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Abstract In a previous study, we isolated a novel gene,
LRRCS8 (leucine-rich repeat-containing 8), in a girl with con-
genital agammaglobulinemia. We have now identified four un-
known LRRCS8-like genes, named TA-LRRP, AD158, LRRCS,
and FLJ23420. Their predicted structures are very similar to
each other, and highly conserved between humans and the
mouse. All five genes encode proteins consisting of 16 extracel-
lular leucine-rich repeats (LRRs), all of which have four trans-
membrane regions except for FLJ23420. These genes belong to
a novel family, designated the LRRCS8 family, within the super-
family of LRR proteins. TA-LRRP, AD158, and LRRCS5 might
be implicated in proliferation and activation of lymphocytes and
monocytes.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

In a previous study [1], we isolated a novel gene, LRRCS
(leucine-rich repeat-containing 8) from the t(9:20)(q33.2;q12)
balanced translocation breakpoint in a girl with congenital
agammaglobulinemia, absence of B cells in peripheral blood,
and minor facial anomalies. LRRCS8 encodes a putative four-
pass transmembrane protein of unknown function, which has
one isolated and eight sequentially located leucine-rich repeats
(LRRs), and is highly conserved between humans and the
mouse; 99% of amino acid sequences are identical. Transplan-
tation experiments with murine bone marrow cells, which
were forced to express the truncated LRRCS found in the
patient, showed that expression of the truncated protein in-
hibited B cell development. This therefore indicated that
LRRCS8 was responsible for the B cell deficiency in this pa-
tient and is required for B cell development.

LRR proteins participate in many biologically important
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processes, such as hormone-receptor interactions, enzyme in-
hibition, cell adhesion, and cellular trafficking. A number of
recent studies revealed the involvement of LRR proteins in
early mammalian development, neural development, cell po-
larization, regulation of gene expression, and apoptosis signal-
ing. In all these processes, the LRR domains probably medi-
ate protein—protein interactions [2]. For example, CDI14
(lipopolysaccharide (LPS) receptor) and Toll-like receptor 4,
which are responsible for LPS signaling, have sequentially
located LRRs [3]. Glycoproteins Ib, V, and IX also have
LRRs, and form a complex as the receptor for von Wille-
brand factor [4]. Furthermore, receptors of chorionic gonado-
tropin, luteinizing hormone, and thyroid-stimulating hormone
are LRR-containing G protein-coupled receptors [5].

The LRRCS protein may therefore have a novel, specific
ligand which is essential for B cell development. In addition,
proteins that are functionally or structurally related to
LRRCS8 have to be regarded as candidates for critical mole-
cules in the immune system. We therefore used bioinformatics
and laboratory works to search for sequences with high sim-
ilarities to LRRCS8 and identified four unknown genes named
TA-LRRP, AD158, LRRCS, and FLJ23420. Comparison of
predicted protein sequences and structures showed that the
five genes belonged to a novel family within the superfamily
of LRR proteins. In this report we describe a novel five-mem-
bered family of genes in humans and the mouse, designated
the LRRCS8 family. We have analyzed the pattern of expres-
sion of the human LRRCS8 family genes, particularly in the
immune system. Furthermore, we have examined the phylo-
genetic origin of human and murine LRRC8 family genes.

2. Materials and methods

2.1. Database search and sequence computation

To identify sequences of the LRRC8 family genes, a protein—pro-
tein basic local alignment search tool (BLASTp) search with the
LRRC8 peptide sequence (AY143166) was carried out using the
NCBI protein database (http://www.ncbi.nlm.nih.gov/BLAST/). Ge-
nomic structures of the genes were retrieved by a basic local alignment
tool (BLAT) search from the Human Genome Project Working Draft
database (HGWD) (http://genome.ucsc.edu/). Sequences of the mouse
LRRCS8 family genes were also retrieved from both databases. The
computation program of the given sequence alignment was MacDNA-
SIS v. 3.2 (Hitachi Software Engineering Company). The structural
elements of the LRRCS8 family proteins were identified with Protein
families database of alignments and HMMs (Pfam) (http://www.san-
ger.ac.uk/Software/Pfam/search.shtml). Prediction of transmembrane
helices in proteins was performed with TMHMM Server v. 2.0
(http://'www.cbs.dtu.dk/servicess TMHMMY/). Secondary structure of
LRRCS protein was predicted with the PSIPRED protein structure
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prediction server (http://bioinf.cs.ucl.ac.uk/psipred/). Phylogenetic tree
analysis of amino acid sequences from human and mouse LRRCS8
family was performed with TreeTop of GeneBee services (http:/
www.genebee.msu.su/services/phtree_reduced.html).

2.2. Isolation and stimulation of PBMCs and monocytes

Peripheral blood mononuclear cells (PBMCs) were purified from
normal, healthy volunteers. Heparinized blood was obtained, and
PBMCs were isolated by Ficoll-Paque centrifugation using standard
procedures. The PBMCs were washed and resuspended in RPMI 1640
(Nikken seibutsuigaku-kenkyusho, Kyoto, Japan)/10% fetal calf se-
rum (FCS) (JRH Biosciences, Australia) with 100 U/ml of penicillin
and 100 pg/ml of streptomycin. Monocytes were further enriched as
previously detailed [6]. PBMCs were suspended at 10X 107/ml in
RPMI 1640/10% FCS and cultured at 37°C for 1 h on a plastic Petri
dish coated overnight with cold 100% FCS. The cells were washed
twice to remove non-adherent cells, and subsequently the adherent
monocytes were obtained by culture with cold phosphate-buffered
saline/0.2% EDTA-Na/5% FCS at 4°C for 20 min. Enriched mono-
cytes were washed and suspended in RPMI 1640/10% FCS. 10 ug/ml
of phytohemagglutinin (PHA; Sigma, St. Louis, MO, USA), 10 ng/ml
of phorbol 12-myristate 13-acetate (PMA; Sigma), and 100 ng/ml LPS
(Escherichia coli 0127: B8; Sigma) were used to stimulate PBMCs and
monocytes at 37°C, 5% CO,.

2.3. RNA extraction and reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted from PBMCs and monocytes by the
phenol-guanidinium method, followed by isopropanol precipitation.
The RNA (1 pg) was used for cDNA synthesis with Superscript 11
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. LRRC8 family mRNA expression
patterns were analyzed using the Multiple Tissue cDNA Panel
(Clontech, Palo Alto, CA, USA). Semi-quantitative PCR was carried
out using the following primer pairs: LRRCS, 5-TGCAGA-
AGCTGTCCATCAAC-3", 5'-TTGAACAGGTCCTCCTCCAC-3';
TA-LRRP, 5-GTCAACCTCAAGGAGCTTCG-3', 5'-CAGGAGG-
AAGTGTTTCCAGGT-3’; ADI158, 5'-CCTAGCACCTTCTCCAG-
TCG-3', 5'-CCAGTCATGTCCTGAATGTCC-3'; LRRCS, 5'-AG-
TTCCCAGCATGACAATCC-3', 5'-CTTAAGGTGCCGCAACT-
CTC-3"; FLIJ23420, 5'-GTCAGCGAAAGCCGTCTAAA-3", 5'-
CAGGTGGTTGTCCTTGAGGT-3'. The conditions were an initial
cycle at 95°C for 30 s, followed by adequate cycles (see figures) con-
sisting of two steps (LRRCS, 98°C for 2 s, 65°C for 15 s; TA-LRRP,

B

LRR1 401 RQENHNJMT—LBL 1[ROHLTKNAQD
LRR2 427 E FM-|HLSEIP|
LRR3 447 EVLK V'I| I[P
LRR4 470 KELW KIEA]
LRR5 494 LHI KEIP
LRR6 517 E S AEN
LRR7 545 LR SKILIPD
LRR8 568 LT TK|L{ L
LRRY 592 T ERIP
LRR10 615 gg KTI
LRR11 640 TJLKLy AY|T
LRR12 663 ERLYL T
LRR13 686 RYLDL T
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LRR16 755 TQIEL E
Consensus sequence of XEDE P

the ‘typical’ LRR subfamily

Fig. 1 (Continued). A: Alignment of deduced amino acid sequences
of LRRCS8, TA-LRRP, AD158, LRRC5, and FLJ23420. Sixteen se-
quentially located LRR regions are marked by boxes. Double lines
indicate the regions predicted to contain the transmembrane regions.
Secondary structure of LRRCS8 protein is indicated by solid lines
(coils), tubes (o-helices) and arrows (B-strands). Identical amino
acids are highlighted in gray. B: Sequence alignment of the individ-
ual LRRs in LRRCS8 protein. Bold face indicates the shared amino
acids between at least four genes. Boxes denote the positions of the
conserved amino acids in the consensus sequence of the ‘typical’
LRR subfamily. O, a non-polar residue; x, any residue.
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AD158, LRRCS, 98°C for 2 s, 68°C for 20 s; FLJ23420, 98°C for 2 s,
70°C for 10 s). GAPDH or B-actin primers were used to normalize the
cDNA content. The cycle number in semi-quantitative PCR was opti-
mized to analyze PCR products in the exponential phase of the PCR.
These experiments were repeated three times with similar results. All
the reactions were performed with TaKaRa Z-taq (Takara Shuzo,
Ohtsu, Shiga, Japan).

3. Results

3.1. Identification of TA-LRRP, AD158, LRRCS, and
FLJ23420

BLASTpD search identified different human genes, which en-
coded peptides with high similarity to LRRC8. RT-PCR was
performed to verify the sequences. All of the genes had al-
ready been named: TA-LRRP, ADI158, LRRCS5, and
FLJ23420 (accession numbers: BC060782, ABO081509,
BC024159, and BC022216, respectively), and the E values of
their BLASTp searches were 0.0, 0.0, 0.0, and e-130, res-
pectively. The sequences of five murine LRRC8 family genes
were determined in silico (accession numbers: mLRRCS,
BC048152; mTA-LRRP, AK083378; mADI158, BC026572;
mLRRC5, BC037717; mFLJ23420, XM_146206). In this re-
port we did not experimentally verify their full predicted se-
quences.

3.2. Sequence comparison

Human genes for TA-LRRP, ADI158, LRRCS5, and
FLJ23420 encoded predicted proteins of 803, 803, 858, and
444 amino acid residues, respectively. These proteins had 16
LRRs at the C-termini and four putative transmembrane re-
gions, excluding FLJ23420. These structures were highly con-
served among all LRRCS8 family proteins. Pfam identified
C-terminal eight to 13 sequential LRRs. However, the repeats
seemed to start at LRRCS8 residue 401, considering their pre-
dicted secondary structures consisting of alternately repeated
B-strand and o-helix. Figs. 1A and 2 show the alignments and
structures of the five predicted proteins. A high degree of
similarity was found among LRRC8 family proteins not
only in the LRRs but also through the entire peptides, espe-
cially in the extracellular portions. The intracellular portions,
however, had no obvious structural elements and no similarity
was observed between them. The overall sequence identity
among the human LRRCS family proteins was approximately
50-60%. They also had 74-99% sequence identity with their
corresponding murine orthologues (Table 1). Phylogenetic
tree analysis indicated that LRRC8 and TA-LRRP are more
closely related to each other than to other LRRCS8 family
members (Fig. 3). The prevailing LRR consensus sequence
of the LRRCS8 family suggested that this family belongs to
the ‘typical’ LRR subfamily [2], although the N-terminal three
LRRs were non-canonical (Fig. 1B).

3.3. Gene structures and genomic localizations of LRRC8
family genes

The genomic organizations of the human and murine
LRRCS8 family genes were deduced from the alignment of
their cDNA sequences with the corresponding genomic frag-
ments. LRRC8 and TA-LRRP had conserved intron positions
in their coding regions. The same intron positions were found
in the respective human and murine orthologues of these five
genes (data not shown).

By a BLAT search of cDNA sequences against the June
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Fig. 2. Schematic structures of LRRC8 family proteins. N, N-terminal; C, C-terminal.

2002 draft assembly of the HGWD database, cytogenetic po-
sitions were derived for LRRC8 (9q34.11), AD158 (1p22.2),
TA-LRRP (1p22.2), LRRC5 (1p22.2), and FLI23420
(19p13.3). The murine genes were located on mouse chromo-
somes 2, 5, 5, 5, and 8§, respectively. Human and mouse cyto-
genetic positions of TA-LRRP, AD158, and LRRCS5 are so
close that they appear to form a gene cluster.

3.4. mRNA expression patterns

The distribution patterns of LRRC8 family genes in differ-
ent tissues were studied by semi-quantitative PCR with cDNA
from eight different tissues and five subsets of lymphocytes
(Fig. 4). LRRCS8, TA-LRRP, AD158, and LRRC5 were ex-
pressed in almost all tissues except skeletal muscle. Their ex-
pression levels were particularly high in the brain, placenta,
and lung. These four genes were expressed in T cells as well as
B cells. FLJ23420 was also expressed in almost all tissues, but
its signals were somewhat weak.

3.5. mRNA expressions in human PBMCs and monocytes
The time-series changes of LRRCS8 family genes expression
were estimated in stimulated PBMCs or monocytes (Fig. 5).
FLJ23420 mRNA expression level was so weak in PBMCs
that it could not be estimated. After PHA stimulation, expres-
sion levels of TA-LRRP and LRRC5 gradually increased, and
AD158 mRNA expression was transiently induced; however,

Table 1
The similarity of human and murine LPRCS8 family proteins

LRRC8 mRNA expression was eventually decreased by long-
term stimulation. PMA stimulation induced transient expres-
sion of all genes. In monocytes, only LRRCS8 was expressed
before stimulation. After 24-h stimulation with LPS, LRRC8
mRNA expression was repressed, while LRRC5 mRNA ex-
pression was induced. Expression of all four genes was in-
creased after 72-h stimulation with LPS, although expression
levels of AD158 and TA-LRRP were somewhat weak.

4. Discussion

Using bioinformatics and laboratory works, we identified a
novel five-membered human and murine gene family, desig-
nated the LRRCS8 family. All five genes encode proteins con-
sisting of 16 extracellular LRRs. All genes, except FLJ23420,
encode putative four-pass transmembrane proteins, and their
intracellular domains have no obvious structural elements.
The structures of the five proteins were very similar to each
other, and highly conserved between human and mouse, and
they were ubiquitously expressed. We had reported in a pre-
vious study [1] that LRRC8 has one isolated and eight se-
quentially located LRRs. However, based on the conserved
structures among these family proteins and their secondary
structures, seven additional candidates for LRR were recog-
nized. The major function of the LRR proteins is thought to
be to provide a structural framework for the formation of

Gene symbol Human Mouse
Amino acid Cytogenetic Sequence identity with Amino acid Cytogenetic Sequence identity with
residues localization LRRCS (%) residues localization human orthologue (%)

LRRCS 810 9q34.11 100 810 chr.2 99

TA-LRRP 803 1p22.2 59 803 chr.5 93

AD158 803 1p22.2 59 803 chr.5 97

LRRC5 858 1p22.2 55 859 chr.5 95

FLJ23420 444 19p13.2 48 795 chr.8 74
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Fig. 3. Dendrogram demonstrating the evolutionary relationships
between the five human and murine LRRCS8 family proteins.

protein—protein interactions [2], and LRRCS8 family proteins
have a high degree of similarity in their extracellular regions.
Among them, FLLJ23420 could be distinguished from the other
family proteins in terms of structure, and it might be a soluble
factor. It is also possible that soluble forms of the other four
proteins may exist. Thus, the characteristics of these proteins
suggest that these proteins play important and fundamental
roles in protein—protein interactions, though no disease is
known to be caused by mutations of any of these genes except
for LRRCS.

Although function has been partly delineated in LRRCS,
i.e. development of pro-B cells to pre-B cells and morpho-
genesis, the function of the other members of the family is
totally unknown. Induction profiles of these genes were there-
fore analyzed. PHA stimulation, which activates T cells, in-
creased the level of TA-LRRP, ADI158 (the name of AD is
derived from adipocyte differentiation), and LRRCS expres-
sion. Thus, they may be markers of activated T cells, and
function within them. Peripheral resting monocytes expressed
LRRCS alone among this gene family. As they differentiated
into macrophages after 24-h LPS stimulation in vitro, how-
ever, LRRC8 mRNA expression was repressed. On the other
hand, the other three family genes, which were almost not
expressed in resting monocytes, were noticeably induced to

LRRC8 - - e 34 cycle

Talrre [ .-
AD158 34 cycle
LRRCS5 30 cycle
FLi2s420 [ s oo
caroH I - oo

151

expression by LPS stimulation. Thus, TA-LRRP, ADIS58,
and LRRCS5 were induced by activation of monocytes as
well as T cells, in contrast to LRRCS. Accordingly, these
three genes seem to be functionally different from LRRCS,
which may be supported by their chromosomal localization,
that is, these three genes form a cluster, both in humans and
in the mouse. Indeed, TA-LRRP was originally identified in
inducible genes with T cell activation by microarrays, and its
name was derived from T cell activation leucine repeat-rich
protein. Moreover, LRRCS, TA-LRRP, AD158, and LRRCS
seemed to be regulated by protein kinase C, because PMA
stimulation, which is attributed to the activation of protein
kinase C, induced transient expression of all genes.

Lymphocyte development into mature and functional B or T
cells is promoted by cell-to-cell contact as well as by a number
of soluble factors produced in specialized microenviron-
ments [7,8]. Moreover, antigen recognition induces changes
in chemokine responsiveness in B and T cells that may help
cell movements within secondary lymphoid organs [9]. Macro-
phages also have a broad range of surface receptors for var-
ious ligands, and they differ in appearance or function based
on the environment in which they mature from monocytes
[10]. Considering the structural characteristics of LRRCS8 fam-
ily proteins, they probably play important roles in protein—
protein interactions. In addition, the time-series changes of
TA-LRRP, AD158, and LRRCS mRNA expressions in stimu-
lated PBMCs and monocytes suggest that these proteins may
function as important receptors for activated cells. These pro-
teins may play important roles in the microenvironmental
conditions of lymphocytes or monocytes, for example, migra-
tion, homing, proliferation, or differentiation, and might be
involved in the interaction between immunocytes and epithe-
lial cells. Because some adhesion molecules and growth fac-
tors produced by stromal cells are known to have roles in B
cell development [11], LRRCS8 might be involved in the inter-
action between pro-B cells and bone marrow stromal cells.
Ligands of these proteins have not been discovered yet, but
candidates may be extracellular proteins or secretory compo-
nents of stromal cells, vascular endothelial cells, or epithelium
of lymphoid organs. Elucidation of the biochemical and phys-
iological features of this novel family of LRR proteins should
lead in an innovative manner to further understanding of
immune system function.

LRRCE [t 32 cycle
TA-LRRP b 50 oycle
AD158 R 30 cyce
LRRC5 _ 32 cycle
FLi23420 [ 36cycle
GAPDH [ 24 cycle

Fig. 4. Semi-quantitative analysis of LRRC8 family expression patterns by PCR: (A) in various human tissues and (B) in five subsets of lym-

phocytes.
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31 cycle

34 cycle
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LRRC8 36 cycle
TA-LRRP 36 cycle
AD158 40 cycle
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B'aCtin 28 cycle

Fig. 5. Time-series changes of LRRCS8 family expression were estimated by semi-quantitative PCR in PBMCs stimulated by (A) PHA (10 ug/
ml), (B) PMA (10 ng/ml), and (C) in monocytes stimulated by LPS (100 ng/ml). Adequate cycles of semi-quantitative PCR are indicated on the

right of each picture.
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