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Supplementary materials and methods 

 

Samples 

IMA patients constituted approximately 2% of all LADC cases who were 

treated surgically at the National Cancer Center Hospital, Tokyo, Japan, from 

1998 to 2013. The resected tissues had been fixed in 10% formalin and 

embedded in paraffin. Serial 4 μm sections were stained with hematoxylin and 

eosin using the Alcian blue–periodic acid Schiff method to visualize 

cytoplasmic mucin production. Total RNA was extracted from grossly dissected, 

snap-frozen tissue samples using TRIzol (Invitrogen, Carlsbad, CA, USA), and 

its quality was examined using a 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). All samples had RNA Integrity Numbers (RINs) > 6.0. 

Genomic DNA was also extracted from the tissue samples using the QIAamp 

DNA Mini kit (Qiagen, Valencia, CA, USA). Hotspot mutations in the EGFR, 

KRAS, BRAF, and HER2 genes were examined by the high-resolution melting 

(HRM) method, and the EML4- or KIF5B-ALK, KIF5B- or CCDC6-RET, and 

CD74-, EZR-, or SLC34A2-ROS1 fusions were examined by RT-PCR. Detailed 

methods were described previously (1-3). 

 

RT-PCR and Sanger sequencing 

Total RNA (500 ng) was reverse-transcribed into cDNA using Superscript III 

Reverse Transcriptase (Invitrogen). cDNA (corresponding to 10 ng total RNA) 

or 10 ng genomic DNA was subjected to PCR amplification using KAPA Taq 

DNA Polymerase (KAPA Biosystems, Woburn, MA, USA). The reactions were 
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carried out in a thermal cycler under the following conditions: 40 cycles of 95°C 

for 30 sec, 60°C for 30 sec, and 72°C for 2 min, with a final extension at 72°C for 

10 min. The gene encoding glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was amplified to estimate the efficiency of cDNA synthesis. PCR 

products were directly sequenced in both directions on an ABI 3130xl DNA 

Sequencer (Applied Biosystems, Foster City, CA, USA) using the BigDye 

Terminator kit. The PCR primers used in this study are shown in 

Supplementary Table 2.  

 

Cell lines and reagents 

NIH3T3 cells were provided by Dr. T. Yamamoto of Okinawa Institute of 

Science and Technology, Okinawa, Japan. NCI-H1299 cells were provided by Dr. 

J. D. Minna of UT Southwestern Medical Center. EFM19 and 293FT cells were 

obtained from DSMZ (Braunschweig, Germany) and Invitrogen, respectively. 

H1299 and EFM-19 were cultured in RPMI medium with 10% FBS, and NIH3T3 

and 293FT were cultured in DMEM medium with 10% FBS.  

Lapatinib, afatinib, and sorafenib were purchased from Selleck 

(Houston, TX, USA). U0126 was from Calbiochem (San Diego, CA, USA).  

Primary antibodies against ERBB4 (catalog no. 2218-1) and ERBB2 

(catalog no. 2064-1) were purchased from Epitomics (Burlingame, CA, USA). 

Antibodies against BRAF (catalog no. sc-166) and ERBB3 (catalog no. sc-285) 

were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). An antibody 

against the NRG1 EGF-like domain (4) (catalog no. RB-276) was purchased from 

Thermo Scientific (Fremont, CA, USA). Antibodies against phospho-ERBB4 
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pTyr1284 (catalog no. 4757), phospho-ERBB3 pTyr1289 (catalog no. 4791), 

phospho-ERBB2 pTyr1248 (catalog no. 2247), AKT (catalog no. 4691), 

phospho-AKT pSer473 (catalog no. 4060), total ERK1/2 (catalog no. 4695), 

phospho-ERK1/2 pThr202/Tyr204 (catalog no. 4370), and beta-actin (catalog no. 

3700) were purchased from Cell Signaling Technology (Danvers, MA, USA).  

 

Immunohistochemistry 

Immunohistochemistry was performed on tissue microarray sections. Sections 

4μm thick were deparaffinized, and heat-induced epitope retrieval was 

performed using targeted retrieval solution 9 (Dako, Carpinteria, CA, USA) for 

BRAF, and NRG and citrate buffer for ERBB4. The slides were treated with 3% 

hydrogen peroxide for 20 min to block endogenous peroxidase activity, 

followed by washing in deionized water for 2–3 min. The slides were then 

incubated with primary antibodies against BRAF (1:800, polyclonal, Sigma, St. 

Louis, Mo, USA), NRG1 (1:500, polyclonal, Thermo Scientific), or ERBB4 (1:100, 

clone E200; Abcam, Cambridge, UK) for 1 hr at room temperature. 

Immunoreactions were detected using the EnVision-FLEX and LINKER (Dako) 

systems. The reactions were visualized with 3,3'-diaminobenzidine, followed by 

counterstaining with hematoxylin. Cytoplasmic staining of >10% of tumor cells 

was considered positive for BRAF and NRG1, and membrane staining was 

considered positive for ERBB4. 

 

Fluorescence in situ hybridization 

To identify NRG1 rearrangements, fluorescence in situ hybridization (FISH) was 
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performed on formalin-fixed, paraffin-embedded tumors using a break-apart 

probe for NRG1 (Chromosome Science Labo, Sapporo, Japan; RP11-1002K11 + 

RP11-35D16, labeled with Spectrum Orange, as a 3’ centromeric probe, and 

RP11-23A12 + RP11-715M18, labeled with Spectrum Green, as a 5’ telomeric 

probe). 

 

Construction of lentiviral vectors for expression of CD74-NRG1, EZR-ERBB4 

and TRIM24-BRAF fusion proteins 

Full-length CD74-NRG1, EZR-ERBB4, and TRIM24-BRAF cDNAs were obtained 

by PCR amplification of cDNAs from each index tumor sample using 

KOD-PLUS Taq polymerase (Toyobo, Osaka, Japan). The products were 

digested with restriction endonucleases and ligated into pLenti-6/V5-DEST 

plasmids (Invitrogen). The integrity of each inserted cDNA was verified by 

Sanger sequencing. Lentiviruses expressing CD74-NRG1, EZR-ERBB4, or 

TRIM24-BRAF were produced by transfecting each expression plasmid into 

293FT cells along with ViraPower packaging mix (Invitrogen) using the 

Lipofectamine 2000 reagent (Invitrogen).  

For transient expression, empty plasmids or plasmids expressing 

CD74-NRG1, TRIM24-BRAF, or EZR-ERBB4 cDNA were transfected into 

NCI-H1299 lung cancer cells at 80% confluence using the Lipofectamine 2000 

reagent. After a 24 h incubation in supplemented RPMI medium, cells were 

used for assays. 

For stable expression, NIH3T3 fibroblasts at 60–70% confluence were 

infected with empty, CD74-NRG1-, EZR-ERBB4-, or TRIM24-BRAF-expressing 
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lentiviruses, and then treated with blasticidin (4 μg/ml) for 2 weeks. 

Mass-cultured blasticidin-resistant cells were used for assays. 

 

HER2:HER3 signaling activation by CD74-NRG1 

To determine whether cells expressing CD74-NRG1 cDNA secreted NRG1 

ligands that activate HER2:HER3 intracellular signaling, EFM-19 breast cancer 

cells, which express both the ERRB2/HER2 and ERBB3/HER3 proteins, were 

used as reporter cells, as previously described (4). NCI-H1299 cells transiently 

transfected with CD74-NRG1 expression plasmid or empty (control) plasmid 

were washed twice with PBS and serum-starved overnight by incubation in 

serum-free medium. Media were harvested and centrifuged for 5 min at 4°C to 

remove cell debris. Sub-confluent EMF-19 cells were incubated for 30 min with 

these conditioned media, supplemented with DMSO (vehicle control) or 

HER-TKIs. Whole-cell lysates were then subjected to SDS-PAGE and 

immunoblotting. 

 

Constitutive activation of ERBB4 and BRAF kinases and its inhibition by 

tyrosine kinase inhibitors 

NIH3T3 cells stably transfected with plasmids expressing EZR-ERBB4 or 

TRIM24-BRAF cDNAs, or with empty plasmids, were maintained in serum-free 

medium overnight, and then treated with DMSO (Sigma) or the indicated 

inhibitor (dissolved in DMSO) for 2 h. Whole-cell lysates were subjected to 

immunoblot analysis. 
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Immunoblotting 

Cells were lysed in RIPA buffer containing Complete Protease and PhosSTOP 

Phosphatase Inhibitor Cocktail (Roche, Mannheim, Germany). Proteins were 

subjected to SDS-PAGE, followed by immunoblotting onto polyvinylidene 

difluoride membranes. The membranes were blocked for 1 h with TBS 

containing 0.1% Tween 20 and 1.0% BSA, and then probed with primary 

antibodies. After washing with TBS containing 0.1% Tween 20, the membranes 

were incubated with horseradish peroxidase-conjugated anti-mouse or 

anti-rabbit secondary antibodies, and then visualized with an enhanced 

chemiluminescence reagent (Perkin Elmer, Waltham, MA, USA). Intensities of 

signals were calculated using an LAS3000 imaging system (Quansys Biosciences, 

West Logan, UT, USA). 

 

Soft-agar assay  

NIH3T3 cells infected with empty, CD74-NRG1, EZR-ERBB4, or TRIM24-BRAF 

lentiviruses were seeded in triplicate at 4,000 cells per well in 24-well plates in a 

top layer of 0.3% SeaPlaque agarose (Lonza, Rockland, ME, USA) on a base 

layer of 0.6% agarose. Media containing DMSO or tyrosine kinase inhibitors 

were added to the top agar, as well as on top of the 0.3% agarose layer. Cover 

media were replaced twice a week. Colonies larger than 100 μm in diameter 

were counted 14 days later.  

 

Tumorigenicity assay in nude mice 

Stable NIH3T3 cells (5 × 106) harboring empty vector or vectors expressing 
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EZR-ERBB4 or TRIM24-BRAF fusion protein were resuspended in PBS with 

50% Matrigel (BD Biosciences, Bedford, MA, USA). Cells were injected 

subcutaneously into the right flank of 6-week-old female nu/nu mice. Tumor 

size was measured twice weekly until tumor size reached approximately 2 cm × 

2 cm. Photographs were taken on day 21. All studies involving mice were 

approved by the Ethical Committee on Animal Experiments at the National 

Cancer Center. 
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