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The incidence of melanoma and nonmelanoma skin cancer has increased
tremendously in recent years. Although novel treatment options have signifi-
cantly improved patient outcomes, the prognosis for most patients with an
advanced disease remains dismal. It is, thus, imperative to understand the
molecular mechanisms involved in skin carcinogenesis in order to develop new
targeted treatment strategies. Receptor tyrosine kinases (RTK) like the ERBB
receptor family, including EGFR/ERBBI, ERBB2/NEU, ERBB3, and
ERBB4, are important regulators of skin homeostasis and their dysregulation
often results in cancer, which makes them attractive therapeutic targets. Mem-
bers of the leucine-rich repeats and immunoglobulin-like domains protein
family (LRIG1-3) are ERBB regulators and thus potential therapeutic targets
to manipulate ERBB receptors. Here, we analyzed the function of LRIG1 dur-
ing chemically induced skin carcinogenesis in transgenic mice expressing
LRIGI in the skin under the control of the keratin 5 promoter (LRIG1-TG
mice). We observed a significant induction of melanocytic tumor formation in
LRIG1-TG mice and no difference in papilloma incidence between LRIG1-
TG and control mice. Our findings also revealed that LRIG]1 affects ERBB
signaling via decreased phosphorylation of EGFR and increased activation of
the oncoprotein ERBB2 during skin carcinogenesis. The epidermal prolifera-
tion rate was significantly decreased during epidermal tumorigenesis under
LRIG1 overexpression, and the apoptosis marker cleaved caspase 3 was sig-
nificantly activated in the epidermis of transgenic LRIGI mice. Additionally,
we detected LRIG1 expression in human cutaneous squamous cell carcinoma
and melanoma samples. Therefore, we depleted LRIG1 in human melanoma
cells (A375) by CRISPR/Cas9 technology and found that this caused EGFR

AKT, RAC-alpha serine/threonine-protein kinase; CASP3, caspase 3; cSCC, cutaneous squamous cell carcinoma; DAPI, 4/,6-diamidino-2-
phenylindole; DMBA, 7,12-dimethylbenz(a)anthracene; EGF, epidermal growth factor; EGFR, EGF receptor; FCS, fetal calf serum; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; H&E, hematoxylin and eosin; HF, hair follicle; IFE, interfollicular epidermis; KO, knockout; KRT,
keratin; LOR, loricrin; LRIG, leucine-rich repeats and immunoglobulin-like domains; MAPK1/2, mitogen-activated protein kinase 1/2; MKI67,
proliferation marker protein Ki-67; MLANA, Melan-A; NMSC, nonmelanoma skin cancer; NOTCH1, neurogenic locus notch homolog protein
1, PCNA, proliferating cell nuclear antigen; PTEN, phosphatidylinositol 3,4,5-triphosphate 3-phosphatase and dual specificity protein
phosphatase PTEN; RTK, receptor tyrosine kinase; TG, transgenic; TP53, cellular tumor antigen p53; TPA, 12-O-tetra-decanoylphorbol-13-

acetate.
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and ERBB3 downregulation in A375 LRIG1 knockout cells 6 h following
stimulation with EGF. In conclusion, our study demonstrated that LRIG1-
TG mice develop melanocytic skin tumors during chemical skin carcinogenesis
and a deletion of LRIG1 in human melanoma cells reduces EGFR and
ERBB3 expression after EGF stimulation.

1. Introduction

Melanoma and cutaneous squamous cell carcinoma
(¢SCC) of the skin are the most prominent types of
skin cancer, with dramatically increasing incidences in
recent years [1]. Worldwide, there are about 132 000
newly diagnosed melanoma cases per year and 2-
3 million new incidences of nonmelanoma skin cancer
(NMSC). Today, there are several therapeutic strate-
gies like immune checkpoint and kinase inhibitors to
improve patients’ outcome. However, prognosis is still
very poor for advanced tumors. It is thus indispens-
able to understand the molecular mechanisms involved
in skin carcinogenesis to develop new targeted treat-
ment strategies.

Receptor tyrosine kinases (RTKs) like the epidermal
growth factor receptor (EGFR) and its family mem-
bers ERBB2-4 (HER2-4) are crucial players during
NMSC [2,3] as well as melanoma development [4]. The
ERBB receptor family is widely expressed in skin [5]
and involved in pivotal processes like proliferation,
differentiation, and cell death to maintain epidermal
homeostasis [6]. Also, the RTKs of the ERBB family
are often dysregulated in tumors [7] and therefore
prominent targets in cancer therapy [8]. EGFR affects
epidermal tumor development and progression [9] and
EGFR expression is increased in ¢SCC [10]. Similarly,
the skin-specific deletion of ERBB2 and ERBB3 influ-
enced skin cancer promotion [2,3]. Importantly, feed-
back mechanisms of the complex ERBB signaling
network are frequently affected during tumorigenesis
[11]. We investigated the role of leucine-rich repeats
and immunoglobulin-like domains protein 1 (LRIG1)
regulating ERBB network.

LRIGI is one of three members of a transmembrane
protein family (LRIG1-3) [12] and a negative regulator
of ERBB receptors [13,14]. Additionally, LRIG1 pro-
motes stem cell quiescence in the intestine [15], the
stomach [16], and also in the skin [17]. Lrigl/ knockout
mice show a severe epidermal, psoriasis-like phenotype
[18]. In previous studies, we have shown that the skin-
specific overexpression of LRIG1 affects skin morpho-
genesis as well as homeostasis by regulating ERBB sig-
naling [13]. Moreover, LRIGI1 upregulation in

consequence of the skin-specific overexpression of the
EGFR ligand epigen during homeostasis [19], or owing
to increased intrinsic EGFR signaling in epidermal
papillomas of Egfi”*> mice [9], indicates a function of
LRIGI in feedback regulation of the ERBB network
also in the skin. Furthermore, LRIG proteins arouse
attention due to their potential as prognostic factors in
various tumors [20]. LRIGI is thought to be a tumor
suppressor in non-small-cell lung cancer [21], cervical
SCC [22], and also melanoma [23] and c¢SCC [24].
While metastasis and decreased survival are shown in
c¢SCC patients with low LRIG]1 expression, the upreg-
ulation of LRIGI is related to better prognosis and
more differentiated tumors [24]. The prognostic value
of LRIGs is often also associated with ERBB signaling
like in urinary bladder [25] or breast cancer [26]. In
glioma, loss of LRIGI results in very aggressive
tumors [27], though the ectopic LRIGI1 expression
causes decreased tumor cell proliferation by negatively
regulating the oncogenic EGFR mutant EGFRUVIII,
which is often highly expressed in glioblastoma [28].

Taken together, while LRIG1 might be a promising
target for tumor therapy in the skin by influencing the
ERBB signaling network, the molecular function and
the underlying mechanisms are largely unknown.
Therefore, we investigated the effect of LRIG1 overex-
pression in mouse skin during epidermal carcinogenesis
in a 7,12-dimethylbenz(a)anthracene/12-O-tetra-de-
canoylphorbol-13-acetate (DMBA/TPA) chemical car-
cinogenesis model. Our data indicate a tumorigenic
function of LRIGI in the skin.

2. Materials and methods

2.1. Cells

Human HaCaT keratinocytes, A431 squamous cell
carcinoma cells, and A375 melanoma cells were pur-
chased from CLS (Cell Lines Service, Eppelheim, Ger-
many). Short tandem repeat DNA profiling analysis
was used to authenticate all human permanent cell
lines in the CLS cell bank. The human melanoma cell
lines SK-MEL2 and SK-MEL28 were kindly provided
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by the Department of Dermatology and Allergy, Tech-
nical University of Munich, Germany. Mycoplasma
testing with a mycoplasma detection kit (PlasmoTest,
InvivoGen, Toulouse, France) was regularly performed
on all cultured cells, and all used cell lines were found
to be mycoplasma free. All cells were cultured in
DMEM® medium (Biochrom, Berlin, Germany) sup-
plemented with 10% fetal calf serum (FCS; Biochrom),
penicillin (100 U-mL™"), and streptomycin
(100 pg:mL~") (Biochrom) in a humidified incubator
with 5% CO, at 37 °C.

2.2. Human samples

The study methodologies conformed to the standards
set by the Declaration of Helsinki. Analysis of human
¢SCC tissue samples was approved by the Ethics Com-
mittee of the Medical Faculty, University of
Wiirzburg, Germany (reference number #169/12). Mel-
anoma biopsies were kindly provided by the Depart-
ment of Dermatology and Allergy, Technical
University of Munich, Germany, and obtained with
the approval of the local Ethics Committee (307/18S).
The Department of Dermatology, University Hospi-
tal Wiirzburg, Germany, generously provided nondis-
eased skin samples of 10 individuals as controls and
10 ¢SCC samples of 10 patients between 71 and
92 years of age. Eight of these patients were diagnosed
at stage [ (pT1G1: 6 patients, pT1G2: 2 patients) and
two at stage Il (pT2G2 and pT2G3: one patient each)
as classified according to the 8th Edition of the staging
manual of the American Joint Committee on Cancer
(AJCC-8) [29]. Tissue was taken from the following
anatomical sites: cheeks (three patients), forehead
(three patients), and nose, ear, dorsum of the hand
and lower leg (one patient each). Skin samples from
nondiseased skin of 10 individuals served as controls.

2.3. Mice

C57BL/6N mice were purchased from Janvier (Le
Genest St Isle, France) to maintain the transgenic mice
in the C57BL/6N background. All mice were main-
tained under specific pathogen-free conditions in the
closed barrier facility of the Gene Center Munich at
23 °C, 40% humidity, and with a 12-h light/dark cycle
(lights on at 7 AM). The mice had access to water and
standard rodent diet (V1534; Ssniff, Soest, Germany)
ad libitum. Mice overexpressing LRIG1 skin specifi-
cally under the control of the keratin 5 (KRTS) pro-
moter using the tetracycline-controlled transcriptional
activation system (TET-Off) have been originally
described previously [13]. After positive copulatory
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plug check, pregnant mice received 3 mg-mL~' doxy-
cycline (Dox) [Beladox 500 mg-g~ ', bela-pharm (Leh-
necke 793-588), Schortens, Germany] in the drinking
water together with 5% sucrose (Sigma, Taufkirchen,
Germany) until they gave birth to inhibit transgene
expression during embryogenesis. Dissection of 8-
month-old, female LRIGI-TG mice (KRT5-tTA;
pTRE-tight-LRIG1) and controls (Co; wild-type,
KRT5-tTA or pTRE-tight-LRIG1) was done at the
end of the experiments; skin samples were fixed in 4%
paraformaldehyde (Sigma), dehydrated, and embedded in
paraffin or snap-frozen and stored at —80 °C until use.

2.4. Chemical skin carcinogenesis

All mouse experiments were performed in strict com-
pliance with the European Communities Council
Directive (86/609/EEC) recommendations for the care
and use of laboratory animals. The Committee on
Animal Health and Care of the local governmental
body of the state of Upper Bavaria (Regierung von
Oberbayern), Germany, approved all mouse studies
(Gz.:55.2-1-54-2532-206-2012). Two-stage chemical
skin carcinogenesis was performed with 7-week-old,
female LRIGI-TG mice and controls (n = 14 Ctrl/11
TG) according to internationally accepted standards as
described previously [30]. For tumor initiation, the car-
cinogen DMBA (100 pnL. DMBA dissolved in acetone,
400 nmol, Sigma) was applied once to the shaved back
skin of LRIGI-TG and control mice. The animals
were subsequently treated twice a week with the
tumor-promoting agent TPA (50 uL TPA dissolved in
ethanol, 10 nmol, Sigma) for 23 weeks. Tumor devel-
opment was assessed weekly. For this purpose, the
number of tumors > 1 mm was counted and docu-
mented weekly, and the diameter was measured with a
caliper and recorded by the same researcher every
time. Papilloma burden is the calculated sum of tumor
diameters per mouse.

2.5. Analysis of the Hras mutation

Genomic DNA was isolated from tail skin and tumors.
Detection of the DMBA-induced Hras mutation was
performed as described previously [31]. Briefly, the point
mutation in the Hras gene induces a Xbal restriction site
in codon 61. The PCR (Qiagen, Hilden, Germany) pro-
duct flanking the mutations was therefore digested with
Xbal (Cell Signaling, Frankfurt, Germany) at 37 °C for
3 h and electrophoresed on a 3% agarose (Sigma) gel.
The following primers were used: Hras-FW: 5-AA
GCCTGTTGTTTTGCAGGA-3'; Hras-REV: 5-GGT
GGCTCACCTGTACTGATG-3'.
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2.6. Stimulation of A375-LRIG1-KO cells

For stimulation, cells were starved in the medium indi-
cated above without FCS for 12 h and stimulation
was done with 100 ngmL™' EGF (R&D Systems,
Wiesbaden-Nordenstadt, Germany) for 6 h. Three bio-
logical replicates were analyzed.

2.7. Western blot analysis

The Laemmli extraction buffer was used to isolate pro-
teins from murine tissue samples. Twenty-three weeks
after tumor initiation, DMBA/TPA-treated back skin
of control and LRIGI-TG mice without papilloma
was used to analyze epidermal expression alterations
due to LRIGI excess during two-stage chemical car-
cinogenesis. The protein lysis buffer [0.05 m Hepes pH
7.5, 10% glycerol, 0.15 M NaCl, 1% Triton X-100,
0.5 EDTA, 0.5m EGTA, 0.01 m NaF, 0.025 m B-
glycerol phosphate, 0.01 m NasVoy, phosphatase inhi-
bitor cocktail (Roche, Penzberg, Germany)] was used
for protein extraction of human cell cultures. The
bicinchoninic acid protein assay was used to estimate
the protein concentration. 5-20 ug of total protein was
separated by SDS/PAGE, transferred to PVDF mem-
branes (Millipore, Schwalbach, Germany), and
immunoblotted against antibodies as indicated. Appro-
priate horseradish peroxidase-conjugated secondary
antibodies were used. Immunoreactive bands were
visualized by chemiluminescence with ECL kit (Milli-
pore) and a chemiluminescence detection apparatus
(ECL ChemoStar, INTAS, Gottingen, Germany).
Stripping was done to analyze the phosphorylated
state as well as the expression of the total protein and
the reference proteins. Therefore, membranes were
incubated with the stripping buffer (2% SDS, 62.5 mm
Tris/HCI, pH 6.7, and 100 mm beta-mercaptoethanol)
for 40 min at 70 °C. Afterward membranes were
washed, blocked, and incubated with the primary anti-
body. All primary and secondary antibodies and their
dilutions are provided in Table S1. IMAGE] was used
for densitometrical analysis (http://rsb.info.nih.gov/ij).

2.8. Reverse transcriptase PCR

As previously described [32], total RNA was isolated
from all investigated cell lines (HaCaT, A431, A375,
SK-MEL2, SK-MEL28) using TRIZOL reagent (Invit-
rogen, Darmstadt, Germany). According to the manu-
facturer’s instructions, 3 pg RNA was reverse-
transcribed in a final volume of 30 pL using RevertAid
reverse transcriptase (Thermo Scientific, Schwerte,
Germany). To show the qualitative mRNA expression
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of LRIGI, reverse transcription-PCR (RT-PCR) was
performed by using reagents from Qiagen. The final
reaction volume was 20 pL, and cycle conditions were
94 °C for 5 min followed by 36 cycles of 94 °C for
1 min, 58 °C for 1 min, and 72 °C for 1 min. GAPDH
was used as reference mRNA. The following primers
were used: hLRIGIA-FW: 5¥-CAAGCGGCTGATTGT
TCG-3', hLRIGIB-FW: 5-CAGTCGCTCACAGGA
CTTGG-3, hLRIGI-REV: 5¥-CTGTGAGCGACTGA-
TACTCC-3, GAPDH-FW: 5¥-GTGGAAGGGCTCAT
GACCAC-3', GAPDH-REV: 5-GCCCACAGCCTTG
GCAGCA-3.

2.9. Histology, immunohistochemistry, and
morphometric analysis

Skin samples were either embedded in paraffin, and
3-um-thick sections were prepared using a microtome
(Leica Biosystems, Wetzlar, Germany) or snap-frozen
on dry ice, embedded in Tissue-Tek® O.C.T.™ Com-
pound (Sakura Finetek, Alphen aan den Rijn, the
Netherlands), and cut into 10-um tissue sections using
a cryostat (Microm, Walldorf, Germany). Hematoxylin
and eosin (H&E) staining and immunohistochemistry
were done as described previously [1]. Briefly, 10 mm
sodium citrate buffer (pH 6.0) was applied for antigen
retrieval (boiling, 30 min), 3% H,O, was used to block
endogenous peroxidase [room temperature (RT),
15 min], and 5% serum from the secondary antibody
host in Tris-buffered saline with 1% Tween-20 served
as blocking buffer (RT, 1 h). Bleaching was done for
skin sections from the chemical carcinogenesis experi-
ment and human melanoma samples due to the mela-
nin accumulations. Therefore, 0.5% potassium
hydroxide was added to the 3% H,O, block and slides
were incubated at 37 °C for 45 min, followed by neu-
tralization with 1% acetic acid at RT for 20 s. Primary
antibodies were incubated at 4 °C overnight; the Sig-
nalStain® Boost IHC Detection Reagent (Cell Signal-
ing, Boston, MA, USA) was used to detect primary
antibodies. ImmPACT® AMEC Red or 3,3-di-
aminobenzidine (Vector Laboratories) served as chro-
mogen, and sections were counterstained with
hematoxylin. All primary and secondary antibodies
and their dilution are listed in Table SI1. For
immunofluorescence staining, the secondary antibody
was conjugated to Alexa Fluor® 488 and 4',6-di-
amidino-2-phenylindole (DAPI) was used for counter-
stain, blocking of the endogenous peroxidase was
omitted. Morphometrical analysis was done with three
different H&E stained back skin sections. Sixty pic-
tures covering a total length of 39.2 mm of back skin
epidermis were taken per animal with a 200x

Molecular Oncology 15 (2021) 2140-2155 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 2143

Federation of European Biochemical Societies


http://rsb.info.nih.gov/ij

LRIG1 triggers melanocytic tumors

magnification lens using a Leica DFC425C digital
camera (Leica Microsystems, Wetzlar, Germany). The
LAS software version 4.4.0 (Leica Microsystems) was
used to measure the area of all visible SGs and the epi-
dermal thickness. The mean SG area was calculated
and the thickness of the epidermis was determined on
three constantly distributed measuring points per pic-
ture, resulting in a total of 180 measuring points per
animal.

Similarly, proliferation marker protein Ki-67
(MKI67)-stained sections were evaluated to analyze
the epidermal proliferation rate. Sixty images covering
a length of 39.2 mm were used to determine the total
number of epidermal nuclei and the total number of
MKI67-positive nuclei. For calculating the tumor pro-
liferation index, the total number of nuclei and
MKI67-positive nuclei of 20 images per tumor were
counted.

2.10. Mass spectrometry analysis

Mass spectrometry analysis was done as described pre-
viously [32]. Briefly, for mass spectrometry analysis,
nonreduced protein samples of DMBA/TPA-treated
back skin of LRIGI1-TG mice and controls as well as
of untreated LRIG1-TG skin were separated by SDS/
PAGE. Gels were stained with Coomassie Brilliant
Blue R, and protein bands at 130 and 100 kDa were
excised. To cleave disulfide bonds, gel bands were
incubated in 45 mwM dithioerythritol/50 mm NH4HCO;
for 30 min at 55 °C. Free sulfhydryl groups were car-
bamidomethylated for 2 x 15 min using iodoac-
etamide at a concentration of 0.1 M in 50 mm
NH4HCO; at room temperature. Prior to digestion,
gel slices were minced and covered with 50 mm
NH4HCO;. For digestion, 100 ng porcine trypsin
(Promega, Madison, WI, USA) was added and incu-
bated overnight. The supernatant was recovered and
the peptides were further extracted from the gel with
50 mm NH4HCO; followed by 80% acetonitrile. The
pooled supernatants were dried, and the peptides were
reconstituted in 0.1 formic acid. Peptides were injected
on a trap column (PepMap, C18, 3 um, 100A,
75 um x 2 cm; Thermo Scientific, Rockford, IL,
USA) and separated on a CI18 column (PepMap
RSLC, C18, 2 um, 100A, 75 um x 50 cm; Thermo
Scientific) at a flow rate of 200 nL-min~' using an
EASY-nLC 1000 system (Thermo Scientific). The
chromatography method consisted of a gradient of
120 min from 2% to 25% B (100% acetonitrile, 0.1%
formic acid) and a consecutive gradient to 50% B
within 10 min. Mass spectra were acquired using a top
5 data-dependent method on an online coupled LTQ
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Orbitrap XL instrument (Thermo Scientific). The
acquisition method consisted of cycles of one MS
(300-2000 m/z) followed by five data-dependent CID
MS/MS spectra at a collision energy of 35%. Spectra
were searched using mascoT V2.4 (Matrix Science Ltd,
London, UK) and the murine subset of the UniProt
database. For evaluation of the data, scarroLD V 4.1
(Proteome Software, Inc, Portland, OR, USA) was
used.

2.11. Statistical analysis

Data are presented as mean + SEM (standard error of
the mean) and compared by Student’s ¢-test (GRAPHPAD
prisM version 5.0 for Windows; GraphPad Software,
San Diego, CA, USA). Tumor incidence was analyzed
by log-rank test, while papilloma burden and size were
analyzed by 2-way analysis of variance (ANOVA) and
Student’s t-test. Quantitative RT-PCR values were
related to the mean value of the control group and are
presented as box plots with medians. Group differ-
ences were considered to be statistically significant if
P <0.05.

3. Results

3.1. LRIG1 overexpression in the skin results in
melanocytic tumors during chemically induced
skin carcinogenesis

We performed a two-stage chemical skin carcinogene-
sis experiment to investigate if skin-specific LRIGI
overexpression in mice affects tumor initiation or pro-
gression. Therefore, we applied a single dose of
DMBA on the back skin of adult LRIGI-TG mice
and control littermates to initiate a Hras mutation.
The inserted point mutation introduces an Xbal
restriction site in codon 61 of the Hras gene and was
documented in control and transgenic tumors
(Fig. S1). Afterward, we promoted tumor growth by
TPA treatment twice a week for 23 weeks. The first
papillomas arose 5 weeks after tumor initiation in
LRIGI-TG mice and after 6 weeks in controls. The
tumor incidence was comparable between TG and con-
trol animals. However, while 100% of LRIGI-TG
mice developed papillomas, only 86% of control ani-
mals were affected (Fig. 1A). In terms of papilloma
burden (Fig. 1B) and papilloma size (Fig. 1C), no dif-
ferences were detected between both groups. However,
12 weeks after tumor initiation, we noticed multiple
black dots exclusively on the back skin of LRIGI-TG
animals, resembling melanocytic nevi (Fig. 1D). At the
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Fig. 1. LRIG1 overexpression revealed no differences during chemical skin carcinogenesis, but causes the development of melanocytic
tumors during chemical carcinogenesis. (A-C) Papilloma incidence (A), papilloma burden (B), and mean papilloma size (C) are displayed
(n =14 controls/11 TG). Data in (A) were analyzed by log-rank test. Data in (B, C) were analyzed by 2-way ANOVA and are presented as
means + SEM, and each time point was analyzed by Student’s ttest. (D) Representative pictures of the backs of LRIG1-TG and control
mice at 12 (left panel) and 23 (right panel) weeks after DMBA treatment. Scale bars represent 1 cm. (E) Representative H&E stainings of
papillomas of LRIG1-TG and control mice 23 weeks after DMBA treatment. Scale bars represent 1 mm. (F) H&E sections of LRIG1-TG and
control mouse back skin 23 weeks after DMBA treatment. Scale bars represent 200 pm. (G, H) Immunofluorescence labeling for MLANA
(red) and DAPI (blue) on papillomas (G) and treated skin (H) of LRIG1-TG mice and control littermates. Transmitted light is illustrated,
showing melanin accumulations (white). Scale bars represent 50 um. (I) Western blot analysis of MLANA expression in DMBA/TPA-treated
and DMBA/TPA-untreated skin of LRIG1-TG and control mice. GAPDH was used as reference protein. (J) Representative H&E stainings and

pictures of lymph nodes of LRIG1-TG and control mice. Scale bars represent 50 um (H&E) and 1 cm (inlay).

final stage of the experiment, all LRIGI-TG mice
(100%) developed what appeared to be heavily pig-
mented melanocytic tumors, covering almost the whole
back (Fig. 1D). H&E staining of papillomas from
LRIGI-TG and control mice showed no morphologi-
cal differences (Fig. 1E). However, histological analy-
sis of the skin of LRIGI-TG animals revealed dermal
proliferation of heavily pigmented, spindle-shaped mel-
anocytes with intermixed melanophages, extending into
the subcutis while control mice showed a normal skin
architecture with single melanocytes at the dermal-epi-
dermal junction (Fig. 1F). We performed an
immunofluorescence labeling using melan-A
(MLANA), a melanocytic differentiation marker to
identify melanocytes [33]. Our results show high
expression of MLANA in papillomas (Fig. 1G) as well
as in the epidermis and the dermis (Fig. IH) of
LRIGI-TG animals and only low expression in control
skin. These results were also confirmed by western blot
analysis (Fig. 1I). MLANA levels in LRIGI-TG skin
were significantly increased solely during chemically
induced skin carcinogenesis and not under homeostatic
conditions (Fig. 11). Moreover, the lymph nodes of
LRIGI-TG mice were enlarged and black colored
compared to controls. H&E staining of lymph nodes
of controls showed intermixed cells with finely dis-
persed melanin, whereas additionally peri-follicular,
heavily pigmented dendritic cells appeared throughout
the lymph nodes of LRIGI-TG mice (Fig. 1J). How-
ever, lymph nodes were negative for MLANA (data
not shown).

3.2. Proliferation is significantly decreased
during epidermal tumorigenesis under LRIG1
overexpression

To analyze the differentiation status of the tumors as
well as of the IFE, we investigated the differentiation
markers keratin 5, 6, 10 (KRTS5, KRT6, KRT10), and
loricrin (LOR) by immunohistochemistry. Labeling for
KRTS5, KRT10, and LOR revealed no differences

between papillomas of LRIGI-TG and control mice.
However, KRT6 expression was reduced in LRIGI-
TG papillomas (Fig. 2A). No alterations in the expres-
sion pattern of the differentiation markers were found
in the IFE (Fig. 2B). Additionally, we analyzed the
proliferation status of papillomas as well as of the IFE
by MKI67-immunolabeling (Fig. 2A,B). Both papillo-
mas and IFE of LRIGI-TG mice showed a signifi-
cantly decreased proliferation rate (Fig. 2C,D). The
epidermal thickness of LRIGI1-TG mice was signifi-
cantly increased during skin carcinogenesis (Fig. 2E).

3.3. LRIG1 overexpression decreased EGFR
phosphorylation and increased ERBB2 activation
during tumor progression

We analyzed the influence of LRIGI overexpression
on ERBB signaling as well as on tumor suppressor
proteins and apoptosis by western blot (Fig. 3). As
observed for skin homeostasis [13], EGFR is signifi-
cantly less phosphorylated during tumorigenesis
(Fig. 3A,B). In contrast, phosphorylation of ERBB2 is
significantly increased (Fig. 3A,B), as it is known from
many different solid tumors [34]. Furthermore, the
active, cleaved form of NOTCHI1 was significantly
increased in DMBA/TPA-treated back skin under
LRIGI excess (Fig. 3C,D). Additionally, the apoptosis
mediator caspase 3 (CASP3) [35] and its active form
cleaved CASP3 were significantly upregulated in the
skin of LRIG1-TG mice compared to control litter-
mates (Fig. 3C,D). Interestingly, the present results
also indicated the loss of tumor suppressive function
involving two independent tumor suppressors. While
cellular tumor antigen p53 (TP53) and its phosphory-
lated form were significantly downregulated, the
expression of phosphorylated phosphatidylinositol
3,4,5-triphosphate 3-phosphatase and dual specificity
protein phosphatase PTEN (PTEN) and PTEN were
upregulated in LRIGI-TG skin during DMBA/TPA-
induced tumorigenesis (Fig. 3C,D). Thus, western blot
analysis demonstrated a remarkable influence of
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LRIG1 excess on ERBB signaling as well as on
tumorigenesis.

3.4. The extracellular domain of LRIG1 is
extensively released during DMBA/TPA-induced
tumorigenesis

During the two-stage chemical carcinogenesis, almost
exclusively LRIG1-TG mice developed melanocytic
tumors starting 12 weeks after tumor initiation. How-
ever, the used KRTS promoter drives LRIG1 expres-
sion in keratinocytes of the basal layer of the IFE and
HFs, but not in melanocytes. As melanocytes are
restricted to the basal epidermis and HFs, we assumed
a paracrine mechanism for LRIGI function. The west-
ern blot in Fig. 4A shows that LRIG1 was shed dur-
ing DMBA/TPA-induced carcinogenesis. We detected
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the full-length protein of LRIGI (LRIGI-FL) at
130 kDa and the extracellular domain of LRIGI
(LRIGI-ECD) at 100 kDa (Fig. 4A). Remarkably,
LRIG1 was cleaved from the keratinocyte surface only
upon DMBA/TPA treatment. Without treatment,
LRIGI-TG mice showed only minor cleavage
(Fig. 4A). To confirm the presence of the different
protein domains of LRIGI, we performed mass spec-
trometry analysis of the excised protein bands. In the
130 kDa fractions of DMBA/TPA-treated and
DMBA/TPA-untreated TG samples, we detected pep-
tides specific for the ECD and the intracellular domain
of LRIGI, whereas no LRIGI peptides were found in
the treated control sample. In the 100 kDa fractions,
we detected peptides exclusively from the ECD of
LRIGI in TG samples. Figure 4B shows all identified
LRIGI peptides in the 130 kDa fraction (black) and
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Fig. 4. LRIG1 is shed upon DMBA/TPA treatment. (A) Western blot analysis of LRIGT in DMBA/TPA-treated (+) and untreated (—) skin of
LRIG1-TG and control mice. GAPDH was used as reference protein. (B) Peptides of LRIG1 protein identified by mass spectrometry. Protein
samples of DMBA/TPA-treated LRIG1-TG back skin were separated by SDS/PAGE and bands around 130 and 100 kDa were analyzed by
mass spectrometry separately. In the 100 kDa fraction (indicated in gray), only peptides of the extracellular domain of LRIGT were
identified, whereas also peptides within the intracellular domain of LRIG1 were found in the fraction around 130 kDa (indicated in black).

the 100 kDa fraction (gray) in DMBA/TPA-treated
LRIGI1-TG back skin. Figure S2 gives an overview of
all identified LRIG1 peptides in the different fractions
and Table S2 provides the detailed mass spectrometry
data. Altogether, these observations indicate that
LRIGI is extensively shed during tumorigenesis allow-
ing soluble ECD of LRIGI to interact with surround-
ing melanocytes.

3.5. LRIG1 is expressed in human skin cancer

LRIGI influences mouse skin carcinogenesis and plays
a role in the development of human ¢SCC and mela-
noma, where LRIGI1 expression appears to be a prog-
nostic factor for a good prognosis [23,24,36]. We
detected LRIG1 expression by western blot analysis in
different human cell lines of epidermal origin,
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including HaCaT keratinocytes, ¢cSCC cells, (A431),
and various melanoma cell lines (A375, SK-MEL2,
SK-MEL28) (Fig. 5A). LRIG]1 expression was signifi-
cantly increased in three of four human skin cancer
cell lines compared to HaCaT keratinocytes: A431,
A375, and SK-MEL28 (Fig. 5A,B). Interestingly, we
identified two different LRIGI isoforms: HaCaT

keratinocytes and A431 cSCC cells expressed isoform
A of LRIGI1, whereas all melanoma cell lines
expressed the smaller isoform B (Fig. SA). The pres-
ence of the two different isoforms of LRIGI was con-
firmed by RT-PCR (Fig. 5C) and sequencing
technology (Figs S3 and S4). Isoform B has an addi-
tional exon 10 with 24 amino acids (aa), and 47 aa of

2150 Molecular Oncology 15 (2021) 2140-2155 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



C. Hoesl et al.

A375 A375

A Control LRIG1-KO

0h 6h 0h 6h
PEGFR |- = +pepe v ] 175 k0a
EGFR | sm I g S0 40 4% s | 175 kpa
pERBB2 ‘ P _ - . ‘180 kDa
ERBB2 ‘ . - . e - - ‘180kDa
PERBB3 | & r J‘W"’" kDa
ERBB3 ‘ .- ‘180 kDa

GAPDH ‘-—-——-—-‘ 37 kDa

B
I A375Control mm A375LRIG1-KO
2.5+ 4.0 ok
] Oh | 6h
2.0 ‘ 30d &
1.54 |
2.04

1.0" - e
0.54 “ l1-°' = H
0.0+ — i 0.0 i e B o

EGFR ERBB2ERBB3 EGFR ERBB2ERBB3

*k

5
<
I
[a)
o
<
Q
m
m
['4
w
o
2 5.0+ 2.5-
< v ;
T 409 Ok 2041 8
2 30{B 1.5 - H
o 2.04 5 1.0 b
@ 1.0 ' : { } 0.5 i
£ 0.0 Imis 0.0 =L sh -
w EGFR ERBB2ERBB3 EGFR ERBB2ERBB3
215 8.01
% on 6h
Q 1.0 7]
& ) 4.0-
g 0.5 H . 204
.
W 0.0 0.0

EGFR ERBB2ERBB3 EGFR ERBB2ERBB3

Fig. 6. Loss of LRIG1 causes EGFR and ERBB3 downregulation
upon EGF stimulation in A375 melanoma cells. Western blot (A)
and densitometrical (B) analysis of phosphorylated ERBB receptors
and ERBB receptors in A375 control and A375- LRIG1-KO cells
unstimulated and 6 h after EGF stimulation. GAPDH was used as
reference  protein. n=3/group. Data are presented as
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exon 15 are missing (Fig. S5). Both exons code leu-
cine-rich repeats in the extracellular domain of LRIG1
and slightly change the aa sequence in these areas.
Additionally, we analyzed LRIG1 expression in human
tissue samples of healthy individuals and patients with
¢SCC or malignant melanoma by

LRIG1 triggers melanocytic tumors

immunohistochemistry (Fig. SD-G). The relative stain-
ing intensity was graded by comparison it with that of
healthy epidermis, which was used as positive control.
In the majority of normal human skin samples,
LRIG1 was mainly expressed in the lower spinous lay-
ers of the IFE and the infundibulum of HFs (data not
shown). The staining was mainly cytoplasmic, but
some nuclei in the spinous layer were also positive
(Fig. SE). Immunohistochemical analyses revealed
weak-to-medium expression of LRIG1 in differentiated
areas in 6 out of 10 ¢SCCs, while 4 turned out to be
entirely negative. Only in two cases (sample 1 and
sample 5), we could see a direct increase in the inten-
sity of LRIG1 immunoreactivity between cSCC patient
samples and healthy skin (Fig. 5D; Fig. S8a). Six mel-
anoma samples displayed a high LRIGI1 protein
expression and only one sample showed a medium
LRIG1 protein expression. Four melanoma samples
revealed an increased immunoreactivity compared with
healthy skin (Fig. 5D; Fig. S8b).

3.6. Loss of LRIG1 causes ERBB receptor
downregulation upon EGF stimulation

For further studies, we focused on the human mela-
noma cell line A375. As A375 melanoma cells revealed
high intrinsic LRIGI expression, we deleted LRIGI
via CRISPR/Cas9-mediated gene editing to investigate
its function in A375 cells and its influences on the
ERBB receptor network. The strategy applied and the
identified clones are shown in Fig. S6. Compared to
controls, we did not see any differences with respect to
ERBB receptor expression in A375-LRIG1-KO cells
except a significant downregulation of EGFR
(Fig. 6A,B). Since LRIGI1 is known to be a negative
regulator of ERBBs, we stimulated cells with EGF
and analyzed changes in the expression and phospho-
rylation of ERBB receptors in the absence of LRIGI.
In A375 control cells, LRIG1 expression was con-
stantly high and EGFR phosphorylation was lost 9 h
after EGF stimulation, and in HaCaT keratinocytes,
we observed LRIGI upregulation upon EGF stimula-
tion after 6 h (Fig. S7). Therefore, we stimulated A375
control and LRIG1-KO cells for 6 h and investigated
the influence of the loss of LRIG1 on ERBB receptor
expression and activation. The deletion of LRIGI in
A375 cells caused a significant decrease in ERBB3 acti-
vation 6 h after EGF stimulation (Fig. 6A,B). The
phosphorylation of EGFR and ERBB3 was signifi-
cantly decreased, whereas ERBB2 phosphorylation
was increased in A375-LRIGI-KO cells compared to
A375 controls (Fig. 6A,B). Additionally, ERBB recep-
tor expression was decreased after 6 h EGF
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stimulation, but only the decrease in EGFR and
ERBB3 expression was significant (Fig. 6A,B). Thus,
the deletion of LRIGI1 showed intriguing effects on
ERBB receptors in A375 melanoma cells, considerably
decreasing ERBB receptor expression.

4. Discussion

Receptor tyrosine kinases play an important role in
skin cancer development and progression and therefore
could be promising targets for therapy. Unfortunately,
RTK inhibitors often show severe side effects; the
identification of new and more specific targets might
thus contribute to improved treatment strategies [8]. In
this regard, we focused on LRIG proteins (LRIGI1-3),
which are regulators of RTKs such as the ERBB
receptor family [37]. LRIG proteins attracted attention
due to their implication as prognostic factors in vari-
ous tumor types [20]. While LRIG1 and LRIG3 are
thought to be tumor suppressors, LRIG2 expression is
mostly related to poor prognosis [38]. Previously, we
have shown that LRIG2 acts as an oncogene in skin
cancer affecting ERBB signaling [32]. In this study, we
used a LRIGI-TG gain-of-function mouse model to
investigate the influence of LRIGI1 overexpression on
skin tumorigenesis. Compared to control mice,
LRIGI-TG mice showed no alteration during chemi-
cally induced skin carcinogenesis, but displayed a
decreased proliferation rate of papillomas. ¢SCC is
usually characterized by high KRT6 expression levels
[39], and KRT6 was detected in the IFE of DMBA/
TPA-treated skin in both groups but was decreased in
papillomas of LRIGI-TG mice. While differentiation
of the IFE of LRIGI-TG mice was not affected, epi-
dermal thickness was increased and the proliferation
was significantly decreased. Under homeostatic condi-
tions, LRIGI-TG mice show also thickened epidermis
but increased proliferation rate [13]. Consequently, the
DMBA/TPA treatment may cause a less pronounced
increase in epidermal thickness, which is in line with
the decreased proliferation rate. Notably, LRIGI-TG
mice developed melanocytic tumors, which were visible
12 weeks after tumor initiation. Additionally, the mel-
anocyte differentiation marker, MLANA, was highly
upregulated in DMBA/TPA-treated back skin of
LRIGI-TG mice compared to untreated LRIGI-TG
and treated control animals. However, using the Tet-
Off system with the KRTS promoter, LRIGI excess
only appears in keratinocytes of the epidermal basal
layer. Yi et al. [40] showed that LRIG1 can be shed
from the cell surface and also acts in a non-cell-au-
tonomous mechanism. Therefore, we assessed a possi-
ble paracrine effect of LRIG1 on melanocytes by

C. Hoesl et al.

studying the presence of the LRIGI-ECD by western
blot and mass spectrometry. While the DMBA/TPA-
treated back skin of LRIGI-TG animals showed
expression of LRIGI-FL and LRIGI1-ECD, untreated
LRIGI-TG mice revealed only a weak cleavage of
LRIGI. LRIGI expression in DMBA/TPA-treated
control skin was too low to be detected. It is known
that TPA induces ECD shedding of diverse cell surface
proteins [41] and we cannot exclude that the cleavage
of the LRIGI-ECD may occur due to the TPA treat-
ment. However, the ECD of LRIGI may influence
neighboring melanocytes, inducing the production of
melanin and the development of melanocytic nevi. A
high number of nevi is a known risk factor for the
development of malignant melanomas which may
reflect a potential oncogenic function of LRIGI in the
skin [42]. In contrast, it was reported that an overex-
pression of LRIGI1 decreased hypoxia-induced inva-
sion, migration, and vasculogenic mimicry in human
A2058 melanoma cells, thus acting as a tumor suppres-
sor [36]. We also analyzed the influence of LRIGI
excess on EGFR/ERBB receptors during epidermal
tumorigenesis. While EGFR activity was still
decreased after the two-stage chemical carcinogenesis
in LRIG1-TG mice compared to controls, the activa-
tion of ERBB2 was significantly increased. ERBB2 is
often upregulated in various cancers [34] and in the
skin ERBB2 is essential for tumor progression [2]; its
excess induces epidermal tumor initiation and sponta-
neous formation of papillomas [43]. Moreover, the
ERBB2/ERBB3 complex seems to be a promising tar-
get for combination tumor therapy in cutaneous mela-
noma [44], and activated NOTCHI and ERBB2/
ERBB3 signaling are involved in melanoma pathogen-
esis [45], supporting our data. The downregulation of
the tumor suppressor TP53 and the increase of inactive
PTEN, during carcinogenesis also point to an onco-
genic function of epidermal LRIG1 excess.

To evaluate whether these unexpected findings are
of human relevance, we analyzed different human skin
cell lines and tissue samples of healthy individuals and
patients with ¢SCC or melanoma. Immunohistochemi-
cal labeling showed that LRIG1 is expressed in malig-
nant melanoma as well as in ¢SCC. As LRIGI is a
marker for epidermal progenitor cells, its expression
was very low and barely detectable in the HaCaT cell
line but was significantly upregulated in three of the
four skin cancer cell lines. The melanoma cell lines
A375, SK-MEL2, and SK-MEL28 expressed LRIGI
isoform A, whereas HaCaT keratinocytes and A431
cells expressed isoform B. The expression of different
isoforms of LRIGI in keratinocytes and melanocytes
may refer to context-specific functions, which might
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explain an oncogenic impact on tumorigenesis as well
as tumor suppressor activity in other tissues [21—
24,46]. The loss of LRIGI1 in A375 melanoma cells
resulted in decreased expression of ERBB receptors
upon EGF stimulation and decreased activation of
ERBB3. ERBB3 plays an important role during mela-
noma development and contributes to poor survival of
melanoma patients with metastases [47]. Consequently,
our findings indicate a tumorigenic function of LRIG1
also in humans, as its deletion led to ERBB3 downreg-
ulation upon EGF stimulation in A375 cells.

5. Conclusion

In summary, LRIG1 overexpression caused no alter-
ations during chemically induced skin carcinogenesis,
but promoted the formation of multiple melanocytic
tumors. Additionally, the deletion of LRIG1 in human
melanoma cells led to the downregulation of the ERBB
receptor network and uncovered LRIG1 as a potential
oncogene in melanoma. Thus, the present study revealed
a new tumorigenic function of LRIGI1 during mouse
epidermal carcinogenesis as well as potentially in human
keratinocytes and more particularly in melanoma cells.

Acknowledgements

We thank Dr. Ingrid Renner-Miiller and Petra Renner
for excellent animal care; Maximillian Marschall,
Franziska Kress, and Nicole Wegmann for assistance
with western blot analysis; Josef Millauer for mouse
genotyping; Tamara Holy for collecting parts of the
morphometry data; and Miwako Kosters for mass
spectrometry analysis. This work was supported by a
research grant of the Else Kroner-Fresenius-Stiftung
(2014_A173) to MD. Open Access funding enabled
and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

MD and CH contributed to conception and design;
MD and CH contributed to development of methodol-
ogy; MD, MG, and CP acquired the data; MD, CH,
HK, TF, and CP made analysis and interpretation of
data; MD, CH, and MRS involved in writing, review,
and/or revision of the manuscript; MD supervised the
study; and MD, CH, MRS, MG, HK, TF, and CP
made discussion of the experiments at planning stage
and discussions of the results.

LRIG1 triggers melanocytic tumors

Peer Review

The peer review history for this article is available at
https://publons.com/publon/10.1002/1878-0261.12945.

Data accessibility

All data generated or analyzed during this study are
included in this published article and its Supporting
information files.

References

1 Hay RJ, Johns NE, Williams HC, Bolliger IW,
Dellavalle RP, Margolis DJ, Marks R, Naldi L,
Weinstock MA, Wulf SK et al. (2014) The global
burden of skin disease in 2010: an analysis of the
prevalence and impact of skin conditions. J Invest
Dermatol 134, 1527-1534.

2 Dahlhoff M, Muzumdar S, Schafer M & Schneider MR
(2017) ERBB2 is essential for the growth of chemically
induced skin tumors in mice. J Invest Dermatol 137,
921-930.

3 Dahlhoff M, Schafer M, Muzumdar S, Rose C &
Schneider MR (2015) ERBB3 is required for tumor
promotion in a mouse model of skin carcinogenesis.
Mol Oncol 9, 1825-1833.

4 Gordon-Thomson C, Jones J, Mason RS & Moore GP
(2005) ErbB receptors mediate both migratory and
proliferative activities in human melanocytes and
melanoma cells. Melanoma Res 15, 21-28.

5 Hoesl C, Rohrl JM, Schneider MR & Dahlhoff M
(2018) The receptor tyrosine kinase ERBB4 is expressed
in skin keratinocytes and influences epidermal
proliferation. Biochim Biophys Acta 1862, 958-966.

6 Klufa J, Bauer T, Hanson B, Herbold C, Starkl P,
Lichtenberger B, Srutkova D, Schulz D, Vujic I, Mohr
T et al. (2019) Hair eruption initiates and commensal
skin microbiota aggravate adverse events of anti-EGFR
therapy. Sci Transl Med 11, eaax2693.

7 Wang Z (2017) ErbB receptors and cancer. Methods
Mol Biol 1652, 3-35.

8 Hynes NE & Lane HA (2005) ERBB receptors and
cancer: the complexity of targeted inhibitors. Nat Rev
Cancer 5, 341-354.

9 Dahlhoff M, Rose C, de Angelis MH, Wolf E & Schneider
MR (2012) Negative feedback mechanisms surpass the
effect of intrinsic EGFR activation during skin chemical
carcinogenesis. Am J Pathol 180, 1378-1385.

10 Rittie L, Kansra S, Stoll SW, Li Y, Gudjonsson JE,
Shao Y, Michael LE, Fisher GJ, Johnson TM & Elder
JT (2007) Differential ErbBl1 signaling in squamous cell
versus basal cell carcinoma of the skin. 4m J Pathol
170, 2089-2099.

Molecular Oncology 15 (2021) 2140-2155 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 2153

Federation of European Biochemical Societies


https://publons.com/publon/10.1002/1878-0261.12945

LRIG1 triggers melanocytic tumors

11

12

13

14

15

16

17

18

19

20

21

22

2154

Yarden Y & Pines G (2012) The ERBB network: at
last, cancer therapy meets systems biology. Nat Rev
Cancer 12, 553, Perspective.

Guo D, Holmlund C, Henriksson R & Hedman H
(2004) The LRIG gene family has three vertebrate
paralogs widely expressed in human and mouse

tissues and a homolog in Ascidiacea. Genomics 84, 157—
165.

Hoesl C, Hundt JE, Rose C, Wolf R, Schneider MR &
Dahlhoff M (2019) Epidermal overexpression of LRIG1
disturbs development and homeostasis in skin by
disrupting the ERBB system. J Dermatol Sci 96, 185—
188.

Laederich MB, Funes-Duran M, Yen L, Ingalla E, Wu
X, Carraway KL III & Sweeney C (2004) The leucine-
rich repeat protein LRIG1 is a negative regulator of
ErbB family receptor tyrosine kinases. J Biol Chem 279,
47050-47056.

Powell AE, Wang Y, Li Y, Poulin EJ, Means AL,
Washington MK, Higginbotham JN, Juchheim A,
Prasad N, Levy SE et al. (2012) The Pan-ErbB negative
regulator Lrigl Is an intestinal stem cell marker that
functions as a tumor suppressor. Cell 149, 146-158.
Choi E, Lantz TL, Vlacich G, Keeley TM, Samuelson
LC, Coffey RJ, Goldenring JR & Powell AE (2018)
Lrigl+ gastric isthmal progenitor cells restore normal
gastric lineage cells during damage recovery in adult
mouse stomach. Gut 67, 1595-1605.

Jensen KB, Collins CA, Nascimento E, Tan DW, Frye
M, Itami S & Watt FM (2009) Lrigl expression defines
a distinct multipotent stem cell population in
mammalian epidermis. Cell Stem Cell 4, 427-439.
Suzuki Y, Miura H, Tanemura A, Kobayashi K,
Kondoh G, Sano S, Ozawa K, Inui S, Nakata A,
Takagi T et al. (2002) Targeted disruption of LIG-1
gene results in psoriasiform epidermal hyperplasia.
FEBS Lett 521, 67-71.

Dahlhoff M, Frances D, Kloepper JE, Paus R, Schafer
M, Niemann C & Schneider MR (2014) Overexpression
of epigen during embryonic development induces
reversible, epidermal growth factor receptor-dependent
sebaceous gland hyperplasia. Mol Cell Biol 34, 3086—
3095.

Malik U & Javed A (2017) LRIGs: a prognostically
significant family with emerging therapeutic competence
against cancers. Curr Cancer Drug Targets 17, 3-16.
Kvarnbrink S, Karlsson T, Edlund K, Botling J,
Lindquist D, Jirstrom K, Micke P, Henriksson R,
Johansson M & Hedman H (2015) LRIG1 is a
prognostic biomarker in non-small cell lung cancer.
Acta Oncol 54, 1113-1119.

Lindstrom AK, Ekman K, Stendahl U, Tot T,
Henriksson R, Hedman H & Hellberg D (2008) LRIG1
and squamous epithelial uterine cervical cancer:
correlation to prognosis, other tumor markers, sex

23

24

25

26

27

28

29

30

31

32

33

34

35

C. Hoesl et al.

steroid hormones, and smoking. /nt J Gynecol Cancer
18, 312-317.

Rouam S, Moreau T & Broet P (2010) Identifying
common prognostic factors in genomic cancer studies: a
novel index for censored outcomes. BMC
Bioinformatics 11, 150.

Tanemura A, Nagasawa T, Inui S & Itami S (2005)
LRIG-1 provides a novel prognostic predictor in
squamous cell carcinoma of the skin:
immunohistochemical analysis for 38 cases. Dermatol
Surg 31, 423-430.

Chang L, Shi R, Yang T, Li F, Li G, Guo Y, Lang B,
Yang W, Zhuang Q & Xu H (2013) Restoration of
LRIGI suppresses bladder cancer cell growth by
directly targeting EGFR activity. J Exp Clin Cancer
Res 32, 101.

Miller JK, Shattuck DL, Ingalla EQ, Yen L, Borowsky
AD, Young LJ, Cardiff RD, Carraway KL III &
Sweeney C (2008) Suppression of the negative regulator
LRIGI contributes to ErbB2 overexpression in breast
cancer. Cancer Res 68, 8286-8294.

Mao F, Holmlund C, Faraz M, Wang W, Bergenheim
T, Kvarnbrink S, Johansson M, Henriksson R &
Hedman H (2018) Lrigl is a haploinsufficient tumor
suppressor gene in malignant glioma. Oncogenesis 7, 13.
Stutz MA, Shattuck DL, Laederich MB, Carraway KL
IIT & Sweeney C (2008) LRIG1 negatively regulates the
oncogenic EGF receptor mutant EGFRVIIIL. Oncogene
27, 5741-5752.

Califano JALW, Lydiatt WM, Nehal KS, O’Sullivan B,
Schmults C, Seethala RR, Weber RS, & Shah JP (2017)
Cutaneous squamous cell carcinoma of the head and
neck. In AJCC Cancer Staging Manual (Licitra L, ed),
pp. 171-181.Springer, New York, NY.

Abel EL, Angel JM, Kiguchi K & Digiovanni J (2009)
Multi-stage chemical carcinogenesis in mouse skin:
fundamentals and applications. Nat Protoc 4, 1350-1362.
Nagase H, Mao JH & Balmain A (2003) Allele-specific
Hras mutations and genetic alterations at tumor
susceptibility loci in skin carcinomas from interspecific
hybrid mice. Cancer Res 63, 4849-4853.

Hoesl C, Frohlich T, Hundt JE, Kneitz H, Goebeler M,
Wolf R, Schneider MR & Dahlhoff M (2019) The
transmembrane protein LRIG?2 increases tumor
progression in skin carcinogenesis. Mol Oncol 13, 2476~
2492.

Busam KJ & Jungbluth AA (1999) Melan-A, a new
melanocytic differentiation marker. Adv Anat Pathol 6,
12-18.

Schneider MR & Yarden Y (2016) The EGFR-HER?2
module: a stem cell approach to understanding a prime
target and driver of solid tumors. Oncogene 35, 2949—
2960.

Porter AG & Janicke RU (1999) Emerging roles of
caspase-3 in apoptosis. Cell Death Differ 6, 99-104.

Molecular Oncology 15 (2021) 2140-2155 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



C. Hoesl et al.

36

37

38

39

40

41

42

43

44

Molecular Oncology 15 (2021) 2140-2155 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Li W & Zhou Y (2019) LRIGI acts as a critical
regulator of melanoma cell invasion, migration, and
vasculogenic mimicry upon hypoxia by regulating
EGFR/ERK-triggered epithelial-mesenchymal
transition. Biosci Rep 39, 1-10. https://doi.org/10.1042/
bsr20181165

Rafidi H, Mercado F 111, Astudillo M, Fry WH, Saldana
M, Carraway KL III & Sweeney C (2013) Leucine-rich
repeat and immunoglobulin domain-containing protein-
1 (Lrigl) negative regulatory action toward ErbB
receptor tyrosine kinases is opposed by leucine-rich
repeat and immunoglobulin domain-containing protein 3
(Lrig3). J Biol Chem 288, 21593-21605.

Lindquist D, Kvarnbrink S, Henriksson R & Hedman
H (2014) LRIG and cancer prognosis. Acta Oncol 53,
1135-1142.

Moll R, Divo M & Langbein L (2008) The human
keratins: biology and pathology. Histochem Cell Biol
129, 705-733.

Yi W, Holmlund C, Nilsson J, Inui S, Lei T, Itami S,
Henriksson R & Hedman H (2011) Paracrine regulation
of growth factor signaling by shed leucine-rich repeats
and immunoglobulin-like domains 1. Exp Cell Res 317,
504-512.

Arribas J, Coodly L, Vollmer P, Kishimoto TK, Rose-
John S & Massague J (1996) Diverse cell surface
protein ectodomains are shed by a system sensitive to
metalloprotease inhibitors. J Biol Chem 271, 11376—
11382.

Bauer J & Garbe C (2003) Acquired melanocytic nevi
as risk factor for melanoma development. A
comprehensive review of epidemiological data. Pigment
Cell Res 16, 297-306.

Bol D, Kiguchi K, Beltran L, Rupp T, Moats S,
Gimenez-Conti 1, Jorcano J & Digiovanni J (1998)
Severe follicular hyperplasia and spontaneous papilloma
formation in transgenic mice expressing the neu
oncogene under the control of the bovine keratin 5
promoter. Mol Carcinog 21, 2-12.

Appenzeller S, Gesierich A, Thiem A, Hufnagel A,
Jessen C, Kneitz H, Regensburger M, Schmidt C,
Zirkenbach V, Bischler T ez al. (2019) The identification

Federation of European Biochemical Societies

LRIG1 triggers melanocytic tumors

of patient-specific mutations reveals dual pathway
activation in most patients with melanoma and
activated receptor tyrosine kinases in BRAF/NRAS
wild-type melanomas. Cancer 125, 586-600.

45 Zhang K, Wong P, Salvaggio C, Salhi A, Osman I &
Bedogni B (2016) Synchronized targeting of Notch and
ERBB signaling suppresses melanoma tumor growth
through inhibition of Notchl and ERBB3. J Invest
Dermatol 136, 464-472.

46 Lu L, Teixeira VH, Yuan Z, Graham TA, Endesfelder
D, Kolluri K, Al Juffali N, Hamilton N, Nicholson
AG, Falzon M et al. (2013) LRIG1 regulates cadherin-
dependent contact inhibition directing epithelial
homeostasis and pre-invasive squamous cell carcinoma
development. J Pathol 229, 608-620.

47 Tiwary S, Preziosi M, Rothberg PG, Zeitouni N,
Corson N & Xu L (2014) ERBB3 is required for
metastasis formation of melanoma cells. Oncogenesis 3,
el10.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Analysis of DMBA-induced Hras mutation.
Fig. S2. Mass spectrometry data of LRIGI-TG back
skin.

Fig. S3. cDNA sequence of human LRIG! isoform A.
Fig. S4. cDNA sequence of human LRIG] isoform B.
Fig. SS5. Amino acid sequence comparison of human
LRIGI isoforms.

Fig. S6. Generation of A375 LRIGI knockout cell
lines.

Fig. S7. Western blots of HaCaT and A375 cell lines.
Fig. S8. Immunohistochemical labeling of LRIGI in
human ¢SCC and melanoma.

Table S1. Antibodies employed for Western blots anal-
ysis, immunoprecipitation, immunohistochemistry, and
immunofluorescence.

Table S2. Total spectrum counts of LRIG1 peptides.

2155


https://doi.org/10.1042/bsr20181165
https://doi.org/10.1042/bsr20181165

	Outline placeholder
	mol212945-aff-0001
	mol212945-aff-0002
	mol212945-aff-0003
	mol212945-aff-0004
	mol212945-aff-0005
	mol212945-aff-0006
	mol212945-fig-0001
	mol212945-fig-0002
	mol212945-fig-0003
	mol212945-fig-0004
	mol212945-fig-0005
	mol212945-fig-0006
	mol212945-bib-0001
	mol212945-bib-0002
	mol212945-bib-0003
	mol212945-bib-0004
	mol212945-bib-0005
	mol212945-bib-0006
	mol212945-bib-0007
	mol212945-bib-0008
	mol212945-bib-0009
	mol212945-bib-0010
	mol212945-bib-0011
	mol212945-bib-0012
	mol212945-bib-0013
	mol212945-bib-0014
	mol212945-bib-0015
	mol212945-bib-0016
	mol212945-bib-0017
	mol212945-bib-0018
	mol212945-bib-0019
	mol212945-bib-0020
	mol212945-bib-0021
	mol212945-bib-0022
	mol212945-bib-0023
	mol212945-bib-0024
	mol212945-bib-0025
	mol212945-bib-0026
	mol212945-bib-0027
	mol212945-bib-0028
	mol212945-bib-0029
	mol212945-bib-0030
	mol212945-bib-0031
	mol212945-bib-0032
	mol212945-bib-0033
	mol212945-bib-0034
	mol212945-bib-0035
	mol212945-bib-0036
	mol212945-bib-0037
	mol212945-bib-0038
	mol212945-bib-0039
	mol212945-bib-0040
	mol212945-bib-0041
	mol212945-bib-0042
	mol212945-bib-0043
	mol212945-bib-0044
	mol212945-bib-0045
	mol212945-bib-0046
	mol212945-bib-0047


