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Abstract

Background: Replication-independent endogenous double-strand breaks (RIND-EDSBs) occur in both humans and
yeast in the absence of inductive agents and DNA replication. In human cells, RIND-EDSBs are hypermethylated,
preferentially retained in the heterochromatin and unbound by γ-H2AX. In single gene deletion yeast strains, the
RIND-EDSB levels are altered; the number of RIND-EDSBs is higher in strains with deletions of histone deacetylase,
endonucleases, topoisomerase, or DNA repair regulators, but lower in strains with deletions of the high-mobility
group box proteins or Sir2. In summary, RIND-EDSBs are different from pathologic DSBs in terms of their causes and
consequences. In this study, we identified the nucleotide sequences surrounding RIND-EDSBs and investigated the
features of these sequences as well as their break locations.

Results: In recent work, we detected RIND-EDSBs using ligation mediated PCR. In this study, we sequenced
RIND-EDSB PCR products of resting state Saccharomyces cerevisiae using next-generation sequencing to analyze
RIND-EDSB sequences. We found that the break locations are scattered across a number of chromosomes. The
number of breaks correlated with the size of the chromosomes. Most importantly, the break occurrences had
sequence pattern specificity. Specifically, the majority of the breaks occurred immediately after the sequence “ACGT”
(P = 2.2E-156). Because the “ACGT” sequence does not occur primarily in the yeast genome, this specificity of the
“ACGT” sequence cannot be attributed to chance.

Conclusions: RIND-EDSBs occur non-randomly; that is, they are produced and retained by specific mechanisms. Because
these particular mechanisms regulate their generation and they possess potentially specific functions, RIND-EDSBs could
be epigenetic marks.
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Background
In previous research, we detected endogenous DNA
double strand breaks (EDSBs) that occurred without in-
ductive agents or DNA replication and named them
replication-independent EDSBs (RIND-EDSBs) [1-3]. The
causes and consequences of RIND-EDSBs differ from
those of replication-induced EDSBs [4] and irradiation-
induced DSBs [5]. Whereas irradiation-induced DSBs halt
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the cell cycle [6], induce cell death [7] and serve as media-
tors of mutation [8], RIND-EDSBs do not. RIND-EDSBs
are detectable in all human cell types [1] as well as in
yeasts [3]. The down-regulation or deletion of high mobil-
ity group genes in both humans and yeasts lowers RIND-
EDSB levels [3]. The high mobility group genes are multi-
functional genes that regulate multiple DNA-dependent
processes such as transcription, replication, recombin-
ation, and DNA repair [9,10]. In conclusion, not only are
RIND-EDSBs ubiquitously expressed in eukaryotic cells,
but genes that maintain optimal levels of RIND-EDSBs
also exist in cells. Therefore, RIND-EDSBs are evolution-
ally conserved in eukaryotic cells and may possess particu-
lar essential functions [1-3].
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We previously reported that RIND-EDSBs may help to
maintain genomic integrity. Firstly, RIND-EDSBs are
linked to methylated CpG nucleotides [1], and genomic
hypomethylation is associated with genomic instability
[11-13]. Consequently, fragile genomes exhibit low levels
of DNA methylation and also contain few RIND-EDSBs.
Secondly, RIND-EDSBs are preferentially retained in the
heterochromatin and are unbound by γ-H2AX [2]. Fi-
nally, when the number of RIND-EDSBs is reduced by
trichostatin A, the number of γ-H2AX foci increases [2].
γ-H2AX foci are signals of pathologic DSBs [14,15]. This
suggests that RIND-EDSBs may prevent unwanted DNA
breakage. Interestingly, the generation of RIND-EDSBs
can be discovered in cells lacking topoisomerase [3].
Topoisomerase is involved in unwinding topological con-
straints by replication or transcription [16,17]. Therefore,
it is possible that RIND-EDSBs may help relieve DNA ten-
sion during transcription to prevent unwanted DNA
breakage.
RIND-EDSBs do not result in mutations. We previously

demonstrated that methylated RIND-EDSBs in human cells
were repaired by a precise ATM-dependent type of non-
homologous end joining (NHEJ) [2], whereas unwanted
DSBs were generally repaired by a faster, more-error prone
Ku-mediated type of NHEJ. A compact structure prevented
H2AX phosphorylation, a conventional DSB repair re-
sponse, which resulted in methylated RIND-EDSBs escap-
ing error-prone NHEJ repair [2].
We now hypothesize that RIND-EDSBs are not patho-

logic DNA lesions and may have essential biological
functions. Consequently, RIND-EDSBs should not occur
randomly in genomes. In this study, we examined the
characteristics of yeast RIND-EDSBs. First, the DNA se-
quences near the 3’ ends of RIND-EDSBs were amplified
by ligation mediated PCR. Next, the resulting PCR prod-
ucts were sequenced using high throughput sequencing.
Finally, these sequences were used to analyze the loca-
tions and sequences surrounding the RIND-EDSBs.

Results
The RIND-EDSB PCR products were prepared by ligation
mediated PCR. First, a “First linker” was ligated to the
RIND-EDSBs. Next, this ligated high molecular weight
DNA was digested by RsaI, and the digested DNA was li-
gated to “Second linkers”. Then, a PCR was performed
using primer sets with 5’ linker sequences (Figure 1A).
Theoretically, there were five types of PCR products
(Figure 1B). (1) Products that contained both of the
linkers and the intact sequence, with the 5’ end of the in-
tact sequence next to the First linker being RIND-EDSBs.
(2) Products that contained the Second linkers on both
sides and the intact sequence, but no RIND-EDSBs. (3)
Products that contained both of the linkers and a se-
quence that was derived from multiple ligations. (4)
Products that contained only the second linkers and mul-
tiple ligations. (5) PCR products that were generated from
nonspecific amplification due to the primers binding dir-
ectly to the genome. These amplicons lacked the 3’ se-
quence of the First linker and contain no RIND-EDSBs.
Because there was heterogeneity in the origins of the

PCR products, we performed multiple steps to screen
out PCR products that were not RIND-EDSBs or mul-
tiple ligation products (products 2–5). The first step
was trimming the linkers, which allowed us to categorize
the PCR products and retain types 1 and 3 (Additional
file 1: Figure S1, step1). In 105 775 reads, there were
14 566 reads lacking the First linker (PCR product types
2 and 4), 69 229 reads containing the first linker se-
quence but missing ten or more of the last bases (PCR
product type 5) and 21 980 reads containing both the
first linker sequence and the last ten bases (PCR product
types 1 and 3). Next, from PCR product types 1 and 3,
we retained those reads having sequence lengths greater
than 10 bases, and containing First linker sequences
with 0 gaps and mismatches (Additional file 1: Figure S1,
step 2). This step yielded 5 604 reads. Then, using only se-
quences (no linkers), the resultant reads were aligned to a
BY4741 reference genome via BLAST (Additional file 1:
Figure S1, step 3). In total, 1 283 (22.9%) of these reads
were mapped to the reference genome by BLAST. Most
of the sequences from the RIND-EDSB PCR products that
were not mapped involved multiple ligations of RsaI
digested fragments (PCR product type 3). In the control
group, approximately 86% of the reads were mapped
(notably, the control group did not use RsaI). RsaI cut-
ting can yield small fragments. The smallest fragment
size generated using RsaI is four bases. The distribution
of possible fragment sizes after applying RsaI to BY4741
is shown in Additional file 1: Figure S2A and S2B. The
most abundant fragment size was nine bases. However, if
an RsaI cut site happens to be located near RIND-EDSBs,
it can produce fragment sizes smaller than four bases.
The distribution of potential fragment sizes after apply-
ing RsaI to BY4741, assuming the existence of RIND-
EDSBs at “ACGT” sequences, is shown in Additional
file 1: Figure S2C and S2D. The most abundant frag-
ment size was 2 bases. These small fragments were li-
gated together randomly, thus producing reads that
could not be mapped. However, multiple ligations did
not interfere with the sequences with RIND-EDSBs at
farther distances from RsaI cut sites. Using the BLAST
results, we filtered out those reads that were not
aligned from the first base (Additional file 1: Figure S1,
step 4), resulting in 1085 (899 + 186) reads, where the
two numbers in the parentheses are the number of
uniquely mapped reads and multi-mapped reads, re-
spectively. Finally, we examined the reads that were
mapped to multiple locations (multi-mapped reads;



Figure 1 Schematic representation of EDSB-detection using Ion Torrent sequencing. (A) The red lines and parallel vertical bars represent
genomic DNA and EDSB ends, respectively. The green line is the First linker sequence, where the darker shade represents the primer sequence.
The blue line is the second linker sequence. The green and blue arrows represent the forward and reverse primers, respectively. In the first step,
the First linker is ligated to one of the EDSB ends. Next, the DNA ligated to the first linker is digested with a restriction enzyme, RsaI, which does
not cut between the linkers. After digestion, the second linker is ligated to the first linker-ligated DNA. Finally, the EDSBs were amplified with
primers that bind to the first and second linkers. (B) The five PCR product patterns are shown. The red vertical bar represents the RIND-EDSBs
whereas the blue vertical bar represents an RsaI break. (1) An intact sequence with both linkers. The RIND-EDSBs are between the First linker and
the DNA sequence. (2) An intact sequence with Second linkers on both sides. There were no RIND-EDSBs here. (3) A sequence derived from multiple
ligations with both of the linkers. (4) Multiple ligations with the Second linker only. (5) PCR products generated from nonspecific amplification due to the
direct binding of the primers to the genome. These amplicons did not contain the 3’ sequence of the First linker and also lacked RIND-EDSBs.
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Additional file 1: Figure S1, step 5). The final number
of reads analyzed was 1080 (899 + 181) reads, where the
two numbers in the parentheses are the number of
uniquely mapped reads and multi-mapped reads, re-
spectively. Over 97% of the multi-mapped reads were
retained for analysis.

Distribution and number of RIND-EDSBs
We investigated whether the break positions had any re-
lationship with chromosomal positions, e.g., with centro-
meric or telomeric regions. The alignment positions
from BLAST corresponded to break positions; thus, we
were able to observe the EDSB distribution across all 16
chromosomes. In the wild type yeast cells, 899 uniquely
mapped reads corresponded to 729 positions in the gen-
ome. That is, for some positions, multiple reads were
mapped because they originated from a population of
cells rather than from a single cell. Figure 2 shows the
729 EDSB positions. The height of each vertical bar cor-
responds to the number of reads aligned to that specific
position. As shown in the figure, the break positions did
not clump near the centromeres or the telomeres but
were scattered across the chromosomes.
To see if the number of breaks correlated with chromo-

somal size, we plotted the number of breaks against the
length of the chromosomes (Figure 3). The number of
breaks increased nearly linearly with chromosomal size.
The Pearson correlation coefficient for this observation
was 0.95, and the p-value was 1.3E-08.

Sequence patterns near break points
To explore whether specific sequence patterns existed
near the breaks, we plotted sequence logos (Figure 4
and Additional file 1: Figure S3) of 1,080 reads (see the
Sequence logo section in the Methods section). In Figure 4,
we observed a difference in the base frequency patterns
between columns 45 to 52, which spanned across the
breakpoints. In other columns, we can see that the fre-
quency of C is similar to that of G, the frequency of A is
similar to that of T and the frequencies of C and G are



Figure 2 Distribution of the RIND-EDSBs on each chromosome. The x-axis corresponds to the chromosomal position given that position zero
is the centromere (marked by a long vertical black line). The beginning and the end of each chromosome is marked by short vertical black lines.
The y-axis represents the chromosome; chromosome 1 is at the bottom and chromosome 16 is at the top. The blue lines mark break positions.
The height of each line represents the number of reads aligned to that position. Lines with two horizontal dashes across them indicate that there
were more than five reads aligned to that position.
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generally lower than the frequencies of A and T. This
is consistent with the proportions of A, C, G and T
in the yeast genome, which are 30.9%, 19.2%, 19.1%
and 30.8%, respectively. Additional file 1: Figure S3
shows sequence logos where the column height is pro-
portional to the information content. Although the overall
information content in each column is low, we can see
that position 50, located right before a breakpoint, has
Figure 3 Number of breaks and chromosomal size. The x-axis represen
on the chromosome. The numbers in the graph correspond to chromosom
the highest information content, which indicates a lower
tolerance for substitutions at this position compared
with others.
We next investigated whether break occurrences have

specificities toward certain sequences. Because base fre-
quency patterns differ between columns 45–52, we coun-
ted, in a wild type yeast sample, the number of stitched
reads with base combinations and column positions
ts chromosomal size and the y-axis represents the number of breaks
e numbers.



Figure 4 Sequence logo. The sequence logo where all of the columns have the same height. The break is located between positions 50 and 51
and is marked with a vertical line.
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as follows: “xxx▼x”, “xxxx▼”, “xxxx▼x”, “xxxx▼xx”,
“xxxxxx▼”, “xxxxxx▼xx”, where x denotes a single base
and “▼” denotes a break (see the Read counting section in
the Methods section). We show the counts for each se-
quence pattern in Additional file 2. Regardless of the
sequence type, we observed a non-uniform distribu-
tion of counts where one base combination had the
highest counts of all the base combinations. This highest
count was for the “xxxx▼” combination compared with
the “xxx▼x”, “xxxx▼x”, “xxxx▼xx”, “xxxxxx▼”, and
“xxxxxx▼xx” combinations. This implies that the breaks
were more likely to occur at certain sequences. To deter-
mine whether this sequence specificity was statistically
significant, we performed a Fisher’s exact test (see the
Statistical analysis section in the Methods section). Of
the 1 080 stitched reads, we observed that 124 of them con-
tained “ACGT▼” at the breakpoints. In the BY4741 gen-
ome, we observed that “ACGT” occurred 29 319 times,
whereas other 4-mer sequences occurred 11 757 514 times.
The associated p-value was 2.2E-156, which was highly sig-
nificant (Table 1, first row and Additional file 3).
We further validated the non-random occurrence of

“ACGT▼” sequences using the simulations described in
the Methods section. In contrast with the observed data,
Table 1 Fisher’s exact test p-values

4-mer A* B* C* D*

ACGT 124 956 29319 11757514

TAGT 19 1061 44649 11742184

CAGT 17 1063 41209 11745624

TGGT 18 1062 53437 11733396

TACC 13 1067 40441 11746392

ATAT 24 1056 91778 11695055

XXXX1 0 1080 1112372 10674461

*See the description in the Methods section.
1combined 4-mer sequences that were never observed in the reads.
the 100 sequence logos from the simulated data had no
specific patterns in any of the columns. In every column
of the logos, C and G, whose frequencies are approxi-
mately equivalent, have lower frequencies than A and T,
which have similar frequencies. This frequency pattern is
the same for all of the columns in the observed data,
with the exception of the “ACGT▼” columns. This fur-
ther supports our conclusion of a nonrandom associ-
ation of “ACGT▼” sequences with breaks.
To examine whether the breaks were associated with

other 4-mer sequences, we calculated a Fisher’s exact test
and an odds ratio for the other possible 4-mer sequences
(Additional file 3). The significant 4-mer sequences are
shown in Table 1. In addition to “ACGT▼”, the p-values
of “TAGT▼”, “CAGT▼”, “TGGT▼”, “TACC▼”, and
“ATAT▼” were significant with non-zero odds ratios. We
plotted the number of stitched reads with each possible 4-
mer sequence preceding the breaks, “xxxx▼” (Figure 5A),
as well as the number of each 4-mer occurrence in the
yeast genome (Figure 5B). Comparing the two figures
clearly illustrates that the significant 4-mer sequences
common in the reads were not predominant in the gen-
ome. These results lead us to conclude that RIND-EDSBs
are more likely to occur at specific sequence patterns.
Adjusted p-value Odds ratio 95% CI

2.20E-156 51.96 42.76, 62.89

8.45E-06 4.71 2.82, 7.39

4.15E-05 4.56 2.64, 7.34

2.43E-04 3.72 2.20, 5.91

5.45E-03 3.54 1.88, 6.08

3.85E-04 2.90 1.85, 4.33

4.79E-47 0.00 0.00, 0.03



Figure 5 Number of 4-mer sequences. (A) The number of stitched reads with each “xxxx▼” 4-mer sequence. (B) The number of locations in
the genome with each “xxxx▼” 4-mer sequence. The x-axis represents all 256 possible 4-mer sequences, and the 4-mers are sorted by adjusted
p-values (Additional file 3). The y-axis represents the occurrence of each 4-mer sequence.
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To determine if multi-mapped reads influenced the
break preference at “ACGT”, we retained uniquely mapped
reads only (899 reads) and counted all of the possible 4-
mer sequence of “xxxx▼” in the stitched reads as we had
done previously. The breaks generally occurred before
“ACGT▼” as they had before (Table 2; Additional file 4).
We also tested whether our PCRs and/or methodology

generated any artifacts resulting in biased results by using
AluI digested DNA as a control (see the Methods section).
Almost all of the cut sites in the PCRs at both 20 and 60 cy-
cles were expected, that is, we observed “AG▼CT” in our
stitched reads (Tables 3 and 4; Additional file 5). Therefore,
it is unlikely that our RIND-EDSB results were biased.
Table 2 The top ten highest occurrences of the “xxxx▼”
4-mer in the stitched reads (uniquely mapped reads only)

4-mer Count Proportion

ACGT 113 0.13

ATAT 23 0.03

TTCT 18 0.02

CAGT 17 0.02

TTAT 17 0.02

TAGT 15 0.02

TACC 12 0.01

TGGT 12 0.01

AAGT 12 0.01

GGTT 10 0.01
In conclusion, the most frequent sequence before breaks
was observed to be “ACGT”, which had an exceptionally
high odds ratio (the red triangles in Figure 6). Moreover,
there were additional 4-mer sequences that occurred fre-
quently with odds ranging from 2.9-5 (the red ‘x’ in Figure 6).
This group of 4-mers often contained “GT” before breaks.
Conversely, some 4-mer sequences had odds of zero (the
pink dots in Figure 6). These 4-mer sequences were never
observed in the reads. When these zero odds 4-mers are put
together, the p-value is extremely significant (4.8E-47; the
last row in Table 1). This finding demonstrates that break
occurrences exhibit sequence specificity, i.e., there are no
Table 3 The top ten highest occurrences of the “xx▼xx”
4-mer in the stitched reads of control group I

4-mer Count Proportion

AGCT 251611 9.989E-01

GTAC 171 6.788E-04

GTCT 24 9.528E-05

CGCT 11 4.367E-05

CTCT 10 3.970E-05

GTCA 5 1.985E-05

AACT 5 1.985E-05

GTAA 4 1.588E-05

CAGC 4 1.588E-05

GAGC 4 1.588E-05



Table 4 The top ten highest occurrences of the “xx▼xx”
4-mer in the stitched reads of control group II

4-mer Count Proportion

AGCT 100732 9.984E-01

GTAC 64 6.343E-04

GTCT 20 1.982E-04

CGCT 16 1.586E-04

CTCT 5 4.955E-05

ATCT 5 4.955E-05

TTCT 5 4.955E-05

TCCT 4 3.964E-05

GTCA 3 2.973E-05

ACCT 3 2.973E-05
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breaks at these 4-mer sequences. The number of 4-mer se-
quences with no breaks was not trivial (Figure 7).

Discussion
We postulated that RIND-EDSBs have an important func-
tion in cells, and therefore their occurrence is nonrandom.
In this study, we examined the characteristics of RIND-
EDSBs to determine if RIND-EDSBs occur systematically.
We found that breaks were scattered along chromosomes
and that the number of breaks and chromosomal size were
positively and almost linearly correlated. Most importantly,
Figure 6 Sorted odds ratios of each 4-mer. The x-axis represents all 256 p
The y-axis represents the odds ratios. The red triangles denote the significant 4-
4-mer sequences with odds ratios < 10. The pink dots denote the 4-mer sequen
an odds ratio equal to 1.
the breaks occurred most frequently after the sequence
“ACGT”.
RIND-EDSBs are evolutionarily conserved, i.e., they are

present in both the human and yeast genomes. In
addition, there are lower numbers of RIND-EDSBs in
yeast cells depleted of Nhp6a. These same results oc-
curred in human cells lacking Hmgb1, the human homo-
log of Nhp6a [3].
We speculate that there is a specific mechanism for

the occurrence of RIND-EDSBs; however, this mechan-
ism remains unknown. It might resemble the mechan-
ism used by restriction enzymes to recognize and cut a
specific nucleotide sequence or it might depend on the
physical properties of dinucleotide sequences. The speci-
ficity of “ACGT” was not a coincidence because “ACGT”
was ranked number 189 out of 256 with respect to
“xxxx” abundance in the genome. In addition, its se-
quence logo implied that breaks preferred regions where
a CG dinucleotide was in the neighborhood of an A or
T. In other words, the physical properties of the CG di-
nucleotide in the ACGT sequence are distinctive from
the physical properties of the surrounding nucleotides. It
is unlikely that the mechanism is dependent on chromo-
somal location because we observed that break locations
were scattered across chromosomes, suggesting that
there are distinct RIND-EDSB locations in each cell. Be-
cause RIND-EDSBs have been conserved from yeasts to
ossible 4-mer sequences sorted by odds ratios (Additional file 3: Table S2).
mer sequences with odds ratios > 10. The red ‘x’ denote the significant
ces with odds ratios equal to zero. The horizontal dotted grey line indicates



Figure 7 The number of 4-mer sequences in each range of odds ratios. The y-axis represents four ranges of odds ratios starting at the bottom
of the graph and going upwards: OR = 0, 0 < OR≤ 1, 1 < OR≤ 10 and OR > 10. The x-axis represents the number of 4-mers per range. The sequences
of each 4-mer in the range are shown; those shown in red are significant.
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humans, the mechanism by which RIND-EDSBs are pro-
duced should have been conserved as well.
RIND-EDSBs are potential epigenetic marks. Epigenetic

marks require two properties. Firstly, they must be associ-
ated with a non-random underlying mechanism. For ex-
ample, DNA methylation is specific to the cytosine in
CpG dinucleotides due to the DNA methyltransferase
function [18,19]. Secondly, an epigenetic mark must spe-
cifically function to control gene expression or affect gen-
omic integrity. For example, methylation in promoter
suppressed gene expression [20,21], intragenic LINE-1 hy-
pomethylation reduced gene expression [22], and hypo-
methylation can all lead to genomic instability [11]. Due
to the conservation of RIND-EDSBs in every cell from
yeasts to humans, we deduced that a specific mechanism
must exist to produce RIND-EDSBs. Moreover, in human
cells, γ-H2AX, which is a marker of abnormal DNA
breakage, was up-regulated when concentrations of
RIND-EDSBs were reduced [2]. When HMGB1 was de-
pleted, the levels of RIND-EDSBs decreased, suggesting a
role for HMGB1 in maintaining RIND-EDSBs [3]. A yeast
strain lacking the genes involved in generating DSBs, e.g.,
topoisomerases or endonucleases, had an increased level
of RIND-EDSBs [3]. This implies that there is a compen-
satory mechanism for the loss of the functions of certain
topoisomerases or endonucleases, and indicates a poten-
tial role for RIND-EDSBs. Here in this study we proved
that RIND-EDSB occurring non-randomly implying the
association with a non-random underlying mechanism.
Therefore, we provided additional information to support
that RIND-EDSBs are epigenetic marks.

Conclusions
In summary, we found that RIND-EDSBs were location-
independent and tended to occur immediately after the
sequence “ACGT”. This finding suggests that RIND-
EDSB production is regulated by a non-random mech-
anism. The fact that RIND-EDSBs have a specific mech-
anism and are retained for a specific function signifies
that RIND-EDSBs are epigenetic marks.

Methods
Yeast strains, media and growth conditions
The wild type yeast Saccharomyces cerevisiae strain BY4741
(MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0), was used. The
yeast strain was grown at 30°C in 10 ml of liquid YPD media
(Sigma, USA) for 1 day to the stationary phase (~8 × 106

cells/mL) and diluted to 1 × 104 cell/mL in YP medium con-
taining 2% raffinose (Sigma, USA) for 48 hours (for
synchronization). Cells in the G0 phase were determined by
their morphology and counted under a microscope with a
hemacytometer. The percentage of G0 phase cells was cal-
culated using the following equation: (number of G0 phase
cells/total number of cells) × 100. The wild type yeast strain
(BY4741) consisted of 100% unbudded stationary-phase
cells. Examples of budded and unbudded yeast cells are
shown in Additional file 1: Figure S4. Whole cells were pel-
leted by centrifugation at 5,000 rpm for 5 minutes.

High-molecular weight (HMW) DNA preparation
The yeast cell pellets were treated with 1 mg/ml lyticase
(70 U/mg) (Sigma, USA) for 2 hours and embedded in 1%
low melting point agarose (MO BIO, USA) at a concentra-
tion of 2x108 cells per plug mold. The plugs with cells
were then digested in 400 μl of digestion buffer (1 mg/ml
proteinase K, 50 mM Tris, pH 8.0, 20 mM EDTA, 1% so-
dium lauryl sarcosine) at 37°C overnight. The plugs were
washed 6 times in TE buffer for 40 minutes, and the cohe-
sive end EDSBs were polished with T4 DNA polymerase
(New England Biolabs, USA). T4 DNA polymerase was
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inactivated by incubation in 20 mM EDTA for 5 minutes
followed by 6 washes in TE buffer for 40 minutes. The
First linkers were prepared from the two oligonucleotides
5′-AGGTAACGAGTCAGACCACCGATCGCTCGGAA
GC TTACCTCGT GGACGT-3′ and 5′-ACGTCCACGA
G-3′ (Sigma, Singapore) [1] for ligation to the HMW
DNA using T4 DNA ligase (New England Biolabs, USA)
at 25°C for 2 nights. The DNA was extracted from the
agarose plugs using a QIAquick gel extraction kit (Qiagen,
Switzerland) [1]. The DNA was digested in a 100 μL reac-
tion volume with 2 U of RsaI in 1X NEB buffer (New Eng-
land Biolabs, USA) [4] at 37°C overnight. The digested
DNA was purified with phenol:chloroform and ethanol pre-
cipitations and ligated again with the second linkers
(50 μM), which were prepared from the two oligonucleo-
tides 5′ATGGTACCACCCGTAGGCCCTAC CGGT ACC
-3′ and 5′-GGTACCGGTAGGGCCTACGGGTGGTAC
CAT -3′ (Sigma, Singapore). The ligated DNA was purified
with a QIAquick PCR Purification Kit (Qiagen, Switzerland).
We have shown previously that the detection of the

RIND-EDSBs was not due to our DNA preparation
protocol [3].

Library preparation and sequencing
Our principal method of RIND-EDSB detection is summa-
rized in Figure 1A. After ligation with the two linkers, the
HMW DNA was subjected to 60 cycles of PCR with two
primers, First-L-F (5′-AGGTAACGAGTCA GACCACC
GA-3′) and Second-L-R (5′- GGTACCGGTAG GGCCT
ACGGGT-3′ (Sigma, Singapore) using an annealing
temperature of 65°C. The PCR product was purified with a
QIAquick PCR Purification Kit (Qiagen, Switzerland) and
sequenced on an Ion Torrent sequencer (Ion Torrent™ Per-
sonal Genome Machine® (PGM), Life Technologies, USA).

Standard control sequencing method
We used the wild type yeast BY4741 strain as a standard
for the real-time PCR. To validate our method for iden-
tifying clusters of breaks, we also sequenced this stand-
ard on an Ion Torrent sequencer. The yeast strain was
grown at 30°C in 10 ml of liquid YPD media (Sigma, USA)
for 1 day to the stationary phase (~8 × 106 cells/mL) and
diluted to 1 × 104 cell/mL in YP medium containing 2%
raffinose (Sigma, USA) for 48 hours (for synchronization).
The cell cycle phases were confirmed by phase-contrast
microscopy. The whole cells were pelleted by centrifuga-
tion at 5,000 rpm for 5 minutes. The pelleted cells were
digested in 400 μl of digestion buffer (1 mg/ml proteinase
K, 50 mM Tris, pH 8.0, 20 mM EDTA, 1% sodium lauryl
sarcosine) at 37°C overnight. The DNA was extracted using
phenol chloroform and ethanol precipitations. The DNA
(5 μg) was digested with 2 U of AluI (New England Biolabs,
USA) at 37°C overnight. The digested DNA was purified
using phenol: chloroform and ethanol precipitations and
ligated with the first linkers prepared from the two oligo-
nucleotides 5′-AGGTAACGAGTCAGACCACCGATCG
CTC GGAAGCTTACCTCGTGGACGT-3′ and 5′-ACG
TCCACGAG-3′. The ligated DNA was purified with a
QIAquick PCR Purification Kit (Qiagen, Switzerland). The
ligated DNA was ligated with the second linkers (50 μM),
which were prepared from the two oligonucleotides 5′
ATGGTACCACCCGTAGGCCCTAC CGGTACC -3′ and
5′-GGTACCGGTAGGGCCTACGGGTGGTACCAT -3′
(Sigma, Singapore). The ligated DNA was purified with a
QIAquick PCR Purification Kit. After ligation with the two
linkers, the HMW DNA was subjected to 20 (control I)
and 60 cycles (control II) of PCR with two primers, First-
L-F (5′-AGGTAACGAGTCA GACCACCGA-3′) and
Second-L-R (5′- GGTACCGGTAG GGCCTACGGGT-3′
(Sigma, Singapore) using an annealing temperature of 65°C.
The PCR product was purified with a QIAquick PCR Puri-
fication Kit (Qiagen, Switzerland) and sequenced on an Ion
Torrent sequencer (Ion Torrent™ Personal Genome Ma-
chine® (PGM), Life Technologies, USA).

Data processing and mapping
Each sequenced read contained different linkers at both
ends of the read; therefore, we had to trim the linkers from
both ends of the reads (Additional file 1: Figure S1, step1).
We refer to the linkers that were ligated to the beginning
and end of the reads as the First and Second linkers, re-
spectively. We trimmed the linkers by aligning the First
and Second linker sequences against the read sequences
using the “pairwiseAlignment” function (we rewarded 1 for
a match, and penalized 2, 5 and 2 for a mismatch, a gap
opening and a gap extension, respectively) of the Biostrings
package [23] in R. It was unclear whether the reads came
from the plus or minus strands; therefore, we aligned the
First and Second linkers to the reads from the fasta files
and the reverse complement sequences. If a read was from
the plus strand, the alignment against the original sequence
was closer, whereas a minus strand read aligned more
closely with the reverse complement. An alignment was
considered successful if it met three criteria. (1) The
aligned length was greater than 10 bases but no longer
than the linker length. (2) The last aligned base position of
the First linker was within the First linker length. A similar
logic was applied to the Second linker. Because linkers
should be aligned at the ends of reads, if the aligned pos-
ition was beyond the linker length counting inwards from
the end, we did not have confidence in the alignment.
(3) The last ten bases of the First linker sequence must
match. Because break positions were located between the
last base of the First linker sequence and its next base, we
could be more certain that break positions were accurate
if the bases in the tail region of the linkers were aligned.
Ten was arbitrarily chosen as the number of matched
bases. We put no similar restrictions on the Second linker.
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The trimmed reads with lengths longer than 10 bases
and First linker alignments containing 0 gaps and mis-
matches were retained (Additional file 1: Figure S1, step
2) and aligned (Additional file 1: Figure S1, step 3) using
Nucleotide-Nucleotide BLAST 2.2.27+ [24] with the de-
fault parameters against the S. cerevisiae strain BY4741
genome, which was downloaded from the Saccharomy-
ces Genome Database (SGD).
From the BLAST results, we retained only those align-

ments that were mapped from the first base of the se-
quence (Additional file 1: Figure S1, step 4). In addition,
some reads were aligned to many locations (multi-mapped
reads). Because we were able to retrieve bases prior to
each mapped position, we retained a multi-mapped read if
more than 90% of the mapped positions had the same
prior four bases (Additional file 1: Figure S1, step 5). After
the completion of all of these steps, we produced a final
set of reads in each sample for further analysis.
Data analysis
Sequence logo
We extracted the first 50 bases of each read in the final
set of reads and added the preceding 50 bases of the
sequences, which were obtained from the reference ge-
nome. We refer to these reads as stitched reads. The
preceding 50 bases were taken from the 5′ direction of
the same strand (plus or minus) to which the read was
mapped. Therefore, the break positions were located
between the 50th and 51st bases. Because each read
had a variable length, some reads were shorter than
50 bases, and thus the stitched read sequence lengths
were not always 100. Consequently, the number of reads
used to plot each column of the sequence logo is dif-
ferent (shown in Additional file 6). The height of
each sequence logo column is proportional to its in-
formation content; however, we also plotted a vari-
ation of the sequence logo where all of the columns
have the same height. The package “seqLogo” was
used for plotting [25].
Sequence logo simulations
We sampled chromosomal position numbers with replace-
ment for simulation purposes for each chromosome. The
number of positions sampled was the observed number of
breaks on the chromosome. Strands were assigned to each
sampled number by sampling from 0 and 1 with a probabil-
ity equal to the proportion of the reads mapped to the plus
strand in each chromosome. The sampled numbers were
regarded to be read alignment positions.
To perform the sequence logo simulations, we ex-

tracted the sequence starting 50 bases to the left of
the sampled position and extending 49 bases to the
right of the sampled position from the reference genome
and plotted the sequence logos based on these extracted
sequences.

Read counting
Let x denote a single base and let “▼” denote a break.
Note that “▼” is between positions 50 and 51 in a
stitched read. We introduce the following notations:
“xxx▼x”, “xxxx▼”, “xx▼xx”, “xxxx▼x”, “xxxx▼xx”,
“xxxxxx▼”, and “xxxxxx▼xx”. “xxx▼x” represents a spe-
cific combination of three bases before a break and one
specific base after a break. There were 256 possible com-
binations of bases (i.e., AAA▼A, AAA▼C,…, TTT▼T).
“xxxx▼” represents a specific combination of four bases
before a break. There were 256 possible combinations of
bases (i.e., AAAA▼, AAAC▼,…, TTTT▼). A similar
logic can be used to interpret the remaining notations.
We counted the occurrences of “xxx▼x”, “xxxx▼”,
“xxxx▼x”, “xxxx▼xx”, “xxxxxx▼”, and “xxxxxx▼xx” in
the stitched reads of the wild type sample and counted
the number of occurrences of “xx▼xx” in the stitched
reads of the control I and II samples. Additional file 7
(the “Count occurrences in stitched reads” section)
shows a toy example.
In addition, we counted the “xxxx” occurrences in the

reference genome, where “xxxx” indicates a specific
combination of four bases. Additional file 7 (the “Count
occurrences in genome” section) shows a toy example.

Statistical analysis
We constructed 256 2x2 contingency tables for each sample.
For each table, the rows consist of stitched reads vs. the gen-
ome, and the columns contain one specific combination of
“xxxx” occurrences vs. the rest of the combinations of
“xxxx”. The first column of the first row, denoted by A, cor-
responds to the number of stitched reads that had one com-
bination of “xxxx▼”. The second column of the first row,
denoted by B, corresponds to the number of stitched reads
that had the remainder of the combinations of “xxxx▼”. In
the second row, the first column, denoted by C, contains the
number of positions in the genome that had one combin-
ation of “xxxx”. The second column of the second row, de-
noted by D, contains the number of positions in the genome
that had the remainder of the combinations of “xxxx”. We
then computed a Fisher’s exact test p-value from these con-
tingency tables. We used FDR to correct for multiple testing
(using the R stats package, which is part of R; [26]).
Additional file 7 (“Contingency table” section) shows a toy
example.

Availability of supporting data
The raw sequencing data have been deposited in the
DDBJ Sequence Read Archive (DRA) under the acces-
sion number DRA002436.
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Additional files

Additional file 1: Figure S1. data processing workflow. Number 1-5 in
yellow circles represent five types of PCR product (see Figure 1B). There are
five steps in the workflow: (1) Trim linkers which resulted in 3 categories of
PCR products. (2) Retain reads of length greater than 10 bases and contain
no mismatch and no gaps in the First linker. (3) BLAST the retained reads.
(4) Retain reads from BLAST results that are aligned from the first base. (5)
Retain multi-mapped reads if more than 90% of its mapped positions had
the same prior four bases. Figure S2. histogram of possible fragment size.
(A) all possible fragment size from using RsaI on BY4741 genome (B) zoom in
version of A (C) all possible fragment size from using RsaI on BY4741 genome
that contain RIND-EDSBs by assuming RIND-EDSBs occurred at ACGT (D) zoom
in version of C. Figure S3. sequence logo. Sequence logo where column
height is proportional to its information content. The break is between position
50 and 51 marked by vertical line. Figure S4. the morphology of wide type
yeast strain. (A) The morphology of budding yeast cells in YPD media. (B) The
morphology of unbudded stationary-phase cells in YP medium containing 2%
raffinose.

Additional file 2: Table S1. Occurrences of each sequence pattern in
the wild type yeast sample (including multi-mapped reads).

Additional file 3: Table S2. Fisher’s exact tests and odds ratios.

Additional file 4: Table S3. Occurrences of each sequence pattern in
the wild type yeast sample (uniquely mapped reads only).

Additional file 5: Table S4. Occurrences of each “xx▼xx” 4-mer in the
stitched reads of the control groups I and II.

Additional file 6: Tables S5. The number of reads contributing to the
sequence logo plotting in each column.

Additional file 7: Toy examples for counting the occurrences in the
stitched read, genome, and contingency tables.

Abbreviations
EDSBs: Endogenous double-strand breaks; RIND-EDSBs: Replication-
independent EDSBs; NHEJ: Non-homologous end joining.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MPO performed all of the bioinformatics analyses and wrote the manuscript.
MPA prepared the samples for sequencing and helped to draft the
manuscript. JT prepared the samples for sequencing. AM conceived and
designed the study, analyzed the data, and edited the manuscript. All
authors have read and approved the final manuscript.

Acknowledgements
This work was supported by the Discovery-Based Development Grant; the
Research Chair Grant 2011 from the National Science and Technology Devel-
opment Agency (NSTDA), Thailand; the Four Seasons Hotel Bangkok’s 4th
Cancer Care charity fun run in coordination with the Thai Red Cross Society;
the Ratchadaphiseksomphot Endowment Fund (grant number GDNS 57-002-
23-001) and the Thailand Research Fund through the Royal Golden Jubilee
Ph.D. Program (Grant No. PHD/0131/2554) to Maturada Patchsung (student)
and Professor Apiwat Mutirangura (advisor).

Author details
1Department of Mathematics and Computer Science, Faculty of Science,
Chulalongkorn University, Bangkok, Thailand. 2Program in Bioinformatics and
Computational Biology, Graduate School, Chulalongkorn University, Bangkok,
Thailand. 3Center for Excellence in Molecular Genetics of Cancer and Human
Diseases, Chulalongkorn University, Bangkok, Thailand. 4Inter-Department
Program of BioMedical Sciences, Faculty of Graduate School, Chulalongkorn
University, Bangkok, Thailand. 5School of Medicine, Walailak University,
Nakhon Si Thammarat, Thailand. 6Department of Anatomy, Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand.

Received: 1 August 2014 Accepted: 29 August 2014
Published: 1 September 2014
References
1. Pornthanakasem W, Kongruttanachok N, Phuangphairoj C, Suyarnsestakorn C,

Sanghangthum T, Oonsiri S, Ponyeam W, Thanasupawat T, Matangkasombut O,
Mutirangura A: LINE-1 methylation status of endogenous DNA
double-strand breaks. Nucleic Acids Res 2008, 36(11):3667–3675.

2. Kongruttanachok N, Phuangphairoj C, Thongnak A, Ponyeam W, Rattanatanyong
P, Pornthanakasem W, Mutirangura A: Research Replication independent DNA
double-strand break retention may prevent genomic instability.
Mol Cancer 2010, 9(1):70.

3. Thongsroy J, Matangkasombut O, Thongnak A, Rattanatanyong P, Jirawatnotai
S, Mutirangura A: Replication-independent endogenous DNA double-strand
breaks in saccharomyces cerevisiae model.
PLoS One 2013, 8(8):e72706.

4. Helleday T, Lo J, van Gent DC, Engelward BP: DNA double-strand break repair:
from mechanistic understanding to cancer treatment. DNA Repair 2007,
6(7):923–935.

5. Vamvakas S, Vock EH, Lutz WK: On the role of DNA double-strand
breaks in toxicity and carcinogenesis. CRC Crit Rev Toxicol 1997,
27(2):155–174.

6. Hoeijmakers J: Genome maintenance mechanisms for preventing cancer.
Nature 2001, 411(6835):366–374.

7. Negritto M: Repairing double-strand DNA breaks. Nat Educ 2010,
3(9):26.

8. Khanna KK, Jackson SP: DNA double-strand breaks: signaling,
repair and the cancer connection. Nat Genet 2001, 27(3):247–254.

9. Bustin M: Regulation of DNA-dependent activities by the functional
motifs of the high-mobility-group chromosomal proteins.
Mol Cell Biol 1999, 19(8):5237–5246.

10. Reeves R, Adair JE: Role of high mobility group (HMG) chromatin proteins
in DNA repair. DNA Repair 2005, 4(8):926–938.

11. Eden A, Gaudet F, Waghmare A, Jaenisch R: Chromosomal instability
and tumors promoted by DNA hypomethylation. Science 2003,
300(5618):455–455.

12. Gaudet F, Hodgson JG, Eden A, Jackson-Grusby L, Dausman J, Gray JW,
Leonhardt H, Jaenisch R: Induction of tumors in mice by genomic
hypomethylation. Science 2003, 300(5618):489–492.

13. Rodriguez J, Frigola J, Vendrell E, Risques R, Fraga MF, Morales C, Moreno V,
Esteller M, Capellà G, Ribas M: Chromosomal instability correlates with
genome-wide DNA demethylation in human primary colorectal cancers.
Cancer Res 2006, 66(17):8462–9468.

14. Pilch DR, Sedelnikova OA, Redon C, Celeste A, Nussenzweig A, Bonner WM:
Characteristics of γ-H2AX foci at DNA double-strand breaks sites.
Biochem Cell Biol 2003, 81(3):123–129.

15. Kinner A, Wu W, Staudt C, Iliakis G: γ-H2AX in recognition and signaling of
DNA double-strand breaks in the context of chromatin. Nucleic Acids Res
2008, 36(17):5678–5694.

16. Roca J: Topoisomerase II: a fitted mechanism for the chromatin
landscape. Nucleic Acids Res 2009, 37(3):721–730.

17. Timsit Y: Local sensing of global DNA topology: from crossover geometry
to type II topoisomerase processivity. Nucleic Acids Res 2011,
39(20):8665–8676.

18. Turek-Plewa J, Jagodzinski P: The role of mammalian DNA
methyltransferases in the regulation of gene expression.
Cell Mol Biol Lett 2005, 10(4):631.

19. Sharif J, Muto M, Takebayashi S, Suetake I, Iwamatsu A, Endo TA, Shinga J,
Mizutani-Koseki Y, Toyoda T, Okamura K: The SRA protein Np95 mediates
epigenetic inheritance by recruiting Dnmt1 to methylated DNA.
Nature 2007, 450(7171):908–912.

20. Jones PA, Takai D: The role of DNA methylation in mammalian
epigenetics. Science 2001, 293(5532):1068–1070.

21. Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D’Souza C, Fouse SD,
Johnson BE, Hong C, Nielsen C, Zhao Y: Conserved role of intragenic DNA
methylation in regulating alternative promoters. Nature 2010,
466(7303):253–257.

22. Aporntewan C, Pin-on P, Chaiyaratana N, Pongpanich M, Boonyaratanakornkit
V, Mutirangura A: Upstream mononucleotide A-repeats play a cis-regulatory
role in mammals through the DICER1 and Ago proteins.
Nucleic Acids Res 2013, 41(19):8872–8885.

23. Pages H, Aboyoun P, Gentleman R, DebRoy S: Biostrings:
string objects representing biological sequences, and matching
algorithms. R package version 2.26.3.

http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S2.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S3.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S4.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S5.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S6.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-750-S6-S7.pdf


Pongpanich et al. BMC Genomics 2014, 15:750 Page 12 of 12
http://www.biomedcentral.com/1471-2164/15/750
24. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215(3):403–410.

25. Bembom O: seqLogo: Sequence logos for DNA sequence alignments. R
package version 1.24.0.

26. R Core Team: R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2014 [http://www.R-project.org/].

doi:10.1186/1471-2164-15-750
Cite this article as: Pongpanich et al.: Characteristics of replication-
independent endogenous double-strand breaks in
Saccharomyces cerevisiae. BMC Genomics 2014 15:750.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://www.R-project.org/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Distribution and number of RIND-EDSBs
	Sequence patterns near break points

	Discussion
	Conclusions
	Methods
	Yeast strains, media and growth conditions
	High-molecular weight (HMW) DNA preparation
	Library preparation and sequencing
	Standard control sequencing method
	Data processing and mapping
	Data analysis
	Sequence logo
	Sequence logo simulations
	Read counting
	Statistical analysis

	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

