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Sialic acid (Sia)-binding immunoglobulin-like lectin 7
(Siglec-7) is an inhibitory receptor primarily expressed on
natural killer (NK) cells and monocytes. Siglec-7 is known to
negatively regulate the innate immune system through Sia
binding to distinguish self and nonself; however, a counter-
receptor bearing its natural ligand remains largely unclear.
Here, we identified a counter-receptor of Siglec-7 using K562
hematopoietic carcinoma cells presenting cell surface ligands
for Siglec-7. We affinity-purified the ligands using Fc-ligated
recombinant Siglec-7 and diSia-dextran polymer, a strong in-
hibitor for Siglec-7. We then confirmed the counter-receptor
for Siglec-7 as leukosialin (CD43) through mass spectrometry,
immunoprecipitation, and proximity labeling. Additionally, we
demonstrated that the cytotoxicity of NK cells toward
K562 cells was suppressed by overexpression of leukosialin in a
Siglec-7-dependent manner. Taken together, our data suggest
that leukosialin on K562 is a counter-receptor for Siglec-7 on
NK cells and that a cluster of the Sia-containing glycan epitope
on leukosialin is key as trans-ligand for unmasking the cis-
ligand.

Siglecs are sialic-acid-binding immunoglobulin-like lectins
that are mainly expressed on immune cells in a cell-type-
specific manner (1). Siglecs are type I membrane immunor-
eceptors containing a Sia-binding N-terminal V-set domain
and several C2-type Ig-like domains that act as regulators of
oligomerization or as spacers in projecting the ligand-binding
site away from the membrane surface. The majority of Siglecs
are involved in the innate immune system by distinguishing
molecules as self or nonself; Sia is considered a self-molecule
(1). Siglecs regulate immune cell functions by binding to Sia
residues. Disrupting these interactions causes changes in the
states of infection, inflammation, and tumorigenesis. It is
known that enhanced sialylation on the surface of cancer cells
is relevant in their escape mechanism from the host immune
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system (2); therefore, Siglecs are used as targeting therapeutic
molecules toward cancer cells for drug delivery (3–6).

Siglec-7 (CD328), a member of the human CD33-related
Siglecs, is localized predominantly on human NK cells and
monocytes. Siglec-7 consists of an extracellular N-terminal V-
set domain, two C2-type Ig-like domains, and an immunor-
eceptor tyrosine-based inhibition motif in the cytosolic region
(7, 8). It acts as an inhibitory receptor in a Sia-binding-
dependent manner. The recognition of Siglec ligands is
usually modulated by the endogenous ligands at the cellular
surface via cis-interaction, which is known as masking (3, 9, 10).
In NK cells, Siglec-7 is considered to be masked by the
endogenous cis-ligand (10). The masking effect was clearly
shown for CD22, which specifically binds to α2,6-linked Sia on
B cells (9). Unmasking was achieved by exogenous addition of
sialidase or cellular activation (11–13). It has also been shown
that microglia activation by pathogens or inflammatory cyto-
kines causes glycan-related degrading enzymes, such as the
sialidase Neu1, to reduce Sia on the cell surface (14). However,
the natural unmasking mechanism of NK cells, which is
involved in the surveillance system, and the identity of the
trans-ligand on the cancer cells that escape from NK cell
remain unclear. Therefore, it is necessary to confirm the natural
trans-ligand for Siglec-7 for further understanding of the cis-
ligand unmasking mechanism.

The glycan structure of the ligand for Siglec-7 has been
studied in part. Siglec-7 binds to the Neu5Acα2,8Neu5Acα2-
(diSia) sequence present within the GD3 structure and the
branched α2,6-sialyl residues present in DSGb5 and DSLc4
(15, 16). The clustering of diSia epitopes is also important for
enhancing the affinity of molecular units for the binding to
Siglec-7 (8). Complex ligand specificity has also been shown by
several sets of glycan array experiments [http://www.
functionalglycomics.org/glycomics/publicdata/primaryscreen.
jsp]. Although it is still unknown why such complex specificity
occurs in the region of the Siglec-7 V-set domain containing
residue R124, which was proven by X-ray crystallography as
necessary for ligand binding (17, 18), the existence of a new
Sia-binding region (site 2 containing R67) was recently
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Counter-receptor of Siglec-7
demonstrated based on in silico docking simulation and sub-
sequent mutation experiments (19).

Functional analysis of Siglec-7 in sialidase-treated NK
cells, with the ganglioside ligands GD3 and DSGb5 was
shown to inhibit NK cell cytotoxicity toward GD3-or
Figure 1. Binding of Siglec-7 to the ligands in K562 and HeLa cells. A, the b
surface of K562 and HeLa cells was analyzed by flow cytometry. Cells treated w
down of Siglec-7. The K562 or HeLa cell lysate (90 μg) was mixed with (+) or
Protein A-Sepharose (10 μl). Proteins bound to the beads (bound) and superna
exogenous Siglec-7EcFc was observed as smear band at 80 to 100 kDa and mar
by arrowheads. C, sialidase and PNGase F treatment for ligands in K562 cells. Th
sialidase 2.5 mU, V. cholerae sialidase 6.7 mU, pH 5.5) or with (+) or without (−)
WT (Sig7EcFc) or anti-diSiaα2,3-Gal monoclonal antibody (S2-566). The bands

2 J. Biol. Chem. (2021) 296 100477
DSGb5-expressing cancer cells (10, 16). However, the
counter-receptor for Siglec-7 in cancer cells and its
involvement in NK cell functions are still unknown.
Recently, we demonstrated the presence of the counter-
receptor for Siglec-7 in K562 cancer cells, often used as
inding of Siglec-7EcFc WT (Sig7EcFc WT) and R124A (Sig7EcFc R124A) to the
ith sialidase (red) were compared with those untreated (green). B, ligand pull-
without (−) Siglec-7EcFc (1 μg), and Siglec-7 ligands were pulled down by
tant were analyzed by western blotting with Siglec-7EcFc WT (Sig7EcFc). The
ked by asterisk. The precipitated 110 kDa and 270 kDa proteins are indicated
e K562 cell lysate was treated with (+) or without (−) sialidase (A. ureafaciens
PNGase (20 U, pH 7.5) and analyzed by western blotting using Siglec-7EcFc
derived from sialidases are marked by asterisks.



Counter-receptor of Siglec-7
the target cells for NK cytotoxicity assays (20). In this study,
we identified the counter-receptor for Siglec-7 using diSia-
dextran (diSia-Dex), a strong inhibitor of Siglec-7-ligand
binding, and demonstrated its involvement in cytotoxicity.

Results

Observation of the cell surface ligands for Siglec-7

Recently, we identified the presence of the counter-receptor
for Siglec-7 on the K562 cell surface (20). To confirm this, we
investigated whether K562 and HeLa cells express natural li-
gands for Siglec-7 on their surfaces (21). Both K562 and HeLa
cells had ligands for Siglec-7 on the cell surface, as demon-
strated by flow cytometry (Fig. 1A), and the binding was Sia-
dependent because Siglec-7 binding disappeared after siali-
dase treatment (Fig. 1A). In addition, the Siglec-7 R124A
mutant, in which the Arg residue essential for Sia binding is
replaced by Ala (18–20), showed no binding, indicating that
Figure 2. Effects of diSia-Dex on the binding of Siglec-7 to the ligands of
K562 cell surfaces were analyzed using flow cytometry. The reaction solution of
Dex or diSia-Dex and subsequently anti-goat IgG-Alexa Fluor 555; then, the fluo
as a negative control (hFc). Gray: cells incubated without Siglec-7EcFc (w/o Sig7
cells incubated with Siglec-7EcFc and Dex (Dex), green: cells incubated with Si
down experiments with Siglec-7. The cell surfaces of K562 were randomly biotin
pulled down from the lysates (400 μg) using Siglec-7EcFc (6 μg) and eluted wi
supernatant (sup) were also analyzed. Samples were denatured, and each sam
western blotting. Ligands were detected using a complex of 0.5 μg/ml Sig
streptavidin-HRP (Streptavidin).
binding occurred with the V-set domain of Siglec-7. The
binding signal of Siglec-7 to K562 was stronger than that of
HeLa cells, indicating that K562 expressed the ligands at a
higher level than HeLa cells. To confirm the presence of the
counter-receptor for Siglec-7, pull-down assays were per-
formed using Siglec-7EcFc on K562 and HeLa cell homoge-
nates. As shown in Figure 1B, a 110kDa-gp was observed in
K562, and a 270kDa-gp was observed in both K562 and HeLa.
The results obtained in K562 cells were consistent with those
of our previous study (20). To analyze the glycan structures of
the Siglec-7 counter-receptor, enzyme digestion with sialidase
and peptide-N-glycosidase F (PNGase F) was performed on
K562 homogenates. Removal of N-linked glycans by PNGase F
did not decrease the Siglec-7 staining; however, sialidase
treatment markedly abolished this signal (Fig. 1C). It is note-
worthy that a weakly stained band appeared at a molecular
weight of 105 kDa after PNGase F digestion. Using an anti-
diSiaα2,3Gal antibody, S2-566 (22), the 110kDa-gp was
K562 cells. A, the inhibitory effects of diSia-Dex on Siglec-7EcFc binding to
10 μg/ml Siglec-7EcFc and anti-hIgG+M+A antibody was mixed with 100 nM
rescence intensity was measured using flow cytometry. Human Fc was used
EcFc), red: cells incubated with Siglec-7EcFc without inhibitor (control), blue:
glec-7EcFc and diSia-Dex (diSia-Dex). B, cell surface biotin labeling and pull-
-labeled using Sulfo-NHS-LC-Biotin. Siglec-7 ligands on the cell surface were
th 100 nM Dex (Dex) and diSia-Dex (diSia); beads after elution (gel) and the
ple was separated using SDS-PAGE and analyzed using silver staining and
lec-7EcFc and anti-human IgG+A+M-HRP (Sig7EcFc) or 5000-fold diluted

J. Biol. Chem. (2021) 296 100477 3



Counter-receptor of Siglec-7
observed at a lower level than the other stained bands in a Sia-
dependent manner but not in an N-glycan dependent manner.

Next, to develop a method for purification of the counter-
receptor, we used diSia-Dex, which has been demonstrated
to inhibit the binding of Siglec-7 to the diSia-containing
ganglioside, GD3 (23). As shown in Figure 2A, the binding
to K562 was strongly inhibited by diSia-Dex, but not by Dex
alone, indicating that Siglec-7 binding was competitive with
diSia epitopes. To determine the ability of diSia-Dex to release
the counter-receptor from Siglec-7, we performed a pull-down
assay for K562 cell homogenates and attempted to elute the
ligand using diSia-Dex. As shown in Figure 2B, diSia-Dex
successfully released 110kDa-gp and 270kDa-gp, which were
confirmed to be present on the cell surface via cell surface
biotin labeling. The coprecipitated proteins (gel) contained
these two components. DiSia-Dex-eluted components of the
same size were also detected by Siglec-7 blotting, suggesting
that they are counter-receptors for Siglec-7. Upon silver
staining, several components were visualized in both the diSia-
Dex-eluted and gel fractions. These data suggest that the
110kDa- and 270kDa-gps are surface counter-receptors for
Siglec-7 and that several other proteins are also associated via
indirect binding to Siglec-7.

Identification of the cell surface counter-receptor for Siglec-7

To identify the cell surface counter-receptor for Siglec-7, it
was purified by affinity chromatography using a Siglec-7 col-
umn. Proteins captured by Siglec-7 from the membrane frac-
tion and the whole cell lysate were eluted with Dex for
nonspecific release or with diSia-Dex for specific release. As
shown in Figure 3, the 110kDa-gp could be purified from the
membrane fraction and the whole cell lysate by diSia-Dex, and
the 270kDa-gp could be purified from the whole cell lysate
(Fig. 3). To identify the 110kDa-gp and 270kDa-gp observed by
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Figure 3. Purification of Siglec-7 Ligands for MS Analysis. Ligands were
purified from the crude membrane fraction (2 mg) and the whole cell lysate
(6 mg) of K562 using Siglec-7EcFc (125 μg). Ligands were competitively
eluted using 50 nM Dex (Dex) and diSia-Dex (diSia) three times and
concentrated by ultrafiltration. Each sample and the eluted beads (gel) were
heat denatured in sample buffer and separated using SDS-PAGE. The pro-
teins were visualized using silver staining for MS analysis (Silver staining);
western blotting was also performed to confirm the molecular weight of the
ligands using Siglec-7EcFc (Sig7EcFc). Bands shown as asterisks at 110 kDa
were excised from the gel and used for further sample preparation for MS.
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Siglec-7 blotting, we excised the bands at approximately
110 kDa and 270 kDa on the silver stained gel, treated them
with trypsin, and performed LC-mass spectrometry (MS)/MS
analysis. Based on several trials of MS and ProteinPilot soft-
ware analyses (Table S1), we identified leukosialin (CD43/
sialophorin: gene name SPN), nucleolin (gene name: NCL), and
heterogeneous nuclear ribonucleoprotein U (gene name:
HNRNPU) as potential counter-receptor candidates for Siglec-
7 with an approximate molecular weight of 110 kDa. MS an-
alyses for 270kDa-gp were not successful due to the small
amount of purified proteins.

To confirm the MS results, we analyzed the purified fraction
by western blotting with specific antibodies against these
proteins. As shown in Figure 4, SPN protein bands were clearly
observed at approximately 110 kDa by Siglec-7 blotting
(Fig. 4A) using both the cell lysate and the Siglec-7 purified
fraction. After sialidase treatment, the band shifted but did not
disappear, indicating that the SPN was sialylated (Fig. 4B).
Migration also decreased, indicating the presence of heavy
sialylation on SPN. The 270kDa-gp observed by Siglec-7
blotting was not observed using the anti-SPN antibody, indi-
cating that this was not an oligomeric form of the SPN protein.
SPN staining was most intense in the cell lysate, but the
staining was faint in the Siglec-7 purified fraction (Fig. 4B),
indicating that the glycan epitope recognized by Siglec-7 is, in
part, on SPN. Using anti-NCL and -HNRNPU antibodies, we
found bands around the 110kDa-gp band (Fig. 4, C and D).
The HNRNPU and NCL bands were observed only after sia-
lidase treatment in the Siglec-7 purified proteins (Fig. 4, C and
D). To confirm this, we performed co-immunoprecipitation
analysis. We immunoprecipitated an identified counter re-
ceptor for Siglec-7, SPN, and NCL and immunoblotted them
with Siglec-7EcFc, anti-SPN, anti-NCL, and anti-HNRNPU
antibodies. As shown in Figure 5, SPN-immunoprecipitated
110kDa-gp was detected with Siglec-7EcFc and anti-SPN.
However, the immunoprecipitated NCL protein was not
detected using either Siglec-7EcFc or anti-SPN but was
observed using an anti-NCL antibody. In addition, the anti-
NCL antibody immunoprecipitated a 120 kDa band that was
observed with the anti-HNRNPU antibody, indicating that the
complex of HNRNPU and NCL was precipitated using the
anti-NCL antibody.

To confirm the binding of Siglec-7 to SPN on the cell sur-
face, we performed proximity labeling (PL) (24). Siglec-9,
which favors monoSia ligands and shows binding activity
with K562, was used for comparison, and Fc was used as a
negative control. After binding with Siglec-7-EcFc, Siglec-
9EcFc, and Fc to the surface of K562 cells, we labeled the
proteins present near Siglec-7, Siglec-9, and Fc using H2O2

and biotinyl-tyramide. We then analyzed the biotin-labeled
lysates via streptavidin and found that the 110kDa-gp and a
170kDa-gp were labeled with Siglec-7 and Siglec-9, but Siglec-
7 labeling was more intense (Fig. 6A). Then, biotinylated
molecules were purified using streptavidin beads and blotted
using streptavidin and Siglec-7EcFc. As shown in Figure 6C,
the 110kDa-gp was clearly stained using Siglec-7 and faint
using Siglec-9 but not using the negative control of Fc.
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Figure 4. Detection of candidate Siglec-7 ligand molecules by specific
antibodies. K562 lysates (20 μg) and Siglec-7 ligand fractions purified from
the lysates were treated with (+) or without (−) with sialidase (Sphingo-
bacterium multivorum sialidase 12 mU, pH 7.4) and western blotting analyses
were performed. The probes used were Siglec-7EcFc (Sig7EcFc) (A), anti-
leukosialin (anti-SPN) (B), anti-nucleolin (anti-NCL) (C), and anti-heteroge-
neous nuclear ribonucleooprotein U (anti-HNRNPU) (D). Sialidase-derived
staining is indicated by asterisks. The major sialidase sensitive specific
bands are indicated by arrowheads.
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Figure 5. Immunoprecipitation of candidate molecules for Siglec-7 by
specific antibodies. Leukosialin and nucleolin were immunoprecipitated
with antileukosialin or antinucleolin antibodies (2 μl) from K562 lysate
(200 μg). Controls were prepared without antibodies (control) via Protein
A-Sepharose. Supernatant (sup) and precipitated proteins (bound) were
denatured and analyzed by SDS-PAGE and western blotting. A, Siglec-7EcFc.
B, anti-leukosialin. C, anti-nucleolin. D, anti-HNRNPU. Antibody and Protein
A-derived staining are indicated by asterisks.

Counter-receptor of Siglec-7
Streptavidin blot analysis also showed similar results for
110kDa-gp (Fig. 6B). We then analyzed with anti-SPN anti-
body and found that the 110kDa-gp, which was precipitated
from lysates proximity-labeled using Siglec-7 and Siglec-9,
could also be detected (Fig. 6D). Taken together, these re-
sults indicate that SPN on the surface of K562 cells was a
counter-receptor for Siglec-7 and Siglec-9, although the SPN
association with Siglec-7 was more pronounced.

Significance of binding of SPN on K562 and Siglec-7 on NK
cells

To understand the biological significance of the interaction
between SPN and Siglec-7, we established K562 cell lines in
which SPN was either stably overexpressed or knocked down
by RNA interference. We named the cells K562-SPN and
K562-shSPN, respectively. First, the cells were validated by
flow cytometry using anti-SPN antibody and Siglec-7. As
shown in Figure 7A, K562-SPN expressed SPN at a higher level
and K562-shSPN expressed SPN at a lower level on the cell
surface than K562-mock. Unexpectedly, Siglec-7 binding was
not correlated with the expression levels of SPN, but rather
inversely correlated to a small extent. We then analyzed the
Siglec-7-labeled cell surface proteins by the PL method. As
shown in Figure 7B, the 110kDa-gp was observed using the
streptavidin probe, although K562-SPN showed doublet bands.
The expression levels of endogenous and exogenous SPN were
confirmed using anti-SPN and anti-Myc antibodies (Fig. 7, D
and E). The loading control is shown in Figure 7C. The anti-
SPN antibody could recognize the endogenous and exoge-
nous SPN, because the doublet bands around 110 kDa in
Figure 7B were also observed in the anti-SPN blot (Fig. 7D).
K562-shSPN showed a tiny amount of SPN protein. Exoge-
nous SPN, which was Myc-tagged, could be detected using an
anti-Myc antibody (Fig. 7E) and corresponded to the upper
band. Both SPN proteins were recognized by Siglec-7 (Fig. 7F).

To understand the involvement of Siglec-7 in the cytotox-
icity of NK cells, we used Siglec-7-overexpressed (NK-Sig7)
J. Biol. Chem. (2021) 296 100477 5
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Figure 6. Confirmation of the candidate ligand molecule for Siglec-7
using proximity labeling (PL). K562 cells were incubated with com-
plexes of recombinant Fc fusion proteins (Fc, Sig7EcFc, Sig9EcFc) and anti-
human IgG+M+A-HRP. The proteins adjacent to HRP molecules were
labeled with hydrogen peroxide and biotinyl-tyramide as substrates. A, ly-
sates were prepared, and total biotin-modified proteins were detected us-
ing western blotting with Streptavidin-HRP. Pull-down experiments of the
proximity labeled lysates (200 μg) with Fc, Sig7EcFc, and Sig9EcFc were
performed using streptavidin-Sepharose. The precipitates were detected
with (B) streptavidin, (C) Sig7EcFc, or (D) anti-leukosialin antibody.

Counter-receptor of Siglec-7
and empty vector-containing NK92-MI cells (NK-EV) (25).
First, we analyzed the surface of the NK cells and confirmed
cell surface expression of Siglec-7 (Fig. 8A) on NK-Sig7 cells
compared with that on NK-EV as a negative control. Both NK-
EV and NK-Sig7 cells expressed similar levels of SNP on the
cell surface (Fig. 8B). When we analyzed Siglec-7 or Siglec-9
binding to the NK cells, we found that the ligands of Siglec-
7 and Siglec-9 were present at low levels in NK-EV and NK-
Sig7 cells (Fig. 8, C and D). When we added diSia-Dex to
the NK cells, the binding was almost the same as with Dex
(Fig. 8, E and F), indicating that, in both cases, NK cells showed
no diSia-Dex binding and that Siglec-7 on NK cells was
completely masked. After treating the NK cells with sialidase,
binding was observed only when using diSia-Dex for NK-Sig7
cells (Fig. 8, E and F), indicating that the cis-ligands for Siglec-
7 can be released by sialidase treatment but not effectively.

Finally, using K562-SPN or K562-shSPN, we analyzed the
influence of Siglec-7 binding to SPN on NK cell cytotoxicity
6 J. Biol. Chem. (2021) 296 100477
toward K562 cells. As shown in Figure 9A, there was a clear
relationship between the expression level of SPN and the
cytotoxicity of NK cells. The cytotoxicity of NK-EV and NK-
Sig7 cells toward K562-mock cells or K562-shSPN cells was
similar (Fig. 9B). In contrast, the cytotoxicity of NK-Sig7 was
significantly inhibited compared with that of NK-EV toward
K562-SPN cells. To confirm the involvement of the diSia
epitope on the function of NK cells, we used diSia-Dex as an
inhibitor of Siglec-7 to regulate cytotoxicity. As shown in
Figure 9C, significant inhibition was observed using NK-Sig7
cells as effector cells, and this effect was not observed using
NK-EV. DiSia-Dex bound Siglec-7 on NK-Sig7 and suppressed
NK cell cytotoxicity, regardless of whether the target cells
expressed SPN at a high level, indicating that SPN on K562
and diSia-Dex independently inhibited the cytotoxicity of NK
cells via Siglec-7.
Discussion

NK cells are innate immune cells involved in the elimination
of host cells infected by viruses and cancer cells. During NK
cell surveillance, the balance of signals from activating and
inhibitory receptors is thought to determine the NK cell de-
cision to attack “unhealthy” cells. Siglec-7 is well known as an
inhibitory lectin-type receptor on NK cells and is involved in
inhibition of cytotoxicity toward cancer cells via Sia-
containing ligands, such as GD3 or DSGb5 (10, 16). In this
study, the K562 cell line (a human chronic myeloid leukemia
carcinoma cell line), frequently used as a target cell in NK
cytotoxicity assays (10), was used to identify the counter-
receptor for Siglec-7. It has been reported that NK cells, in
the presence of a neutralizing antibody against Siglec-7,
enhanced cancer immunity (5, 21); however, a counter-
receptor for K562 has not been identified. We first identified
leukosialin (SPN) as a counter-receptor on K562 cells by MS
analysis and specific antibodies. To date, the known natural
trans-ligands for Siglec-7 are gangliosides such as GD3 and
DSGb5. However, using the PL method with K562 cells
showed the ligand to be a glycoprotein. We also analyzed the
possibility of a ganglioside ligand on K562 cells; however, there
were almost no diSia-containing gangliosides, and Siglec-7
binding to GM3 was very faint (20). Glycodelin A (Progesta-
gen-associated endometrial protein) and MUC16 (CA125)
have been reported as counter-receptors for Siglec-7 (26, 27).
Using K562, we adopted a new approach to identify the
counter-receptor for Siglec-7. We used a strong inhibitor of
Siglec-7, diSia-Dex, to elute ligands from a Siglec-7 column.
Therefore, ligand elution was achieved by competition be-
tween the polyvalent diSia structure on diSia-Dex and the li-
gands for Siglec-7. Using this method, we could purify the
counter-receptor for Siglec-7 and some other proteins that
were also included in the Siglec-7-containing complex (Fig. 3).
We also purified the Siglec-7 interacting molecules by direct
analysis of Siglec-7 binding beads for MS; however, this pro-
duced different results. Using diSia-Dex and the membrane
fraction, we identified leukosialin as a counter-receptor for
Siglec-7. We also identified several molecules localized in the



Figure 7. Validation of the established K562 cell lines. SPN-overexpressing K562 cells (K562-SPN) and SPN-knockdown cells (K562-shSPN) were
established. A, the established transfectants (K562-SPN, K562-mock, K562-shSPN) were analyzed using anti-SPN antibody and Sig7EcFc by flow cytometry.
Gray: control untreated with probes, blue: K562-SPN, green: K562-mock, red: K562-shSPN. The transfectants were examined using the PL method via reaction
with hydrogen peroxide and biotinyl-tyramide as substrates after treatment with a complex of Sig7EcFc and anti-human IgG+M+A-HRP. B, lysates were
prepared and biotin-modified proteins were detected with streptavidin-HRP. C, anti-GAPDH antibody was used for the loading control for the proteins. D,
anti-leukosialin antibody was used for the detection of both endogenous and exogenous leukosialin proteins. E, anti-Myc antibody was used for the
exogenous leukosialin proteins and (F) Sig7EcFc for Siglec-7 ligands.
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nucleolus and cytoskeleton (Table S1). As false-positive pro-
teins can be identified because of the large amounts of cyto-
solic proteins, the direct interaction between Siglec-7 and
leukosialin on the cell surface was confirmed using the PL
method (Figs. 6 and 7). Using this method, leukosialin was
shown to interact with Siglec-7 on the K562 cell surface,
indicating that leukosialin is a counter-receptor. In this study,
we also identified NCL, which is usually localized in the
nucleolus, although there are several reports indicating that
NCL is translocated to the cell surface and modified with
glycans (28–31). Pre-B acute lymphoblastic leukemia has 9-O-
acetyl diSia-containing NCL on the cell surface (32). It has also
been reported that NCL on the surface of macrophages binds
to poly-N-acetyllactosamine on leukosialin in Jurkat cells and
functions as a scavenger receptor (33). Unfortunately, we did
not observe a direct interaction between Siglec-7 and NCL
using the pull-down assay (Fig. 5); however, a complex con-
taining Siglec-7, NCL, and other molecules might exist. In this
regard, it is worth noting that HNRNPU was present in the
Siglec-7-containing complex by MS analysis (Table S1). NCL
has been shown to interact with HNRNPU during mitosis (34).
We also observed an interaction between NCL and HNRNPU
(Fig. 5D). It may be interesting to study the complex formation
between cytosolic proteins and Siglecs.

Leukosialin (CD43 or sialophorin) is a transmembrane-type
sialomucin expressed in all types of immune cells, except for
resting B cells (35, 36). Leukosialin is a negatively charged type
I glycoprotein, and its extracellular part is thought to extend
from the cell surface and form a rod-shaped structure (37).
The sequence is rich in Ser/Thr residues, and about 80
J. Biol. Chem. (2021) 296 100477 7



Figure 8. Characterization of NK92-MI transgenic cell lines. The expression levels of (A) Siglec-7 and (B) leukosialin of cells transfected with empty vector
(NK-EV) and Siglec-7 expressing vector (NK-Sig7) were analyzed using flow cytometry. The expression of Siglec-7 was assessed using specific antibody 7.7-
containing medium (1/20) and secondary anti-mouse IgG+M-Alexa Fluor 647 (1/600). Leukosialin was analyzed using the anti-SPN antibody conjugated
with PE (1/100). Cells without antibody reaction (gray: NK-EV, black: NK-Sig7) and cells with antibody reaction (green: NK-EV, red: NK-Sig7) are shown. The
binding of 10 μg/ml Sig7EcFc and Sig9EcFc to the cell surface of (C) NK-EV and (D) NK-Sig7 was also analyzed. Gray: cells not reacted with SigEcFc, green:
cells reacted with Sig7EcFc, red: cells reacted with Sig9EcFc. The binding of 50 nM diSia-Dex or Dex to the cell surface of (E) NK-EV and (F) NK-Sig7 before
and after sialidase treatment was analyzed by measuring the fluorescence of Cyanine 5 conjugated with Dex derivatives. The reactivity of cells not treated
with sialidase (purple: Dex, green: diSia-Dex) and cells treated with sialidase (blue: Dex, red: diSia-Dex) against NK-EV or NK-Sig7 is shown.
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residues are modified with O-linked glycans (35). The highly
charged nature of sialylated glycans contributes to the anti-
adhesive effect of leukosialin. The glycans show cell-type
specificity depending on the set of biosynthesizing enzymes
for O-linked glycans (38). Previously, leukosialin was reported
as a counter-receptor for Siglec-1 in T cells (39). The known
8 J. Biol. Chem. (2021) 296 100477
glycan structures on leukosialin are interesting, as Siglec-7 and
Siglec-1 have different binding preferences. The sialic acid
ligand for Siglec-7 remained mostly unchanged after PNGase F
treatment, indicating that the ligands were modified on O-
linked glycans (Fig. 1C). The 105kDa-gp band in the
Siglec-7 blots against cell lysate after PNGase F treatment



Figure 9. Cytotoxicity assay for K562 cell lines with NK cells. A, cytotoxicity assay for NK-EV and NK-Sig7 cells. NK cells were harvested, counted, and then
incubated with K562 cells (K562-Mock, K562-SPN and K562-shSPN) stained with Calcein-AM at cell ratios (ET ratio, effector cells: target cells) of 0.75 to 6:1.
Specific lysis was calculated by measuring the fluorescence (ex. 485 nm, em. 535 nm) in supernatant. Experiments were performed in triplicate, and error
bars indicate standard deviation. B, cytotoxicity of NK cells for K562 cell lines. The Student’s t-test was performed for each ET ratio. *p < 0.05. C, inhibition of
Siglec-7 by the diSia epitope of cytotoxicity in NK cells. Calcein-AM prestained K562 transfectants (K562-Mock, K562-SPN, and K562-shSPN) were seeded
onto plates. NK cells were prereacted with 50 nM Dex or diSia-Dex and added to plates with K562 cells to an ET ratio of 2:1 and reacted for 2 h. The
fluorescence of the culture supernatant was measured. Values were standardized with no additives as a control. Experiments were performed in triplicate.
The Student’s t-test was used to determine the differences between cells treated with additives and control. Error bars indicate standard deviation. *p <
0.05.
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might be derived from leukosialin at 110 kDa, as there is only
one potential N-linked glycan site in leukosialin. Siglec-7
binding to overexpressed leukosialin on K562 was not
observed in the flow cytometry assay (Fig. 7A) but was
observed using the PL method and western blotting (Fig. 7, B
and F). Leukosialin has antiadhesive properties, and its high
expression could inhibit Siglec-7 binding to surface molecules
when leukosialin is not sufficiently modified with glycan epi-
topes recognized by Siglec-7 due to the restricted action of
glycosyltransferases. In this respect, the biosynthetic enzymes
for the glycan structures on leukosialin are key. Recent cell-
based studies suggested that Siglec-7 binding to some cancer
cells is dependent on mucin-type proteins (40) and that O-
linked glycans are required for Siglec-7 binding (41). Based on
the result that the diSiaα2,3Gal glycan epitope, a well-known
GD3 component, was hardly detected on SPN from
K562 cells (Fig. 1C), it can be hypothesized that the epitope
diSiaα2,6Gal/GalNAc is present on K562 cells because diSia is
one of the glycan ligands for Siglec-7. Among α2,8-
sialyltransferases (ST8SIAs), ST8SIA2, -3, -4, and -6 are
strong candidates for the synthesis of diSia structures on gly-
coproteins (42, 43). Siglec-7 has been shown to bind to
J. Biol. Chem. (2021) 296 100477 9



Figure 10. Predicted model of counter-receptor on K562 cells for Siglec-
7 on NK cells. Siglec-7 on NK cells is normally masked via cis-ligands even
after Siglec-7 overexpression. Some of these are released by sialidase
treatment but not addition to diSia-Dex. Leukosialin on K562 inhibited the
cytotoxicity of NK cells by binding to Siglec-7 and that inhibition was
enhanced by addition of diSia-Dex, indicating that the diSia cluster is the
modulator of Siglec-7 function.
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branched α2,6-sialyl residues (15), α2,3-/α2,6-disialyl residues
(44), disialyl Lewisa, and sialyl 6-sulfo Lewisx (45), which can
be modified on O-linked glycans other than diSia. A precise
understanding of the specificity of Siglec-7 for glycan ligands is
required. Attempts to identify enzymes and structures are
underway.

Recently, we demonstrated the presence of a secondary
Siglec-7 binding site (site 2) in addition to the previously
known binding site (site 1) (19). It has been suggested that
Siglec-7 has several Sia-binding sites and that its counter-
receptor for Siglec-7 has polyvalent glycans (e.g., clustered
O-linked glycans); further, the binding mechanism may not be
explained by a simple 1:1 model. Usually, the lectin–glycan
interaction is weaker than the protein–protein interaction.
We recently showed that the interaction between a cluster of
ligands and Siglec-7 is stronger than the mono-ligand and
Siglec-7 alone (23). Therefore, the identified counter-receptor
for Siglec-7, leukosialin, with many O-linked glycans, is likely
able to interact with Siglec-7 under physiological conditions.
In this study, we specifically used diSia-Dex for elution, which
strongly indicates that the binding affinity between Siglec-7
and leukosialin is lower than that between Siglec-7 and
diSia-Dex. The amount of diSia, which regulates the interac-
tion with Siglec-7, might be achieved by the enzymatic activity
of ST8SIAs. Interestingly, Siglec-7 on NK cells cannot bind to
the diSia-Dex until sialidase treatment, strongly indicating that
diSia-Dex cannot be used for unmasking because of the strong
binding between the cis-ligand and Siglec-7. This is consistent
with previous reports (10). It is interesting that sialidase
treatment induced diSia-Dex binding to Siglec-7 in NK cells
(Fig. 8F). At this point, the sialidase Neu1 is already shown to
be involved in the cleavage of sialic acid on the cell surface
after activation by LPS (14, 46). Sialidase might be a key
regulator of Siglec unmasking.

Cancer cells expressing Siglec-7 ligands can escape NK cell
immunosurveillance and suppress immune reactions (21). To
assay the cytotoxicity of NK cells, K562 cells are often used. To
understand the biological significance of the interaction of
Siglec-7 with its ligand, we prepared K562-SPN, -mock, and
-shSPN cells and analyzed NK cell cytotoxicity. Surprisingly,
Siglec-7 exerted no effects on the cytotoxicity toward K562-
mock and K562-shSPN cells (Fig. 9B), although K562 itself
had Siglec-7 ligands other than SPN. In contrast, the cyto-
toxicity toward K562-SPN was significantly inhibited in a
Siglec-7-dependent manner. It is suggested that the total
amount of ligand is crucial for Siglec-7 binding, and this may
be a regulator of NK cell cytotoxicity. K562-SPN might display
a sufficient number of ligands to release the cis-ligand from
Siglec-7 on NK cells. In addition, cytotoxicity activity is
determined based on the balance of activating and inhibitory
signals from many receptors on NK cells. The cytotoxicity
toward K562-SPN was lower than that toward K562-mock and
-shSPN (Fig. 9A), and the inhibitory signal of Siglec-7 on NK
cells decreased the cytotoxicity toward K562-SPN. Siglec-7
binding to K562-SPN was not high compared with that to
K562-mock or -shSPN (Fig. 7A). This means that the binding
levels analyzed by flow cytometry might not directly correlate
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with the inhibition of NK cells. Cell-to-cell contact forms an
optimal molecular platform (e.g., immunological synapse),
leading to enhancement of the receptor–ligand interaction. In
this context, the interaction between Siglec-7 and SPN should
be considered in spatiotemporal terms, as SPN is a large,
highly charged molecule with antiadhesive properties. Inter-
estingly, in neutrophils, the extracellular domain of leukosialin
is shed by cathepsin G (47). In HEK cells expressing Siglec-11,
cleavage of the extracellular domain of Siglec-11 occurred (48).
The same shedding mechanism might occur in K562 cells or/
and NK cells, and shed leukosialin or/and Siglec-7 might in-
fluence the cytotoxicity. The diSia mimic diSia-Dex showed
inhibitory effects on the cytotoxicity of NK-Sig7 cells (Fig. 9C),
indicating that the diSia cluster is one of the regulators of
Siglec-7. DiSia-Dex functioned as an agonistic molecule for
Siglec-7, as cytotoxicity was inhibited regardless of the
expression level of SPN. Identification of the antagonists of
Siglec-7 is required to further study the regulatory mechanism
of cytotoxicity via SPN.

When this paper was under review, the supportive evidence
of our work happened to be reported (49).

In summary, as shown in Figure 10, we focused on the
counter-receptor for Siglec-7 in K562 cells, which have Siglec-
7 ligands, and identified leukosialin. For Siglec-7 binding, the
polyvalent diSia epitopes on diSia-Dex and O-linked glycans
on leukosialin expressed in K562 were effective ligands. In
addition, leukosialin on K562 and diSia-Dex showed inhibitory
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effects on NK cell cytotoxicity via Siglec-7. As Siglec-7 and
leukosialin are enriched in immune cells, it is necessary to
consider the complex interaction between cis- and trans-in-
teractions in the future.

Experimental procedures

Materials

DNA polymerase KOD plus Neo was purchased from
Toyobo. Protein A-Sepharose and enhanced chem-
iluminescence western blotting detection reagent were pur-
chased from GE Healthcare. Sialidase from Vibrio cholerae,
bovine serum albumin (BSA), and biotinyl-tyramide were
purchased from Merck. Sialidase from Arthrobacter ure-
afaciens was obtained from Nacalai. The polyvinylidene
difluoride (PVDF) membrane Immobilon P was purchased
from Millipore. The In-Fusion HD Cloning Kit and pBApo
plasmid were purchased from Takara Bio. Calcein-AM was
purchased from Dojindo. Minimum Essential Medium Eagle
Alpha (MEMα), Roswell Park Memorial Institute (RPMI)-
1640, Dulbecco’s Modified Eagles Medium (DMEM), BSA, and
puromycin dihydrochloride were purchased from Fujifilm.
Serum-free medium COSMEDIUM 005 and the PEI “Max”
transfection reagent were purchased from Cosmobio. Fetal
bovine serum, Alexa Fluor 555-labeled anti-goat IgG antibody,
horseradish peroxidase (HRP)-conjugated mouse anti-human
IgG1 Fc antibody, and EZ-Link Sulfo-NHS-LC-Biotin were
purchased from Thermo Fisher Scientific. HRP-conjugated
anti-human IgG+M+A (anti-hIgG+M+A-HRP) was pur-
chased from American Qualex. Vivaspin 6 concentrators were
purchased from Sartorius. Anti-SPN antibody, anti-NCL
antibody, and anti-HNRNPU antibody were purchased from
ABclonal. Alexa Fluor 647-conjugated anti-mouse IgG+M was
purchased from Jackson ImmunoResearch. The mouse
monoclonal antibody (7.7) toward Siglec-7 was gifted by Dr
Paul Crocker (College of Life Sciences, University of Dundee,
UK). Siglec-7EcFc chimeric proteins were produced and pu-
rified as described previously (23). Sphingobacterium multi-
vorum–derived sialidase was prepared as described previously
(50).

Plasmid construction

The plasmid encoding the extracellular domain of Siglec-7
(amino acid #1–353) fused to the human IgG1 Fc region and
multiple peptide tags (PA-3×FLAG-Strep (II)-SBP) was
prepared using the In-Fusion kit. The Siglec-7 sequence was
confirmed using the deoxynucleotide chain termination-
based sequencing method and was found to be the same as
the National Center for Biotechnology Information (NCBI)
reference sequence: NP_055200.1. The Siglec-7 mutant
plasmid (R124A) was prepared using PCR-based mutagen-
esis. pBApo-SPN-Myc (C-terminal tag) was prepared using
the PCR amplicon of SPN from K562 cDNA. The SPN
sequence was confirmed to be the same as the NCBI refer-
ence sequence: NP_003114.1. To construct the knockdown
of SPN, we prepared the plasmid by changing the CAG
promoter region of pEBMulti-Puro (FUJFILM Wako Pure
Chemical) to the H1 promoter from pSUPER.neo (Oli-
goengine) and inserting the 21-bp target sequence, 5-
GATGTACACCACTTCAATAAC-3 into the cloning site
downstream of the H1 promoter according to manufac-
turer’s instructions.

Cell culture

K562 cells and HeLa cells were purchased from the Riken
Cell Bank. All media used in this study were purchased from
Wako and contained 10% FBS, 100 U/ml penicillin G, and
100 μg/ml streptomycin. The K562 cell line was cultured in
RPMI-1640, and HeLa cells were cultured in H-DMEM.
NK92-MI cells expressing Siglec-7 (NK-Sig7) or the mock
transfectant (NK-EV) were maintained in MEMα containing
12.5% horse serum, 12.5% FBS, 0.2 mM inositol, 0.1 mM β-
mercaptoethanol, and 0.02 mM folic acid. All cells were
maintained in a humidified atmosphere of 5% CO2 and 95% air
at 37 �C.

Transfection and establishment of the cells

K562 cells (106 cells) were plated onto a 6-well plate and
incubated overnight at 37 �C in 5% CO2. After 50% to 80%
confluency was achieved, the cells were transfected with the
plasmid (3 μg) premixed with PEI “MAX” (6 μg) in 200 μl of
PBS and incubated for 24 h. New medium with 4 μg/ml of
puromycin was added for selection, and the cells were main-
tained for 20 days.

As NK-92MI does not express Siglec-7 (25), Siglec-7 was
expressed by lentiviral transduction. In brief, cDNA for Siglec-
7 was subcloned into the pCDH-CMV-MCS-EF1-copGFP
transfer vector (System Biosciences) and packaged into lenti-
viral particles using HEK293T cells by cotransfection with
pCMVΔR8.91 and pMD.G plasmids (both from RNA Tech-
nology Platform and Gene Manipulation Core, National
Biotechnology Research Park and Academia Sinica, Taipei,
Taiwan). A control virus containing an empty vector was also
prepared in parallel. The supernatant from the transfected
cells was cleared of cell debris by centrifugation and used for
the transduction of NK-92MI cells. GFP+ cells were sorted
twice at the Flow Cytometric Cell Sorting Facility (Institute of
Biomedical Sciences, Academia Sinica) to obtain NK-Sig7 cells
that express Siglec-7 and control NK-EV cells. These cells
were used without further cloning.

Flow cytometric analysis

Cells were washed with PBS and fixed with 4% para-
formaldehyde at 25 �C for 12 min. After washing, the cells
were blocked with FCM buffer (0.5% BSA and 5 mM ethyl-
enediaminetetraacetic acid, EDTA) in PBS. Sialidase treatment
was performed using a mixture of A. ureafaciens neuramini-
dase (10 mU/ml) and V. cholerae neuraminidase (10 mU/ml)
at room temperature for 1 h. Sig7EcFc (10 μg/ml) was pre-
complexed with anti-hIgG+M+A antibody (10 μg/ml) in FCM
buffer on ice for 30 min. The cells were incubated with
Sig7EcFc complexes on ice for 30 min. When Dex derivative
sialopolymers (42) were used as inhibitors against Siglec-7,
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they were mixed with the cell suspension to a final concen-
tration of 100 nM. After washing, the cells were stained using
the secondary Alexa Fluor 555-labeled anti-goat IgG antibody
(4 μg/ml) in FCM buffer. Cell surface staining was measured
using a flow cytometer (Gallios, Beckman Coulter), and the
collected data were analyzed using the Kaluza software
(Beckman Coulter).

Pull-down assay for Siglec-7 ligands and western blotting

Lysates from K562 or HeLa cells were prepared using lysis
buffer (15 mM Tris/HCl at pH 7.8, 0.15 M NaCl, 1 mM EDTA,
1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail at 1/500). Sig7EcFc (1 μg) was
mixed with the lysate (90 μg of protein), and the mixture was
rotated at 4 �C overnight. Protein A-sepharose (10 μl of beads)
was added to the mixture and rotated at 4 �C for 30 min. The
supernatant was collected, and the beads were washed three
times with lysis buffer and heat denatured with SDS sample
buffer (SB) (6×SB: 2% SDS; 125 mM Tris/HCl at pH 6.8, 10%
2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol
blue). The samples were then subjected to western blotting, as
described below.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using the denatured samples.
After the separation gel was transferred to a PVDF membrane,
the membrane was blocked using 1% BSA or 0.5% powder milk
in PBS containing 0.05% Tween-20 for 1 h at room tempera-
ture during Siglec-7 blotting or antibody blotting, respectively.
When detecting Siglec-7 ligands, Sig7EcFc (5 μg/ml) and goat
anti-human IgG+M+A-HRP (5 μg/ml) were precomplexed in
1% BSA at room temperature for 30 min. The Sig7EcFc
complex was diluted tenfold with PBS containing 0.05%
Tween-20 and shaken with the membrane for 2 h at room
temperature. The antibodies were diluted to 1 μg/ml or 1000-
fold with the blocking solution and shaken with the membrane
at 4 �C overnight. The HRP-labeled secondary antibody (1/
5000) was then added and shaken with the membrane at room
temperature for 1 h. The membrane was reacted with ECL
solution, and chemiluminescence was measured using a WSE-
6200H LuminoGraphII (Atto).

Surface biotinylation and ligand purification using diSia-Dex

To confirm that the Siglec-7 ligand was present on the cell
surface, random biotinylation of the cell surface was per-
formed, followed by ligand purification. After washing the
K562 cells (108 cells), they were suspended in 900 μl of PBS,
and 1 mg of EZ-Link Sulfo-NHS-LC-Biotin was dissolved into
the solution. The reaction was carried out at 4 �C for 30 min,
and 100 μl of 1 M Tris/HCl (pH 7.8) was added to quench the
reaction. The cells were washed twice with PBS, and the lysates
were prepared. The lysate (400 μg of protein) was reacted with
Sig7EcFc (6 μg) at 4 �C overnight. Protein A-sepharose (20 μl
of beads) was reacted with the mixture at 4 �C for 30 min. The
supernatant was collected, and the bound proteins were eluted
using Dex derivatives. First, Dex (100 nM) as a control com-
pound could react with the proteins at 4 �C for 20 min to
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perform nonspecific elution. Subsequently, diSia-Dex
(100 nM) was used to elute the bound ligands. Each eluted
fraction and the beads were heat denatured with SB, and the
supernatants were analyzed using silver staining and western
blotting.

Siglec-7 ligand purification for MS

Ligand purification for MS was performed using the prepared
crude membrane fraction and whole lysate of K562 cells. The
crude membrane fraction was prepared by the ultracentrifuga-
tion method. After washing the cells twice with PBS, cells were
suspended in a hypotonic solution (10 mM Tris/HCl at pH 7.8,
30 mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, protease inhibitor cocktail at 1/500) and sonicated. The
suspension was centrifuged at 600g for 10 min to precipitate the
nuclei and intact living cells, and the supernatant was subjected
to ultracentrifugation. The membrane fraction was precipitated
by centrifugation at 100,000g for 70 min. The precipitate was
dissolved in lysis buffer to obtain a crude membrane fraction.
Purified Sig7EcFc (125 μg) was added to the K562 crude
membrane fraction (2 mg of protein) or whole lysate (6 mg of
protein), and the mixture was rotated overnight at 4 �C. Protein
A-Sepharose (150 μl of beads) blocked overnight with a bead
blocking solution (5% polyvinylpyrrolidone K 30, 50 mM Tris/
HCl at pH 8.0) was placed on the column. The mixed sample
was passed through the column three times, and the column
was washed four times. Subsequently, nonspecific proteins were
eluted three times with 50 nM Dex, and the ligands were eluted
using 50 nM diSia-Dex three times. Finally, the bound proteins
were directly heat denatured and released from the beads. For
the Dex and diSia-Dex fractions, the solutions were concen-
trated about sixfold using the Vaivacon 500 (10 kDa MWCO).
Each sample was subjected to SDS-PAGE, silver staining for MS,
and western blotting to confirm the molecular weight of the
binding partners.

In-gel digestion and MS analysis

Samples for MS were prepared by in-gel trypsin digestion.
The target 110 kDa area on the silver stained gel was cut out
and finely chopped on the dice. A decolorizing solution
(15 mM potassium ferricyanide, 50 mM sodium thiosulfate)
was added to the gel pieces, and the mixture was shaken for
1 min at room temperature. The gel pieces were washed three
times with water and then twice with a washing solution (30%
acetonitrile, 100 mM ammonium bicarbonate), dried in a
vacuum Concentrator Plus (Eppendorf) for 15 min, incubated
with a reducing solution (10 mM dithiothreitol) at 37 �C for
30 min, shaken with an alkylating solution (1% acrylamide) at
room temperature for 15 min, washed once with the washing
solution, shaken with 100% acetonitrile for 5 min, and dried
again using a vacuum concentrator. Trypsin/Lys-C Mix
(Promega) was diluted to 5 ng/μl with a detergent solution
(0.01% ProteaseMAX surfactant (Promega), 50 mM ammo-
nium bicarbonate) and absorbed as much as possible into the
gel pieces. Fifty microliters of the detergent solution was added
and reacted at 50 �C for 1 h. The supernatant containing the
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digested peptides was collected and 15 μl of 10% formic acid
was added to the gel pieces to extract the remaining peptides.
The decomposed surfactant was precipitated by centrifuging
(20,000g, 10 min, 4 �C), and the combined solution and su-
pernatant were passed through a MonoSpin C18 column (GL
Sciences) to purify the peptides. The eluted solution (60%
acetonitrile, 0.1% formic acid) containing the peptides was
dried using a vacuum concentrator, and the dissolved solution
(2% acetonitrile, 0.1% formic acid) was loaded onto an ekspert
microLC 200 (Eksigent) directly equipped with an ESI-triple
quadrupole-linear ion trap system (Triple Quad 5500+LC-
MS/MS system, SCIEX). Liquid chromatography was per-
formed with a C18 column (phase: HALO C18, 2.7 μm, 90Å,
size: 0.5 × 100 mm, Eksigent) across a 45 min gradient from 2%
to 60% acetonitrile using two mobile phases (water/0.1% for-
mic acid and acetonitrile/0.1% formic acid) at 0.5 μl/min
flowrate. The column was washed with 95% acetonitrile for
7 min and then equilibrated with 2% acetonitrile for 8 min.
Precursor ion scanning was set from 400 to 1000 m/z with a
charge state between 2 and 4 using Information Dependent
Acquisition criteria. The scans of Enhanced Product Ions were
obtained at a 10,000 Da/s scan rate over a mass range of 100 to
1000 Da. The total 60 min survey included 2840 cycles
(1.2674 s/cycle). The collected peptide fragmentation spectra
were analyzed using Analyst Ver1.6.1 (SCIEX) and stored
in.wiff format. The obtained data were analyzed using Pro-
teinPilot software 5.0 (SCIEX). The Swiss-Prot database (ob-
tained on November 2018) containing 20,411 human
sequences was used for protein validation. The following set-
tings were selected in ProteinPilot: Sample Type; Identifica-
tion, Cys Alkylation: Acrylamide; Digestion: Trypsin+Lys-C;
Instrument: 5500 QTRAP ESI; Species: Homo sapiens; ID
Focus: Biological modifications; Search Effort: Thorough ID;
Results Quality: Detected Protein Threshold [Unused Prot-
Score (Conf)]>: 0.47 (66.0%) without false discovery rate.

Sialidase or PNGase F treatment

S. multivorum–derived sialidase (12 mU), with an optimum
pH near neutral, was added to the K562 lysate (20 μg of pro-
tein) or the purified ligand fraction, and the mixture was
incubated overnight at 37 �C.

PNGase F (NEB Japan) treatment was performed according
to the manufacturer’s instructions. K562 lysate (20 μg of
protein) was heat denatured using the denaturing buffer,
mixed with the reaction buffer and PNGase F (20 U), and
incubated overnight at 37 �C.

Immunoprecipitation using antibodies against candidate
Siglec-7 counter-receptor molecules

Immunoprecipitation (IP) was performed using anti-
bodies against molecules that were predicted to be the
specific lysisð%Þ¼ ðsample FI − spontaneo
counter-receptor candidates for Siglec-7 based on the MS
results. Anti-SPN or anti-NCL antibody (2 μl) was mixed
with K562 lysate (200 μg of protein), and the mixture was
rotated overnight at 4 �C. Protein A-Sepharose (15 μl of
beads) blocked with the bead blocking solution was added
and reacted at 4 �C for 1 h. The supernatant was collected,
and the beads were washed three times and heat denatured.
The samples were analyzed by western blotting using
Sig7EcFc and the antibodies.

Biotinylation of cell surface ligands using proximity labeling

PL was performed following a previously reported method
(24). Briefly, harvested K562 cells were washed with Tris-
buffered saline (TBS) and then incubated with Sig7EcFc or
Sig9EcFc and anti-hIgG+M+A-HRP complexes on ice for 1 h.
After washing, the cells were incubated in TBS containing
20 μM biotinyl-tyramide and 10 mM H2O2 at 25 �C for
10 min, followed by lysis. The lysates were analyzed by western
blotting with HRP-labeled streptavidin.

Biotinylated proteins were purified by a pull-down experi-
ment to confirm the binding of Siglec-7 and leukosialin on the
cell surface. Streptavidin-Sepharose (20 μl of beads) was
reacted with the PL-treated K562 lysates (200 μg of protein) at
4 �C for 30 min. The supernatant was collected, and the beads
were washed and denatured. The supernatant and bead-
binding proteins were analyzed by western blotting.

Cytotoxicity assay of Siglec-7 stably expressing NK cells

After collecting K562 cells (107 cells), the cells were
washed twice with RPMI-1640 without FBS and phenol red.
The cells were resuspended in RPMI-1640 containing 10 μM
Calcein-AM and incubated in a CO2 incubator at 37 �C for
20 min. The stained K562 cells were washed three times with
RPMI-1640 containing 5% FBS (RPMI (5)). After counting
the cells, they were seeded at 2 × 105 cells/100 μl in a round-
bottomed 96-well plate. NK-EV or NK-Sig7 was washed
once with RPMI (5) to prepare a suspension of 1.5 to 12 ×
105 cells/100 μl. NK cell suspensions were added so that the
ET ratio (Effector cell, NK92-MI: Target cell, K562) equaled
0.75 to 6: 1. The plate was centrifuged (1200 rpm, 1 min) and
incubated at 37 �C for 2 h. At 1.5 h after the start of incu-
bation, RPMI (5) was added as a spontaneous control, and
1% Triton X-100 was added as a maximum lysis control. The
plate was centrifuged (1800 rpm, 3 min), and 120 μl of the
supernatant was transferred to a black plate for fluorescence
measurement (Sumitomo Bakelite). The solution fluores-
cence was measured using a plate reader (EnSpire, Perki-
nElmer Japan) at an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. The specific lysis rate was
calculated based on the following formula using the fluo-
rescence intensity (FI):
us FIÞ = ðmax lysis FI − spontaneous FIÞ
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When binding inhibitors were used, Dex or diSia-Dex was
mixed with the suspension of NK92-MI to a final concentra-
tion of 50 nM. The cells were seeded with K562 (2 × 105 cells/
100 μl) and NK92-MI (4 × 105 cells/100 μl) on a plate to
ensure the ET ratio was 2. Experiments were performed in
triplicate. Values were standardized with no additives as con-
trols. Student’s t-test was used for each ET ratio or the cells
treated with additives and control.

Data availability

The MS raw data were deposited in the Figshare repository
with DOI (https://doi.org/10.6084/m9.figshare.13602785.v1).
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information.
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