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Abstract

Structural variations (SVs), including translocations, inversions, deletions, and duplications, are
potentially associated with Mendelian diseases and contiguous gene syndromes. Determination of
SV-related breakpoints at the nucleotide level is important to reveal genetic causes for diseases. Whole
-genome sequencing (WGS) by next-generation sequencers is expected to determine structural
abnormalities more directly and efficiently than conventional methods. In this study, 14 SVs (nine
balanced translocations, one inversion and four microdeletions) in nine patients were analyzed by WGS
with a shallow (5x) to moderate read coverage (20x). Among 28 breakpoints (as each SV has two
breakpoints.), 19 SV breakpoints had been determined previously at the nucleotide level by any other
methods and nine were uncharacterized. BreakDancer and Integrative Genomics Viewer determined 20
breakpoints (16 translocation, two inversion and two deletion breakpoints), but did not detect eight
breakpoints (two translocation and six deletion breakpoints). These data indicate the efficacy of WGS for

the precise determination of translocation and inversion breakpoints.



Introduction

Structural variations (SVs), including translocations, inversions, deletions, and duplications, potentially
lead to human genetic diseases arising from disruption and dosage changes of functionally important
genes '. In particular, apparently balanced chromosomal rearrangements have been frequently associated
with human diseases, such as premature ovarian failure, Sotos syndrome, Peters anomaly, testicular
atrophy, Mowat-Wilson syndrome, developmental delay, and intellectual disability*®. The incidence of
apparently balanced chromosomal rearrangements is in the range of from 1/500-1/625 ’. Precise
structural analysis of SVs and their breakpoints may lead to identification of the genetic causes of such
diseases. The conventional methods to determine SV breakpoints including fluorescence in situ
hybridization (FISH) using bacterial artificial chromosome clones; Southern blot hybridization; and
inverse PCR or long-range PCR, which are laborious, time consuming, and have limited success rates®.
Recently, whole genome sequencing (WGS) using next-generation sequencers has provided new avenue
for SV analysis> 7. However, accurate detection of SV breakpoints using WGS has not been fully
established. In this study, WGS was used to analyze nine patients having 14 SVs. As each SV has two
breakpoints, 28 SV breakpoints were analyzed. Among them, 19 SVs had already been determined by

61013 \were used as a training set and nine other

conventional methods in our previous studies
uncharacterized breakpoints were analyzed. The purpose of this study is to investigate the chromosomal

breakpoint of the patients in whom G-banded karyotyping was already performed. The results of WGS

analysis of these patients are presented.

Material and methods

Subjects

61014 \ere included in this study. G-banded

Nine patients, including eight who were reported previously
karyotyping was performed for all patients (Table 1). The nine patients possess a total of 14 SVs (nine

translocations, one inversion and four microdeletions) (Tables 1 and 2). As each SV event involves two

breakpoints, a total of 28 SV breakpoints are the targets of this study. Among 28 SV breakpoints, 19 were

4



previously determined at the nucleotide level by conventional methods®™ '*'*

and used as a training set
(Tables 1 and 2). Peripheral blood samples were collected from all patients after obtaining written
informed consent. Genomic DNA was extracted from leukocytes using the QuickGene-610L DNA
extraction system (Fujifilm, Tokyo, Japan) was used to extract genomic DNA from leukocytes, according

to the manufacturer’s instruction. The institutional review board of Yokohama City University School of

Medicine approved the study.

Whole genome sequencing

Briefly, 1 pg of genomic DNA with each sample was shared using the Covaris model S2 system (Covaris,
Woburn, MA, USA). The target size was 350 bp. DNA was prepared using the TruSeq DNA Sample Prep
Kit (Illumina, San Diego, CA, USA) or the TruSeq DNA PCR-Free Sample Prep Kit (Illumina). The
HiSeq 2000 or 2500 platform (Illumina) performed WGS with 101-bp paired-end reads. Sequence-control,
software real-time analysis and CASAVA software v1.8.2 (Illumina) performed image analysis and base

calling.

Structural variation breakpoint analysis

The analytical flow chart is illustrated in Figure 1A. Burrows-Wheeler Aligner (BWA-MEM) v0.7.1 °
with default parameters was used to map the data to the hg19 human genome reference sequence from
UCSC Genome Browser. BreakDancerMax (BD) ver.1.4.4 with the default setting was used to validate
breakpoints of SVs, including translocations, inversions, and deletions at the nucleotide level using the
WGS data (Binary Alignment/Map format). A Poisson model '® was used to calculate the confidence
score for each candidate variant. BD is able to identify inter-chromosomal translocation (CTX), inversion
(INV), and deletion (DEL). We focused on variant reads adjacent to chromosomal breakpoint positions
from the information of G-banded karyotyping. Aligned reads adjacent to SV breakpoints were visualized
and carefully evaluated using Integrative Genomics Viewer (IGV)'". In IGV, chimeric read pairs that
mapped to different chromosomes at each end were predicted to cover translocation breakpoints (Figure

1B). Discordant read pairs that mapped to the reference genome with abnormal distance and/or
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orientation were predicted to cover breakpoints of inversion and insertion or deletion. Soft-clipped reads
consisting of two different sequences (within a single read) mapped to discontinuous parts of

chromosome(s) that potentially covered SV breakpoints (Figure 1B).

Validation of chromosomal breakpoint positions

PCR and Sanger sequencing confirmed all potential SV  breakpoints. Primer3Plus
(http://primer3plus.com/) was used to design the primer sequences. PCR was performed using KOD FX
Neo polymerase (TOYOBO, Osaka, Japan). Primer sequences and PCR conditions are available on
request. PCR products were electrophoresed through a 1.0 % agarose gel and sequenced by Sanger

sequencing on an ABI3500x1 sequencer (Applied Biosystems, Foster City, CA, USA).

Results

We analyzed 28 SVs in nine patients. The analytical workflow of the respective patients is shown in
Figure 2. Mean read depth of WGS was in the range of 5.95-21.92% (Table 1). Initially, genomic DNA of
each patient was sequenced using TruSeq DNA Sample Prep Kit. However, the read coverage did not
reach the expected level because of high PCR duplication rates (Supplementary Table 1). Therefore, we
switched the kit to the PCR-Free Sample Prep Kit and successfully attained the expected read coverage
(Supplementary Table 1). We were able to detect 18 SV breakpoints of 28 (64.3 %) using BD (Tables 1

and 2, and Figure 2).

For translocations and an inversion, the numbers of CTX and INV read by BD through a whole genome
had a range of 61-4,698 (Supplementary Table 2). We then focused on those related to the involved
chromosome(s) by translocation or inversion, and found that 1-39 CTX or INV reads remained as
candidates (Supplementary Table 2). Among the data, 12-31 chimeric read pairs and 28 discordant read
pairs were carefully evaluated, which may have spanned SV breakpoints by IGV in patients 2, 3, 4, 6, 7, 8,
and 9 (Table 1, Figure 3, and Supplementary Figure 1). In patients 1, 3, 4, 7, 8, and 9, one to six
soft-clipped reads in IGV covered the SV breakpoints accurately (Table 1, Figure 3, and Supplementary
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Table 3). In patient 1, one CTX read by BD was a false-positive (Table S2), however, one soft-clipped
read by IGV covered the 132 breakpoint (Table 1, Supplementary Table 3, and Figures 2 and 3). The
9q13 breakpoint region was undetected by either BD or IGV (Table 1, and Figures 2 and 3), because the
genomic sequences of the region around centromeric 9q13 are unavailable. In combination with BD and
IGV, 16 out of 18 translocation (88.9%) and two out of two inversion breakpoints (100%) were

successfully determined.

Deletions in patient 3 (a 4,192-bp deletion in the X-chromosome and a 7,029-bp deletion in chromosome
4) and patient 4 (a 806,297-bp deletion in chromosome 7 and an approximately 4.6-Mb deletion in
chromosome 15) were determined previously by conventional methods'>'*. A total of 1,943—1,945 DEL
reads were called by BD and 51-159 DEL reads related to the involved chromosomes remained as
candidates; however, only one DEL read accurately covered the deletion breakpoint in chromosome 7.
Therefore, we were able to detect the deletion breakpoints by BD in two of eight deletion breakpoints
(25%) (Table 2 and Supplementary Table 4). Using IGV, nine discordant read pairs accurately covered the
deletion breakpoints in patient 4 (Table 2) Furthermore, two soft-clipped reads in IGV accurately covered
the breakpoint in patient 4 (Table 2 and Supplementary Table 3). Of note, in patient 3, the deletions were

adjacent to translocation breakpoints (Supplementary Figure 2).

Discussion

In this study, 20 out of 28 SV breakpoints were successfully determined by WGS (71.4%). A relatively
shallow (5%) read coverage enabled us to determine the translocation breakpoints (Table 1). Translocation
and inversion breakpoints were highly detected by our method (88.9-100%), athough the detection rate of
deletion breakpoints was relatively low (25%). The false negative rates by BD solely and BD combined
with IGV were 10 out of 28 (35.7%) and 8 out of 28 (28.6%), respectively. The total number of called
reads by BD including CTX, INV, and DEL were quite different among samples (61-4,698)
(Supplementary Table 2 and 4). The estimation of the false positive rate (FPR) was difficult, because large

and varying numbers of reads were called by BD. Therefore, FPR was unknown in the present study.



In patient 1, it was expected to be difficult or impossible to determine the 9q13 breakpoint because the
genomic sequence data of the 9q13 centromeric region were unavailable. However, although no chimeric
read pairs covering the breakpoints were obtained, one soft-clipped read accurately determined the der(1)
breakpoint at the nucleotide level (Figures 2 and 3, Supplementary Table 3). The sequence with unknown
origin in the soft-clipped read should be derived from the centromeric region at 9q13, as shown in a

previous study'”.

In patient 3, two CTX reads were called by BD (Supplementary Table 2). Interestingly, deletions existed
adjacent to the reciprocal translocation in both chromosomes X and 4 (Supplementary Figure 2). However,
BD did not call any DEL presumably because the sequences either side of the deletion breakpoints are

connected to different chromosomes.

In patients 4 (for t(9;14)), 8, and 9, translocation or inversion breakpoints had not been determined
previously at the nucleotide level by any conventional method. We were able to determine the breakpoint
positions of these patients by BD (Table 1, and Figures 2 and 3). A total of 14-31 chimeric read pairs or
28 discordant read pairs covered the SV breakpoints (Table 1 and Figure 3). Among the soft-clipped reads,
2-6 reads also covered the precise breakpoints, including eight or nine-nucleotide insertions of unknown

origin (Tablel, and Supplementary Table 3).

In patient 5, chromosomal breakpoints could not be detected by our method (Table 1, Supplementary
Table 2). Breakpoint sequences were determined in the previous study, and no repetitive sequences and
structural abnormalities were found around the breakpoints regardless of the relatively reasonable read
coverage at the breakpoints (17 reads or 22 reads at Xq22.3 and 2pl4, respectively). The reason for

detection failure remains elusive.

The reason for the low detection rate of deletion breakpoints is that BD can only detect deletions with the
sizes of <1 Mb. One 4.6-Mb deletion in which we were unable to determine deletion breakpoints was far
beyond the size of the detection limit of BD. In addition, two deletions were adjacent to the translocation

breakpoints in patient 3. Therefore, the two deletions were complicated. Each end of the two deletions
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and two translocation breakpoints are in the same location in patient 3. The only deletion in which we

could determine breakpoints was the only simple 806-kb deletion within a single chromosome.

In conclusion, our approach, using shallow-to-moderate WGS data, enabled us to determine accurately
the breakpoints of SVs especially for chromosomal translocations and inversions. Conventional
karyotyping, as well as the approximate localization of the SV breakpoints by FISH, was absolutely
important for our WGS-based breakpoint detection. WGS analysis should be first considered for

determination of SV breakpoints in NGS era.
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Figure Legends

Figure 1. Schematic presentation of the analytical flow and graphical presentation of chimeric read
pairs, discordant read pairs, and a soft-clipped read. A) Flow chart of structural variation (SV)
breakpoint analysis using whole genome sequencing (WGS) data. Burrows-Wheeler Aligner
(BWA-MEM) v0.7.1 was used to map WGS data to human genome hgl9. Inter-chromosomal
translocation (CTX), inversion (INV), and deletion (DEL) were predicted using BreakDancerMax (BD).
CTX, INV, and DEL calls were selected only from the involved chromosomes. Furthermore, we focused
on chimeric read pairs, discordant read pairs, and soft-clipped reads using Integrative Genomics Viewer
(IGV). Finally, we confirmed SV breakpoints by Sanger sequencing. B) Graphical images of chimeric
read pairs, discordant read pairs, and a soft-clipped read. Upper; illustration of chimeric read pairs
covering a translocation breakpoint, t(A;B). A soft-clipped read covers the breakpoint. Middle;
intrachromosomal inversion. P and Q are marked to show the orientation. Inversion may lead to

discordant read pairs. Lower; discordant read pairs detect intrachromosomal deletion

Figure 2. Flow chart of the analysis in nine patients. Left and right panels are shown in the detection of
translocation/inversion and deletion breakpoints, respectively. BD was first used to detect SV breakpoints.
We then carefully evaluated the chimeric read pairs, discordant read pairs and soft-clipped reads using

IGV. Validation was performed by the Sanger method

Figure 3. Breakpoint junction sequences in nine patients. Upper, middle, and lower sequences indicate
reference sequences of one end of an SV, derivative/deleted chromosome, and the other end of the SV.
Breakpoint positions are marked with short longitudinal lines. Numbers are based on the nucleotide
position in the UCSC genome browser coordinates, February 2009 version (hgl9). Bold sequences are
novel sequences that have never been deposited to any databases. Boxes indicate nucleotide insertions.

Total numbers of chimeric read pairs and soft-clipped reads are described. cen: centromere, tel: telomere
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Table 1 Detection of chromosomal breakpoints by BreakDancer (Translocation or inversion)

IGV
patient Karyotype Breakpoint detection by Mean reparation PCR duplication BreakDancer Chimeric read pair  Discordantread  Soft-clipped References
yotyp other methods (hg19)  coverage (x) prep (%) detection counts pair counts read counts
. . der(1): 206574512 g der(1): negative  der(1):0 der(1): 1 h
1 46,XX,t(1;9)(932;913) der(9): undetermined 15.23 PCR-free 16 der(9): negative  der(9):0 der(9): 0 Saitsu et al. (2012) [10]
. § der(5): 88300578 der(5): positive der(5):14 der(5): 0 ;
2 46,XX/(515)(q13.3;q26.1) der(15): 98166676 9.18 PCR 7.0 der(15): positive  der(15):14 der(15): 0 Saitsu et al. (2011) [11]
. . der(X): 107436209 g der(X): positive der(X):14 der(X): 5 - : )
3 46,X,t(X;4)(921.3;p15.2) der(4): 12244290 21.92 PCR-free 19 der(4): positive der(4)12 der(a): 2 Nishimura-Tadaki et al. (2011) [12]
. : der(7): 96377471 der(7): positive der(7):18 der(7): 0
46, XX(7:15)(921:915) der(15): 45376277 der(15): positive  der(15):18 der(15): 4 .
4 X 18.49 PCR-free 18 " Saitsu et al. 2009 [14]
46, XX,1(9:14)(q21:q11.2) der(9): undetermined der(9): positive der(9):31 chr(9): 3
XX,1(9:14)(a21;911. der(14): undetermined der(14): positive  der(14):31 der(14):5
. . der(X): 107946031 g der(X): negative  der(X):0 der(X): 0 - g )
5 46.X1(X:2)(q22:p13) der(2): 66226306 20.35 PCR-free 21 der(2): negative  der(2):0 der(2): 0 Nishimura-Tadaki et al. (2011) [12]
. : der(X): 101594056 der(X): positive der(X):20 der(X) :0 - .
6 46,X,1(X;4)(q22.1;q12) der(4): 57969312 11.69 PCR 458 der(4): positive der(4):20 der(4): 0 Nishimura-Tadaki et al. (2011) [12]
. . der(X): 117318221 der(X): positive der(X):24 der(X) 2 _— )
7 46,X,t(X;14)(q24;932.1) der(14):91614197 12.93 PCR 213 der(14): positive der(14):24 der(14): 0 Nishimura-Tadaki et al. (2011) [12]
. § . g der(5): positive der(5):14 der(5): 2 Imaizumi et al. (2002) [6]
B AEOGEREEERE) umEmee 2 PeiRkES Az der(8): positive  der(8):14 der(8): 2 Kurotaki et al. (2002) [13]
9 Inv(5)(p15913) undetermined 14.37 PCR-free 18 Sp1S:positive chrs:28 5p15:3 This study

5qg13:positive

(inversion) 5q13:6

Abbreviation: IGV, Integrative Genomics Viewer.

Bold numbers and text indicate the detection failure.

Table 2 Detection of chromosomal breakpoints by BreakDancer (Deletion)

IGV
. Breakpoint detection by other BreakDancer Discordant read Soft-clipped
Patient . .
methods (hg19) detection pair counts read counts
3 chrX:107,436,210-107,440,401 chrX: negative chrx:0 chrX: 0
chrd: 12,237,261-12,244,289 chr4: negative chr4:0 chr4: 0
4 chr7:96,949,067-97,755,363 chr7: positive chr7:9 chr7: 2
chrl5: undetermined chrl5: negative chrl5:0 chrl5: 0

Abbreviation: IGV, Integrative Genomics Viewer.
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Supplementary Table 1 PCR duplication in whole genome sequencing

Patient Mean coverage (X) PCR duplication (%)
TruSeq DNA Sample Prep Kit ~ TruSeq DNA PCR-Free Sample Prep Kit TruSeq DNA Sample Prep Kit ~ TruSeq DNA PCR-Free Sample Prep Kit
Patient 1 6.35 6.82 56.7 14
Patient 3 10.32 10.13 10.7 1.6
Patient 4 5.94 7.68 50.5 15
Patient 5 3.25 9.55 71.8 1.7
Patient 9 1.77 5.06 80.7 0.5

Supplementary Table 2 Numbers of inter-chromosomal translocation or inversion reads

Patient 1 2 3 4 5 6 7 8 9
Numbers of CTX or INV reads 126 204 133 134 137 4,698 1,080 61 389
Numbers of reads involving targeted chromosome(s) chrl/chr9: 1 chr5/chrl5: 1 chrX/chr4: 2 gggﬁii chrX/chr2: 1 chrX/chr4: 39 chrX/chrl4:3 chr5/chr8: 1 chr: 24
Numbers of genuine read covering SV breakpoints 0 chr5/chrl5: 1 chrX/chr4: 2 gggﬁi 1 0 chrX/chr4: 1 chrX/chrl4:1 chr5/chr8: 1 chr5:1

CTX : inter-chromosomal translocation, INV : inversion



Supplementary Table 3-1 List of soft-clipped reads covering SV breakpoints

Supplementary Table 3-1 List of soft-clipped reads covering SV breakpoints

patient soft-clipped reads*

derivative chromosome

read_start (bps)

read_end (bps)

start position

end position

unknown sequence

L L der) 1 88 chrl: 206574425 _ chrl: 206574512 -
89 101 - - TATTCGATTGGAA
1 88 chrX: 107436122 ohrX: 107436200 -
1 der(X) 89 93 - - TACAG
94 101 chr4:12237260  chr4:12237267 -
1 90 chrX: 107436120 _chrX: 107436200 -
2 der(X) 91 95 - - TACAG
% 101 chr4:12237260 _ chr4:12237265 -
1 54 chrd:12237207  chrd:12237260
3 der(X) 55 59 - - CTGTA (-strand)
60 101 chrX:107436209  chrX:107436168
1 85 chr412237176  chrd:12237260
3 4 der(X) 86 90 CTGTA (-strand)
o1 101 chrX:107436209 _ chrX:107436219
1 66 chr412237195  chr4:12237260
5 der(X) 67 71 - - CTGTA (-strand)
72 101 chrX:107436209 _ chrX:107436180
1 12 ChiX:107440391 _ chrX:107440402 -
1 der(4) 13 15 - - GAG
16 101 chrd: 12244290 chrd: 12244375 -
1 13 chrX:107440390  chrX:107440402 -
2 der(4) 14 16 - - GAG
17 101 chrd: 12244290 chrd: 12244374 :
L der(15) 1 54 chrl5: 45376224  chrlb: 45376277 -
53 101 chr7: 96377469 chr7: 96377517 -
5 dert15) 1 ) chrl5: 45376188  chrl5: 45376277 -
4 89 101 chr7:96377469 _ chr7: 96377481 -
3 dor15) 1 76 chrl5: 45376202 chrl5: 45376277 :
75 101 Chr7: 96377469 chr7: 96377495 -
P ders) 1 64 chrl5: 45376214 chrlb: 45376277 -
63 101 chr7: 96377469 chr7: 96377507 }
1 @) 1 97 chro: 80735757 chro: 80735853 -
98 101 chrl4:23270388 _ chrl4:23270391 -
5 dr) 1 ) chro:80735764  chro:80735853 -
o1 101 chrl4:23270388  chrl4:23270398 -
3 ore) 1 68 chr9:80735786  chr9:80735853 -
69 101 chrl4:23270388  chrl4:23270420 -
1 derid) 1 84 chrl4: 23270320 chrl4: 23270383 -
84 101 chr9:80735853 __ chr0:80735870 -
4 5 dor(14) 1 86 chrl4: 23270318 chrl4: 23270383 -
86 101 chr9:80735853 _ chro:80735868 -
3 — 1 88 chrl4: 23270316  chrl4: 23270383 -
88 101 chro: 80735853 chro:80735866 -
1 11 - - TATTTGTTATA
4 der(14) 12 63 chrl4: 23270332  chrl4: 23270383 -
63 101 chro: 80735853 chro: 80735891 -
5 dorLa) 1 89 chrl4: 23270315  chrl4: 23270383 -
89 101 chr9:80735853 _chr9:8735865 -
1 54 Cchr7: 96949012 chr7: 96949065 -
4 1PEL) chr7 55 101 chr7: 97755361 chr7: 97755407 -
20ED) o 1 53 chr7:96949013  chr7: 96949065 :
54 101 chr7:97755361 _ chr7: 97755408 -

* each read is numbered. Red characters indicate exact breakpoint positions and sequences.



Supplementary Table 3-2 List of soft-clipped reads covering SV breakpoints

Supplementary Table 3-2 List of soft-clipped reads covering SV breakpoints

patient soft-clipped reads* derivative chromosome read start (bps) read end (bps) start position end position unknown sequence

1 der(X) 1 87 chrX: 117318137 chrX: 117318223 -
7 86 101 chrl4:91614203 chrl4:91614218 -
2 der(X) 1 79 chrX: 117318145 chrX: 117318223 -
78 101 chrl4: 91614203 chrl4:91614226 -
1 84 chr5: 176562234  chr5: 176562317 -

1 der(5) 85 93 - - TCACATTGG
94 101 chr8: 117943670 chr8: 117943677 -
1 73 chr5: 176562245 chr5: 176562317 -

2 der(5) 74 83 - - TCACATTGG
8 84 101 chr8: 117943670 chr8: 117943687 -
1 68 chr8: 117943605 chr8: 117943672 -

1 der(8) 69 76 - - AACAAGAT
77 101 chrb: 176562322  chrb: 176562346 -
1 72 chr8: 117943601 chr8: 117943672 -

2 der(8) 73 80 - - AACAAGAT
81 101 chrb: 176562322  chrb: 176562342 -
1 5parm 1 76 chr5: 8008547 chr5: 8008622 -
76 101 chrb: 68258651 chrb: 68258626 -
2 5parm 1 74 chr5: 8008549 chr5: 8008622 -
74 101 chrb: 68258651 chrb: 68258624 -
3 5parm 1 38 chr5: 68258688 chr5: 68258651 -
39 101 chr5: 8008622 chr5: 8008684 -
1 5qarm 1 16 chr5:8008743 chr5:8008758 -
17 101 chrb: 68258651 chrb: 68258735 -
2 5qarm 1 62 chr5: 68258590 chr5: 68258651 -
9 62 101 chr5: 8008622 chr5: 8008583 -
1 - - - C
3 5garm 2 22 chr5: 8008642 chr5: 8008622 -
23 101 chr5: 68258651 chr5: 68258729 -
4 5qarm 1 71 chr5: 68258581 chr5: 68258651 -
71 101 chr5: 8008622 chr5: 8008593 -
5 5qarm 1 62 chr5: 68258590 chr5: 68258651 -
62 101 chr5: 8008622 chr5: 8008583 -
6 5qarm 1 22 chr5: 8008643 chr5: 8008622 -
23 101 chr5: 68258651 chr5: 68258729 -

* each read is numbered. Red characters indicate exact breakpoint positions and sequences.



Supplementary Table 4 Numbers of deletion reads by BreakDancer.

Supplementary Table 4 Numbers of deletion reads by BreakDancer.

Patient 3 4

Chromosome 4 X 7 15

B sem FEsiET chr4:12,237,261- chrX:107,436,210- chr7:96,949,067- Undetermined

12,244,289 107,440,401 97,755,363
Deletion size (bp) 7,029 4,192 806,297 Undetermined
Number of called reads for DEL 1,945 1,945 1,943 1,943

Targeted chromosome 159 51 128 58
Number of accurate DEL reads 0 0 1 0

DEL : deletion
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Supplementary Figure 1. IGV images at around breakpoints.

A. Patient 8. Purple and dark green directed lines were chimeric read pairs covering translocation
breakpoints. Chromosomes 5 (upper) and 8 (lower) are shown. Black vertical dot lines indicate
translocation breakpoints. B. Patient 9. Maroon directed lines were discordant read pairs spanning
inversion breakpoint. Upper panel shows 5p inversion breakpoint and lower indicate 5q inversion
breakpoint. Black vertical dot lines indicate breakpoint locations. Orange and green directed lines in
the lowest panel were chimeric read pairs whose other-end reads were mapped to chromosomes 14

(orange) and 3 (green).
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Supplementary Figure 2. Schematic presentation of the chromosomal translocation and
deletion in Patient 3.

Blue and red boxes indicate chromosomes X and 4. The upper panel indicates derivative X and the
lower shows derivative 4 chromosome. Red and blue horizontal thick lines represent deletions of
chromosome 4 and X. Red vertical lines indicate chromosomal breakpoints. Two chimeric read pairs

were called by BreakDancerMax.
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Translocation or inversion breakpoints

Nine patients

Yes I No

Breakpoint determination at the nucleotide level
in our previous studies ?

Patient 1 (der(1)), 2, 3, 4 (t(7;15)), 5, 6, 7 Patient 1 (der(9)), 4 (t(9;14)), 8, 9

Yes No Yes I No
Detection by BreakDancer ?* *
Patient 2 Patient 1 (der(1)) Patient 4 (t(9;14)) Patient 1 (der(9))
Patient 3 Patient 5 Patient 8
Patient 4 (t(7;15))
Patient 6
Patient 7

Patient 9 l

Chimeric read pairs/Discordant read pairs (IGV)

Yes¢ N0¢ Yes¢ No ¢
Soft-clipped reads (IGV)

Yes No l

Patient 4 (t(9;14)) Patient 1 (der(9))

Patient 8
Patient 9

Patient 3
Patient 4 (der(15))
Patient 7 (der(X))

Patient 1 (der(1))

Patient 2

Patient 4 (der(7))
Patient 6

Patient 7 (der(14))

Patient 5

Figure 2

Deletion breakpoints

Two patients

Yes I No
Breakpoint determination at the nucleotide level
in our previous studies ?
Patient 3, 4 (chr7) Patient 4 (chr15)
Yes No No

Detection by BreakDancer ?

Patient 4(chr7)

-y
B!

Patient 3

Discordant read pairs (IGV)

wy, x|,

Soft-clipped reads (IGV)

Nol No

Patient 4 (chr7)  Patient 3 Patient 4 (chr15)



Patient 1 Der(1) Der(9)
[ chrl I chr9 | [ chr9 I chrl |
cen chrl :20I65 74512 tel cen chr9:unknown tel

chrl TCATGTTTATGAAGT

r9 AGGGAATGGAATCAA!

ch
der(l) TCATGTTTATGAAGTTATTCGATTGGAATG der(9) AGGGAATGGAATCAACCTCCCTCCTCAAAG

TATTCGATTGGAATG chrl CCTCCCTCCTCARAG
ch19:unknown chr1:206576088
BD CTX:0 CTX:0
GV Chimeric read: 0 Chimeric read: 0
Soft-clipped read: 1 Soft-clipped read: 0
Patient 2 Der(5) Der(15)
[ chr I chrl5 ] [ chrl5 I chr ]
cen  chrs:88300578 tel cen chrI5:98166676 tel
chr5 TACAACATGCY chrl5 AGATATTTATGA
dersss) TACAACATGCTTGTAACHICTTGGACARGG der(lS) AGATATTTATGATATGGC GGG
CTTGGACAAGE  ¢hrs TGGCTGGE
chr15:98166703 chr5:88300589
BD CTX:1 CTX:1
GV Chimeric read: 14 Chimeric read: 14

Soft-clipped read: 0

Soft-clipped read: 0

Patient 3 Der(X) Der(4)
| chrX l chr4 | | chr4 l chrX |
cen chrX:107436209 tel tel ohrX:107440402 cen
dchr))g TAATACCAAACAG thra( GGCAAGAGCCCT
TAATACCAAACA TACCTAAGAATA GGCAAGAGCCCTA ATGTTGCCTCTCT
er( ) ACCTAAGAATA Ceﬁ(4) ATGTTGCC CTCT
chr4: 12237260 chr4: 12244290
BD CTX:2 CTX:2
GV Chimeric read: 14 Chimeric read: 12
Soft-clipped read: 5 Soft-clipped read: 2
Patient 4 (1) Der(7) Der(15)
| chr7 | chrl5 ] | chrl5 | chr7 ]
cen chr7:96377471 tel cen ohrl5:45376277 tel
chi7 TGACAAAATGGAATG chrl5 CTACATCCACATTTAT
der(7) TGACAARATGGAATGCTCAAGTGATCCTCC der(lS)CTACATCCACATTTATGAGAC GGCTAAGA
chrls CCTCAAGTGATCCTCC gy TGAGACTGGCTAAGA
chr15:50812573 chr7:96377469
BD CTX: 1 CTX: 1
GV Chimeric read: 18 Chimeric read: 18
Soft-clipped read: 0 Soft-clipped read: 4
Patient 4 (2) Der(9) Der(14)
[ chr9 | chrl4 ] [ chrl4 | chr9 ]
cen chr9: 80735853 tel cen chrl4:23270383 tel

chr9 AAGAATGAAGGGGAT
chr .
chr14: 23270388

BD CTX: 1

Chimeric read: 31

16V Soft-clipped read: 3

Figure 3

der(9) AAGAATGAAGGGGATACAACCTATGCCTTG der(14) CACAGCTTATAAAGCTGGTGGCAGAT
ACAACCTATGECTTG  ¢hr9 T66T T

chrl4 CACAGCTTATAARAGCT

TCC
GGCAGATTCC
Ch19:80735853

CTX: 1

Chimeric read: 31
Soft-clipped read: 5

Patient 5 Der(X) Der(2)
| chrX l chr2 | | chr2 l chrX
cen chrX:1 0?94603 1 tel tel chrX:1 0I7946()57 cen

chrX GCCTGCAGCCTCGTCA chrX TAGACACTAATAGCA
der(X) GCCTGCAGCCTCGTCATGCGGTCTTCTCTT der(2) TAGACACTAATAGCAACCGCATATTAAGTC

chr2 ATGCGGTCTTCTCTT chr2 ACCGCATATTAAGTC
chr2:66226287 chr2:66226306
BD CTX: 0 CTX:0
GV Chimeric read: 0 Chimeric read: 0
Soft-clipped read: 0 Soft-clipped read: 0
Patient 6 Der(X) Der(4)
| chrX l chrd | | chrd l chrX |
cen chrX:10]594056 tel cen chrd:57969312 tel

X TCCTCTCTh chrd ATCAGAGAGGGAA‘

TCETCTCTdga0g0a tdTGEGARGGAGTGT ATCACACAGCCAAGRCABCCTGATTETCCT

(%) CGCAAGEACTET (i Icc GATTGTCCT
chrd:57969316 chrX:101594129

BD CTX: 1 CTX: 1
GV Chimeric read: 20 Chimeric read: 20
Soft-clipped read: 0 Soft-clipped read: 0
Patient 7 Der(X) Der(14)
[ chrX I chrl4 ] [ chrl4 I chrX ]
cen chrX:117318223 tel cen chr14:91614197 tel

chrX CAAAATAGCATATGT chrl4 CCAGACCAACCAAC
der(X)CAAAATAGCATATGTAtTTTTATTCTCAATder(l4)CCAGACCAACCAACTGCAAGGCCATTGGA
G AATTTTATTCTCAAT ch GC GGCCATTGGA

chrl4: 916I4203 chrX: 1173I8223
BD CTX: 1 CTX: 1
GV Chimeric read: 24 Chimeric read: 24

Soft-clipped read:2 Soft-clipped read: 0

Patient 8 Der(5) Der(8)
| chrs | chr8 ] | chr8 | chrs ]
cen chr5:1 765623 17 tel cen chr8:11 7943 672 tel

chr5 GTTACATTCCA chr8 TCTTCTATTGE
der(S) GTTACATTCCgTTSiEQ%% der(S)TCTTCTATTGSAEQS%QSQS
chr8:117943670 chr5:176562322
BD CTX: 1 CTX: 1

Chimeric read: 14
Soft-clipped read: 2

Chimeric read: 14

16V Soft-clipped read: 2

Patient 9
[ 5p I 5q ] [ 5p I 5q ]
tel chrs:8008622 cen cen chrs:8008622 tel

5pl5 TCTGGAGGATGGGTC 5p15 GGCTGGCATCCATGG
TCTGGAGGATGGGTCAGAACCAGGGATTAT GGCTGGCATCCATGGSS%TCAAGTC%E%%S

5q13 c GAACCAGGGATTAT 5ql3 ¢ TCAAGTC
chr5:68258651 chr5:68258651

BD INV:1 INV:1

GV Discordant read: 28 Discordant read: 28

Soft-clipped read: 3 Soft-clipped read : 6



Table 1 Detection of chromosomal breakpoints by BreakDancer (Translocation or inversion)

IGV
Patient Karvotype Breakpoint detection by Mean preparatio PCR duplication BreakDancer Chimeric read pair Discordant read Soft-clipped References
yotyp other methods (hg19) coverage n (%) detection counts pair counts read counts
. . der(1): 206574512 ) der(1): negative der(1):0 ] der(1): 1 .
1 46,XX,t(1;9)(932;913) der(9) undetermined 15.23 PCR-free 1.6 der(9): negative der(9):0 der(9): 0 Saitsu et al. (2012) [10]
. . der(5): 88300578 der(5): positive  der(5):14 ) der(5): 0 )
2 46XXM5:15)(a13-3,026.1) 4o 1 5): 08166676 9.18 PCR .0 der(15): positive der(15):14 der(15): 0 Satsuetal (2011) [11]
. . der(X): 107436209 } der(X): positive  der(X):14 ) der(X): 5 - E !
3 46,X,1(X;4)(921.3;p15.2) der(d): 12244290 21.92 PCR-free 1.9 der(4): positive  der(4):12 der(4): 2 Nishimura-Tadaki et al. (2011) [12]
. . der(7): 96377471 der(7): positive  der(7):18 ) der(7): 0
,  AOIXMTINERLALS) o1y 45376277 1849 PCRIee 18 der(15): positive der(15):18 der(15): 4 iy etal 2000
. ; . H . it ; . . [14]
46,XX,1(9:14)(q21:911.2) der(9): undetermined der(9): positive  der(9):31 ) chr(9): 3
D e der(14): undetermined der(14): positive der(14):31 der(14): 5
. . der(X): 107946031 } der(X): negative der(X):0 ) der(X): 0 o : )
5  46,X,1(X;2)(g22;p13) der(2): 66226306 20.35 PCR-free 2.1 der(2): negative der(2):0 der(2): 0 Nishimura-Tadaki et al. (2011) [12]
. . der(X): 101594056 der(X): positive  der(X):20 ) der(X) :0 o i )
6 46,X,1(X;4)(922.1;q12) der(4): 57969312 11.69 PCR 45.8 e A der(4): 0 Nishimura-Tadaki et al. (2011) [12]
. . der(X): 117318221 der(X): positive  der(X):24 ) der(X) 2 o : )
7 46,Xt(X;14)(g24;932.1) der(14):91614197 12.93 PCR 21.3 der(14): positive der(14):24 der(14): 0 Nishimura-Tadaki et al. (2011) [12]
. . . der(5): positive  der(5):14 der(5): 2 Imaizumi et al. (2002) [6]
8 46XXi(58)(g35,424.1)  undetermined 595 RIS 1.2 der(8): positive  der(8):14 ) der(8): 2 Kurotaki et al. (2002) [13]
. } 5p15:positive ) chr5:28 5p15: 3 ’
9 Inv(5)(p15q13) undetermined 14.37 PCR-free 1.8 5q13:positive (inversion) 50136 This study

Abbreviation: IGV, Integrative Genomics Viewer.

Bold numbers and text indicate the detection failure.



Table 2 Detection of chromosomal breakpoints by BreakDancer (Deletion)

IGV
Patient Breakpoint detection by other BreakDancer Discordant read Soft-clipped
methods (hg19) detection pair counts read counts
3 chrX:107,436,210-107,440,401 chrX: negative chrX:0 chrX: 0
chrd: 12,237,261-12,244,289 chr4: negative chr4:0 chr4: 0
4 chr7:96,949,067-97,755,363 chr7: positive chr7:9 chr7: 2
chrl5: undetermined chrl5: negative chrl5:0 chrl5: 0

Abbreviation: IGV, Integrative Genomics Viewer.
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