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Abstract

We characterized the SLC3A2-NRG1 fusion gene in non–
small cell lung cancer (NSCLC) and established an effective
therapy for patients with SLC3A2-NRG1 fusion–positive can-
cer. The SLC3A2-NRG1 fusion product was composed of the
SLC3A2 transmembrane domain and the EGF-like domain of
the neuregulin 1 (NRG1) protein. The NRG1 family is classi-
fied as a ligand of the ERBB family. We identified ERBB3 and
ERBB4 in the ERBB family as binding partners of the SLC3A2-
NRG1 fusion protein via ligand and receptor binding assays.
We confirmed that SLC3A2-NRG1 increased formation of a
heterocomplex of ERBB3 with ERBB2. Activation of the
ERBB2–ERBB3 heterocomplex by SLC3A2-NRG1 increased
colony formation and tumor growth through PI3K-AKT and
MAP kinase. The specific siRNAs for ERBB2 and ERBB3,
pertuzumab, lumretuzumab, and afatinib all decreased
ERBB2–ERBB3 heterocomplex formation, phosphorylation of

each protein, and their downstream signaling. In addition,
single treatment with pertuzumab, lumretuzumab, or afatinib
decreased tumor volume and weight, whereas combination
treatment with these drugs and taxol enhanced generation of
cleaved caspase 3, PARP, and TUNEL-positive cells compared
with each single treatment. Thus, the SLC3A2-NRG1 fusion
gene plays an important role in lung cancer cell proliferation
and tumor growth by promoting generation of the ERBB2–
ERBB3 heterocomplex, its phosphorylation, and activation of
the PI3K/ERK/mTOR signaling pathway. Inhibition of either
ERBB2 or ERBB3 alone did not completely shut down down-
stream signaling of ERBB2 and ERBB3; however, inhibition of
both ERBB2 and ERBB3 blocked downstream signaling acti-
vated by SLC3A2-NRG1 fusion. ERBB2 and ERBB3 might be
promising targets for treatment of SLC3A2-NRG1–positive
tumors. Mol Cancer Ther; 17(9); 2024–33. �2018 AACR.

Introduction
Genomic instability or rearrangement of the cellular genome

can play a critical role in both cancer initiation and progression
(1). This instability can range from simpleDNA sequence changes
to structural and numerical abnormalities at the chromosomal
level, such as genemutations, translocations, copy number altera-
tions, deletions, and inversions of pieces of DNA of various sizes
(2). As a result, genomic instability can give rise to fusion genes.
The first fusion gene identified, which is known as the Philadel-
phia chromosome, was discovered in 1973 in chronic myeloge-
nous leukemia and consisted of the central portion of the break-
point cluster region (BCR) gene fused to the second exon of the
Abelsonmurine leukemia viral oncogene homolog 1 (ABL1) gene
(3). The fusion genes reported in lung adenocarcinoma involves
fusion of the anaplastic lymphoma receptor tyrosine kinase (ALK)

on chromosome 2 via inversion (3%–5%), c-ros oncogene 1
fusion (ROS1; 2%–3%), RET fusion (1%–2%), and other fusion
proteins. This highly transforming oncogene, EML4-ALK, is found
in approximately 4% of patients with non–small cell lung cancer
(NSCLC) and more novel partner of ALK fusion have recently
been found such as C2orf44-ALK in colorectal cancer (4, 5). The
fusion partners of ROS1 were CD74-, EZR-, SLC3A2-, TPM3-,
SDC4-, LRIG3-, FIG-, CCDC6-, and CLTC-. The RET gene was
fused to the KIF5B-, CCDC6-, NCOA-, TRIM33-, CUX1-, and
KIAA1468-. Other fusion proteins have been recently reported
such as MPRIP-NTRK1, CD74-NTRK1, AXL-MBIP, SCAF11-
PDGFRA, CD74-NRG1, SLC3A2-NRG1, EZR-ERBB4, TRIM24-
BRAF, BAG4-FGFR1, FGFR2-KIAA1967, FGFR2-CIT, and
GFGR3-TACC3. (6)

Recently, we reported a novel fusion gene, SLC3A2-NRG1, in
a patient with invasive mucinous adenocarcinoma (IMA). We
performed RNA sequencing on 7 lung adenocarcinomas that
had no known driver oncogenes and identified SLC3A2-NRG1
fusion gene using Defuse v0.5.0 software and PRADA v1.1
software with default parameters. Fusion transcripts with less
than 5 spanning reads and less than 3 split reads were filtered
out. The SLC3A2-NRG1 fusion protein is composed of a
SLC3A2 (SLC3A2 heavy chain) transmembrane domain and
the EGF-like domain of the neuregulin 1(NRG1) protein
(NRG1 III-b3 form). Expression of either the NRG1 portion
or the SLC3A2-NRG1 fusion gene increased cancer cell prolif-
eration and tumor growth by activating signaling pathways
through generation of ERBB2 and ERBB3 heterocomplex and its
downstream signaling (7).

NRG1-ERBB signaling is emerging as a pivotal player in
embryogenesis in a variety of tissues, melanocyte homeostasis,
and the heart and nervous systems and has been shown to be
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altered in several cancers (8). The ERBB family is composedof four
closely connected transmembrane tyrosine kinase receptors: EGF
receptor (EGFR or HER1), ERBB2 (HER2), ERBB3 (HER3), and
ERBB4 (HER4; ref. 9). NRGs are a large subclass of polypeptide
growth factors of the EGF family and predominantly activate
ERBB3 and ERBB4 signaling. Ligand binding promotes autopho-
sphorylation of the intracellular tyrosine kinase domain, initiat-
ing a signaling cascade (10). ERBB3 can only act through dimer-
ization with ERBB2 or EGFR because it lacks tyrosine kinase
activity. This kind of receptor dimerization can result in stronger
receptor signaling than each single receptor. The PI3K and MAP
kinase pathways are among the predominant signaling cascades
activated by ERBB heterodimers and control proliferation, differ-
entiation, and survival in both normal and tumor cells (11). In
this study, we showed that expression of the SLC3A2-NRG1
fusion protein activated the ERBB2–ERBB3 heterocomplex and
its downstream signaling pathways such as PI3K/AKT and MEK/
ERK, which in turn enhanced cancer cell proliferation in vitro and
tumor growth in vivo.Wehypothesize that the autocrine/paracrine
circuit of NRG1 from SLC3A2-NRG1 activates the ERBB2–ERBB3
heterocomplex, which is blocked by tyrosine kinase inhibitor or
mAbs against ERBB2 and ERBB3. To the best of our knowledge,
this is the first study reporting the inhibition of an SLC3A2
oncogenic fusion gene by targeting a single molecule or the
combination of ERBB2 and ERBB3. Such targeting represents an
effective strategy for the treatment of patients with SLC3A-NRG1
fusion–positive cancers.

Materials and Methods
Materials

The plasmid carrying the Flag-SLC3A2-NRG1 (Flag S-N) gene
was constructed as described previously (7). ERBB1 (#11011),
ERBB2 (#40978), ERBB3 (#82114), and ERBB4 (#29536) plas-
mids were purchased from Addgene. Afatinib (S1011), lapatinib
(S2111), and taxol (S1148) were purchased from Selleckchem.
Pertuzumab and lumretuzumab were obtained fromRoche Diag-
nostics GmbH. The specific siRNAs for ERBB2 (sc-29405) and
ERBB3 (sc-35327) were purchased from Santa Cruz Biotechnol-
ogy, Inc. The antibodies pERBB2 (2243), ERBB2 (4290), pERBB3
(2842), ERBB3 (12708), pAKT (2535), AKT (9272), pERK (4370),
ERK (9108), pmTOR (5536), mTOR (2983), cleaved caspase 3
(9661), cleaved PARP (5625), PARP (9532), and b-actin (4970)
were purchased from Cell Signaling Technology, Inc.

Cell culture
Calu-3 and H1666 cell lines (human lung cancer) were

obtained from the ATCC. Calu-3 cells were cultured in DMEM
and H1666 cells were cultured in RPMI1640 with 10% heat-
inactivated FBS at 37�C in a 5% CO2 chamber. These cell lines
were authenticated by short tandem repeat (STR) analysis (Amp-
FISTR Identifier PCCR Amplification Kit, Applied Biosystems)
and tested for Mycoplasma contamination (MycoAlert Mycoplas-
ma Detection Kit, Lonza LT07) and within 3 months from
resuscitation.

Transfection and establishment of stable cell lines
For transient overexpression or knockdown, Calu-3 andH1666

cells at 40% density were transfected with plasmids (2 mg per
60-mm dish) or siRNAs (80 nmol/L) using Lipofectamine 2000
(Life Technologies). The transfected cells were allowed to stabilize

for 48 hours before experiments. For establishment of stable cell
line, Calu-3 cells were infected with adenovirus expressing empty
vehicle (E.V.) or SLC3A2-NRG1. Infected cells were selected by
growth in the presence of puromycin (2 mg/mL) until they formed
colonies.

Flow cytometry
Calu-3 andH1666 cellswere incubatedwithmAb against ERBB2

and ERBB3 and then stained with goat anti-mouse or anti-rabbit
IgG conjugated to Alexa-Fluor-488 or 630 (2 mg/mL; Molecular
Probes, Life Technologies). These cells were harvested and resus-
pended in ice-cold PBS containing 2% BSA (Sigma-Aldrich) and
then subjected toflowcytometryon aBDFACSVerseflowcytometer
(BD Biosciences) equippedwith lasers (488 nm and 630 nm), Data
were analyzed using FlowJo 10 Software (TreeStar Inc.).

Ligand–receptor binding assay
To obtain the ligand for the NRG1 portion of SLC3A2-NRG1,

HEK293T cells incubated in serum-free media were transfected
with the SLC3A2-NRG1 fusion gene, and the media was concen-
trated 10-fold using an Amicon Ultra tube. The concentrated
media was aliquotted into a 96-well plate (100 mL/well), and
the plate was dried in a 4�C chamber to coat the wells. HEK293T
cells expressing ERBB1, ERBB2, ERBB3, and ERBB4 were seeded
into the coated wells and incubated for 30 minutes. After three
washeswith PBS, adheredHEK293T cells were stainedwith crystal
violet, and OD was measured at 630 nm.

Cell viability and colony-forming assays
For the viability assay, 2�103 cellswereplated in96-well plates

and incubated with drug-containing medium for 6 days. Cell
viabilitywas determinedbymeasurement of 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 570 nm. Six
replicate wells were used for each analysis, and at least three
independent experiments were performed. To analyze anchorage-
independent cancer growth, cells (2 � 103 cells/well) were sus-
pended in 0.4% top agar and cultured on 0.8% agar for 35 days.
Cells were stained with crystal violet, and cell masses at least
0.2 mm in diameter were counted as colonies.

Immunofluorescence staining
Calu-3 and H1666 cells were transfected by E.V. and SLC3A2-

NRG1 fusiongeneandafter 3days these cellswere seededon round
cover glasses (diameter 100mm)andfixedwith4%formaldehyde.
After blocking in PBS containing 0.05% BSA, cells were incubated
with primary antibodies overnight at 4�C. Subsequently, cells were
incubated with goat anti-mouse or anti-rabbit IgG conjugated to
Alexa-Fluor-488 or -630 (2 mg/mL) for 1 hour at room tempera-
ture, counterstainedwithDAPI (1 mg/mL; RocheDiagnostics), and
mounted in VECTASHIELD mounting medium.

IHC staining
Paraffin-embedded sections (4 mm thick) were deparaffinized,

and heat-induced epitope retrieval was performed using targeted
retrieval solution 9 (Dako). The slides were treated with 3%
hydrogen peroxide for 20 minutes to remove endogenous per-
oxidase activity, followed by washing in deionized water for 2
to 3 minutes. The slides were incubated in 0.5% BSA blocking
solution for 1 hour at room temperature and then with primary
antibodies against pERBB2, pERBB3, pERK, pAKT, and caspase-3
(1:100, Cell Signaling Technology) overnight in a 4�C chamber.
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Immunoreactions were detected using a VECTASTAIN ABC HRO
Kit. Hematoxylin was used as a counterstain.

Immunoblotting and immunoprecipitation
Proteins obtained from cell extracts were separated by SDS/

PAGE and transferred to Immobilon-P membranes (Millipore).
Membranes were blocked with 5% nonfat milk, incubated over-
night at 4�C with primary antibodies diluted 1:100–1,000,
and then incubated for 1 hour with horseradish peroxidase–
conjugated secondary antibodies. Antigen–antibody complexes
were visualized using SuperSignal West Femto luminol enhancer
solution (Thermo Fisher Scientific). For immunoprecipitation,
cell lysates were incubated with 5 mL of anti-ERBB2 or anti-ERBB3
antiserum or preimmune serum at 4�C for 2 hours. Immune
complexes were further incubated with protein A/G-Sepharose
beads (GE Healthcare) at 4�C for 4 hours. Immunocomplexes
were eluted by boiling for 10minutes in sample buffer containing
2% SDS and 10 mmol/L dithiothreitol, subjected to SDS/PAGE,
and then immunoblotted using anti-pERBB2, -ERBB2, -pERBB3,
and -ERBB3 antibodies.

Tumor xenografts in mice
All animal procedures were performed in accordance with the

guidelines established by the internal IACUC and a protocol
approved by the National Cancer Center Animal Care and Usage
Committee (NCC-14-255). Nude mice (BALB/cAnNCrj-nu/nu)
from Charles River Japan Inc. were injected with 5 � 106 cancer
cells suspended in 100 mL of PBS into a dorsal flank site. Tumor
volumewasmeasuredwith calipers (volume¼ L�W�W�0.52,
where L is the width at the widest point of the tumor, andW is the
width perpendicular to L). After the tumors reached a volume of
80–100 mm3 (termed day 0 for our experiments), tumor volume
was measured every 3 days. At the end of the experiment, mice
were sacrificed by CO2 asphyxiation. Excised tumors were cut into
two parts, and the tissues were fixed with 4%buffered formalin or
frozen in liquid nitrogen.

Statistical analysis
Each result is expressed as the mean and SE or SD of more than

three independent samples, as calculated with Microsoft Excel
software 2010. Groupswere compared using two-tailed, unpaired
Student t test for all tests. Differences were considered significant
when P < 0.05. All statistical tests were two sided.

Results
The NRG1 part of SLC3A2-NRG1 fusion gene binds
ERBB2–ERBB3 heterocomplex formation

The SLC3A2-NRG1 fusion protein is composed of an SLC3A2
portion (transmembrane domain) and an NRG1 portion (cyto-
solic domain). The NRG1 component contains an EGF-like
domain in the NRG1 type III-b3 isoform (7). The NRG1 family
of proteins, including the EGF-like domain of SLC3A2-NRG1, is
classified as ligands of the ERBB family (11).Weperformed ligand
and receptor binding assays to identity which ERBB family mem-
ber binds the NRG1 part of the SLC3A2-NRG1 fusion protein.
Cells that overexpressed ERBB3 and ERBB4 bound significantly to
the shedding form of the SLC3A2-NRG1 fusion compared with
cells expressing ERBB1 or ERBB2 and nonERBB–expressing cells.
The binding affinity between SLC3A2-NRG1 and ERBB3 was
approximately 3 times greater than that between SLC3A2-NRG1

and ERBB4 (Fig. 1A). In addition, the binding affinity between
NRG1:ERBB3 and NRG1:ERBB4 was confirmed by using the
inhibitors, lumretuzumab and lapatinib. Lapatinib showed
ERBB4 inhibition effect dose dependently and the highest effect
dose was 194.4 ng/mL (Supplementary Fig. S1). The cells
expressed by both ERBB3 and ERBB4 increased more the binding
ability than each single expression. Although each ERBB3 and
ERBB4 inhibitors, lumretuzumab and lapatinib decreased these
binding ability, lumretuzumab significantly diminished the
binding ability between NRG1 part and the cells expressed by
ERBB3 and ERBB4, and lapatinib did not show significant
inhibition effect (Fig. 1B).These results suggest that the NRG1
component of SLC3A2-NRG1 binds and activates ERBB3,
increasing formation of an ERBB2–ERBB3 heterocomplex.
ERBB3 lacks tyrosine kinase activity and can be activated only
through dimerization with another ERBB family member such
as ERBB2 or ERBB1 (11). We have previously shown that
expression of SLC3A2-NRG1 in HEK293T cells increased the
phosphorylation and heterocomplex formation of ERBB2 and
ERBB3 through immunoprecipitation (7). Similarly, Calu-3
and H1666 cells had higher endogenous ERBB2 and ERBB3
levels than other NSCLC cell lines (7). When SLC3A2-NRG1
was ectopically expressed in these cell lines, the activation and
merger of ERBB2 (green) and ERBB3 (red) staining in immu-
nofluorescence analysis were enhanced compared with cells
expressing E.V. (Fig. 1B). In FACS analysis, expression of the
SLC3A2-NRG1 fusion gene increased the double-positive pop-
ulation of ERBB2 (green) and ERBB3 (red) compared with E.V.
expression. These results suggest that the NRG1 part of SLC3A2-
NRG1 binds an ERBB2–ERBB3 heterocomplex and increased
expression of ERBB2 or ERBB3.

Inhibitors of ERBB2 and ERBB3 reduce activation of
downstream signaling SLC3A2-NRG1–induced ERBB2–ERBB3
heterocomplex formation and activation of downstream
signaling

The ERBB2–ERBB3 heterocomplex induced by SLC3A2-NRG1
has emerged as a pivotal player in the cell growth of NSCLC cells
expressing the fusion gene (7). Therefore, to reduce ERBB2–
ERBB3 heterocomplex formation induced by SLC3A2-NRG1, we
tested whether the ERBB2–ERBB3 complex was suppressed by an
inhibitor of ERBB2 andERBB3.We treated cells with three types of
tyrosine kinase inhibitor (TKI), afatinib, pertuzumab, and lum-
retuzumab. Afatinib is a protein kinase inhibitor that irreversibly
inhibits the kinase activity of ERBB2 andERBB1 (12). Pertuzumab
is a mAb used for the treatment of metastatic ERBB2-positive
breast cancer (13). Lumretuzumab is a glycol-engineered human-
ized mAb developed by Roche that is designed to inhibit the
activation and signaling of ERBB3 (14). We performed coimmu-
noprecipitation studies to investigate whether these inhibitors
reduced formation of the ERBB2–ERBB3 heterocomplex. Expres-
sion of the SLC3A2-NRG1 fusion gene increased ERBB2–ERBB3
heterocomplex formation and phosphorylation of each compo-
nent compared with E.V.; this effect was substantially abrogated
by afatinib, pertuzumab, and lumretuzumab (Fig. 2A and B). In
accordance with previous results, afatinib, pertuzumab, and
lumretuzumabdecreased the proportion of SLC3A2-NRG1 fusion
gene–induced cells that were double positive for ERBB2 (green)
and ERBB3 (red) compared with cells expressing E.V. (Fig. 2C). In
addition, these inhibitors and specific siRNAof ERBB2 andERBB3
also decreased SLC3A2-NRG1–induced phosphorylation of
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ERBB2 andERBB3 and their downstream signalingmolecules Akt,
ERK, and mTOR (Fig. 3A–C). These results showed that the
SLC3A2-NRG1 fusion gene increased ERBB2–ERBB3 heterocom-
plex formation and activated ERBB2 and ERBB3 and their down-
stream signaling. However, the TKI afatinib, and the mAbs,
pertuzumab and lumretuzumab against ERBB2 and ERBB3 effec-
tively abrogated heterocomplex formation and activation of
downstream signaling.

Afatinib, pertuzumab, and lumretuzumab reduce SLC3A2-
NRG1–induced cell proliferation and tumor growth

We previously reported that soluble NRG1 protein from the
SLC3A2-NRG1 fusion protein could increase cancer cell prolifer-
ation and tumor growth (7). In this study, we tested whether the
SLC3A2-NRG1 fusion gene–induced cell proliferation andwheth-
er tumor growth was inhibited by afatinib, pertuzumab, and
lumretuzumab. To examine this question, the conditioned medi-

umwas obtained fromHEK293T cells expressing SLC3A2-NRG1.
The growth of Calu-3 and H1666 cells incubated with the con-
ditioned medium was increased compared with the E.V. group
and was significantly reduced by afatinib, pertuzumab, and lum-
retuzumab (Fig. 4A). In a colony formation assay, the formation
of colonies of Calu-3 and H1666 cells in HEK293T cell condi-
tioned media was dependent on the SLC3A2-NRG1 fusion gene
and was also decreased by these inhibitors (Fig. 4B). The combi-
nation of pertuzumab and lumretuzumab showed a significantly
greater anticancer effect than each single treatment with afatinib,
pertuzumab, or lumretuzumab. This combination treatment
showed higher levels of cleaved caspase-3 and PARP and more
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells than either each single treatment or the
nontreatment group (Fig. 4C andD). To confirm the in vivobenefit
of inhibiting ERBB2 and ERBB3 that are induced by SLC3A2-
NRG1, we carried out xenograft studies using Calu-3 cells that

Figure 1.

The NRG1 part of the SLC3A2-NRG1
fusion gene induces ERBB2–ERBB3
heterocomplex formation. A and B,
Serum-free media from HEK293T cells
transfected with E.V. vector or
SLC3A2-NRG1 fusion genes was
coated onto 96-well mL plates at
10 mg/mL. HEK293T cells transfected
with pcDNA, ERBB1, ERBB2, ERBB3,
and ERBB4 were seeded, treatment
with lumretuzumab and lapatinib,
allowed to adhere, and then quickly
stained with crystal violet. Student's t
test, average � SD; n ¼ 4; � , P < 0.05.
C, Expression of ERBB2 (green) and
ERBB3 (red) in Calu-3 and H1666 cells
was analyzed by immunofluorescence
staining (scale bar: 50 mm). Cells were
incubatedwith serum-freemedia from
HEK293T cells expressing E.V. or
SLC3A2-NRG1 fusion. D, ERBB2 and
ERBB3 in Calu-3 and H1666
transfected with E.V. and SLC3A2-
NRG1 fusion gene were stained with
Alexa-Fluor-488 or -630 and
subjected to flow cytometric analysis.
Data were analyzed by FlowJo
software. The percentage of double-
positive cells is displayed in the top
right quadrant. All figures are
representative of at least 3 separate
experiments.
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stably expressed E.V. or the SLC3A2-NRG1 fusion gene. SLC3A2-
NRG1 stable cell line was confirmed by qRT-PCR (Supplementary
Fig. S2). These cells were subcutaneously implanted into the
flanks of nu/nu mice. We determined that afatinib (25 mg/kg;
refs. 15, 16), pertuzumab (25mg/kg; ref. 17), and lumretuzumab
(25 mg/kg; ref. 18) effectively suppressed ERBB2 and ERBB3
activated by SLC3A2-NRG1. Tumors were allowed to grow until
they reached an average volume of 100 mm3, at which point the
mice received each single treatment; and combination treatment
with pertuzumab, lumretuzumab, afatinib, and taxol (10mg/kg);
or combination treatment with pertuzumab and lumretuzumab.
Tumor volume and tumor weight induced by SLC3A2-NRG1
significantly increased compared with E.V. expressed group, but
were substantially decreased by each single treatment; the com-
bination of pertuzumab, lumretuzumab, afatinib, and taxol; and
the combination of pertuzumab and lumretuzumab. Combina-
tion treatment with pertuzumab, lumretuzumab, afatinib, and
taxol resulted in significantly higher lethality with greater tumor

reduction than any single treatment (Fig. 5A and B; Supplemen-
tary Fig. S3). To confirm the effects of pertuzumab, lumretuzu-
mab, afatinib, and taxol, we performed IHC staining and immu-
noblotting assays with tissue samples from xenografts. Pertuzu-
mab, lumretuzumab, and afatinib effectively inhibited the phos-
phorylation of ERBB2, ERBB3, ERK, and Akt induced by the
SLC3A2-NRG1 fusion gene. The combination of pertuzumab,
lumretuzumab, afatinib, and taxol yielded more cleaved cas-
pase-3 and PARP than each single treatment or the control group.
Moreover, these combination treatments showed more TUNEL
staining than each single treatment or nontreatment (Fig. 5C;
Supplementary Fig. S4). In addition, mouse weight measured on
the final day was not significantly different among the groups,
indicating that none of the drugs used in xenografts produced side
effects (Supplementary Fig. S5). These results indicate that these
treatment regimens robustly inhibited tumor volume induced by
SLC3A2-NRG1 in an in vivomodel and might represent potential
clinically available therapeutic strategies.

Figure 2.

SLC3A2-NRG1 fusion–induced
ERBB2–ERBB3 heterocomplex was
reduced by inhibition of ERBB2 or
ERBB3. A and B, Calu-3 and
H1666 cells were transfected with
E.V. and SLC3A2-NRG1 fusion gene,
and after 3 days these cells were
treated with afatinib (9.71 ng/mL),
pertuzumab (25 mg/mL), and
lumretuzumab (25 mg/mL) for 1 day
before harvest. Cell lysates were
subjected to immunoprecipitation and
immunoblotting as described in
Fig. 3. C, After transfection with E.V.
and SLC3A2-NRG1 fusion gene for
3 days, Calu-3 and H1666 cells were
treated with afatinib (9.71 ng/mL),
pertuzumab (25 mg/mL), and
lumretuzumab (25 mg/mL); stained
with Alexa-Fluor-488 or -630; and
subjected to flow cytometric analysis.
The percentage of double-positive
cells is displayed in the top right
quadrant. All figures are
representative of at least 3 separate
experiments.
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Discussion
The development of cancer involves the accumulation of

multiple molecular abnormalities over a long period of time,
which can be referred to as genomic instability (2). Especially
in the case of lung cancer, genomic instability is influenced by
external factors such as smoking, air pollution, and exposure to
certain toxic agents and by internal factors such as epigenetic
alterations, DNA adducts, and breaking DNA repair systems.
The progressive accumulation of genomic abnormalities in
tumor cells represents the clonal progression of cancer (19).
Loss of gene function through internal factors can be mediated
by deletion of large chromosomal regions or by inactivation of
gene function due to genetic mutation or epigenetic modifica-
tions of DNA such as promoter hypermethylation or histone
deacetylation. Therefore, genomic instability can give rise to

gene mutation, translocation, copy number alterations, dele-
tions, and inversions of pieces of DNA or even single nucle-
otide (20). Furthermore, these kinds of disorders can generate
fusion genes that are driving tumor types. Interestingly, mul-
tiple 30 fusion partners have been found for the kinase domain
containing the 30 region of tyrosine kinase or dysregulated 50

gene partners with multiple head genes that promote onco-
genesis, presumably through a common mechanism (21).

Several fusion oncogenes have been identified in lung adeno-
carcinoma (LADC), containing (i) EML4-, TGF-, or KIF- as an ALK
binding partner, (ii) CD74, EZR-, SLC34A2-, or SDC4- as an
ROS1-binding partner, (iii) KIF5B- or CCDC6- as an RET binding
partner, (iv) MPRIP-, CD74-, or TPM3- as an NTRK binding
partner, (v) TACC3- or BAG4- as an FGFR1/3 binding partner,
or (vi) CD74-, SLC3A2-, or VAMP2- as an NRG1 binding partner

Figure 3.

Activation of ERBB2, ERBB3, and
downstream signaling induced by
SLC3A2-NRG1 fusion gene was
reduced by inhibition of ERBB2 or
ERBB3. A and B, Calu-3 and H1666
cells were transfected with E.V. and
SLC3A2-NRG1 and then treated with
9.71 ng/mL afatinib, 25 mg/mL
pertuzumab, and 25 mg/mL
lumretuzumab. The expression of
ERBB2, ERBB3, and their downstream
signaling molecules was examined by
immunoblot analysis. C, Calu-3 and
H1666 cells expressing E.V. or
SLC3A2-NRG1 fusionwere transfected
with 80 nmol/L siERBB2 or siERBB3.
Cells were harvested with lysis
buffer and subjected to Western
blotting as indicated. All figures are
representative of at least 3 separate
experiments.
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Figure 4.

SLC3A2-NRG1 fusion–induced cell proliferation was decreased by the inhibition of ERBB2 or ERBB3 signaling. A, Calu-3 and H1666 cells expressing E.V. or SLC3A2-
NRG1 fusion gene were treated with afatinib (9.71 ng/mL), pertuzumab (25 mg/mL), and lumretuzumab (25 mg/mL), and cell proliferation was measured by the MTT
assay every 2 days for 6 days. Student t test, average � SD; n ¼ 6; � , P < 0.05. B, Cells were transfected and treated with drugs as described in A. Cancer
cells were seeded with 0.5% top agar and cultured in a mixture of fresh medium and conditioned medium from HEK293T cells transfected with E.V. or SLC3A2-NRG1
fusion gene. Cell colonies were stained with crystal violet and counted per 3.8 cm2. Student t test, average � SD; n ¼ 5; � , P < 0.05. C, Calu-3 and H1666 cells
treated under the same condition as in A were harvested, and cleaved caspase 3, total PARP, and cleaved PAPR were assessed by Western blotting as
markers of apoptosis signaling. D, Calu-3 and H1666 cells treated as in A were assessed for apoptosis by TUNEL assay (middle row), and their nuclei were
stained with DAPI (top row; scale bar: 100 mm). All figures are representative of at least 3 separate experiments.
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Figure 5.

Inhibitors of ERBB2 and ERBB3 decrease SLC3A2-NRG1–derived tumor growth. A, Calu-3 cells were infected with adenovirus expressing E.V. or SLC3A2-NRG1.
Infected cells were selected by growth in the presence of puromycin (2 mg/mL) until they formed colonies. Transfected cells were injected subcutaneously
into nude mice (5� 106 cells/injection), and tumor formation was measured from day 7 after implantation every 4 days for 44 days. The control group and SLC3A2-
NRG1 fusion gene expression group were treated with IgG2 (25 mg/kg/once/week) and DMSO (100 mL/6 times/week). Pertuzumab and lumretuzumab were
injected at 25 mg/kg/once/week. Afatinib was administered at the same concentration as pertuzumab and lumretuzumab but 6 times per week. Taxol was
administered at 10 mg/kg/twice a week. All drugs were intraperitoneally injected. B, Tumor weight was recorded after removal. Student's t test, average � SEM;
n ¼ 4�7; � , P < 0.05. C, Western blot analysis of apoptosis markers in tumor tissues from mice treated as indicated in A. D, Schematic diagram summarizing
SLC3A2-NRG1 fusion–derived oncogenic signaling and its inhibition.
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(6). The frequency and target agents of each fusion are as follows:
ALK fusion, 5% in LADC, crizotinib, ceritinib, and alectinib; ROS1
fusion, 1% in LADC, crizotinib, and ceritinib; RET fusion, 1% in
LADC, cabozanitinib, vandetanib, and alectinib; NTRK1 fusion, <
1% in LADC, entrectinib; FGFR1/3 fusion, 1% in NSCLC or FGFR
inhibitor; and NRG1 fusion, 7% in IMA, no currently available
targeted agents (6). The search for NRG1 target agents is very
important because the NRG1 fusion frequency of 27% (16/59)
is much higher than other fusion frequencies (7). The fusion
genes described above can be divided into two types: (i) fusion
genes as tumor initiators and proliferators and (ii) fusion genes
as accelerators of tumor proliferation. The original EML4-ALK
fusion was induced in lung epithelial cells of transgenic mice
and generated hundreds of nodules in both lungs of these mice
(4). In one study of an SLC3A2-NRG1 fusion gene, expression
of the fusion gene in normal lung epithelial cells BEAS-2B and
normal lung fibroblast cells CCD-18Lu did not result in any
morphologic change such as carcinoma or in increased colony
formation number compared with E.V. expression (Supple-
mentary Fig. S6). In addition, in in vivo experiments, adenovirus
particles of E.V. and SLC3A2-NRG1 fusion were injected
through intratracheal injection, and fusion gene expression
was assessed by immunoblotting after 3 months. There was
no change in morphology or nodules in the lung between
expression of SLC3A2-NRG1 fusion gene and E.V. (Supplemen-
tary Fig. S7). However, cancer cells stably expressing the
SLC3A2-NRG1 fusion gene resulted in 2- to 2.5-times greater
tumor volume than cells overexpressing E.V. (Fig. 5A). Thus,
the SLC3A2-NRG1 fusion gene might be associated with the
second mode of action, acting as an accelerator of tumor
proliferation.

The SLC3A2-NRG1 fusion protein identified by our group was
composed of an SLC3A2 (transmembrane) domain and an EGF-
like domain of the NRG1 protein (NRG1 III-b3 form). In contrast
to most NRG1 isoforms, this NRG1 III-b3 form undergoes pro-
teolytic cleavage, resulting in release of the EGF-like domain of
NRG1 from the SLC3A2-NRG1 fusion gene. NRG1 represents the
largest subclass of polypeptide growth factors of the EGF family.
Four neuregulin genes (NRG1–4) exhibit alternative splicing of
the mRNA products to generate at least 31 different neuregulin
isoforms. They comprise a large family of growth factors that
induce dimerization and activation of ERBB receptors. The NRG1
region from the fusion product can specifically bind ERBB3 and
ERBB4 (22). In a functional stimulation assay, even although the
NRG1 portion of the fusion gene bound both ERBB3 and ERBB4,
the binding affinity was highest with ERBB3 (Fig. 1A). ERBB3 is
the only member of the EGF receptor family lacking tyrosine
kinase activity and therefore cannot perform autophosphoryla-
tion and initiation of a signaling cascade; instead, heterodimer-
ization with another ERBB family, such as EGFR or ERBB2, is
required to activate tyrosine phosphorylation of the ERBB3 C-
terminal domain. We found that SLC3A2-NRG1 expression
increased formation and activation of a heterocomplex between
ERBB2 and ERBB3 and enhanced their downstream signaling
(Figs. 1–3). Interestingly, in NSCLCs that are driven by activating
EGFR mutations, high ERBB3 expression is an indicator for
gefitinib sensitivity (23). In breast cancer, the ERBB2–ERBB3
heterodimer can also form a potent oncogenic unit and is gen-
erally considered the most active ERBB signaling dimer (24).
Targeted therapy of the ERBB2 and ERBB3 heterocomplex
induced by SLC3A2-NRG1 should be considered in lung cancer.

Reducing the activity of these two receptors might be the best
strategy to block the signals activated by SLC3A2-NRG1. The
extracellular domain of ERBB3 exists in two different conforma-
tions: a tethered autoinhibited form and an untethered ligand-
bound form. In contrast, ERBB2 shows a constitutively activated
conformation similar to that of ligand-bound EGFR. If we
confirm our in vitro results in in vivo system that ERBB2 is
promising target of SLC3A2-NRG1–mediated lung cancer,
LSL-KRAS G12D and ERBB2 conditional knockout mice in
lung should be generated like ERBB2-deficient conditional
mutant mice in cardiomyocyte (25). The mice lung of KRAS
G12D(þ)/ERBB2(þ) and KRAS G12D (þ)/ERBB2 (�) were
infected by adenovirus particles of SLC3A2-NRG1. KRAS
G12D–mediated tumor might be bigger than infected by E.
V. because SLC3A2-NRG1 might give rise to oncogenic signal-
ing through ERBB2 and ERBB3. However, although KRAS
G12D (þ)/ERBB2 (�) mice were infected by SLC3A2-NRG1
fusion virus particles, KRAS G12D–mediated tumor might be
smaller than KRAS G12D (þ)/ERBB2 (þ) because SLC3A2-
NRG1 could not provide oncogenic signaling through ERBB2
and ERBB3 heterocomplex. Even though targeting ERBB2 might
be easier than targeting ERBB3, the observed clinical efficacy
of all therapeutic inhibitors against ERBB2 has been limited.
We found that humanized mAbs, pertuzumab and lumretuzu-
mab, blocked ERBB2 and ERBB3 each single receptor activity
(16, 17). Recently, in some clinical reports, irreversible pan-
ERBB kinase inhibitor, afatinib showed benefits in NRG1
fusion–positive lung cancer patient (24–26). However, these
three inhibitors were not sufficient to completely block the
downstream signaling, cancer cell proliferation, and tumor
growth induced by ERBB2 and ERBB3 activated by SLC3A2-
NRG1. The combination of pertuzumab and lumretuzumab
resulted in higher levels of cleaved caspase 3-, PARP-, and
TUNEL-positive cells than each of these antibodies or afatinib
alone. Indeed, combination treatments with these antibodies
yielded a greater anticancer effect than each single treatment
(Fig. 5; Supplementary Fig. S2).

The results of this study suggest that the SLC3A2-NRG1
fusion gene plays critical roles in the proliferation of lung
cancer cells. Moreover, we identified the signaling pathways
under the control of the SLC3A2-NRG1 fusion gene. The
SLC3A2-NRG1 fusion protein activates the ERBB2–ERBB3 het-
erocomplex, which leads to activation of the PI3K/ERK/mTOR
pathway and stimulation of oncogenic growth. Thus, in the
search for available drugs targeting ERBB2, ERBB3, and their
downstream signaling, inhibition of the PI3K–AKT signaling
pathway might be a viable therapeutic strategy for cancers
expressing the SLC3A2-NRG1 fusion gene. Even although sev-
eral agents targeting PI3K or AKT have been developed in past
years, these inhibitors did not show a comprehensive antitu-
mor effect despite clear activity in preclinical experiments.
Thus, blocking of the upstream ERBB family members, that is,
ERBB2 and ERBB3, might be a more promising target. Cur-
rently, there are more clinically available drugs for ERBB2 than
ERBB3. Although drugs targeting either ERBB2 or ERBB3
showed an inhibitory effect in downstream signaling activated
by SLC3A2-NRG1, no single treatment completely did shut
down signaling. Therefore, combined inhibition of these recep-
tors might be the best strategy to treat SLC3A2-NRG1–expres-
sing tumors and might also be useful in other types of cancer
caused by NRG1 gene fusion.
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