
Long-read sequencing for non-small-cell lung
cancer genomes

Yoshitaka Sakamoto,1 Liu Xu,1 Masahide Seki,1 Toshiyuki T. Yokoyama,1

Masahiro Kasahara,1 Yukie Kashima,2,3 Akihiro Ohashi,3 Yoko Shimada,4

Noriko Motoi,5 Katsuya Tsuchihara,2 Susumu S. Kobayashi,3 Takashi Kohno,4

Yuichi Shiraishi,6 Ayako Suzuki,1,2 and Yutaka Suzuki1

1Department of Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Chiba

277-8562, Japan; 2Division of Translational Informatics, Exploratory Oncology Research and Clinical Trial Center, National Cancer

Center, Chiba 277-8577, Japan; 3Division of Translational Genomics, Exploratory Oncology Research and Clinical Trial Center,

National Cancer Center, Chiba 277-8577, Japan; 4Division of Genome Biology, National Cancer Center Research Institute, Tokyo

104-0045, Japan; 5Department of Pathology, National Cancer Center Hospital, Tokyo 104-0045, Japan; 6Division of Cellular

Signaling, National Cancer Center Research Institute, Tokyo 104-0045, Japan

Here, we report the application of a long-read sequencer, PromethION, for analyzing human cancer genomes. We first con-

ducted whole-genome sequencing on lung cancer cell lines. We found that it is possible to genotype known cancerous mu-

tations, such as point mutations. We also found that long-read sequencing is particularly useful for precisely identifying and

characterizing structural aberrations, such as large deletions, gene fusions, and other chromosomal rearrangements. In ad-

dition, we identified several medium-sized structural aberrations consisting of complex combinations of local duplications,

inversions, and microdeletions. These complex mutations occurred even in key cancer-related genes, such as STK11, NF1,

SMARCA4, and PTEN. The biological relevance of those mutations was further revealed by epigenome, transcriptome, and

protein analyses of the affected signaling pathways. Such structural aberrations were also found in clinical lung adenocar-

cinoma specimens. Those structural aberrations were unlikely to be reliably detected by conventional short-read sequenc-

ing. Therefore, long-read sequencing may contribute to understanding the molecular etiology of patients for whom

causative cancerous mutations remain unknown and therapeutic strategies are elusive.

[Supplemental material is available for this article.]

Recent cancer sequencing projects, such as the International

Cancer Genome Consortium (ICGC) and The Cancer Genome

Atlas (TCGA), have revealed causative mutations in various types

of cancer (The International Cancer Genome Consortium 2010;

The Cancer Genome Atlas Research Network et al. 2013). Among

them, lung adenocarcinomas are one of themost well-studied can-

cers regarding such “cancer driver” mutations (Imielinski et al.

2012; Seo et al. 2012; Suzuki et al. 2013a; The Cancer Genome

Atlas Research Network 2014). More than half of the patients

with lung cancer have characteristic point mutations in the

EGFR and KRAS genes or gene fusions in the ALK, RET, and ROS1

genes. These mutations are used as “biomarkers,” which provide

fundamental information about the most appropriate therapeutic

strategy. Patients are separated based on their genomic mutation

statuses and are matched accordingly to the most appropriate

treatment (Kohno et al. 2013; Yoh et al. 2016; Mainardi et al.

2018; Ruess et al. 2018;Wong et al. 2018). Despite the general suc-

cess of this approach, ∼20%–30% of patients with lung adenocar-

cinoma remain undiagnosed with respect to their cancerous

mutations (Kohno et al. 2013).

Current information on cancer-related mutations has mostly

been obtained by short-read sequencing. Short-read sequencing

data, generally consisting of tens of millions of reads of up to

200–300 bases in length (Treangen and Salzberg 2012), are the

most powerful for detecting point mutations such as single-nucle-

otide variants (SNVs) and short indels (Pleasance et al. 2010;

Suzuki et al. 2013a). Significant efforts have been made to enable

the identification of fusion genes by using short-read sequences

(Liu et al. 2015). However, it is still difficult to detectmore complex

or larger-scale structural aberrations, such as chromosome aneu-

ploidy, copy-number aberrations, and rearrangements, based

solely on short-read sequencing data. There are inherent draw-

backs even in the latest bioinformatics pipelines for this purpose,

which hampers their practical use without careful validation

(Guan and Sung 2016).

Recently developed long-read sequencing technologies are

changing this situation. Several pioneering studies have reported

the precise analysis of complicated genomic regions, and large-

scale aberration detection is enabled by long-read sequencing.

For example, a single-molecule real-time (SMRT) sequencer,

Pacific Biosciences (PacBio) RS, has been used to analyze BCR-

ABL1 rearranged transcripts and their TKI-resistant mutations in

chronic myeloid leukemia (Cavelier et al. 2015; Ardui et al. 2018).

In chromophobe renal cell carcinoma, structural alterations in

the TERT promoter region have been identified and characterized
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by PacBio sequencing (Davis et al. 2014). In 2018, a nanopore-type

sequencer, MinION, was first used to characterize the pathogenic

sequence expansion of intronic repeats in benign adult familial

myoclonic epilepsy (Ishiura et al. 2018). Particularly for cancer ap-

plications, we and others have shown that cancer-associated struc-

tural variants (SVs) could be detected by long-read sequencing

approaches (Norris et al. 2016; Suzuki et al. 2017; Nattestad et al.

2018). Indeed, a pioneering study by Nattestad et al. (2018) report-

ed the first whole-genome sequencing of a breast cancer cell line,

SK-BR-3, using a PacBio sequencer. They also developed a series

of computational programs, including Sniffles to detect SVs from

long-read sequencing data (Sedlazeck et al. 2018). Additionally,

transcriptome sequencing by MinION has been shown to provide

a powerful analytical platform, where the complete splicing pat-

tern of a given mRNA can be thoroughly represented by a single

read (Oikonomopoulos et al. 2016). Further improvements in

MinION sequencing have been achieved by the parallelization of

nanopores in a given flow cell, a platform named PromethION,

which can now produce >100 Gb of data per flow cell.

In this study, we attempted long-read sequencing of whole

human cancer genomes by using PromethION. We first show

that PromethION sequencing can identify point mutations, as

well as large structural aberrations and fusion genes relatively eas-

ily. Moreover, we identified that mutations containing complex

combinations of small-sized and medium-sized structural aberra-

tions are highly common, constituting a previously undefined

unique class of mutations. We initially used lung cancer cell lines

for which we had previously collected detailed information on

multiomics features, such as whole-genome sequencing, RNA-

seq, and ChIP-seq of Illumina reads (Suzuki et al. 2014). Then,

we used clinical samples to show that those complicated SVs are

not restricted to cell lines.

Results

Long-read sequencing of cancer cell lines

We conducted a long-read andwhole-genome sequencing analysis

using the nanopore-type sequencers MinION and its latest high-

throughput derivative PromethION. To evaluate the performance

of PromethION, we first performed whole-genome sequencing of

the genome of LC2/ad, a lung cancer cell line derived from a

Japanese patient with lung adenocarcinoma (Matsubara et al.

2012; Suzuki et al. 2013b). We generated a total of more than

10 million reads (>100 Gb) with overall coverage of 33× using

five flow cells (Fig. 1; for general sequencing statistics of one

PromethION flow cell, see Supplemental Fig. S1). The maximum

length and N50 length of reads were 987,834 and 32,710 bp, re-

spectively. By using minimap2 (Li 2018), we mapped 69% of the

reads to the reference genome UCSC hg38. The average length of

the mapped reads was 13,620 bp, and the average identity was

85% (Table 1). As a reference of LC2/ad data from long-read se-

quencing, we also collected the whole-genome sequencing data

from a total of 33MinION runs (R9.5 flow cells) to cover the whole

human genome at an overall sequencing depth of 31× by a total of

more than 7 million reads (>90 Gb). The maximum length and

N50 length of the reads were >2Mb and exactly 30,606 bp, respec-

tively. In total, 68% of the reads were mapped to the human refer-

ence genome by using minimap2. The calculated overall sequence

identity was 82% on average. The average length of the mapped

reads was 16,452 bp, which was significantly longer than previous

long-read whole human cancer genome sequencing analyses

(Table 1; Seo et al. 2016; Shi et al. 2016; Mizuguchi et al. 2019).

Because sample preparation need not be performed for each run,

the required total amount of starting DNA used for PromethION
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Figure 1. Long-read sequencing of cancer genomes. (A, left) Raw read length distribution of LC/2ad PromethION sequencing. (Right) Raw read length
distribution of LC2/ad MinION sequencing. Both PromethION and MinION data sets have many long reads (e.g., >50 kb, 452 kilo reads, and 361 kilo
reads, respectively). (B) Cumulative depth curve of LC2/ad. Blue indicates PromethION; red, MinION. More than 50% of the human genome was covered
by a sequencing depth of >20× in both data sets. (C ) Violin plots of sequence identity of LC2/ad MinION sequencing (left) and PromethION sequencing
(right). The points in the violin plots indicate the mean identities of the MinION and PromethION data (82.1% and 84.8%, respectively) (Table 1). The
identities were concentrated at >80% in both data sets. (D) Sequencing yields for each data set of PromethION and MinION. Yields from individual
flow cells are represented by different colors.
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could be reduce to less than one-tenth compared with that for

MinION.

To examine whether PromethION sequencing was compati-

ble with MinION sequencing, we compared the features of the

two obtained data sets. The overall distributions of read lengths

were similar (Fig. 1A). Both data sets included a substantial fraction

of long reads >50 kb (MinION: 360,786 reads, PromethION:

451,698 reads). Detailed analysis of the mapping results showed

that >50% of the human genome was covered at >20× sequencing

depth in both of the data sets (Fig. 1B). Regarding the sequence ac-

curacy, both data sets showed overall fidelity of >80% (Fig. 1C),

which is similar to that of a previous study (Jain et al. 2018). We

concluded that PromethION should be an effective analytical

method for whole cancer genome sequencing.

Application of long-read sequencing for analyzing the lung

cancer genomes

After initial evaluation of the data obtained from MinION and

PromethION from LC2/ad cells, we scaled the MinION or

PromethION sequencing for an additional four lung cancer cell

lines (MinION data from A549; PromethION data from RERF-LC-

KJ, RERF-LC-MS, and PC-14 cells) (for detailed cellular profiles,

see Supplemental Table S1). The data production proceeded simi-

larly to the case of LC2/ad cells; for example, in the sequencing

of RERF-LC-KJ, about six million reads were generated (>57 Gb,

at 19×), with the maximum and N50 lengths of the reads being

922,768 and 23,442 bp, respectively (Fig. 1D). Other detailed sta-

tistics are shown in Figure 1D, Supplemental Figure S2, and

Supplemental Table S2.

We particularly focused on the SNVs in the most well-known

cancer driver mutations by using Nanopolish (Loman et al. 2015).

To further confirm the results, the detected SNVs were also viewed

by using Integrative Genomics Viewer (IGV) (Robinson et al. 2011;

Thorvaldsdóttir et al. 2013). In A549, 11 reads illustrated the can-

cerous mutation KRASG12S as the point mutation (Supplemental

Fig. S3A, left). In PC-14, eight reads represented the driver NRAS

Q61K point mutation (Supplemental Fig. S3A, right). Conversely,

we also confirmed the absence of any driver mutations in the

RERF-LC-KJ and RERF-LC-MS cell lines at well-known driver genes.

All these results are consistent with those of previous reports

(Suzuki et al. 2014). Additional detailed evaluations of SNV detec-

tion are shown in Supplemental Figure S3, B through D.

Detection of cancerous SVs using the PromethION long reads

By using the long-read sequencing data, we attempted to detect

structural aberrations. From the MinION/PromethION data set of

LC2/ad, we successfully identified 12 reads directly overlapping

the junction point of the CCDC6-RET fusion gene, which is the

most important cancer driver mutation for this cell line (for details

of the bioinformatics pipeline, see Methods) (Fig. 2A; Matsubara

et al. 2012; Suzuki et al. 2013b). We further attempted to identify

other large deletions. We identified a large deletion around the

CDKN2A gene, which is a well-known tumor suppressor gene

(The Cancer Genome Atlas Research Network 2014), in LC2/ad,

A549, and PC-14 cells (Fig. 2B; Suzuki et al. 2014). By using the

MinION/PromethION data sets in this study, we reconfirmed the

deletion of this gene in the respective cells. In addition, we found

that the precise junction point of each of the CDKN2A deletions

differed between the cell types. Large deletions in other cancer-re-

lated genes are described in Supplemental Figure S4.We could also

detect novel gene fusions by using the split alignmentmethod (see

Methods). We identified six novel rearrangements, which were

further supported by the Illumina short reads. These genes were

fused to EFNA5-IKBKB, NELL1-CCSER1, EFNA5-POLB, ANKS1B-

TRPM3, and ANKS1B-CEMIP2 in LC2/ad and UTS2B-GRM4 in

RERF-LC-KJ. In each of these cases, the long-read sequencing pre-

cisely identified the potential junction sites (Supplemental Table

S3). We also examined the general sensitivity and specificity of

the medium- or large-scale SV (≥2 kb) calls based on the long-

read sequencing data (for more details, see Supplemental Fig.

S5A). By using the PromethION data in LC2/ad, we found that

the detection sensitivity depends on the sequencing depth (Fig.

2C). We also found that it was dependent on the type of SV con-

texts, having decreasing call accuracy for duplications, transloca-

tions, inversions, and deletions. At the 20× sequencing depth,

90% of the duplications were detected, which was higher than

for the other SV types. Comparison of the detected SVs from

PromethION with those from Illumina short reads is shown in

Supplemental Figure S5B and Supplemental Table S4.

To attempt a more popular method of SV detection, we also

conducted the genome-wide SV detection using NGMLR and

Sniffles (Sedlazeck et al. 2018). From this approach, we identified

SVs with ≥50 bp, including deletions, insertions, duplications, in-

versions, and translocations, using the PromethION data sets of

LC2/ad. We compared the results between the long-read

(PromethION, Sniffles) and short-read (Illumina, GenomonSV)

approaches (Kataoka et al. 2016). We excluded insertions from

the comparison because long reads are known to be superior to

short reads for the detection of insertions, as previously reported

(Nattestad et al. 2018). Of 17,092 SVs from the PromethION data

set, 2236 SVs were also detected in the Illumina data set

(Supplemental Fig. S5C–F). The SV total number and intersections

between the long- and short-read data sets were similar to those in

the previous report (Nattestad et al. 2018).

We further attempted to decipher, perhaps, themost difficult

case, the rearrangement of the MYC gene, by taking advantage of

long-read sequencing. We had previously identified possible

copy-number aberrations in the MYC gene in LC2/ad (Suzuki

et al. 2014). The amplification was estimated to extend a >8 Mb

Table 1. General statistics of nanopore sequencing in LC2/ad

Categories PromethION (Five runs; >30×) MinION (33 runs; >30×)

Yields 100 Gb 94 Gb
Number of reads 10,064,668 7,282,846
N50 length of reads 32,710 bp 30,606 bp
Coverage 33× 31×
Percentage of mapped reads 69% 68%
Average length of mapped reads 13,620 bp 16,452 bp
Average identity of mapped reads 85% 82%
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locus, having the MYC gene at its center. However, we failed to

decipher its complete structure. Even with long-read sequencing,

it was still difficult for us to completely reconstruct its structure,

which included complex rearranged patterns, expanding to 8 Mb

in Chromosome 8 at an estimated aneuploidy of eight (Fig. 2D).

Particularly for the MYC region, we attempted to identify the cor-

rect structure by the optical mapping method, Bionano Saphyr.

Even with Saphyr, the precise structure of the MYC region re-

mained elusive, although the results from this analysis support

the MYC amplification spanning the 8-Mb region with approxi-

mately eight copies (Fig. 2E).

Comparison with PacBio long-read sequencing

To further assess the performance of PromethION to detect SVs

from another perspective, we attempted to compare the results

E
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Figure 2. Structural variant analysis of cancer genomes. (A) IGV image of the CCDC6-RET fusion gene of LC2/ad MinION sequencing. The CCDC6-RET
fusion gene is a driver mutation of LC2/ad cells. The number of reads supporting the junction is 12. (B) IGV image of a large deletion including CDKN2A of
LC2/ad, A549, and PC-14. The deletion of LC2/ad spanned ∼941 kb. The deletion of A549 spanned ∼296 kb. The deletion of PC-14 spanned ∼3438 kb.
The parentheses indicate the range of length of reads supporting the deletions. (C) The number of SVs and sensitivities of SV detection in each depth of
coverage of PromethION reads. We randomly selected reads to collectively sum up to the indicated sequencing coverage. (D) Depth plotting around the
MYC gene of LC2/ad. Arrows indicate junction candidates of the amplification supported by MinION and Illumina reads. Parentheses indicate the number
of supporting MinION reads (left) and Illumina paired-end reads (right). (E) The eight-copy MYC region of LC2/ad represented by the optical mapping
method. Optical maps with rearrangements and Chromosome 8 (reference) are represented in light blue and yellow-green, respectively. The orange arrow
indicates theMYC gene. (F) Comparison of SVs of SK-BR-3 cells from PacBio data (red; previous report) with PromethIONdata (green). A total of 12,392 SVs
were common between the two data sets (upper panel). Percentage of unique SVs overlapping with the other data set when the number of required reads
supporting SVs decreased. Colors of the lines correspond to the colors of the regions in the upper Venn diagram (lower panel). (G) Comparison of genic SVs
of SK-BR-3 cells from PacBio data with PromethION data in the samemanner as F. (H) Large-scale translocations from the region around the ERBB2 gene to
Chromosome 8 detected by the PromethION data. The translocations corresponded to the previous report using PacBio data.
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with those obtained from another long-read sequencer, PacBio,

conducted by a different group (Nattestad et al. 2018). We selected

this data set because this study is themostwell-suitedwork of long-

read cancer genome sequencing and the complete set of the

basic data was publicly available. For the comparison, we conduct-

ed thewhole-genome PromethION sequencing using the same cell

line, SK-BR-3, which is a HER2-positive breast cancer cell line

(Supplemental Fig. S6; Supplemental Table S5).Wemapped the se-

quencing data to the human reference genome by using NGMLR

and called the SVs by using Sniffles (Supplemental Fig. S7;

Sedlazeck et al. 2018).

As for the obtaineddata sets,we compared the results between

PacBio and PromethION. Most (80%) of the SVs called from the

PromethION data were consistent with those called from the

PacBio data (12,392 out of 15,408 SVs) (Fig. 2F; Supplemental Fig.

S7). By further examining the cases of discrepancy, we attempted

to characterize thepossiblecauses.Wefound that thenumberof in-

sertions called fromthePacBiodatawas larger than that called from

the PromethION data, whereas the number of duplications called

from the PromethION data was larger. The other types of SVs,

such as deletions, inversions, translocations, and inverted duplica-

tions, were the same between the two data sets (Supplemental Fig.

S7). As for the SVs detected only from the PacBio data, ∼19%

of the SVs could also be called from the PromethION data by low-

ering the threshold of the supporting reads. Conversely, as for the

SVs detected only from the PromethION data, ∼28% of the SVs

could be called from the PacBio data when a lower threshold of

reads supporting SVs was used (Fig. 2F). Some of the discrepancy

is thus from the different read coverage of the sequencings, which

remain to be completed (see below for further analyses using

clinical samples, where cancer cell contents are not 100%; thus,

deeper sequencing is generally needed).

In particular, we focused on the SVs located in the gene loci.

About 81% of these SVs overlapped between the PacBio data and

the PromethION data (4806 out of 5934 SVs). When we lowered

the threshold of the supporting reads, an increased number of con-

sistent cases were detected (20% and 26% of the inconsistent cases

of PacBio- and PromethION-called SVs, respectively; Fig. 2G). We

further inspected the still inconsistent cases and determined

that, in most of these cases, relatively small indels were found,

for which it was difficult to decipher whether the PromethION

or the PacBio results are correct. However, most of them appear

to have no particular biological significance, being located within

a deep intronic region or far upstream/downstream. Nevertheless,

we detected several putatively biologically meaningful cases. For

example, we detected a duplication spanning a genomic region

of >10 kb in Chromosome 1 only from the PromethION data

(Supplemental Fig. S7C). Both end junctions of the SVs resided

in the gene regions: within the CHTOP and KCNN3 genes. We de-

tected 76 and 23 SVs only from PacBio or PromethION, respective-

ly, when we counted SVs overlapping with coding regions, thus

affecting their functions. These results indicated that neither the

PacBio nor the PromethION platform is currently perfect; there-

fore, they should be used to complement each other.

We also attempted and failed to detect amplification around

the region of the ERBB2 gene in Chromosome 17 by either

PromethION or PacBio. Similar to the case of the MYC gene, this

region consisted of at least five tandemly arrayed translocations

(Fig. 2H). Despite the significant improvements of the long-read

sequencing and its analytical pipelines, careful manual inspec-

tions are still needed, particularly for targets of primary biological

interest.

Identification of complicated cancerous local genomic lesions

During the attempts to identify the above structural aberrations of

the established classes, we found a new type of local structural ab-

erration (Fig. 3). These aberrations consisted of complex combina-

tions of copy-number changes (duplications), inversions, and

deletions. As it appears that these aberrations do not precisely

belong to the above categories, we named them “cancerous local

copy-number lesions” (CLCLs). As we describe below, we found

it difficult to identify and characterize these CLCLs regarding their

precise junctions based solely on short-read sequencing, although

some suggestive data could occasionally be obtained.

The first example was found in the STK11 gene locus. In our

previous study of lung cancer whole-genome sequencing using

Illumina, we noticed a possible local copy-number lesion in the

STK11 gene region in RERF-LC-KJ cells. The sequencing depth in-

creased from the middle of intron 1 to the end of the gene (Suzuki

et al. 2014). There were short-read split tags (for details, see

Methods), suggesting that inversions may occur in this region.

Despite the substantial number of sequencing reads mapped in

this region, we could not reconstruct its precise structure.

We examined the long reads to decipher the aberration in the

STK11 gene locus (Fig. 3A). It revealed the aberration as follows:

The first rearrangement occurred as an inversion starting from in-

tron 1 (Chr 19: 1,216,572; breakpoint II) and jumpingdownstream

from the gene (Chr 19: 1,228,569; breakpoint IV). The inverted se-

quence continued back to the middle of intron 1 (Chr 19:

1,216,360; breakpoint I), which was 212 bases upstream of the ini-

tial breakpoint II. Then, the sequence reverted back and jumped to

intron 3 (Chr 19: 1,219,538; breakpoint III). The following se-

quence continued to the end of the gene locus. The detected junc-

tions, breakpoints II/IV and I/III, were represented by seven and

nine PromethION reads, respectively. One read completely cov-

ered the structure. The individual reads corresponding to this aber-

ration are shown in Figure 3B (lower panel).Whenwe re-examined

the Illumina reads, the sequencing depth increased at two regions,

between breakpoints I and II and between breakpoints III and IV

(boxed region in the upper panel in Fig. 3A). We also looked for

the short reads using the soft-clipped method. We found that it

was difficult to detect breakpoint I/III by using the short-read split

tags, partly because the junctions resided in the repetitive regions.

To further address this issue, we conducted Sanger sequencing of

the junction points (Fig. 3C). We finally identified the disordered

part of the gene, whichwas sufficiently complicated so as not to be

detected by short reads.

Tomore generally identifyCLCLswith copy-number changes

in other loci in all lung cancer cell lines, we constructed a new an-

alytical bioinformatics pipeline (see Methods; Supplemental Fig.

S8). Briefly, we used the information of the split alignments

from the mapping results. We sorted the mapping information

by the position of the reads and extracted the CLCL candidates.

The associated reads were reassembled to reconstruct their struc-

tures. Thus, we successfully identified the following numbers of

CLCLs with local duplications in the other cell lines as well: 14

in LC2/ad, one in A549, eight in RERF-LC-KJ, seven in RERF-LC-

MS, and 12 in PC-14 (Table 2). CLCLs were found to occur even

in key cancer genes, such as the STK11, NF1, SMARCA4, and

PTEN genes. The aberrant structures varied, and most of them

could not be easily detected by the conventional short-read-based

approaches because of their complex structures and the size of the

affected regions. A relatively simple onewas thatwhichwas detect-

ed in the NF1 gene in RERF-LC-MS cells (Fig. 3D). This was a
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Figure 3. Identification and characterization of complicated local structural aberrations. (A) Structure of STK11 in RERF-LC-KJ. The STK11 CLCL was con-
structed by a combination of local inversions. We can trace the structure following the ordered arrows, and the junctions are indicated by colored arrows.
The SV spanned 12 kb in the human reference genome. (B) Information on long reads for the complicated structure of the STK11 CLCL. The SV structure
and aligned reads of PromethION are shown in the upper and lower panels. Aligned length is represented in the margin. (C) The results of Sanger sequenc-
ing of junctions of STK11 CLCL. The CLCL junctions of STK11 in RERF-LC-KJ were validated by Sanger sequencing. The CLCL structure is shown in the top
panel. The 5-bp insertion was observed in junction I/III. PCR and sequencing primers are shown in theMethods section. (D) Structure of theNF1 in RERF-LC-
MS. The structure of the SV was a tandem duplication between the junctions (indicated by a yellow arrow and a blue arrow). The SV spanned 78 kb in the
reference genome. (E) Structure of the SMARCA4 in PC-14. The structure of the SV was a tandem duplication of the junctions (indicated by a yellow arrow
and a blue arrow). The SV spanned 50 kb in the reference genome. (F) Aberrant genomic structure of PTEN in PC-14. The structure of the SV was a com-
bination of a local inversion and deletion. We can trace the SV structure following the ordered arrows, and the junctions are indicated by colored arrows.
The SV spanned 7 kb in the reference genome. (G) Summary ofmutation types of four cancer-related genes in five cell lines. (H) The number of complicated
SV junctions in each category of genomic context.
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tandem duplication of the region between intron 9 (Chr 17:

31,200,948) and the downstream region of the last exon 36 (Chr

17: 31,278,880; it was supported by seven reads at the junction).

In another case, the structure of the SMARCA4 CLCL showed a

duplication from intron 1 (Chr 19: 10,973,314) to intron 20

(Chr 19: 11,022,573; supported by six reads at the junction) (Fig.

3E). A more complex case was found in the structure of PTEN in

PC-14. This CLCL was found to be a combination of inversion

and deletion (Fig. 3F; Supplemental Fig. S9A). The junctions of

PTEN CLCL were validated by Sanger sequencing analysis

(Supplemental Fig. S10). For these cases, once identified, remap-

ping of the Illumina short reads to the identified junctions could

validate the reconstructed structure. Indeed, the presence of these

mutations was partly suspected in a previous study (Suzuki et al.

2014). However, their precise structures remained elusive before

this study by conventional aberration detection based on the short

reads (Fig. 3G).

More generally, we also examined the genomic context of

these CLCLs. In total, 67% (28/42) of the SVs had at least one junc-

tion overlapping with a long interspersed nuclear element (LINE),

short interspersed nuclear element (SINE), or long terminal repeat

(LTR), and 14%, 23%, and 6% (12/88, 20/88, and 5/88, respective-

ly) of the junctions of the SVs were in a LINE, SINE, or LTR, respec-

tively (Fig. 3H). It is possible that their repetitive regions may

hamper the precise identification of SVs by short-read sequencing.

Aberrant transcriptional events associated with CLCLs

After the identification of complicated patterns of aberrations in

several key genes of many cell lines, we wondered what transcrip-

tional or epigenomic consequences they have. To characterize

how the aberrations are reflected in the transcriptome, we newly

generated and analyzed full-length cDNA sequencing data using

MinION. We also used the previous Illumina short-read RNA-seq

and ChIP-seq data. In RERF-LC-KJ cells, short-read sequences indi-

cated that the STK11 transcript is abnormally spliced at intron 1

and that transcription jumped just before the aberrant genomic

structure (Suzuki et al. 2014). MinION reads representing the

full-length transcripts further specified the precise splice pattern

and the transcription termination sites (Fig. 4A). For almost all

the transcripts, the first splicing occurred at an abnormal position

(from Chr 19: 1,216,268) and transcription occurred according to

the aberrant structure (RNA-seq reads covered breakpoints II–IV

from Chr 19: 1,216,572 to Chr 19: 1,228,569). Such an aberrant

transcription pattern was not observed in PC-14 cells, where

STK11 is the wild-type gene (Fig. 4A, lower panel).

We examined the epigenome marks in the regions surround-

ing the complicated local SV as represented by the ChIP-seq of

H3K4me3, H3K9/14ac, and RNA polymerase II. We found that

the chromatin normally formed the active structure at the promot-

er regions and that transcription was initiated normally at the cor-

rect position regardless of whether the cell line harbored the

mutant or wild-type STK11 locus (Fig. 4B). However, in only the

RERF-LC-KJ cells harboring the CLCL, the H3K36me3 mark disap-

peared in the middle of intron 1, indicating that transcriptional

elongation should be disrupted exactly where the SV started.

Illumina RNA-seq data also supported that the RNAs were abnor-

mally spliced in the middle of intron 1 and transcribed according

to the aberrant genomic structure. The expression levels of these

aberrant transcripts were measured as 2.8 reads per kilobase of

exonpermillionmapped fragments. Nonormal transcriptswere de-

tected. However, the aberrant transcripts retained a substantial ex-

pression level, although somewhat lower than that of thewild type.

We conducted a similar analysis for the CLCLs. For the PTEN

gene in PC-14 (Fig. 4C), the CLCL resided at exon 6 (RefSeq ID:

NM_001304717). As a result, this exon was completely skipped

from the transcripts of PTEN. Accordingly, the resulting transcript

should be frame-shifted and thus would be likely to lead to func-

tional loss of the PTEN gene. We also examined the RNA expres-

sion levels in the STK11, NF1, SMARCA4, and PTEN genes

harboring CLCLs based on the Illumina RNA-seq data. The results

indicated that CLCLs are generally likely to result in reduced gene

expression levels (Fig. 4D). Nevertheless, in some cases, gene ex-

pression levels remained significant, such as the NF1 transcripts

in RERF-LC-MS cells and the PTEN transcripts in PC-14 cells.

To address the biological significance of the CLCLs, we exam-

ined how the SV-affected locus invokes changes in protein expres-

sion levels and their related signaling pathways. We conducted

western blotting analysis. As expected, we found that the proteins

of STK11, NF1, SMARCA4, and PTEN were completely lost in cells

harboringCLCLs in these genes (Fig. 4E).We further examined the

activation status of the downstreamproteins. The expected disrup-

tions of the pathways were observed for all the examined cases.

PTEN suppresses the phosphorylation of AKT1/2/3, and phos-

phorylated AKT1/2/3 (phospho-AKT1/2/3) consequently activates

themTOR signaling pathway (Carracedo et al. 2008). Aberrant up-

regulation of phospho-AKT1/2/3 was observed, reflecting the

functional loss of PTEN in PC-14 cells (PTEN-CLCL). PRKAA1/2

is a gene that plays an important role in maintaining cellular ho-

meostasis, and the phosphorylation of the PRKAA1/2 protein at

its alpha subunit is activated by STK11 (Mihaylova and Shaw

2012). Its activation is impaired in RERF-LC-KJ cells (STK11-

Table 2. Summary of complicated SVs detected in lung cancer cell lines

Cell line
Number of

CLCLs Sniffles Affected gene candidates

LC2/ad 14 13 AGO3, GABBR2, SART3, DHRS13, RPTOR, PTPN13, RHEB, SPAG1, POLB,
a
CHRNB3, FER1L6, CEMIP2,

PTPRD, REEP6, EFNA2, CLEC18A
A549 1 1 RABGAP1L, ZBTB37

RERF-LC-
KJ

8 7 COL11A1, TSG101, GTF2H1, LGALS3, STK11, ITGB1BP1, MBOAT2, PTOV1, CPT1C, SON, IFNAR1,

TWSG1

RERF-LC-
MS

7 4 LCK, HDAC1, CLEC2D, NF1, SLC8A2, MYT1L, ACTB

PC-14 12 10 SLC44A5, PTEN, NAP1L1, WWOX, INTS2, SMARCA4, PTPRD, ARHGAP8, PRR5, SERPINB9, F13A1,

AUTS2, TMEM38B

Items in bold were also detected by Sniffles.
aLC2/ad cells had two complex structures in the POLB gene.
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Figure 4. Aberrant transcriptional events caused by complicated local structural aberrations. (A) Structures of STK11 transcripts in RERF-LC-KJ.
Sequencing tags of whole-genome sequencing (PromethION) and full-length RNA-seq (MinION) were visualized by IGV. PC-14 RNA-seq was also shown
as a wild-type control. (B) Multilayered statuses in the STK11 region. Patterns of whole-genome sequencing, ChIP-seq, and RNA-seq tags of short-read data
were visualized by IGV. The status of RERF-LC-KJ and PC-9 (control) is shown. (C) Structures of PTEN transcripts in PC-14. Sequencing tags of whole-genome
sequencing (PromethION) and full-length RNA-seq (MinION) were visualized by IGV. The transcripts indicated that exon 6 was skipped (black arrow).
(D) Expression levels of STK11,NF1, SMARCA4, and PTEN in 26 lung cancer cell lines. Cell lines with deleteriousmutations, such as large deletions, frameshift
indels, and nonsense SNVs, are shown in black. Cell lines with complicated SVs are also shown in black with a diagonal line. (E) Western blotting of genes
affected by complicated SVs and their downstream targets. (MW) Molecular weight; (WT) wild type; (DEL) large deletion; (CLCL) complicated local SV
focused on in this study. Bar charts indicate the normalized ratio of density of phosphorylated proteins and total proteins. Each protein is downstream
from proteins encoded by the genes.
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CLCL). The NF1 gene is a negative regulator of RAS oncoprotein

with tumor suppressor function (Wolman et al. 2014). Phospho-

MAPK1/3, which is downstream from the RAS signaling pathway

(De Luca et al. 2012), was aberrantly up-regulated in RERF-LC-

MS cells (NF1-CLCL). Despite the clear protein losses of the corre-

sponding genes in all cases, either by conventional aberrations or

by complicated SVs, their consequences varied to a certain extent

depending on the case. For example, even though the STK11 pro-

tein similarly disappeared in both RERF-LC-MS cells (STK11-DEL)

and RERF-LC-KJ cells (STK11-CLCL), the enhanced ratio of phos-

pho-PRKAA1/2 was lower in the RERF-LC-KJ cells. The effects of

NF1 in RERF-LC-OK (NF1-DEL) were almost undetectable, whereas

the effects were significant in RERF-LC-MS cells (NF1-CLCL).

Other pathways may sometimes complement the loss of the key

protein. Future comprehensive work using large data sets, such

as DepMap (Tsherniak et al. 2017), would address this issue.

Detection of CLCLs in clinical samples

To examine CLCLs in clinical cases of lung adenocarcinoma, we

conducted similar PromethION whole-genome sequencing for

the surgical specimens of 20 Japanese patients with lung adenocar-

cinoma (Table 3; Supplemental Fig. S11). The detected driver mu-

tations for each patient are shown in Supplemental Table S6. For

these cases, we generated >78 Gb of sequences on average for

each case (>25× depth) (Table 3A; Fig. 5A). For all cases, we also se-

quenced normal counterparts to eliminate possible normal varia-

tions and dubious SVs derived from the mapping errors (Table

3B). To show a representative case (case S10), the maximum and

N50 lengths of the reads were 584,753 and 19,756 bp, respectively

(Fig. 5B). Statistics for the other cases are shown in Figure 5A and

Table 3.

We also examined the presence of these CLCLs in clinical

samples. We found that 14 of the 20 specimens harbored at least

one such CLCL (Table 4). Again, several key cancer genes were in-

cluded. For example, we identified an RNF20CLCL in case S8. This

patient is a female who has been shown to have an EGFR exon 19

deletion as a driver mutation. However, the other cancerousmuta-

tions remained elusive. In this case, the CLCL of the RNF20 gene

occurred as a tandem duplication between intron 2 (Chr 9:

101,536,324) and intron 6 (Chr 9: 101,544,752) (Fig. 5C;

Supplemental Fig. S9D), which is very likely to lead to the

Table 3. General statistics of PromethION in lung cancer clinical samples

Case
Yields
(Gb)

Number of
reads

N50 length of
reads (bp)

Coverage
(x)

Percentage of
mapped reads (%)

Average length of
mapped reads (bp)

Average identity of
mapped reads (%)

Tumor
S1 99 14,881,240 19,213 33 82 7651 88
S2 94 25,379,061 11,114 31 83 4256 88
S3 77 15,952,312 14,479 25 72 6113 87
S5 82 21,640,571 12,437 27 77 4604 88
S6 76 11,336,329 19,617 25 74 8476 87
S7 85 13,880,384 16,670 28 75 7525 87
S8 100 18,661,003 16,894 33 75 6616 88
S9 96 13,179,209 20,687 32 80 8561 88
S10 85 12,424,087 19,756 28 82 7824 87
S11 69 21,140,772 5417 22 80 3653 87
S12 73 15,634,853 13,583 24 75 5601 88
S13 104 30,719,862 7627 34 76 4017 88
S14 74 14,328,017 8174 24 80 5780 87
S15 75 12,278,084 17,959 24 71 7863 86
S16 74 20,118,226 5837 24 76 4277 87
S17 52 7,086,616 14,460 17 71 9057 86
S18 62 7,091,142 23,446 20 75 10,648 88
S19 60 6,352,847 27,468 20 77 11,307 88
S20 58 5,836,744 24,688 19 79 11,644 88
S21 63 8,985,953 19,964 21 79 8225 89

Normal
S1 57 11,709,609 10,386 19 82 5478 89
S2 41 7,016,159 15,046 14 78 6685 88
S3 48 12,971,173 6933 15 78 4253 86
S5 35 6,503,970 11,404 11 87 5728 90
S6 48 7,531,078 15,107 16 84 6869 87
S7 46 7,555,316 16,773 15 63 8049 87
S8 54 8,351,411 16,260 18 79 7335 87
S9 34 4,483,001 17,684 11 88 8015 90
S10 42 7,029,224 16,460 14 76 7327 86
S11 59 7,832,201 14,319 19 90 8062 90
S12 84 12,908,975 16,204 27 82 5269 89
S13 38 5,506,152 15,199 12 86 7123 90
S14 56 6,464,828 17,516 18 79 5917 88
S15 55 9,585,959 16,479 18 82 6556 89
S16 55 7,924,757 17,347 18 80 5816 89
S17 59 6,766,386 21,430 20 83 9760 90
S18 44 5,335,320 19,017 15 87 9090 90
S19 37 5,025,576 17,197 12 87 8061 90
S20 47 5,620,346 18,678 15 86 9228 89
S21 57 6,166,961 16,812 19 88 10,016 90
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functional loss of this gene. The RNF20 gene encodes an E3 ubiq-

uitin ligase with tumor suppressor function, and it is frequently

mutated, particularly in lung cancer (Sethi et al. 2018). In the other

cases, the indications obtained for themolecular etiology underly-

ing the carcinogenesis of the patients are summarized in

Supplemental Table S6. In total, 76 CLCLs were detected, which

included 14 CLCLs with complicated combinations of tandem

duplication and other types of SVs. Further scaling of the long-

read sequencing would be needed to more precisely identify the

frequencies of the CLCLs and the genes preferentially harboring

such SVs.

We were also concerned whether the tumor purity and intra-

tumor heterogeneitymay affect the detection ofCLCLs. To address

this issue, using the short-read data, we calculated variant allele fre-

quencies (VAF) in the junctions of the CLCLs by using

GenomonSV and compared them with those of point mutations

including known driver events. The VAFs of driver mutations

have been proposed to represent the tumor contents in many pre-

vious studies (Fig. 5D; Roth et al. 2014; Smits et al. 2014; Andor

et al. 2016). Neither CLCLs nor any driver events were detected

in four cases. We suspect that the tumor content of the specimens

was considerably low or that cancer cells were highly heteroge-

neous in these cases. For six cases, there was no CLCL detected.

For the other cases, in which CLCLs were detected, the VAFs of

driver/oncogenic mutations ranged from 0.12 to 0.62, indicating

that the tumor purity was expected to be ≥20%. The VAFs of over-

all point mutations were also consistent. For these cases, the VAFs

of the CLCLs ranged from 0.02 to 0.30. The VAFs of CLCL junc-

tions were considered to be highly correlated with those of driver

mutations or other point mutations, as the VAFs of CLCL junc-

tions are supposed to be lower than the VAFs of SNVs because

the current criteria to evaluate the VAFs of CLCLs are less straight-

forward than the case of SNVs. Nevertheless, we could detect at

least major CLCLs such as driver mutations for each specimen.

Because the primary goal of this study was to identify CLCLs of

possible cancer-causing SVs, for which the VAF levels are similar

to those of driver mutations, we considered that the current se-

quencing depth is sufficient for this purpose. Additional sequenc-

ing depths would further detect additional CLCLs, which occur in

a minor population of cancer cells, and thus may play a role in the

heterogeneity of cancer cells or in cancer evolution.

Discussion

In this study, we have described the identification and characteri-

zation of complicated structural aberrations in lung cancer ge-

nomes by using PromethION. We could identify the precise

junctions of chromosomal rearrangements and large-scale dele-

tions relatively easily. For example, the junction points of the

CDKN2A gene were precisely detected (Fig. 2B). In most cases,

the proximal genes were simultaneously deleted. In LC2/ad, the

deletion spanned from the MIR31HG and MTAP gene loci to the

CA

B D

Figure 5. Analysis of lung cancer clinical samples. (A) Sequencing yields and mean quality values of the data sets from PromethION. (B) Raw read length
distribution of PromethION sequencing in case S10 (two flow cells; 28×). The N50 length and the number of reads >50 kb are shown in the inset. (C) The
CLCL of RNF20 in case S8. An aberrant structure of RNF20 is shown in the upper panel. The structure was a tandem duplication between the junctions (blue
arrow and yellow arrow). IGV visualization is represented in the lower panel. The aberrant structure (∼8 kb) is indicated in the box. (D) Variant allele fre-
quencies of CLCL junctions of 20 clinical samples. Variant allele frequencies (VAFs) of CLCL junctions (blue) are shown in comparison with those of point
mutations (yellow). VAFs were calculated using Illumina short-read data by Genomon andGenomonSV (VAF > 0.01). Of the 95 CLCL junctions, 79 junctions
were also detected in GenomonSV. Driver/oncogenic mutations (knownmutations in EGFR, KRAS, NRAS, and PIK3CA) were detected in 13 cases, and their
VAFs are presented in orange. No CLCLs were detected in six cases (S1, S5, S12, S17, S18, and S19). (n.a.) Not available; (n.d.) not detected by
GenomonSV; thus, the VAF should be considerably low. The estimated VAFs of SNVs and SVs are simultaneously plotted on the same planner for the pur-
pose of comparison, although the accuracy for the VAFs of SVs is not fully validated.
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DMRTA1 gene locus (supported by nine reads). In A549 cells, the

deletion started from the MTAP locus and reached the CDKN2B

gene locus (supported by 15 reads). In PC-14, 22 genes were delet-

ed in addition to the CDKN2A gene (supported by eight reads).

Several studies have reported that CDKN2A codeleted genes are in-

volved in the hidden molecular features of cancers. The MTAP

gene encodes 5-methylthioadenosine phosphorylase, which is as-

sociated with the purine and methionine salvage pathways, locat-

ed in the region adjacent to the CDKN2A gene and frequently

codeleted in cancers.MTAP-deficient cancers are known to acquire

vulnerability to arginine methyltransferase PRMT5 depletion,

which may be a novel target of an anticancer drug (Kryukov

et al. 2016;Marjon et al. 2016;Mavrakis et al. 2016). It is important

to determine the precise junction by the long-read approach to

completely understand the genes or regions that are affected by

these genomic aberrations.

We also identified the 8-Mb amplification of the MYC gene

locus in LC2/ad cells. We attempted to further characterize it

and found that even the latest long-read sequencing technologies

could not characterize the precise mutation pattern in this locus.

Eight megabases may have been considerably large and the inter-

nal rearrangement may have been highly complicated, although

this is the only regionwherewe couldnot reassemble the structure.

We found no sequences suggesting aberrations occurring within

the internal region of the MYC gene locus itself. Outside of the

MYC gene, at least four breakpoints were detected by nanopore

reads, which were further confirmed by the Illumina short reads

(Fig. 2D). There may be unique selective pressure exerted on this

gene specifically, retaining the gene’s function itself intact while

at the same time enhancing its expression.

We identified a unique and complicated aberration pattern

with local copy-number changes (CLCLs). We found that these

CLCLs exist even in pivotal cancer-related genes, such as the

STK11, NF1, SMARCA4, and PTEN genes. Recent studies have re-

ported that immune checkpoint inhibitors are less effective for

lung cancers with STK11 mutations (Rizvi et al. 2018; Skoulidis

et al. 2018). Therefore, the therapeutic strategy for each patient

would differ depending on whether or not there is a mutation in

the STK11 gene. Additionally, CLCLs were identified in the

PTPN13, RPTOR, and RHEB genes in LC2/ad cells (Table 2).

PTPN13 encodes a protein tyrosine phosphatase, whereas the

RPTOR and RHEB genes are members of the MTOR signaling path-

way. The functional loss of these genes could be related to tumor-

igenesis and malignancy of the cancer, although further studies

will be needed to clarify the relationship between those aberra-

tions and the molecular etiology of cancers in more detail.

We could also analyze the causes and consequences of geno-

mic CLCLs. In total, 67% of the SVs had at least one junction in

LINE, SINE, and LTR regions, suggesting that transposable ele-

ments were likely to contribute to the formation of aberrant

structures. By using epigenome and transcriptome data, we also

showed that complicated local SVs led to the formation of abnor-

mal transcripts and functional loss of their encoded proteins in

most cases.

We further conducted long-read sequencing of clinical sam-

ples. We successfully showed that CLCLs occur in the in vivo ge-

nomes of patients with lung adenocarcinoma. In 14 cases, at

least one CLCL was detected in the genes with important func-

tions, providing a complementary therapeutic indication for

the patients. As expected, the detected CLCLs in each patient

did not overlap with those from the other cases because most

of mutations are not generally recurrent, except for some hotspot

mutations. In clinical samples, we also faced difficulties of muta-

tion detection, which is caused by low tumor purity and high

heterogeneity of the tumor cells. Conventional short-read se-

quencing tends to cause erroneous detection, although it is

easy to obtain more data than those from long-read sequencers,

which need large amounts of intact DNA samples for whole-ge-

nome sequencing. Nevertheless, we attempted to reanalyze

short-read sequencing data from clinical samples that were previ-

ously published (Suzuki et al. 2013a; The Cancer Genome Atlas

Research Network 2014), particularly focusing on detecting

CLCLs in cancer-related genes, such as the driver genes of lung

adenocarcinoma (Supplemental Fig. S12). For example, in the

Table 4. Summary of complicated SVs detected in lung cancer clinical samples

Case
Number of

CLCLs Affected gene candidates
Driver/oncogenic

mutation

S1 0 — Not detected
S2 8 CSMD3, SLC30A8, CELSR1, CSNK1E, EIF3H, MACROD2, KCNJ4, BAIAP2L2, SEPTIN3, RAC2, TMC1 EGFR L858R
S3 5 SPATA17, PAH, NCOR1, ZSWIM7, SNX25, MBTPS2 NRAS Q61L
S5 0 — Not detected
S6 4 CTNNA3, MCM4, NCALD, PRKDC, IKBKB, CYRIB EGFR exon 19 deletion
S7 4 NLGN1, MEF2A, TMC5, TBC1D5 EGFR exon 20 insertion
S8 5 ASTN2, MTHFD1L, TAGAP, DOCK4, RNF20 EGFR exon 19 deletion
S9 2 TSPAN8, NTN1 EGFR L858R
S10 8 WDR26, ATAD3A, AGBL4, FAF1, ZFP82, ZNF254, ZNF681, GPATCH1, CXCL8, CASK, DMD EGFR L858R
S11 1 LRRC7 Not detected
S12 0 — KRAS G12C
S13 2 AP4S1, NPAS2, AKAP6 EGFR L858R
S14 2 KCNT2, KCNMB2 PIK3CA E545K
S15 1 ATP23, AGAP2 Not detected
S16 12 DPYD, PDGFRL, VPS37A, SORCS1, HPSE2, PYROXD2, MED13L, TACR1, HEATR5A, GREB1L, ZNF544,

DNAH7, SYN3
Not detected

S17 0 — Not detected
S18 0 — EGFR L858R
S19 0 — Not detected
S20 17 TPPP, LMBR1, MGAT4C, OSBPL8, PPFIA2, CNTNAP2, SLC36A2, KCNIP1, SEMA5A, SLC9A3, LCP2,

IRX1, GRIA1, CTNND2, ADAMTS16, EBF1, SLC36A3, KCTD16, PLEKHA2
EGFR exon 19 deletion

S21 5 ATRNL1, CDC16, ITGBL1, EBF1, NRK, SAMD12 EGFR L858R
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case of TCGA-49-4512 (female, nonsmoker), we identified a po-

tential complicated SV in the kinase domain of the EGFR gene.

This duplication was previously reported (Gallant et al. 2015)

and might cause aberrant activation of EGFR, thus serving as a

driver mutation of this case. This patient’s therapeutic target

should be addressed by EGFR inhibitors such as afatinib

(Gallant et al. 2015). We believe that it is important to subject

those cases to further detailed long-read sequencing. We tenta-

tively call these complicated local SV CLCLs as a new category

of SVs for further extensive long-read sequencing analysis.

Future studies should reveal how CLCLs occurring in cancer ge-

nomes play a role in the phenotypic features of a given cancer,

including its response to anticancer drugs.

Lastly, we found that visualization of the detectedmutation is

also important. The so-called “genome graph” data structure

should play an indispensable role in representing the diverse na-

ture of cancer genomes and thus further enhance the accuracy of

future genome analyses (Garrison et al. 2018; Rakocevic et al.

2019). Recently, a tool for visualizing SVs based on a genome graph

has been developed (Yokoyama et al. 2019). For the graph genome

approach, eventually all the various SVs should be collectively rep-

resented. To this end, distinct approaches may be needed depend-

ing on the variant types including CLCLs. This is the first study

that has used PromethION sequencing for cancer genomics.

Obviously, further improvements in the sequencingmethod itself,

coupled with refinements of the computational tools, are needed

to achieve for more accurate detection of SVs in cancer

genomes. Indeed, this study may have raised more questions

than answers. In that sense, this is only the first study paving

the way toward a more comprehensive understanding of the com-

plicated genomic aberrations of cancers and further in-depth study

of their biology.

Methods

Cell lines and clinical samples

The lung adenocarcinoma cell lines LC2/ad, A549, RERF-LC-KJ,

RERF-LC-MS, and PC-14 were cultured as previously described

(Suzuki et al. 2014). SK-BR-3 (ATCC HTB-30) was cultured using

McCoy’s 5A Medium (30-2007 ATCC). Cell pellets were washed

with cold PBS and cryopreserved.

Clinical sampleswereobtainedwith theappropriate informed

consent at the National Cancer Center Japan. Surgical specimens

from 21 patients were pathologically checked, and case S4 was re-

moved because of low tumor content (Supplemental Fig. S11;

Supplemental Table S6). All 20 patients were diagnosed as having

primary lung cancer, including 15 adenocarcinomas, two squa-

mous cell carcinomas, one pleomorphic carcinoma, one LCNEC,

and one large-cell carcinoma. Fresh-frozen surgical specimens

were used to extract genomic DNA (gDNA) and total RNA as de-

scribed below.

Whole-genome sequencing using MinION

High-molecular-weight (HMW) gDNAwas extracted from the lung

cancer cell lines LC2/ad and A549 with the smart DNA prep(a) kit

(Analytikjena). In the case of LC2/ad, WGS data were produced

from 1D sequencing (SQK-LSK108), 1D2 sequencing (SQK-

LSK308), and rapid sequencing (RAD003); in the case of A549,

WGS data were produced from only 1D2 sequencing. Library prep-

aration was conducted according to the manufacturer’s instruc-

tions (also see Supplemental Methods).

Whole-genome sequencing using PromethION

The HMW gDNA extraction method for LC2/ad and RERF-LC-MS

was the same as that for the MinION sequencing. From RERF-LC-

KJ, PC-14, and lung adenocarcinoma clinical samples, HMW

gDNA was extracted with the MagAttract HMW DNA kit

(Qiagen). Library preparation for 1D sequencing (SQK-LSK109)

and sequencing using PromethION were conducted according to

the manufacturer’s instructions (also see Supplemental Methods).

Computational analysis of long-read sequencing data

MinION fast5 data were base-called using albacore 2.0.2 and con-

verted to FASTQ files. PromethION fast5 data were base-called us-

ing guppy and converted to FASTQ files. Our MinION and

PromethION data sets were mapped to the human reference ge-

nome, hg38, using minimap2 (with the “-ax map-ont” option,

2.9-r720 version). MinION 1D2 sequencing outputs two types of

FASTQ file, 1D and 1D2. 1Dmeans that reads were generated using

single-strand information. 1D2 reads integrate the double-strand

information. There were some overlapping reads between 1D files

and 1D2 files. Therefore, reads used as 1D2 were removed from the

1D files. In addition, there were some overlapping reads in the 1D2

files. These reads were removed from the 1D2 files and used as 1D

reads.

SNV calling using Illumina short reads

Whole-genome short-read sequences were mapped to the human

reference genome (hg38) using BWA-MEM (version 0.7.15) (Li

2013). After mapping, sorted BAM files were created, and PCR du-

plicates weremarked by SAMtools (Li et al. 2009). For the detection

of SNVs of LC2/ad cells, we used GATK HaplotypeCaller (version

4.0.12.0) (Poplin et al. 2018) with base quality score recalibration

and valiant quality score recalibration, and then we annotated

SNPs by ANNOVAR using dbSNPs (Wang et al. 2010).

SNV calling using PromethION long reads

SNVs were called from the PromethION data set of LC2/ad using

Nanopolish (version 0.11.1) assuming the ploidy of two in the ge-

nome of Chromosome 22. For SNV calling, we annotated SNPs in

the same fashion as in the Illumina analyses. For analysis of

the known SNV, we added a “-d 10” option to the above

command because of the lower sequence depth than the default

parameter of 20.

Full-length transcriptome sequencing using MinION

Full-length transcriptome analysis using MinION was performed

as previously described (Seki et al. 2019). RNA was extracted

from lung cancer cell lines by using the RNeasy mini kit

(Qiagen). The extracted RNA was converted to cDNA by using a

SMART-Seq v4 ultra low-input RNA kit (Takara). Then, we used

cDNA as input for 1D2 MinION sequencing. Sequencing data

were mapped to the human reference genome (UCSC hg38) using

minimap2 (with the “-ax splice” option, 2.9-r720 version) and

converted to a sorted BAM file using SAMtools.

Analysis of SVs of SK-BR-3 cells

Sequencing reads by PromethIONwere mapped to the human ref-

erence genome, UCSC hg38, using NGMLR (with the “-x ont” op-

tion, 0.2.7 version). Then, SVs were called by Sniffles (version

1.0.11). A VCF file of SVs from PacBio data was downloaded from

the site of a laboratory of investigators (Nattestad et al. 2018).

The file was generated based on the reference genome, hg19. We
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lifted over positions in the file to hg38 and then compared the re-

sults with PromethION data. Figure 2H was made using

SplitThreader (https://github.com/MariaNattestad/SplitThreader),

and Supplemental Figure S7C was made using Ribbon (Nattestad

et al. 2020).

Detection of driver mutations for cell lines in long-read data

For the pointmutations, we directly explored the known positions

of the mutations using IGV. For the driver mutations of LC2/ad

cells, the CCDC6-RET fusion gene, we explored the reads split-

aligned to both RET and CCDC6 genes in the reference genome

and extracted the alignments with SAM format. Thenwe extracted

the information of split alignment (chromosome, position of ref-

erence, read strand, and position of read) from the file and sorted

the information by the position of reads. We filtered out reads

with low mapping quality (MAPQ<30) and counted the number

of supporting reads.

Detection of CLCLs from long-read data

To detect CLCLs, we used our method using the information of

split read alignments. The scripts are available as Supplemental

Code. The representative cases are visualized in the database

DBKERO (https://kero.hgc.jp/) (Supplemental Fig. S13). First, we

mapped sequencing data (FASTQ) to the human reference ge-

nome, hg38. Then we clustered split reads with IDs of reads from

output files ofmapping (BAM).We filtered out reads withmultiple

hits (flag: 256). Next, we extracted the information of split align-

ments (chromosome, position of reference, read strand, and posi-

tion of read) from the file and sorted the information by the

position of reads. We filtered out reads with low MAPQ (MAPQ<

30) from the data set. We extracted junction candidates of translo-

cations, tandem duplications, and inversions considering the po-

sition of reads (removing junctions with large differences in read

position, >300 bp), annotated the junctions of RefSeq genes, and

merged the junctions <50 bp from the junctions of candidates.

The threshold for the number of reads supporting the junctions

was five. We generated sequence data with depth of at least 10×

for all samples and could call heterozygous variants strictly at

the threshold. We removed junctions with <2000 bp between

the junctions because we aimed to detect medium-scale or large-

scale SVs. CLCLs were detected when the gene or proximal genes

contained at least two junction points. Finally, we checked and re-

constructed the structures of translocations, tandem duplications,

and CLCLs. To detect deletions, we used the information of split

alignments and CIGAR strings in SAM format files. By using infor-

mation of split alignments, we performed analysis in the same

fashion as for translocations, tandemduplications, and inversions.

We extracted the CIGAR strings from the BAM file with the filter-

ing out of reads with multiple hits and low MAPQ. Then we inte-

grated the results from analyses using information of split

alignments and CIGAR strings, and then detected deletions of

>2000 bp.We removed redundant SVs among samples. For clinical

samples, we set SVs fromnormal samples as a control panel and re-

moved the SVs from tumor samples whose support tags existed in

normal samples. We also conducted analysis using Sniffles (ver-

sion 1.0.11) with the “-s 5 -q 30” option for the cell lines.

Optical mapping using the Saphyr system

Optical mapping analysis using the Saphyr system (Bionano

Genomics) was performed for LC2/ad cells. Briefly, HMW DNAs

were isolated from frozen cells by using a Bionano prep kit

(Bionano Genomics) and measured by Qubit BR assay (Thermo

Fisher Scientific). The extracted DNAs were fluorescently labeled

with DLE-1 using a Bionano DLS kit (Bionano Genomics). Data

were collected on the Saphyr instrument (Bionano Genomics).

The figures were created by Bionano Access (version 1.3.0,

Bionano Genomics).

Sanger sequencing for validation of the CLCL junctions

Sanger sequencing was performed for two junctions of STK11

CLCL in RERF-LC-KJ and two junctions of PTEN CLCL in PC-14

(Supplemental Methods). The chromatogram and sequence files

used in the figures are provided as Supplemental Files.

Western blotting

Weperformedwestern blotting as described previously to quantify

proteins fromgeneswith aberrant genomic structures (Supplemen-

tal Methods; Ohashi et al. 2015).

Whole-genome short-read sequencing of clinical samples

gDNA was extracted from surgical specimens by using the

MagAttract HMW DNA kit (Qiagen). Whole-genome sequencing

libraries were constructed using the TruSeq nano DNA library

prep kit (Illumina) and sequenced using NovaSeq, in accordance

with the manufacturer’s instructions. In summary, 100 ng of

gDNAwas used for library preparation as input, andDNA fragmen-

tation, end repair, adenylation of the 3′ end, adapter ligation, and

condensation of DNA fragments were conducted. We performed

DNA fragmentation usingCovaris and used a protocol for an insert

size of 350 bp. After preparing the library, we denatured the library

with NaOH and then started the NovaSeq run.

Analysis of short-read sequencing data

For transcriptome and epigenome analyses of the cell lines, we

used RNA-seq and ChIP-seq data that were previously obtained

(DRA001846 and DRA001860) (Suzuki et al. 2014) and mapped

to the reference genome hg19. IGV was used for visualization.

To detect SV junctions, GenomonSV (version 2.6.1) was used

with paired-end read sequencing data as listed: five whole-genome

data sets from cancer cell lines (DRA001859) (Suzuki et al. 2014)

and 20 whole-genome data sets from Japanese patients with

lung cancer. After conducting Genomon (version 2.6.1; https://

genomon.readthedocs.io/ja/latest/; reference: hg19), GenomonSV

filt was performed with the option “‐‐min_junc_num 1.” For clin-

ical samples harboring matched normal data, we also set the op-

tion “‐‐matched_control_bam.” We merged SVs allowing 100-bp

margins and removed redundancies among samples. For Supple-

mental Figures S5, B and C, and S12, the detailed methods were

shown in the Supplemental Methods.

Data access

The sequencing data of cell lines generated in this study have

been submitted to the DNA Data Bank of Japan (DDBJ; https://

www.ddbj.nig.ac.jp/index-e.html) under accession numbers

DRA007423 (DRX143541, DRX143542, DRX143543, DRX1435

44), DRA007941, DRA008154, and DRA008295). The data from

the cell lines have also been submitted to DBKERO (Suzuki et al.

2018; https://kero.hgc.jp). The sequencing data of the clinical sam-

ples have been submitted to the Japanese Genotype-phenotype

Archive (JGA; http://trace.ddbj.nig.ac.jp/jga), which is hosted by

theNational BioscienceDatabase Center (NBDC) andDDBJ, under

accession numbers JGAS00000000065 (JGAD00000000252 and

JGAD00000000253).
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