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Abstract

Structural variations (SVs) contribute significantly to the variability of the human genome and extensive genomic
rearrangements are a hallmark of cancer. While genomic DNA paired-end-tag (DNA-PET) sequencing is an attractive
approach to identify genomic SVs, the current application of PET sequencing with short insert size DNA can be insufficient
for the comprehensive mapping of SVs in low complexity and repeat-rich genomic regions. We employed a recently
developed procedure to generate PET sequencing data using large DNA inserts of 10–20 kb and compared their
characteristics with short insert (1 kb) libraries for their ability to identify SVs. Our results suggest that although short insert
libraries bear an advantage in identifying small deletions, they do not provide significantly better breakpoint resolution. In
contrast, large inserts are superior to short inserts in providing higher physical genome coverage for the same sequencing
cost and achieve greater sensitivity, in practice, for the identification of several classes of SVs, such as copy number neutral
and complex events. Furthermore, our results confirm that large insert libraries allow for the identification of SVs within
repetitive sequences, which cannot be spanned by short inserts. This provides a key advantage in studying rearrangements
in cancer, and we show how it can be used in a fusion-point-guided-concatenation algorithm to study focally amplified
regions in cancer.
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Introduction

Human genome alterations are variable and range from whole

chromosome gains or losses, to sub-chromosomal changes of

deletions, tandem duplications, inversions, insertions and translo-

cations to the base pair level alterations including small insertions/

deletions (indels) and single nucleotide variations (SNVs). Studies

on SNVs have helped us to understand their functional roles in

normal traits and diseases [1]. However, our knowledge of the

functional role of large scale structural variations (SVs) is still

limited. Traditional cytogenetic methods can detect only copy

number changes at megabase to sub-megabase levels [2,3].

Although SAGE-based digital karyotyping [4,5], and whole-

genome tiling arrays [6] may detect structural changes at kilobase

to sub-kilobase levels, copy number neutral SVs such as inversions,

‘cut and paste insertions’ and balanced translocations cannot be

uncovered by these methods. Conventional paired-end sequencing

of large genomic DNA inserts in bacterial artificial chromosome

(BAC) and fosmid clones can detect hundreds of genome

variations at a resolution of 40 kb or 100 kb [7,8]. However, the

high cost, complicated process and low throughput of such efforts

is prohibitive.

Next-generation sequencing of paired-end-tags from genomic

DNA fragments (DNA-PET) is an ideal method for studying

human genome SVs, in which only the short 59 and 39 tags of

specific size range DNA fragments are sequenced in a massive and
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highly parallel manner. The DNA-PET sequences obtained are

then mapped to the reference genome to identify potential

genomic breakage/fusion points between the test and the

reference genomes using discordant tag mapping patterns as

readout. This concept was initially introduced by Snyder and his

colleagues [9] in an effort to study human genome variation in

lymphoblastoid cell lines derived from an African and a European

individual using Roche 454 pyrosequencing to generate PET

sequences from 3 kb fragments. This was followed by studies on

cancer genome rearrangements using paired-end sequencing of

short DNA fragments (a few hundred base pairs)

[10,11,12,13,14,15,16,17,18], or by combination of short and a

few kilobase pair fragments [19,20].

Though these studies have provided significant insights about

human normal and cancer genome SVs, and the evolution of the

cancer genome associated with the disease progression, there are

important aspects of PET sequencing that still remain unexplored.

One of the unanswered questions is the choice of insert size of a

sequencing library that is best suited to identify structural

variations in human genomes. In theory, a small insert size (sub-

kilobase) has the advantage of tight size selection of DNA

fragments and greater sensitivity for small intra-chromosome

rearrangements. In contrast, larger insert sizes (kilobase to tens of

kilobases) have the advantage of higher physical coverage of the

genome with the possible drawback of less precise localization of

the breakpoint regions.

To address this question, we used three well established cancer

cell lines including the breast cancer cell line MCF-7, the colon

cancer cell line HCT116 and the chronic myelogenous leukemia

(CML) cell line K562 as test genomes and constructed DNA-PET

sequencing libraries with variable insert sizes (1 kb, 10 kb and

20 kb) to identify different categories of genomic SVs. The

comparison of SVs identified by different insert sizes with the same

sequencing effort suggested that larger insert sizes can uncover

more and larger SVs in practice. As expected, small insert sizes

have an advantage in detecting small deletions (,5 kb). Break-

point resolution examination by genomic PCR and Sanger

sequencing showed that large and small insert size libraries have

comparable precision in locating breakpoints. Large insert sizes

also enabled better identification of SVs within repetitive

sequences and based on a fusion-point-guided-concatenation

algorithm we used the large insert libraries to study the amplicon

surrounding the BCR-ABL1 fusion gene in K562, as well as other

amplicons in K562, MCF7 and HCT116.

Results

DNA-PET library construction and sequencing
By using three cancer cell lines, we generated seven genomic

DNA-PET datasets, two each for MCF-7 and HCT116 (1 kb and

10 kb) and three for K562 (1 kb, 10 kb and 20 kb, Table 1; more

details in Table S1). DNA-PET sequencing libraries were

constructed as described in Methods and Protocol S1. Critical

steps are the fragmentation of the genomic DNA by hydroshear-

ing, fragment size selection and DNA extraction after electropho-

resis on large low percentage agarose gels, and circularization by

biotinylated internal adapters in highly diluted reactions which is

followed by massive parallel sequencing and mapping (Figure 1).

To get comparable non-redundant PET numbers among

different insert size libraries of the same genome, we randomly

selected a subset of original MCF-7 and HCT116 10 kb

libraries[21] resulting in approximately 20 million non-redundant

(NR) PET sequences for all MCF-7 and HCT116 libraries. Given

the comparable non-redundant and uniquely-mapped PET

sequences, the MCF-7 10 kb library resulted in approximately

69-fold physical (fragment) coverage of the human genome versus

8-fold of 1 kb library. If we would have sequenced the MCF-7

10 kb library only by one Solid slide as we did for the 1 kb library,

down sampling would not have been necessary and sequencing

costs and depth (nucleotides sequenced) would have been the same

for 10 kb and 1 kb libraries. Of the PET sequences in the 10 kb

library, 88% (16,292,711 of 18,432,387) were mapped concor-

dantly to the reference genome (hg18, NCBI Build 36) as

concordant PETs (cPETs) and this proportion of PETs reflected

the agreement of the genome architecture between MCF-7 and

the reference genome. In contrast, 11.6% (2,139,676) of the

uniquely-mapped PETs were mapped as discordant PETs (dPETs)

and some of these dPETs were indicative of potentially rearranged

genomic regions crossing the breakage/fusion junction points

where the MCF-7 genome is different from the reference genome.

In the MCF-7 1 kb dataset, 96% (17,598,541 of 18,335,127) NR

PET were concordantly mapped to the reference genome and 4%

Table 1. Statistics of PET sequencing.

Library
Total NR1)

PET Coverage2) cPET3) % of cPET4)dPET5) % of dPET6)
dPET
Singletons

dPET
clusters
($3)

# of dPET
included7)

MCF-7 1 kb 18,335,127 8.2 17,598,541 96.0 736,586 4.0 728,445 1,024 6,811

MCF-7 10 kb 18,432,387 69.3 16,292,711 88.4 2,139,676 11.6 2,119,094 1,029 19,314

HCT116 1 kb 20,613,096 9.4 18,919,833 91.8 1,693,263 8.2 1,688,547 572 3,866

HCT116 10 kb 20,610,717 58.5 17,938,263 87.0 2,672,454 13.0 2,661,375 756 8,893

K562 1 kb 41,996,278 15.4 39,818,591 94.8 2,177,687 5.2 2,157,688 1,717 14,569

K562 10 kb 34,759,699 91.9 31,240,240 89.9 3,519,459 10.1 3,495,217 1,383 24,242

K562 20 kb 38,393,242 277.7 35,246,258 91.8 3,146,984 8.2 3,103,814 2,191 32,282

1)non-redundant.
2)physical coverage.
3)concordant PET.
4)proportion of cPET to total NR PET.
5)discordant PET.
6)proportion of dPET to total NR PET.
7)number of dPET involved in the dPET clusters with cluster count $3.
doi:10.1371/journal.pone.0046152.t001
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(736,586) were discordant. The lower proportion of dPETs in the

1 kb compared to the 10 kb library is due to the sharper size

selection and lower number of short span PET constructs which

comprise the largest proportion of dPETs for 10 kb libraries [21].

Large structural variations identified by different insert
size libraries

Each of the dPETs could potentially map over a breakage/fusion

point. However, it is inevitable that spurious dPET mappings would

arise due to chimeric ligation during the construction of DNA-PET

libraries or incorrect tag mapping. To reduce such random noise,

we used the PET mapping overlap scheme [21] (Figure 2A) to

discard all the singleton and cluster size 2 dPETs and considered

only the dPET clusters with multiple overlapping PETs ($3) as true

signals for further analysis of genome rearrangements (Table S2,

Figure S1). The large insert size and high sequencing depth of the

libraries allowed for the identification of different types of SVs,

including deletions, tandem duplications, inversions, unpaired

inversions, isolated translocations, and balanced translocations. In

addition and in contrast to previous studies, eight different sub-types

of insertions were characterized in this study. The eight sub-types of

insertions included different combinations of intra or inter-

chromosomal, direct or inverted, forward or backward insertions

(Figure 3, Table S3).

A high count for a dPET cluster (large number of dPETs

spanning the same breakage/fusion point) gives high confidence

for the rearrangement point and may also reflect the copy number

of the breakage/fusion point. The highest dPET cluster count in

the MCF-7 10 kb library was 766 and only 91 in the

corresponding 1 kb library. We observed similar drops in cluster

count for HCT116 (148 in the 10 kb library and 63 in the 1 kb

library) and K562 (2,106 for the 20 kb library, 692 for the 10 kb

library and 127 for the 1 kb library, respectively; Figure 2B and

2C). The total number of SVs identified in the 1 kb libraries of

each genome was comparable to the number of SVs found in the

10 kb libraries; however, the composition of the SV types was

different. In the 1 kb libraries, the vast majority of SVs was

deletion (79% in MCF-7, 80% in HCT116, and 78% in K562);

whereas in the 10 kb libraries, the percentage of deletions was

much lower (33% in MCF-7, 59% in HCT116, and 38% in

K562). In contrast, the number of inversions and insertions

identified in 1 kb libraries was much lower than in 10 kb libraries

(Table S4).

Classification of isolated and complex SVs
Due to the complicated genomic architecture at some amplified

loci, large numbers of dPET clusters were connected to form

complex rearrangement units. In these units, it might be

misleading to assign a particular SV type to a dPET cluster;

therefore, we introduced the supercluster concept to distinguish

isolated from complex SVs in each library [21]. All the SVs

involved in superclusters with count 1–3 were classified as isolated

events and the rest were classified as complex. MCF-7 had the

most complicated rearrangement unit and higher supercluster

counts than HCT116 and K562 (Figure S2). The largest

rearrangement unit in the MCF-7 10 kb library involved 212

dPET clusters, of which 210 were located in the amplified regions

on chromosomes 1, 3, 17, and 20, indicating their inter-

connections. The highest supercluster count of the 10 kb library

in K562 and HCT116 was 115 and 41, respectively. The lower

maximum supercluster count in HCT116 indicated less rear-

rangement of this genome compared to MCF-7 and K562.

Comparison of isolated SVs from 1 kb, 10 kb and 20 kb
DNA-PET libraries

To determine the sensitivity of different insert sizes in

identifying SVs, we compared SVs detected by different insert

size libraries of each genome. We excluded complex SVs from this

Figure 1. DNA-PET library construction, sequencing and mapping. (A) The genomic DNA was randomly sheared to different size range. (B)
The very narrow region DNA fragments were obtained after size selection. (C) The purified DNA fragments were circularized, EcoP15I digested,
sequencing adaptor ligated, and finally sequenced by SOLiD sequencer. (D) PET mapping span distribution of 1 kb (blue), 10 kb (red) and 20 kb
(green) libraries. Based on the mapping pattern, PETs can be distinguished as concordant PETs and discordant PETs.
doi:10.1371/journal.pone.0046152.g001
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analysis but included clusters of size 2 for SVs which matched an

SV in another size library. For 10 kb and 20 kb library-specific

SVs, we increased the cluster count cut off from 3 to 6 to increase

the confidence. The results showed that 1 kb libraries could

identify more small deletions than 10 kb libraries. Such 1 kb

library-specific deletions were usually smaller than 5 kb. The span

of most deletions detected by 10 kb libraries ranged between 5 kb

and 500 kb (Figure 4A).

Inversions are prone to map to segmental duplications [22]. The

ambiguous mapping for sequence tags of segmental duplications

results in the exclusion of such tags in most pipelines and the

inability to identify breakage/fusion points in these regions. Small

insert libraries such as 1 kb libraries are less likely to span such

regions of ambiguous mapping and are expected to have lower

detection rates for inversions. The lower physical coverage of 1 kb

libraries, as compared to 10 kb libraries further limits their ability

in identifying inversions. The MCF-7 1 kb library resulted in only

1 inversion with a cluster size $3 (Table S4). However, the

comparison with the 30 inversions identified by the 10 kb library

indicated that 3 inversions matched with at least one low

Figure 2. dPET cluster characteristics. (A) PET mapping overlap scheme based on the same number of PETs. 10 kb library dPETs have a higher
chance than 1 kb library dPETs to cross the same breakpoints. (B) One common deletion identified in K562 by 1 kb, 10 kb and 20 kb libraries. Red
track represents the coverage of the cPETs. The dPET cluster count in each library was 6, 51 and 95, respectively. The genomic PCR and Sanger
sequencing confirmed the presence of the deletion and located the breakpoint positions to chr10:126,631,456 and chr10:126,720,709 (hg18). The
differences between breakpoint position predicted by DNA-PET and PCR were 387 bp and 238 bp for the 1 kb library; 333 bp and 36 bp for the
10 kb library, and 482 bp and 37 bp in 20 kb library. (C) Cluster count correlation of the same set of SVs identified by both 1 kb and 10 kb libraries in
the three genomes (left panel), and 10 kb and 20 kb libraries in K562 (right panel). The black line represents the trendline. The rearrangement
between chromosomes 9 and 22 creating the CML causing BCR-ABL1 fusion gene [23] was identified by the largest clusters of 692 dPETs in the 10 kb
library and 2,106 dPETs in the 20 kb library (red arrow head). (D) Length distribution of 59 and 39 anchor regions (regions in which the tags of dPET
clusters are mapping) in 1 kb, 10 kb and 20 kb libraries of K562. The 10 kb library showed a more even length distribution of 59 and 39 anchor regions
which suggested more balanced mapping characteristics around breakpoints for 10 kb libraries.
doi:10.1371/journal.pone.0046152.g002
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confidence cluster of size 2 in the 1 kb library. Similarly, we

identified 33 inversions by the 10 kb library in HCT116 and found

evidence by low confidence clusters for only 4 inversions by the

respective 1 kb library. Compared to 1 kb libraries of MCF-7 and

HCT116, the higher total PET number of the K562 1 kb library

resulted in a higher physical coverage and the identification of

more inversions. In K562, there were two 1 kb library-specific

inversions with a span less than 2 kb. The 10 kb library data of

K562 contained one of the two clusters which identify an

inversion.

The difference in the detection rate of insertions between 1 kb

and 10 kb libraries was comparable to inversions. There was no

1 kb library-specific insertion in MCF-7. In HCT116 and K562,

two and one 1 kb library-specific insertions were identified,

respectively, and all were smaller than 1 kb. Of these three small

insertions, the respective 10 kb libraries identified one of the two

breakage/fusion points. In summary, compared to 1 kb libraries,

10 kb libraries had a higher sensitivity in identifying large span

SVs. All the SVs which were specific to 1 kb libraries and which

were missed by 10 kb libraries had either a low cluster count or a

short span (Figure 4B and Figure S3).

The comparison of the ability to identify SVs by the 10 kb and

20 kb libraries of K562 showed a slightly higher detection rate of

inversions and unpaired inversions for the 20 kb library and a

higher detection rate of deletions for the 10 kb library (Figure S4).

The span of the majority of the events from these two libraries was

comparable, between 5 kb to 500 kb (Figure S4). One hundred

and ninety-four deletions were identified by the 10 kb but not the

Figure 3. SV identification based on the mapping pattern of dPET clusters. The dark red and pink arrows represent the 59 and 39 anchor
regions of the dPET cluster, respectively. Black, white and blue horizontal lines represent chromosome segments. The red track represents the
coverage of cPETs. The dotted lines indicate the connections between the two dPET clusters. The sub-types of insertions are as follows: (1) Intra-
chromosomal direct forward insertion. (2) Intra-chromosomal direct backward insertion. (3) Intra-chromosomal inverted forward insertion. (4) Intra-
chromosomal inverted backward insertion. (5) Deletion plus intra-chromosomal direct forward insertion. (6) Deletion plus intra-chromosomal inverted
forward insertion. (7) Inter-chromosomal direct insertion. (8) Inter chromosome inverted insertion.
doi:10.1371/journal.pone.0046152.g003
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20 kb library. The vast majority (188) were short deletions

(,20 kb). Fifteen deletions were specific to the 20 kb library and

half of them had either both or one anchor region located in a

repetitive region which could not be spanned by the 10 kb library

(Figure S5). Similarly, tandem duplications which were exclusively

identified by the 10 kb library were small in size (,20 kb). The

20 kb library-specific unpaired inversions or inversions which were

missed by the 10 kb library showed a low cluster count or had

one/both anchors located in repetitive regions.

After the comparison of the SVs from different insert size

libraries, we combined the common SVs from different insert size

libraries and obtained the genome-specific structural variations

(Table S5, S6, S7 and S8). In these three genomes, deletion and

tandem duplication were the most abundant SVs whereas the

number of inversion and insertion was less than other type of SVs.

HCT116 showed the lowest number of complex SVs, suggesting a

lower degree of rearrangements compared to MCF-7 and K562.

Figure 4. Comparison of SVs identified by 1 kb and 10 kb libraries in the three genomes. (A–B) Number of SVs identified in 1 kb libraries
compared to the number of SVs identified in 10 kb libraries. Top, Venn diagrams showing the respective numbers of SVs in each library type and the
overlap of SVs. Percentages in parentheses represent SVs identified by 1 kb or 10 kb libraries in all three genomes. Bottom, number of SVs (y-axis) of
the indicated SV categories was shown for the specific span sizes (x-axis). (C) Breakpoints confirmed by PCR and Sanger sequencing and their
resolution (defined as the distance in bp between the predicted and actual breakpoints). (D) A 10 kb library specific deletion in MCF-7. The genomic
PCR and Sanger sequencing confirmed left and right breakpoints are chr9:22,486,527 and chr9:22,494,345, respectively (hg18). The resolution of the
left and right sides of the deletion are 906 bp and 4,683 bp, respectively. Repetitive sequence which does not allow unambiguous mapping covers
the entire 4,683 bp region. The repetitive sequence could not be spanned by the 1 kb library preventing the identification of this deletion. (E) A
deletion in MCF-7 identified by both 10 kb and 1 kb libraries. The left and right breakpoints confirmed by genomic PCR and Sanger sequencing are at
chr3:6,625,155 and chr3:6,629,779, respectively (hg18). Based on the 10 kb library predicted breakpoints, the resolution on the left and right sides of
the deletion are 973 bp and 2,216 bp, respectively. The tags of the 1 kb library mapped to the gap (in orange) between the repetitive sequences and
allowed the identification of this deletion.
doi:10.1371/journal.pone.0046152.g004
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Validation of predicted SVs and Resolution of 1 kb and
10 kb libraries

Genomic PCR and consequent Sanger sequencing were used to

confirm the breakpoints of 161 randomly selected SVs of the three

genomes and a total of 129 SVs (80%) were confirmed (Table S9).

Twenty of the 32 SVs which could not be validated had a cluster

count ,10 indicating low cluster count represented a lower

confidence of SV predication. Eight of the non-validated SVs

(cluster counts 11 to 50) had shorter anchor spans which suggested

that repetitive sequences around the breakpoints inhibited the

PCR amplification or mapping error. The remaining two

unpaired inversions (cluster counts 156 and 122) and two isolated

translocations (cluster counts 113 and 245) were within complex

regions with high supercluster count. The intersection of different

breakpoints most likely inhibited the PCR amplification. Further,

we attempted to validate the 20 kb library-specific events (7

unpaired inversions and 6 inversions) by PCR. Among the 19

dPET clusters, only 7 gave single bands and the capillary

sequencing only confirmed two clusters with cluster counts of 53

and 41, respectively. The low validation rate of 20 kb library-

specific SVs which all had low cluster counts indicates that a more

stringent cluster count cutoff should be applied to 20 kb libraries.

Unspecific PCR amplification by repetitive sequences around the

breakpoints likely contributed to the low validation rate.

We calculated the breakpoint resolution of 1 kb and 10 kb

libraries and defined the resolution as the genomic distance in bp

between the dPET clusters predicted breakpoint coordinate and

the breakpoint coordinate determined by genomic PCR and

Sanger sequencing. Inversions were excluded from the resolution

calculation as they tend to be located in repetitive regions which

do not allow the unambiguous positioning of the breakpoints. In

total, 244 breakpoints were used to calculate the resolutions (242

in 10 kb libraries and 140 in 1 kb libraries) (Table S10). For both

10 kb and 1 kb library, the highest resolution was 0 bp and the

lowest resolution for the 10 kb libraries was 10,799 bp and

1,205 bp for the 1 kb libraries. Importantly, the median resolution

was 377 bp for 10 kb libraries and 115 bp for 1 kb libraries. This

indicated that the higher coverage of the large insert libraries

provides a resolution for the majority of breakpoints which is

comparable to small insert libraries.

A large distance between the predicted breakpoints by dPET

clusters and the true breakpoint locations is indicative of repetitive

sequences which prevent a unique mapping. Of the 244 confirmed

breakpoints, 104 were identified only by a 10 kb library, 138 were

identified by 1 kb and 10 kb libraries, and 2 were identified only

by a 1 kb library. Of all the 10 kb library specific breakpoints, 38/

104 (36.5%) had a breakpoint resolution larger than 1.5 kb,

whereas only 12/138 (8.7%) of 1 kb and 10 kb library common

breakpoints had a resolution larger than 1.5 kb (Figure 4C;

P,1029 [Fisher Exact Test]). Manual investigation of 10 kb

specific breakpoints with resolutions larger than 1.5 kb showed

that 33 of the 38 breakpoints (87%) had repetitive sequences

covering the distances between predicted and true breakpoints,

especially in the 1.5 kb regions next to the confirmed breakpoints

(Figure 4D). Only 4 of the 12 (33%) 1 kb and 10 kb common

breakpoints were covered by repetitive sequences. The repetitive

sequences were discontinuous and tags of the 1 kb dPET mapped

to the gaps between the repetitive sequences allowing for the

identification of the respective SVs (Figure 4E). This strongly

suggested that larger repetitive sequences around breakpoints

prevent mapping of tags of 1 kb libraries and hence the

identification of the respective SVs.

Reconstruction of the BCR-ABL1 amplicon of K562 by
fusion point guided concatenation

The identification of SVs by paired-end sequencing provides a

detailed understanding of local genomic structures. However,

cancer genomes frequently show complex rearranged amplifica-

tions. To reconstruct these complex rearrangements, a collective

analysis of the rearrangement points is required. We therefore

employed a fusion-point-guided-concatenation algorithm (see

materials and method) to jointly visualize genomic segments

surrounding the translocation (chr9/chr22) which creates the

CML causing fusion gene BCR-ABL1 [23] in K562 (Figure 5D).

The analysis showed that i) the disease causing rearrangement

point had the highest dPET cluster size (692) supporting the

concept of amplified rearrangement points as indicators of driver

events [21], ii) five different chromosomes (1, 3, 9, 13, and 22)

were involved in this amplification, and iii) the core region was

located in different genomic contexts indicated by alternative

paths at the edges of the amplicon (Figure 5A). To place the

amplicon picture in a cytogenetic context, we analyzed the three

most amplified rearrangement points (largest dPET clusters) by

fluorescence in situ hybridization (FISH) (Figure 5B and C). The

FISH analysis confirmed the amplification of the fusion points and

showed that the amplicon was distributed over two marker

chromosomes. Further, a subpopulation of the BCR-ABL1

amplicon path connecting chromosome 9 at 133.1 Mb with

chromosome 22 at 15.7 Mb (dPET cluster count 218) but not the

path connecting chromosome 9 at 133.2 Mb with chromosome 13

at 107.5 Mb was located on chromosome 2q.

We also reconstructed the whole genome rearrangement of

MCF-7, HCT116 and K562 by this fusion-point-guided-concat-

enation algorithm using all the dPET clusters with count $3 and

the detail can be found in Appendix S1, S2 and S3.

Discussion

The PET sequencing has become a key technique to assess

genome rearrangements and SVs in normal and cancer genomes

[14,15,20,21,24,25,26]. However, some characteristics are still not

well understood regarding study design and the balance of cost

versus benefit of different sequencing strategies. One such factor is

the choice of the most suitable sequencing library insert size. Using

a quantitative study, Bashir et al. concluded that larger clones

could maximize the clonal coverage and detect as many

rearrangement breakpoints as possible while reducing the

sequence effort, whereas smaller clones could provide better

localization [27]. This conclusion was confirmed by Bentley and

McKernan, who observed that when using different insert sizes,

most of their predictions were unique to one data set, and the

probability of detecting a breakpoint with a combined library was

higher than using only one type of library [24,28]. However,

200 bp to 3 kb insert sizes are not large enough since only lengths

of .7 kb are expected to span common transposon insertions such

as L1s (the canonical L1 element is 6 kb long) [29] and thereby

can identify insertion events in a single read. Using three cancer

cell lines, MCF-7, HCT116, and K562 as test genomes, we

sequenced different insert size libraries (1 kb, 10 kb, and 20 kb) to

identify SVs. The comparison of different insert size libraries

demonstrated that the PET sequencing strategy with large insert

sizes (10 kb) is an attractive whole-genome sequencing approach

to identify SVs in human genomes. With the same sequencing

effort, the 10 kb libraries could identify more and larger SVs than

1 kb libraries. This higher sensitivity of large insert libraries is due

to the higher physical coverage compared to small insert libraries.

Further, the large inserts allow spanning across repetitive
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sequences which can flank break points. Repetitive sequences

result in ambiguous mapping and PETs with tags mapping to

repetitive regions are excluded. The 1 kb libraries were advan-

tageous in identifying deletions with span ,5 kb. The larger

number of deletions identified by 1 kb libraries is due to the more

precise insert size selection and thereby smaller standard

deviation of the insert size distribution. This results in a higher

sensitivity for the identification of small deletions since deletions

are identified by a PET mapping distance which is larger than the

general insert size distribution of the respective library. However,

10 kb libraries had a comparable resolution in predicting

breakpoint locations to a distance that can be amplified by

PCR. This is important to note as large insert libraries are often

believed to have a proportionally lower breakpoint resolution.

The 20 kb insert size library requires a more stringent cluster

count cutoff and might have a slight advantage in discovering

inversions and unpaired inversions but displayed a lower

sensitivity in identifying small SVs of various categories compared

to 10 kb insert size library, whereas the construction of libraries

with 20 kb inserts requires more genomic DNA as starting

material. The detailed characterizations of SVs by large insert

size libraries showed many new sub-types of insertions, which

could help in understanding the genesis and effect of insertions in

human normal and cancer genomes.

This study is complementary to those that have investigated the

effect of read-lengths and library-size on the ability to do de novo

assembly of the data [30,31,32]. In a recent work [32], the authors

suggest that multiple library sizes are needed to optimally resolve

various classes of repeats. While larger library sizes allow the

spanning of more repeat classes the associated complexity of

assembly analysis also increases. These considerations make the

choice of library-size for de novo assembly less clear-cut when

compared to reference-guided SV analysis.

With the rapid development of next generation sequencing

technologies, whole genome sequencing has become an invaluable

tool for obtaining a complete understanding of human genomic

variation. In the future, personal genomic information will gain

importance to tailor an individual’s medical care. Our study

provides valuable information on the characteristics of PET

sequencing libraries and such information will help to select

appropriate and most effective insert sizes for various kinds of

sequencing projects.

Materials and Methods

Cell culture and genomic DNA extraction
MCF-7 (ATCC# HTB-22TM), HCT116 (ATCC# CCL-

247TM) and K562 (ATCC# CCL-243TM) were grown under

standard culture conditions and harvested at log phase. The

genomic DNA was extracted by Blood & Cell Culture DNA Midi

Kits (QIAGEN) according to the manufacturer’s instruction.

Library construction and sequencing
We randomly sheared up to 50 mg of genomic DNA to 1 kb,

10 kb and 20 kb fragments by HydroShear (Genomic Solutions

Inc) according to the manufacturer’s instruction. The fragmented

DNA was methylated using EcoP15I (NEB) and end polished by

End-ItTM DNA End-Repair kit (Epicentre Biotechnologies).

SOLiD EcoP15I CAP adaptor (Applied Biosystems) which

contains the EcoP15I restriction site was blunt-end ligated to the

two ends of DNA fragments and the ligation products were size-

selected on an agarose gel. The small DNA fragments (1 kb) were

purified by QIAquick Gel Extraction Kit (QIAGEN) and large

DNA fragments (10 kb and 20 kb) were purified by QIAEX II Gel

Extraction Kit (QIAGEN). Up to 1 mg of gel selected DNA

fragments were circularized with the biotinylated SOLiD Internal

Adaptor (Applied Biosystems) at extreme diluted concentration

(0.1 ng/ml) and the uncircularized DNA fragments were removed

by Plasmid-SafeTM ATP-Dependent DNase (Epicentre Biotech-

nologies). The remaining circularized DNA fragments were

digested by EcoP15I (NEB) to release the 25–27 bp di-tags from

genomic DNA fragments. Di-tag constructs were end repaired,

bound to streptavidin beads and washed. SOLiD sequencing

adaptors (Applied Biosystems) were ligated and di-tag constructs

were amplified with SOLiD PCR primers (Applied Biosystems) by

a 16-cycle PCR. High-throughput sequencing of the 2625 bp

libraries was performed on SOLiD sequencers according to the

manufacturer’s recommendations (Applied Biosystems). The

details of library construction can be found in Protocol S1.

The sequencing data from this study have been submitted to

NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.

nih.gov/geo) under accession no. GSE32674 for 1 kb and 20 kb

libraries and GSE26954 for 10 kb libraries.

Figure 5. Reconstruction of the BCR-ABL1 amplicon of K562. (A) Concordant tag distributions representing copy number are shown for
amplified genomic regions (top, green track). Genomic segments between predicted breakpoints are indicated by colored arrows and dPET clusters
with cluster sizes greater than 35 of predicted somatic rearrangements are represented by horizontal lines flanked by dark red and pink arrows
indicating 59 and 39 anchor regions (middle). Small to large dPET clusters are arranged from top to bottom. Cluster sizes are indicated. High dPET
cluster size of the CML causing BCR-ABL1 translocation suggests that the rearrangement occurred early and that it has subsequently been amplified.
Fusion points I–III correspond to panels C–D. (B) Fluorescence in situ hybridization (FISH) of BCR-ABL1 rearrangement (fusion point I with cluster size
692). Yellow spots represent fusion signals and illustrate the amplification of BCR-ABL1. (C) FISH analysis of metaphase chromosomes of three high
copy fusion points: I) probes used in B show fusion signals on two marker chromosomes and on chromosome 2q and normal localization on both
rearranged chromosomes 9 and normal chromosome 22; the fusion on chromosome 2 has not been identified by DNA-PET most likely due to low
sequence complexity at the break point or complex rearrangements, II) probes spanning the fusion point II (cluster size 259) show fusion signals on
the same marker chromosomes and normal localization on both normal and rearranged chromosomes 9 and 13, III) probes spanning fusion point III
(cluster size 218) show fusion signals on the same marker chromosomes and normal localization on both normal chromosome 22 and rearranged
chromosomes 9. (D) Contigs (indicated by boxes) which were covered by PET mapping were concatenated by fusion-point-guided-concatenation
method. The length of a contig is represented by the length of the box. Because of the size difference between chromosomes 1, 3, 9, 13, and 22, the
length of chromosome 22 is represented by the length of contig/10,000 while the lengths of chromosomes 1, 3, 9, and 13 are represented by the
length of contig/100,000. Any value less than 0.1 is rounded to 0.1; any value larger than 6 is rounded to 6. The thickness of borders of each contig
represents the coverage (copy number). Red dashed edges represent dPET edges, while black bold edges represent cPET edges. The thickness of
dPET edges represents the size of the corresponding dPET cluster. cPET edges have uniform thickness. Arrow heads pointing towards a contig
indicate connections with the lower coordinates, arrow heads pointing away from a contig indicate connections with the higher coordinates.
doi:10.1371/journal.pone.0046152.g005
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Random selection of a subset library of MCF-7 and
HCT116 10 kb libraries

The sub-sampling of libraries was done to keep the number of

non-redundant PETs across all libraries in each genome roughly

consistent. Therefore, firstly we removed all redundant PETs

based on the 59 and 39 tag mapping location, and a random

number between (0–1) was generated for each PET. If the number

was less than ‘p’, where p = (Required # of PETs)/(Total # of

PETs), the PET was included in the randomly down sampled data

set.

PET sequencing analysis
PET extraction, classification, clustering. The paired tags

designated as R3 and F3 were mapped individually to the

reference sequence (hg18, NCBI build 36) in a color space by the

ABI SOLiD pipeline Corona Lite (Life Technologies). If both F3

and R3 tags of one bead have matches to the reference with up to

2 mismatches, the pipeline tries all R3/F3 combinations to see if

there is a single pair combination which can be reported as AAA

indicating that both tags are on the same chromosome, same

strand, read in the same direction, are in the correct order and

within correct distance of each other (3 kb for 1 kb library, 20 kb

for 10 kb library and 40 kb for 20 kb library, respectively). Based

on ABI SOLiD pairing report, we further separated all the PETs

into concordant PETs (cPETs) and discordant PETs (dPETs).

cPETs were defined as those PETs where both tags mapped to

same chromosome, same strand, in the correct 59 to 39 ordering

and within expected span range. The PETs which were rejected

by cPET criteria were classified as dPETs.

To filter out those chimeric dPETs due to ligation error in the

library construction process, dPET which span the same fusion

point were required to form clusters. The number of the dPETs

clustering together around a fusion point was represented by the

cluster size or cluster count. The genomic region which was

covered by the 59 tags of a cluster was defined as the 59 anchor and

the genomic region which was covered by the 39 tags of a cluster

was defined as the 39 anchor.

SVs identification. SVs with one rearrangement point could

be identified by single dPET clusters, such as deletions if the 59

mapping anchor region was far away from the 39 mapping anchor

region, tandem duplications if the mapping order was 39 to 59

instead of the normal 59 to 39, unpaired inversion if the mapping

orientation was revered (on different strand), and isolated

translocations if the 59 and 39 anchors mapped to different

chromosomes. Inversions, insertions and balanced translocations

were identified by two closely positioned dPET clusters.

Superclustering. To separate breakpoints in complex re-

gions from isolated and less complex SVs, a breakpoint based

interconnection network was established. The extension from the

start and end points of each dPET cluster anchor region by the

maximum insert size of the library was created as search windows

to determine the neighborhood of a breakpoint. The dPET

clusters were grouped as a supercluster when windows of

neighboring clusters overlapped with each other. The number of

dPET clusters that could be joined together into a supercluster was

represented by supercluster size or supercluster count. The details

of PET sequencing analysis were described in [21]

Comparison of libraries with different insert sizes
The comparison of dPET clusters across different insert size

libraries was performed based on an overlap of the 59 and 39

anchor region extended by the individual library insert size. We

started from the 10 kb library in MCF-7 and HCT116 and the

20 kb library in K562. For any given 10 kb or 20 kb isolated

dPET cluster (supercluster count #3), the 59 and 39 anchor regions

of the cluster was extended by the maximum length of the library

towards the breakpoints to create a search window. If the 59 and 39

anchor regions of a dPET cluster from other insert size libraries

which belonged to the same SV type fell into the search window,

the clusters would be grouped as a common SV. If no other cluster

could be found in the search window, the cluster would be

categorized as a SV specific to that insert size library.

Breakpoint confirmation by genomic PCR and Sanger
sequencing

We validated a subset of breakpoints detected in these three cell

lines using genomic PCR. Primers were designed to span the

breakpoint predicted by dPET clusters using repeat–masked

human genome assembly (NCBI Build 36). The maximum PCR

product was 10 kb. PCR was carried out with JumpStartTM

REDAccuTaq LA DNA Ploymerase (Sigma-Aldrich Inc.,

St.Louis, MO) in a 50 ml reaction volume and with 20 ng of

genomic DNA as the template. The following program was used:

1) Initial denaturation at 96uC for 30 sec, 2) 15 cycles of 15 sec at

94uC, 30 sec at 58uC, 10 min at 68uC, 3) 25 cycles of 15 sec at

94uC, 30 sec at 55uC, 10 min at 68uC, 4) 68uC for 20 min.

Fragments up to 10 kb in size were visualized by agarose gel

electrophoresis. PCR products with single band at the expected

size range were purified by QIAquick PCR Purification Kit

(QIAGEN), sequenced by conventional Sanger capillary methods

and the resulting sequences were aligned to the reference sequence

to identify breakpoints. We then compared breakpoint coordinates

from Sanger sequencing with the breakpoint coordinates predicted

by dPET clusters and determined a median resolution for each

library size.

Fluorescence in situ hybridization (FISH)
FISH was performed as described by Inaki [33]. To assess the

three high copy fusion points in K562, the following probes

spanning the fusion points have been hybridized on K562 cell line:

Cluster size 692 BAC#
Red RP11-83J21 (chr9:132,641,829–132,818,294)

Green RP11-61N10 (chr22:21,728,292–21,917,898)

Cluster size 259 BAC#
Red RP11-83J21 (chr13:107,393,170–107,577,262)

Green RP11-10619 (chr9:133,087,269–133,237,519)

Cluster size 218 BAC#
Red RP11-544A12 (chr9:132,955,072–133,152,093)

Green RP11-104F9 (chr22:15,547,686–15,730,740)

Reconstruction of genome structure by fusion point
guided concatenation

Segmenting of the reference genome into contigs was done on

the basis of breakpoints identified by dPET clusters and by

identifying additional breakpoints with no physical cPET cover-

age. Contigs consecutive on the reference genome were then

connected by a reference edge in the presence of connecting

cPETs. Correspondingly, contigs linked by dPET clusters were

represented by dPET edges where the edges were weighted by the

size of the cluster. Locally amplified regions were then identified in

the following way: Firstly, the dPET edge with the highest weight

was selected and the adjacent contigs to this edge were added to

the amplicon graph. Then, for each contig in the graph, its

neighbors were also added using both reference and dPET links as

long as the neighbors were considered amplified (cPET estimated

copy-number greater than 2). An amplicon graph was grown until
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no more contigs could be added in this fashion. The process was

then repeated on the unused dPET edges, till none remained,

resulting in a set of local amplicon graphs and only graphs with

more than two contigs were considered further.
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Figure S1 dPET cluster size distribution. The number of

dPET clusters (y-axis) is shown for the individual cluster sizes (x-

axis). Red vertical line represents the cutoff for dPET clusters

regarded as reliable breakpoint pairs (count three and higher).

(PDF)

Figure S2 Supercluster statistics in each library. (a–g)

Distribution of degrees of connectivity represented by superclu-

sters in each library. Numbers of clusters (y-axis) for each

supercluster count (number of interconnected clusters, x-axis) is

shown. (h) Color code of each kind of SV.

(PDF)

Figure S3 Comparison of number and span distribution
of specific SVs identified by 1 kb and 10 kb libraries in
MCF-7, HCT116, and K562. Venn diagrams showing the

respective numbers of SVs in each library type and the overlap of

SVs. Number of SVs (y-axis) of the indicated SV categories (a–d)

were shown for the different span sizes (x-axis).

(PDF)

Figure S4 Comparison of number and span distribution
of specific SVs identified by 10 kb and 20 kb libraries in
K562. Venn diagrams showing the respective numbers of SVs in

each library type and the overlap of SVs. Number of SVs (y-axis) of

the indicated SV categories (a–e) were shown for the different span

sizes (x-axis).

(PDF)

Figure S5 Example of a 20 kb library specific deletion
in K562. (a) The drop of expected coverage (red track) in 10 kb

and 20 kb library indicates the presence of a deletion. (b) The

deletion only could be detected by a 20 kb library dPET cluster

(cluster size 31) and the 59 and 39 anchor span were 16,584 bp and

9,921 bp. The red and pink arrows represented the 59 and 39

anchor regions of the dPET cluster. (c) The expected anchor span

of 20 kb library is 20 kb and the segmental duplications (orange

blocks) located at this deletion created the shorter anchor span in

20 kb library. The PETs of 10 kb library could not cross the

segment duplications resulting in the failure to detect this deletion

by the 10 kb library.

(PDF)

Protocol S1 Long Span DNA-PET Library Construction
by EcoP15I.

(DOC)

Appendix S1 Reconstruction of MCF-7 genome struc-
ture by fusion point guided concatenation method.

(ZIP)

Appendix S2 Reconstruction of HCT116 genome struc-
ture by fusion point guided concatenation method.

(ZIP)

Appendix S3 Reconstruction of K562 genome structure
by fusion point guided concatenation method.

(ZIP)
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