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The Met receptor tyrosine kinase regulates a complex array of cellular behaviors collectively known as
“invasive growth.” While essential for normal development and wound repair, this program is frequently
co-opted by tumors to promote their own growth, motility, and invasion. Met is overexpressed in a variety of
human tumors, and this aberrant expression correlates with poor patient prognosis. Previous studies indicate
that Met receptor levels are governed in part by cbl-mediated ubiquitination and degradation, and uncoupling
of Met from cbl-mediated ubiquitination promotes its transforming activity. Here we describe a novel mech-
anism for Met degradation. We find that the Met receptor interacts with the transmembrane protein LRIG1
independent of hepatocyte growth factor (HGF) stimulation and that LRIG1 destabilizes the Met receptor in
a cbl-independent manner. Overexpression of LRIG1 destabilizes endogenous Met receptor in breast cancer
cells and impairs their ability to respond to HGF. LRIG1 knockdown increases Met receptor half-life,
indicating that it plays an essential role in Met degradation. Finally, LRIG1 opposes Met synergy with the
ErbB2/Her2 receptor tyrosine kinase in driving cellular invasion. We conclude that LRIG1 is a novel suppres-
sor of Met function, serving to regulate cellular receptor levels by promoting Met degradation in a ligand- and
cbl-independent manner.

The Met receptor tyrosine kinase (RTK), the prototype of
the scatter factor receptor family, is expressed predominantly
in epithelial cells and is activated through binding of its stromal
ligand hepatocyte growth factor/scatter factor (HGF/SF). Met
receptor function is absolutely essential for normal develop-
ment, as mice lacking either HGF or Met exhibit embryonic
lethality (4, 56). Precise Met activation regulates an array of
cellular behaviors, including growth, motility, invasion, and
survival, which collaborate to yield an “invasive growth” pro-
gram (16, 35). This program is physiologically employed during
embryonic development, morphogenesis, and wound healing,
but is frequently deregulated during tumor growth, progres-
sion, and metastasis (7).

Aberrant activation of the Met receptor occurs through
overexpression, autocrine activation, or activating mutations of
the receptor, which correlates with poor patient prognosis in a
variety of tumors, including those of the lung, bladder, and
breast (for an excellent summary, visit http://www.vai.org/vari
/metandcancer) (3, 10, 14). Several Met mutations, first iden-
tified in both hereditary and sporadic forms of human papillary
renal carcinoma (49), were later demonstrated to be oncogenic
in vivo (26). These observations clearly link aberrant Met ac-
tivity to human cancer.

In breast cancer, both Met and its ligand, HGF, are fre-
quently overexpressed and correlate with decreased relapse-

free and overall survival (11, 29, 31, 43, 59, 61). In addition,
Met receptor overexpression is an independent predictor of
poor prognosis in breast cancer (5, 19, 36). Several distinct
lines of evidence have demonstrated that the mammary epi-
thelium is exceptionally vulnerable to transformation by dys-
regulated Met signaling. For example, transgenic mice broadly
expressing an oncogenic version of Met, Tpr-Met (39), or the
ligand HGF (52) develop a predominant breast cancer pheno-
type. In addition, targeted expression of HGF (13) or muta-
tionally activated Met receptor (27) in the mammary gland
leads to metastatic mammary adenocarcinoma.

Met receptor down-regulation via ligand-stimulated ubiq-
uitination is an essential negative regulatory mechanism that
prevents receptor oversignaling. The ubiquitin ligase c-Cbl is
recruited to the Met receptor following ligand stimulation
through an atypical DpYR motif in the juxtamembrane do-
main of Met (46). Uncoupling of Met from c-Cbl-mediated
ubiquitination either through loss of the juxtamembrane do-
main, as with Tpr-Met, or by mutation of Tyr1003F within the
DpYR motif leads to cellular transformation (45). Restora-
tion of the juxtamembrane domain to Tpr-Met potently
suppresses Tpr-Met transforming activity (58). The fusion of
monoubiquitin to the MetY1003F mutant, in essence bypass-
ing the requirement for c-Cbl, suppresses its transforming
activity by 60% (1). Currently, c-Cbl-mediated ubiquitination is
the only known mechanism of Met receptor degradation.

LRIG1, a transmembrane leucine-rich repeat and immuno-
globulin (Ig)-like domain-containing protein, is a newly identified
negative regulator of the ErbB family of receptor tyrosine kinases.
Previous work has demonstrated that LRIG1 is capable of inter-
acting with all four ErbB receptors and enhancing both their basal
and ligand-stimulated ubiquitination and degradation (21, 34).
For ligand-stimulated degradation of the epidermal growth factor
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receptor (EGFR), LRIG1 appears to function by augmenting the
amount of c-Cbl recruited to the receptor (21). The role of c-Cbl
in EGF receptor degradation is well understood; however, the
remaining ErbB receptors are not regulated by c-Cbl under phys-
iological conditions (38).

Interestingly, several lines of evidence have demonstrated
that ErbB receptors and Met receptor collaborate in driving
tumor cell growth. For example, expression of the EGF recep-
tor ligand transforming growth factor � in liver tumor cells
leads to Met receptor phosphorylation and an enhanced re-
sponse to HGF (47). In addition, the Met receptor is consti-
tutively phosphorylated in A431 epidermoid carcinoma cells
and inhibition of the EGF receptor inhibits this activation (30).
Of most significance, the Met receptor and Her2 have recently
been found to synergize in breakdown of cell-cell junctions and
in promoting cellular invasion (32). This is particularly relevant
since 50% of breast tumors that overexpress Met also overex-
press Her2 (37).

In this report, we identify LRIG1 as a novel physiological
negative regulator of the Met receptor, uncovering a new
means of Met receptor regulation. We demonstrate that the
endogenous proteins interact and that silencing of LRIG1 by
RNA interference (RNAi) increases endogenous Met receptor
half-life. Additionally, we find that LRIG1 decreases Met in
a c-Cbl- and proteasome-independent manner. Transduc-
tion of LRIG1 into several breast cancer cell lines, as well
as nontransformed Madin-Darby canine kidney (MDCK)
epithelial cells, inhibits their HGF-dependent responses in-
cluding growth, motility, and invasion. Finally, we demon-
strate that LRIG1 opposes Her2 and Met receptor synergy
in driving cellular invasion.

MATERIALS AND METHODS

Reagents and cell culture. HGF was purchased from Fitzgerald/RDI. Human
Met receptor cDNA was amplified by reverse transcription-PCR from A431
cells, and the sequence was confirmed followed by subcloning into pcDNA3.1�
plasmid. All cell lines were purchased from ATCC. HEK-293T, MCF-7, MDA-
MB-231, and MDCK cells were all cultured in Dulbecco’s modified Eagle’s
medium (DMEM)–10% fetal calf serum (FCS). CHO cells were grown in F-12K
medium–10% FCS. Serum starvation medium contained only 0.1% FCS. Anti-
bodies used here include anti-insulin receptor SC-711, anti-Met SP260 and C-12,
anti c-Cbl C-15, anti-Cbl-b G-1 (Santa Cruz Biotechnology), anti-Met DO-24
and DQ-13, anti-phosphotyrosine 4G10 (Upstate), anti-myc, anti-EGFR H9B4
(Invitrogen), anti-Her2 Ab3 (Calbiochem), anti-FLAG M2, anti-�-tubulin, anti-
actin AC-15 (Sigma), antihemagglutinin (HA) (Zymed), and anti-p-Erk (Cell
Signaling Technologies). LRIG1-151 was a generous gift from Hakan Hedman.
Transfections were performed with FuGENE6 (Roche Applied Sciences) ac-
cording to the manufacturer’s protocol.

Cell transductions. The 293GPG packaging cell line and pMX-pie (pMX)
cloning vector were generous gifts from Paola Marignani. The 293GPG cells
were maintained in DMEM–10% �FCS, 100 �g/ml G418 (Invitrogen), 2 �g/ml
puromycin, and 10 �g/ml tetracycline (Sigma). LRIG1-myc (21) subcloned into
pMX was simultaneously transfected with pJ6�puro into 293GPG cells and
selected with 100 �g/ml zeocin (Invitrogen). Production of retrovirus was initi-
ated by removal of tetracycline from the medium. Collected supernatant from
pMX- and LRIG1-myc-producing cells was then added to the medium of
MCF-7, MDCK, and MDA-MB-231 cells, followed by selection with 1, 1.5, and
0.5 �g/ml puromycin, respectively. All puromycin-resistant clones were pooled to
avoid clonal variation.

Immunoprecipitation and Western blot analysis. Coimmunoprecipitations of
LRIG1 and Met were performed using HEK-293T cells. Cells were lysed in
coimmunoprecipitation buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2,
1% Nonidet P-40, 10% glycerol, 1 mM Na3VO4, 1 mM NaF, 1 mM ZnCl2, 10
mM �-glycerophosphate, 5 mM tetrasodium pyrophosphate, 100 �M AEBSF
[4-(2-aminoethyl)benzenesulfonyl fluoride], and 4 �g/ml each aprotinin, leupep-

tin, and pepstatin), and cleared lysates were precipitated with 1.2 �g of anti-
LRIG1-151 or control polyclonal antibody. Precipitates were resolved by 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted with either anti-LRIG1-151 or anti-Met C-12. Detection of all antibodies
was carried out using horseradish peroxidase-conjugated secondary antibodies
(Zymed Laboratories Inc.), followed by developing with SuperSignal West chem-
icals (Pierce). An Alpha Innotech imaging station with FluorChem software was
used to capture images.

RNAi experiments. To knock down LRIG1 in HEK-293T cells, Dharmacon
On-Target plus SMART pool was utilized. On-Target plus siControl nontarget-
ing pool was used as a control. Cells were transfected with 100 nM small
interfering RNA (siRNA) using DharmaFect 1 (Dharmacon) per the manufac-
turer’s instructions. The medium was replaced after 24 h, and cells were left to
incubate for an additional 72 h. Lysates were collected and analyzed as described.

The RNAi sequences targeting c-Cbl (5�-TGCTCTCTTCCAAGCACTGAT
TCAAGAGATCAGTGCTTGGAAGAGAGCTTTTTTC) and Cbl-b (5�-TGG
ACAGACGAAATCTCACATTCAAGAGATGTGAGATTTCGTCTGTCCT
TTTTTC) were synthesized along with their complementary strands. The oligo-
nucleotides were annealed prior to ligation into pLentiLox3.7 digested with XhoI
and HpaI, as described previously (28, 48). HEK-293T cells were transfected
with either the RNAi targeting vector or empty vector, in the absence or pres-
ence of Met and LRIG1-myc. After 24 h, cells were serum starved overnight,
followed by treatment without or with 10 ng/ml HGF for 60 min, before cell
lysates were collected. All lysates were resolved by Western blot analysis.

Half-life analysis. HEK-293T cells were transfected with 100 nM Dharmacon
nontargeting or LRIG1 pool and allowed to incubate for 84 h. Cells were then
washed twice in phosphate-buffered saline (PBS) and incubated in methionine-
and cysteine-free DMEM with 5% dialyzed fetal bovine serum (FBS) for 30 min.
Tran35S-label (MP Biomedical) was added at 167 �Ci per ml of medium, and
cells were allowed to incubate for 1 h (pulse). The medium was then chased with
DMEM containing 5% dialyzed FBS and 2 mM methionine and cysteine, and
samples at time points of 0, 3, 6, 12, and 18 h were collected. Cells were scraped
in PBS and snap-frozen in liquid nitrogen. Immunoprecipitation of Met was
conducted as described above, except that cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris [pH 7.5], 0.1% SDS, 1% Triton
X-100, 150 mM NaCl, and 0.5 mM EDTA plus inhibitors listed above). Samples
were resolved by SDS-PAGE and transferred to nitrocellulose. Western blot
analysis was conducted as previously described, and the amount of Met receptor
in each immunoprecipitate was quantified. Imaging of 35S was performed using
a Molecular Dynamics Storm PhosphorImager, and the amount of 35S associated
with Met was quantified with ImageQuant software.

Ubiquitination assay. HEK-293T cells were transfected with HA-tagged ubiq-
uitin and Met, with or without myc-tagged LRIG1. After 24 h, cells were serum
starved overnight before being treated with 10 ng/ml of HGF for 5 min. Immu-
noprecipitation of Met was conducted using 1 �l of anti-DO-24 in RIPA buffer
supplemented with 10 mM N-ethylmaleimide and resolved in sample buffer
contained 8 M urea. For the ubiquitin knockout (Ub-KO) experiment, HEK-
293T cells were transfected with Met with or without myc-tagged LRIG1 in the
presence or absence of HA-tagged Ub-KO (40). The pRK5-Ub-KO plasmid was
a kind gift of Ted M. Dawson of Johns Hopkins University School of Medicine
and expresses a form of human ubiquitin in which all seven lysines involved in
chain elongation have been mutated to arginine.

Inhibition studies. HEK-293T cells were transfected with Met with or without
LRIG1-myc. After 24 h, 10 �M MG132 or 100 nM concanamycin (CalBiochem)
was added to each well and samples at various time points were collected by
lysing cells with sample buffer. Samples were resolved and quantified as de-
scribed above.

Construction of MetY1003F. Site-directed mutagenesis was performed using
the QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s protocol. Tyrosine 1003 was converted to a phenylalanine using
the 5�-AAATGAATCTGTAGACTTCCGAGCTACTTTTCCAG-3� primer
(underlining indicates nucleotides changed in going from tyrosine to phenylala-
nine) and its complementary pair.

MTT assay. Transduced MCF-7 cells were plated at a density of 2.5 � 104

cells/well in 24-well Falcon plates. After settling for 16 h, cells were serum
starved or treated with 25 ng/ml HGF for an additional 48 h. During the last 4 h
of growth, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
was added to the media to measure cell activity. Results were quantified by
dissolving the crystals formed from the MTT in acidic isopropanol and recording
absorption at 570 nm with a baseline subtraction at 655 nm. At least four points
were averaged for each condition, and the experiment was repeated three times
with a representative experiment selected.
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Migration assay. Cells transduced with LRIG1-myc or control vector pMX (2 �
104/well) were plated onto 24-well Boyden chambers with 8-�m-pore polycar-
bonate membranes (Corning) in serum starvation medium with or without the
addition of HGF (10 ng/ml) in the lower chamber. After 24 h, filters were fixed
and stained according to the manufacturer’s instructions. Filters were then air
dried and photographed using a 20� objective. Three fields of view for each well
were counted, and the results were averaged among three experiments for each
cell line.

Matrigel invasion assay. Transduced MDCK cell lines stably expressing either
pcDNA3.1� (3.1) control vector or NeuT were created by transfection of trans-
duced MDCK cells and selection with 600 �g/ml G418. For the invasion assay,
MDCK cells were plated (2 � 104/well) onto 24-well Matrigel invasion chambers
(BD Biosciences). All cells were grown in the presence of 10 ng/ml HGF for 15
days prior to plating (32). After 16 h in the invasion chambers, cells were fixed
and stained according to the manufacturer’s instructions. All cells in each cham-

ber migrating through the Matrigel were counted. The results from three sepa-
rate chambers were then averaged.

RESULTS

LRIG1 is a negative regulator of the Met receptor. To de-
termine whether LRIG1 is a functional regulator of the Met
receptor, we cotransfected myc-tagged LRIG1 with Met into
HEK-293T cells. Whole-cell lysates were probed with antibodies
to Met to analyze effects of LRIG1 on Met receptor expression,
as shown in the left panel of Fig. 1A. Expression of the Met
receptor with LRIG1 resulted in a dramatic decrease in the Met
receptor level in these cells. LRIG1 had no effect on the expres-

FIG. 1. LRIG1 interacts with and suppresses the Met receptor. (A) HEK-293T cells were transfected with Met (left panel) or GFP (right panel)
along with vector control pcDNA3.1� (3.1) or vector expressing myc-tagged LRIG1. Whole-cell lysates were then collected and blotted with
antibodies to Met (C-12), GFP, myc, or actin. (B) HEK-293T cells were transfected with Met along with vector control, LRIG1-myc, EGFR, or
Nrdp1-FLAG. Whole-cell lysates were blotted with antibodies for Met, myc, EGFR, FLAG, or actin. (C) Lysates from HEK-293T cells were
immunoprecipitated with control rabbit antibody or anti-LRIG1-151 and blotted with antibodies to Met or LRIG1. IP, immunoprecipitate.
(D) HEK-293T cells were transfected with nontargeting or LRIG1-targeting siRNA pools. Whole-cell lysates were collected and blotted for Met,
LRIG1-151, and actin.
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sion of green fluorescent protein (GFP) (right panel of Fig. 1A),
indicating that it does not have a general effect on protein expres-
sion. To analyze whether this effect on the Met receptor was
specific to LRIG1 or was an artifact of the coexpression of two
vectors, Met was coexpressed with equivalent amounts of either
LRIG1, epidermal growth factor receptor (EGFR), or Nrdp1, a
ubiquitin ligase previously shown to target ErbB3 and ErbB4 (9).
EGFR and Nrdp1 were expressed in the same vector as LRIG1,
but only LRIG1 was able to decrease Met receptor levels, as
shown in Fig. 1B. LRIG1 expression had no significant effect on
Met transcript levels, as determined by real-time PCR (data not
shown). Similar effects on Met receptor levels were observed in
chinese hamster ovary (CHO) cell cotransfections (see Fig. 3A),
demonstrating that the effect of LRIG1 on the Met receptor is
cell-type independent.

To determine whether endogenous LRIG1 and Met inter-
act, a coimmunoprecipitation experiment was performed. As
shown in Fig. 1C, HEK-293T cells express detectable amounts
of both LRIG1 and Met. Lysates from HEK-293T cells were
immunoprecipitated with equivalent amounts of either control
antibody or with anti-LRIG1 antibody. As expected, endoge-
nous LRIG1 precipitated only in the lane using the anti-
LRIG1 antibody. Probing of the blot with anti-Met antibody
revealed that endogenous Met was precipitated along with
endogenous LRIG1 (Fig. 1C). This interaction was specific, as
Met was not precipitated with the control antibody.

We next examined the effect of LRIG1 loss on Met receptor
expression. In this experiment, LRIG1 was depleted in HEK-
293T cells using RNAi. RNAi directed against LRIG1 signif-
icantly decreased the expression of endogenous LRIG1, to less
than detectable levels. Importantly, knockdown of LRIG1 re-
sulted in a modest but reproducible increase in endogenous
Met receptor expression, with a representative experiment
shown in Fig. 1D. These data indicate that LRIG1 is a physi-
ological regulator of Met receptor and suggest that LRIG1 loss
in tumors could contribute to Met receptor overexpression.

LRIG1 enhances Met receptor degradation in a lysosome-
dependent manner. As LRIG1 led to a decrease in Met recep-
tor expression, but had a negligible effect of Met transcript
levels, we measured the effect of LRIG1 loss on Met receptor
half-life by pulse-chase analysis. LRIG1 was depleted from
HEK-293T cells by RNAi, and endogenous Met receptor was
immunoprecipitated from cells radiolabeled with [35S]Met/Cys
(Fig. 2A) (60, 62). This experiment was repeated three times,
and the data are quantified in Fig. 2B. In the presence of
LRIG1, the half-life of Met receptor was 5.6 h, and in the
absence of LRIG1, this half-life was extended twofold to 11.5 h
(Fig. 2B). These data are comparable to previous research
showing that disruption of the c-Cbl binding site on Met leads
to an approximately twofold increase in Met receptor half-life
in fibroblasts (0.7 to 1.2 h) (45). As disruption of c-Cbl binding
was sufficient to mediate cellular transformation in fibroblasts,
our results suggest that LRIG1 loss could contribute to Met-
mediated cellular transformation.

LRIG1 has previously been reported to enhance the ligand-
stimulated ubiquitination of ErbB receptors in a c-Cbl-dependent
manner (21). To examine whether LRIG1 increases ubiquitina-
tion of the Met receptor, Met was expressed in HEK-293T cells
with either vector control or myc-tagged LRIG1 and an HA-
tagged ubiquitin construct. Thirty-six hours after transfection,

Met receptor was immunoprecipitated and probed with anti-HA
to visualize ubiquitination. Receptor ubiquitination is observed
as a smear and represents both polyubiquitination and multiple
monoubiquitination events (6). As shown in Fig. 2C, Met ubiq-
uitination could be observed in the absence of HGF, as previ-
ously reported (45), and was not significantly stimulated by
HGF treatment. LRIG1 expression resulted in decreased Met
expression, but did not appear to enhance the overall ubiqui-
tination of remaining receptors. However, these residual re-
ceptors may represent a population that is refractory to LRIG1
action, while highly ubiquitinated receptors could be efficiently
degraded throughout the time period of LRIG1-Met coexpres-
sion.

Receptor tyrosine kinases, including Met, undergo both
multiple mono- and polyubiquitinations (6). Ubiquitin con-
tains seven lysines that are known to participate in chain elon-
gation: K6, K11, K27, K29, K33, K48, and K63. K48-linked
polyubiquitination is associated with proteasomal degradation,
while monoubiquitination is generally associated with receptor
trafficking (42). However, Met receptor degradation has re-
cently been found to require K48-linked polyubiquitination in
a proteasome-independent manner (6). To examine whether
the assembly of polyubiquitin chains on the Met receptor is
necessary for LRIG1 action, Met was expressed in HEK-293T
cells with either vector control or myc-tagged LRIG1 in the
presence or absence of an HA-tagged form of ubiquitin in
which all seven lysines have been mutated to arginine. This
ubiquitin, termed Ub-KO, can participate in monoubiquitin
linkages, but is unable to form polyubiquitin chains (40). De-
spite high levels of endogenous ubiquitin, mutant forms of
ubiquitin act in a dominant-negative fashion when overex-
pressed and have been used to implicate specific ubiquitin
linkages in receptor trafficking and degradation (6, 15). In
agreement with this, the coexpression of Ub-KO with Met
leads to increased Met receptor expression, in both the ab-
sence and presence of HGF. Interestingly, LRIG1-mediated
Met degradation is unaffected by Ub-KO, demonstrating that
LRIG1 does not require the assembly of polyubiquitin chains
on Met (Fig. 2D). However, this experiment does not exclude
the possible role of monoubiquitination in LRIG1-mediated
Met receptor degradation.

Met receptor degradation has been found to depend on both
the proteasome and lysosome, and inhibitors of either interfere
with Met receptor degradation (6, 22). To examine the depen-
dence of LRIG1-mediated Met receptor degradation on the
proteasome or lysosome, Met receptor was expressed in HEK-
293T cells with either vector control or myc-tagged LRIG1 as
shown in Fig. 2E. Cells were then treated with either MG132,
an inhibitor of the proteasome (6), or concanamycin, an inhib-
itor of the lysosome (6), and Met receptor accumulation was
measured over a 4-h time course. In each case, the amount of
Met receptor present at time zero was normalized to 1 and
receptor accumulation was plotted as a function of time. Cells
treated with MG132 and transfected with vector control dem-
onstrated an accumulation of Met receptor to nearly 3-fold,
while cells expressing LRIG1 had minimal accumulation,
reaching only 1.5-fold of the initial levels after 4 h (left panel
of Fig. 2E), indicating that LRIG1-mediated Met receptor
degradation is largely independent of the proteasome. This is
in agreement with the finding that LRIG1-mediated Met re-
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FIG. 2. LRIG1 enhances Met receptor degradation in a lysosome-dependent manner. In these experiments, HEK-293T cells were transfected
with nontargeting or LRIG1-targeting pools of siRNA. (A) Cells were pulsed with Tran35S-label medium and chased with DMEM with excess
cysteine and methionine. Samples were collected at 0, 3, 6, 12, and 18 h, and immunoprecipitations for Met with DO-24 were performed.
Immunoprecipitates were resolved by SDS-PAGE and transferred to nitrocellulose. Immunoprecipitates were then blotted for Met and imaged
for 35S activity with a Molecular Dynamics Storm PhosphorImager (upper panel). Lysates (lower panel) were blotted with LRIG1-151 and actin.
(B) Graphic representation of three separate experiments tracking the degradation of radiolabeled Met over 18 h. The amount of Met in each
immunoprecipitate was quantified for Met protein as well as 35S content. The error bars represent the standard error of three independent
experiments. (C) Cells were transfected with Met in the absence or presence of HA-ubiquitin (HA-Ub) and in the absence or presence of
LRIG1-myc. Cells were stimulated with or without 10 ng/ml HGF before being lysed in RIPA buffer and immunoprecipitated with anti-Met DO-24.
Immunoprecipitates (IP; upper panel) were blotted with Met and HA, and lysates (lower panel) were blotted for Met, myc, and actin. (D) Cells
were transfected in the absence or presence of UB-KO. Following HGF stimulation for 0 or 60 min, cells were lysed and blotted for Met, myc,
and actin. (E) Cells were treated with either MG132 (left panel) or concanamycin for various time periods. Lysates were collected and blotted with
Met, myc, and actin. A graphic representation of Met accumulation versus time is shown below each blot.
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ceptor degradation does not require the assembly of polyubiq-
uitin chains. In cells treated with concanamycin and trans-
fected with vector control or with LRIG1-myc, there was a
comparable accumulation of Met receptor, increasing by about
twofold after 4 h, indicating that LRIG1-mediated Met recep-
tor degradation depends in large part on the lysosome. Similar
results were observed in LRIG1-transduced MCF-7 cells (data
not shown).

LRIG1 mediates Met receptor degradation in a c-Cbl-inde-
pendent manner. c-Cbl plays a critical role in Met receptor
degradation, and uncoupling of Met from c-Cbl-mediated deg-
radation through truncation or mutation leads to cellular
transformation (23, 45). To examine whether c-Cbl is required
for LRIG1-mediated degradation of the Met receptor, CHO
cells were transfected with Met receptor alone or with LRIG1-
myc. As seen in HEK-293T cells, coexpression of LRIG1 with
Met receptor resulted in a decrease in Met receptor expression
in both the absence and presence of HGF (Fig. 3A). To de-
termine whether c-Cbl was involved in LRIG1-mediated deg-
radation of the Met receptor, a dominant-negative version of
c-Cbl, 70Z-Cbl, was employed. 70Z-Cbl is a naturally occurring
mutant isolated from 70Z/3 pre-B-cell lymphomas and con-
tains a 17-amino-acid deletion in its ring finger domain (12),
rendering it inactive as a ubiquitin ligase. When HA-tagged
70Z-Cbl was transfected with Met, receptor levels dramatically
increased, indicating that 70Z-Cbl was functioning in a domi-
nant-negative fashion with respect to Met degradation. Prob-
ing of the blot with a c-Cbl antibody revealed that 70Z-Cbl was
expressed at a minimum of 17-fold excess compared to endog-
enous c-Cbl (data not shown). Coexpression of 70Z-Cbl with
LRIG1 had no effect on LRIG1’s ability to destabilize the Met
receptor, in either the absence or presence of HGF. Interest-
ingly, LRIG1 was able to completely override the stabilizing
effect of 70Z-Cbl on the Met receptor, indicating that LRIG1
down-regulation of Met receptor is Cbl independent.

Mutation of Y1003 within the c-Cbl docking motif on the
Met receptor has been reported to uncouple Met from c-Cbl
regulation and is sufficient to convert Met into a transforming
protein when overexpressed. To examine whether MetY1003F is
subject to LRIG1-mediated degradation, it was transfected
into CHO cells in the absence and presence of LRIG1-myc. As
seen in Fig. 3B, MetY1003F was significantly destabilized by
LRIG1 coexpression, in both the absence and presence of
HGF, indicating that the Y1003F mutation, while impairing
c-Cbl-mediated degradation, does not impact LRIG1-medi-
ated degradation. Despite being uncoupled from direct c-Cbl-
mediated regulation by virtue of the Y1003F mutation, 70Z-
Cbl still had a substantial stabilizing effect on MetY1003F. Cbl
can also be recruited to Met indirectly via Grb2 (45). As with
the wild-type receptor, 70Z-Cbl had no effect on LRIG1’s
ability to degrade MetY1003F and LRIG1 was able to com-
pletely override the stabilizing effect of 70Z-Cbl on MetY1003F.
These results provide further evidence that LRIG1 functions
to destabilize the Met receptor in a Cbl-independent manner.
Similar results with 70Z-Cbl in HEK-293T cells indicate that
this effect is not cell line specific (data not shown).

To further demonstrate that LRIG1 functions in a Cbl-
independent manner with respect to Met receptor degrada-
tion, c-Cbl and Cbl-b, both reported to interact with the Met
receptor (46), were depleted in HEK-293T cells by RNAi (25).

The ability of myc-tagged LRIG1 to mediate Met receptor
degradation was then examined. As shown in Fig. 3C, Cbl
depletion by RNAi led to increased Met receptor expression,
in agreement with the effects of dominant-negative 70Z-Cbl
(Fig. 3A and B). Coexpression of myc-tagged LRIG1 with Met
receptor resulted in significant destabilization of the Met re-
ceptor, in both the absence and presence of HGF. Despite the
stabilizing effect of Cbl depletion on the Met receptor, Cbl
depletion had no effect on LRIG1-mediated Met receptor deg-
radation. Taken together with the results shown in Fig. 3A and
B, this piece of data provides strong evidence that LRIG1
functions in a Cbl-independent manner with respect to Met
receptor degradation.

Since LRIG1 and c-Cbl both act to destabilize the Met
receptor, we examined the relative and combined impact of
LRIG1 and c-Cbl expression on Met receptor stability. In Fig.
3D, Met receptor was expressed in HEK-293T cells with either
vector control, myc-tagged LRIG1, HA-tagged c-Cbl, or with
LRIG1 and c-Cbl together. As expected, LRIG1 dramatically
destabilized the Met receptor regardless of its activation state.
c-Cbl overexpression did not significantly affect Met receptor
expression in the absence of HGF and had a modest destabilizing
effect in the presence of HGF. The coexpression of c-Cbl and
LRIG1 in the presence of HGF led to further destabilization of
the Met receptor; however, the combination of c-Cbl and LRIG1
gave only a slight enhancement of Met degradation as compared
to the effect of LRIG1 alone. There was no evidence for any
synergy between LRIG1 and c-Cbl. Unexpectedly, we noted that
LRIG1 decreased c-Cbl expression, both in CHO (Fig. 3A and B)
and HEK-293T (Fig. 3D) cells, but had no effect on either GFP
expression (Fig. 1A) or insulin receptor expression (Fig. 4A and
5A). However, endogenous c-Cbl does not appear to decrease
following LRIG1 overexpression (Fig. 3C).

LRIG1 destabilizes endogenous Met receptor in human
breast cancer cells and inhibits their HGF-dependent re-
sponses. To explore whether LRIG1 could affect endogenous
Met receptor expression in human breast cancer cells, MCF-7
cells were transduced using the pMX-pie retroviral system.
Cells were transduced either with empty retrovirus (pMX) as a
control or with retrovirus expressing LRIG1-myc. Puromycin-
resistant clones were pooled to avoid artifacts due to clonal
variation. As shown in Fig. 4A, stable expression of LRIG1 in
MCF-7 breast cancer cells resulted in a significant decrease in
the expression of endogenous Met receptor, but had no effect
on endogenous insulin receptor expression. To assess the im-
pact of LRIG1 on Met receptor signaling, transduced MCF-7
cells were stimulated with HGF over an 8-h time course (Fig.
4B). Basal Met receptor levels were decreased by approxi-
mately 60% in cells expressing LRIG1 as compared to the
control pMX-transduced cells, and by 2 h of HGF treatment,
very little detectable Met receptor remained. The mitogen-
activated protein kinase pathway was also attenuated in
LRIG1-transduced cells, demonstrating that LRIG1 impairs
Met receptor downstream signaling (Fig. 4B and C). Densi-
tometric analysis revealed that the phospho-Erk (pErk)/Met
ratios were the same in pMX- and LRIG1-transduced cells,
indicating that the attenuation of mitogen-activated protein
kinase signaling is likely a consequence of decreased Met re-
ceptor levels. To investigate whether LRIG1 affects Met re-
ceptor phosphorylation, Met was immunoprecipitated from
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FIG. 3. Met receptor degradation by LRIG1 is c-Cbl independent. (A) CHO cells were transfected with Met with or without LRIG1-myc and
70Z-Cbl-HA. Cells were treated with or without 10 ng/ml of HGF. Whole-cell lysates were collected and blotted with antibodies to Met, myc, HA,
and actin. (B) The experiment was repeated as described for panel A, with the exception that a mutant form of Met receptor, MetY1003F, was used.
WT, wild type. (C) HEK-293T cells were transfected with Met with or without LRIG1-myc and c-Cbl and Cbl-b RNAi vectors (Cbl-KD). After
treatment with or without 10 ng/ml of HGF, whole-cell lysates were collected and blotted with antibodies to Met, myc, Cbl-b, c-Cbl, and tubulin.
(D) HEK-293T cells were transfected with Met in the absence or presence of LRIG1-myc and c-Cbl-HA. Cells were treated with HGF as in panel
C, and lysates were blotted for Met, myc, HA, and actin.

1940 SHATTUCK ET AL. MOL. CELL. BIOL.



transduced MCF-7 cells. As shown in Fig. 4C, HGF stimula-
tion resulted in Met phosphorylation in both cases; however
densitometric analysis indicated that the phospho-Met (pMet)/
Met ratio was decreased by approximately 30% following
LRIG1 expression, indicating that LRIG1 decreases Met re-
ceptor activation by HGF. In agreement with this, the related
leucine-rich repeat protein Kekkon-1 interferes with growth
factor binding by EGF receptor (18) as does a soluble version
of LRIG1 (20). The functional outcome of LRIG1 expression
on HGF-dependent proliferation was measured using an MTT
assay. As shown in Fig. 4D, LRIG1 significantly impaired the
proliferation of MCF-7 cells in response to HGF.

To determine if LRIG1 could destabilize the Met receptor
in a different breast cancer cell line, MDA-MB-231 cells were

transduced as described for the MCF-7 cells. While MCF-7
cells express low levels of Met receptor, MDA-MB-231 cells
express substantial amounts and are frequently used to study
Met receptor signaling. As shown in Fig. 5A, stable expression
of LRIG1 in MDA-MB-231 breast cancer cells resulted in a
significant decrease in the expression of endogenous Met re-
ceptor, but had no effect on endogenous insulin receptor ex-
pression. To examine whether LRIG1 expression attenuated
the HGF-dependent motility of MDA-MB-231 cells, a Boyden
chamber assay was performed. This assay measures the migra-
tion of cells through a porous membrane toward a chemotactic
gradient. As shown in Fig. 5B, MDA-MB-231 cells are highly
motile and their motility can be further enhanced by HGF
treatment. However, LRIG1-expressing cells show no increase

FIG. 4. LRIG1 mediates Met receptor degradation and inhibits HGF-stimulated proliferation in MCF-7 breast cancer cells. MCF-7 cells
transduced with empty vector (pMX) or LRIG1-myc were used in the following experiments. (A) Whole-cell lysates from these cells were collected
and blotted with antibodies to Met, insulin receptor (IR), myc, or actin. (B) These cells were serum starved and stimulated with 10 ng/ml of HGF
for various times. Whole-cell lysates were then blotted with antibodies to Met, myc, pERK, and actin. Met levels were quantified and represented
graphically. (C, top panel) Following treatment with HGF as for panel B, cell lysates were immunoprecipitated with an antibody to Met (DO-24)
and blotted with antibodies to phosphotyrosine (pY; 4G10) or Met. (C, bottom panel) Whole-cell lysates were blotted with pERK, myc, and tubulin
antibodies. (D) Transduced MCF-7 cells were grown in either serum starvation medium or medium containing 25 ng/ml HGF. An MTT assay was
employed to measure cell growth. Error bars represent the standard deviation of at least four individual readings for each condition.
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in HGF-dependent motility. Cells expressing LRIG1 showed a
statistically significant decrease in their HGF-dependent mo-
tility (P 	 1.42 � 10
5). MDA-MB-231 cells did not prolifer-
ate in response to HGF (data not shown), in agreement with a
previous report (55). Taken together, the data from the MCF-7
and MDA-MB-231 cells indicate that LRIG1 can decrease
both the endogenous Met receptor levels and HGF-dependent
cellular responses in breast cancer cells.

LRIG1 inhibits HGF-dependent motility in Madin-Darby
canine kidney cells. To examine HGF-dependent motility in a
different cell type, MDCK cells were analyzed in a Boyden
chamber assay. These cells are an immortalized, but nontrans-
formed, kidney cell line and are frequently used to study Met
receptor-mediated motility and branching morphogenesis.
MDCK cells were transduced with either pMX or LRIG1-myc
as described above. As shown in Fig. 6A, LRIG1 is expressed

FIG. 6. LRIG1 inhibits HGF-dependent motility of Madin-Darby canine kidney cells. (A) Whole-cell lysates of pMX- and LRIG1-myc-
transduced MDCK cells were blotted for myc or actin. Canine Met could not be blotted in these cells with commercially available antibodies. (B) A
Boyden chamber assay using transduced MDCK cells was performed as described for Fig. 5B. The error bars represent the standard deviation of
three independent experiments.

FIG. 5. LRIG1 mediates Met receptor degradation and inhibits HGF-stimulated motility in MDA-MB-231 breast cancer cells. (A) Whole-cell
lysates of pMX- or LRIG1-myc-transduced MDA-MB-231 cells were collected and blotted with antibodies to Met, insulin receptor (IR), myc, and
actin. (B) Motility of transduced MDA-MB-231 cells was measured by a Boyden chamber assay. Three independent �20 fields were averaged for
each chamber, and the experiment was performed in triplicate. The error bars represent the standard deviation of three independent experiments.
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FIG. 7. LRIG1 simultaneously regulates Her2 and Met and opposes Met/Her2 synergy in cellular invasion. (A) HEK-293T cells were
cotransfected with Met and NeuT in the absence or presence of LRIG1-myc. Whole-cell lysates were collected and blotted with antibodies to Her2,
Met, myc, or actin. (B) Whole-cell lysates from transduced MDCK cells stably expressing either control vector (3.1) or NeuT were collected and
blotted with antibodies to Her2, phosphotyrosine (pY; 4G10), myc, or actin. (C) Transduced MDCK cells were photographed using an inverse
phase-contrast microscope under a �10 magnification. (D) pMX-transduced MDCK cells stably expressing control vector (3.1) or NeuT were
grown for 15 days in the presence of 10 ng/ml HGF, as previously described (32). Cells were plated in triplicate into Matrigel chambers with 10
ng/ml HGF in the bottom chamber. After 16 h, cells were stained and counted. The error bars represent the standard deviation of data collected
from three independent experiments. (E) Transduced MDCK cells stably expressing either control vector (3.1) or NeuT were grown, plated, and
counted as described for panel D.
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in LRIG1-myc-transduced cells but not in cells transduced with
empty virus. Although we were unable to blot canine Met
receptor in these cells with available antibodies, we were able to
show that as with human breast cancer cells, LRIG1 expression
blunts the response of these cells to HGF. Figure 6B demon-
strates that LRIG1-transduced MDCK cells have reduced HGF-
dependent motility. MDCK cells expressing LRIG1 showed a
statistically significant decrease in their HGF-dependent motility
(P 	 1.69 � 10
5), once again indicating that LRIG1 inhibits
HGF-dependent cellular responses. MDCK cells did not prolif-
erate in response to HGF (data not shown), in agreement with
previous reports (17, 51).

LRIG1 opposes Her2 and Met receptor synergy in cellular
invasion. Recent studies have found that members of the ErbB
receptor family, specifically EGF receptor and Her2, collabo-
rate with Met receptor in driving tumor cell proliferation,
motility, and invasion (30, 32, 47). For example, it was dem-
onstrated that the combined activation of Her2 and Met in
MDCK cells synergizes in the breakdown of cell-cell junctions
and in cellular invasion (32). This finding clearly has important
implications for tumors in which Her2 and Met receptor are
coexpressed. Since LRIG1 is able to independently destabilize
both Her2 (34) and Met receptor, we were interested in de-
termining whether LRIG1 could oppose Met/Her2 synergy in
driving cellular invasion. In the experiment shown in Fig. 7A,
HEK-293T cells were cotransfected with an activated form of
Her2 (NeuT), and Met receptor, in either the absence or
presence of LRIG1. LRIG1 was able to significantly decrease
the expression of both receptors, demonstrating that LRIG1
can simultaneously regulate both Her2 and Met.

Next, we examined the effect of LRIG1 on Her2 and Met
synergy in MDCK cell invasion. MDCK cells transduced with
pMX or LRIG1-myc were transfected with either empty vector
(pcDNA3.1�) or NeuT, and the stable clones were pooled to
avoid artifacts due to clonal variation. Importantly, there was
no difference in the transfection efficiency of pMX-MDCK
cells compared to LRIG1-MDCK cells as determined by trans-
fection of glutathione S-transferase protein (data not shown).
As shown in Fig. 7B, endogenous canine Her2 is detected in
pMX-transduced cells (pMX-3.1), but its levels are reduced in
LRIG1-transduced cells (LRIG1-3.1), demonstrating that
LRIG1 is able to destabilize endogenous Her2 in these cells.
Her2 levels are increased in pMX-NeuT cells, as expected, and
NeuT is tyrosine phosphorylated. However, in LRIG1-trans-
duced cells, Her2 levels are decreased with an associated re-
duction in phosphorylation.

MDCK cells grow in culture as organized epithelial colonies
with intact cell junctions. Expression of NeuT in MDCK cells
has previously been shown to promote a scattered phenotype,
consistent with an epithelial-to-mesenchymal transition (32).
As shown in Fig. 7C, pMX- and LRIG1-transduced MDCK
cells transfected with empty vector (pcDNA3.1�) maintain an
organized epithelial phenotype. pMX-transduced MDCK cells
transfected with NeuT display a dramatic scattered phenotype,
consistent with what has previously been reported (32). In
contrast, LRIG1-transduced MDCK cells transfected with
NeuT maintain an organized phenotype with intact cell junc-
tions, comparable to wild-type MDCK cells. Taken together
with data shown in Fig. 7B, these findings indicate that LRIG1

is able to oppose Her2-mediated cell junction breakdown by
destabilization of Her2.

We next examined the impact of LRIG1 expression on
MDCK invasion in a Matrigel assay. In the absence of HGF,
MDCK cells are poorly invasive but their invasion can be
modestly stimulated by HGF pretreatment (32). MDCK cells
transfected with NeuT are constitutively invasive, and HGF
pretreatment of these cells has been found to result in a syn-
ergistic increase in their invasive capacity (32). To validate
these results using our transduced cells, we examined the in-
vasion of pMX-transduced MDCK cells. As shown in Fig. 7D,
control MDCK cells (pMX-3.1) are very poorly invasive, while
cells pretreated with HGF are modestly invasive. MDCK cells
transfected with NeuT (pMX-NeuT) are constitutively inva-
sive, and pretreatment with HGF results in a synergistic in-
crease in invasion, in agreement with previous results (32). We
then examined the effects of LRIG1 on this synergy, as shown
in Fig. 7E. LRIG1 expression significantly decreases the inva-
sion of control cells (LRIG1-3.1) and abrogates the synergistic
increase observed in NeuT cells (LRIG1-NeuT; compare
pMX-NeuT with LRIG1-NeuT). Collectively, the data pre-
sented in this paper indicate that LRIG1 opposes Met/Her2
synergy in cellular invasion through a dramatic destabilization
of both receptors.

DISCUSSION

Remarkably, the precedent for a leucine-rich repeat protein
interacting with the Met receptor comes from the pathogenic
bacteria Listeria monocytogenes. Listeria monocytogenes is a
food-borne bacterium that gains entry into cells via the action
of two bacterial surface proteins, internalin (also known as
InlA) and InlB. The host receptor for internalin is E-cadherin
(8), while the host receptor for InlB is the Met receptor (8, 50,
57). InlB contains eight leucine-rich repeats followed by an
inter-repeat (IR) region with structural homology to Ig-like
domains (2), reminiscent of LRIG1 structure. InlB interaction
with Met provokes Met ubiquitination in a Cbl-dependent
manner and subsequent Met endocytosis, allowing Listeria pas-
sage into cells, in essence “hijacking the endocytic machinery
to invade cells” (57).

As discussed above, Cbl-mediated degradation of Met re-
ceptor plays a critical role in maintaining receptor levels within
a range commensurate with normal cellular growth. Uncou-
pling of Met from Cbl-mediated regulation either by trunca-
tion or point mutation results in enhanced Met receptor sta-
bility and cellular transformation. Interestingly, a recent report
has identified somatic intronic mutations in Met in lung cancer
that result in a truncated protein lacking the juxtamembrane
domain, analogous to Tpr-Met (33). This truncated protein,
�Ex14, displays decreased interaction with Cbl and heightened
stability compared to wild-type receptor. While Cbl clearly
plays an important role in Met receptor degradation and is
currently the only known means of Met degradation, the
Y1003F mutation does not substantially prolong the half life of
the Met receptor, suggesting that other mechanisms contribute
to Met stability.

Here we uncover a novel mechanism of Met receptor regu-
lation. We demonstrate that the transmembrane leucine-rich
repeat protein LRIG1 acts to destabilize the Met receptor, that
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endogenous LRIG1 and Met interact, and that loss of LRIG1
is sufficient to enhance endogenous Met receptor stability.
With respect to EGF receptor degradation, LRIG1 has been
reported to function by augmenting the recruitment of Cbl to
the EGF receptor (21). However with the Met receptor,
LRIG1 functions in a Cbl-independent manner. In addition,
while Cbl-mediated regulation of Met receptor is dictated by
receptor activation, LRIG1 destabilizes Met receptor regard-
less of activation status. LRIG1 interacts with Met receptor
under basal conditions and destabilizes Met receptor in both
the absence and presence of HGF. The mechanism by which
LRIG1 destabilizes the Met receptor is currently unknown, but
as with the EGF receptor, LRIG1 likely acts to facilitate the
interaction of Met with the protein degradation machinery.
Receptors that are refractory to Cbl-mediated regulation such
as �Ex14 are unlikely to be resistant to LRIG1-mediated reg-
ulation. In agreement with this, Y1003F is as sensitive to
LRIG1-induced destabilization as wild-type receptor. Studies
are ongoing to identify components of the protein degradation
machinery that are essential for LRIG1 action.

LRIG1 destabilizes Met in a variety of cell lines, including
human breast cancer cells, and importantly, inhibits their
HGF-dependent growth and motility. LRIG1 was previously
shown to act as a negative regulator of the ErbB family of
receptor tyrosine kinases (21, 34) and has been proposed to
function as a tumor suppressor (24). In agreement with this,
the LRIG1 gene is located at chromosome 3p14.3, an area
frequently deleted in human cancers, and LRIG1 expression is
known to be decreased in tumor cell lines and primary tumors
of diverse origins (24, 53, 54). Along these lines, we have
observed that LRIG1 is underexpressed in the majority of
primary human breast tumors (J. Miller and C. Sweeney, un-
published observations).

RTKs are frequently overexpressed and aberrantly active in
human tumors. For example, Her2/Neu is overexpressed in
�25% of breast tumors and correlates with poor patient prog-
nosis. Recently, it has become appreciated that RTKs are not
overexpressed in isolation. Rather, RTKs from different fam-
ilies are co-overexpressed in tumors and cross talk among
these different families makes a major contribution to tumor
growth and therapeutic resistance. For example, in Herceptin-
resistant breast tumor cells, IGF-1 receptor cross talk with
Her2 contributes to Herceptin resistance (41, 44). There is
opportunity for cross talk among Her2 and Met receptor, as
approximately 50% of Met receptor-positive breast tumors
also overexpress Her2 (37). The consequences of this cross talk
are dramatic, as evidenced by Met/Her2 synergy in driving
cellular invasion (32).

We show here that LRIG1, by virtue of its ability to interact
with and destabilize both Her2 and Met, abolishes Met/Her2
synergy. Loss or down-regulation of LRIG1 in tumors could
contribute to overexpression of members of the ErbB family as
well as Met receptor, promoting the invasive phenotype. Res-
toration of LRIG1 to tumors could offer a novel therapeutic
strategy for suppression of receptor-positive tumors.
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