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Abstract
Background  Colorectal cancer (CRC) exhibits a high incidence globally, with the liver being the most common 
site of distant metastasis. At the time of diagnosis, 20–30% of CRC patients already present with liver metastases. 
Colorectal liver metastasis (CRLM) is a major cause of mortality among CRC patients. The pathogenesis of CRLM 
involves complex molecular mechanisms and the hepatic immune microenvironment, but current clinical prevention 
and treatment are significantly limited. Recent studies have revealed that the major facilitator superfamily domain 
containing protein-2a (Mfsd2a) plays a pivotal role in the development and metastasis of various cancers. For instance, 
Mfsd2a inhibits gastric cancer initiation and progression and may impact angiogenesis. However, the mechanisms by 
which Mfsd2a influences CRC progression and liver metastasis remain unclear.

Methods  In this study, we conducted a survival analysis of Mfsd2a in colorectal cancer using data from the GEPIA 
and GEO databases, and examined the expression differences between primary tumor (PT) and liver metastasis (LM). 
We further assessed the clinical significance and prognostic relevance of Mfsd2a through immunohistochemical 
analysis of tissue samples from 70 CRLM patients. Moreover, Kaplan-Meier analysis was used to perform survival 
analysis on these patients. The biological function of Mfsd2a in CRLM was confirmed by a series of experiments 
conducted both in vitro and in vivo. Additionally, we investigated downstream molecular pathways using western 
blot, Co-immunoprecipitation, immunofluorescence, and mass spectrometry techniques.

Results  We observed that Mfsd2a expression is reduced in LM compared to PT, and higher Mfsd2a levels are 
associated with better prognosis in CRLM patients. Furthermore, function assays demonstrated that Mfsd2a 
suppresses CRC cells proliferation, migration, invasion, and EMT in vitro, while also delaying tumor growth and 
liver metastasis in vivo. Mechanistically, Mfsd2a interacts with S100A14, enhancing its expression and inhibiting 
phosphorylation of STAT3. In addition, the STAT3 activator colivelin partially reversed the inhibitory effect of Mfsd2a 
overexpression on the progression of colorectal cancer and liver metastasis.
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Background
Colorectal cancer (CRC) ranks among the top three 
gastrointestinal malignancies in terms of incidence and 
mortality [1]. The liver is the most common site of dis-
tant metastasis for CRC, with approximately 15–25% of 
patients presenting with liver metastasis at initial diagno-
sis, and over half of CRC patients ultimately developing 
liver metastasis [2]. Compared to patients without liver 
metastasis, those with colorectal liver metastasis (CRLM) 
have a significantly lower 5-year survival rate, typi-
cally below 20% [3, 4]. Liver metastasis is a major cause 
of mortality among CRC patients [5]. CRLM is emerg-
ing as a significant global health challenge [6]. Extensive 
research highlights the critical role of the interaction 
between tumor biology and the microenvironment in 
CRLM development. However, effective therapeutic 
strategies or targeted drugs remain unavailable, lead-
ing to suboptimal clinical outcomes [7]. Therefore, it is 

crucial to identify potential biomarkers for CRLM and 
to explore the potential mechanisms of colorectal cancer 
metastasizes to the liver.

Major facilitator superfamily domain containing pro-
tein-2a (Mfsd2a) is a lipid metabolism-associated mem-
brane protein that transports a wide range of substrates 
such as sugars, polyols, drugs, and neurotransmitters and 
plays a key role in maintaining the blood-brain barrier 
[8–10]. Recent studies have emphasized its involvement 
in various cancers. Mfsd2a acts as a tumor suppressor 
in lung cancer by regulating tumor cell cycle and matrix 
adhesion [11], and it can prevent metastatic brain tumors 
by restoring intracellular docosahexaenoic acid transport 
[12]. Additionally, expression level of Mfsd2a is positively 
correlated with improved patient survival in hepatocellu-
lar carcinoma [13]. Mfsd2a inhibits gastric cancer initia-
tion and progression and may impact angiogenesis [14], 
with Mfsd2a potentially serving as a predictive biomarker 

Conclusion  In summary, Mfsd2a inhibits colorectal cancer progression and liver metastasis by interacting with 
S100A14, thereby suppressing the phosphorylation of STAT3. Mfsd2a functions as a tumor suppressor in CRLM and 
could be a promising therapeutic target for treating CRC patients with liver metastasis.
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for anti-PD-1 immunotherapy response in advanced 
gastric cancer [15]. In the colon, Mfsd2a promotes 
endothelial generation of lipid mediators that resolve 
inflammation and reduces colitis in mice [16]. However, 
its role in CRC progression and liver metastasis remains 
unexplored.

This study aims to investigate the regulatory mecha-
nisms of Mfsd2a in CRLM. Analysis of public datasets 
and clinical outcomes indicated that the expression level 
of Mfsd2a in liver metastasis (LM) was positively corre-
lated with the prognosis of CRLM patients. Experiments 
in vivo and in vitro demonstrated that Mfsd2a inhibited 
the proliferation, migration, and epithelial-to-mesen-
chymal transition (EMT) of CRC cells, confirming that 
Mfsd2a served as a tumor suppressor restraining CRC 
progression and liver metastasis. Moreover, we found 
that Mfsd2a regulated the expression and phosphory-
lation of the signal transducer and activator of tran-
scription 3(STAT3) by interacting with its downstream 
protein S100 calcium-binding protein A14 (S100A14), 
thereby inhibiting the development of CRLM. These find-
ings suggest that Mfsd2a holds promise as a therapeutic 
target and prognostic biomarker for CRLM.

Materials and methods
Patients and samples collection
All tissue samples were obtained from patients with 
colorectal liver metastasis (CRLM) who underwent syn-
chronous resection of primary colorectal tumor and 
liver metastasis at the First Affiliated Hospital of Nanjing 
Medical University, without concurrent primary or meta-
static malignancies at other sites. Informed consent was 
obtained from all patients before the collection of clinical 
samples, and consent forms were signed. This study was 
approved by the Ethics Committee of the First Affiliated 
Hospital of Nanjing Medical University (Approval No: 
2024-SR-526).

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR)
Total RNA was extracted from tissue or cells using an 
RNA extraction kit (esunbio, Shanghai, China) accord-
ing to the manufacturer’s instructions, and reverse tran-
scribed into cDNA. qRT-PCR was performed using 
SYBR Green fluorescent dye, and target gene expression 
levels were normalized to GAPDH expression. Primer 
sequences used for amplification are detailed in Table S1.

Western blot
Tissues and cells were lysed using RIPA buffer (Beyotime, 
Shanghai, China) supplemented with PMSF (Beyotime, 
Shanghai, China). Proteins were separated by SDS-
PAGE (Epizyme, Shanghai, China) and then transferred 
to PVDF membranes (Merck Millipore, Burlington, MA, 

USA). Membranes were incubated with primary and sec-
ondary antibodies, and protein bands were visualized 
using an enhanced chemiluminescence detection reagent 
(NcmECL High, Suzhou, China). Details of all antibodies 
are listed in Table S2.

Hematoxylin and eosin(H&E), immunohistochemistry(IHC), 
and immunofluorescence staining
The specimens were fixed in 4% neutral buffered forma-
lin and then embedded in paraffin. Tissue sections were 
stained with hematoxylin and eosin. Standard immu-
nohistochemical protocols were employed for tissue 
assessment.

For immunofluorescence staining, fixed tissue sections 
were placed in an antigen retrieval solution containing 
EDTA (pH = 9.0) from a retrieval kit (Servicebio, China) 
and heated in a microwave for antigen retrieval. After 
blocking with 1% BSA for 30  min, primary antibodies 
were applied and incubated overnight at 4 °C. After PBS 
washes, secondary antibodies specific to the respective 
species were applied for 50 min, and nuclei were stained 
with DAPI. The slides were examined and recorded using 
an inverted confocal fluorescence microscope (NIKON 
ECLIPSE C1).

Cell Culture, transfection, and establishment of stable cell 
lines
The HEK 293T and the colorectal cancer cell lines(RKO, 
CT26)used in this study were obtained from the Cell 
Bank of the Chinese Academy of Sciences (CASCB, 
Shanghai, China). The RKO cell line was cultured in 
DMEM (GIBCO, NY, USA) supplemented with 10% fetal 
bovine serum (GIBCO) and 1% penicillin-streptomycin 
(GIBCO). The HEK 293T and CT26 cell lines were cul-
tured in RPMI-1640 (GIBCO) medium supplemented 
with 10% FBS and 1% penicillin-streptomycin. All cell 
lines were maintained in a 5% CO2 humidified incubator 
(Thermo Fisher Scientific, MA, USA) at 37 °C.

To establish stable cell lines, the lentiviral vectors for 
Mfsd2a overexpression and S100A14 knockdown plas-
mids were designed by GenePharma (Shanghai, China). 
Target cells were transfected with these lentiviral vectors, 
and stable transfectants were selected using puromycin. 
Verification was performed using qRT-PCR and Western 
Blotting. Detailed sequences are listed in Table S3.

Subcutaneous tumor and CRLM models in mouse
Animal experiments for this study were approved by the 
Institutional Animal Care and Use Committee (IACUC-
2306050) of the First Affiliated Hospital of Nanjing Medi-
cal University. 6–8 weeks old BALB/c male mice were 
purchased from Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China) and housed under standard 
laboratory conditions.
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BALB/C mice were grouped according to experimental 
requirements, with six mice per group. A total of 5 × 10^6 
lentivirus-transduced CT26 cells were injected into the 
right axillary region of the mice. Once subcutaneous 
tumors were successfully established, tumor size was 
measured every three days for 21 days. After euthana-
sia, subcutaneous tumors were excised for weighing and 
immunohistochemical staining.

For the CRLM model, after successful anesthesia, the 
abdomen was opened, and the spleen was isolated and 
exposed. Then, 1 × 106 lentivirus-transduced CT26/Luc 
cells in 100  µl PBS were injected into the spleen. After 
withdrawing the needle, local pressure was applied to the 
injection site for hemostasis, and the spleen was removed 
15 min later. Two weeks post-surgery, mice were eutha-
nized, and liver tissues were harvested for weighing, 
imaging, and subsequent tissue embedding.

CCK-8 assay
Cells were seeded in 96-well plates at a density of 2,000 
cells per well, with 100 µl of complete medium per well. 
At 0, 24, 48, 72, 96, and 120 h, cells were incubated with 
the CCK-8 reagent (Biosharp, Hefei, China) for 2  h. 
Absorbance at 450 nm was measured using a spectropho-
tometer (Thermo Fisher Scientific, Pittsburgh, PA, USA).

Colony formation assay
Cells were seeded in 6-well plates at a density of 1,000 
cells per well and cultured for 14 days. After 14 days, cells 
were fixed with 4% paraformaldehyde for 30  min and 
then stained with 1% crystal violet for 20 min. The num-
ber of colonies in each well was recorded.

EdU proliferation assay
Logarithmically growing tumor cells were seeded in 
24-well plates and cultured for 12  h. EdU staining was 
performed according to the instructions provided with 
the EdU Assay Kit (BeyoClick™ EdU-555) to assess cell 
proliferation. Images were captured using a fluorescence 
microscope (Zeiss, Jena, Germany).

Transwell assay
Invasion and migration assays were conducted using 
Transwell chambers (Corning, USA), with or without 
Matrigel (BD Biosciences, USA) coating. RKO and CT26 
cells (2 × 10^4) were seeded in the upper chamber and 
incubated in 200  µl of serum-free medium, while the 
lower chamber contained 600  µl of complete medium 
with 10% FBS. After 24  h of incubation, invasive cells 
on the lower surface of the membrane were fixed with 
4% paraformaldehyde and stained with crystal violet. 
Images were captured and recorded using an inverted 
microscope.

Wound healing assay
Cells were seeded in 6-well plates at an appropriate den-
sity and grown to near confluence. After 24 h of incuba-
tion in serum-free medium, a cross-shaped wound was 
created on the bottom of the wells using a 200 µl pipette 
tip. Cell migration into the wound area was observed 
and photographed at 0, 24, and 48  h using an inverted 
microscope. The width of the wound was measured and 
recorded to determine the wound healing rate.

Cell apoptosis
Cell apoptosis was assessed using the APC Annexin V 
Apoptosis Detection Kit (640932, BioLegend). After col-
lection, cells were stained with Annexin V-APC and PI 
at room temperature for 15 min, following the manufac-
turer’s instructions. The cells were resuspended in buffer 
for flow cytometric analysis (CytoFLEX S, Beckman). All 
data were analyzed using FlowJo (V10.8.1) and CytoEx-
pert (V2.4.0.28).

Immunoprecipitation (IP), silver staining, and mass 
spectrometry
Cells were lysed with NP-40 (Beyotime, Shanghai, China) 
to extract proteins. Antibodies were incubated with Pro-
tein A/G magnetic beads (Beyotime, Shanghai, China) 
to capture antigen-antibody complexes. The protein 
complexes were separated by SDS-PAGE and detected 
by Western blotting using appropriate antibodies. Silver 
staining was performed according to the manufacturer’s 
instructions (Beyotime, Shanghai, China). Candidate 
proteins that differed significantly from the gel back-
ground were excised and sent to a commercial facility for 
mass spectrometry analysis.

Immunofluorescence (IF)
Cells at the appropriate density were fixed with 4% para-
formaldehyde at 37 °C for 30 min and permeabilized with 
0.3% Triton X-100. After blocking for 30 min, cells were 
incubated overnight at 4  °C with specific primary anti-
bodies. The next day, cells were incubated with fluores-
cent secondary antibodies (Beyotime, Shanghai, China) 
for 2  h and stained with DAPI (Beyotime, Shanghai, 
China) to visualize the nuclei. Fluorescent images were 
captured using a confocal fluorescence microscope.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 9.0 software. Comparisons between two groups 
were conducted using two-tailed Student’s t-test, while 
one-way ANOVA was used for multiple comparisons. 
The X2 test was used to analyze the correlation between 
Mfsd2a expression and clinicopathological variables. 
Overall survival (OS) and progression-free survival (PFS) 
were analyzed using the Kaplan-Meier analysis method. 
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The relevant experiments presented in this study were 
performed at least three times independently, and data 
are presented as mean ± SD. Statistical significance was 
considered at p < 0.05 (ns. = not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001).

Result
Mfsd2a expression is downregulated in CRLM and 
associated with poor prognosis
Mfsd2a has been confirmed to act as a tumor suppres-
sor in several cancers, including lung cancer [11], gastric 
cancer [14], and hepatocellular carcinoma [13]. However, 
its role and mechanisms in colorectal cancer (CRC) and 
colorectal liver metastasis (CRLM) remain unclear. Anal-
ysis using the TIMER2.0 ​d​a​t​a​b​a​s​e​(​​​h​t​t​p​:​/​/​t​i​m​e​r​.​c​i​s​t​r​o​m​
e​.​o​r​g​/​​​​​) revealed no statistically significant difference in 
Mfsd2a expression between CRC tumor tissues and nor-
mal tissues (Fig.S1A). Nevertheless, Survival analysis indi-
cated that CRC patients with higher Mfsd2a expression 
had a longer life expectancy (Fig.  1A). Recent research 
has shown that CRLM is associated with low survival 
rates and mortality in CRC patients [5, 17]. Therefore, we 
hypothesized that Mfsd2a is involved in CRLM. Analysis 
of the GEO dataset (GSE213402) revealed that Mfsd2a 
transcript levels were downregulated in liver metastasis 
(LM) compared to primary tumor (PT) (Fig.  1B). Sub-
sequent validation by qRT-PCR and Western blot con-
firmed that Mfsd2a expression was significantly reduced 
in LM compared to PT (Fig. 1C, D). Additionally, immu-
nohistochemical analysis further confirmed decreased 
Mfsd2a protein expression in LM (Fig. 1E). We classified 
70 CRLM patients into two different groups with high or 
low Mfsd2a expression based on the immunohistochemi-
cal analysis of Mfsd2a in LM tissues. The results showed 
that low expression of Mfsd2a was associated with an 
increased number of metastases(p = 0.022), poorer degree 
of differentiation (p = 0.025), higher postoperative recur-
rence rates (P = 0.031), and elevated clinical risk scores 
(CRS) (P = 0.030) by analyzing the relationship between 
Mfsd2a and the clinical-pathological features of CRLM 
patients (Table S4). Kaplan-Meier survival analysis indi-
cated that CRLM patients with low Mfsd2a expression 
had significantly shorter overall survival (OS) (p = 0.0421, 
HR = 0.5539) and progression-free survival (PFS) 
(p = 0.0443, HR = 0.6617) after liver resection (Fig. 1F, G). 
Overall, our results suggest that reduced Mfsd2a expres-
sion in LM correlates with poor prognosis in CRLM 
patients.

Mfsd2a inhibits CRC cell proliferation and tumor growth
Cell proliferation provides the foundation for tumor 
metastasis and expansion in distant organs, serving 
as a key driving of tumor growth and metastasis [7]. 
To investigate the biological function of Mfsd2a in the 

progression of CRLM, we used the highly metastatic 
CRC cell lines RKO and CT26 for in vitro and in vivo 
experiments. Stable Mfsd2a-overexpressing  (oeMfsd2a) 
cell lines were generated through lentiviral transduc-
tion (Fig. 2A, B). Overexpression of Mfsd2a significantly 
inhibited the proliferation and colony formation of RKO 
and CT26 cells (Fig.  2C, D). Consistently, EdU staining 
further confirmed that overexpression of Mfsd2a inhib-
ited cell proliferation (Fig. 2E). Furthermore, we observed 
that overexpression of Mfsd2a promoted apoptosis in 
RKO and CT26 cells (Fig. 2F, G).

To determine the effects of Mfsd2a on proliferative 
capacity in vivo, we established a subcutaneous tumor 
model in BALB/c mice. Compared to the control group, 
the oeMfsd2a group showed a significant reduction in 
both tumor volume and weight (Fig. 2H, I). In addition, 
immunohistochemistry (IHC) staining revealed reduced 
Ki-67 expression in the oeMfsd2a group (Fig. 2J). Overall, 
both in vitro and in vivo experiments demonstrated that 
Mfsd2a inhibits the proliferation of CRC cells.

Mfsd2a suppresses CRC cell migration, invasion, EMT and 
CRLM formation
Previous studies have demonstrated that the migration 
and invasion enable tumor cells to overcome barriers and 
spread by penetrating blood vessels and tissues, playing 
a crucial role in the progression of CRLM [18, 19]. In 
order to explore the role of Mfsd2a in CRLM, we con-
ducted follow-up studies. In wound healing and Tran-
swell assays, oeMfsd2a RKO and CT26 cells exhibited 
significantly reduced migration and invasion compared 
to control groups (Fig.  3A, B). Given that epithelial-to-
mesenchymal transition (EMT) has been critical for 
cancer cell migration, invasion, and metastasis [20, 21], 
we investigated EMT-related markers in oeMfsd2a CRC 
cells. Immunofluorescence  (Fig.  3C) and western blot 
(Fig. 3D) analyses demonstrated that Mfsd2a overexpres-
sion led to increased E-cadherin and decreased N-cad-
herin and vimentin expression. These results indicate 
that Mfsd2a effectively inhibits CRC cell migration, inva-
sion and EMT.

We then established a highly standardized liver metas-
tasis mouse model using oeMfsd2a CT26/Luc cells. Com-
pared to the control group, tumors with overexpression 
of Mfsd2a exhibited reduced bioluminescence intensity 
(Fig.  3E), as well as significantly fewer metastatic nod-
ules and decreased liver weight (Fig.  3F). Furthermore, 
histological analysis of metastatic liver tissues, following 
fixation and H&E staining, revealed fewer and smaller 
metastatic lesions in the oeMfsd2a group. Accordingly, 
Mfsd2a inhibits the progression of CRLM in vivo.

http://timer.cistrome.org/
http://timer.cistrome.org/
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Fig. 1  Mfsd2a is downregulated in CRLM and associated with poor prognosis. (A) Kaplan-Meier survival analysis of Mfsd2a expression in CRC patients 
from the GEPIA2 database. (B) Mfsd2a expression levels in paired PT and LM from the GEO dataset (GSE213402). (C,D) Relative mRNA levels (n = 20) and 
protein expression levels (n = 8) of Mfsd2a in PT and LM tissues from CRLM patients. (E) Representative IHC images of Mfsd2a expression in PT and paired 
LM from CRLM patients. (F,G) Kaplan-Meier survival curves for overall survival (OS) and progression-free survival (PFS) in 70 CRLM patients, stratified by 
median Mfsd2a expression levels in LM. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 2  Mfsd2a inhibits CRC cell proliferation in vitro and in vivo. (A, B) Overexpression efficiency of Mfsd2a in RKO and CT26 cells were validated by West-
ern blot and qRT-PCR. (C) CCK-8 assay was performed on oeMfsd2a RKO and CT26 cells. (D,E) EdU and colony formation assays were used to evaluate 
the proliferative capacity of oeMfsd2a RKO and CT26 cells. (F) Apoptosis was detected using the APC Annexin V Apoptosis Detection Kit with PI by flow 
cytometry. (G) Western blot analysis of apoptosis-related protein expression. (H) Subcutaneous tumors were established by injecting oeMfsd2a CT26 cells 
in BALB/c mice. (I) Volume and weight of subcutaneous tumors. (J) H&E staining, Mfsd2a, and Ki-67 staining of subcutaneous tumors. (*P < 0.05, **P < 0.01, 
***P < 0.001,****P < 0.0001)
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Fig. 3 (See legend on next page.)
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Mfsd2a directly interacts with downstream protein 
S100A14
To explore how Mfsd2a inhibits CRC progression and 
liver metastasis, we performed silver staining and immu-
noprecipitation coupled with mass spectrometry (IP/MS) 
to identify proteins that interact with Mfsd2a in CRC 
cells (Fig. 4A). We identified S100 calcium-binding pro-
tein A14 (S100A14) (Fig.S2A), an S100 calcium-binding 
protein that inhibits tumor metastasis in various malig-
nancies including prostate cancer, nasopharyngeal car-
cinoma, and gastric cancer, and is associated with EMT 
[22–24]. Next, Co-immunoprecipitation (Co-IP) and 
immunofluorescence staining confirmed the direct inter-
action between Mfsd2a and S100A14 (Fig.  4B, C). We 
used Schrodinger Software for Protein-Protein Dock-
ing analysis, and the results showed that Mfsd2a and 
S100A14 could bind together stably (Fig.  4D). In pur-
suit of determining the specific regions involved in this 
interaction, we first overexpressed both FLAG-tagged 
Mfsd2a and HA-tagged S100a14 in 293T cells, and then 
designed a series of truncation mutants guided by pro-
tein structure (Fig. 4E). Co-IP analysis showed that resi-
dues 82–160(△2) of Mfsd2a and residues 62–104(△3) 
of S100A14 were essential for Mfsd2a-S100A14 inter-
action (Fig.  4F). We then mutated the predicted bind-
ing sites between Mfsd2a and S100A14 (Fig. 4G). Co-IP 
assays suggested that the interaction between Mfsd2a 
and S100A14 was effectively impeded by mutations in the 
Mfsd2a-binding site (FLAG-Mfsd2a-MUT) or S100A14-
binding site (HA-S100A14-MUT), whether introduced 
individually or in conjunction (Fig.  4H). In addition, 
the protein expression of S100A14 was significantly 
increased in oeMfsd2a CRC cells (Fig. 4I). However, the 
mRNA expression of S100A14 in CRC cells remained 
unchanged regardless of Mfsd2a expression (Fig.S2B). 
Furthermore, Western blot and immunofluorescence 
staining in CRLM patients demonstrated that S100A14 
expression was reduced in LM compared to PT and was 
positively correlated with Mfsd2a expression (Fig. 4J, K). 
Overall, these results suggest that Mfsd2a has a positive 
correlation and direct interaction with S100A14.

Mfsd2a inhibits malignant progression in CRC cells by 
targeting S100A14
To confirm that S100A14 is a downstream target of 
Mfsd2a, we performed rescue experiments in CRC cells. 
First, we knocked down S100A14 in oeMfsd2a CRC cells. 
EdU and colony formation assay showed that S100A14 

knockdown partially restored the proliferative capacity in 
oeMfsd2a CRC cells (Fig.S3A, B;Fig. 5A, B). Meanwhile, 
knockdown of S100A14 antagonized the pro-apoptotic 
effect of oeMfsd2a CRC cells (Fig.S3C, D). In addition, 
the results of wound healing, Transwell and EMT experi-
ments showed that Mfsd2a overexpression inhibited 
CRC cells invasion and migration and impaired the EMT 
process, but knockdown of S100A14 partially reversed 
these results (Fig.S3E-H, Fig.  5C-F). Collectively, these 
results suggest that Mfsd2a inhibits CRC cells progres-
sion in vitro by upregulating S100A14.

Mfsd2a inhibition of tumor growth and CRLM progression 
in vivo is dependent on S100A14
To further validate the regulatory effect of Mfsd2a on 
S100A14, we conducted experiments in vivo. In subcuta-
neous tumor models, Mfsd2a suppressed tumor growth, 
but this suppression was reversed by S100A14 knock-
down (Fig. 6A, B). IHC staining results showed a higher 
expression of Ki-67 in the oeMfsd2a + shS100A14 group 
compared to the oeMfsd2a + shCtrl group (Fig.  6C). 
Accordingly, in liver metastasis models, knockdown 
of S100A14 partially reversed the effect of oeMfsd2a 
on liver metastatic tumor formation in mice (Fig.  6D-
F). These results suggest that Mfsd2a suppresses tumor 
growth and CRLM progression in vivo through S100A14.

Mfsd2a inhibits CRLM through the S100A14/STAT3 axis
As widely recognized, the signal transducer and activa-
tor of transcription 3 (STAT3) is closely associated with 
the progression, metastasis, and EMT of various cancers, 
including CRC [25–28]. Recent research has revealed 
that STAT3 overexpression drives the initiation, progres-
sion, metastasis, and recurrence of CRC, with elevated 
phosphorylated STAT3 (P-STAT3) levels strongly corre-
lated with poor prognosis in patients [29, 30]. Addition-
ally, our previous studies revealed that activation of the 
IL-6/STAT3 pathway significantly contributes to postop-
erative recurrence in CRLM patients [31]. Moreover, it 
has been shown that S100A14 induces STAT3 degrada-
tion and inhibits its phosphorylation level in CRC cells 
[32]. Consequently, we examined the changes in STAT3 
and P-STAT3 protein expression levels in CRC cells. Sur-
prisingly, we found that the expression of both STAT3 
and P-STAT3 was significantly reduced in oeMfsd2a CRC 
cells compared to the control group, while knockdown 
of S100A14 led to increased expression levels of both 
(Fig.  7A). Furthermore, immunofluorescence staining of 

(See figure on previous page.)
Fig. 3  Mfsd2a inhibits CRC cell migration, invasion, EMT, and CRLM formation. (A,B) Wound healing assays and Transwell assays were used to evaluate the 
effects of Mfsd2a overexpression on RKO and CT26 cell migration and invasion. (C,D) Immunofluorescence and Western blot analyses were performed 
to assess the expression of EMT-related proteins. (E) Representative bioluminescence images from the CRLM model. (F) Representative images of CRLM 
formation and H&E staining of liver metastasis sections in the CRLM model with oeMfsd2a CT26 cells, including statistical results for liver weight and 
percentage of liver metastatic lesions. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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Fig. 4  Mfsd2a directly interacts with downstream protein S100A14. (A) Sensitive silver staining was used to identify interacting proteins. (B) Co-IP analysis 
demonstrated the interaction between Mfsd2a and S100A14. (C) Immunofluorescence staining showed colocalization of Mfsd2a and S100A14 in CRC 
cells. (D) Predicted binding model of Mfsd2a and S100A14. (E) Schematic of Mfsd2a and S100A14 in full length and truncations. (F) Immunoprecipita-
tion and Western blot analyses illustrating interactions between FLAG-tagged truncated Mfsd2a and HA-tagged truncated S100A14 proteins in 293T 
cells. (G) Docked positions of Mfsd2a and S100A14 and mutations of Mfsd2a and S100A14 interaction sites. (H) Immunoprecipitation and Western blot 
analyses showing interactions between FLAG-tagged mutated Mfsd2a and HA-tagged mutated S100A14 in 293T cells. (I) S100A14 protein expression in 
oeMfsd2a CRC cells. (J,K) Immunofluorescence and Western blot analyses showed a positive correlation between Mfsd2a and S100A14 protein levels in 
CRLM patients
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Fig. 5  S100A14 knockdown rescues the inhibitory effects of oeMfsd2a RKO cells proliferation, invasion and EMT. (A,B) EdU and colony formation assays 
assessed changes in cell proliferation following S100A14 knockdown in oeMfsd2a RKO cells. (C,D) Transwell and wound healing assays validated that 
S100A14 knockdown partially antagonized the effects of Mfsd2a overexpression on RKO cells migration and invasion. (E,F) Immunofluorescence and 
Western blot analyses measured the expression of S100A14 and EMT-related proteins in different groups. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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Fig. 6  Mfsd2a inhibition of tumor growth and liver metastasis in vivo depends on S100A14. (A,B) Subcutaneous tumor models established with CT26 
cells from different groups reveal the rescuing effect of S100A14 on Mfsd2a in vivo. (C) H&E, Ki-67, Mfsd2a, and S100A14 staining of subcutaneous tumors. 
(D,E) Representative images of the constructed CRLM model and H&E staining of liver metastasis sections from CT26 cells in different groups, including 
corresponding liver weights and percentage of metastatic lesions. (F) Representative bioluminescence images of CRLM models from different groups. 
(*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 7 (See legend on next page.)
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liver tissues from CRLM mouse model showed similar 
results. (Fig. 7B).

We further validated the role of STAT3 in regulat-
ing Mfsd2a-mediated CRC cell metastasis by using the 
STAT3 activator colivelin. In vitro experiments dem-
onstrated that colivelin (10 µM) partially reversed the 
inhibitory effects of Mfsd2a overexpression on CRC cell 
migration, invasion, and EMT progression (Fig.  7C-E). 
Moreover, intraperitoneal injection of colivelin (1  mg/
kg) partially antagonized the inhibitory effect of Mfsd2a 
overexpression on CRLM formation (Fig.  7F, G). These 
results reveal that Mfsd2a inhibits CRLM through the 
S100A14/STAT3 axis.

Discussion
Colorectal cancer (CRC) is the third most common 
malignant tumor worldwide [33, 34], with the liver being 
the most frequent site of metastasis and a major cause 
of mortality [2, 35]. Therefore, identifying new targets of 
colorectal cancer metastasis (CRLM) and understanding 
the specific mechanisms of CRLM progression are crucial 
for the treatment of CRLM. In our study, we found that 
Mfsd2a was downregulated in CRLM and strongly cor-
related with postoperative prognosis in CRLM patients. 
Experiments in vitro and vivo showed that Mfsd2a inhib-
its progression of CRC and CRLM. Then, we identified 
S100 calcium-binding protein A14 (S100A14) as an inter-
acting downstream target of Mfsd2a. Mechanistic inves-
tigations indicated that Mfsd2a modulates the phenotype 
of CRC cells and CRLM formation by inhibiting STAT3 
expression and phosphorylation through upregulation of 
S100A14. Moreover, a STAT3 activator colivelin partially 
neutralizes the inhibitory effects of Mfsd2a. These results 
suggest that Mfsd2a plays a pivotal role in the develop-
ment of CRLM and may serve as a potential prognostic 
marker for CRLM.

The Major Facilitator Superfamily (MFS) is one of the 
largest transporter families, comprising over 70 members 
[36]. The major facilitator superfamily domain contain-
ing protein-2a (Mfsd2a), located on chromosome 1p34.2, 
is a member of the MFS. It shares structural similarities 
with bacterial N/melibiose transporters and features a 
12-transmembrane α-helix domain structure [37]. While 
previous studies have emphasized its critical role in lipid 
transport and maintenance of the blood-brain barrier 
[8, 38], emerging research has highlighted that Mfsd2a 
plays diverse roles in various cancers. Mfsd2a exhibits 

tumor-suppressive functions by blocking the cell cycle 
of lung cancer cells and impairing their adhesion and 
migration properties [11]. It also reprograms the tumor 
microenvironment to activate T cell responses, thereby 
enhancing the efficacy of anti-PD-1 immunotherapy in 
gastric cancer [15]. High expression of Mfsd2a predicts 
favorable prognosis in both gastric cancer and hepa-
tocellular carcinoma [13, 14]. Interestingly, despite the 
TIMER2.0 database revealed no statistically significant 
difference of Mfsd2a expression in CRC tissues, prog-
nosis data indicate that expression level of Mfsd2a posi-
tively correlates with prognosis of CRC patients. Given 
the significant impact of CRLM on patient survival, we 
further investigated the differential expression of Mfsd2a 
in CRLM. Our results revealed that Mfsd2a expression is 
markedly lower in liver metastases compared to primary 
CRC tissues. We observed that Mfsd2a inhibits CRC cell 
proliferation, migration, invasion, and EMT in vitro, and 
suppresses CRLM development in mice. These findings 
suggest that Mfsd2a may act as a metastasis suppressor 
in CRLM.

To further investigate the molecular mechanisms by 
which Mfsd2a inhibits CRLM progression, we performed 
IP/MS and identified S100A14 as a downstream binding 
partner of Mfsd2a. Molecular docking analysis predicted 
the interaction mode between Mfsd2a and S100A14. 
S100A14, a member of the S100 family, is involved in 
various intracellular functions, including cell prolifera-
tion, apoptosis, migration, and invasion [39]. Previous 
research has shown that S100A14 inhibits proliferation 
and invasion in oral cancer [40, 41], metastasis in naso-
pharyngeal and gastric cancers [23, 24], and cell growth 
and EMT in prostate cancer through the Hippo signaling 
pathway [22]. Additionally, increased S100A14 expres-
sion is associated with poor clinical outcomes in ovar-
ian, breast, and cervical cancers [42], whereas decreased 
expression correlates with adverse prognosis and dis-
ease progression in colorectal, small intestine, gastric, 
and esophageal cancers [42–45]. In CRC, S100A14 plays 
a critical role involved in cell motility, adhesion, and 
growth changes [46], and its expression level is inversely 
correlated with CRC metastatic potential [44]. Our 
research reveals that Mfsd2a interacts with S100A14 in 
CRC cells and upregulates of S100A14. Ectopic knock-
down of S100A14 partially reverses the effect of oeMf-
sd2a on inhibiting proliferation, migration, invasion, 
EMT, and CRLM progression. These findings suggest 

(See figure on previous page.)
Fig. 7  Mfsd2a inhibits CRLM via the S100A14/STAT3 axis. (A) Protein expression levels of STAT3 and P-STAT3 were assessed in CRC cells co-transfected 
with Mfsd2a overexpression and/or S100A14 knockdown. (B) Immunofluorescence intensity of Mfsd2a, S100A14, and P-STAT3 was evaluated in CRLM 
models established with CT26 cells. (C) Transwell assays demonstrated that colivelin rescued the inhibitory effects of Mfsd2a overexpression on CRC cells 
migration and invasion. (D) Immunofluorescence analysis was performed to examine the expression of EMT-related proteins in CRC cells. (E) Western blot 
analysis was conducted to determine the expression levels of Mfsd2a, S100A14, and EMT-related proteins in CRC cells. (F,G) CRLM models showed that 
colivelin partially counteracted the inhibitory effect of Mfsd2a on liver metastasis formation. Mice were intraperitoneally injected with 1 mg/kg colivelin 
or DMSO every other day for 2 weeks. (*P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001)
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that Mfsd2a exerts its inhibitory effects on CRC progres-
sion and liver metastasis through S100A14.

The STAT3 signaling pathway is widely recognized as a 
key oncogenic driver associated with the onset and pro-
gression of CRC [47]. Recent research has shown that 
overexpression of STAT3 initiates CRC and promotes 
its progression, metastasis and recurrence, with elevated 
levels of P-STAT3 are closely associated with poor prog-
nosis in CRC patients [29, 30]. Additionally, our previous 
studies found that activation of the IL-6/STAT3 pathway 
promotes postoperative recurrence in CRLM patients 
[31]. STAT3 activation is typically regulated through pro-
teasomal degradation and upstream signaling molecules 
[48], and targeting STAT3 has shown to inhibit tumor 
growth and metastasis in vitro and in vivo [49]. Previous 
studies have also indicated that S100A14 induces STAT3 
degradation and inhibits its phosphorylation in CRC 
cell lines [32]. Accordingly, our experiments reveal that 
oeMfsd2a inhibits the levels of STAT3 and P-STAT3 in 
CRC cell lines, and P-STAT3 expression is significantly 
reduced in the oeMfsd2a group of the CRLM mouse 
compared to the control group. Furthermore, treatment 
with the STAT3 activator colivelin partially antagonized 
the inhibitory effects of Mfsd2a on CRC cells both in 
vitro and in vivo.

Conclusion
In summary, our findings provide the novel evidence 
that Mfsd2a acts as a potent inhibitor of colorectal liver 
metastasis (CRLM) and functions as a biomarker for 
favorable prognosis in CRLM patients. Mechanisti-
cally, Mfsd2a suppresses the initiation and progression 
of CRLM by interacting with S100A14 to inhibit STAT3 
phosphorylation. Our findings may provide evidences to 
explore novel therapeutic strategy targeting Mfsd2a for 
CRLM patients.
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