
Supplementary Appendix 
Supplementary material and methods 

1. Library preparation, exome capture and WES 

Genomic DNA extracted from tissues was first fragmented using an ultrasonicator (E-210, 

Covaris), purified, end-repaired, adenylated on the 3' ends, ligated with indexed pair-end 

adaptors, purified again, and amplified by PCR. The resulting DNA (500 ng) was used to 

create WES libraries, which were validated, normalized, pooled and finally sequenced 

using the Illumina HiSeq Series Analyzer. In total, 300 base pairs (2 × 150) were obtained 

from the final library fragments. Ligation products were purified, amplified by PCR, and 

subjected to exonic hybrid capture using the SeqCap EZ Capture Kit (Roche). After PCR 

amplification, purification, library validation, normalization and pooling, the libraries 

were sequenced with the Illumina HiSeq Series Analyzer, yielding 300 base pairs (2 × 

150) from the final library fragments. 

 

2. WES processing and mutation calling 

Sequencing reads were first trimmed and filtered with Trimmomatic[1]. A 

Burrows-Wheeler Aligner (BWA)[2] was applied to align the resulting reads to human 

reference genome hg19, which was downloaded from the UCSC Genome Browser. 

Picard software was used for duplicate marking, position sorting and BAM file indexing. 

The Genome Analysis Toolkit (GATK)[3] was used for indel realignment and base quality 

score recalibration. The “analysis-ready” reads generated by GATK were then loaded into 



VARSCAN software[4] for somatic variation calling. First, the somatic module of 

VARSCAN software was used to call raw somatic single nucleotide variations and indels 

according to the following parameters: min-coverage, 10; min-var-freq, 0.08; and 

somatic-p-value, 0.05. Second, the somatic module of VARSCAN was applied to filter 

the somatic variations with high confidence. Finally, the fpfilter module of VARSCAN 

was used to remove false-positive variations. We further applied the following criteria to 

filter single-nucleotide variations: (1) depth in tumour tissue > 10, (2) depth in normal 

tissue > 8, (3) alternative alleles in normal fraction < 0.05, and (4) alternative allele 

proportion in the normal sample < 0.30 of that in the tumour sample. We applied the 

following criteria to filter indels: (1) depth in tumour tissue > 10, (2) depth in normal 

tissue > 8, (3) alternative allele in normal tissue = 0, and (4) alternative allele in tumour 

tissue > 5.  

 

3. Summarization and visualization of high-quality mutations 

First, VEP software[5] was applied to annotate the vcf generated from VARSCAN. Thus, 

somatic single-nucleotide variations and indels were annotated using information from 

publicly available databases. Maftools[6] was applied to summarize and visualize the 

annotated mutations. The mutation number of each sample, the overall distribution of six 

different conversions, the distribution of transitions and transversions, the mutation 

signature and the mutation frequency of each gene were analysed and visualized. 



 

4. Mutation significance analysis 

The maf files of all tumour pairs were merged into one file and loaded into MutsigCV 

software[7]. The MutsigCV software was run with default covariate tables to calculate 

gene mutational significance. In addition, the mutations of genes suspected to have 

pseudogenes or other paralogs missing from the human reference sequence, such as 

MUC4, were discarded from the mutation significance analysis as previously described[8]. 

Genes for which information about expression levels and HiC-based chromatin state 

estimation was unavailable in the MutsigCV database were also removed from the 

results. 

 

5. Sanger sequencing validation 

Somatic single-nucleotide variations in genes of the ERBB family (ERBB2, ERBB3, 

ERBB1 and ERBB4) were verified by Sanger sequencing. All variations were clearly 

validated. 

 

6. Significant pathways analysis 

To identify known cellular pathways with significant accretions of somatic mutations in 

GBC, we performed path scanning in the MUSIC suite[9]. Path scanning assesses whether 

pathway mutations collectively contribute to tumour development. We used the canonical 



pathways defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database[10]. Given the overwhelming abundance of TP53 mutations, we excluded such 

mutations from the analysis, which was otherwise performed using default parameters. 

 

7. Cell viability 

The viability of residual attached GBC and NOZ cells was tested using the CCK8 kit 

(Dojindo, Japan) according to the manufacturer’s protocol. The results were normalized 

to the viability of the vehicle control (100%) using the following formula: relative 

viability (%) = (OD value of treatment group/OD value of vehicle group) × 100%. All 

experiments were performed in triplicate. 

 

8. Clonogenicity 

Both non-transfected and transfected GBC-SD and NOZ cells (200 cells/well) were 

seeded in 6-well plates. The culture medium was changed at regular intervals. After 14 

days of culture, adherent cells were washed twice with phosphate-buffered saline (PBS) 

and fixed with 4% paraformaldehyde for 30 min at room temperature. The colonies were 

stained with Giemsa solution for 15 min, washed with water and air-dried. The numbers 

of colonies were counted using a light microscope. Experiments were performed in 

triplicate. 

 



9. Transwell migration 

Cell migration assay was performed using Boyden chambers (BD Biosciences). Briefly, 

4×104 GBC and NOZ cells were seeded in the upper chamber in DMEM without FBS. In 

the lower chamber, 600 µl of DMEM with 10% FBS was added. After 12 h of incubation, 

cells were fixed and stained with crystal violet. Cells in the upper chamber were removed, 

and cells migrating through the membrane were photographed in three randomly selected 

fields and counted using ImageJ software (NIH). 

 

10. CD34+ humanized mouse  

All experiments were performed with approval of the Institutional Animal Care and Use 

Committee (IACUC) at Nanjing Biomedical Research Institute of Nanjing University. 

NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju (NCG) mice (7-8 weeks old) were 

conditioned with 150 centigray (cGy) x-irradiation (RADSOURCE 2000 Pro) and 

injected with human umbilical cord blood (hUCB)-derived CD34+ haematopoietic stem 

cells (50,000 CD34+ HSC per mice, Hemacare 16104517) via the caudal vein. The 

results revealed that the percentage of hCD45+ cells increased significantly in a 

time-dependent manner. The median percentage of hCD45+cells in peripheral blood (PB) 

was 13.5% at week 4, 42.1% at week 6, and 49.6% at week 11. The median percentage of 

hCD19+ B cells in PB at weeks 6 and 11 was 39.4% and 43.6%, respectively. In addition, 

the median percentage of hCD3+ T-cells in PB at weeks 6 and 11 was 0.46% and 2.73% 



of humanized NCG mice, respectively. To prevent urinary tract infections, we used 

sulfamethoxazole (0.56 mg/ml) as a prophylactic antibiotic in drinking water for the mice 

from one week pre-engraftment to two weeks post-engraftment. The PB of humanized 

NCG was analysed 6 and 11 weeks post-engraftment by FACS. 

 

11. Fluorescence in situ hybridization (FISH).  

The FISH analysis was performed on formalin-fixed, paraffin-embedded gallbladder 

cancer tissues using the Abbott-Vysis HER2/CEP17 dual color probe and erbb3 spectrum 

orange probe . Briefly, the paraffin-embedded tissue slides were deparaffinized through 

xylene, and rehydrated in an ethanol series (100, 85 and 70%), and treated with protenase 

K solution (200 µg/ml) and pepsin (0.005% in 0.01 M HCl solution) at 37 °C, 

respectively. The slides were then dehydrated in an ethanol series (70, 85 and 100%), and 

the probe mixture was added to the slides and immediately covered by coverslips and 

sealed the edges with rubber cement. The slides were subsequently denatured at 85 °C for 

5 minutes and incubated at 37 °C overnight. After hybridization, the slides were washed 

in 2 × SSC, 2 × SSC/0.1% NP-40 buffer at 37 °C for 5 min each, and were counterstained 

with DAPI antifade solution. FISH signals in 20–30 cells for each specimen were counted, 

and the criteria for ERBB2 and ERBB3 amplification were defined when FISH signals 

were detected by tested probes compared with control probes ≥ 2.2, 4, respectively. 

Fluorescence images were captured with Olympus BX43 microscope (Olympus, Tokyo, 



Japan), which enables simultaneous detection of both FITC and Texas Red fluorescence. 

The color mergence was performed using genasis case data manager 7.2.7.33397. 

 

12. Histology and immunohistochemistry 

Immunohistochemical staining was performed using a standard immunoperoxidase 

staining procedure. Antibodies against PD-L1, CD3, CD4 and CD8 were used at dilutions 

of 1:50, 1:100, 1:100 and 1:100, respectively. PD-L1 expression in malignant specimens 

was evaluated as previously described[11]. Anti-PD-L1 immunoreactivity was 

semi-quantitatively scored according to the following scale: 0, <5% immunoreactive cells; 

1, 5-25% immunoreactive cells; 2, 25–50% immunoreactive cells; 3, 50-75% 

immunoreactive cells; and 4, >75% immunoreactive cells. Staining intensity was also 

semi-quantitatively scored as 0 (negative), 1 (weak), 2 (intermediate), or 3 (strong). The 

final immunoreaction score was calculated by multiplying the immunoreactivity and 

intensity scores. CD3, CD4 and CD8 expression in malignant specimens was assessed in 

terms of positive cell count per high-power field. Cells staining positive for the indicated 

markers were counted in tumour nodules of similar size under the 40X objective. 

Comparisons between samples from patients carrying wild-type or mutant 

ERBB2/ERBB3 were assessed for significance using t tests. 

 

13. Western blot analysis 



Proteins from GBC cells transfected with plasmid encoding mutant ERBB2/ERBB3 or 

infected with lentivirus for 5 days were separated by SDS-PAGE and then transferred to 

polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). 

Membranes were blocked and then probed with a primary antibody against 

ERBB2/ERBB3 (1:1,000; Cell Signaling Technology, Beverly, MA, USA) or GAPDH 

(1:5,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes were washed 

and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz). 

Bands were visualized using the enhanced chemiluminescent detection reagent from 

Pierce (Rockford, IL, USA). 

 

14. Immunofluorescence  

GBC-SD and NOZ cells grown on a chamber slide (BD Biosciences, San Jose, CA, USA) 

were washed with cold PBS, fixed with 4% paraformaldehyde in PBS for 15 min, and 

blocked for 1 h in PBS containing 0.1% Tween-20 and 3% donkey serum. Then, cells 

were incubated with primary antibody against PD-L1 (#13684) at 4 °C overnight. Cells 

were washed thrice, incubated with secondary antibody for 1 h at room temperature, 

counterstained with DAPI for 5 min, and observed and photographed using fluorescence 

microscopy. Experiments were performed in triplicate.  

 

15. Quantitative RT–PCR assays 



These assays were performed to measure the expression of Perforin-1 (F: 

5’-GGGATTCCAGAGCCCAAGTG-3’, R: 5’-CAGCAGCAGGAGAAGGATGC-3’), 

Granzyme B (F: 5'-TGGGGGACCCAGAGATTAAAA-3', R: 

5'-TTTCGTCCATAGGAGACAATGC-3') and Granulysin (F: 

5’-CAGGCTCCCTGCCCATAAAA-3', R: 5'-CTCAAGGCCTGGGTTGCC-3').  

PBMCs were co-cultured with GBC cells, washed twice with PBS and immediately lysed 

in QIAzol. The lysed sample was subjected to total RNA extraction using the RNeasy 

Mini Kit (Qiagen, Hilden, Germany). To measure mRNA expression, cDNA was 

synthesized from 1 µg purified total RNA using the SuperScript III First-Strand cDNA 

synthesis system and random hexamers (Life Technologies) according to the 

manufacturer’s instructions. Quantitative PCR was performed using real-time PCR 

(BioRad, Hercules, CA, USA). Data were analysed using the comparative Ct method and 

normalized to β-actin mRNA as an internal control. 

 

16. Microarray data analysis  

RNA was extracted from NOZ cells ectopically expressing wild-type ERBB2/ERBB3 or 

the protein carrying S310F, S310Y, V104L, P590H and D581N mutations. From 2 µg of 

total RNA, cDNA was synthesized. Then, cRNA was synthesized according to the 

manufacturer’s instructions (Agilent Technologies). This cRNA was labelled with 

one-color Cy-3 using the Quick Amp Labeling kit (Agilent Technologies) and purified 



using an RNeasy Mini Kit (Qiagen). The quality of the purified Cy-3-labeled cRNA was 

assessed using an Agilent 2100 Bioanalyzer. Then, the cRNA was hybridized to a 4–44 K 

whole human gene chip (Agilent Technologies) containing 41,000 genes or DNA 

transcripts. The microarray slide was incubated at 65 °C for 17 h in a hybridization oven 

(model G2545A, Agilent Technologies), washed thrice at 25 °C, and then scanned using a 

Gene Chip Scanner (model G2565BA, Agilent Technologies). Feature Extraction 

software (Agilent Technologies) was used to extract the scanned data of each microarray 

slide. 

 GeneSpring GX software (Agilent Technologies) was used to analyse gene 

expression, and chip data were normalized using the quantile normalization method. 

Welch’s t test and the significance analysis of microarrays (SAM) test were used to 

identify genes differentially expressed (>2.0-fold) between groups using the criteria of P 

< 0.01. A two-way clustering algorithm was used to analyse the distribution of samples 

and genes. The MetaCore software suite (GeneGO, MN, USA) was used to analyse the 

pathways of differentially expressed genes based on gene ontology annotation, and 

categories of differentially expressed genes were displayed according to their frequency. 

 

17. T-cell killing assay 

NOZ and GBC-SD cells were seeded into a 96-well plate and co-cultured for 3 days with 

human peripheral blood mononuclear cells (PBMCs; #70025, STEMCELL, Vancouver, 



BC, Canada) that were previously activated with 100 ng/ml anti-CD3 antibody (#317303), 

100 ng/ml anti-CD28 antibody (#302913) and 10 ng/ml IL-2 (#589102; BioLegend, San 

Diego, CA, USA). PBMCs were co-cultured with GBC cells at a ratio of 4:1. Then, GBC 

cell viability was measured using the CCK-8 assay. 

 

18. Co-culture and expression of IFN-γ and IL-2  

GBC cells were seeded in 6-well plates (2×105 cells/well) and cultured overnight. Then, 

PBMCs were added to wells at a ratio of 4:1 with respect to attached GBC cells. After 

co-culture for 72 h, GBC cells were harvested and analysed for apoptosis based on 

fluorescence-activated cell sorting of cells stained with propidium iodide (Invitrogen) and 

the human Annexin V-FITC kit (Invitrogen) according to the manufacturer’s protocol. 

PBMCs were harvested from the co-culture system and stained with antibodies against 

human CD3, CD8 and IFN-γ (BD Pharmingen). Supernatant from the co-cultures was 

centrifuged at 14,000 rpm and subjected to IFN-γ and IL-2 analysis using an ELISA kit 

(R&D Systems). 
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Supplementary Table Legends: 

Supplementary Table 1. Patient characteristics  

Supplementary Table 2. Detailed clinical information for 157 GBC samples 

Supplementary Table 3. Non-silent mutations detected in NOZ cells by WES 

Supplementary Table 4. Non-silent mutations detected in GBC-SD cells by WES 

Supplementary Table 5. Non-silent mutation type summary of the 157 GBC exomes 

Supplementary Table 6. Somatic mutations found in 157 GBC exomes 

Supplementary Table 7. Genes ordered by mutation frequency identified in the 157 WES 

data 

Supplementary Table 8. MutSigCV results of the 157 WES samples 

Supplementary Table 9. Significantly mutated pathways in 157 GBC samples, as 

determined by Genome MuSiC path-scan 

Supplementary Table 10. Univariate log-rank analysis of overall survival (OS) 

Supplementary Table 11. Association of ERBB2/ERBB3 mutation status with the 

clinicopathological characteristics of GBC 

Supplementary Table 12. Multivariate analysis of overall survival (OS) 

Supplementary Table 13. Association of ERBB2/ERBB3 amplification with 

ERBB2/ERBB3 mutation status 

Supplementary Table 14. ERBB2 mutations related aberrantly expressed genes (occurred 

simultaneously in cells with ERBB2-S310Y and ERBB3-P590H) 

Supplementary Table 15. ERBB3 mutations related aberrantly expressed genes (occurred 

simultaneously in cells with ERBB3-P590H, ERBB3-D581N and ERBB3-V104L)   

Supplementary Table 16. Presence of TIL infiltration and PD-L1 expression in ERBB-wt 

and ERBB-mut GBC 

 



Supplementary Figure Legends: 

Supplementary Figure 1. The sequencing depth of the 125 WES pairs. 

The WES achieved an average depth of 92 for GBC samples and 81 for adjacent 

non-cancerous tissues. 

Supplementary Figure 2. The mutation burden (non-silent mutation number per 

exome) distribution of the 157 samples in the present study and 33 other cohorts 

downloaded from TCGA datasets. 

Supplementary Figure 3. Mutation type fraction and signature of the 157 GBCs. 

(A) The overall distribution of six different conversions detected in the 157 GBC pairs. 

(B) The overall distribution of transitions (ti) and transversions (tv) of the mutations 

detected in the 157 GBCs. (C) Four signatures were detected and compared to 30 known 

experimentally validated signatures. The plot below presents comparison of similarities 

for detected signatures against validated signatures. Larger plots with deeper colour 

represent higher similarity.  

Supplementary Figure 4. Summary of genes with mutation frequency of greater 

than 5% accompanied by the clinical information of the GBC patients. 

Supplementary Figure 5. Association of ERBB2/ERBB3 amplification with 

ERBB2/ERBB3 mutation status 

(A) Representative examples of amplification of ERBB2/ERBB3 by FISH assay (white 

arrows indicate GBC cells of amplification of ERBB2/ERBB3). (B) ERBB2/ERBB3 



mRNA level detected by RT-PCR. 

Supplementary Figure 6. Effect of ERBB2/ERBB3 mutations on p-AKT and p-ERK 

expression. 

(A) NOZ cells were transfected with plasmids encoding mutant ERBB2 or ERBB3. Then, 

cell lysates were subjected to densitometry analysis with antibodies as indicated. (B) 

NOZ cells expressing mutant ERBB2 or ERBB3 were treated with sapitinib or vehicle 

for 48 h. Cell lysates were subjected to densitometry analysis with antibodies as 

indicated. 

Supplementary Figure 7. Effect of sapitinib on survival of mutant 

ERBB2/ERBB3-expressing cell lines. 

(A) The growth curve over a range of sapitinib doses in mutant ERBB2-expressing cells. 

(B) The growth curve over a range of sapitinib doses in mutant ERBB3-expressing cells. 

Supplementary Figure 8. GO analysis results of differentially expressed genes 

related to ERBB2/ERBB3 mutations. 

Supplementary Figure 9. ERBB2/ERBB3 mutants induce PD-L1 expression. 

(A) Fold change of PD-L1 expression detected by microarray. (B) GBC-SD and NOZ 

cells were stably transfected with empty vector (EV), wild-type (WT) ERBB2 or ERBB3, 

mutant ERBB2 (S310F or S310Y) or mutant ERBB3 (V104L, D581N or P590H). 

Relative PD-L1 mRNA expression was determined using qRT-PCR. (C) GBC-SD cells 

were stably transfected with empty vector (EV), wild-type (WT) ERBB2 or ERBB3, 



mutant ERBB2 (S310F or S310Y) or mutant ERBB3 (V104L, D581N or P590H). PD-L1 

protein expression was determined by immunoblotting. (D) GBC-SD cells were 

transfected with plasmids encoding mutant or WT ERBB2/ERBB3, and cell surface 

PD-L1 expression was determined using fluorescence-activated cell sorting. Scale bars 

present median fluorescence intensity. (E) GBC-SD cells expressing wild-type (WT) or 

mutant ERBB2 were treated for 72 h with an Akt or ERK inhibitor. Then, cell lysates 

were immunoblotted with the indicated antibodies. 

Supplementary Figure 10. Knockdown or inhibition of ERBB2/ERBB3 significantly 

decreases PD-L1 expression in GBC cells. 

(A) Western blot was performed to detect PD-L1, ERBB2, ERBB3 and GAPDH proteins 

as indicated in five GBC cell lines. (B) PD-L1, ERBB2, ERBB3 and GAPDH expression 

were quantified using NIH ImageJ software. PD-L1/GAPDH, ERBB2/GAPDH and 

ERBB3/GAPDH ratios were calculated for each cell line. (C) Immunofluorescence assay 

detected the PD-L1 expression in NOZ and GBC-SD cell lines. (D) ERBB2/ERBB3 

siRNA knockdown ERBB2/ERBB3 expression in NOZ cells. Western blot assay 

performed to detect ERBB2, ERBB3 and PD-L1 expression in these cells. (E, F) 

Immunofluorescence assay to detect PD-L1 expression in NOZ cell with ERBB2 or 

ERBB3 knockdown. (G) NOZ cells were transfected with ERBB2 or ERBB3 mutants and 

then treated with sapitinib for the indicated time. The cell lysates were subjected to 

immunoblot analysis with PD-L1 antibody. (H) NOZ cells were transfected with ERBB2 



or ERBB3 mutants and then treated with sapitinib for 48 h. The cell lysates were 

subjected to immunoblot analysis with PD-L1 antibody. 

Supplementary Figure 11. Toxicity assessment of treatment on CD34+ humanized 

NCG mice. (A) The body weight was measured every 6 days; (B-D) Mouse liver and 

kidney functions were tested at the end of the experiments; (B) Cr, serum creatinine; (C) 

ALT, alanine aminotransferase; (D) AST, aspartate aminotransferase. 

 


