cancer. The impact of APOA1 on 

TME, prognosis, and genomic landscape in HCC was explored in prior resear c h. In this w ork, the experiment confirmed the down- 
regulation of six genes in cancerous tissues. Moreover, LBP promoter methylation was elevated in c holangiocar cinoma. Single-cell 
anal ysis r ev ealed downr egulated imm une genes in he patocytes of HCC and c holangiocytes of ICC, enric hed in humor al immunity 
and complement pathw ays. Additionall y, the macr opha ge migration inhibitor y factor (MIF) pathw ay w as identified as a key signal in 

inter actions betw een ICC tumor cells and micr oenvir onmental cells. 

Conclusion: This study identified imm une-r elated gene patterns in he patobiliar y cancer, contributing to the discov er y of nov el im- 
munotherapy targets and tumor biomarkers for future resear c h. 

Keywords: gastrointestinal cancer; hepatobiliary tumor; immune-related gene; multidimensional analysis 
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Introduction 

Gastrointestinal (GI) cancer is a high-risk malignancy that ranks 
second in global tumor incidence . Its o v er all incidence contin- 
ues to rise steadily, with a noticeable trend to w ar d y ounger pa- 
tients in recent years [ 1 ]. GI cancers primarily include esophageal 
cancer , stomach cancer , colorectal cancer , liver cancer , cholangio- 
carcinoma, and pancreatic cancer. Among the six most prevalent 
cancers in China, four are GI cancers. GI cancers have not yet 
been full y inv estigated due to their complex pathogenesis, which 

involv es the inter action of v arious factors suc h as genetic infor- 
mation changes [ 2 , 3 ], lifestyle factors [ 4 ], and viral infections [ 5 ].
Recei v ed 17 April 2025; revised 17 June 2025; accepted 19 June 2025. published 24 Ju
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of the W est C
is an Open Access article distributed under the terms of the Cr eati v e Commons At
( https://cr eati v ecommons.org/licenses/by-nc/4.0/ ), which permits non-commercial
work is pr operl y cited. For commercial re-use, please contact r e prints@oup.com fo
obtained through our RightsLink service via the Permissions link on the article pag
journals.permissions@oup.com 
ue to the high malignancy, poor prognosis, and ele v ated mor-
ality r ates, earl y dia gnosis and tr eatment of GI cancers have be-
ome particularly important. While the early diagnosis of diges- 
iv e tr act cancers in clinical pr actice primaril y depends on tec h-
iques like pathological biopsies, imaging scans, and serological 
arkers, with surgery as the cornerstone of treatment supported 

y r adiother a py and c hemother a py [ 6 ], ac hie ving a complete cur e
ecomes challenging once local r ecurr ence or malignant metasta- 
is de v elops . T her efor e, identifying ne w biomarkers and ther a peu-
ic strategies for GI cancers remains an urgent clinical challenge
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Since Slaughter proposed the theory of field cancerization in
953 [ 9 ], the scope of r esearc h has expanded the initial focus on
ead and neck squamous cell carcinoma to GI cancers [ 10–14 ].
his theory suggests that pr olonged exposur e to specific carcino-
enic factors causes tissues in the affected area to experience ge-
etic mutations and epigenetic alter ations, ther eby incr easing the
isk of cancer de v elopment in adjacent regions or even through-
ut the entire system [ 10–14 ]. A large number of research results
ased on this theory suggest that GI cancer may be a systemic
isease r esulting fr om an ov er all imbalance in biological home-
stasis, where localized lesions in a single organ actually reflect
he systemic pathological state of the body. For instance , J ung et
l . [ 15 ] conducted a meta-analysis of diagnostic markers identi-
ed in colorectal cancer and found that some of these markers
re also present in pancreatic cancer [ 16 ] and liver cancer [ 17 ]. 

On the other hand, tumor heterogeneity results in specific
olecular mechanisms during the development and progression

f GI cancers, whether originating from the same or different tis-
ues . T he specific expression of immune-related genes may reg-
late the activity of various immune cells within the tumor mi-
r oenvir onment (TME) [ 18 ], influence the recognition and elim-
nation of tumor cells by immune cells, and affect interactions
mong immune cells. For example, in pancreatic tumors, a re-
uction in MHC class I molecule le v els impairs antigen presen-
ation, making it difficult for cytotoxic T cells to recognize tumor
ells and allowing those cells to e v ade the immune system [ 19 ].
imilarl y, the high expr ession of CXCL12 in tumor-associated fi-
roblasts (CAFs) within the gastric cancer TME affects the com-
unication between CAFs and T cells, as well as between Tregs

nd macr opha ges, contributing to an imm unosuppr essiv e TME
 20 ]. Ther efor e, studying and tr eating GI tumors fr om a system
erspective , and in vestigating the common and specific biologi-
al functions and pathogenesis among different GI cancers will
elp to change the r esearc h par adigm and dia gnostic and ther a-
eutic str ategies. Furthermor e, focusing on the study of immune
 egulation-r elated genes can help enhance our understanding of
he complex mechanisms of the tumor immune microenviron-

ent in GI cancer. 
In this study, we first utilized data from the Gastrointestinal

ancer Knowledge Database (GIDB) [ 21 ], pr e viousl y established
y our r esearc h gr oup, to compar e the commonality and speci-
city of molecular variation features in different types of GI can-
ers, whic h gener ated a landsca pe at thr ee omics le v els: gene m u-
ations, expression, and methylation patterns. Furthermore, by
ombining omics and textual data, we analyzed the expression
atterns of immune regulation-related genes across six types of
I cancers. We identified genes with specific expression in hepa-

obiliary malignancies and further validated the alterations in ex-
ression at the RNA and protein levels, as well as the methylation

e v els in the promoter regions of these k e y genes . Furthermore ,
e explored cellular composition, immune-related gene expres-

ion, and intercellular communication in hepatobiliary cancers
y analyzing single-cell sequencing (scRNA-seq) data. This pro-
ides clues for future exploration of new targets for immunother-
py and tumor biomarkers. 

aterials and methods 

ata sources 

equencing data of 1874 GI cancer samples were obtained from
he TCGA database, including 185 cases of the TCGA-ESCA
roject, 633 cases of the TCGA-COADREAD project, 377 cases
f the TCGA-LIHC project, 185 cases of the TCGA-PAAD project,
43 cases of the TCGA-STAD project, and 51 cases of the TCGA-
HOL project. The data type included m utational, tr anscriptomic,
ethylation and clinical data. Texts and m ulti-omics anal ysis r e-

ults related to GI cancers in the GIDB database were obtained
or scr eening GI imm une-r elated genes. GI cancers-r elated liter a-
ure in the PubMed database was used to construct a GI cancers
xplainable gene ontology fingerprint (XGOF) network [ 22 ]. 

GOF network construction for GI cancers 

GOF is an inter pr etable gene ontology (GO) finger print method
hat quantitativ el y c har acterizes the association between genes
nd ontologies. XGOF uses named-entity recognition technology
o extract genes and GO terms from domain literature, calculates
nric hment scor es by quantifying their co-occurrence frequency,
nd identifies significant associations based on adjusted P -values
o construct a gene-GO knowledge network. The detailed algo-
ithmic w orkflo w is provided in supplementary pseudocode S1
see online supplementary material ). For GI cancers, the XGOF
etw ork w as constructed with an adjusted P -v alue thr eshold
f < 0.05. We screened GO-gene pairs related to immunity and
ombined them with the expression data of GI cancers from
he TCGA database to calculate the correlation between immune
O and cancers . Meanwhile , using annotations of cell types and
arker genes from the CellMarker [ 23 ] and Cell Taxonomy [ 24 ]

atabases, we analyzed the enrichment of significant genes in the
GOF network of GI cancers acr oss imm une cells, ther eby cal-
ulating the association between digestiv e-tr act tumors and im-
une cells. In addition, using the XGOF genes as target genes

nd all genes annotated in the KEGG database as bac kgr ound
enes, w e performed pathw ay enric hment anal ysis based on the
isher test to calculate the associations between different signal-
ng pathways and tumors. 

olecular analysis of specificity and 

ommonality among GI cancers 

e performed principal component analysis (PCA) on gene ex-
ression and methylation sequencing data of GI cancers in TCGA
atabase. Subsequentl y, we integr ated pair ed data fr om thr ee
mics le v els (m utation, expr ession, methylation) and conducted
lustering analysis using the R package “iClusterPlus” [ 25 ]. The
 utation data wer e r epr esented by a binary matrix (1: muta-

ion, 0: no m utation). High-fr equency m utations ( > 5%) and sig-
ificantl y differ ent genes wer e included in the integrated cluster
nal ysis. P ar ameter k was optimized through model adjustment,
mploying parallel computation. We explored the range of k from
 to 10 and selected the best combination sparse model with a
enalty parameter using the Bayesian information criterion (BIC).
he optimal parameter k was chosen by calculating the deviation
 atio, whic h r epr esents the percenta ge of explained v ariation (EV)
nd is output by the tune.iClusterPlus function. We selected the
ambda vector deviation ratio with the smallest BIC and deter-

ined the best clustering value k ( k = K + 1) by plotting the clus-
ering number ( K + 1)–EV percentage curve, identifying the point
her e the percenta ge EV curv e begins to decline as the optimal k

alue. 
Based on the integrated analysis results from the GIDB

atabase, we compared the commonality of genes of GI cancers.
hen we identified common feature genes and further analyzed
he molecular variations and literature counts of these genes. 

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
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Screening of immune-related genes with specific 

expression patterns in GI cancers 

We utilized the GI cancer-associated genes from the GIDB 

database, integrated with GO functional enrichment analysis and 

manual curation, to identify immune regulation-related genes. 
Then, we performed clustering analysis on the RNA-seq sequenc- 
ing data of these genes to obtain immune regulation-related genes 
exhibiting specific expression patterns. 

RNA and protein level validation 

Clinical samples, including 20 pairs of human hepatocellular car- 
cinoma (HCC) and adjacent non-cancerous tissues, as well as 15 
pairs of human intr ahepatic c holangiocarcinoma (ICC) and ad- 
jacent non-cancer ous tissues, wer e pr ovided by Shanghai East 
Hepatobiliary Surgery Hospital. The system used for qPCR was 
the 7900HT Fast Real Time PCR System. Primer Premier 6.0 soft- 
w are w as used for PCR primer design along with BLAST software 
for homology comparison. The primer sequences are shown in 

supplementary Table S1 (see online supplementary material ). 
Pr oteins wer e extr acted using pr otein l ysis solution (Beyotime 

Biotechnology Co., Ltd., Beijing), quantified by bicinchoninic acid 

(BC A) assa y (T hermo Fisher, USA), and separated by 12% sodium 

dodec yl sulfate-poly acrylamide gel electr ophor esis (SDS-PAGE).
After transfer to PVDF membranes (Millipore, USA), blots were 
probed with primary antibodies (ab52945, Abcam, UK) overnight 
at 4 ◦C, follo w ed b y horser adish per oxidase (HRP)-conjugated sec- 
ondary antibodies. Signals were detected by enhanced chemilu- 
minescence (ECL) (Thermo Fisher, USA) and analyzed using Im- 
a geJ. The r elativ e expr ession le v el of genes was normalized by the 
le v el of gl ycer aldeh yde-3-phosphate deh ydrogenase (GAPDH). 

Bisulfite amplicon sequencing 

DNA methylation sequencing data for CHOL and LIHC projects 
were obtained from TCGA as the basis for designing methylation 

probes. According to the predictive results of gene expression and 

methylation correlation analysis, specific probes were selected for 
the promoter regions of the LBP gene at positions 68, 236, 271,
and 315; the APCS gene at positions 33, 39, 157, and 247; and the 
ARG1 gene at positions 38, 53, 73, and 116. The methylation lev- 
els of the genes wer e v alidated by bisulfite amplicon sequencing 
(BSAS) in 9 pairs of ICC samples and 20 pairs of HCC samples . T he 
genes to be validated in the ICC samples were APCS and LBP while 
APCS and ARG1 were used in the HCC samples . T he ra w gene data 
were quality controlled by FastQC and aligned to the r efer ence se- 
quence using Bowtie2. The methylation of each CpG cytosine was 
extracted by R’s package methylKit, using default parameters, and 

the cytosine methylation le v el was further calculated. The methy- 
lation ratios of all CpG cytosines were calculated in the destina- 
tion fr a gment of eac h sample. 

Analysis of single-cell sequencing data 

The ICC and HCC single-cell data wer e obtained fr om the 
GSE189903 dataset. We first selected samples fr om cor e tumor 
and normal tissues in this dataset and performed cell type an- 
notation. Based on the annotation r esults, differ ential gene ex- 
pr ession anal ysis was conducted to identify the expression pat- 
terns of six imm une-r elated genes acr oss differ ent cell types using 
the FindMarkers function. Subsequently, functional enrichment 
analysis was performed on these differentially expressed genes 
to explore their potential immune-related biological functions us- 
ing Metascape [ 26 ]. To further investigate the cellular interactions 
within the TME, we analyzed the interaction and communication 
etw orks betw een differ ent cell types using the CellChat pac k-
ge [ 27 ]. We systematically compared differences in signaling pat-
erns between tumor and adjacent non-tumor samples using the 
ankNet a ppr oac h. 

mmunofluorescence 

issue micr oarr ays (TMAs) for HCC and ICC (Shanghai Outdo
iotec h, HLivH150CS06, HIBDA160PG01) wer e de waxed in xylene
nd r ehydr ated thr ough a gr aded series of decr easing alcohol con-
entr ations. Antigen r etrie v al was performed using EDTA-based
eat-induced epitope r etrie v al. After incubating the sections in
% H 2 O 2 for 20 min, they wer e bloc ked with Beyotime Quick-
loc k™ bloc king buffer (P0260) for 30 min. Subsequently, the TMA
as incubated with the primary antibody (MIF, STARTER, S0B0858) 
vernight at 4 ◦C, follo w ed b y incubation with a Texas Red-X con-
ugated secondary antibody (Invitrogen, T-2767) for 1 h. Each step
 as follo w ed b y three 5-min w ashes with PBS. Imaging w as per-

ormed using a Zeiss Tissue Gnostics tissue microscope. After ex- 
luding samples with tissue detachment, this study successfully 
btained 119 valid immunofluorescence datasets . T he intensity 
ifferences between tumor and adjacent normal tissues were an- 
lyzed using the Wilcoxon rank-sum test. 

esults 

verview of GI cancer GOF 

her e wer e 117 878 unique gene-GO terms pairs in the GI can-
ers XGOF network, in which the maximum pair number was
2 531 (LIHC’s GOF) (Fig. 1 A). Macr opha ge migr ation (GO:1 905517)
as str ongl y associated with most GI tumors. Additionall y, com-
lement activation was highly associated with LIHC and CHOL 

Fig. 1 B). According to the enrichment analysis based on the
ell Taxonomy database , DC cells , NK cells , and helper T cells
how strong associations in all GI cancers (Fig. 1 C). Accord-
ng to the CellMarker database, T cells wer e significantl y corr e-
ated immune cell types in liver cancer , colorectal cancer , pan-
reatic cancer, and gastric cancer (Fig. 1 D). Pathways including
he TNF signaling pathway, PI3K-Akt signaling pathway, and fo- 
al adhesion were enriched to varying degrees in different types
f GI cancers ( supplementary Fig. S1 , see online supplementary
aterial ). 

pecific and common genes among different GI 
ancers 

CA analysis sho w ed that ESCA, COADREAD, ST AD, and P AAD had
imilar expression patterns at the genome-wide level, whereas 
IHC and CHOL differ ed fr om them with specific expression pat-
erns . PC A at the methylation le v el also demonstrated that some
f the LIHC samples had specific methylation patterns (Fig. 2 A). 

The iClusterPlus analysis identified k = 2 as the optimal num-
er of clusters, based on the point where the percentage of ex-
lained variation began to decline (Fig. 2 B). The clustering analy-
is r e v ealed that samples in Cluster 1 exhibited mixed cancer type
lustering, failing to segregate distinctly by cancer type. In con-
rast, most of the LIHC samples were clustered in Cluster 2, indi-
ating distinct gene mutation patterns specific to LIHC (Fig. 2 C). It
as also found that COADREAD had a high mutation frequency at

he mutation level, while in LIHC the mutation rate of genes was
ener all y lo w er than in other GI cancers. In addition, the anno-
ation of clinical c har acteristics sho w ed that the high pr e v alence
f tumors in Asian populations was mainl y concentr ated in LIHC,
TAD, and ESAC. 

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
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F igure 1. XGOF netw ork construction for GI cancers . ( A ) T he number of GO term pairs for six types of GI cancers . ( B ) Top 20 imm une-r elated GO terms 
for GI cancers . T he fan area represents the correlation between the term and cancer. GO:1 905 517, macr opha ge migr ation; GO:0006956, complement 
activ ation; GO:0006955, imm une r esponse. ( C ) Heat ma p of imm une cell–tumor corr elation based on Cell Taxonomy database annotation. ( D ) Heat 
map of immune cell–tumor correlation based on CellMarker database annotation. 
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The commonality between the molecular features of cancers
ay suggest a common mechanism in the tumorigenic process.
 total of 122 feature genes shared b y GI cancers w as identified

hrough common molecular analysis ( supplementary Fig. S2 , see
nline supplementary material ). The clustering results of these
enes are shown in Fig. 2 D. At the mutation level, we found that
ome genes wer e m utated with high fr equency (m utation fr e-
uency > 5%) in all GI cancers , e .g. MUC16 and TP53. Some of
he common genes had the same molecular variants at multiple
istological le v els, including h ypermeth ylated/h ypo-expressed or
 ypometh ylated/highl y expr essed genes, suc h as MMP1, SFRP1,
OL14A1, CSF2, TAC1, MUC16, and F AT4. W e also found se v er al
enes that were highly expressed but sho w ed no differences at the
ethylation le v el, including AURKA, BRCA2, and DNMT3B. The
BCB1 gene, on the other hand, sho w ed molecular variants oppo-
ite to these genes, with high-frequency mutations detected and
ignificantly low expression level, while no difference was found
t the methylation le v el. In addition, a number of genes were iden-
ified as high-frequency mutations in all GI cancers, but no dif-
er ences wer e detected at the expr ession and methylation le v els,
uch as in APC, ATM, CTNND1, DICER1, IGF2R, KRAS, NF1, PIK3CA,
B1CC1, ROCK1, SMAD4, and SUCO. By calculating the ov er all
 ariation pr oportions of 122 common genes acr oss thr ee omics
e v els, we found that the top-ranked ADAM12 gene has been stud-
ed in all GI cancers, although the number of related publications
 emains limited. Multi-omics anal ysis of this gene r e v ealed intri-
ate molecular alterations in GI cancers, indicating that ADAM12
a y pla y an important role in the occurrence and de v elopment

f these cancers. 

dentification of immune-related genes with 

pecific expression patterns in GI cancers 

nv estigating the inter actions between tumors and the host im-
une system is crucial for identifying k e y molecular mark ers of

umor prognosis , o vercoming drug resistance , and developing in-
ov ativ e ther a pies. We found a total of 305 imm une-r elated genes
ssociated with GI cancers. Clustering analysis of these genes
ho w ed that samples in Cluster 3 included most of the LIHC and

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
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A

B

C

D

Figure 2. Molecular analysis of specificity and commonality among GI cancers. ( A ) Whole-genome expression and methylation PCA map of GI cancers. 
Left: PCA results at the expression level; right: PCA results at the methylation level. ( B ) Clustering number–EV percentage graph based on the iCluster 
method. When the % EV curve begins to decline, k is the optimal number of clusters. ( C ) Integrated clustering plot of GI cancers-related genes across 
m utation, expr ession, and methylation le v els . T he plot displays the clustering results of high-frequency mutation genes, differentially expressed 
genes, and differ entiall y methylated genes associated with GI cancers . Abo v e the clustering plot ar e annotations indicating sample classification, 
cancer information, and sample annotations under different clinical features. ( D ) Heat map of molecular features of 122 common genes in GI cancers. 
The upper part of the heat map indicates the features of methylation, expression, and mutation levels of these 122 genes . T he lo w er part of the heat 
map indicates the corresponding number of papers . T he genes labeled in the figure are the sets of genes with different features found in the papers. 
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HOL cases, while samples from ESCA, STAD, COADREAD, and
AAD were dispersed between Cluster 1 and Cluster 2 (Fig. 3 A).
his suggests that hepatobiliary malignancies have specific gene
xpression patterns in immune regulation. Further analysis re-
 ealed that ther e wer e significant differ ences in the expr ession
e v els of se v en k e y imm une r egulation genes (APOA1, FGA, C9,
RG1, MBL2, APCS, and LBP) between hepatobiliary cancers and
ther GI cancers. All se v en genes wer e expr essed at higher le v els
n hepatobiliary malignancies compared to other GI cancers. Ad-
itionall y, the expr ession of these genes was significantl y lo w er in
IHC and CHOL tumor tissues compared to their adjacent normal
issues (Fig. 3 B–H). A detailed description of APOA1 has been pro-
ided in our pr e vious r esearc h, ther efor e we will focus on the six
ther genes in this work [ 22 , 28 ]. 

NA and protein expression level analysis 

n HCC samples, qPCR anal ysis r e v ealed that the expr ession le v els
f LBP, FGA, MBL2, C9, ARG1, and APCS wer e significantl y lo w er in
umor tissues compared to adjacent normal tissues ( P < 0.001),
onfirming the downregulation of these genes (Fig. 4 A). Similarly,
n ICC samples, the expression of LBP, FGA, MBL2, C9, and APCS
as significantl y decr eased ( P < 0.05) (Fig. 4 B). For the ARG1 gene

n ICC samples, a similar decrease in expression was observed in
ome cases, but most samples had Ct values > 35 or were marked
s "undetermined", suggesting unreliable detection. 

Western blot analysis revealed that in HCC, pr otein le v els of
PCS, MBL2, and ARG1 wer e significantl y r educed in tumor tis-
ues compared to adjacent non-tumor tissues, as confirmed by
ma geJ gr ayscale quantification ( P < 0.01) (Fig. 4 C). In ICC, only C9
xhibited significantly lo w er expression in tumor tissues ( P < 0.05)
Fig. 4 D). 

ethyla tion le vel of gene promoter regions 

NA methylation sequencing data and RNA-seq data of HCC and
CC wer e obtained fr om TCGA. The methylation β-v alue and ex-
r ession v alue of six genes wer e extr acted for corr elation calcu-

ation (Fig. 5 A). We found that in gallbladder cancer, the methyla-
ion le v els of LBP and APCS wer e negativ el y corr elated with their
xpr ession le v els, while in liv er cancer, the methylation le v els of
RG1 and APCS were negatively correlated with their expression

e v els. Subsequentl y, the BSAS experiment r e v ealed that a higher
ethylation le v el was detected at position 236 of the pr omoter

egion of the LBP gene in ICC. This may suggest that the reduced
xpression of the LBP gene is associated with ele v ated methyla-
ion in its promoter region. No significant statistical differences
ere found in the methylation ratios of the promoter regions
f the APCS gene in ICC and the two genes, ARG1 and APCS, in
CC, between tumor and adjacent non-tumor tissues ( P > 0.05)

Fig. 5 B). In nine pair ed c holangiocar cinoma samples, RN A expres-
ion and promoter methylation analyses revealed that LBP was
ignificantl y downr egulated in tumor tissues ( P < 0.01), with its
romoter exhibiting h ypermeth ylation (Fig. 5 C). These findings
uggest that LBP suppression may be associated with ele v ated
romoter methylation. 

nalysis of single-cell sequencing data 

e manually annotated cell subpopulations in the GSE189903
ataset, noting that cluster 6 contained a mixture of hepatocytes
nd cholangiocytes. To further distinguish this subpopulation, we
sed specific cholangiocyte markers KRT7, KRT19, and ALB to
ifferentiate cell types in cluster 6 ( supplementary Fig. S3A-B ,
ee online supplementary material ). Cell annotation results were
hown in Fig. 6 A. In HCC samples, ARG1, FGA, APCS, and C9
enes were significantly downregulated in hepatocytes, while in
CC samples, these genes were downregulated in cholangiocytes
Fig. 6 C, supplementary Fig. S3D ) (FDR < 0.05). Ho w e v er, these
enes exhibited no significant expression changes in other cell
ypes within the TME. Functional enric hment anal ysis indicated
hese genes were significantly enriched in innate immune re-
ponse, humor al imm une r esponse, and complement activ ation
Fig. 6 D). Cell–cell interaction analysis further revealed signifi-
antly enhanced MIF signaling in tumor samples ( supplementary
ig. S3E ), with particularly strong MIF-mediated communication
bserv ed fr om malignant cells to m ultiple imm une cell popula-
ions, such as macrophages, B cells, and Tregs (Fig. 6 B). 

mmunofluorescence 

o investigate the cell–cell communication features of cholangio-
ar cinoma cells, w e performed imm unofluor escence experiments
n ICC and HCC tissue micr oarr a ys . T he results demonstrated
hat MIF expression was significantly higher in ICC tissues com-
ared to adjacent tissues (Fig. 6 E, P = 0.043). Figure 6 F shows repre-
entativ e imm unofluor escence staining ima ges. Ho w e v er, in HCC,
ur experiment did not r e v eal an increase in MIF signaling. These
ndings suggest that within the ICC TME, cancer cells enhance

ntercellular communication signals with other cells by upregu-
ating MIF expression. 

iscussion 

n this study, we compared the commonality and specificity of six
I cancers at the three histological le v els of expr ession, m utation,
nd methylation. A compr ehensiv e gene v ariation landsca pe of
ommon gene modules in GI cancers was constructed, providing
 m ulti-layer ed perspectiv e to deepen the understanding of the
olecular mec hanisms underl ying these tumors . T he study iden-

ified and experimentally verified a set of immune-related genes
ith specific expression patterns in hepatobiliary tumors. In ad-
ition, we also explored the association between gene expression
nd immune cell infiltration in the TME. 

XGOF r e v ealed a str ong association between macr opha ge mi-
ration and most of the GI tumors, as well as the association of
I tumors with different immune cells . T hrough a commonal-

ty analysis of GI tumors, we identified the expression profiles of
22 shared genes . T his finding suggests that, despite differences
n anatomical location and tissue origin among GI cancers, they

ay share certain k e y biological processes and exhibit conver-
ent mechanisms in core carcinogenesis. For example, the com-
on genes are involved in critical aspects of cancer development,

ncluding c hr onic inflammation (e.g. CSF225 [ 29 ] and SFRP126
 30 ]), cell cycle dysregulation and abnormal proliferation (e.g. AU-
KA27 [ 31 ]), and signaling pathway disturbances (e.g. KRAS28 [ 32 ],
IK3CA29 [ 33 ], and SMAD430 [ 34 ]). These genes may r epr esent a
cor e molecular pr ogr am” in GI tumors . T his con v er gence may
e linked to shared microenvironments or genetic susceptibilities
ithin the GI system, offering valuable insights into their com-
on etiology and potential for de v eloping br oad-spectrum ther a-

eutic strategies. 
In addition, specificity analysis revealed that hepatobiliary can-

er exhibits molecular patterns distinct from other GI cancers.
urther analysis focused on immune-related genes in hepato-
iliary cancer, identifying a set of k e y genes with specific ex-
r ession pr ofiles. Our r esearc h shows that APCS, ARG1, MBL2,
BP, C9, and FGA were consistently downregulated in both liver

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
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(A)

(B) (C) (D)

(E)

(F) (G)

(H)

Figure 3. Imm une-r elated genes with specific expression patterns in GI cancers. ( A ) Se v en imm une-r elated genes with specific expr ession in 
hepatobiliary malignancies . T he clustering dia gr am shows the r esults of clustering the expr ession data of 305 imm une-r elated genes associated with 
six GI cancers . T he lo w er part of the clustering plot demonstr ates the se v en genes with specific expr ession patterns in hepatobiliary malignancies. 
( B –H ) Boxplots of the differential expression profiles of seven genes in six GI cancers. 
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and gallbladder cancers, implying that these genes may act as 
tumor suppressors in the onset or progression of hepatobiliary 
cancer. Pr e vious studies hav e demonstr ated that ARG1 r egulates 
metabolic r epr ogr amming in liv er cancer cells by influencing the 
“ar ginine–RBM39” signaling axis, ther eby pr omoting the gr owth 

and pr olifer ation of these cells [ 35 ]. FGA, as a candidate coding 
and non-coding driver gene, negativ el y r egulates the YK2–ST A T3–
IL6 signaling pathw ay, thereb y affecting the malignant pheno- 
type of various liver cancer cells [ 36 ]. APCS is a potential candi- 
date biomarker for HCC de v elopment in HCV-infected cirrhotic 
patients [ 37 ]. Low le v els of MBL2 ar e associated with the prognosis 
of HCC [ 38 ]. LBP plays a role in regulating inflammatory responses 
by activating the JNK and NF- κB signaling pathwa ys , leading to 
a significant increase in the expression of inflammation-related 

molecules [ 39 ]. Chronic inflammation can trigger hepatocyte car- 
cinogenesis, ther eby pr omoting cancer de v elopment and metas- 
tasis [ 40 ]. Although the mechanisms of complement C9 in hepato- 
biliary cancers has been less clearly described in other studies, Li 
et al . found that in the hypoxic TME of non-small cell lung cancer,
the expression of C9 in tumor-associated macr opha ges was de- 
cr eased, pr omoting the pr ogr ession of non-small cell lung cancer 
[ 41 ]. 

The specific mechanisms underlying the downregulation of 
these genes remain to be clarified. In this study, we found methy- 
lation in the promoter region of the LBP gene in gallbladder can- 
cer, whic h may r epr esent a k e y e pigenetic mechanism dri ving the 
downregulation of its expression. Ho w ever, no significant differ- 
nces were seen for the genes APCS and ARG1, which may sug-
est that the down-regulated expression of ARG1 and APCS genes
s not caused by CpG methylation of the genes. We analyzed TCGA
ata on hepatobiliary cancers and found that APCS in cholan-
iocar cinoma w as significantl y negativ el y corr elated with the ex-
ression of the M6A-associated gene METTL3 ( supplementary Fig. 
4 , see online supplementary material ). 

Analysis of single-cell sequencing data revealed that multiple 
mm une-r elated genes wer e significantl y downr egulated in hepa-
ocytes (HCC) and cholangiocytes (ICC), with enrichment in innate 
mm une r esponse, humor al imm une r esponse, and complement
ctivation. This further suggests that the suppression of these 
enes may weaken immune surveillance in the TME, thereby pro-
oting imm une esca pe . T he MIF pathwa y serves as a k e y signal

or intercellular communication in both HCC and ICC . In HCC ,
epatocytes interact with immune cells such as macrophages and 

 cells via MIF, while in ICC, cholangiocytes similarly rely on MIF
or communication with immune cells. As a k e y pro-inflammatory
actor, MIF has been widel y demonstr ated to regulate immuno-
uppr essiv e micr oenvir onments in v arious cancers [ 42 ]. 

These findings not onl y r e v eal the potential mechanisms of
ysr egulated expr ession of six imm une-r elated genes in hepa-
obiliary cancer but also provide new insights for clinical diag-
osis and treatment. For diagnosis, ARG1 and APCS can be de-
ected via ELISA, combined with AFP, to establish a highly sensitive
arl y scr eening panel. Additionall y, liquid biopsy-based detection
f MBL2, LBP, and C9 expression further enhances the accuracy

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf014#supplementary-data
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F igure 4. RN A and protein level validation. ( A ) qPCR analysis of immune-related gene expression in HCC tissues ( n = 20). ( B ) qPCR analysis of 
imm une-r elated gene expression in ICC tissues ( n = 15). ( C ) Western blot analysis of six candidate proteins in HCC tissues, with GAPDH as the loading 
contr ol. Left: r epr esentativ e western blot bands; right: quantification of protein density (normalized to GAPDH). ( D ) Western blot analysis of six 
candidate proteins in ICC tissues, as described for (C). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. 
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Figure 5. Methylation le v el of gene pr omoter r egions. ( A ) Corr elation anal ysis of the imm une-r elated genes expr ession le v el and methylation le v el 
based on LIHC and CHOL samples from TCGA. Blue color indicates positive correlation, red color indicates negative correlation, and red arrows 
indicate genes with significant negative correlation between expression and methylation levels. ( B ) Methylation levels of APCS, LBP, and ARG1 
pr omoter r egions detected b y BSAS ( n = 9). ( C ) LBP RN A expr ession and methylation anal ysis in ICC tissues ( n = 9). Left: RNA expr ession le v el of LBP; 
right: methylation le v el of LBP at position 236. ∗∗P < 0.01, ∗∗∗P < 0.001. 
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Figure 6. Single-cell analysis based on the GSE189903 dataset. ( A ) Single-cell analysis of ICC, including UMAP plots of tumor and adjacent normal 
tissues, unsupervised clustering cell grouping plot (Cluster 0–14), and cell-type annotation plot. ( B ) Bubble plot of cell–cell communication between 
cholangiocytes and other cell types in ICC. ( C ) Differentially expressed genes in cholangiocyte between normal and ICC tumor tissues (red, 
upr egulated; blue, downr egulated; | log2FC | > 0.25, FDR < 0.05). ( D ) Functional enric hment anal ysis of differ entiall y expr essed genes. ( E ) Differ ences of 
MIF intensity between ICC cancer tissue and adjacent tissue. ( F ) Immunostaining of the ICC tissue TMA for MIF. ∗P < 0.05. 
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f non-inv asiv e dia gnostics. Ther a peuticall y, small-molecule in-
ibitors of MIF, such as ISO-1 [ 43 ], or anti-MIF/CD74 antibodies
ould inhibit tumor-promoting interactions between tumor cells
nd macr opha ges, pr oviding pr omising str ategies for combination
mm unother a py. For pr ognosis, low expr ession of MBL2 and FGA,
ssociated with immune microenvironment dysregulation and fi-
r osis pr ogr ession, may serv e as risk-str atification markers. Fu-
ur e m ulticenter clinical studies ar e needed to v alidate the sen-
itivity and specificity of these potential biomarkers and to pro-
ote standardized detection methods and targeted drug develop-
ent, ultimatel y adv ancing pr ecision medicine for hepatobiliary

ancers. 

onclusion 

n summary, this study provides a compr ehensiv e understand-
ng of the specificity and commonality of six GI cancers in terms
f gene expr ession, m utation, and methylation le v els. Addition-
lly, we identified a group of immune-related genes specifically
xpressed in hepatobiliary tumors, and experimentally validated
heir expr ession c har acteristics and methylation patterns in hep-
tobiliary tumor tissues . Furthermore , we explored cellular com-
osition, imm une-r elated gene expr ession, and intercellular com-
unication in hepatobiliary cancers. 
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