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Current evidence suggests that plasma cell-free DNA (cfDNA) is fragmented around a mode of 166 bp. Data supporting this
view has been mainly acquired through the analysis of double-stranded cfDNA. The characteristics and diagnostic potential
of single-stranded and damaged double-stranded cfDNA in healthy individuals and cancer patients remain unclear. Here,
through a combination of high-affinity magnetic bead–based DNA extraction and single-stranded DNA sequencing library
preparation (MB-ssDNA), we report the discovery of a large proportion of cfDNA fragments centered at ∼50 bp. We show
that these “ultrashort” cfDNA fragments have a greater relative abundance in plasma of healthy individuals (median = 19.1%
of all sequenced cfDNA fragments, n = 28) than in plasma of patients with cancer (median = 14.2%, n = 21, P < 0.0001). The
ultrashort cfDNA fragments map to accessible chromatin regions of blood cells, particularly in promoter regions with
the potential to adopt G-quadruplex (G4) DNA secondary structures. G4-positive promoter chromatin accessibility is
significantly enriched in ultrashort plasma cfDNA fragments from healthy individuals relative to patients with cancers
(P < 0.0001), in whom G4-cfDNA enrichment is inversely associated with copy number aberration-inferred tumor fractions. Our findings redraw the landscape of cfDNA fragmentation by identifying and characterizing a novel population
of ultrashort plasma cfDNA fragments. Sequencing of MB-ssDNA libraries could facilitate the characterization of gene regulatory regions and DNA secondary structures via liquid biopsy. Our data underline the diagnostic potential of ultrashort
cfDNA through classification for cancer patients.
[Supplemental material is available for this article.]
Fragments of DNA are released into the blood circulation following
cell death and by active secretion (Stroun et al. 2000) while maintaining genetic and epigenetic signatures of the cell of origin
(Heitzer et al. 2020). The fragmentation of cell-free DNA (cfDNA)
in blood plasma can reflect its tissue of origin and mechanisms
of release (Ivanov et al. 2015; Snyder et al. 2016; Cristiano et al.
2019; van der Pol and Mouliere 2019). In plasma of healthy individuals, cfDNA is fragmented around a length of ∼166 bp, corresponding to DNA wrapped around a nucleosome plus linker (Lo
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et al. 2010). These fragmentation patterns can be altered in the
plasma of cancer patients (Mouliere et al. 2011; Jiang and Lo
2016; Underhill et al. 2016), possibly because of the biological
mechanisms at play in cancer cells. For example, modifications
in chromatin structure (van der Pol and Mouliere 2019; Heitzer
et al. 2020) may contribute to the observation that tumor-derived
cfDNA (circulating tumor DNA [ctDNA]) is in general shorter than
non-tumor DNA, with a mode of distribution ∼145 bp versus ∼166
bp, respectively (Mouliere et al. 2011, 2014; Jiang et al. 2015; Jiang
and Lo 2016; Underhill et al. 2016). Methods that can better recover shorter cfDNA molecules may increase the recovery of ctDNA
molecules and potentially enrich for tumor signal (Thierry et al.
2016; Wan et al. 2017; Mouliere et al. 2018; Jiang et al. 2020).
The apparent size of plasma cfDNA can be affected by the preanalytical methods used, such as the blood processing protocol
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(Wong et al. 2016; Rikkert et al. 2018), the DNA extraction chemistry (Jorgez et al. 2006; Pérez-Barrios et al. 2016; Kloten et al. 2017;
Sorber et al. 2017; Markus et al. 2018; Lampignano et al. 2020), and
type of library preparation (Barlow et al. 2016). cfDNA-based approaches have focused on analysis of double-stranded DNA
(dsDNA) (Jiang et al. 2015; Underhill et al. 2016; Mouliere et al.
2018), but alternative methods have been developed, including
protocols for the recovery of single-stranded DNA (ssDNA)
(Meyer et al. 2012; Gansauge and Meyer 2013; Gansauge et al.
2017). Unlike dsDNA library protocols that only recover intact
dsDNA molecules, ssDNA-based protocols enable the recovery of
ssDNA and damaged dsDNA, alongside intact dsDNA molecules
(Gansauge and Meyer 2013). In plasma, previous analyses using
ssDNA library protocols revealed a slight enrichment in cfDNA
molecules shorter than 100 bp relative to dsDNA-based methods
(Burnham et al. 2016; Snyder et al. 2016; Vong et al. 2017).
However, studies assessing ctDNA enrichment with ssDNA library
approaches yielded inconsistent findings, with some showing evidence of a slight increase, and others showing none (Moser et al.
2017; Liu et al. 2019; Zhu et al. 2020). The importance of recovering short plasma cfDNA in understanding cancer biology has been
highlighted in previous studies demonstrating that cfDNA fragments <100 bp in length may be associated with regulatory mechanisms (Snyder et al. 2016; Ulz et al. 2016, 2019). In addition,
exploring alternative structural modifications contained in
ssDNA or damaged dsDNA (Snyder et al. 2016; Hänsel-Hertsch
et al. 2017) could improve our understanding of cfDNA biology offering further opportunities to develop novel diagnostic strategies.
Here, we shed light on the genomic profiles, structure, and diagnostic potential of a novel population of ultrashort (US) plasma
cfDNA recovered through a combination of magnetic bead–based
DNA extraction and ssDNA-based library preparation (MB-ssDNA).
Through shallow whole-genome sequencing (sWGS, <0.5-fold
coverage) and the analysis of somatic copy number aberrations
(SCNA), we determined the landscape of genetic alterations in
US cfDNA fragments ∼50 bp in length, abundantly present in
the plasma of healthy individuals and cancer patients. In addition,
we studied their potential link with regulatory regions by investigating genome-wide coverage patterns at transcription start sites
(TSS). Furthermore, we explored whether US cfDNA fragments
map to regions associated with the potential to form G-quadruplex
(G4) DNA secondary structures, and we estimated their quantities
in the plasma of healthy individuals and cancer patients.

Results
A high-affinity magnetic bead–based DNA extraction and ssDNA
library preparation protocol (MB-ssDNA) identifies a novel
population of ultrashort cfDNA fragments
To determine whether a bias in the recovery of US cfDNA fragments exists, we first characterized the plasma cfDNA size distributions inferred from paired-end sWGS in ssDNA and dsDNA
libraries from healthy individuals (n = 82 samples) (Fig. 1A;
Supplemental Table S1). Two DNA extraction methods were applied (Methods); the first extraction, herein referred to as the
“SC” protocol, used silica gel membrane-based columns to capture
DNA in the presence of chaotropic salts. The second approach,
herein referred to as the “MB” protocol, used high-affinity magnetic beads. In total, four different protocols were used to analyze plasma samples from healthy individuals: SC-dsDNA (n = 14), SC-
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ssDNA (n = 10), MB-dsDNA (n = 30), and MB-ssDNA (n = 28)
(Supplemental Table S1).
Following dsDNA library preparation of cfDNA extracted by
each method (i.e., SC-dsDNA and MB-dsDNA libraries) (Fig. 1B,
C), we observed a consistent fragmentation pattern that mirrors
the profile widely reported for cfDNA (Jiang et al. 2015; Underhill
et al. 2016; Mouliere et al. 2018). Conversely, application of a
ssDNA library protocol based on template-switching chemistry
(Methods) revealed markedly different fragment size profiles depending on the DNA extraction method used (Fig. 1B,C; Supplemental Fig. S1). In agreement with previous studies (Burnham
et al. 2016; Moser et al. 2017; Vong et al. 2017; Sanchez et al.
2018), plasma DNA extracted by SC followed by ssDNA library
protocol (SC-ssDNA) showed a broadly similar fragmentation pattern, but with an enrichment in the recovery of US cfDNA fragments (<70 bp) relative to the dsDNA library protocol (SCdsDNA) (P < 0.0001, Wilcoxon rank-sum test) (Fig. 1B,D). A more
profound effect was observed in cfDNA extracted by MB-ssDNA
protocol: this showed a bimodal distribution of DNA fragment sizes, with a population of DNA molecules centered at ∼50 bp, in addition to the mode previously observed at 166 bp (Fig. 1C). To
confirm these observations, we tested an alternative ssDNA library
approach based on the ligation of biotinylated adapters (Gansauge
and Meyer 2013) in additional plasma cfDNA samples extracted by
MB. This revealed a similar bimodal distribution (Supplemental
Fig. S2A,B). Of note, data processing to exclude potential sequence
artifacts associated with poly(A/T) genomic regions (Supplemental
Fig. S3A–C; Supplemental Methods; Vardi et al. 2017) preserved
the overall trend in DNA fragmentation patterns in MB-ssDNA libraries and further confirmed that US cfDNA fragments are not a
technical artifact.
To quantify the relative enrichment of US cfDNA fragments
in samples from healthy individuals, we estimated the proportion
of molecules <70 bp (Fig. 1D). The US cfDNA fragments represented a median of 19.1% (interquartile range, IQR = 16.8%–22.0%) of
all DNA fragments in plasma samples undergoing MB-ssDNA,
whereas a median of only 3.4% (IQR = 2.6%–3.6%) of fragments recovered by SC-ssDNA were shorter than 70 bp (P < 0.0001, Wilcoxon rank-sum test) (Fig. 1D). In dsDNA libraries, the
proportion of US cfDNA fragments was much lower (median =
0.7%, IQR = 0.3%–2.4%) than in ssDNA libraries (P < 0.0001, Wilcoxon rank-sum test), although there was still a significant difference between SC-dsDNA (median = 0.3%, IQR = 0.2%–0.3%) and
MB-dsDNA protocols (median = 2.0%, IQR = 0.7%–2.6%; P <
0.0001, Wilcoxon rank-sum test) (Fig. 1D). Thus, by using MBssDNA we identified significantly more US cfDNA fragments in
plasma than previously described.

The relative abundance of ultrashort cfDNA fragments recovered
by MB-ssDNA is greater in plasma from healthy individuals than
in plasma from cancer patients
We then analyzed cfDNA fragmentation patterns in plasma from
patients with advanced cancers (n = 73 samples from 17 patients
with seven different cancer types, all patients having at least one
metastatic site) collected before initiation of treatment
(Supplemental Table S1; Supplemental Fig. S4A,B), using the four
protocols described above: SC-dsDNA (n = 16), SC-ssDNA (n = 17),
MB-dsDNA (n = 19), and MB-ssDNA (n = 21) (Supplemental Table
S1). Plasma samples from 12 patients (Pt01-Pt12) were processed
by all four protocols for direct comparison (Supplemental Fig.
S5). We stratified the patient samples into two groups based on
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Figure 1. Differences in the recovery of ultrashort cfDNA fragments using different DNA extraction and DNA library preparation protocols. (A) Plasma
samples from healthy individuals and cancer patients were processed by column (SC)-based and magnetic bead (MB)-based DNA extraction methods,
followed by dsDNA and ssDNA library protocols. The ssDNA library protocol recovers ssDNA and damaged dsDNA molecules, along with intact
dsDNA, whereas the dsDNA library protocol recovers only intact dsDNA molecules. Paired-end sWGS data were generated from those libraries and
used to determine DNA fragment size distributions. (B,C) cfDNA fragment size distributions of plasma ssDNA and dsDNA libraries from healthy individuals
processed by SC (B) and MB (C) protocols. The vertical dashed line indicates a DNA fragment size of 70 bp. (D) Proportion of fragments shorter than 70 bp
in plasma ssDNA and dsDNA libraries from healthy individuals. (E,F) Median fragment size distributions of cfDNA from plasma samples of patients with
advanced cancers, divided into two groups: low SCNA (t-MAD < 0.019) and high SCNA (t-MAD ≥ 0.019), and analyzed by SC-ssDNA (E) and
MB-ssDNA (F ). Vertical dashed lines correspond to DNA fragment sizes of 50, 145, and 166 bp. (G) Density of fragments found at 50 bp in plasma samples
from healthy individuals and cancer patients with low and high SCNA, data generated using the MB-ssDNA protocol. (H) ROC curve analysis of fragment
density at 50 bp, generated using the MB-ssDNA protocol, for discriminating cancer patients from the healthy individuals. Wilcoxon rank-sum test:
(∗ ) P < 0.05; (∗∗ ) P < 0.01; (∗∗∗∗ ) P < 0.0001.
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their ctDNA fractions in MB-dsDNA libraries, quantified by a genome-wide score termed t-MAD (Methods). t-MAD estimates
ctDNA fractions in plasma samples from cancers that show copy
number alterations, by reflecting the extent of SCNAs across the
genome from paired-end sWGS (Mouliere et al. 2018). Based on sequencing of plasma samples from healthy individuals, we defined
a t-MAD threshold (0.019) and classified samples with t-MAD values below this threshold as “low SCNA”; samples with t-MAD values above this threshold were referred to as “high SCNA”
(Methods).
The median distribution of fragment sizes in SC-ssDNA libraries for low SCNA samples was similar to that of samples from
healthy individuals (P = 0.42, D = 0.076, Kolmogorov–Smirnov
test), with no apparent population of US fragments centered at
the 50-bp peak (Fig. 1E; Supplemental Fig. S4A,C). Conversely, in
MB-ssDNA libraries, we observed significant differences between
samples from cancer patients and healthy individuals in US fragments (<70 bp) (Fig. 1F; Supplemental Fig. S4B,D). We determined
the proportion of fragments <70 bp and observed a significant
decrease in low SCNA (median = 13.6%, IQR = 12.7%–15.8%) and
high SCNA samples (median = 14.7%, IQR = 10.6%–17.5%) compared to samples from healthy individuals (median = 19.1%, IQR
= 16.8%–22.0%; P < 0.01 and P < 0.001, respectively, Wilcoxon
rank-sum test) (Supplemental Fig. S4D). The density of 50-bp fragments showed large and significant differences between samples
from the two cancer patient groups versus those from healthy individuals (Fig. 1G). Analysis of this density, by receiver operating
characteristics (ROC) curve, resulted in an area under the curve
(AUC) of 0.97 and 0.89 for high SCNA and low SCNA samples, respectively (Fig. 1H). Taken together, these results suggest that the
DNA fragmentation patterns recovered by MB-ssDNA are inversely
correlated with ctDNA fractions, as inferred from SCNA analysis
(Fig. 1G).

Ultrashort cfDNA fragments contain, but are not enriched for,
tumor-derived signal when compared against other fragment size
ranges
We next aimed to determine whether a particular combination of
protocols could enrich for ctDNA, either in the overall representation of cfDNA molecules (Fig. 2A) or at selected fragment size ranges (Fig. 2B). First, to determine the ctDNA fractions across the
entire distribution of fragment lengths (Supplemental Fig. S5),
we assessed SCNA profiles and estimated t-MAD in samples from
12 patients, processed using different protocols (Supplemental
Table S1). Overall, the estimated ctDNA fractions in high SCNA
samples (n = 7) were not significantly different between ssDNA
and dsDNA libraries processed by either DNA extraction method
(SC-dsDNA vs. MB-dsDNA, P = 0.8; SC-dsDNA vs. SC-ssDNA, P =
0.8; SC-dsDNA vs. MB-ssDNA, P = 0.67; MB-dsDNA vs. SC-ssDNA,
P = 0.8; MB-dsDNA vs. MB-ssDNA, P = 0.4; SC-ssDNA vs. MBssDNA, P = 0.67, Wilcoxon signed-rank test) (Fig. 2A).
Then, we determined whether the population of US fragments discovered through MB-ssDNA contained and was relatively
enriched in tumor-derived DNA molecules. We performed in silico
size selection for cfDNA fragments in three size ranges: 30 – 70 bp,
US cfDNA fragments; 100 – 150 bp, short fragments; and >150 bp,
long fragments including mono- and dinucleosomal DNA (Fig.
2B). Using t-MAD, we observed an enrichment in ctDNA fractions
within short fragments (median t-MAD = 0.227) in comparison to
long (median t-MAD = 0.130) and US cfDNA fragments (median tMAD = 0.139; P < 0.01 and P < 0.05, respectively, Wilcoxon signed-
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rank test) (Fig. 2B). The ctDNA fractions were not significantly different between the long and US cfDNA fragment groups (P = 0.46,
Wilcoxon signed-rank test) (Fig. 2B). To confirm that US fragments
contain ctDNA signal, we additionally performed in vitro size selection of select samples and showed that ctDNA fractions of US
cfDNA were similar to those observed after in silico selection
(Supplemental Fig. S6). These results established that the population of US cfDNA fragments, recovered by MB-ssDNA, carries tumor-specific signal (Supplemental Fig. S6) comparable in relative
abundance to the mono- and dinucleosomal cfDNA fragments
that make up the majority of cfDNA fragments, but lower compared to the ctDNA fractions in fragments of length 100 – 150 bp
(Fig. 2B).
We wondered whether the size distribution of cfDNA would
change if we exclusively recovered ssDNA molecules. We designed
an experiment in which we omitted the initial denaturation step of
the ssDNA-based protocol (MB-ssDNA). In these conditions, only
ssDNA molecules would be expected to be ligated to adapters
and therefore generate sequencing reads. We assessed the impact
on DNA fragmentation profiles in two samples from healthy individuals (Supplemental Fig. S7A) and two samples from cancer patients (Supplemental Fig. S7B). In parallel, we conducted control
experiments in which plasma DNA from the same individuals
were processed using the unaltered protocol. In MB-ssDNA libraries produced without the denaturation step, the relative proportion of cfDNA fragments found at 166 bp was reduced, and a
relative increase in the proportion of US fragments was observed
(on average 2.2-times higher) (Supplemental Fig. S7A,B). The
ctDNA fractions determined by t-MAD did not show substantial
differences between the denatured and non-denatured conditions
for selected size ranges after in silico size selection (Supplemental
Fig. S7C). Although these findings are based on data from a limited
number of samples, they suggest that in addition to intact or damaged dsDNA, the US fragments are enriched in ssDNA molecules,
and that these cfDNA molecules also contain tumor-derived
signal.

Ultrashort cfDNA fragments recovered by MB-ssDNA reveal
distinct sequence coverage profiles near transcription start sites
Differences in the lengths of plasma cfDNA fragments can reflect
changes in the chromatin structure of the genome (Snyder et al.
2016; Cristiano et al. 2019). Fragments shorter than 100 bp can indicate the presence of genomic regions that might be occupied by
regulatory proteins, revealing the transcriptional activity of cells
contributing to the cfDNA pool in plasma (Snyder et al. 2016).
These studies were restricted by the small amounts of US cfDNA
fragments recovered by standard column-based DNA extractions
(Snyder et al. 2016) and thus we analyzed coverage patterns at
TSS with MB-ssDNA (Fig. 3A).
Following in silico size selection of fragments corresponding
to US, short, and long groups, we assessed sequence coverage
near TSS regions (Methods) in pooled sWGS data from healthy individuals (Fig. 3B). In MB-ssDNA libraries, the relative coverage upstream of TSS showed a decreasing trend for fragments >100 bp in
length (Fig. 3B). On the other hand, the relative coverage of US fragments showed the opposite pattern, with a sharp increase immediately upstream of the TSS (Fig. 3B). A similar trend was observed in
pooled sWGS MB-dsDNA data from healthy individuals (Supplemental Fig. S8A). Following down-sampling of MB-ssDNA data to
the same number of sequencing reads, the number of US fragments
overlapping with unique TSS was significantly different between
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coverage at these positions in samples
from healthy individuals and low SCNA
and high SCNA samples from cancer patients. The relative coverage at −40 bp
from TSS was significantly higher in samples from healthy individuals compared
to low SCNA and high SCNA samples (P
< 0.01 and P < 0.0001, respectively, Wilcoxon rank-sum test) (Fig. 3F). The same
trend was observed at positions −160 bp
and −250 bp (Supplemental Fig. S9A,B).
Using the −40 bp position as a parameter
in ROC analysis, we observed a clear
separation between the samples from
healthy individuals and cancer patients,
with an AUC in high SCNA and low
SCNA group of 0.99 and 0.89, respectively (Fig. 3G). A clear separation was also
observed when using the proportion of
fragments at position −160 bp and −250
bp, with comparable AUCs in high and
low SCNA groups (Supplemental Fig.
S9C,D). We also confirmed the separability of the samples from healthy individuals and cancer patients by combining
data from all three parameters together
and using it as input for unsupervised
Figure 2. Plasma ctDNA fractions at all and specific DNA fragment lengths. (A) Schematic of the selecclustering (Supplemental Fig. S9E).
tion of all DNA fragment size ranges and comparison of t-MAD scores between different protocols.
To determine whether US fragments
Tumor fractions as inferred by sWGS and t-MAD analysis, of samples from patients with high SCNA levels
were associated with specific TSS regions
(seven patients and 28 plasma samples). The dashed line indicates a t-MAD threshold of 0.019 (inferred
from a cohort of healthy individuals, sequence data down-sampled to 5 million reads). (B) Schematic of
and could thus inform as to differences
the selection of three different fragment size ranges. The t-MAD scores for plasma DNA from 12 cancer
in transcriptional programs between
patients after in silico size selection of fragments between 30 – 70, 100 – 150, and 150 – 1000 bp in
healthy individuals and cancer patients,
length. The t-MAD scores were plotted separately for different DNA size fragment bins. The dashed
we compared the relative coverage at difline indicates a t-MAD threshold of 0.0416 (inferred from a cohort of healthy individuals, sequence
data down-sampled to 1.25 million reads). Wilcoxon signed-rank paired test: (∗ ) P < 0.05; (∗∗ ) P < 0.01;
ferent TSS, either associated with accessi(ns) nonsignificant.
ble chromatin regions of hematopoietic
cells or accessible pan-cancer chromatin
regions (each TSS group comprised approximately 3000 randomly selected genomic regions covering
samples from healthy individuals (median = 11,981; IQR = 9605–
15,661) and low SCNA samples (median = 8554; IQR = 7385 –
about 900 genes) (Methods). Because of low sequencing depth at
9080) and high SCNA samples (median = 5112; IQR = 4681–5498;
a sample level, sequencing data from the three categories were
P < 0.01 and P < 0.001, respectively, Wilcoxon rank-sum test)
merged separately for healthy individuals, low SCNA and high
SCNA samples, and down-sampled to ∼5 million reads. The previ(Fig. 3C).
ously observed patterns at positions −40, −160, and −250 bp (as
Given that cancer is associated with changes in gene expression programs (Ulz et al. 2016), we wondered whether coverage
shown in Fig. 3D, including 90,273 TSS regions) were less evident
patterns of US fragments at TSS could reflect differences in the unin the subselected TSS regions, likely as a result of the lower sederlying pathological processes in cancer patients. We analyzed
quencing depth within a smaller genomic region (∼30× fewer
sWGS MB-ssDNA data derived from individual plasma samples
TSS regions) (Supplemental Fig. S10A). In line with our previous
of 17 cancer patients (n = 21 samples) and 22 healthy individuals
findings (Fig. 3D), we noted an overall decrease in relative coverage
(n = 28 samples) to assess TSS coverage patterns (Fig. 3D;
at position −40 bp in samples with high SCNA as compared to
Supplemental Fig. S8B). Although the trend in coverage profiles
samples from healthy individuals and low SCNA samples
showed a sharp increase in the proportion of US cfDNA fragments
(Supplemental Fig. S10A). Despite the limited resolution, the relaupstream of TSS in healthy individuals, the intensity of TSS signal
tive coverage at position −40 bp in TSS associated with accessible
in cancer patients appeared to decrease with increasing extent of
chromatin regions of hematopoietic cells (erythrocyte progenitors
SCNA (Fig. 3D; Supplemental Fig. S8B). To control for potential
or lymphocytes) appeared to be higher in comparison with TSS rebatch effects, we selected a subset of plasma samples from healthy
gions associated with accessible pan-cancer chromatin regions in
individuals (n = 18) and cancer patients (n = 6) processed in the
all three patient/control groups (Supplemental Fig. S10B).
same DNA extraction and DNA library preparation batch, and we
To further explore differences in transcriptional programs beobserved the same patterns (Supplemental Fig. S8C).
tween cancer patients and healthy individuals, we determined US
Among the data derived from samples from healthy individucfDNA enrichment by comparing relative coverage of fragments in
als, we observed three prominent peaks in coverage at positions 40,
the selected TSS regions against relative coverage at random re160, and 250 bp upstream of TSS (Fig. 3E). We compared the relative
gions of the genome (Supplemental Fig. S11; Methods). The US
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Figure 3. Assessment of plasma cfDNA sequence coverage near TSS in MB-ssDNA libraries. (A) Schematics of TSS coverage analysis in plasma cfDNA
samples. (B) The relative coverage near TSS in MB-ssDNA libraries derived from pooled sWGS data of 10 healthy individuals assessed in different fragment
size ranges. (C) The number of US cfDNA fragments overlapping with TSS regions in individual MB-ssDNA libraries derived from healthy individuals and
cancer patients. (D) The relative coverage of US cfDNA fragments near TSS in samples from healthy individuals and cancer patients. The mean and standard
deviation of the data are shown. (E) Schematic of the assessment of the density of US cfDNA fragments at specific positions relative to TSS. (F ) The relative
coverage of US cfDNA fragments at the position 40 bp upstream of TSS. (G) ROC curve analysis of the relative density at the “−40 bp” position for discriminating cancer patients from the healthy individuals. Wilcoxon rank-sum test: (∗ ) P < 0.05; (∗∗ ) P < 0.01; (∗∗∗ ) P < 0.001; (∗∗∗ ∗ ) P < 0.0001.

cfDNA of healthy individuals was significantly more enriched in
comparison to cancer patients with low SCNA and high SCNA
content within each TSS category (P < 0.01 and P < 0.001, respectively, Wilcoxon rank-sum test) (Supplemental Fig. S11A). Of
note, US cfDNA of healthy individuals was significantly more enriched in TSS associated with accessible chromatin regions of hematopoietic cells as compared to TSS associated with accessible
pan-cancer chromatin regions (both P < 0.001, Wilcoxon signedrank test) (Supplemental Fig. S11B). In contrast, we observed a
less pronounced difference in US cfDNA enrichment between he-
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matopoietic cells and cancer-related TSS in samples with low and
high SCNA content (Supplemental Fig. S11B): in samples with
high SCNA, we observed a lower fold difference in enrichment of
US cfDNA in TSS associated with erythrocyte progenitors
(Supplemental Fig. S11C) and lymphocytes (Supplemental Fig.
S11D) as compared to cancer-related TSS regions. These findings
indicate that the relative contribution of US cfDNA originating
from hematopoietic cells in cancer patients appears to be reduced
by the increased contribution of US cfDNA from cancer cells
(Supplemental Fig. S11C,D).
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Ultrashort cfDNA fragments recovered by MB-ssDNA map to
accessible promoter regions with demonstrated potential to adopt
G-quadruplex structures
Recent studies highlighted that the composition and topology of
cfDNA could be more complex than initially thought (Kumar
et al. 2017; Zhu et al. 2017; Sin et al. 2020). To assess the sequence
context of cfDNA fragments recovered by MB-ssDNA, we analyzed
the nucleotide composition of US, short, and long cfDNA (Supplemental Fig. S12A). We observed a higher GC content in US fragments in samples from healthy individuals (median = 44.3%;
IQR = 43.1%–45.5%) compared to low SCNA (median = 41.8%;
IQR = 40.6%–42.0%) and high SCNA samples (median = 39.6%;
IQR = 38.8%–40.3%; P < 0.01 and P < 0.0001, respectively, Wilcoxon rank-sum test) (Supplemental Fig. S12A). Although fragments in the lengths of 100–150 bp and 150–1000 bp in MB-

ssDNA libraries were similar in GC content (Supplemental Fig.
S12B), we still observed significant differences between healthy individuals and low SCNA and high SCNA samples (both P < 0.05,
Wilcoxon rank-sum test) (Supplemental Fig. S12A).
We hypothesized that the observed differences in GC content between healthy individuals and cancer patients in MBssDNA libraries could reflect the existence of GC-rich secondary
structures in cfDNA. Single-stranded guanine-rich DNA sequences can fold into four-stranded DNA structures called G-quadruplexes (G4s) (Hänsel-Hertsch et al. 2017; Varshney et al. 2020),
observed frequently in accessible chromatin of highly expressed
promoter regions of amplified genes of cancer cells (HänselHertsch et al. 2016) or tumor tissue (Hänsel-Hertsch et al.
2020). We searched for evidence of enrichment for G4 sequences
in cfDNA (G4-cfDNA enrichment) and compared their levels in
healthy individuals and cancer patients (Fig. 4A). We determined

A

B

D

C

Figure 4. Assessment of cfDNA enrichment in accessible blood-related chromatin regions within gene promoters that contain or lack a G4 signature in
MB-ssDNA libraries. (A) Schematics of the assessment of plasma cfDNA fold enrichment in genomic regions associated with predicted quadruplex sequences (PQS) that have been previously observed to adopt G4 structures (observed quadruplex sequences [OQS]), denoted as PQS/OQS regions. (B,C) Fold
enrichment of cfDNA fragments in accessible blood-related chromatin regions within gene promoters that contain (B) or lack (C) a G4 signature at different
fragment sizes (30–70, 100–150, 150–1000 bp) in samples from healthy individuals and cancer patients. The red dashed line indicates no enrichment
relative to random permutation. (D) ROC curve analysis of US cfDNA fold enrichment in accessible blood-related chromatin regions within gene promoters
that contain a G4 signature, for discriminating cancer patients from the healthy individuals using MB-ssDNA protocol. Wilcoxon rank-sum test: (∗ ) P < 0.05;
(∗∗ ) P < 0.01; (∗∗∗ ) P < 0.001; (∗∗∗∗ ) P < 0.0001; (ns) nonsignificant.
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G4-cfDNA enrichment by comparing the relative coverage of
cfDNA fragments at predicted G4 loci against the relative coverage at random regions of the genome. In particular, we investigated the relative coverage of plasma cfDNA in accessible
blood-related chromatin regions within gene promoters that, importantly, lack or contain predicted quadruplex sequences (PQS),
which adopted G4 structures (observed quadruplex sequences
[OQS]) in G4-promoting conditions (Chambers et al. 2015).
Predicted quadruplex sequence/observed quadruplex sequence
(PQS/OQS) represent experimentally validated G4-forming regions of higher thermodynamic stability than the remaining
OQS (Hazel et al. 2004). To assess differences in the abundance
of cfDNA fragments found in accessible blood-related chromatin
regions within gene promoters that contain (Fig. 4B) or lack (Fig.
4C) PQS/OQS across different DNA fragment lengths, we performed in silico size selection (for US, short, and long cfDNA
fragments) in samples from cancer patients and healthy individuals, processed by MB-ssDNA.
In the whole cohort (n = 49), the enrichment of US cfDNA
fragments in accessible chromatin regions within gene promoters
that contain PQS/OQS was substantially higher (median = 1.64fold, IQR = 0.99–2.05-fold) than that for the short (median =
0.45-fold, IQR = 0.39–0.54-fold) and long fragments (median =
0.44-fold, IQR = 0.35–0.54-fold) (both P < 0.0001, Wilcoxon ranksum test) (Supplemental Fig. S12C), but also in comparison to accessible chromatin regions within gene promoters lacking PQS/
OQS (Supplemental Fig. S12D). Thus, MB-ssDNA revealed a higher
enrichment of US cfDNA fragments in accessible chromatin regions associated with experimentally confirmed G4 sequences relative to longer cfDNA fragments.
We wondered whether this difference might be informative
of the disease status. US cfDNA fragments derived from MBssDNA libraries from healthy individuals were substantially more
enriched in accessible chromatin regions within gene promoters
when PQS/OQS were present (median = 2.02-fold, IQR = 1.84–
2.30-fold) (Fig. 4B) as compared to when they were absent (Fig.
4C; Supplemental Fig. S12E), and importantly relative to low
SCNA (median = 1.56-fold, IQR = 1.20–1.64-fold) and high SCNA
samples (median = 0.90-fold, IQR = 0.73–0.93-fold; P < 0.01 and P
< 0.0001, respectively, Wilcoxon rank-sum test) (Fig. 4B). In addition, the G4-cfDNA enrichment was lower in the high SCNA samples compared to low SCNA samples (P < 0.001, Wilcoxon ranksum test) (Fig. 4B). Analysis of the enrichment of US cfDNA fragments in accessible chromatin regions within gene promoters
that contain PQS/OQS by ROC curve resulted in AUC of 0.99
and 0.89 for high SCNA and low SCNA samples, respectively
(Fig. 4D). Taken together, this suggests the existence of fundamental biological differences between physiological blood plasma conditions and those in cancer.
To determine whether US cfDNA-enriched accessible PQS/
OQS chromatin regions within gene promoters could originate
from cellular G4 structures, we compared them with the same regions that adopt G4 DNA structural regions either in vivo or in cellulo, which we collectively define as in situ (Supplemental Fig.
S12F; Supplemental Methods). This analysis revealed that 94%
(6045/6429) of blood-related accessible PQS/OQS chromatin regions within promoters can form G4 in situ. In contrast, we found
that the same regions that lack predicted G4 potential displayed
negligible evidence (3%, 269/8810) for G4 formation in situ.
These results support the possibility that US cfDNA may result
from G4 secondary structures and thus could be a marker for single-stranded regulatory regions.
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Discussion
Here, through the use of a novel workflow, MB-ssDNA, we identified and characterized a new population of plasma cfDNA molecules organized around ∼50 bp (Fig. 1C). In cancer patients,
these fragments included tumor-derived molecules at relative levels similar to those detected in DNA fragments >150 bp (Fig. 2B).
Using rapid and cost-effective sWGS, we showed that US cfDNA
fragments could be used to identify samples from cancer patients
based on their (1) relative abundance in plasma, (2) DNA sequence
context, (3) relationship with TSS, and (4) abundance in regions associated with G-quadruplexes. The latter two observations suggest
an association between US cfDNA fragments and regulatory
mechanisms.
Our findings underline the impact of cfDNA processing workflows on downstream results, profoundly affecting the representation of cfDNA fragments obtained from plasma. In addition to the
previously described bias of sequencing chemistry toward shorter
(Tan et al. 2019) or longer fragments (Branton et al. 2008; Jain
et al. 2018), this study showed that different DNA extraction protocols greatly affect the recovery of cfDNA molecules within specific size ranges (Fig. 1B,C). cfDNA extraction using magnetic beads
carrying a greater positive charge captured significantly more US
fragments (<70 bp) than extraction using silica gel membranebased columns (Fig. 1D). The sequencing library preparation protocol additionally affected the representation of US cfDNA populations in downstream sequencing data (Fig. 1B–D). Although
conventional dsDNA-based protocols recover intact dsDNA, damaged cfDNA are lost to downstream analysis. Here, we used ssDNAbased protocols that have potential to recover ssDNA and damaged
dsDNA molecules and characterized their genomic profiles.
Using MB-ssDNA, we observed an average 35-fold higher recovery of US fragments compared to the other methods (86-, 13-,
and fivefold higher as compared to SC-dsDNA, MB-dsDNA, SCssDNA, respectively). A report released during the revision of this
manuscript using alternative chemistry for DNA extraction also
suggested a better recovery of US fragments (Hisano et al. 2021).
The US fragments observed in our study were relatively enriched
in plasma from healthy individuals as compared to cancer patients
(Fig. 1G). Using a modified MB-ssDNA protocol that omitted initial
DNA denaturation, we showed that ssDNA fragments are also present in plasma and enriched in the size range 30–70 bp
(Supplemental Fig. S7A,B). This experiment further indicated
that ctDNA levels of these ssDNA molecules were consistent with
those observed by the unaltered MB-ssDNA protocol that recovers
ssDNA, dsDNA, and damaged dsDNA.
The observations reported in this study raise several questions. First, the biological origins of US cfDNA fragments are unknown. Second, it is unclear what causes a relative decrease in
the abundance of US fragments in cancer patients as compared
to healthy individuals. The US cfDNA could be more representative of open chromatin regions in hematopoietic cells, as characterized by ATAC-seq (Buenrostro et al. 2015; Sun et al. 2018) and
as indicated by our findings (Supplemental Fig. S11). In healthy individuals, US fragments originating from such regions might be
abundantly released into the circulation, because the majority of
cfDNA is of hematopoietic origin (Lui et al. 2002; Moss et al.
2018). In cancer patients, the relative decrease in the 50-bp peak
(Fig. 1F,G) might be related to a “dilution” by an excess of short
fragments (100–150 bp) released from non-hematopoietic cells
(Supplemental Fig. S11B–D), previously shown to be increased in
patients with higher ctDNA levels (Jiang et al. 2015; Mouliere

Downloaded from genome.cshlp.org on March 1, 2022 - Published by Cold Spring Harbor Laboratory Press

Diagnostic potential of ultrashort cell-free DNA
et al. 2018). The analysis of US cfDNA fragments, and the link to a
particular cell lineage, could benefit from technological progress in
determination of the cellular origin of plasma cfDNA (Cheng et al.
2019; Ulz et al. 2019).
To shed light on the biology of the US cfDNA, we explored
and mapped their genomic and transcriptomic footprints. Here,
we found that the number of US fragments overlapping with
unique TSS in MB-ssDNA libraries was significantly higher in
healthy individuals compared to cancer patients (Fig. 3C). Of
note, we observed varying densities of US cfDNA coverage at specific positions upstream of TSS (−40, −160, and −250 bp) (Fig.
3F; Supplemental Fig. S9A,B). Despite uncertainty surrounding
what physical associations these peaks might represent, we found
that relative coverage at these positions varied significantly between healthy individuals and cancer patients, highlighting diagnostic potential for cancer detection (Fig. 3G; Supplemental Fig.
S9C–E).
Prompted by a greater variability in GC content among US
fragments as compared to longer fragments (Supplemental Fig.
S12B), we explored the possible association of cfDNA with guanine-rich secondary structures, G4s (Fig. 4A). In the nucleus, G4
formation can occur in double-stranded G-rich regions when
DNA becomes transiently single-stranded, during transcription
and replication, and at single-stranded telomeric G-rich overhangs
(Rhodes and Lipps 2015; Varshney et al. 2020). Endogenous G4
DNA mapping has recently been used to report on underlying cancer subtypes and vulnerabilities to G4-targeted treatments (HänselHertsch et al. 2020). However, the presence of G4s, or other DNA
secondary structure, has not been studied in plasma. Here, we
found that cfDNA fragments contain G4 sequences that may
have adopted G4 structure in their cell of origin using a computational approach following these considerations: first, we focused
on accessible chromatin regions in which G4 sequences can adopt
G4 secondary structures (Hänsel-Hertsch et al. 2016). Second, we
considered only accessible chromatin in promoter regions known
to be highly enriched for endogenous G4 structure formation
(Hänsel-Hertsch et al. 2016, 2020). Third, we focused on accessible
chromatin regions from hematopoietic cells, considered the dominant source of cfDNA in healthy individuals and cancer patients
(Lui et al. 2002; Moss et al. 2018). Our findings, based on accessible
chromatin regions mapped in blood cells by DNase-seq (Oki et al.
2018), open up the possibility that G4s may not only form in cancer genomes but also in blood-related genomes. Furthermore, by
considering various G4 regions that we and others have previously
annotated by chromatin immunoprecipitation and sequencing
(Hänsel-Hertsch et al. 2018, 2020; Spiegel et al. 2021; Zhang
et al. 2021), our data highlights that some proportion of US cfDNA
may indeed result from G4 secondary structures.
Reflecting our findings in DNA fragmentation and TSS features, we found that GC content and cfDNA enrichment in accessible chromatin containing G4 DNA sequences were significantly
decreased in plasma from cancer patients as compared to healthy
individuals. Previous studies indicated increased G4 formation in
skin, stomach, liver, and breast cancer cells and tissue, as compared
to healthy tissues from the same organs (Biffi et al. 2014). Contrary
to these, our findings showed the opposite trend (i.e., decreased
G4-cfDNA enrichment in cancer). The US cfDNA fragments could
be digested to a greater extent in the plasma of cancer patients, as a
result of the action of enzymes in different disease states (Keyel
2017), and differences in chromatin organization in different tissue types (Snyder et al. 2016; Moss et al. 2018; Sun et al. 2019) governing the accessibility of cfDNA to plasma enzymes. Owing to the

nature of G4, these structures may be more resistant to nucleases
known to play a role in cleaving cfDNA in healthy individuals
(e.g., DNASE1, DFFB, and DNASE1L3) (Han et al. 2020). In cancer
patients, it is possible that the presence or altered activity of these
nucleases, and/or the action of additional nucleases, could explain
the lower representation of G4 sequences in plasma cfDNA.
Although progress has been made in the exploration of cfDNA
biology (Serpas et al. 2019; Han et al. 2020), the spectrum of enzymes and mechanisms contributing to the fragmentation of
cfDNA still needs to be established in its entirety. Overall, the observation that US cfDNA fragments in healthy individuals are significantly more enriched in G4 sequences relative to cancer
patients suggests the potential to infer G4 content in plasma
cfDNA for cancer diagnosis. Future strategies may selectively target
US G4 cfDNA to enrich for cfDNA fragments informing on the regulatory processes at play in situ. Of note, exploration of secondary
structures of cfDNA at larger fragment sizes is warranted.
Our results obtained from sequencing plasma cfDNA, extracted by high-affinity magnetic beads undergoing ssDNA library
preparation protocol (MB-ssDNA), redraw the landscape of
cfDNA fragmentation by unveiling and characterizing a population of US fragments with lengths ∼50 bp. Although these findings
were based on a limited number of samples (n = 49), we showed
their robustness (Supplemental Figs. S2A,B, S8C) and confirmed
that the absence of these molecules carries cancer-specific information. We envision that, as shown in dsDNA-based approaches
(Mouliere et al. 2018; Cristiano et al. 2019), this new cfDNA feature
could be leveraged to further improve our ability to identify samples from individuals with cancer. By improving the recovery of
US cfDNA fragments enriched in TSS and accessible chromatin,
the MB-ssDNA approach could facilitate studies using transcription factor-bound cfDNA for applications such as forecasting cancer progression and tissue of origin prediction (Snyder et al. 2016;
Ulz et al. 2016). Finally, by unveiling the presence of sequences
with the potential to form G4s in plasma, our work highlights
for the first time that more complex DNA secondary structures
can be explored by cfDNA analysis, and their depletion in the plasma of cancer patients can potentially be used as a diagnostic marker for cancer research.

Methods
Patient recruitment
Cancer patients were recruited prospectively to the CALIBRATE
study at Addenbrooke’s Hospital, Cambridge, United Kingdom,
approved by the local research ethics committee (REC reference
numbers 14/SC/1170). A cohort of healthy individuals from the
Cambridge Blood and Stem Cell Biobank, Department of
Haematology, University of Cambridge and from BioIVT (https
://bioivt.com) was included. Informed consent was obtained
from all donors. The study was conducted in adherence to the
principles outlined in the World Medical Association Declaration
of Helsinki Research Involving Human Subjects.

Blood processing and DNA extraction
Blood samples were collected into EDTA-containing tubes and processed by a double-centrifugation protocol (1600g for 10 min;
14,000 rpm for 10 min). DNA was extracted using either the
QIAamp Circulating Nucleic Acid Kit (QIAGEN; silica columnbased, SC protocol) or QIAsymphony DSP Circulating Nucleic
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Acid Kit (QIAGEN; a version using high-affinity magnetic beads,
MB protocol).

DNA library preparation and sWGS
Indexed sequencing libraries were prepared using the ThruPLEX
Plasma-Seq Kit (Takara Bio; dsDNA protocol) and DNA SMART
ChIP-seq Kit using template-switching chemistry (Takara Bio;
ssDNA protocol). A subset of DNA libraries was prepared according
to an adapted ssDNA-based protocol using ligation of biotinylated
adapters (Gansauge and Meyer 2013; Burnham et al. 2016).
Libraries were pooled and sequenced generating paired-end reads
(2 × 50 bp, 2 × 75 bp, or 2 × 150 bp). Sequencing data was analyzed
using an in-house pipeline, including a step for quantifying fragment size distributions (Supplemental Methods). t-MAD was determined as described previously (Mouliere et al. 2018), with a
segmentation step summarized by median value. If applicable,
BAM files were down-sampled to 5 million reads (or 1.25 million
and 0.5 million using 500-kb genomic segments) for comparison
between groups. A t-MAD threshold of 0.019 was set, defined using
a cohort of plasma samples from healthy individuals using 5 million reads (Mouliere et al. 2018), and a threshold of 0.0416
was used for data down-sampled to 1.25 and 0.5 million sequencing reads. R code for t-MAD analysis is available at GitHub
(https://github.com/sdchandra/tMAD) (R Core Team 2018).
Significant differences in t-MAD and in the proportion of cfDNA
fragments at specific size were calculated by Wilcoxon rank-sum
test (Wilcoxon signed-rank test used for paired samples).
Kolmogorov–Smirnov test was used to compare the empirical cumulative distribution function (ECDF) of fragment size
distributions.

Sequence coverage analysis at TSS
TSS that characterize and map locations of functional elements
were gathered from Ensembl (http://ftp.ensembl.org/pub/release75/gtf/homo_sapiens/Homo_sapiens.GRCh37.75.gtf.gz). For coverage calculations we considered TSS from all isoforms of all protein coding genes (90,273 TSS), taking into account which
strand the TSS was located on (Supplemental Table S2). ssDNA
and dsDNA sWGS BAM files were down-sampled to the same number of sequencing reads. Coverage was calculated and normalized
by mean depth in regions ±1 kbp of TSS. The Wilcoxon ranksum test was used to determine whether there were significant differences in fragment numbers at specific size ranges overlapping
with TSS, and in the relative proportion of fragments at positions
40/160/250 bp upstream of TSS. We also performed an analysis of
relative coverage at TSS associated with accessible chromatin regions of different hematopoietic cells (erythrocyte progenitors
and lymphocytes) or at TSS associated with accessible pan-cancer
chromatin regions. The selection of these regions is described below. For TSS associated with accessible pan-cancer chromatin regions, we considered the top 5000 ATAC-seq peaks by its
enrichment score (the normalized peak score of the given peak,
i.e., score-per-million) (see Corces et al. 2018, Methods therein),
derived from 410 tumor samples spanning 23 cancer types from
The Cancer Genome Atlas (https://gdc.cancer.gov/about-data/
publications/ATACseq-AWG). In total we identified 2982, 7453,
and 16,235 TSS for erythrocyte progenitors, lymphocytes, and
pan-cancer accessible chromatin regions, respectively. Each TSS
group was normalized by the number of regions (2982 randomly
selected genomic regions covering 879 genes). Furthermore, each
control/patient category was normalized by the number of sequence reads (5,196,953). Code used for analysis of relative coverage at TSS is available in Supplemental Code 1.
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Enrichment analysis of TSS containing cancer or hematopoietic
cell-related accessible chromatin regions
Accessible chromatin regions were retrieved from ChIP-ATLAS
(https://chip-atlas.org) using the following parameters: Antigen
Class: DNase-seq; Cell type Class: Blood; Threshold for
Significance: 500; Antigen: All; Cell type: Erythrocyte progenitors,
Erythroid Cells, Lymphocytes, and Monocytes (Supplemental
Table S3). We grouped erythrocyte progenitors and Erythroid
Cells into “erythrocyte progenitors.” DNase-seq peaks of each experiment (SRX∗ ) within either the erythrocyte progenitors or lymphocytes categories were sorted (sortBed), merged (mergeBed), and
filtered for unique peaks that only appear in the respective categories (intersectBed). TSS for lymphocyte and erythrocyte progenitors
were selected from overlaps with their specific unique accessible
chromatin peaks (intersectBed). After filtering, monocyte-related
TSS were excluded owing to small numbers. To reveal TSS containing pan-cancer accessible chromatin, a genomic coordinate pancancer ATAC-seq file was retrieved from https://gdc.cancer.gov/
about-data/publications/ATACseq-AWG, sorted (sortBed), lifted to
hg19 (https://genome.ucsc.edu/cgi-bin/hgLiftOver), sorted, and
TSS (intersectBed) captured to reveal cancer-specific TSS. To compare pan-cancer-related TSS with blood-related TSS, we selected
the top 5000 enriched ATAC-seq peaks by their enrichment score
(the normalized peak score of the given peak, i.e., score-per-million) (see Corces et al. 2018, Methods therein). BEDTools shuffle
was used to generate, respectively, 10 random distributions of
the three TSS categories (pan-cancer, lymphocytes, erythrocyte
progenitors). The plotEnrichment function of deepTools (Ramírez
et al. 2016) was used to measure the coverage of individual BAM
files in 11 BED files per condition (1 BED file + 10 randomized
BED files). For each BAM file, enrichments in the three TSS categories were calculated using the average ratio of the real coverage divided by 10 different coverage values in the permuted TSS data
sets. Code used for fold enrichment analysis of TSS is available in
Supplemental Code 2.

Enrichment analysis of chromatin accessibility in transcription
start sites and its relationship to G4s
Accessible chromatin regions were retrieved from ChIP-ATLAS
(https://chip-atlas.org) using the same parameters as above but selecting all cells (Cell Type: All). A hg19 TSS file was generated as
previously described (Hänsel-Hertsch et al. 2016). A maximum
loop length of 7 nt, four G-repeats, and a minimum of three Gs
per G-repeat were considered to predict PQS in the hg19 genome.
The fastaRegexFinder tool (Python) was used with the following parameters to predict PQS: “‐‐quiet -r ‘([gG]{3,}\w{1,7}){3,}[gG]{3,}’”.
The four available OQS files were retrieved (Chambers et al. 2015)
and unified to a single OQS file using cat and the BEDTools functions mergeBed and sortBed (Quinlan and Hall 2010). BEDTools intersect was used to retrieve approximately 300,000 PQS that overlap
with OQS, (PQS/OQS). BEDTools intersect was used to retrieve accessible chromatin regions in TSS that are either positive or negative for PQS/OQS. BEDTtools shuffle was used to generate 10
random distributions of accessible chromatin regions in TSS that
are either positive or negative for PQS/OQS regions across the
hg19 genome. The same enrichment software was used as described above. For each BAM file, enrichments in accessible chromatin regions in TSS that contain or lack PQS/OQS were
calculated using the average ratio of the real coverage divided by
10 different coverages in the permuted accessible chromatin regions in TSS that contain or lack PQS/OQS. Code used for G4
cfDNA fold enrichment analysis is available in Supplemental
Code 2.
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Data access
The sequencing data generated in this study have been submitted
to the European Genome-Phenome Archive repository (EGA; https
://ega-archive.org), under accession number EGAS000010 05093.
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Schmidt A, Meyer M. 2017. Single-stranded DNA library preparation
from highly degraded DNA using T4 DNA ligase. Nucleic Acids Res 45:
e79. doi:10.1093/nar/gkx033
Han DSC, Ni M, Chan RWY, Chan VWH, Lui KO, Chiu RWK, Lo YMD.
2020. The biology of cell-free DNA fragmentation and the roles of
DNASE1, DNASE1L3, and DFFB. Am J Hum Genet 106: 202–214.
doi:10.1016/j.ajhg.2020.01.008
Hänsel-Hertsch R, Beraldi D, Lensing SV, Marsico G, Zyner K, Parry A, Di
Antonio M, Pike J, Kimura H, Narita M, et al. 2016. G-quadruplex structures mark human regulatory chromatin. Nat Genet 48: 1267–1272.
doi:10.1038/ng.3662
Hänsel-Hertsch R, Di Antonio M, Balasubramanian S. 2017. DNA G-quadruplexes in the human genome: detection, functions and therapeutic potential. Nat Rev Mol Cell Biol 18: 279–284. doi:10.1038/nrm.2017.3
Hänsel-Hertsch R, Spiegel J, Marsico G, Tannahill D, Balasubramanian S.
2018. Genome-wide mapping of endogenous G-quadruplex DNA structures by chromatin immunoprecipitation and high-throughput sequencing. Nat Protoc 13: 551–564. doi:10.1038/nprot.2017.150
Hänsel-Hertsch R, Simeone A, Shea A, Hui WWI, Zyner KG, Marsico G,
Rueda OM, Bruna A, Martin A, Zhang X, et al. 2020. Landscape of Gquadruplex DNA structural regions in breast cancer. Nat Genet 52:
878–883. doi:10.1038/s41588-020-0672-8
Hazel P, Huppert J, Balasubramanian S, Neidle S. 2004. Loop-length-dependent folding of G-quadruplexes. J Am Chem Soc 126: 16405–16415.
doi:10.1021/ja045154j
Heitzer E, Auinger L, Speicher MR. 2020. Cell-free DNA and apoptosis: how
dead cells inform about the living. Trends Mol Med 26: 519–528. doi:10
.1016/j.molmed.2020.01.012
Hisano O, Ito T, Miura F. 2021. Short single-stranded DNAs with putative
non-canonical structures comprise a new class of plasma cell-free
DNA. BMC Biol 19: 225. doi:10.1186/s12915-021-01160-8

Genome Research
www.genome.org

11

Downloaded from genome.cshlp.org on March 1, 2022 - Published by Cold Spring Harbor Laboratory Press

Hudecova et al.
Ivanov M, Baranova A, Butler T, Spellman P, Mileyko V. 2015. Non-random
fragmentation patterns in circulating cell-free DNA reflect epigenetic
regulation. BMC Genomics 16: S1. doi:10.1186/1471-2164-16-S13-S1
Jain M, Koren S, Miga KH, Quick J, Rand AC, Sasani TA, Tyson JR, Beggs AD,
Dilthey AT, Fiddes IT, et al. 2018. Nanopore sequencing and assembly of
a human genome with ultra-long reads. Nat Biotechnol 36: 338–345.
doi:10.1038/nbt.4060
Jiang P, Lo YMD. 2016. The long and short of circulating cell-free DNA and
the ins and outs of molecular diagnostics. Trends Genet 32: 360–371.
doi:10.1016/j.tig.2016.03.009
Jiang P, Chan CWM, Chan KCA, Cheng SH, Wong J, Wong VWS, Wong
GLH, Chan SL, Mok TSK, Chan HLY, et al. 2015. Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients. Proc Natl
Acad Sci 112: E1317–E1325. doi:10.1073/pnas.1500076112
Jiang P, Sun K, Peng W, Cheng SH, Ni M, Yeung PC, Heung MMS, Xie T,
Shang H, Zhou Z, et al. 2020. Plasma DNA end-motif profiling as a fragmentomic marker in cancer, pregnancy and transplantation. Cancer
Discov 10: 664–673. doi:10.1158/2159-8290.CD-19-0622
Jorgez CJ, Dang DD, Simpson JL, Lewis DE, Bischoff FZ. 2006. Quantity versus quality: optimal methods for cell-free DNA isolation from plasma of
pregnant women. Genet Med 8: 615–619. doi:10.109701.gim
.0000241904.32039.6f
Keyel PA. 2017. Dnases in health and disease. Dev Biol 429: 1–11. doi:10
.1016/j.ydbio.2017.06.028
Kloten V, Rüchel N, Brüchle NO, Gasthaus J, Freudenmacher N, Steib F,
Mijnes J, Eschenbruch J, Binnebösel M, Knüchel R, et al. 2017. Liquid
biopsy in colon cancer: comparison of different circulating DNA extraction systems following absolute quantification of KRAS mutations using
Intplex allele-specific PCR. Oncotarget 8: 86253–86263. doi:10.18632/
oncotarget.21134
Kumar P, Dillon LW, Shibata Y, Jazaeri AA, Jones DR, Dutta A. 2017. Normal
and cancerous tissues release extrachromosomal circular DNA (eccDNA)
into the circulation. Mol Cancer Res 15: 1197–1205. doi:10.1158/15417786.MCR-17-0095
Lampignano R, Neumann MHD, Weber S, Kloten V, Herdean A, Voss T,
Groelz D, Babayan A, Tibbesma M, Schlumpberger M, et al. 2020.
Multicenter evaluation of circulating cell-free DNA extraction and
downstream analyses for the development of standardized (pre)analytical work flows. Clin Chem 66: 149–160. doi:10.1373/clinchem.2019
.306837
Liu X, Liu L, Ji Y, Li C, Wei T, Yang X, Zhang Y, Cai X, Gao Y, Xu W, et al.
2019. Enrichment of short mutant cell-free DNA fragments enhanced
detection of pancreatic cancer. EBioMedicine 41: 345–356. doi:10
.1016/j.ebiom.2019.02.010
Lo YMD, Chan KCA, Sun H, Chen EZ, Jiang P, Lun FMF, Zheng YW, Leung
TY, Lau TK, Cantor CR, et al. 2010. Maternal plasma DNA sequencing
reveals the genome-wide genetic and mutational profile of the fetus.
Sci Transl Med 2: 61ra91. doi:10.1126/scitranslmed.3001720
Lui YYN, Chik KW, Chiu RWK, Ho CY, Lam CWK, Lo YMD. 2002.
Predominant hematopoietic origin of cell-free DNA in plasma and serum after sex-mismatched bone marrow transplantation. Clin Chem
48: 421–427. doi:10.1093/clinchem/48.3.421
Markus H, Contente-Cuomo T, Farooq M, Liang WS, Borad MJ, Sivakumar S,
Gollins S, Tran NL, Dhruv HD, Berens ME, et al. 2018. Evaluation of preanalytical factors affecting plasma DNA analysis. Sci Rep 8: 7375. doi:10
.1038/s41598-018-25810-0
Meyer M, Kircher M, Gansauge MT, Li H, Racimo F, Mallick S, Schraiber JG,
Jay F, Prüfer K, de Filippo C, et al. 2012. A high-coverage genome sequence from an archaic Denisovan individual. Science 338: 222–226.
doi:10.1126/science.1224344
Moser T, Ulz P, Zhou Q, Perakis S, Geigl JB, Speicher MR, Heitzer E. 2017.
Single-stranded DNA library preparation does not preferentially enrich
circulating tumor DNA. Clin Chem 63: 1656–1659. doi:10.1373/clin
chem.2017.277988
Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N, Korach A, Samet Y,
Maoz M, Druid H, Arner P, et al. 2018. Comprehensive human cell-type
methylation atlas reveals origins of circulating cell-free DNA in health
and disease. Nat Commun 9: 5068. doi:10.1038/s41467-018-07466-6
Mouliere F, Robert B, Arnau Peyrotte E, Del Rio M, Ychou M, Molina F,
Gongora C, Thierry AR. 2011. High fragmentation characterizes tumour-derived circulating DNA. PLoS One 6: e23418. doi:10.1371/jour
nal.pone.0023418
Mouliere F, El Messaoudi S, Pang D, Dritschilo A, Thierry AR. 2014. Multimarker analysis of circulating cell-free DNA toward personalized medicine for colorectal cancer. Mol Oncol 8: 927–941. doi:10.1016/j
.molonc.2014.02.005
Mouliere F, Chandrananda D, Piskorz AM, Moore EK, Morris J, Ahlborn LB,
Mair R, Goranova T, Marass F, Heider K, et al. 2018. Enhanced detection
of circulating tumor DNA by fragment size analysis. Sci Transl Med 10:
eaat4921. doi:10.1126/scitranslmed.aat4921

12

Genome Research
www.genome.org

Oki S, Ohta T, Shioi G, Hatanaka H, Ogasawara O, Okuda Y, Kawaji H,
Nakaki R, Sese J, Meno C. 2018. ChIP-Atlas: a data-mining suite powered
by full integration of public ChIP-seq data. EMBO Rep 19: e46255. doi:10
.15252/embr.201846255
Pérez-Barrios C, Nieto-Alcolado I, Torrente M, Jiménez-Sánchez C, Calvo V,
Gutierrez-Sanz L, Palka M, Donoso-Navarro E, Provencio M, Romero A.
2016. Comparison of methods for circulating cell-free DNA isolation using blood from cancer patients: impact on biomarker testing. Transl
Lung Cancer Res 5: 665–672. doi:10.21037/tlcr.2016.12.03
Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26: 841–842. doi:10.1093/bioinfor
matics/btq033
Ramírez F, Ryan DP, Grüning B, Bhardwaj V, Kilpert F, Richter AS, Heyne S,
Dündar F, Manke T. 2016. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res 44: W160–W165.
doi:10.1093/nar/gkw257
R Core Team. 2018. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna. https://www.R-project
.org/.
Rhodes D, Lipps HJ. 2015. G-quadruplexes and their regulatory roles in biology. Nucleic Acids Res 43: 8627–8637. doi:10.1093/nar/gkv862
Rikkert LG, van der Pol E, van Leeuwen TG, Nieuwland R, Coumans FAW.
2018. Centrifugation affects the purity of liquid biopsy-based tumor
biomarkers. Cytometry A 93: 1207–1212. doi:10.1002/cyto.a.23641
Sanchez C, Snyder MW, Tanos R, Shendure J, Thierry AR. 2018. New insights into structural features and optimal detection of circulating tumor DNA determined by single-strand DNA analysis. NPJ Genom Med
3: 31. doi:10.1038/s41525-018-0069-0
Serpas L, Chan RWY, Jiang P, Ni M, Sun K, Rashidfarrokhi A, Soni C, Sisirak
V, Lee WS, Cheng SH, et al. 2019. Dnase1l3 deletion causes aberrations
in length and end-motif frequencies in plasma DNA. Proc Natl Acad Sci
116: 641–649. doi:10.1073/pnas.1815031116
Sin STK, Jiang P, Deng J, Ji L, Cheng SH, Dutta A, Leung TY, Chan KCA, Chiu
RWK, Lo YMD. 2020. Identification and characterization of extrachromosomal circular DNA in maternal plasma. Proc Natl Acad Sci 117:
1658–1665. doi:10.1073/pnas.1914949117
Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. 2016. Cell-free DNA
comprises an in vivo nucleosome footprint that informs its tissues-oforigin. Cell 164: 57–68. doi:10.1016/j.cell.2015.11.050
Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo C,
Pauwels P. 2017. A comparison of cell-free DNA isolation kits: isolation
and quantification of cell-free DNA in plasma. J Mol Diagn 19: 162–168.
doi:10.1016/j.jmoldx.2016.09.009
Spiegel J, Cuesta SM, Adhikari S, Hänsel-Hertsch R, Tannahill D,
Balasubramanian S. 2021. G-quadruplexes are transcription factor binding hubs in human chromatin. Genome Biol 22: 117. doi:10.1186/
s13059-021-02324-z
Stroun M, Maurice P, Vasioukhin V, Lyautey J, Lederrey C, Lefort F, Rossier
A, Chen XQ, Anker P. 2000. The origin and mechanism of circulating
DNA. Ann N Y Acad Sci 906: 161–168. doi:10.1111/j.1749-6632.2000
.tb06608.x
Sun K, Jiang P, Wong AIC, Cheng YKY, Cheng SH, Zhang H, Chan KCA,
Leung TY, Chiu RWK, Lo YMD. 2018. Size-tagged preferred ends in maternal plasma DNA shed light on the production mechanism and show
utility in noninvasive prenatal testing. Proc Natl Acad Sci 115: E5106–
E5114. doi:10.1073/pnas.1804134115
Sun K, Jiang P, Cheng SH, Cheng THT, Wong J, Wong VWS, Ng SSM, Ma
BBY, Leung TY, Chan SL, et al. 2019. Orientation-aware plasma cellfree DNA fragmentation analysis in open chromatin regions informs tissue of origin. Genome Res 29: 418–427. doi:10.1101/gr.242719.118
Tan G, Opitz L, Schlapbach R, Rehrauer H. 2019. Long fragments achieve
lower base quality in Illumina paired-end sequencing. Sci Rep 9: 2856.
doi:10.1038/s41598-019-39076-7
Thierry AR, El Messaoudi S, Gahan PB, Anker P, Stroun M. 2016. Origins,
structures, and functions of circulating DNA in oncology. Cancer
Metastasis Rev 35: 347–376. doi:10.1007/s10555-016-9629-x
Ulz P, Thallinger GG, Auer M, Graf R, Kashofer K, Jahn SW, Abete L, Pristauz
G, Petru E, Geigl JB, et al. 2016. Inferring expressed genes by whole-genome sequencing of plasma DNA. Nat Genet 48: 1273–1278. doi:10
.1038/ng.3648
Ulz P, Perakis S, Zhou Q, Moser T, Belic J, Lazzeri I, Wölfler A, Zebisch A,
Gerger A, Pristauz G, et al. 2019. Inference of transcription factor binding from cell-free DNA enables tumor subtype prediction and early
detection. Nat Commun 10: 4666. doi:10.1038/s41467-019-12714-4
Underhill HR, Kitzman JO, Hellwig S, Welker NC, Daza R, Baker DN,
Gligorich KM, Rostomily RC, Bronner MP, Shendure J. 2016.
Fragment length of circulating tumor DNA. PLoS Genet 12: e1006162.
doi:10.1371/journal.pgen.1006162
van der Pol Y, Mouliere F. 2019. Toward the early detection of cancer by decoding the epigenetic and environmental fingerprints of cell-free DNA.
Cancer Cell 36: 350–368. doi:10.1016/j.ccell.2019.09.003

Downloaded from genome.cshlp.org on March 1, 2022 - Published by Cold Spring Harbor Laboratory Press

Diagnostic potential of ultrashort cell-free DNA
Vardi O, Shamir I, Javasky E, Goren A, Simon I. 2017. Biases in the SMARTDNA library preparation method associated with genomic poly dA/dT
sequences. PLoS One 12: e0172769. doi:10.1371/journal.pone.0172769
Varshney D, Spiegel J, Zyner K, Tannahill D, Balasubramanian S. 2020. The
regulation and functions of DNA and RNA G-quadruplexes. Nat Rev Mol
Cell Biol 21: 459–474. doi:10.1038/s41580-020-0236-x
Vong JSL, Tsang JCH, Jiang P, Lee WS, Leung TY, Allen Chan KC, Chiu RWK,
Lo YMD. 2017. Single-stranded DNA library preparation preferentially
enriches short maternal DNA in maternal plasma. Clin Chem 63:
1031–1037. doi:10.1373/clinchem.2016.268656
Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F, Brenton JD, Caldas C,
Pacey S, Baird R, Rosenfeld N. 2017. Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat Rev Cancer 17:
223–238. doi:10.1038/nrc.2017.7
Wong FCK, Sun K, Jiang P, Cheng YKY, Chan KCA, Leung TY, Chiu RWK, Lo
YMD. 2016. Cell-free DNA in maternal plasma and serum: a comparison
of quantity, quality and tissue origin using genomic and epigenomic ap-

proaches. Clin Biochem 49: 1379–1386. doi:10.1016/j.clinbiochem
.2016.09.009
Zhang X, Spiegel J, Martínez Cuesta S, Adhikari S, Balasubramanian S. 2021.
Chemical profiling of DNA G-quadruplex-interacting proteins in live
cells. Nat Chem 13: 626–633. doi:10.1038/s41557-021-00736-9
Zhu J, Zhang F, Du M, Zhang P, Fu S, Wang L. 2017. Molecular characterization of cell-free eccDNAs in human plasma. Sci Rep 7: 10968. doi:10
.1038/s41598-017-11368-w
Zhu J, Huang J, Zhang P, Li Q, Kohli M, Huang CC, Wang L. 2020.
Advantages of single-stranded DNA over double-stranded DNA library
preparation for capturing cell-free tumor DNA in plasma. Mol Diagn
Ther 24: 95–101. doi:10.1007/s40291-019-00429-7

Received May 3, 2021; accepted in revised form December 16, 2021.

Genome Research
www.genome.org

13

Downloaded from genome.cshlp.org on March 1, 2022 - Published by Cold Spring Harbor Laboratory Press

Characteristics, origin, and potential for cancer diagnostics of
ultrashort plasma cell-free DNA
Irena Hudecova, Christopher G. Smith, Robert Hänsel-Hertsch, et al.
Genome Res. published online December 20, 2021
Access the most recent version at doi:10.1101/gr.275691.121

Supplemental
Material
P<P
Open Access
Creative
Commons
License
Email Alerting
Service

http://genome.cshlp.org/content/suppl/2022/01/17/gr.275691.121.DC1

Published online December 20, 2021 in advance of the print journal.
Freely available online through the Genome Research Open Access option.
This article, published in Genome Research, is available under a Creative
Commons License (Attribution-NonCommercial 4.0 International), as described at
http://creativecommons.org/licenses/by-nc/4.0/.
Receive free email alerts when new articles cite this article - sign up in the box at the
top right corner of the article or click here.

To subscribe to Genome Research go to:

https://genome.cshlp.org/subscriptions

© 2022 Hudecova et al.; Published by Cold Spring Harbor Laboratory Press

