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Cell-Autonomous Role
of EGFR in Spontaneous
Duodenal Tumors in LRIG1
Null Mice

eucine-rich repeats and
Limmunoglobulin-like domains
1 (LRIG1) is a tumor suppressor that
negatively regulates the ERBB
family, including epidermal growth
factor receptor (EGFR), and other re-
ceptor tyrosine kinases (RTKs).1,2

Lrig1CreERT2/CreERT2 (functionally Lrig1
null; hereafter Lrig1Cre) mice sponta-
neously develop duodenal tumors with
increased EGFR and ERBB2-3 expres-
sion and increased ERK1/2 activity by
immunoblotting.3 These Lrig1 null tu-
mors arise over expanded Brunner
glands that exhibit increased expres-
sion of the EGFR ligands amphiregulin
and betacellulin.4 Although EGFR seems
to play an important role, these results
do not preclude LRIG1 from mediating
its effects through other RTKs.

To directly implicate EGFR as the
target of LRIG1 in these tumors, we
generated Lrig1Cre/Cre;Egfrflox/flox;R26-
R

YFP

mice in which knockout of Egfr is
induced by tamoxifen (TAM) adminis-
tration in Lrig1-expressing cells that
are genetically Lrig1 null. Three daily
injections of 2 mg of TAM or corn oil
(control) were given to mice at 2
months of age and mice were sacri-
ficed 4 months later. Notably, there
were no detectable tumors in half of
the TAM-treated mice (8/16), and the
tumors that did form were smaller
than those in control mice (Figure 1A).
Tumors in both groups exhibited low-
grade dysplasia overlying expanded
Brunner glands and an ill-defined
boundary between the tumor epithe-
lium and Brunner glands,4 along with
mild lymphoplasmacytic infiltration and
lamina propria expansion. Tumors were
histopathologically indistinguishable
(Figure1B andSupplementaryFigure1A
and B). We confirmed efficient recom-
bination as determined by YFP expres-
sion (Supplementary Figure 1C).

Although recent work has identified
a role for EGFR in the stroma for in-
testinal and hepatic neoplasia,5,6

we elected to examine EGFR and
LRIG1 expression in mouse duodenal
epithelium. To that end, we used
EgfrEmerald GFP (EgfrEm) 7 and Lrig1Apple

(Lrig1Ap)8 reporter mice that track
EGFR protein and Lrig1 transcriptional
activity, respectively. As expected,
duodenal tumors developed in Lrig1
null (Lrig1Ap/Ap;EgfrEm/þ) mice, but not
in Lrig1 heterozygous (Lrig1Ap/þ;
EgfrEm/þ) mice. In Lrig1Ap/Ap;EgfrEm/þ

mice, EgfrEm staining was detected in
the tumor and stroma (Figure 1C and
Supplementary Figure 2). However,
Lrig1Ap fluorescence was restricted to
the tumor epithelium (Figure 1C). In
addition, Lrig1Cre-driven recombina-
tion was observed only in the epithe-
lium (Supplementary Figure 1C).
Although we do not dispute the impact
of stromal EGFR on intestinal
neoplasia, these results establish that
LRIG1 has an epithelial, cell-
autonomous, EGFR-dependent tumor
suppressor activity for spontaneously
forming mouse duodenal tumors.

We next sought to determine the
mechanism of tumor formation in the
absence of EGFR in Lrig1 null mice. Given
the importance of canonical Wnt
signaling in gastrointestinal neoplasia, we
examined b-catenin immunofluorescence
because cytoplasmic and nuclear b-cat-
enin immunoreactivity is a hallmark of
Wnt pathway activation. As previously
described,3 administration of TAM to
Lrig1Cre/þ;Apcflox/þ mice results in elimi-
nation of 1 Apc allele with tumors
appearing 50 days later throughout the
gastrointestinal tract because of stochas-
tic loss of the second Apc allele. Duodenal
tumors from these mice showed cyto-
plasmic and nuclear b-catenin staining
throughout the tumor, whereas b-catenin
was membranous in normal epithelium
(Figure 1D). In marked contrast, b-cat-
enin retained a plasma membrane-
dominant staining in Lrig1 null sponta-
neous duodenal tumors in the presence
or absence of EGFR (Figure 1D). Because
Lrig1 negatively regulates other ERBBs
and RTKs, we probed a commercial
mouse RTK array using tissue lysates
from Lrig1Cre/Cre;Egfrflox/flox;R26RYFP tu-
mors. In the tumors fromoil-treatedmice,
ERBB2 had the highest activity of the
ERBBs followed by EGFR and ERBB3,
whereas there was no detectable ERBB4
activity; modest PDGFRA and RON activ-
ity was observed (Figure 2A and
Supplementary Figure 3). In TAM-treated
mice, there was an expected absence of
EGFR activity. ERBB3 activity increased
1.5-fold and was the only RTK to show
increased activity on loss of EGFR
(Figure 2A and B and Supplementary
Figure 3). Of note, ERBB3 immunoreac-
tivity was restricted to the tumor
epithelium in the presence or absence of
EGFR (Figure 2C). Finally, we considered
what endogenous ligand might be acti-
vating ERBB3 and ERBB3/ERBB2 heter-
odimers; ERBB2 has no known ligand but
is the preferred heterodimer for the other
ERBBs. Among theERBB3/4 ligands, only
neuregulin 1 (Nrg1) was increased in
duodenal tumors compared with adja-
cent normal tissue (Figure 2D and
Supplementary Figure 4A). We observed
NRG1 staining in the stroma of Lrig1 null
duodenal tumors in the presence and
absence of EGFR, suggesting itmay be the
ligand driving ERBB3 and ERBB2 activity
(Figure 2E and Supplementary Figure
4B). Taken together, these findings sup-
port an epithelial, cell-autonomous role
for EGFR in the development of sponta-
neous duodenal tumors in Lrig1 null
mice. In the absence of EGFR, enhanced
ERBB3activitymaybe fueledby increased
expression of NRG1 in the stroma.
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Figure 1. Effect of conditional knockout of Egfr on duodenal tumor burden in Lrig1 null mice. (A) Comparison of tumor
burden of duodenal tumors from Lrig1Cre/Cre;Egfrflox/flox;R26RYFP mice treated with TAM or corn oil (CTL). Red line over the box-
plot of TAM group indicates median value when mice without tumors were excluded. (B) Histology of duodenal tumors that
develop in the TAM and CTL groups. (C) Greyscale EgfrEm fluorescence (anti-GFP staining) and Lrig1Ap fluorescence in
spontaneous duodenal tumors from Lrig1Ap/Ap;EgfrEm/þ mice. Arrows and arrowheads indicate EgfrEm/Lrig1Ap-positive tumor
cells and EgfrEm-positive and Lrig1Ap-negative stroma, respectively. (D) Greyscale immunofluorescence for b-catenin. Left:
duodenal tumor from Lrig1Cre/þ;Apcflox/þ mouse. Center and right: duodenal tumor from Lrig1Cre/Cre;Egfrflox/flox;R26YFP treated
with corn oil (center) and TAM (right), respectively. Scale bar ¼ 100 mm. CTL, control.
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Figure 2. ERBB3 activity is increased in the absence of EGFR in Lrig1 null duodenal tumors. (A) Representative blots from
3 independent mouse RTK arrays (R&D Systems, Minneapolis, MN). (B) Relative activity of ERBB2, ERBB3, RON, and
PDGFRA in TAM-treated group compared with CTL, calculated from RTK array. Red bars indicate 95% confidence intervals.
(C) Greyscale immunofluorescence for ERBB3 in TAM-treated and CTL mice. Arrows and arrowheads indicate tumor cells and
stroma, respectively. (D) Comparison of Nrg1 expression by microarray analysis between duodenal tumors and adjacent
normal duodenum in Lrig1 null mice. (E) Immunofluorescence for NRG1 (green) with DAPI (purple) in duodenal tumors from
CTL and TAM-treated mice. Scale bar ¼ 100 mm.
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Supplementary Methods
Mice

Lrig1Cre, Lrig1Ap, and EgfrEm mice
were generated as described pre-
viously.1–3 Apcflox and R26RYFP mice
were obtained from Jackson Labora-
tory (Bar Harbor, ME), and Egfrflox

mice were generously provided by
David Threadgill.4 All injections were
performed intraperitoneally, including
tamoxifen (TAM; Sigma, St. Louis, MO).
TAM was dissolved in corn oil and corn
oil served as vehicle control. Tissues
were harvested immediately after
euthanizing mice with carbon dioxide
and subsequent cervical dislocation.
Duodenal tumor burden was calcu-
lated by ex vivo analysis of tumors by
magnetic resonance imaging (MRI).

Tissue Preparation for Staining,
Histologic Analysis, and
Immunofluorescence

Specimens were harvested, imme-
diately fixed with 4% para-
formaldehyde in phosphate-buffered
saline for 4 hours at 4�C, and then
processed as paraffin blocks. Five-
micrometer sections were prepared
for tissue staining. H&E staining was
performed for histologic analysis.
Heat-induced epitope retrieval

methods were used to prepare paraffin
sections for immunofluorescence in
acid citrate buffer (pH 6). All sections
for immunofluorescence were blocked
with 5% normal donkey serum and 3%
bovine serum albumin at 22�C for 1
hour. The primary antibodies used
were: anti-GFP (Abcam, #ab5450,
1:500); anti-b-catenin (clone 12F7D1,
Vanderbilt Antibody and Protein
Resource, 1:200); anti-ERBB3 (Cell
Signaling, #12708, 1:100); and anti-
NRG1 (Abcam, #ab53104), followed
by the appropriated fluorophore-
conjugated secondary antibodies. All
micrographs were collected with a
Nikon A1R laser confocal microscope.

Mouse RTK Array
Proteome Profiler Mouse Phospho-

RTK Array Kit (#ARY014, R&D Sys-
tems, Minneapolis, MN) was used in
accordance with the manufacturer’s
protocol. In brief, samples were
minced and sonicated at 4�C using
provided lysis buffer with protease
inhibitors (aprotinin, leupeptin, and
pepstatin at 10 mg/mL final concen-
tration), and centrifuged at 14,000 rpm
for 5 minutes to collect the superna-
tant for analysis. After blocking arrays
with the provided buffer, samples

containing 200 mg of protein were
applied to the arrays and incubated at
4�C overnight on a rocking platform.
Arrays were labeled with anti-
phospho-tyrosine-HRP detection anti-
body, developed using chem-
iluminescence, and detected using film.

Statistical Analysis
All experiments were repeated at

least 3 times. The values are presented
in box plots overlaying dot plots; the
95% confidence intervals with median
are shown in Figure 2B. For statistical
analysis, Wilcoxon rank sum tests were
performed and P < .05 was considered
significant. Statistical analyses were
performed using R statistical software
version R3.4.3 (R Foundation for Sta-
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Supplementary Figure 1. Spontaneous duodenal tumors in the presence or
absence of EGFR in Lrig1 null mice. H&E staining for spontaneous duodenal
tumors in Lrig1Cre/Cre;Egfrflox/flox;R26RYFP treated with corn oil (A) or TAM (B). Black
lines correspond to enlarged micrographs in Figure 1B. Scale bar ¼ 500 mm. (C)
Immunofluorescence for YFP (green, anti-GFP staining) with DAPI (purple). YFP
expression indicates the cells in which Lrig1Cre-driven recombination occurs. Scale
bar ¼ 100 mm. CTL, control.
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Supplementary Figure 2. EGFR localization in normal duodenum in Lrig1Ap/D;EgfrEm/D and Lrig1Ap/Ap;EgfrEm/D mice.
Immunofluorescence for EgfrEm (green, anti-GFP staining) and Lrig1Ap (red, endogenous fluorescence) in normal duodenum
from Lrig1Ap/þ;EgfrEm/þ (A) and Lrig1Ap/Ap; EgfrEm/þ (B) mice. Arrows and arrowheads indicate EgfrEm/Lrig1Ap-positive cells,
and EgfrEm-positive and Lrig1Ap-negative stroma, respectively. Scale bar ¼ 100 mm.
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Supplementary Figure 3. Mouse RTK array to compare RTK activity in Lrig1 null duodenal tumors in the presence and
absence of EGFR. Representative blots of RTK array in CTL and TAM groups with short and long exposure. Black lines
delineate short exposure blots and correspond to enlarged blot shown in Figure 2A.

Supplementary Figure 4. Expression of ERBB3/4 ligands in Lrig1 null duodenal tumors compared to adjacent normal
duodenum. (A) Comparison of Nrg2-4 expression by microarray analysis between duodenal tumors and adjacent normal
duodenum in Lrig1 null mice. (B) Immunofluorescence for NRG1 (green) with DAPI (purple) in duodenal tumors from CTL and
TAM groups. White lines delineate are those corresponding to Figure 2E.
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