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Bidirectional signals generated by Siglec-7
and its crucial ligand tri-sialylated T
to escape of cancer cells from immune surveillance

Noboru Hashimoto,'? Shizuka Ito," Akira Harazono,? Akiko Tsuchida,* Yasuhiro Mouri,> Akihito Yamamoto,?
Tetsuya Okajima,’ Yuhsuke Ohmi,® Keiko Furukawa,” Yasusei Kudo,®> Nana Kawasaki,® and Koichi Furukawa'/:7*

SUMMARY

Siglec-7, an inhibitory receptor expressed on natural killer (NK) cells, recognizes sialic acid-containing gly-
cans. However, the ligand glycan structures of Siglec-7 and its carrier proteins have not been comprehen-
sively investigated. Here, we identified four sialyltransferases that are used for the synthesis of ligand gly-
cans of Siglec-7 and two ligand O-glycan-carrier proteins, PODXL and MUC13, using a colon cancer line.
Upon binding of these ligand glycans, Siglec-7-expressing immune cells showed reduced cytotoxic activ-
ity, whereas cancer cells expressing ligand glycans underwent signal activation, leading to enhanced inva-
sion activity. To clarify the structure of the ligand glycan, podoplanin (PDPN) identified as a Siglec-7
ligand-carrier protein, was transfected into HEK293T cells using sialyltransferase cDNAs. Mass spectrom-
etry of the products revealed a ligand glycan, tri-sialylated T antigen. These results indicate that Siglec-7
interaction with its ligand generates bidirectional signals in NK and cancer cells, leading to the efficient
escape of cancers from host immune surveillance.

INTRODUCTION

Siglecs, a family of sialic acid-recognizing lectins, are mainly expressed on the cell surface of immune cells." Most Siglecs have an immunor-
eceptor tyrosine-based inhibitory/switch motif (ITIM/ITSM) in the cytosol. These motifs undergo tyrosine phosphorylation by Src family ki-
nase.” Binding of the ligand glycans promotes receptor phosphorylation and transduction of an inhibitory signal into Siglec-expressing
cells.*” To date, 15 family members of Siglecs have been reported in humans and 9 family members in mice. Siglecs belong to the immu-
noglobulin superfamily and are divided into the Siglec-1, 2, 4, and 15, which are widely conserved in mammals, and the Siglec-3 subfamily,
the details of which vary depending on the species. Siglec-7 belongs to the human Siglec-3 subfamily. The extracellular domain is character-
ized by having a V-set domain that recognizes sialic acids.’

Although the Siglecs have been shown to be involved in regulation of the immune reaction, it has also been reported that they are used as
tools for infection by bacteria and viruses. As for cancer cells, we already reported that Siglec-9 enhances motility and invasion of astrocytoma
cells. Siglec-9 expressed on monocytes activates calpain in cancer cells that express ligand glycans, inactivates cell adhesion molecules, and
induces adhesion dynamics.” However, there are no definite reports on the escape of cancer cells from hostimmune surveillance based on the
bidirectional signals, that is, inhibitory signals into immune cells and activation signals into cancer cells.

Siglec-7 is a membrane molecule that is mainly expressed in NK cells and monocytes. To date, GD3,'"" di-sisialyl Gb5,'” di-sialyl Lewis a,
and 6-sulfo-Lewis x'® have been reported as ligand glycans of Siglec-7 (Figure S1A). Recently, several groups reported that O-glycans'* are
ligands for Siglec-7,">"" in particular, the di-sialyl T was identified as a Siglec-7 ligand.”'*'®"? Furthermore, structures in which the terminal
galactose is sulfated by carbohydrate sulfotransferase 1 (6-O-sulfation) have also been reported as ligand glycans.”® However, these struc-
tures are inconsistent, and the common reactive structures are unclear. Here, we investigated the optimal sialyltransferases that promote
the most efficient binding of Siglec-7 using all 20 types of sialyltransferase”’ cDNAs defined to date, and identified the best combination
of multiple cDNAs. We also identified previously unreported sialylated O-glycans on glycoproteins to which Siglec-7 strongly binds. Further-
more, upon interaction between those molecules, it was demonstrated that inhibitory signals were transduced into the immune cell side and
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activation signals were transduced into the cancer cell side, leading to increased invasion of cancer cells and the efficient escape of cancer
cells from immuno-surveillance.

RESULTS
Siglec-7 binds to O-glycans synthesized by 4 sialyltransferases on the cell surface of a colon adenocarcinoma cell line, DLD-1

Because recombinant Siglec-7-Fc?” did not bind to DLD-1, we used DLD-1 to screen for sialyltransferase genes that could generate sialylated
carbohydrates recognized by Siglec-7 using 20 sialyltransferase cDNAs (Table S1). Consequently, the expression of ST3Gal1,”
ST6GalNACT,**?° ST6GalNAC3,”” and ST8Siaé6”*?’ induced Siglec-7 binding (Figure S2A). Previous studies have shown that at least two sialic
acid residues are important for ligand-glycan recognition by Siglec-7 (Figure S1). Stable transfectant clones of these cDNAs were established
and named C4 (ST3Gal1 and ST6GalNAc1), C3 (ST3Gal1 and ST6GalNACc3), and C8 (ST8Siab) (Figure 1A). Siglec-7 did not bind to GD3 syn-
thase (ST8Sia1) stably expressed ganglioside GD3 positive DLD-1 (Figure S2B),?® as described previously.'" Next, to clarify the properties of
glycan structures recognized by Siglec-7, the three transfectants were treated with an N-type glycan synthesis inhibitor, kifunensine (Fig-
ure 1B),">"® or an O-glycan synthesis inhibitor, benzyl-a-GalNAc (Figure 1C).?7*° While kifunesine had no effect on binding of Siglec-7-Fc,
the transfectants treated by benzyl-a-GalNAc showed loss of the binding of Siglec-7-Fc. DLD-1 cells were peanut agglutinin (PNA) lectin-pos-
itive and O-glycans with GalB1-3GalNac-structures were abundant (Figure S2C). This indicated that the substrate for the identified transferase
was present on the DLD-1. Siglec-9 is a member of the CD33-related Siglec family and, like Siglec-7, is expressed on NK cells. The binding of
Siglec-9 to DLD-1 and transfectants was assessed, and binding was also observed on DLD-1, in which the binding tendency of Siglec-9-Fc to
DLD-1 was different from that of Siglec-7-Fc (Figure S2C). Consequently, we demonstrated that the ligand glycans recognized by Siglec-7
were O-type glycans. We investigated whether the four identified sialyltransferase genes are also expressed in colon cancer cell lines and
other cancer cell lines (Figure S3A). hSt3gall and hStégalnac! were expressed at low levels in DLD-1. Only hStégalnac3 expressed in
Caco-2 cells, whose Siglec-7 binding was as negative as that of DLD-1 (data not shown). In contrast, HCT116 and SW837 cells expressed
hSt3gall, hStégalnac3, and hSt8Siaé. In particular, SW837 cells with high expression of hSt8Siaé also showed strong binding to Siglec-7-
Fc (Figure 1D, left). hSt3gall and hSt8siaé were expressed in MCF-7 cells. hSt3gall, hStégalnacl, and hSt8Siaé were expressed in K562 cells.
It has been reported that the O-type glycans of the disialyl T structure on K562 bind to Siglec-7-Fc.'®"’ The expression levels of sialyltrans-
ferases transgenic for DLD-1 were compared with those of colon cancer and in other cell lines. Compared to SW837, St3gall was 2.44-fold,
Stégalnac! was 143-fold, Stégalnac3 was 0.48-fold and St8siaé was 9.5-fold (Figure S3B). SW837 cells were treated with the kifunensine or
benzyl-a-GalNAc. While kifunensine had no effect on binding of Siglec-7-Fc, SW837 treated by benzyl-a-GalNAc showed loss of the binding
of Siglec-7-Fc (Figure 1D).

Siglec-7 binds to mucin-type proteins on the colon adenocarcinoma cell line DLD-1

To identify Siglec? ligand glycan-carrier proteins, the cell surface membrane of these transfected cells, as well as DLD-1 cells, was biotinylated,
and pull-down experiments of the cell lysates by Siglec-7-Fc were performed (Figure 1E). Bands higher than 175 kDa (180-200 kDa) and at
50 kDa were detected in C3, C4, and C8 using the avidin-biotin complex (ABC)-HRP kit. Another band was also observed at 120-kDa for
C8 (Figure 1F). Mass spectrometry (MS) and immunoblotting (IB) revealed that the 175 kDa molecule was podocalyxin (PODXL)*>'3
(Figures 1G and S4A) and the 120-kDa one was Mucin-13 (MUC13)>%%° (Figures S4A and S4B). The 50 kDa molecule is unknown.

Siglec-7 ligand O-glycans suppress NK cell cytotoxicity via inhibitory signal activation mediated by ITIM/ITSM

It has been reported that the expression pattern of Siglec-7 on NK cells varies between individuals.***” Siglec-7 was expressed in 88.08% and
98.28% of CD3~ CD56" NK cells and 100% of monocytes in human peripheral blood mononuclear cells (PBMCs) of donor 1 and donor 2,
respectively (Figures 2A and S5A). NK cells exhibit cytotoxicity against cancer cells. Therefore, we examined the inhibitory effects of the inter-
action between ligand glycans and Siglec-7 on NK cell function. As a result of the co-culture of DLD-1 cells and transfectants with PBMCs from
donor 1, the cytotoxic activity of NK cells was significantly suppressed by the transfectants (Figure 2B). As shown in Figure S2D, there was no
difference in Siglec-9 binding between DLD-1 cells and transfectants. To further clarify whether the suppression of this cytotoxic activity was
mediated by Siglec-7, we performed cytotoxic activity rescue experiments using blocking antibodies that inhibit the binding of Siglec-7 to the
ligand.?® This antibody blocks the binding to the glycan ligand. The results showed a rescue effect on cytotoxic activity by the Siglec-7 block-
ing antibodies at C3, C4, and C8 (Figure 2C: donor 2; Figure S5B: donor 1). Using confocal microscopy, we analyzed the time-lapse images of
what occurs when NK cells encounter cancer cells. An NK cell line was used to study the cytotoxic activity of NK cells. Because the human NK
cell line KHYG-1 expressed Siglec-7 at low levels, we established a Siglec-7-highly-expressing clone, KHYG-1-Siglec-7"'9", from a Siglec-7-
negative clone (Figure S3C). As a result of co-culture of DLD-1 cells with KHYG-1-Siglec-7"'9", almost all DLD-1 cells were killed after 10 h
of co-culture. In contrast, most C8 cells survived during the co-culture with KHYG—1-Sig|ec—7mgh (Figure 2D and Video S1). KHYG-1 cells
became DAPI-positive, indicating apoptosis (Figure 2C blue arrow). To determine whether binding to ligand glycans induced apoptosis in
Siglec-7-expressing NK cells, NK cell apoptosis was assessed after co-culturing PBMCs with DLD transfectants. After 6 and 24 h of co-culture,
PBMCs were collected and NK cell apoptosis was assessed by staining with Annexin V and 7-AAD, noting CD16 and CD56 positive NK cells
within some gates (Gate:A, Figure S5D) in the forward scatter (FSC) and side scatter (SSC) plots. This gate is generally considered to have the
gate with the highest number of dead cells; late apoptotic NK cells positive for both Annexin V and 7-AAD were found to have enhanced
apoptosis when co-cultured with the transfectants (Figure 2F). (8% higherin C3, 3.4% in C4, and 11.2% in C8 at 6h) There was a slight apoptosis
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Figure 1. Siglec-7 binding is enhanced by four sialyltransferases in colon cancer cell lines, and its ligand glycan is O-glycan on mucin-type proteins
(A) Flow cytometry analysis of Siglec-7-Fc binding to parent DLD-1 and stably expressing cells of sialyltransferases that have been identified as Siglec-7 ligand-
synthase genes (Figure S2A). As a result, ST3Gal1, ST6GalNAc1, ST6GalNAc3, and ST8Siab were identified to be capable of the induction of Siglec-7 binding.
DLD-1 co-transfected with ST3Gal1 and ST6GalNAc3 genes is C3. Co-transfectant DLD-1 of ST3GalT and ST6GalNAc1 genes is C4. ST8Siab gene transfectant
DLD-1 is C8. Blue-filled lines indicate negative controls, and purple lines indicate Siglec-7-Fc binding.

(B and C) Effects of inhibition of N-glycosylation or O-glycosylation on the binding of Siglec-7. DLD-1 and the transfectants were treated with 20 nM kifunensine or
DMSO as a negative control or 2 mM benzyl-a-GalNAc or DMSO as a negative control for 3 days, respectively. They were detached and incubated with Siglec-7-
Fc (5 ng/100 pul) for 1 h and then with anti-human Fc IgG-FITC, and then analyzed using flow cytometry. (B) Kifunensine, an N-glycosylation inhibitor, showed no
effect on the binding of Siglec-7. (C) Benzyl-a-GalNAc, an O-glycosylation synthesis inhibitor, led to a significant decrease in the binding of Siglec-7 in all three
clones.

(D) N- and O-glycan synthesis inhibition was performed on the Siglec-7-binding cell colon adenocarcinoma cell line SW837 and its effects were evaluated.

(E) Biotinylated membrane proteins derived from DLD-1 and the ST transfectants were pulled down using Siglec-7-Fc or human IgG Fc only as a protein control Fc
(Con-Fc) and protein A beads.

(F) They were electrophoresed and transferred onto a PVDF membrane. It was used for the avidin-biotin complex detection system (ABC kit) and ECL. Specific
bands were detected at 175 kDa< and 50 kDa in ST-transfectants. A specific band detected at 120 kDa in C8 was Mucin-13 (MUC13) (Figure S2C).

(G) Immuno-blotting using anti-PODXL antibody. The upper panel indicates pull-down samples with Siglec-7-Fc or control-Fc. Lower panel indicates input
lysates.
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Figure 2. Siglec-7 ligand O-glycans suppress NK cell cytotoxity via inhibitory signal activation of ITIM/ITSM

(A) The gating information for picking up NK cells from PBMCs is in Figure S5B. The expression of Siglec-7 on NK cells from donor 1 and donor 2 was analyzed.
(B) Cytotoxicity assay using co-culture of DLD-1 or ST transfectants with PBMCs. Cytotoxicity was assessed by measuring lactate dehydrogenase (LDH) activity
released into the medium from injured cells. They were measured using the LDH release detection kit. E:T refers to the ratio of effector cells (PBMCs) and target
cells (DLD-1 and ST transfectants). Error bars indicate SEM. ***p < 0.001, **p < 0.01, *p < 0.05, using one-way ANOVA. E:T = 100:1 p = 0.0003, E:T = 50:1
p =0.0026, E:T = 25:1 p = 0.0166, E:T = 12.5:1 p = 0.0241. Tukey's multiple comparison test, E:T = 100:1 DLD-1 vs. C3, p = 0.0129, DLD-1 vs. C4, p = 0.0059,
DLD-1 vs. C8, p = 0.0002, E:T = 50:1 DLD-1 vs. C8, p = 0.0012, E:T = 25:1 DLD-1 vs. C8, p = 0.0346, E:T = 12.5:1 DLD-1 vs. C8, p = 0.0223, E:T = 6.25:1 DLD-1
vs. C8, p = 0.0314. Data are mean + SD, n = 7 biological replicates.

(C) PBMCs were co-cultured with DLD at E:T = 100:1 after prior treatment with 10 pg/mL anti-Siglec-7 antibody or isotype control antibody. The cytotoxic activity
was then assessed with the LDH release detection kit. DLD-1 Control IgG vs. DLD-1 Anti-Sig-7, p = 0.2328, C3 Control IgG vs. C3 Anti-Sig-7, p = 0.0404, C4
Control IgG vs. C4 Anti-Sig-7, p = 0.0260, C8 Control IgG vs. C8 Anti-Sig-7, p = 0.0062, Data are mean + SD, n = 4 biological replicates.

(D and E) Co-culture of an NK cell line KHYG-1-Siglec-7"'9" (Figure $3B) and DLD-1 or $T8Sia6-transfectant C8. DLD-1 and C8 were transiently transfected with a
red fluoresceine protein gene for labeling of the cells. The medium contained DAPI, which stains dead cells. The magnified image in the upper right of the panel
shows dead cells stained with DAPI. Dead KHYG-1-Siglec-7"9" stained using DAPI are indicated with blue arrows. Time-lapse imaging of co-cultured DLD-1 or C8
and KHYG—1—Siglec—7h‘gh was acquired for 10 h (Video S1). Scale bar indicates 50 um.
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Figure 2. Continued

(F) Assessment of NK apoptosis in PBMCs co-cultured with DLD; PBMCs were stained with anti-CD3-FITC and anti-CD16/CD56-PE after co-culturing. Further
staining with Annexin-V-APC and 7-AAD comparing Annexin-V and 7-AAD co-positive populations in Gate:A (Appendix Gating Information).

(G) U937-Siglec-7"" were co-cultured with DLD-1 or ST transfectants for 10 min at 37°C. The U937 cells were collected and lysed. Immunoprecipitation was
performed using an anti-Siglec-7 antibody and subsequent immunoblotting with an anti-phospho-tyrosine antibody (4G10), anti-Siglec-7 antibody, or anti-
SHP-1.

(H) Immunoprecipitation using anti-SHP-1 antibody and subsequent IB using anti-phosphotyrosine antibody (PY20) or anti-SHP-1 were performed.
Phosphorylated Siglec-7 and SHP-1 were quantitated using ImageJ software (NIH) and the ratios of p-protein/total proteins in (G) and (H) are presented in
() and (J), respectively.

(I'and J) Summary of phosphorylation ratios for Siglec-7 ((I) p-Siglec-7/Siglec-7) and SHP-1 ((J) p-SHP-1/SHP-1). DLD-1 and ST transfectants vs. (A and B) PBMCs,
(C) KHYG-1-Siglec-7"9" and (D-F) U937-Siglec-7"'sh.

of NK cells in Gate: Lymphocyte. A few NK cells in Gate: A were classified as early apoptotic cells (Figure S5E). The proportion of late apoptosis
in the gate: monocytes tended to be 3 to 4% higher in transfectants, but the difference was not significant (Figure S5F). These results suggest
that the Siglec-7 signaling induced not only suppression of killing activity but also apoptosis of Siglec-7-expressing cells. To clarify the mo-
lecular mechanisms, we co-cultured here “non-cytotoxic” U937-Siglec7M9" cells instead of KHYG-1-Siglec-7"9" (Figure S6A) with DLD-1 and
its transfectant cells of STs to analyze intracellular signals (Figure S6B). As a result, the ITIM/ITSM of Siglec-7 on U937-Siglec7"9" was phos-
phorylated in the co-culture with transfectants (Figure 2G upper panel). Simultaneously, the recruitment (binding) to ITIM/ITSM and phos-
phorylation of SHP-1 were observed (Figure 2G lower and 2H upper). The phosphorylation levels of Siglec7-ITIM/ITSM and SHP-1 were
more than 2- and 10-fold higher, respectively, than those in parent DLD-1 cells (Figures 2| and 2J). In addition, when co-cultured with DLD
GD3+, which is reported to be non-reactive with Siglec-7, U937-Siglec-7"'¢" did not activate of ITIM/ITSM signaling (Figure S6C).

Siglec-7 binding transduces activation signals into cancer cells via the interaction with ligand O-glycans

The following experiments were conducted to clarify how Siglec-7 expressed on lymphocytes recognizes and binds to cancer cells and what
kind of signal is transmitted. From the results of the co-culture of DLD-1 and the transfected cells with U937-Siglec-7"9", it was found that
Siglec-7 co-localizes with the ligand glycan-carrier protein PODXL on the adhesive surface (Figure 3A). Furthermore, they co-localized with
actin filaments that were present downstream of PODXL (Figure 3B). We analyzed the intracellular signaling changes that occurred along
with the changes in actin localization. Upon co-culturing DLD-1 or C8 cells with U937-Siglec-7"9", phosphorylation of AKT and ERK1/2
was observed in C8 cells (Figures 3C and 3D). Moreover, similar results were observed in the transfectants of STs when stimulated with
the recombinant protein Siglec-7-Fc conjugated with protein A beads (Figures S7TA-S7E). The results obtained from experiments using pu-
rified Siglec-7 signals were considered to exclude the possibility of other cellular signals. To elucidate the phenotypic changes in cancer cells
induced by the Siglec-7-binding signals via ligand glycans, invasiveness was evaluated using the transwell invasion assay, and proliferation
was evaluated using the BrdU cell proliferation assay. Invasion activity was enhanced in C8 cells, as shown by the transwell migration assay
(Figure 3E). In contrast, the BrdU cell proliferation assay revealed no changes in the proliferation activity between DLD-1 and C8 cells (Fig-
ure 3F). These results suggest that Siglec-7 functions not only as a receptor that transmits inhibitory signals to its expressing cells (NK cells)
but also as a ligand that transmits cytoskeletal activation signals to cancer cells via binding glycans, increasing the malignant phenotype.

Expression analysis of sialyltransferase genes in human colon adenocarcinoma database

Four sialyltransferases that generate Siglec-7 ligand glycans on colon cancer cells have been identified. Ligand glycans suppress the cytotoxic
activity of NK cells via Siglec-7 and further enhance their metastatic activity. Therefore, we analyzed the gene expression of these four sialyl-
transferases and their involvement in cancer grading using a database of human cancer cells. The expression levels of sialyltransferase genes
were compared between cancerous and normal human colorectal cancer tissues in The Cancer Genome Atlas (TCGA) using Wilcoxon rank-
sum test. Stégalnacl, Stégalnac3, and St8Siaé were more highly expressed in normal tissues (NT) than in cancerous tissues (TP), whereas
St3gall was more highly expressed in cancerous tissues (TP) (o = 0.11). (Figure 4A). In the survival time analysis, groups with high St3galT,
Stégalnsc3, and St8siaé expression tended to have lower survival rates, whereas the group with low expression of Stégalnac! tended to
have a poorer prognosis (Figure 4B). In a comparative study of cancer metastasis, in the St3gall high group, n0 decreased and n1b, nic,
n2, and n2b increased to those in the low group (Figure 4C). A comparative analysis of cancer metastasis tendency using the chi-square
test based on the expression of sialyltransferases showed that the high group had a high metastasis tendency in the St3gall. In the St8siaé
group, the high group tended to metastasize easily. In addition, no significant differences were observed in the degree of metastasis, size,
and/or extension of the main tumor (Figures 4D and 4E). However, because the expressions of St3gall, Stégalnac3, and St8siaé tended to
show malignant traits of cancer in any evaluation method, it may be necessary to evaluate the effects of the combination of multiple gene
expressions on the poor prognosis of cancer patients. From the results described previously, it was shown that the sialyltransferase genes
involved in the synthesis of the ligand glycan of Siglec-7 defined in this study were expressed (more or less) in human colon cancer tissues,
and clinical cases with high expression of St3gal1 and St8siaé clearly showed significantly lower survival rates, suggesting that the expression
of these genes is involved in cancer metastasis. The "GlycoMaple” tool for visualizing the glycosyltransferase pathway for the biosynthesis of
mucin-type O-glycans and the report by Huang et al.*” suggest that these four transferases may produce the tri-sialyl T structure. In order to
clarify the predicted glycan, we next performed structural analysis of the glycan on the identified ligand-glycan-carrying proteins.
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Figure 3. Siglec-7 transduces activation signals into cancer cells via ligand O-glycans

(A) Confocal microscopy analysis of Siglec-7, PODXL, and F-actin in DLD-1 and C8 cells during 30 min co-culture with U937-Siglec7"9" using confocal microscopy.
FITC: Siglec-7, Alexa 568: PODXL, Alexa 650: F-actin (Phalloidin). Differential interference contrast microscope (DIC). In the co-culture of C8 and U937fSiglec7h‘9h,
these three molecules were co-localized (white) in merge. Scale bar: 40 pm.

(B) Representative side view of confocal microscopy imaging. Arrow heads indicate co-localized point of Siglec-7, PODXL, and F-actin. Scale bar: 20 pm.

(C) The time-course of AKT and ERK1/2 activation in DLD-1 transfectants co-cultured with U937—Sig|ec7h'9h. DLD-1 and C8 were co-cultured with U‘?37—Sig|ec7h'gh
for indicated times, and then U937 cells were washed out. DLD-1 and C8 were lysed and analyzed using western blotting. Phosphorylated AKT and ERK1/2 were
quantitated using ImageJ, and the ratios of p-protein/total protein were obtained as described in (D).

(D) Graphs summarizing the phosphorylation levels of AKT (p-AKT/AKT), ERK1 (p-ERK1/ERK1), and ERK2 (p-ERK2/ERK2).

(E) Transwell migration assay of DLD-1 and C8 stimulated using Siglec-7 binding. It showed increased migration of C8 cells when stimulated with Siglec-7-
conjugated beads (Figure S7A). ***p < 0.001, using Student’s t test. DLD+control-Fc vs. DLD+Siglec-7-Fc, p = 0.347. C8+control-Fc vs. C8+Siglec-7-Fc,
p =0.00095. Data are mean £ SD, n = 3 biological replicates.
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Figure 3. Continued

(F) BrdU cell proliferation assay showed that there were no differences in DLD-1 and the transfectants either with no stimulation or when stimulated with Siglec-7.
***p < 0.001, using Student’s t test. DLD+control-Fc vs. DLD+Siglec-7-Fc, p = 0.327. C8+control-Fc vs. C8+Siglec-7-Fc, p = 0.144. Data are mean + SD, n =12
biological replicates. DLD-1 or ST transfectant C8 vs. U937-Siglec7"'" (A-D) and Siglec-7-conjugated beads (E-F).

Siglec-7 binds to a glycan on the platelet aggregation-stimulating 3 domain of PDPN

It has been reported that PODXL and MUC13 have a large number of various O-glycans.*'** Identifying the true ligand glycans on these mol-
ecules is challenging due to the large size of their backbone proteins and the abundance of glycan modifications. To simplify the experimental
system, smaller glycan-carrying proteins were required. The glioblastoma cell line LN319 showed the binding of Siglec-7-Fc by flow cytometry
(Figure 5A, upper panel). Pull-down Siglec-7-Fc of biotinylated membrane proteins revealed that LN319 contains several proteins that bind to
Siglec-7 in the lower molecular weight region (Figure 5A, right). LN319 cells highly express podoplanin (PDPN, a mucin-type sialoglycopro-
tein)."%* Furthermore, IB using pull-down products by Siglec-7-Fc from lysates of LN319 cells revealed that the 40 kDa protein is the ligand
glycan-carrier protein PDPN (Figure 5A, lower). However, the amount of PDPN pulled down by Siglec-7-Fc was less than that pulled down by
PDPN in the input lysate, suggesting that some PDPN binds to Siglec-7-Fc. As previously reported,”’ the PDPN platelet aggregation-stim-
ulating (PLAG) 3 domain in LN319 has a characteristic glycan di-sialyl-T structure attached at 52T, as shown in Figure 5B, suggesting that the
Siglec-7 ligand glycan is attached to 52T of PDPN. PDPN is not expressed in DLD-1 cells. When PDPN was forcibly expressedin DLD-1and ST
transfectants, IB with an anti-PDPN antibody detected PDPN as a band around 40kDa in Siglec-7 pull-down samples from all ST clones, as
expected (Figure 5C, 4 lanes on the left). It was detected more abundantly in clone 8 (ST8Siaé-transfected). In contrast, when the T52A mutant
PDPN was forcibly expressed, Siglec-7 binding was not observed (Figure 5C, four lanes on the right). We wanted to clarify the structure of the
Siglec-7 ligand-glycans. Therefore, generation of PDPN modified by the four sialyltransferases is required. HEK293T cells express PDPN,
which does not bind to Siglec-7-Fc. When ST8Siaé gene was transiently expressed, Siglec-7-Fc binding was enhanced (Figure S8A) and
endogenous PDPN bound to Siglec-7-Fc in HEK293T (Figure S8B). Therefore, we generated an expression vector for the soluble fusion pro-
tein of the extracellular domain (ECD) of PDPN and human IgG1 Fc (Figure 5D), and the fusion proteins were expressed in HEK293T by trans-
fection of this expression vector with sialyltransferases. To evaluate the binding properties of PDPN-Fc to full-length Siglec-7, a pull-down
experiment with three types of PDPN-Fcs (Figure S8C) was performed using the U937-Siglec-7"'9" cell lysate (Figure 5E). We also generated
an expression vector for the PDPN-Fc fusion molecule in the T52A mutant. Together with these PDPN expression vectors, either expression
vectors of ST3Gal1+ST6GalNACc3 or ST3Gal1+ST6GalNAC3+ST8Siab were co-transfected (Figure 5F) and analyzed by a pull-down assay.
Although no binding of Siglec-7 was observed with PDPN-Fc alone (Figure 5G, 2" lane), strong binding of Siglec-7 was noted in PDPN-
Fc co-expressed with ST3Gal1 +ST6GalNAC3 +5T8Siab (Figure 5G, lane 4). However, none of the T52A point-mutated PDPN-Fc showed bind-
ing to Siglec-7 (Figure 5G, lanes 6 and 7). These results revealed that the ligand glycan structures of Siglec-7 were formed in the PLAG3
domain of PDPN.

MS analysis of O-glycan structures recognized by Siglec-7

Glycopeptides and O-glycans derived from PDPN-Fcs were analyzed using MS. Glycopeptides were endoproteinase Asp-N digests.
O-glycans was excised by the glycan release method (B-elimination and 1-phenyl-3-methyl-5-pyrazolone (PMP) labeling).***> These were
derived from three types of PDPN-Fc (Figures 5F and 5G). Table 52 summarizes the m/z values of ions identified as amino acid sequences
derived from PLAG3 based on the MS results of glycopeptides and the types of presumed glycan structures. Six peaks with m/z indicated
were detected only for PDPN-Fc (ST3Gal1, ST6GalNAc3, ST8Siab). m/z 753.3 (3+) indicated the Asp-N-digested PLAG3 domain (MW =
1019.0) and NeuSAc(3)Hex(1)HexNAc(1) (MW = 1237.9) (Figure 6A; Tables S3 and S4). As a result of B-elimination of PDPNs, 4 types of
O-glycans from PDPN-Fc (None), 3 types of O-glycans from PDPN-Fc (ST3Gal1, and ST6GalNAc3), and 5 types of O-glycans from PDPN-
Fc (ST3Gal1, ST6GalNACc3, and ST8Siab) were identified, respectively (Table S5). The tandem mass spectrum of m/z 794.3 the PMP-O-glycan
from PDPN-Fc (ST3Gal1, ST6GalNAc3, and ST8Siaé) revealed that the ion contained one HexNAc, one Hex, and 3 NeuSAc (Figure 6B). Thus, a
tri-sialyl T structure (Figure 6C) exists in the PMP-labeled O-glycans derived from PDPN-Fc (ST3Gal1, ST6GalNAc3, and ST8Siab), suggesting
that the tri-sialyl T structure is characteristically formed in the PLAG3 domain. A quadrosialyl T structure was also found in peptides that were
not derived from the PLAG3 domain (Figure S9A; Table S4) or PMP-labeled O-glycans (Figure S9B; Table S5). Since no binding to Siglec-7 was
observed in the point mutant at 52T, and quadro-sialyl T was present outside the PLAG3 domain, it is considered that Siglec-7 does not bind
to quadro-sialyl T. Table S5 summarizes the glycan structures predicted from the types and numbers of these glycans and the results of PMP-
labeled cut-out glycans. Neu5Ac(2)HexNAc(1) “di-sialyl Tn" is the most abundant glycan structure. However, it cannot be a ligand glycan
because our results suggest that a2-3, a2-6, and a2-8 Sia are important for Siglec-7 binding.

Sia a2-8 Sia 22-3 linkage, which cannot be removed by «2-3-linked Sia-specific sialidase, is essential for Siglec-7 binding

Using the a2-3-linked Sia-specific sialidase, it was clarified whether ¢2-8 Sia was bound to the end of #2-3 Sia or a2-6 Sia. Therefore, a stable
transfectant, LN319, with high ST8Siaé expression and markedly enhanced Siglec-7 binding was established (Figure 7A). We conducted a
suppression experiment for Siglec-7 binding using a Sia-linkage-specific sialidase (Figure 7B). ST8Siab-expressing LN319 cells showed
more membrane proteins (biotinylated) bound to Siglec-7-Fc than mock cells. Arrowhead-indicated PDPN mainly increased in the pull-
down assay using Siglec-7-Fc (Figure 7C, lanes 1 and 4), and the reactive protein was confirmed to be PDPN (Figure 7C, middle panel). Treat-
ment with a regular sialidase (SiaP, lanes 3 and 6) suppressed the Siglec-7 binding, while «2-3 Sia-specific sialidase (SiaS, lanes 2 and 5)* did
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Figure 4. Expression analysis of sialyltransferase genes in human colon cancer (COAD) in TCGA database

(A) Comparison of expression between cancer tissues and normal tissues. TP: primary solid tumor (285 samples). NT: solid tissue normal (41 samples). y axis is
expression of the gene: log2 (transcripts per kilobase million+1). St3gall tended to be more abundant in cancer tissues (p = 0.11), but other sialyltransferase
genes were significantly more expressed in normal tissues.

(B) Survival data from the COAD in TCGA database that had high (blue line) or low (red line) expression of the individual STs. The expression level of
sialyltransferases in human colon cancer patients was divided into high and low groups. The low groups of St3gall, Stégalnac1, Stégalnac3, and St8siab were
those with expression values less than 650.0797, 4325.628, 58.5373, and 2.265, respectively. The groups with high St3gall, high Stégalnac3, and high St8siabé
tended to have lower survival rates (p = 0.013, 0.0035, and 0.071, respectively), whereas the group with low expression of Stégalnacl tended to have a
poorer prognosis (p = 0.26).
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Figure 4. Continued

(C) Analysis of COAD TNM staging in each gene expression. Lymph node metastasis analysis based on the difference of expression of sialyl transferase genes.
“n0" means no metastasis. “1” means metastasis to the neighborhood, and 2" means metastasis to the distance. Symptoms become more serious from "A"
to "C".

(D) Metastasis analysis based on the difference of expression of sialyltransferase genes. “m0” means not spread to other regions. “1" means spread to other
regions and b indicates a more serious condition than a. mx means “Metastasis cannot be measured”.

(E) Primary tumor status analysis for the difference in the expression levels of sialyltransferase genes. t1, t2, t3, and t4: Refers to the size and/or extent of the main
tumor. The higher the number after t, the larger the tumor or the more it has grown into nearby tissues. t3 may be further divided to provide more details, such as
t3a and t3b. A comparative analysis of cancer metastasis tendency based on the expression of sialyltransferases showed that the high group had a high metastatic
tendency (p = 0.009) in the St3gall. In the St8siaé group, the high group tended to metastasize easily (p = 0.255). In addition, no significant difference was
observed on evaluating the degree of the metastasis and size and/or extension of main tumor (Figures 3D and 3E). Statistics were performed in the following
manner. (A) Differences between tumor and normal were analyzed using Wilcoxon rank-sum test and evaluated using p value. (B) Differences between ST-
expression high and low group about survival rate were analyzed using Wilcoxon rank-sum test and evaluated using p value. (C-E) Differences in these
groups were analyzed using the Chi square test and evaluated using p value. The p value indicates a difference in metastatic tendency between the high and
low groups. ***p < 0.001, **p < 0.01, *p < 0.05.

not suppress binding in ST8Siaé-transfectant cells (Figure 7C). DLD-1 transfectants, SW837 and K562 cells were treated with SiaP and SiaS to
assess their binding to Siglec-7. In contrast, SiaS treatment did not cause DLD-1 transfectants to lose their binding to Siglec-7, whereas SW837
and K562 cells showed reduced binding to Siglec-7 after Sia$ treatment (Figure 7D). Since a2-3-linked Sia-specific sialidase cannot cleave Sia
when ¢2-8 Sia is attached at the non-reducing end, it was concluded that «2-8-linked Sia is present at the non-reducing end of the glycan,
being essential for the binding of Siglec-7. This result is consistent with the report that ST8Siaé requires Neu5Aca2-3GalB1-3GalNAc as a sub-
strate”’ and seems to provide evidence for the presence of a tri-sialyl T structure.

DISCUSSION

Although there have been several reports on the carbohydrates recognized by Siglec-7, no intensive studies on its ligand structures on the cell
membrane and the resulting biological effects of their interactions have been performed to date. In this study, we revealed that Siglec-7 binds
to O-glycans on PDPN, PODXL, and MUC13, and further identified the tri-sialyl T structure in O-glycans as a previously unreported ligand
recognized by Siglec-7. Furthermore, this glycan structure induced a negative signal on the immune cell side by activating the phosphatase
SHP-1, leading to the suppression of NK cytotoxic activity. In contrast, this interaction promotes actin filament recruitment to the ligand glycan
carrier protein in cancer cells. Actually, it was shown that activation of AKT and ERK was induced, leading to the enhancement of cell invasion
activity of cancer cells (Figure 8). When analyzing molecular signaling, we used transfectants expressing Siglec-7 or sialyltransferases. The
expression levels of Siglec-7 in U937 transfectants are comparable to those in human NK cells (Figures S5A and S6A). Similarly, expression
levels of sialyltransferases in DLD-1 transfectants were comparable to various cell lines (Figure S3B). Additionally, this ensures that our findings
reflect natural cellular conditions and support the dual function hypothesis of Siglec-7 signaling.

Recently, it was reported that CD43 contains a cluster of disialylated O-glycans bound to Siglec-7 in leukemic cells.'®"” The disialyl T struc-
ture on CD45 and CD162 in chronic lymphocytic leukemia B cells has also been reported as a Siglec-7 interacting molecule.'® This study also
showed that the formation of a high-density di-sialyl T structure is important for Siglec-7 binding. Our results suggest that the di-sialyl T struc-
ture of PDPN binds to Siglec-7. However, the tri-sialyl T structure identified in this study showed stronger binding strength than the di-sialyl T
structure. Regarding the involvement of PLAG4 (Table S4),4348 4 peptide containing Hex(1), HexNAc(1), and Neu5Ac(3) was detected in MS of
the glycopeptides. However, Siglec-7 ligand glycans were present only on PLAG3 as shown in the point mutation experiment (Figures 5B, 5C,
and 5G). Thus, the tri-sialyl T structure was identified as a ligand glycan of Siglec-7 in this study. This glycan structure has been reported to be
present on APP in the cerebrospinal fluid of patients with Alzheimer's disease.*’

Some Siglecs have been reported to be utilized during bacterial and viral infections.”** Pseudomonas aeruginosa takes up sialic acid
from host body fluids and expresses it on its own membranes, where it interacts with Siglecs on immune cells and destroys the host immu-
nity.”* However, the functions of these Siglecs in normal immune cells remains unclear. Siglecs help the immune system distinguish between
self and non-self by recognizing sialic acid-containing glycans as ligands. The expression of sialic acid-containing glycans is restricted by the
cell type and serves as a checkpoint for immune cell responses in human diseases such as cancer, asthma, allergies, neurodegeneration, and
autoimmune diseases.” It has been suggested that Siglec-7 may be used by cancer cells to escape from immune surveillance, similarly to im-
mune checkpoint systems such as PD-1/PD-L1, which suppress immune responses. They are thought to maintain immune homeostasis and
suppress excessive immune responses in normal tissues.

The activation signals transduced in cancer cells via Siglec-7 stimulation are shown in Figures 3C, 3D, and S7. We showed that Siglec-7
enhanced the phosphorylation levels of AKT and ERKs in cancer cells and promoted cancer invasion via ligand glycan-carrying molecules (Fig-
ure 3E). Experiments in which beads conjugated with recombinant Siglec-7-Fc were used also showed the activation of AKT and ERKs upon
reaction with C8 (ST8Siaé) (Figures S5B-S5E). It is conceivable that the clustered Siglec-7 on both U937 cells and beads recognizes clustered
ligand glycan carrier proteins on cancer cells and forms tight immunological synapses to transmit signals. Siglec-7 signaling on the cancer side
promotes the interaction of PODXL with the cytoskeleton, leading to the activation of AKT and ERKs to enhance cell invasion. It has been re-
ported that PDPN and PODXL regulate actin filaments through binding to Ezrin/Radixin/Moesin (ERM) and stimulate cancer cell invasion and
metastasis through a variety of strategies.” Thus, the binding of PDPN and PODXL to their ligands modulates signaling pathways that regulate
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Figure 5. Siglec-7 ligand-glycan is present at 52T on PLAG3 domain of PDPN

(A) PDPN was identified as a Siglec-7 ligand glycan-carrier protein in glioblastoma LN319. Flow cytometry showed that LN319 expresses Siglec-7-Fc binding
molecules (upper). A pull-down assay of biotinylated proteins revealed that there were various types of membrane proteins binding to Siglec-7 (right). One
of them was identified as PDPN using IB (lower).

(B) Identification the of Siglec-7 ligand glycosylation site. Di-sialyl T antigen is present in glycosylation products at 52T on the PLAG3 domain of PDPN.

(C) The wild-type and a point mutant of PDPN-expression vectors were used to transfect DLD-1 and its ST transfectants. Their PDPNs were pulled-down using
Siglec-7-Fc from the lysates of DLD-1 and its ST transfectants, and analyzed using IB, showing that WT PDPN derived from DLD-1 did not bind to Siglec-7-Fc. WT
PDPN derived from ST transfectants bound to Siglec-7-Fc. T52A PDPN derived from either DLD-1 or ST transfectants did not bind to Siglec-7.

(D) Generation of fusion protein (PDPN-Fc) consisting of the WT and T52A PDPN extracellular (EC) domain and human IgG-Fc.

(E) Evaluation of Siglec-7 binding ability to PDPN-Fc co-transfected with various STs. WT and T52A PDPN-Fcs were prepared by co-expression with none or
ST3Gal1 and ST6GalNACc3 or ST3Gal1, ST6GalNAc3 and ST8Siaé in HEK293T cells, and purified using the protein A affinity column. U937 cells expressing
full-length Siglec-7 were lysed and purified and PDPN-Fcs were added to the lysates. PDPN-Fcs were pulled-down with Protein A beads, and the amount of
co-precipitated Siglec-7 was compared. A T52A point mutant of PDPN-Fc in the PLAG3 domain was also generated under the same conditions.

(F) A list of co-transfected PDPN-Fc and STs.

(G) Binding of WT full-length Siglec-7 and PDPN-Fcs was detected using IP with the Fc fusion proteins and subsequent IB with anti-Siglec-7 (top). Expression of
PDPN-Fc or its mutant was confirmed using IB with an anti-PDPN antibody (bottom).
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Figure 6. Structure analysis of the Siglec-7 ligand glycan using MS

(A) MS/MS spectrum of PLAG3 domain-derived glycopeptide from Asp-N digested PDPN-Fc peptide. They were analyzed using LC/MS. Tandem mass spectrum
of the precursor ion m/z753.298 (3+) (Table S2) were analyzed using TOF MS/MS. The fragmentation table shows the PLAG domain 3 sequence and its detected
product ions in red. The m/z 753.298 (3+) was identified to consist of a PLAG3 domain peptide and a HexNAc, a Hex, and 3 Neu5Ac, as identified using MS and
MS/MS analysis. Then, the tandem mass spectrum indicated amino acid sequence of PLAG3 and NeuAc (m/z 274.1 is [NeuAc-H,O + H] and m/z 292.1 is
[NeuAc+H)]), NeuAc-HexNAc (m/z 495.2), and NeuAc-Hex-HexNAc (m/z 657.2).

(B) MS/MS spectrum of released and labeled tri-sialylated O-glycan. O-glycan was released by B-elimination and labeled with 1-phenyl-3-methyl-5-pyrazolone
(PMP). Tandem mass spectrum of the precursor ion m/z 794.3 (2+) was analyzed using TOF MS/MS.

(C) Predicted glycan structure.
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Figure 7. Sia o2-8 Sia o2-3 structure is essential Siglec-7 binding to ligand glycans

(A) The glioblastoma cell line LN319 was transfected with pcDNA3.1 ST8Sia6 or pcDNA3.1 empty vector using Lipofectamine 2000. Those cells were selected
using G418 and cloned using a limiting dilution method. The binding of Siglec-7-Fc to the LN319 ST8Sia6 gene transfectant and mock. Thus, ST8Sia6 further
enhanced the binding of Siglec-7-Fc to the cell lines, as shown in colorectal carcinomas DLD-1.

(B) &2-3 specific sialidase SiaS can cut terminal ¢.2-3-linked sialic acid, but it cannot cut non-terminal (inside) :2-3-linked sialic acid. However, pan sialidase (SiaP)
removes all linkage modes of Sia.

(C) Biotinylated membrane proteins of LN319 and of ST8Siaé transfectant LN319 were detected using avidin-HRP. Upper panel indicates biotinylated membrane
proteins from mock and ST8Sia6-LN319 transfectants with pan sialidase (SiaP) or ¢.2-3 Sia specific sialidase (SiaS) treatment and subsequent IB. Biotin-labeled
products were applied for IP with recombinant Siglec-7-Fc and analyzed using IB with avidin-HRP (ABC) to detect all biotinylated molecules. Middle panel
indicates IB of IP products with anti-PDPN antibody. Lower panel indicates PDPN molecular size changed due to sialylation and sialidases.

(D) DLD-1 and the ST transfectants, SW837 and K562 were treated with SiaP or SiaS for 1 h at 37°C. The binding of Siglec-7-Fc was analyzed using FACS and the
mean fluorescence intensity is shown in the graph.

proliferation, contractility, migration, epithelial-mesenchymal transition (EMT), and remodeling of the extracellular matrix.>>** MUC13, a trans-
membrane (TM) mucin, has recently been implicated in cancer development and etiology. It may also be involved in cancers in a similar way.*
As described above, we observed similar signal reinforcing malignancy to the cancer side through ligand glycans by lectin stimulation.
ST3Gal1, ST6GalNAcT, STéGalNAC3, and ST8Siab were identified as the enzymes involved in the synthesis of the tri-sialyl T structure. These
genes have been reported to be involved in various malignancies. ST3GALT1 is involved in increased malignancy of ovarian cancer cells, such as
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cell growth.>® ST6GalNAcT was highly expressed in colorectal cancer stem and cancer-initiating cells.”® ST8Siaé expression inhibits the anti-

tumor immune response, promotes tumor growth, and induces cancer-friendly tumor-associated macrophage.” In that report, ST8Sia6 was
reported to enhance the binding of mouse Siglec-E and human Siglec-7 and Siglec-9, and the same result as our findings. The results of our
study suggest that the co-expression of three or four sialyltransferase genes contributes to highly enhanced cancer malignancy, and disturbance
of the interaction between Siglecs and ligand glycans should lead to the suppression of cancer. Consequently, our study supports an immune
checkpoint centered on the ligand glycans of a Siglec-member, leading to an unexplored area of antitumor immunity research. It has been re-
ported that St3gal1,’® St3gal2,'® Stégalnacl,'® and stégalnaca'®'” sialylate T-antigen. Some of the results are consistent with ours and some are
different depending on the tissue and cancer type, suggesting that the expression of carrier molecules may also be involved.

The web tool “GlycoMaple®”” visualizes the synthetic pathways of glycan structures from comprehensive gene expression analysis data,
such as RNA sequencing. In the paper presenting this study, we visualized the synthetic pathways of glycan structures based on gene expres-
sion data from normal colon tissues and colorectal cancers. Importantly, the sialyl transferase genes (ST3Gal1, ST6GalNAc1, ST6GalNACc3,
and ST8Siaé) identified in our study synthesize tri-sialyl T structures during the biosynthesis of mucin-type O-glycans. This result suggests
that sialyl-T is present in both normal and cancerous cells and may be involved in immunosuppression.

In a previous study, we reported that the interaction between Siglec-7 and GD3 was influenced by the differences in the structure of the lipid
moiety of GD3."" This finding suggests that GD3 clustering is essential for the binding of Siglec-7. The need for multiple tri-sialyl T epitopes to
bind O-glycans to Siglec-7 remains unclear. In addition to the known ligand-binding region (containing R124), a new sialic acid-binding region
(containing R67) has been reported by other research groups.”® An allosteric mechanism has been suggested for Siglec-7, in which the structure
changes depending on the binding glycan and site, thereby affecting ligand glycan recognition at other sites. Whether quantitative and/or qual-
itative differences exist between gangliosides and O-glycans as ligand glycans, as recognized by Siglec-7, is an intriguing and an urgent issue to
be examined. Transduced signals upon these interactions into immune cells and cancer cells should be investigated for individual Siglec-7-li-
gands, i.e., gangliosides and various O-glycan-carrying molecules. Whether competition or synergistic action occurs between glycosphingoli-
pids and O-glycans in the interaction with Siglec-7 remains to be investigated in more sophisticated experimental systems.

Limitations of the study

This study had several limitations that require further investigation. The mechanism by which Siglec-7 interacts with ligand glycan carrier pro-
teins requires further analysis. Previous studies have suggested that Siglec-7 recognizes multiple clusters of sialic acids."" Sialic acid-binding
sites have also been suggested to be present in domains other than the sialic acid-binding domain (V-set) of Siglec-7. More detailed inves-
tigation are needed to elucidate this; however, it is difficult to synthesize a highly purified protein with a Tri-sialyl T structure for NMR and X-ray
crystallography. In addition, little information is available on the glycan structures identified in this study, and it is unclear how they behave
under physiological conditions. Therefore, it is difficult to predict its behavior mathematically under physiological conditions. Siglec-7 is a
human gene. It is said to correspond to Siglec-E in mice; however, there is little similarity in ligand glycan structures. Although there are
some examples of human Siglec studies using humanized and transgenic mice in the immune system, they do not provide essential clarifi-
cation of the issue in this study. However, we believe that using their use is necessary to elucidate glycan immune checkpoints, and we will
discuss this issue in the future.

The potential effects of age, gender, and ethnicity were not considered in this study, and their influence remains unknown.
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Acetonitrile LC/MS grade
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sodium deoxycholate

sodium lauroylsarcosine
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iodoacetamide

Triethylamine
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Thermo Fisher

Kanto Chemical

Kanto Chemical

Kanto Chemical

Kanto Chemical

Kanto Chemical
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New England Biolabs Japan
New England Biolabs Japan
Promega

PeproTech
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Cat# 190-08313
Cat# 121-05502
Cat# 048-29224
Cat# 091-02153
Cat# 202-02641

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lys-C WAKO Cat# 125-05061

D-Galactoce WAKO Cat# 071-00032

Methanol WAKO Cat# 131-01826

Neuraminidase (Vibrio cholerae) Roche Cat# 11080725001

Neuraminidase (Arthrobacter ureafaciens) Nacarai Cat# 24229-74

a2-3 Neuraminidase S Prozyme Cat# GK80020

a2-3 Neuraminidase S NEB Cati# P0743S

Formic acid WAKO Cat# 063-04533

Critical commercial assays

QuikChange Il XLTM site-directed mutagenesis kit Agilent Cat# 200521

Cell proliferation kit Cytiva Cat# RPN20

CytoTox 96 Nonradioactive Cytotoxicity Assay™ kit Promega Cat# G1780

EZ-Link Sulfo-NHS-LC-Biotin Thermo Cat# 21335

Deposited data

Raw and analyzed data

This paper; Mendeley Data

https://doi.org/10.17632/r95br5ndzg. 1

Experimental models: cell lines

DLD-1 ATCC Cat# CCL-221, RRID:CVCL_0248
STR profile:
https://doi.org/10.17632/r95br5ndzg. 1

Caco-2 ATCC Cat# HTB-37, RRID:CVCL_0025
WiDr ATCC Cat# CCL-218, RRID:CVCL_2760
HCT116 RIKEN BRC Cat# RCB2979, RRID:CVCL_0291
SwWa37 JCBR Cell Bank JCBR9115
MCF7 ATCC HTB-22, RRID:CVCL_0031
K-562 ATCC CCL-243, RRID:CVCL_0004
LN319 Kindly provided by N/A

Dr. Kato (Tohoku Univ)*
HEK293T ATCC Cat: RCRL-3216 RRID:CVCL_0063
U937-mock Kindly provided by Dr. Yamaji N/A

(Nat. Inst. Infections Diseases)’’
KHYG-1 Kindly provided by Dr. Kimura N/A

(Nagoya Univ. Virology),

JCRB Cell Bank™”
Oligonucleotides
PDPN extracellular cloning primer Forward See Construction of expression N/A
5'-ggaagcttcctccaaccccagattaaatgctgactcegetegg-3/ vector in this study
PDPN extracellular cloning primer Reverse See Construction of expression N/A
5'-ggggatccacttacctgtaactgttgtctgtgtgtcte-3 vector in this study
PDPN signal sequence cloning primer Forward See Construction of expression N/A
5'-ggaagcttcctccaaccccagattaaatgctgactcegetegg-3/ vector in this study
PDPN signal sequence cloning primer Reverse See Construction of expression N/A
5'-ggggatccacttacctgttecttctgccaggacccaga-3' vector in this study
hSt3gal1 qPCR primer forward, See Construction of expression N/A
5'- GGCACCATTTCCCACACCTA -3’ vector in this study
hSt3gal1 qPCR primer reverse See Construction of expression N/A

5'- ACAAGTCCACCTCATCGCAG -3

vector in this study

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
hStégalnac1 gPCR primer forward See Construction of expression N/A
5'- CAAAGCCTTCCAGGCATCAAC -3’ vector in this study

hStégalnac1 qPCR primer reverse See Construction of expression N/A
5'- GGCACTGGCTCTGCATAGAT -3 vector in this study

hStégalnac3 qPCR primer forward See Construction of expression N/A
5'- GGCCTGCATCCTGAAGAGAAA -3 vector in this study

hStégalnac3 gPCR primer reverse See Construction of expression N/A
5- ACCAGGTTGTCCAAAGCAGT -3 vector in this study

hSt8siaé gPCR primer forward See Construction of expression N/A
5'- TCTGAATGAGAAGTCGCTCCA-3' vector in this study

hSt8siaé gPCR primer reverse See Construction of expression N/A
5'- GCATCACAGCAGGAAGCAAG -3’ vector in this study

mSt3gall gPCR primer forward See Construction of expression N/A
5'- ATTGGAGGGAGGGGATGGGA -3 vector in this study

mSt3gal1 gPCR primer reverse See Construction of expression N/A
5'- ACGGTATCTTGCCCCTCTGC -3 vector in this study

mStégalnac! gPCR primer forward See Construction of expression N/A
5'- GGACCAGCCATCCACCATGA -3 vector in this study

mStégalnacl gqPCR primer reverse See Construction of expression N/A
5'- CCTGGGCACTTGCGTCATTC -3’ vector in this study

mStégalnac3 gPCR primer forward See Construction of expression N/A
5'- ACCTCAGCACTGGCTGGTTT -3’ vector in this study

mStégalnac3 qPCR primer reverse See Construction of expression N/A
5'- CCCCATACGGGGCATGTTCA -3 vector in this study

mSt8siaé qPCR primer forward See Construction of expression N/A
5'- ACTGGCTTCCTGTTGCGATG -3 vector in this study

mSt8siabé gqPCR primer reverse See Construction of expression N/A
5'- GTCCACAAAAGGCTGCGACA -3 vector in this study

Recombinant DNA

ST expression vectors See Table S2 in this study. N/A

pEE14-Siglec-7-Fc

pEE14-Siglec-9-Fc

Zang et al.”!

Zang et al.”!

kindly provided by Dr. Crocker
at the University of Dundee

kindly provided by Dr. Crocker
at the University of Dundee

pcDNA3.1 Siglec-7 kindly provided by Dr. Yamaji N/A

(Nat. Inst. Infections Diseases)’’
PDPN (NM_001006624) Human OriGENE Cat#5C301085
Untagged Clone
pcDNA3.1 PDPN This paper N/A
pcDNA3.1 PDPN T52A This paper N/A
pPEE14-PDPN-Fc This paper N/A
pPEE14-PDPN T52A-Fc This paper N/A
pEE14-Fc This paper N/A
Software and algorithms
Analyst TF and LCMS Peptide Sciex https://sciex.jp/products/software/
Reconstruct software tool analyst-tf-software
ImageJ NIH https://ImageJ.nih.gov/ij/
R (4.2.0) lhaka, R., and R. Gentleman. 1996. http://www.R-project.org.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Adobe Photoshop Adobe Inc., 2023. Adobe Photoshop https://www.adobe.com/
products/photoshop.html

GraphPad Prism version 10.2.3 GraphPad Soft Ware, LLC https://www.graphpad.com/

Excel for mac Micro soft https://www.microsoft.com/ja-jp/
microsoft-365/mac/microsoft-365-for-mac

FLUOVIEW Viewer Olympus https://www.olympus-lifescience.com

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Human colon adenocarcinoma cell lines DLD-1 [male], Caco-2 [male], WiDr [female], a human embryonic kidney cell line HEK 293T [female],
MCEF-7 [female] were obtained from ATCC. LN319 [male] was kindly provided by Dr. Kato (Tohoku Univ). A human colon adenocarcinoma cell
line HCT116 [Male] was obtained from RIKEN BRC. They were cultured in DMEM (Nissui) including 7.5% FBS (Sigma-Aldrich) and Penicillin-
Streptomycin (Gibco) in 5% CO, at 37°C. A human colon adenocarcinoma cell line SW837 [male] was obtained from JCBR Cell bank. It was
cultured in Lelbovitz's L-15 medium (Gibco) including 7.5% FBS (Sigma-Aldrich) and Penicillin-Streptomycin (Gibco) in no CO, applied at
37°C. K562 [female] were obtained from ATCC. U937 [male] (mock) and U937—Sig|ec—7hi9h was kindly provided by Dr. Yamaji (Nat. Inst. Infec-
tions Diseases). KHYG-1 [female] was kindly provided by Dr. Kimura (Nagoya Univ. Virology). Human PBMCs of healthy donor origin were used
as donor 1 [Male] and human PBMCs obtained from Lonza (CC-2704, Lot No. 22TL227189) were used as donor 2 [Male]. They were cultured in
RPMI1640 (Sigma) including 10% FBS in 5% CO, at 37°C. KHYG-1 was cultured with IL-2 (20U/mL, PeproTech) and GlutaMAX supplement
(Gibco). No obvious differences by biological sex were detected, but the number of cell lines was apparently insufficient to conclude this un-
equivocally. DLD-1 was transiently transfected with expression vectors of 20 sialyltransferase cDNAs (see Table S1) by Lipofectamin 2000 (In-
vitrogen) and Opti-MEM (Gibco). Referring to the results of the transient transfection of single cDNA out of 20 STs (see Figure S2), ST3Gal1
and ST6GalNAc1, ST3Gal1 and STé6GalNAC3, or ST8Siab were stably transfected and selected by G418 (400 pg/mL, WAKO). Then, they were
cloned by limiting dilution and checked for binding of Siglec-7-Fc. Human cells were used in accordance with the Ethics Committee and Clin-
ical Research Review Bord of Nagoya University Graduate School of Medicine (1004, 1027 and 2012-0240-2) following the Declaration of Hel-
sinki principles. DLD-1 are authenticated using Short Tandem Repeat (STR) profile by BEX Co., Ltd. (Tokyo, Japan). The results are available on
mendeley data (see key resources table). Mycoplasma contamination test was performed by nested-PCR method. No issues were detected in
either assessment.

Antibodies

The antibodies were Anti-B-Actin antibody (1:5000, Sigma), Anti-AKT (1:1000, Cell Signaling Technology), Anti-p-AKT (S473) (1:1000, Cell
Signaling Technology), Anti-phospho ERK1/2 (1:1000, Cell Signaling Technology), Anti-p44/42 MAPK (ERK1/2) (1:1000, Cell Signaling Tech-
nology), Anti-rabbit IgG-HRP (1:1000, Cell Signaling Technology), Goat TrueBlot anti-goat Ig HRP (1:2000, ebioscience), Anti-Mouse IgG HRP-
Linked Whole Ab (1:2000, GE HealthCare), Anti-MUC13 (1:1000, IMGENEX), Anti-p-Tyr (4G10) HEP conjugate (1:5000, Millipore), Anti-SHP-1
(1:1000, Millipore), Anti-Siglec-7/CD328 antibody (1:1000, R&D), Anti-PODXL (3D3) (1:1000, Santa Cruz), Anti-p-Tyr (PY20) HRP conjugate
(1:2000, BD), Rat anti-PDPN (NZ-1) (1:1000, AngioBio Co), Anti-Rat IgG-HRP (1:2000, Cosmo bio), ABC standard kit Elite (5 uL/mL each, Vector)
forimmunoblotting, Anti-rabbit IgG Fab2 Alexa 555 (1:400, Cell Signaling Technology), Anti-mouse IgG Fab2 Alexa 647 (1:400, Cell Signaling
Technology), Anti-mouse IgG Alexa 488 (1:400, Invitrogen), Phalloidin Alexa 647 (1:400, Invitrogen), DAPI (1:500, Sigma) for immunocyte
chemistry. Cocktail Anti Hu CD3 FITC/(CD16 + 56) PE Cktl (20 pL/sample, BD), Hrizon V450 streptavidin (1:100, BD), Anti-human p75/
AIRMI(Siglec-7)-biotin (1:100, ebioscience), Anti-human IgG (Fc specific) FITC (1:200, Sigma), Anti-mouse 1gG FITC (1:200, Sigma) for flow
cytometry.

METHOD DETAILS
Preparation of recombinant human Fc fusion proteins

The expression vector pEE14-Siglec-7/9-Fc was kindly provided by Dr. Crocker at the University of Dundee. Recombinant proteins Siglec-7/9-
Fc and control Fc were expressed in serum-free medium containing ITS (Corning) by transfection of pEE14 expression vector with lipofect-
amine 2000 (Thermo Fisher) into HEK293T seeded to 1 X 10° cells in 10 cm dishes. The conditioned medium was affinity purified with Protein A
Sepharose beads (GE) to obtain Siglec-7/9-Fc and control Fc.

Flow cytometry

Cell-surface expression of Siglec-7-ligand glycans and other surface glycans was analyzed by FCM, FACS Calibur (BD Bioscience) and
CytoFlex (BECKMAN COULTER). Cells were detached by 0.01% trypsin and 0.53 mM EDTA/PBS. After counting, 5 x 10° cells were stained
by Siglec-7/9-Fc, anti-GD3 (R24), and PNA lectin (none to control). FITC-rat anti-human Fc, FITC-goat anti-mouse IgG and FITC streptavidin
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was used for detection of binding. For FCM analysis of human PBMCs from healthy donor 1 and 2, PE-Cy7 conjugated anti-CD3, PE conju-
gated anti-CD56, biotinylated anti-Siglec-7 antibodies and FITC-streptavidin are used in 5 x 10° PBMCs. FCM analysis of desialylation using
various sialidases and its effect on Siglec-7-binding. DMEM or RPMI 1640 containing 0.25% BSA and 2 mM CaCl, was used as reaction me-
dium for sialidase. DLD-1 and the transfectants, SW847 and K562 were cultured normally. DLD-1 and the transfectants and SW847 were de-
tached by 0.01% trypsin and 0.53 mM EDTA/PBS. They were suspended in 1 x 10° cells/200 uL reaction medium. To this, 10 mU vibrio chol-
erae derived sialidase and 10 mU arthrobacter ureafaciens derived sialidase or 10 mU sialidase S (none to control) were added and allowed to
reactfor 1.5 h at 37°C. The cells were then reacted with Siglec-7-Fc and the amount of binding was assessed using FACS. Apoptosis of NK cell
was assessed in co-cultures of human NK cells and cancer cells using FACS. DLD-1 and the transfectants were seeded onto plates (1 x 10°
cells/6-well plate) and culture for 24 h. Human PBMCs (from donor 1) were added at PBMCs: cancer = 10:1 and co-cultured for 6 and 24 h
(control is none co-culture). PBMCs were collected by washing away and treated with Fc receptor blocking solution, followed by staining
with CD3-FITC and CD16/CD56-PE. They were then suspended in annexin binding buffer of 10 mM HEPES pH 7.4, 140 mM NaCl and
2.5 mM CaCl, and stained with Annexin V-APC and 7-AAD. Apoptosis of CD16"CD56" NK cells was then assessed using FACS.

Real-time qPCR analysis

For gene expression analysis, total RNA was extracted using Isogen Il from DLD-1 and transfectants, Caco-2, WiDr, HCT116, SW837, MCF7
and K562, seeded the previous day to 1 X 10° cells/6 cm dish. Total RNA was DNase treated, reacted with randam primer and treated with
RNase OUT, then cDNA was synthesized using reverse transcriptase M-MLV. Real-time gPCR was performed using the Thunderbird gPCR mix
and a standard curve with standard samples was used to quantify gene expression in each sample. To compare the expression levels of
mouse-derived sialyltransferases with the corresponding human sialyltransferases, the following experiments were performed. Mouse and
human primers were designed to have close PCR efficiency. After gPCR using the corresponding primer sets, the relative quantification ratio
between DLD-1 transferant (DLD-1 ST) and various cancer cell lines was determined using the delta-delta Ct method with human gapdh as the
housekeeping gene. A list of primers used can be found in the key resources table.

Inhibition of synthesis of N-glycan and O-glycan

For inhibition of N-glycan synthesis, 2 x 10* cells were seeded into 24-well plate with 20 nM kifunensine and culture for 1 day (vehicle control is
DMSO). For inhibition of O-glycan synthesis, 1 X 10* cells were seeded into 24-well plate with 2 mM benzyl-a-GalNAc and cultured for 2 days
(vehicle control is DMSO).

Siglec-7-Fc pull-down experiments

To biotinylate cell-surface proteins, Sulfo-NHS-Biotin (final conc. 2 mM, Thermo Fisher) was added to suspended DLD-1 and the transfectants
(2 x 10° cells/sample) and incubated at room temperature for 30 min. Then, cells were washed with 100 mM glycine-containing PBS three
times and lysed with a lysis buffer (1% Nonidet P-40 (Sigma), 50 mM Tris (WAKO)-HCI pH 7.5, 150 mM NaCl (WAKO) and 1 mM Phenylme-
thylsulfonyl fluoride (PMSF) (Roche)). The cell lysates were centrifuged at 20,000 x g for 30 min at 4°C and supernatants were collected. Ten pg
Siglec-7-Fc or control Fc recombinant proteins were added to lysates and incubated overnight at 4°C with rotation. Siglec-7-Fc and ligand
complexes were pulled-down with Protein A Sepharose 4 Fast Flow beads (GE Healthcare) from the lysates. These products were separated
by SDS-PAGE and transferred onto polyvinyldene fluoride (PVDF) membranes (Millipore). These membranes were blocked with 3% BSA
(WAKQ)/PBS, and incubated with ABC reagent or individual antibodies according to the manufacturer’s protocol. HRP-labeled secondary
antibody or avidin-HRP and ECL select were used for chemiluminescence, and then exposed to X-ray film. The band intensity was quantita-
tively analyzed using ImageJ software (NIH).

Identification of siglec-7-binding proteins by LC/MS

The pulled-down proteins by Siglec-7-Fc were dissolved in an MS sample buffer (12 mM sodium deoxycholate (190-08313, WAKO), 12 mM
sodium lauroylsarcosine (WAKO), and 100 mM Tris-HCI, pH. 8.0), boiled at 95°C for 5 min, and centrifuged at 20,000 x g for 10 min. The su-
pernatants underwent reduction with dithiothreitol (WAKO) and alkylation with iodoacetamide (WAKQ). Then, the samples were 5-fold
diluted with 50 mM ammonium bicarbonate, and digested by Lys-C (WAKO) for 3 h and then by trypsin (Promega) for 8 h at 37°C (prote-
ase-to-protein ratio of 1:25 (w/w)). They were desalted and concentrated with C18 StageTips. MS was performed using an Orbitrap fusion
mass spectrometer (Thermo Fisher) system combined with a Dionex U3000 HPLC System (Thermo Fisher), as previously described.®® MS/
MS data were submitted to the program Mascot 2.3 (Matrix Science) for the MS/MS ion search. Mascot was set up to search the
Sprot_2011_12 database (selected for Homo sapiens, 20,249 entries) assuming the digestion enzyme as trypsin. Mascot was searched with
a production mass tolerance of 0.80 Da, and a precursor ion tolerance of 10.0 PPM. The identified proteins were checked by Western blotting
with specific antibodies.

Cytotoxicity assay with PBMCs

PBMCs were isolated by density gradient centrifugation using Ficoll-Paque PLUS (Cytiva) from healthy donors’ peripheral blood. The cyto-
toxicity of NK cells (PBMCs) against Siglec-7-Fc-reactive or nonreactive DLD-1 cells was assessed using the CytoTox 96 Nonradioactive Cyto-
toxicity Assay kit (Promega) according to the manufacturer’s instruction. E/T indicates the ratio of effector (PBMCs) to target (DLD-1 and
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transfectants of STs). DLD-1 and the ST transfectants were plated in U-shaped 96-well plates (2,000 cells/well) and cultured for 24 h. Human
PBMCs (2 x 10°/well, Donor 1 and 2) were prepared, and anti-Siglec-7 blocking antibody (Biolegend) and control IgG (mouse IgG1k, R&D) at
10 pg/mL were added. The PBMCs were incubated in a CO, incubator for 10 min before being applied to the plate. Each plate was then
centrifuged at 250xg for 1 min. After 4-5 h, the supernatant was collected and analyzed using CytoTox%6 (Promega). % of cytotoxicity was
calculated. % Cytotoxicity = (Experimental — Effector Spontaneous — Target Spontaneous)/(Target Maximun — Target Spontaneous) *100.

Confocal microscopy

DLD-1 and C8 (1 x 10° cells/dish) co-cultured with U937—Sig|ec—7high (1 x 10° cells/dish) on 35-mm glass-bottom dishes (IWAKI) and washed
with PBS to remove unattached cells were fixed in paraformaldehyde (4% in PBS) and were stained with biotinylated anti-Siglec-7 antibody
and mouse anti-PODXL antibody in PBS containing 0.5% BSA for 60 min at room temperature. The cells were then stained with FITC-avidin,
Alexa 567-conjugated goat anti-mouse IgG antibody, Alexa 647-conjugated phalloidin, and DAPI. The stained patterns were analyzed using a
confocal microscope (Fluoview FV10i, Olympus). For live imaging analysis, red fluorescent protein was forced to be expressed to identify
DLD-1 and C8 seeded in 3.5 cm dishes (1 x 10° cells/dish). The cells were then co-cultured with KHYG-1-Siglec-7"'9" in medium containing
DAPI (final 50 ng/mL) for 11 h and time-lapse analysis was performed using FV10i.

Invasion and proliferation assay

For the invasion assay, cells (0.5 x 10%well) were suspended in DMEM containing 7.5% FBS and seeded in the upper chamber of Matrigel
Matrix (BD) -coated transwell filters (8-um pore) (BD). DMEM containing 7.5% FBS was added to the lower chamber (6-well plate) and incu-
bated at 37°C for 24 h. Non-invading cells remaining on the upper surface of the filter were removed, and the cells that appeared on the lower
surface of the filter were fixed with 75% ethanol for 30 min and then stained with 0.025% Giemza and counted under a microscope.”” For the
proliferation assay, cells grown on a 60-well plate were incubated in the presence of BrdU for 14 h according to the instructions of the cell
proliferation kit (Amersham) and then fixed with acid-ethanol for 30 min. The cells were immunostained with anti-BrdU antibody and Alexa
546-conjugated anti-mouse antibody (Molecular Probes, Invitrogen). The BrdU-positive cells were observed by fluorescence microscopy
(BX51, Olympus, Tokyo), and the percentage of BrdU-positive cells was calculated.®’

Construction of expression vectors

Siglec-7-Fc is a fusion protein created through the joining of the extracellular domain of Siglec-7 and human IgG1 Fc region. PDPN cDNA
(NM_001006624) Human Untagged Clone (ORIGNENE) was purchased and inserted into the pcDNA3.1 expression vector. The extracellular
domain of PDPN was cloned using primers: forward: 5'-ggaagcttcctccaaccccagattaaatgctgactccgetcgg-3' and reverse: 5'-ggggatccact-
tacctgtaactgttgtctgtgtgtcte-3’, and polymerase KOD-FX (Toyobo) and Taq polymerase (Promega). The products were inserted into the
pCR2.1TM vector using the TA-cloning kit (Thermo Fisher). The plasmid vector was digested using Hind Ill (NEB) and Bam HI (NEB), and
the PDPN cDNA sequence was inserted into pEE14-Fc vector, forming pEE14-PDPN-Fc. The PDPN signal sequence was cloned using
primers: forward: 5-ggaagcttcctccaaccccagattaaatgctgactcegetcgg-3' and reverse: 5'-ggggatccacttacctgttecttctgecaggacccaga-3’, and
KOD-FX. The product was digested using Hind Il and Bam HI, and transferred into the pEE14-Fc vector. Their recombinant Fe-fusion proteins
were expressed in HEK293T cells in DMEM containing ITS Premix Universal Culture Supplement (Corning) without FBS and purified using the
protein A-Sepharose beads column.

Mutagenesis of disialyl O-glycosylation site 52T of PDPN and PDPN-Fc

The disialyl-core 1 (NeuAca2-3GalB1-3(NeuAca2-6)GalNAca1-O-Thr) glycan-substituted structure was modified at Thr52 of human PDPN
(hPDPN)27. Thr52 was converted to alanine using the QuikChange Il XL site-directed mutagenesis kit (Agilent), using sense primer 5'-gaagat-
gatgtggtggctccaggaaccageg-3, and antisense primer 5'-cgctggttcctggagecaccacatcatctte-3'.

Structure analysis of released O-glycans on PDPN

PDPN-Fc was generated by co-transfection of pEE14-PDPN-Fc with either one of 3 conditions for sialyltransferase cDNAs to reinforce the
binding of Siglec-7-Fc (1: PDPN-Fc only, 2: combined with ST3Gal1 and STéGalNAc3, 3: combined with ST3Gal1, ST6GalNAc3, and
ST8Siab) in HEK293T. The culture medium for expression of these genes consisted of DMEM and 5 mM D-Galactoce (WAKO), 2.5 mM
GalNAc (TCI), 5 mM NeubAc (Nakarai), 1 mM sodium pyruvate (Gibco), and ITS.

Releasing and PMP-labeling of O-glycans

For the analysis of O-glycans, the O-glycans were released from PDPN-Fcs by alkaline B-elimination with triethylamine (WAKO) and simulta-
neously derivatized with 3-methyl-1-phenyl-5-pyrazolone (PMP, Kanto Chemical) according to the published procedure wuth modifications.*’
To 10 uL sample, was added 10 uL of water and 30 pL of 0.5 M PMP/methanol (WAKO) + triethylamine solution, and this was stirred well. The
reaction was carried out at 60°C for 16 h. After cooling, 100 pL of water and 200 uL of chloroform were added, and the mixture was vigorously
stirred by vortex. It was centrifuged at 10,000 rom for 1 min. The aqueous phase was taken into another Eppendorf tube. The pH of the
aqueous phase was made weakly acidic with 10% acetic acid. Chloroform (200 plL) was added again, and the mixture was vigorously stirred
with a vortex, centrifuged at 10,000 rom for 1 min, and the aqueous phase was collected. This operation was repeated once again. Six pL was
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used for analysis. MS was performed using a Triple TOF 6600 mass spectrometer system combined with a Ekspert nanoLC415 HPLC System
(Sciex), as previously described™ (eksigent NanolLC column, 3C18-CL, 75 um % 15 cm. A: 10 mM ammonium formate (WAKO) pH 6.0; B:
10 mM ammonium formate pH 6.0/90% acetonitrile (Kanto Chemical)). In the MS/MS spectrum, peaks with m/z 552 (HexNAc+2PMP) and
m/z 292 (sialic acid) were all visually confirmed. The composition of the peak considered to be a glycan was estimated based on the mass
information. The intensity of the peak was determined by the LCMS Peptide Reconstruct software tool (Sciex). MS analysis data were depos-
ited in Mendeley Data. See key resources table for details.

O-glycosylated peptide analysis

For identification of the O-glycosylation site on PDPN, 0.1 mg PDPN-Fc and sialylated-PDPN-Fc were treated by oxidation and IAA, and di-
gested by Asp-N. MS was performed using a Triple TOF 6600 mass spectrometer system combined with a Ekspert nanoLC415 HPLC System.
The digests were purified and separated with the eksigent NanoLC column 3C18-CL 75 um X 15 cm. Gradient conditions for the glycol-pep-
tides were 300 nL/min; 0-25 min, 2-38% B, 25-26 min 38-90% B, 26-30 min 90% B (A: 0.1% formic acid (WAKQO); B: 0.1% formic acid aceto-
nitrile). Scan range of MS were m/z400-2100 and m/z700-2100. An scan range of MS/MS was m/z 100-2100. The top 10 peaks of MS intensity
were applied for MS/MS analysis. Glycopeptide ions were selected by the presence of oxonium ions in the MS/MS spectrum, and the mass of
the peptide moiety was deduced from the pattern of fragment ions. The composition of glycopeptides was estimated from the mass of the
glycan portion.

TCGA data analysis

The analysis of four sialyltransferases in human colon cancers was performed using statistical software R (4.2.0). TCGA data (normalized
expression levels of each gene and expression information in tumor and tumor free areas) were analyzed using the RTCGA packages
(RTCGA.rmaseq and RTCGA clinical) in R, and RNAseq data for COAD patients were obtained using COAD.rnaseq in the package. The
code list of the analysis procedure of R is posted in the supplement. The Project ID used is TCGA-COAD. Wilcoxon was performed to
compare expressions in the primary solid tumors and normal solid tissues. On analysis of the survival curve, cut-point analysis was performed
for the expression level of each gene, and the group was divided into high and low groups. The cut-off points at which high and low groups
were separated were as follows: ST3Gal1 was 650.0977, ST6GalNAc1 was 4325.628, ST6GalNAc3 was 58.5373, and ST8Siab was 2.8265. The R
code is available on mendeley data (see key resources table, RAW and analyzed data, Figure 4/R code).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Shapiro-Welk normality test was performed to confirm the normality of the data. The Bartlet test was then used to test for equal variances
among the groups. After confirming normality and equal variances, we proceeded to the next test. For the comparison of the two groups,
the student’s T test was performed. For comparisons between multiple groups, an analysis of variance was performed. Tukey's multiple com-
parison test was performed as a post test to test for differences between groups. One-way ANOVA was performed to compare means of the
percent cytotoxicity of human PBMCs toward Siglec-7-Fc negative parent DLD-1 and three transfectants. The above analyses were performed
with the statistics software R (4.2.0), GraphPad Prism (10.2.3, GraphPad Software, MA, USA) and Excel for mac (16.66.1, Microsoft, WA, USA).
The number of n and statistical tests carried out, as well as the p-values for these tests, are given in the legend of each figure. The actual values
are shown in the Raw data of the repository Mendeley data (see key resources table, RAW and analyzed data). ***p < 0.001, **p < 0.01,
*p < 0.05, N.S. = not significant. All results of in vitro experiments were collected from at least 3 independent biological replicates.
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