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in Esophageal Squamous Cell Carcinoma
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Comprehensive identification of somatic structural variations (SVs) and understanding their mutational mechanisms in cancer might
contribute to understanding biological differences and help to identify new therapeutic targets. Unfortunately, characterization of com-
plex SVs across the whole genome and the mutational mechanisms underlying esophageal squamous cell carcinoma (ESCC) is largely
unclear. To define a comprehensive catalog of somatic SVs, affected target genes, and their underlying mechanisms in ESCC, we re-
analyzed whole-genome sequencing (WGS) data from 31 ESCCs using Meerkat algorithm to predict somatic SVs and Patchwork to deter-
mine copy-number changes. We found deletions and translocations with NHE]J and alt-E]J signature as the dominant SV types, and 16%
of deletions were complex deletions. SVs frequently led to disruption of cancer-associated genes (e.g., CDKN2A and NOTCHI) with
different mutational mechanisms. Moreover, chromothripsis, kataegis, and breakage-fusion-bridge (BFB) were identified as contributing
to locally mis-arranged chromosomes that occurred in 55% of ESCCs. These genomic catastrophes led to amplification of oncogene
through chromothripsis-derived double-minute chromosome formation (e.g., FGFR1 and LETM?2) or BFB-affected chromosomes (e.g.,
CCND1, EGFR, ERBB2, MMPs, and MYC), with approximately 30% of ESCCs harboring BFB-derived CCND1 amplification. Furthermore,
analyses of copy-number alterations reveal high frequency of whole-genome duplication (WGD) and recurrent focal amplification of
CDCA?7 that might act as a potential oncogene in ESCC. Our findings reveal molecular defects such as chromothripsis and BFB in ma-
lignant transformation of ESCCs and demonstrate diverse models of SVs-derived target genes in ESCCs. These genome-wide SV profiles
and their underlying mechanisms provide preventive, diagnostic, and therapeutic implications for ESCCs.

Introduction include homologous recombination, nonreplicative

nonhomologous repair, and replication-based mecha-

Cancer genomes harbor various somatic forms of genetic
alterations spanning from nucleotide-level alterations
(e.g., point mutations and small insertions/deletions) to
large chromosomal events (e.g., structural variations and
copy-number changes), some of which can contribute to
tumor development.' Specially, genomic structural varia-
tion (SV) is a hallmark of cancer.! The fraction of the
genome affected by SVs is comparatively larger than that
accounted for by SNPs, indicating significant conse-
quences of SVs on phenotypic variation.” The main types

nisms.® Generally, homologous recombination can occur
by non-allelic homologous recombination (NAHR), and
deficiency in homologous recombination is implicated as
a major source of cancer genome instability.* In addition,
SVs, especially aberrant ligation of double-strand DNA
breaks (DSBs), can arise, mostly due to exposure to external
DNA-damaging agents, through non-homologous end-
joining (NHEJ) or alternative end joining (alt-EJ) mecha-
nisms.” For complex rearrangements, the mechanisms for
repairing DNA replication errors such as fork stalling and

of mechanisms known to cause SVs in human cancer template switching (FoSTeS) or microhomology-mediated
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break-induced repair (MMBIR) have been described.®
Recently, single catastrophic events causing genomic shat-
tering followed by incorrect re-joining of the fragmented
DNA, termed chromothripsis, is receiving greater attention
as a major mechanism generating complex SVs in human
cancer.’

It is well known that SVs have implications in treatment
and prediction of individual’s outcome because genome-
scale rearrangements can play an unappreciated role in
cancer through their ability to move blocks of adjacent
genes simultaneously or form gene fusion, leading to con-
current oncogenic events." Comprehensive investigation
in many types of tumor shows that breakpoints directly
generate an oncogenic element that can be used as a ther-
apeutic target, such as driver fusion transcript of EML4-
ALK in a subset of non-small-cell lung cancer (NSCLC)
that respond to the kinase inhibitor crizotinib and
FGFR3-TACC3 fusions in glioblastoma, bladder cancer,
lung squamous cell, and head and neck squamous cell
carcinoma (HNSCC) that can benefit from targeted FGFR
kinase inhibition."** In addition, gene amplification, a se-
lective copy-number increase of genomic segments
through DNA rearrangements, is a clinically important
form of genome instability in cancer, because gene ampli-
fication causes advanced tumors and acquired therapy
resistance.'”'" Thus, a better understanding of the under-
lying mechanisms of oncogenic events driven by SVs is
important for identification of molecular targets for diag-
nosis, prognosis, and treatment guidance.

Continuous DNA breaks and rearrangements through
chromothripsis, chromoplexy, or a breakage-fusion-bridge
(BFB) cycle have been implicated as underlying mec-
hanisms for gene amplification or fusion in human
cancer.'? A BFB cycle, a series of chromosome breaks and
duplications that generate multiple copy-number states
and are assumed to derive from events occurring over
many rounds of cell division, has been shown to occur in
many malignant solid tumors, including HNSCC and
esophageal adenocarcinoma (EAC).'*'* In contrast to the
conventional clusters of complex rearrangements, chro-
mothripsis, despite the large number of rearrangements,
exists in only two copy-number states with many transi-
tions between these two states.'® For chromothripsis, the
affected chromosome (or regions from one or a few chro-
mosome arms) is somehow fragmented and then stitched
together, most likely by NHEJ."® The segments that are
not incorporated into the derivative chromosome are
either lost, yielding the low copy-number state, or incorpo-
rated into a double-minute (DM) chromosome.”’!® Chro-
mothripsis has been reported in 2%-5% of diverse cancer
entities, with higher frequency in bone cancer (25%) and
medulloblastoma (36%).>'* In parallel, another mutation
mechanism, kataegis, has been identified as distinguishing
mutational patterns that often co-occur with large-scale re-
arrangements.'® Unlike chromothripsis, which refers to an
oncogenic mechanism operating on a global level and
occurring in one or several chromosomes, kataegis has

been found to operate locally, generating large numbers
of mutations (or hotspots of hypermutations) in small re-
gions of the genome.'® On the other hand, similar to chro-
mothripsis, kataegis most likely causes a large number of
substitution mutations to occur in a region of the genome
at one time rather than accumulating in a step-wise
fashion.'” Kataegis is remarkably common, occurring, for
example, at a rate of 13/21 in breast cancer genomes.'®

Massively parallel sequencing strategies offer the po-
tential to carry out genome-wide screening for point
mutations, copy-number alterations (CNAs), and rear-
rangements on a single platform.'® We and others recently
reported genomic sequencing analyses of ESCCs, which
nominated cancer-associated genes driven by point mu-
tations.'”*” However, at the level of genome structure,
somatic SVs and their underlying mechanisms are largely
unknown; the driving forces behind SVs have been less
well characterized than those for single-nucleotide alter-
ations in ESCC. In this study, we re-analyzed whole-genome
sequencing (WGS) data of 31 ESCCs to characterize SVs and
their underlying mechanisms and to identify target genes
affected by SVs in ESCC. Our findings revealed different
mutational mechanisms for the formation of amplification
of cancer-associated genes in ESCC.

Material and Methods

Ethics Approval

This study was approved by the Ethics Committee of Shanxi Med-
ical University (Approval No. 2009029) and the Ethics Committee
of Henan Cancer Hospital (Approval No. 2009xjs12). All samples
were obtained before treatment according to the guidelines of
the local ethics committees, and written informed consents were
received from all participants.

Data Processing

The WGS data of a total of 31 paired tumors and matched normal
tissues have been deposited at the European Genome-phenome
Archive (EGA).'”?? Raw data were filtered with SOAPnuke
(v.1.4.1) to remove sequencing adapters and low-quality reads.
High-quality reads were aligned to the NCBI human reference
genome (hg19) by BWA (v.0.5.9) with default parameters. Picard
(v.1.54) was used to mark duplicates and followed by Genome
Analysis Toolkit (v.1.0.6076, GATK IndelRealigner) to improve
alignment accuracy. The final BAM file stores all reads and cali-
brated qualities along with their alignments to the genome. For
interesting SVs with fewer numbers of supporting reads, we
further inspected IGV and checked the split read alignment (in
the .sr/ folder) to verify their accuracy.

Structural Variations Detection

Identification of somatic structural variations (SVs) from short
read data is challenging. Meerkat algorithm makes it possible to
predict both germline and somatic SVs directly from short read
data, focusing on complex events.”* Importantly, Yang et al. veri-
fied the accuracy of Meerkat by applying it to two HapMap ge-
nomes (NA18507 and NA12878) that were sequenced at high
coverage on the Illumina platform and for which complex
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deletions have been previously reported.”*** Also, 48 out of
randomly selected 49 (98%) events identified via Meerkat algo-
rithm can be validated by PCR.** Therefore, the Meerkat algorithm
can provide a more comprehensive spectrum of mechanisms of
SVs in a genome and is more reliable to detect SVs. In this study,
we applied Meerkat (0.185) algorithm with suggested parameters
to 31 ESCC genomes to predict somatic SVs and breakpoints as
described.?* In brief, we mapped reads against the human refer-
ence genome (hgl9) to find soft-clipped and unmapped reads
(reads that mapped in an unexpected way) and re-mapped them
to identify discordant read pairs. Then, we extracted the split reads
(20 bp from both ends) to search for reads that cover the candidate
breakpoints and refined precise breakpoints by local alignments.
Mutational mechanisms were predicted based on homology and
sequencing features at the breakpoints. Somatic SVs were gener-
ated by filtering out germline events and other artifacts. We used
the following criteria to remove artifacts: (1) a large number (thou-
sands or tens of thousands) of somatic SVs in one tumor sample;
(2) a dominant event type; (3) the SVs evenly distribute across
all chromosomes; (4) if the dominant events are intra-chromo-
some, they are very uniform in size (usually several hundreds bp
or at kb level). The samples that meet these criteria failed our qual-
ity-control steps and were discarded from further analysis. Only
high confidence calls were used in downstream analysis.

Locally Arranged Genome

To assess the randomness of SVs on chromosomes, we used a good-
ness-of-fit test against the expected distribution proposed by
Campbell et al. with a significant threshold < 0.0001.>° To assess
the significance of SV enrichment on chromosomes, we required
the number of locally arranged genomes to be more than 50 and
clustered chromosomes to have a high SVs mutation rate per Mb
exceeding three times the length of the interquartile range from
the 75" percentile of the chromosome counts for each tumor.?®

Breakage-Fusion-Bridge Detection

We detected BFB events based on the evidence of fold-back inver-
sions and telomere loss.”” Inversions meeting the following
criteria were defined as fold-back inversion. (1) Inversion is a single
inversion (invers_f or invers_r) detected by Meerkat, which means
there is no reciprocal partner of inversion. (2) Inversion must
demarcate a copy-number change that we make comparison of
reads depth between inverted-amplified and normal space region
(the region between breakpoints of fold-back inversion), and the
result with q < 0.0001 is defined as significance. (3) The two
ends of breakpoints of fold-back inversion must be separated
by <20 kb.

Chromothripsis Inference

To infer chromothripsis in ESCCs, we adapted criteria proposed by
Campbell et al.”>* This analysis is based on ruling out the stepwise
rearrangements and required at least ten changes in segmental
copy number involving two or three distinct copy-number states
on a single chromosome. (1) We manually inspected copy-number
profiles for each case for regularity of oscillating copy-number
states. ESCC-16T, in which copy number oscillates between two
and three and has more than ten transitions, was selected for
inclusion. (2) We found statistical evidence (p < 0.001) for break-
points clustering on chromosomes 3, 8, and 10 of ESCC-16T. (3)
In the case of ESCC-16T, due to loss of one haplotype (chromo-
some 8q) and chromothripsis occurring in amplified haplotype,

we could detect allelic imbalance change instead of loss and reten-
tion of heterozygosity. (4) For ESCC-16T, chromosome 8q had
three copy numbers of amplified haplotype, making it difficult
to entirely eliminate the possibility of rearrangements arising
from two haplotypes of the sample type. However, the minor
copy number always remains one, indicating high possibility of ar-
rangements affecting a specific haplotype. (5) We found statistical
evidence of the randomness of fragment joins and segment order.
(6) For ESCC-16T, derivate chromosome 8 is difficult to infer the
ability to walk the derivative chromosome owing to the loss of
some rearrangements.

Copy-Number Alterations

Patchwork was used to determine copy-number alterations (CNAs)
across 31 ESCCs.”® First, it fixed windows of 200 bp in the human
reference genome, and each window was thought to be a marker.
Then, it estimated the log2 ratio between tumor and normal read
depth for each window. The log2 ratio of adjacent 50 windows
were merged to smooth the data. The merged windows (markers)
were further segmented by CBS. After the program combined the
allele frequency of germline single-nucleotide variants, absolute
copy number for each segments were given. Of 31 ESCC genomes,
19 clearly had clusters of normalized coverage between different
copies. For these 19 tumors, we estimated the ploidy, tumor con-
tent, and absolute copy number. To identify potential copy-num-
ber targets, we combined 31 of WGS data and 123 of comparative
genomic hybridization analysis (CGH) data and applied modified
GISTIC method to the combined data.'?**?° The amplification or
deletion peaks with G-score > 0.1 that corresponds to p < 0.05 and
q < 0.05 were defined as significant.

Kataegis

We defined kataegis based on five stringent hallmarks described by
Nik-Zainal et al.:'® (1) presence of heavily mutated genomic
regions (“macrocluster”) consisting of a few hundred base pairs
(“microcluster”) separated by tens of unmutated kilobases; (2) mu-
tation clusters generally colocalized with structural variation
breakpoints; (3) mutations that are all of the same type in a long
genomic region, and switched to different mutation classes in
other regions; (4) within the microcluster region, most mutations
being derived from the same parental chromosome; and (5) most
substitutions within the hypermutated region being characterized
by C>T transitions in TpCpX trinucleotides.

PCR-Sanger Sequencing Validation

For validation of TRAPPC9-CLVS1 or EIF3E-RADS1B fusion tran-
script, we performed RT-PCR and Sanger sequencing assays on
purified tumor and matched normal cells from ESCC-16T or
ESCC-19T, respectively. Total RNA (1 pg) from purified tumor and
matched normal cells was used for RT-PCR with the SuperScript
I First-Strand system (Invitrogen), according to the manufac-
turer’s instructions. The primers used were designed against exon
18 of TRAPPC9 (MIM: 611966) forward (5'-CGGAATTCACCCTG
GAAGCTGTCCTG-3') and exon 4 of CLVS1 (MIM: 611292) reverse
(5'-CCCTCGAGCTGCAACCCTTCAATGGC-3') or against exon 1
of EIF3E (MIM: 602210) forward (5'-CGGAATTCATGGCGGAG
TACG-3') and exon 5 of RADSIB (MIM: 602948) reverse
(5'-CCCTCGAGCTTTCAGCACTAAATG-3'). PCR product for
TRAPP9-CLVS1 (334 bp) or EIF3E-RADS51B (243 bp) was analyzed
by agarose gel electrophoresis. Amplified PCR products were gel
purified and then sequenced via the Sanger method.
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Fluorescence In Situ Hybridization Analysis

Frozen tumor and matched normal tissues of interesting ESCC
cases were cut a cryostat at 4 pm thickness, fixed in cold acetic
acid/methanol for 5 min at 4°C, and dried at room temperature.
Slides were stained with Cytocell enumeration probes against
interesting genes FGFR1 (MIM: 136350)/CENS (Z-2072, Zytovi-
sion, German), CCND1 (MIM: 168461)/CEN11 (Z-2071, Zytovi-
sion, German), TRAPPC9, CLVS1, EIF3E, and RADS51B, conjugated
with FITC or Cy3.5 (Rainbow Scientific). Staining was carried out
according to the manufacturer’s protocol. FISH samples were
viewed with a fully automated, upright Zeiss Axio-ImagerZ.1
microscope with a 20X objective and DAPI, FITC, and Rhodamine
filter cubes. Images were produced using the AxioCam MRm CCD
camera and Axiovision v.4.5 software suite. p values were calcu-
lated with a two-sample test for equality of proportions with con-
tinuity correction.

Real-Time Quantitative PCR

Real-time quantitative PCR (RT-PCR) was performed to quantify
the mRNA expression levels of CDCA7 (MIM: 609937), LETM2,
FGFR1, or WHSC1L1 (MIM: 607083) using ABI Stepone plus
with a SYBR Premix Ex Taq Kit (Takara Bio). GAPDH was used
as an endogenous control. Primers for GAPDH (F: 5-CGG
AGTCAACGGATTTGGTCGTAT-3'; R: 5-AGCCTTCTCCATGGTG
GTGAAGAC-3'), CDCA7 (F: 5'-CTTGTCATCAATGCCGTCAG-3';
R: 5-CAGTTGCAGATTCCTCGACA-3'), LETM2 (F: 5-GCCCTG
GAACACTTAGATCG-3'; R: 5-TGTTGTCGCAGTTGTTCCTC-3'),
FGFR1 (F: 5-GGCAGCATCAACCACACATA-3'; R: 5-TCG
ATGTGCTTTAGCCACTG-3'), and WHSCIL1 (F: 5'-TCGAGAA
GAGGCACTGGAAT-3; R: 5-GGTGCTGCCCAGTTTTACAT-3)
were used. The detailed protocol was as follows: 95°C for
10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min, followed
by a melting-curve program from 59°C to 95°C with a heating
rate of 0.3°C every step and continuous-florescence acquisition.
All RT-PCR reactions were completed in triplicate. The relative

expression quantification of interesting genes was determined as
F= Z—AACt

Immunohistochemistry

CDCA?7 or LETM2 protein levels in ESCCs were determined by
immunohistochemistry with CDCA7 antibody (HPA005565,
Sigma) or LETM2 antibody (17180-1-AP, Proteintech). Immuno-
histochemistry was performed as previously described.?” In brief,
sections were incubated with the specific antibody at a 1:40 dilu-
tion for 14 hr at 4°C, followed by detection using the PV8000
(Zhongshan) and DAB detection kit (Maixin), producing a dark
brown precipitate. Slides were counterstained with hematoxylin.
All images were captured at x100. The cytoplasm H score and
the levels of CDCA7 or LETM2 shown by immunohistochemistry
were analyzed with Aperio Cytoplasma 2.0 software. Statistic ana-
lyses were performed with GraphPad Prism v.6.0 software package.
The significance of differences between ESCC and matched
normal tissue was determined by paired t test.

Stable CDCA7 Knockdown Clones in ECA109

Cell Line

Vector pLVshRNA-puro was obtained from Addgene and used for
CDCA7 knockdown. Two independent shRNAs targeting CDCA7
(5'-CCGGCCGTGACCCTTCCGCATATAACTCGAGTTATATGCGG
AAGGGTCACGGTTTTTTG-3'; 5'-CCGGGAGCATCACAGAAGGT
ATATTCTCGAGAATATACCTTCTGTGATGCTCTTTTTTG-3') were

cloned into pLVshRNA-puro vector (pLV-shRNA1l and pLV-
shRNA2). To perform plasmid infections, the ECA109 cells were
plated at 40%-50% confluence and incubated at 37°C overnight
(16 hr). pLVshRNA-puro vector, pLV-shRNA1, and pLV-shRNA2
were transfected into ECA109 cells using Lipofectamine 2000
reagent (Life Technologies) according to the manufacturer’s in-
structions. Forty-eight hours after transfection, culture medium
was replaced by fresh media containing 2 pg/ml puromycin and
subjected to screening stable monoclonies for 3 weeks. During
the selection, cells were maintained at culture medium containing
2 pg/ml puromycin. After 3 weeks of selection, approximately
20 monoclonies per dish were selected and transferred into
96-well plate. shRNA knockdown efficiency was determined by
RT-PCR and western blotting as described.””

Apoptosis Analysis by Flow Cytrometry

CDCA?7 knockdown cells and cells transfected with pLVShRNA-
puro vector were labeled with Annexin-FITC/PI Staining Kit (San-
gon Biotech) according to the manufacturer’s instruction and
analyzed by flow cytometry in BD FACScaliber (BD Bioscience).

RNA Sequencing and Data Analysis

Total RNA was extracted with the RNeasy Mini Kit (QIAGEN) and
complementary DNA (cDNA) libraries were synthesized with the
TruSeq RNA Sample Preparation Kit v.2 (Illumina). Libraries were
sequenced on an [llumina HiSEquation 4000 platform at BGI.
Filtering and quality controls were applied according to the
standard procedure. The gene expression profiles of CDCA7
knockdown cells versus control cells were compared via gene set
enrichment analysis. Differential expression levels (relative RNA
counts) between control cells and CDCA7 knockdown cells were
considered significantly different with a false discovery rate
(FDR) at a threshold of 1%.

Knockdown of LETM2, FGFR1, or WHSC1L1 in ESCC
Cell Lines

Three siRNAs targeting LETM2 and one negative control siRNA
(NC) (Guangzhou RiboBio) were used to knock down LETM?2 in
ESCC cell lines (KYSE150 and ECA109). Meanwhile, FGFRI
(siRNA #1: 5-AGTGGCTTATTAATTCCGATA-3’; siRNA #2: 5'-GC
TTGCCAATGGCGGACTCAA-3'; siRNA #3: 5-GAATGAGTACGG
CAGCATCAA-3') or WHSCIL1 (siRNA #1: 5-CGAGAGTA
TAAAGGTCATAAA-3’; siRNA #2: 5'-CCATCATCAATCAGTGTG
TAT-3'; siRNA #3: 5'-GCTTCCATTACGATGCACAAA-3') were
knocked down in TE-1 and KYSE150 cells, respectively. To perform
infections, the ESCC cells were plated at 40%-50% confluence and
incubated at 37°C overnight (16 hr). Cells were transfected with
100 nM (final concentration) siRNA or NC siRNA using Lipofect-
amine 2000 (Life Technologies) according to manufacturer’s pro-
tocols. At 48 hr after transfection, cells were subjected to MTT
assay. At 72 hr after transfection, the knockdown efficiency was
determined by RT-PCR and western blotting as previously
described.*

MTT Assay

5 x 10° cells were seeded in 48-well plates and incubated at normal
condition for 24, 48, 72, 96, and 120 hr. Cells were treated with 30 ul
of 5 mg/ml of MTT (Invitrogen) solution for 4 hr at 37°C until crys-
tals were formed. MTT solution was removed from each well and
200 pl of DMSO was added to each well to dissolve the crystals. Co-
lor intensity was measured by Microplate Reader (Bio-Rad) at
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490 nm. Each experiment consisted of five replications and at least
three independent experiments were carried out.

Colony Formation Assay

The assay was performed as described previously.”” In brief, cells
were seeded at 300-500 cells per well in 6-well plates containing
complete DMEM/F12 on day O and incubated at 37°C and 5%
CO, for 10 days. On day 10, cells were fixed with 4% polyformalde-
hyde for 15 min and stained with 1% crystal violet before quantifi-
cation. The experiments were triplicate and the numbers of colonies
containing more than 50 cells were microscopically counted.

Migration and Invasion Assays

Migration and invasion assays were performed in 16-well CIM
plates in an xCELLigence RTCA DP system (ACEA Biosciences) us-
ing matrigel basement membrane matrix (BD) for real-time cell
migration analysis as described previously.?* In brief, 30,000 cells
per well were seeded as 5 duplicates in serum-free medium at the up-
per compartment of the CIM plates coated with or without matri-
gel. Serum-complemented medium was added to the lower
compartment of the chamber, and then we started measurement
in xCELLigence RTCA DP system and analyzed the CI (cell index)
curves to determine cell invasion activity. For negative controls,
we added serum-free medium at both upper and bottom chambers.
The cell index representing the amount of migrated cells was calcu-
lated with the RTCA Software from ACEA Biosciences. At least three
independent experiments were carried out; for each independent
experiment, five duplicates were performed for each group.

Immunoblotting

Cells were lysed for 30 min in Triton buffer (1% Triton X-100,
50 mM Tris-HCI [pH 7.6], 150 mM NaCl, 1% sodium deoxycho-
late, 0.1% SDS) supplemented with protease and phosphatase
inhibitors (1 mM PMSEF, 2 mM sodium pyrophosphate, 2 mM so-
dium betaglycerophosphate, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 10 pg/ml leupeptin, and 10 pg/ml aprotinin).
Lysates were cleared by centrifugation at 15,000 x g at 4°C for
15 min, and protein concentrations were determined via the
Bradford method. 50 pg of protein were separated by SDS-poly-
acrylamide gel electrophoresis and transferred onto Immobilon-P
membranes. Proteins were detected by using anti-LETM2
(Proteintech, 17180-1-AP), anti-FGFR1 (Abcam cat# ab76464;
RRID: AB_1523613), anti-WHSCIL1 (Abcam, ab180500), anti-
CDCA?7 (Abcam cat# ab69609; RRID: AB_1268064), anti-ERK1/2
(Santa Cruz, sc-514302), anti-p-ERK1/2 (Cell Signaling Technol-
ogy cat# 4376; RRID: AB_331772), anti-AKT1 (Cell Signaling Tech-
nology cat# 2967; RRID: AB_331160), and anti-p-AKT1 (Cell
Signaling Technology cat# 9018). Antibody binding was detected
using horseradish peroxidase-labeled anti-mouse (Sigma) or anti-
rabbit (Cell Signaling) antibodies and chemiluminescence was de-
tected with a LAS4000 device (Fuji). Equal protein loading was
confirmed with antibodies against GAPDH (Transgen).

Results

Spectrum and Distribution of Somatic SVs across 31
ESCCs

To characterize the mutational spectrum of somatic SVs in
ESCC, we applied Meerkat to WGS data of tumors and
paired normal tissues from 31 ESCC-affected individuals

(Table S1). A total of 5,204 SVs were identified from the
31 ESCC genomes with an average of 168 SVs per tumor,
ranging from 10 to 364 (Table S2). Five categories of SVs
were observed, including deletions, tandem duplications
(TDs), inversions, insertions, and intra- or inter-chromo-
somal translocations. Among these SVs, the average num-
ber of deletions per genome was 58 (ranging from 2 to 191)
and make up 35% of SV types. Additionally, about 42% of
SVs referred to intra- or inter-chromosomal translocations,
with an average of 71 per genome (ranging from 3 to 150).
For deletions and intra- or inter-chromosomal transloca-
tions, NHEJ and alt-EJ] were the dominant mechanisms,
with alt-EJ being more abundant in most cases. Moreover,
291 deletions were identified as complex deletions gener-
ated by FoSTeS/MMBIR. We noticed that the number of
complex deletions were extremely diverse among individ-
uals; some genomes contained a high portion of complex
deletions whereas others showed very few (Figure 1A, mid-
dle). Besides deletions and translocations, the number of
TDs for each genome was remarkably variable, with a range
of 5 to 104. We observed no homology at TDs within ESCC
genomes, further supporting the underlying mechanism
that requires no microhomology or existence of nonho-
mology-based mechanism to form TDs and complex dele-
tions in tumor cells.”*

Across 31 ESCC genomes, we found that 3,376 SVs
occurred in the region of genes and were predicted to
directly disrupt sequence of gene such as CDKN2A (MIM:
600160), NOTCH1 (MIM: 190198), NF1 (MIM: 613113),
and FANCD2 (MIM: 613984), and 492 genes contained a
breakpoint in two or more tumors. Specifically, 29 out of
31 ESCCs harbored CDKN2A deletion; of which, 13 ESCCs
had supporting SVs responsible for CDKN2A deletion and
2 out of these 13 genomes demonstrated complex dele-
tions (ESCC-14T and ESCC-28T) (Figures 1B and S1).
Notably, all deletions from tumor genomes of these 13
ESCCs were homozygous deletion with both focal deletion
and arm-level loss. Furthermore, 8 out of these 13 ESCC
genomes had arm-level gain of 9p generated by whole-
genome duplication (WGD) (Table S3), and no one had
two independent SVs within CDKNZ2A locus (9p21), sug-
gesting that the focal deletion of CDKNZA happened
before WGD in these tumors (Figure 1C). In addition, we
also found that NOTCH1 was directly disrupted by TDs
in two ESCCs (Figure S2). These results suggested that
different mutational mechanisms can act on the same
driver (e.g., CDKN2A), and different drivers (e.g., CDKN2A
and NOTCH1) might be affected by different mutational
mechanisms in ESCC.

SVs tended to be either scattered genome-wide or
occurred locally with variable copy numbers across cancer
genomes and are more likely to occur in genomic region of
fragile sites.*’ > Across 31 ESCCs, the genomic distribu-
tion of SVs was characterized with three features:
randomly distributed across chromosomes; clustered in
one or more chromosomes; and clustered chromosomes
involving SVs accompanied with variable or limited copy
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Figure 1. Spectrum of Somatic SVs across ESCC Genomes and Mutational Mechanisms on CDKN2A in ESCC

(A) Frequencies of SVs (left), deletion (middle), or translocation (right) events and underlying mechanism across 31 ESCC tumors.

(B) Different mutational mechanisms of SVs act on CDKN2A. Representative maps show CDKNZ2A loss in six ESCCs. A red cluster typi-
cally suggests a tandem duplication; a blue cluster typically suggests a deletion; a purple cluster suggests a invers_reverse, and a green

cluster suggests a invers_forward.

(C) Model of focal deletion of CDKN2A that occurred before WGD on chromosome 9p in eight ESCC genomes.

numbers. Notably, we observed locally rearranged chromo- noma (LUSC), ovarian serous cystadenocarcinoma (OV),
somes were prevalent in ESCC genomes (17 out of 31 and gastric cancer (GC).”*** Consistent with our observa-
ESCCs) (Table S3). Although the mechanism underlying tionin ESCC, those somatic SVs that had a smaller number
most of locally rearranged chromosomes remains un- of supporting split reads and a high fraction of smaller SVs
known, it appears that ESCC genomes harboring locally re- were also observed in other human cancers (Figures S4A
arranged SVs accompanied with limited copy-number and S4B). Advanced methodology needs to be designed
states could be explained as chromothripsis or kataegis to solve these limitations.
(Figure S3). Meanwhile, 21 out of 31 ESCC genomes dis-
played at least two fold-back inversions in an autosome Chromothripsis Leading to High-Level Amplification
accompanied with substantial copy-number states, and of FGFR1 and LETM2
some of them were likely to be a result of BFB (Table S3). It is well known that chromosomes affected by chromo-
When analyzing SVs across ESCC genomes, we note thripsis show a characteristic pattern with more than ten
that, probably due to the tumor cell purity and ploidy, transitions oscillating between two and three copy number
many of the detected SVs have a smaller number of sup- states on chromosomal arms.”'> We further accurately
porting split reads (Table S2). Additionally, due to a large infer the occurrence of chromothripsis by using
number of events that were relatively small, we did observe ~ conceptual criteria proposed by Korbel and Campbell."
that both breakpoints were in the same gene (Table S4). We  Interestingly, we observed chromothripsis involving
further compared the distribution of somatic SVs across a chromosome 8 in ESCC-16T (Figure 2A). In addition to
variety of human cancers including breast cancer (BRCA), general transition between two copy number states,
glioblastoma multiforme (GBM), lung squamous cell carci- we found a high-level focal amplification (<500 Kb,
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Figure 2. High-Level Amplification of FGFRT and LETM2 Affected by SVs

(A) The top panel represents different types of SVs indicated by lines with different colors on chromosome 8 in ESCC-16T; the middle
panel shows normalized coverage for each window. Zoom-in view of high-level amplification of FGFRI and LETMZ2 locus is shown in the
bottom panel. FISH analysis demonstrates DM-derived amplification of FGFRI. Scale bar represents 10 pm.

(B) High-level amplification of FGFR1 in ESCC-06T. Top: FGFR1 locus and the high-level amplification region containing MYC gene are
shown. Bottom: Zoom-in view of high-level amplification of FGFR1 locus. FISH confirms CNAs by showing FGFR1 amplification as clus-
tered multiple green signals. Scale bar represents 10 pm.

(C) FISH confirms CNAs by showing LETM2 amplification as scattered multiple green signals. Scale bar represents 10 um.

(D) Immunohistochemical analysis shows LETM2 staining in ESCCs.

(E) LETM2 expression level in multiple ESCC lines determined by RT-PCR and western blotting.

(F) LETM2 knockdown prevents cell proliferation but has no effect on cell migration/invasion as monitored by MTT or in vitro cell migra-
tion and invasion assays in KYSE150 and ECA109 cells. Knockdown of LETM2 is demonstrated by immunoblotting; GAPDH was used as
loading control.

Data are mean + SD; each experiment was performed in triplicate. **p < 0.01.
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Figure 3. Fusion Genes Caused by Chromosomal Rearrangements in ESCC
(A) Details and schematic of the TRAPPC9-CLVS1 fusion transcript caused by complex deletion on chromosome 8 in ESCC-16T.
(B) Validation of the TRAPPC9-CLVS1 fusion transcript via PCR-sanger sequencing (left and middle) and FISH (right).

(legend continued on next page)
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38,155,351-38,570,827 Mb) rearranged by chromothripsis
on chromosome 8p that corresponds to FGFR1 and LETM2
in this tumor. Importantly, no breakpoints were observed
within this amplified region, suggesting a strong positive
selection of FGFRI and LETMZ2 amplifications during
ESCC progression/evolution. It was previously shown
that a potential by-product of chromothripsis is formation
of double-minute chromosomes (DMs) that might harbor
oncogenes and have been found in a variety of solid tu-
mors.”"> In ESCC-16T, our FISH experiment exhibited
multiple scattered FGFR1 signals and two copies of chro-
mosome 8, suggesting that FGFRI amplification might be
due to the formation of DMs (Figure 2A). Moreover, in a
second tumor (ESCC-06T), evidence of high-level amplifi-
cation of this locus harboring FGFR1 was also identified
and similarly verified via FISH that showed clustered mul-
tiple FGFR1 signals around the centromere of chromo-
some 8 (Figure 2B), indicating high-level amplification of
FGFR1 in ESCC. DMs responsible for FGFR1 amplification
were not observed previously in ESCC. Combined with a
previous report that FGFR1 was overexpressed in ESCC,”’
these findings indicate a oncogenic role of FGFRI in
ESCC. Further functional studies indicated that knock-
down of FGFRI dramatically suppressed cell proliferation,
cell migration, and invasion in TE-1 and KYSE150 cells
(Figures SSA-S5C). A recent study has demonstrated that
focal amplification of the FGFRI locus on chromosome
8p was associated with cellular dependency on FGFRI
and sensitivity to FGFR inhibitors.** Consistent with
this, a pan-FGFR tyrosine kinase inhibitor has been shown
to block tumor proliferation in a subset of NSCLC cell lines
with activated FGFR signaling but has no effect on cells
that do not activate the pathway.** Collectively, our results
suggest that FGFRI might be an attractive therapeutic
target for ESCC.

Additionally, the small circular DNA molecule identified
in chromosome 8p of ESCC-16T contains LETM2. FISH
analysis further confirmed that LETM2 amplification was
due to extra-chromosomal amplification (Figure 2C).
Immunohistochemical analysis indicates that LETM2 was
upregulated in ESCC tumors and some ESCC cell lines (Fig-
ures 2D, 2E, and S6). LETM2 is a mitochondrial gene that is
expressed preferentially in spermatocyte to spermato-
zoon.>* It has been found amplified in breast cancer,
lung adenocarcinomas, and squamous cell lung carci-
noma.>* However, the function of LETM2 has not been
studied in detail. Our result showed that LETM2 knock-
down prevented cell proliferation but had no statistical
suppression of cell migration and invasion in KYSE150
and ECA109 cells (Figure 2F). Similar trends were observed

for WHSCIL1, another potential oncogene located in the
8p12 amplicon (Figures SSD-SSF). Together with genetics
observations, these functional analyses strongly implicate
these genes as amplification targets in ESCC.

Fusion Genes Caused by Chromosomal
Rearrangements

Currently, little is known about the targetable fusion genes
underlying ESCC. We therefore screened gene fusion
events across 31 ESCC genomes and identified a total of
173 in-frame fusion genes and 231 out-frame fusion genes
affected by SVs (Table S4). Notably, in ESCC-16T, the chro-
mothripsis-associated rearrangements led to the formation
of putative in-frame fusions involving genes TRAPPC9 at
8q24.3 and CLVSI at 8q12. This fusion variant was pre-
dicted to result in an in-frame fusion of the TRAPPC9 5’
UTR and exon 1-18 with the CLVS1 exon 4-5 and 3’ UTR
(Figure 3A). Using primers within exon 18 of TRAPP9
and exon 4 of CLVS1, we confirmed the fusion transcript
in purified tumor cells from ESCC-16T (Figure 3B, left
and middle). FISH analysis using CLVSI red probe and
TRAPPC9 green probe shows a yellow fusion signal indica-
tive of translocation of TRAPPC9-CLVS1 (Figure 3B, right).
In this tumor genome, TRAPPC9 and CLVS1 are adjacent
genes on chromosome 8q that are transcribed in opposite
directions. TRAPPC9 (trafficking protein particle complex
9) is a 23-exon gene that encodes NIK- and IKK-B-binding
protein (NIBP), which activates NF-kB signaling via
directly interacting with and activating IKK-B and
MAP3K14 kinase.*® TRAPPC9 has been reported correlated
with colorectal tumorigenesis and tumor growth and was
implicated to be important for lapatinib response in a sub-
group of ERBB2-amplified breast cancer.’’ CLSV1, also
known as CRALBPL, was implicated to be upregulated in
hepatocellular carcinoma (HCC) and might be a marker
for HCC.?® The function of this fusion transcript in ESCC
need to be elucidated in future study.

Another notable inter-chromosome in-frame gene
fusion of EIF3E-RAD51B was detected in ESCC-19T. The
first exon of EIF3E on chromosome 8, encoding the
eukaryotic translation initiation factor 3 subunit, was pre-
dicted to join with the last two exons of RAD51B on chro-
mosome 14, a protein that catalyzes repair of DSBs through
the process of homologous recombination and are critical
for genome stability (Figure 3D). The EIF3E-RADS51B trans-
location was validated in this tumor by independent PCR
sequencing and interphase FISH analyses (Figure 3E). Tu-
mor suppressor or oncogenic effect of EIF3E either through
its role as a component of EIF3 translation initiation factor
or translation-unrelated function has been reported in

(C) Left: Junction points of TRAPPC9 in-frame fusions were shown in the transcripts of TRAPPC9 using the bottom symbols. Right:
The diversity partners of TRAPPC9 across different types of human cancers.
(D) Details and schematic of the EIF3E-RADS51B fusion transcript caused by interchromosomal translocation between chromosomes 8

and 14 in ESCC-19T.

(E) Validation of the EIF3E-RADS1B fusion transcript via PCR-sanger sequencing (left and middle) and FISH (right).
(F) Left: Junction points of RAD51B in-frame fusions were shown in the transcripts of RAD51B using the bottom symbols. Right: The
diversity partners of RAD51B across different types of human cancers.
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various types of human cancer.”” RAD51B, one member of
the human RADS51 (MIM: 179617) paralogs, plays a central
role in homologous DNA recombination.”’ Increased
RADS1B protein level has been reported in various cancers,
especially gynecological tumors, and linked to uncon-
trolled recombination, genome instability, tumor recur-
rence and progression, and increased resistance of tumors
to radiotherapy and chemotherapy.*” Interestingly, trans-
location of RAD51B with other genes has been reported,
for example, HMGA2-RADS1B in uterine leiomyoma.*!
However, to the best of our knowledge, the EIF3E-
RADS51B translocation has not been previously reported
in human cancer. Since the N- and C-terminal domains
of RAD51B were important to interact with other proteins
to catalyze the repair of DNA double-strand breaks, we
speculate that the in-frame fusions of EIF3E-RAD51B
might cause disruption of EIF3E and RADS51B function,
which could result in deregulated homologous recombina-
tion or translation initiation, contributing to the tumori-
genesis of ESCC.

Recently, Yoshihara et al. analyzed RNA sequencing and
DNA copy-number data from 4,366 primary tumor sam-
ples and 364 normal samples spanning 13 tumor types.*”
To further assess the recurrence of fusion genes identified
in ESCCs, we compared our data with the resource of
fusion transcripts from Yoshihara’s report.*” We did not
find in ESCC recurrent in-frame protein kinase fusions
such as FGFRI-TACC3 that was implicated in bladder uro-
thelial carcinoma (BLCA), GBM, HNSCC, low-grade glioma
(LGG), and LUSC.**> We then focused on fusions with the
same gene fused to multiple different partners. Interest-
ingly, we observed that some in-frame rearrangements
were not limited to ESCC but can be detected across cancer
at low frequency. For example, TRAPPCY is paralogous to
many oncogenes such as LIMAI (MIM: 608364), PTK2
(MIM: 600758), PSKH2, and others in BRCA, HNSCC,
and lung adenocarcinoma (LUAD) (Figure 3C). RAD51B is
a known oncogene and was found to form fusions with
various partners (e.g., CHD9, NPC2 [MIM: 601015],
PCNX [MIM: 613401]) in BRCA and LUAD (Figure 3F).
Moreover, the 3’ partners of TRAPPC9 or EIF3E (e.g.,
CLVS1, RADS51B) have been reported to be upregulated in
human cancers,*®*! indicating the potential of these fu-
sions to drive carcinogenesis.

Kataegis in ESCC

Besides chromothripsis, kataegis also contributes to locally
rearranged SVs accompanied with limited copy-number
states. Nik-Zainal et al. analyzed the mutational signatures
of 21 breast cancers and identified kataegis, a distinct

hypermutation phenomenon, in 61% of breast cancers,
indicating a direct relevance to tumor initiation and pro-
gression.'® To date, there is no implication of kataegis
and associated SVs in ESCC. Interestingly, we found locally
rearranged variations concentrated in chromosome 3 of
ESCC-14T and somatic mutations clustered in the region
of 16.9 Mb to 17.5 Mb (Figure 4). Although kataegis was
observed in one tumor, perhaps due to the limited sample
size, the prevalence of kataegis in other cancer types'®*?
indicates a potential tumorigenic mechanism of kataegis
in ESCC development.

Breakage-Fusion-Bridge Drives Gene Amplification in
ESCC Tumors

Previous studies from cancer genomes support a BFB event,
which is known to begin with telomere loss and is charac-
terized with a class of breakpoints called fold-back in-
version.”” Therefore, we used fold-back inversion and
telomere loss to infer BFB events for each genome. In total,
we obtained 321 fold-back inversions (Table S5A), of which
chromosomes 11, 8, and 7 had the most fold-back inver-
sions across 31 ESCC tumors (Figure 5A). Moreover, most
of fold-back inversions were mediated by microhomology
(Figures 5B and 5C), indicating that homology-mediated
fold-back capping of broken ends followed by DNA replica-
tion is an underlying mechanism of sister chromatid
fusion during BFB cycles in ESCC. In ESCC-11T, five chro-
mosomes (chromosomes 5, 7, 8, 11, and 17) were affected
by BFB events (Table S5A). Hence, our large-scale break-
point analysis of 31 ESCCs exhibited an important role
of BFB in tumorigenesis of ESCC.

Notably, fold-back inversions on chromosome 11 en-
riched in a minor cluster around CCNDI locus
(69,455,873-69,469,242 Mb) at 11q11.3 (Figure 5D). In
addition, we observed that 32 chromosomes involving
21 ESCCs displayed at least two inversions and a telomere
loss (Table S5B). Of these 21 ESCCs, 10 showed evidence of
BFB on chromosome 11, and 9 of them led to a focal ampli-
fication of CCND1I showing unbalanced amplified signals
(Figures 5E and S7), indicating that the CCND1 amplifica-
tion was created by BFB cycles in ESCC. Together with the
cluster of palindromic junctions, the physical location of
the amplicon suggests the BFB cycles as the underlying
processes. Additionally, we also found inter-chromosomal
SVs enriched in CCNDI1 locus on chromosome 11
(Figure S8). Amplification of CCND1 has been reported in
a variety of tumors and might contribute to tumorigen-
esis.** Specifically, CCNDI1 amplification and overexpres-
sion was observed and significantly correlated with lymph
node metastasis in ESCC.** However, the underlying

(B) Each dot of the “rainfall” plots represents a single somatic mutation ordered on the horizontal axis according to its position in human
genome. The vertical axis denotes the genomic distance between mutations. The upper red triangles show the position of SV

breakpoints.

(C) Highlight of kataegis region (chr3: 169-175 Mb) at increasing resolution to demonstrate microclusters within the macrocluster.
(D) Alternating processivity of kataegis in ESCC-14T. Long regions of C>T mutations are interspersed with regions of G>A mutations.
(E) The processive nature of C>T mutations (IGV image) within region (chr3: 174,897,540-174,897,710 Mb).

(F) Plots of flanking sequence of all C>X mutations and C>X mutations within the regions of kataegis in ESCC-14T.
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(A) The number of fold-back inversions across 31 ESCCs.

(B) Sequence length in the breakpoints of fold-back inversion. Patterns of microhomology, non-template sequence, or direct end-joining

in the fold-back inversion across 31 ESCCs are shown.

(C) Genomic patterns of fold-back inversions. Histogram showing the distance between the two inverted ends in the set of fold-back

inversions.

(D) Distribution of the fold-back inversions on chromosome 11 across 31 ESCCs. Blue arrow indicates a minor cluster around CCND1

locus (11q11.3).

(E) Representative maps show amplification of CCND1 as a result of BFB in three tumors. FISH validation shown on right panel.

mechanism of CCNDI amplification has not been eluci-
dated. Our results demonstrated that at least two muta-
tional mechanisms, focal amplification via BFB cycles
and inter-chromosomal translocations, result in CCND1
amplification in ESCC.

Additionally, we observed that regions amplified by BFB
cycles harbor oncogenes such as EGFR (MIM: 131550)
(2/31), ERBB2 (MIM: 164870) (1/31), MMPs (1/31), and
MYC (MIM: 190080) (1/31) (Figure 6), suggesting that
BFB plays an important role in gene amplification in
ESCC tumors. In the literature, MYC loci comprise the
most significant regions of amplification observed in
ESCCs and have been implicated as a reasonable indicator

of the accumulation of various activated and inactivated
genes involved in carcinogenesis of ESCCs, suggesting
deregulation of MYC as a driver event.*® EGFR is an estab-
lished therapeutic target that is often overexpressed as a
consequence of gene amplification in human cancers
including ESCCs.*” ERBB2 amplification was observed in
breast, esophageal, and other types of cancer and has
been a target of anticancer agents.*® MMPs amplification
was reported in some human cancers but not ESCC.** Tt
has been found that regions of DNA gain in cancer rarely
coincide with regions of loss and vice versa, suggesting a
specialized function for regions characterized by either
gain or loss in cancer.” Therefore, understanding the
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mechanisms that drive SVs and the gene changes that
result from them has significance. WGSs revealed that
amplification of MYC, EGFR, and ERBB2 might derive
through TDs or chromothripsis-derived DMs."'*** How-
ever, our data support that BFB events that occurred in
ESCC:s led to amplification of these genes, which was not
proposed previously in ESCC. Therapies targeting these
amplified oncogenes would be more practical in ESCC.

Copy-Number Alterations

To investigate copy-number change across ESCC genomes
and potential affected genes, we applied Patchwork to
determine CNAs based on WGS data of 31 ESCCs and
found 19 ESCCs that could be used to determine absolute
copy number. Consistently, frequent arm-level changes
were observed in ESCC, including frequent copy-number
gains of 3q, Sp, 7p, 8q, 12p, 17p, 20p, and 20q and univer-
sal deletions affecting 3p, 4p, 4q, 5q, 10p, 13q, and 21q
(Figure S9A). Moreover, 19 ESCCs harbored fewer events
of copy-number loss than copy-number gain; meanwhile,
70% of loss of heterozygosity (LOH) was copy neutral
loss of heterozygosity (CN-LOH) in ESCC. Specifically, we
observed frequent CN-LOH on 13q and 17p (Figure S9B).
In addition, we found that WGD occurred in 13 out of
19 ESCC genomes. Despite evidence that WGD can result
in genetic instability and accelerate oncogenesis,”® the
incidence and timing of such events had not been broadly
characterized in ESCC. Our results indicate that ESCC
tumors have alterations affecting the entire length of chro-
mosome 13q and 17p such as, perhaps, whole chromo-
some deletion with duplication.

Furthermore, to obtain CNA targets, we applied GISTIC
to copy-number profiling from a combination of 31 WGS
and 123 CGH data.'”"** This analysis yielded 11 amplifica-
tion peaks and 13 deletion peaks, including cancer genes
EGFR, CDK6 (MIM: 603368), AKT1 (MIM: 164730), MYC,
CCND1, CDKNZ2A, and others (Table S6). Specifically, we
identified a focal amplified region corresponding to

CDCA7 in § out of 31 ESCC genomes with 2 having
high-level copy number (>6 copies; Figure 7A). Moreover,
we observed that most of individuals with ESCC tumors
showed statistically higher expression level of CDCA7
compared with that of normal tissues as determined by
real-time PCR (Figure 7B) and immunohistochemistry an-
alyses (Figures 7C and S10). CDCA?7 is a downstream target
of MYC and E2F transcription factors and participates in
cell cycle progression as a transcriptional regulator of the
expression of myriad of target genes.”' Previous transfor-
mation studies with cell lines in vitro, analysis of CDCA7
levels in human cancers, and in vivo tumorigenic studies
in transgenic mice all support a role for CDCA?7 in tumor-
igenesis.”’ However, it has limited implication in ESCC;
the mechanism of how CDCA? is involved in tumorigen-
esis remains largely unknown. Our result showed that
CDCA7 knockdown significantly inhibited cell growth
and promoted cell apoptosis but had no differential effect
on cell migration and invasion in ESCC cells (Figures 8A—
8D), indicating that CDCA7 might involve cell prolifera-
tion and apoptosis but not metastasis in ESCC. Moreover,
CDCA7 knockdown led to the decrease of phospho-
ERK1/2, an essential downstream component of MAPK
pathway regulating cell proliferation, whereas no signifi-
cant effect was seen in AKT pathway (Figure 8A). To further
determine the potential targets of CDCA7 in ESCC, we per-
formed RNA-seq of CDCA7 knockdown cells and cells
transfected with pLVSshRNA-puro vector (used as controls).
Indeed, we observed a positive and highly significant
enrichment of the expression of cell proliferation or
apoptosis-associated target genes, including FGF21
(IMIM: 609436] a MAPK pathway-related gene) and cell-
apoptosis-associated genes TRAIL-R, CASP10 (MIM:
601762), ILIR1 (MIM: 147810), CASP7 (MIM: 601761),
BCL2 (MIM: 151430), and CASP9 (MIM: 602234). These
genes all had outlier expression levels in CDCA7 knock-
down cells compared to that of controls (Figure 8E and
Table S8). Specifically, a significant decrease of FGF21 in
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(A) Focal recurrently amplification of CDCA7 shown in five ESCCs. The red line represents genomic position of CDCA7; the dot repre-
sents normalized coverage of genomic position (100 kb per window) along chromosome 2.

(B) mRNA expression level of CDCA7 examined from 52 matched normal/tumor ESCC tissues. p value is given by Student’s t test.

(C) Left: Represent images display strongly cytoplasm positivity in ESCC tissues. Right: Expression of CDCA7 was markedly increased in
ESCC tissues compared to that of normal esophagus tissue based on judgment of IHC staining intensity.

(D) CDCA?7 expression level in multiple ESCC lines determined by RT-PCR and western blotting.

CDCA7 knockdown cells suggests that CDCA7 might regu-
late cell proliferation via FGF21-ERK1/2 MAPK pathway
rather than other pathways in ESCC tumorigenesis
(Figure 8E). In addition, CDCA7 knockdown led to the
increased expression levels of TRAIL-R, CASP10, IL1R1,
and CASP7 and the decreased expression levels of BCL2
and CASP9 (Figure 8E and Table S8), indicating that these
genes might be critical for CDCA7 to regulate cell
apoptosis. Together with genetic observations, these func-
tional data indicate that CDCA7 might act as an oncogene
possibly through deregulation of cell proliferation and
apoptosis in ESCC.

Discussion

In this study, we report a comprehensive description of SVs
that characterize ESCC and demonstrate the relative contri-
butions and variability of different mutational mechanisms
underlying SVs within ESCC genomes. We found that NHE]
and alt-EJ contribute the most to deletions and transloca-
tions. Our findings define a prevalence of locally arranged
genomes across 31 ESCC genomes and some of them were
delivered by chromothripsis, kataegis, or BFB events.
A number of well-known cancer-associated genes (e.g.,
FGFR1, CDKN2A) and several unreported ESCC-related
genes (e.g., LETM2, CDCA7, TRAPPC9-CLVS1, EIF3E-

RADS51B) affected by these events were described here.
Furthermore, our data provide the potential mechanisms
for oncogene amplification or fusion gene formation,
which might be critical for tumorigenesis of ESCC.

In studying SVs across ESCC genomes, we observed
locally rearranged SVs with either limited (e.g., chromo-
thripsis or kataegis) or substantial (e.g., BFB) copy-number
states (Figure S3). In addition to the predominant BFB cycles
that were accumulated in a step fashion,”” chromothripsis,
a phenomenon in which one or a few chromosomes are
shattered into pieces and randomly stitched together in a
single event,'> was observed in one ESCC genome, which
is consistent with its common rate of 1/40 cancer ge-
nomes.'! Moreover, kataegis, most likely co-occuring with
large-scale rearrangement in a region of the genome at
one time,'” was also observed in an ESCC genome. Com-
bined with the fact that kataegis is remarkably common
in human cancers,'®*® we speculate that it is more likely
to have biological significance. However, due to the limited
sample size, we observed kataegis in only one ESCC
genome. At some point in the future, larger numbers of
ESCC genomes at higher resolution will be necessary to
create a comprehensive catalog of the significant SVs and
define the biological significance of these events in ESCC.

Besides copy-number alterations, translocations in chro-
mothripsis led to gene fusions (e.g., TRAPPC9-CLVSI,
EIF3E-RADS51B) (Figure S3). Chromothripsis, occurring as
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Detailed information shown in Table S8.

a relatively early tumorigenic event, is thought to repre-
sent a driving force of cancer development and progres-
sion.””'> For example, chromothripsis is implicated as a
frequent driver event in uterine leiomyomas, resulting in
increased expression of translocated HMGAI and
HMGA2.*" However, distinguishing driver mutations
from passenger mutations is challenging. For SVs, recur-
rence is often used to estimate the likelihood of fusion be-
ing a driver; however, because most driver fusions have

very low frequency, many studies have small sample sizes
(as in the case here), and detection sensitivity might be
low, it is hard to define the molecular characteristics of
driver fusion.*” In ESCC genomes, we identified two in-
frame fusions (TRAPPC9-CLVS1 and EIF3E-RADS51B) via
RT-PCR Sanger sequencing and FISH. We did not find the
same fusion genes (TRAPPC9-CLVS1 and EIF3E-RADS51B)
in other human cancers. This phenomenon also happens
in other human cancers. For example, none of predicted

270 The American Journal of Human Genetics 98, 256-274, February 4, 2016



fusion events occurred in more than one sample in pancre-
atic cancer.”® Recent WGSs for structural mutations in can-
cers showed that most fusion transcripts were singletons
unique to individual tumors and not detected in other
samples.' Alternately, we identified additional fusion part-
ners for TRAPPC9 as well as RAD51B. Although these find-
ings have not been validated by functional studies, they
illustrate the potential of these fusions to drive carcinogen-
esis. Further in vitro and in vivo studies are needed to bet-
ter understand the biological significance of these fusion
transcripts in ESCC.

Additionally, BFB events were operative in approxi-
mately 68% of ESCCs, indicating that the BFB cycle is an
important underlying process for genome instability and
gene amplification in ESCC. The BFB events initiate ampli-
fication of cancer-associated genes and occur predomi-
nantly in early cancer development rather than later
stages.”” End-to-end chromosome fusions are often seen
in association with telomere erosion and it might be that
the dsDNA break initiating BFB repair results from telo-
mere loss. Hence, detecting telomere loss indicative of a
BFB event might provide preventive implication for
ESCC. However, although we identified BFB-derived ampli-
fication of cancer-associated genes, we could not identify
candidate target genes from most BFBs because these
amplified segments contain many more passenger events.
Additionally, a BFB event was defined when a chromosome
had at least two inversions and clearly telomere-boundary
copy-number loss adjacent to the fold-back inversions.”” It
is also possible that some chromosomes without clear
telomere-boundary copy-number loss might suffer BFBs.
Unfortunately, we could not identify these SV events via
current strategies. Existing methods for the detection of
SV events show high sensitivity and specificity but still
have limitations. In the future, advanced methodology
will enable the identification of these events.

We and others previously reported that the two types of
esophageal cancers presented different mutational pat-
terns and signatures at the level of SNVs. Specially, a higher
frequency of C>G transversions occurred in ESCC than
EAC whereas A>C transitions were more frequent in
EAC than ESCC.?* A recent combined study of WGSs
(22 EACGs) and SNP arrays (101 EACs) reported genomic ca-
tastrophes that occurred in EAC.'* We then compared the
SV events between these two types of esophageal cancers.
Evidence of chromothripsis, BFB cycles, and kataegis
were reported in both ESCC and EAC. Although TP53,
which has been linked to chromothripsis in human can-
cers,”” was mutated at high frequency in both ESCC and
EAC, we found that the frequency of chromothripsis
tended to be lower in ESCC than in EAC. Moreover, we
note that chromothripsis resulted in DM-derived FGFRI
amplification in ESCC but led to DM-derived MYC amplifi-
cation in EAC. Otherwise, the high-level amplification of
MYC is due to BFB cycles in ESCC, indicating that at least
two different mechanisms are responsible for MYC ampli-
fication in tumors. Additionally, the genes affected by

BFB cycles in these two types of esophageal cancers display
differences. BFB cycles are scattered in three genes (KRAS
[MIM: 190070], MDM2 [MIM: 164785], and RFC3 [MIM:
600405]) in EAC; in ESCC, they are mainly focused in
CCND1 and also scattered in MYC, MMPs, EGFR, and
ERBB2 (Figure S11). Unlike ESCCs, EACs arise in a highly
genotoxic environment in which the distal esophagus is
exposed to high levels of local and systemic injury from
reflux of acid, bile, and other gastric contents.’” These find-
ings would suggest that genomic catastrophes, gene activa-
tion through chromosomal rearrangements, and telomere
integrity might be driving carcinogenesis in esophageal
cancer, and the dominant SV type might be different be-
tween ESCC and EAC. Further understanding of these
events might lead to novel strategies for detection and
treatment of esophageal cancers.

Collectively, our findings demonstrated diverse models
of SVs contributing to the mutational landscape, with
BFB being the most extreme form across ESCC genomes.
Besides somatic point mutations and CNAs reported in
ESCC previously,'”* our findings highlight the onco-
genic drives of ESCC through different types of SVs and
suggest that complex genomic rearrangements, such as
chromothripsis and BFB, are an integral part of mutation
mechanisms contributing to ESCC development and
should be considered along with simple genomic changes
when applying genome-guided treatment strategies.
Together with the landscape of point mutations or CNAs
described previously, these findings provide a systems
explanation for the maintenance of ESCC state. Additional
larger panels of ESCC tissues will need to be studied to
determine the broader applicability of these results.
Currently, identifying SVs is still challenging and remains
largely unsolved. Although much effort has focused on
candidate genes affected by SVs, most SVs actually occur
in non-coding regions.'®*"*?> As ENCODE project
explored potential functions of non-coding sequence,’*
more advanced technology is required to characterize
those SVs that occurred in non-coding regions and define
their contribution in tumorigenesis of ESCC.
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Figure S1. Simple deletion of CDKN2A in 7 of ESCCs. Normalized coverage was calculated
as copy number of tumor / copy number of normal. Profiles at the bottom part of the
plots show normalized coverage while the predicted somatic SVs are represented at the upper
part by lines with the breakpoints indicated by dots. SVs corresponding to a notable copy
number change are colored, with the color indicating the orientation of the breakpoints. The
red cluster represents TD; the blue cluster indicates deletion; the green cluster indicates
invers_forward. The corresponding number of supporting discordant read pairs of each SV is

shown on the right with same color. The copy-loss regions are highlighted with blue shades.
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Figure S2. SVs on NOTCHI locus in 2 of ESCCs. The red cluster indicates tandem
duplication. The corresponding number of supporting discordant read pairs of each SV is

shown on the left with same color. The copy-gain regions are highlighted with red shades.
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Figure S3. Summary of SV events and their affected genes across ESCC genomes.
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Figure S4. A. The supporting split reads identified across variety of human cancers including
ESCC, BRCA, GBM, LUSC, OV, and GC). The supporting split reads were shown on the
horizontal axis and the number of supporting split reads was shown on the vertical axis. The
supporting split reads in ESCC, BRCA, GBM, LUSC, and OV were identified via Meerkat'
whereas the supporting soft clip reads in GC were identified by CREST. B. SV sizes
identified across variety of human cancers including ESCC, BRCA, LUSC, GBM, OV, and
GC). The SV sizes were shown on the horizontal axis and the number of SV corresponding to
specific size was shown on the vertical axis. The distributions of SVs in ESCC, BRCA,
LUSC, GBM, and OV were identified via Meerkat and the SV distribution in GC was

identified via CREST.
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Figure S5. Endogenous expression levels of FGFR1 (A) and WHSCI1L1 (D) were examined

by RT-PCR and Western Blotting assay. TE-1 and KYSE150 cells were selected to

knockdown FGFRI and WHSCILI1, and then subjected to cell proliferation (B, E), cell

migration and cell invasion assays (C, F). Data represent the mean + SD; three independent

experiments were done; each experiment was performed in triplicate. Statistical analysis was

done using a two-sided t-test. *¥*P<0.01, *P<0.05.
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Figure S6. Large-scale TMA analyses depict LETM2 expression pattern in ESCC tissues.

Detail information of cases was shown in Table S7.
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Figure S7. CCNDI gene amplification as a result of BFB on chromosome 11. The upper
panel represents different types of SVs indicated by lines with different colors; the bottom
panel shows normalized coverage for each window (dark dot). The light blue arrow indicates

CCNDI gene locus.
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Figure S8. Circos plot of structural variations on chromosome 11 across 31 ESCCs. The
outer rings are chromosomes ideograms. The patterns of SVs classified by meerkat are shown

in line with different color.



Figure S9
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Figure S10

Figure S10. Large-scale TMA analyses depict CDCA7 expression pattern in ESCC tissues.

Detail information of cases was shown in Table S7.
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Figure S11. Comparison of SVs and affected genes between ESCC and EAC.
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