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Siglec-14-LGALS3BP glycoimmune axis
shapes tumor-associated macrophage
polarization and confers poor outcome in
colorectal cancer
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Colorectal cancer (CRC) is a leading cause of cancer-related deaths, particularly in metastatic cases.
Sialic acid, frequently overexpressed in tumors, promotes immune evasion by engaging Siglecs (Sialic
acid-binding immunoglobulin-like lectins) on immune cells. Siglec-5 and Siglec-14, expressed on
myeloid cells, share ligand-binding domains but have opposing signaling functions. While these
paired receptors regulate macrophage immune responses against bacterial infection, their role in the
tumor microenvironment remains unclear. We found that Siglec-14 expression in THP-1
macrophages, when exposed to CRC tumor-conditioned medium, induces a protumoral SPP1*
tumor-associated macrophage phenotype, with enrichment of angiogenic pathways. In vivo, Siglec-
14-expressing macrophages promoted CRC xenograft growth in mice, and their conditioned medium
enhanced angiogenesis in chicken chorioallantoic membranes. We identified LGALS3BP (Lectin
galactoside-binding soluble 3 binding protein), a sialylated glycoprotein in CRC tumor-conditioned
medium, as a Siglec-14 ligand. Blocking this interaction reduced tumor-associated macrophage
polarization and VEGF release. Siglec-14 is absent in some individuals due to a SIGLEC5/14 fusion
polymorphism. Siglec-14-positive CRC patients exhibited elevated serum LGALS3BP, which
correlated with advanced progression and poorer survival. Collectively, these findings establish the
LGALS3BP-Siglec-14 axis as a potential therapeutic target, offering a strategy to enhance antitumor
immunity in Siglec-14-positive CRC patients.

Colorectal cancer (CRC) is the third most prevalent cancer and the second
leading cause of cancer-related deaths worldwide, with ~1.8 million new
cases and 940,000 deaths annually. Despite treatment advances, metastatic
CRC retains a poor prognosis, with a 5-year survival rate of 15% for stage IV
patients, who account for 22% of diagnoses'~. One key hallmark of malignant
transformation is aberrant glycosylation, notably increased sialylation, which
promotes tumor progression through metastasis, angiogenesis, immune
evasion, and chemoresistance—all major contributors to poor outcomes’.

Tumor-associated sialoglycans regulate immune responses by
interacting with sialic acid (Sia)-binding immunoglobulin-like lectins
(Siglecs) on immune cells, including T cells, NK cells, macrophages, and
dendritic cells. This interaction forms a glyco-immune checkpoint within
the tumor microenvironment (TME), promoting immune suppression®”.
Most Siglecs, from Siglec-2 (CD22) to Siglec-XII, feature cytosolic
immunoreceptor tyrosine-based inhibitory motif (ITIM) or ITIM-like
domains that suppress immune responses. In contrast, a subset, including
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Siglec-14, -15, and -16, pairs with the adapter protein DNAX activation
protein of 12 kDa (DAP12), which contains an immunoreceptor tyrosine-
based activation motif (ITAM) to boost immune activity®’.

ITIM-bearing Siglecs, such as Siglec-7 and -9, inhibit CD8" T cell
and NK cell cytotoxicity and skew macrophages toward immunosup-
pressive, tumor-promoting phenotypes'*™'°. Engagement of Siglec-9
and Siglec-10 also hampers macrophage-mediated tumor
clearance'”"*. Meanwhile, the roles of DAP12-associated Siglecs in
cancer are less clear. Siglec-15 promotes immunosuppressive cytokine
production in macrophages, and blocking it boosts antitumor immu-
nity and curbs bone metastases'’*’. Siglec-16, however, facilitates M1
macrophage polarization, and was linked to improved survival in
glioblastoma patients™. Siglec-5 and Siglec-14, expressed on myeloid
cells, are paired receptors that share identical sialoglycan-binding
properties but opposing effects. Siglec-5 suppresses immune responses
via its ITIM domain, while Siglec-14 amplifies activation through
DAP12”*. A genetic fusion between SIGLEC5 and SIGLEC14 causes a
SIGLECI14-null polymorphism with geographic variation, affecting
antibacterial and inflammatory responses™ . However, the role of this
paired receptor system in the TME remains unexplored.

This study examines the immunomodulatory effect of Siglec-5/-
14 in the CRC TME. We showed that Siglec-14 steers macrophage
polarization to a SPP1" tumor-associated macrophage (TAM) phe-
notype, which is associated with tumor progression. We also pin-
pointed lectin galactoside-binding soluble 3 binding protein
(LGALS3BP), a highly sialylated protein, as a key ligand for Siglec-5/-
14 in CRC. Elevated serum LGALS3BP levels correlated with worse
clinical outcomes, underscoring the potential importance of the
LGALS3BP-Siglec-14 axis in CRC progression.

Results

Siglec-14 promotes macrophage polarization to the M2/TAM
phenotype

To explore the immunomodulatory role of the Siglec-5/-14 paired receptor
in macrophage polarization, human monocytic THP-1 cells were engi-
neered to express either vector control (EV/THP-1), human Siglec-5 (S5/
THP-1), or human Siglec-14 (S14/THP-1). Expression of Siglec-5 and
Siglec-14 was confirmed by flow cytometry (Supplementary Fig. 1). Fol-
lowing differentiation with PMA and polarization with LPS/IFN-y (M1) or
IL-4/IL-13 (M2), we measured M1 and M2 marker levels. Pro-
inflammatory cytokine transcripts (TNF, IL1B, and IL6) and their corre-
sponding proteins showed marginal differences across groups (Fig. 14, C).
However, Siglec-14 markedly upregulated M2 marker transcripts (CCL22,
CD204, LXRA, and PPARG) and CCL22 protein levels compared to EV/
THP-1 and S5/THP-1 macrophages (P < 0.01, Fig. 1B, C), suggesting a tilt
toward M2 polarization.

Tumors release signals that shape immune cells in the TME, driving
angiogenesis and tolerance. To test whether Siglec-14 amplifies TAM
polarization in response to cancer-derived factors, we exposed PMA-
differentiated THP-1 macrophages to tumor-conditioned medium (TCM)
from human CRC SW620 cells (TCM®™"*) for 48 h. Pro-inflammatory
cytokine transcripts (TNF and IL6) showed no significant increase after
TCMW treatment. In contrast, TAM markers (PD-LI, IL10, CCL17,
CCL22, VEGFA, and TGFB) were significantly elevated in S14/THP-1 mac-
rophages compared to EV/THP-1 and S5/THP-1 macrophages (Fig. 1D).
Consistently, CCL22 and VEGF protein levels were markedly increased in
supernatants of TCM*"**-treated S14/THP-1 macrophages (Fig. 1E). Similar
findings were observed using TCM from other CRC cell lines (HT29, DLD-1,
and HCT116), as indicated by increased CCL17 and VEGFA levels (Fig. 1F),
suggesting a broader role for Siglec-14 in fostering TAM polarization.

Siglec-14 drives SPP1* TAM signatures in TCM3"*?_treated
macrophages

To investigate the role of Siglec-14 in modulating the transcriptomic profile
of TCM-treated THP-1 macrophages, we exposed EV/THP-1, S5/THP-1,

and S14/THP-1 macrophages to TCM*"**° for 48 h, followed by bulk RNA
sequencing. We analyzed differentially expressed genes (DEGs) across these
groups, both with and without TCM*"**" treatment, using k-means clus-
tering with k=6 (Fig. 2A and Supplementary Data 1). Gene clusters were
subjected to Gene Ontology (GO) enrichment analysis, with the most sig-
nificantly enriched GO terms (FDR <0.01) shown in Fig. 2B. Notably,
cluster 3, comprising genes upregulated in S14/THP-1 macrophages treated
with TCM®"**, was enriched in biological processes related to cell adhesion,
migration, inflammatory response, and angiogenesis (Fig. 2B), suggesting a
tumor-supportive role for Siglec-14.

Recent studies utilizing single-cell RNA sequencing have identified two
distinct TAM phenotypes in CRC: CIQC" TAMs, which are correlated with
favorable prognosis, and SPP1* TAMs, which are associated with poorer
clinical outcomes™*’. SPP1" TAMs are characterized by enriched pathways
that promote angiogenesis, extracellular matrix-receptor interactions, and
tumor vasculature development, whereas C1QC* TAMs are linked to
complement activation and antigen presentation. To evaluate whether
Siglec-14 drives macrophage polarization toward the SPP1* TAM pheno-
type, we compared gene expression profiles of mock- and TCM*"**-treated
EV/THP-1, S5/THP-1, and S14/THP-1 macrophages using the C1QC" and
SPP1" TAM gene signatures defined by ref. 28. Our analysis demonstrated
that both mock- and TCM*W*®-treated S14/THP-1 macrophages exhibited
significantly higher expression of SPP1* TAM signature genes and lower
expression of CLIQC" TAM markers. Despite Siglec-14 alone induced some
TAM-associated gene changes but our data still demonstrated that Siglec-14
can further amplified TCM®*"**-driven TAM polarization (Fig. 2C, with the
complete gene list and their TPM value in Supplementary Data 2). These
results were validated by RT-qPCR (Fig. 2D). Furthermore, Gene Set
Enrichment Analysis (GSEA) revealed that pathways associated with SPP1*
TAMs, such as angiogenesis, vasculature development, epithelial develop-
ment, and positive regulation of cell migration, were significantly enriched
in TCM®*'-treated S14/THP-1 macrophages compared to TCM®*"**-
treated S5/THP-1 macrophages (Fig. 2E). Collectively, these results indicate
that Siglec-14 promotes the development of a tumor-supportive SPP1*
TAM phenotype in macrophages exposed to CRC TCM.

Siglec-14 enhances macrophage-mediated tumor-promoting
and angiogenic activities

To investigate whether Siglec-14-mediated macrophage polarization con-
tributes to CRC progression, we co-inoculated SW620 tumor cells with
THP-1 macrophages into nude mice (Fig. 3A). The co-inoculation of
macrophages with tumor cells led to increased tumor volume and weight
compared to tumors formed by SW620 cells alone. Notably, S14/THP-1
macrophages promoted faster and larger tumor growth than either EV/
THP-1 or S5/THP-1 macrophages (Fig. 3B-D). This enhanced tumor-
igenicity did not result from differences in macrophage proliferation, as
PMA-differentiated THP-1 macrophages did not proliferate, and cell
numbers remained comparable across all experimental groups after 2 days
of culture (Fig. 3E).

TAMs secrete a range of cytokines, chemokines, growth factors,
and metabolites that support tumor growth, reduce cell death, and
promote angiogenesis. To assess the functional role of Siglec-14 in
these processes, we evaluated the effects of conditioned medium from
TCM*™_treated macrophages (MeCM) on CRC cells. However,
M@CM derived from EV/THP-1, S5/THP-1, and S14/THP-1 macro-
phages had no impact on the growth rate, sensitivity to 5-fluorouracil,
or clonogenicity and sphere formation of CRC cells (Supplementary
Fig. 2A-F). Given the significant increase in VEGF, a key pro-
angiogenic factor, in S14/THP-1 following stimulation with CRC
TCM, we next examined the effects of MpCM on endothelial cell
behavior. MeCM from mocked-treated S14/THP-1 macrophage had
only minimal effects on the survival and migration of human umbilical
vein endothelial cell (HUVEC), whereas M@CM from TCM®"*-
treated S14/THP-1 macrophages (MeCM**™"") markedly enhanced
both processes compared with MpCM from TCM*V**-treated EV/
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Fig. 1 | Siglec-14 potentiates M2-like TAM polarization. A RT-qPCR analysis of
mRNA levels of M1 macrophage markers in THP-1 macrophages treated with LPS/
IFN-y. B RT-qPCR analysis of mRNA levels of M2 macrophage markers in THP-1
macrophages treated with IL-4/IL-13. C Protein levels of TNF-q, IL-1p, IL-6, and
CCL22 in the culture supernatants from stimulated THP-1 macrophages were
analyzed by ELISA. D Transcript levels of TAM-associated markers in THP-1
macrophages treated with TCM*"**. E Production of CCL22 and VEGF in the

culture supernatants of TCM*"**’-stimulated THP-1 macrophages was determined
by ELISA. F RT-qPCR analysis of mRNA levels of CCL17 and VEGFA in THP-1
macrophages treated with TCM from HCT116, HT29 and DLD-1 cells. Data were
normalized with HPRTI and presented as mean + SD from 3 to 4 independent
experiments (A, B, D, F). Significance was determined by two-way ANOVA with
Tukey’s multiple comparison post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001;
#HRHXP < 0.0001; n.s., not significant.
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Fig. 2 | Transcriptomic analysis of TCM*"**’-treated THP-1 macrophages.
A Heatmap of k-means clustering of variably expressed genes in EV/THP-1, S5/

THP-1, and S14/THP-1 macrophages with or without TCM****’ treatment

(n=16,918, k = 6). Genes were grouped into six clusters on the basis of expression
similarity. B GO enrichment analysis of genes in each cluster using DAVID, showing
top enriched GO terms with a FDR <0.01. C A Heatmap of gene expression levels of
SPP1" and C1QC* macrophage signature in mock- and TCM*"**-treated EV/THP-

indicated genes in mock- and TCM*"¢*’-treated THP-1 macrophages. Data were
normalized with HPRTI and presented as mean + SD from three independent

experiments. Significance was determined by two-way ANOVA with Tukey’s

1, S5/THP-1, and S14/THP-1 macrophages. D RT-qPCR analysis of mRNA levels of

multiple comparison post hoc test. *P < 0.05; **P < 0.01; ****P <0.0001. E GSEA
showing upregulated genes related to angiogenesis, vasculature development, epi-
thelial development, and positive regulation of cell migration in TCM*"**-treated
S14/THP-1 macrophages compared to TCM*"*’-treated S5/THP-1 macrophages.
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THP-1 macrophages (MeCM"™/™ ') or S5/THP-1 macrophages
(MeCM®*'™* 1) (Fig. 3F, G). MeCM**™"! did not increase tubulo-
genesis in an in vitro Matrigel angiogenesis assay (Fig. 3H, I), likely due
to short exposure and the strong intrinsic angiogenic activity of
Matrigel. In a chicken chorioallantoic membrane (CAM) model with

extended treatment duration (Fig. 3]), MeCM>“™*! significantly
increased capillary formation, branching points, and vessel segments
relative to controls (Fig. 3K-M). These results demonstrated that
Siglec-14 enhances the pro-angiogenic functions of TAMs in response
to CRC-derived factors.
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Fig. 3 | Siglec-14 enhances macrophage-mediated pro-tumorigenic and pro-
angiogenic functions. A Experimental design of the SW620 xenograft model in
nude mice (Created with BioRender.com). Mice were subcutaneously implanted
with SW620 cells alone or mixed with PMA-differentiated THP-1 macrophages into
the right flank. B Tumor volumes in xenografted mice over time. C Photographs of
xenograft tumors on day 31 post-implantation. D Weights of solid tumors on day 31
post-implantation. E WST-1 assay to determine the proliferation of PMA-
differentiated THP-1 cells. F WST-1 assay of HUVEC viability 48 h after MpCM
exposure. Data were expressed as mean + SD from 3 to 5 independent experiments.
G HUVEC migration assay. HUVECs were exposed to MoCM for 24 h, and
migrated cells were stained with crystal violet and counted under a microscope. Data

were expressed as mean + SD from 4 to 6 independent experiments. H, I In vitro
angiogenesis assay. HUVECs were cultured with MpCM on a Matrigel-coated plate
for 6 h. Tube meshes (H) and segments (I) were quantified using Image] software.
Data were expressed as mean + SD from two independent experiments with biolo-
gical duplicates. J Graphic illustration of the experimental procedure for CAM assay
(Created with BioRender.com). K Representative CAMs at EDD 9 are shown for
each treatment. The number of vessel branching points (L) and segments (M) in each
CAM were quantified using WimCAM analysis, and presented as mean + SD

(n = 6-9 for each group). Significance was determined by one-way ANOVA

(D, H, I, L, M) or two-way ANOVA (B, F, G) with Tukey’s multiple comparison post
hoc test. ¥P < 0.05; ¥*P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.

Identification of Siglec-14 ligands and elucidation of their role in
TAM polarization

Siglec-14 activation involves interaction with the ITAM-containing DAP12
adapter and spleen tyrosine kinase (SYK)-dependent signaling™. In PMA-
differentiated S14/THP-1 macrophages, phosphorylated SYK levels were
significantly higher compared to EV/THP-1 and S5/THP-1 macrophages,
even without TCM*"** stimulation (Fig. 4A), indicating constitutive SYK
activation in Siglec-14-expressing cells post-PMA differentiation. Pre-
treatment with SYK inhibitor Bay 61-3606 (Fig. 4B) or Siglec-14 neu-
tralizing antibodies (Fig. 4C) markedly reduced CCL22 and VEGF
production in S14/THP-1 macrophages upon TCM*"*" exposure, high-
lighting the critical role of Siglec-14 and SYK in TAM polarization.

To explore Siglec-14 interactions with tumor-associated sialoglycans in
TCM*™™, we incubated TCM*™"**° with wild-type Siglec-5 and Siglec-14
(S5""-Fcand S14“"-Fc) or their Sia-binding-deficient mutants carrying the
RI19A substitution (S5*''**-Fc and S14"'""*-Fc). The conserved arginine
residue (R119) in the V-set domain is critical for Sia recognition™. TCM®*W¢*
sialoglycans bound to S5"'-Fc and S14""-Fc but not to their RI19A
mutants (Fig. 4D), confirming the interaction is Sia-dependent. Con-
sistently, multiple sialylated complex-type glycans were identified in
TCM** (Supplementary Fig. 3A).

To identify Sia-dependent ligands of Siglec-14, TCM*"*** was incu-
bated with protein A beads immobilized with S14""-Fc and S14*"'*A-Fc.
Silver-stained SDS-PAGE analysis revealed distinct protein bands unique to
S14""-Fc (Supplementary Fig. 3B). Mass spectrometry identified Lectin
galactoside-binding soluble 3 binding protein (LGALS3BP, also known as
Gal-3BP, 90K or Mac-2BP) as the top candidate ligand (Supplementary
Data 3). Immunoprecipitation-western blot analysis confirmed Sia-
dependent binding of LGALS3BP to S14""-Fc, with no binding to
S14"M"*_Fc (Fig. 4E). Siglec-5 showed similar binding specificity (Supple-
mentary Fig. 3C). The secreted form of LGALS3BP (arrow, Fig. 4E)
migrated at a higher molecular weight than its intracellular form (arrow-
head) and was recognized by the a-2,6 Sia-binding Sambucus nigra lectin
(SNA) (Fig. 4F), indicating that sialylation of LGALS3BP is critical for
Siglec-5/-14 recognition. To further test this, we generated CMAS (cytidine
monophosphate-N-acetylneuraminic acid synthase) knockout (KO)
SW620 cells, eliminating the activated Sia donor required for sialyl-
transferases (Supplementary Fig. 3D). Conditioned medium from CMAS
KO or sialyltransferase inhibitor P-3Fax-Neu5Ac-treated cells contained
LGALS3BP with reduced molecular weight and lost Siglec-14 binding,
mimicking the S148'"°* mutant (Supplementary Fig. 3E). These findings
demonstrate that sialylated glycans on LGALS3BP are essential for Siglec-14
interaction.

LGALS3BP was abundantly detected in TCM from multiple CRC cell
lines, with significantly higher levels than in conditioned medium from
normal colonic epithelial CCD 841 CoN cells (Supplementary Fig. 3F). To
assess its role in TAM polarization, we generated LGALS3BP KO SW620
cells (Fig. 4G). TCM from LGALS3BP KO cells induced significantly lower
expression of TAM markers (CCL22, VEGF) in S14/THP-1 macrophages
compared with WT TCM, at both mRNA and protein levels (Fig. 4H, I). In
addition, recombinant LGALS3BP enhanced IL-4/IL-13-induced M2 gene
expression (CCLI7 and CCL22) in a dose-dependent manner

(Supplementary Fig. 3G, H). Together, these findings demonstrate that the
Siglec-14-LGALS3BP axis potentiates M2/TAM polarization.

Serum LGALS3BP, SIGLEC14 genotype, and clinical outcomes
To evaluate the clinical relevance of the LGALS3BP-Siglec-14 axis in CRC,
we analyzed serum LGALS3BP levels and SIGLEC14 genotypes in 357 CRC
patient specimens using enzyme-linked immunosorbent assay (ELISA) and
genomic PCR, respectively. CRC patients were stratified into high and low
serum LGALS3BP level groups using the median serum LGALS3BP con-
centration as the cut-off threshold. The same cohort was further categorized
as Siglec-14 positive or negative based on the presence or absence of the
SIGLECI4 gene (Fig. 5A). The associations between serum LGALS3BP
levels, SIGLECI4 genotypes, and clinicopathological characteristics of CRC
patients were examined and summarized in Table 1. Serum LGALS3BP
levels showed no significant correlation with age, gender, T stage, differ-
entiation status, tumor location, or carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) levels. However, serum LGALS3BP
levels were significantly associated with pathological tumor/node/metastasis
(TNM) stage, microsatellite instability (MSI) status, immune cell infiltra-
tion, lymphatic invasion, and SIGLECI14 genotype (all p < 0.05). Addition-
ally, a weak correlation was observed between serum LGALS3BP levels and
vascular invasion (p = 0.0572).

Further analysis of serum LGALS3BP levels across clinicopathological
subgroups revealed that higher serum LGALS3BP levels were significantly
correlated with advanced TNM stages (Fig. 5B and Supplementary Fig.
4A-C). Moreover, serum LGALS3BP levels were markedly higher in
microsatellite stable (MSS) CRC patients, often referred as “cold tumors”
due to their typically poor responses to immunotherapy’** (Fig. 5C).
Additionally, serum LGALS3BP levels were significantly elevated in patients
with lymphatic and vascular invasion (Fig. 5D, E) and in those with reduced
immune cell infiltration (Fig. 5F). While the SIGLECI4-null polymorphism
did not significantly correlate with CRC clinicopathological characteristics
(data not shown), SIGLEC14 positive CRC patients exhibited higher serum
LGALS3BP levels than their SIGLECI4 negative counterparts (Fig. 5G).

We further examined the association between serum LGALS3BP levels
and CRC patient survival. As shown in Fig. 5H, CRC patients with high
serum LGALS3BP levels had significantly lower CRC-specific survival rates
than those with low serum LGALS3BP levels across all I-IV stages. Multi-
variate Cox regression analysis identified serum LGALS3BP levels as an
independent predictive biomarker for poor prognosis in CRC after
adjusting for covariates (Table 2, hazard ratio [HR] 5.948, 95% confidence
interval [CI] 1.899-18.630, p = 0.002). In summary, our retrospective study
demonstrated that Siglec-14-positive CRC patients exhibit higher serum
LGALS3BP levels, which are significantly associated with advanced TNM
stage, increased vascular and lymphatic invasion, and CRC progression.
These findings suggest that serum LGALS3BP could serve as a potential
prognostic biomarker for poor clinical outcomes in CRC patients.

Discussion

Siglecs are a family of cell-surface receptors predominantly expressed on
immune cells. Most Siglecs possess ITIMs in their cytoplasmic domains,
enabling them to function as inhibitory receptors. Elevated levels of these
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Fig. 4 | The LGALS3BP-Siglec-14 axis drives TAM polarization. A Western blot
analysis of SYK phosphorylation (p-SYK) in TCM*"**-treated THP-1-macro-
phages, with total SYK (t-SYK) and GAPDH as a loading control. B, C ELISA
quantification of CCL22 and VEGF production in TCM*"***-stimulated THP-1
macrophages treated with either a SYK inhibitor (B) or Siglec-14 neutralizing
antibodies (C). Data were expressed as mean + SD from three independent
experiments. D Interaction of TCM***’ with different Siglec-Fc was determined by
ELISA. Data were expressed as mean + SD from two independent experiments with
biological triplicate. E, F TCM*"** was immunoprecipitated with Siglec-Fc or anti-
LGALS3BP antibodies, followed by immunoblotting with anti-LGALS3BP

0 0
EV/THP-1 S5/THP-1 S14/THP-1 EV/THP-1 S5/THP-1 S14/THP-1

antibodies (E) or Sambucus nigra agglutinin (SNA) (F). G Western blot analysis of
LGALS3BP expression in WT and LGALS3BP KO SW620 cells. H RT-qPCR ana-
lysis of mRNA levels of CCL22 and VEGFA in THP-1 macrophages exposed to WT
TCM or LGALS3BP KO TCM. Data were normalized with HPRTI and presented as
mean + SD from three independent experiments. I Production of CCL22 and VEGF
in THP-1 macrophages exposed to WT TCM or LGALS3BP KO TCM, determined
by ELISA. Data were expressed as mean + SD from three independent. Significance
was determined by one-way ANOVA with Tukey’s multiple comparison post hoc
test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

inhibitory Siglecs have been reported in tumor-infiltrating immune cells
across multiple cancer types'>'****~*°, Within the TME, the interaction of
Siglecs with sialylated ligands triggers tolerogenic signaling cascades that
suppress T and NK cell activation and cytotoxicity'*™*'*"”**, Furthermore,
Siglec signaling promotes macrophage polarization toward protumoral
phenotypes while impairing their phagocytosis and antigen presentation
ﬁlnctionsl(),l1,15,17,18,39—41.

Desialylation of tumor cells has been shown to enhance anti-cancer
immune responses™**. However, a more targeted approach involves
identifying specific Siglec ligands upregulated in malignant cells that
selectively engage dominant Siglec receptors on immune cells. In this study,

we used immunoprecipitation-mass spectrometry to identify LGALS3BP as
a key Sia-dependent ligand for Siglec-14 in CRC TCM (Fig. 4E and Sup-
plementary Data 3). Siglecs generally exhibit low affinity for sialylated gly-
coconjugates, with dissociation constants (Kd) ranging from 0.1 to 3 mM’.
However, LGALS3BP, a highly N-glycosylated secreted glycoprotein, forms
high-molecular-mass oligomers exceeding 1000 kDa"*, which sub-
stantially increases its avidity for Siglecs. LGALS3BP has previously been
shown to interact with multiple inhibitory Siglecs, including Siglec-5, -6, -7,
-9, -10, and -11, and its binding to Siglec-9 has been implicated in
neutrophil-mediated tumor suppression™. Given that Siglec-5 and Siglec-14
differ by only a single amino acid in their first two domains, it has been
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Fig. 5 | Serum LGALS3BP levels in CRC patients and correlation with clin-
icopathological features and patient survival. A Flow chart of patient inclusion in
this study. B-G Serum LGALS3BP levels in CRC patients, measured by ELISA, were
analyzed based on tumor pathological stages (B), microsatellite instability (MSI)
status (C), lymphatic invasion (D), vascular invasion (E), immune cell infiltration

Months

(F), and SIGLEC14 genotype (G). H Kaplan-Meier curve showing CRC-specific
survival in patients with high and low serum LGALS3BP levels. Significance was
determined by one-way ANOV A with Dunn’s multiple comparison post hoc test (B)
or Mann-Whitney U-test (C-G).

hypothesized that LGALS3BP also binds Siglec-14. In this study, we con-
firmed this interaction and further uncovered a novel role of this interaction
in promoting macrophage polarization toward a protumoral SPP1° TAM
phenotype (Fig. 2).

Recent studies have identified two distinct TAMs subsets in CRC,
SPP1™ TAMs and C1QC™ TAMs. While C1IQC" TAMs are enriched in
genes related to phagocytosis and antigen presentation, SPP1* TAMs
exhibit a protumoral and pro-angiogenic signature and engage in crosstalk
with tumor-associated fibroblast and endothelial cells***. Consistent with
these findings, S14/THP-1 macrophages treated with TCM*"* showed
significant enrichment of angiogenic and vasculature development path-
ways (Fig. 2E). Functionally, M¢CM from TCM*"**-treated S14/THP-1
macrophages enhanced HUVEC survival and migration, and promoted in
vivo angiogenesis in the CAM model (Fig. 3]-M). We disrupted the
LGALS3BP-Siglec-14 axis using three approaches: Siglec-14 blockade,
inhibition of downstream spleen tyrosine kinase (SYK) activation, and

knockout of LGALS3BP in SW620 cells. Each of these interventions sig-
nificantly attenuated Siglec-14-mediated TAM polarization. Notably, these
interventions also reduced the production of VEGF, a crucial angiogenic
factor produced by SPP1" TAMs (Fig. 4B, C, H, I). These findings suggest
that targeting the LGALS3BP-Siglec-14 interaction could serve as a ther-
apeutic strategy to modulate macrophage phenotype and enhance anti-
tumor immunity in CRC.

Loss-of-function polymorphisms in SIGLECI14 and SIGLECI6 have
been reported in human populations and are associated with reduced host
immunity against bacterial infections™>"*"*. Clinically, Siglec-14 over-
expression correlates with poor prognosis in acute myeloid leukemia,
whereas lower plasma Siglec-14 levels correlate with decreased risk of
CRC™*”. In our cohort, however, the SIGLECI4-null polymorphism
showed no significant association with patient survival. This lack of asso-
ciation may reflect complex regulatory mechanisms influencing Siglec-14
expression, localization, and function, which are not determined solely by
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Table 1 | Correlation between the serum GAL3BP level with
SIGLEC14 genotype and the clinicopathological
characteristics of CRC patients

Case No. LGALS3BP high LGALS3BP low p value
N =357 N=73 N-=284

Age
>65 170 29 141 0.1489
<65 187 44 143

Gender
Male 191 34 157 0.191
Female 166 39 127

T stage
T1-T2 37 7 30 >0.9999
T3-T4 320 66 254

N stage
NO 177 24 153 0.0058
N1 115 32 83
N2 65 17 48

M stage
MO 342 65 277 0.0037
M1 15 8 7

Differentiation
Poor 32 6 26 0.8725
Moderate 323 67 256
Well 1 0 1

Location
Right colon 139 24 115 0.3547
Left colon 169 40 129
Rectal 49 9 40

CEA (ng/ml)
>5 146 33 113 0.425
<{5 211 40 171

CA19-9 (U/ml)
>37 54 12 42 0.7162
<37 303 61 242

MSI
MSI-H 28 0 38 0.0002
MSS 273 65 208

Immune cell infiltration
Positive 141 16 125 0.0005
Negative 216 57 159

Vascular invasion
Positive 99 27 72 0.0572
Negative 257 46 211

Lymphatic invasion
Positive 106 30 76 0.0213
Negative 251 43 208

SIGLEC14
Positive 227 55 172 0.0205
Negative 130 18 112

gene presence or absence. For example, SIGLECI14 copy number variations
affect mRNA expression levels, alternative splicing generates soluble forms
of Siglec-14, and single-nucleotide polymorphisms (SNPs) within the
SIGLEC5/SIGLECI4 locus modulate vaccine-induced inflammatory
responses”* . A more integrative analysis combining SIGLECI4-null status,

SNP variations, and Siglec-14 protein expression on TAMs may therefore
provide a more accurate prediction of CRC progression.

The biology of LGALS3BP further adds complexity, as it interacts
with multiple partners, including B1 integrins*”, galactins®,
endosialin®’, CD9/CD82 tetraspanin web”, DC-SIGN®, and Siglecs™,
exerting context-dependent effects. For example, LGALS3BP binding
to galectin-3 and integrins enhances cell aggregation, migration and
viability, thereby promoting metastasis®, whereas its interaction with
CDY9/CD82 suppresses Wnt/p-catenin signaling and reduces cell pro-
liferation, motility and tumorigenicity in nude mice®. It also mod-
ulates immune responses by engaging DC-SIGN to suppress dendritic
cell maturation” and Siglec-9 to reduce neutrophil cytotoxicity™. Our
study does not exclude contributions from these additional
LGALS3BP-binding receptors. Nevertheless, our functional experi-
ments provide direct evidence for a specific role of the Siglec-14-
LGALS3BP axis in shaping the tumor microenvironment. Ectopic
expression of Siglec-14 in THP-1 macrophages enhanced LGALS3BP-
driven M2-like polarization, angiogenesis, and tumor-promoting
effects, whereas these effects were absent in Siglec-5-expressing or
control cells. Moreover, elevated circulating LGALS3BP levels were
preferentially observed in Siglec-14-positive patients. Thus, while
clinical outcomes likely reflect the combined effects of multiple
LGALS3BP-receptor interactions, our mechanistic data highlight a
distinct role for the Siglec-14-LGALS3BP axis in driving a protumoral
macrophage phenotype within the CRC microenvironment.

Within the Siglec family, Siglec-5/Siglec-14 and Siglec-11/Siglec-16 are
paired receptors characterized by similar ligand-binding specificities but
divergent signaling outcomes. Our findings indicate that Siglec-14 expres-
sion on THP-1 macrophages significantly enhances M2/TAM polarization
and accelerates the growth of xenografted SW620 cells, whereas Siglec-5
expression has a minimal effect compared to control THP-1 macrophages
(Figs. 1 and 3A-D). Interestingly, recent studies have shown that Siglec-16
drives M1 macrophage polarization, promoting pro-inflammatory
responses, whereas Siglec-11 suppresses inflammation and fosters M2
polarization***. These functional disparities likely arise from differences
in assay system, ligand specificity, and receptor modulation by cis-ligands
present on the same cell surface. Siglecs engage both Sias on the same cell
surface (cis-ligands) and those present on other cells or pathogens (trans-
ligands). Binding to cis-ligands can modulate Siglec function by restricting
access to tranms-ligands and altering the activity of cis-ligand-bearing
receptors™®®. Notably, Siglec-11 and Siglec-16 selectively recognize a2-8-
linked oligo- and polySias, predominantly found in neural tissues, whereas
Siglec-5 and Siglec-14 recognize a broader range of ligands, including a2,3-,
a2,6-, and a2,8-linked Sias, as well as protein and lipid-based ligands®"".
The negligible effect of Siglec-5 in our experimental model may stem from
pronounced cis-ligand masking, which likely diminishes its responsiveness
to external ligands. This differential regulation underscores the complexity
of Siglec-mediated immune modulation in the TME.

A key limitation of this study is the lack of homologous genes for
the human Siglec-5/Siglec-14 paired receptors in mice, which sig-
nificantly hinders the investigation of their roles and the impact of
SIGLECI14 polymorphisms in animal models. Establishing lineage-
specific expression of Siglec-5 and Siglec-14 in murine myeloid cells
could provide valuable insights into the molecular mechanisms gov-
erning this primate-specific Siglec receptor pair.

In conclusion, this study identifies LGALS3BP as a tumor-associated
sialoglycoprotein positively correlated with poor clinical outcomes in CRC
patients. Our findings provide molecular evidence that LGALS3BP is the
most abundant Siglec-14-interacting glycoprotein in CRC TCM, poten-
tiating protumoral and pro-angiogenic TAM features. Given the limited
studies on DAP12-coupled activating Siglecs in the TME, our work suggests
that targeting the LGALS3BP-Siglec-14 axis may offer a viable strategy for
reprogramming protumoral macrophages in Siglec-14-positive CRC
patients. However, further studies are needed to explore the therapeutic
potential of blocking this interaction in preclinical and clinical settings.
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Table 2 | Univariate and multivariate Cox regression analysis for CRC-specific survival

CRC-specific survival Univariate Multivariate

Variable HR 95% CI P value HR 95% CI p value
Age (265 vs <65) 3.317 1.374-8.003 0.008 4.330 1.454-12.899 0.008
Gender (male vs female) 0.884 0.397-1.968 0.763 1.680 0.615-4.587 0.311
Stage (late vs early) 1.447 0.648-3.231 0.368 0.991 0.323-3.045 0.988
Differentiation (Poorly vs others) 4.485 1.859-10.823 0.001 5.704 1.737-18.733 0.004
Location (left vs right) 0.831 0.372-1.857 0.651 1.682 0.610-4.637 0.315
CEA (>5 vs £5) 4.364 1.808-10.534 0.001 2.764 0.866-8.824 0.086
CA19-9 (>37 vs <37) 4.626 2.022-10.585 <0.001 4.109 1.248-13.534 0.020
MSI (MSS vs MSI) 0.630 0.184-2.153 0.461 0.276 0.063-1.200 0.086
Round cell infiltration (positive vs negative) 1.019 0.446-2.330 0.964 1.043 0.379-2.867 0.935
Lymphatic invasion (positive vs negative) 3.402 1.523-7.599 0.003 1.328 0.452-3.904 0.606
SIGLEC14 (positive vs negative) 0.707 0.317-1.577 0.397 1.005 0.389-2.596 0.992
LGALS3BP (high vs low) 2.484 1.085-5.685 0.031 5.948 1.899-18.630 0.002

Methods THP-1 differentiation and polarization

Cell lines THP-1 cells (10° cells/ml) were treated with 100 nM phorbol 12-myristate

Human colorectal cancer (CRC) cell lines SW620, HCT116 and DLD-1
were purchased from Bioresource Collection and Research Center
(BCRC, Taiwan) and grown in RPMI-1640 media (Cytiva) with 10%
FBS. Human umbilical vein endothelial cells (HUVEC) were purchased
from Sigma (200-05N) and maintained in endothelial cell growth
medium (Sigma). Human colonic epithelial cell line CCD 841 CoN, CRC
cell line HT29, monocyte THP-1, and HEK 293T cells were from
American Type Culture Collection (ATCC). CCD 841 CoN cells were
grown in ATCC-formulated Eagle’s minimum essential medium with
15% FBS. HT29 cells were grown in RPMI-1640 with 10% FBS. THP-1
cells were cultured in RPMI-1640 medium supplemented with 10% FBS,
10 mM HEPES, 1 mM sodium pyruvate, 2.5 g/L glucose and 0.05 mM
2-mercaptoethanol. HEK 293T cells were cultured in DMEM with 10%
FBS. All cells were cultured at 37 °C in a 5% CO, humidified atmosphere,
with routine mycoplasma test.

Lentiviral transduction of Siglec-5 and Siglec-14 to THP-1 cells
HEK 293T cells were cotransfected with lentiviral packaging plasmids
pCMVA891 and pMG2.G and pLVX-EFla-IRES-Puro empty vector
(TaKaRa), pLVX-Siglec-5, or pLVX-Siglec-14 using Lipofectamine™ 3000
(Thermo Fisher). After a 16-h incubation, the media was changed to
DMEM with 10% FBS. Lentivirus-containing supernatants were collected
after 72 h of incubation, centrifuged at 1600 rpm for 10 min, filtered, con-
centrated and stored at —80 °C until used. THP-1 cells were infected with
these lentiviral preparations, and selected with puromycin (2 pug/ml) for
1 week. The selected THP-1 cells were stained with APC-conjugated anti-
human CD170 antibodies (BioLegend, clone 1A5) and sorted with BD
FACSAria (BD Biosciences) through the service provided by the Flow
Cytometric Analyzing and Sorting Core (the First Core Laboratory,
National Taiwan University College of Medicine).

Preparation of tumor-conditioned medium (TCM)

To generate CRC TCM and normal colonic epithelial cell conditioned
medium, SW620, HT29, HCT116, DLD-1, and CCD 841 CoN cells were
cultured in a 10-cm dish until ~90% confluence. The medium was then
replaced with fresh serum-free RPMI-1640 medium, and cells were
cultured for 48 h at 37 °C. The conditioned medium was collected by
centrifuging at 1600 rpm for 10 min, filtered through 0.22-um filters, and
stored at —80 °C until used. To generate sialic acid-deficient TCM, TCM
was collected from SW620 CMAS-knockout cells or from SW620 cells
treated with the sialyltransferase inhibitor P-3Fax-Neu5Ac (R&D Sys-
tem) for 2 days.

13-acetate (PMA) for 24 h to induce differentiation into macrophage. PMA-
differentiated THP-1 macrophages were then polarized into M1 macro-
phages with IFN-y (BioLegend, 20 ng/ml) and LPS (Sigma, 100 ng/ml) for
24 h, or into M2 macrophages with IL-4 (BioLegend, 20 ng/ml) and IL-13
(BioLegend, 20 ng/ml) for 48 h, unless otherwise specified. To generate
TAMs, PMA-differentiated THP-1 macrophages were treated with 50%
TCM, prepared as a 50:50 mixture of TCM and RPMI-1640 medium
containing 2% FBS, for 48 h. The supernatants from these TCM-treated
macrophages were collected and designated as macrophage-conditioned
medium (M@CM) for subsequent experiments. To investigate the role of
spleen tyrosine kinase (SYK) and Siglec-14 in TAM polarization, the SYK
inhibitor BAY 61-3606 (MedChemExpress) and Siglec-5/14 neutralizing
antibodies (clone 1A5, BioLegend) were added during TCM-induced TAM
polarization, as specified in the legend.

RNA isolation and gRT-PCR

Total cellular RNA from mammalian cells was isolated with NucleoZol
reagent (Macherey-Nagel) and transcribed to cDNA using PrimeScript™
RT reagent Kit (TaKaRa). RT-qPCR was performed on a CFX96 Touch™
Real-time PCR detection system (Bio-Rad) using qPCRBIO SyGreen® Blue
Mix (PCR Biosystems) to quantify the expression of target genes. The
expression levels were normalized to HPRTI. The primers used for RT-
qPCR are listed in Supplementary Table 1.

Cytokine analysis

Cytokine levels in cell culture supernatants were quantified using CCL22,
VEGF, and Galectin-3BP DuoSet ELISA kits from R&D Systems and TNF-
a, IL-1pB, and IL-6 ELISA kits from Thermo Fisher.

RNA-sequencing and data analysis

PMA-differentiated THP-1 macrophages were treated with 50% SW620
TCM (TCM*™*) for 48 h. Total cellular RNA was isolated using NucleoZol
and used for the preparation of the sequencing library by TruSeq Stranded
mRNA Library Prep Kit (Illumina). Briefly, mRNA was purified from total
RNA (1 pg) by oligo(dT)-coupled magnetic beads and fragmented into
small pieces under elevated temperature. The first-strand cDNA was syn-
thesized using reverse transcriptase and random primers. After the gen-
eration of double-strand cDNA and adenylation on the 3’ ends of DNA
fragments, the adapters were ligated. The products were enriched with PCR
and purified with the AMPure XP system (Beckman Coulter). The libraries
were qualified by the Qsep400 System (Bioptic Inc., Taiwan) and quantified
by Qubit 2.0 Fluorometer (Thermo Scientific). The qualified libraries were
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then sequenced on an Illumina NovaSeq platform with 150 bp paired-end
reads generated by Genomics, BioSci & Tech Co. (Taiwan).

Sequencing data were trimmed using Fastp, and the processed reads
were aligned to the human reference genome (GRCh38) using HISAT?2 to
generate the expression profile. Differential expression analysis was con-
ducted with DESeq2, considering genes with an adjusted p value (p adj)
<0.05 as statistically significant. Unbiased Gene Set Enrichment Analysis
(GSEA) was performed using Gene Ontology (GO) enrichment analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, and the
MSigDB (v7.0) hallmark gene sets to identify activated pathways and hall-
mark gene sets enriched in the high-abundance group. The GO enrichment
analysis for cluster-specific gene was performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)". An
expression heatmap comparing SPP1* and C1QC" macrophage signatures
across groups was generated using Heatmapper””.

In vivo tumor xenograft model

Six-week-old BALB/cAnN.Cg-FoxnInu/CrlNarl mice (purchased from
National Laboratory Animal Center, Taiwan) were housed in a daily cycle of
12 h light and 12 h darkness under pathogen-free conditions. A total of 10°
SW620 cells alone or mixed with 3 x 10° PMA-differentiated THP-1 mac-
rophages were subcutaneously inoculated into the right flank of the mice.
Tumor volume of each mouse was measured twice per week under inha-
lation anesthesia with 2% isoflurane delivered in oxygen. Tumor size was
calculated using the formula: volume = (length x width?)/2. On day 31, all
mice were euthanized by CO, inhalation (flow rate 30-70% of chamber
volume per minute). Tumors were subsequently excised, photographed, and

weighed.

Endothelial survival assay

HUVECs were seeded in 96-well tissue culture plates at 5 x 10* cells/well for
24 h, rinsed with HBSS and replaced with 200 pl of 50% M¢@CM, a 50/50 mix
of the MpCM and endothelial cell basal medium (Sigma) with 2% FBS. After
48 h of incubation, cells were rinsed and incubated with WST-1 (TaKaRa)-
containing fresh medium for 2 h. Absorbance of each well was measured at
450 nm by a spectrophotometer.

Transwell migration assay

The migration of HUVEC was analyzed using a 24-well hanging cell insert
with 8-um pores (JET Biofil). HUVECs (10° cells/well) were suspended in
serum-free endothelial cell basal medium and added into the upper
chamber, while the lower chamber was supplied with 400 pl of endothelial
cell basal medium or 50% M@CM. After incubation for 24 h, non-migrated
cells were scraped off from the upper surface with a cotton swab. The
migrated cells were fixed in 4% paraformaldehyde for 30 min at room
temperature, stained with 0.5% crystal violet for 20 min and counted under a
microscope.

Tube formation assay

HUVECs (1.5 x 10*) were suspended in 100 pl either endothelial cell
basal medium or 50% M@CM and seeded onto a 96-well plate pre-
coated with Geltrex™ basement membrane matrix (Thermo Fisher).
After incubation at 37 °C for 6 h, images were taken and analyzed using
the Angiogenesis Analyzer plugin in Image]J to determine the number
of meshes and segments.

Chorioallantoic membrane (CAM) assay

The CAM assay was performed as described previously’”* with minor
modifications. Fertilized chicken eggs were purchased from SFP chicken
farm (JD-SFP Biotech, Taiwan), and incubated horizontally at 37°C in a
70% humidified egg incubator. On embryo development day (EDD) 3,
~6 ml of albumin was aspirated to detach the developing CAM from the top
part of the shell, and a window of ~4 cm? was made on the wide end of the
egg and sealed with a Tegaderm™ transparent film (3 M) to prevent
dehydration. On EDD 6, eggs with exposed CAM were incubated with a

6 mm sterilized filter disc containing 15 pl of tenfold concentrated control
RPMI medium or MpCM collected from TCM*"**-treated THP-1 mac-
rophages. After a further incubation for 3 days, the CAM was fixed with 10%
formalin and photographed by a stereomicroscope (Olympus SZX7) at 16x
magnification. The contrast of images was slightly adjusted to clearly show
the microvessels. The number of vessel branching points and segments in
each CAM are quantified by the WimCAM image analysis tool (Onimagen
Technologies).

Western blot

Cells were lysed in ice-cold lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1%
NP-40 with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher)). The protein concentration was measured with a Pierce™ BCA
Protein Assay Kit (Thermo Fisher). The collected cell lysate (60 ug) was
separated on 10% SDS-PAGE, transferred to the PVDF membrane (Cytiva),
probed with indicated antibodies or lectins listed in Supplementary Table 2,
and visualized with a LI-COR Odyssey scanner after addition of IRDye®
800CW- or 680RD-conjugated secondary antibodies (LI-COR).

Expression and purification of Siglec-Fc chimeric proteins
Wild-type and Sia-binding-deficient R119A mutant variants of Siglec-5-Fc
and Siglec-14-Fc chimeric proteins were expressed and purified based on
previously established protocols with slight modifications™ . Briefly, Siglec-
Fc constructs in pcDNA3.1 vectors (from Dr. Takashi Angata, Academia
Sinica) were transfected into HEK 293T cells using Lipofectamine™ 3000.
After a 16-h incubation, the medium was changed with a 50:50 mixture of
serum-free DMEM and RPMI-1640 supplemented with 2 mM L-glutamine,
2 mM sodium pyruvate and 1% HL-1"™ Supplement (Lonza). The cells were
cultured for an additional 48 h, and the culture supernatants were collected.
The medium replacement and culture process were repeated to collect
additional supernatants after another 48 h. The combined supernatants
were processed to purify Siglec-Fc proteins using rProtein A Sepharose™
Fast Flow resins (Cytiva). The bound Siglec-Fc proteins were washed
thoroughly with Tris-buffered saline (TBS; 20 mM Tris-HCl, 150 mM
NaCl, pH 8.0), and subsequently treated with neuraminidase from
Arthrobacter ureafaciens (EY Laboratories) for 1 h at room temperature to
remove Sias. After extensive washing with TBS, the Siglec-Fc were eluted
with 0.1 M glycine-HCI, pH 3.0, immediately neutralized with 1 M Tris-HCI
buffer, pH 8.0 and concentrated using Amicon Ultra centrifugal fil-
ters (Merck).

ELISA for Siglec-TCM®"¢2 interaction

A 96-well plate was coated with 100 pl of a 50-fold diluted TCM*W** in
50 mM sodium carbonate/bicarbonate buffer (pH 9.6) and incubated
overnight at 4 °C. The wells were washed with TBS, blocked with 2%
BSA/TBS for 1h at room temperature, and incubated with 0.1 pg of
wild-type or R119A Siglec-Fc (diluted in 100 pl of 2% BSA/TBS) for 2 h
atroom temperature. After incubation, the wells were washed with TBS
and incubated with biotinylated goat F(ab’)* anti-human IgG (South-
ernBiotech) for 30 min. After washing again with TBS, horseradish
peroxidase (HRP)-conjugated streptavidin was added and incubated
for 30 min. Following extensive TBS washing, HRP activity was
developed with TMB substrate (BioLegend) for 20 min. The reaction
was stopped by adding H,SO,, and the absorbance was measured at
450 nm using a spectrophotometer.

Immunoprecipitation

Wild-type and R119A Siglec-14-Fc proteins (5 pg each) were incubated
with rProtein A Sepharose™ Fast Flow resins at room temperature for 2 h.
After washing, the resin complexes were incubated with 1ml of
TCM*W*° overnight at 4 °C with rotation. The resins were subsequently
washed three times with TBST (TBS with 0.1% Tween-20), followed by
incubation with TBS supplemented with 3 mM 3’-sialyllactose and
3 mM 6’-sialyllactose (Biosynth) at room temperature for 45 min to elute
the bound sialylated ligands. The eluted proteins were resolved on an
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SDS-PAGE gel, visualized using a Silver Stain Plus Kit (Bio-Rad) and
identified via mass spectrometry.

LC-MS/MS analysis

Proteins eluted from Siglec-Fc proteins were reduced with 10 mM dithio-
threitol for 30 min at 37 °C, followed by alkylation with iodoacetamide at a
final concentration of 50 mM for 45 min at 37 °C in the dark. Proteins were
then digested with trypsin (Promega) at a 1:50 (w/w) enzyme-to-substrate
ratio overnight at 37 °C. The resulting tryptic peptides were acidified to pH
2-3 using TFA and desalted with Zip Tip® pipette tips (Merck). Tryptic
peptides were analyzed using an Orbitrap Fusion Lumos mass spectrometer
(Thermo Scientific) coupled with a Thermo Scientific UltiMate 3000
RSLCnano system (Thermo Scientific).

Peptide mixtures were loaded onto a Thermo Scientific PepMap C18
column (25cmx 75 um ID, Thermo Scientific) and separated using a
gradient from 4 to 38.5% solvent B (ACN with 0.1% formic acid) over
90 min at a flow rate of 300 nL/min with the column temperature of 40 °C.
Solvent A was 0.1% formic acid in water. The mass spectrometer operated in
TopSpeed mode with a cycle time of 3 s. Full-scan MS spectra were acquired
in the Orbitrap (m/z 375-1500) with a resolution of 60,000, an automatic
gain control (AGC) target of 4e5, and a maximum injection time (IT) of
50 ms. The most intense ions were sequentially isolated for HCD MS/MS
fragmentation and detected in the Orbitrap with dynamic exclusion for 20 s.
For MS/MS, the resolution was set to 30,000, the isolation window was 1.4
Th, and the AGC target was set as 5e4, and maximum IT was 54 ms.
Fragmentation was performed with a normalized collision energy of 30%.
The precursor ions with 2+ to 74 charges were selected for HCD
fragmentation.

Data processing

All MS raw files were processed with MaxQuant (ver. 1.6.14.0) by the
Andromeda engine against the SwissProt Homo sapiens database (down-
loaded on 2020.02) containing 20,303 protein entries, for protein identifi-
cation and quantification. The search parameters included a precursor mass
tolerance of 10 ppm and a product ion mass tolerance of 0.05 Da, with
trypsin as the enzyme, allowing for up to two missed cleavages. Carbami-
domethylation of cysteine (C, +-57.021 Da) was set as a fixed modification,
while oxidation of methionine (M, 4+15.995 Da) and acetylation of the
protein N-terminus (protein N-term, +42.011 Da) were considered as
variable modifications. A minimum peptide length of seven residues was
required, and a false discovery rate (FDR) of 1% was applied to both peptide
and protein identifications. Known contaminants were excluded for sub-
sequent analysis.

CRISPR/Cas9 gene inactivation

LGALS3BP and CMAS sgRNAs (sequences listed in Supplementary Table
1) were cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid”. The
resulting constructs were transfected into SW620 cells using
Lipofectamine™ 3000. Transfected cells were selected with puromycin
(2 ug/ml) for 1 week, followed by single-clone isolation and expansion.
Knockout efficiency was confirmed by Western blotting with antibodies
listed in Supplementary Table 2.

Patient samples and follow-up data

This study included 357 patients with primary CRC undergoing surgery at
Taipei Veterans General Hospital from 01/13/2014 to 12/27/2017. None of
the patients had received radiotherapy and chemotherapy before the
operation. These patients had detailed clinical information, including gen-
der, histological type, cancer stage, and survival. The pathological stages
were determined based on the American Joint Committee on Cancer
(AJCC) TNM system, a standard classification system of the anatomical
extent of cancers describing the size of the tumor (T), the extent of spread to
the lymph nodes (N), and the presence of metastasis (M). Blood carci-
noembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) were
obtained from routine blood tests at the time of surgery. The most recent

follow-up was completed on 05/14/2024. CRC-specific survival (CSS) was
defined as the time from the initial diagnosis of CRC to the unfortunate
event of death caused by CRC.

Genotyping

Genomic DNA and sera were obtained from the Biobank of Taipei Veterans
General Hospital. The collection and use of specimens comply with the
Declaration of Helsinki. Genotyping of the SIGLEC14 locus was performed
as described previously with slight modification”. A set of three PCR
reactions was run in parallel to specifically amplify the SIGLEC14, SIGLECS,
and SIGLECI4/5 fusion genes. Primers used for specific amplification for
SIGLECI4, SIGLECS, and SIGLECI4/5 fusion genes are listed in Supple-
mentary Table 1. Thermal cycling parameters are as follows: 94 °C, 2 min;
(94°C, 30s; 54°C, 45 s; 72 °C, 1.5 min) x 27 cycles; 72 °C, 5 min.

Statistical analysis

Statistical analyses for the clinical data were performed using SPSS version
24 software. The y* test and Student’s #-test were used to evaluate associa-
tions among patient clinical characteristics. CRC-specific survival was
analyzed using the Kaplan-Meier method, and the log-rank test was used to
identify the differences between survival curves. Univariate and multivariate
prognosis analyses were conducted with the Cox proportional hazards
regression model using a forward stepwise procedure. Statistical tests for the
in vitro and animal experiments were performed using GraphPad Prism
version 9 software (GraphPad Software, Inc.). Data presented here were
combined, normalized and expressed as mean + SD. A p value less than 0.05
was considered statistically significant for all analyses.

Ethics approval

The human studies were approved by the Institutional Review Board of
Taipei Veterans General Hospital (2021-02-015BC) and the Institutional
Review Board of National Taiwan University Hospital (202101125RINB),
and all study participants signed preapproved informed consent documents
prior to enrollment into the studies. All the animal experiments were per-
formed in accordance with relevant guidelines and regulations approved by
the Institutional Animal Care and Use Committee of National Taiwan
University College of Medicine (IACUC 20210289).

Data availability

All relevant data are presented in this paper. If any more information is
needed, data are available from the corresponding author upon reasonable
request. The RNA-seq dataset has been uploaded to NCBI Gene Expression
Omnibus with the accession number GSE310306.
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