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Supplementary Methods 

 

Cell line authentication 

SNU16 cells were obtained from the American Type Culture Collection. Cell line identities 

were confirmed using STR DNA profiling  (Centre for Translational Research and 

Diagnostics, Cancer Science Institute of Singapore, Singapore). STR profiles were assessed 

according to standard ANSI/ATCC ASN-0002-2011 nomenclature  and showed >95% 

similarity to the reference databases. MKN7 cells—one commonly misidentified line by 

ICLAC (http://iclac.org/databases/cross-contaminations/) was confirmed by showing a 

perfect match (100%) with the MKN7 reference profile in the Japanese Collection of 

Research Bioresources Cell Bank. MycoAlert Mycoplasma Detection Kits (Lonza) and 

MycoSensor qPCR Assay Kits (Agilent Technologies) were used to detect mycoplasma 

contamination. All cell lines were negative for mycoplasma contamination. 

 

ChIP-seq reads and analyses  

DNA sequencing reads were aligned to the human reference genome, hg19. Processing 

was performed as described in 1. Mapped reads were de-duplicated using Samtools. 

Genomic regions associated with histone modifications (H3K27ac) were predicted by 

MACS2 using default parameters. Enhancers and super-enhancers were detected using 

ROSE (https://bitbucket.org/young_computation/rose) with TSS exclusion (- t 2500). 

 

Enhancer-ChIP+WGS and Benchmarking to PeNChIP-seq  

For enhancer-ChIP+WGS, enhancer-based SVs were identified as SVs identified by WGS 

whose breakpoints overlapped enhancers predicted from single-end H3K27ac ChIP-seq 

(MACS2, q-value < 0.05) by at least 1 bp. MACS2-predicted enhancers (average size : ~ 

550bp) comprise genomic regions spanning initial H3K27ac read mapping with subsequent 

in silico 3’ read cluster extension from the original fragment (150bp) inferred from aligned 
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sequences. Overlaps between SVs and enhancers were detected using the “pairToBed” 

command with default parameters. Enhancer-based SVs were considered co-detected by 

PeNChIP-seq and enhancer-ChIP+WGS if the SV breakpoints differed by <20bp. A one-

sided Wilcoxon’s rank sum test was used to compare coverage distributions between 

PeNChIP-seq and enhancer-ChIP+WGS.  

 

Identification of tumor-associated structural variations 

We excluded enhancer-based SVs detected by H3K27ac PeNChIP-seq in GCs also 

detected in matched normal samples by PeNChIP-seq or WGS, in addition to public 

germline variant databases such as GTEx 2 and Database of Genomic Variants 3. Germline 

events from the list of variants detected in tumor PeNChIP-seq was performed using the 

pairToPair tool (-slop 20 –type neither). We adopted a read-counting strategy to identify 

tumor-associated SVs from WGS with high sequencing coverage (>30x), where the total 

sequencing reads mapping around the breakpoints in the matched normal samples was 

negligible. Candidate SVs from tumor WGS data were termed as tumor-associated if the 

total read count mapping to the alternate allele (AO, computed by SVTyper 4) in the matched 

normal was not greater than 2 reads. In addition to comparing read counts in the matched 

normal samples, candidate tumor-associated SVs were further filtered against other 

germline events potentially missed in the patient-matched profile but rediscovered in 

unmatched WGS profiles in this study or the Database of Genomics Variants (DGV).  We 

also included tumor-associated SVs missed by the above selection criteria but detected 

using matched WGS profiles, and published tumor-associated SVs from 98 GC samples 3 

supported by at least one sequencing read at each breakpoint.  Analysis of somatic copy 

number alterations were performed as described in 5. To examine if distances from 

PeNChIP-seq enhancer SVs to their predicted target genes are smaller than random 

chance, we compared PeNChIP-seq enhancer SVs/target gene distances (actual 

distribution) against SVs detected from matched tumor WGS-only data to target genes 

(background distribution).Target genes were predicted by GREAT6. Distances were 

compared using a one-sided Wilcoxon's rank sum test. Additionally, we also assessed 

associations between SV hotspots and target gene expression in regions not associated with 

fragile sites. We excluded hotspots either linked to genes (ie FHIT, WWOX) associated with 

fragile sites or overlapping with known fragile sites reported in HumanCFS – a database of 

fragile sites in human chromosome 7.  
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Analysis of functional significance associated with structural variations. 

To investigate associations between SVs and altered gene expression, we detected putative 

target genes of each SV by using breakpoint coordinates and the GREAT tool 6 with default 

parameters. Genes assigned to breakpoints from the same SV were collectively analysed 

using expression profiles from the GC samples harbouring the SV and the matched normal. 

We hypothesized that SVs occurring at acetylated chromatin detected from PeNChIP-seq 

might be associated with altered gene expression.  Thus, from the putative target genes 

associated with each SV by GREAT, we nominated a gene showing the highest de-

regulation of expression in term of fold-change as the putative target gene of the SV.  

 

Sanger sequencing validation of structural variants 

To validate germline candidates from PeNChIP-seq specific SVs (39%), we selected one 

candidate from five randomly selected normal gastric samples (N2000877, N20021007, 

N980417, N980447, N990275), where the SVs satisfied the following criteria: (a) the SVs 

were not detected in matched WGS, (b) the SVs were supported by the highest number of 

reads mapping to alternate alleles (AO in Supplementary Table 3), (c) suitable PCR primers 

were identified by Primer 3 software (v.0.4.0) (http://bioinfo.ut.ee/primer3-0.4.0/).  For the 

majority of SVs, validation was achieved using standard PCR protocols comprising one pair 

of primers for each SV. For SVs at the CCNE1 loci in T2000877 and MKN7 cells, a nested 

protocol method was used comprising two pairs of primers for each SV. Purified PCR 

products were sequenced in the forward and reverse directions using ABI BigDye 

Terminator Cycle Sequencing kit (Version 3.1) and an ABI 3730XL DNA Analyzer (Applied 

Biosystems). Sanger sequencing data was analysed using Chromas 2.6.5 or SeqScape 

V2.5.Primer sequences are provided in Supplementary Table 13.  

 

Tumor-associated SV hotspots 

We evaluated the recurrence of tumor-associated SVs using a set of non-overlapping 

windows of size 50Kb across the entire genome. Specifically, we integrated the breakpoints 

of all candidate tumor-associated SVs using PeNChIP-seq and WGS. The number of GC 

patients (maximum = 208) harbouring breakpoints at a given window was then calculated. 

We discarded windows overlapping with active long interspersed nuclear element-1 (LINE-

1), as SVs at these loci may be caused by active LINE-1 retrotransposition instead of 

chromosomal translocations. We predicted a SV hotspot as a window associated with 

breakpoints from 5 or more patients (>2%). We merged hotspots adjacent to each other and 

analysed them collectively. 
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To determine if a tumor-associated enhancer-based SV hotspot is statistically significantly 

enriched for high recurrence in GC samples associated with tumor-associated enhancer-

based SVs, we computed ratios between tumor-associated SV recurrence compared to the 

recurrence of normal gastric samples associated with germline enhancer-based SVs 

detected by conventional enhancer-ChIP-WGS. To avoid a division by zero in the ratio 

computation when a hotspot does not overlap with germline enhancer-based SVs, we 

assigned a pseudo value of “1” as the denominator. A permutation test was then applied to 

determine if the observed recurrence of GC samples associated with tumor-associated 

enhancer-based SVs was larger than expected by chance. Specifically, breakpoints of 

tumor-associated enhancer-based SVs were randomly shuffled for 10,000 times across the 

human genome, and the observed recurrence was then compared to the distribution of 

randomly estimated recurrence. A p-value was generated by comparing the observed 

recurrence at a given hotspot to what would be observed by chance assuming a random 

distribution of breakpoints. 

 

RNA-seq and analysis 

Total RNA was extracted using the Qiagen RNeasy Mini kit. RNA-seq libraries were 

constructed according to manufacturer’s instructions using Illumina Stranded Total RNA 

Sample Prep Kit v2 (Illumina, San Diego, California, USA) Ribo-Zero Gold option (Epicentre, 

Madison, Wisconsin, USA) and 1 ug total RNA. Completed libraries were validated with an 

Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA) and applied to the Illumina flow 

cell via the Illumina Cluster Station. Sequencing was performed using the paired-end 101bp 

read option. RNA-seq reads were aligned to the human genome (hg19) using TopHat2-

2.0.12 (default parameter and --library-type fr-firststrand)8. The per base sequence quality 

and per sequence quality scores of the mapped reads was assessed using FastQC version 

0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Transcript abundances 

at the gene level were estimated by cufflinks. Gene expression from primary samples 

showing variation greater than zero were corrected for potential batch effects using ComBat 

9. Gene expression values were measured in FPKM units. To predict fusion genes, RNAseq 

data was analyzed by Fusioncatcher (v1.00)10, using reference Gencode v90, and lifted over 

to reference hg19 equivalent for downstream inspection. Predicted cDNA breakpoints for in-

frame fusion predictions with at least three spanning read-pairs, three supporting split-reads 

at each putative breakpoint and at least 30 bp overhang supporting the chimeric transcript 

were retained. Final fusion candidates were manually inspected with IGV. 
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Capture-C and analysis 

Capture-C was performed as previously described 11. Briefly, Capture-C probes at CCNE1 

promoter regions was designed using CapSequm. Approximately 1 × 107 cells were 

crosslinked by 2% formaldehyde, followed by lysis, homogenization, DpnII digestion, ligation 

and de-crosslinking. DNA was sonicated using a Covaris to 150–200 bp to produce DNA 

suitable for oligo capture. Three micrograms of sheared DNA was used for sequencing 

library preparation (New England Biolabs). The promoter sequence of CCNE1 was double 

captured by sequential hybridization to customized biotinylated oligos (IDT, Supplementary 

Table 14) and enrichment with Dynabeads (LifeTech). Captured DNA was sequenced on the 

Illumina HiSeq 3000 instrument with the 2x150 bp configuration. Pre-processing of raw reads 

was performed to remove adaptor sequences (trim_galore, 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and overlapping reads were 

merged using FLASH. In order to achieve short read mapping to the hg19 reference 

genome, the resulting pre-processed reads were then in silico digested with DpnII and 

aligned using Bowtie (using p1, m2, best and strata settings). Aligned reads were processed 

using Capture-C analyser 11 to (i) remove PCR duplicates, and (ii) classify sub fragments as 

‘capture’ if they were contained within the capture fragment; ‘proximity exclusion’ if they were 

within 1 Kb on either side of the capture fragment; or ‘reporter’ if they were outside of the 

‘capture’ and ‘proximity exclusion’ regions. We additionally used the r3Cseq package 12 on 

the capture and reporter fragments to identify significant interactions of the viewpoint against 

a scaled background (q-value <0.05, FDR). 

 

 

CapStarr-seq and analysis 

Generation of input plasmid library 

Generation of plasmid libraries was based on the method described by Vanhille et al 13. 

Briefly, SNU16 genomic DNA was extracted using the PerfectPure DNA Cultured Cell kit (5 

Prime). The DNA was sheared by sonication (Covaris S2) and size-selected on 1% agarose 

gels (350–650 bp). Size-selected DNA fragments were ligated to adaptors (Adaptor 1: 5’-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’; adaptor 2: 5’-

GATCGGAAGAGCACACGTCT-3’) after end repair and A-tailing (NEBNext Ultra End 

Repair/dA- Tailing and Ultra Ligation Module, New England Biolabs) and subjected to 

capture (NimbleGen SeqCap EZ, Roche). Post-capture DNA was PCR amplified using Q5 

High-Fidelity DNA polymerase (NEB) to add homology arms for subsequent cloning (forward 

primer: 5’-

GTAATAATTCTAGAGTCGGGGCGGGAATGATACGGCGACCACCGAGATCTACACTCTT

TCCCTACACGACGCTCTTCCGATCT-3’; reverse primer: 5’- 
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TATCATGTCTGCTCGAAGCGGCATAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

-3’; PCR program: 98 °C for 30 s; 17 cycles of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for 

30 s). The vector backbone was modified from pGL4.23[luc2/minP] (Promega). Briefly, the 

minP promoter was replaced with the SCP1 promoter and a CmR-ccdB cassette was cloned 

between luc2 ORF and SV40 poly (A). The PCR product was cloned into the vector 

backbone (linearized by SphI and NdeI restriction enzymes) through Gibson Assembly 

(Gibson Assembly Master Mix, New England Biolabs) and transformed into MegaX 

DH10B™ T1R electrocompetent cells (ThermoFisher Scientific). A total of 8 Gibson 

Assembly and transformations were performed. All transformed E. coli cells were pooled and 

cultured in 4 L LB medium and harvested at OD600 1.0. The input plasmid library was 

extracted using Plasmid Mega Kit (Qiagen) and drop dialyzed before transfection. 

Sequencing libraries were prepared from the input plasmid libraries by amplifying inserts 

from the plasmid DNA. 10 PCR reactions were set up, using Q5 High-Fidelity DNA 

polymerase (New England Biolabs), each with 1 ng plasmid as template (PCR program: 98 

°C for 30 s; 12 cycles of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for 30 s). Reactions were 

pooled, cleaned up and submitted for sequencing. 

Transfection of input plasmid libraries into cells 

Input plasmid libraries were electroporated into cells using the BTX Electrofusion System 

(Harvard Apparatus) at a concentration of 1 μg DNA/1 million cells using parameters 

carefully optimized for each cell line. As a control, a GFP-plasmid was transfected 

simultaneously to monitor transfection efficiency and batch effects. After transfections, cells 

were plated in complete medium for 48 h until harvest. 

 

CapSTARR-seq library preparation 

Total RNA was extracted from transfected cells using PerfectPure RNA Cultured Cell Kit (5 

Prime), followed by mRNA isolation using Dynabeads® Oligo (dT) kit (ThermoFisher 

Scientific) and treatment with TURBO DNase (ThermoFisher Scientific). Then target-specific 

first strand cDNA synthesis was performed with SuperScript III (ThermoFisher Scientific) to 

specifically reverse transcribe mRNA from the transfected plasmid library (RT primers: 5’-

CAGTGACTGGAGTTCAGACG-3’, 5’-GCAGCTTATAATGGTTACAAATAAAGC-3’, 5’-

ACATTTGTAGAGGTTTTACTTGCT-3’, 5’-TCAATGTATCTTATCATGTCTGCTCGAAG-3’). 

After reverse transcription, reactions were treated with RNase A + H. Finally, the cDNA was 

PCR amplified using 5 μL cDNA reaction as template in every 50 μL PCR reaction. Q5 High-

Fidelity DNA polymerase (New England Biolabs) was used, and the following PCR program: 

98 °C for 30s; 20 cycles of 98 °C for 10 secs, 65 °C for 30 secs and 72 °C for 30 secs. 

Illumina HiSeq platform compatible primers were used (forward: 5’- 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
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3’; reverse: 5’-CAAGCAGAAGACGGCATACGAGAT-index-GTGACTGGAGTTCAGACGTG-

3’). For each replicate, we set up separate final PCR reactions using 160 different indexing 

primers. PCR products for every 10 indexes were pooled and cleaned up by AmPure XP 

beads (Beckman Coulter; beads/reaction ratio = 0.8) and submitted for Illumina sequencing.  

Data processing and analysis 

CapSTARR-seq consists of two parts of data with different types of readouts. The input 

library represents the insert fragments in original plasmid pool, while the output library 

measures the abundance of self-transcribed mRNA from insert fragments of the transfected 

plasmid pool. 

Paired-end sequencing reads (2 × 100 bp) from Illumina Hiseq2000/2500 were aligned to 

human genome hg19 by BWA using default parameters. Only reads that mapped in proper 

pairs were used for downstream analysis. To exclude potential PCR amplification bias, 

fragments (inferred from paired-end reads) that have the same start and end positions were 

collapsed into distinct fragments by Picard (http://broadinstitute.github.io/picard/). Uniquely 

mapped distinct fragments from the 160 different indexing libraries were pooled and all 

included for downstream analysis, since duplicated fragments coming from different indexing 

libraries are considered as biological duplicates. 

 

4C-seq and analysis 

4C assays were performed as previously described 14 with minor modifications. Briefly, 

107 cells were cross-linked for 10 min with 1 % paraformaldehyde at RT, quenched with 

glycine, and lysed in 50 mL lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5 % NP-40, 1 

% TX-100 and 1X protease inhibitors) for 30 min. Nuclei were then digested by NLAIII 

enzyme followed by inactivation of the restriction enzyme by incubating at 65 °C for 20 min. 

The digested chromatin was subsequently ligated (circularized) overnight at 16 °C with 3000 

U T4 ligase (NEB). Ligated chromatin was then reverse cross-linked by incubating with 

proteinase K at 65 °C and the RNA was removed by additional incubation at 37 °C with 

RNase A. The purified DNA was further digested with CSP6I restriction enzyme followed by 

circularization of the DNA. 4C products were subsequently amplified with bait-specific 

inverse primers (Supplementary Table 15), pooled and purified. Amplified bait-containing 

DNA fragments were ligated to NEB adaptors. Adaptor-ligated DNA was purified by 

Agencourt AMPure XP purification system (Beckman Coulter, A63881), PCR amplified (eight 

cycles) using NEB index primers, and sequenced on the Illumina HiSeq3000 to obtain 150 

bp long reads. The package 4Cseqpipe was used to map, normalize and visualize 4C-seq 

data, as described in van de Werken et al., 2012 15. Custom restriction site tracks were built 

using the -build_re_db option of 4Cseqpipe for the hg19 human genome version (UCSC) 

and CATG and GTAC as first and second cutters, respectively. 4C primers 
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(CACCTATTTTTCTTGTCATG) were removed from the reads and were then mapped to the 

custom hg19 tracks with the in-built 4Cseqpipe mapper. A total of 1,465,636 reads were 

mapped to the viewpoint. 63% of these reads are in cis. 

 

Survival analysis of patients with IGF2-high versus IGF2-low expression. 

We analyzed a subset of 330 GC expression profiles from the TCGA stomach 

adenocarcinoma (STAD) data set with known age, stage (AJCC), patient locality, histological 

subtype, overall survival time and overall survival outcome information. Each group 

comprised one-third of the patients showing either high or low IGF2 expression. Survival 

analysis was performed using the Kaplan-Meier method, while multivariate analysis 

adjusting for age, stage, histological subtype and locality was performed using Cox 

regression. 

 

Hi-C and analysis 

Hi-C experiments on cell lines (SNU16) and GC tissues (T2000877, T990275) were 

performed by Arima Genomics (https://arimagenomics.com/) utilizing a single restriction 

enzyme and multiple restriction enzymes, respectively for chromatin digestion. After the HiC 

protocol, Illumina-compatible sequencing libraries were prepared by first shearing purified 

proximally-ligated DNA and then size-selecting DNA fragments from ~200-600bp using SPRI 

beads. The size-selected fragments were then enriched for biotin, and converted into 

Illumina-compatible sequencing libraries with TruSeq adapters using the KAPA Hyper Prep 

kit. After adapter ligation, DNA was PCR amplified with Illumina primers and library 

fragments of ~525 bp (insert plus adaptor) were purified using SPRI beads. The purified 

DNA underwent standard QC (qPCR and Bioanalyzer) and sequenced on the Illumina HiSeq 

3000 instrument following the manufacturer's protocols. Sequencing reads from Hi-C 

libraries were pre-processed using HiC-Pro 16. Short reads were aligned to the hg19 genome 

using Bowtie2 17. To remove sequencing artefacts not resulting from chromosomal 

interactions, unique and high quality mapped reads were classified into valid or invalid pairs, 

depending on whether the reads were aligned to multiple restriction fragments. Duplicated 

read pairs due to PCR amplification were also filtered. Resulting valid read alignments were 

binned into 50Kb windows and normalized by iterative correction of biases based on a matrix 

balancing algorithm. Subsequently, the contact matrices were visualized using HiCPlotter 18. 

Insulation scores defined by aggregating interactions across bins were used to identify TAD 

boundaries. Hi-C profiles from SNU16, T2000877 and T990275 were processed analysed 

using Juicer version 1.5.6 19. Briefly, sequencing reads were mapped to the reference 

genome hg19 and the restriction site (^GATC) was used. Contact domains were predicted 
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using Arrowhead with custom parameters (-r 10000 -k KR -m 2000). Chromatin loops were 

predicted using HiCCUPS19 with the high solution configuration presented in GitHub 

(https://github.com/theaidenlab/juicer/wiki/HiCCUPS). Contact matrices were visualized 

using JuiceBox with “inter.hic” as input. 

 

CRISPR-Cas9 genome-editing  

CRISPR guide RNA target search was performed using CRISPOR 

(http://crispor.tefor.net/crispor.py). Guide RNA pairs were designed to flank the identified 

enhancer to delete the region (chr19:33748034-33869762). Non targeting guides as well as 

guides targeting to delete the region outside the CCNE1 topological associated domain 

(chr19: 20681143- 20787621) were used as controls. Briefly, guide RNAs for each CRISPR 

target were annealed to form DNA duplexes. Guide RNAs targeting the 5’ ends of individual 

enhancer sequence were cloned into a pX330S-2 vector, while guide RNAs targeting the 3’ 

ends of each enhancer sequence were cloned into a pX330S-3 vector20. Expression 

cassettes for guide RNAs targeting the 5’ and 3’ of enhancer regions were then cloned into 

lentivector pHR’ CMVHygro WSin182x using the Golden Gate cloning method 20. MKN-7 

cells were transduced with lentivector, lentiCRISPR v2 (Addgene: #52961) to express CAS9 

and pHR’ CMVHygro WSin18 2x to express guide RNAs targeting the 5’ and 3’ of the 

enhancer regions. Cells were selected at 40hrs after infection with an appropriate antibiotic 

marker and maintained on antibiotics for 9 days. Genomic DNA of targeted and untargeted 

cells (pooled) was extracted using the AllPrep DNA Micro Kit (QIAGEN) and subjected to 

qPCR using the KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) on a CFX96 

Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.). DNA-Quantitative 

PCR (qPCR) results were used to determine the efficiency of the deletion of individual 

enhancers in CRISPR/Cas9-targeted cells. qPCR Primers were designed flanking the 

CRISPR deleted sequences and are listed in Supplementary Table 16. Relative amount of 

CRISPR deleted regions present in the genomic DNA samples of MKN-7/Cas9 cells with 

guide RNA as compared to MKN-7/CAS9 cells without guide RNA expression were 

calculated using the comparative CT (ΔΔCT) method. To measure CCNE1 expression 

levels, total RNA was extracted from cells using Trizol, followed by one step qRT-PCR using 

KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) and CFX384 Touch Real-Time 

PCR Detection System (Bio-Rad). Relative quantification was performed using the 

comparative CT (ΔΔCT) method with Actin as the reference gene 21. qRT-PCR primers used 

in these reactions are listed in Supplementary Table 16. Independent biological replicates 

were performed for each qPCR or qRT-PCR experiment, and mean values were used to 

determine DNA or mRNA levels respectively. 
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Supplementary Results 

Hotspots associated with tumor-associated enhancer-based SV enrichment. 

We compared the observed recurrence of GC samples with tumor-associated enhancer-

based SVs relative to normal-specific enhancer-based SVs detected by conventional 

WGS+ChIP-seq. Briefly, we computed the ratio of the recurrence of GC samples with tumor-

associated enhancer-based SVs to the recurrence of normal gastric samples with normal-

specific enhancer-based SVs in order to identify hotspots where tumor-associated enhancer-

based SVs across cancer genomes are enriched (ratio >1.0) compared to their relative 

variability across normal gastric samples. This analysis revealed that 9 out of 10 of tumor-

associated enhancer-based SV hotspots (Supplementary Figure 10A,B) are mutually 

exclusive from genomic windows associated with normal-specific enhancer-based SVs 

detected by conventional WGS+ChIP-seq, demonstrating that the predicted hotspots are 

enriched for tumor-associated enhancer-based SVs (ratio³5.0; empirical p-value£6x10-4).  

The remaining  tumor-associated enhancer-based SV hotspot (W25014; Supplementary 

Figure 10A,B) still showed marginal but statistically significant recurrence in tumor-

associated enhancer-based SVs compared to germline enhancer-based SVs (tumor-

associated/germline enhancer-based SV ratio = 1.33; empirical p-value = 3x10-4). 
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Supplementary Figures 

 

Supplementary Figure 1: Detection of germline enhancer-based SVs from normal gastric 

tissues using PeNChIP-seq.  

A. Correlation analysis of H3K27ac ChIP-seq signals from technical replicates with single-

end (x-axis) and paired-end (y-axis) libraries. Each red dot represents the H3K27ac 

signal from a H3K27ac-enriched region detected by MACS2 (FDR < 5%). Analysis was 

performed using 44 H3K27ac PeNChIP-seq (paired-end) and single-end NanoChIP-seq 

from 22 GC and matched normal samples. 

B. Workflow for detecting high-confidence enhancer-based SVs from PeNChIP-seq data. 

Manual curation and filters using SV read properties and genomic locations were applied 

to identify high-confidence enhancer-based SVs. 

C. Venn diagram showing the number of enhancer-based SVs from H3K27ac PeNChIP-seq 

overlapping with enhancer-ChIP+WGS SVs predicted using both matched single-end 

enhancer ChIP-seq and whole-genome sequencing (WGS) profiles, or WGS-SVs from 

matched WGS profiles. Adjacent normal gastric samples from 11 GC patients were used. 

 

Supplementary Figure 2: Comparison of enhancer-ChIP+WGS to PeNChIP-seq 

A. Total number of PeNChIP-seq reads aligned at the breakpoints of enhancer-ChIP+WGS 

SVs, either missed by or co-detected with PeNChIP-seq. 

B. Example of enhancer-ChIP+WGS SV with a breakpoint localized at a locus proximal to 

aligned reads from single-end enhancer ChIP-seq of N2000085. The view was generated 

using IGV. 

 

Supplementary Figure 3: Bar chart illustrating the percentage of enhancer-based SVs 

rediscovered in matched WGS profiles. 

 

Supplementary Figure 4: Example of a enhancer-based SV corresponding to a germline 

deletion recurrently detected using two distinct platforms: PeNChIP-seq and WGS from 

normal gastric sample N980417.  

 

Supplementary Figure 5: Pie charts illustrating the overlap of enhancer-based SVs in each 

SV class with SVs detected from WGS profiles. 

 

Supplementary Figure 6: Sanger validation of selected enhancer-based SVs not detected 

in matched WGS profiles from samples (A) N2000877, (B) N20021007, (C) N980417, (D) 

N980447 and (E) N990275. 
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Supplementary Figure 7: Comparison between distance from tumor-associated enhancer-

based SVs to target genes versus distance from tumor-associated WGS-SVs to target 

genes. The latter was used as background. One-side Wilcoxon’s test was used. 

 

Supplementary Figure 8: Enhancer-based SVs and target gene expression. Scatterplot 

showing alterations in predicted target gene expression by both fold change (x-axis, log-

transformed) and absolute difference (y-axis, also log-transformed). Highly-deregulated 

genes (>4-fold) are marked in red and blue for up-regulated and down-regulated gene 

expression, respectively compared to matched normal tissues. Target gene symbols were 

predicted using GREAT. 

 

Supplementary Figure 9: Relationship of copy number levels of enhancer-based SV target 

genes with expression deregulation in tumor compared to matched normal samples. The 

scatterplot shows the gene copy number in units of log2 ratio between tumor and matched 

normal of target genes (x-axis) and de-regulated expression in units of log2 fold change (y-

axis). A dot represents an event of tumor-associated enhancer-based SV in a tumor sample 

(n=11). Dotted lines indicate two-fold difference. 

 

Supplementary Figure 10: Expression of Enhancer-based SV Target Genes 

A. Expression levels of target genes associated with the top 10 enhancer-based SV 

hotspots discovered by integrating PeNChIP-seq and WGS data (log-transformed RSEM 

units). GC samples (SV+,SV-) with matched RNA-seq profiles from the TCGA’s stomach 

adenocarcinoma (STAD) data set were analysed. RNA-seq profiles associated with 

breakpoints in W59366, W36691 were not available. Hotspot identifiers (ID) are denoted 

by ‘W’ followed by digits. Adjacent hotspots were merged and denoted by new identifiers 

starting with ‘H’ followed by digits. Labels in red indicate putative target genes whose 

expression in GC samples with the SV is greater than 2-fold compared to both GC 

samples with no SVs detected, and also compared to gastric normal samples. The same 

criterion was applied to subsequent sub figures. 

B. Expression levels of target genes associated with the top 10 enhancer-based SV 

hotspots discovered by integrating PeNChIP-seq and WGS (log-transformed FPKM 

units). GC samples (SV+,SV-) with matched RNA-seq profiles from in-house samples 

were analysed.  
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C. Expression level of target genes associated with the top 10 SV hotspots detected using 

208 GC WGS profiles (log-transformed RSEM units). WGS (SV+,SV-) with matched RNA-

seq profiles from TCGA stomach adenocarcinoma (STAD) datasets were analysed.  

D. Expression levels of target genes associated with the top 10 SV hotspots detected using 

208 GC WGS profiles (log-transformed FPKM units). WGS (SV+,SV-) with matched RNA-

seq profiles from in-house samples were analysed. RNA-seq profiles associated with 

breakpoints in H23, H31 were not available. 

 

 

Supplementary Figure 11: The fold change of target genes associated with top 5 from 

three hotspot classes: enhancer-based (circle), fragile-site-linked (triangle) and non-fragile-

site-linked (square) SV hotspots. A fold change was computed based on the median 

expression between GC samples with and without SVs. Dashed lines indicated 2-fold 

difference between the two groups of samples. Points at the top-right quadrant (red-shaded; 

with x-axis > 1 and y-axis >1) indicate events with positive associations between target gene 

expression (ie CCNE1, IGF2) and hotspots in both TCGA-STAD (y-axis) and in-house GC 

datasets (x-axis). 

 

Supplementary Figure 12: CCNE1 expression in CCNE1-rearranged and amplified GCs 

CCNE1 expression distribution (log-transform RSEM units) in normal gastric tissues, GC 

samples with tumor-associated CCNE1 enhancer-based SVs, GC samples with copy 

number gain/amplification at the CCNE1 locus, or both enhancer-based SVs and copy 

number gain.  

 

Supplementary Figure 13: CCNE1 Expression and Rearrangements in GC Lines 

A. Percentage of reads mapping to CCNE1-rearrangement breakpoints associated with 

copy number gain/amplification in primary GC samples. 

B. Spectrum of CCNE1 expression (FPKM units) in 71 GC cell lines. GC cells with CCNE1 

SVs are marked in red. Ten GC lines showing the highest and the lowest CCNE1 

expression are indicated. 

C. Validation of tandem duplication (size ~3.8Mb) in MKN7 GC cells by Sanger sequencing. 

An insertion of 17 nucleotides between the breakpoints was identified from the Sanger 

sequencing data. 

D. Validation of a CCNE1-associated intra-chromosomal rearrangement in MKN7 GCs cells 

by Sanger sequencing. 
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E. Short-range and long-range cis-interactions at the CCNE1 promoter in MKN7 cells. 4C 

baits (red triangle) was designed at the promoter. A distance-corrected 4C-seq contact 

map for the locus chr19:29,000,000-34,200,000 was generated by 4Cseqpipe 15. Three 

hijacked elements on chromosome 19 are indicated in green boxes. CCND1-wild type 

SNU16 cell are also shown, as a negative control. 

F. CRISPR-Cas9 efficiency for deleting hijacked enhancers (e1) in MKN7 was measured in 

unit of fold e1-deletion. One-sided t-tests were used to statistically evaluate the difference 

observed between control MKN7 cells co-expressing Cas9 and e1-deleted MKN7 cells 

after 9-days transfection. 

 

 

Supplementary Figure 14: Chromatin Landscapes in Primary GC 

A. Symmetrical contact matrix generated from the Hi-C profile of GC T2000877 illustrates 

frequency of interactions between genomic regions at chr11:1,300,000-2,400,000. Black 

circles indicate predicted chromatin loops between two loci based on visual inspection. 

Grey dotted lines highlight chromatin loops at breakpoints. Yellow squares indicate 

predicted contact domains from IMR90 cells (CCNE1 wild-type). Histone H3K27ac 

profiles from the GC sample (T2000877) and the matched normal (N2000877) at the 

CCNE1 locus are displayed. The location of the tumor-associated tandem duplication 

predicted from the WGS profile of T2000877 is indicated below the histone modification 

tracks. 

B. A tumor-associated tandem duplication (red) detected in GSS GC cells using WGS. 

C. Validation of a CCNE1 tandem duplication in GSS cells using Sanger sequencing. The 

yellow and green bars represent two DNA elements around the breakpoints. 

D. Selected primary GC and matched normal histone H3K27ac profiles at the IGF2 locus. 

E. Selected colorectal cancer (cell line) histone H3K27ac profiles at the IGF2 locus. 

F. Selected breast cancer (cell line) histone H3K27ac profiles at the IGF2 locus. 

 

Supplementary Figure 15: Survival analysis comparing patients with GC samples 

exhibiting IGF2-high (red, n = 109) and IGF2-low (dark grey, n = 109) expression. 
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Supplementary Tables 

Supplementary Table 1: PeNChIP-seq mapping statistics 

Supplementary Table 2: Correlation between single-end NanoChIP-seq and PeNChIP-seq 

Supplementary Table 3: Germline enhancer-based SVs detected using PeNChIP-seq from 

normal gastric samples. 

Supplementary Table 4: Tumor-associated enhancer-based SVs detected using PeNChIP-

seq. 

Supplementary Table 5: Predicted target genes of tumor-associated enhancer-based SVs. 

Supplementary Table 6: Tumor-associated SV statistics from WGS. 

Supplementary Table 7: Tumor-associated structural variation hotspots 

Supplementary Table 8: Tumor-associated SVs at the CCNE1 locus detected in primary 

GCs 

Supplementary Table 9: Tumor-associated SVs at the CCNE1 locus detected in MKN7, 

IST1. 

Supplementary Table 10: Cis-interacting elements with the promoter of CCNE1 using 

Capture-C. 

Supplementary Table 11: Hi-C mapping statistics. 

Supplementary Table 12: Tumor-associated SVs at the IGF2 and CCND1 loci. 

Supplementary Table 13: PCR primers for structural variants validation. 

Supplementary Table 14: Customized biotinylated oligos for capturing the promoter 

sequence of CCNE1. 

Supplementary Table 15: Primers for 4C inverse PCR. 

Supplementary Table 16: Design of sgRNA for CRISPR-Cas9 experiments. 
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