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Through efforts to investigate the CD33-like sub-
roup of sialic acid binding immunoglobulin-like lec-
ins (Siglecs), which are believed to be located on chro-
osome 19q13.4, we have identified the precise

enomic region containing the Siglec8 gene. It is lo-
ated on chromosome 19q13.4, approximately 330 kb
ownstream of the Siglec9 gene. Further, we have

dentified a novel Siglec8 variant, named Siglec8-Long
Siglec8-L), which differs in its last two exons from the
reviously published mRNA sequence of Siglec8 (Gen-
ank Accession No. AF195092). Both Siglec8 and
iglec8-L are comprised of seven exons, of which the
rst five are identical, followed by marked differences

n exon usage and mRNA splicing. The 499 amino acid
rotein encoded by the Siglec8-L open reading frame
as a molecular weight of 54 kDa. Like the other mem-
ers of the CD33-like subgroup of Siglecs, except for
he previously published Siglec8, Siglec8-L also con-
ains the two tyrosine-based motifs that have been
ound to recruit both SH2 domain-containing tyrosine
nd inositol phosphatases. © 2000 Academic Press

Key Words: siglec gene family; CD33-like subgroup;
mmunoglobulin superfamily; sialoadhesins; immuno-
eceptor tyrosine kinase inhibition motif (ITIM); alter-
ative splicing; gene mapping.

Abbreviations used: Siglec, sialic acid binding immunoglobulin-
ike lectin; Siglec8-L, Siglec8-Long; RT-PCR, reverse transcription-
olymerase chain reaction; IgSF, immunoglobulin superfamily; EST,
xpressed sequence tag; ITIM, immunoreceptor tyrosine kinase in-
ibitory motif; RACE, rapid amplification of cDNA ends; SLAM,
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Siglecs) are a family of recently discovered type 1 trans-
embrane proteins belonging to the immunoglobulin

uperfamily (IgSF) (1). In addition to their type 1
ransmembrane topology, these proteins are character-
zed by the presence of one N-terminal V-set Ig-like
omain, a variable number of downstream C2-set do-
ains, and the ability to bind sialic acid in glycopro-

eins and glycolipids (2). So far there have been nine
iglec family members described in humans, each with

ts own unique expression pattern: Siglec1 (sialoadhe-
in) expressed on macrophages (3); Siglec2 (CD22) on B
ymphocytes (4); Siglec3 (CD33) on myeloid progenitor
ells and monocytes (5); Siglec4a (myelin-associated
lycoprotein (MAG)) on oligodendrocytes and Schwann
ells (6); Siglec5 on neutrophils (7); Siglec6 on B lym-
hocytes (8); Siglec7 (p75/AIRM1) on natural killer
ells (9–11); Siglec8 on eosinophils (12); and Siglec9
n neutrophils, monocytes, and various lymphocytes
13–15).

The members of the Siglec family are highly homol-
gous in their extracellular, Ig-like, domains, particu-
arly for the CD33-like subgroup, which includes
iglec3, 5, 6, 7, 8, and 9 (13, 15). This subgroup of genes
as been localized to human chromosome 19q13.3-13.4,
nd it has been suggested that it may be the result of
elatively recent gene duplication and exon shuffling
14, 15). In addition to the highly homologous extracel-
ular domains, all the CD33-like Siglecs except Siglec8
how conservation of two cytoplasmic tyrosine-based
otifs (12). The first of these contains the consensus

equence for the immunoreceptor tyrosine kinase in-
ibitory motif (ITIM), (ILV)xYxx(LV) (x being any
mino acid) (16, 17). This motif has been shown to be
he binding site for the SH2 (src homology 2) domains
f the SH2 domain-containing protein tyrosine phos-
hatases SHP-1 and SHP-2 (18, 19), as well as the SH2
omain-containing inositol phosphatases SHIP1 and
HIP2 (20). The second motif displays homology to a
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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tyrosine-based motif, TxYxx(IV), identified in the sig-
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aling lymphocyte activation molecule (SLAM) and
as found responsible for its association with the
LAM-associated protein (SAP), which in turn blocks
he binding of SHP-2 to phosphorylated SLAM (21, 22).

As mentioned previously, of the CD33-like subgroup
f Siglecs, only Siglec8 does not possess the character-
stic two tyrosine-based motifs (12). In the present
tudy, we describe the identification and characteriza-
ion of a novel variant of Siglec8, termed Siglec8-Long
Siglec8-L), which possesses these two tyrosine-based
otifs, consistent with findings for the other members

f the CD33-like subgroup of Siglecs. Further, we have
etermined the genomic organization of the Siglec8
ene, finding that it is comprised of seven exons, and is
ocalized approximately 330 kb downstream of Siglec9
n chromosome 19q13.4. We have further identified the
xact nucleotide at which the Siglec8 and Siglec8-L
RNAs deviate, producing proteins of 431 and 499

mino acids, respectively. The difference arises in exon
ix, where the Siglec8-L mRNA has a splice site after
7 nucleotides followed by a unique exon seven, while
he Siglec8 mRNA continues right through exon 6 and
hen into a further downstream exon seven.

ATERIALS AND METHODS

Identification of the genomic area containing Siglec8. Genomic
NA sequences derived from BAC clones covering chromosome
9q13.4 were identified and obtained from the Lawrence Livermore
ational Laboratory (LLNL) Human Genome Center. These se-
uences were compared to the mRNA sequence for Siglec8 (GenBank
ccession No. AF195092), which has been reported to be linked to

his area (12), using the BLASTN nucleotide alignment tool (23). In
ddition, genomic regions found to match Siglec8 were also analyzed
y the Grail exon prediction program (24), in order to determine the
xistence of any new Siglecs, as well as possible additional exons for
iglec8. Prediction results were compared to the human EST data-
ase by the BLAST alignment tool (23). Further, the genomic region
ontaining Siglec8 was localized to a specific region of chromosome
9q13.4 through the aid of the WebCutter restriction analysis pro-
ram and comparison of the fragments to the previously published
coR1 map for chromosome 19q13.4 (25).

Molecular characterization of Siglec8-L. Based on the results of
xon prediction and the known sequence of the Siglec8 mRNA, we
esigned PCR primers to determine the sequence of the Siglec8-L
RNA, as well as to confirm the published Siglec8 mRNA sequence,

oth through RT-PCR. The primers used were: S8-Forward (com-
on), ACAAGTGACACTGGCAGCAG; S8-L-Reverse, AGCTGAG-
GTTGCATAATGG; S8-L-Reverse2, TACTGCATAGCATGGGG-
TC; S8-Reverse, AGAAGAGCAGGGGAAACCAC. The fetal liver
DNA used was prepared as described elsewhere (13). The PCR
onditions were as follows: 2.5 units of HotStarTaq polymerase
Qiagen, Valencia, CA), 1X PCR buffer with 1.5 mM MgCl2 (Qiagen),

mL cDNA, 200 mM dNTPs (deoxynucleoside triphosphates), and
50 ng of each primer, using the Mastercycler gradient thermocycler
Eppendorf Scientific Inc., Westbury, NY). The temperature profile
as: denaturation at 95°C for 15 min followed by 94°C for 30 s,
nnealing at 60°C for 30 s, and extension at 72°C for 1 min for a total
f 35 cycles, followed by a final extension at 72°C for 10 min. The
CR product was subjected to electrophoresis on a 2% agarose gel
ontaining ethidium bromide. The product bands were then ex-
776
sing an automated sequencer.
We also utilized Marathon-Ready fetal liver cDNA (Clontech, Palo
lto, CA) to perform nested 39-RACE in order to verify the 39 end of

he Siglec8 mRNA. The procedure was carried out according to the
anufacturer’s instructions, with some minor modifications. Briefly,

he first round of the 39 RACE reaction utilized the forward gene-
pecific primer (GSP1) which is identical to the above mentioned
iglec8-Forward (common) and the provided adapter primer AP1.
he nested 39 RACE reaction was carried out using GSP2 (CCTTC-
TGTCCTTCTGCATC), and the provided AP2. The touchdown PCR
ethod was utilized as recommended by the manufacturer, with a

light temperature profile modification. The annealing temperatures
sed were: 70°C for 4 min for 5 cycles, then 68°C for 4 min for 5
ycles, followed by 66°C for 4 min for 25 cycles. The denaturation
emperature was set to 94°C for 5 s for every cycle, with an extension
emperature of 72°C for 1 min After all cycles were completed a final
xtension at 72°C for 10 min was performed. The reaction was
arried out using 2.5 units HotStarTaq (Qiagen, Valencia, CA), 13
CR buffer with 1.5 mM MgCl2 (Qiagen), 200 mM dNTPs, primer
oncentrations of 200 ng (GSP1 and 2) and 1 mM (AP1 and 2), 1 mL
arathon-Ready cDNA, or 5 mL of the first round 39 RACE product

50 mL total volume). All 39 RACE reactions were performed using
he Perkin Elmer GeneAmp PCR System 9600 thermocycler (Perkin
lmer, Norwalk, CT). The products of both rounds of the RACE
eaction were subjected to electrophoresis on a 2% agarose gel con-
aining ethidium bromide, with any bands evident being extracted
nd the DNA directly sequenced with an automated sequencer.
Based on RT-PCR and 39 RACE results, as well as the initial

lignment of the Siglec8 mRNA species to the genomic sequence
overing chromosome 19q13.4, we proceeded to map the exons of the
iglec8 gene. This was achieved through the use of the BLASTN
ucleotide alignment tool, which enabled us to localize the mRNA
equences to specific regions of genomic DNA.
Following final characterization of Siglec8-L, the primary struc-

ure of the protein encoded by the Siglec8-L mRNA was determined.
his was compared to the published protein sequence for Siglec8, as
ell as to all the members of the CD33-like subgroup of Siglecs using

he CLUSTALX multiple alignment tool (26).

ESULTS

dentification of the Genomic Area Containing Siglec8

The CD33-like subgroup of Siglecs has been mapped,
hrough various means, to chromosome 19q13.4. The
iglec9 gene has recently been characterized and local-

zed to this area (13), immediately following the end of
he kallikrein gene family. Further, the mRNA species
or the remainder of this subgroup have also been
haracterized, and mapped to this region primarily
hrough fluorescence in situ hybridization (FISH), as
ell as somatic cell hybridization (7–10, 12). During
ur examination of this area, we identified a clone,
TD-3073N11, from the CalTech Human BAC library
, that contained the Siglec8 gene. Upon exon predic-

ion analysis of this genomic region, we identified two
utative exons at the 39 terminus of the Siglec8 gene
hich differed from the previously published mRNA

equence. One of these exons was much shorter in
ength and the other was not present at all. We pro-
eeded to search the human EST database, both with
he published mRNA sequence, as well as with the two
utative exons, and were unable to find any significant
atches.
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Based on the sequence information from the clone on
hich Siglec8 is localized, we used the WebCutter re-

triction analysis tool to determine the size of the
coR1 fragments produced. By comparing these re-
ults with the available EcoR1 restriction map for chro-
osome 19q13.4, we determined that the Siglec8 gene

s located in the more centromeric region of 19q13.4,
nd is approximately 330 kb downstream from the
iglec9 gene.

olecular Characterization of Siglec8-L

Using RT-PCR and primers derived from sequence
hared by both Siglec8 and Siglec8-L, as well as from
he 39 termini of Siglec8 and the putative Siglec8-L, we
ere able to confirm the existence of both putative
xons mentioned above. Through automated sequenc-
ng and subsequent alignment of the mRNA sequence
ith the genomic sequence for our BAC clone, we were
ble to determine the exact genomic organization for
hese last two exons. However, using the PCR primers
pecific for the published sequence of Siglec8 we ob-
ained a very faint band, after agarose gel electro-
horesis, which we were unable to sequence. In con-
unction with 39 RACE and the Marathon-Ready fetal
iver cDNA we identified additional sequence at the 39
erminus of Siglec8-L, including both the termination
odon and a portion of the 39 untranslated region. The
ested 39 RACE reaction produced a major product
ith an approximate size of 300 bp, as well as a much

ainter high molecular weight band. Attempts to se-
uence the latter band were unsuccessful.
Based on the results obtained through the initial

lignment, as well as from the characterization of the
ast two exons of Siglec8-L, we were able to character-
ze the genomic organization of the Siglec8 gene. As is
hown in Fig. 1, both Siglec8 and Siglec8-L are com-
rised of seven exons. The first five exons are identical
n both Siglec8 and Siglec8-L, with lengths of 502, 279,
8, 270, and 97 bp. The first exon of 502 bp contains a
9 untranslated region of 48 nucleotides, with the pos-
ibility that there is even more upstream sequence. For
iglec8-L, exon six is 97 nucleotides long, while exon
even contains at least 299 bp, of which 252 bp code for

FIG. 1. Genomic organization of the Siglec8 gene. Based on our o
or the Siglec8 mRNA (GenBank Accession No. AF195092), we have
xons (Arabic numerals). The two mRNA species are identical until e
b) and continues to exon 7a, indicated by the broken line, while the S
he location of the stop codon (TGA) is shown for both mRNA species
onserved (-mGT. . .AGm-, where m is any base) in Siglec8-L betwe
equence reported by Floyd et al. (12).
777
mino acid residues, and 44 bp being part of the 39
ntranslated region. Exons six and seven of Siglec8, on
he other hand, are 895 bp and 779 bp long, respec-
ively. Examining the splice donor and acceptor sites
or each of these exons, we noticed that the first five
xons, as well as exons six and seven of Siglec8-L, all
ossessed sequences closely related to the consensus
plice sites (-mGTAAGT. . .CAGm-, where m is any
ase) (27). However, in the case of Siglec8, these splice
ites were not present. Examination of the open read-
ng frame of Siglec8-L revealed a 499 amino acid resi-
ue protein with a molecular weight of 54.04 kDa,
xcluding any posttranslational modifications which
ay be present. The sequence of Siglec8-L is identical

o that of Siglec8 until residue 415, after which
iglec8-L contains a sequence homologous to the
-terminal sequences of the CD33-like subgroup of
iglecs, including the two tyrosine-based motifs (Fig. 2).

ISCUSSION

Through efforts to investigate the CD33-like sub-
roup of Siglecs, we have identified the area of chro-
osome 19q13.4 which contains the Siglec8 gene, lo-

ated approximately 330 kb downstream of the
ecently published Siglec9 gene (13). Examination of
his area revealed the existence of an alternative form
f Siglec8, named Siglec8-L. The protein product of this
RNA species differs markedly from the previously

ublished Siglec8 (GenBank Accession No. AF195092)
t its C-terminus (12). Siglec8-L is a 499 residue pro-
ein with a molecular weight of 54 kDa. It is encoded by
even exons, and unlike Siglec8, it shows a high degree
f homology at its C-terminus to the other members of
he CD33-like subgroup of Siglecs. Consistent with its
nclusion in this subfamily of Siglecs, Siglec8-L also
ossesses the two characteristic tyrosine-based motifs.
The Siglec8 mRNA published by Floyd et al. (2000)

ontains an abbreviated C-terminus, lacking the char-
cteristic tyrosine-based motifs reported in other mem-
ers of the CD33-like subgroup of Siglecs (12). Further,
ased on our characterization of its genomic structure,
he Siglec8 mRNA species reported by Floyd et al.

experimental results, as well as the previously published sequence
ablished that both Siglec8 and our Siglec8-L are composed of seven
six, where the Siglec8 mRNA contains the whole of exon six (6a and
ec8-L mRNA contains only exons 6b and 7b, shown by the solid line.
d differs due to a change in the open reading frame. Splice sites are
exons 6b and 7b, but not between exons 6a and 7a in the Siglec8
wn
est
xon
igl

, an
en
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uence at its 39 end. By comparison, and in keeping
ith the hypothesis that this subgroup of Siglecs arose

hrough gene duplication relatively recently in verte-
rate evolution (14, 15), none of the other Siglecs that
elong to this subgroup have such an extensive 39
ntranslated region, or any untranslated exons at the
9 end. Furthermore, the intron–exon splice sites for
he last two exons of Siglec8 (based on our genomic
equence and the mRNA sequence of Floyd et al.) are
ot consistent with the characteristic splice donor and
cceptor sites (27), unlike the first five exons and the
wo exons identified by us (Fig. 1).

The identification of Siglec8 by Floyd et al. (2000)
as accomplished through the use of an EST that

howed homology to CD33 (12). We have not as yet
een able to identify this clone, and believe that the
iscrepancy between our sequence and theirs may be
ue to the inclusion of genomic sequence in the EST.
olfsberg and Landsman have reported that they have

ndeed found several instances in which ESTs con-
ained intron sequences or unusual splice sites (28). If
his is the case with Siglec8, the EST used by Floyd et
l. (12) may represent a partially spliced or incorrectly
pliced sequence, which results in the inclusion of two
ieces of genomic DNA (not present in any mRNA
pecies we were able to identify) as well as the absence
f an entire exon. During their identification of Siglec8,
he authors report an unsuccessful attempt of North-
rn blot analysis for Siglec8 using a probe derived from
he coding and 39 untranslated sequences of their
RNA species. Based on the above noted problems
ith ESTs, the lack of specific bands in the Northern
lot may be due to such intronic sequence contamina-
ion. This contamination likely resulted in a change in
he open reading frame of the Siglec8 mRNA which
auses premature termination and loss of the two
yrosine-based motifs. Despite efforts to identify the
RNA species reported by Floyd et al. (12), we have

een unsuccessful in obtaining any PCR product that
ould be sequenced. However, we can still not rule out
he possibility that this mRNA species does in fact
epresent an alternatively spliced form that lacks the
wo tyrosine motifs and is present in tissues not tested
y us.

FIG. 2. Protein sequence alignment for the CD33-like subgroup
ell as the remaining members of the CD33-like subgroup of Siglecs,

ndicate the positions of the exon boundaries. In all but one case, sho
or Siglec9 (13). The conserved cysteine residues responsible for the
tar (w), while the triangles (�) denote the aromatic residues believ
sialoadhesin) (39). The signal peptide cleavage site for Siglec8-L, ind
40). The Ig-like domain assignments, as well as those for the transm
nd the one domain–one exon rule (41). The positions of the two tyr
ccession Nos. are as follows: Siglec8-L, AF287892; Siglec8, AF19
iglec3 (CD33), M23197.
779
emonstrated eosinophil-specific expression for this
ember of the CD33-like subgroup of Siglecs (12). This
as accomplished by generating monoclonal antibodies

o the extracellular domains of Siglec8. Given that
iglec8 and Siglec8-L are identical in their extracellu-

ar domains, the expression of Siglec8-L is also ex-
ected to be restricted to eosinophils.
For a few of the other members of the Siglec family,

lternative splice forms have been described. For
D22, two isoforms have been identified in humans,
ith either four or six C2-set Ig-like domains (4, 29,
0). In the mouse there have been three isoforms of
AG identified (31, 32). One of the isoforms lacks an

ntranslated exon in the 59 end of the mRNA, which
as no effect on the size of the resultant polypeptide.
he two other forms differ in the presence of exon 12,
hich is 45 nucleotides in length and introduces a

ermination codon when included in the mRNA. In
umans, however, there has been no report of any
AG isoforms. Further, two isoforms for CD33 have

een reported in the mouse, which differ by an 83
ucleotide in-frame insertion in the cytoplasmic do-
ain (33). Human CD33 has also been reported to exist

s two different size transcripts, which is believed to be
hrough the use of alternative polyadenylation signals,
ith no change in the size of the polypeptide (34).
herefore, although there is evidence of alternative
plicing in members of the Siglec family, it appears to
ccur primarily in nonhuman members, with the ex-
eption of the alternative number of Ig-like domains for
uman CD22. However, even these cases do not com-
are to the drastic differences seen in the splicing
atterns of Siglec8 and Siglec8-L.
The Siglec family of transmembrane proteins, and in

articular the CD33-like subgroup, is a very recently
escribed member of the IgSF (1, 14, 15). There has
een only limited progress into the investigation of the
iological function of these proteins, with the exception
f Siglec7, and more recently CD33. Siglec7, identified
nitially by Falco et al. (9), was found to be tyrosine-
hosphorylated in its ITIM motif, resulting in recruit-
ent of SHP1 with a consequent inhibition of natural

iller cell cytotoxicity. More recently, it has been re-
orted that engagement of Siglec7 and CD33, through

iglecs. The sequence of Siglec8-L was aligned to those of Siglec8, as
ng the ClustalX multiple alignment tool (26). The solid vertical lines
by the broken vertical line, the exon boundaries match those found

ra- and interdomain disulfide bonds (2, 37, 38) are indicated by the
o be important for sialic acid binding, based on findings for Siglec1
ted by the solid circle (F), was predicted using the SignalP program
brane and cytoplasmic domains, are based on previous reports (12)
e-based motifs, ITIM and SLAM-like, are indicated. The GenBank

2; Siglec7,: AF170485; Siglec6, NM_001245; Siglec5, NM_003830;
of S
usi
wn
int
ed t
ica
em

osin
509



the use of monoclonal antibodies, inhibits the prolifer-
a
v
p
p
S
C
a
t
o
i
C
t
i
a
r
g
l
g
r

R

10. Nicoll, G., Ni, J., Liu, D., Klenerman, P., Munday, J., Dubock, S.,

1

1

1

1

1

1

1

1

1

2

2

2

2

2

Vol. 278, No. 3, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
tion of both normal and leukemic myeloid cells in
itro (35). These effects are believed to be the result of
hosphorylation of the two tyrosine-based motifs
resent in the cytoplasmic domain of both CD33 and
iglec7. In addition, Taylor et al. (36) have found that
D33 recruits the protein-tyrosine phosphatases SHP1
nd SHP2, both in vitro and in vivo, and is the result of
yrosine phosphorylation in the ITIM motif. Mutation
f the tyrosine in this ITIM motif of CD33 resulted in
ncreased red blood cell binding by CD33-expressing
OS cells. These findings suggest that, in addition to

he recruitment of SHP1 and 2 inhibiting the activat-
ng signaling pathways that lead to cell proliferation
nd survival, this recruitment may also modulate the
eceptor’s ligand-binding activity (36). It is quite likely,
iven the high degree of homology within the CD33-
ike subgroup of Siglecs, that the remainder of this
roup, including Siglec8-L, play a similar inhibitory
ole in their respective cell types.
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