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that the PUM1-TRAF3 fusion gene may have significant clinical implica-
tions as a therapeutic target in BTC.

Methods
Patients and sample preparation
Patient sampleswere obtained from individualswhohadundergone surgery
with a curative intent for BTC at the Severance Hospital, Yonsei University
College of Medicine. The study protocol conformed with the ethical stan-
dards of the institutional research committee and the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. The
Ethical Committee and Institutional Review Board of Yonsei University
College of Medicine approved the protocol for tissue acquisition from the
patient specimens (Institutional Review Board approval code: IRB 4-2011-
0625, November 24, 2011) and tissues were collected after written informed
consentwasobtained frompatients. Tumorswere staged in accordancewith
the staging classification of the 7th edition of theAmerican JointCommittee
on Cancer (AJCC). Samples and clinical information were obtained from
study-appropriate consenting individuals from the Severance Hospital,
Yonsei University College of Medicine.

RNA sequencing
Total RNA was extracted from paired-normal and cancer tissues from five
BTC patients using RNeasy Miniprep kits (Qiagen, Valencia, CA, USA)
(Supplementary Table S1). Subsequently complementary DNA (cDNA)
was synthesized and subjected to end-repair and poly (A) addition and
ligated with sequencing adapters using the TruSeq RNA Sample Prep Kit
(Illumina, San Diego, CA, USA). Subsequent libraries were sequenced with
an Illumina HiSeq2500 sequencer (Illumina) as recommended by the
manufacturer. We generated, on an average, ~43 million paired-end
(2 × 100-bp) reads per sample. Differentially expressed genes were visua-
lized with the MeV microarray analysis platform (https://webmev.tm4.
org /about).

Fusion gene discovery
Candidate fusion genes were detected using ChimeraScan (version 0.4.5),
FusionCatcher (version 0.99.4d), and JAFFA (version 1.06) against the hg19
human reference. In-house filtering steps were applied to discover gene
fusion events (Fig. 1a). For ChimeraScan38, fusion partners with CDS
(coding sequence) were selected, and to reduce false positives, candidate
geneswere required to have at least one spanning readmapped to the fusion
junction. For FusionCatcher39, which is designed to yield a high real-time
PCR validation rate, no further filtering processes were applied due to a few
reported fusion events per sample. For JAFFA40, we selected fusions with
high andmoderate categories.Next, fusions detected in tumor sampleswere
discarded with the following criteria: first, if they were found in pooled
normal samples; second, if theywere found in in-house curated fusion genes
from RNA-seq of 462 lymphoblastoid cell line samples from five popula-
tions of the 1000 Genomes project (Geuvadis project)41 by using Chimer-
aScan with parameter r, 280 and public RNA-seq data (BodyMap provided
by ChimeraScan authors and those of Greger and colleagues42. Among the
remaining fusion genes,weonly selected fusion genes detected bymore than
two tools. To identify and predict functional fusions, we searched for kinase,
oncogene, tumor suppressor, and known bile duct cancer genes from
candidate fusion partner genes. To annotate fusions, we used the COSMIC
v77 fusion list, the Cancer Gene Census list, the Mitelman Database of
Chromosome Aberrations and Gene Fusions in Cancer from
ChimerDB3.043, FusionCancer (a database of fusion genes in human
cancers)44, fusionhub45, tumorfusion46, and a study by Gao et al.47, in which
tumor fusionswere detected amongmultiple cancers fromTCGA.The final
two candidate fusions were further validated by conventional PCR ampli-
fication, followed by Sanger sequencing.

Fusion gene screening for TCGA cohorts and a BTC cohort
To screen forPUM1-TRAF3 fusion expression inBTCandadjacent cancers,
fusion analysis was performed using JAFFAwith RNA-seq raw data (fastq)

for TCGA-CHOL (N = 44; 36 tumors and 9 normal), TCGA-LIHC
(N = 424; 374 tumors and 50 normal), and TCGA-PAAD (N = 183; 179
tumors and 4 normal). To screen for and analyze fusion in intrahepatic
cholangiocarcinoma,weusedRNA-seq rawdata for sevenpaired samplesof
Caucasian intrahepatic cholangiocarcinoma (iCCA) from GSE634207 with
JAFFA. Graphical representation of fusion was achieved with Arriba
(https://github.com/suhrig/arriba).

PCR and droplet digital PCR (ddPCR)
Total RNAwas extractedusing theRNeasyMiniKit (Qiagen), following the
manufacturer’s instructions, and quantified using an ND-1000 Nanodrop
spectrometer (NanoDrop Technologies, Wilmington, DE, USA). Reverse
transcription was performed using Superscript II, RNaseOUT, oligo (dT)
primer, and dNTPs (Invitrogen, Carlsbad, CA, USA). PCR was carried out
using Platinum PCR SuperMix High Fidelity (Invitrogen), and PCR pro-
ducts were analyzed using agarose gel electrophoresis. ddPCR was per-
formed following themanufacturer’s protocol. PCR sampleswere loaded on
Bio-Rad’s QX100 droplet reader, and ddPCR data analysis was performed
with ddPCR primers (PT2), QuantaSoft analysis software version 1.3.2.0,
and theQX100 droplet reader. DNAwas recovered by breaking oil droplets
with chloroform, followed by centrifugation. The lower phase containing
the PCR product was further analyzed via Sanger sequencing with ddPCR
(PT2) primers. The primer sequences for PCR and ddPCR are listed in
Supplementary Table S2.

Cell culture
HumanBTCcell lines SNU245, SNU308, SNU478, SNU869, SNU1079, and
SNU1196 were obtained from the Korea Cell Line Bank (KCLB, Seoul,
Korea). These cell linesweremaintained inRoswell ParkMemorial Institute
medium (RPMI1640; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Hyclone, Logan, UT, USA). Hucct-1, OZ, and KKU-100 cells
were obtained from the Japanese Collection of Research Bioresources Cell
Bank. These cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% FBS. The
293FT cells were purchased from Invitrogen and maintained in DMEM
supplementedwith 10%FBS.Cellsweremaintainedat 37 °C in ahumidified
incubator with 5% CO2. NIK inhibitors, Amgen16 and B022, were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and Selleck Chemicals
(Houston, TX, USA), respectively.

Gene cloning and generation of TRAF3 knockout cell lines
The fusion transcript sequence was amplified from a patient 1 (P1 or B01)
cancer sample via nested PCR using the PUM1-TRAF3 primers PT3 and
PT4. PCRproducts were eluted and inserted into theNotI site of the pLenti-
c-mGFP vector (OriGene Technologies, Rockville, MD, USA) using In-
Fusion Cloning kits (Takara). TRAF3 head and tail sequences were cloned
into the EcoRI and NotI site of the pReceiver-LV122 vector (GeneCopoeia,
Rockville, MD, USA). Primer sequences are listed in Supplementary Table
S2. Lentiviral vector and packaging vectors (OriGene) were co-transfected
into 293FTcells usingLipofectamine2000 (Invitrogen); the supernatantwas
collected and added to the BTC cell lines to transduce the PT protein. Green
fluorescent protein-labeled cellswere selectedusingflowcytometry analysis.
The SNU1196 cell linewas used to generate TRAF3knockout cells using the
CRISPR/Cas9 genome-editing technology designed to target exon 2 (gRNA
sequence: 5′-AATGGAGTCGAGTAAAAAGATGG-3′) by Macrogen
(Macrogen Korea, Seoul, Korea). Cells transfected with the CRISPR con-
struct were selected using puromycin, and protein expression in colonies
originating from single cells was further analyzed via western blotting.

Western blotting and immunoprecipitation
Cells were lysed in a buffer containing 70mM glycerophosphate (pH 7.2),
0.6mM Na vanadate, 2 mMMgCl2, 1 mM ethylene glycol tetraacetic acid
(EGTA), 1 mM dithiothreitol, 0.5% Triton X-100, 0.2mM phe-
nylmethylsulfonyl fluoride, and 1× complete protease inhibitor (Roche
Applied Science, Nutley, NJ, USA). Proteins were separated on sodium
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dodecyl sulfate polyacrylamide gels and transferred onto a polyvinylidene
difluoridemembrane (Immobilon-P;Millipore, Bedford,MA,USA), which
was blocked with 5% (w/v) non-fat dry milk (Bio-Rad Laboratories, Her-
cules, CA, USA). The membranes were then incubated overnight at 4 °C
with primary antibodies diluted at a ratio of 1:1000. A horseradish
peroxidase-conjugated secondary antibody was used for final staining,
and immunoblots were developed with theWest Pico Chemiluminescent
substrate (Thermo Fisher Scientific, Waltham, MA, USA). All blots
derived from the same experiment were processed in parallel and the
uncropped scans of important blots were shown in Supplementary
Fig. 11. Western blot band intensity was analyzed using ImageJ software
(https://imagej.nih.gov/ij/). The antibodies used for western blot analysis
are listed in Supplementary Table S3.

Proliferation assays
Cells were detached and plated in triplicate, at a density of 2 × 103 cells/well,
in 96-well plates in 100 µl of complete medium. Twenty-four hours after
plating, WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium) (EZ-Cytox, Daeil Lab, Seoul, Korea) was
added and incubated for 2 h. The absorbance at 450 nmwasmeasuredwith
a microplate reader.

Flow cytometry
Cells were detached using Accutase (Sigma) and 1 × 106 cells were resus-
pended in 100 μL wash buffer containing 1%BSA and 2mMEDTA in PBS.
Cells were incubated with the antibodies for 1 hour, washed twice, and
analyzed by FACS in an LSRII. Events were collected on the FSC/SSC dot
plot and read on a CD133+ versus GFP+ dot plot. The gating strategy and
antibodies used are shown in the Supplementary File (Supplementary
Fig. S6e, SupplementaryTable 3). All datawere analyzed using FlowJo (BD).

Tumorigenicity assay
For the in vivo tumorigenicity assay, all animal studieswere conductedusing
protocols approved by the Institutional Animal Care and Use Committee.
Experiments were carried out using 6-week-old male BALB/c nude mice
(Japan SLC, Yokohama, Japan) and SNU1196 cells or TRAF3 knockout
SNU1196 cells expressing PT (1196PT) and control vector (1196C) were
subcutaneously injected into mice (5 × 106 cells/site). Tumor dimensions
were measured twice weekly, and tumor volume was calculated using the
formula: (length × width × width)/2. The maximal total volume for all
tumors in mice, permitted by ethical protocol, was 2000mm3. The mice
were sacrificed by CO2 inhalation and tumors were harvested. Tissues were
collected after 4 weeks. Mice were euthanized by CO2 inhalation at the end
of the experiment.

Fluorescence in situ hybridization (FISH)
Patient formalin-fixed paraffin-embedded (FFPE) slides underwent FISH
analysis following the SwiftFISH (Empire Genomics, Buffalo, NY, USA)
protocol. Briefly, deparaffinized slides were incubated with pepsin, washed,
and dehydrated, after which the probemixture was added to the slides. The
FISH probe consisted of two respective bacterial artificial chromosome
probes for the PUM1 region (284 kb, labeled red) and TRAF3 region
(309 kb, labeled green) and was mixed with SwiftFISH Buffer (Empire
Genomics). Tissue slides and probes were denatured, hybridized, and
counterstained with 4′,6-diamidino-2-phenylindole stain (DAPI). Fluor-
escence images were obtained with a Zeiss LSM 700 confocal microscope
(Carl Zeiss, Berlin, Germany).

In situ proximity ligation assay (PLA)
Deparaffinized slides were incubated with a rabbit polyclonal antibody
against PUM1 (Santa Cruz Biotechnology, Dallas, TX, USA) and a mouse
monoclonal antibody against TRAF3 (Santa Cruz) in an antibody diluent
(DakoCytomation California, Inc., Carpinteria, CA, USA). After washing,
PLA was performed using Duolink® In Situ Red Starter Kits (Sigma-
Aldrich), according to the manufacturer’s protocol, to visualize the PUM1

and TRAF3 fusion proteins. Nuclei were labeled with DAPI, and fluores-
cence images were obtained using a Zeiss LSM 700 confocal microscope
(Carl Zeiss).

Immunohistochemical and immunofluorescence staining
Tissue slides were deparaffinized in xylene and rehydrated in graded alco-
hol. Endogenous peroxidase activity was blocked with 0.3% (v/v) hydrogen
peroxide inmethanol. Antigen retrieval was performed bymicrowaving the
slides in a sodium citrate buffer (0.01M, pH 6.0) for 5min. To block
nonspecific staining, sectionswere incubatedwith10%(v/v) normal donkey
serum for 1 h; then, the sectionswere incubatedwith appropriate antibodies
overnight at 4 °C. Subsequent reactions were performed using Envision kits
(DakoCytomation) following the manufacturer’s instructions. Immunor-
eactions were developed with the DAunfKO liquid diaminobenzidine
substrate-chromogen system (DAB+) and counterstained with Harris
hematoxylin (Sigma-Aldrich). The reaction was subsequently carried out
with an LSAB+ Kit (DAKO), and sections were counterstained with
Mayer’s hematoxylin, dehydrated, and observed under a BX51 microscope
(Olympus, Tokyo, Japan). For immunofluorescence staining, tissue slides
were visualized using Cy5-goat anti-rabbit immunoglobulin G antibody
(IgG) dissolved in an antibody diluent and incubated for 30min at room
temperature. Between each step, three washing steps of 5min each were
performed on a rocking platform using phosphate-buffered solution (PBS).
The slides were cover-slipped using mounting medium for observing
fluorescence with DAPI (Vecta shield H-1200; Vector Laboratories, Inc.
Burlingame, CA, USA). The pathologic scoring for NIK immunohisto-
chemical (IHC) staining was independently conducted by the main
researchers, J.H. Jo and D.E. Jung, who were blinded to patient information
and the type of treatment. Patient slides were carefully reviewed and scored
based on the intensity of NIK expression, categorized as follows: no
expression (0), low expression (light brown, 1+), moderate expression
(brown, 2+), and strong expression (dark brown, 3+). The antibodies used
for immunohistochemical and immunofluorescence staining are listed in
Supplementary Table S3.

Statistical analysis
Data were analyzed using the χ2 and Fisher’s exact tests for categorical data
and Student’s t test and Mann–Whitney U test for continuous variables.
Multivariate analysis was performed to evaluate potentially significant fac-
tors in consideration of the influence of confounding clinical variables.
Hazard ratio (HR), 95% confidence interval (CI), and p-values in multi-
variate analysis were calculated with a Cox proportional hazards model for
disease-free survival (DFS) and overall survival (OS). Survival was estimated
and compared using Kaplan–Meier analysis with the log-rank test. All
statistical analyses were performed using IBM SPSS Statistics forWindows,
version 25.0 (IBM Corp., Armonk, NY, US). A value of p < 0.05 was con-
sidered statistically significant.

Data availability
The data in this study are openly available in theGene ExpressionOmnibus
under accession number GSE85589 (www.ncbi.nlm.nih.gov/geo) and Bio-
Project database under accession PRJNA851994 (www.ncbi.nlm.nih.
gov/sra).

Code availability
Custom code was not used in this study. Public software was executed with
default settings unless otherwise specified in the Methods section.
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