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Abstract

CD33-related Siglecs are often found on innate immune cells and modulate their reactivity by

recognition of sialic acid-based “self-associated molecular patterns” and signaling via intracellular

tyrosine-based cytosolic motifs. Previous studies have shown that Siglec-11 specifically binds to

the brain-enriched polysialic acid (polySia/PSA) and that its microglial expression in the brain is

unique to humans. Furthermore, human microglial Siglec-11 exists as an alternate splice form

missing the exon encoding the last (fifth) Ig-like C2-set domain of the extracellular portion of

the protein, but little is known about the functional consequences of this variation. Here, we

report that the recombinant soluble human microglial form of Siglec-11 (hSiglec-11(4D)-Fc) binds

endogenous and immobilized polySia better than the tissue macrophage form (hSiglec-11(5D)-Fc)

or the chimpanzee form (cSiglec-11(5D)-Fc). The Siglec-11 protein is also prone to aggregation,

potentially influencing its ligand-binding ability. Additionally, Siglec-11 protein can be secreted in

both intact and proteolytically cleaved forms. The microglial splice variant has reduced proteolytic

release and enhanced incorporation into exosomes, a process that appears to be regulated by

palmitoylation of cysteines in the cytosolic tail. Taken together, these data demonstrate that human

brain specific microglial hSiglec-11(4D) has different molecular properties and can be released

on exosomes and/or as proteolytic products, with the potential to affect polySia-mediated brain

functions at a distance.
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Introduction

Sialic acid-binding immunoglobulin superfamily lectins (Siglecs) are

a family of single-pass transmembrane cell surface lectins that rec-

ognize sialic acid (Sia)-containing ligands (Crocker et al. 2007).

Their extracellular domains (ECDs) consist of an amino terminal

immunoglobulin V-set-like domain (V-set domain) that recognizes

sialoglycans, followed by one or more immunoglobulin-like C2-set

domains (C2-set (Varki et al. 2017; Angata 2018).

CD33(Siglec-3)-related Siglecs (CD33rSiglecs) are a subgroup of

the Siglecs with sequence similarity that is often found on innate

immune cells. Their reactivity is modulated by interacting with sialo-

glycans via the V-set domain. Siglec-11 is an inhibitory CD33rSiglec

that is not found in rodents (Angata et al. 2002; Khan et al. 2020).

In humans, Siglec-11 is expressed on tissue macrophages as well as

on brain microglia. In contrast, closely related nonhuman primates

including chimpanzees showed no expression of Siglec-11 on brain

microglia, but rather have an expression on tissue macrophages

(Hayakawa et al. 2005; Wang et al. 2011; Wang et al. 2012), i.e.,

brain microglial expression of Siglec-11 is uniquely human. Genomic

sequence data also indicate that in humans SIGLEC11 allele was
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modified via gene conversion by a nonfunctional SIGLEC16P pseu-

dogene (Wang et al. 2012; Hayakawa et al. 2017). Siglec-11 and

Siglec-16 are regarded as paired receptors that have maintained

similar ligand-binding preferences via gene conversions (Hayakawa

et al. 2017). While Siglec-11 is an inhibitory receptor, Siglec-16 is

activating (Schwarz et al. 2017). It is assumed that this conversion

event led to selective Siglec-11 expression in human microglia as

the converted SIGLEC11 became fixed in human, likely due to

the neuroprotective functions it exerts (Wang and Neumann 2010).

Notably, human Siglec-11 in brain microglia appears to exist exclu-

sively as an alternate splice form missing the exon encoding the last

C2-set domain of extracellular portion of the protein (Wang and

Neumann 2010). Previous in vitro analysis demonstrated that Siglec-

11 selectively binds to α2-8-linked sialic acid oligomers (oligoSias)

and polymers (polySias) (Angata et al. 2002; Hayakawa et al. 2005;

Shahraz et al. 2015). PolySia, a ligand of Siglec-11, is known to play

important roles in brain development and functions, and expression

is mainly observed in embryonic brain as well as in distinct adult

brain regions in vertebrates (Angata et al. 2002; Sato and Kitajima

2013; Sato et al. 2016). Other polySia-interactive molecules such as

BDNF, FGF2, dopamine and polysialytransferase have been impli-

cated in several neuropsychiatric disorders (Sato and Hane 2018).

While the role of Siglec-11 in neuropsychiatric disorders is not well

understood, it has been reported to regulate neuroinflammation

and microglial neurotoxicity. Indeed, Siglec-11 expression resulted

in reduced microglial phagocytosis of apoptotic neuronal material

and coculture of Siglec-11-expressing microglia with neurons showed

neuronal-surface polySia dependent neuroprotective functions of

Siglec-11 (Wang and Neumann 2010). Furthermore, polySia with an

average degree of polymerization 20 (DP20) injected into the eyes of

SIGLEC11-expressing transgenic mice blocked mononuclear phago-

cyte reactivity, inhibited complement activation, and gave protection

from vascular damage in the retina induced by laser coagulation.

(Shahraz et al. 2015; Karlstetter et al. 2017). Despite these reported

functions and human-specific expression in the brain, little is known

about the molecular properties of Siglec-11.

In this paper, we investigated Siglec-11 molecular properties in

detail using in vitro expression systems. We show that the human

Siglec-11 microglial form [hSiglec-11(4D)] binds polySia better than

the tissue macrophage form [hSiglec-11(5D)] and chimpanzee Siglec-

11 [cSiglec-11(5D)], can be processed and secreted differently than

the macrophage 5D form and secreted in exosomes. The exoso-

mal hSiglec-11(4D) also binds polySia on human neuroblastoma

cells. Mechanistically, cysteine palmitoylation likely plays a role in

Siglec-11 distribution. Taken together, our findings suggest that the

microglial hSiglec-11(4D) has different molecular properties and

have the potential to affect brain functions at a distance.

Results

The human-specific human microglial form

Siglec-11(4D)-Fc binds immobilized polySia better

than the tissue macrophage form hSiglec-11(5D)-Fc

or chimpanzee Siglec-11(5D)-Fc

To evaluate the binding ability of the different Siglec-11forms to

polySia, recombinant soluble Ig-Fc chimeras were generated and

studied for binding to immobilized E. coli K1-derived polySia chains

(Figure 1A). The monoclonal antibody 735 (Mab735) confirmed

polySia immobilization (Figure 1B). The microglial form hSiglec-

11(4D)-Fc binds this immobilized polySia in a dose-dependent man-

ner (Figure 1C) and binds better to immobilized polySia than the tis-

sue macrophage form hSiglec-11(5D)-Fc (∼36%) or the chimpanzee

Siglec-11(5D)-Fc (∼55%) (Figure 1D). Binding comparison was per-

formed in the linear kinetic range. To evaluate whether hSiglec-11

binding to polySia is dependent on the conserved arginine residue

that is known to be important for sialic acid recognition in other

Siglecs (Van der Merwe et al. 1996; Vinson et al. 1996), we mutated

Arg120 and showed that hSiglec-11(4D)-Fc binding was reduced

but not eliminated. Specifically, hSiglec-11(4D; R120A)-Fc showed

∼39% binding of wild type binding and hSiglec-11(4D; R120K)-Fc

showed ∼58% of wild type binding (Figure 1E). Surprisingly, free

polySia (up to 5 mg/mL) did not inhibit hSiglec-11(4D)-Fc binding

to the immobilized form (Figure 1F), indicating that the immobilized

polySia has a distinct conformation that is recognized by Siglec-11.

The microglial form recognizes polySia on human

neuroblastoma SH-SY5Y cells

We next evaluated hSiglec-11(4D)-Fc binding to polySia in a cellular

system.Human neuroblastoma SH-SY5Y cells were used as a neuron-

like system with cell surface polySia, which could be recognized by

the specific Mab 735, and cleaved by the specific enzyme Endo-

NF (Figure 2A and B). Indeed, the microglial form hSiglec-11(4D)-Fc

bound neuroblastoma cell surface polySia, while control human Fc

did not bind (Figure 2C and D). hSiglec-11(4D)-Fc binding was only

partially abolished by Endo-NF treatment (Figure 2C and D), likely

because Siglec-11 also recognizes the oligo-sialic acids left behind

after Endo-NF treatment (Angata et al. 2002). This indicates that

hSiglec-11(4D), in addition to binding to immobilized polySia, is also

able to bind cell surface polySia.

Siglec-11 is prone to aggregation, independent

of disulfide bond formation

Similar to other Siglecs, Siglec-11 is a transmembrane protein that

can be expressed on the cell surface. To better understand how

Siglec-11 exerts its function, we used Siglec-11 expression vectors

with a C-terminal V5 epitope tag and transiently transfected them

into HEK293 cells. Western blotting showed that the full-length

Siglec11, either hSiglec-11(4D) and hSiglec-11(5D), is prone to aggre-

gation, which occurred even after boiling in SDS and reduction

of disulfide bonds by 2-Mercaptoethanol treatment (Figure 3A).

Truncated mutants of hSiglec-11 were generated and transiently

transfected to evaluate the effect of each domain on the aggregation

(Supplementary Figure 1A).Notably, the truncated mutants were still

prone to aggregation that was also unaffected by the reduction of

disulfide bonds (Figure 3B, C and Supplementary Figure 1B).

Specific N-glycosylation sites are important

for Siglec-11 protein stability

Analysis of the Sigle-11 protein identified 7 and 5 predicted

N-glycosylation sites for the 5D and 4 D forms, respectively

(Supplementary Figure 1A and Figure 4A). We confirmed Siglec-11

can be glycosylated by using PNGaseF treatment of all three forms

of Siglec-11, which resulted in a downward shift in their molecular

weight (Figure 4B). We further studied how each N-glycosylation

site of hSiglec-11 contributes to its stability by preparing Asn→Gln

mutants of Asn-X-Ser/Thr predicted sites and analyzed by western

blotting. Transient or stable expression of hSiglec11(5D) with

mutations of the sixth and seventh N-glycans sites, which is
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Fig. 1. ELISA in vitro binding assay of Siglec-11 to polySia. (A) Experimental scheme for (B–F). PolySia (0∼1 mg/mL) was immobilized on the plate and analyzed

binding of (B) mab 735, (C) hSiglec-11(4D)-Fc (-) and Fc ( . . . ) to the immobilized polySia. PolySia (1 mg/mL) was immobilized on the plate and binding of (D)

Fc, hSiglec-11(5D)-Fc, cSiglec-11(5D)-Fc and hSiglec-11(4D)-Fc, (E) Fc, hSiglec-11(4D)-Fc, hSiglec-11(4D;R120A)-Fc and hSiglec-11(4D;R120K)-Fc to immobilized

polySia was analyzed. (F) PolySia (1 mg/ml) was immobilized on the plate and binding of hSiglec-11(4D)-Fc was analyzed with the presence of different

concentrations of preincubated free polySia (0-5 mg/mL) or HA (5 mg/mL). n = 3, ∗P < 0.05 ∗∗P < 0.005.

missing in the 4D microglia form, resulted in protein degradation

(Figure 4C and D). These results suggest the importance of sixth and

seventh N-glycan for the stability of the 5D macrophage form, and

not for the 4D microglial form.

hSiglec-11(4D) and hSiglec-11(5D) are differentially

processed and secreted

A small fragment (<25 kDa) was detected in cells transiently

transfected with the macrophage hSiglec-11(5D) form and not

in the microglial hSig1ec-11(4D) form (Figure 3B and C). This

fragment is likely generated by proteolytic cleavage close to the

transmembrane domain as an expression vector with just the

transmembrane domain yields a similar size fragment (Figure 3B, C

and Supplementary Figure 1B). We posited that such a cleavage

should also result in production and secretion of a fragment

containing the Siglec-11 ECD. To investigate the presence of the ECD,

we analyzed the culture medium by western blotting with anti-Siglec-

11 (4C4) antibody, which detects theN-terminal domain of Siglec-11

(Figure 5A-C and Supplementary Figure 3). Indeed, Siglec-11 ECD

was abundant in the culture medium of cells expressing the 5D form

(Figure 5C). Matrix metalloproteinases or β secretases inhibitors

did not inhibit the cleavage (Supplementary Figure 2). Although the

inhibitors did not alter the total levels of the small fragment in the

cell lysate, it is possible that the secreted amount may still be affected

by the inhibitors.

In addition to the cleaved products, intact Siglec-11 was also

found in the medium by western blotting, especially originating

from the 4D microglial form (Figure 5C). We found that this intact

Siglec-11 is secreted in exosomes: cells treated with 20 µM of

exosome inhibitor GW4869 had reduced levels of intact hSiglec-

11(4D) and flotillin-1, an exosome marker, in the culture medium

(Figure 5D). Interestingly, 20 µM of GW4869 treatment led to higher

levels of hSiglec-11(4D) in the cell lysate (Figure 5D), suggesting that

inhibition of exosome production leads to increased production of

Siglec-11. Confirming that hSiglec-11(4D) is in exosomes, both intact

hSiglec-11(4D) and flotillin-1 are found in the exosome fractions

(Figure 5E) following density gradient separation of the extracellular

vesicles (de Gassart et al. 2003). These data suggest that microglial

Siglec-11 can be processed and secreted differently from macrophage

Siglec-11 and that microglial Siglec-11 can be secreted in the exo-

somes.

Cysteine palmitoylation is likely related to localization

on lipid rafts and Siglec-11 secretion on exosomes

To begin to understand how Siglec-11 is secreted in exosomes, we

investigated whether S-palmitoylation, a process known to regulate

the membrane association of various proteins (Draper et al. 2007)

may be involved in Siglec-11-related secretion. Indeed, treating stably

transfected HEK293A expressing the three different forms of Siglec-

11 with protein acylation inhibitor 2-Bromopalmitate led to a down-

ward molecular weight shift for Siglec-11 (Figure 6A), suggesting

acylation modification. Additionally, acyl-PEG exchange analysis

resulted in an upward molecular shift of Siglec-11, confirming S-

palmitoylation modification (Figure 6B). Furthermore, we noted that

in stably transfected HEK293 cells, hSig11(4D) also showed the

small <25 kDa fragment, suggesting that, as hSig11(4D) accumulates
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Fig. 2. In vitro binding assay of Siglec-11 to cell surface polySia. SH-SY5Y cells were fixed and treated with active/inactive Endo-NF and the cell surface polySia

were detected by immunostaining with: (A) mab 735 and PE conjugated antimouse IgG (red), (C) hFc (top two rows) hSiglec-11(4D)-Fc (bottom two rows) and

PE conjugated antihuman Fc. Nucleus was visualized with DAPI (blue). All the specimens were observed under the fluoromicroscope. The bars indicate 100 µm.

(B) Relative intensity of the PE/DAPI for (A). (D) Relative intensity of the PE/DAPI for (C). Five random areas were measured using ImageJ software, and the data

were processed. ∗∗P < 0.005.

overtime in stably transfected cells, it can also be proteolytically

cleaved. Moreover, density gradient separation of cell lysate showed

that Siglec-11 localized in flotillin-1 positive fractions, suggesting

their partial localization in cell surface lipid rafts (Figure 7). 2-

Bromopalmitate inhibition changed the expression pattern of hSig-

11(5D) (Supplementary Figure 4): for example, gradient fraction 3

had detectable hSig-11(5D) after 2BP was added, further suggesting

that palmitoylation plays a role in its lipid raft localization.

The exosome form shows polySia-dependent binding

to human neuroblastoma cells

To evaluate the binding ability of hSiglec-11(4D) on exosome with

cell surface polySia, we prepared an exosome-labeling construct

encoding the N-terminal 183 amino acid of flotillin-1 and an EGFP

fused protein (F1-GFP) with or without hSiglec-11(4D) expression

(Figure 8A). hSiglec-11(4D), F1-GFP and flotillin-1 were detected

in the culture medium of transfected HEK293 cells (Figure 8B),

confirming its ability to be secreted. SH-SY5Y cells were used as a

cellular model to examine polySia binding as previously described

(Figures 2, 9A and B).We found that treating SH-SY5Y cells with the

culture media containing the hSiglec-11(4D)-F1-EGFP-labeled exo-

some (hSig11(4D)-F1-EGFP CM) showed significantly better binding

than the culture media with the F1-EGFP-labeled exosome con-

taining culture medium without hSiglec-11(4D) (Mock-F1-EGFP

CM) (Figure 9C and D). Endo-NF treatment decreased the binding

of EGFP-labeled exosomes with or without hSiglec-11(4D) (Figure

9C and D), suggesting polySia binding. Notably, End-NF treatment

lowered the binding of mock-EGFPCM treated cells, suggesting some

exosomal binding to polySia.

Discussion

Siglec-11 is a CD33rSiglec not found in rodents (Angata et al. 2002)

and among higher primates is uniquely expressed in microglia only

in the human brain (Hayakawa et al. 2005). In the human central

nervous system, Siglec-11 in microglia appears to exist exclusively

as an alternate splice form missing the exon encoding the last C2-

set domain of the extracellular portion of the protein (Wang and

Neumann 2010). It is curious that human SIGLEC11 was gene

converted from the nonfunctional SIGLEC16P and became fixed in

humans (Hayakawa et al. 2005; Wang et al. 2011, 2012), suggesting
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Fig. 3. Full length Siglec-11 analysis by western blotting. HEK293 cells were transiently transfected with V5-tagged hSiglec-11 for 3 days and cell lysates were

analyzed by western blotting. (A) Denature temperature of cell lysate were changed under the reducing condition with 2-ME and analyzed by western blotting

with anti-V5 tag antibody. (B and C) Cell lysates were denatured at 4◦C for 30 min under reducing (B) and nonreducing condition (C) and analyzed by Western

blotting with anti-V5 tag antibody.

its importance. In this study, we characterized the molecular proper-

ties of the different forms of Siglec-11, including the macrophage and

microglial Siglec-11. We showed that the uniquely human microglial

form of Siglec-11 binds polySia better and secreted differently from

macrophage and chimpanzee forms of Siglec-11. Furthermore, the

4D microglial Siglec-11 is secreted in exosomes that are able to

bind cell-surface polySia (Figure 10). We also show that Siglec-11

undergoes palmitoylation that likely affects its localization in lipid

raft. Collectively, our results suggest that splicing out of last C2-set

domain in microglia changes the proteolytic cleavage and enhances

incorporation of the 4D form into exosomes.

Microglial Siglec-11 has been previously demonstrated to allevi-

ate microglia neurotoxicity (Linnartz et al. 2010). It is still unclear

how Siglec-11 contribute to the well-documented roles that microglia

and polySia have in cellular function including synaptic plasticity,

neurogenesis, immune cell recruitment and neuropsychiatric diseases,

such as Alzheimer’s disease (Schnaar et al. 2014; Garcez et al. 2017;

Keren-Shaul et al. 2017; Sarlus and Heneka 2017; Butovsky and

Weiner 2018). Given that Siglec-11 is known to regulate immune

responses to a human-specific pathogen E. coli K1 through its

interaction with polySia (Schwarz et al. 2017), it is intriguing to

speculate that, in the brain, human microglial Siglec-11, through its

binding to polySia, may provide a targeted mechanism to regulate

neuroinflammation and other uniquely human neurodegenerative

conditions. Based on our current data, we propose that microglial

Siglec-11 may affect cellular function in the brain both locally and at

a distance. However, more work is needed to understand how the

modification and secretion are regulated, for example, the contri-

bution of specific cysteine palmitoylation, and how they impact

microglial function.

Similar questions remain for the paired receptor of Siglec-11,

Siglec-16.Unlike Siglec-11,which is inhibitory, Siglec-16 is activating.

Unlike SIGLEC-11, SIGLEC-16 is present in human populations

largely as the nonfunctional SIGLEC-16P (Cao et al. 2008). The high

prevalence of the nonfunctional SIGLEC16P allele and the fixation

of the converted SIGLEC11 in human populations suggest that the

dimorphism of Siglec-11/Siglec-16 paired receptors, such as Siglec-

11/Siglec-16 and/or Siglec-11/Siglec-16P, have beenmaintained under

some evolutionary constraint in the human lineage. Future work will

help to elucidate the functional consequences of the dimorphism and

how Siglec-16 and Siglec-11 interaction regulate immune reactivity

in the brain.

Materials and methods

Plasmid preparations

All primers were synthesized by Eton Bioscience, Inc. (CA, USA).

All polymerase chain reaction (PCR) was performed with Phusion

High-Fidelity DNA Polymerase (NEB (MA, USA) with Mastercycler

pro 6321 [Eppendorf (Hamburg, Germany)]. All PCR products were

purified with QIAquick Gel Extraction Kit [QIAGEN (Venlo, The

Netherlands)]. Plasmid miniprep was performed with E.Z.N.A.

Plasmid Mini Kit I [OMEGA Bio-tek (GA, USA)] and plasmid
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Fig. 4. N-glycosylation of Siglec-11. (A) Schematic image of hSiglec-11 and N-glycosylation sites. (B) Cell lysates of V5-tagged Siglec-11 transfected HEK293

cells were treated with PNGaseF and analyzed by western blotting with anti-V5 tag antibody. V5-tagged full length hSiglec-11 and As→Gln mutant of each

glycosylation site were transiently (C) or stably (D) transfected into HEK293 cells and cell lysates were analyzed by western blotting with anti-V5 tag antibody.

β-actin was used as loading control.

maxiprepwas performedwithHiSpeed PlasmidMaxi Kit (QIAGEN).

All plasmids sequences were confirmed by GENEWIZ (CA, USA).

IRES2 fragment was amplified from pIRES2-EGFP plasmid with

primers CMV-F and IRES2-Puro-R. Puromycin resistant gene

fragment was amplified from pSpCas9(BB)-2A-Puro with primers

IRES2-Puro-F and Puro-R. pcDNA3.1-V5 plasmid was linearized

by PCR with CMV-R and PuroCterm-F. Amplified fragments were

combined with NEBuilder HiFi DNA Assembly Master Mix (NEB)

and prepared pcDNA3.1-V5-IRES2(PuroR) plasmid. pcDNA3.1-

V5-IRES2(PuroR) plasmid was linearized by PCR with Kozak-R

and IRES2-F. Human Siglec-11v1 (the tissue macrophage form)

and v2 (the brain microglia form) full length gene was amplified

from pcDNA3.1(+)-hSiglec11v1 and pcDNA3.1(+)-hSiglec11v2 by

PCR with Kzk-hSig11-F and hSig11-IRES2-R. Amplified fragments

were combined with NEBuilder HiFi DNA Assembly and pre-

pared pcDNA3.1-hSiglec11v1-V5-IRES2(PuroR) and pcDNA3.1-

hSiglec11v2-V5-IRES2(PuroR) plasmid. Chimpanzee Siglec-11 par-

tial ECD was amplified from pcDNA3.1(+)-cSiglec11(3D)-hFc with

Kzk-cSig11-F and cSig11(3D)-R and partial ECD, transmembrane

and intracellular domain was synthesized by GENEWIZ. Amplified

fragments were combined with NEBuilder HiFi DNA Assembly

and prepared pcDNA3.1-cSiglec11-V5-IRES2(PuroR). Truncated

mutants were prepared by PCR [hSig11 Truncate-R and each

Forward primer set, C1-4-TM; C2-1-F, C2-4-TM; C2-2-F, C3-4-TM;

C2-3-F, C4-TM; C2-4-F, TM; TM-F with pcDNA3.1-hSiglec11v1-

V5-IRES2(PuroR), C1-3-TM; C2-1-F, C2-3-TM; C2-2-F and

C3-TM; C2-3-F with pcDNA3.1-hSiglec11v2-V5-IRES2(PuroR)]

and digested with DpnI and BamHI, then self-ligation by NEBuilder

HiFi DNA Assembly. N-glycan mutants were point mutated from

pcDNA3.1-hSiglec11v1-V5-IRES2(PuroR) by PCR (N1Q; N1Q-F

and N1Q-R, N2Q; N2Q-F and N2Q-R, N3Q; N3Q-F and N3Q-

R, N4Q; N4Q-F and N4Q-R, N5Q; N5Q-F and N5Q-R, N6Q;

N6Q-F and N6Q-R, N7Q; N7Q-F and N7Q-R) and following that,

pcDNA3.1-hSiglec11v1(N6Q)-V5-IRES2(PuroR) was mutated by

PCR (N6,7Q; N7Q-F and N7Q-R), then digested with DpnI and

self-ligated with endogenous E. coli ligase; (N1Q, N2Q, N4Q and

N5Q), with phosphorylated by T4 Polynucleotide Kinase (NEB) and

T4 DNA Ligase (NEB); (N3Q, N6Q, N7Q and N6,7Q). Sequences

Human Fc fragment were amplified from pIRES2-hNCAM-hFc

plasmid and with primers CH1-F and CH1-R, CH1-2-F and CH2-

3-R, and CH2-3-F and CH3-R and combined by overlapping

PCR with CH1-F and CH3-R. Following that, hFc fragment was

amplified with hFc-F and hFc-IRES2-R. pIRES2-IRES2(EGFP)

plasmid was linearized by PCR with pIRES2-hFc-R and IRES2-F.

Amplified fragments were combined with NEBuilder HiFi DNA

Assembly and prepared pIRES2-hFc-IRES2(EGFP) plasmid. pIRES2-

hFc-IRES2(EGFP) plasmid was linearized by PCR with Kozak-R

and hFc-F. Transin signal peptide fragment was amplified from

pcDNA3.1-pA-hST8SIA2 with kzk-tSP-F and tSP-hFc-R. Amplified

fragments were combined with NEBuilder HiFi DNA Assembly
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Secretion of human-specific microglial Siglec-11 transcript variant 7

Fig. 5. Siglec-11 secretion from transfected cells. HEK293 cells were transiently transfected for 5 days with V5-tagged Siglec-11 and the cell lysates and

concentrated culture medium were analyzed. (A) Schematic of anti-V5 tag antibody recognizing C-terminal of Siglec-11 and 4C4 antibody recognizing N-terminal

(first C2-set domain) of Siglec-11. Western blotting of cell lysates (B) and culture medium (C) with anti-V5 tag antibody or anti-Siglec11 (4C4) antibody. (D) HEK293

cells were transiently transfected with V5-tagged hSiglec-11(4D) with or without 20 µM of exosome inhibitor GW4869 and the cell lysate and concentrated culture

medium were analyzed by western blotting with anti-V5 tag antibody. β-actin was used as loading control and flotillin-1 was used as an exosome marker. (E)

Extracellular vesicles were isolated from the culture medium of HEK293 cells transfected with V5-tagged hSiglec-11(4D) and density gradient separation fractions

were analyzed by western blotting with anti-V5 tag antibody and anti-flotillin-1 antibody.

and prepared pIRES2-tSP-hFc-IRES2(EGFP) plasmid. Similarly,

hSiglec11v1, hSiglec11v2 and cSiglec11 ECD were amplified from

pcDNA3.1-hSiglec11v1-V5-IRES2(PuroR), pcDNA3.1-hSiglec11v2-

V5-IRES2(PuroR) and pcDNA3.1-cSiglec11-V5-IRES2(PuroR)

plasmid by PCRwith each primer set [hSiglec11v1; Kzk-hSig11-F and

h/cSig11(5D)-hFc-R, hSiglec11v2; Kzk-hSig11-F and hSig11(4D)-

hFc-R, cSiglec11; Kzk-cSig11-F and h/cSig11(5D)-hFc-R]. Each

fragment was combined with NEBuilder HiFi DNA Assembly

and prepared pIRES2-hSiglec11(5D)-hFc-IRES2(EGFP), pIRES2-

hSiglec11(4D)-hFc-IRES2(EGFP) and pIRES2-cSiglec11(5D)-hFc-

IRES2(EGFP). Essential arginine mutant of pIRES2-hSiglec11(4D)-

hFc-IRES2(EGFP) was prepared by point mutation with the

following primer sets (R120K; R120K-F and R120K-R, R120A;

R120A-F and R120A-R).

The partial FLOT1 gene was cloned from HEK293 cell cDNA

with FLOT1-F and FLOT1(183)-R. EGFP fragment was amplified

from pIRES2-EGFP plasmid with primers F183-EGFP-F and EGFP-

P2A-R. P2A fragment was amplified from pSpCas9(BB)-2A-Puro

with EGFP-P2A-F and P2A-Puro-R. pcDNA3.1-IRES2(PuroR)

was linearized with kzk-FLOT1-R and PuroR-F and combined

all fragments with NEBuilder HiFi DNA Assembly and prepared

pcDNA3.1-FLOT183EGFP-P2A-PuroR.pcDNA3.1-FLOT183EGFP-

P2A-PuroR was linearized by PCR with Kozak-R and IRES2-F183-F.

hSiglec11v2-V5-IRES2 fragment was amplified from pcDNA3.1-

hSiglec11v2-V5-IRES2(PuroR) with Kzk-hSig11-F and IRES2-R.

Linearized plasmid and the fragment were combined with NEBuilder

HiFi DNA Assembly and prepared pcDNA3.1-hSiglec11v2-V5-

IRES2(FLOT183EGFP-P2A-PuroR).

Cell culture and transfections

All medium and PBS were purchased from Thermo Fisher Scientific

(MA,USA).Human embryonic kidneyHEK293 cells and human neu-

roblastoma SH-SY5Y cells were maintained in Advanced Dulbecco’s

modified Eagle’s medium (DMEM) containing 1% fetal bovine serum

(FBS) and were transferred to new culture dishes and grown in a
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8 M Hane et al.

Fig. 6. Palmitoylation of Siglec-11. (A) V5-tagged Siglec-11 stably transfected HEK293 cells were cultured with or without protein acylation inhibitor 2BP and the

cell lysates were analyzed by western blotting with anti-V5 tag antibody. β-actin was used as loading control. Arrows indicate molecular weight shift as the

result of 2BP. (B) Protein S-fatty acylation was tagged by 5 kDa-PEG with cell lysates of V5-tagged Siglec-11 stably transfected HEK293 and analyzed by western

blotting with anti-V5 tag antibody. Expression level of full length Siglec-11 (higher molecular weight membrane) and proteolytical fragment (lower molecular

weight membrane) were different, thus different exposures were needed. Arrows indicate molecular weight shift in the presence of PEG tag.

Fig. 7. Siglec-11 is localized in lipid rafts. (A) Cell lysates of V5-tagged Siglec-11 stably transfected HEK293 cells were analyzed by western blotting with anti-V5

tag antibody. (B) Same cell lysates were fractionated by density gradient separation and analyzed by western blotting with anti-V5 tag antibody. hSiglec-11(5D)

(top panel), hSiglec-11(4D) (middle panel) and cSiglec-11(5D) (lower panel) were analyzed. β-actin was used as loading control and flotillin-1 was used as a lipid

raft marker.

5% CO2 incubator at 37◦C until they reached 70% confluency.

For purification of Fc-fused protein and culture medium analysis,

Basal media [50% RPMI 1640, 50% DMEM containing 1% antibi-

otic/antimycotic (Invitrogen), 2 mM L-glutamine, 1% Nutridoma

and 1 mM sodium pyruvate] were used. For exosome purification

and binding experiments, FBS was ultracentrifuged at 100,000 g,

4◦C, 70 min by Optima XPN-80 Ultracentrifuge with SW41Ti rotor

and 331372 Thinwall Polypropylene Tube [Beckman Coulter (CA,
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Secretion of human-specific microglial Siglec-11 transcript variant 9

Fig. 8. Exosomal Siglec-11 can be secreted. (A) Schematic representation of the F1-GFP protein and expression plasmid. (B) Cell lysates and culture medium of

V5-tagged hSiglec-11(4D) and F1-GFP cotransfected HEK293 cells transiently for 5 days were lysed and analyzed by western blotting with anti-V5 tag antibody

[hSiglec-11(4D)], anti-GFP (F1-GFP), anti-flotillin-1 (lipid raft/exosome marker) and β-actin (loading control). SH-SY5Y cells cultured with active/inactive Endo-NF.

USA)] and Exosome-free FBS was used instead of normal FBS. All

plasmids were transfected with Polyethyleneimine (PEI) according

to the manufacturer’s instructions. Transient transfected cells were

cultured for either 3 or 5 days, and stably transfected gene expression

cells were selected with puromycin (1 µg/mL) for a week.

In vitro binding assay (ELISA)

HEK293A cells were cultured for 5 days after the transfection of

plasmid for Fc-fused protein. Culture media was removed and incu-

bated with protein A-Sepharose [GE healthcare (IL, USA)] overnight.

The incubated resins were packed into Poly-Prep Chromatography

Columns [Bio-Rad (CA, USA)] and supernatants were reapplied to

the column for binding Fc-fused protein. The resin was washed with

10 mM Tris–HCl (pH 8.0), 150 mM NaCl and exchange buffer to

20 mM HEPES (pH 7.0) with 25 mU of Arthrobacter ureafaciens

sialidase and cleaved sialic acid at room temperature (r.t.) for 1 h.

The resin was washed again, and the Fc-fused protein was eluted

with 0.1 M glycine buffer (pH 3.0). The eluted Fc-fused protein was

neutralized with 1MTris–HCl (pH 8.0) and exchanged buffer to PBS

and concentrated by EMD Millipore Amicon Ultra-15 Centrifugal

Filter Units (Thermo Fisher Scientific).

1 mg/mL PolySia (colominic acid from E. coli K1) [EY Laborato-

ries (CA, USA)] dissolved in 20 mM Phosphate buffer (pH 7.4) and

applied 50 µL to 96 well polystyrene plate [Corning #3370 (NY,

USA)] and evaporated at 37◦C overnight. The plate was blocked

with 2% BSA/PBS at r.t. for 1 h and applied 0.2 µg in 50 µL of

each Fc-fused protein (in 2% BSA/PBS) at r.t. for 1 h. Nonbinding

proteins were washed 5 times with PBS containing 0.05% Tween-20

(PBST). Fifty microliter of 1/15,000 diluted Goat Anti-Human (H L)

HRP conjugate (#1721050, Bio-Rad) was applied to each well and

incubated at r.t. for 1 h and washed five times with PBST, then 100 µL

BDOptEIA [Becton, Dickinson and Company (NJ, USA)] was added.

Reaction was stopped with 50 µL of 2MH2SO4. 450 nm absorbance

values were measured by EnSpire Alpha Plate Reader [PerkinElmer

(MA, USA)]. For binding inhibition assay, Fc-fused proteins was

mixed with 0 to 5 mg/mL polySia or as a negative control, 5 mg/mL

Hyaluronic acid [Sigma-Aldrich (MO, USA)].

In vitro binding assay (cell staining)

5× 105 cells were cultured on PEI (25 µg/mL) coated 18mm× 18mm

slide coverslip. Cells were fixed with 4% paraformaldehyde at

r.t. for 8 min and treated with boiled and heat-inactivate/intact

active endo-N-acylneuraminidaseF (Endo-NF; gift from Prof. Rita

Gerardy-Schahn at Hannover Medical School, Germany). The fixed

cells were blocked with 2% bovine serum albumin in PBS, then

incubated with anti-polySia antibody (mouse IgG, 20 µg/mL), hFc

(100 µg/mL) or hSig11(4D)-hFc (100 µg/mL) at r.t. for 1 h. After

washing three times with PBS, the cells were incubated with goat

antimouse IgG-PE (2 µg/mL; Thermo Fisher Scientific) for anti-

polySia, goat anti-Human IgG Fc-PE (2 µg/mL; Thermo Fisher

Scientific) at r.t. for 30 min. The cells were washed three times

with PBS and washed with water, then mounted with ProLong

Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific).

Cells were then observed under a fluoromicroscope [ZEISS Axio

Observer d1, Carl Zeiss (Oberkochen, Germany)]. The ratio of anti-

polySia/DAPI staining and Fc-fused protein/DAPI for five random

areas were measured using ImageJ software, and the data were

processed.
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10 M Hane et al.

Fig. 9. Culture media containing exosomal Siglec-11 binds to polySia on cell surface. (A–D) After fixation, the cell surface polySia were detected by

immunostaining with (A) mab 735 and PE conjugated antimouse IgG (red). (C) SH-SY5Y cells were treated with active or inactive endo-NF for 8 h and subjected

to culture media without hSiglec-11(4D)-F1-EGFP (Mock-F1-EGFP-CM; upper panel) or with hSig11(4D)-F1-EGFP exosome (hSig11(4D)-F1-EGFP CM; lower panel).

Nucleus was visualized with DAPI (blue). All the specimens were imaged under the fluoromicroscope. The bars indicate 100 µm. (B) Relative intensity of the

PE/DAPI was analyzed from (A). (D) Relative intensity of the EGFP/DAPI was analyzed from (C). Five random areas were measured using ImageJ software, and

the data were processed. ∗∗
P < 0.005.

SDS-PAGE and western blotting

Cells were incubated with RIPA buffer [Cell Signaling Technology

(MA, USA)] and 1 mM PMSF on ice for 1 h. They were then

centrifuged, and the protein concentration of the supernatants (cell

lysates) were evaluated by Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific). Samples were dissolved in Laemmli buffer with-

/without (reducing/nonreducing condition) 5% 2-mercaptoethanol

and were subsequently incubated at 4◦C for 30 min to avoid

aggregation. For experiments in Figure 3, samples were incubated

at 100◦C for 5 min (standard protein denature condition), 60◦C for

20 min (standard glycoprotein denature mild condition), 37◦C for

30 min, 25◦C for 30 min or 4◦C for 30 min. The cold denatured

samples were then electrophoresed on CosmoPAGE TG Precast Gel

4-15% [Nacalai USA (CA,USA)] and electroblotted onto Immobilon-

FL Membrane [Merck Millipore (MA, USA)] using Trans Blot SD

(Bio-Rad). Following the transfer, membranes were blocked at r.t. for

1 h with Odyssey Blocking Buffer (PBS) [LI-COR Biosciences (NE,

USA)]. The membranes were then incubated at r.t. for 1 h with the

primary antibody. Antibodies used included: anti-polySia735 (gift

from Prof. Rita Gerardy-Schahn at Hannover Medical School,

Germany; 1:3000), 4C4 antibody (BioLegend, 1:1000), mouse

V5-tag antibody (Invitrogen, 1:3000), rabbit FLOT1 antibody

(Abcam, 1:1000), β-actin antibody (Cell Signaling; 1:1000), anti-

GFP antibody (Novus Biologicals, 1:1000). After membranes were

washed with PBS three times, 10 min each, the secondary antibody

IRDye 800 mouse IgG (LI-COR Biosciences, 1:5000) or IRDye 680

rabbit IgG (LI-COR Biosciences, 1:5000) was incubated at r.t. for

30 min and bands were visualized with LI-COR Odyssey Imaging

System (LI-COR Biosciences).

PNGase F treatment

PNGase F was purchased from New England Biolabs (NEB; Ipswich,

MA). The experiment was carried out according to manufacturer

protocol with nondenaturing reaction condition.
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Fig. 10. Human Siglec-11 can be secreted and bind cell surface polySia at a distance. Siglec-11 has been considered to exist as a membrane protein on cell

surface and interact with oligo/polySia on cell surface. Here, we propose that Siglec-11 can be proteolytically cleaved from cell surface and the ECD exist as

a shed soluble protein. Moreover, the microglial form hSiglec-11(4D) can be secreted on exosome. Both soluble ECD and full length of hSiglec-11(4D) showed

binding to cell surface polySia. Novel pathways of hSiglec-11(4D)-polySia interaction in human brain are proposed.

Exosomes and proteolytic products secretion

Cells were cultured in basal media for 5 days, then collected and

lysed. The culture medium was collected, and the cell debris were

removed. Following the removal, the medium was concentrated

with Amicon Ultra 10KD Centrifugal Filter Units (Thermo Fisher

Scientific). To inhibit the exosome secretion, cells were cultured in

basal media with 20 µM of exosome inhibitor (sphingomyelinase

inhibitor) GW4869 (Sigma-Aldrich) for 24 h. To inhibit the

proteolytic cleavage, cells were cultured with 1/500 protease

inhibitor cocktail (Sigma-Aldrich)/20 µM of matrix metallopro-

teinases inhibitor; GM6001[Selleckchem (TX, USA)]/100 nM of

beta secretase inhibitor; KMI-1303(Wako (Osaka, JAPAN)] for

12 h.

hSigec-11(4D)-F1-EGFP binding assay

pcDNA3.1-FLOT183EGFP-P2A-PuroR or pcDNA3.1-hSiglec11v2-

V5-IRES2 (FLOT183EGFP-P2A-PuroR) was transfected into

HEK293A cells. Cells were cultured in Exosome-free DMEM for

5 days. The culture medium was collected, and the cell debris were

removed. Following the removal, the medium was added to Endo-

NF treated 2 × 105 SH-SY5Y cells (cells were cultured with heat-

inactivate/intact active Endo-NF and cultured for 8 h.). Cells were

fixed with 4% paraformaldehyde at r.t. for 8 min. The cells were

washed three times with PBS and washed with water, then mounted

and imaged. For Endo-NF control slides, the fixed cells were stained

with anti-polySia antibody. The ratio of anti-polySia/DAPI staining

and EGFP/DAPI for five random areas were measured using ImageJ

software.

Exosome isolation

Cells were cultured in basal media for 5 days, then collected and

lysed. The culture media was collected, and the cell debris was

removed. Following that, the media was ultracentrifuged (100,000 g,

4◦C, 70 min) and extracellular vesicles were isolated as pellets. The

pellets were dissolved in 0.5 mL of 2.5 M sucrose/20 mM HEPES

(pH 7.4). For further purification, a sucrose gradient [0.25–2.5 M

(1.03–1.32 g/mL) sucrose] was prepared over the dissolved pellet and

centrifuged at 100,000 g for 5 h. Ten fractions were collected and

washed with 20 mMHEPES, and repelleted by ultracentrifugation at

100,000 g for 5 h. The pellets were dissolved in Laemmli buffer and

analyzed by western blotting.

Prediction of posttranslational modification

of Siglec-11 protein

N-glycosylation sites were predicted using NetNGlyc (http://www.

cbs.dtu.dk/services/NetNGlyc/).

Acyl-PEG exchange analysis

The protocol was carried out similarly to what was previously

described by Percher et al. (2017). Briefly, cells were lysed with

Lysis Buffer (4% SDS, 5 mM EDTA, 50 mg/mL PMSF, 10 mg/mL

leupeptin, 10 mg/mL pepstatin A in PBS) and 8M urea, the lysate was

incubated on ice for 1 h. The centrifuged supernatant was reduced

with 25 mM TCEP for 1 h at r.t. and the free cysteine residues

were alkylated with 50 mM N-ethylmaleimide (NEM) for 3 h at

r.t. After chloroform/methanol precipitation (CM ppt), proteins were

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/advance-article/doi/10.1093/glycob/cw

aa082/5897301 by U
niversity of C

alifornia, San D
iego Library user on 04 M

arch 2021

http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/


12 M Hane et al.

resuspended in Resuspend Buffer (4% SDS and 5 mM EDTA in PBS)

and incubated with Palm Buffer (1% SDS, 5 mM EDTA, 1 M NH

2OH, pH 7.0) for 1 h at 37◦C. After 3 CM ppts, proteins were

resuspended in PBSwith 4% SDS and PEGylated with 20mMmPEG-

5 kDa for 1 h at r.t. As a negative control, 20 mM NEM was used

instead of mPEG-5 kDa. After CM ppt, protein was dissolved in

Laemmli buffer with 5% 2-ME and were subsequently incubated

at 4◦C for 30 min. The samples were analyzed by SDS-PAGE and

western blotting as described above.

Supplementary data

Supplementary data for this article is available online at http://glycob.

oxfordjournals.org/.
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Supporting Information 

S. Figure 1.  Only TM and ICD (without ECD) is enough for aggregation.  (A) Schematic 

image of full length and the different truncated mutants of hSiglec-11. (B) HEK293 cells were 

transiently transfected with V5-tagged full length hSiglec-11 or truncated mutant (TM) and cell 

lysates were analyzed by Western blotting under reducing (left panel) and non-reducing 

condition (right panel) with anti-V5 tag antibody. Lysates were heated to 100 °C for 5 minutes. 

fMock indicates transfection without the plasmid.  

 

S. Figure 2.  Inhibition of hSiglec-11(5D) ECD proteolytic cleavage.  HEK293 cells were 

transiently transfected with V5-tagged full length hSiglec-11(5D) for 2 days, then DMSO or one 

of the inhibitors (PIC, GM6001 or KMI-1303) was added. Cells were harvested on Day 3. Cell 

lysates were analyzed by Western blotting under reducing condition with anti-V5 tag antibody. 

Expression levels of full length Siglec-11 (higher molecular weight membrane) and proteolytical 

fragment (lower molecular weight) were different, requiring different exposures. b-actin was 

used as loading control. Mock indicates transfection without the plasmid.  

 

S. Figure 3. Recognition epitope of 4C4 antibody on Siglec-11.  HEK293 cells were transiently 

transfected with V5-tagged full length hSiglec-11 or truncated mutants and cell lysates were 

analyzed by Western blotting under reducing condition with either anti-V5 tag antibody (A) and 

4C4 antibody (B).  

 

S. Figure 4.  Effect of palmitoylation on hSiglec-11 for lipid raft localization.  Cell lysates of 

V5-tagged Siglec-11 transfected HEK293 cells cultured with or without 2BP were fractionated by 

density gradient separation and analyzed by Western blotting with anti-V5 tag antibody. The left 

panel is hSiglec-11(5D) without 2BP and the right panel is hSiglec-11(5D) with 2BP.  Flotillin-1 

was used as a lipid raft marker. 
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