
Leucine-rich Repeat and Immunoglobulin Domain-containing
Protein-1 (Lrig1) Negative Regulatory Action toward ErbB
Receptor Tyrosine Kinases Is Opposed by Leucine-rich Repeat
and Immunoglobulin Domain-containing Protein 3 (Lrig3)*

Received for publication, May 20, 2013 Published, JBC Papers in Press, May 30, 2013, DOI 10.1074/jbc.M113.486050

Hanine Rafidi1, Francisco Mercado III1, Michael Astudillo, William H. D. Fry, Matthew Saldana,
Kermit L. Carraway III, and Colleen Sweeney2

From the Department of Biochemistry and Molecular Medicine, University of California at Davis Comprehensive Cancer Center,
Sacramento, California 95817

Background: Lrig1 is a negative regulator of oncogenic receptor tyrosine kinases.
Results: Lrig3 opposes Lrig1 negative regulatory action and enhances ErbB receptor stability.
Conclusion: Lrig1 and Lrig3 oppose one another.
Significance: Despite structural homology, Lrig1 and Lrig3 are functionally distinct.

Lrig1 is the foundingmember of the Lrig family of transmem-
brane leucine-rich repeat proteins, which also includes Lrig2
and Lrig3. Lrig1 is a negative regulator of oncogenic receptor
tyrosine kinases, including ErbB and Met receptors, and pro-
motes receptor degradation. Lrig1 has recently emerged as both
a tumor suppressor and a key regulator of epidermal and epithe-
lial stem cell quiescence. Despite this, little is known of the
mechanisms by which Lrig1 is regulated. Lrig3 was recently
reported to increase ErbB receptor expression suggesting that it
may function in a manner opposite to Lrig1. In this study, we
explore the interaction between Lrig1 and Lrig3 and demon-
strate that Lrig1 and Lrig3 functionally oppose one another.
Lrig3 opposes Lrig1 negative regulatory activity and stabilizes
ErbB receptors. Conversely, Lrig1 destabilizes Lrig3, limiting
Lrig3’s positive effects on receptors and identifying Lrig3 as a
new target of Lrig1. These studies provide new insight into the
regulation of Lrig1 and uncover a complex cross-talk between
Lrig1 and Lrig3.

Lrig1 is a member of the Lrig family of transmembrane leu-
cine-rich repeat proteins and is a negative regulator of several
oncogenic receptor tyrosine kinases, including all members of
the ErbB family (1–3), the Met (4) and Ret receptors (5).
Although the precisemechanisms by which Lrig1 functions are
not yet understood, Lrig1 has been found to enhance the lyso-
somal degradation of its receptor targets (1, 2, 4, 6). Lrig1 is
broadly expressed in healthy tissue (7), but its expression is
decreased in various human cancers, including renal cell carci-
noma (8), cervical cancer (9), and breast cancer (3). In colorec-

tal andprostate cancer, however, Lrig1 expression is noted to be
heterogeneous (10, 11). Lowexpression of Lrig1 has been linked
to poor prognosis in breast (12), head and neck (13), lung, and
bladder cancers as well as glioma and melanoma (14) suggest-
ing that Lrig1 may function as a tumor suppressor (15).
Relief of Lrig1-mediated negative regulation in Lrig1 knock-

out mice leads to up-regulation of ErbB (16, 17) and Met (16)
receptors in intestinal epithelium, underscoring the physiolog-
ical significance of receptor negative regulation by Lrig1 (17).
Interestingly, loss of Lrig1 leads to expansion of intestinal stem/
progenitor cells, driving intestinal crypt hyperplasia that is res-
cued by EGF receptor inhibition (16). The first in vivo evidence
that Lrig1 functions as a tumor suppressor was provided by
Powell et al. (17). In this study, homozygous deletion of Lrig1
resulted in elevated ErbB receptor expression and highly pene-
trant duodenal adenomas (17).
The Lrig family includes two additional members, Lrig2 and

Lrig3, of which much less is known. Although both Lrig2 and
Lrig3 share a common domain organization with Lrig1, Lrig3 is
the most homologous to Lrig1 (18). Lrig3 was recently demon-
strated to interact with ErbB receptors, but unlike Lrig1, Lrig3
was found to increase receptor expression when ectopically
expressed (18). However, themechanisms bywhich Lrig3 func-
tions have not been explored. Because Lrig1 and Lrig3 share an
ability to interact with ErbB receptors, we hypothesized that
Lrig1 and Lrig3 oppose one another. Functional opposition
within protein families is often observed in cellular signaling
and may have evolved as a means of autoregulation. For exam-
ple, within the Smad family of transcriptional regulators, recep-
tor activated Smads (R-Smads) are opposed by inhibitory
Smads (I-Smads), fine-tuning TGF�/bone morphogenic pro-
tein signaling (19).
In this study, we examine the functional interaction between

Lrig1 and Lrig3. We find that Lrig3 opposes Lrig1 negative
action by enhancing ErbB receptor protein stability. Con-
versely, Lrig1 limits Lrig3 positive action by destabilizing Lrig3.
Collectively, our data reveal a previously unappreciated com-
plexity within the Lrig family.
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EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—HEK293T and MCF-7 cell
lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), 10% fetal calf serum (FCS). JIMT-1 cells were cul-
tured inDMEM/F-12, 1�g/ml insulin, and 10%FCS. CHOcells
were cultured in F12K medium and 10% FCS. siRNAs were
purchased from Dharmacon, and Lrig1 shRNA viral particles
were purchased from Santa Cruz Biotechnology. Antibodies
used in this study include anti-Lrig1–151 (Agrisera), anti-Lrig2
(the peptide CFDFSRTRNIQDGSEGT was synthesized by
Washington Biotechnology and injected into rabbits. Serum
from these animals was affinity-purified in house), anti-Lrig3
(from R&D Systems and Novus, recognizing extracellular and
intracellular domains, respectively), anti-EGFR 1005 (Santa
Cruz Biotechnology), anti-ErbB2 Ab3 (Calbiochem), anti-
ErbB3 C17 (Santa Cruz Biotechnology), anti-ErbB4 C18 (Santa
Cruz Biotechnology), anti-actin AC-15 (Sigma), anti-tubulin
(Sigma), anti-HA (Roche Applied Science), and anti-Myc
(9E10, Calbiochem).
Constructs, Transient Transfection, and Western Blot

Analysis—Myc-tagged Lrig1 construct was generated as
described previously (1). Lrig2 and Lrig3 are I.M.A.G.E.
Consortium clones. Both constructs were subcloned into
pcDNA-3.1. Lrig1 and Lrig3mutant constructs were generated
by PCR from the wild type plasmids described above.
HA-tagged Lrig3 was generated by amplifying the Lrig3 nucle-
otide sequence with primers containing the HA epitope tag
sequence. The amplicon was then cloned into pcDNA3.1, and
its fidelity was verified by sequencing. All constructs were fully
sequenced and verified to be correct. Where deletions or trun-
cations have beenmade, the amino acid residues at the extreme
end of each deletion or truncation are indicated in Figs. 9 and
11; numbering is according to NCBI reference sequence
NP_056356 for the human Lrig1 protein sequence and
NM_153377.4 for the humanLrig3mRNA sequence. The ubiq-
uitin knock-out construct (Ub-KO)3 was obtained from Add-
gene (Addgene plasmid 17603, see Ref. 20). Cells were tran-
siently transfected using PolyJet (SignaGen) according to the
manufacturer’s instructions. In those experiments where two
or more plasmids were co-transfected, equal amounts of each
plasmid were used, unless otherwise noted, and total amounts
of DNA transfected were 500 ng/well for 12-well plates and 5
�g/plate for 10-cm plates. Samples were resolved by SDS-
PAGE (monomer concentration 8%), transferred to nitrocellu-
lose, and blotted with indicated antibodies. Detection of all
antibodies was carried out using horseradish peroxidase-con-
jugated secondary antibodies, followed by developing with
SuperSignal West chemicals. An Alpha Innotech imaging
station with FluorChem software was used to capture
images. ImageJ software was used for densitometry.
Cycloheximide Experiments—48 h after transfection,

HEK293T cells, plated in 12-well plates, were treated with
cycloheximide (50 �g/ml) for various time points. Samples

were then lysed and resolved using SDS-PAGE.Data from three
independent experiments were quantified and averaged.Quan-
titative analysis was carried out using nonlinear regression
analysis. Curves were fitted by the least squares method to a
single-phase exponential decay function, and curve slopes were
compared by an F-test to obtain p values.
siRNA and shRNA Knockdown—JIMT-1 cells were plated in

6-well plates and transfected with siRNA (pooled or individual)
using Pepmute (SignaGen) according to the manufacturer’s
instructions. 96 h after transfection, cells were harvested.
HEK293T cells were transduced with Lrig1 shRNA viral par-
ticles according to manufacturer’s guidelines (Santa Cruz
Biotechnology).
MTT—JIMT-1 cells were plated in 24-well plates and trans-

fected with siRNA as described above. Cells weremaintained in
full serum conditions for the duration of the experiment. 96 h
after transfection, 500 �l ofMTT reagent (Sigma) was added to
the medium at a concentration of 0.5 mg/ml. Crystals were
dissolved in acidic isopropyl alcohol, and the absorption was
measured at 570 nm with a base-line subtraction at 655 nm.
Four points were averaged for each condition, and the experi-
ment was repeated four individual times. The average for all
experiments is reported.
Co-immunoprecipitation (CoIP)—For endogenous CoIPs,

cells were plated in 15-cm plates and allowed to reach 90%
confluency. After lysing in CoIP buffer (20mMTris, pH 7.4, 137
mMNaCl,0.1%NonidetP-40,100�M4-(2-aminoethyl)benzene-
sulfonyl fluoride, and 4 �g/ml each aprotinin, leupeptin, and
pepstatin), cleared lysateswere precipitatedwith 4�g of each of
the noted antibodies. For exogenous CoIP, cells were plated in
10-cm plates and cleared lysates were precipitated with 2 �g of
each of the noted antibodies.
Biotinylation—24 h after transfection, HEK293T cells, plated

in 10-cm plates, were serum-starved (0.1% FBS) overnight.
Cells were then treated with EGF (0.1 �g/ml) for various time
points. At the end of each time point, cells were washed twice
with ice-cold PBS and then incubated with 6 ml of biotin-X-
NHS (0.5 mg/ml) in borate buffer (10 mM boric acid, 150 mM

NaCl, pH 8.0) for 45 min. Biotin coupling was then terminated
by washing two times with 50 mM NH4Cl/PBS. Samples were
then lysedwith RIPA buffer (50mMTris, 0.1% SDS, 1%Nonidet
P-40, 0.5% SDS, 150 mM NaCl, 0.5 mM EDTA, 100 �M 4-(2-
aminoethyl)benzenesulfonyl fluoride, and 4 �g/ml each of
aprotinin, leupeptin, and pepstatin) and precipitated using 2�g
of EGFR antibody. Immunoprecipitated samples, run on SDS-
PAGE, were blotted using streptavidin-HRP, and the inputs for
each immunoprecipitation were blotted using EGFR antibody.

RESULTS

Lrig1 Negative Regulatory Function Is Unique among the Lrig
Family—Lrig1was first described as an ErbB negative regulator
in 2004 (1, 2), and subsequent studies extended this role to the
Met (4) and Ret (5) receptors. Whether Lrig2 and Lrig3 share
any functional redundancy with Lrig1 has remained an impor-
tant question. Lrig3 was recently shown to interact with EGFR,
ErbB2, and ErbB4, but unlike Lrig1, ectopic expression of Lrig3
increased receptor expression (18). Interestingly, Lrig3 was
reported in a separate study to decrease Xenopus FGF receptor

3 The abbreviations used are: Ub-KO, ubiquitin knock-out construct; EGFR,
epidermal growth factor receptor; CoIP, co-immunoprecipitation; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LRR, leu-
cine-rich repeat.
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expression, suggesting that Lrig3 function could be receptor-
and/or context-dependent (21). In Fig. 1, the impact of the
three Lrig proteins onErbB receptor expression is directly com-
pared. Each of the Lrigs was co-expressed with either EGFR
(Fig. 1A) or ErbB2 (Fig. 1B) in HEK293T cells, and relative
receptor expression was examined. Representative immuno-
blots are shown. As expected, Lrig1 decreased the expression of
both receptors. Lrig2 had no significant effect on receptor
expression, although Lrig3 increased expression of both recep-
tors. Similar results were observed with ErbB3 and ErbB4 (Figs.
1C and 3). These data demonstrate that Lrig1 and Lrig3 have
unique functions, distinct from one another and from Lrig2.
Lrig3 Stabilizes ErbB Receptors—Given that Lrig1 destabi-

lizes receptors (1, 2), we next examined whether Lrig3 impacts
receptor stability. ErbB3 was expressed with vector control or
Lrig3 in HEK293T cells, and ErbB3 protein stability was exam-
ined using a cycloheximide time course. As shown in Fig. 1C,
Lrig3 co-expression increased total ErbB3 expression (compare
1st lane with 7th lane) and significantly extended ErbB3 half-
life from 2.3 to 8.6 h (Fig. 1D, p � 0.005). Lrig3 had no detect-
able effect on receptor transcript levels or mRNA stability as
measured by quantitative PCR (data not shown) suggesting that
Lrig3 functions post-transcriptionally. This provides the first
evidence that Lrig3 impacts receptor protein stability in aman-
ner opposite to Lrig1.
To examine the impact of Lrig3 on receptor in an endoge-

nous setting, we silenced Lrig3 in JIMT-1 human breast cancer
cells. JIMT-1 cells were chosen for this experiment because
they are an ErbB2-positive cell line that also expresses the high-
est levels of Lrig3 transcript (as compared with 56 other breast
cancer cell lines using the NextBio database). Indeed, Lrig3 is
readily detectable byWestern blotting in JIMT-1 cells (Fig. 2A,
inset). Efficient silencing of Lrig3 was confirmed by Western
blotting. Knockdown of Lrig3 decreased ErbB2 expression (Fig.
2A, inset and graph, p � 0.009) and decreased JIMT-1 cell pro-
liferation (Fig. 2B, p � 0.006). Lrig3 knockdown had only a
minor effect on ErbB2 transcript levels, again suggesting that

Lrig3 functions predominantly post-transcriptionally (data not
shown). To exclude off-target effects of the Lrig3 siRNA pool,
the experiment was repeated with three individual siRNAs. In
each case, depletion of Lrig3 decreased the expression of ErbB2
(representative blot shown in Fig. 2C with quantitation in Fig.
2D). Although the impact of Lrig3 knockdown on JIMT-1 pro-
liferation was modest, Lrig3 knockdown inhibited JIMT-1 pro-
liferation to a similar degree as direct inhibition of ErbB2 with
4557W, a small molecule kinase inhibitor (data not shown).
Conversely, silencing of Lrig1 was previously found to increase
ErbB2 expression and proliferation of ErbB2-positive breast
cancer cells (3).
Lrig1 and Lrig3 Functionally Oppose One Another—Unlike

negative regulators such as c-Cbl, in which access to receptor
targets is restricted by receptor activation state (22), Lrig1
interaction with receptors is constitutive (1, 2). Indeed, Lrig1
and Lrig3, respectively, decrease and increase ErbB receptor
expression in the absence of exogenous receptor ligands (Fig. 3,
A and B).
Because Lrig1 and Lrig3 both interact with ErbB receptors

yet have opposite effects on receptor levels (Fig. 1), we hypoth-
esized that Lrig1 and Lrig3 may functionally compete so that
Lrig3 would limit Lrig1-mediated down-regulation of recep-
tors. To explore this, we expressed ErbB receptors in HEK293T
cells along with Lrig1, Lrig3, or Lrig1 and Lrig3 together. Rep-
resentative immunoblots are shown in Fig. 3. Lrig1 decreased
ErbB2 (Fig. 3C) and ErbB4 (Fig. 3D) levels, and Lrig3 increased
the levels of both. When Lrig1 and Lrig3 were expressed
together, receptor levels rebounded as Lrig3 levels were
increased in the face of constant Lrig1, demonstrating that
Lrig3 opposes Lrig1-mediated negative regulatory activity.
To determine whether Lrig1 can oppose Lrig3, ErbB4 was
expressedwith Lrig3 or Lrig1 singly or together as shown in Fig.
3E. The stabilizing effect of Lrig3 on ErbB4 was completely
overcome as Lrig1 levels were increased (Fig. 3E, compare 6th
lane to 2nd lane). These data demonstrate that changes in the
Lrig1/Lrig3 ratio are functionally important and may be one

FIGURE 1. Lrig1 negative regulatory activity is unique among the Lrig family. HEK293T cells were transfected with either EGFR (A) or ErbB2 (B) and vector
control, Lrig1, Lrig2 or Lrig3. The experiment was repeated more than five times, and a representative Western blot is shown. Actin is shown as a loading control
(C). HEK293T cells were transfected with ErbB3 and vector control or Lrig3. Decay of ErbB3 protein was followed with a cycloheximide time course. The
experiment was repeated three independent times, with a representative Western blot shown in C and quantification shown in D.
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means by which Lrig1 effects on ErbB and other receptor tar-
gets are regulated. Of note, Lrig3 increased ErbB2 and ErbB4
levels but had no effect on Lrig1 expression, demonstrating
specificity of Lrig3 action.
Interestingly, Lrig1 reproducibly decreased Lrig3 expression

in these experiments (compare 3rd with 4th lanes in Fig. 3, C
and D, and 2nd with 4th lanes in Fig. 3E) suggesting that Lrig3
may be a target of Lrig1 negative regulatory action. Because
Lrig1 opposes the positive effects of Lrig3 while decreasing
Lrig3 expression, this suggests that the two are functionally
linked.
We next examined Lrig1 and Lrig3 interaction with ErbB2 to

determine whether Lrig3 impacted the formation of Lrig1-
ErbB2 complexes. ErbB2 was expressed in HEK293T cells with
Lrig1 �/� Lrig3, as shown in Fig. 4. ErbB2 was immunopre-
cipitated, and precipitates were blotted for ErbB2, Lrig1, and
Lrig3. The experiment was repeated six times and quantified by
densitometry (Fig. 4C). We found that the amount of Lrig1
precipitating with ErbB2 reproducibly decreased when Lrig3
was co-expressed, coincident with the detection of Lrig3 in
ErbB2 precipitates. This suggests that onemechanismbywhich
Lrig3 functions is to restrict ErbB receptor interaction with

Lrig1. However, when Lrig3 was knocked down in HEK293T
cells, there was no significant increase in Lrig1-ErbB2 interac-
tion (data not shown). Therefore, although our data indicate
that Lrig1 and Lrig3 functionally oppose one another (Fig. 3), it
is not clear whether this is linked to remodeling of ErbB-Lrig
complexes.
Given the complexity of the interaction between Lrig1, Lrig3,

and their receptor targets, we asked what effect Lrig1 depletion
has on Lrig3 activity. Two independent pooled clones of
HEK293T cells were generated in which endogenous Lrig1 was
depleted by greater than 65%with shRNA (Fig. 5B). As shown in
Fig. 5A, in both pooled clones, Lrig1 depletion led to increased
expression of ErbB3 (compare 1st with 3rd and 5th with 7th
lanes) and Lrig3 (compare 2ndwith 4th and 6thwith 8th lanes),
providing further evidence that both are targets of Lrig1 nega-
tive regulatory action. Lrig3 maintained its ability to increase
ErbB3 expression in Lrig-depleted cells (compare 3rd with 4th
and 7thwith 8th lanes). These data suggest that although Lrig3
limits Lrig1 negative regulatory action (Fig. 3), it may also func-
tion in an Lrig1-independent manner.
Lrig3 Is an Lrig1 Target—To further characterize the inter-

action between Lrig1 and Lrig3, we examined whether Lrig1

FIGURE 2. Lrig3 enhances ErbB receptor expression. JIMT-1 cells were transfected with scramble control (SC) or Lrig3 siRNA (KD), and lysates were blotted as
shown in the inset (A, representative blot). The experiment was repeated four times with ErbB2 quantification shown in the graph (A). JIMT-1 cells were
subjected to an MTT assay, and the average of four independent experiments is shown in B. JIMT-1 cells were transfected with scramble control (SC) or Lrig3
siRNA (three independent oligonucleotides targeting three different regions of Lrig3). Representative Western blot is shown in C, and quantification of six
independent experiments is shown in D.
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and Lrig3 physically interact by co-immunoprecipitation anal-
ysis. MCF7 andMDA-MB-231 breast cancer cells were chosen
for the co-immunoprecipitation assay because they both
express endogenous Lrig1 and Lrig3. Relative expression in the
two cell lines is shown in Fig. 6A. Because of the sensitivity of
commercially available Lrig3 antibodies, wewere unable to blot
endogenous Lrig3 in Lrig1 immunoprecipitates. However,
endogenous Lrig1 was readily blotted in Lrig3 immunoprecipi-
tates, as shown in Fig. 6, B and C, indicating that the two pro-
teins form a stable complex.

Because both Lrig1 and Lrig3 have been reported to interact
with ErbB receptors, we next examinedwhether ErbB receptors
are required for Lrig1/3 complex formation. CHO cells were
used for this experiment because they are an ErbB-null cell line
(23, 24). CHO cells were transfected with Lrig1 and Lrig3, and
expression of transfected proteins was confirmed by Western
blotting of cell lysates. As shown in Fig. 6D, Lrig1-Lrig3 inter-

FIGURE 3. Lrig1 and Lrig3 functionally oppose each other. HEK293T cells were transfected with either ErbB2 (A) or EGFR (B) and vector control, Lrig1, or Lrig3
under the indicated conditions. The experiment was repeated more than five times, and a representative Western blot is shown with tubulin as a loading
control. HEK293T cells were transfected with ErbB2 (C) or ErbB4 (D and E) and vector control, Lrig1, Lrig3, or both. Total cell lysates were blotted as indicated,
with actin shown as a loading control. Representative Western blots from more than five experiments are shown.

FIGURE 4. Lrig3 disrupts ErbB2-Lrig1 complexes. HEK293T cells were co-
transfected with ErbB2, Lrig1, and vector control or Lrig3. Immunoprecipita-
tion (IP) was performed, and lysates that served as the source for the immu-
noprecipitation (designated Input) were blotted as indicated (A). Lysates were
precipitated with control or ErbB2 antibodies, and precipitates were blotted
for ErbB2, Lrig1, and Lrig3 (B). The amount of Lrig1 precipitating with ErbB2
was quantified by densitometry and expressed as the Lrig1/ErbB2 ratio. Data
from six independent experiments are shown in C.

FIGURE 5. Lrig3 stabilizes ErbB3 in Lrig1-depleted cells. Two distinct stable
pooled clones of HEK293T cells (Scramble 1 and 2 and Lrig1 shRNA 1 and 2)
were transfected with ErbB3 and vector control or Lrig3. A, total cell lysates
were blotted as indicated with tubulin shown as a loading control. A repre-
sentative Western blot from three independent experiments is shown. B, total
Lrig1 mRNA levels were quantified for each of the stable pooled clones using
quantitative PCR.
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actions were readily detected by co-immunoprecipitation anal-
ysis in CHO cells, demonstrating that Lrig1/3 interaction does
not require ErbB receptors.We also separately examined Lrig1-
Lrig3 interaction using antibodies to epitope tags to rule out the
possibility that cross-reaction of Lrig antibodies was leading to
an artifact. As shown in Fig. 6E, when Lrig1 was precipitated
using anti-Myc antibodies, HA-tagged Lrig3 was readily and
specifically detected in the precipitates.
Because Lrig1 decreases Lrig3 expression (Fig. 3), we exam-

ined whether Lrig1 decreases Lrig3 half-life. As shown in Fig. 7,
co-expression of Lrig1 with Lrig3 in HEK293T cells signifi-
cantly shortens Lrig3 protein half-life from 6.9 to 1.8 h (p �
0.03), demonstrating that Lrig3 is a target of Lrig1-mediated
proteolysis. Interestingly, Lrig1 also decreases Lrig2 expression,
but the effect on Lrig3 is reproducibly more pronounced (data
not shown).
To further investigate Lrig1-mediated regulation of Lrig3, we

asked whether polyubiquitination was involved. In prior stud-
ies, Lrig1 expression was associated with increased EGF recep-
tor ubiquitination (1, 2), and in another study, Lrig1 expression
did not enhance the ubiquitination of the Met receptor (4).
Because a correlation between Lrig1 expression and ubiquiti-
nation does not imply causation, we made use of a functional
mutant of ubiquitin termed Ub-KO (20). Ub-KO has all seven
lysines involved in polyubiquitin chain elongation mutated to
arginine and therefore can form monoubiquitin but not poly-
ubiquitin linkages. Ub-KO functions in a dominant negative
fashion with respect to the endogenous ubiquitin pool and can
therefore be used to determine whether polyubiquitination is
required for a particular function (4). As shown in Fig. 8A, Lrig3
was expressed with either vector control or Ub-KO. Interest-
ingly, Ub-KO led to the stabilization of Lrig3 (Fig. 8A, compare
1st with 2nd lane) and Lrig1 (compare 3rd with 4th lane) indi-
cating that polyubiquitination is involved in restricting their
expression. However, Ub-KO had no effect on the efficiency
with which Lrig1 down-regulated Lrig3, demonstrating the
independence of this process from polyubiquitination (com-
pare 1st with 3rd and 2nd with 4th lanes). These results are in
agreementwithwhatwas previously found for theMet receptor

(4). To determine whether this is also true for EGFR and ErbB2,
the same experiment was performed. As shown in Fig. 8, B and
C, Ub-KO dramatically stabilized both EGFR and ErbB2 but
had no effect on the ability of Lrig1 to down-regulate either,
again demonstrating the independence of this process from
polyubiquitination. Therefore, although polyubiquitination
plays a role in limiting Lrig3, EGFR, and ErbB2 expression, it is
not involved in Lrig1-mediated down-regulation of these tar-
gets. While eliminating polyubiquitination as functionally
important in Lrig1’s mechanism, these studies do not allow us
to address whether monoubiquitination is important.
Structure-Function Analysis of Lrig1 and Lrig3—We next

conducted a deletion analysis of Lrig1 to determine which
domains are required for Lrig1 interaction with Lrig3. A dia-
gram of the four Lrig1 mutants is shown in Fig. 9A with full-
length Lrig1 portrayed at the top. The four Lrig1 mutants
include �-cyto, lacking the cytoplasmic domain, �-ecto, lack-
ing the extracellular domain, �-LRR, lacking the 15 leucine-
rich repeats of the extracellular domain, and �-Ig, lacking
the three immunoglobulin-like domains of the extracellular
domain. HEK293T cells were co-transfected with Myc-tagged
Lrig1 constructs (wild type or mutant as indicated) and Lrig3.
Lrig3 was immunoprecipitated, and the precipitates were
examined for Lrig3 (Fig. 9C, bottom panel) as well as the pres-
ence of various Myc-tagged Lrig1 proteins (Fig. 9C, top panel).
Cell lysates are shown in Fig. 9B and confirm the expression of
Lrig3 (bottom panel) as well as each of the Lrig1 mutants (top
panel).
Several important points emerge from this aspect of the

study. First, wild type Lrig1 and the �-cyto and �-Ig mutants
are similarly efficient in decreasing Lrig3 expression, although
�-ecto and �-LRR mutants have less activity compared with
wild type Lrig1. The results with �-cyto-Lrig1 are particularly
notable because a previous study reported that Lrig1 recruited
the ubiquitin ligase c-Cbl through its cytoplasmic domain (2).
These authors concluded that the cytoplasmic domain of Lrig1
was essential for its negative regulatory function and that c-Cbl
was intimately involved in the Lrig1 mechanism through ubiq-
uitination of Lrig1-interacting proteins. However, subsequent

FIGURE 6. Lrig1 and Lrig3 co-immunoprecipitate. Lysates from MCF7 and MDA-MB-231 cells were blotted for Lrig1 and Lrig3 with tubulin shown as a loading
control (A). Cell lysates from MCF7 (B), MDA-MB-231 (C), and CHO (D) cells were precipitated with control, Lrig1, or Lrig3 antibodies. Precipitates were blotted
as indicated. E, HEK293T cells transfected with Myc-Lrig1 and HA-Lrig3 were precipitated with control or Myc antibodies and blotted for Myc or HA. Lysates that
served as the source for immunoprecipitation (designated Input) were blotted as indicated, shown in the left panel for B–E.
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studies from our group revealed that Cbl knockdown had no
effect on Lrig1 activity toward theMet receptor (4), calling into
question the role of Cbl and, by extension, the Lrig1 cytoplas-
mic domain in Lrig1 action. In agreement with our results, Lee
et al. (25) recently reported that the Met-targeting antibody
SAIT301 promotes an Lrig1-dependent but c-Cbl-independent
lysosomal degradation of theMet receptor. Our current results
with �-Cyto-Lrig1 demonstrate unequivocally that the cyto-
plasmic domain of Lrig1 is not required for the following: (a)
complex formation with Lrig3 and (b) Lrig3 suppression, revis-

ing the model of Lrig1 function. These results are supported by
the recent finding that wild type Lrig1 and �-Cyto-Lrig1 have a
similar ability to inhibit the growth of glioma cells (26). To
pursue this further, we performed the same experiment exam-
ining Lrig1 interactionwith ErbB2, and again, we found that the
�-cyto Lrig1 mutant was fully active in suppressing ErbB2
expression (Fig. 10, discussed below).
Fig. 9 demonstrates that the extracellular domain of Lrig1 is

required for stable interaction with Lrig3 because no complex
can be detected between the �-ecto mutant and Lrig3, despite
expression of �-ecto in lysates (Fig. 9B, 4th lane). (Note that
�-ecto runs below the IgG heavy chain so it is not obscured in
the blot in Fig. 9C.) �-ecto activity toward Lrig3 is also dimin-
ished (but not ablated) when compared with wild type Lrig1,
perhaps due to weak interaction. Both�-Ig and�-LRR interact
with Lrig3, demonstrating that either element of the extracel-
lular domain is sufficient for this interaction. However, the
activity of �-LRR is diminished, although �-Ig maintains the
same activity as wild type Lrig1. Because soluble Lrig1 has no
effect on receptor expression (27), we can conclude that for full
activity, Lrig1 must be membrane-anchored and contain the
leucine-rich repeat domains, although the cytoplasmic domain
and Ig domains appear to be dispensable for Lrig1 function.
Because �-LRR still interacts with Lrig3, its lack of activity is
not likely due to weak interaction.
As mentioned above, we also examined the interaction of

Lrig1 mutants with ErbB2. HEK293T cells were co-transfected
withMyc-tagged Lrig1 constructs (wild type or mutant as indi-
cated) and ErbB2. ErbB2was immunoprecipitated, and the pre-
cipitates were examined for ErbB2 (Fig. 10B, bottom panel) as
well as the presence of various Myc-tagged Lrig1 proteins (Fig.
10B, top panel). Cell lysates are shown in Fig. 10A and confirm
the expression of ErbB2 (bottom panel) as well as each of the

FIGURE 7. Lrig3 is a target of Lrig1-mediated proteolysis. HEK293T cells were transfected with Lrig3 and vector control (left side of A) or Lrig3 and Lrig1 (right
side of A). Lrig3 was transfected at a 5-fold excess relative to Lrig1 to ensure sufficient Lrig3 signal for the experiment. Decay of Lrig3 protein was followed with
a cycloheximide time course. The experiment was repeated three independent times, with a representative Western blot shown in A. Two different exposures
of Lrig3 are shown in A. Lrig3 half-life was quantified in B.

FIGURE 8. Polyubiquitination is not involved in Lrig1-mediated down-
regulation of its substrates. HEK293T cells were transfected with either
Lrig3 (A), EGFR (B), or ErbB2 (C) and vector control, Ub-KO, Lrig1, or both as
indicated. The experiment was repeated more than three independent times.
A representative Western blot is shown with tubulin as a loading control.
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Lrig1 mutants (top panel). The results obtained with ErbB2
parallel the results obtained with Lrig3. The �-cyto and �-Ig
mutants are fully active in repressing ErbB2 expression (Fig.

10A), and both interact with ErbB2 (Fig. 10B), providing further
evidence that these domains are dispensable for Lrig1 function.
The �-ecto has a very modest effect on ErbB2 expression and
does not appear to stably interact with ErbB2 (note that the
smear running below the heavy chain in Fig. 10B runs higher
than the �-ecto mutant). Because both �-LRR and �-Ig
interact with ErbB2, we can conclude that either element of
the extracellular domain is sufficient for receptor interaction, as
observed with Lrig3. In the case of ErbB2, �-LRR appears to
maintain some activity, although it is less active than the�-cyto
and �-Ig mutants. Overall, our results regarding key structural
elements of Lrig1 are in agreement with a previous study that
examined Lrig1 interaction with the EGF receptor (2). How-
ever, in the previous study, the functional activity of Lrig1
mutants was not examined.
We next conducted a deletion analysis of Lrig3 to determine

which domains of Lrig3 are required for interaction with Lrig1.
A diagram of the Lrig3 mutants is shown in Fig. 11A with full-
length Lrig3 displayed on top.Wewere unable to detect protein
expression of �-LRR-Lrig3, so this mutant is not included in
our experiments. As shown in Fig. 11B, Lrig1 interacted with
wild type Lrig3 as well as with the�-cyto and�-Igmutants.We
were unable to detect a complex between Lrig1 and the �-ecto

FIGURE 9. Lrig1 interaction with Lrig3. A, schematic of Lrig1 mutants. Wild type Lrig1 is shown at top. �-cyto lacks the cytoplasmic domain. �-ecto lacks the
extracellular domain. �-Ig lacks the three immunoglobulin-like domains. �-LRR lacks the 15 leucine-rich repeat domains. Amino acid boundaries of the mutants
are notated in the schematic. HEK293T cells were transfected with Lrig3 and vector control or Lrig1 (wild type and mutants) as indicated. Immunoprecipitation
(IP) was performed, and lysates that served as the source for the immunoprecipitation (designated Input) were blotted as indicated (B). Lrig3 was precipitated,
and precipitates were blotted for Lrig3 (C, bottom panel) or Myc-tagged Lrig1 (C, top panel).

FIGURE 10. Lrig1 interaction with ErbB2. HEK293T cells were transfected
with ErbB2 and vector control or Lrig1 (wild type and mutants) as indicated.
Immunoprecipitation (IP) was performed, and lysates that served as the
source for the immunoprecipitation (designated input) were blotted as indi-
cated (A). ErbB2 was precipitated, and precipitates were blotted for ErbB2 (B,
bottom panel) or Myc-tagged Lrig1 (B, top panel).
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form of Lrig3 despite evidence of �-ecto expression in lysates.
This pattern of interaction correlates well with what was
observed for Lrig1 (Fig. 9) and indicates that the cytoplasmic
and Ig domains of Lrig1 and Lrig3 are dispensable for interac-
tion, although the ecto domains of both are required for stable
complex formation (i.e. detectable in a co-precipitation assay).
We also examined the impact of Lrig1 on the expression of
Lrig3 mutants. As shown in Fig. 11D, Lrig1 decreased the
expression of all forms of Lrig3 including the �-ecto mutant.
Because �-ecto Lrig1 had some residual activity toward Lrig3
(and ErbB2) (Figs. 9 and 10), this suggests that although the
ecto-domain provides the primary interaction interface, inter-
action is not abolished by ecto-domain removal. Alternatively,
physical interaction may not be required for functional
interaction.
Given the availability of the Lrig3mutants, we next examined

the impact of these mutants on ErbB3 expression (Fig. 12).
ErbB3 was expressed in HEK293T cells along with vector con-
trol, wild type Lrig3, or the three Lrig3 mutants. As expected,
wild type Lrig3 increased ErbB3 expression as did the �-Ig

mutant. The �-ecto had only a modest effect on ErbB3 expres-
sion, here again emphasizing the importance of the ecto
domain for Lrig familymember function. All three experiments
testing the importance of the Ig domain (Figs. 9, 10, and 12)
indicate that it is dispensable. Of note, the �-cyto mutant of
Lrig3 was unable to stabilize ErbB3, and in fact, in multiple
experiments, it led to decreased ErbB3 expression, suggesting
that it functions in a dominant negativemanner. The functional
dependence (Lrig3) or lack thereof (Lrig1) on the cytoplasmic
domain highlights an important distinction between Lrig1 and
Lrig3.
Lrig1 Promotes EGF Receptor Internalization—In a previous

study, Lrig1 knockdown in keratinocytes led to a marked
increase in the cell surface expression of EGF receptor (28)
suggesting that Lrig1 may promote receptor internalization.
Although the EGF receptor is known to signal from endosomal
compartments (29), recent studies indicate that the bulk of
oncogenic receptor signaling occurs at the plasma membrane
(30, 31). This has led to the suggestion that therapeutics target-

FIGURE 11. Lrig3 interaction with Lrig1. A, schematic of Lrig3 mutants. Wild type Lrig3 is shown at top. The �-cyto lacks the cytoplasmic domain. The �-ecto
lacks the extracellular domain. The �-Ig lacks the three immunoglobulin-like domains. Amino acid boundaries of the mutants are noted in the schematic.
HEK293T cells were transfected with Lrig1 and vector control or Lrig3 (wild type and mutants) as indicated. Immunoprecipitation (IP) was performed, and
lysates that served as the source for the immunoprecipitation (designated Input) were blotted as indicated with tubulin shown as a loading control (B). Lrig1
was precipitated and precipitates were blotted for Lrig1 (C, bottom panel), and Lrig3 using two different antibodies, one was directed against the intracellular
domain to detect �-ecto Lrig3 (C, middle panel) and one was directed against the extracellular domain to detect the other Lrig3 forms (C, top panel). D, HEK293T
cells were co-transfected with Lrig3 (wild type and mutants) and either vector control or Lrig1. Representative Western blots from more than five experiments
are shown with tubulin as a loading control.
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ing EGF receptor should focus on surface-localized receptors
and/or receptors in the earliest stages of trafficking (32). Hence,
perturbations in mechanisms controlling the removal of
receptor from the cell surface may contribute to EGF recep-
tor-driven oncogenesis. Because EGF receptor accumulates
at the cell surface when Lrig1 is depleted (28), we asked
whether Lrig1 is involved in receptor internalization. EGF
receptor was expressed in HEK293T cells with vector control,
full-length Lrig1, or the �-ecto mutant of Lrig1. Cells were
stimulated with EGF for the time points shown, and receptor
remaining at the cell surface was labeled by biotinylation,
immunoprecipitated, and detected by Western blotting with
streptavidin-linked horseradish peroxidase. As shown in Fig.
13, EGF stimulation led to a time-dependent loss of cell surface
EGF receptor, as expected, and this was augmented by co-ex-
pression of full-length Lrig1, demonstrating that Lrig1 pro-
motes EGF receptor internalization. Interestingly,�-ecto Lrig1
also promoted receptor internalization but reproducibly had
less of an effect than full-length Lrig1, in agreement with its
diminished activity in all other assays. These data suggest that
Lrig1’s negative regulatory activity is due at least in part to its
ability to promote receptor internalization.

DISCUSSION

Lrig1 has recently emerged as an essential regulator of stem
cell homeostasis with loss of Lrig1 perturbing both epidermal
and epithelial stem cell dynamics (16, 17, 33). Furthermore,
Lrig1 is now recognized as a bona fide tumor suppressor with
knock-out mice demonstrating ErbB receptor up-regulation
and duodenal adenomas (17). However, little is known of the
mechanisms regulating Lrig1 negative regulatory activity. Lrig1
interaction with ErbB receptors was previously shown to be
ligand-independent (1, 2) indicating that receptor activation
does not likely play a role in augmenting or limiting Lrig1
recruitment. Interestingly, Lrig1 was recently reported to shed
its ectodomain throughADAM17/TACE-mediated proteolysis
(26). The shed ectodomain was found to act in a paracrine fash-
ion, inhibiting EGF receptor signaling on neighboring cells
through interference with EGF binding (26, 27). Because our

data with the �-ecto mutant indicates that ectodomain shed-
ding would substantially diminish Lrig1 activity in the cell from
which it is shed, shedding may be one means by which Lrig1
activity is restricted. Of note, ADAM17 has also been impli-
cated in shedding of EGF-like growth factors (34, 35). This sug-
gests that ADAM17may promote local ErbB receptor signaling
in two ways as follows: through growth factor release, promot-
ing autocrine signaling, and through Lrig1 inactivation in these
same cells, promoting growth factor receptor accumulation.
However, soluble Lrig1 released by ADAM17 could conceiv-
ably linger once cleaved, thereby limiting autocrine signaling.
In this study, we find that the negative regulatory activity of

Lrig1 is unique among the Lrig family, with no evidence of
functional redundancy when family members are directly
compared. Rather, Lrig3 acts in a manner opposite to Lrig1,
enhancing ErbB receptor stability. However, Lrig3 activity is
attenuated by Lrig1-mediated proteolytic degradation of Lrig3,
underscoring the complexity of Lrig family dynamics. Our
study suggests that Lrig1 and Lrig3 may have evolved to func-
tionally oppose one another when expressed in the same cell.
Lrig1 was recently found to be an estrogen-stimulated gene
(12). Exploration of the Gene Expression Omnibus Database

FIGURE 12. Structure-function analysis of Lrig3. HEK293T cells were co-
transfected with ErbB3, vector control, and Lrig3 (wild type and mutants).
Representative Western blots from more than five experiments are shown
with tubulin as a loading control.

FIGURE 13. Lrig1 increases EGFR internalization. HEK293T cells were co-
transfected with EGFR and vector control, Lrig1, or �ecto-Lrig1. Cells were
treated with EGF for the indicated time points, and surface proteins were
biotinylated. Immunoprecipitation (IP) was performed, and lysates that
served as the source for the immunoprecipitation (designated Input) were
blotted as indicated (A). EGFR was immunoprecipitated, and samples were
blotted with anti-EGFR or streptavidin-HRP (STP-HRP) (B). Representative
Western blots from more than six experiments are shown. Quantification of
the experiment in B is shown in C. Lrig1 consistently accelerated the internal-
ization of EGFR.
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indicates that Lrig3 is repressed by estrogen whereas Lrig1
expression is enhanced (GDS3217 and GDS3283, see Ref. 12).
This is also reflected in lower expression of Lrig3 in estrogen
receptor-positive breast cancer as compared with estrogen
receptor-negative breast cancer (www.nci.nih.gov) and pub-
licly available Oncomine data. Therefore, differential regula-
tion of gene expression may be one mechanism by which the
Lrig1/Lrig3 ratio is fine tuned. Given that Lrig3 stabilizes onco-
genic receptor tyrosine kinases, it is unlikely to function as a
tumor suppressor as recently found for Lrig1.However, caution
must be exercised in this interpretation because so little is
known of Lrig3 targets.
Our study also forces a revision of themodel for Lrig1mech-

anism of action. Gur et al. (2) reported that c-Cbl binds to
amino acids 900–939 within the cytoplasmic domain of Lrig1
and that Cbl recruitment underlies Lrig1’s ability to mediate
receptor degradation. However, subsequent studies using Cbl
siRNA suggested that Cbl was not required for Lrig1 function
(4, 6). A more recent study reinforced this, reporting that
SAIT301-mediated Met degradation is Lrig1-dependent but
c-Cbl-independent (24). The full functionality of the �-cyto
Lrig1 mutant provides compelling evidence that c-Cbl is not
involved in Lrig1 function. In fact, we have found that �-cyto
Lrig1 is reproducibly more efficient in decreasing ErbB recep-
tor expression, suggesting that the cytoplasmic domain may
instead limit Lrig1 function. Moreover, dominant negative Cbl

does not interfere with the ability of �-cyto Lrig1 to destabilize
EGFR.4 Interestingly, removal of the cytoplasmic domain of
Lrig3 renders it incapable of stabilizing ErbB3. Instead, the
�-cyto Lrig3 mutant consistently decreases the expression of
co-expressed ErbB3, suggesting it functions as a dominant neg-
ative. Future study will focus on understanding how the cyto-
plasmic domain contributes to Lrig3 function.
The three Ig-like domains in the Lrig1 ectodomain are func-

tionally inert because their removal has no effect on interaction
with or suppression of ErbB2 and Lrig3. The Ig-like domains
also appear to be functionally inert in Lrig3. This is surprising as
the Ig-like domains are the most highly conserved between
Lrig1 andLrig3 (72% identity (18)). Interestingly, removal of the
leucine-rich repeats appears to attenuate Lrig1 activity toward
ErbB2/Lrig3 despite stable complex formation, indicating that
complex formation and negative regulatory activity may be
functionally separable. As previous studies found that soluble
Lrig1 does not decrease ErbB receptor expression (26, 27), we
conclude that for efficient negative regulatory activity, Lrig1
requires at a minimum the transmembrane and leucine-rich
repeat domains.
How might Lrig1 engage the internalization and receptor

proteolysis machinery (known to be located in the cytoplasm)

4 H. Rafidi and C. Sweeney, unpublished observations.

FIGURE 14. Summary of structure-function analysis. A, summary of structure-function analysis of Lrig1 and Lrig3. B, based on published cited studies and
experiments conducted within, we propose that Lrig1 engages the receptor proteolysis machinery through another component(s). The model proposes that
the unknown component(s) are recruited through interaction with the leucine-rich repeats of Lrig1. The cytoplasmic domain of the unknown component(s)
recruit the receptor proteolysis machinery (black double arrow) to the Lrig1-receptor complex. The receptor proteolysis machinery then acts on the receptor
(dark gray curved arrow) to promote its internalization and degradation.
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in the absence of a cytoplasmic domain? One possibility is that
Lrig1 interacts with a third component through its transmem-
brane and LRR domains, and this third component recruits the
proteolysis machinery to the Lrig1-receptor complex. In this
case, the primary interaction interface for the third component
would be the LRR domains; however, there would be residual
interaction through the transmembrane domain, explaining
the diminished but not abolished activity of the �-ecto mutant
(Fig. 14).
In summary, despite their close homology and overlapping

interaction partners, Lrig1 and Lrig3 have diverse functions,
and they may play opposing roles in development and disease.
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