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ABSTRACT
Ficolin 3 (FCN3) is a pattern recognition molecule that activates the complement system via the lectin pathway. While its immuno-
logical roles are known, the specific mechanisms by which FCN3 affects cholangiocarcinoma (CCA) pathogenesis remain unclear. 
In this study, we investigated FCN3 expression in CCA and benign cells, as well as tumor versus non-tumor tissues, using RT-qPCR 
and Western blotting analyses. The effects of FCN3 on CCA cell proliferation, migration, and invasion were analyzed through 
CCK-8, EdU, transwell, and wound-healing assays, with in vivo studies supporting these findings. The complement-mediated cy-
totoxicity of CCA cells was assessed using human serum with or without heat inactivation and an anti-C6 blocking antibody. 
Immunocytochemical staining was used to examine membrane attack complex (MAC) deposition, and an immunoprecipitation 
assay was adopted to evaluate the interaction between FCN3 and MASP family members. The role of FCN3 in inducing necroptosis 
was explored through transmission electron microscopy (TEM) and Western blotting analysis, focusing on the RIPK1/RIPK3/
MLKL pathway. The results of the study demonstrate that FCN3 expression was significantly lower in CCA cells and tissues. 
Overexpressing FCN3 suppressed cell proliferation and migration, enhanced complement-mediated cytotoxicity via MASP2 bind-
ing, and increased MAC deposition. FCN3 also induced necroptosis through activating the RIPK1/RIPK3/MLKL pathway. These 
results highlight FCN3 as a tumor suppressor in CCA and suggest its potential as a therapeutic target for this malignancy.

1   |   Introduction

Cholangiocarcinoma (CCA) is a highly heterogeneous and 
deadly malignancy of the biliary system, characterized by a high 
mortality rate and poor prognosis [1]. The global incidence and 
mortality rates of CCA have been rising steadily each year, with 
the 5-year survival rate ranging from a mere 7%–20% [2]. This 
underscores an urgent need to explore new molecular mecha-
nisms to enhance current therapeutic approaches for CCA.

Ficolin 3 (FCN3) is recognized as one of the most potent acti-
vators in the lectin pathway of complement activation. It spe-
cifically binds to polysaccharides on pathogen surfaces, thereby 
activating the mannose-binding lectin (MBL) pathway, which 
leads to the formation of the membrane attack complex (MAC, 
C5b-9). This complex disrupts the pathogen membrane by form-
ing pores, resulting in cell lysis and death [3, 4]. Moreover, FCN3 
is closely associated with immune cell infiltration, immune 
evasion, and enhanced phagocytosis by binding to apoptotic or 
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necrotic cells [5, 6]. However, the involvement of FCN3 in the 
pathogenesis of CCA remains inadequately understood, necessi-
tating further exploration.

In this study, we confirmed that the expression of FCN3 
was significantly downregulated in CCA cells and tissues at 
both the mRNA and protein levels. Notably, overexpression 
of FCN3 markedly suppressed the proliferation, migration, 
and colony-forming abilities of CCA cells, both in  vitro and 
in vivo. Furthermore, FCN3 was found to bind to mannose-
binding lectin-associated serine protease 2 (MASP2), thereby 
activating the MBL complement pathway, which enhanced the 
cytotoxic effect of human serum on CCA cells. Additionally, 
FCN3 was shown to induce necroptosis in CCA cells via the 
receptor-interacting protein kinase 1 (RIPK1)/RIPK3/mixed 
lineage kinase domain-like protein (MLKL) signaling path-
way, suggesting its potential role as a tumor suppressor gene 
in CCA.

2   |   Materials and Methods

2.1   |   Sample Acquisition

Ten pairs of CCA tumor tissues and their corresponding adja-
cent non-tumor tissues were collected from patients undergoing 
surgical procedures in the Department of Hepatobiliary Surgery 
at Qilu Hospital of Shandong University. All samples followed 
strict screening criteria: (a) only those pathologically confirmed 
as CCA based on histopathological diagnosis were included, 
(b) CCA samples without prior chemotherapy or radiotherapy 
were selected. All participants provided written informed con-
sent. The study was conducted in accordance with the ethical 
standards outlined in the Declaration of Helsinki and received 
approval from the Ethics Committee of Qilu Hospital, Shandong 
University.

2.2   |   Cell Culture and Transfection

Human intrahepatic biliary epithelial cells (HIBEpiCs) and 
CCA cell lines (TFK1 and QBC939) were obtained from the Cell 
Bank of the Chinese Academy of Sciences. Cells were main-
tained in RPMI-1640 (Gibco, Austria) medium supplemented 
with 10% fetal bovine serum (FBS) (Gibco, Austria) and 1% 
penicillin–streptomycin (Solarbio, China) at 37°C in a humid-
ified atmosphere containing 5% CO2. Lentiviral vectors for the 
overexpression of FCN3 and shRNA constructs for FCN3 knock-
down were procured from GeneChem. Stable cell lines overex-
pressing FCN3 (FCN3-OE) and those with FCN3 knockdown 
(FCN3-shRNA) were established through selective culture in a 
puromycin-containing medium, along with their respective con-
trols (FCN3-CT and FCN3-shRNA-Control).

2.3   |   RNA Extraction and RT-qPCR

Total RNA was extracted from both tissues and cultured cells 
using TRIzol or TRIzol LS reagent (Invitrogen, China). The 
purity and concentration of the extracted RNA were measured 
using a NanoDrop spectrophotometer. Reverse transcription 

followed by RT-qPCR was performed subsequently, with β-
actin serving as an internal control. PCR primers utilized 
in this study were synthesized by BioSune Biotechnology. 
Relative gene expression levels were calculated using the 2−

ΔΔCt method.

2.4   |   Western Blotting Analysis

Total protein was extracted from cell and tissue samples using 
RIPA buffer supplemented with PMSF, a protease inhibitor, and 
a phosphatase inhibitor (Beyotime, China). Protein concentra-
tions were quantified using the BCA assay. Proteins were then 
separated by sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred onto PVDF membranes, 
and blocked to prevent non-specific binding. Membranes were 
sequentially incubated with primary and secondary antibod-
ies, with unbound antibodies being washed off between steps. 
Immunoreactive bands were visualized and analyzed using a 
chemiluminescence detection system.

2.5   |   Cell Proliferation, Migration, and Colony 
Formation Assays

The Cell Counting Kit-8 (CCK-8) (Elabscience, China) assay 
was employed to assess the proliferation capability of CCA 
cells (FCN3-CT, FCN3-OE, FCN3-shRNA-Control, and FCN3-
shRNA). Cells were seeded into 96-well plates, followed by the 
addition of CCK-8 reagent and incubation for 2 h. Absorbance 
was measured at 450 nm using a microplate reader. Cell prolifer-
ation was monitored at 24, 48, 72, 96, and 120 h.

EdU assays were conducted using the Yefluor 488 EdU Imaging 
Kit (Yeasen, China). Actively proliferating cells were stained 
with EdU (red fluorescence), while Hoechst stain (blue fluo-
rescence) was used to visualize nuclei. The proliferation rate 
was determined based on the ratio of red fluorescence to blue 
fluorescence.

For migration assays, 1 × 105 CCA cells were suspended in 
200 μL of serum-free RPMI-1640 medium and added to the 
upper chamber of a transwell insert (8-μm pore size, Costar; 
Corning). The lower chamber was filled with RPMI-1640 me-
dium containing 20% FBS. After 36 h of incubation at 37°C, cells 
that migrated through the membrane were fixed, stained, and 
counted under an inverted light microscope (Olympus, Japan) 
in five randomly selected fields.

The scratch wound-healing assay was performed by seeding 
CCA cells into a 6-well plate until confluence. A straight-line 
scratch was made on the cell monolayer using a sterile 200-
μL pipette tip. The scratch closure was observed and pho-
tographed at 0 and 24 h using a microscope to evaluate cell 
migration.

For the colony formation assay, 1000 CCA cells were seeded in 
a 6-well plate and cultured at 37°C in a 5% CO2 incubator for 
10–14 days. After the incubation period, the cells were fixed, 
stained, and air-dried. The number of colonies formed was then 
observed and counted under a microscope.
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2.6   |   Cytotoxicity Mediated by Human Serum 
Complement

CCA cells (TFK1, QBC939; 1 × 105 cells) were seeded in 1.5-
mL microcentrifuge tubes to evaluate cytotoxicity mediated by 
human serum complement. Four experimental groups were es-
tablished: human pooled AB serum (HPS), heat-inactivated HPS 
(Hi-HPS) (complement inactivated by heating the serum at 56°C 
for 30 min), anti-mouse IgG (abcam, UK) combined with HPS, 
and anti-C6 blocking antibody (Hycult Biotech, USA) combined 
with HPS. Each group was incubated at 37°C for 1 h, followed 
by staining with trypan blue or propidium iodide to assess cell 
lysis. Cell lysis levels in each group were then compared under 
a microscope.

To further investigate the role of FCN3 in complement-mediated 
cytotoxicity against CCA cells, 1 × 105 FCN3-CT and FCN3-OE 
CCA cells were inoculated in 1.5-mL microcentrifuge tubes, and 
the same experimental groups and procedures were applied as 
described above.

2.7   |   Co-Immunoprecipitation (Co-IP)

For Co-IP, FCN3-OE cells were lysed in pre-cooled RIPA buf-
fer, and the lysate was centrifuged to obtain the supernatant. 
Protein A agarose beads were used to pre-clear the superna-
tant to eliminate non-specific binding. The supernatant was 
then divided into two parts, followed by the addition of either 
anti-FCN3 antibody (HUABIO, China) or rabbit anti-IgG anti-
body (abcam, UK) to form antibody–antigen complexes. After 
overnight incubation, protein A agarose beads were added to 
capture the antibody–antigen complexes. The protein-antibody 

complexes were then eluted with elution buffer, boiled, and ana-
lyzed using SDS-PAGE.

2.8   |   Immunofluorescence (IF)

For IF analysis, 1 × 106 CCA cells (FCN3-CT, FCN3-OE) were 
seeded onto coverslips and cultured until they reached an ap-
propriate density. The cells were then fixed and blocked. Next, 
anti-C3b (Proteintech, USA) or anti-C5b-9 primary antibodies 
(abcam, UK) were added and incubated at 4°C overnight. The 
following day, fluorescence-labeled goat anti-rabbit secondary 
antibodies (abcam, UK) were applied and incubated at room 
temperature for 1 h, protected from light, followed by DAPI 
staining. Images were captured using fluorescence microscopy, 
and the expression and localization of C3b or C5b-9 in each 
group were analyzed based on fluorescence signals.

2.9   |   Tumor Formation in Nude Mice

A cell suspension containing 1 × 106 CCA cells per 100 μL 
(FCN3-CT, FCN3-OE, FCN3-shRNA-Control, FCN3-shRNA) 
was subcutaneously injected into the right dorsal region of 
4-week-old nude mice. Tumor growth was monitored every 
3 days by measuring the longest and shortest diameters, and 
tumor volume was calculated using the formula: V = 0.5 × long 
diameter × short diameter2. When the tumors reached the pre-
determined size (V < 2000 mm3) after 5 weeks of growth, the 
mice were humanely euthanized by cervical dislocation. The 
tumors were then excised, and their weight and volume were 
documented. The collected tumor tissues were subsequently 
subjected to immunohistochemical (IHC) analysis, Western 

FIGURE 1    |    The expression of FCN3 in CCA cells and tissues. The differential expression of FCN3 at the mRNA and protein levels between benign 
and tumor cells (A, B), between adjacent non-tumor and CCA tissues (C, D) by RT-qPCR (10 paired) and Western blotting analysis (7 paired). (E) The 
differential expression of FCN3 at the mRNA level between 147 adjacent non-tumor and 98 CCA tissues in the GEO dataset. *p < 0.05; ***p < 0.001.
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FIGURE 2    |     Legend on next page.
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blotting analysis, and RT-qPCR. All experimental procedures 
were approved by the Ethics Committee of Qilu Hospital, 
Shandong University.

2.10   |   IHC

Tumor tissues harvested from nude mice were fixed, embed-
ded in paraffin, sectioned, baked, deparaffinized, rehydrated, 
and subjected to microwave heating for antigen retrieval. 
Endogenous peroxidase activity was blocked using 3% hydro-
gen peroxide, followed by overnight incubation at 4°C with an 
anti-Ki-67 primary antibody (abcam, UK). The following day, 
the sections were incubated with an HRP-conjugated goat anti-
rabbit secondary antibody (abcam, UK) for 30 min. The DAB kit 
was used for chromogenic detection, and the slides were coun-
terstained with hematoxylin.

2.11   |   Statistical Analysis

Data were analyzed using SPSS 2.0 and GraphPad Prism 8.0 soft-
ware. Statistical comparisons were performed using Student's 
t-test and one-way analysis of variance (ANOVA). All experi-
ments were conducted in triplicate or more, and a p-value of less 
than 0.05 was considered statistically significant.

3   |   Results

3.1   |   Expression of FCN3 in CCA Cells and Tissues

The mRNA and protein expression levels of FCN3 were found to 
be significantly reduced in CCA cell lines, TFK1 and QBC939, 
compared to HIBEpiCs. Similarly, in CCA tissues, the expres-
sion of FCN3 at the mRNA and protein levels was markedly 
downregulated when compared to adjacent non-tumor tis-
sues (Figure  1A–D). To further validate these findings, RNA 
sequencing data from 147 CCA tumor tissues and 98 adjacent 
non-tumor tissues, obtained from the GEO database (GSE26566, 
GSE144521), were analyzed, confirming that FCN3 expres-
sion was substantially downregulated in CCA tumor tissues 
(Figure 1E).

3.2   |   FCN3 Significantly Inhibits Proliferation, 
Migration, and Clonal Formation of CCA Cells 
In Vitro

CCA cell lines with either overexpression or knockdown of FCN3, 
along with their respective controls (FCN3-CT, FCN3-OE, FCN3-
shRNA-Control, FCN3-shRNA), were successfully constructed. 
The efficiency of these transfections was confirmed using Western 
blotting analysis and RT-qPCR (Figure S1A–D). Both CCK-8 and 

EDU assays demonstrated that FCN3 overexpression significantly 
inhibited the proliferation of CCA cells, whereas FCN3 knock-
down produced the opposite effect (Figure  2A,B). Additionally, 
Transwell, scratch, and colony formation experiments confirmed 
that FCN3 overexpression suppressed the migratory and clonal 
formation abilities of CCA cells (Figure 2C–E).

3.3   |   FCN3 Significantly Inhibits CCA Cell Growth 
In Vivo

To assess the effect of FCN3 on tumor growth in vivo, FCN3-
overexpressing cells, FCN3-depleted cells, and their respective 
control cells were subcutaneously injected into nude mice. 
The results showed that both tumor weight and volume were 
significantly lower in the FCN3 overexpression (FCN3-OE) 
group compared to the control group (Figure 3A,B). Conversely, 
the FCN3 knockdown group exhibited a significant increase 
in tumor weight and volume compared to the control group 
(Figure  3C,D). Furthermore, the expression of FCN3 at the 
mRNA and protein levels in the tumor tissues of nude mice 
was confirmed by RT-qPCR and Western blotting analysis 
(Figure 3E,F). IHC analysis also demonstrated that the level of 
Ki-67, a marker of cell proliferation, was significantly lower in 
the FCN3-OE group than in the control group, whereas the op-
posite trend was observed in the FCN3 knockdown group. These 
findings suggested that FCN3 inhibited the proliferation of CCA 
cells in vivo (Figure 3G).

3.4   |   CCA Cell Transcriptome Sequencing

To further elucidate the molecular mechanisms by which FCN3 
affected CCA, transcriptome sequencing was performed on 
TFK1 cells with FCN3 overexpression (FCN3-OE) and their 
control counterparts. A total of 208 differentially expressed 
genes were identified between the two groups. KEGG path-
way enrichment analysis revealed that complement activation 
was the most significantly enriched pathway, consistent with 
the enrichment results from both the GO and KEGG databases 
for FCN3 (Figure 4A–C). These findings suggested that FCN3 
might function as a tumor suppressor gene in CCA by activating 
the complement pathway.

3.5   |   Sensitivity of CCA Cells to Human Serum 
Complement-Mediated Cytolysis

To determine the sensitivity of CCA cells to complement-
mediated cytotoxicity, human pooled AB serum (HPS) was used 
to perform cytolysis experiments on CCA cells. The results indi-
cated that the HPS group had a significantly higher number of 
trypan blue-positive cells compared to the heat-inactivated HPS 
(Hi-HPS) group, suggesting effective complement-mediated cell 

FIGURE 2    |    FCN3 significantly inhibits proliferation, migration, and clonal formation of CCA cells in vitro. Overexpression of FCN3 inhibited 
the proliferation, migration, and clonal formation of TFK1 and QBC939 shown by CCK-8 (A), EDU (B), Transwell (C), scratch wound-healing (D), 
and clone formation assays (E). ***p < 0.001.
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FIGURE 3    |     Legend on next page.
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lysis. Notably, the cell lysis activity was markedly inhibited by 
the anti-C6 blocking antibody (Figure 5A).

3.6   |   FCN3 Significantly Promotes Human Serum 
Complement-Mediated Cytolysis of CCA Cells

As illustrated in Figure  5B, the number of trypan blue-
positive cells in the HPS-treated FCN3 overexpression group 
(HPS + FCN3-OE) was significantly higher than in the HPS-
treated control group (HPS + FCN3-CT). Interestingly, the en-
hanced cell lysis activity observed in the HPS + FCN3-OE group 
was suppressed when treated with either Hi-HPS or the anti-C6 
blocking antibody.

3.7   |   FCN3 Binds MASP2 to Activate the MBL 
Complement Pathway and Promote MAC Formation

Previous studies have demonstrated that MASPs are essential 
enzymes in the lectin pathway, where both the MBL and fi-
colin families can bind to MASPs to activate the MBL com-
plement pathway [7, 8]. To identify which MASP interacted 
with FCN3, Co-IP and Western blotting analyses were con-
ducted. The results revealed a specific interaction between 
FCN3 and MASP2, which was further supported by data from 
the STRING database (Figure 5C,D). Additionally, FCN3 was 
found to enhance the formation of complement components 
C3b and C5b-9. Interestingly, while adding an anti-C6 block-
ing antibody to the FCN3-OE group inhibited the formation 
of C5b-9, it had no effect on the formation of C3b (Figure 5E, 
Figure S2A,B).

3.8   |   FCN3 Induces Necroptosis of CCA Cells via 
the RIPK1/RIPK3/MLKL Pathway

Western blotting analysis demonstrated that the phosphoryla-
tion levels of RIPK1, RIPK3, and MLKL were markedly elevated 
in the FCN3 overexpression group (FCN3-OE) compared to the 
control group (FCN3-CT), indicating activation of the necropto-
sis pathway (Figure 6A). TEM further corroborated these find-
ings, revealing distinct necroptotic features in the FCN3-OE 
group, such as cell membrane rupture, organelle swelling, dis-
integration of the nucleus and cytoplasm, and increased cell 
volume. In contrast, these necroptotic characteristics were not 
observed in the FCN3-CT group (Figure 6B). Moreover, flow cy-
tometry analysis showed an increase in the proportion of apop-
totic and necrotic cells in the FCN3-OE group, while a decrease 
was noted in the FCN3 knockdown group (Figure 6C).

4   |   Discussion

FCN3 comprises an N-terminal gel-like domain and a C-terminal 
fibrinogen-like domain [9]. As a secreted protein, FCN3 is pri-
marily synthesized in hepatocytes and bile duct cells within the 
liver, and it is present in both serum and bile, where it serves a 
pivotal function in the innate immune system [10, 11].

FCN3 recognizes and binds specific carbohydrate structures 
on the surface of pathogens, such as N-acetylglucosamine and 
sialic acid, through its fibrinogen-like domain [12, 13]. Upon 
binding to pathogens, FCN3 activates the MBL pathway, which 
leads to the formation of several proteases that cleave comple-
ment components C4 and C2 to generate C3 convertase (C4b2a 

FIGURE 3    |    FCN3 significantly inhibits the tumor formation of CCA cells in vivo. Real-time comparison images of tumors formed by TFK1 and 
QBC939 groups FCN3 overexpression (A), knockdown (C), and matched control cells in nude mice. Statistical maps of tumor volume and weight in 
nude mice (B, D). The expression differences of FCN3 at the mRNA and protein levels between the overexpression group, knockdown group, and 
their respective control groups in tumor tissues of nude mice were detected by RT-qPCR (E) and Western blotting analysis (F). The impact of FCN3 
overexpression and knockdown on the proliferation levels of tumor tissues in nude mice was analyzed by IHC (G). **p < 0.01; ***p < 0.001.

FIGURE 4    |    Enrichment pathway analyses. KEGG pathway analysis were performed using R code based on 208 differential genes obtained by 
transcriptome sequencing (A), GO (B) and KEGG databases (C).
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FIGURE 5    |     Legend on next page.
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complex). This complex formation is a crucial step in activating 
the MBL pathway [2, 14]. The C3 convertase can subsequently 
cleave C3 into C3a and C3b. The C3b component is deposited 

on the pathogen surface, enhancing recognition and clearance 
by phagocytes [15, 16]. Additionally, C3b can bind to C5 con-
vertase, which cleaves C5 into C5a and C5b. C5b then interacts 

FIGURE 5    |    FCN3 activates complement by binding MASP2 and promotes human serum complement-mediated cytolysis on CCA cells. (A) The 
sensitivity of primary CCA cells to complement-mediated killing was validated using a human serum complement-mediated cytotoxicity assay. (B) 
Overexpression of FCN3 in CCA cells enhanced the complement-mediated cytolysis effect. However, when heat-inactivated human pooled AB serum 
(Hi-HPS) (complement inactivated by heating the serum at 56°C for 30 min) or a C6 blocking antibody were added to inhibit the complement path-
way, the cytolysis effect on CCA cells was significantly weakened. (C) Co-IP experiments confirmed the interaction between FCN3 and MASP2. (D) 
Results from the STRING database further supported a strong interaction between FCN3 and MASP2. (E) In TFK1 cells, red fluorescence represents 
the localization and expression levels of C3b, while purple fluorescence indicates the position and expression levels of C5b-9. Blue fluorescence marks 
the position of the nucleus. ***p < 0.001.

FIGURE 6    |    FCN3 mediates the necroptosis of CCA cells through the RIPK1/RIPK3/MLKL pathway. (A) Western blotting analysis showed that 
the phosphorylation levels of RIPK1, RIPK3, and MLKL were increased in the FCN3 overexpression (FCN3-OE) group, while they were reduced in 
the FCN3 knockdown (FCN3-KD) group. This suggested that FCN3 upregulation enhanced the activation of the necroptosis pathway. (B) TEM con-
firmed that CCA cells in the FCN3-OE group exhibited prominent features of necroptosis, such as swelling of organelles and rupture of the plasma 
membrane. (C) The FCN3 overexpression group showed a higher number of apoptotic and necrotic cells compared to the FCN3 knockdown group, 
indicating that FCN3 promoted both apoptotic and necroptotic cell death in CCA cells. ***p < 0.001.
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with other complement components (C6, C7, C8, and C9) to 
form the MAC, C5b-9. This complex creates pores in cell mem-
branes, resulting in cell lysis [17, 18].

Interestingly, the C5b-9 complex has a dual role; while the 
fully lysed C5b-9 exerts an antitumor effect, sublytic levels of 
C5b-9 can promote tumor growth. Studies have demonstrated 
that complement-dependent cytotoxicity mediated by the C5b-9 
complex involves the regulation of JNK and Bid pathways, lead-
ing to cell apoptosis. Additionally, this cytotoxicity is dependent 
on the RIPK1, RIPK3, and MLKL signaling pathways, which 
lead to cell necroptosis [5, 6].

FCN3 has been implicated in the development of several types 
of tumors. Michalski et  al. [19] have demonstrated that the 
fibrinogen-like domain of FCN3 can bind to the surface of ovar-
ian cancer cells, influencing their immune response and con-
tributing to the pathogenesis of ovarian cancer. In a study by 
Jang et al. [20], FCN3 induces cell cycle arrest and apoptosis in 
lung adenocarcinoma cells (A549 and H23). This effect is medi-
ated by the activation of the unfolded protein response during 
endoplasmic reticulum stress, suggesting that FCN3 functions 
as a tumor suppressor gene in lung adenocarcinoma.

Furthermore, research by Dong et  al. [21] has revealed that 
FCN3 is expressed at low levels in hepatocellular carcinoma 
(HCC) tissues. It regulates the nuclear translocation of eukary-
otic initiation factor 6 (EIF6) by binding to the ribosome mat-
uration factor (SBDS), thereby inducing ribosomal stress and 
activating the p53 pathway, which plays a role in the progression 
of HCC. Additionally, Yuan et al. [9] have confirmed that FCN3 
inhibits the synthesis of monounsaturated fatty acids (MUFA) 
by suppressing the IR/SREBP1c signaling axis, thereby promot-
ing ferroptosis in HCC.

A growing body of research has demonstrated that necro-
ptosis, a regulated form of cell death, can significantly im-
pact tumor development, making it a prominent topic in 
cancer therapy research [22–27]. For instance, Wang et  al. 
have found that OSW-1 can trigger necroptosis in colorectal 
cancer (CRC) through the RIPK1/RIPK3/MLKL signaling 
pathway [28]. Meier et al. have reported that necroptosis can 
activate antigen-presenting cells, which, in turn, stimulate 
CD8+ T cells to elicit robust anti-tumor immune responses 
[29]. Additionally, several studies have underscored the role 
of chemotherapy agents and natural compounds in inducing 
necroptosis and subsequently inhibiting tumor growth. For 
example, jaceosidin has shown considerable potential as an 
inducer of necroptosis for treating human glioblastoma mul-
tiforme [30]. Similarly, cisplatin has been reported to induce 
necroptosis through both TNF-α-dependent and -independent 
pathways [31]. Despite these advancements, the specific role 
of necroptosis in CCA remains largely unexplored, highlight-
ing a critical gap in current research.

This study was the first to report the function and potential 
mechanism of FCN3 in CCA. We discovered that the expres-
sion of FCN3 was significantly down-regulated in CCA tumor 
cells and tissues at both the mRNA and protein levels. A se-
ries of in vitro experiments demonstrated that FCN3 markedly 

inhibited the proliferation, migration, and colony formation 
of CCA cells. These findings were further validated by in vivo 
animal experiments, which showed that FCN3 suppressed the 
growth of CCA tumor tissues.

Transcriptome sequencing and human serum complement-
mediated cytolysis assays both indicated that FCN3 exerted its 
effects in CCA primarily through the complement pathway. Co-
IP experiments confirmed the interaction between FCN3 and 
MASP2, while Western blotting analysis and TEM provided ev-
idence that FCN3 inhibited tumor progression via necroptosis. 
Collectively, these findings suggested that FCN3 bound to and 
activated MASP2, thereby triggering the complement cascade 
to induce necroptosis of CCA cells through the RIPK1/RIPK3/
MLKL pathway, functioning as a tumor suppressor gene in CCA.

5   |   Conclusion

This study revealed that FCN3 acted as a tumor suppressor 
gene in CCA by binding to MASP2, thereby triggering the 
complement cascade and inducing necroptosis in CCA cells. 
These findings shed light on a novel mechanism by which 
FCN3 exerted its anti-tumor effects, positioning it as a piv-
otal player in the regulation of tumor cell death through the 
complement pathway. By uncovering the role of FCN3 in pro-
moting necroptosis via the RIPK1/RIPK3/MLKL axis, our 
research opened up exciting possibilities for new therapeutic 
strategies targeting FCN3 or the complement system in CCA. 
This breakthrough not only expanded our understanding of 
CCA pathogenesis but also offered promising new avenues 
for developing targeted therapies to combat this aggressive 
cancer.
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