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Alzheimer’s disease (AD) is characterized by accumulation
of misfolded proteins. Genetic studies implicate microglia,
brain-resident phagocytic immune cells, in AD pathogenesis.
As positive effectors, microglia clear toxic proteins, whereas as
negative effectors, they release proinﬂammatory mediators. An
imbalance of these functions contributes to AD progression.
Polymorphisms of human CD33, an inhibitory microglial receptor, are linked to AD susceptibility; higher CD33 expression
correlates with increased AD risk. CD33, also called Siglec-3, is
a member of the sialic acid–binding immunoglobulin-type
lectin (Siglec) family of immune regulatory receptors. Siglecmediated inhibition is initiated by binding to complementary
sialoglycan ligands in the tissue environment. Here, we identify
a single sialoglycoprotein in human cerebral cortex that binds
CD33 as well as Siglec-8, the most abundant Siglec on human
microglia. The ligand, which we term receptor protein tyrosine
phosphatase zeta (RPTPζ)S3L, is composed of sialylated keratan
sulfate chains carried on a minor isoform/glycoform of RPTPζ
(phosphacan) and is found in the extracellular milieu of the
human brain parenchyma. Brains from human AD donors had
twofold higher levels of RPTPζS3L than age-matched control
donors, raising the possibility that RPTPζS3L overexpression
limits misfolded protein clearance contributing to AD pathology. Mice express the same structure, a sialylated keratan sulfate RPTPζ isoform, that binds mouse Siglec-F and crossreacts
with human CD33 and Siglec-8. Brains from mice engineered
to lack RPTPζ, the sialyltransferase St3gal4, or the keratan
sulfate sulfotransferase Chst1 lacked Siglec binding, establishing the ligand structure. The unique CD33 and Siglec-8 ligand,
RPTPζS3L, may contribute to AD progression.

Alzheimer’s disease (AD) is characterized by accumulation
of misfolded proteins, amyloid β extracellularly and phosphorylated tau intracellularly (1). Genome-wide association
studies of AD susceptibility identiﬁed several genes expressed
predominantly by microglia, the resident immune cells of the

brain that are involved in debris clearance and neuroinﬂammation (2–5). Among microglial genes consistently
associated with AD susceptibility is CD33 (6–8), also known as
Siglec-3, a member of the sialic acid–binding
immunoglobulin-type lectin (Siglec) family of immune regulatory cell surface transmembrane receptors (9, 10). Most
Siglecs are expressed on the surface of immune cells, and most,
including CD33, downregulate immune responses of cells on
which they are expressed. Each Siglec binds to sialic acid–
containing glycans carried on glycoproteins or glycolipids in
their local environment (11). Siglec binding to its complementary ligands initiates signaling to modulate the activity of
the cells on which they are expressed, including microglia
(12–15).
Increased CD33 expression associates with increased AD
susceptibility, whereas expression of CD33 lacking a sialic
acid–binding domain reduces risk (3, 15), implicating CD33mediated limitation of amyloid clearance as the mechanism
for enhanced AD susceptibility. In vitro expression of human
CD33 in microglia inhibits Aβ42 clearance, whereas the splice
variant lacking sialic acid binding does not (15). These data
imply that binding of microglial CD33 to its endogenous sialoglycan ligands in the brain inhibits phagocytosis, reduces
clearance of misfolded proteins, and contributes to AD progression. If this is the case, knowledge of the structures of
CD33 ligands in the brain, the sialoglycan ligands that bind to
CD33 on microglia, will provide insight into this diseasemodifying signaling pathway. We describe such a complementary binding sialoglycan ligand in human (and mouse)
brain.
In this report, we identify and characterize a single 1 MDa
sialoglycoprotein ligand expressed in human cerebral cortex
that binds both human CD33 and Siglec-8, the most abundant
inhibitory Siglec expressed by human microglia. A ligand with
nearly identical molecular and binding properties was found in
mouse brain as a ligand for Siglec-F, a mouse microglial
inhibitory Siglec. Expression of the CD33 ligand is increased in
the cerebral cortex of human AD tissue donors compared with
age-matched nondemented donors.
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Results
CD33 binds to a single sialoglycoprotein from human cerebral
cortex
To search for ligands for CD33 in human brain, guanidinium hydrochloride (GuHCl) buffer was used to thoroughly
extract glycoproteins from human cerebral cortical tissue from
four individual donors. Extracted proteins were resolved by
composite agarose–acrylamide gel electrophoresis to separate
large glycoproteins, blotted to a polyvinylidene ﬂuoride
(PVDF) membrane, and overlaid with soluble CD33-Fc
chimera to detect CD33-binding ligands. Remarkably, among
all the sialoglycans in the human brain, a single large
(1 MDa) protein bound CD33-Fc in extracts from each of the
four donors (Fig. 1A).
Human microglia express not only CD33 but also other
inhibitory Siglecs (16, 17), with SIGLEC8 > SIGLEC10
> SIGLEC9 ≈ CD33 >> SIGLEC7 ≈ SIGLEC11 (Fig. 2). To
search for ligands for these other inhibitory human microglial
Siglecs, the same extracts were screened with their Siglec-Fc
chimeras. Notably, Siglec-8-Fc bound robustly to a single
ligand with the same migration and donor-to-donor variation
as CD33-Fc (Fig. 1A).
Based on binding to synthetic glycan arrays and NMRbinding isotherms (18–21), Siglec-8 is highly selective,
requiring a sialic acid in α2–3 linkage to a galactose that
carries a sulfate ester on its 6-carbon hydroxyl, for example,
Neu5Acα2–3[6-SO4]Galβ1–4GlcNAc, for optimal binding.
CD33 binds most avidly to this same glycan (21). In other
tissues, this structure is carried on terminally sialylated keratan
sulfate chains (22, 23). To test whether the human brain CD33
and Siglec-8 ligands were likewise sialylated keratan sulfates,
brain protein extract was treated with glycohydrolases (Fig. 1,
B and C). Binding of CD33-Fc and Siglec-8-Fc was completely
abrogated by pretreatment with sialidase or keratanase I.
Keratanase II, which cleaves keratan sulfate chains in highly
sulfated stretches, was without effect. PNGase F, which cleaves
N-linked (but not O-linked) glycans from glycoproteins
resulted in a shift in migration but retention of CD33 and
Siglec-8 binding. Together, these data predict that CD33 and
Siglec-8 ligand from human brain are large proteoglycans that
carry O-linked terminally sialylated keratan sulfate chains.
CD33 and Siglec-8 ligand in human brain is carried on
receptor protein tyrosine phosphatase zeta
A three-step procedure was developed to purify the human
brain CD33 and Siglec-8 ligand. Brain extract was subjected to
differential ethanol precipitation, the resulting proteins
resolved by size-exclusion chromatography, and the ligand
puriﬁed by afﬁnity chromatography. During puriﬁcation,
CD33-Fc and Siglec-8-Fc binding ligands tracked with one
another (Fig. 3). Upon Sephacryl S-500 size-exclusion chromatography, designed for large macromolecule separations up
to several million daltons, the ligand was well separated from
most large and small brain proteins (Fig. 3A). Subsequent
capture on Siglec-8-Fc afﬁnity beads and elution with high salt
buffer (Fig. 3B) provided sufﬁcient puriﬁcation for proteomic
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Figure 1. Extraction of human cerebral cortex proteins and resolution
by gel electrophoresis reveals a single species that binds CD33 (Siglec3) and Siglec-8. A, total protein extracts from human cortex (inferior parietal lobe) from four different tissue donors (AD brains, males, age range
65–76 years) were resolved on composite agarose–acrylamide gels, blotted
to PVDF, probed for Siglec ligands using human CD33-Fc and Siglec-8-Fc,
and detected by enhanced chemiluminescence. Sample lanes were ﬂanked
by prestained crosslinked IgM (950 kDa major band, 1.9 MDa minor band)
detected by white light. The entire length of the gel blot is presented, with
the front denoted by an arrow. B and C, cerebral cortex extract from a single
AD donor was dialyzed against sodium phosphate buffer and incubated
under matched control conditions (without enzyme) or with enzymes prior
to resolution on composite agarose–acrylamide gels, blotting to PVDF, and
probing with CD33-Fc (B) or Siglec-8-Fc (C). Sample lanes were ﬂanked by
prestained crosslinked IgM detected by white light. Lanes are as follows: (1)
sialidase control buffer; (2) 120 mU/ml sialidase; (3) keratanase I control
buffer; (4) 8.4 mU/ml keratanase I; (5) keratanase II control buffer; (6) 8.4
mU/ml keratanase II; (7) PNGase F control buffer; (8) PNGase F; and (9) no
treatment or incubation. AD, Alzheimer’s disease; IgM, immunoglobulin M;
PVDF, polyvinylidene ﬂuoride; Siglec, sialic acid–binding immunoglobulintype lectin.

mass spectrometry (MS). Multiple MS analyses revealed receptor protein tyrosine phosphatase zeta (RPTPζ) (UniProt:
P23471, previously called RPTPβ) as the top proteomic match
(Table 1) with ﬁve high-conﬁdence peptides detected in two
separate MS systems. RPTPζ is a large brain proteoglycan
(2315 amino acids) that exists both as a transmembrane protein tyrosine phosphatase and a released extracellular form
known as phosphacan (Fig. 3C). The high-conﬁdence peptides
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Figure 2. Microglial expression of inhibitory Siglecs. Microglia isolated
from postmortem control (nondemented) human cerebral cortexes were
subjected to bulk transcriptomic analysis. Data were mined from Supporting
Information provided by Alsema et al. (17) and are presented as mean ±
SEM (n = 10). CPM, counts per million reads mapped; Siglec, sialic acid–
binding immunoglobulin-type lectin.

detected in the puriﬁed Siglec ligand span the extracellular
domain. Mass spectrometric details for the peptides identiﬁed
are presented in Table S1.
Validation that the CD33 and Siglec-8 ligand from human
brain is a large isoform of RPTPζ was obtained by electrophoretic comigration and copuriﬁcation (Fig. 4). Electrophoretic resolution of human brain extract from four donors
revealed a single 1 MDa human CD33-Fc/Siglec-8-Fc binding component and ﬁve isoforms of RPTPζ, three large and
two small (small isoforms of RPTPζ do not carry glycosaminoglycan chains (24)). The largest isoform migrated with
CD33-Fc and Siglec-8-Fc binding (Fig. 4A).
After size-exclusion chromatography, only the large isoforms remained (Fig. 4B, lanes 1–2). Afﬁnity puriﬁcation on
Siglec-8-Fc beads captured all the CD33 and Siglec-8 ligand,
which coeluted (lane 8). A portion of the largest isoform of
RPTPζ coeluted with the CD33/Siglec-8 ligand. Notably, much
of the large isoform of RPTPζ did not bind to the Siglec-8-Fc
beads (lane 3) and did not bind Siglec-8-Fc or CD33-Fc,
indicating that the CD33/Siglec-8 ligand constitutes a subpopulation—a speciﬁc glycoform—of the largest RPTPζ
molecular weight isoform. We conclude that a portion of the
large isoform of RPTPζ is post-translationally modiﬁed to
carry sialylated keratan sulfate chains that bind both CD33 and
Siglec-8, whereas most RPTPζ isoforms and glycoforms fail to
bind these Siglecs. For simplicity, we refer to this glycoform/
isoform as RPTPζS3L (Siglec-3 ligand) to emphasize that the
ligand is not RPTPζ per se but a speciﬁc minor isoform and
glycoform.
When puriﬁed RPTPζS3L was treated with keratanase I or
sialidase as for Figure 1, Siglec binding was totally abrogated,
whereas anti-RPTPζ immunoblotting was retained (Fig. S1).
These data further demonstrate that RPTPζ protein per se does
not bind Siglecs without its key sialoglycan keratan sulfate
chain elaborations.
Expression of Siglec ligand is increased in the brains of donors
with AD
Inferior parietal cortex samples, gyrus cross-sectional blocks
with mixed gray and white matter, were obtained from ﬁve AD

donors (average age, 74.4 years) and ﬁve age-matched nondemented control donors (average age, 76.6 years; Table 2).
Proteins from each tissue sample were extracted under identical conditions, and equal volume of aliquots were resolved on
replicate composite agarose–acrylamide gels and blotted to
PVDF membranes. Membranes were subjected to nearinfrared ﬂuorescent double labeling using anti-RPTPζ and
CD33-Fc or anti-RPTPζ and Siglec-8-Fc. Siglec ligands
detected by CD33-Fc or Siglec-8-Fc overlay binding are shown
in Figure 5A and accompanying anti-RPTPζ immunooverlay in
Fig. S2. Separate aliquots were resolved on 4 to 12% acrylamide
gels for total protein quantiﬁcation used to normalize the
Siglec overlay and anti-RPTPζ immuno-overlay data (Fig. 5B).
The density of CD33-Fc and Siglec-8-Fc binding normalized
to total protein (Fig. 5C) is increased in AD donor samples
compared with age-matched controls (2.4-fold for CD33-Fc,
p = 0.028; 2.0-fold for Siglec-8-Fc, p = 0.067). In contrast,
immunoblot staining intensity ratios of total RPTPζ isoforms
between AD donor samples and nondemented controls was
statistically unchanged, and staining intensity of the largest
RPTPζ isoform was likewise unchanged (Fig. S2).
Humans and mice express different Siglecs but the same brain
Siglec ligand
Human Siglecs diverged extensively from those in mice,
such that several mouse Siglecs are designated by letters rather
than numbers (9, 10, 25). Importantly, mouse CD33 (mCD33)
is structurally and functionally different than its human
counterpart; inhibition of phagocytosis by human CD33 is not
conserved in mCD33 (13). For this reason, we refer to the
human protein as CD33 in this report and the mouse protein
as mCD33. Mouse microglia express inhibitory Siglecs-F, -G,
and -H (26). An unbiased phosphoproteome screen of multiple
mouse AD models revealed that Siglec-F, a paralog of human
Siglec-8, is uniquely upregulated on reactive microglia (27).
When we screened mouse brain extracts with mouse Siglecs,
Siglec-F-Fc alone bound reproducibly and robustly to a single
protein (1 MDa) that comigrated with puriﬁed human
RPTPζS3L (Fig. 6).
Mouse brains were extracted, the proteins resolved by
composite agarose–acrylamide gels, blotted to PVDF, and
overlaid with different mouse and human Siglec-Fc chimeras
(Fig. 6A). Among mouse Siglecs tested, only Siglec-F-Fc displayed robust binding primarily to a single glycoprotein that
migrated at the same position as the human CD33/Siglec-8
ligand. mCD33 failed to bind robustly to any species. Blot
overlay with Fc chimeras of mouse Siglec-E, Siglec-G, and
Siglec-H was weak and did not bind to the Siglec-F ligand
(data not shown). Human CD33-Fc and Siglec-8-Fc bound to
mouse extracts at the same migration position as Siglec-F-Fc
(Fig. 6A).
To test whether mouse brain Siglec-F ligand is carried on
RPTPζ, Siglec-F-Fc binding was compared in wildtype and
Ptprz1-null mice, which do not express RPTPζ. Consistent
with RPTPζ being the sole carrier of Siglec-F ligand in the
mouse brain, Siglec-F-Fc and anti-RPTPζ staining comigrated,
J. Biol. Chem. (2022) 298(6) 101960
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and both were absent in Ptprz1-null mice (Fig. 6B). To test
whether the mouse brain Siglec ligand shares glycosylation
properties with the human ligand, mouse brain extract was
treated with glycohydrolases (Fig. 7). Consistent with the
properties of the human Siglec ligand, binding of Siglec-F-Fc
(as well as Siglec-8-Fc) to the mouse brain ligand was abrogated by pretreatment with sialidase and keratanase I but not
by keratanase II or chondroitinase ABC. These data support
the conclusion that human and mouse brain express a similar
sialylated keratan sulfate exclusively carried on RPTPζ that
engages inhibitory microglial Siglecs. We refer to this mouse
ligand and RPTPζSFL (Siglec-F ligand). Notably, glycan array
binding (20) supports the conclusion that CD33, Siglec-8, and
Siglec-F bind robustly to the sulfated sialylated trisaccharide
Neu5Acα2–3[6SO4]Galβ1–4GlcNAc (Fig. 8A).
To identify biosynthetic genes responsible for the brain
Siglec ligand in mice, brains from genetically engineered mice
were used. There are six α2–3 sialyltransferase genes in mice
(and humans), of which four were tested (Fig. 8B). Extracted
proteins from the brains of mice lacking St3gal4 were devoid
of Siglec-F-Fc binding, whereas binding to proteins from mice
with disrupted St3gal1, St3gal2, or St3gal3 genes remained
robust. Likewise, brain extracts from mice with the disrupted
Chst1 gene had greatly diminished or absent Siglec-F-Fc
binding (Fig. 8C). Chst1 encodes the enzyme keratan sulfate
Gal-6 sulfotransferase, consistent with the ﬁnding of keratanase I sensitivity of the Siglec ligand (Fig. 7). Brain extracts
from St3gal4-null and Chst1-null mice also failed to bind
Siglec-8-Fc (Fig. 8, B and C), consistent with the conclusion
that the same glycan target is responsible for mouse and human Siglec binding.
Further evidence of similarity between the mouse Siglec-F
and human Siglec-8 brain ligands was obtained by copuriﬁcation of the mouse brain Siglec-F ligand using sizeexclusion and Siglec-8-Fc afﬁnity capture. Elution of SiglecF-Fc and Siglec-8-Fc binding activity via size exclusion was
identical (Fig. 9A), and Siglec-8-Fc efﬁciently captured mouse
Siglec-F ligand (Fig. 9B).
Figure 3. Puriﬁcation of human brain Siglec-8 ligand by size-exclusion
chromatography and afﬁnity capture. A, human cerebral cortex extract
was resolved by Sephacryl S-500 size-exclusion chromatography. Protein
elution was followed at 280 nm (blue line), fractions were collected for
electrophoretic resolution, blotting, and probing with Siglec-8-Fc detected
with HRP-antihuman Fc, and quantiﬁed by ECL image analysis (black circles).
Fractions containing Siglec-8 ligand were combined for further puriﬁcation
as indicated by the black bar on the X-axis. In a separate size-exclusion
fractionation on the same column, aliquots of fractions were resolved by
electrophoresis in duplicate, blotted, and probed separately with Siglec-8-Fc
(green circles) and CD33-Fc (red circles). B, combined size-exclusion fractions
(black bar, panel A) were incubated with Siglec-8-Fc–adsorbed Protein G
magnetic beads, washed, and ligand eluted with increased salt concentration. Fractions were resolved on composite agarose–acrylamide gels,
blotted, probed with Siglec-8-Fc precomplexed to HRP-conjugated antihuman Fc and Siglec bound to ligand detected by ECL. Lanes: MW, prestained crosslinked IgM MW standards; major band 950 kDa, minor band
1.9 MDa; (1) precapture; (2) precleared on IgG beads; (3) ﬂow through
(unbound) Siglec-8-Fc beads; (4–8) low salt washes; (9) MW marker (not
visible by ECL); and (10–12) high salt elutions. C, proteomic MS revealed
receptor type protein phosphatase zeta (RTPTζ, also known as RPTPβ),
which exists as a transmembrane form (left) and released extracellular
domain (phosphacan, right). Both isoforms contain a carbonic anhydrase
domain (CAH), a ﬁbronectin type III repeat (FN), and a spacer domain (S).
Glycosaminoglycans are shown as black wavy lines. The transmembrane
forms contain a transmembrane domain (green) and cytoplasmic tyrosine
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The human shared Siglec ligand—RPTPζS3L—is found
extracellularly in the parenchyma of the human cerebral
cortex
RPTPζ is expressed at cell surfaces as a transmembrane
form and in the brain extracellular matrix as the released
proteoglycan phosphacan (Fig. 3C). To determine the histological distribution of the RPTPζS3L glycoform of RPTPζ,
Siglec-Fc overlay histochemistry was compared with antiRPTPζ immunohistochemistry (Fig. 10). CD33-Fc, Siglec-8-Fc,
and anti-RPTPζ stained in an extracellular reticular pattern in
the normal human cerebral cortex. Computational image
sharpening revealed some larger cells surrounded by more
phosphatase domains (PTPase). All peptides identiﬁed in puriﬁed Siglec-8
ligand (asterisks) are found on both forms. Image modiﬁed from Ref. (57).
ECL, enhanced chemiluminescence; HRP, horseradish peroxidase; IgM,
immunoglobulin M; MW, molecular weight; Siglec, sialic acid–binding
immunoglobulin-type lectin.
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Table 1
RPTPζ peptides identiﬁed by proteomic MS in Siglec-8 ligand puriﬁed from human brain
Amino acid number
112
195
346
436
1442

Sequence

Xcorra and/or
Amandab score

VSGGVSEMVFK
AIIDGVESVSR
FAVLYQQLDGEDQTK
DIEEGAIVNPGRD
CMSCSSYR

3.54a/268b
268b
4.51a
4.19a
185b

Peptide positions and sequences for peptides identiﬁed with high conﬁdence from
puriﬁed human brain Siglec-8 ligand are shown. Peptides were matched to receptortype tyrosine-protein phosphatase zeta (UniProtKB: P23471). Peptides were identiﬁed
using two analytical systems with the quality of hits reported.
a
SEQUEST-HT Xcorr score.
b
MS Amanda 2.0 score.

intense staining (Fig. 10, insets). Staining by Siglec-Fc chimeras
was lost after pretreatment with sialidase, indicating selective
staining to sialoglycans.

Discussion
Genome-wide association studies reveal that several genetic
loci associated with late-onset AD susceptibility are selectively
expressed by microglia, implicating microglia as modiﬁers of
AD progression (28). For the immune inhibitory microglial cell
surface protein CD33 (Siglec-3), alleles associated with
increased expression result in increased AD risk, whereas alleles that truncate the receptor result in decreased risk (3). We
infer that the inhibitory activity of CD33, and by extension of
other inhibitory Siglecs on human microglia, may limit
phagocytosis of misfolded proteins, contributing to disease
progression. Binding of human CD33 (and other inhibitory
Siglecs) to endogenous complementary sialoglycan ligands
mediates microglial inhibition (14, 29). Inhibitory Siglec
ligands in the brain, therefore, are potential AD-modifying
agents and therapeutic targets.
Human CD33 (human Siglec-3) is not the most abundant
inhibitory Siglec expressed by human microglia (Fig. 2), where
Siglec-8 and Siglec-10 dominate quantitatively (16, 17).
Although Siglec-2 (CD22) was linked to microglial function in
aging mice (30, 31), its expression was not reported in human
microglia (17, 32). Siglec-1, which is thought to mediate some
types of phagocytosis (33), was the only Siglec whose gene
expression was different (reduced) in AD microglia compared
with no dementia microglia. In an initial screen of the inhibitory Siglecs expressed by human microglia to extracts of
normal human cerebral cortices, Siglec-10 and Siglec-11 failed
to bind any protein, whereas Siglec-3, Siglec-8, Siglec-7, and
Siglec-9 bound to glycoproteins of similar size (Fig. S3A).
Siglec-3 and Siglec-8 bind to the same entity as shown by
crossclearance (Fig. 4B), whereas much of the ligand bound by
Siglec-7 and Siglec-9 was unbound by Siglec-8-Fc afﬁnity
capture (Fig. S3B). The identities of those additional Siglec
ligands were not investigated further.
A major ﬁnding of the current studies is that a single sialoglycoprotein, a quantitatively minor isoform and glycoform
of RPTPζ, carries all the CD33 and Siglec-8 binding detected in
human cerebral cortex extracts. While we cannot rule out the

Figure 4. The same glycoform of RPTPζ carries CD33 and Siglec-8
ligands. A, equal aliquots of human cerebral cortex total protein extract
from four donors (numbered) were resolved on replicate composite
agarose–acrylamide gels and blotted to PVDF. One blot (upper panels) was
double-label probed with CD33-Fc (red) and anti-RPTPζ (green) and a
replicate blot (lower panels) with Siglec-8-Fc (red) and anti-RPTPζ (green).
B, human cerebral cortex extract was size excluded (not shown) and subjected to afﬁnity capture puriﬁcation as for Figure 3. Equal aliquots of
samples from afﬁnity capture were resolved on replicate composite
agarose–acrylamide gels, blotted to PVDF, and double-label probed with
Siglec-8-Fc (red) and anti-RPTPζ (green) or with CD33-Fc (red) and anti-RPTPζ
(green) as indicated. Lanes: (1) precapture; (2) precleared on IgG beads; (3)
ﬂow through (unbound) Siglec-8-Fc beads; (4–7) low salt washes; and (8–10)
high salt elutions. The double-label gels carried custom molecular weight
markers visible in the green images only. IgG, immunoglobulin G; PVDF,
polyvinylidene ﬂuoride; RPTPζ, receptor protein tyrosine phosphatase zeta;
Siglec, sialic acid–binding immunoglobulin-type lectin.

presence of other ligands that are undetected by our protocols,
GuHCl is a thorough method of protein solubilization, and
only small alternative ligands (e.g., gangliosides, (21)) may have
been missed. The presence of a single large protein carrier of
CD33 and Siglec-8 ligands in the human brain is remarkable,
in that glycosylation is performed by a suite of biosynthetic
J. Biol. Chem. (2022) 298(6) 101960
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Table 2
Human tissue donors
Donor codea
1
2
3
4
5
6
7
8
9
10

Age
68
87
79
76
73
89
73
69
76
65

Dementia
None
None
None
None
None
AD
AD
AD
AD
AD

Braak

Sex

—
2
1
—
—
6
6
6
6
6

M
F
M
M
M
F
M
M
M
M

Abbreviations: F, female; M, male.
a
Electrophoresis lane in Figure 5.

enzymes in the Golgi apparatus that presumably encounter
many other proteins on their way from the endoplasmic reticulum to the cell surface (34). Nevertheless, the brain sialoglycan ligand for CD33 and Siglec-8 is expressed on a single
protein, RPTPζ. How this speciﬁcation occurs is a compelling
biosynthetic question. The evolutionary choice of RPTPζ as
the carrier of Siglec ligands in the brain is conserved from
mouse to human. This ﬁnding was also notable, in that the
Siglec family of immune regulatory proteins has undergone
signiﬁcant evolutionary changes over mammalian evolution
(10, 35). mCD33 is structurally and functionally distinct from
its human counterpart, and nine other human Siglecs do not
have mouse homologs, including Siglec-8. Nevertheless, mice
express a brain Siglec-F sialoglycan ligand carried exclusively
on RPTPζ that crossreacts with human CD33 and Siglec-8.
Notably, knockout of RPTPζ in mice (Fig. 6B) did not result
in alternative biosynthesis of the Siglec glycan ligand on any
other protein. This ﬁnding emphasizes the high protein
speciﬁcity of the glycosylation machinery involved and implies
that the RPTPζ polypeptide backbone engages the biosynthetic
machinery in the Golgi complex to direct the biosynthesis of
this evolutionarily conserved Siglec ligand.
In a screen of multiple Siglec-Fc constructs binding to brain
extracts, only CD33 and Siglec-8 bound exclusively to the
RPTPζ isoform, whereas Siglec-6, Siglec-9, Siglec-10, and
Siglec-11 did not (Fig. S3 and data not shown). Among mouse
Siglec-Fc constructs tested, only Siglec-F consistently bound
the RPTPζ isoform, whereas mCD33, Siglec-E, Siglec-G, and
Siglec-H did not (data not shown). In humans, the ﬁnding that
the quantitatively major Siglec expressed by microglia, Siglec8, and a microglial AD risk gene protein, CD33, bound to this
isoform implicates the ligand in human microglial function. In
mice, Siglec-F provides an interesting correlation. Siglec-F is
expressed in mouse microglia but is not as abundant as
mCD33 and Siglec-H. However, it is induced >26-fold in a
misfolded protein (prion) mouse model of neurodegeneration
(36, 37), making it a quantitatively major mouse microglial
Siglec in the context of proteinopathy. Like Siglec-8, Siglec-F
in peripheral tissues is expressed by eosinophils and regulates
eosinophilic inﬂammation via sialoglycan binding (38, 39).
Siglec-F, Siglec-8, and CD33 also have overlapping glycanbinding speciﬁcities (20, 21). These observations raise the
possibility that Siglec-F and RPTPζ together regulate microglial
activation
levels
in
mouse
proteinopathy,
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Figure 5. Human CD33 and Siglec-8 ligand expression in control
(nondemented) and AD cerebral cortex. Proteins were extracted and
resolved on replicate composite agarose–acrylamide gels (A) to resolve
large proteins. PVDF blots were probed with CD33-Fc or Siglec-8-Fc precomplexed with goat antihuman IgG, Fc speciﬁc. Binding was detected
using IRDye 800CW conjugated donkey antigoat IgG and near-infrared
ﬂuorescent imaging (LI-COR). A custom molecular weight marker of prelabeled crosslinked IgM is shown. For normalization of the Siglec-Fc blots,
equal aliquots from each donor were resolved and on a 4 to 12% acrylamide gel to resolve total extracted proteins (B). PVDF blots were then
stained with LI-COR Revert 700 total protein stain. Bio-Rad Precision Plus
standards are shown. Lanes 1 to 5, control donor samples; lanes 6 to 10, AD
donor samples. C, quantiﬁcation of CD33-Fc and Siglec-8-Fc band densities
normalized to total protein (LI-COR Image Studio). *p = 0.028; #p = 0.067.
AD, Alzheimer’s disease; IgG, immunoglobulin G; IgM, immunoglobulin M;
PVDF, polyvinylidene ﬂuoride; Siglec, sialic acid–binding immunoglobulintype lectin.

neuroinﬂammation, and in mouse models of human neurodegenerative diseases. This concept was strongly supported by
phosphoproteomic screen that revealed upregulation of SiglecF in three different mouse models of AD (27). The same study
went on to show, using immunohistochemistry, that Siglec-8
expression is increased twofold in brain microglia of lateonset AD tissue donors compared with nondemented control donors.
The glycan-binding speciﬁcities of Siglec binding to
RPTPζS3L are consistent with decoration of the large RPTPζ
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Figure 6. Mouse brain expresses Siglec-F ligand on RPTPζ that binds Siglec-8 and CD33 but not mCD33. A, extracts from human cerebral cortex (lane
1) and six mouse brains (lanes 2–7) were resolved on composite agarose–acrylamide gels, blotted to PVDF, and probed for Siglec ligands using the
indicated Siglec-Fc chimeras precomplexed with goat antihuman IgG. Binding was detected using IRDye 800CW-conjugated donkey antigoat IgG followed
by near-infrared ﬂuorescent imaging (LI-COR). Lanes 2 to 4 were from Tau transgenic mice and lanes 5 to 7 from wildtype mice (58). B, mouse Siglec-F ligand
comigrates with mouse RPTPζ and is lost in Ptprz1-null mouse brain. Brains from three wildtype and three Ptprz1-null littermates were extracted, and
aliquots were resolved in duplicate on a composite agarose–acrylamide gel, transferred to PVDF, then the membrane cut into replicate sets of lanes. One set
was probed with Siglec-F-Fc and the other with Siglec-8-Fc, each precomplexed to IRDye 800CW antihuman IgG (red). Blots were double labeled with antiRPTPζ detected with IRDye 680RD anti-rabbit IgG (green). Custom prestained molecular weight markers were centrally loaded and appear green on the
overlay blots. The two overlay blots were separately probed and recombined prior to imaging with the recombined molecular weight markers centrally
located. IgG, immunoglobulin G; mCD33, mouse CD33; PVDF, polyvinylidene ﬂuoride; RPTPζ, receptor protein tyrosine phosphatase zeta; Siglec, sialic acid–
binding immunoglobulin-type lectin.

protein isoform with sialylated keratan sulfate proteoglycans
that act as the primary Siglec-binding partners. This conclusion is based on (i) the high stringency of Siglec-8 glycan
binding (19), (ii) the ﬁnding that Siglec-8 afﬁnity capture
quantitatively captured CD33 binding from human cortical
extracts and Siglec-F binding from mouse cortical extracts
(Figs. 4 and 9), and (iii) CD33, Siglec-8, and Siglec-F binding to
extracts is reversed by treatment with sialidase and keratanase
I. This conclusion is consistent with structural and thermodynamic studies of Siglec-8 binding, which demonstrate high
speciﬁcity for sialylated sulfated galactose (Fig. 8A). The Siglec8 glycan-binding pocket has multiple cationic subsites that

match the precise spacing of a sialic acid and a sulfate attached
to the same galactose (19). CD33 binding is less well deﬁned,
but recent glycan array results indicated that it shares binding
to that same structure (21). Likewise, mouse Siglec-F bound
robustly to this glycan motif (20). Our conclusion is that the
speciﬁc biosynthetic machinery required to build terminally
sialylated keratan sulfate on RPTPζ was selected in evolution
to regulate microglia. Several of the glycosyltransferase and
carbohydrate sulfotransferase genes required for biosynthesis
of keratan sulfate are known, with some variation between
peripheral and brain forms (40, 41). Our ﬁnding that Chst1 and
St3gal4 gene products are required for binding of Siglec-F
J. Biol. Chem. (2022) 298(6) 101960
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Figure 7. Mouse brain Siglec-F ligand is a sialylated keratan sulfate.
Mouse brain extract was pretreated with buffer alone or with buffer containing glycosidases. Samples were resolved by composite agarose–
acrylamide gel electrophoresis, blotted to PVDF, and blots were probed
with Siglec-F-Fc or Siglec-8-Fc precomplexed with HRP-conjugated antihuman Fc. Siglec binding was detected by enhanced chemiluminescence.
Lanes: (1) control; (2) 2 U/ml sialidase; (3) 8.4 mU/ml keratanase I; (4)
75 mU/ml keratanase II; and (5) 0.5 U/ml chondroitinase ABC. HRP, horseradish peroxidase; PVDF, polyvinylidene ﬂuoride; Siglec, sialic acid–binding
immunoglobulin-type lectin.

(as well as Siglec-8 and CD33) to mouse brain is consistent
with their enzyme activities and distribution. These data are
supported by studies of glycan biosynthetic gene expression in
the human human embryonic kidney 293 cell line, in which
transfection with CHST1 is required for CD33 and Siglec-8
binding, and subsequent knockout of ST3SIA4 reduces or
eliminates binding of both Siglecs.
Another carbohydrate sulfotransferase, Chst2, which is
required for keratan sulfate elongation, was shown to modulate Aβ deposition (42). Mice with a disrupted Chst2 gene
when crossed to J20 human amyloid precursor protein–
expressing mice had increased Aβ phagocytosis and
decreased Aβ deposition. These data are consistent with a
functional role for keratan sulfates in microglial regulation.
Further studies will be required to determine if the terminal
Siglec-binding determinant (Fig. 8A) on keratan sulfate is the
reason why.
The enzyme keratanase I, which selectively cleaves low
sulfate (monosulfated disaccharides) regions of keratan sulfate,
converted RPTPζS3L to a nonbinding form, whereas keratanase
II, which cleaves highly sulfated keratan sulfate (disulfated
disaccharides), did not. This is consistent with the ﬁnding that
98 to 99% of brain keratan sulfate is in the monosulfated
disaccharide form (Galβ1–4[6-SO4]GlcNAcβ1–3)n in mice
(42). The ratio of components in human brain keratan sulfate
(GlcNAc/Gal/sulfate 1:1:1) also indicate primarily monosulfated disaccharides, in which the single sulfate is biosynthetically restricted to the GlcNAc residue (43). We conclude
that the terminal Siglec-engaging glycan determinant
(Neu5Acα2–3[6-SO4]Galβ1–4[6-SO4]GlcNAc) is at the distal
end of keratan sulfate chains with relatively low overall sulfation (monosulfated disaccharides). The detailed nature of the
Siglec-binding keratan sulfate chains has yet to be determined.
RPTPζ is found as membrane-bound and membrane
released (phosphacan) forms. Preliminary experiments with
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Figure 8. Disruption of St3gal4 or Chst1 genes diminishes Siglec-F
ligand expression in mouse brain. A, minimal common structure for
binding Siglec-F and Siglec-8 (19, 20). Key components include the α2–3linked sialic acid (blue) and the sulfate ester on the 6-carbon hydroxyl of
galactose (red). B, brains of mice genetically engineered with disrupted α2–3
sialyltransferases were extracted, resolved on composite agarose–
acrylamide gels, proteins blotted to PVDF, and probed with Siglec-F-Fc or
Siglec-8-Fc precomplexed with HRP-conjugated antihuman Fc. Binding was
detected by enhanced chemiluminescence. Equivalent protein loading was
conﬁrmed by 4 to 12% polyacrylamide gel electrophoresis and total protein
staining (not shown). Lanes: (1) wildtype; (2) St3gal1-null; (3) St3gal2-null;
(4) St3gal3-null; (5) St3gal2/3-double-null; and (6) St3gal4-null. C, brain
proteins from mice genetically engineered with disrupted carbohydrate
sulfotransferase (Chst1) gene were extracted, resolved, and probed as for
panel B. Lanes: (1 and 2) wildtype; (3 and 4) Chst1-null. HRP, horseradish
peroxidase; PVDF, polyvinylidene ﬂuoride; Siglec, sialic acid–binding
immunoglobulin-type lectin.

mouse brain indicated that about half the Siglec-F ligand is
soluble in saline without detergents or chaotropic agents (data
not shown), indicating that at least a portion of the Siglec
ligand in mouse brain is in the phosphacan form. The histological pattern of CD33-Fc and Siglec-8-Fc binding (Fig. 10)
indicates that much of the RPTPζS3L is extracellular, with a
portion in structures consistent with perineuronal nets (44).
RPTPζ is critical for perineuronal net structures (45), although
any role for the minor RPTPζS3L isoform/glycoform has not
been determined. We conclude that RPTPζS3L is distributed in
the extracellular matrix of the human brain parenchyma,
where it engages microglia.
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Figure 9. Mouse brain Siglec-F ligand coelutes with Siglec-8 binding and is puriﬁed by Siglec-8-Fc afﬁnity capture. A, mouse brain extract was
resolved by Sephacryl S-500 size-exclusion chromatography, and fractions were collected for electrophoretic resolution, blotting, and probing with Siglec-FFc and Siglec-8-Fc. The inset shows the Siglec-Fc overlay blots with input (unfractionated) sample in the left-most lane followed by resolved aliquots of even
numbered fractions through the peak (fractions 30–54). The graph indicates protein (absorbance at 280 nm) and densitometry of the peak fractions (as
indicated) as a function of elution volume. Only the peak fractions (shown) contained signiﬁcant Siglec-binding material. B, combined size-exclusion
fractions were incubated with Siglec-8-Fc–adsorbed Protein G magnetic beads, washed, and ligand eluted with increased salt. Fractions were resolved
on replicate composite agarose–acrylamide gels, blotted, and probed with Siglec-8-Fc and Siglec-F-Fc precomplexed to HRP-conjugated antihuman Fc.
Siglecs bound to ligand were detected by enhanced chemiluminescence. Lanes: MW, prestained crosslinked IgM MW standards; major band 950 kDa; (1)
sample precleared on IgG beads; (2) ﬂow through (unbound) Siglec-8-Fc beads; (3 and 4) loading buffer washes; (5 and 6) low salt washes; (7–9) and high
salt elutions. HRP, horseradish peroxidase; IgG, immunoglobulin G; IgM, immunoglobulin M; MW, molecular weight; Siglec, sialic acid–binding
immunoglobulin-type lectin.

A notable ﬁnding of the current study is that RPTPζS3L is
expressed at greater than twofold higher levels in AD brain
extracts compared with those from age-matched control donors (Fig. 5C), despite prior ﬁndings that mass levels of total
brain keratan sulfate are reduced in AD (46). We conclude that
the minor subpopulation of keratan sulfate chains bearing
Siglec-reactive termini on RPTPζ is selectively upregulated in
AD. Higher levels of ligands for immune inhibitory Siglecs are
expected to inhibit microglial phagocytosis. Given that
RPTPζS3L binds to both CD33 and Siglec-8, targeting the
ligand may decrease Siglec-mediated microglial inhibition and
reduce the burden of misfolded proteins. Whether disrupting
RPTPζS3L reduces AD progression is a question for future
studies.

Experimental procedures
Human microglia gene expression
Siglec expression data from human microglia were published by Alsema et al. (17). Bulk RNA sequencing of microglia
isolated from superior parietal lobe and/or superior frontal
gyrus of ten nondemented human donors was reported as log2
counts per million reads. Expression data were extracted,
averaging data from different cerebral cortex areas where
reported.
Human brain tissues
Deidentiﬁed frozen human cerebral cortex samples obtained
from the inferior parietal lobule of AD and age-matched

Figure 10. Human brain CD33/Siglec-8 ligand is distributed throughout the cerebral cortex parenchyma. Human cerebral cortex tissue sections were
overlaid with CD33-Fc (A) or Siglec-8-Fc (B) precomplexed with goat antihuman Fc or with rabbit anti-RPTPζ antibody (C). After washing, Siglec binding was
detected with Alexa 594-conjugated donkey antigoat IgG (red) and anti-RPTPζ with Alexa 488 donkey anti-rabbit IgG (green). Controls included pretreatment of tissue sections with sialidase followed by incubation with precomplexed CD33-Fc (D) or Siglec-8-Fc (E) or treatment with Alexa 488 donkey
anti-rabbit IgG without primary anti-RPTPζ antibody (F). Insets were computationally sharpened postimage capture at a setting of 400% at 2.6 μm radius.
The size bar represents main panels, 100 μm; insets, 37 μm. IgG, immunoglobulin G; RPTPζ, receptor protein tyrosine phosphatase zeta; Siglec, sialic acid–
binding immunoglobulin-type lectin.
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nondemented donors were kindly provided by the Brain
Resource Center of the Johns Hopkins Alzheimer’s Disease
Research Center. Tissue blocks from across the gyrus, containing both gray and white matter, were provided. Donor
information for these ten samples is shown in Table 2. An
additional sample of deidentiﬁed frozen human superior
frontal gyrus from a nondemented 31-year-old female donor
was obtained from the same source. Formalin-ﬁxed parafﬁnembedded normal human brain cortex from a 43-year-old
nondemented male donor was purchased from Amsbio.
Mouse brains
Wildtype C57BL/6 mice were bred in house or obtained
from The Jackson Laboratory. Mice with disrupted sialyltransferase genes (St3gal1, St3gal2, St3gal3, and St3gal4) were
described previously (47–50) and were kindly provided by Dr
Jamey Marth (Sanford Bunham Prebys). Mice with a disrupted
Chst1 gene, derived as described (51), were obtained from the
Knockout Mouse Project, and are available through the
Mutant Mouse Resource and Research Centers (https://www.
mmrrc.org). Mice with a disrupted Ptprz1 gene were generated as described (52). Mice were deeply anesthetized, transcardially perfused with phosphate-buffered saline, brains
quickly removed, sagittally bisected, and ﬂash frozen. Brain
tissue collections were performed using procedures approved
by the Upstate Medical University Institutional Animal Care
and Use Committee (Ptprz1-null mice and matched controls)
or approved by the Johns Hopkins University Animal Care and
Use Committee (all other mice).
Tissue extraction and Siglec ligand puriﬁcation
Brain tissues were weighed and placed in 10 ml per gram
wet weight of extraction buffer (6 M GuHCl, 100 mM DTT,
5 mM EDTA, 20 mM sodium phosphate [pH 6.5], 1:100 [v/v]
protease inhibitor cocktail [MilliporeSigma; catalog no.:
P8340]). Tissues were homogenized ten strokes using a
Potter–Elvehjem homogenizer, incubated at 4  C for 16 h with
end-over-end mixing, centrifuged at 3000g for 1 h, and the
clear supernatant was collected.
The crude extract was dialyzed against urea buffer (1 M
urea, 20 mM phosphate buffer, pH 7.4) using 100 kD molecular weight cutoff (MWCO) dialysis prior to puriﬁcation.
Alternatively, ligand was partially puriﬁed by differential
ethanol precipitation. Crude extract was adjusted to 40% (v/v)
ethanol, incubated 16 h on ice, centrifuged at 46,900g for 3 h,
and the supernatant recovered. Additional ethanol was added
to adjust the supernatant to 60% (v/v) ethanol, and then the
mixture was incubated and centrifuged as aforementioned.
The 60% ethanol supernatant was discarded, and the pellet was
resuspended in size-exclusion buffer (4 M GuHCl and 20 mM
sodium phosphate [pH 7.0]).
Buffer-exchanged or ethanol-precipitated and redissolved
samples (5 ml) were loaded onto a HiPrep 26/60 Sephacryl
S-500 HR size-exclusion column on an ÄKTA chromatography system (GE Healthcare) run at a ﬂow rate of 1.0 ml/min
using urea buffer or size-exclusion buffer, respectively. After
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injection, 48 ml of eluate were discarded, and then 1.8 ml
fractions were collected until the column volume (320 ml) was
eluted. Aliquots from alternate fractions were dialyzed against
urea buffer for gel electrophoresis and Siglec ligand detection
(see later). Fractions containing Siglec ligand were combined,
the buffer was exchanged for urea buffer, and the fractions
were concentrated by ultraﬁltration using a 100 kD MWCO
centrifugal ﬁlter.
Concentrated combined size-exclusion fractions were precleared by mixing overnight at 4  C with 200 μl of Protein G
magnetic beads (GE Healthcare) preloaded with 250 μg of
human immunoglobulin G (IgG)-Fc (MilliporeSigma). The
beads were removed, and the cleared supernatant was mixed at
4  C overnight with protein G magnetic beads preloaded with
250 μg of Siglec-8-Fc. Unbound material in the supernatant
was collected, and the beads were washed multiple times
(0.5 ml each) with urea buffer followed by wash buffer (1 M
urea, 150 mM NaCl, 20 mM sodium phosphate [pH 7.4]). The
ligand was then eluted by consecutive incubations (0.25 ml
each) with the same buffer containing 1 M NaCl.
Siglec ligand electrophoresis, Siglec overlay, and
immunoblotting
Siglec-Fc chimeras were produced by cloning the nucleotide
sequence for the entire extracellular domain of each Siglec in
frame with the human Fc domain of IgG1 behind an elongation factor 1α promoter. Chimeras were transiently expressed
in human embryonic kidney 293T cells, and soluble expressed
constructs were puriﬁed using Protein G chromatography (20).
Alternatively, Siglec-8-Fc was produced as described previously (53).
Samples in GuHCl-containing buffers were dialyzed against
urea buffer prior to electrophoresis. Proteins were resolved by
SDS gel electrophoresis on composite agarose–acrylamide gels
(2% agarose and 1.5% acrylamide) for 2.5 h at 100 V as
described (54). Resolved proteins were electroblotted onto
PVDF membranes (iBlot2; Thermo Fisher Scientiﬁc). Membranes were blocked with 5% nonfat dry milk dissolved in
Dulbecco’s PBS supplemented with 0.1% Tween-20 (PBST) for
30 min. Siglec-Fc (1 μg) and horseradish peroxidase–
conjugated antihuman Fc (MilliporeSigma; 0.7 μg) were
incubated in a total of 50 μl of PBST for 30 min on ice and
then diluted to 1 ml with PBST. Blots were overlaid with the
precomplexed mixture for 16 h at 4  C, washed, and Siglec-Fc
binding was detected using enhanced chemiluminescence to
reveal Siglec ligands. Images were captured using a Syngene
PXi6 imaging system and quantiﬁed using ImageJ (National
Institutes of Health).
For near-infrared ﬂuorescent double labeling, blots were
blocked as aforementioned and then incubated at ambient
temperature with rabbit polyclonal antimouse RPTPζ (H-300;
Santa Cruz; 1:1000 dilution) or rabbit polyclonal antihuman
RPTPζ (PA5-53280; Invitrogen; 1:1000 dilution) in PBST
containing 1% nonfat dry milk for 2 h, after which precomplexed Siglec-Fc was added (1 μg/ml of Siglec-Fc in PBST
incubated for 30 min at 4  C with 0.5 μg/ml of unconjugated
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goat antihuman IgG, Fc speciﬁc [catalog no.: I2136; MilliporeSigma]). After further incubation for 16 h at 4  C, the blot
was washed three times with PBST and then overlaid with
PBST containing IRDye 680RD donkey anti-rabbit IgG (catalog no.: 926-68071; LI-COR Biosciences; 1:2000 dilution) to
detect anti-RPTPζ and IRDye 800CW donkey antigoat IgG
(catalog no.: 926-32214; LI-COR; 1:4000 dilution) to detect
precomplexed Siglec-Fc. After 1 h at ambient temperature, the
blots were washed with PBST and scanned with an Odyssey
CLx infrared imager (LI-COR). Band intensities were quantiﬁed using LI-COR Image Studio software.
A custom molecular weight marker was prepared by mixing
1 mg/ml of human immunoglobulin M (Thermo Fisher Scientiﬁc) with 2.5 mM bis(sulfosuccinimidyl)suberate (Thermo
Fisher Scientiﬁc) in PBS for 20 min, followed by addition of
90 mM Tris–HCl. The marker was stained using Visio realtime stain (Advansta), resulting in bands visible under white
light or 700-nm infrared light at 950 kDa (pentamer) and
1.9 MDa (decamer).
In some experiments (Fig. 5B), replicate aliquots of tissue
extracts were resolved on 4 to 12% polyacrylamide gels
(NuPAGE Bis–Tris; Thermo Fisher Scientiﬁc) in MOPS
running buffer at 120 V for 1 h, transferred to PVDF membranes, and stained with LI-COR Revert 700 total protein stain
for Western blot normalization using the manufacturer’s
protocols. Band intensities were quantiﬁed using LI-COR
Image Studio software.
Prior to electrophoresis, some aliquots of selected samples
(as indicated) were dialyzed against PBS and then treated with
glycohydrolases as described previously (22). For each enzyme,
control incubations were performed under identical conditions
without enzyme. Enzymes (Vibrio cholerae sialidase, Pseudomonas spp keratanase I, Bacillus circulans keratanase II, Proteus vulgaris chondroitinase ABC, and Flavobacterium
meningosepticum PNGase F) were expressed and puriﬁed or
purchased as described previously (22).
Proteomic MS
Peptides were analyzed using two protocols. The ﬁrst protocol was as described previously (23). Brieﬂy, afﬁnity-puriﬁed
ligand was desalted by ultraﬁltration, reduced with DTT, and
carbamidomethylated with iodoacetamide prior to digestion
with Lys-C and trypsin. The resulting peptides were bulk puriﬁed using C18 Tips (Thermo Fisher Scientiﬁc) and then
subjected to LC–MS using an Orbitrap Fusion Lumos tribrid
mass spectrometer (Thermo Fisher Scientiﬁc) equipped with
UltiMate3000 RSLCnano liquid chromatograph using a C18
analytical column. Peptides were fragmented using higher
energy collisional dissociation, electron transfer dissociation,
and collision-induced dissociation. Full scan mass spectra were
acquired in the positive ion mode over the range m/z = 400 to
1600 using the Orbitrap mass analyzer in proﬁle format with a
mass resolution setting of 60,000. MS2 scans were collected in
the quadrupole or ion trap for the most intense ions. Data
were processed with Proteome Discoverer (version 2.4;

Thermo Fisher Scientiﬁc) using UniProt UP000005640 database of 79,052 human proteins (20,361 reviewed) set to two
maximum missed cleavages and static modiﬁcations of
cysteine carbamidomethylation and methionine oxidation.
Alternatively, protein preparation was optimized for proteoglycans as described (55, 56). Size excluded Siglec-8 ligand
was treated with PNGase F, puriﬁed by afﬁnity chromatography, reduced with 10 mM DTT for 1 h at 37  C and then
alkylated at ambient temperature in the dark with 30 mM
iodoacetamide. The sample was then dialyzed against 2 M
urea, 50 mM Tris–HCl, 5 mM CaCl2, pH 8.0 for 1 h at ambient
temperature. The dialyzed sample was proteolyzed with
300 ng/ml of endoproteinase Lys-C (catalog no.: P8109S; New
England Biolabs) at ambient temperature for 5.5 h followed by
addition of an equal volume of 2× modiﬁed trypsin reaction
buffer (100 mM Tris–HCl, 40 mM CaCl2, pH 8.0) and 150 ng/
ml of Trypsin-ultra Mass Spec Grade (catalog no.: P8101S;
New England Biolabs). After incubation for 16 h at ambient
temperature, the reaction was ﬁltered using a 5 kDa MWCO
ﬁlter (Spin-XR UF 500; Corning). The ﬁltrate was recovered
and further puriﬁed using a Water Oasis HLB SPE column
(catalog no.: WAT094225) following the manufacturer’s protocol. Peptides were eluted in methanol and evaporated.
Samples were analyzed on a Q Exactive mass spectrometer
with an EasyNLC 1200 nanoﬂow chromatography system
(Thermo Fisher Scientiﬁc). Peptides were separated over a
70 min liquid chromatography (LC) gradient on an EasySpray
15 cm NanoLC column and 3 cm trapping column (both containing PepMap 100 stationary phase) at a ﬂow rate of 300 nl/
min. NanoLC buffers were 0.1% aqueous formic acid (buffer A)
and 80% acetonitrile 20% buffer A (buffer B). Peptides were
eluted by gradient elution (2–24% buffer B, 0–60 min; 24–36%
buffer B, 60–70 min). The Q Exactive was operated in datadependent mode with 70,000 resolution MS1 scans followed
by the fragmentation of the ten most intense precursor ions at
17,500 resolution with isolation width of m/z 2. The peptide
match function was used to preferentially select ions with isotopic distributions expected for tryptic peptides, and dynamic
exclusion was used to restrict repeat fragmentation of selected
ions. Thermo .RAW ﬁles were processed in Proteome Discoverer 2.4 using the default workﬂow for Q Exactive peptide
identiﬁcation. Spectra were searched against the human protein
database (SwissProt TaxID = 9606; v2017-10-25) of 42,252 entries set to two maximum missed cleavages and static modiﬁcations of cysteine carbamidomethylation and methionine
oxidation. In addition, the common Repository of Adventitious
Proteins (cRAP) database of common laboratory contaminants
(www.gpm.org) was applied using the SequestHT algorithm
with a 10 ppm MS1 tolerance and a 0.02 Da MS/MS tolerance.
The SequestHT identiﬁed spectra were ﬁltered by the Percolator semisupervised learning algorithm to an estimated
maximum false discovery rate of 1%. Peptide spectral matches
were assembled into peptide group and protein group identiﬁcations with target decoy–based false discovery rates with a
maximum target of 1% at each level using the default vendor
settings for the basic consensus workﬂow.
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Siglec overlay histochemistry and immunohistochemistry
For immunoﬂuorescent detection, tissue sections were
deparafﬁnized, hydrated, and treated with 1 mM EDTA and
0.05% Tween-20 in Tris buffer pH 9 at 95  C for 20 min for
antigen retrieval. Tissues were overlaid with PBS or PBS
containing 60 mU/ml sialidase (negative control) for 16 h at
37  C, washed, then blocked at ambient temperature for
30 min with Triton–PBS (PBS, 0.1% Triton X-100) containing
30 mg/ml bovine serum albumin, followed by 10 min in
enzyme blocker (BLOXALL; Vector Laboratories), and then
30 min in human Fc receptor blocker (Innovex). After blocking, slides were washed, then overlaid with Triton–PBS containing 10 mg/ml bovine serum albumin for 16 h at 4  C
containing either rabbit antihuman RPTPζ (catalog no.: PA553280; Invitrogen; 1:500 dilution), CD33-Fc (15 μg/ml
premixed with unlabeled goat antihuman Fc 7 μg/ml), or
Siglec-8-Fc precomplexed as for CD33-Fc. After incubation,
slides immunostained with anti-RPTPζ were stained with
Alexa Fluor Plus 488 donkey anti-rabbit antibody (catalog no.:
A32790; Thermo Fisher Scientiﬁc; 1:1000 dilution), and slides
were overlaid with precomplexed Siglecs with Alexa Fluor Plus
594 donkey antigoat antibody (catalog no.: A32758; Thermo
Fisher Scientiﬁc; 1:500 dilution) for 2 h at ambient temperature in the dark. After incubation, slides were washed with
PBS, then incubated with antiquenching reagent (catalog no.:
SP-8400; Vector), followed by incubation with 40 ,6-diamidino2-phenylindole solution (10 μg/ml) for 10 min. The slides were
washed with PBS and mounted with ProLong Diamond
Antifade Mountant (Thermo Fisher Scientiﬁc). Slides were
imaged using a Nikon Eclipse 90i microscope (Nikon
Instruments).

Data availability
Proteomic MS data are available at JPOST (https://
repository.jpostdb.org/entry/JPST001519.0) for the Orbitrap
data and at FigShare (https://dx.doi.org/10.6084/m9.ﬁgshare.1
9319588) for the Q Exactive data. Other source data will be
shared upon request to Ronald Schnaar (schnaar@jhu.edu).
Supporting information—This
information.

article

contains

supporting

Acknowledgments—We thank Dr Jamey Marth, Sanford Burnham
Prebys, for providing mutant mice and/or their tissues. Human
brain tissues were provided by The Johns Hopkins Alzheimer’s
Disease Research Center (grant no.: P50AG005146).
Author contributions—A. G.-G., R. N. P., S. M. F., and R. L. S.
conceptualization; A. G.-G., S. M. F., T. A. L., T. L., P. C. W., K. A.,
M. T., N. N. B., and R. T. M. methodology; R. L. S. validation;
A. G.-G. and R. L. S. formal analysis; A. G.-G., R. N. P., S. M. F.,
E. M., T. A. L., K. A., Z. J. Y., and B. C. O. investigation; R. T. M.
resources; R. L. S. writing-original draft; A. G.-G., R. N. P., S. M. F.,
E. M., T. A. L., T. L., P. C. W., K. A., M. T., Z. J. Y., B. C. O., N. N. B.,
R. T. M., and R. L. S. writing–review & editing; R. L. S. visualization;
R. L. S. supervision; R. L. S. project administration; T. L., P. C. W.,
and R. L. S. funding acquisition.

12 J. Biol. Chem. (2022) 298(6) 101960

Funding and additional information—This work was supported by
the National Institute on Aging, National Institutes of Health (NIH)
grants AG062342 and AG068089 and NIH training grants K12HL141952 (to A. G.-G.), T32-GM008763 (T. A. L.), and T32GM080189 (to R. N. P. and E. M.). The content is solely the responsibility of the authors and does not necessarily represent the
ofﬁcial views of the NIH.
Conﬂict of interest—The authors declare that they have no conﬂicts
of interest with the contents of this article.
Abbreviations—The abbreviations used are: AD, Alzheimer’s disease; GuHCl, guanidinium hydrochloride; IgG, immunoglobulin G;
LC, liquid chromatography; mCD33, mouse CD33; MS, mass
spectrometry; MWCO, molecular weight cutoff; NIH, National
Institutes of Health; PBST, Dulbecco’s PBS supplemented with 0.1%
Tween-20; PVDF, polyvinylidene ﬂuoride; RPTPζ, receptor protein
tyrosine
phosphatase
zeta;
Siglec,
sialic
acid–binding
immunoglobulin-type lectin.

References
1. Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chetelat, G.,
Teunissen, C. E., Cummings, J., and van der Flier, W. M. (2021) Alzheimer’s disease. Lancet 397, 1577–1590
2. Lewcock, J. W., Schlepckow, K., Di Paolo, G., Tahirovic, S., Monroe, K.
M., and Haass, C. (2020) Emerging microglia biology deﬁnes novel
therapeutic approaches for Alzheimer’s disease. Neuron 108, 801–821
3. Griciuc, A., and Tanzi, R. E. (2021) The role of innate immune genes in
Alzheimer’s disease. Curr. Opin. Neurol. 34, 228–236
4. Schwabe, T., Srinivasan, K., and Rhinn, H. (2020) Shifting paradigms: The
central role of microglia in Alzheimer’s disease. Neurobiol. Dis. 143,
104962
5. Salter, M. W., and Stevens, B. (2017) Microglia emerge as central players
in brain disease. Nat. Med. 23, 1018–1027
6. Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J. C., Carrasquillo, M. M., Abraham, R., Hamshere, M. L., Pahwa, J. S., Moskvina,
V., Dowzell, K., Jones, N., Stretton, A., Thomas, C., Richards, A., et al.
(2011) Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33
and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 43,
429–435
7. Bertram, L., Lange, C., Mullin, K., Parkinson, M., Hsiao, M., Hogan, M. F.,
Schjeide, B. M., Hooli, B., Divito, J., Ionita, I., Jiang, H., Laird, N.,
Moscarillo, T., Ohlsen, K. L., Elliott, K., et al. (2008) Genome-wide association analysis reveals putative Alzheimer’s disease susceptibility loci in
addition to APOE. Am. J. Hum. Genet. 83, 623–632
8. Naj, A. C., Jun, G., Beecham, G. W., Wang, L. S., Vardarajan, B. N.,
Buros, J., Gallins, P. J., Buxbaum, J. D., Jarvik, G. P., Crane, P. K., Larson,
E. B., Bird, T. D., Boeve, B. F., Graff-Radford, N. R., De Jager, P. L., et al.
(2011) Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1
are associated with late-onset Alzheimer’s disease. Nat. Genet. 43,
436–441
9. Duan, S., and Paulson, J. C. (2020) Siglecs as immune cell checkpoints in
disease. Annu. Rev. Immunol. 38, 365–395
10. Macauley, M. S., Crocker, P. R., and Paulson, J. C. (2014) Siglec-mediated
regulation of immune cell function in disease. Nat. Rev. Immunol. 14,
653–666
11. Gonzalez-Gil, A., and Schnaar, R. L. (2021) Siglec ligands. Cells 10, 1260
12. Duan, S., Arlian, B. M., Nycholat, C. M., Wei, Y., Tateno, H., Smith, S. A.,
Macauley, M. S., Zhu, Z., Bochner, B. S., and Paulson, J. C. (2021)
Nanoparticles displaying allergen and Siglec-8 ligands suppress IgEFcepsilonRI-mediated anaphylaxis and desensitize mast cells to subsequent antigen challenge. J. Immunol. 206, 2290–2300
13. Bhattacherjee, A., Rodrigues, E., Jung, J., Luzentales-Simpson, M.,
Enterina, J. R., Galleguillos, D., St Laurent, C. D., Nakhaei-Nejad, M.,
Fuchsberger, F. F., Streith, L., Wang, Q., Kawasaki, N., Duan, S., Bains, A.,

CD33 and Siglec-8 ligand in the human brain

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Paulson, J. C., et al. (2019) Repression of phagocytosis by human CD33 is
not conserved with mouse CD33. Commun. Biol. 2, 450
Ann Butler, C., Thornton, P., and Charles Brown, G. (2021) CD33M
inhibits microglial phagocytosis, migration and proliferation, but the
Alzheimer’s disease-protective variant CD33m stimulates phagocytosis
and proliferation, and inhibits adhesion. J. Neurochem. 158, 297–310
Griciuc, A., Serrano-Pozo, A., Parrado, A. R., Lesinski, A. N., Asselin, C.
N., Mullin, K., Hooli, B., Choi, S. H., Hyman, B. T., and Tanzi, R. E. (2013)
Alzheimer’s disease risk gene CD33 inhibits microglial uptake of amyloid
beta. Neuron 78, 631–643
Galatro, T. F., Holtman, I. R., Lerario, A. M., Vainchtein, I. D., Brouwer,
N., Sola, P. R., Veras, M. M., Pereira, T. F., Leite, R. E. P., Moller, T., Wes,
P. D., Sogayar, M. C., Laman, J. D., den Dunnen, W., Pasqualucci, C. A.,
et al. (2017) Transcriptomic analysis of puriﬁed human cortical microglia
reveals age-associated changes. Nat. Neurosci. 20, 1162–1171
Alsema, A. M., Jiang, Q., Kracht, L., Gerrits, E., Dubbelaar, M. L., Miedema, A., Brouwer, N., Hol, E. M., Middeldorp, J., van Dijk, R., Woodbury, M., Wachter, A., Xi, S., Moller, T., Biber, K. P., et al. (2020) Proﬁling
microglia from Alzheimer’s disease donors and non-demented elderly in
acute human postmortem cortical tissue. Front. Mol. Neurosci. 13, 134
Bochner, B. S., Alvarez, R. A., Mehta, P., Bovin, N. V., Blixt, O., White, J.
R., and Schnaar, R. L. (2005) Glycan array screening reveals a candidate
ligand for siglec-8. J. Biol. Chem. 280, 4307–4312
Propster, J. M., Yang, F., Rabbani, S., Ernst, B., Allain, F. H., and Schubert,
M. (2016) Structural basis for sulfation-dependent self-glycan recognition
by the human immune-inhibitory receptor Siglec-8. Proc. Natl. Acad. Sci.
U. S. A. 113, E4170–4179
Yu, H., Gonzalez-Gil, A., Wei, Y., Fernandes, S. M., Porell, R. N., Vajn, K.,
Paulson, J. C., Nycholat, C. M., and Schnaar, R. L. (2017) Siglec-8 and
Siglec-9 binding speciﬁcities and endogenous airway ligand distributions
and properties. Glycobiology 27, 657–668
Büll, C., Nason, R., Sun, L., Coillie, J. V., Sørensen, D. M., Moons, S. J.,
Yang, Z., Arbitman, S., Fernandes, S. M., Furukawa, S., McBride, R.,
Nycholat, C. M., Adema, G. J., Paulson, J. C., Schnaar, R. L., et al. (2021)
Probing the binding speciﬁcities of human Siglecs by cell-based glycan
arrays. Proc. Natl. Acad. Sci. U. S. A. 118, e2026102118
Gonzalez-Gil, A., Li, T. A., Porell, R. N., Fernandes, S. M., Tarbox, H. E.,
Lee, H. S., Aoki, K., Tiemeyer, M., Kim, J., and Schnaar, R. L. (2021)
Isolation, identiﬁcation, and characterization of the human airway ligand
for the eosinophil and mast cell immunoinhibitory receptor Siglec-8. J.
Allergy Clin. Immunol. 147, 1442–1452
Gonzalez-Gil, A., Porell, R. N., Fernandes, S. M., Wei, Y., Yu, H., Carroll,
D. J., McBride, R., Paulson, J. C., Tiemeyer, M., Aoki, K., Bochner, B. S.,
and Schnaar, R. L. (2018) Sialylated keratan sulfate proteoglycans are
Siglec-8 ligands in human airways. Glycobiology 28, 786–801
Garwood, J., Heck, N., Reichardt, F., and Faissner, A. (2003) Phosphacan
short isoform, a novel non-proteoglycan variant of phosphacan/receptor
protein tyrosine phosphatase-beta, interacts with neuronal receptors and
promotes neurite outgrowth. J. Biol. Chem. 278, 24164–24173
Cao, H., and Crocker, P. R. (2011) Evolution of CD33-related siglecs:
Regulating host immune functions and escaping pathogen exploitation?
Immunology 132, 18–26
Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S.,
Spinrad, A., Sarrazin, S., Ben-Yehuda, H., David, E., Zelada Gonzalez, F.,
Perrin, P., Keren-Shaul, H., Gury, M., Lara-Astaiso, D., Thaiss, C. A.,
Cohen, M., et al. (2016) Microglia development follows a stepwise program to regulate brain homeostasis. Science 353, aad8670
Morshed, N., Ralvenius, W. T., Nott, A., Watson, L. A., Rodriguez, F. H.,
Akay, L. A., Joughin, B. A., Pao, P. C., Penney, J., LaRocque, L., Mastroeni,
D., Tsai, L. H., and White, F. M. (2020) Phosphoproteomics identiﬁes
microglial Siglec-F inﬂammatory response during neurodegeneration.
Mol. Syst. Biol. 16, e9819
Chatila, Z. K., and Bradshaw, E. M. (2021) Alzheimer’s disease genetics: A
dampened microglial response? Neuroscientist. https://doi.org/10.1177/
10738584211024531
Duan, S., Koziol-White, C. J., Jester, W. F., Jr., Smith, S. A., Nycholat, C.
M., Macauley, M. S., Panettieri, R. A., Jr., and Paulson, J. C. (2019) CD33

30.

31.

32.

33.
34.
35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

recruitment inhibits IgE-mediated anaphylaxis and desensitizes mast cells
to allergen. J. Clin. Invest. 129, 1387–1401
Pluvinage, J. V., Haney, M. S., Smith, B. A. H., Sun, J., Iram, T.,
Bonanno, L., Li, L., Lee, D. P., Morgens, D. W., Yang, A. C., Shuken, S.
R., Gate, D., Scott, M., Khatri, P., Luo, J., et al. (2019) CD22 blockade
restores homeostatic microglial phagocytosis in ageing brains. Nature
568, 187–192
Aires, V., Coulon-Bainier, C., Pavlovic, A., Ebeling, M., Schmucki, R.,
Schweitzer, C., Kueng, E., Gutbier, S., and Harde, E. (2021) CD22
blockage restores age-related impairments of microglia surveillance capacity. Front. Immunol. 12, 684430
Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S.,
Young, J. Z., Menon, M., He, L., Abdurrob, F., Jiang, X., Martorell, A. J.,
Ransohoff, R. M., Haﬂer, B. P., Bennett, D. A., Kellis, M., et al. (2019)
Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 570,
332–337
Klaas, M., and Crocker, P. R. (2012) Sialoadhesin in recognition of self and
non-self. Semin. Immunopathol. 34, 353–364
Stanley, P. (2011) Golgi glycosylation. Cold Spring Harb. Perspect. Biol. 3,
a005199
Varki, A., Schnaar, R. L., and Crocker, P. R. (2017) I-type lectins. In:
Varki, A., Cummings, R. D., Esko, J. D., Stanley, P., Hart, G. W., Aebi,
M., Darvill, A. G., Kinoshita, T., Packer, N. H., Prestegard, J. H.,
Schnaar, R. L., Seeberger, P. H., eds. Essentials of Glycobiology, Third
Edition, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY: 453–467
Lunnon, K., Teeling, J. L., Tutt, A. L., Cragg, M. S., Glennie, M. J., and
Perry, V. H. (2011) Systemic inﬂammation modulates Fc receptor
expression on microglia during chronic neurodegeneration. J. Immunol.
186, 7215–7224
Chouhan, J. K., Fowler, S. B., Webster, C. I., and Teeling, J. L. (2017) The
ME7 prion model of neurodegeneration as a tool to understand and target
neuroinﬂammation in Alzheimer’s disease. Drug Discov. Today Dis.
Models 25-26, 45–52
Kiwamoto, T., Brummet, M. E., Wu, F., Motari, M. G., Smith, D. F.,
Schnaar, R. L., Zhu, Z., and Bochner, B. S. (2014) Mice deﬁcient in the
St3gal3 gene product alpha2,3 sialyltransferase (ST3Gal-III) exhibit
enhanced allergic eosinophilic airway inﬂammation. J. Allergy Clin.
Immunol. 133, 240–247
Zhang, M., Angata, T., Cho, J. Y., Miller, M., Broide, D. H., and Varki, A.
(2007) Deﬁning the in vivo function of Siglec-F, a CD33-related Siglec
expressed on mouse eosinophils. Blood 109, 4280–4287
Funderburgh, J. L. (2002) Keratan sulfate biosynthesis. IUBMB Life 54,
187–194
Caterson, B., and Melrose, J. (2018) Keratan sulphate, a complex
glycosaminoglycan with unique functional capability. Glycobiology 28,
182–206
Zhang, Z., Takeda-Uchimura, Y., Foyez, T., Ohtake-Niimi, S., Narentuya,
Akatsu, H., Nishitsuji, K., Michikawa, M., Wyss-Coray, T., Kadomatsu, K.,
and Uchimura, K. (2017) Deﬁciency of a sulfotransferase for sialic acidmodiﬁed glycans mitigates Alzheimer’s pathology. Proc. Natl. Acad. Sci.
U. S. A. 114, E2947–E2954
Eronen, I., Mononen, T., and Mononen, I. (1985) Isolation and partial
characterization of keratan sulphate from human brain. Biochim. Biophys.
Acta 843, 155–158
Shen, H. H. (2018) Core concept: Perineuronal nets gain prominence for
their role in learning, memory, and plasticity. Proc. Natl. Acad. Sci. U. S.
A. 115, 9813–9815
Eill, G. J., Sinha, A., Morawski, M., Viapiano, M. S., and Matthews, R. T.
(2020) The protein tyrosine phosphatase RPTPzeta/phosphacan is critical
for perineuronal net structure. J. Biol. Chem. 295, 955–968
Lindahl, B., Eriksson, L., Spillmann, D., Caterson, B., and Lindahl, U.
(1996) Selective loss of cerebral keratan sulfate in Alzheimer’s disease.
J. Biol. Chem. 271, 16991–16994
Ellies, L. G., Sperandio, M., Underhill, G. H., Yousif, J., Smith, M., Priatel,
J. J., Kansas, G. S., Ley, K., and Marth, J. D. (2002) Sialyltransferase
speciﬁcity in selectin ligand formation. Blood 100, 3618–3625

J. Biol. Chem. (2022) 298(6) 101960

13

CD33 and Siglec-8 ligand in the human brain
48. Priatel, J. J., Chui, D., Hiraoka, N., Simmons, C. J., Richardson, K. B., Page,
D. M., Fukuda, M., Varki, N. M., and Marth, J. D. (2000) The ST3Gal-I
sialyltransferase controls CD8+ T lymphocyte homeostasis by modulating O-glycan biosynthesis. Immunity 12, 273–283
49. Ellies, L. G., Ditto, D., Levy, G. G., Wahrenbrock, M., Ginsburg, D.,
Varki, A., Le, D. T., and Marth, J. D. (2002) Sialyltransferase ST3Gal-IV
operates as a dominant modiﬁer of hemostasis by concealing asialoglycoprotein receptor ligands. Proc. Natl. Acad. Sci. U. S. A. 99,
10042–10047
50. Sturgill, E. R., Aoki, K., Lopez, P. H., Colacurcio, D., Vajn, K., Lorenzini, I.,
Majic, S., Yang, W. H., Heffer, M., Tiemeyer, M., Marth, J. D., and
Schnaar, R. L. (2012) Biosynthesis of the major brain gangliosides GD1a
and GT1b. Glycobiology 22, 1289–1301
51. Patnode, M. L., Cheng, C. W., Chou, C. C., Singer, M. S., Elin, M. S.,
Uchimura, K., Crocker, P. R., Khoo, K. H., and Rosen, S. D. (2013)
Galactose 6-O-sulfotransferases are not required for the generation of
Siglec-F ligands in leukocytes or lung tissue. J. Biol. Chem. 288,
26533–26545
52. Harroch, S., Palmeri, M., Rosenbluth, J., Custer, A., Okigaki, M., Shrager,
P., Blum, M., Buxbaum, J. D., and Schlessinger, J. (2000) No obvious
abnormality in mice deﬁcient in receptor protein tyrosine phosphatase
beta. Mol. Cell. Biol. 20, 7706–7715

14 J. Biol. Chem. (2022) 298(6) 101960

53. Kikly, K. K., Bochner, B. S., Freeman, S. D., Tan, K. B., Gallagher, K. T.,
D’alessio, K. J., Holmes, S. D., Abrahamson, J. A., Erickson-Miller, C. L.,
Murdock, P. R., Tachimoto, H., Schleimer, R. P., and White, J. R. (2000)
Identiﬁcation of SAF-2, a novel siglec expressed on eosinophils, mast
cells, and basophils. J. Allergy Clin. Immunol. 105, 1093–1100
54. Johansson, M. E., and Hansson, G. C. (2012) Analysis of assembly of
secreted mucins. Methods Mol. Biol. 842, 109–121
55. Keenan, T. D., Clark, S. J., Unwin, R. D., Ridge, L. A., Day, A. J., and
Bishop, P. N. (2012) Mapping the differential distribution of proteoglycan
core proteins in the adult human retina, choroid, and sclera. Invest.
Ophthalmol. Vis. Sci. 53, 7528–7538
56. Betancourt, L. H., Sanchez, A., Pla, I., Kuras, M., Zhou, Q., Andersson, R.,
and Marko-Varga, G. (2018) Quantitative assessment of urea in-solution
Lys-C/trypsin digestions reveals superior performance at room temperature over traditional proteolysis at 37 degrees C. J. Proteome Res. 17,
2556–2561
57. Peles, E., Schlessinger, J., and Grumet, M. (1998) Multi-ligand interactions with receptor-like protein tyrosine phosphatase beta: Implications for intercellular signaling. Trends Biochem. Sci. 23, 121–124
58. Li, T., Braunstein, K. E., Zhang, J., Lau, A., Sibener, L., Deeble, C., and
Wong, P. C. (2016) The neuritic plaque facilitates pathological conversion
of tau in an Alzheimer’s disease mouse model. Nat. Commun. 7, 12082

