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Background: Oncogenic RET fusion, caused by an inversion in chromosome 10, was recently 

identified as a driver mutation for the development of lung adenocarcinoma (LADC). 

However, the molecular mechanism(s) underlying the rearrangement of the RET locus during 

lung carcinogenesis are unknown. 

Patients and methods: Genomic segments containing breakpoint junctions for RET fusions 

were cloned and analyzed by genomic PCR and genome capture sequencing using a 

next-generation sequencer to identify the mechanisms involved in DNA strand breaks and 

illegitimate joining of DNA ends. Of the 18 cases studied, 16 were identified by screening 

671 LADC cases and two were previously published.  

Results: Almost all (17/18, 94%) of the breakpoints in RET were located within a 2.0 kb 

region spanning exon 11 to intron 11, and no breakpoint occurred within 4 bp of any other. 

This suggested that, as in papillary thyroid carcinoma (PTC), DNA strand breaks formed at 

non-specific sites within this region trigger RET fusion. Just over half of the RET fusions in 

LADC (10/18, 56%) were caused by simple reciprocal inversion, and two DNA-repair 

mechanisms, namely, non-homologous end joining (NHEJ) and break-induced replication 

(BIR), were deduced to have contributed to the illegitimate joining of the DNA ends.  

Conclusions: Oncogenic RET fusion in LADC occurs through multiple pathways and 

involves the illegitimate repair of DNA strand breaks via mechanisms different from those 

identified in PTC, where RET fusion also functions as a driver mutation.  

 

Keywords: lung adenocarcinoma; molecular target therapy; personalized medicine; RET; 
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Oncogenic fusion of RET (rearranged during transfection) tyrosine kinase gene partnered with 

KIF5B (kinesin family member 5B) and CCDC6 (coiled-coil domain containing 6) was 

identified as a novel druggable driver mutation in a small subset (1–2%) of patients with lung 

adenocarcinoma (LADC)
1-4
. Vandetanib (ZD6474) and cabozantininb (XL184), two FDA (US 

Food and Drug Administration)-approved inhibitors of the RET tyrosine kinase showed 

therapeutic responses in a few patients with RET fusion-positive LADC
5, 6
. Several clinical 

trials are currently underway to examine the therapeutic effects of RET tyrosine kinase 

inhibitors, including these two drugs 
7, 8
. RET fusions are generated by pericentric (includes 

the centromere, with a breakpoint in each arm) and paracentric (not including the centromere, 

with both breaks in the same arm) inversions of chromosome 10 (Figure 1A). Since the 

majority of RET fusion-positive patients are never-smokers 
3, 9, 10

, cigarette smoking does not 

cause a predisposition. Therefore, the mechanism(s) responsible for the rearrangement of the 

RET locus are unknown. Elucidation of such a mechanism(s) may help to identify risk factors 

that can be modified or other preventive methods that can reduce the incidence of LADC, 

however, no such mechanism has been identified 
8
. 

Analyzing the breakpoints and structural aberrations in cancer cell genomes is a 

powerful method of identifying the underlying molecular mechanism(s) responsible, since the 

breakpoints retain “traces” of the DNA strand breaks and the illegitimate joining of DNA ends 

11-13
. In fact, several studies have characterized the structure of the breakpoints responsible for 

the ELE1 (also known as RFG, NCOA4 and ARA70)-RET oncogenic fusion in cases of 

papillary thyroid cancer (PTC), including post-Chernobyl irradiation-induced cases, to 

elucidate the mechanism underlying chromosome 10 inversion generating this fusion (Figure 

1A) 
14-17

.  

Here, we examined the molecular processes underlying chromosome inversions that 
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generate oncogenic RET fusions in LADC by cloning genomic segments containing 

breakpoint junctions and by comparing their structures with those identified in PTC. The 

results will increase our understanding of how RET fusions are generated, and will also have 

implications for diagnosis of RET fusion positive LADCs. 

 

 

PATIENTS AND METHODS 

 

Patient samples 

Fourteen frozen tissues (13 surgical specimens and a pleural effusion) and two methanol-fixed 

paraffin-embedded tissues from surgical specimens were obtained from the National Cancer 

Center (NCC) Biobank. These samples were from patients with LADC who received therapy 

at the NCC Hospital (Tokyo, Japan) between 1997 and 2012. All frozen samples were 

confirmed to be positive for KIF5B-RET fusion by RT-PCR analysis, according to a 

previously described method 
3
. CCDC6-RET fusion was detected by fusion fluorescence in 

situ hybridization (FISH) analysis of paraffin-embedded tissues using RET- and 

CCDC6-specific probes (Chromosome Science Labo, Inc; Sapporo, Japan). This study was 

approved by the institutional review board of the NCC.  

 

Cloning and sequencing of DNAs containing breakpoint junctions 

Genomic DNAs were extracted from cancer and noncancerous tissues using the QIAamp 

DNA Mini Kit or the QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany). Genomic DNA 

fragments containing breakpoint junctions were amplified by genomic PCR using primers that 

hybridized within the KIF5B and RET loci. PCR products specifically amplified in samples of 
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interest were subjected to direct Sanger sequencing. The primers used are listed in 

Supplementary Table 1.  

 

Genome-capture deep sequencing using a next-generation speed sequencer 

Nucleotide sequences of CCDC6-RET fusion breakpoints were examined by targeted 

genome-capture and massively parallel sequencing using an Ion PGM sequencing system and 

the Ion TargetSeq Custom Enrichment Kit (Life Technologies). One microgram of genomic 

DNA was subjected to enrichment using the probes listed in Supplementary Table 2. The 

mean depth of sequencing was approximately 1,000.  

 

Analysis of sequence reads obtained by a second generation sequencer 

Sequence reads were analyzed using a program developed by the authors. Briefly, reads were 

mapped to sequences of the RET and CCDC6 genes using the BWA-SW software
18
 to detect 

reads that mapped to both the RET and CCDC6 genes. Breakpoints were extracted from the 

local alignment results of BWA-SW. The detailed procedure is described in Supplementary 

Notes. Structures of breakpoint junctions were verified by Sanger sequencing of genomic 

PCR products. 

 

LOH analysis 

Genomic DNAs obtained from cancerous and non-cancerous tissues were subjected to SNP 

genotyping using the Illumina HumanOmni1 2.5M Chip (Illumina, San Diego, CA, USA). 

Based on the B-allele frequencies obtained using the Illumina GenomeStudio software, LOH 

regions in RET and surrounding regions were deduced. Representative SNP loci were 

subjected to analysis of allelic imbalance using the Sequenom MassARRAY system 

(Sequenom, San Diego, CA, USA). 
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Analysis of nucleotide sequences 

Nucleotide sequence analysis, including search for sequence homology, was performed using 

the Genetyx-SV/RC Ver 8.0.1. software (Genetyx, Tokyo, Japan). Information about the 

distribution of repetitive elements, GC contents, conservation, DNA methylation, DNase 

sensitivity, and histone modification within the RET gene was obtained using the UCSC 

genome browser (http://genome.ucsc.edu/cgi-bin/hgGateway).  

 

 

RESULTS 

KIF5B-RET fusion variations in lung adenocarcinoma 

In our previous study, six (1.9%) of 319 LADC cases carried KIF5B-RET fusions 
3
. In this 

study, we examined KIF5B-RET fusion by RT-PCR in a further 352 LADC cases, and found 

eight additional KIF5B-RET fusion-positive cases. In total, 14 (2.1%) of 671 cases were 

positive for KIF5B-RET fusions (cases 1–4 and 7–16 in Table 1 and Supplementary Table 3), 

and this frequency was consistent with those reported for other cohorts 
9, 10, 19

.  

Among those 14 cases, ten (71%) contained a fusion of KIF5B exon 15 to RET exon 12 

(K15;R12), whereas the remaining four each contained other variants. Thus, K15;R12 is the 

most frequent variant (Figure 1B). The prevalence of the K15;R12 variant (45/60, 75%) was 

verified in a total of 60 cases, including 46 cases from eight other cohorts published to date 
1-4, 

9, 10, 19, 20
 (Figure 1B, Supplementary Table 4). This preference was similar among cohorts 

from Japan, other Asian countries, and the USA (P > 0.05 by Fisher’s exact test). 

 

Distribution of breakpoints in the RET and KIF5B genes  

To explore the molecular processes underlying RET fusion in LADC, we examined the 
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location (clustering) of the breakpoints and the structure of the breakpoint junctions; 

information about the former enabled us to deduce the genomic or chromosomal features that 

make DNA susceptible to strand breaks, whereas information about the latter enabled us to 

deduce the mechanism underlying the illegitimate joining of DNA ends by DNA repair 

pathways.  

The locations of the 28 breakpoints in the 14 KIF5B-RET fusion-positive cases 

mentioned above were identified by Sanger sequencing analysis of genomic PCR products 

and mapped (yellow arrowheads in Figure 2A, 2B). The breakpoints in a single Korean case 

from another study were also identified and mapped (orange arrowheads in Figure 2A; case 

17 in Table 1). Consistent with the predominance of K15;R12 variants, most of the 

breakpoints were mapped to intron 11 of RET and intron 15 of KIF5B (Figure 2, detailed 

information in Supplementary Table 5). 

None of the RET and KIF5B breakpoints mapped at the same position, and no 

breakpoint was within 6 bp of another. To further investigate the breakpoint clustering, we 

mapped breakpoints in three cases of CCDC6-RET fusion, a minor fusion variant (cases 5, 6, 

and 18 in Table 1 and Supplementary Table 3). Two of these cases were primary tumors, 

diagnosed by break-apart and fusion FISH, and their breakpoints were determined by 

genome-capture deep sequencing of genomic DNAs using a second generation sequencer. The 

remaining case was a LADC cell line from a Japanese patient, for which the breakpoints had 

previously been determined by the same method 
21
. Two breakpoints and one breakpoint in 

the RET gene were mapped to intron 11 and exon 11, respectively (green arrowheads in 

Figure 2), and no breakpoint was located within 5 bp of another. In total, a 2.0 kb region 

spanning exon 11 to intron 11 of RET and a 5.6 kb region spanning intron 15 of KIF5B (10/15, 

75%) contained the majority of breakpoints (17/18 [94%] and 10/15 [75%], respectively), and 

these breakpoints were at least 5 bp from each other. Breakpoints within exon 11 to intron 11 



8 
 

of RET and intron 15 of KIF5B were not distributed in an evidently biased manner, nor did 

they exhibit any particular nucleotide sequence or composition (Supplementary Table 5). 

Therefore, DNA strand breaks triggering oncogenic RET fusions in LADC occur 

preferentially in a few defined regions, but at non-specific sites within those regions. 

 

Reciprocal and non-reciprocal inversions causing RET fusions 

To explore the modes of DNA end joining that give rise to RET fusion, we investigated the 

structures of RET fusion breakpoint junctions. To address whether chromosome inversion 

events were reciprocal, we cloned genomic segments containing reciprocal breakpoint 

junctions (i.e., RET-KIF5B and RET-CCDC6) from 17 Japanese cases (Table 1). Ten of the 

seventeen cases, consisting of eight KIF5B-RET and two CCDC6-RET cases, allowed 

amplification of reciprocal genomic segments using PCR primers set 1 kb away from the 

identified KIF5B-RET or CCDC6-RET breakpoints. This indicated that these fusions were the 

results of simple reciprocal inversions (cases1-10 in Table 1, Figure 2C). On the other hand, 

the remaining seven cases did not allow amplification of genomic segments encompassing the 

reciprocal breakpoint junctions (cases 11-16 and 18 in Table 1). Three of these seven cases, 

for which corresponding non-cancerous DNA was available, were subjected to loss of 

heterozygosity (LOH) analysis at the RET locus. LOH was detected at a region proximal 

(N-terminal) to the breakpoints in all three cases (cases 11, 15, and 16 in Table 1, Figure 1A), 

indicating non-reciprocal inversion associated with deletion of a copy of the region proximal 

to the breakpoints. In addition, the inversion in the aforementioned Korean case (case 17) is 

also non-reciprocal 
4
. These data suggested that only a fraction of RET fusions (10/18, 56%) 

are caused by simple reciprocal inversions.  

 

Modes of DNA end joining that give rise to reciprocal inversions  
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Two major types of DNA repair pathways cause structural variations
11, 12

. The first type is 

NHEJ of DSBs, which requires very short (a few bp) or no homology, and often inserts a few 

nucleotides at breakpoint junctions 
8, 22, 23

. NHEJ has canonical and non-canonical forms; in 

the latter, called alternative end joining (alt-EJ), DNA ends are joined using microhomology 

of a few nucleotides at breakpoints 
24
. The second type includes repair pathways that use long 

(>10 bp) homology at DNA ends, such as break-induced replication (BIR) and non-allelic 

homologous recombination 
12, 25

.  

Sequence analysis of breakpoint-containing genomic segments in ten reciprocal cases 

revealed that deletions frequently (8/10, 80%) occur in RET and/or its partner locus (i.e., 

KIF5B or CCDC6) upon DNA end joining (Table 1). This analysis also enabled us to deduce 

that both types of repair pathways described above are involved in these joining events. In six 

of the cases (cases 1–6 in Table 1), four DNA ends were joined, and in two cases, insertions 

were observed (representative cases in Supplementary Figure 1). The lack of significant 

homology between the sequences of the RET and KIF5B/CCDC6 breakpoints led us to 

deduce that DNA end joining was mediated by NHEJ in these six cases: two DSBs formed, 

one each in RET and its partner locus, and the four resultant DNA ends were illegitimately 

joined by canonical or non-canonical NHEJ (Figure 3A). 

The remaining four cases (cases 7–10 in Table 1) had a distinctive feature. DNA 

segments of 33–490 bp from either the RET or KIF5B locus were retained at both the 

KIF5B-RET and RET-KIF5B breakpoints, resulting in duplication of these segments. Notably, 

two regions encompassing the breakpoint in a locus exhibited sequence homology to the 

duplicated segment of the other locus (representative cases in Supplementary Figure 2). This 

feature led us to deduce that these joining events were mediated by BIR, using both DNA 

ends generated by DNA single-strand breaks at the RET or fusion-partner locus (Figure 3B). 

Specifically, two DNA broken ends generated at the RET (or partner locus) annealed with the 



10 
 

DSB sites of the fusion-partner (or RET) locus through sequence homology, and were then 

subjected to ectopic DNA replication. This process left the same DNA segment at both 

breakpoint junctions, resulting in duplication of the segment. 

 

Speculated mode of DNA end joining giving rise to non-reciprocal inversion  

Our study also speculated about the modes of joining involved in the eight remaining cases, 

which were not likely to have been subjected to simple reciprocal inversion, and are therefore 

defined here as non-reciprocal (cases 11–18 in Table 1). Due to the lack of sequence 

information from breakpoints in reciprocal counterparts, deletions could not be assessed. The 

lack of significant homology between the RET and KIF5B/CCDC6 breakpoints suggested the 

involvement of NHEJ. Consistent with this idea, insertion of a few nucleotides, a common 

trace of NHEJ, was observed in three cases (cases 11, 15, and 17). A single case (case 16) had 

an insertion of 349 nucleotides, corresponding to the inverted segment of RET exon 7 to 

intron 7, suggesting the occurrence of an unspecified complex rearrangement mediated by a 

process other than NHEJ, such as fork stalling and template switching (FoSTeS) (Lee et al., 

2007). These results suggest that the predominant molecular process is illegitimate NHEJ 

repair, in which two DSBs are formed both in the RET and partner loci, and one end of the 

partner locus (the N-terminal part of KIF5B or CCDC6) and one end of the RET locus (the 

C-terminal part) are joined by NHEJ. However, the remaining two DNA ends were not joined 

in a simple manner. DNA segments within the DNA ends were either lost or joined with DNA 

ends other than those at the RET, KIF5B, and CCDC6 loci, consistent with the observations of 

LOH at regions proximal to breakpoints in RET (Table 1). In fact, in case 17, the 3’ part of the 

KIF5B gene was fused to the KIAA1462 gene, 2.0 Mb away from KIF5B 
4
. 

 

DISCUSSION 
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In this study, we investigated the molecular mechanisms underlying oncogenic RET fusion in 

LADCs. Distribution of breakpoints made us consider a 2.0 kb segment spanning RET exon 

11 to intron 11 (and also a 5.6 kb segment spanning KIF5B intron 15) as a breakpoint cluster 

region(s). The breakpoints in these regions were dispersed at intervals larger than 4 bp. The 

inferred breakpoints do not necessarily indicate the sites of actual DNA breaks because 

resection of nucleotides from DNA ends sometimes occurs during the DNA repair 
23
. In fact, 

we observed nucleotide deletions in eight of ten LADC cases with reciprocal 

KIF5B/CCDC6-RET inversions. However, when the locations of putative breakpoints prior to 

DNA end resection were included, the breakpoint distribution remained scattered. These data 

strongly suggested that the majority of DNA breaks triggering RET fusions occur at 

non-specific sites in defined regions of a few kb in size. Furthermore, this seems to hold true 

irrespective of etiology and tumor type: the distribution of breakpoints was not significantly 

different between ever- and never-smokers, and RET exon 11 to intron 11 was also defined as 

a breakpoint cluster region for RET fusions in PTCs, as previously reported
14-17

. The cases 

shown in Figure 2 (gray and black arrowheads) include PTCs induced by post-Chernobyl 

irradiation, in which DNA breaks were presumably caused exclusively by irradiation; the 

random breakpoint distributions in these PTCs were similar to those of the LADCs we 

analyzed.  

 We investigated the DNA end joining pathways that gave rise to RET fusions by 

analyzing the structures of breakpoint junctions. NHEJ was found to be one of the major 

pathways of DNA end joining. We and others also showed that NHEJ is also prominently 

involved in interstitial deletions that inactivate tumor-suppressor genes, such as CDKN2A/p16 

and STK11/LKB1, in lung cancer 
13, 26, 27

. Thus, NHEJ contributes to the occurrence of driver 

mutations in both tumor-suppressor genes and oncogenes during lung carcinogenesis. Our 

data also reveal a possible contribution of BIR in DNA end joining to generate reciprocal 
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inversions. We deduced that BIR occurred from DNA ends, probably generated by DNA 

single-strand breaks, in the RET or partner locus, beginning with annealing with the other 

locus through nucleotide homologies of tens to hundreds of bp. This process resulted in 

duplication of breakpoint-flanking DNA segments of tens to hundreds of bp. BIR has recently 

been implicated in oncogenic RAF fusions in pediatric brain tumors 
28
. In those cases, the 

sequence homology used for annealing of DNA ends was on the order of a few bp. Thus, BIR 

might generate oncogenic fusions frequently, although the detailed process may differ 

according to tumor type. 

Irrespective of the similarities in breakpoint distribution, several processes involved 

in RET fusions differed between LADC and PTC (Figure 4). Reciprocal inversion was 

unlikely to have occurred by BIR in PTC because none of the PTC cases exhibited the 

duplication of DNA segments that were observed in LADC; therefore, the joining of DNA 

ends in PTC was likely to have been mediated exclusively by NHEJ 
17
. This is plausible 

because RET fusions preferentially occur in PTCs in patients suffering from high-dose 

radiation exposure, suggesting that DSBs generated at the RET or partner loci triggered the 

chromosome rearrangements that generated RET fusions 
29
. Repetitive NHEJ repair of 

abundant DSBs, which occurs in the context of irradiation, may increase the likelihood of 

illegitimate repair generating RET fusion. On the other hand, in LADC, both DSBs and SSBs 

formed by multiple causes might trigger rearrangements by multiple DNA repair pathways. 

The high frequency of non-reciprocal inversion also distinguishes LADC from PTC, for 

previous study revealed that RET fusions result from reciprocal inversion in most cases (43/47, 

91%) 
14, 15

. Frequent non-reciprocal inversion is consistent with the observation that 

KIF5B-RET fusion-positive tumors contain deletions of the 5’ part of RET, as revealed by 

FISH staining patterns 
1
. The present study provides a molecular basis for such a distinct 

FISH finding, and will help to define the criteria used to diagnose RET-fusion-positive LADC. 
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Interestingly, FISH analysis also revealed that another driver mutation, EML4-ALK fusion, in 

LADC, caused by a paracentric inversion of chromosome 2, also involves deletion of the 5’ 

region of the ALK oncogene locus 
30, 31

. Although the structures of breakpoint junctions of 

ALK fusions have not been characterized to the best of our knowledge, these results indicate 

that a significant fraction of chromosome inversions that cause oncogenic fusions in lung 

cancer are likely to be non-reciprocal. 

 Finally, a few issues remain to be elucidated regarding the molecular processes 

generating oncogenic RET fusions. Firstly, although this and previous PTC studies imply that 

the 2.0 kb region spanning the RET exon 11 to intron 11 region is susceptible to DNA strand 

breaks, the underlying mechanisms remain unknown. For, this region does not exhibit 

distinctive features known to make DNA susceptible to breaks (Supplementary Figure 3, 

details in Supplementary Notes). Secondly, the etiological factors that cause DNA strand 

breaks, and the factors that determine reciprocal or non-reciprocal inversion and selection of 

DNA repair pathways, also remain unknown. The mode of joining and breakpoint distribution 

was irrespective of smoking history, and, therefore, DNA damage due to smoking is unlikely 

to be an important factor. The fact that RET fusions are more frequent in LADC of 

never-smokers than in ever-smokers indicates that undefined etiological factors play major 

roles in the occurrence of RET fusions.  
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TABLE 1. Structure of breakpoint junctions of RET fusions in lung adenocarcinoma       

No. Sample name 
Fusion 

partner 

Reciprocal/ 

Non-reciprocal 

Deletion  

in the joining 
 

DNA segment 

duplication by 

inversion 

 
Nucleotide overlap 

at junction 
 

Nucleotide insertion 

at junction 

Mode of  

DNA end 

joining 

LOH   

proximal to 

RET 

Smoking 

        RET Partner  RET Partner  
Partner 

-RET 

RET- 

Partner 
 

Partner 

-RET 

RET- 

Partner    

1 BR0020 KIF5B Reciprocal - - 
 
- - 

 
- - 

 
- - NHEJ NT No 

2 L07K201T KIF5B Reciprocal 14-bp 19-bp 
 
- - 

 
C - 

 
- ATA NHEJ NT Yes 

3 349T KIF5B Reciprocal 1-bp 7-bp 
 
- - 

 
- - 

 
A A NHEJ NT Yes 

4 AD08-341T KIF5B Reciprocal 16-bp 26-bp 
 
- - 

 
- - 

 
- - NHEJ NT No 

5 RET-030 CCDC6 Reciprocal 52-bp 1021-bp - - 
 

- - 
 

- - NHEJ NT No 

6 RET-024 CCDC6 Reciprocal 14-bp 2-bp 
 
- - 

 
- - 

 
- - NHEJ NT Yes 

7 AD12-106T KIF5B Reciprocal - 573-bp 
 
490-bp - 

 
- - 

 
- - BIR NT Yes 

8 BR0030 KIF5B Reciprocal - - 
 
- 211-bp 

 
- - 

 
- - BIR NT No 

9 442T KIF5B Reciprocal 269-bp - 
 
- 232-bp 

 
- - 

 
- - BIR NT No 

10 AD08-144T KIF5B Reciprocal 5-bp -  - 33-bp  - -  - - BIR NT No 

11 BR1001 KIF5B Non-reciprocal 
      

- 
  

AGT 
 

NHEJ + No 

12 AD09-369T KIF5B Non-reciprocal 
      

CTC 
  

- 
 

NHEJ 

(Alt-EJ) 
NT No 

13 BR1002 KIF5B Non-reciprocal 
      

A 
  

- 
 

NHEJ NT No 

14 AD12-001T KIF5B Non-reciprocal 
      

- 
  

- 
 

NHEJ NT Yes 

15 BR1003 KIF5B Non-reciprocal 
      

- 
  

CTTT 
 

NHEJ + No 

16 BR1004 KIF5B Non-reciprocal 
      

- 
  

RET ex 

7-int 7 

(359-bp) 
 

Complex  

rearrange 
+ No 

17 AK55
a
 KIF5B Non-reciprocal 

      
- 

  
GT 

 
NHEJ NT No 

18 LC-2/ad
b
 CCDC6 Non-reciprocal           -    -   NHEJ NT Unknown 

a
Ju et al (2012). 

                
b
Suzuki et al (2013) 

                
Blank: not applicable; NT: not tested 
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Figure legends  

FIGURE 1. RET fusions. (A) Upper: location of the RET oncogene and its 

fusion-partner genes KIF5B, CCDC6, and ELE1 on chromosome 10. The KIF5B-RET 

fusion is generated in LADC, whereas the CCDC6-RET fusion is generated in LADC 

and PTC. The ELE1-RET fusion is frequent in radiation-induced PTC. Lower: LOH 

analysis. Allelic imbalance at SNP sites proximal and distal to the breakpoints were 

examined by MassArray analysis in three LADC cases with putative non-reciprocal 

inversions. Cases 11, 15 and 16 exhibited allelic imbalance (23%, 41%, and 29%, as 

indicated by arrows) at SNP loci proximal to the breakpoints, consistent with the fact 

that these samples have 20–40% tumor content. (B) Fractions of KIF5B-RET fusion 

variants in lung adenocarcinomas. Fractions comprise the cohort from this study and 

eight published cohorts. Fractions in patients from Japan, other Asian countries 

(Korea and China), and the USA are shown below. 

 

FIGURE 2. Breakpoint analysis. (A) Distribution of breakpoints in the CCDC6, KIF5B 

and RET genes.. Yellow arrowheads indicate the locations of breakpoints for 

KIF5B-RET fusions in Japanese cases (cases 1–4 and 7–16 in Table 1), whereas the 

orange arrowhead indicates the breakpoints in a single Korean case (case 17). Green 

arrowheads indicate the locations of breakpoints of CCDC6-RET fusions in three 

Japanese cases (cases 5, 6, and 18). Arrowheads for ever-smoker LADC cases are 

hatched. Gray and black arrowheads indicate breakpoints of RET-ELE1 fusion in 38 

radiation-induced post-Chernobyl PTCs and six sporadic PTCs, respectively14-17. (B) 

Electropherograms for Sanger sequencing of genomic fragments encompassing 

KIF5B-RET breakpoint junctions. PCR products were directly sequenced. Examples 

of three fusion patterns (joined without any nucleotide insertions or overlaps, joined 
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with a nucleotide insertion, and joined with three nucleotide overlap) are shown. 

Inserted and overlapping nucleotides at breakpoint junctions are indicated, 

respectively, by the blue and red boxes. (C) Electropherogram for Sanger sequencing 

of genomic fragments encompassing CCDC6-RET and RET-CCDC6 breakpoint 

junctions.  

 

FIGURE 3. Deduced processes of reciprocal inversion by NHEJ and BIR. (A) NHEJ. 

Four DNA ends generated by DSBs at RET and a partner locus were directly joined. 

Often, insertions of nucleotides, (NNN), at breakpoint junctions are observed. (B) BIR. 

Here, DNA single strand-breaks (SSBs) occur in the KIF5B locus and a DSB occurs in 

the RET locus. The two SSBs at the KIF5B locus trigger BIR by annealing at two 

homologous sites in the RET locus. BIR results in duplication of a KIF5B segment. As 

a result, the RET breakpoints in the KIF5B-RET and RET-KIF5B fusions are located at 

the same position (a DSB site), whereas the KIF5B breakpoints in these fusions are 

located at different positions (two SSB sites). ▽, breakpoints for partner-RET fusion; 

▲, breakpoints for RET-partner fusion. 

 

FIGURE 4. Molecular processes underlying RET gene fusions in LADC and PTC. 

Different processes are involved in RET fusion in different tumor types. Both 

reciprocal and non-reciprocal inversions occur in LADC. In LADC, BIR and NHEJ are 

responsible for DNA end joining in reciprocal inversion, whereas NHEJ is exclusively 

involved in non-reciprocal inversion. In PTC, reciprocal inversion by NHEJ is 

dominant.  
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Supplementary Notes 1 

 2 

Analysis of sequence reads obtained by a second generation sequencer 3 

Sequence reads produced by the Ion PGM sequencer were analyzed by a program 4 

developed by the authors. The program can detect gene fusion by searching for 5 

sequence reads whose right and left ends map onto two different genes. In more detail, 6 

the program takes a BAM file output from the Ion sequencer and performs local 7 

alignment between every sequence read from the sequencer and every sequence from a 8 

UCSC hg19 database of genes with introns using the BWA-SW program with default 9 

parameters. Then, it filters out reads with low mapping quality scores (<20) and screens 10 

for reads mapped onto two different genes. It further screens for reads whose spans are 11 

entirely mapped, by selecting reads with high proportion (≥0.9) of read bases that map 12 

onto two genes. It also screens for reads whose left and right ends map onto two genes, 13 

by getting the positions of bases that map onto one gene and the positions of bases that 14 

map onto the other gene. It next performs the Wilcoxon test between the two sets of 15 

positions and screens for reads with low p-values (<10
-5

). The program extracts 16 

breakpoint positions from local alignment results. Detailed information about this 17 

program will be published elsewhere. We found reads that mapped onto both the RET 18 

gene and CCDC6 gene, thereby detecting CCDC6-RET and RET-CCDC6 fusion 19 

breakpoints.  20 

 21 

Molecular mechanisms underlying oncogenic RET fusion in papillary 22 

thyroid cancer (PTC) 23 

RET fusion is a common genetic aberration in PTC patients treated with external beam 24 



radiation 
1
. Notably, 50% of pediatric PTC caused by post-Chernobyl exposure to 25 

radiation involves ELE1 (also known as RFG, NCOA4 and ARA70)-RET fusions
2, 3

. In 26 

addition, RET fusions were identified in 20% of PTC induced after exposure to a 27 

nuclear bomb
4
. Taken together, these observations suggest that DNA strand breaks 28 

induced by irradiation trigger chromosome 10 inversions, which result in RET fusions.  29 

Previous studies have described the structure of breakpoint junctions in 30 

post-Chernobyl and sporadic PTCs
5-8

. Breakpoints were clustered but dispersed within 31 

exon 11 to intron 11 of RET (gray and black arrowheads in Figure 2). No breakpoint 32 

was located within 4 bp of another. Even among all the breakpoints of all LADCs (this 33 

study) and thyroid carcinomas, no breakpoints were located at the same position. 34 

Previous genomic PCR analysis revealed that RET fusions result from reciprocal 35 

inversion in most cases (43/47, 91%)
5, 6

; in LADC, by contrast, reciprocal inversion 36 

accounted for just over half (56%) of RET fusions (P = 0.0021 by Fischer’s exact test). 37 

The breakpoint junctions in PTC frequently contained nucleotide insertions, and 38 

therefore, joining in the PTC cases was previously deduced as being mediated by 39 

NHEJ
8
.  40 

 41 

Genome/chromatin structure of breakpoint cluster regions 42 

The 2.0 kb region spanning the RET exon 11 to intron 11 region lacks repetitive 43 

sequence clusters and has an average GC content (Supplementary Figure 4). 44 

Furthermore, examinations of histone modifications in this region in several kinds of 45 

human cells revealed no distinct patterns associated with open chromatin structure; 46 

similarly, the DNase I sensitivity of the region, which may reflect accessibility to 47 

DNA-damaging agents, is not high. Interestingly, a recent study suggested that RET 48 



intron 1 is easy to break during replication through DNA topoisomerase actions
9
. 49 

Therefore, this feature might be a cause for the susceptibility. 50 

 51 

52 
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