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The leucine-rich repeats and immunoglobulin-like domains (LRIG) proteins are newly dis-
covered negative regulators of growth factor signalling and proposed tumour suppressors.
They antagonise signalling by interacting with growth factor receptors and by enhancing
their ubiquitylation and degradation. Data on the expression of LRIG in human cancer have
recently begun to accumulate; however, not all data appear consistent with the notion that
the LRIG proteins always function as tumour suppressors. In the present review, we argue
that the LRIG proteins could be double-edged swords, promoting or suppressing human
cancer depending on cellular context.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The leucine-rich and immunoglobulin-like domains (LRIG)
proteins are newly discovered integral membrane pro-
teins.™ The founding member, LRIG1, antagonises growth
factor signalling mediated by ErbB receptor tyrosine ki-
nases.””’ Since deregulated ErbB signalling contributes to
the development of many epithelial cancers, it was sug-
gested that LRIG1 was a human tumour suppressor gene.>®
Concordantly, LRIG1 was found to be downregulated in renal
cell carcinoma® and cutaneous squamous cell carcinoma.'®
However, analyses of publicly available gene expression data
sets revealed that LRIG genes were not always downregulated
in human cancer; instead, they appeared to be upregulated
in certain tumours, thus challenging the notion that LRIG
proteins are tumour suppressors. In the present review, we

* Corresponding author: Tel.: +46 90 785 2881; fax: +46 90 785 2031.
E-mail address: hakan.hedman@onkologi.umu.se (H. Hedman).

summarise the available biochemical and clinical results,
and argue that the LRIG proteins could be double-edged
swords, promoting or suppressing human cancer depending
on cellular context.

2. The LRIG gene family

The first LRIG transcript to be discovered, mouse Lrigl (also
called Lig-1), was isolated in a screen for genes upregulated
in retinoic acid-treated P19 cells committed to neural differ-
entiation.! The human LRIG gene family comprises three
paralogous genes, namely LRIG1 (formerly LIG1),? LRIG2® and
LRIG3.* The LRIG genes encode integral membrane proteins,
with an extracellular or lumenal part consisting of a leu-
cine-rich repeat (LRR) domain and three immunoglobulin-like
domains, followed by a transmembrane region and a
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Fig. 1 - LRIG, kekkon and decorin domain organisation and molecular function of LRIG1. (A) Schematic drawing of the domain
organisation of the LRIG, kekkon and decorin proteins. Indicated are the signal peptides (SP), the leucine-rich repeat
domains, consisting of N- and C-terminal flanking regions and 6, 10, or 15 leucine-rich repeats (LRR), one or three
immunoglobulin-like domains (Ig-C2), the transmembrane domains (TM) and the cytoplasmic tails (Cyto). Numbering refers
to amino acids in Drosophila kekkon-1,"® human decorin (PG40),'* and human LRIG1,” respectively. (B) Schematic drawing of
LRIG protein-induced ubiquitylation and degradation of ErbB receptors. LRIG1 interacts with ErbB receptors, including EGFR,
via its extracellular domains, thereby recruiting cytoplasmic E3 ubiquitin ligases to the receptor complex; E3 ligase
ubiquitylates the ErbB receptor and LRIG1 (not shown), resulting in receptor internalisation and lysosomal degradation.

cytoplasmic tail (Fig. 1A). The extracellular/lumenal part, the
transmembrane region and the cytoplasmic tail all contain
amino acid stretches which are highly conserved between

Table 1 - LRIG mRNA expression in human tissues
(transcripts/100 pg total RNA)

LRIG1 LRIG2 LRIG3
Adrenal gland 6.8 50.8 0.9
Bladder 6.3 2.6 10.9
Blood 1.9 0.1 0.1
Brain 94.6 36.5 5.0
Cervix 21.2 12.8 10.4
Colon 18.0 6.8 12.1
Heart 6.1 1.0 0.6
Kidney 30.3 43.9 26.9
Liver 128.0 8.8 8.2
Lung 13.6 6.7 7.2
Mammary gland 16.2 0.4 14.3
Skeletal muscle 74.8 25.4 5.7
Ovary 40.6 123.8 10.0
Pancreas 33.6 2.5 13.2
Placenta 3.9 44.0 11.8
Prostate 51.9 19.1 12.9
Salivary glands 13.2 3.2 9.3
Skin 25.6 83.5 87.6
Small intestine 105.2 33.3 30.7
Spleen 6.5 8.4 7.2
Stomach 103.0 32.6 56.9
Testicle 22.8 7.5 4.8
Thyroid 51.8 13.7 44.2
Trachea 39.4 9.5 14.8
Uterus 43.5 128.0 8.6

Data are from Guo et al.*

the three LRIG proteins,* implying that the LRIG proteins
share some, if not all, of their molecular functions. All normal
tissues and organs analysed to date express LRIG transcripts
(Table 1) and proteins; however, not every cell expresses all
LRIGs. 1481112

3. LRIG1 suppresses cell proliferation and ErbB
receptor tyrosine kinases

LRIG proteins show structural similarities to two previously
identified inhibitors of epidermal growth factor (EGF) signal-
ling: the insect cell surface protein, kekkon-1,*> and the
mammalian extracellular matrix proteoglycan, decorin
(PG40) ** (Fig. 1A). Strikingly, the LRIG proteins share with
kekkon-1 and decorin a structurally related N-terminal LRR
domain. In addition, the LRIG proteins and kekkon-1 have
their overall domain organisation in common,; i.e. the LRR do-
main is followed by one or three immunoglobulin-like do-
mains, a transmembrane domain and a cytoplasmic tail. In
the fruit fly, Drosophila melanogaster, kekkon-1 is expressed
in response to EGF signalling and is part of an EGF-driven
negative feedback loop.® Kekkon-1 physically interacts
through its LRR domain with the Drosophila EGF receptor
(EGFR) and inhibits its binding of EGF and receptor signal-
ling.'>'® Decorin is a secreted extracellular matrix proteogly-
can whose polypeptide comprises almost entirely its LRR
domain.' Decorin is a ligand of EGFR and attenuates EGFR
signalling by inducing receptor internalisation and persistent
protein downregulation by an ubiquitin-independent
pathway involving caveolae.’’”*° Because of its structural
similarity to insect kekkon-1, it was suggested that human
LRIG1 might be an inhibitor of EGFR-mediated signalling
and a tumour suppressor in man.>® Indeed, human LRIG1
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was recently shown to be a negative regulator of EGFR signal-
ling.>® Concordantly, LRIG1 inhibits proliferation of human
embryonic kidney-293 cells,® NIH3T3 fibroblasts,® keratino-
cytes,® bladder carcinoma cells,”® and glioma cells (Wei
et al., our unpublished observations). Its mode of EGFR-inhibi-
tion, however, appears to be different from the mechanisms
exploited by kekkon-1 and decorin (Fig. 1B). Analogous to
kekkon-1, LRIG1 interacts through its extracellular LRR do-
main (and immunoglobulin-like domains) with the extracel-
lular parts of the human ErbB family members, EGFR
(ErbB1), ErbB2, ErbB3, and ErbB4. In contrast to decorin and
kekkon-1, however, LRIG1 recruits cytoplasmic E3 ubiquitin
ligases including c-Cbl,>?? resulting in ErbB receptor ubiquity-
lation, internalisation and lysosomal degradation.>® Human
LRIG1, thus, negatively regulates growth factor receptors
belonging to the ErbB family by enhancing receptor ubiquity-
lation and degradation. Notably, it was recently shown that a
recombinant LRIG1 ectodomain fragment, including only the
LRR domain, by itself could suppress cell proliferation and
EGER signalling.” Whether LRIG1 fragments are naturally re-
leased and play a physiological role in vivo is currently un-
known; however, the results, nevertheless, suggest that
LRIG1 might suppress growth factor signalling by multiple
mechanisms. Whether LRIG2 and LRIG3 have similar func-
tions as LRIG1, and whether LRIG proteins affect other growth
factor receptors than ErbB family members are important
and still unresolved questions.

4. The role of LRIG1 in stem cell quiescence
and skin homeostasis

The LRIG genes are highly expressed in normal skin (Table
1).>*1L12 LRIG1 expression is associated with patches of basal
and hair follicle cells, corresponding to the foci of epidermal
stem cells."?° LRIG1 seems to regulate epidermal stem cell

quiescence by downregulating EGFR and suppressing stem
cell proliferation.?® Intriguingly, ablation of the Lrigl gene in
mice results in the development of psoriatic lesions, includ-
ing hyperproliferation of epidermal keratinocytes.!’ Since
psoriasis is associated with deregulated EGFR signalling,>>>*
these results are consistent with a role for LRIG1 in restricting
cell proliferation and EGFR signalling in normal skin. Further-
more, in cutaneous squamous cell carcinoma, which is also
associated with deregulated EGFR signalling,®° LRIG1 is
downregulated in high grade tumours.’® Taken together,
these findings suggest that LRIG1 is important for the homeo-
stasis of epidermis and its loss is associated with the develop-
ment of psoriasis and high grade skin tumours.

5. LRIG expression in non-cutaneous cancers

Overexpression and hyperactivation of ErbB receptors is not
only found in psoriasis and skin cancer, rather it is a feature
of many epithelial cancers, including carcinomas of the kid-
ney, bladder, cervix, breast, colon and lung.?’-?® This prompts
the question of whether deregulation of LRIG protein expres-
sion contributes to the dysregulation of ErbB signalling in
these malignancies. In the majority of renal cell carcinoma,
LRIG1 is downregulated (Table 2),° and strikingly, the EGFR/
LRIG1 mRNA ratio was increased in nine of nine analysed kid-
ney tumours compared to matched uninvolved kidney cortex.
In transitional cell carcinoma of the bladder, LRIG1 protein
levels were downregulated compared to clinically normal
bladder tissue, and significant inverse correlations were ob-
served between LRIG1 levels and tumour grade and clinical
stage (Table 2). Similarly, LRIG1 protein levels were downreg-
ulated in high grade cervical carcinomas compared to low
grade tumours (Table 2). A meta-analysis of publicly available
gene expression data sets revealed downregulation of LRIG1
in lung carcinoma (Table 2). Thus, in addition to its possible

Table 2 - Tumours showing underexpression (LRIG1-down) or overexpression (LRIG1/2-up) of LRIG genes or proteins

compared to the corresponding normal tissues

Cancer Expression Detection method Reference
Skin LRIG1-down IHC? 10
Renal LRIG1-down QRT-PCRY; IHC? 9
Bladder LRIG1-down IHC? Yang Wei-Minc®
Cervix LRIG1-down IHC? Hellberg et al.©
Lung LRIG1-down Meta-analysis? Kilpinen and Kallioniemi®
Prostate LRIG1-up Microarray® 43,44
Meta-analysis? Kilpinen and Kallioniemi®
Muscle LRIG2-up Meta-analysis? Kilpinen and Kallioniemi®
Lung carcinoid LRIG2-up Microarray® 45
Astrocytoma LRIG1-up SAGEf NCBI®
Leukaemia LRIG1 and LRIG2 — some very high" Meta-analysis? Kilpinen and Kallioniemi®

a Immunohistochemistry.
b Quantitative real-time reverse-transcription PCR.
¢ Unpublished observation.

d Meta-analysis of publicly available gene expression data sets, provided by Kilpinen and Kallioniemi (VTT Medical Biotechnology, Finland).
e Microarray gene expression; data extracted from the Oncomine 3.0 database (www.oncomine.org).*®

f Serial analysis of gene expression.

g National Center for Biotechnology Information GEO data sets (www.ncbi.nlm.nih.gov).
h Very high expression in some “outlier” cases; however, the median expression levels were not increased as compared to normal bone

marrow.
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role in suppressing psoriasis and cutaneous squamous cell
carcinoma, these findings are consistent with a role for LRIG1
in restraining EGFR signalling in the normal kidney, bladder,
cervix and lung epithelia. In other words, downregulation of
LRIG1 in these tissues could unleash EGFR signalling which
might contribute to the development of various carcinomas.

Although LRIG1 is downregulated in carcinomas of the
skin, kidney, bladder, cervix and lung, a survey of publicly
available gene expression data sets does not reveal a general
downregulation of LRIG gene expression in human tumours.
For example, mining the Oncomine database reveals overex-
pression of LRIG genes in prostate cancer and lung carcinoids
compared to the corresponding normal tissues (Table 2). Sim-
ilarly, analysis of NCBI’s serial analysis of gene expression
(SAGE) data sets suggests high expression of LRIG1 in astrocy-
toma (Table 2). The previously mentioned meta-analysis also
revealed upregulation of LRIG1 in prostate cancer and LRIG2 in
sarcoma, and a very high expression (outlier expression) of
LRIG1 and LRIG2 in some leukaemia (Table 2). The situation
in breast and colon carcinoma appears complex, with under-
expression in some tumours and overexpression in others®
(Ljuslinder et al., submitted manuscript). It should be noted
that the LRIG genes are relatively newly discovered and,
hence, reports on their expression were scarce until recently.
Especially for LRIG3, expression data are still very poor. Never-
theless, although the data are incomplete, published reports,
the herein discussed unpublished results and publicly avail-
able data sets convincingly show that LRIG genes are both un-
der- and overexpressed in human cancers.

6. LRIG proteins: double-edged swords in
human cancer?

As discussed above, there is considerable experimental and
clinical evidence that LRIG1 functions as a tumour suppressor
in certain human tissues. Several receptor tyrosine kinases,
including the LRIG1 targets ErbB1 and ErbB2, are well estab-
lished proto-oncogenes, whose overexpression and activation
are associated with tumour progression and poor patient out-
come.?”?83% However, since the LRIG genes are not universally
downregulated in human cancers, and in fact upregulated in
some, it might be asked whether LRIG proteins always func-
tion as tumour suppressors, or even whether LRIG proteins
under certain circumstances function as tumour promoters.
Although this would appear contradictory to the role of LRIG
proteins as suppressors of growth factor signalling, effects
on certain tumour promoting growth factor receptors, differ-
ential subcellular protein localisation, compensatory feed-
back mechanisms or bystander effects might account for
LRIG protein overexpression in some human tumours.

6.1.  Effects on tumour suppressing growth factor
receptors

Excessive receptor tyrosine kinase signalling is not stimula-
tory to cancer cell growth in all settings. The EGFR over-
expressing A431 epidermoid cancer cell line, for instance,
responds to EGF stimulation by undergoing cell growth arrest
and apoptosis.®® Thus, in situations of “growth factor sus-
ceptible” cancer cells thriving in growth factor-rich milieus,

? W2
¥ "\
TUMOR TUMOR
PROMOTION SUPPRESSION

Fig. 2 - Schematic model of proposed functions of LRIG
proteins in human cancer. LRIG proteins inhibit receptor
tyrosine kinases (RTK), whose activities might be either
tumour promoting (left) or tumour suppressing (right).
Specific receptor tyrosine kinases with tumour promoting
and tumour suppressing activities, respectively, are exem-
plified in the text. The LRIG proteins might have additional,
yet unknown, functions which may in turn be either tumour
promoting or tumour suppressing (dashed arrows).

LRIG protein overexpression could enable rather than restrict
tumour growth (Fig. 2). In fact, ectopic expression of LRIG1
protects A431 cells from EGF-induced cell growth arrest and
apoptosis.” Furthermore, some targets of LRIG protein-
induced downregulation might be predominantly tumour
suppressive receptors. Although the role of the LRIG1 target
ErbB4 in human cancer is still not entirely clear,> there is
emerging evidence that ErbB4 might function as a tumour
suppressor in breast,>>™’ prostate,®® and kidney® epithelia.
If so, suppression of ErbB4 by LRIG1 could promote rather
than suppress tumour growth. It is, thus, possible that down-
regulating certain growth factor receptors could promote
rather than suppress tumour growth, and hence, might ac-
count for the overexpression of LRIG genes observed in some
cancers.

6.2.  The role of subcellular protein localisation

When normal or malignant tissues are stained with anti-LRIG
antibodies, or when cell lines are transformed with green
fluorescent protein (GFP)-tagged LRIG proteins, the LRIG pro-
teins exhibit differential subcellular distribution in a cell
type-specific manner. Thus, when LRIG-GFP fusion proteins
are ectopically expressed in Vero fibroblasts or U-105 MG gli-
oma cells, the LRIG proteins localise to the plasma mem-
brane, whereas when the same LRIG proteins are expressed
in human embryonic kidney-293 cells or GL15 glioma cells,
the LRIG proteins predominantly localise to the perinuclear
region.>*® At least a part of the intracellular LRIG pool co-
localises with early endosomes and the trans-Golgi network®
(Nilsson et al., our unpublished observations). Similarly,
in vivo, nuclear, perinuclear, cytoplasmic and plasma mem-
brane localisation is observed in a cell type-specific manner
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(Fig. 3). Moreover, in astrocytic tumours, perinuclear localisa-
tion of LRIG proteins predicts better patient survival,*® and in
oligodendroglial tumours, cytoplasmic expression of LRIG2
predicts worse patient outcome (Holmlund et al., our unpub-
lished observations). It could, thus, be speculated that the
LRIG proteins exert their tumour suppressive functions in
the perinuclear region, whereas cytoplasmic localisation
would represent “mislocalisation” of the LRIG proteins. In
any case, the subcellular distribution of LRIG proteins seems
to have important clinical implications.

6.3.  Feedback regulation and possible linkage between
LRIG1 and neighbouring oncogene(s)

LRIG1 suppresses cell proliferation and is transcriptionally
upregulated by certain growth signals; e.g. by EGF in Hela
cells® and by androgens in prostate carcinoma cells.*! Conse-
quently, overexpression of LRIG proteins could represent
compensatory feedback mechanisms rather than being
causative in tumourigenesis. Thus, even if the LRIG proteins
function as tumour suppressors, growth signal feedback reg-
ulation might result in the overexpression of LRIG-proteins in
some tumours compared to the corresponding normal
tissues.

Over-expression of LRIG genes in human tumours could
also be secondary to other oncogenetic events. The LRIG1 lo-
cus at chromosome 3p14 shows increased copy number in a
subset of breast carcinomas.?® This increase in LRIG1 gene
copy number could possibly be attributed to linkage of the

LRIG1 gene with nearby located oncogene(s), which could re-
sult in coupled co-amplification of LRIG1. It has, for example,
been shown that at least twelve neighbouring genes at chro-
mosome 17q12 are co-amplified and overexpressed in con-
junction with amplification of the proto-oncogene ErbB2 in
breast carcinoma.*” Even accidental coupled co-amplification
of LRIG1 would be predicted to result in increased LRIG1 lev-
els, which, in turn, could theoretically drive the selection of
breast cancer cells with compensatory upregulation of LRIG1
targets such as ErbB2. In fact, there is a strong association be-
tween amplification of the ErbB2 gene and increased gene
copy number of LRIG1 *° (Ljuslinder et al., our unpublished
observations). However, the presence of oncogenes in the
vicinity of the LRIG1 locus is an unproven hypothesis which
awaits experimental verification.

7. Conclusions and future perspectives

The LRIG proteins appear to be bona fide tumour suppressors
in certain epithelia. However, in some tumours, LRIG protein
expression is upregulated. Thus, it is intriguing that not only
the LRIG protein expression levels are important determi-
nants, but that the subcellular protein localisation also ap-
pears biologically significant. However, at present, neither
the mechanisms regulating the subcellular distribution of
LRIG proteins, nor the biochemical consequences thereof
are known. Clues to these questions are likely to come from
the identification of proteins interacting with the LRIG pro-
teins in the various subcellular compartments. It will also

Fig. 3 - Clinical examples of differential subcellular localisation of LRIG proteins. (A) Nuclear (and cytoplasmic) staining of
LRIG1 in basal cell carcinoma. (B) Perinuclear staining of LRIG3 in anaplastic astrocytoma (From Ref. % Fig. 4d, ©Springer-
Verlag 2006, with kind permission of Springer Science and Business Media). (C) Cytoplasmic staining of LRIG2 in
oligodendroglioma. (D) Plasma membrane staining of LRIG3 in normal human skin.
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be important to extend the LRIG studies from epidermal stem
cells to cover other stem cells, including cancer stem cells.
Whether restricting growth factor signalling, or other yet un-
known functions of the LRIG proteins sometimes can pro-
mote rather than suppress human cancer are interesting
and still open questions. Future studies will further delineate
the molecular functions of the LRIG proteins, the mecha-
nisms and role of differential LRIG subcellular distribution,
and the role of dysregulated LRIG proteins in the genesis
and progression of human cancers.
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