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We have identified a new functional transmembrane receptor, LRRC19 (leucine-rich repeat containing
19), that belongs to the LRR protein family. LRRC19’s central core has four analogous LRR repeating mod-
ules in a juxtaposed array and a casein kinase (CK2) phosphorylation site in the cytoplasmic domain.
LRRC19 mRNA was found in the kidney, spleen and intestine of adult mice using both RT-PCR and
in situ hybridization. LRRC19 does not contain a cytoplasmic Toll/IL-1 receptor (TIR) domain but was able
to activate NF-jB and induce production of proinflammatory cytokines. LRRC19 shares a close evolution-
ary relationship with multiple Toll-like receptors (TLRs), especially TLR3. Importantly, the TLR3 ligand, as
well as other TLR ligands, significantly promoted the expression of proinflammatory cytokines and the
activation of NF-jB by LRRC19. Thus, LRRC19 may play an important role in inducing innate immune
responses in certain tissues such as the kidney.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Leucine-rich repeats (LRRs) are widespread structural motifs of
20–30 amino acids with a characteristic repetitive sequence pat-
tern rich in leucine residues. Proteins containing leucine-rich re-
peats (LRRs) form a continually expanding family that includes
intracellular, extracellular and cell-surface members to allow
detection of a diverse set of antigens [1]. LRR proteins, both intra-
cellular and extracellular, have well-characterized functions in the
innate immune system that are similar in diverse organisms from
plants to mammals [2]. Dolan et al. [3] have recently catalogued all
the extracellular LRR (eLRR) proteins in worms, flies, mice and hu-
mans, including a total of 369 proteins, among them LRR_Ig/Fn3,
LRR_Tollkin, LRR_other, and LRR_only . These proteins are reported
to participate in many biologically important processes with such
varied functions as adhesion and invasion of host cells by patho-
genic bacteria [4], disease resistance and pathogen recognition in
plants [5], immune response [6,7], cell adhesion, and signaling
[8] and extracellular matrix assembly [9], etc. However, the func-
tion and expression patterns of these unusual proteins have not
yet been fully elucidated.
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The field of innate immunity has largely been fueled by the
molecular identification of critical receptors and signaling path-
ways involved in pathogen recognition. Five families of PRRs (pat-
tern-recognition receptors), TLRs (Toll-like receptors), NLRs
(nucleotide binding and oligomerization domain-like receptors),
RLRs (retinoic acid-inducible gene-1-like receptors) and CLRs (C-
type lectin receptors) have been identified as important compo-
nents of innate immunity, participating in the sensory system for
host defense against the invasion of infectious agents [10]. Because
the receptors in the Toll receptor superfamily are similar in their
cytoplasmic domains, they share some signaling components,
leading to the activation of NF-jB and production of inflammatory
cytokines. These proteins are characterized by a common molecu-
lar architecture primed for protein–protein interactions [11,12].
The structure of these proteins also shows similarities, forming a
curved shape with a parallel beta-sheet on the concave side and
helical elements primarily on the convex side [11,12].

In this study, we identify a novel functional transmembrane
receptor LRRC19 (leucine-rich repeat containing 19) that may be
involved in innate immune responses. LRRC19 is a member of
the LRR_only group [3], having a close evolutionary relationship
with Toll-like receptors (TLRs). Although LRRC19 contains no cyto-
plasmic Toll/IL-1 receptor (TIR) domain, it can activate NF-jB and
induce the expression of proinflammatory cytokines with or with-
out the stimulus of Toll-like receptor ligands. This protein appears
to be specifically expressed in the kidney, spleen and intestine. Gi-
ven the fact that this transmembrane receptor is recognized by
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multiple Toll-like receptor ligands, LRRC19 may play an important
role in mediating innate immune responses for tissues such as kid-
ney by functioning as a transmembrane receptor.

Materials and methods

Cell culture. HEK293T and RAW264.7 cell lines were purchased
from ATCC and maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum (Sigma),
100 U/ml penicillin and 100 lg/ml streptomycin in a 5% CO2 atmo-
sphere at 37 �C.

Molecular cloning of mouse and human LRRC19 cDNA as well as
LRRC19D. The cDNAs containing the coding sequence of LRRC19
from mouse kidney and biopsy tissue of human kidney were iso-
lated by RT-PCR. The primers for mouse LRRC19 were as follows:
forward primer, 50-ATGAAAGTCACACGCTTCATGTTTTGGC-30 and
reverse primer, 50-CTTTTCTTCATGTACCTCATTGATATCT-30. The
primers for human LRRC19 (HLRRC19) were as follows: forward
primer, 50-ATGAAAGTCACAGGCATCACAATCC-30 and reverse pri-
mer, 50-ATTTTCTTCACATAATTCATGGATA-30. The primers for
LRRC19D (LRRC19 absent of extracellular region) were as follows:
forward primer, 50-ATGAAATGCCCAATATGGTAC-30 and reverse
primer, 50-ATTTTCTTCACATAATTCATGGATA-30. The PCR products
were then ligated into pcDNA3.1-V5 vector (Invitrogen) and se-
quenced at Invitrogen Company. The DNA sequence was 100%
identical with the one deposited in the public source (NCBI refer-
ence Sequence No. NM_175305.4 or NM_022901).

RT-PCR analysis. To investigate the expression of LRRC19 in dif-
ferent tissues of adult mice, total RNAs were extracted from kid-
ney, spleen, intestine, liver, and heart. Mouse LRRC19 cDNA was
amplified by RT-PCR, using the primers described above. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used as a con-
trol. The primers for GAPDH were as follows: forward primer, 50-
GTGGCAAAGTGGAGATTGTTG-30 and reverse primer, 50-CAG-
TCTTCTGGGTGGCAGTGAT-30. The PCR conditions were as follows:
95 �C for 5 min, 35 cycles of 95 �C for 30 s, 55 �C for 30 s, and
72 �C for 45 s. PCR products were visualized on 1.0% (wt/vol) aga-
rose gel.

Transfection and reporter assays. PcDNA3.1-V5-LRRC19 (mouse
or human) and pNF-jB-SEAP (secreted alkaline phosphatase)
(BD, Clontech) were co-transfected HEK293T cells with Lipofect-
amine 2000 (Invitrogen) in 24-well plates for SEAP assay. The
pcDNA3.1 empty vector was used as a negative control. After
24 h, the cells were stimulated using 2 lg/ml peptidoglycan
(PGN), 1 lg/ml synthetic bacterial lipoprotein (PAM3CSK4),
10 lg/ml poly I: C, 100 ng/ml lipopolysaccharide (LPS), 10 ng/ml
flagellin or 3 lg/ml bacterial DNA (B.DNA). The supernatants were
collected and analyzed by chemiluminescence secreted alkaline
phosphatase assay according to the manufacturer’s protocol (BD
Clontech).

Immunofluorescence. RAW264.7 cells were transfected with
pcDNA3.1-V5-LRRC19 (mouse), rinsed twice with PBS and then
fixed for 5 min in 4% paraformaldehyde at 4 �C. Fixed cells were
blocked in 10% goat serum in PBS for 10 min at room temperature
and then incubated with anti-V5-FITC antibody. Images were col-
lected by confocal microscopy (Fluoview FV300, Olympus Optical
Corp.).

In situ hybridization. Tissues of mice were formaldehyde-fixed
and paraffin-embedded according to standard procedures. Briefly,
5-lm sections were deparaffinized, rehydrated through a graded
series of ethanol, and washed with water treated with 0.1% DEPC
three times for 5 min. In situ hybridization of LRRC19 was done
according to the manufacturer’s protocol (TBD sci). Staining was
completed with the Diaminobenzidine Staining Kit. The probes
(probe 1: 50-AGCTGTGGTGCATCGAAGAGGCGTATC-30, probe 2: 50-
TGATAGCAATGAAGATAAGCAGTGAAGTT-30, probe 3: 50-CAG-
GCATGGTGGTTGTAACTCAGCAG-30) were designed based on the
published genomic sequence of mouse LRRC19 mRNA (GenBank
NM.022901) and labeled with Digoxin (DIG). These probes recog-
nized sequences conserved in the mouse LRRC19 mRNA sequence.
The sense probes were used as negative controls.

ELISA. The culture supernatants were harvested after stimula-
tion. A commercial sandwich enzyme-linked immunosorbent as-
say (ELISA) kit was used for quantitation of IL-8 (Pierce
Endogen). Cytokine levels were quantified from two to three titra-
tions with standard curves and expressed as the number of pico-
grams per milliliter.

Results

LRRC19 gene and protein structure

Using either SMART or Pfam with several transmembrane-pre-
diction and motif-detection programs, we identified a novel trans-
membrane LRRC19 protein. Consistent with the prediction by
Dolan et al. [3], LRRC19 contains four leucine-rich repeats, which
were numbered sequentially and arranged in tandem array in the
extracellular domain as shown in Fig. 1B. An open reading frame
of 1095 bp encoded a protein of 364 amino acids. The first N-termi-
nal 20 amino acids constitute a cleavable signal peptide as pre-
dicted by signal P and SP-HMM [13,14]. Thus, the mature protein
has 344 aa and a calculated molecular mass of 41.48 kDa. Notably,
LRRC19 has a putative protein kinase casein kinase2 (CK2) phos-
phorylation site (Fig. 1B). A single-span transmembrane domain
was defined by Tmpred [15] between A265 and I285. LRRC 19
was shown to be a membrane protein by ectopic expression in
RAW264.7 cells after transfection with the murine LRRC19 expres-
sion plasmid pcDNA3.1-V5-LRRC19 (Fig. 1C). In addition, similar to
other members of the LRR family, the entire LRRC19 cDNA has mul-
tiple exons separated by 1.6-kb, 4.9-kb, 2.3-kb, 1.1-kb or 650-bp
introns respectively (not shown), supporting replication slippage
and exon shuffling mechanisms in LRR protein evolution [16,17].
LRRC19 is highly conserved across species (Fig. S1), suggesting that
it mediates an important function [18].

Expression of LRRC19 gene in different tissues and organs

Next we searched the tissue distribution of LRRC19 based on
the expressed sequence tags (EST) data base sequences. According
to computational information, LRRC19 mRNA was expressed in the
kidney (EST Sequence No. BY369353.1), spleen (EST Sequence No.
AI178908.1) and intestine (EST Sequence No. CK382141.1)
(Fig. 2A). To show the expression pattern of LRRC19, we first de-
tected the levels of LRRC19 mRNA in different tissues and organs
from C57BL6 and BALB/c mice. As shown in Fig. 2B, LRRC19 was
strongly expressed in the kidney, suggesting that LRRC19 might
play a specific role in this organ. However, in the spleen, a tissue
that expresses abundant levels of other TLRs, LRRC19 was also ex-
pressed, although at a lower level, implying a possible role for this
receptor in the spleen. Additionally, LRRC19 could be detected in
intestinal tissue. The control band, amplified using glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) specific primers, did
not reveal differences in these tissues.

Using LRRC19 mRNA specific probes and in situ hybridization,
we further examined the distribution and localization of LRRC19
mRNA in adult mouse tissues of C57BL/6 and BALB/C mice. As
shown in Fig. 2C, LRRC19 mRNA was mainly expressed in renal
tubular epithelial cells in the kidney of C57BL/6. The splenic cords
and the germinal center of the spleen also stained positively
(Fig. 2C and not shown). In addition, LRRC19 mRNA specific probe
activities were also observed in the small intestine lamina propria
and epithelium mucosae cells, as seen in Fig. 2C. Control incuba-



Fig. 1. Leucine-rich repeat containing (LRRC19) gene and protein structure. (A) The ideogram of mouse chromosome 4 with the LRRC 19 gene C5 (94303344–94316835 bp)
position. (B) A schematic diagram of LRRC19 protein. The signal peptide is in lowercase. LRRs are numbered sequentially from 1 to 4 as indicated and underlined. The
transmembrane domain is outlined by paled letters. The putative protein kinase CK2 phosphorylation site is also marked with underlined letters. SP, signal peptide; LRRs,
leucine-rich repeats; LRR CT, LRR C-terminal domain; and TM, transmembrane domain. (C) Demonstration of LRRC19 as a transmembrane protein receptor. Raw264.7 cells
were transfected with pcDNA3.1-V5-LRRC19. Cells were stained by FITC labeled anti-V5 antibody. Images were collected by confocal microscopy (400�) (C2). Image collected
by bright-light was used as control (C1).
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tions with the LRRC19 sense probe were negative (not shown).
However, we failed to detect LRRC19 in heart and lung, which were
not significantly stained. Similar results were found in BALB/C
mice. Thus, our results suggest that LRRC19 is expressed in the kid-
ney, spleen, and intestine.

Relationship of LRRC19 with leucine-rich repeat protein superfamily
members

To understand the relationship of LRRC19 to the members of the
leucine-rich repeat protein superfamily, a phylogenetic tree analy-
sis of LRRC19 together with the known LRR members was per-
formed using the ClustalW and ClustalX programs [3] (Fig. 3A).
The mouse protein sequences used in this study were obtained
from the public database deposited as NCBI reference sequences.
As presented in the phenogram (Fig. 3A and [19]), Class-I, II, III,
IV, and V extracellular matrix and TLRs occupy different branches
of the phylogenetic tree. LRRC19 has the closest distance to Toll-
like receptor 3 (Fig. 3A and Fig. S2). The sequence of LRRC19 is also
more closely related to that of Toll-like receptors 4, 11, and 12
(Fig. 3A and Fig. S2). Tertiary structure analysis showed a higher
similarity of LRRC19 with Toll-like receptors 3, 4 and 11 than with
TLR6 (Fig. 3B). However, the cytoplasmic domain of LRRC19 has no
apparent homology to TLRs, which have an intracytoplasmic sig-
naling domain TIR, highly conserved across the TLRs as well as in
the receptors for IL-1 and IL-18, suggesting that LRRC19 was a
member of the LRR superfamily independently of TLRs. In addition,
as shown in Fig. 3B, LRRC19 is similar to recent structural studies
on LRR proteins, supporting the characteristic horseshoe structure
of LRR proteins [20,21].

Ectopic LRRC19 activates NF-jB and induces expression of
proinflammatory cytokines

Although LRRC19 lacks the intracytoplasmic signaling domain
TIR, it has a CK2 (casein kinase2) phosphorylation site (Fig. 1B) that
is involved in the induction of NF-jB via a mechanism dependent
on phosphorylation of p65 at both Ser536 and Ser276 sites [22].
We therefore hypothesized that LRRC19 may be involved in the
activation of NF-jB. To analyze the functional potential of LRRC19,
HEK293T cells that lacked the expression of endogenous LRRC19
were used to investigate whether LRRC19 could activate NF-jB.
Prior work has shown that ectopic expression of Toll-like receptors
in HEK293T cells permits reconstitution of signaling induced by
their ligands [23,24]. Our results show that LRRC19 caused the
activation of signal transduction, as detected by NF-jB activity
(Fig. 4B), even in the absence of TLR ligands. To eliminate the effect
of the extracellular portion of LRRC19, we deleted the LRRC19
extracellular region (LRRC19D) and then tested the effect on NF-
jB activity. As shown in Fig. 4, transfection of LRRC19D also acti-
vated NF-jB. Thus, our results suggest a new mechanism of signal-
ing, independent of the intracytoplasmic domain TIR, by which
LRRC19 can activate NF-jB, a transcription factor required for pro-
inflammatory signaling.



Fig. 2. Tissue distribution of LRRC19. (A) LRRC19 tissue distribution based on the expressed sequence tags (EST) data base sequences. According to computational
information, LRRC19 mRNA was expressed in kidney, spleen and intestine but not in heart and liver. (B) RT-PCR analysis to determine the expression pattern of LRRC19 mRNA
in organs of C57BL/6 (upper panel) and BALB/c (lower panel) mice. LRRC19 is predominantly expressed in the kidney, with lower levels of expression in spleen and intestine.
GAPDH probe was used as a control for DNA loading. The PCR products were analyzed on 1.0% TBE–agarose gel and photographed under UV light. (C) Localization of LRRC19
mRNA in tissues of C57BL/6 mice by in situ hybridization. Expression of LRRC19 is detected by incubation with the anti-sense probe of LRRC19 in kidney, spleen and intestine
but not in lung and heart. The specimens were observed and photographed under a light microscope (Leica, DM RXA2) at magnification of 400�.

Fig. 3. (A) Phylogenetic tree analysis of LRRC19 together with other mouse LRR members. The LRRC19 is closely related to that of Toll-like receptor 3, 4, 11, and 12. Notably,
TLR3, 4, 11, 12, tsukushin and RP105 are surface receptors. (B) Comparison of the tertiary structure of mouse TLR3, TLR4, TLR6 or TLR11 to the predicted tertiary structure of
LRRC19 (composed using PyMOL Molecular Graphics System, http://www.pymol.org). The tertiary structure of LRRC19 (green structure in TLR3, TLR4, TLR11 and red
structure in TLR6) was closer to TLR3, TLR4 and TLR11 than to TLR6 (blue structure in TLR3, TLR4, TLR11 and TLR6). (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. LRRC19 induces activation of NF-jB and endogenous cytokine production.
(A) Transfection of 293T cells with LRRC19 expression plasmids. 293T cells were
transfected with pcDNA3.1-V5-LRRC19. After 24 h, cells were incubated with anti-
V5-FITC antibody for 1.5 h at room temperature. Images were collected by confocal
microscopy (400�) (A2). Image collected by bright-light was used as control (A1).
(B) Multiple Toll-like receptor ligands activated NF-B through LRRC 19 receptors.
293T cells were co-transfected with pNF-jB-SEAP (secreted alkaline phosphatase)
and the expression plasmids of LRRC19 or LRRC19D by Lipofectamine 2000
(Invitrogen). Alkaline phosphatase activity in the supernatants was measured
following treatment with PAM3CSK4 (PAM3), PGN, LPS, polyI:C, flagellin, bacterium
DNA (B. DNA), or untreated (Uns) cells. The empty expression vector (pcDNA) was
used as control. NF-B induced alkaline phosphatase activities in the supernatant
were measured by the chemiluminescence secreted alkaline phosphatase assay
according to the manufacturer’s protocol. RLU, relative light units. (C) TLR ligands
induced the release of IL-8 by LRRC19 receptors. 293T cells were transfected with
the expression plasmids of LRRC19, and then stimulated by different TLR ligands
according to the protocol described in materials and methods. IL-8 secretion was
detected by ELISA kit according to the manufacturer’s protocol (Jingmei Corp.).
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LRRC19 can be recognized by different kinds of Toll-like receptor
ligands

Given the homology of LRRC19 to TLRs, we tested the cellular
function of LRRC19 in response to different kinds of TLR ligands,
such as peptidoglycan (PGN), synthetic bacterial lipoprotein
(PAM3CSK4), poly I:C and lipopolysaccharide (LPS), flagellin
(FAL) and bacterial DNA (B. DNA) by examining the activity of
NF-jB and the expression of the chemokine IL-8. As expected,
all of these TLR ligands effectively promote NF-jB activation by
LRRC19 (Fig. 4B). Conversely, human LRRC19 lacking the extracel-
lular region (LRRC19h) did not significantly upregulate the activ-
ity of NF-jB in response to different TLR ligands. Interestingly,
LRRC19-transfected HEK293T cells also produce higher levels of
IL-8 upon exposure to these TLR ligands (Fig. 4C), thus confirming
our data showing that LRRC19 can be recognized by multiple
TLRs.

Discussion

The LRR proteins are known to participate in many biologically
important processes, such as cell adhesion and signaling [9,25,26],
adhesion and invasion of host cells by pathogenic bacteria [4,5],
disease resistance and pathogen recognition in plants [27–29]
and the immune response [1,6,7,30,31]. Here, we have reported
the identification and characterization of a new member of the
LRR family, LRRC19. LRRC19 can activate NF-jB and induce the
production of proinflammatory cytokines. Importantly, this protein
can be recognized by most TLR ligands to promote NF-jB activity
and induce expression of the IL-8 cytokine, suggesting that LRRC19
may be involved in innate immune responses.

TLRs are characterized structurally by an extracellular leucine-
rich repeat (LRR) domain, a conserved pattern of juxtamembrane
cysteine residues, and an intracytoplasmic signaling domain Toll/
IL-1 resistance (TIR) that is highly conserved across the TLRs as
well as in the receptors for IL-1 and IL-18 [32]. Similar to TLRs,
LRRC19 has a conserved extracellular LRR domain and a TLR-like
pattern of juxtamembrane cysteines. Unlike the TLRs, however,
LRRC19 lacks a TIR domain, but contains 79 intracytoplasmic
amino acids and has a protein kinase CK2 phosphorylation site
in the cytoplasmic domain, which was found to be involved in
the signal transduction pathway mediated by CK2. CK2 is a
highly conserved tetrameric serine/threonine kinase present in
all eukaryotic organisms. CK2 has been postulated to control
the function of many proteins through changes in phosphoryla-
tion that affect protein stability, protein–protein interactions,
and subcellular localization, thus regulating many fundamental
cellular properties [33,34]. CK2 is indeed involved in the syner-
gistic induction of NF-jB via a mechanism dependent on phos-
phorylation of p65 at both Ser536 and Ser276 sites. Toll-like
receptor ligands could therefore activate the NF-jB transcription
factor through a protein kinase CK2 phosphorylation site in the
LRRC19 cytoplasmic domain.

We demonstrate that LRRC19 is predominantly expressed in
the kidney, spleen and intestine. Renal tubular cells play an
important regulatory role in immune-mediated diseases, with an
active participation in the response to local inflammation. The
spleen, including T cells, B cells and plasma cells, macrophages
and dendritic cells, is an important organ in regulating different
immune responses. The intestinal epithelial cell barrier also plays
an important role in maintaining mucosal immune homeostasis.
Our findings showing that LRRC19 responds to multiple natural li-
gands such as LPS, PGN, etc., and is expressed in the kidney,
spleen, and intestine suggest that LRRC19 may be involved in
the response to certain pathogenic microorganisms that cause
infection.
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