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Abstract

single-nucleotide hotspots for both lesions.

important for DNA damage response.

Background We recently developed two high-resolution methods for genome-wide mapping of two prominent
types of DNA damage, single-strand DNA breaks (SSBs) and abasic (AP) sites and found highly complex and non-
random patterns of these lesions in mammalian genomes. One salient feature of SSB and AP sites was the existence of

Results In this work, we show that SSB hotspots are enriched in the immediate vicinity of transcriptional start sites
(TSSs) in multiple normal mammalian tissues, however the magnitude of enrichment varies significantly with tissue
type and appears to be limited to a subset of genes. SSB hotspots around TSSs are enriched on the template strand
and associate with higher expression of the corresponding genes. Interestingly, SSB hotspots appear to be at least in
part generated by the base-excision repair (BER) pathway from the AP sites.

Conclusions Our results highlight complex relationship between DNA damage and regulation of gene expression
and suggest an exciting possibility that SSBs at TSSs might function as sensors of DNA damage to activate genes
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Summary blurb: The study finds that hotspots of single-strand DNA
breaks are enriched in the immediate vicinity of transcriptional start
sites in multiple normal mammalian tissues and provides additional
insights into this phenomenon.
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Background

DNA plays a crucial role of being the central informa-
tion repository inside a living cell, yet its chemical and
physical integrity is constantly challenged by exogenous
and endogenous factors that can result in multiple types
of DNA damage [1]. Unrepaired or improperly repaired
DNA damage can lead to serious consequences to the
cell and whole ogranism, as shown by the vast body of
evidence that connects DNA damage to aging, cancer,
neurological and many other diseases [2—4]. The cor-
nerstone importance of DNA damage for basic biology
and human disease has created significant amount of
research interest into analysis of various types of DNA
damage at the genome level [5-8] in order to understand
the intricate details of how different lesions impact cell
physiology. Recently, our group has published the devel-
opment and application of SSiNGLe and SSiNGLe-AP

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10284-4&domain=pdf&date_stamp=2024-4-15

Cao et al. BMC Genomics (2024) 25:368

methods for high-resolution genome-wide profiling of
two most abundant types of DNA damage, single-strand
DNA breaks (SSBs) and abasic (AP) sites respectively [9,
10]. One of the major outcomes from these studies was
the realization that the distribution of these two lesions
in mammalian genomes is not random [9, 10]. One of
the manifestation of this phenomenon is the existence of
single-nucleotide hotspots of SSBs and AP sites [9, 10].
Moreover, we have shown that the hotspots of SSBs have
a tendency to occur in the vicinity of TSSs of genes based
on analysis of SSB profiles in two human cell types [11].

DNA damage has a complex and intertwined relation-
ship with gene expression. While the progression of RNA
polymerases can be blocked by various types of DNA
lesions, which can be caused in part by the act of tran-
scription itself, this process also requires programmed
DNA damage for proper regulation and execution [12].
In this respect, the association of DNA breaks with TSSs
is consistent with an emerging theme of DNA damage
as a regulator of gene expession based on a number of
studies that have shown that DNA breaks [13-22] and
AP sites [23, 24] formed at promoters or enhancers can
regulate transcription. For example, the study by Ju et al.
[13] have shown that a site-specific double-strand DNA
break (DSB) induced in the pS2 promoter by topoisom-
erase IIp (TOP2p) is required for transcriptional activa-
tion. In another example, induction of DNA breaks in the
immediate vicinity of the TSS of the p21 gene by caspase-
activated DNase (CAD) during a cellular differentiation
program was shown to be critical for the transcriptional
activation of p21 [19]. In addition to DNA breaks,
AP sites found in promoters in the context of G-rich
sequences capable of forming G-quadruplexes have been
shown to regulate gene expression via attracting pro-
longed binding of multifunctional apurinic/apyrimidinic
endonuclease 1 (APE1) protein that can function as a
transcriptional trans activator [25].

However, a significant amount of controversy exists in
regards to the relatinship between DNA damage, spe-
cifically DNA breaks, located at promoters and TSSs and
transcription activation. First, DNA breaks, either DSBs
or SSBs, formed at promoters are well-documented to
inhibit transcription [26-31], reviewed in [32]. Second,
while the enrichment of DSBs at TSSs was found by sev-
eral groups and different methods, the enrichment of
SSBs around TSSs is more controversial. As mentioned
above, we recently reported the enrichment of SSBs, and
especially SSB hotspots, in the +£200 bp regions around
TSSs using SSiNGLe, albeit in just two cell types one of
which was a cancer cell line [11]. Interestingly, the pres-
ence of TSS-SSBs (SSBs or their hotspots found near
TSSs) positively correlated with gene expression [11].
These results were consistent with those from a previous
study that used a lower resolution method SSB-Seq to
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map SSBs genome-wide [33]. On the other hand, a dif-
ferent study that used another high-resolution method
GLOE-seq obtained opposite conclusions — deple-
tion, rather than enrichment, of SSBs around human
TSSs [34]. Therefore, in this study, we have significantly
expanded on our original observations concerning the
existence of SSB hotspots and their enrichment around
TSSs by analyzing genome-wide profiles of SSBs, AP sites
and transcriptomes from 6 normal mouse tissues recently
published by our group [10].

Results

SSB hotspots exist in normal mammalian tissues

We previously reported that nucleotide-level hotspots
of DNA damage can be defined in at least two ways as
illustrated in the Fig. 1A: (1) in the same sample based
on detection by multiple reads (sample-level hotspots)
and (2) in different samples but with one or more reads
(sample-shared hotspots) [10]. We assumed that detec-
tion of a DNA break at the same nucleotide position with
one read, but in 2 independent biological samples would
be a more stringent hotspot criterion compared to detec-
tion with 2 reads, but in the same sample. Thus, defining
hotspots in different ways allows for varying the strin-
gency of the resulting hotspots which in turn can allow
for more reliable detection of the true genomic patterns
that are characteristic of the hotspots. On the other hand,
making the stringency too high would result in too few
hotspots available for a reliable analysis. Therefore, in this
work, we first have defined SSB hotspots using 3 different
criteria in the non-repeat portion of the mouse genome
(Methods).

First, sample-level hotspots were defined as nucleo-
tide positions where SSBs could be found by at least 2
reads (depth>2) in each of the 71 samples representing
6 normal mouse tissues or cell types — brain, liver, heart,
sperm, bone marrow and PBMC — genome-wide SSB
profiles of which have been published by us recently [10].
Each tissue type was represented by 12 samples (with
the exception of brain that had 11) — 3 different animals
for each of the 4 age groups (3, 12, 19 and 22 months)
[10]. Importantly, PCR duplicates were removed in each
sample prior to the hotspot detection to ensure that the
hotspots were represented by independent DNA mol-
ecules. Starting with respectively 8,888,701, 6,414,353,
8,357,645, 5,367,568, 2,341,837 and 6,199,132 SSBs in
brain, bone marrow, heart, liver, PBMC and sperm,
respectively, we could identify correspondingly 31,537,
27,112, 56,605, 15,925, 12,213 and 61,067 sample-level
hotspots (Supplementary Table 1). Second, we could
identify 6,800—74,853 sample-shared hotspots detected
by at least one read (depth>1) in at least two indepen-
dent samples of each tissue. Third, by further increas-
ing the stringency to requirement for the sample-shared
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Fig. 1 SSB hotspots exist in all tested mouse tissues. (A) The diagram showing the definition of the sample-level and sample-shared hotspots. (B, C) The
fractions of sample-level (B) and sample-shared (C) hotspots in mouse genome (Y-axes) for the real (red) and simulated (blue) data in each tissue (X-axes).
(B, €) Box plots indicate median (middle line), 25th, 75th percentile (box) and 1.5% interquartile range (whiskers) as well as outliers (single points)

hotspots to be detected by at least 2 reads (depth>2)
in at least two independent samples of each tissue, as
expected, we found much fewer, 65-301, positions rep-
resented only 0.2-0.96% of the sample-shared hotspots
found with the depth>1 (Supplementary Table 1).
However, SSBs can be found multiple times at the
same genomic positions in the same or different sam-
ples purely by random chance. Therefore, to investigate
whether the observed hotspots were real, we then esti-
mated the fraction of SSBs coordinates of which would
be expected to overlap by random chance given the
number of SSBs found in our samples. We performed
100 rounds of simulations where in each round hotspots
were generated using the same procedure for the same
number samples containing the same number of breaks
genomic coordinates of which were generated randomly
(Methods). As shown in Fig. 1B and C, the fractions of
sample-level or sample-shared hotspots for both depths
of 21 or =2 were always much higher in the real than in
the simulated data (p-value<2.16E-16, two-sided Student
t-test, Supplementary Table 2). In the case of the sample-
shared hotspots, the differences of real vs. the simulated
data increased with the increase in stringency (Fig. 1C,
Supplementary Table 2). For example, the ratios of frac-
tions of sample-shared depth>1 hotspots on the real vs.
simulated data in different tissues were in the range of
4.36-6.23 (Fig. 1C, Supplementary Table 2). The corre-
sponding ratios increased significantly to 135.55-1629.22
with read depth>2 (Fig. 1C, Supplementary Table 2). In

summary, these results strongly argued that nucleotide-
level hotspots of SSBs do exist in all 6 tested tissues.

SSB hotspots are enriched in the immediate vicinity of TSSs
with preference for the template strand

To investigate the enrichment of SSBs and SSB hotspots
in the vicinity of TSSs, similar to our previous study
[11], we initially calculated the cumulative densities of
all SSBs or SSB hotspots in 20 bp bins around +5,000 bp
of all annotated TSSs of all mouse genes for each tissue
and normalized them to the total number of breaks or
hotspots in that tissue (Methods). This analysis was done
separately for the template and nontemplate strands.
Using this analysis, we observed obvious enrichment of
SSBs and all types of SSB hotspots around TSSs on both
template and nontemplate strands in heart, as shown in
Fig. 2A. To quantify this enrichment and to test whether
it exists in other mouse tissues, we then calculated the
TSS-SSBs enrichment ratio [11] defined as the number of
SSBs mapping to 200 bp of TSSs relative to the number
of SSBs found around £5,000 bp of TSSs for each tissue
(Methods).

As illustrated in the Fig. 2B and C (see Supplementary
Table 3 for the details), we indeed observed a general
enrichment of SSBs and their hotspots around TSSs in
all tissues with the following interesting properties. First,
as expected, there was a general trend of higher enrich-
ment of hotspots compared to the background (all SSBs
detected by at least 1 read) and increasing enrichment
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Fig. 2 SSB hotspots are significantly enriched around TSSs in different tissue types. (A) Aggregate plots of the normalized density scores (Y-axes) of the
positions of all SSBs and various SSB hotspots within + 5,000 bp of TSSs in heart. The opaque vertical rectangles represent the + 200 bp regions around the
TSSs. The signal from the template and nontemplate strands is shown respectively above and below the zero lines. (B, C) The TSS-SSBs enrichment ratios
(Y-axes) for all SSBs (background) and SSB hotspots on either template or non-template strands for different tissues: heart and liver (B) and the other four
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and purple represents sample-shared hotspots (depth > 2). Note, two data points in sperm for the sample-shared hotspots (depth > 1) and background
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with increasing stringency of the SSB hotspots. The
sample-level hotspots were more significantly more
enriched than the background breaks on either template
or nontemplate strands as illustrated by the correspond-
ing median TSS-SSBs enrichment ratios of 1.15 vs. 1.06

(p-value 2.53E-3, paired single-sided Wilcoxon signed
rank test, Fig. 2B and C, Supplementary Table 3). On the
other hand, the sample-shared hotspots with depth>1
were even more enriched with the median ratios of 1.20
which was significantly higher (p-value 2.96E-2, paired
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single-sided Wilcoxon signed rank test) compared with
the sample-level hotspots (Fig. 2B and C, Supplemen-
tary Table 3). Moreover, in 4 out of 6 tissues, the highest
enrichment was observed for the sample-shared hotspots
found with the depth of 22 and on the template strand
with the ratios being in the range of 1.39-2.43, median
1.95 (Fig. 2B and C, Supplementary Table 3).

Second, we observed tissue-specific differences in the
magnitude of the enrichment, with heart and liver hav-
ing the highest TSS-SSBs enrichment ratios either for
singleton SSBs or hotspots (Fig. 2B, Supplementary Table
3). Finally, we found a significant tendency for all types
of SSB hotspots to be higher enriched on the template
strands across all 6 tissues compared to the nontemplate
strands (p-value 1.94E-3, paired single-sided Wilcoxon
signed rank test, Fig. 2B and C, Supplementary Table 3).

Overall, these results have shown a consistent ten-
dency of SSB hotspots to associate with the =200 bp
regions around TSSs thus supporting and expanding our
previous findings [11]. However, in the current study,
we further explored enrichment of SSB hotspots in the
immediate vicinity of TSSs by splitting the +200 bp
regions into finer distance bins of =5 bp, £ 6-20 bp, *
21-50 bp, £ 51-100 bp, £101-150 bp and £151-200 bp.
To simplify the interpretation of the data, we limited this,
and all other analyses presented below, to only one type
of hotspots — sample-shared hotspots found with read
depth>1 for the following two reasons. First, as men-
tioned above, sample-shared hotspots were, by defini-
tion, more stringent than sample-level hotspots which
was also observed in the higher enrichment ratios. Sec-
ond, even though sample-shared hotspots found with the
depth=>2 have shown the highest enrichments near TSSs
at some tissues, their numbers were too small for the
downstream analyses.

Interestingly, we observed a strong enrichment of SSB
hotspots in the immediate vicinity of TSSs on the cumu-
lative density plots shown in Fig. 3A for the heart. We
then calculated the odds ratios of enrichment of the SSB
hotspots in each distance bin in each tissue. Strikingly, as
can be seen in the Fig. 3B and C (details in Supplemen-
tary Table 4), we observed progressive increase in the
odds ratios with the decreasing distance around TSS with
the highest odds ratios found in the =5 bp bins in 4 out
of 6 tissues. Furthermore, we found a tendency of SSB
hotspots to preferentially occur on the template strands
of genes with the decreasing distance to the TSSs in all 6
tissues. For example, the template vs. nontemplate ratios
in the £5 bp bin ranged from 1.28 to 2.15 (median 1.65)
and were significantly larger than those in the £151—
200 bp bin that ranged from 0.58 to 1.11 (median 0.92)
with the p-value 1.56E-2 (paired single-sided Wilcoxon
signed rank test, Fig. 3B and C, Supplementary Table 4).
Furthermore, we again observed differences among the
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tissues with heart having the highest odds ratio of enrich-
ment of SSB hotspots on the template strand within the
+5 bp window around the TSSs followed by liver (Fig. 3B
and C, Supplementary Table 4). Thus, SSB hotspots were
not only enriched near TSSs — they were also enriched
in the immediate vicinity (5 bp) around TSSs and on
the template strands of the corresponding genes (Fig. 3D,
Supplementary Table 4). However, we could not find the
SSB hotspot enrichment at a specific position within the
15 bp window (Supplementary Table 5), suggesting that
while enriched very close to TSSs, SSB hotspots do not
favor any specific position in the immediate vicinity of a
TSS.

Presence of proximal template strand TSS-SSBs hotspots
associates with higher levels of gene expression

We previously reported based on the two human cell
types [11] that genes with SSB hotspots found within
1200 bp around the TSSs were expressed higher than
those without the SSB hotspots. In this work, we further
investigated the correlation between the presence of SSB
hotspots and genes expression by taking advantage of the
RNA-seq data obtained from the same exact 71 samples
as the corresponding SSB maps from the 6 normal mouse
tissues [10]. For each of the 55,228 mouse genes, we cal-
culated the corresponding expression values in each
of the 6 tissues. We then first compared the expression
levels of genes with and without SSB hotspots on either
strand in the £200 bp windows around the TSSs and
found that in each tissue, genes with the hotspots had
significantly higher expression levels compared to genes
without the hotspots (Fig. 4, Supplementary Table 6).
However, we found no differences in the expression lev-
els of genes that contained SSB hotspots on the template
strands in the +200 bp windows around the TSSs vs.
those that contained SSB hotspots on the nontemplate
strand (Fig. 4, Supplementary Table 6).

Second, we explored whether decreasing the dis-
tance between SSB hotspots and TSSs had any effect on
gene expression by comparing the expression levels of
genes that contained SSB hotspots on either the tem-
plate or nontemplate strand in the £5 bp, £ 6-20 bp,
21-50 bp, £ 51-100 bp, = 101-150 bp and £151-200 bp
bins around the corresponding TSS. For this analy-
sis, we combined all expression data from all tissues in
order to have sufficient power for the analysis (Meth-
ods). Strikingly, as shown in the Fig. 5, we have observed
progressive increase in the expression of genes with the
decreasing distance between the hotspots located on the
template strand and the TSSs. Genes containing hotspots
on the template strand and within the +5 bp windows
around the TSSs had significantly higher expression
than the genes with the hotspots in the 3 distance bins:
+ 51-100 bp, £101-150 bp and +151-200 bp (Fig. 5,
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See Supplemental Tables 6 and Methods for more details

Supplementary Table 6). Furthermore, while not signifi-
cant, the expression of genes with hotspots in the 5 bp
window was higher than that of genes with hotspots in
the £6-20 bp and £21-50 bp windows (Fig. 5, Supple-
mentary Table 6). Interestingly, we also observed similar
trend for genes containing SSB hotspots on the nontem-
plate strands albeit the differences were not statistically
significant (Fig. 5, Supplementary Table 6). Thus, even
though we found no differences in the expression lev-
els between the strands in the +200 bp windows around
TSSs, we could find them in the more narrow windows.

SSB hotspots associate with a specific subset of TSSs

As the next step, we investigated whether the presence
of SSB hotspots within =5 bp windows around TSSs is
an innate feature of all or just a subset of mouse genes.
Overall, we could identify 1,106 TSSs which contained
such hotspots, corresponding to 854 or 1.55% of all
annotated 55,228 mouse genes. However, the number
of TSSs and genes associated with SSB hotspots would
likely increase with increase in the depth of sequencing
and inclusion of additional tissue types, and therefore can
not be used to estimate the actual number of genes with
the SSB hotspots at their TSSs. Therefore, to answer this

question, we used the 854 genes to investigate whether
genes with the TSS-associated SSB hotspots had certain
features that differentiated them from the rest of genes.

We previously found that human SSBs tend to occur
immediately downstream of a short cytosine-rich motif
[11]. As shown in the Fig. 6, we found similar sequence
profiles for the mouse sample-shared SSB hotspots found
either anywhere in the genome or near TSSs. Further-
more, the sequences in the vicinity of TSSs associated
with such SSB hotspots were also enriched in cytosines
on the strand that contained the hotspots (Fig. 6, Supple-
mentary Table 7). The median cytosine fraction on the
template strands in the +5 bp windows around TSSs of
all genes was 28%, however, it increased to 40% for TSSs
that contained SSB hotspots on the template strands and
this increase was significant (p-value 4.88E-4, paired
single-sided Wilcoxon signed rank test, Supplemen-
tary Table 7). Likewise, the median fraction of cytosines
increased on the nontemplate strands around TSSs asso-
ciated with SSB hotspots on these strands relative to the
corresponding value for all genes: 32% vs. 27% (p-value
6.83E-3, paired single-sided Wilcoxon signed rank test,
Supplementary Table 7).
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Methods for more details

The differences in the sequence motifs suggested that
while the presence of TSS-proximal SSB hotspots on
the template strand is a feature of many genes, it may
not be a universal attribute of all genes. As the next step,
we explored whether the genes with TSS-proximal SSB
hotspots were enriched in specific functions. We per-
formed Gene Ontology (GO) analysis with the 854 genes

using all annotated mouse genes as the background and
found striking enrichment of multiple terms associated
with RNA processing and, interestingly, DNA damage
response, such terms as “ncRNA processing’, “mRNA
processing” and “regulation of response to DNA damage
stimulus” (Supplementary Table 8). Thus, SSB hotspots
appear to have a tendency to associate with TSSs of
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Fig. 6 SSB hotspots have a tendency to be found downstream of cytosines leading to cytosine enrichment of regions around TSSs associated with the
hotspots. The top 3 sequence motifs represent motifs around all SSB hotspots found genome-wide and only those found on either template or non-
template strands in +5 bp vicinity around TSSs. The bases immediately upstream of the breaks are highlighted. The bottom two motifs represent the
difference in the sequence compositions around TSSs that contain SSB hotspots on either template or non-template strand vs. the sequences around all
TSSs. Only bases with differences > 0.05 (5%, Y-axes) at each position are shown. Positive values on Y-axes indicate enrichment in the TSSs with the SSB
hotspots. The TSSs are highlighted. See Supplemental Tables 7 and Methods for more details

a specific subset of genes rather than with TSSs of all
genes.

TSS-associated features of SSB hotspots are different from
those of AP site hotspots

Since, as mentioned above, AP sites have also been impli-
cated in regulation of gene expression, we performed
similar analyses for AP sites and their hotpots previously
identified by our group [10] in same DNA samples that
were used for generation of the SSB profiles. Interest-
ingly, we found that the patterns for AP sites and their
hotspots were markedly different from those found for
SSBs. First, compared to SSBs, AP sites in general and
AP site hotspots were significantly less enriched around
TSSs in all distance bins and on either template or non-
template strands (Fig. 7A and B, Supplementary Table 4,

also see below). For example, the maximum TSS-SSBs
enrichment ratio was 2.32 for the SSB hotspots, while
only 1.08 for AP site hotspots (Fig. 7A, Supplementary
Table 4). The maximum odds ratios of enrichment of the
sample-shared hotspots on the template strand in the
+151-200 bp and %5 bp regions around TSSs were 2.88
and 11.17 for SSBs and 1.50 and 1.98 for AP sites (Fig. 7B,
Supplementary Table 4). The corresponding median val-
ues were 2.33 and 2.86 for SSBs and 1.38 and 1.51 for AP
sites (Fig. 7B, Supplementary Table 4).

Second, AP site hotspots exhibited lower preference
for the template strand of genes in the 5 bp windows
around the TSSs. As shown on Fig. 7C, the median tem-
plate vs. nontemplate ratio for such SSB hotspots reached
1.65 in the 5 bp bin around TSSs and gradually dropped
to 0.92 in the £151-200 bp bin (Supplementary Table 4).
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Fig. 7 The genomic patterns of SSB hotspots near TSSs differ from those of AP site hotspots. (A) Violin plot distributions of the TSS-SSBs enrichment
ratios (Y-axes) for the sample-shared SSB (pink) or AP site (green) hotspots (depth > 1) in six tissues. Individual data points are shown. (B) Box plots of the
odds ratios (Y-axes) of enrichment of sample-shared SSB or AP hotspots (depth > 1) found on other template or non-template strands in the indicated
(X-axis) non-overlapping distance bins to TSSs in the different tissues. (C) Template vs. nontemplate ratios (Y-axes) of sample-shared SSB or AP hotspots
(depth > 1) in each indicated (X-axis) distance bin and each tissue. (B, C) Green represents bone marrow, light blue represents heart, light green represents
PBMC, orange represents brain, pink represents liver and yellow represents sperm. The asterisks above the horizontal lines denote the significance of the
difference: *, ** represent respectively p-values <0.05 and 0.01 (Wilcoxon Rank Sum Test), while “ns”mean no significant difference. Box plots indicate me-
dian (middle line), 25th, 75th percentile (box) and 1.5% interquartile range (whiskers) as well as individual data points. (D) The difference in the sequence
compositions around TSSs that contain AP site hotpots within £5 bp vs. those that contain SSB hotspots within the same range on either template or
non-template strand. Only bases with differences > 0.05 (5%, Y-axes) at each position are shown. Positive values on Y-axes indicate enrichment in the TSSs

with the AP site hotspots. The TSSs are highlighted

However, the corresponding values for the AP sites were
1.30 and 0.95 (Fig. 7C, Supplementary Table 4).

Third, genes containing AP site hotspots in £200 bp
windows around their TSSs exhibited significantly higher
expression levels compared to the genes without them
(Fig. 4, Supplementary Table 6). However, there was
no increase in expression with the decrease in the dis-
tance between the AP site hotspots and TSSs that what
observed for the SSB hotspots (Fig. 5, Supplementary
Table 6, Methods). Fourth, the sequences in the =5 bp
regions around TSSs of genes that contained AP site
hotspots either on the template or nontemplate strands
in these regions were enriched in purines (guanines and
adenine), rather than cytosines, on the strands containing
the AP sites (Fig. 7D, Supplemental Table 7). Specifically,
the median fractions of guanines in the +5 bp win-
dows were 34% and 32% for the TSSs containing AP site
hotspots on the template or nontemplate strands respec-
tively compared to 31% and 28% for the SSB hotspots
(Supplemental Table 7). And the corresponding frac-
tions of adenines were 22% and 21% for TSSs with AP site
hotspots, which were also higher than 17% of adenine
found on either strand in the case of the TSSs with the
SSB hotspots.

In summary, in addition to biological implications (see
Discussion), an important conclusion from these results
is that while SSBs and AP sites were detected by SSiNGLe
and SSiNGLe-AP techniques that share a large fraction of
biochemical steps, their patterns of enrichment around
TSSs were quite different. This result strongly argues that
the enrichment properties of SSBs around the TSSs and
the properties of genes that contain proximal TSS-SSBs
reflect the true biology of the cell rather than a technical
artifact (see Discussion).

Base excision repair (BER) might contribute to the
generation of TSS-SSBs

Since one of the major pathways of generating SSBs is via
BER-mediated repair of AP sites, it is conceivable that a
certain fractions of SSBs and their hotspots, including
those around TSSs, could be generated via this path-
way. If so, it would be expected that AP sites that have
not yet been repaired by BER would be found in the same

genomic locations as the SSBs, but in different cells.
This would be expected if these locations represented
preferred sites of AP site formations, aka hotspots. To
explore this possibility, we tested whether SSBs had ten-
dency to overlap with AP site genome wide and around
TSSs and whether this tendency was significantly higher
for the hotpots. During BER, at least two SSBs are gener-
ated for each AP site with fixed locations relative to the
site (Fig. 8A) [35]. One, SSB immediately upstream of the
AP site produced by an endonuclease that recognizes an
AP site, such as the mammalian APE1 protein (Fig. 8A).
This SSB would be common to both short- and long-
patch BER pathways [35]. Two, the downstream SSB that
exists after the DNA polymerase fill-in step and prior to
ligation [35]. In the short-patch BER, such SSB would
be located immediately following the AP site (Fig. 8A),
while in the long-patch BER, it’s position relative to
the AP site would be variable [35]. Since our technique
could be capturing both types of breaks, we performed
overlap between the SSB and AP profiles in two differ-
ent ways (Fig. 8A): (1) by shifting the coordinates of AP
sites upstream by 1 base to detect the upstream breaks
and, (2) by performing direct overlap to detect the down-
stream break generated by short-patch BER.

Interestingly, we detected statistically significant
genome-wide overlap between SSBs and AP sites in each
tissue and for both types of breaks (Fig. 8A, Supple-
mentary Table 9). Moreover, the strength of the overlap
increased significantly for the SSB hotspots compared to
all SSBs in each tissue (Fig. 8A, Supplementary Table 9).
However, the fraction of SSB hotspots that overlapped
AP site hotspots was small: 0.11-1.51% across the six tis-
sues genome-wide. Reciprocally, the fraction of AP site
hotspots that overlapped SSB hotspots was also small
and was in the range of 0.26-2.04% genome-wide. Still,
since AP sites that contribute to SSB hotspots might be
short-lived and therefore not detectable, and vice versa,
the existence of significant overlap is indicative of BER
being a contributing factor to the biogenesis of TSS-
associated SSB hotspots, even though, it does not prove
it (see Discussion).

We then tested whether SSBs that overlapped AP sites
were more enriched in the proximity to TSSs. For this
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Fig. 8 SSB hotspots overlap significantly with AP site hotspots. (A) Top, the diagram showing two types of SSBs with fixed genomic positions relative
to those of AP sites that are generated during the repair of the AP sites by BER. Detecting the overlap between AP site and the SSB generated by APE1
requires shifting the genomic coordinate of the AP site upstream by 1 base and is therefore denoted as"AP — 1". Bottom, the odds ratios of genome-wide
overlap between sample-shared SSB hotspots and sample-shared AP hotspots (depth> 1, purple), and the average odds ratios of overlap between all
SSBs and AP sites (background, green) in each tissue. The odds ratios are shown on the Y-axes in the log, scale. The left and right panels represent two
different modes of overlap to detect the corresponding two types of SSBs shown in the top panel. (B, C) Odds ratios of enrichment (Y-axis, B) and the
template vs. nontemplate ratios (Y-axis, C) of all SSB hotspots and those that overlap with AP site hotspots and found on other template or non-template
strands in the indicated non-overlapping distance bins to TSSs. The red dashed horizontal lines represent odds ratios (B) or template vs. nontemplate
ratio (C) of 1 that represent respectively no enrichment or no strand preference. The asterisks above the horizontal lines denote the significance of the
difference: ***, **** represent respectively p-values<0.001 and 0.0001 (Wilcoxon Rank Sum Test). (D) The sequence motifs around the sample-shared
SSB hotspots that overlap with AP site hotspots genome-wide or within +200 bp to TSSs. The positions of the SSB hotspots are indicated by the red ar-
rows and the corresponding overlapping AP site hotspots are highlighted. (E) Fractions of positions (Y-axis) of the SSB hotspots that overlap with AP site
hotspots and map to CG dinucleotides genome-wide and within the 200 bp windows around TSSs. (F) Fractions of positions (Y-axis) of the SSB hotspots
that map to CG dinucleotides genome-wide and within the + 5 bp and +200 bp windows around TSSs. (E, F) “Backgr."represents the background fractions
of CG nucleotides in the corresponding mouse reference genomic sequence

analysis, we merged all 71 samples and regenerated the
hotspots for AP sites and SSBs shared by at least two
samples, respectively, prior to the overlap since the num-
ber of overlapping hotspots around TSSs was too small
in individual tissues. Just like for the hotspots generated
for each tissue, the overlap between the SSB and AP site
hotspots was highly significant in this analysis as well
(Supplementary Table 9). Strikingly, the SSB hotspots
that overlapped AP sites had much stronger enrichments
around TSSs than all SSB hotspots and that enrichment
increased in the immediate vicinity (+5 bp) around TSSs
(Fig. 8B, Supplementary Table 10). The SSBs that over-
lapped AP sites also had preference for the template
strand in the +5 bp around TSSs (Fig. 8C, Supplementary
Table 10). These patterns were true for overlaps with and
without the +1 shift (Fig. 8C, Supplementary Table 10).
Recently, it has been shown that active demethylation
of methylcytosines via the BER pathway can be a major
contributing pathway to generation of stable SSBs in
mammalian cells [36, 37]. Therefore, we tested whether
this mechanism could also be the major contribu-
tor to the SSB hotspots found in this work, especially
those that overlap with AP sites and found near TSSs.
Demethylation of a methylcytosine would create an AP
site where cytosine is normally present in the reference
genomic sequence and therefore, we tested whether the
SSB hotpots that overlap AP site hotspots were enriched
in cytosines. However, as shown in the Fig. 8D and
Supplementary Table 11, such hotspots were enriched
in purines (adenines or guanines) instead. Still, 5.89%
or 4.24% of the SSB hotpots that overlapped AP site
hotspots genome-wide either directly or with one base
shift mapped to cytosines in the CG context (Fig. 8E).
While representing a minority of hotspots, these frac-
tions were higher than the expected 2.40% based on the
fraction of CG dinucleotide in the non-repeat portion
of the mouse genome (Fig. 8E). Furthermore, the corre-
sponding fractions increased to 11.69% and 8.42 within
the £200 bp windows around all TSSs compared to the
expected 4.82% (Fig. 8E). Too few overlapping hotspots

were found within the +5 bp windows for a meaningful
analysis.

However, it is also conceivable that AP sites gener-
ated by methylcytosine demethylation are short-lived
and thus do not represent AP site hotspots and would
not be captured by the analysis above. In this case, since
mammalian methylcytosines occur primarily in the CG
dinucleotide context, we would have expected that SSB
hotspots would be enriched in the CG context. Simi-
lar to the SSB hotspots that overlap the AP sites, all SSB
hotspots do exhibit a preference for the CG context
genome-wide: 3.96% (10,442 of 263,702) of SSB hotspots
were found in either|CG or C|G context (‘|" represent-
ing the location of the SSB), which was higher than the
expected 2.40% based on the background found in the
non-repeat portion of the mouse genome (Fig. 8F).
Among the SSB hotspots found within the +200 bp and
15 bp windows around TSSs on either strand, the corre-
sponding fractions of 11.8% (1,761 of 14,885) and 15.6%
(150 of 960) were higher than the respective background
fractions of 4.82% and 5.93%. Altogether, our results
argue that BER-mediated repair of damaged purines
appears to be a larger contributor to SSB hotspots than
the active demethylation. Nonetheless, based on the
higher than expected overlap with CG dinucleotides, the
demethylation also appears to contribute to the pool of
SSB hotspots found genome-wide and near TSSs (see
Discussion).

Discussion

We previously reported the existence of SSB hotspots in
two human cell types, a malignant cell line and PBMC,
and the enrichment of the hotspots around TSSs [11].
Here, by analyzing profiles of SSB breakome in 6 different
normal mouse tissues, we have expanded on these initial
observations to show that the existence of SSB hotspots
and their enrichment around TSSs appears to be a com-
mon feature of normal mammalian cells. The enrich-
ment of SSBs around mammalian TSSs, however, has
not been detected with the only other high-resolution
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genome-wide SSB detection technique, GLOE-seq [34],
which has been tested on a complex genome, such as
human, and thus remains somewhat controversial. Over-
all, the following arguments support the notion that the
observed enrichment of SSBs around TSSs represents
a true biological phenomenon in the cell rather than a
technical artifact. First, the profiles of SSBs used in this
work have been obtained on purified genomic DNA [10].
This is an important consideration since other DNA
break mapping studies have used crosslinked nuclei as
the input material [6], which raises the issue of differen-
tial accessibility of cross-linked chromatin in different
regions of genome to the enzymes that are used to tag
DNA breaks. However, this issue does not exist when
purified DNA is used since every break is equally acces-
sible to the reagents used to detect it.

Second, interestingly, the TSS-related properties of SSB
breakome were quite different from those of AP sites:
(1) we found no enrichment of AP site hotpots in the
+200 bp regions around TSSs relative to the +5,000 bp
region background, (2) there was no progressive enrich-
ment of AP site hotspots with the decreasing distance to
TSSs, (3) the sequences in the £5 bp windows of TSSs
containing AP site hotspots were enriched in guanines
and adenines rather than cytosines and (4) there was no
increase in gene expression as the distance between the
AP site hotspots and TSSs decreased. Since AP sites were
profiled using the SSiNGLe-AP technique that shares
multiple steps with the SSINGLe technique used to pro-
file SSBs, if the enrichment of SSBs was a technical arti-
fact, we would have expected to observe similar levels
of enrichment in the AP sites as well, which was not the
case.

Third, we observed significant correlations between
two independent pairs of features of genes: (1) positive
correlation between the presence of SSB hotspots and
gene expression and (2) negative correlation between the
distance between SSBs and TSSs and gene expression.
Such correlations would not be expected if the enrich-
ment of SSBs at TSSs was an artifact of the method. Fur-
thermore, as mentioned above, the second correlation
was not observed in the case of AP site hotspots.

Fourth, and perhaps one of the strongest arguments, is
the big differences in the magnitude of SSB enrichment
around TSSs among the different tissues. Since SSBs in
all tissues were profiled using the same technique based
on purified DNA, if the observed enrichment around
TSSs was caused solely by an artifact of the procedure,
we would expect to observe similar levels of enrichment
in all tissues. However, this was not the case. Currently,
the underlying biological reasons for the tissue-specific
differences in the enrichment of SSBs and their hotspots
around TSSs remain unknown. It is tempting to speculate
that oxidative stress might be at least partially responsible
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in liver and heart that exhibit higher levels of enrichment.
However, since the steady state levels of DNA damage are
defined by the balance of the dynamics of DNA damage
and repair, it is quite likely that other factors are involved,
such as the expression of DNA repair factors, the accessi-
bility of DNA to free radicals and DNA repair machinery
in the context of local chromatin environment and oth-
ers. This might also explain why brain, a tissue that also
has a high oxidative burden, has a relatively low level of
enrichment.

Presence of double-strand breaks (DSB) around TSSs
has been documented in several studies [34, 38, 39].
While the SSINGLe methodology can detect both SSBs
and DSBs, the presence of the latter should be evidenced
by DNA breaks present on both template and nontem-
plate strands. However, we observed a consistent prefer-
ence for one of the strands, which is consistent with SSB-,
rather than DBS-, derived signal. Overall, we believe that
these arguments strongly support the bona fide nature
of the enrichment of SSBs, and especially their hotspots,
around TSSs.

Perhaps the most unexpected finding from this work
was that the genes with SSB hotspots on the template
strands in the immediate vicinity of TSSs had a tendency
to have higher expression compared to the genes without
them or genes with the hotspots further away from TSSs.
A comprehensive in vitro study has shown that tem-
plate strand SSBs in the vicinity of RNA polymerase III
TSS can either affect the start site selection or drastically
inhibit transcription depending on the distance from the
TSS [31]. Furthermore, SSBs on the template strand were
shown to block progression of RNA polymerase II [40]
and prokaryotic RNA polymerases [41].

As mentioned above, transcription can generate DNA
damage [12], therefore the TSS-associated SSBs and SSB
hotspots could in fact represent by-products of transcrip-
tion initiation. For example, the open chromatin environ-
ment could make the regions around TSSs of actively
transcribed genes more accessible to DNA damage-
causing endogenous factors, such as free radicals or cel-
lular nucleases. Furthermore, the SSBs and their hotspots
could be by-products of programmed DNA damage
required for proper transcription initiation, such as BER-
mediated demethylation of methylcytosines (see below)
or topoisomerase activity [22]. If so, it would be logical to
surmise that the abundance of such by-products would
increase with increase in gene expression. Still, even if
representing by-products of transcription, such SSBs
would have biological relevance for at least two reasons.
First, SSBs can be converted into DSBs [42], and thus can
give rise to TSS-associated DSBs that have been shown
to cause genomic rearrangements [38]. Second, SSBs
can potentially lead to mutations [9], which would likely
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affect the regulation of gene expression when occurring
in the proximity to TSSs.

On the other hand, the current study suggests that the
relationship between SSBs and transcription initiation
might be more complex than previously thought and
raises a possibility that SSBs adjacent to TSSs, particu-
larly those on the template strand, can stimulate tran-
scription initiation. Interestingly, the stimulatory effect of
SSBs on transcription initiation would then be similar to
such an effect previously found for DSBs [43], and con-
sistent with the growing albeit still controversial concept
of persistent promoter-associated DNA breaks that have
physiological relevance in regulation of gene expression
[22, 44, 45]. Overall, additional studies are required to
address the functional implications of the presence of
SSB hotspots near TSSs.

The SSiNGLe method used in this work detects SSBs
that have 3'-OH termini [9]. Such SSBs can be gener-
ated by several DNA repair processes that either convert
multiple types of DNA lesions into 3'-OH SSBs or gener-
ate such breaks in the vicinity of DNA lesions [46]. The
resulting SSBs are then typically repaired by dedicated
DNA polymerases and ligases [46]. While these processes
are normally highly efficient, it is conceivable that in cer-
tain genomic environments and under certain biologi-
cal conditions, these processes could generate persistent
3’-OH SSBs at various stages of DNA repair, for example,
immediately following the lesion recognition and endo-
nuclease cleavage, during DNA polymerase extension
or prior to the final DNA re-sealing stage by ligases. In
fact, our results suggest that at least a fraction of SSB
hotspots, including those near TSSs, might indeed be
generated via BER from AP sites. Moreover, as hypothe-
sized, we detected presence of two types of SSBs — those
generated by the APE1 endonuclease, and the ones gen-
erated following the DNA polymerase extension prior to
the ligation step.

A number of studies have reported that AP sites near
TSSs can affect gene expression [23-25]. Such AP sites
are generated via BER-mediated repair of oxidized gua-
nines in the context G-quadruplexes [23-25]. Interest-
ingly, the AP sites that overlap the SSB hotspots near
TSSs are also enriched in guanines, consistent with the
notion that the SSB hotspots are generated by BER-medi-
ated repair of such AP sites. Interestingly, APE1-medi-
ated cleavage of AP sites to generate SSBs was shown
to be very slow in the G-quadruplex context [23-25].
In this respect, we found that TSSs containing AP site
hotspots are enriched in guanines, potentially explain-
ing why these AP sites persist and are slow to be repaired
by BER. However, our data also suggests that demeth-
ylation of methylcytosines via BER could contribute a
fraction of SSB hotspots. Still, while highly suggestive,
these conclusions require wet lab confirmation based
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on profiling of AP sites and SSBs under the conditions
where BER is inhibited to directly prove the relationship
between hotspots of AP sites and SSBs found near TSSs
and genome wide.

In addition to BER and other DNA repair pathways,
3’-OH SSBs could be generated via action of topoisom-
erases type II and IA [47], endogenous nucleases [48]
and replication fork stalling [49]. While these breaks are
typically either transient like in the case of topoisomer-
ase-induced breaks or readily repaired by DNA damage
repair pathways, a number of reports have shown that
they can persist and regulate expression of nearby genes
[22, 44, 45, 48]. Therefore, it is quite likely that some or
all of these mechanisms contribute to the TSS-associated
SSB hotspots described in this study.

Conclusions

The enrichment of genes encoding proteins involved in
DNA damage response and various RNA-related func-
tions among the genes containing SSB hotpots in the
immediate vicinity of TSSs brings a tantalizing possibil-
ity that SSBs at TSSs might serve as some sort of sensors
of general DNA damage in the genome and thus upregu-
late these genes. In fact, changes in RNA processing have
been shown to play critical role in DNA damage response
[50] and thus would be consistent with this hypothesis.
While AP sites have been implicated in control of gene
expression, the stronger enrichment of SSB hotspots
around TSSs compared to AP site hotspots suggests
that the former type of lesion might play a stronger role
in transcription control than the latter. Finally, the asso-
ciation of SSB hotspots with TSSs is consistent with the
emerging theme of DNA damage as an epigenetic-like
regulator of gene expression [25], and suggests that the
true effects of various types of DNA damage on cellular
physiology might be far more nuanced and complex that
previously anticipated.

Methods

Genomic datasets

Coordinates of the AP sites and SSBs were obtained from
our previous publication [10]. The coordinates of TSSs
for all mouse annotated transcripts were extracted from
the GENCODE VM23 database downloaded from the
UCSC Genome Browser based on the mouse GRCm38/
mm10 genome assembly. BEDTools (version 2.30.0) [51]
was used to identify SSB and AP site hotspots and to cal-
culate the overlaps between SSB/AP hotspots and various
genomic windows around the TSSs.

Generation and analysis of the simulated SSB data

For each sample, we randomly generated the same num-
ber of genomic SSB positions by the sample function in
the R environment. Then the fractions of simulated SSBs
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shared between the samples in the same tissue or within
the same sample (depth>2) were calculated. The simula-
tions were performed in 100 iterations and in each round
the hotspots were generated using the same procedure.
The resulting fractions of the hotspots were used to make
the plots in Fig. 1 and to calculate the significance of the
occurrence of the hotspots.

Aggregate plots, TSS-SSBs enrichment and odds ratios
Aggregate plot generation and calculation of the TSS-
SSBs enrichment ratio for each tissue was identical to
that used in our previous publication [11] and included
the following steps:

(1) The +5 kb region around each TSS was split into 500
non-overlapping 20 bp bins, and then the non-repeat
fraction of each bin for each TSS was calculated. The
average non-repeat fraction of each bin was then
calculated based on the corresponding values of all
bins for all TSSs.

(2) For each AP/SSB site or hotspot, the distances to the
TSSs were calculated and only the shortest distance
was kept, and then used to assign the AP/SSB site
or hotspot to one of the 500 non-overlapping 20-bp
bins.

(3) The normalized score representing the density of
AP/SSB sites or hotspots in each 20-bp bin was
identical to the Dj; metric defined in Cao et al. [11]
and was used to make the aggregate plots.

(4) The TSS-SSBs enrichment ratios of SSBs/AP sites or
hotspots shown in the Figs. 2B and C and 7A were
identical to the metric R; defined in Cao et al. [11]
and calculated for each sample i as follows:

200 /775000
M2 /M

i = 7200 /75000
L; / L;

where M;*%’ and M,* are respectively the total numbers
of unique positions of SSBs or hotspots within +200 bp
or +5000 bp of TSSs in the sample; and L% and ;%
are respectively the total lengths of the non-repeated
sequences within £200 bp and £5000 bp around the
TSSs that do not include sequences that are adjacent to
endogenous polyA stretches where SSBs and AP sites can
not be mapped using SSiNGLe or SSINGLe-AP.

(5) The enrichment of SSBs/AP sites or hotspots in
various bins around TSSs shown in the Figs. 3B and
C and 8B were calculated as odds ratios OR,; for each
bin i as follows:
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Ofi=7 /LG

where M, is the number of positions of SSBs or hotspots
mapping to the bin #; T; is the total number of positions
of SSBs or hotspots in a given sample; L, is the total non-
repeat length of the bin and LG is the total non-repeat
length of the genome. L; and LG do not include sequences
that are adjacent to endogenous polyA stretches where
SSBs and AP sites can not be mapped using SSiNGLe or
SSiNGLe-AP.

(6) The overlap odds ratio (OOR;) between SSB and AP
sites hotspots for each set i shown in Fig. 8A was
similar to OR; and calculated as follows:

0i/Ti

OO =316

where Oi is the number of positions shared between
hotspots of SSBs and AP sites; T; and M; are the total
number of positions of hotspots of SSBs and AP sites,
respectively and LG is the total non-repeat length of the
genome. LG do not include sequences that are adjacent
to endogenous polyA stretches where SSBs and AP sites
can not be mapped using SSiNGLe or SSINGLe-AP.

Motif analysis
The motif analysis was based on the following steps:

(1) Each base within the +5 bp region around each AP/
SSB site or hotspot and on the same DNA strand was
extracted using the “getfasta” function of BEDTools
[51].

(2) The fraction of each base (A, C, G, T) at each
coordinate (within the +5 bp around target site) was
calculated.

(3)R package “Logoplot” was used to plot the fractions
of each base at each position in the +5 bp region.

RNA-seq analysis

The “rsem-calculate-expression” function of RSEM (ver-
sion 1.2.28) was used to estimate the TPM value of each
annotated transcript using a strand-specific approach
[52]. Only one annotated transcript per gene was cho-
sen at random to represent the expression level of that
gene. The comparisons of the expression levels between
genes that did and did not contain the sample-shared
(depth>1) hotspots of SSBs or AP sites within 200 bp of
their TSSs on either template or non-template strands
presented in Fig. 4 were independently calculated for
each tissue.
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However, to estimate the relationship between the
sample-shared (depth>1) hotspots of SSBs or AP sites
located at various distances around TSSs shown in Fig. 5,
the expression level of each gene was then calculated by
averaging the TPM values of that gene across all samples
of each tissue. This was done because the number of
either SSB or AP site hotspots in each distance bin was
relatively small and not sufficient to perform the analy-
sis for each tissue. The genes were then classified hierar-
chically into 6 non-overlapping distance bins, + 5 bp, *
6-20 bp, £ 21-50 bp, £ 51-100 bp, £ 101-150 bp, and
+151-200 bp based on the distances between SSB or
AP site hotspots and the corresponding TSSs on either
template or nontemplate strand. The genes containing
hotspots on the same strand in two distance bins were
assigned to the bin that was most proximal to the TSS.
However, a gene that contained SSB or AP site hotspots
on both template and non-template strands in the same
distance bin was included in both template and nontem-
plate strand analysis. The comparison of gene expres-
sion levels among the 12 distance bins was based on the
union of all genes in all tissues — genes that had an SSB
or AP site hotspot within the same distance bin and on
the same strand (template or nontemplate) in at least
one tissue were grouped together. The p-values of the
various comparisons were computed with the R package
“ggpubr” (https://github.com/kassambara/ggpubr) and
the figures were generated with the R package “ggplot2”
[53].
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