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ErbB2 and ErbB3, members of the EGF receptor/ErbB family,
form a heterodimer upon binding of a ligand, inducing the acti-
vation of Rac small G protein and Akt protein kinase for cell
movement and survival, respectively. The enhanced ErbB3/
ErbB2 signaling causes tumorigenesis, invasion, and metastasis.
We found here that the ErbB3/ErbB2 signaling is regulated by
immunoglobulin-like Necl-2, which is down-regulated in vari-
ous cancer cells and serves as a tumor suppressor. The extracel-
lular region of ErbB3, but not ErbB2, interacted in cis with that
of Necl-2. This interaction reduced the ligand-induced, ErbB2-
catalyzed tyrosine phosphorylation of ErbB3 and inhibited the
consequent ErbB3-mediated activation of Rac and Akt, result-
ingin the inhibition of cancer cell movement and survival. These
inhibitory effects of Necl-2 were mediated by the protein-ty-
rosine phosphatase PTPN13 which interacted with the cytoplas-
mic tail of Necl-2. We describe here this novel mechanism for
silencing of the ErbB3/ErbB2 signaling by Necl-2.

ErbB2 and ErbB3 are members of the EGF receptor/ErbB
family, which has ErbB1 and ErbB4 as additional members (1).
ErbB2 and ErbB3 are also known as HER2/Neu and HER3,
respectively. No ligands binding directly to ErbB2 have been
identified yet, whereas heregulin (HRG)?-« and -3, also known
as neuregulin-1 and -2, respectively, directly bind to ErbB3.
ErbB2 and ErbB3 have kinase domains in their cytoplasmic
tails, but that of ErbB3 lacks kinase activity. Therefore, the
homodimer of ErbB3 formed by binding of HRG does not
transduce any intracellular signaling. By contrast, ErbB2 het-
erophilically interacts in cis with HRG-occupied ErbB3 and
phosphorylates nine tyrosine residues of ErbB3, causing
recruitment and activation of the p85 subunit of phosphoi-
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nositide 3-kinase (PI3K) and the subsequent activation of Rac
small G protein and Akt protein kinase (2). The activation of
Rac enhances cell movement and that of Akt prevents cell apo-
ptosis (3).

ErbB2 serves as an oncogenic protein (4), and amplification
of the ErbB2 gene is observed in many types of cancers. For
instance, it is amplified in ~3% of lung cancers, ~30% of breast
cancers, ~20% of gastric cancers, and ~60% of ovarian cancers
(5). Moreover, mutation of the ErbB2 gene is found in many
types of cancers, namely, ~10% of lung cancers, ~4% of breast
cancers, ~5% of gastric cancers, and ~3% of colorectal cancers
(6). This gene amplification or mutation causes enhanced sig-
naling for cell movement and survival, eventually resulting in
tumorigenesis, invasiveness, and metastasis. On the basis of
these properties of ErbB2, it has been recognized as a good
target for cancer therapy; indeed, ErbB2-targeting drugs have
already been developed and used clinically (7, 8). However, it
remains unknown whether ErbB2 is involved in oncogenesis in
cancers in which its gene is not amplified or mutated. In addi-
tion, it was recently reported that overexpression of ErbB3 is
also involved in tumor malignancy (9), but it remains unknown
how ErbB3 serves as an oncogenic protein in cancers in which it
is not overexpressed.

The nectin-like molecule (Necl) family consists of five mem-
bers, Necl-1, Necl-2, Necl-3, Necl-4, and Necl-5, and comprises
a superfamily with the nectin family, which consists of four
members, nectin-1, nectin-2, nectin-3, and nectin-4 (10). All
members of this superfamily have similar domain structures:
they have one extracellular region with three Ig-like loops, one
transmembrane segment, and one cytoplasmic tail. We
recently found that the extracellular region of Necl-5 directly
interacts in cis with that of the platelet-derived growth factor
(PDGF) receptor and that this interaction enhances the PDGF-
induced cell proliferation and movement (11-14). Necl-5 is up-
regulated in many types of cancer cells and causes at least partly
enhanced movement and proliferation of cancer cells (11, 12).
These earlier findings prompted us to study the potential inter-
action of other Necls with other growth factor receptors. Con-
sequently, we found here that the extracellular region of Necl-2
directly interacts in cis with that of ErbB3, but not ErbB2, and
reduces the HRG-induced signaling pathways of the ErbB3/
ErbB2 heterodimer for cell movement and survival.

Necl-2 is known by many names: IgSF4a, RA175, SgIGSF,
TSLC1, and SynCAM1 (15-19). Necl-2 was directly reported in
GenBank™! in 1998; IgSF4a was identified as a candidate for a
tumor suppressor gene in the loss of heterozygosity region of
chromosome 11q23.2 (16); RA175 was identified as a gene
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highly expressed during the neuronal differentiation of embry-
onic carcinoma cells (19); SgIGSF was identified as a gene
expressed in spermatogenic cells during the early stages of sper-
matogenesis (18); TSLC1 was identified as a tumor suppressor
in human non-small cell lung cancer (17); and SynCAM1 was
identified as a brain-specific synaptic adhesion molecule (15).
In this study, we use the name “Necl-2,” because it was first
reported.

Necl-2 shows Ca>" -independent homophilic cell-cell adhe-
sion activity and Ca®>*-independent heterophilic cell-cell adhe-
sion activity with other members of the nectin and Necl fami-
lies, Necl-1 and nectin-3, and another Ig-like molecule with two
Ig-like loops, CRTAM (20-22). These cell-cell adhesion activ-
ities are mediated by their extracellular regions. Necl-2 is asso-
ciated with many peripheral membrane proteins through its
cytoplasmic tail. The juxtamembrane region of the cytoplasmic
tail contains a band 4.1-binding motif and binds the tumor sup-
pressor DAL-1, a band 4.1 family member, which connects
Necl-2 to the actin cytoskeleton (23). In addition, the cytoplas-
mic tail contains a PDZ domain-binding motif in its C-terminal
region and binds Pals2, DIg3/MPP3, and CASK, which are
MAGUK subfamily members having an L.27 domain (15, 20, 24,
25). However, the exact roles of the binding of these molecules
to Necl-2 remain unknown.

Necl-2 is widely expressed in various tissues and organs, and
abundantly expressed in epithelial cells (20, 26). Its expression
is down-regulated in many types of cancer cells owing to hyper-
methylation of the Necl-2 gene promoter and/or loss of het-
erozygosity of 11q23.2 (26). Its expression is also undetectable
in fibroblasts, such as NIH3T3, Swiss3T3, and L cells (20).
Necl-2 has been shown to be a tumor suppressor in human
non-small cell lung cancer (17), but it remains unknown how it
fulfills this role. The relationship between Necl-2 and the ErbB
family remains unknown, either. In addition, the heterophilic
interaction of Necl-2 with CRTAM enhances the cytotoxicity
of NK cells and the secretion of y-interferon from CD8* T cells
to attack the Necl-2-expressing cells (22, 27). Studies using
Necl-2-deficient mice have revealed that Necl-2 in Sertoli cells
is an important cell adhesion molecule for Sertoli-spermatid
junctions during spermatogenesis (28 —30). In the seminiferous
tubules of Necl-2-deficient mice, round and elongating sper-
matids with a distorted shape are generated owing to failure of
contact with Sertoli cells, resulting in male-specific infertility.
In the present study, we focused on the role of Necl-2 as a tumor
suppressor and clarified its mode of action.

EXPERIMENTAL PROCEDURES

Molecular Cloning of Mouse Necl-2, Necl-3, and Necl-4
c¢DNAs—To obtain the Necl-2, Necl-3, and Necl-4 cDNAs cor-
responding to GenBank™/EMBL/DDB]J accession numbers
AF434663, NM_178721, AY059394, respectively, we per-
formed reverse transcription-PCR cloning. Reverse transcrip-
tion-PCR from C57BL/6 mouse liver (for Necl-2) or brain (for
Necl-3 and Necl-4) total RNA was performed using the Isogen
RNA extraction kit (Nippon Gene, Tokyo, Japan), Ready-
To-Go You-Prime FirstStrand Beads and pd(N), (Amersham
Biosciences, Little Chalfont, Buckinghamshire, UK), pyrobest
DNA polymerase (TakaraBio, Shiga, Japan), and the specific
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primers for mouse Necl-2, Necl-3, and Necl-4. The reverse
transcription-PCR products were cloned using a Zero Blunt
TOPO PCR cloning kit (Invitrogen). DNA sequencing was per-
formed by the dideoxy nucleotide termination method using a
DNA sequencer (ABI Prism 3100 Genetic Analyzer, PE Biosys-
tems, Foster City, CA).

Constructions—FLAG-tagged Necl-2, Necl-3, and Necl-4
expression vectors were constructed in pCAGI-puro. Various
constructs of Necl-2, Necl-3, and Necl-4 contained the follow-
ing aa: pCAGI-Puro-FLAG-Necl-2, aa 43—445 (deleting the
signal peptide); pCAGI-Puro-FLAG-Necl-3, aa 25— 404 (delet-
ing the signal peptide); pCAGI-Puro-FLAG-Necl-4, aa 26 —388
(deleting the signal peptide). The plasmids pCAGI-Puro-
FLAG-Necl-2-ACP (deleting the cytoplasmic tail, aa 404 —445),
pCAGI-Puro-FLAG-Necl-2-AEC (deleting the extracellular
region, aa 1-362), pCAGI-Puro-FLAG-Necl-2-AFERM (delet-
ing the FERM domain-binding motif, aa 401-413), and
pCAGI-Puro-FLAG-Necl-2-AC (deleting the PDZ domain-
binding motif, aa 442—445) were constructed by PCR using
pCAGI-Puro-FLAG-Necl-2 as template and PrimeSTAR HS
DNA polymerase (TakaraBio). Expression vectors were
kindly provided as follows: human ErbB2 (pME18s-c-erbB2)
was from Dr. T. Yamamoto (University of Tokyo, Tokyo,
Japan), and human ErbB3 (pRc/CMV-ErbB3) was from Dr. S.
Higashiyama (Ehime University, Ehime, Japan). FLAG-
tagged Necl-1 expression vector (pCAGIPuro-FLAG-Necl-
1) was prepared as described (20). FLAG-tagged Necl-5
expression vector (pCAGIPuro-FLAG-Necl-5) was prepared
as described (31).

Abs and Reagents—A rabbit anti-Necl-2 polyclonal antibody
(pAb) was raised against the cytoplasmic tail of Necl-2 (aa 372—
417). The following rabbit pAbs were purchased from commer-
cial sources: anti-ErbB2, anti-ErbB3, and anti-PTPN13 (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-FLAG (for Western
blotting, Sigma), anti-ErbB4, anti-phospho-ErbB3 Y1289,
anti-Akt, and anti-phospho-Akt T308 (Cell Signaling, Dan-
vers, MA). A rabbit anti-ErbB2 monoclonal antibody (mAb)
for immunoprecipitation was purchased from Epitomics
(Burlingame, CA). The following mouse mAbs were purchased
from commercial sources: anti-FLAG M2 (for immunoprecipi-
tation, Sigma), anti-Racl, and anti-ErbB1 (BD Biosciences,
Franklin Lakes, NJ). Horseradish peroxidase-conjugated sec-
ondary Abs and Protein G-Sepharose 4 Fast Flow were pur-
chased from Amersham Biosciences. Fatty acid-free BSA, tryp-
sin inhibitor, phosphatase inhibitor mixture I, and HRG- were
purchased from Sigma. The following transfection plasmids
were purchased from commercial sources: pAcGFP1-Mem
(Clontech, Mountain View, CA) and pmaxGFP (Amaxa Biosys-
tems, Cologne, Germany).

Cell Culture and Transfection—A549 cells were purchased
from the American Type Culture Collection (Rockville, MD).
A549 and HEK293 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum. For transient expression of various constructs in A549
cells, the Nucleofector system (Amaxa Biosystems) was used,
according to the manufacturer’s protocol. For transient expres-
sion of various constructs in HEK293 cells, Lipofectamine 2000
reagent was used, according to the manufacturer’s protocol.
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Caco-2 cells were purchased from the European Collection of
Cell Cultures (Porton Down, UK). Caco-2 cells were main-
tained in DMEM supplemented with 10% fetal calf serum and
0.1 mM non-essential amino acids.

Co-immunoprecipitation Assay—HEK293 cells were co-
transfected with various combinations of plasmids, cultured for
48 h, detached with 0.05% trypsin and 0.53 mm EDTA, and
treated with a trypsin inhibitor. Cells were cultured in suspen-
sion with DMEM containing 0.5% fatty acid-free BSA for 30
min, collected by centrifugation, washed with Wash buffer (20
mM Tris-HCl at pH 8.0, 150 mm NaCl, and 1 mm Na;VO,), and
lysed with Lysis buffer (20 mm Tris-HCI at pH 8.0, 150 mm
NaCl, 1 mMm CaCl,, 1 mm MgCl,, 10% glycerol, 1% Nonidet P-40,
10 mMm NaF, 1 mm Na;VO,, 10 ug/ml leupeptin, 2 pug/ml apro-
tinin, 10 uM (p-amidinophenyl)methanesulfonyl fluoride, and
phosphatase inhibitor mixture I). The lysates were rotated for
30 min and subjected to centrifugation at 12,000 X g for 15 min.
The supernatant was pre-cleared with protein G-Sepharose 4
Fast Flow beads at 4 °C for 1 h. The anti-FLAG M2 mAb was
preincubated with protein G-Sepharose beads at 4 °C for 2 h.
The cell extracts were incubated with the anti-FLAG M2 mAb-
conjugated Protein G-Sepharose beads at 4 °C for 4 h. After the
beads were extensively washed with the lysis buffer, bound pro-
teins were eluted by boiling the beads in an SDS sample buffer
(60 mMm Tris-HCI, pH 6.7, 3% SDS, 2% 2-mercaptoethanol, and
5% glycerol) for 5 min (32), and subjected to SDS-polyacrylam-
ide gel electrophoresis, followed by Western blotting.

Small Interference RNA Experiments—For knockdown using
a small interference RNA (siRNA) method, stealth RNAi
duplexes against human Necl-2 and human PTPNI13, and a
stealth RNAi negative control duplex were purchased from
Invitrogen. For knockdown of Necl-2, we used stealth RNAi
duplexes of 5'-CCACAGGAAAGUUACACCACCAUCA-3’
(#61), 5'-GGUGAGGAGAUUGAAGUCAACUGCA-3’ (#62),
and 5'-GGACGCGCUUGAGUUAACAUGUGAA-3" (#63),
and essentially the same results were obtained from the exper-
iments using these three RNAi duplexes. For knockdown of
PTPN13, we used stealth RNAi duplexes of 5'-UCACAUUUC-
UGAACCAACUAGACAA-3" (#38), 5'-GACUCUGCCCAA-
AGAAUCUUAUAUA-3’ (#39), and 5'-GAAUGGCUGUGA-
AGAAUAUUGUGAA-3" (#40), and essentially the same
results were obtained from the experiments using these three
RNAIi duplexes. We showed the results by using #62 against
Necl-2 and #40 against PTPN13 in this study. Transfection of
cells with siRNA was performed using Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manufactur-
er’s protocol.

Assay for Activation of ErbB3 and Akt—A549 cells trans-
fected with various expression vector and/or stealth RNAi were
plated at a density of 3 X 10* cells per square centimeter on
dishes and cultured for 1 day. Caco-2 cells transfected with
various stealth RNAi were plated at a density of 1 X 10* cells per
square centimeter on dishes covered by a thin coat of Matrigel,
cultured for 2 days. These cells were starved of serum with
DMEM containing 0.5% fatty acid-free BSA for 20 h and then
stimulated by DMEM containing 0.5% fatty acid-free BSA and
10 ng/ml HRG. Cells were washed with ice-cold phosphate-
buffered saline several times and lysed with RIPA buffer (20 mm
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Tris-HCI at pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 10% glycerol, 137 mm NaCl, 1 mm CaCl,, 1
mm MgCl,, 50 mm NaF, 1 mm NazVO,, 10 ug/ml leupeptin, 2
pg/ml aprotinin, 10 um (p-amidinophenyl)methanesulfonyl
fluoride, and phosphatase inhibitor mixture I). The lysates were
then boiled in an SDS sample buffer for 5 min and subjected to
SDS-PAGE, followed by Western blotting.

Assay for Activation of Rac—The assay for Rac activation was
performed using glutathione-S-transferase-tagged p21-acti-
vated protein kinase-Cdc42/Rac interactive binding domain as
described (33). Briefly, cells were prepared as described above
and starved of serum with DMEM containing 0.5% fatty acid-
free BSA for 20 h. After serum starvation, cells were stimulated
by DMEM containing 0.5% fatty acid-free BSA and 10 ng/ml
HRG, and then subjected to the assay for Rac activation.

Boyden Chamber Assay—Fluorescence blocking polyethyl-
ene terephthalate membrane cell culture inserts (8.0-um pores,
BD Falcon, Franklin Lakes, NJ) were coated with serum for 30
min. A549 cells co-transfected with pmaxGFP and empty vec-
tor or FLAG-Necl-2 and/or ErbB3 expression vector were
detached with 0.05% trypsin and 0.53 mm EDTA, and then
treated with a trypsin inhibitor. The cells were then re-sus-
pended in DMEM containing 0.5% fatty acid-free BSA and
seeded at a density of 5 X 10* cells per insert. The cells were
incubated at 37 °C for 18 h in the presence or absence of 100
ng/ml HRG. HRG was added only to the bottom well to gener-
ate a concentration gradient. After incubation, the cells were
fixed using 4% paraformaldehyde/phosphate-buffered saline.
Transfected cells were identified based on the expression of
GFP. The number of migrated GFP-positive cells in ten ran-
domly chosen fields per filter was counted by fluorescence
microscopic examination.

DNA Synthesis Assay—The DNA synthesis assay was per-
formed by using BrdUrd labeling and detection kit I (Roche
Diagnostics, Basel, Switzerland). A549 cells co-transfected with
pmaxGFP and empty vector or FLAG-Necl-2 expression vector
(2 X 10* cells) were plated on coverslips in 24-well culture
plates. Cells were starved of serum for 24 h and stimulated by 10
ng/ml HRG in the presence of BrdUrd. After 14 h of incubation,
cells were fixed and BrdUrd-positive cells were detected
according to the manufacturer’s protocol. DNA was visualized
with 4',6-diamidino-2-phenylindole. Transfected cells were
identified based on the expression of GFP. The samples were
analyzed by fluorescence microscopic examination.

TUNEL Assay—Apoptotic cells were detected by TUNEL
assay using the DeadEnd Colorimetric TUNEL System (Pro-
mega, Madison, W1I) and streptavidin-Cy3 (Jackson Immuno-
Research, West Grove, PA). A549 cells co-transfected with
pmaxGFP and empty vector or FLAG-Necl-2 expression vector
(2 X 10" cells) were plated on coverslips in 24-well culture
plates and cultured with DMEM containing 0.5% fatty acid-free
BSA in the presence or absence of 10 ng/ml HRG. After 3 days,
a TUNEL assay was carried out according to the manufacturer’s
protocol, and apoptotic cells were detected by streptavidin-
Cy3. DNA was visualized with 4',6-diamidino-2-phenylindole.
Transfected cells were identified based on the expression of
GFP. The samples were analyzed by fluorescence microscopic
examination.
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Anoikis Assay—To prevent cell adhesion, plates were coated
with a solution of polyhydroxyethylmethacrylate (Sigma) dis-
solved at 25 mg/ml in ethanol. To coat plates, 100 ul of polyhy-
droxyethylmethacrylate solution was added to each plate per
square centimeter, and the plates were kept at 37 °C for 2 days
until the solvent had completely evaporated. The coated sur-
faces were sterilized by UV irradiation for 16 h and gently
washed twice with phosphate-buffered saline before use. A549
cells co-transfected with pmaxGFP and empty vector or FLAG-
Necl-2 and/or ErbB3 expression vector were cultured in sus-
pension using a polyhydroxyethylmethacrylate-coated dish
with DMEM containing 10 ng/ml HRG and 0.5% fatty acid-free
BSA for 48 h. Cells were collected and attached to Matsunami
adhesive silane-coated slide glass (Matsunami Glass, Osaka,
Japan) using a Cytospin 4 Cytocentrifuge (Thermo Scientific,
Waltham, MA), and apoptotic cells were detected by TUNEL
assay using the DeadEnd Colorimetric TUNEL System and
streptavidin-Cy3. DNA was visualized with 4’,6-diamidino-2-
phenylindole. Transfected cells were identified based on the
expression of GFP. The samples were analyzed by fluorescence
microscopic examination.

RESULTS

Interaction of ErbB3 with Necl-2—We first examined
whether Necl-2 physically interacts with members of the ErbB
family. FLAG-tagged Necl-2 (FLAG-Necl-2) or FLAG alone
and each member of the ErbB family were co-expressed in
HEK293 cells, and the cells were cultured in suspension. The
reason why a suspension culture was used was that it enabled
the detection of a possible cis-interaction between Necl-2 and
members of the ErbB family on the plasma membrane. When
FLAG-Necl-2 was immunoprecipitated from each cell lysate
using the anti-FLAG mADb, ErbB3 and ErbB4 were co-immuno-
precipitated with FLAG-Necl-2, but ErbB1 or ErbB2 was not
(Fig. 1, Aa—Ad). When FLAG alone was immunoprecipitated
from each cell lysate using the anti-FLAG mAb, no ErbB family
members were co-immunoprecipitated (Fig. 1, Aa—Ad). A role
for ErbB3 in tumorigenesis has been reported, but it is not
known whether ErbB4 is involved in tumorigenesis (34). There-
fore, in the present study we focused on ErbB3.

We next examined whether the extracellular region and/or
cytoplasmic tail of Necl-2 are necessary for the interaction with
ErbB3. FLAG-Necl-2 of which the cytoplasmic tail or extracel-
lular region was deleted (FLAG-Necl-2-ACP or FLAG-Necl-2-
AEC, respectively), and ErbB3 were co-expressed in HEK293
cells, and a co-immunoprecipitation assay was performed.
Before the co-immunoprecipitation assay, we checked the
intracellular localization of FLAG-Necl-2 and its mutants by
confocal immunofluorescence microscopy. All the signals for
FLAG-Necl-2, FLAG-Necl-2-ACP, and FLAG-Necl-2-AEC,
determined by the anti-FLAG mAb, were observed at the cell
periphery and their immunofluorescence intensities were at
similar levels (supplemental Fig. S1). This result suggests that
the similar amounts of these molecules were sorted on the
plasma membrane. ErbB3 was co-immunoprecipitated with
FLAG-Necl-2-ACP, whereas it was not co-immunoprecipi-
tated with FLAG-Necl-2-AEC (Fig. 1B). Two bands of ErbB3
shown in this figure might be produced by the glycosylation as
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previously described (35). The amount of ErbB3, that was co-
immunoprecipitated with FLAG-Necl-2-ACP, was about four
times as much as that co-immunoprecipitated with full-
length FLAG-Necl-2. These results indicate that ErbB3
physically interacts in cis with Necl-2 through their extracel-
lular regions and that the cytoplasmic tail of Necl-2 is not
essential for this interaction but inhibits the interaction of
the extracellular region of ErbB3 with Necl-2.

We then examined whether other members of the Necl fam-
ily also interact with ErbB3. When FLAG-tagged members of
this family were co-expressed with ErbB3 in HEK293 cells, a
co-immunoprecipitation assay was performed. ErbB3 was co-
immunoprecipitated with FLAG-Necl-4 in addition to FLAG-
Necl-2, but not with FLAG-Necl-1, Necl-3, or Necl-5 (Fig. 1C).
These results indicate that ErbB3 interacts specifically with
both Necl-2 and Necl-4.

No Effect of Necl-2 on the HRG-induced Formation of the
ErbB3/ErbB2 Heterodimer—We next examined the effect of
Necl-2 on the formation of the ErbB3/ErbB2 heterodimer
induced by binding of HRG to ErbB3. ErbB3 and ErbB2 were
co-expressed in HEK293 cells, which were incubated in the
presence and absence of HRG. When ErbB3 was immunopre-
cipitated using the anti-ErbB3 pAb, ErbB2 was co-immunopre-
cipitated with ErbB3 (Fig. 24). The amount of ErbB2 co-immu-
noprecipitated with ErbB3 in the presence of HRG was larger
than that in the absence of HRG. Similarly, when ErbB2 was
immunoprecipitated using the anti-ErbB2 mAb, ErbB3 was co-
immunoprecipitated with ErbB2 (Fig. 2B). The amount of
ErbB3 co-immunoprecipitated with ErbB2 in the presence of
HRG was also larger than that in the absence of HRG. These
results are consistent with earlier observations (36). FLAG-
Necl-2, ErbB3, and ErbB2 were co-expressed in HEK293 cells
and incubated in the presence and absence of HRG. When
ErbB3 was immunoprecipitated using the anti-ErbB3 pAb,
FLAG-Necl-2 and ErbB2 were co-immunoprecipitated with
ErbB3 (Fig. 2A). As before, the amount of ErbB2 co-immuno-
precipitated with ErbB3 in the presence of HRG was larger than
that in the absence of HRG and did not change compared with
that in the absence of Necl-2. The amount of FLAG-Necl-2
co-immunoprecipitated with ErbB3 in the presence of HRG
was similar to that co-immunoprecipitated in the absence of
HRG. When ErbB2 was immunoprecipitated using the anti-
ErbB2 mAb, ErbB3 and FLAG-Necl-2 were co-immunoprecipi-
tated with ErbB2 (Fig. 2B). The amounts of FLAG-Necl-2 and
ErbB3 co-immunoprecipitated with ErbB2 in the presence of
HRG were larger than those in the absence of HRG and that
of ErbB3 did not change compared with that in the absence of
Necl-2. These results indicate that Necl-2 does not affect the
HRG-induced formation of the ErbB3/ErbB2 heterodimer and
that it forms a ternary complex with ErbB3 and ErbB2.

Inhibition by Necl-2 of the HRG-induced, ErbB2-catalyzed
Tyrosine Phosphorylation of ErbB3 and Its Signaling in A549
Cells—In a human lung cancer cell line, A549, Necl-2 was down-
regulated by loss of heterozygosity on chromosome 11q23
where the Necl-2 gene is located (17) (Fig. 3). In this cell line,
ErbB2 and ErbB3 were abundantly expressed as easily detected
by Western blotting (Fig. 3), whereas the expression of ErbB4
was undetectable (data not shown). We therefore decided to

VOLUME 284 -NUMBER 35+AUGUST 28, 2009


http://www.jbc.org/cgi/content/full/M109.025155/DC1

A Mechanism for Silencing the ErbB3/ErbB2 Signaling

Aa Ac

IB: FLAG IP_ Cell lysate o IB: FLAGIP Cell lysate ia
273
ErbB1 - - ErbB3 -—
114 — 114
FLAG L ] - FLAG @
84.7 . 84.7
FLAG-Necl-2 + - + - FLAG-Necl-2 + - + -
FLAG - + - + FLAG - + - +
ErbB1 + + + + ErbB3 + + + +
IB: FLAGIP Cell lysate kDa IB: FLAGIP Cell lysate ko
ErbB2 - o ErbB4 — m
114 - 114
N E|CSEET T W
84.7 84.7
FLAG-Necl-2 + - + - FLAG-Necl-2 + - + -
FLAG - + - + FLAG -+ - +
ErbB2 + + + + ErbB4 + + + +
B_ FLAG IP Cell lysate C } FLAG IP Cell lysate kDa
IB: = kDa IB:
“ l-84.7 ErbB3 | - -— |
— -61.0 | 8a.7
-47.3
FLAG -38.9 FLAG .
| — -61.0
-31.3
-25.7 . -— 473
- *— FLAG + = = = = - + = = = = =
273 FLAG-Necl-1 = + = = = = -+ - - - =
FLAG-Necl-3 = = = 4+ = = - = = 4+ = -
FLAS + - = - * - = - FLAG-Neckd = = = = 4 = = = = = $ =
FLAG-Necl-2 e - i = = FLAG-Necl5 = = = = = + - = = = =+
FLAG-NeCl-2-ACP = = 4 = - = 4+ - ErbB3 + + + + + + + + + + + +
FLAG-Necl-2-AEC = = = - = = +
ErbB3 + + + + + + + +

FIGURE 1. Interaction of ErbB family members with Necl-2. Co-immunoprecipitation assay using HEK293 cells. Cells were co-transfected with various
combinations of indicated plasmids and cultured in suspension. Each FLAG-tagged Necl family member was immunoprecipitated using the anti-FLAG mAb,
and samples were subjected to Western blotting using the indicated Abs. A, assay for co-immunoprecipitation of ErbB family members with Necl-2. Ag, FLAG-
Necl-2 and ErbB1; Ab, FLAG-Necl-2 and ErbB2; Ac, FLAG-Necl-2 and ErbB3; Ad, FLAG-Necl-2 and ErbB4. B, interaction of Necl-2 with ErbB3 through its extracel-
lular region. Asterisks, full-length or mutants of Necl-2. C, assay for co-immunoprecipitation of ErbB3 with Necl family members. The results shown are

representative of three independent experiments.

use this cell line to examine whether exogenous expression of
Necl-2 affects the HRG-induced, ErbB2-catalyzed tyrosine
phosphorylation of ErbB3 and subsequent activation of Rac and
Akt. A549 cells transiently expressing empty vector (Control-
A549 cells) and A549 cells transiently expressing Necl-2 (Necl-
2-A549 cells) were starved of serum and stimulated by HRG for
various periods of time. The tyrosine 1289 residue of ErbB3 was
phosphorylated in a time-dependent manner in response to
HRG in both types of cells, but the phosphorylation level was
much less in Necl-2-A549 cells than in Control-A549 cells (Fig.
3). Rac and Akt were also activated in time-dependent manners
in response to HRG in both types of cells, but the levels of
activated Rac and Akt were much lower in Necl-2-A549 cells
than in Control-A549 cells (Fig. 3). These results indicate
that Necl-2 inhibits the HRG-induced, ErbB2-catalyzed
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tyrosine phosphorylation of ErbB3 and subsequent acti-
vation of Rac and Akt.

Enhancement by Necl-2 Knockdown of the HRG-induced,
ErbB2-catalyzed Tyrosine Phosphorylation of ErbB3 and Its Sig-
naling in Caco-2 Cells—We further investigated whether
Necl-2 knockdown could enhance the HRG-induced, ErbB2-
catalyzed tyrosine phosphorylation of ErbB3 and its signaling in
an epithelial-like human colon carcinoma cell line, Caco-2 cells.
The reason why we used this cell line was that it expressed
Necl-2, ErbB2, and ErbB3 to high levels enough to be detected
by Western blotting. Necl-2 was knocked down in Caco-2 cells
by the transient transfection with an siRNA against Necl-2
(Necl-2-KD-Caco-2 cells). As a control, Caco-2 cells were
transfected with a negative control of siRNA (Control-Caco-2
cells). In this cell line, the amount of the Necl-2 protein was
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FIGURE 2. No effect of Necl-2 on the HRG-induced formation of the ErbB3/ErbB2 heterodimer. HEK293 cells were co-transfected with various combina-
tions of the indicated plasmids. ErbB2 and ErbB3 were immunoprecipitated using the anti-ErbB2 mAb and ErbB3 pAb, respectively, and samples were
subjected to Western blotting using the indicated Abs. A, immunoprecipitation of ErbB2; B, immunoprecipitation of ErbB3. The results shown are represent-

ative of three independent experiments.

decreased to <5% of that in Control-Caco-2 cells as estimated
by Western blotting (Fig. 3). Control-Caco-2 and Necl-2-KD-
Caco-2 cells were starved of serum and stimulated by HRG. The
tyrosine 1289 residue of ErbB3 was phosphorylated in a time-
dependent manner in response to HRG in both types of cells,
but the phosphorylation level was much higher in Necl-2-KD-
Caco-2 cells than in Control-Caco-2 cells (Fig. 3). Rac and Akt
were also activated in time-dependent manners in both types of
cells in response to HRG, but the activation levels were much
higher in Necl-2-KD-Caco-2 cells than in Control-Caco-2 cells
(Fig. 3). These results provide another line of evidence that
Necl-2 inhibits the HRG-induced, ErbB2-catalyzed tyrosine
phosphorylation of ErbB3 and its signaling.

Inhibition by Necl-2 of Movement and Anchorage-indepen-
dent Survival of A549 Cells—We then examined whether exog-
enous expression of Necl-2 could suppress cell movement, pro-
liferation, and anchorage-dependent and -independent
survival in A549 cells. Control-A549 and Necl-2-A549 cells
were cultured on filter inserts with 8-um pores in the pres-
ence or absence of HRG (Fig. 4A). In the absence of HRG, the
degree of cell movement was similar between Control-A549
and Necl-2-A549 cells, whereas in the presence of HRG,
Control-A549 cells moved more rapidly than Necl-2-A549
cells. When ErbB3 was additively expressed in Necl-2-A549
cells (Necl-2-ErbB3-A549 cells), the inhibitory effect of
Necl-2 on cell movement was canceled. The reason for this
cancellation was probably that the amount of Necl-2-free
ErbB3 was increased again. These results indicate that
Necl-2 suppresses the HRG-induced movement of A549
cells by its interaction with ErbB3. For analysis of cell prolif-
eration, BrdUrd incorporation was measured. The level of
DNA synthesis was comparable between Control-A549 and
Necl-2-A549 cells (Fig. 4B), indicating that Necl-2 does not
affect the proliferation of A549 cells, consistent with an ear-
lier observation (37). In the analysis of anchorage-dependent
cell survival, hardly any apoptotic cells were observed
between Control-A549 and Necl-2-A549 cells (Fig. 4C).
However, in the analysis of anchorage-independent cell sur-
vival, the number of apoptotic Necl-2-A549 cells was greater
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than the number of apoptotic Control-A549 cells, consistent
with an earlier observation of cell growth in soft agar (38). In
Necl-2-ErbB3-A549 cells, the stimulatory effect of Necl-2 on
apoptosis was reduced (Fig. 4D). These results indicate that
Necl-2 suppresses anchorage-independent, but not anchor-
age-dependent, cell survival of A549 cells by its interaction
with ErbB3.

Involvement of the Cytoplasmic Tail of Necl-2 in Its Inhibitory
Effect—We investigated how Necl-2 inhibits the HRG-induced,
ErbB2-catalyzed tyrosine phosphorylation of ErbB3. Expres-
sion of Necl-2-AEC, but not Necl-2-ACP, in A549 cells inhib-
ited the HRG-induced, ErbB2-catalyzed tyrosine phosphoryla-
tion of ErbB3 (Fig. 5). This result indicates that the cytoplasmic
tail of Necl-2, but not the extracellular region, is necessary to
exert its inhibitory effect, even though the extracellular region,
but not the cytoplasmic tail, is necessary for the interaction with
ErbB3.

Involvement of PTPN13 in the Inhibitory Effect of Necl-2—It
was reported that the protein-tyrosine phosphatase PTPN13
(also called PTPL1, FAP-1, PTP-BAS, and PTP1E), a known
tumor suppressor (39), inhibits the ErbB2 activity by dephos-
phorylating the signal domain of ErbB2 and plays a role in
attenuating the invasiveness and metastasis of ErbB2-overac-
tive tumors (40). PTPN13 is a non-receptor type phosphatase
with one FERM domain and five PDZ domains in addition to
the catalytic domain (39). We therefore examined whether
PTPN13 is responsible for the inhibitory effect of Necl-2 on the
HRG-induced, ErbB2-catalyzed tyrosine phosphorylation of
ErbB3. Western blotting showed the presence of PTPN13 in
A549 cells (Fig. 6, Aa). Knockdown of this protein by siRNA
reduced the amount of this protein in A549 cells (Fig. 6, Aa) and
prevented the reduction by exogenous expression of Necl-2 of
the HRG-induced, ErbB2-catalyzed tyrosine phosphorylation
of ErbB3 (Fig. 6, Ab). These results indicate that PTPN13 is
involved in the inhibitory effect of Necl-2 on the HRG-induced,
ErbB2-catalyzed tyrosine phosphorylation of ErbB3.

We then examined whether Necl-2 interacts with
PTPN13, because the cytoplasmic tail of Necl-2 has the
FERM domain-binding motif at its juxtamembrane region

VOLUME 284 -NUMBER 35+AUGUST 28, 2009



A Mechanism for Silencing the ErbB3/ErbB2 Signaling

Control-A549 Necl-2-A549 Control-Caco-2 Necl-2-KD-Caco-2
0 25 5 10 0 25 5 10 0 25 5 10 0 25 5 10 (um
114
Necl-2 e e ] - 9 v g e [ a7
273
ErbB2 e —— e || — - - |M|..“l_
| 273
pErbB3 Tyr-1289 —— - - - s | s
273
ErbB3 D (e - [ - -
25.7
GTP-Rac T — —— P— e e || a— e -—
25.7
Total-Rac — ,—’I
pAkt Thr-308 e ' -61.0
Akt —61.0

pErbB3 Tyr-1289

2
‘G 1.0 —
[
o~ Bl —E—
_g 0.5 _:_
ke
2 o] ]
> GTP-Rac
2 1.0 =2l
=
2 I = F ok
'g 0.5}
K
[]
c o
pAkt Thr-308
el
® 1.0f —
: —-—
[
E
o 0.5F H |_'—‘
2
ke
: 0 1T
0 2 5 10 0 25 10 (min)
Control-A549 Necl-2-A549

pErbB3 Tyr-1289

=
= %
%1.5- * ok
= 1
s 1.0f
2
E 0.5- ’—E‘ H
e o 1 =
GTP-Rac
>
% 45} % *
: ulH
€ 1.0f
()
©
c o
pAkt Thr-308
2 *
2 15| k%
£ ==l
£ 10l
: H
£ 05
©
hmﬁﬂ -

10 0 25 5 10 (min)
ControI-Caco-2 Necl-2-KD-Caco-2

FIGURE 3. Inhibition by Necl-2 of the HRG-induced, ErbB2-catalyzed tyrosine phosphorylation of ErbB3 and its signaling. A549 cells were transfected
with empty vector or FLAG-Necl-2 expression vector (Control A549 and Necl-2-A549 cells, respectively). Caco-2 cells were transfected with negative control
stealth RNAi and stealth RNAi against Necl-2 (Control-Caco2 and Necl-2-KD-Caco-2 cells, respectively). Cells were starved of serum for 20 h and stimulated by
10 ng/ml HRG for the indicated periods of time. Samples were subjected to a Rac pulldown assay or Western blotting using the indicated Abs. Bars in the graph
represent the relative band intensity of activated ErbB3, Rac, and Akt, normalized for the total amount of ErbB3, Rac, and Akt, respectively, as compared with
a value of control cells treated with HRG for 10 min, which is expressed as 1. Error bars indicate the means = S.E. of three independent experiments. *, p < 0.05

versus control cells.

and the PDZ domain-binding motif at its C-terminal region
and PTPN13 has one FERM domain and five PDZ domains.
FLAG-Necl-2 or FLAG alone was expressed in HEK293 cells.
When FLAG-Necl-2 was immunoprecipitated from each cell
lysate using the anti-FLAG mAb, endogenous PTPN13 was
co-immunoprecipitated with FLAG-Necl-2 (Fig. 6B). When
FLAG was immunoprecipitated, endogenous PTPN13 was
not co-immunoprecipitated with FLAG. When FLAG-Necl-
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2-AEC, FLAG-Necl-2-ACP, FLAG-Necl-2 of which the
FERM domain-binding motif was deleted (FLAG-Necl-2-
AFERM), or FLAG-Necl-2 of which the C-terminal PDZ
domain-binding motif was deleted (FLAG-Necl-2-AC) was
expressed in HEK293 cells and immunoprecipitated using
the anti-FLAG mAb, PTPN13 was not co-immunoprecipi-
tated with FLAG-Necl-2-ACP or FLAG-Necl-2-AC, whereas
it was co-immunoprecipitated with FLAG-Necl-2-AEC and
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FIGURE 4. Inhibition by Necl-2 of movement and anchorage-independent survival of A549 cells. A, measurement of cell movement using a Boyden
chamber assay. A549 cells were co-transfected with empty vector and pmaxGFP (Control-A549 cells), FLAG-Necl-2 expression vector and pmaxGFP (Necl-2-
A549 cells), or FLAG-Necl-2, ErbB3 expression vector, and pmaxGFP (Necl-2-ErbB3-A549 cells), and were plated on cell culture inserts (8.0-um pore membrane
filters) in the presence or absence of 100 ng/ml HRG in the bottom well for 18 h. The EGFP-positive migrated cells were counted by microscopic examination.
Error bars indicate the means = S.E. of three independent experiments. *, p < 0.001. B, measurement of cell proliferation. A549 cells which were co-transfected
either with empty vector and pAcGFP-mem or with FLAG-Necl-2 expression vector and pAcGFP-mem (Control-A549 and Necl-2-A549 cells, respectively) were
starved of serum and stimulated by HRG in the presence of BrdUrd. After 14 h of incubation, cells were fixed, and then double stained with the anti-BrdUrd mAb
and 4’,6-diamidino-2-phenylindole (DAPI). AcGFP-mem-positive cells were measured. The left panels show representative fields of three independent exper-
iments. Error bars indicate the means = S.E. of three independent experiments. C, measurement of anchorage-dependent apoptotic cells. A549 cells which
were co-transfected either with empty vector and pmaxGFP or with FLAG-Necl-2 expression vector and pmaxGFP (Control-A549 and Necl-2-A549 cells,
respectively) were starved of serum for 48 h and subjected to a TUNEL assay. Error bars indicate the means = S.E. of three independent experiments. D,
measurement of anchorage-independent apoptotic cells. A549 cells that were co-transfected with empty vector and pmaxGFP (Control-A549 cells), FLAG-
Necl-2 expression vector and pmaxGFP (Necl-2-A549 cells), or FLAG-Necl-2, ErbB3 expression vector, and pmaxGFP (Necl-2-ErbB3-A549 cells) were cultured in
suspension in the presence of 0.5% fatty acid-free BSA and 10 ng/mlI HRG. After 48 h of incubation, the cells were subjected to a TUNEL assay. Error bars indicate
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FLAG-Necl-2-AFERM (Fig. 6B). These results indicate that
Necl-2 interacts with PTPN13 through the C-terminal PDZ
domain-binding motif.

Finally, we examined the effects of expression of Necl-2-
AFERM and Necl-2-AC on the HRG-induced activation of the
tyrosine phosphorylation of ErbB3. Expression of Necl-2-
AFERM, but not Necl-2-AC, in A549 cells inhibited the HRG-
induced tyrosine phosphorylation of ErbB3 (Fig. 6C). Taken
together, these results indicate that Necl-2 interacts with
PTPN13, dephosphorylates the ErbB3 phosphorylated by the
action of ErbB2, and induces the inactivation of Akt and Rac.

DISCUSSION

We first showed here that ErbB3 and ErbB4, but not ErbB1 or
ErbB2, of the ErbB family physically interact with the Ig-like cell
adhesion molecule Necl-2. ErbB3 does not interact with other
members of the Necl family, except for Necl-4. Phylogenic tree
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analyses revealed that of the ErbB family members, ErbB3 and
ErbB4 have the most homologous amino acid sequences and
that, among the Necl family members, Necl-2 and Necl-4 have
the most homologous amino acid sequences. The interaction of
ErbB4 with Necl-2 and the interaction of ErbB3 with Necl-4 will
be studied in detail in the future. The extracellular region of
Necl-2, but not the cytoplasmic tail, is essential for the interac-
tion with ErbB3, but the cytoplasmic tail may suppress the
interaction of the extracellular region of Necl-2 with presum-
ably the extracellular region of ErbB3, because the amount of
ErbB3 that was co-immunoprecipitated with the extracellular
region of Necl-2 was about four times as much as that co-im-
munoprecipitated with full-length Necl-2.

It was shown that, upon binding of HRG to ErbB3, an ErbB3/
ErbB2 heterodimer is formed and ErbB2 phosphorylates ErbB3
at nine tyrosine residues (1). Most of these phosphorylated
tyrosine residues then recruit the p85 subunit of PI3K, which
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FIGURE 5. Involvement of the cytoplasmic tail of Necl-2 in its inhibitory effect. A549 cells were transfected with empty vector, FLAG-Necl-2, FLAG-Necl-2-
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graph represent the relative band intensity of phosphorylated ErbB3, assessed as described in Fig. 3. Error bars indicate the means = S.E. of three independent
experiments. ¥, p < 0.05 versus Control-A549 cells. The results shown are representative of three independent experiments.

consequently induces the activation of PI3K. The activation of
PI3K induces the activation of Rac and Akt. The activation of
Rac enhances cell movement and that of Akt enhances cell sur-
vival (3). We found here that the interaction of Necl-2 with
ErbB3 does not inhibit the formation of ErbB3/ErbB2 het-
erodimer, but rather leads to the formation of a heterotrimer.
Theoretically, in the absence of HRG, ErbB3 and ErbB2 are
present diffusely on the plasma membrane as their respective
monomers, homodimers, and/or heterodimers, and these
states of ErbB3 and ErbB2 are in equilibrium, depending on
their respective affinities. When cells are stimulated by HRG,
HRG binds to ErbB3, which shifts this equilibrium to produce
more ErbB3/ErbB2 heterodimers. Our present results indicate
that, in cells expressing Necl-2, ErbB3 forms a complex with
Necl-2 that exists diffusely on the plasma membrane without
stimulation by HRG, because Necl-2 interacts with ErbB3 irre-
spective of the presence or absence of HRG. When cells are
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stimulated by HRG, HRG binds to ErbB3 of the ErbB3/Necl-2
heterodimer to produce the ErbB3/ErbB2-Necl-2 heterotrim-
ers (Fig. 7).

We showed here that the HRG-induced, ErbB2-catalyzed
tyrosine phosphorylation of ErbB3, subsequent signaling,
and cell responses, such as cell movement and survival, are
inhibited by Necl-2, indicating that, although the HRG-
ErbB3/ErbB2 complex is active in signaling, the HRG-
ErbB3/ErbB2-Necl-2 complex is inactive in signaling. The
extracellular region together with the transmembrane seg-
ment of Necl-2 showed no inhibitory effect, whereas the
cytoplasmic tail together with the transmembrane segment
of Necl-2 showed inhibitory effects. These results, together
with the results of the co-immunoprecipitation assay show-
ing that the affinity of the extracellular region together with
the transmembrane segment of Necl-2 for ErbB3 is higher
than that for full-length molecules, indicate that the cyto-
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@HrG of ErbB2 tyrosine-phosphorylates
ErbB3; 3) because PTPN13 is inac-
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Thus changes in the amount of
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FIGURE 7. A model mechanism for the regulation of ErbB3/ErbB2 signaling by Necl-2. See “Discussion”for 105t effective complex for activa-

details. .
etals tion of downstream pathways, such

as PI3K-Rac and PI3K-Akt path-
ways, resulting in the malignancy of cancer cells (9, 41). How-
ever, it remains unknown whether ErbB2 is involved in onco-
genesis in cancers in which its gene is not amplified or mutated
or how ErbB3 serves as an oncogenic protein in cancers in
which it is not overexpressed. Although the ErbB2 gene is not
amplified or mutated and ErbB3 is not overexpressed in A549
cancer cells used here (42, 43), we have shown here that the

plasmic tail is involved in both the affinity of Necl-2 for
ErbB3 and the inhibitory effect of Necl-2.

The C-terminal region of Necl-2 has a PDZ domain-bind-
ing motif, through which the protein-tyrosine phosphatase
PTPN13 binds. The deletion mutant of this PDZ domain-bind-
ing motif did not show inhibitory effect and knockdown of
PTPN13 abolished the inhibitory effect of Necl-2. On the basis
of these observations, we propose here the following regulatory

mechanisms for the ErbB3/ErbB2 signaling by Necl-2 (Fig. 7).
In cells expressing Necl-2, 1) Necl-2, PTPN13, and ErbB3 form
a ternary complex irrespective of the presence or absence of
HRG; 2) the binding of HRG to ErbB3 causes the ErbB3/ErbB2
dimer formation; 3) activation of the tyrosine kinase domain of
ErbB2 tyrosine-phosphorylates ErbB3; 4) because PTPN13 is
active by the action of Necl-2, tyrosine-phosphorylated ErbB3
is immediately dephosphorylated by PTPN13; and 5) ErbB3
signaling is attenuated. In cells in which Necl-2 is down-regu-
lated, 1) the binding of HRG to ErbB3 causes the ErbB3/ErbB2
dimer formation; 2) activation of the tyrosine kinase domain

down-regulation of Necl-2 causes the activation of ErbB3/
ErbB2 signaling for cell movement and anchorage-independent
cell survival. Therefore, both the amplification/mutation of the
ErbB2 gene and the down-regulation of Necl-2 would give more
malignant properties to cancer cells than either one of them.
Cancer cells show enhanced cell proliferation. We showed
here that Necl-2 does not affect the growth of A549 cells.
Necl-5 is up-regulated in many types of cancer cells and
causes at least partly enhanced movement and proliferation
of cancer cells (11, 12, 44-47). We recently found that
Necl-5 physically and functionally interacts in cis with the

FIGURE 6. Involvement of PTPN13 in the inhibitory effect of Necl-2. A, knockdown of PTPN13. A549 cells were transfected with negative control stealth RNAi
and stealth RNAi against PTPN13 (Control-A549 and PTPN13-KD-A549 cells, respectively). Aa, confirmation of knockdown of PTPN13. Samples were subjected
to Western blotting using the anti-PTPN13 pAb. Ab, assay for the HRG-induced, ErbB2-catalyzed tyrosine phosphorylation of ErbB3. Cells were starved of serum
for 20 h and stimulated by 10 ng/ml HRG for the indicated periods of time and lysed with RIPA buffer. Samples were subjected to Western blotting using the
indicated Abs. Bars in the graph represent the relative band intensity of phosphorylated ErbB3, assessed as described in Fig. 3. Error bars indicate the means =
S.E. of three independent experiments. *, p < 0.02 versus Control-A549 cells. B, assay for the co-immunoprecipitation of PTPN13 with Necl-2. HEK293 cells were
transfected with FLAG-Necl-2, FLAG-Necl-2-ACP, FLAG-Necl-2-AFERM, FLAG-Necl-2-AC, or FLAG-Necl-2-AEC. Each FLAG-Necl-2 mutant was immunoprecipi-
tated using the anti-FLAG mAb, and samples were subjected to Western blotting using the indicated Abs. C, assay for the HRG-induced, ErbB2-catalyzed
tyrosine phosphorylation of ErbB3 using Necl-2 mutants. A549 cells were transfected with empty vector, FLAG-Necl-2, FLAG-Necl-2-AFERM, or FLAG-Necl-2-AC
expression vector (Control-A549, Necl-2-A549, Necl-2-AFERM-A549, or Necl-2-AC-A549 cells, respectively). Cells were starved of serum for 20 h and stimulated
by 10 ng/ml HRG for the indicated periods of time. Samples were subjected to Western blotting using indicated Abs. Bars in the graph represent the relative
band intensity of phosphorylated ErbB3, assessed as described in Fig. 3. Error bars indicate the means * S.E. of three independent experiments. *, p < 0.01
versus Control-A549 cells. The results shown are representative of three independent experiments.
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PDGF receptor and enhances the PDGF-induced activation
of Ras and subsequent cell proliferation (11-14). The Necl-
5-PDGF receptor complex may be involved in enhancement
of the proliferation of A549 cells. It is of crucial importance
to investigate the expression levels of ErbB2, Necl-2, and
Necl-5 in many types of cancer cells.

In embryonic development, individually moving and prolif-
erating mesenchymal cells first form primordial cell-cell con-
tacts through the collisions of cells. They are transformed into
epithelial cells and form specialized cell-cell junction com-
plexes, such as adherens junctions and tight junctions. This
phenomenon is called mesenchymal-epithelial transition
(MET). By contrast, in embryonic development, epithelial cells
lose their connections to neighboring cells and become free,
which increases cell migration and proliferation. This opposite
phenomenon is correlated with epithelial-mesenchymal transi-
tion (EMT), which is characterized by a change to a fibroblas-
toid spindle-shaped cell morphology, loss of epithelial markers,
including E-cadherin, induction of mesenchymal markers, and
acquisition of motility machinery. The dynamic regulation of
MET and EMT is crucial for multicellular organisms to develop
and survive. Necl-2 is abundantly expressed in epithelial cells
but is not expressed in fibroblasts. Therefore, it is likely that
Necl-2 is down-regulated during EMT and that its inhibitory
effect on cell movement is released and cells start to move in
response to ligands after epithelial cells are transformed into
mesenchymal cells. Necl-2 is up-regulated during MET, inhib-
its cell movement, and induces anchorage-independent apo-
ptosis after mesenchymal cells are transformed into epithelial
cells. Mesenchymal cells do not grow in soft agar in an anchor-
age-independent manner, even though the inhibitory effect of
Necl-2 in anchorage-independent cell survival is released.
Thus, Necl-2 plays an important role in expression of the cell
phenotypes observed in both EMT and MET.
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