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Abstract

LRIG1, leucine-rich repeats and immunoglobulin-like domains protein 1, was discovered more
than 20 years ago and has been shown to be downregulated or lost, and to function as a tumor
suppressor in several cancers. Another well-reported biological function of LRIGL1 is to regulate
and help enforce the quiescence of adult stem cells (SCs). In both contexts, LRIG1 regulates SC
quiescence and represses tumor growth via, primarily, antagonizing the expression and activities
of ERBB and other receptor tyrosine kinases (RTKs). We have recently reported that in treatment-
naive human prostate cancer (PCa), LRIGL1 is primarily regulated by androgen receptor (AR) and
is prominently overexpressed. In castration-resistant PCa (CRPC), both LRIG1 and AR expression
becomes heterogeneous and, frequently, discordant. Importantly, in both androgen-dependent PCa
and CRPC models, LRIG1 exhibits tumor-suppressive functions. Moreover, LRIG1 induction
inhibits the growth of pre-established AR* and AR~ PCa. Here, upon a brief introduction of

the LRIG1 and the LRIG family, we provide an updated overview on LRIG1 functions in
regulating SC quiescence and repressing tumor development. We further highlight the expression,
regulation and functions of LRIGL1 in treatment-naive PCa and CRPC. We conclude by offering
the perspectives of identifying novel cancer-specific LRIG1-interacting signaling partners and
developing LRIG1-based anti-cancer therapeutics and diagnostic/prognostic biomarkers.
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1. Introduction: LRIG1 and the LRIG family

The LRIG (leucine-rich repeats and immunoglobulin-like domains) family of proteins are
type | single-transmembrane proteins and consists of 3 members: LRIG1-3. Initially, a
Drosophila transmembrane protein kekkon 1 was reported to participate in a negative
feedback loop to regulate Gurken/EGFR (epidermal growth factor receptor) activity during
oogenesis [1]. The human homolog of kekkon, located on chromosome 3q14, LRIG1
(formerly named L1G1), was later cloned (Fig. 1A) and found to share high similarity
with the mouse LrigI gene sequence [2,3]. Additional members, the LR1G2 gene on
chromosome 1p13 and LRIG3 on 12q13 (Fig. 1A) were subsequently reported [4,5].

The 3 vertebrate LRIG proteins share identical domain structures: an ectodomain (ECD)
containing a signal peptide (SP), 15 tandem leucine-rich repeats (LRR), the C2-type
immunoglobulin-like (Ig-like) domains, a single-pass transmembrane (TM) domain and a
relatively short cytoplasmic tail (Fig. 1B). The 15 LRRs are 22-aa sequence motifs rich in
consensus hydrophobic amino acid (aa) leucine (Fig. 1C). Structural domains composed of
LRRs facilitate protein-protein interactions [6].

Notwithstanding the significant structural similarity, the three LRIG proteins display distinct
tissue expression patterns and biological functions. Based on the GTEx data, LR/GI mRNA
is widely expressed across most human tissues with high abundance in colon and brain

(Fig. 1D). High LRIG1 protein expression is also detected in the brain and colon (Fig.

1E). Considerable evidence supports that LRIG1 is a negative regulator of ERBB receptor
tyrosine kinases (RTKSs), including EGFR/ERBB1/HER1, ERBB2/HER2/Neu, ERBB3/
HERS3, and ERBB4/HERA4 [7, 8]. ERBB stimulation by the ligands such as EGF rapidly
increases LRIG1 transcript and protein levels, and following the mutual recognition between
the respective extracellular domains (of LRIG1 and ERBBSs), LRIG1 promotes recruitment
of the E3 ubiquitin ligase c-Cbl through its cytoplasmic tail. A segment spanning amino
acids 900-936 within LRIG1 cytoplasmic domain was mapped as the Cbl docking site.
Formation of these complexes triggers elevated ubiquitylation and accelerated lysosomal
degradation of ERBB receptors resulting in the suppression of ERBB functions [7,8].
Alternatively, there is also evidence suggesting Cbl-independent LRIG1 regulation of EGFR
[9]. In glioblastoma, EGFR variant 111 (EGFRV!!") with deletion of exons 27, is the most
common oncogenic EGFR mutant, in which lack of dimerization arm and part of the ligand-
binding domain results in impaired internalization and intercellular recycling. Restricted
degradation makes EGFRY!!! constitutively active, driving tumorigenesis and aggressiveness.
However, EGFRV!!! retains interactions with LRIG1 and LRIG1 destabilizes EGFRY!! in a
Cbl-independent manner; hence, ectopic LRIG1 expression opposes the EGFRY!!! oncogenic
functions in glioblastoma cells [9]. In addition to ERBBs, LRIG1 also attenuates the activity
of several other RTKSs [10]. For instance, LRIG1 interacted with Met receptor independently
of hepatocyte growth factor (HGF) stimulation and promoted Met receptor degradation
independently of Cbl-mediated polyubiquitination [11]. By simultaneously regulating both
Met and NeuT (an activated form of Her2), LRIG1 decreased expression of both receptors
and opposed NeuT/Met collaboration in cellular invasion [11]. LRIG1 also functioned as

a negative feedback regulator of Ret activation via physical interactions, restricting the Ret
RTK activity and downstream signaling induced by GDNF in neuronal cells [12].
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LRIG2 has been implicated in regulating neuron migration, axon regeneration and neural
development. Binding of LRIG2 to Neogenin, a receptor of RGM (repulsive guidance
molecules), negatively regulated ADAM-mediated proteolysis and ectodomain shedding of
Neogenin in neurons, leading to an inhibition of neurite outgrowth [13]. Knockdown of
Lrig2 promoted regeneration of distally crushed optic nerves, suggesting the therapeutic
potential of LRIG2 inhibition in CNS regeneration [13]. LR/G2 mutations have been
implicated in one human disease called urofacial syndrome (UFS; also called Ochoa
syndrome), which is an extremely rare inherited autosomal recessive congenital disorder
characterized by inverted smile and occult neuropathic bladder [14]. Biallelic mutations in
LRIG2were identified in three families affected by UFS [14]. Subsequent study in mice
with homozygous Lrig2 mutations provided evidence that the gene had important roles for
nerve patterning in lower-urinary-tract, and its mutations led to bladder outlet obstruction
in UFS [15]. Pathogenic LR/G2 variants were also seen in a pediatric cohort with chronic
kidney disease and UFS [15].

Lrig3 is required for lateral canal morphogenesis during inner ear development, as revealed
by studies in mice with gene-trapping mutagenesis [16]. Homozygous L rig3 mutant

mice exhibited truncated lateral semicircular canal and craniofacial defects. Antagonistic
interactions between Lrig3 and Netrinl, a key regulator of fusion plate formation, ensured
the precise spatiotemporal regulation of three-dimensional architectural shaping in the
inner ear organogenesis [16]. /n vitro assays indicated that ectopic LRIG3 bound to and
co-localized with EGFR, ERBB2 and ERBBA4, but in contrast to LRIG1-induced ERBB
downregulation, an upward trend of ERBB receptor levels was observed in LRIG3-ERBB
interactions, implying diverse functions for LRIG members [17]. Indeed, further studies,
based on LRIG and ERBB co-expression in HEK293 T cells, revealed distinct functions
of the three LRIG proteins: LRIG1 decreased four ERBB receptors and LRIG2 showed
no significant effects whereas LRIG3 increased expression of ERBB receptors [18]. Thus,
LRIG1 and LRIG3 exhibited opposite functions, with LRIG3 enhancing the stability of
ERBBs [18].

2. LRIG1 as a stem cell (SC) regulator and an enforcer of quiescence

2.1. LRIG1regulates the epidermal and bulge SCs

Epidermis is the outmost protective layer of skin, providing a multilayered water-proof
barrier against pathogens and dehydration. Earlier study showed that the £ rigZ~~ mice
developed abnormal skin on tail, face and ear, including thickening tail and facial alopecia at
postnatal age of 3 weeks to 4 months [19]. Psoriasiform epidermal hyperplasia was observed
in the affected tail skin. LrigI deletion in keratinocytes promoted hyperproliferation and
terminal differentiation. Interestingly, LRIG1 was found to be down-regulated in human
psoriatic lesions relative to the strong LRIG1-expressing epidermal basal cells and hair
follicles in normal skin [19]. However, another study in human psoriatic epidermis and
clinically matched normal skin showed no difference in the mRNA levels of LRIG1, -2, -3,
but the distribution of LRIG proteins were altered in psoriatic lesions: in normal skin LRIG1
protein was detected in lower spinous layers and scattered cells in the basal layer whereas in
psoriatic lesions, LRIG1 was less frequently localized on cell surface [20]. Regardless of the
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different LRIG1 expression patterns due to distinct antibody epitopes, both studies [19,20]
consistently demonstrated an important role of LRIGL1 in epidermal homeostasis.

Mammalian epidermis comprises the interfollicular epidermis (IFE), sebaceous glands (SG),
and sweat glands. Distinct populations of epidermal SCs are responsible for constant
renewal, regeneration and wound healing. Hair follicles (HFs) are pilosebaceous units
associated to the IFE, beginning at the surface of the epidermis and extending into deep
dermis. The HFs, which consist of the upper infundibulum, midregion isthmus and the

lower segment including the bulge and hair germ, cycle through analgen (active growth),
catagen (retraction) and telogen (resting) phases that are regulated by diverse SC populations
[21-23].

IFE is the main component of epidermis maintained by resident SC populations. Transit
amplifying (TA) cells arise from SCs and undergo finite times of division prior to
undergoing terminal differentiation. Based on the expression of two human IFE SC markers,
DII1 (Delta like canonical Notch ligand 1) and MCSP (melanoma-associated chondroitin
sulfate proteoglycan), Jensen et al. [24] separated the SCs (MCSP™, DII1*) and TA

cells (MCSP~, DII17) from human epidermal keratinocytes and performed comparative
expression profiling, which identified 14 genes, including LR/G1, up-regulated in SCs
compared with TA cells. Subsequently, LRIG1 was found to be preferentially expressed in
the basal layer in human IFE, enriched in the same population considered as SCs, and play
an important role in regulating the IFE SC quiescence [24].

Lrigl is also one of the SC makers identified in the upper pilosebaceous unit in the mouse
skin [25]. Lrigl expression defined a distinct population of quiescent multipotent cells

in the junctional zone in mouse HFs - the upper region of the isthmus adjacent to the
lower infundibulum, and Lrig1-expressing cells contributed to all epidermal lineages in
reconstitution experiments. However, during steady-state homeostasis, these cells in the
junctional zone were only bipotent contributing to IFE and SG whereas they selectively
expanded upwards into IFE in response to pro-proliferative stimulation [25].

To further elucidate the biological functions of Lrigl* epidermal SCs, the same group
conducted lineage-tracing studies by developing an LrigZ knock-in mouse model, in
which the eGFP-ires-CreERT?2 cassette was inserted right following LrigZ translation
initiation codon to recapitulate the endogenous Lrigl expression [26]. Interestingly,

the LrigZ-marked SCs from the upper junctional zone were highly proliferative and
contributed to infundibulum or SG replenishment, independently from IFE. Despite this
compartmentalization, the boundaries were eliminated during wound repair when the
progeny of Lrigl* SCs from the junctional zone were detected within the IFE shortly after
injury and contributed to long-term tissue maintenance [26].

Notably, a reciprocal feedback regulation between Lrigl and Myc seemed to be important
for the maintenance of SC quiescence in epidermis [25,26]. Myc activation promoted cell
proliferation in the basal layer of mouse epidermis, which was antagonized by Lrig1.
Immunofluorescence staining revealed inverse expression patterns of LRIG1 and MYC

in the basal layer of human IFE, and in cultured human keratinocytes transduced with
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LRIG1, both MYC protein levels and cell proliferation were decreased. Correspondingly,
increased proliferation emerged with up-regulation of Myc mRNA and protein in LrigZ-null
epidermis [25,26]. Precisely how LRIG1 expression downregulated MY C remains unclear.
Reciprocally, Myc transcriptionally activated Lrigl, and thus, Myc activation elevated Lrig1
mMRNA whereas Myc knockdown downregulated Lrigl expression [26]. It is worth noting
that Blimp1 functions as another negative regulator of Myc in regulating the quiescence of
SG SCs [27].

LRIG1 regulates the gastrointestinal (Gl) tract SCs

The Gl tract is composed of multiple cellular layers: mucosa, submucosa, muscularis externa
and serosa. The mucosa of the small intestine forms numerous crypt-villus units, consisting
of protruding finger-shaped villi and moat-like invaginated crypts. Villi are responsible

for nutrient uptake and protection against environmental hazards and the crypts harbor
self-renewing SCs. Six main epithelial cell lineages exist in the small intestine: enterocytes
and Microfold cells in the absorptive linage, and Goblet, Paneth, enteroendocrine and Tuft
cells in the secretory lineage. The intestinal SCs (ISCs) reside in the bottom of the crypt,
nourished by the surrounding niche. There are two main ISC populations, the crypt base
columnar (CBC) cells and +4 SCs (+4 position counting from the bottom of the crypt
directly above Paneth cells) [28]. Lgr5 is a well-established CBC specific marker whereas
Bmil, Tert and HopX mark the +4 SCs [28]. Lineage mapping indicated that Lrigl marked
a distinct ISC population, with different global transcriptional profiling from Lgr5* ISCs
[29]. Lrigl expression was traced from birth and Lrig1l* cells were competent for epithelium
reconstitution after irradiation [29]. Lrig1 was found highly enriched in the SC niche of

the small intestine and colon, and LrigZ-null mice exhibited enlarged crypt morphology,
suggesting crypt hyperplasia due to Lrigl loss [29]. EGF produced by surrounding Paneth
cells activated EGFR signaling, and loss of Lrigl enhanced ErbB signaling within the ISC
compartment resulting uncontrolled intestinal epithelium turnover rate [30,31].

Interstitial cells of Cajal (ICC) are myofibroblasts located close to neurons in the muscular
layers of the Gl tract, controlling the Gl smooth muscle activity. Lrigl was also found to
regulate ICC postnatal development, and LrigZ-marked smooth muscle progenitors could
give rise to both ICC-DMP (deep muscular plexus) and ICC-SMP (submucosal plexus) [32].

The main anatomical sections of the stomach are the cardia, fundus, body and pyloric
antrum. Resident SCs at multiple locations were the major sources for gastric tissue renewal
[33-35]. Lrigl* SCs gave rise to Dclk1-expressing chemosensory Tuft cells in normal gastric
fundus [36]. Lineage-tracing studies suggested that Lrigl-expressing cells in isthmus were
long-lived gastric epithelial progenitors, capable of differentiating into all gastric lineages.

In response to chemically induced acute oxyntic atrophy, Lrigl* progenitor cells committed
to parietal cells and contributed to gastric mucosa regeneration [37]. Another study using

a different Lrigl reporter mouse model showed heterogeneous Lrigl expression in distinct
regions of stomach epithelium, and a population of Lrig1-expressing cells were capable of
long-term tissue maintenance [38].

In oral epithelial SCs, Lrigl marked the infrequently dividing cell population through
mediating quiescence in homeostasis [39].
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2.3. LRIG1 regulates neural SCs (NSCs)

Since Lrigl was initially discovered in the attempt to isolate novel genes promoting neural
differentiation in P19 embryonal carcinoma cells /n vitro and Lrigl showed a prominent
expression in the brain [3], there have been great interests in studying the roles of LRIG1

in neural development. Neural stem cells (NSCs) are multipotent SCs resident in the central
nervous system (CNS), generating neurons and glial cells. Mammalian adult NSCs are
restricted to two major niches in the brain: the ventricular-subventricular zone (V-SVZ)

of the lateral ventricles and the subgranular zone in the hippocampal dentate gyrus [40].
Lrigl was reported as a negative regulator of Ret, thus inhibiting GDNF/Ret induced axonal
growth of sympathetic neurons [12]. Studies in LrigI-- deficient mice suggested that Lrigl
was an essential modulator of dendrite development and Lrigl deficiency contributed to
abnormal hippocampal dendritic development and cognitive deficits [12,41,42].

Balanced quiescence and activation are essential for long-term maintenance in many SC
populations, including adult NSCs. The SVZ neurogenic niche harbors both quiescent and
activated NSCs, and LrigZ expression was enriched in quiescent NSCs compared to the
activated counterparts [43-45]. Combining /n silico analysis with public single-cell RNA-seq
datasets and LrigI reporter mouse lines, a recent study identified Lrigl as a NSC maker in
V-SVZ neurogenic niche [46]. Lrigl expression marked all spatial NSC subtypes, and the
labeled, non-proliferative Lrigl* SCs possessed neurogenic activity throughout adult life and
contributed to the neurogenic progeny into olfactory bulb interneurons [46].

2.4. LRIG1regulates other SCs

The cornea is the outmost transparent layer of the eye. Corneal integrity plays a critical

role in vision: refracting the light and focusing on objects. The cornea is composed of
epithelium, stroma and endothelium. Corneal epithelial SCs reside in the basal layer of

the limbus in peripheral cornea (thus called limbal SCs; LSCs). LSC deficiency (LSCD)
due to loss of LSCs results in chronic inflammation and impaired ability to repopulate

the corneal epithelium. Limbal autografting of corneal epithelial SCs represents the best
option for ocular surface rehabilitation in unilateral LSCD [47,48]. Cultured human ocular
keratinocytes establish 3 typical clones, holoclones, meroclones and paraclones, with

the holoclones exhibiting properties of SCs and paraclones and meroclones representing
terminally differentiated and intermediate cells, respectively [49,50]. Gene expression
profiling of human corneal keratinocytes revealed high LRIG1 expression in holoclone
SCs and an important role in controlling the homeostasis of corneal keratinocyte stem/
progenitor cells [51]. Genetic loss of Lrigl developed pathological corneal phenotypes, and
Lrigl controlled the corneal cell-fate determination by negatively regulating Stat3-dependent
inflammatory pathway during repair [51].

Meibomian glands (MG) are holocrine sebaceous glands lining the margin of the eyelids,
secret lipid-rich meibum and prevent evaporation of the eye’s tear film. MG dysfunction is
a common condition, characterized by reduced amount or quality of gland secretion. Proper
function of MG relies on continual renewal of acinar epithelial cells. LRIG1 was identified
as a biomarker for progenitor cells in human MG, and LRIG1 was expressed exclusively in
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the basal epithelial layer of acinar periphery, which gave rise to differentiated sebocytes in
the central region [52].

Mammalian teeth contain exposed dental crown and buried root. Human teeth are "rooted",
in which the root canal gradually becomes closed and unable to regrow in adulthood. In
contrast, rodent incisors and molars are "rootless", with open root canal and ever-growing
capacity. As gnawing wears away incisor substance, replenishment takes place every 40-50
days. This trait makes the mouse incisor a unique model to study adult SCs [53]. An
unbiased gene co-expression analysis indicated that Lrig1 defined two distinct quiescent SC
subpopulations in mouse incisor epithelium and the proximal mesenchyme [54].

LRIG1 as a pleiotropic tumor suppressor

Sustaining proliferation is the most fundamental hallmark of cancer cells, which is largely
enabled by growth factors and engagement of their cognate cell-surface receptors including
RTKs. RTKSs are key regulators of essential cellular processes including proliferation,
differentiation, motility and metabolism. Though tightly controlled in normal tissue, RTK
expression and functions become dysregulated during tumorigenesis resulting in oncogenic
functions [55,56]. Remarkably, LRIG1 has been evinced as a negative regulator of multiple
RTKs. LRIG1is located on Chr3pl4, a region commonly lost in many cancers [10,57, 58].
These observations suggest that LRIG1 likely functions as a tumor suppressor. In support,
bioinformatics analysis revealed generally low expression of LRIG1 in cancer cells and
patient tumors although LRIG1 overexpression was also observed in some cancers (Fig 2).
Therefore, the majority of cultured human cancer cell lines in the CCLE (the Cancer Cell
Line Encyclopedia) database express very low levels of LR/GI mRNA (Fig. 2A). Most
patient tumor specimens in the Protein Atlas also showed low levels of LRIG1 protein

(Fig. 2B). Regardless of the LRIG1 expression levels, its tumor-suppressive functions would
be predicted with better patient survival. Indeed, bioinformatics-based meta-analysis of
genomic datasets across eight independent cohorts of five solid tumors including breast,
lung, bladder, glioma and melanoma identified LRIG1 as one of the top four survival-related
genes and as best correlated with good prognosis [59]. Below, we discuss LRIG1 as a
pleiotropic tumor suppressor in different tumor systems.

LRIG1 as a tumor suppressor in Gl tumors

The LR/GI gene promoter region has been reported to be hypermethylated in human
colorectal cancer (CRC) cell lines and primary tumor tissues [60,61], suggesting that LRIG1
might be downregulated in CRC cells. Indeed, the LRIG1 protein was undetectable in the
majority of the 11 CRC cell lines in the Protein Atlas (Fig 2B). The LR/GI mRNA levels
were also downregulated in patient CRC (Fig. 2C).

LrigZ-null mice developed spontaneous duodenal adenomas with elevated ErbB1-3 and
pErk1/2 levels [29]. Adenomatous polyposis coli (APC) is a tumor suppressor gene whose
mutations result in the colon cancer predisposition syndrome called familial adenomatous
polyps (FAP). Loss of even a single copy of the Apc gene in Lrigl-expressing colonic
progenitor cells led to distal colonic tumors, as well as tumors along the Gl tract [62]. In
addition to the GI neoplasia, extracolonic FAP features including periampullary tumors,
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gastric abnormalities and retinal pigment epithelium defects were also detected [62].
Interestingly, loss of the second Apcallele in Lrigl™ cells resulted in dysplastic adenomas
in the jejunum and distal colon [29,62]. Genomic profiling of the adenomas resulting from
inducible loss of a single Apcallele in Lrigl*/~ colonic stem cells revealed increased
mutation and reduced DNA repair as well as increased inflammation [63]. Intra-tumoral
genomic heterogeneity was observed in these hypermutated tumors although transcriptomes
and splicing patterns (including loss of intron retention) were relatively uniform [63].

Lrigl marks the gastric epithelial progenitor population capable of regenerating gastric
mucosa upon injury [37,38]. Infection of carcinogenic Helicobacter pylori, the strongest
known risk factor for gastric cancer, elevated Lrigl* progenitor activity in a lineage-tracing
mouse model, which was validated by the increased expression of LRIG1 in human

gastric premalignant lesions [64]. LRIG1 expression was dynamically and negatively related
to gastric carcinogenesis, with its expression up-regulated in spasmolytic polypeptide-
expressing metaplasia and early stage of metaplasia but barely detectable in precancerous
lesions [65]. An inverse correlation between LRIG1 and EGFR was also observed in
different stages of tumorigenesis [65]. Of clinical significance, LRIG1 expression in gastric
cancer patients was positively associated with relapse-free survival rate, suggesting LRIG1
as a potential prognostic biomarker [65].

LRIG1 as a tumor suppressor in skin (and other squamous) cancers

There are three major types of skin cancer: basal cell carcinoma (BCC), squamous cell
carcinoma (SCC) and melanoma, with BCC being the most common. BCC preferentially
arises from the basal SCs within hair follicle and mechanosensory niches [66]. These SCs
were restricted in upper/lower bulge and the isthmus, and were marked by Lrigl expression
[66]. LRIG1 expression was also detected in most human BCC subtypes (superficial,
nodular, adenoid and infiltrative) as well as in tumors of skin appendages (including
porocarcinoma and SG carcinoma), and lower LRIG1 expression was observed in advanced
and late-stage tumors [67]. Consistently, LRIG1 protein was not detectable in most skin
cancer specimens in the Protein Atlas (Fig. 2B). In SG tumors, LRIG1 overexpression was
observed in poorly differentiated carcinoma [68].

Cutaneous SCC is characterized by uncontrolled growth of squamous cells. SCC

can become invasive, grow beyond the epidermis and spread to other organs.
Immunohistochemical (IHC) analyses performed on patient cutaneous SCC revealed higher
LRIG1 expression in well-differentiated low-grade regions [69]. Tumors with low LRIG1
expression showed more frequent metastasis while patients with high LRIG1 displayed
survival benefit [69]. These clinical outcomes suggested LRIG1 as a promising prognostic
indicator in cutaneous SCC [69]. These observations were confirmed in SCC cell lines

and human oral SCCs [70]. An independent study in 128 invasive squamous cell cervical
carcinomas also revealed more intensive LRIG1 expression in early-stage tumors and LRIG1
expression correlated with increased survival rate [71]. In human ocular surface squamous
neoplasia, LRIG1 was expressed in benign but downregulated in malignant epithelium, and
its expression correlated inversely with EGFR expression [72]. LRIG1 overexpression in
human SCC H357 cells drastically reduced tumor incidence, and 76 % of SCC cell lines

Semin Cancer Biol. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jietal Page 9

from multiple organs had loss of heterozygosity (LOH) of LRIG1, which was an early event
in human SCC development [73].

Melanoma, developing in melanin-producing melanocytes, is the most aggressive type

of skin cancer. LRIG1 inhibited growth of melanoma xenografts and mediated the
inhibitory effect of isoliquiritigenin, a phenolic chemical found in licorice [74]. During
hypoxia-evoked aggressive melanoma progression, human melanoma cell line A2058
emerged more aggressive phenotypes including enhanced invasion, migration, vasculogenic
mimicry and epithelial-mesenchymal transition (EMT), which were antagonized by LRIG1
overexpression and aggravated by LRIG1 depression [75]. Upregulation of LRIG1 repressed
the pEGFR and pERK activated by hypoxia stimulation, whereas silencing of LRIG1
enhanced metastasis that was counteracted by erlotinib, a selective EGFR inhibitor [75].

3.3. LRIG1 as atumor suppressor in GBM and other brain tumors

There are two categories of brain tumors: primary brain tumors originating in the brain and
secondary (metastatic) tumors beginning elsewhere and spreading to the brain. Two most
common types of primary brain tumors are meningioma and glioma. A tissue microarray
(TMA) analysis of 409 meningiomas revealed the correlation between cytoplasmic LRIG1
and LRIG2 expression with histological subtypes [76]. Cytoplasmic LRIG1 was detected in
67 % of meningioma samples, most frequently in benign subtypes. Since meningiomas are
twice as common in women, a significant correlation was also observed between estrogen
receptor (ER) status and LRIG1 expression [76].

Glioma develops in glial cells (astrocytes and oligodendrocytes), and based on histological
features, gliomas are further classified into ependymoma, astrocytoma, oligodendroglioma,
brainstem glioma, optic nerve glioma and mixed glioma. Gliomas are graded according to
malignancy or aggressiveness on a scale of | to IV: biologically benign (grade 1), low-grade
gliomas (LGG, grade Il) and high-grade gliomas (HGG, grade IlI- IV). Glioblastoma
multiforme (GBM) is the most malignant Grade IV tumor, fast-growing and invasive

[77]. Interestingly, LRIG1 mRNA levels were significantly elevated in both LGG and

GBM (Fig. 2B, C; middle). An immunohistochemistry analysis of LRIG1-3 in 404

human astrocytic tumors revealed nuclear, perinuclear and cytoplasmic expression patterns
[78]. Although cytoplasmic staining was the dominant pattern, the perinuclear LRIG1-

3 staining showed better inverse correlation with tumor progression and was associated
with lower histopathological grade and better prognosis [78]. Subsequent manipulation on
LRIG1 expression demonstrated that LRIG1 inhibited glioma growth and aggressiveness by
attenuating EGFR activation and downstream PI3K/AKT signaling pathway [79-81]. Similar
effect was observed in pituitary adenoma [82]. Notably, LRIG1 destabilized EGFRV!!! in
GBM, dampened EGFRY!!! oncogenic activity and inhibited EGFRV!!! -driven GBM cell
proliferation and invasion [9].

In platelet-derived growth factor B (PDGFB) induced murine gliomas, Lrigl expression
was comparable in both low-grade and high-grade gliomas vs. normal mouse brain tissues
[83]. However, further ablation of a single or both LrigZ alleles significantly increased the
incidence of HGG, implicating LrigZ as a haplo-insufficient tumor suppressor in gliomas
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[83]. LRIG1 overexpression in human glioblastoma cell line TB107 suppressed the invasion
and malignancy, partially by inhibition of MET phosphorylation [83].

3.4. LRIG1 as atumor suppressor in lung, breast and other cancers (excluding prostate

cancer)

Non-small-cell lung cancer (NSCLC) is the most common type of lung cancer, accounting
for 80%-85% lung cancer diagnoses. Lrigl is an important regulator of tissue homeostasis
in murine airway as well as a tumor suppressor in lung cancer [73]. In LrigZ™~ murine
tracheal epithelial cells (MTEC) and human lung adenocarcinoma and squamous cancer cell
lines, LRIG1 expression was essential for cell-cell contact inhibition via interaction with
EGFR and E-cadherin [73]. Ten human pre-invasive carcinoma samples showed reduced
LRIG1 expression compared to matched local normal airway biopsies, and LOH at LRIG1
locus occurred in 75 % of 138 lung cancer cell lines and 40 % of pre-invasive lung cancer
lesions, suggesting LRIG1 loss was associated with early tumorigenesis [73]. Independent
studies in two NSCLC cohorts with 347 and 182 patients, respectively, indicated that

high LRIG1 expression was correlated with better patient survival [84,85]. Hyperactivated
EGFR signaling results in resistance to EGFR tyrosine kinase inhibitors (TKIs) in NSCLC
patients harboring mutant EGFR. LRIG1 expression was downregulated in NSCLC cell
lines with promoter hypermethylation, compared to normal human bronchial epithelial

cell line BEAS-2B, and reduced LRIG1 was also observed in surgically resected primary
NSCLC [86]. Transfection of LRIG1 in EGFR-mut NSCLC cell lines led to downregulation
in expression and phosphorylation of mutant EGFR, as well as other RTKSs including HER2,
HER3, MET and IGF-1R [86]. Consistent with these reported tumor-suppressive functions
of LRIG1, we also observed that lentiviral mediated LRIG1 overexpression in human lung
cancer cells (Fig. 3A) inhibited clonal capacity in vitro (Fig. 3B) and tumor growth in vivo
(Fig. 3C-D).

In a study with 104 renal cell carcinoma (RCC) including clear cell and papillary RCC

and chromophobe, decreased LRIG1 and ERBB2 expression was detected in clear cell RCC
whereas up-regulation of EGFR and down-regulation of ERBB4 were present in all three
RCC subtypes [87].

Breast cancer (BC) is a heterogenous malignancy classified by the expression of steroid
hormone receptors estrogen receptor (ER), progesterone receptor (PR) and HER2. Strong
evidence indicates that LRIG1 represents a critical negative growth regulator in BC [58].
Most BC specimens in the Protein Atlas expressed little LRIG1 [Fig. 2B], and highest
LRIG1 expression was observed in luminal A and lowest in basal-like BC subtypes,
respectively [58]. Importantly, high LRIG1 expression correlated with better clinical
outcome and greater relapse-free survival [58]. In contrast, loss of LRIG1 protein was
detected in 42 of 67 human breast tumors, with >2-fold decrease in high-grade tumors

[88]. Significant downregulation of LRIG1 mRNA and an inverse correlation with tumor
grade were confirmed from Oncomine database /n sifico analysis [88]. Lrigl expression was
suppressed in focal murine mammary adenocarcinomas driven by transgenic overexpression
of activated ErbB2 (consistent with the observations in HER2* human BC) and suppressed
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Lrigl expression by constitutively activated ErbB2 signaling in BC cells in turn contributed
to ErbB2 overexpression thus forming a feed-forward regulation loop [88].

ERa positive BC is the most common subtype, in which LRIG1 expression was

enriched and higher LRIG1 expression was linked to better relapse-free survival [89].
Mechanistically, ERa transcriptionally activated LRIG1 expression via direct genomic
binding, and ErbB2 activation attenuated ERa expression and antagonized ERa.-driven
LRIG1 transcription [89]. Basal-like BC are negative for ER, PR and HER2 and thus termed
triple-negative BC or TNBC, which are highly invasive and metastatic. Endogenous LRIG1
expression was downregulated during EMT of human mammary epithelial cells, which
provides a potential explanation for the lowest LRIG1 expression in basal-like BC [90].
LRIG1 depletion resulted in accelerated EMT whereas restoring LRIG1 expression opposed
EMT, and reduced migration and invasion [90]. Earlier studies in 73 BCE employing
fluorescence in situ hybridization (FISH) revealed increased LR/G1 copy numbers in 34 %
tumors with coincidental increases in £RBBZ2 copy numbers [91,92]. However, a subsequent
study in 971 stage I/11 BC revealed 3.9 % gain and 8.9 % loss in LR/G1 copy numbers [93].
LRIGI copy number loss was enriched in TNBC and HER2* BC than in luminal A and
luminal B BC whereas LR/G1 copy number gains showed no significant differences among
the BC subtypes. Combined with an analysis in 1,576 BCE samples in public datasets, it was
determined that L~/G1 loss was a critical risk factor for distant metastasis and death and
LRIG1loss in early-stage tumors predicted early and late relapse [93]. Nevertheless, a recent
study using droplet digital polymerase chain reaction (ddPCR) in 423 primary invasive BC
cytosol samples from Sweden, generated yet discordant conclusions [94]. In contrast to

the above study [93], LRIG1 loss exhibited significant correlation with tumor grade and
nodal status, and LR/GI status was not significantly associated with 10-year patient survival
[94]. The discordance in these studies [92-94] might be due to the differences between the
different patient cohorts and analytical methods utilized.

LRIG1 as an oncogenic signaling-induced feedback tumor suppressor

in prostate cancer (PCa)

4.1.

LRIG1 expression and functions in untreated (primary) PCa

PCa is the most prevalent cancer and second-leading cause of cancer-related deaths for

men in North America. Early-stage tumors are highly curable after prostatectomy and

local therapy such as radiation. After biochemical recurrence and in advanced high-grade
tumors, androgen-deprivation therapy (ADT; also called chemical castration) is the common
treatment option. Eventually, the majority of PCa patients develop castration-resistant PCa
(CRPC) with lethal metastasis. PCa development and progression are known to involve

the activation of multiple the oncogenic (mitogenic) signaling pathways including androgen
receptor (AR), ERBBs, MYC, STAT3 and others [95-98].

LRIG1 has been under-studied in PCa, compared to studies in other cancers such as breast
and Gl cancers and glioma. An earlier study demonstrated conflicting results of LRIG1
expression and clinical significance in two independent PCa patient cohorts, including a
Swedish cohort with 355 patients and an American cohort with 293 patients [99]. In the
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Swedish cohort, mainly untreated, high LRIG1 expression was associated with worse patient
survival whereas in the American cohort, all received prostatectomy, LRIG1 expression
correlated with better survival [99].

We have recently published a comprehensive study on LRIG1 expression, regulation and
functions in PCa as well as in CRPC [100]. We found that LRIG1, which is preferentially
expressed in the normal human prostate (NHP) luminal cells (Fig. 4A; [101]), showed much
higher transcript levels in prostate tumors compared to normal or benign prostate tissues
from a total of ~1200 PCa cases in Oncomine and TCGA PCa datasets [100]. Indeed, unlike
CRC and thyroid cancer, which showed reduced LR/GI mRNA (Fig. 2C), PCa in TCGA,
most of which were untreated, showed LR/G1 upregulation (Fig. 2D-E, Fig. 4B-F; [100]).
Importantly, higher LR/GI mRNA levels in PCa were associated with prolonged overall
survival [100]. LRIGL1 protein was also upregulated in untreated PCa specimens compared
to matched benign tissues, based on IHC analysis in three TMAS containing 306 prostate
tumors and 307 normal prostate tissues [100].

Notably, the LRIG1 expression pattern exhibited a close positive correlation with AR
expression in untreated PCa cell lines and xenografts, with low/no LRIG1 detected in

AR cells [100]. Functionally, LRIG1 re-expression in AR™ PCa cells that express little
endogenous LRIG1, such as PC3, Dul45 and PPC-1, reduced both tumor incidence and
tumor growth [100]. In contrast, knocking down endogenous LRIG1 promoted growth of
AR*LRIG1* PCa xenografts [100]. In both cases, tumor inhibition or promotion upon
LRIG1 manipulation was associated mainly with changes in cell proliferation rather than
apoptosis [100]. These xenograft studies indicate that LRIG1 exhibits tumor-suppressive
properties in both AR* and AR~ PCa subtypes. Likewise, transgenic expression of LRIG1 in
the mouse prostate (i.e., human LRIG1 transgene under the control of ARRZPB promoter)
inhibited the development and growth of both Hi-Myc and TRAMP tumors, especially

at early stages [100]. Importantly, inducible LRIG1 expression inhibited growth of pre-
established AR™ PCa models PC3 and Du145 [100] as well as AR* LNCaP model (Fig. 5).
These latter observations indicate therapeutic potential of LRIG1.

4.2. AR represents the major transcriptional regulator of LRIG1 in untreated PCa

AR signaling is intimately involved in PCa carcinogenesis and progression. Our recent
study [100], as well as studies from other groups [99,102,103] suggest that AR represents

a critical transcriptional regulator of LRIG1. In addition to the aforementioned coordinated
expression between AR and LRIG1 in PCa cell line and xenograft models [100], synthetic
androgen R1881 or dihydrotestosterone (DHT) robustly stimulates LRIG1 expression in
LNCaP and other androgen-responsive PCa cells [99,100,102]. LR/GI mRNA levels highly
correlated with the well-known AR target genes prostate specific antigen (PSA; KLK?3) and,
sometimes, FKBP5 (Fig. 4B-F; [100]). Multiple AR binding sites (ABS) were identified
across the LR/G1 genomic region by chromatin immunoprecipitation sequencing (ChlP-seq)
[100,103], and ChIP-gPCR targeting 4 major ABS revealed significant AR-binding activities
in AR* PCa cells, which were further enhanced by DHT [100].
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LRIG1 signaling in treatment-naive PCa: interplays with AR, ERBB and MYC

As discussed above, in untreated PCa, AR represents a major transcriptional activator of
LRIG1, which in turn represses AR-driven (i.e., AR*) prostate tumorigenesis. Another
upstream activator of LRIG1 is the ERBB/ligand signaling [7,8]. In the normal human
prostate, ERBBZ2 was most abundantly expressed at the mRNA levels followed by ERBB3
while EGFR was expressed at low levels and £RBB4 minimally expressed (Fig. 6A). There
was a moderate correlation (i.e., R = 0.3 — 0.4) between LR/G1and EGFR, and between
LRIGIand ERBBZ, mRNA levels (Fig. 6A). In contrast, in PCa in the TCGA-PRAD
dataset, most of which were untreated, ERBB3was expressed at the highest levels among
the four ERBBs and the upregulated £RBB3 significantly correlated with LR/GI mRNA
levels (Fig. 6B; [100]).

The above discussions suggest an intricate relationship among AR, LRIG1 and ERBBs

in PCa [100,104]. AR not only directly regulates its own inhibitor LRIG1 [100], but it

also transcriptionally regulates EGFR and ERBB3 in that the AR mRNA levels highly and
moderately correlated with the mRNA levels of EGFR and ERBBS3, respectively, and that
there were strong and moderate AR-binding peaks at the EGFR and ERBBS3, respectively,
genomic regions [100]. LRIG1 then functionally, and posttranscriptionally, antagonizes AR
as well as ERBBs. Indeed, LRIG1 re-expression or knockdown in PCa, repressed and
induced, respectively, the protein levels of various (p)ERBBSs in a model-dependent manner
[100]. And, importantly, LRIG1 induction inhibited the growth of PC3 and Du145 tumors
expressing an oncogenic rat ErbB2 mutant, Neu* [100].

Yet another upstream oncogenic activator of LRIG1 is MYC. The MYC gene is often
amplified and MYC protein is overexpressed in the precursor lesions and early-stage PCa,
and transgenic MYC expression is sufficient to induce cancer phenotypes in the mouse
prostate [105]. Interestingly, in the NHP, MY C shows a contrasting expression pattern to
LRIG1 in that it was mostly expressed in the basal cells (Fig. 4A; [101]). However, in PCa
MY C protein is largely expressed in the luminal progenitor cells [106], which is why the
ARR2ZPB-driven MY C expression could cause full-blown murine PCa [105]. Earlier studies
in mouse epidermis revealed an intriguing reciprocal relationship between Lrigl and Myc
in that Myc appeared to transcriptionally activate Lrigl and Lrig1 could also downregulate
Myc protein [25,26]. We have demonstrated that transgenic LRIG1 expression inhibited
MY C-driven prostate tumors and that in human PCa, knocking down endogenous LRIG1
increased c-MYC levels in LNCaP and VCaP cells while LRIG1 overexpression reduced
c-MYC in Dul45 and PPC-1 cells [100].

LRIG1 expression, regulation and functions during PCa progression and in CRPC

Most primary PCa is diagnosed as localized multifocal disease, composed of genetically
identical subclones harboring distinct mutations. Although genomic amplifications
(alterations) of AR rarely occur in primary PCa [95], the inter-focal genetic heterogeneity
contributes to metastasis and therapy resistance [95-97] and PCa progression is accompanied
by further cellular and genomic diversification [107]. Intriguingly, the LR/G1 and ERBB3
MRNA expression followed a similar pattern, i.e., significantly increased in early-stage PCa
(i.e., Gleason 6 and 7) and then gradually decreased with increasing Gleason grade (Fig.
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2E; [100]). This may likely be related to the fact that AR signaling (not the AR expression)
gradually becomes attenuated in advanced, high-grade prostate tumors [107].

ADT induces unprecedented cellular and molecular heterogeneity in patient tumors. For
example, the expression levels and distribution patterns of AR in CRPC become highly
heterogeneous in that a significantly increased fraction of CRPC cells or clones express

little AR, i.e., AR™1° or show cytoplasmic AR expression [98]. Accompanying the altered
AR expression, LRIG1 expression also becomes heterogeneous and discordant (with

AR) in CRPC (Fig. 7; [100]). In the 3 Oncomine datasets, the LR/GI mRNA levels

were increased, decreased or un-altered in CRPC compared to hormone-naive tumors

(Fig. 7A). In several whole-mount patient CRPC we analyzed, AR™1° PCa cells became
predominant whereas LRIG1 was persistently and highly expressed and discordant LRIG1
and AR expression patterns were observed showing AR*LRIG1* AR-/Io| R1G1710 and
AR RIG1* phenotypes (Fig. 7B; [100]). /n vitroand in vivo modeling of castration in
several PCa models also revealed dynamic (both concordant and divergent) changes in AR
and LRIGL1 (Fig. 7C-D). in vivo, the LNCaP-Al (androgen-independent; castration-resistant)
tumors showed upregulation in AR and (slight) decreases in LRIG1 compared to androgen-
dependent (AD) tumors (Fig. 7C; [100]). The LAPC4-Al tumors showed concordantly
reduced AR and LRIG1 compared to LAPC4-AD tumors while both LAPC9 CE/AI tumors
showed low levels of AR and LRIG1 (Fig. 7C). In contrast, the VVCaP-Al tumors upregulated
AR but downregulated LRIG1 (Fig. 7C). in vitro, a short-term castration of LNCaP cells,
i.e., culturing in CDSS (charcoal dextran stripped serum) for 48 h, led to downregulation of
LRIG1 without significant changes in AR (Fig. 7C). Long-term castration (i.e., from 1 week
to 15 months) of LNCaP cells in vitro using 3 different regimens induced epigenetically-
driven cyclic changes in AR protein, as reported earlier [108], which was accompanied by
interesting alterations in LRIG1 (Fig. 7D). In LNCaP cells castrated for 1 week and 3 weeks,
both AR and full-length 146-kD LRIG1 were lost but, strikingly, two smaller LRIG1 species
migrating at ~115-kD and 100-kD [100] were detected (Fig. 7D). In LNCaP cells castrated
for 10-15 months, divergent levels of AR re-appeared accompanied by the appearance of
full-length LRIG1 (Fig. 7D).

These studies of LRIG1 and AR (Fig. 7; [100]) suggest that, although AR represents

the MAJOR transcriptional regulator of LRIG1 in treatment-nai’ve PCa, AR continues

to regulate LRIG1 expression in CRPC to certain levels. This would help explain the
concordant AR*LRIG1* and AR°LLRIG1~/1° phenotypes observed in patient CRPC (Fig.
7A-B; [100]). Regardless of LRIG1 expression and its regulation in CRPC, LRIGL1 still
manifests tumor-inhibitory effects in CRPC, as overexpression of LRIG1 in LNCaP Al

cells inhibited tumor development whereas LRIG1 knockdown in LAPC9 Al cells promoted
tumor growth [100].

LRIG1 as a potential biomarker and anti-cancer therapeutic

That LRIG1 expression correlates with better patient survival in many cancers [59] including
gastric cancer [65], cutaneous SCC [69], squamous cell cervical carcinoma [71], glioma
[78], NSCLC [84,85], breast cancer [58,89,93] as well as PCa [100] suggests that the LRIG1
status and expression levels may be developed as a diagnostic and/or prognostic biomarker
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in the clinic. Our observations that LRIG1 induction inhibited the growth of pre-established
AR* and AR~ PCa models (Fig. 5; [100]) indicate that LRIG1, as a tumor suppressor, may
also be therapeutic. In fact, the ECD (ectodomain) of LRIG1 has been reported to display
tumor-inhibitory and therapeutic effects in several cancers [109-111]. ECD shedding is the
release of the soluble extracellular domain following proteolytic cleavage, an irreversible
post-translational modification fundamental in cellular processes and pathologies [112].
Proteolytic shedding of the soluble LRIG1 ECD may have evolved as a critical regulatory
mechanism for growth factor (particularly, ERBB) signaling. Besides the major predicted
full-length LRIG1 protein of ~146-kD, minor bands with lower molecular weight (M.W),
e.g., 110-kD (the predicted M.W of the LRIG1 ECD) and 60-kD, have been detected by
antibodies against the LRIG1 ECD [100]. In tail skin lysates from wild-type mouse, an
additional 60-kD band was detected, which was absent in LrigZ knock-out mouse tissue.
The 60-kD LRIG1 band was also detected in human tissue lysates from prostate, ileum,
stomach and skin [112]. With ectopic expression of LRIG1 FLAG-tagged at the N-terminus,
full-length LRIG1 was detected in cell lysates whereas the 110-kD and 60-kD bands

were observed in cell culture supernatants [112]. Release of the putative LRIG1 ECD was
enhanced by metalloprotease activators and abolished by metalloprotease inhibitors, strongly
suggesting proteolytic processing of the LRIG1 protein at the ECD [112]. Interestingly, in
the in vitro generated LNCaP-CRPC cells, we observed several lower M.W LRIG1 bands
at 110-kD, 100-kD and 60-kD when AR was lost, which likely represented various LRIG1
ECD cleavage products (Fig. 7D). Regardless, expression of the LRIG1 ECD or truncated
LRIG1 containing only LRRs (Fig. 1B), inhibited cancer cell growth /n vitro and retarded
the growth of patient-derived orthotopic xenografts [109-113]. As LRIG1 has been evinced
to manifest strong inhibitory effects against (p)ERBBs [7,8,100], these studies [109-112]
highlight the potential of developing the LRIG1 ECD (or part of the ECD) into novel peptide
anti-cancer therapeutics. In support, soluble LRIG1 ECD has been demonstrated to exhibit
pan-RTK inhibitory activity targeting ErbBs, Met, Ret, Ron, PDGFRa, IGF1R and AXL
[110].

6. Conclusions and outstanding questions

Our discussions above render it clear that LRIG1 has evolved as a pleiotropic tumor
suppressor feedback-induced by multiple oncogenic signals (Fig. 8; [100]). Therefore, in
PCa, oncogenic signaling activated by androgen/AR, growth factors/fERBBs and MY C can
all upregulate LRIG1, which in turn functions to antagonize tumorigenic process driven by
these pathways (Fig. 8A; [100]). Likewise, in human cancers such as GBM and NSCLC,
which are driven by EGFR overexpression and/or EGFR mutations, as well as in HER2*
breast cancer, ERBB activation by their cognate ligands leads to induction of LRIG1, which
feedback retards the oncogenesis (Fig. 8B). There are still many outstanding questions.
For example, are there biochemical mechanisms of LRIGL1 in addition to neutralizing the
ERBB and RTKSs? In the context of reciprocal interactions between LRIG1 and MYC
[100], how does LRIG1 negatively regulates MYC? In treatment-failed tumors such as
CRPC, LRIG1 continues to be expressed at high levels but what transcription factors
might be regulating LRIG1 in largely AR™1° PCa cells? With respect to the LRIG1-ECD
functioning as a pan-RTK therapeutic, is there a minimal domain (or motif) in the ECD
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that accounts for the major tumor-inhibitory effects? Answers to these, and other, questions
will undoubtedly advance our understanding of the molecular mechanisms underpinning
the tumor-suppressive functions of LRIG1 and facilitate the development of LRIG1-based
biomarkers and therapeutics.
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Fig. 1.
LRIG1 mRNA expression in normal human tissues. (A) Genomic structure of human

LRIG1-3. The human LR/G1 gene, located on Chr3gl14, spans 122,136 bp and consists

of 19 exons. The LR/G2and LR/G3genes are smaller than the LR/G1 gene. The

sizes of exons and introns are not drawn to scale. (B) Schematic of the human LRIG1
protein structure. SP, signal peptide; LRR, leucine-rich repeat; LRRNT, LRR N-terminal
flanking; LRRCT, LRR C-terminal flanking; TM, transmembrane. Shown below are several
commonly used anti-LRIG1 antibodies (mAb, monoclonal antibody; pAb, polyclonal
antibody). (C) Sequence logos for human LRIG1 LRR amino acid alignments. (D) Heat
map of LRIGI, LRIGZand LRIG3mRNA levels from GTEX. (E) Heat map presentation

of the relative LRIG1 protein expression levels in human normal tissues based on
immunohistochemistry staining (using the HPA011846; B) in samples from 44 normal tissue
types of 144 individuals in the Human Protein Atlas. The box colors, dark blue, medium
blue, blue and light blue, respectively, represent the “High, Medium, Low, Not Detected’
expression levels of the LRIG1 protein, as indicated on the top of the heat map.
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Fig. 2. LRIG1 expression in human cancersand cancer cell lines.
(A) Low levels of LR/GI mRNA expression in most cultured human cancer cell lines.

Gene expression data was extracted from the CCLE Cancer Cell Line Encyclopedia
(https://portals.broadinstitute.org/ccle). Shown are the violin plots of the LR/GI mRNA
levels (RSEM) in the indicated cancer cell types (n indicated in parentheses). Median and
quartiles as indicated. Each dot represents an individual cell line. (B) Heat map of LRIG1
protein expression in the indicated human cancers. The LRIG1 protein expression data was
extracted from the Human Protein Atlas, based on immunohistochemistry staining of LRIG1
(HPAQ11846; see Fig. 1B) in samples from 189 cancer patients of 19 different cancer types
(total n indicated in parentheses, scale bar represents case number). ND, not detected. The
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numbers in individual boxes represent the number of cases. Note that the majority of patient
tumors expressed undetectable LRIG1 protein with the glioma as an exception. (C) LRIGI
MRNA expression is decreased in colorectal and thyroid cancers but increased in glioma
and thymoma. Shown are the box plots of LR/GI mRNA levels in tumor samples from
TCGA and combined normal tissues from TCGA and GTEXx (http://gepia.cancer-pku.cn). *p
< 0.05 (ANOVA). (D) Increased LRIGI mRNA levels in human PCa. Shown are LRIG1
MRNA levels in two different tumor-normal comparisons from the TCGA-PRAD dataset.
****p < 0.0001 (paired Student’s £test). (E) In TCGA-PRAD dataset, LR/GI mRNA
levels are increased in PCa of all Gleason (G) grades compared to normal (N). p < 0.001
(paired Student’s #test). However, LRIG1 mRNA levels gradually declined accompanying
the increased tumor grade. p < 0.0001 (Jonckheere-Terpstra test).
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Fig. 3. LRIG1 overexpression inhibits lung cancer xenogr aft growth.
(A) WB of LRIGL1 in lung cancer cells. A549, H460 and H1299 cells infected with pLVX-

LRIG1 (LRIG1) or empty control (EV) lentivirus were used to prepare whole cell lysate
in WB analysis of LRIG1 (a mAb against LRIG1 was used) and other proteins indicated.
293T-LRIGL cells were used as positive control. Varying amounts of proteins were loaded
in WB and GAPDH was used as a control. Note that that these 3 lung cancer cell lines

do not express detectable endogenous LRIG1 and also lacked appreciable expression of
ERBB2/ERBBS3. (B) Clonal assays in H460 cells infected with pLVX-LRIG1 lentivirus
(LRIG1) and the control empty lentivirus (EV) for 72 h and plated in 6-well plates (300
cells/well). Clones were counted 13 days after plating. Presented are the mean + SD from
triplicate cells. **p < 0.01 when compared with the corresponding EV controls (paired
Student’s #test). Shown on the right are representative images of the clones. (C-D) LRIG1
expression inhibits lung cancer xenograft growth. Shown in C are the tumor images and
tumor incidence (# tumors/# injections), endpoint tumor weights (mean * S.D) and the
corresponding p-value (Student’s #test). Shown in D is the boxplot of tumor weights (***p
<0.001).
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Fig. 4. LRIG1 isexpressed in normal human prostate luminal cellsand upregulated in PCa.
(A) Contrasting mRNA expression patterns between LR/G1and MYC and between LR/G1

and LR/G3in normal human prostate (NHP) luminal and basal cells. Shown are the mRNA
levels (normalized read_counts) for the indicated genes based on our RNA-seq profiling
data (GSE67070). *p < 0.05 (paired Student’s #test). (B-F). LR/GI mRNA levels are
up-regulated in low grade prostate tumor tissues (L) compared with the matched normal
tissues (N), but slightly downregulated in high grade tumor tissues (H) in 4 representative
Oncomine datasets (B-E) and in TCGA (F). Similar trend was observed in some datasets
with PSA (KLK3)and FKBP5 mRNA levels. Patient numbers are indicated. Note that the
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AR mRNA levels were elevated in only one dataset (D). *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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Fig. 5. LRIG1 induction inhibitsthe growth of AR L NCaP xenogr aft tumors.
LNCaP cells were infected with a doxycycline (DOX) inducible LRIG1-encoding lentiviral

vector (MOI of 5) and selected with puromycin for ~2 weeks [100]. The LNCaP-LRIG1-
puro cells were implanted subcutaneously (s.c) into two groups of male NOD/SCIDy mice
(12 mice/group), and, on day 35, one group of mice received DOX-supplemented chow
(+DOX) and the other group the regular chow (-DOX). Tumor volumes were monitored and
measured using a digital caliper and data presented in A (*p < 0.05; paired Student’s #test).
The experiment was terminated on day 52 and tumors harvested. Presented in B is the image
of endpoint tumors with incidence and weights indicated. Note that the LRIG1-expressing
tumors were nearly twice as smaller as the control (CTL) tumors (i.e., ~-DOX) although the
p-value is not statistically significant due to big variations in tumor size.
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Fig. 6. Dynamic relationship between LRIG1 and ERBB family members.
(A) In normal prostate tissues, ERBB2 mRNA was expressed at highest levels followed by

ERBB3and EGFRwhile ERBB4 mRNA was barely detectable, and there was reasonable
correlation between the ERBB2and ERBB3 mRNA levels with LR/G1. Pearson correlation
coefficient for linear regression was calculated based on expression data of the 5 genes in
232 normal prostate tissues from the GTEX project, with R and p-value indicated.

(B) In PCa, ERBB3was expressed at the highest level and there was a significant correlation
between ERBB3 mRNA levels with LR/G1. Pearson correlation coefficient for linear
regression was calculated based on expression data in 498 PCa samples from TCGA project,
with R and p-value indicated.
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Fig. 7. Persistent and increased LRIG1 expression in CRPC.
(A) Heterogeneous LR/GI mRNA expression in CRPC. Shown are the relative LR/G1

mMRNA levels in CRPC compared to corresponding hormone-naive PCa in 3 Oncomine
datasets. LR/G1 was upregulated in the Tomlins dataset (FC = 2.359; p = 0.009) and
showed reduced trend in the Best dataset (FC= —1.635; p = 0.095) whereas LR/GI did not
change in Holzbeirlein dataset (FC = 1.029; p = 0.483). (B) Discordant LRIG1 and AR
expression and persistently high LRIG1 expression in patient CRPC. Shown are matched
IHC images of AR and LRIGL1 in the whole-mount slides of 4 patient CRPC specimens
(adapted with permission from [100]). Note that most CRPC cells lost AR expression but
retained high levels of LRIG1. (C) Persistent LRIG1 expression in CRPC xenograft models.
Whole cell lysates (60 pg/lane) prepared from 4 pairs of androgen-dependent (AD) and
androgen-independent (Al; castration-resistant) xenograft tumors (lanes 1-8) and from 1
pair of in vitro castrated (i.e., CDSS for 48 h) LNCaP cells (lanes 9-10) were used in

WB analysis of the molecules indicated. (D) Alterations of LRIG1 in an in vitro castration
model. As detailed in [108], LNCaP cells were subjected to 3 regimens of long-term
castration in culture, i.e., CDSS (charcoal dextran stripped serum), ENZA (enzalutamide; 10
UM), or CDSS plus bica (bicalutamide; 20 uM) for the time intervals indicated (w, week;

m, month). Whole cell lysates (60 pg/lane) were used in WB analysis of the molecules
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indicated. *, cleaved ~110-kD and 100-kD LRIG1 ECD fragments. The arrow indicates the
60-kD ECD fragment.
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Fig. 8. LRIG1 asa pleiotropic feedback tumor suppressor.
(A) In PCa, oncogenic signaling from androgen/AR, ERBB/ligands and MY C induces

LRIG1 expression and the upregulated LRIG1, in turn, antagonizes tumorigenesis driven by
these pathways. Adapted with permission from [100]. (B) LRIG1 similarly functions as a
feedback tumor suppressor in other ERBB-driven human cancers (see Text).

Semin Cancer Biol. Author manuscript; available in PMC 2022 July 01.



	Abstract
	Introduction: LRIG1 and the LRIG family
	LRIG1 as a stem cell (SC) regulator and an enforcer of quiescence
	LRIG1 regulates the epidermal and bulge SCs
	LRIG1 regulates the gastrointestinal (GI) tract SCs
	LRIG1 regulates neural SCs (NSCs)
	LRIG1 regulates other SCs

	LRIG1 as a pleiotropic tumor suppressor
	LRIG1 as a tumor suppressor in GI tumors
	LRIG1 as a tumor suppressor in skin (and other squamous) cancers
	LRIG1 as a tumor suppressor in GBM and other brain tumors
	LRIG1 as a tumor suppressor in lung, breast and other cancers (excluding prostate cancer)

	LRIG1 as an oncogenic signaling-induced feedback tumor suppressor in prostate cancer (PCa)
	LRIG1 expression and functions in untreated (primary) PCa
	AR represents the major transcriptional regulator of LRIG1 in untreated PCa
	LRIG1 signaling in treatment-naive PCa: interplays with AR, ERBB and MYC
	LRIG1 expression, regulation and functions during PCa progression and in CRPC

	LRIG1 as a potential biomarker and anti-cancer therapeutic
	Conclusions and outstanding questions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

