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Jawless vertebrates such as lamprey and hagfish lack T-cell and B-
cell receptors; instead, they have unique antigen receptors known
as variable lymphocyte receptors (VLRs). VLRs generate diversity by
recombining highly diverse leucine-rich repeat modules and are
expressed clonally on lymphocyte-like cells (LLCs). Thus far, two
types of receptors, VLRA and VLRB, have been identified in lamp-
reys and hagfish. Recent evidence indicates that VLRA and VLRB
are expressed on distinct populations of LLCs that resemble T cells
and B cells of jawed vertebrates, respectively. Here we identified
a third VLR, designated VLRC, in the lamprey. None of the ~100
VLRC cDNA clones subjected to sequencing had an identical se-
quence, indicating that VLRC can generate sufficient diversity to
function as antigen receptors. Notably, the C-terminal cap of VLRC
exhibits only limited diversity and has important structural differ-
ences relative to VLRA and VLRB. Single-cell PCR analysis identified
LLCs that rearranged VLRC but not VLRA or VLRB, suggesting the
presence of a unique population of LLCs that express only VLRC.

antigen receptors | immune system evolution | jawless vertebrates |
leucine-rich repeats | somatic rearrangement

J awless vertebrates such as lamprey and hagfish produce specific
agglutinins when immunized with particulate antigens (1-7).
Hence, they were long thought to have immunoglobulins. Accu-
mulated evidence indicates, however, that jawless vertebrates have
neither immunoglobulins nor T cell receptors but instead have
unique antigen receptors called variable lymphocyte receptors
(VLRs) (8-15). Whereas immunoglobulins and T cell receptors
generate repertoire diversity by recombining variable (V), diversity
(D), and joining (J) gene segments, VLRs achieve comparable
diversity through the rearrangement of highly diverse leucine-rich
repeat (LRR) modules (16, 17). The germline VLR gene has an
incomplete structure incapable of encoding functional proteins; it
is, however, flanked by a large number of LRR-encoding modules
exhibiting remarkable sequence diversity. During the development
of lymphocyte-like cells (LLCs), these modules are incorporated
into the VLR gene by a gene conversion-like process presumably
mediated by cytidine deaminases of the AID-APOBEC family
(18-20). Crystallographic analysis of VLR monomers showed that
they adopt a horseshoe-shaped structure and suggested that they
most likely bind antigens through the hypervariable concave sur-
face composed of p-strands (21). This suggestion was confirmed
recently by in vitro mutagenesis experiments (22) and the crystal
structure analysis of VLR monomer—antigen complexes (23, 24).

Two VLR genes, designated VLRA and VLRB, have been
identified in hagfish and lampreys (19, 25, 26). In hagfish, VLRA
and VLRB are encoded by two separate loci (27), suggesting that
the two VLR genes function as independent recombination units;
the same seems to be the case with the lamprey genes (19). Sur-
prisingly, recent evidence indicates that lamprey VLRA and
VLRB are expressed on distinct populations of LLCs that re-
semble T cells and B cells of jawed vertebrates, respectively (28).
When challenged with antigen, LLCs expressing specific VLRB
molecules undergo blast transformation, expand clonally, and
begin to secrete VLRB molecules in a manner analogous to the
secretion of immunoglobulins by B cells (29). Secreted VLRB
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molecules, which form pentamers or tetramers of dimers (22),
function as strong agglutinins, thus accounting for the earlier
observations suggesting the existence of antibodies in jawless
vertebrates (1-7). By contrast, VLRA molecules are expressed on
a population of VLRB™ LLCs and apparently occur only in
a membrane-bound form; this population of LLCs respondstoa T
cell mitogen and up-regulates the expression of interleukin-17
(28), indicating that lampreys have humoral and cellular arms of
adaptive immunity analogous to those of jawed vertebrates.

Here we analyzed publicly available sea lamprey (Petromyzon
marinus) EST sequences and identified a previously undescribed
VLR gene, which we propose to call VLRC.

Results

Identification of the VLRC Gene. We collected sea lamprey EST
sequences from the National Center for Biotechnology In-
formation (NCBI) trace archive and constructed an EST database.
TBLASTN searches of this database using hagfish VLRA and
VLRB (accession nos. ABB59067 and ABB59026, respectively) as
query proteins identified an EST clone that predicted a VLR-like
protein with a 3’ terminus distinct from those of known VLRs.
To establish the identity of this clone (accession no. EC382912.1),
we isolated the corresponding cDNA fragment from the Japanese
lamprey (Lethenteron japonicum) by 3'-RACE. The Japanese lam-
prey leukocyte cDNA library was then screened using this fragment
as a probe. We chose a cDNA clone that seemed to contain a full-
length insert and determined its complete sequence (accession
no. AB507271). This clone encoded a protein consisting of a 24-
residue signal peptide (SP), 36-residue N-terminal cap (LRRNT),
25-residue LRR1, 24-residue LRR, 24-residue LRRVe, 16-residue
connecting peptide (CP), 49-residue C-terminal cap (LRRCT), and
74-residue 3’ terminus (Fig. 1). The top 50 BLAST hits to this
protein were all agnathan VLRs, with inshore hagfish (Eptatretus
burgeri) VLRA encoded by clone Es6VLRA.H5 showing the
greatest similarity (49% amino acid identity). The SP and 3’ ter-
minus of this protein were, however, only weakly similar to those of
known sea lamprey VLRs, suggesting that it is a unique member of
the VLR family. Isolation of Japanese lamprey VLRA and VLRB
cDNAs confirmed the existence of three types of VLRs in a single
lamprey species (Fig. 1). Therefore, the VLR identified in this
study was named VLRC. In all known VLRs, LRRNT and
LRRCT contain a characteristic four-cysteine motif CX,,CXCX,,C
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<SP ><LRRNT ><LRR1 ><LRRV1 >
LjVLRA : MGRLSSSPPTPYIILILELIVLASSRPASASWKTCEKD---TFCTCNET----KKEVDCQSKGLQAVPSGIPADTEKLDLNSNSLATLSDTAFRGLTKLTWLNLQYNALOTLPPGVFD : 111
PmVLRA : MGLLSSSPPPPHLILILL--VLASSRPGSASWKTCETV---TGCTCNEG----KKEVDCQSKDLTSVPPGIPTDTEKLDLRYNAFTQLSSNAFQGLTKLTFLNLEDNQLOALTADIFH : 109
EbVLRA : ------- MMGPVLAACLLIILSTAWIS-QANEALCKKDG--GVCSCNNN----KNSVDCSSKRLTAIPSNIPADTKKLVLNYNKLRELEPKAFHHLSKLTYLSLDNNQLOTLPPGVFD : 104
EsSVLRA : --MMGPVLAACLLIILSTAWIS-QANGATCKKDG--GVCTCNDQ----TKNVDCSSKGLTAIPSNIPVETTELRLNFNSLSKLSPKAFHHLSKLTYLSLGENQLQALPAGVFD : 104
LjVLRB : ---------- MWIKWIATLVAFGALV--QSAV-ACP STLVNCQSRSLASVPAGIPSTTQYLGLSSNQITKLEPGVEDRLAQLTQLDLSHNQFTALPARVFED : 94
PmVLRB : ---MWIKWIATLVAFGALV--QSAV-ACP GTEVHCQKKSLASVPAGIPTTTQVLYLHVNQITKLEPGVEDRLVNLOQELTLYNNQLTALPNGIFD : 94
EbVLRB : ---MKFALRGTCVLLALLLCC--RNGK-ACP GTQIRCISKGLTSVPTGIPASTTYLDLQONKLOSLPRGVFDKLTOLKELYLHYNQFQSLPNGVEFD : 96
EsVLRB : ---MKFALRGTCVLLALLLCC--RNGK-ACP GTQIRCISKGLTSVPTGIPASTTYLDLQONKLOSLPRGVFDKLTQOLKELYLHYNQFQSLPNGVFD : 96
LjVLRC : --------- MGFVVALLVLGAWCGSCSAQGQRRACLAVGKDDICTCSNKTDSSPETVDCSSKKLTAVPTGIPANTEKLOLDFNQLANIPAEAFHGLTRLTYLALDYNQLOSLPVGVED : 109
c cc c
<LRRV2 ><LRRV3 ><LRRVe ><CP ><LRRCT
LjVLRA : QLRELKDLYLGQONQOLKSLPERVFD----------—--——-—-————————— RLTKLTLLDLYNNQLQSVPHGAFDRLTNLQTILLYANQWNCSSCG-ILYLSEWIGAHGPTVKSADGKH-- : 202
PmVLRA : PLNELRTLSFARNQVSALPLGVFDRLINLDKLYLNMNQLKSLPPRVFDSLSKLTYLSVGQNELQSVPHGAFDSFGKLETITLNTNNWDCSNCT-ILYLSDWIGQONANKVKRLAGGEYV : 226
EbVLRA : QLNNLKTLDLYQNQLTSLPPGIFDKLTKLTDLQLYQNKLOSLPNGVFDKLTELKTLYLRINQLRSVPNRAFDSLSNIKTLWLDTNPWDCS-CNDILYLSKWIREKEGTV--------- 1212
EsSVLRA : QLVELDRLELGRNQLKSLPSKIFDSLTKLTLLRLOYNKLOSLPEGVFDKLAELKTLHLLNNQLQSVPRGTFDSLSSISSIELLGNPWDCS-CRDILYLSNWIREKKGTV--------- 1 212
LjVLRB : RLVNLQKLSLSVNQLQALPTGVEN----------—--——--————————— KLTQLTHLSLHTNQLKSIPRGAFDNLKSLTHIWLFNNPWDCE-CSDILYLKNWIVQHASIVNPEGH---- : 183
PmVLRB : KLTQLVTLDLNGNQLSSVPADVFHQLVKLEKLWLKNNKLTALPAGLFDNLTQLKQLSLHTNQLKSIPRGAFDNLKSLTHIFLYNNPWDCE-CRDIMYLRNWVADHTSIVMRWDGKAV- : 210
EbVLRB : KLTSLTALHLDRNKIQSIPSGVFDKLTQLTRLDLDRNQLKSLPMGIFDKLTKLTRLELNSNQLKSVPDGVFDSLTSLOHIWLSNNPWDCS-CPGSDYLSRWIQTNSVKVKASGSYS-- : 211
ESVLRB : KLTSLTALHLDRNKIQSIPSGVFDKLTQLTRLDLDRNQLKSLPMGIFDKLTKLTRLELNSNQLKSVPDGVFDSLTSLOHIWLSNNPWDCS-CPGSDYLSRWIQTNSVKVKASGSYS-- : 211
LjVLRC : QLNNLNELRLODNQLTSLPPGVFDSLTKLTYLTLSQONQLOSIPAGVFDKLTNLNRLELSTNQLQOSVPHGAFDSLVNLETLHLELNPWDCA-CSDIIYLRTFIAKNTDKI--------~- 1 217
c C #ihdddhad
><3'-terminus >
LjVLRA : SAPDGVTCSDG-KVVRTVTINETLK-YVCPFVESKNFTGDSS-SESENK--IYPAAVSAPTEFWSLLKLSC-DVATFGSLS-LCA------- AHLLLAVTVISL--ISSLVKMLPSLP : 303
PmVLRA : EEPDSVTCSDG-KVVRTVINETLK-YECPFVESKNFIDGPS-SASENKKQSSPLAVSAPTEFWSLLKLSC-DVAAFGSLS-LCA------- AHLLLAVTVISL--ISSLVKMLPSLS : 329
EbVLRA : NGIESATCVD-NKAVLEIT-EKDAASDCVSPNTETAIPIGTMIP-ASVIYDDIHEIKVPQENFQKFLGYQ--EPDHLPTQPQCLMSISGYLG-LMMSLMLTSAA-ILYVFHFLKKA- : 321
ESVLRA : SNIEAAECDGGTKAVLEIT-EEEAAEDCVYPNTTTAIPTTIITTLASSNDDDIPELPVPQENFQKFLGYQ--EPDHLPTQPQCLMSISGYLG-LMMSLVLTSAA-ILYVIHFLKKA- : 323
LjVLRB : GGVDNVKCSGTNTPVRAVTEASTSPSKCPGYVATTTTPTTTTPEIIPETTTLPQPVITTQKPRSEMNFNCSSIQERKNDGGDCGKP----ACTTLLNCANFLSC-LCSTCALCKKR- : 294
PmVLRB : NDPDSAKCAGTNTPVRAVTEASTSPSKCPGYVATTTTPTTTTPEFIPETTTSPQPVITTQKPKPLWNFNCTSIQERKNDGGDCGKP----ACTTLLNCANFLSC-LCSTCALCRKR- : 321
EbVLRB : TDPDSAKCSGSGKPVRSI-------- ICP----TTTTITTTTTTTTMPTTTTLPTTTK---—--. MSMVKVPLVPPEAFGRVMNACAYFPSYIFLHLVHGLAAVPL--VYLVCHASQLL- : 308
EsSVLRB : TDPDSAKCSGSGKPVRSI-------- ICP----TTTETTTITTTTTMPTTTTLPTTTK--~-~--. MSMVKVPLVPPEAFGRVMNACAYFPSYIFLHLVHGLAAVPL--VYLVCHASQLL- : 308
LjVLRC : SGMESAQCNGTSTAVKDVNTEKIKNVTCNHVYPTSKITASSPTPATSIFIKKLNSTT----------- NLNAIHEHRTHTDVCNMPFVSHMC-LLF-CNLFSTCSLCFIIKPLHRY- : 320
## c [

Fig. 1. VLRC is a member of the VLR family. Deduced amino acid sequences of sea lamprey (Pm, P. marinus), Japanese lamprey (Lj, L. japonicum), inshore
hagfish (Eb, E. burgeri), and Pacific hagfish (Es, Eptatretus stoutii) VLRs. C, conserved cysteine residues in LRRNT and LRRCT; #, highly variable inserts (23).
Conserved residues are shaded: light-blue, >90% identity; green, 70-89% identity; and yellow, 69-50% identity. “-" indicates a gap. Accession nos. are as
follows: LjVLRA, AB507269; PmVLRA, EF094821; EbVLRA, AY964726; ESVLRA, AY964825; LjVLRB, AB507270; PmVLRB, AY577957; EbVLRB, AY965530; EsVLRB,

AY965561; and LjVLRC, AB507271.

(where X stands for any amino acid other than cysteine). These
motifs, known to be involved in the formation of two sets of
disulfide bridges, are also present in VLRC.

We constructed 3D models of VLRC and VLRA using the
crystal structure of lamprey VLRB specific for the H-trisaccharide
of human blood group O antigen (23) as a template (Fig. S1).
VLRC was predicted to have a structure similar to that of lamprey
VLRB but to lack protrusions located in the LRRCT of VLRB.
By contrast, the LRRCT of some lamprey VLRA molecules was
predicted to form a protrusion.

Germline Structure of the VLRC Locus. To determine the germline
structure of the VLRC gene, Japanese lamprey genomic DNA
was subjected to PCR using a set of primers designed to amplify
the region spanning from 5’-UTR to 3’-UTR. Only a single DNA
fragment of 1,154 bp was obtained, indicating that VLRC is
a single-copy gene. This fragment was sequenced completely
(accession no. AB507272) and its sequence compared with the
full-length VLRC cDNA sequence. Like other VLR genes, the
germline VLRC gene lacks sequences coding for LRR modules
and contains only the sequences coding for 5'-UTR, SP,
LRRNT, 5’-part of LRR1, 3’-part of CP, LRRCT, 3’ terminus,
and 3'-UTR (Fig. 24); 5'-part of LRR1 and 3’-part of CP are
separated by a sequence of 161 bp with no apparent similarity to
any known sequence. Similar to other VLR genes, VLRC con-
tained an intron (35 bp) in its 5’-UTR.

Analysis of the sea lamprey genome assembly revealed that this
lamprey species also has a single copy of VLRC and that the or-
ganization of the germline VLRC gene is conserved between the
two lamprey species. Two 5’-LRRCT-encoding modules, desig-
nated modules 1 and 2, respectively, were identified downstream
of the VLRC gene (Fig. 2B). BLAST searches of the sea lamprey
genome identified no other 5-LRRCT-encoding modules with
significant similarity to those observed in Japanese lamprey VLRC
transcripts. Among known VLR genes, the structure of germline
VLRC is unique in that it contains LRRNT- and LRRCT-modules
in their entirety (Fig. 24).

VLRC Generates Diversity Comparable to That of VLRA and VLRB, but

Its LRRCT Shows Only Limited Diversity. To assess the extent of
diversity generated by the VLRC gene, we cloned the region
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spanning from LRRNT to LRRCT by RT-PCR from the leu-
kocytes of five Japanese lampreys and sequenced a total of 101
clones (Fig. S2). None of the clones had an identical nucleotide
sequence, and the number of 24-residue LRR modules varied
from zero to four. Of the 302 LRR modules encoded by these
clones, 70% had unique sequences. Similarly, 66% of LRRI,
53% of CP, and 75% of LRRVe had unique sequences. These
figures are comparable to those previously reported for hagfish
VLRA (25), hagfish VLRB (25), lamprey VLRB (17), and lam-
prey VLRA molecules (19). Thus, VLRC seems to be capable of
generating diversity comparable to that of VLRA and VLRB.

Consistent with the observation that LRRCT is involved in
antigen recognition (23, 24), the 5'-LRRCT of lamprey VLRA
and VLRB exhibits high levels of sequence diversity. By contrast,
only two major types of 5'-LRRCT sequences were detected in
Japanese lamprey VLRC (Fig. 2C and Fig. S2). One type com-
pletely or closely matched the 5'-LRRCT sequence encoded by
the germline VLRC gene; another type fell into two closely related
subtypes, with sequences almost identical to those of modules 1
and 2 located downstream of the sea lamprey VLRC gene, re-
spectively (Fig. 2C). These observations suggest that, similar to
sea lampreys, Japanese lampreys have 5'-LRRCT-encoding
modules corresponding to modules 1 and 2 and that they use such
modules for VLRC assembly, along with the 5’-LRRCT module
encoded by the germline gene. The 5’-LRRCT sequence encoded
by the germline gene was so divergent from that encoded by
module 1 or 2 that VLRC clones formed distinct clusters (Fig. S3)
depending on whether their 5-LRRCTs were derived from the
germline gene (marked with filled circles) or from module 1 or 2
(marked with open circles).

Phylogenetic Analysis Indicates That VLRC Is More Closely Related to
VLRA Than to VLRB. To examine the relationship of VLRC to
known VLRs, we constructed a neighbor-joining tree (Fig. 3).
The tree supported the orthologous relationship of hagfish and
lamprey VLRB and showed that VLRC is more closely related
to hagfish and lamprey VLRA than to hagfish and lamprey
VLRB. Lamprey VLRA and VLRC were almost equidistant
from hagfish VLRA, and their relationship could not be resolved
with high bootstrap support, thus precluding us to determine
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Fig. 2. Organization of the germline VLRClocus. (A) Structure of the germline
VLRC gene of the Japanese lamprey (drawn to scale) and the schematic
germline structures of other known VLR genes (not drawn to scale). (B) Or-
ganization of the sea lamprey VLRC locus. Two 5’-LRRCT-encoding modules,
designated modules 1 and 2, are located downstream of the germline VLRC
gene. Thisinformation is based on the analysis of contig 377 in the Pre Ensembl
genome database. (C) The 5-LRRCT of VLRC shows only limited diversity; ba-
sically only two major types of sequences were observed. One type represented
by Lj1VLRC2 has a sequence identical or nearly identical to the 5-LRRCT se-
quence located in the germline VLRC gene (LjgVLRQ). The other type falls into
two closely related subtypes represented by Lj1VLRC4 and Lj1VLRC16; the
sequences of these clones are very similar to those of modules 1 and 2, re-
spectively. “.” and “-" indicate identity with the top sequence and absence of
residues, respectively. Clones are identified by the species name, followed by
the animal number, gene name, and clone number. Thus, Lj1VLRC2 indicates
a VLRC clone 2 isolated from Japanese lamprey individual 1.

which lamprey gene is orthologous to hagfish VLRA according to
sequence comparison alone.

Identification of a Unique Population of LLCs That Rearrange Only the
VLRC Gene. We compared by RT-PCR the expression profiles of
VLRA, VLRB, and VLRC in representative tissues of adult
lampreys using elongation factor la (EFla) as a positive control
(Fig. 44). The three VLR genes showed similar expression pat-
terns, with transcripts detected most abundantly in peripheral
blood leukocytes, followed by gills, intestine, and kidney. Real-
time RT-PCR analysis showed that VLRC transcripts were ~60—
100 times less abundant than VLRB transcripts in all of the tis-
sues examined; on the other hand, the expression levels of VLRC
and VLRA were nearly the same (Fig. 4B).

To examine whether VLRC™ cells are distinct from those
expressing known VLRs, we generated mAbs specific for VLRA
and VLRB, respectively. The specificities of these mAbs were
verified by testing against a panel of transfected mammalian cells
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Fig. 3. Phylogenetic relationship of VLR genes. A neighbor-joining tree was
constructed using the amino acid sequences of the diversity region that
could be reliably aligned (LRRNT, LRR1, LRRVe, and LRRCT). Nodes that re-
ceived bootstrap support of <70% were collapsed. Bootstrap values >90%
are shown. For abbreviations of species’ names, see the legend to Fig. 1.

expressing VLRA, VLRB, or VLRC (Fig. S4). Purified LLCs
(=92% LLCs as judged by forward and side scatter characteristics
and Giemsa staining) were subjected to magnetic cell sorting with
VLRB-specific mAb, and then the flow-through was flow-sorted
into VLRA™ and VLRA/VLRB™ fractions. The latter fraction
was assumed to contain VLRC™ cells. Each of the three fractions,
VLRA*, VLRB™", and VLRA/VLRB", was subjected to single-
cell sorting, and rearrangements of VLR genes were assessed by
genomic PCR. Representative electrophoretic profiles of single-
cell PCR products are shown for VLRA™, VLRB*, and VLRA ™/
VLRB cells (Fig. 5). We typically observed a germline product
along with a rearranged product. Of 24 VLRA™/VLRB" cells in
which VLRC assembly was detected, 23 cells rearranged the VLRC
gene and maintained the VLRA and VLRB genes in germline
configuration, indicating the existence of a unique population of
LLCs that exclusively express VLRC. In one cell, we detected as-
sembly of both VLRA and VLRC genes; however, consistent with
the VLRA™ phenotype, the rearranged VLRA gene contained a 2-
bp insertion in its diversity region, resulting in a frameshift muta-
tion. Thus, only the rearranged VLRC gene was apparently func-
tional in this cell.

Discussion

The VLRC gene described here generates diversity comparable to
that of VLRA and VLRB by rearranging highly diverse LRR mod-
ules (Figs. S2 and S3); the rearranged VLRC gene is transcribed
predominantly in peripheral blood leukocytes and tissues thought to
be involved in hematopoiesis (kidney and intestine) or defenses at
the body surface (gill and intestine) (Fig. 4). Furthermore, single-cell
PCR experiments provided convincing evidence for the presence of
LLCs in which only the VLRC gene is rearranged (Fig. 5). Collec-
tively, these observations indicate the existence of a unique pop-
ulation of LLCs that solely express VLRC as antigen receptors.
Thus, lampreys have at least three populations of LLCs distin-
guished by differential expression of the three VLR loci.

Kasamatsu et al.
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Fig. 4. Tissue distribution of VLRC transcripts in Japanese lampreys. (A)
Tissue distribution of VLRA, VLRB, and VLRC transcripts. PBL, peripheral
blood leukocytes. (B) Real-time RT-PCR analysis. Two animals were subjected
to experiments.
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The 5'-LRRCT region exhibits high levels of sequence diversity
in VLRA and VLRB molecules; consistent with this, the sea
lamprey genome contains 54 and 58 5’-LRRCT-encoding mod-
ules that can potentially be used for VLRA and VLRB assembly,
respectively (16, 19). By contrast, besides the module encoded by
the germline gene, the lamprey genome seems to contain only
two 5’-LRRCT-encoding modules used for VLRC assembly (Fig.
2A). Consequently, the 5'-LRRCT region of VLRC shows only
limited diversity (Fig. 2C and Fig. S2). This observation may have
functional significance because, in VLRB molecules, 5'-LRRCT
is known to be involved in antigen recognition (23, 24). If the
same is the case with VLRC, VLRC might recognize antigens
bearing conserved epitopes or antigens in association with in-
variant molecules, with its LRRCT and LRR interacting with
conserved and variable epitopes, respectively.

Another notable feature of VLRC is that, unlike lamprey VLRA
or VLRB, its 5-LRRCT is predicted to lack the capacity to form
protrusions (Fig. S1). In lamprey VLRB molecules, these pro-
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Fig. 5. Identification of LLCs that rearrange only the VLRC gene. Single-cell
genomic PCR identified LLCs that rearranged only the VLRA (Left), VLRB
(Center), or VLRC (Right) gene. Bands marked with asterisks represent rear-
ranged products, whereas unmarked bands represent germline products.
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trusions are formed by a stretch of amino acid residues, known as
a highly variable insert, that displays marked variations in length,
amino acid composition, and secondary structure (23). In a VLRB
molecule, RBC36, a 10-residue insert forms a p-hairpin protrusion
that interacts with H-antigen trisaccharide (23). In another VLRB
molecule, VLRB.2D, a six-residue insert forms a protrusion that
extends to the catalytic cleft of hen egg lysozyme (24). Consistent
with the observation that lamprey VLRA molecules have a variable
insert with the average length of 12 residues (24), 3D modeling
predicted protrusions in some VLRA molecules (Fig. S1). By con-
trast, the region of VLRC corresponding to the variable insert con-
tains only a few residues (Fig. 1 and Fig. S2) and hence is too short
to form any protrusions. This structural feature might impose ad-
ditional restrictions on the nature of antigen recognized by VLRC.

Phylogenetically, VLRB is present in both hagfish and lampreys,
and VLRC is more closely related to VLRA than to VLRB (Fig. 3).
This observation indicates that, in a common ancestor of hagfish
and lampreys, a primordial VLR gene duplicated to give rise to
VLRB and a common ancestor of VLRA and VLRC, and that this
was followed by a second duplication event that separated VLRA
from VLRC. The observation that lamprey VLRA and VLRC are
almost equally related to hagfish VLRA (Fig. 3) raises three major
possibilities concerning their relationship. First, lamprey VLRA is
orthologous to hagfish VLRA, and hagfish VLRC remains to be
identified. Second, lamprey VLRC is orthologous to hagfish
VLRA, and the lamprey counterpart of hagfish VLRA remains to
be identified. Third, lamprey VLRA and VLRC diverged in
alamprey lineage soon after its separation from a hagfish lineage,
and thus, neither lamprey VLRA nor VLRC is orthologous to
hagfish VLRA. The germline VLRA genes of hagfish and lamprey
have an identical structure, whereas the germline structure of
lamprey VLRC is unique (Fig. 24). This observation argues
against the second possibility because gene structure is generally
more conserved than protein sequences during evolution. Thus,
the first and third possibilities remain open at the moment.

Despite the fact that VLRs are structurally unrelated to T/B
cell receptors, both receptors rely on combinatorial diversity to
generate a vast repertoire of binding specificities, highlighting
similarities in immune defense strategies adopted by all verte-
brates. Most remarkable in this regard is the recent demonstration
that cells expressing VLRA and VLRB resemble T cells and B
cells of jawed vertebrates, respectively (28). This naturally raises
the question, “Do VLRC™ cells resemble T cells or B cells?”
Previous work has shown that lamprey agglutinins generated
against human erythrocytes are exclusively derived from VLRB™*
cells (29). Together with our observation that VLRC is phyloge-
netically more closely related to VLRA (Fig. 3), this finding
suggests that VLRC™ cells probably resemble T cells rather than
B cells. If VLRC™ cells are indeed T cell-like, another interesting
question arises: “Are VLRA™ and VLRC?* cells functionally
specialized in a manner analogous to off and yd T cells of jawed
vertebrates?” The discovery of VLRC provides an opportunity to
further examine the origin of lymphocytes and the similarities and
dissimilarities of host defense strategies used by jawed and
jawless vertebrates.

Materials and Methods

Animals. Adult Japanese lampreys were purchased from local dealers
and maintained in temperature-controlled tanks. All procedures of animal
experimentation were approved by the Institutional Review Board of
Hokkaido University.

Computational Analysis. Sea lamprey EST sequences were retrieved from the
NCBI trace archive (http://www.ncbi.nlm.nih.gov/Traces/trace.cgi), and a pri-
vate database was constructed with the GENETYX-PDB program package
(version 5; GENETYX). This database was searched with the TBLASTN program
implemented in the package. The genomic organization of the sea lamprey
VLRC gene was determined using the Pre Ensembl genome browser (http:/
pre.ensembl.org/Petromyzon_marinus/Info/Index). 3D models of lamprey
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VLRA and VLRC were generated using the SWISS-MODEL server (30) and
edited by PyMol (http:/pymol.sourceforge.net).

Isolation of Japanese Lamprey VLR ¢DNA and Genomic Clones. Partial cDNA
fragments coding for Japanese lamprey VLRA, VLRB, and VLRC were obtained
by RACE using the primers designed in the regions predicted to be conserved
between sea lampreys and Japanese lampreys. The cDNA fragments thus
obtained were used as probes to screen a AZAPII cDNA library constructed from
Japanese lamprey leukocytes, which resulted in the isolation of full-length
VLRB and VLRC cDNA clones. Full-length VLRA cDNA clones were isolated by 5'-
and 3’-RACE. The genomic clone containing germline VLRC was isolated by PCR
using Japanese lamprey genomic DNA as a template (primer sequences: 5'-
TGGTCCCGTGCGAGCCGAGCC-3’ and 5-CGCTATGCAACGGGGATGTCTAC-3').

Phylogenetic Analysis. Amino acid sequences were aligned with the Clustal X
version 2 program (31). The distance matrix was obtained by calculating
Poisson-correction distances for all pairs of sequences. Sites containing gaps
were excluded from the analysis using the pairwise deletion option.
Neighbor-joining trees were constructed using the MEGA version 4 program
(32). The reliability of branching patterns was assessed by bootstrap analysis
(500 replications).

Expression Analysis. Tissue expression profiles of VLR genes were analyzed by
conventional and real-time RT-PCR using the same primer sets. The primer
sequences for VLRA, VLRB, VLRC, and a reference housekeeping gene EF1A
were 5-ACCGTGAAGAGAGAGGATTGT-3’ and 5-CTTTTCACACGTTTTCCACGA-
3, 5'-CAGCTACAGCCACCACTGTCT-3’ and 5-GGGACATGCTACTGCACTTT-3, 5~
TTCATCATTCTGAAGATTATCGCTG-3' and 5-TTGCCGACCGCAAGGCAAGCT-3/,
and 5-GTCTACAAAATTGGCGGTATT-3’ and 5-ACATCCTTGACAGACACGTT-3/,
respectively. Cycling conditions were 1 cycle at 95 °C for 10 min, followed by 30
or 35 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C
for 1 min (30 cycles for VLRB and EF1A, 35 cycles for VLRA and VLRC). Real-time
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PCR was conducted as previously described (33) using an ABI PRISM 7000 se-
quence detection system (Applied Biosystems).

Magnetic Cell Sorting. Whole blood isolated from lampreys was suspended in
60% PBS containing 100 mM EDTA and centrifuged for 5 min at 500 x g. The
pellet was resuspended in the same solution and centrifuged for 5 min at
220 x g. Cells in the supernatant were collected and further purified with
Histopaque-1077 (Sigma-Aldrich) to obtain LLCs. Magnetic cell sorting was
performed using MACS anti-PE MicroBeads according to the instructions of
the manufacturer (Miltenyi Biotec). Briefly, 1 x 107 LLCs were reacted with
mADb specific for VLRB at 4 °C for 15 min. After washing, they were reacted
with 1:10-diluted PE-conjugated anti-mouse IgG F(ab’), fragment (eBio-
science) at 4 °C for 15 min. They were then washed with buffer, mixed with
anti-PE MicroBeads, and applied to the MACS MS columns.

Single-Cell Genomic PCR. LLCs were sorted and seeded at one cell per well into
96-well plates using BD FACSAria Il. Each well was preloaded with 10 uL of LA-Taq
PCR buffer (TaKaRa). Single-cell genomic PCR was performed as described
previously (18, 20). The primer sets for VLRA were 5-ATTGTGCATCCAC-
AGCCACT-3' and 5-ATCTTGACGAGGCTGGAGAT-3’ for multiplex PCR and 5'-
CCTCATCGGTGCAGATCAC-3’ and 5'-CTCACTGCCGCAGGATAAAT-3' for nested
PCR. Those for VLRC were 5'-TGGTCCCGTGCGAGCCGAGCC-3’' and 5'-CGTTCT-
GTGCTCATGGATTG-3' for multiplex PCR and 5'-ATGGGGTTTGTCGTGGCGCT-3’
and 5-TTGCATTGAGATTGGTGGTC-3’ for nested PCR. The primer sets for VLRB
were described previously (18, 20).
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