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1 Abstract

The development of minimally-invasive diagnostic tools is crucial for improving outcomes
and managing complex diseases such as cancer or sepsis. Cell-free DNA (cfDNA), frag-
ments of DNA circulating in body fluids, holds promise as a basis for such diagnostic tools.
While previous research has focused on nucleosomal cfDNA fragments, emerging evi-
dence suggests that shorter double-stranded cfDNA (short cfDNA) fragments, between
20 and 60 base pairs in length, may offer unique insights due to their origin from interac-
tions with non-histone DNA binding proteins, including transcription factors, which are
key regulators of gene transcription and human physiology. Consequently, short cfDNA
may provide a comprehensive view of the body’s response mechanisms to physiological
alterations, from which diagnostic potential can be derived. However, this potential has
remained underexplored. This thesis aims to develop a technology for identifying novel
biomarkers based on short cfDNA fragments and to establish a tailored bioinformatic ap-
proach for their corresponding analysis.

Chapter 4 presents a method for enriching short cfDNA from blood plasma. This method,
combined with a custom bioinformatic pipeline, enables high-throughput sequencing and
quantification of such cfDNA fragments. The study demonstrates the accumulation of
these fragments at regulatory genomic elements, confirms their origin from transcription
factor binding events, and characterizes the relationship to chromatin status and gene
transcription. This method facilitates an untargeted identification of transcription fac-
tors potentially implicated in clinical conditions with the discovery of putative biomarkers.
Analyses of a pilot cohort demonstrated the ability to distinguish between patient samples
from two different gastrointestinal carcinoma types and between septic and non-septic
patients as well as healthy individuals. Chapter 5 further explores the clinical potential of
short cfDNA fragments for sepsis diagnostics. Sepsis, a severe disease characterized by
a dysregulated host response to an infection, presents significant diagnostic challenges.
The analysis of short cfDNA fragments provided insights into the host response and func-
tionality of organ systems, as well as superior discrimination of bacterial or viral sepsis
and early prediction of mortality risk compared to established metrics.

In conclusion, this thesis presents an approach for identifying and analyzing short cfDNA
as a new biomarker class for different clinical indications. The findings underscore the
potential of these short cfDNA fragments to improve diagnostics of complex diseases, of-
fering a new approach for more accurate and minimally invasive clinical diagnostic tools.
This work lays the foundation for developing targeted analysis approaches of the identi-
fied biomarkers and, thereby, the clinical application in precision medicine.
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2 Zusammenfassung

Die Entwicklung minimal-invasiver Diagnoseverfahren ist entscheidend für die Verbesserung
der Überlebenschancen und Behandlung komplexer Krankheiten wie Krebs oder Sepsis.
Zellfreie DNA (cfDNA), d.h. DNA-Fragmente, die in Körperflüssigkeiten zirkulieren, sind
eine vielversprechende Grundlage für solche Diagnoseverfahren. Während sich die bish-
erige Forschung auf nukleosomale cfDNA-Fragmente konzentrierte, deuten neue Erken-
ntnisse darauf hin, dass kürzere doppelsträngige cfDNA-Fragmente (short cfDNA), die
zwischen 20 und 60 Basenpaaren lang sind, einzigartige Einblicke bieten können, da
sie aus Wechselwirkungen mit nicht-histonischen DNA-bindenden Proteinen stammen,
darunter Transkriptionsfaktoren, die wichtige Regulatoren der Gentranskription und der
menschlichen Physiologie sind. Folglich kann kurze cfDNA einen umfassenden Einblick
in die Reaktionsmechanismen des Körpers auf physiologische Veränderungen geben, woraus
sich wiederum ein diagnostisches Potenzial ableiten lässt. Dieses Potenzial ist bisher je-
doch noch nicht ausreichend erforscht worden. Ziel dieser Arbeit ist es, eine Technologie
zur Identifizierung neuartiger Biomarker auf der Grundlage kurzer cfDNA-Fragmente zu
entwickeln und eine darauf abgestimmte bioinformatische Analyse zu etablieren.

In Kapitel 4 wird eine Methode zur Anreicherung kurzer cfDNA aus Blutplasma vorgestellt.
Diese Methode, kombiniert mit einer speziellen bioinformatischen Pipeline, ermöglicht
die Hochdurchsatz-Sequenzierung und Quantifizierung solcher cfDNA-Fragmente. Die
Studie zeigt die Anhäufung dieser Fragmente an regulatorischen genomischen Elementen,
bestätigt ihren Ursprung aus Transkriptionsfaktor-Bindungsereignissen und charakter-
isiert die Beziehung zum Chromatinstatus und zur Gentranskription. Diese Methode er-
möglicht eine ungerichtete Identifizierung von Transkriptionsfaktoren, die bei Erkrankun-
gen eine Rolle spielen könnten, und eröffnet die Möglichkeit, neue Biomarker zu ent-
decken. Die Analysen einer Pilotkohorte haben gezeigt, dass es möglich ist zwischen Pa-
tientenproben von zwei verschiedenen gastrointestinalen Karzinomtypen und septischen
und nicht-septischen Patienten sowie gesunden Personen zu unterscheiden. In Kapitel
5 wird das klinische Potenzial von kurzen cfDNA-Fragmenten für die Sepsisdiagnostik
weiter untersucht. Sepsis, eine schwere Erkrankung, die durch eine dysregulierte Reak-
tion des Wirts auf eine Infektion gekennzeichnet ist, birgt erhebliche diagnostische Her-
ausforderungen. Die Analyse kurzer cfDNA-Fragmente ermöglichte Einblicke in die Wirt-
sreaktion und die Funktionalität von Organsystemen sowie eine genauere Unterschei-
dung von bakterieller oder viraler Sepsis und eine frühzeitige Vorhersage des Mortalität-
srisikos im Vergleich zu etablierten Metriken.

Zusammenfassend wird in dieser Arbeit ein Ansatz zur Identifizierung und Analyse
kurzer cfDNA als neue Biomarkerklasse für verschiedene klinische Indikationen vorgestellt.
Die Ergebnisse unterstreichen das Potenzial dieser kurzen cfDNA-Fragmente zur Verbesserung
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der Diagnostik komplexer Krankheiten und bieten einen neuen Ansatz für genauere und
minimalinvasive klinische Diagnoseverfahren. Diese Arbeit legt den Grundstein für die
Entwicklung gezielter Analyseansätze für die identifizierten Biomarker und damit für die
klinische Anwendung in der Präzisionsmedizin.
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3 Introduction

3.1 Chromatin and gene regulation

Deoxyribonucleic acid (DNA) serves as the molecular blueprint for the development, func-
tioning, growth, and reproduction of all known living organisms and many viruses. Its
central role in the storage and transmission of genetic information makes it the funda-
mental building block of life, and regulating its correct use is of utmost importance (Graw,
2015, p. 22).

DNA consists of a double helix formed by two complementary strands of nucleotides.
Each DNA nucleotide consists of a phosphate group, a deoxyribose sugar, and one of the
four nitrogenous bases: adenine (A), thymine (T), cytosine (C) and, guanine (G) (Graw,
2015, p. 23). The double helix structure is stabilized by hydrogen bonds between com-
plementary bases, with the bond of the base pair (bp) G-C being stronger than that of A-T
(Graw, 2015, p. 29). The helical structure of DNA creates two distinct grooves along the
exterior, the major and minor grooves, which are critical for the binding of proteins and
other molecules that regulate the function of DNA (Graw, 2015, p. 23). Due to its size and
the need to regulate physical access to genetic information, the DNA in the cell nucleus
is highly compacted with the help of proteins, forming chromatin. The fundamental unit
of chromatin is the nucleosome, which consists of a segment of DNA wrapped around an
octamer of histone proteins (Histone H2A, Histone H2B, Histone H3, and Histone H4)
(Graw, 2015, p. 216). Additional proteins such as histone H1 and DNA topoisomerase, as
well as modifications of the DNA or the histone proteins, can increase compaction, result-
ing in more condensed chromatin known as heterochromatin. The less condensed state
is referred to as euchromatin (Graw, 2015, 220–221, 231-232).

The genetic information stored in the DNA is transcribed into messenger RNA and then
into proteins by translation, a process called gene expression (Graw, 2015, p. 64). Gene
regulation involves the control of timing, location, and amount of gene expression, which
is essential for cellular differentiation, development, and response to environmental stim-
uli (Graw, 2015, p. 279). Chromatin structure is a key aspect of gene regulation. The or-
ganization of chromatin and nucleosome occupancy regulates gene accessibility and ex-
pression. Heterochromatin and high nucleosome occupancy is typically transcriptionally
inactive, while euchromatin and low nucleosome occupancy are associated with active
transcription (Figure 1 a (1, 2) and b) (Graw, 2015, pp. 286–287). Chromatin structure is
dynamic and can be altered through various mechanisms that either promote or inhibit
gene transcription. Chemical modifications of histone proteins, such as acetylation and
methylation, can either promote or inhibit gene transcription. Histone acetylation is typi-
cally associated with active transcription, while histone methylation can either activate or
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3.2 Genomics and Bioinformatics

repress transcription depending on the specific histone residue that is methylated. DNA
methylation is generally associated with inactive regulatory elements and gene repression,
while gene bodies of actively transcribed genes are methylated (Figure 1 – a (3) and b) (Is-
bel et al., 2022). Regulatory genome elements, i.e., cis-regulatory elements, such as pro-
moters or enhancers, influence the transcription of neighboring genes by providing spe-
cific DNA sequences (motifs) for the binding of the transcription machinery, e.g., the RNA
polymerase, and additional regulatory proteins, known as transcription factors (TF) (Fig-
ure 1 – a (4, 5) and b ). Transcription factors play a pivotal role in orchestrating the gene
regulatory network. They can function as activators, repressors, or, depending on the con-
text, switch between these roles. TFs usually contain one or more DNA-binding domains
(DBD) that enable the interaction with their respective DNA motif. These DNA-binding
domains are also used to classify TFs into groups (Wingender et al., 2018). Common
types of DNA-binding domains include C2H2-zinc finger, Homeodomain, basic helix-
loop-helix, basic leucine zipper, and nuclear hormone receptor (Lambert et al., 2018).
In addition to the DBD, transcription factors often possess effector domains that medi-
ate their regulatory function to the target, such as the recruitment of the transcriptional
machinery, such as RNA polymerase II and its co-regulators. Transcription factors that
are part of the transcription machinery, like general transcription factor IIA (GTF2A) or
GTF2B, are often referred to as ‘general’ TFs. ‘Specific’ transcription factors regulate a de-
fined set of genes as a response to a signal, like steroid hormone receptors or nuclear factor
kappa B (NF-κB) (Eun, 1996). Pioneer factors, like forkhead box A1 (FOXA1) or SRY-box
transcription factor 2 (SOX2), are a special class of transcription factors that can bind to
compacted chromatin and initiate its opening, thereby making it accessible (Barral and
Zaret, 2024). TFs, like CCCTC-binding factor (CTCF) or SATB homeobox 1 (SATB1), are
also involved in the organization of the genome into higher-order structures. They play a
critical role in the formation of chromatin loops and insulator functions, influencing gene
expression by shaping the three-dimensional architecture of the genome (Holwerda and
de Laat, 2013). Transcription factors are crucial for various biological processes, includ-
ing cell growth, differentiation, response to external stimuli, and underlie many different
aspects of human physiology or disease (Lambert et al., 2018). Altered TF regulation can
be used as a response to a disease or be the source of it, as dysregulation of transcription
factor activity can lead to numerous diseases, including cancer, autoimmune disorders,
and developmental abnormalities. For instance, the gene of transcription factor p53 is
the single most frequently mutated gene in human cancer (Vaddavalli and Schumacher,
2022). These diverse and critical functions of TFs highlight the valuable insight about the
physiological state of an individual that can be gained from them.

3.2 Genomics and Bioinformatics

All the factors of gene regulation and chromatin described, along with those not covered,
such as the crucial non-coding RNAs, constitute a highly complex gene regulatory net-
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Figure 1: a) Schematic representation of the mechanisms that regulate gene expression at the chromatin
level. The higher-order chromatin environment (hetero- or euchromatin state; 1) and the local degree of
nucleosome occupancy (2) determine whether the chromatin is in a compacted (closed chromatin) or an
accessible state (open chromatin). Epigenetic modifications (3), such as the addition or removal of chem-
ical groups (e.g., acetylation, methylation) on histones or DNA, play a crucial role in modulating the chro-
matin structure. These modifications can either promote a relaxed chromatin state that favors transcription
or maintain a tightly packed, transcriptionally inactive state. In regions of open chromatin, transcription
factors (4) bind to specific DNA sequences and interact with cis-regulatory elements (5), such as promot-
ers and enhancers, to recruit and position RNA polymerases at the start of a gene. RNA polymerases will
then transcribe the DNA into RNA to produce proteins, the functional units, after translation and subse-
quent processing. b) Chromatin features at active regulatory elements. Gene activation is accompanied by
TF binding and clear nucleosome organization, with strong positioning near the transcription start site (TSS)
and nucleosome-free region (NFR) and around high-affinity TF binding sites. The assay for transposase-
accessible chromatin (ATAC) and DNase detect open chromatin and are located at NFRs, i.e., at the pro-
moter and at bound regulatory regions. Activation is accompanied by a loss of DNA methylation at upstream
regulatory elements of the promoter and an increase in active chromatin marks such as monomethylated,
dimethylated, and trimethylated histone H3-lysine 4 (H3K4) or acetylated histone H3-lysine 27 (H3K27ac)
besides these elements. Adapted from Isbel et al. (2022) and created in BioRender by Müller, J. [2025,
https://BioRender.com/t85e075, https://BioRender.com/w45a104 ].
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3.2 Genomics and Bioinformatics

work. In this network, numerous components influence each other and thus enable the
finely tuned biological functions that are necessary for life but also create an exceptionally
complex system. Studying this system has gained a lot of momentum since the develop-
ment of high-throughput, next-generation sequencing (NGS) of DNA and RNA (Bentley
et al., 2008). Today, these technologies enable multiplexed sequencing and, thereby, the
quantification of billions of DNA fragments, consisting of up to 2-3 trillion nucleotides,
in a single experiment with continuously reducing prices per sequenced base. This ad-
vancement has introduced the field of genomics, which involves analyzing the structure,
function, evolution, mapping, and editing of genomes, offering profound insights into the
genetic basis of diseases and the mechanisms of complex biological systems. An essential
aspect of genomics is the ability to handle and analyze data from the NGS platforms using
bioinformatic methods.

The simplest sequencing assay, the sequencing of fragmented pieces of genomic DNA,
known as whole genome sequencing, also provides the basic bioinformatics methods used
in most subsequent sequencing assays. The quality control of sequencing data and the re-
moval of the platform- and procedure-specific artifacts, such as adapter sequences, using
tools like FastQC and Trimmomatic, is the first step (Andrews, 2010; Bolger et al., 2014;
Koboldt et al., 2010). Quality-filtered reads are then aligned to a reference genome using
mapping tools like the Burrows-Wheeler Alignment tool or NextGenMap (Koboldt et al.,
2010; Li and Durbin, 2009; Sedlazeck et al., 2013). Following whole genome sequencing,
more specialized sequencing assays were developed to analyze more detailed aspects of ge-
nomics. Chromatin immunoprecipitation assays (ChIP-Seq) are used to identify binding
sites of TFs across the genome or to determine the positioning of nucleosomes with spe-
cific modifications, like H3K27ac (Johnson et al., 2007). Open chromatin and, therefore,
nucleosome-free regions can be identified with enzymes that only interact with freely ac-
cessible DNA like DNase I (DNase-Seq) or today’s more common transposase (ATAC-Seq)
(Boyle et al., 2008; Buenrostro et al., 2013). Since these assays generate non-uniformly
distributed sequencing reads across the genome, local enrichments are identified with
peak callers like MACS or more tailored ones like HINT (Li et al., 2019; Zhang et al., 2008).
Such peaks or the mapped reads in general are used in a wide range of downstream anal-
yses, with two important examples being the identification of enriched TF binding motifs
using tools like MEME or differential read count enrichment analysis between experimen-
tal condition, mostly with tools developed for RNA-Seq, like DESeq (Bailey et al., 2015;
Love et al., 2014; Nakato and Sakata, 2021; Yan et al., 2020). Whilst ChIP-Seq directly
maps single TF’s binding sites, DNase-Seq and ATAC-Seq can also capture traces of mul-
tiple TF’s binding, so-called footprints. Here, a footprint refers to a pattern where a TF
binds to DNA and prevents enzymatic cleavage within a detected region of open chro-
matin. This leaves a relative depletion within a peak (‘peak-dip-peak’) but also requires a
comparably large sequencing depth to effectively retrieve footprints (Liu et al., 2019; Yan
et al., 2020). These in vitro assays are proven reliable and powerful tools for studying bi-
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3 Introduction

ological processes and the importance of TFs but require intact genomic DNA, which can
only be obtained from cell cultures or primary tissue samples. Hence, their application in
diagnostic use cases is limited as these source materials are only accessible through inva-
sive procedures. This makes it challenging to routinely obtain the necessary samples for
diagnostic purposes, thereby restricting the broader clinical application of these assays.
As a result, there is a need for alternative methods that can provide similar insights with
less invasive sampling techniques.

3.3 Cell-free deoxyribonucleic acids

Nucleic acids were first detected in circulation in human blood plasma in 1948 by Mandel
and Metais. Since then, and especially with the advent of modern high-throughput se-
quencing technologies for nucleic acids, much has been learned about what is now called
cell-free deoxyribonucleic acid (cfDNA) or cell-free ribonucleic acid (cfRNA). CfDNA is
abundant in blood plasma, originates from a wide range of tissues and cell types, contains
a plethora of biological information, and provides valuable insights into human physiol-
ogy in vivo with easily accessible sample material (Kustanovich et al., 2019).

The DNA released into the bloodstream is digested by nucleases and rapidly cleared
from the bloodstream, with a half-life of less than 30 minutes (Lo et al., 1999). Assum-
ing a steady state, the rapid degradation is balanced by the rapid supply of cfDNA from
the sources. Healthy subjects’ cfDNA originates predominantly from leukocytes: granulo-
cytes (30%), megakaryocytes (30%), monocytes or macrophages (20%), erythrocyte pro-
genitors (5%), and lymphocytes (3%). Solid tissues contributing to cfDNA include vascu-
lar endothelial cells (6%) and hepatocytes (3%) and others in lower percentages, as iden-
tified through DNA methylation-based deconvolution of tissues by Loyfer et al.. These
proportions may vary depending on the patient’s current physiology and disease status.
CfDNA is mainly produced by cell death processes, including apoptosis, pyroptosis, fer-
roptosis, or necrosis, but also by excretory mechanisms such as NETosis, the activation,
and release of Neutrophil Extracellular Traps, or cell-to-cell communication via extracel-
lular vesicles (Mouliere, 2022). The majority of cfDNA originates from human cells, but
pathogenic microbes also contribute to the circulating nucleic acids, especially during in-
fections (Figure 2). Various forms of cell-free nucleic acids have been characterized, most
of which are nucleosomal cfDNA, i.e., DNA that is wrapped around a nucleosome core
particle and thus protected from nuclease digestion. Other DNA-bound proteins, vesi-
cles, or secondary structures also slow down degradation. Unprotected nucleic acids are
also in circulation, albeit in much smaller quantities (Mouliere (2022); Figure 2). In ad-
dition to cfDNA, cfRNA is also found in the bloodstream, but it has not yet been studied
and characterized as intensively (Zhong et al., 2024).

Most cfDNA in blood plasma is present as the nucleosomal type (regular cfDNA), with
fragment lengths ranging from 147 bp to 167 bp, owing to the binding of core histones and
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3.3 Cell-free deoxyribonucleic acids
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Nucleosomes
Protein-
bound 

nucleic acids

Unprotected 
nucleic acids

Cell communication

Figure 2: Release mechanisms and forms of circulating nucleic acids in the bloodstream. Various cellular
processes such as necrosis, apoptosis, NETosis, pyroptosis, and microbial activity contribute to the release
of nucleic acids into the bloodstream. In addition, cell communication pathways can release nucleic acids
through extracellular vesicles. Once the nucleic acids enter the bloodstream, they can be present in different
forms: protected by proteins, either histones or other proteins, encapsulated in extracellular vesicles, or as
unprotected nucleic acids with or without secondary structures. Adapted from Loy et al. (2024) and created
in BioRender by Müller, J. [2025, https://BioRender.com/m77e911].

linker histone 1. Incompletely digested genomic DNA can comprise multiples of the single
nucleosome unit, resulting in larger fragments at intervals. (Fan et al., 2010). In addition
to the nucleosomal cfDNA, the presence and potential origins of shorter cfDNA fragments
were first reported in 2016 by Burnham et al. and Snyder et al.. They found that sequenc-
ing of regular cfDNA provides a genomewide map of in vivo nucleosome occupancy, while
short cfDNA fragments, ranging from 35 to 80 bp, directly map transcription factor oc-
cupancy. However, due to the tiny amount of short cfDNA fragments, extremely deep
sequencing depths (109) per single sample were required (Snyder et al., 2016). A crucial
step in high-throughput DNA sequencing is converting DNA molecules into a library of
fragments suitable for sequencing on an NGS platform. The objective of DNA sequenc-
ing library preparation is to attach adapters to the ends of these fragments, allowing for
their amplification and sequencing. The two most commonly used methods involve either
ligating double-stranded DNA adapters to both ends of the DNA fragment or ligating a
single-stranded DNA adapter to one end. These two approaches fundamentally affect the
analysis of short cfDNA (Burnham et al., 2016). As a first solution, single-stranded DNA
sequencing library preparation methods yielded more shorter fragments but also a wider
range of cfDNA types, including single-stranded cfDNA and severely degraded cfDNA
(Burnham et al., 2016). Subsequent research showed that single-stranded cfDNA com-
bined with in vitro size selection using gel electrophoresis of fragments yields this mixture
of short cfDNA fragments that demonstrated a diagnostic potential for cancer diagnostics
(Hudecova et al., 2022). Since these methods also extract fragments of other biologi-
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cal origin than those protected by DNA-binding proteins, e.g., DNA secondary structures
like G4 quadruplexes, the direct mapping of transcription factor occupancy described by
Snyder et al. is blurred. As an alternative, Ulz et al. developed a bioinformatic method
to extract TF occupancy using nucleosomal cfDNA. This approach enabled accurate col-
orectal tumor subtype prediction and tumor detection (Ulz et al., 2019). However, the
quantification of TF binding via nucleosome positioning is an indirect measurement, as
it quantifies the absence of nucleosomes rather than the direct binding of the TF itself.
This indirect approach still necessitates deep genomewide read coverage. The substan-
tial amount of data, resources, and financial investment required for achieving sufficient
sequencing depth, ranging from approximately 50 to 500 million paired-end sequencing
reads, makes it relatively costly for diagnostic procedures. Therefore, obtaining infor-
mation about TF occupancy in vivo is most readily and efficiently achieved through di-
rect analysis of fragments protected by TFs, which is intact short double-stranded cfDNA
(from now on referred to as ‘short cfDNA’, unless explicitly stated otherwise, e.g., short
single-stranded cfDNA).

3.4 Liquid biopsy and cfDNA biomarker

Much of the research on cfDNA aims to develop so-called liquid biopsy applications. Liq-
uid biopsy represents a disruptive approach to diagnostics, enabling the detection and
monitoring of disease through minimally invasive sampling of body fluids, such as blood.
In this way, liquid biopsy approaches offer a minimally invasive and easily repeatable al-
ternative to established tissue biopsies. Liquid biopsies can use a wide range of analytes
known as biomarkers or biological markers, i.e., any measurable indicator of a biological
state or condition. In addition to metabolites or proteins in the bloodstream, biomarkers
based on cfDNA have been gaining importance over the last 25 years.

The detection of fetal cfDNA in maternal blood plasma by Lo et al. in 1997 laid the foun-
dation for non-invasive prenatal testing (NIPT). With the advancements in NGS, NIPT
quickly moved from concept to clinical application as an alternative to invasive tests and
serum protein screens. Initially intended for high-risk pregnancies, NIPT has now be-
come a primary screening tool, with tens of millions of applications annually (Samura,
2020). Expedited trials have consistently demonstrated its impressive accuracy in di-
agnosing aneuploidies such as trisomy 21 (Norton et al., 2015). Similar to the distinc-
tion between fetal and maternal cfDNA, Lo et al. showed in 1998 that cfDNA from organ
transplants (donor-derived cfDNA, dd-cfDNA) circulates in the blood plasma of liver and
kidney transplant recipients. With further improvements of the methodology by (Snyder
et al., 2011) and following studies of the field, the utility of dd-cfDNA as a marker of rejec-
tion is by now firmly established in heart, kidney, liver, lung, and other transplants (Loy
et al., 2024). Dd-cfDNA has become one of the best-studied biomarkers in solid organ
transplantation (Knight et al., 2019). As cancer treatment shifts more toward precision
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medicine with patient-tailored therapies, cfDNA has become an increasingly important
biomarker. NGS cancer panels aim to detect driver mutations, copy number alterations,
tumor mutational burden, and microsatellite instability. If such a panel has sufficient
sensitivity for lower tumor fractions, cfDNA-based liquid biopsy methods are a logical
enhancement over tissue-based analyses that have found their way into clinical applica-
tion (Ignatiadis et al., 2021). Aside from the guidance of personalized treatments, cfDNA
is used to assess the treatment efficacy and also to predict relapse (Moding et al., 2021).
The field of oncology diagnostics based on cfDNA is expanding rapidly and shifting to
focus on a variety of non-genetic cfDNA traits, such as epigenetic alterations or TF inter-
actions (Moser et al., 2023; Ulz et al., 2019). A prominent example of the shift towards
non-genetic cfDNA biomarkers is the development of multi-cancer early detection tests
by Illumina and GRAIL, which primarily rely on cfDNA methylation patterns. These tests
aim to revolutionize cancer screening by enabling the detection of multiple cancer types in
a large, asymptomatic population using a single, minimally invasive test (Jamshidi et al.,
2022).

The evolution of cfDNA diagnostics from prenatal testing to oncology and beyond demon-
strates its profound impact on modern diagnostic medicine. As the field advances, the
development of non-genetic cfDNA biomarkers is set to enhance diagnostic capabilities
for a broader range of conditions, including multifactorial diseases, such as oncological or
immune-mediated diseases. By enabling the detection of physiological alterations beyond
the scope of genetic markers alone, non-genetic cfDNA biomarkers open new avenues for
diagnosing complex diseases and physiology changes, highlighting their potential in the
realm of diagnostics.

3.5 Sepsis and its diagnostics

Sepsis is a severe and potentially fatal condition resulting from a dysregulated immune
response to an infection, leading to systemic inflammation and organ dysfunction (Singer
et al., 2016). The underlying infections are typically pulmonary, intra-abdominal (gas-
trointestinal or urogenital), or bloodstream-related and caused mostly by bacteria, but
also from viruses, fungi, or rarely parasites (Evans et al., 2021; Vincent et al., 2009).
Sepsis and septic shock are serious public health problems that affect millions of people
around the world every year, with one in three to six of those affected dying (Fleischmann-
Struzek et al., 2020; Rhee et al., 2017). Risk factors independently associated with a higher
risk of hospital mortality include comorbid cancer, heart failure, immunosuppression,
cirrhosis, infections with Pseudomonas, Enterococcus, or Acinetobacter species, older
age, and the need for mechanical ventilation or renal replacement therapy (Vincent et al.,
2009). Early diagnosis and prompt correct treatment are critical for improving the prog-
nosis of sepsis patients (Evans et al., 2021). To achieve this, the identification of causative
pathogens and the assessment of the patient’s current physiology and response to the in-
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fection are essential to initiate early and adequate interventions for optimal treatment.

Traditional diagnostic methods to identify sepsis-causing pathogens are blood cultures
and polymerase chain reaction (PCR) assays. Both come with significant limitations.
Whilst PCR assays are fast in turnaround time and accurate, they are limited to a few
molecular targets, i.e., pathogens, that can be detected (Li et al., 2022). Given the broad
spectrum of putative sepsis pathogens, this limitation makes it challenging to comprehen-
sively test the possible causative agents of sepsis in a timely manner. Blood culture testing,
the current standard of care, suffers from even more limitations. Only 40% of patients
diagnosed with sepsis or septic shock have positive blood cultures (Li et al., 2021). Addi-
tionally, the use of antibiotics further reduces the probability of identifying the causative
pathogen (Scheer et al., 2019). While some bacterial species and various fungi do not re-
liably grow in blood cultures, viruses cannot be detected at all (Duncan et al., 2021). With
a turnaround time of at least 48-72 hours to diagnosis, there is still an urgent need for
improved diagnostic solutions (Vincent et al., 2015).

The presence of microbial DNA in the bloodstream, coupled with the fact that most tis-
sues in the body are connected to blood circulation and the minimally invasive nature of
blood sampling, makes blood plasma an attractive sample type and cfDNA an appealing
analyte for sepsis diagnostics. Sequencing-based approaches utilizing microbial cfDNA
allow for hypothesis-free screening of all DNA pathogens in a single test. With improved
turnaround times of around 24 hours, significantly increased sensitivity (60 to 70%), and
comparable specificity, these methods have the potential to become the new standard for
sepsis pathogen diagnosis (Blauwkamp et al., 2019; Brenner et al., 2021; Grumaz et al.,
2019; Park et al., 2023). This may lead to reductions in intensive care unit (ICU) or inter-
mediate care unit length of stay, mortality rate, acute kidney injury incidence, duration of
antimicrobial therapy, and costs from complications and outpatient aftercare, along with
an improvement in patient quality of life (Brenner et al., 2021). The host response plays a
crucial role in distinguishing between mere colonization and active infection, as well as in
gauging the severity of sepsis. Recent advances suggest that the limitations of current di-
agnostic methods can be addressed by integrating metagenomic cfDNA sequencing with
host response profiling.

Recent studies evaluated the potential of the integrative analysis of non-genetic cfDNA
or cfRNA biomarkers and microbial cfDNA to trace the tissue origins of cfDNA, quantify
the presence of various viral and bacterial pathogens, and assess the extent of host tissue
damage due to infection (Cheng et al., 2019, 2021; Jing et al., 2022; Kalantar et al., 2022).
Combining pathogen detection with host response evaluation may change sepsis diagnos-
tics, enhancing the precision and relevance of clinical assessments. Comparable to these
advancements, there is the opportunity to explore short cfDNA-based biomarkers and
transcription factor occupancy, which could offer further insights into the host-pathogen
interaction. These innovations have the potential not only to refine the diagnostic process
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but also to improve the treatment of sepsis and patient outcomes.

3.6 Aims of the Thesis

Understanding the pivotal role of chromatin and gene regulation in essential cellular pro-
cesses, alongside significant advancements in genomics and bioinformatics, sets the stage
for exploring the potential of cfDNA as a minimally invasive biomarker for various dis-
eases. Current diagnostic methodologies, particularly for conditions such as sepsis, face
limitations necessitating innovative approaches to improve diagnostics and patient out-
comes. Non-genetic cfDNA biomarkers, like cfDNA methylation, have emerged as promis-
ing candidates for novel biomarker developments. Short cfDNA fragments are believed to
originate from non-histone DNA binding proteins, such as transcription factors, offering a
unique insight into gene regulatory networks and cellular states. Moreover, their presence
in easily accessible blood plasma samples enhances their potential for clinical diagnostic
applications. Consequently, this thesis harnesses the properties of short cfDNA fragments
identify non-genetic biomarkers using dedicated bioinformatics analyses. The main ob-
jective of the dissertation is to establish a technology for identifying novel biomarkers
based on short cfDNA fragments for clinical applications. This thesis emphasizes the es-
tablishment of a dedicated bioinformatic analysis for this novel data. The first part of
the work aims to develop a robust bioinformatics and molecular biology protocol for the
enrichment of short cfDNA (approx. 40 base pairs long) from blood plasma for high-
throughput DNA sequencing to ensure the specific quantification of this class of cfDNA.
The developed bioinformatics pipeline will ensure that putative sequencing artifacts are
removed and systematic biases are addressed to achieve the most accurate quantification
of short cfDNA fragments. In addition, the properties of short cfDNA and its supposed
origin from non-histone DNA binding proteins, like transcription factors, as well as the
interaction with other genetic, epigenetic, and transcriptional information, will be char-
acterized. The analysis of pilot phase cohorts of clinical samples will provide first insights
into the diagnostic potential of short cfDNA and, thus, a first indication of the approach’s
utility for precision medicine. The pilot phase cohorts will include patients with onco-
logic diseases as well as infectious or immune-mediated diseases, specifically sepsis. The
second part of the work will focus on a deeper assessment of the diagnostic potential of
short cfDNA, especially in the example of sepsis. Specialized bioinformatic analysis will
be used for biomarker identification. With these biomarkers, predictive and diagnostic
performance will be compared to established clinical metrics to diagnose infection status
(bacterial vs. viral) and predict early death with larger cohort sizes than in the first pilot
phase. This will also yield putative short cfDNA biomarkers for deepened investigation in
future research. Moreover, this part aims to evaluate what information short cfDNA can
provide about a patient’s current physiological state. In combination, this research will
position short cfDNA in the field of precision diagnostic research and will also enable the
development of new diagnostic tools.
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4 A novel approach for in vivo DNA footprint-
ing using short double-stranded cell-free DNA
from plasma

4.1 Preamble

This publication introduces a novel method to enrich short double-stranded cfDNA frag-
ments from blood plasma for high-throughput sequencing and the dedicated bioinfor-
matic analysis of the generated data. The novel data is thoroughly characterized and in-
corporated within the field of cfDNA research.

The study confirms that short cfDNA sequencing data provides information on the genome-
wide interaction of non-histone proteins with the genome from liquid biopsy samples.
Associations to transcription factors, chromatin status, and gene transcription are de-
scribed. Moreover, the study provides a proof-of-concept for the diagnostic potential of
short cfDNA. First, putative biomarkers that distinguish two gastrointestinal carcinomas
or septic patients from non-septic controls have been identified from a few pilot samples.

These results form the basis for the use of short cfDNA sequencing as a source of biomark-
ers for minimally-invasive diagnostics of complex diseases.

4.2 Contribution of the Thesis Author

The thesis author is the first author of this publication. The thesis author and Kai Sohn
conceptualized and designed the study. The thesis author performed all bioinformatics
analyses and prepared all figures. The thesis author, along with Kai Sohn, Yevhen Vain-
shtein, and Arndt von Haeseler, interpreted the data analysis results. The thesis author,
Kai Sohn, and Mirko Sonntag wrote the manuscript.

4.3 Publication Status

Published in Genome Research (Cold Spring Harbor Laboratory Press) on September 13,
2024: Müller, J., Hartwig, C., Sonntag, M., Bitzer, L., Adelmann, C., Vainshtein, Y.,
Glanz, K., Decker, S. O., Brenner, T., Weber, G. F., von Haeseler, A., & Sohn, K. (2024). A
novel approach for in vivo DNA footprinting using short double-stranded cell-free DNA
from plasma. Genome research. https://doi.org/10.1101/gr.279326.124
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Here, we present a method for enrichment of double-stranded cfDNA with an average length of ∼40 bp from cfDNA for

high-throughput DNA sequencing. This class of cfDNA is enriched at gene promoters and binding sites of transcription

factors or structural DNA-binding proteins, so that a genome-wide DNA footprint is directly captured from liquid biopsies.

In short double-stranded cfDNA from healthy individuals, we find significant enrichment of 203 transcription factor mo-

tifs. Additionally, short double-stranded cfDNA signals at specific genomic regions correlate negatively with DNA meth-

ylation, positively with H3K4me3 histone modifications and gene transcription. The diagnostic potential of short

double-stranded cell-free DNA (cfDNA) in blood plasma has not yet been recognized. When comparing short double-

stranded cfDNA from patient samples of pancreatic ductal adenocarcinoma with colorectal carcinoma or septic with post-

operative controls, we identify 136 and 241 differentially enriched loci, respectively. Using these differentially enriched loci,

the disease types can be clearly distinguished by principal component analysis, demonstrating the diagnostic potential of

short double-stranded cfDNA signals as a new class of biomarkers for liquid biopsies.

[Supplemental material is available for this article.]

Liquid biopsies are based on various types of analytes, including cir-

culating extracellular nucleic acids like cell-free DNA (cfDNA), extra-

cellular vesicles, or circulating tumor cells, for example (Bronkhorst

et al. 2019; Kustanovich et al. 2019). Physiologically, cfDNA is to a

large extent released from the hematopoietic system by apoptosis,

necrosis, or active secretion from almost all cell types and tissues

into the bloodstream (Grabuschnig et al. 2020). In addition to re-

lease from normal physiological turnover, cancer cells or microbial

pathogens are also known to release their DNA into bloodstream

circulation (Heitzer et al. 2020). Released genomic DNA is then de-

gradedbyDNA-digesting enzymes (nucleases), producing fragments

mainly 147 to 167 bp in size, corresponding to a single nucleosome

(Han et al. 2020; Lo et al. 2021). By high-throughput sequencing of

cfDNA fragments, nucleosome positioning can be inferred at base

pair resolution (Fan et al. 2008; Snyder et al. 2016). The exact posi-

tions of nucleosomes and chromatin structure play a key role in

regulating gene expression by providing access to DNA for the

transcription machinery. Open chromatin structures depleted of

nucleosomes make DNA more accessible for key regulators of tran-

scription, including transcription factors, enhancers, or repressors.

However, the routine and efficient measurement of genome-wide

protection through regulatory DNA-binding proteins (DBPs) is not

yet established. Recently, a minor fraction of double-stranded

cfDNA that is significantly shorter than normal cfDNA was found,

ranging from 35 to 80 nucleotides (nt) using ultradeep sequencing

of total cfDNA (Burnham et al. 2016; Snyder et al. 2016). It has

been proposed that this short cfDNA might be protected by DNA-

binding factors and therefore could represent direct transcription

factor binding.

Here, we established an enrichment approach for short dou-

ble-stranded cfDNA fragments (20–60 bp) from blood plasma (fur-

ther referred to as “short cfDNA sequencing”). Corresponding
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short double-stranded cfDNA fragments

(further referred to as “short cfDNA”) ac-

cumulate at open chromatin as well as

gene regulatory elements. Differential

enrichment of short cfDNA at genomic

loci facilitated discrimination of colorec-

tal and pancreatic cancer patient samples

as well as between septic patients and

clinical controls, showing potential for

diagnostic applications.

Results

Enrichment of cfDNA footprints at

regulatory genomic regions

Enrichment of short double-stranded

cfDNA comprises extraction of total

cfDNA from blood plasma by magnetic

beads followed by double-stranded

DNA-specific library preparation (Sup-

plemental Fig. S1). To select short dou-

ble-stranded cfDNA fragments of up to

60 bp, two size-selection steps were per-

formed using a preparative gel electro-

phoresis device. For this, fragments in

the range of 150 bp to 200 bp are en-

riched, which corresponds to double-

stranded cfDNA fragments of up to 60

bp ligated to a sequencing adapter of

140 bp (Supplemental Fig. S2). After

high-throughput sequencing of size-

selected libraries, reads were quality-

checked to ensure a size range between

20 bp and 60 bp (Supplemental Fig. S3).

The protocol revealed sequencing reads

with a mean read length of 37.9 bp across the patient conditions

and comparable read length distributions per condition despite

varying sample storage durations (SD=6.6 bp, n =2×107 reads uni-

formly sampled from the total reads of 20 individuals: four healthy

individuals, four patients with pancreatic ductal adenocarcinoma

[PDAC], four patients with colorectal carcinoma [CRC], four pa-

tients with sepsis, and four nonseptic postoperative clinical con-

trol patients [Post-OP]) (Supplemental Fig. S4; Supplemental

Table S1). Short cfDNA reads revealed an elevated average GC con-

tent of 57.8% (SD=1.9%) (Supplemental Fig. S5) in contrast to

40.9% for average human genomic DNA (Piovesan et al. 2019).

We mapped short cfDNA to the human genome and compared

it with themapping of regular cfDNAof four additional healthy in-

dividuals. Coverage profiles of short cfDNA and regular cfDNA dif-

fered considerably as short cfDNA tends to accumulate either in

single narrowpeaks or in clusters of narrowpeaks (clustered peaks),

which are frequently located at transcriptional start sites (TSSs) or

ChIP-seq-validated transcription factor binding sites (TFBSs) (Fig.

1A). Nucleosome-free regions (NFRs) were analyzed in comparison

to clustered peaks, because the absence of regular cfDNA can be an

indicator of the presence of other DBPs. Assignment of clustered

peaks from short cfDNA and NFRs to annotated functional ele-

ments of the genome shows that an approximately four- and a six-

fold higher proportion of clustered peaks are found in promoters

(>1 kb upstream of the TSS) and 5′ UTRs of genes, respectively.

Moreover, the proportion of clustered peaks assigned to exons is

about four times higher than the proportion of NFRs (Fig. 1B). A

more detailed examination of the genomic coverage for protein-

coding genes reveals an opposite profile between short cfDNA

and regular cfDNA. Although short cfDNA is enriched at TSSs, reg-

ular cfDNA is depleted at these sites. In addition, short cfDNA pos-

sesses a reciprocal pattern oscillation compared with regular

cfDNA, with short cfDNA exhibiting an inverted pattern 1 kb

downstream from the TSS in regular cfDNA (Fig. 1C, inset). In ad-

dition to enrichment at the TSS, short cfDNA also exhibits a prom-

inent signal at DNase I hypersensitive sites (DHSs) from a reference

annotation of the B cell line GM12878, whereas the regular cfDNA

signal oscillates at neighboring genomic locations and is depleted

at the DHS (Fig. 1D). Taken together, short cfDNA accumulates at

open chromatin or TSS of genes, whereas regular cfDNA, namely,

nucleosomes, was clearly depleted in these regions.

Short cfDNA sequencing detects binding of transcription factors

Because short cfDNA could be protected from nuclease digestion

by binding to regulatory DBPs, peak regions were examined for en-

compassing transcription factor binding motifs. Accordingly, a

consensus peak set was defined from peaks of short cfDNA se-

quencing data of four healthy individuals. Transcription factor

motif enrichment analysis at the genomic locations of these con-

sensus peaks revealed a significant enrichment of 203 transcrip-

tion factor binding motifs out of 401 listed in the reference

A

B D

C

Figure 1. Short cfDNA is enriched in regulatory regions of genes and open chromatin. (A) Coverage
profile of short cfDNA (green; S03) and regular cfDNA (violet; average of S05–S08). The short cfDNA pro-
file shows narrow and clustered peaks, whereas regular cfDNA shows nucleosome-free regions (NFRs;
depletion of reads). RefSeq genes, ENCODE promoter-like structures (PLSs), and ENCODE transcription
factor binding sites (TFBSs) based on ChIP-seq experiments are included as references. (B) Pie charts dis-
play the proportions of annotated genomic features for clustered peaks from short cfDNA and NFRs from
regular cfDNA. The bar plot shows the ratio between clustered peaks and NFRs for each genomic feature.
(C) Average coverage profiles for short cfDNA (S03) and regular cfDNA (S06) along all annotated protein-
coding genes. The gene bodies of all genes are scaled to 5 kb. Dashed vertical lines indicate the interval
shown in the subplot. The subplot shows average profiles at the transcription start site without rescaling
of the gene body. (D) Average coverage profiles for short cfDNA, regular cfDNA, and publicly available
ATAC-seq data at DNase I hypersensitive sites (DHSs) derived from publicly available DNase-seq data.
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motif database HOCOMOCO (Kulakovskiy et al. 2018). The 203

transcription factor motifs belong to 46 transcription factor fami-

lies fromnine transcription factor superclasses. ChIP-seq-validated

TFBSs from ENCODE3 reveal clear enrichment signals for nuclear

factor, erythroid 2 (NFE2), RE1 silencing transcription factor

(REST), and Spi-1 proto-oncogene (SPI1) in short cfDNA, for exam-

ple. On the other hand, regular cfDNA is depleted at these binding

sites. Overall, the average profile of all ChIP-seq-based TFBSs shows

a clear enrichment of short cfDNA in contrast to regular cfDNA in-

dependent of the transcription factor (Fig. 2A). ChIP-seq-validated

A

B C

Figure 2. Short cfDNA sequencing directly captures the protection of DNA across the genome by various transcription factors. (A) Treemap showing
transcription factors whose DNA motif was significantly enriched in short cfDNA consensus peaks from four healthy individuals. More than 200 transcrip-
tion factor motifs of all nine transcription factor superclasses in the database were identified as enriched in short cfDNA peaks. The size of squares in the
treemap encodes the relative number of transcription factor motifs per class (thin outlined boxes) and superclass (thick outlined boxes). As examples, av-
erage coverage profiles of short cfDNA (S03) and regular cfDNA (S06) are shown for three transcription factors (NFE2, REST, and SPI1) from three different
transcription factor superclasses. Average profiles are based on the 1000 most robust binding sites annotated in the Gene Transcription Regulation
Database (GTRD). In addition, the average profile of all ChIP-seq TFBSs annotated in ENCODE3 is shown for short cfDNA in comparison to regular
cfDNA. (B) Average coverage profile of short cfDNA, regular cfDNA, DNase-seq, and ATAC-seq at CTCF binding sites (CTCF BSs). (C) Inferred molecular
model for the formation of short cfDNA at the binding site of a DNA-binding protein (DBP) surrounded by two nucleosomes on either side. Arrows indicate
the endpoints of DNA fragments for the respective sequencing technique. The resulting theoretical coverage tracks are depicted for each sequencing
technique.

Short double-stranded cfDNA for DNA footprinting

Genome Research 3
www.genome.org

 Cold Spring Harbor Laboratory Press on September 15, 2024 - Published by genome.cshlp.orgDownloaded from 

4.6 Results

17



binding sites of CCCTC-binding factor

(CTCF) show an even more pronounced

signal for short cfDNA, whereas regular

cfDNA exhibits a high-frequency oscilla-

tion occupancy adjacent to these bind-

ing sites (Fig. 2B). In good agreement,

DNase-seq data show a combination of

a footprint peakwith adjacent oscillation

patterns, whereas ATAC-seq detects a

peak representative for open chromatin

at the CTCF binding sites (Fig. 2B). Our

data suggest that short cfDNA most spe-

cifically reveals protection of DNA

through DBPs at regulatory sites

with high resolution as exemplified by

CTCF, NFE2, REST, or SPI1 (Fig. 2C).

Previously, it has been shown that a sig-

nificant fraction of short cfDNA exists

as short single-stranded DNA (ssDNA).

To analyze how short ssDNA signals

compare to short cfDNA signals, we ex-

amined transcription start sites and

TFBSs with data from Snyder et al.

(2016) for short cfDNA sequencing (sin-

gle-stranded library preparation). We

found a superior signal-to-noise ratio

for DBP footprints, allowing the detec-

tion of signals, for example, tumor pro-

tein p53 binding protein 1 (TP53BP1),

that were not detectable in the short

ssDNA of Snyder et al. (Snyder et al.

2016; Supplemental Fig. S6). These data

suggest that short cfDNA represents a bi-

ological entity that captures DBP

footprints.

Correlation to epigenetic activation

and gene transcription

Given that short cfDNA fragments are

likely derived from the protection of reg-

ulatory DBPs and are overrepresented at

open chromatin regions, we investigated a potential relationship

between short cfDNA signal strength (i.e., local read enrichment)

and promoter activation state. Annotated promoter-like structures

were classified as active or inactive promoters based on cell-free

histone 3 lysine 4 triple-methylation (H3K4me3) signals frompub-

licly available ChIP-seq data of a healthy individual (Sadeh et al.

2021). Active promoters with a strong H3K4me3 signal showed a

higher coverage of short cfDNA than did promoters with weak or

no H3K4me3 signal, whereas regular cfDNA shows exactly the op-

posite behavior (Fig. 3A). Moreover, the strongest signals for

H3K4me3, representing the nucleosome positions, occur at local

minima of short cfDNA. DNA methylation is known to be an es-

sential regulator of gene activity and is associated with transcrip-

tion factor binding and thus, potentially, DNA footprint signals.

Consequently, we classified CpG islands (CpGis) into methylated

and unmethylated CpGis based on the signal strength of cell-free

methyl-CpG-binding domain sequencing (cfMBD-seq) data froma

healthy individual. Strongly methylated CpGis show a weaker ac-

cumulation of short cfDNA compared with unmethylated CpGis,

whereas regular cfDNA again behaves the opposite (Fig. 3B), dem-

onstrating the relationship between DNA methylation and short

cfDNA. To further analyze a connection between localized short

cfDNA signals and downstream gene transcription, we used pub-

licly available cell-free RNA-seq data from five healthy individuals

(Zhu et al. 2021). Based on the average transcript abundance level

of protein-coding genes, four subsets of genes were defined: “no

expression,” “low expression,” “medium expression,” and “high

expression” genes (Fig. 3C). Genes with medium or high expres-

sion show considerable enrichment of short cfDNA reads at their

respective TSSs, whereas genes with low or no expression show

no substantial enrichment. Regular cfDNA again behaves contrary

to short cfDNA and shows a much less pronounced difference be-

tween active expression (high and medium) and low, or no, ex-

pression (Fig. 3D). Consistent with the definition of these gene

subgroups, H3K4me3 histone modifications increase and DNA

methylation levels decrease as expression levels increase at the re-

spective TSS of the genes (Supplemental Fig. S7B,C). For amore de-

tailed analysis of the joint effect of DNA footprint signals andDNA

methylation in regulatory elements of genes on its transcription,

we used matched sequencing data from four septic patients.

A B

C D

Figure 3. Short cfDNA is enriched at loci with markers of epigenetic activation and transcriptionally
active regions. (A) Annotated PLSs from ENCODE are clustered based on publicly available cell-free
H3K4me3 ChIP-seq signal strength into two clusters, representing active (red) or inactive (blue) pro-
moters. Average coverage profiles for short cfDNA and regular cfDNA at active or inactive promoters
demonstrate the influence of the promoter activation status. (B) Annotated CpG islands are clustered
based on cell-free methyl-CpG-binding domain (cfMBD) sequencing signal strength into two clusters.
Average coverage profiles for short cfDNA and regular cfDNA at methylated or unmethylated CpG
islands reveal the influence of methylation levels at CpG islands. (C ) Histogram showing average ex-
pression levels of protein-coding genes in publicly available cell-free RNA sequencing data. For each
category, 5% of all analyzed genes were selected (938 genes each for no expression [dark blue], low
expression [blue], medium expression [red], and high expression [dark red]). (D) Average coverage
profiles for short cfDNA and regular cfDNA at the transcription start sites of the defined gene groups
of C reveal the influence of transcriptional activity. All data in A and D were generated from samples
of healthy individuals. S03 was used as the short cfDNA data set, and S06 was used as the regular
cfDNA data set.
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Different combinations of short cfDNA and DNAmethylation sig-

nals also seem to affect the gene expression levels (Supplemental

Fig. S8A). Genes with clearly decreased DNA methylation in

their proximal CpGis and significantly elevated short cfDNA

abundance at their core promoter seem to be associated with high-

er transcription levels (clusters 2 and 4), whereas genes with in-

creased DNA methylation and reduced short cfDNA abundance

seem to be associated with lower transcription levels (clusters 5,

8, and 9). Between these clear cases, the associations of regulatory

signals with the resulting transcription levels of the genes aremore

complex and becoming less clear (Supplemental Fig. S8B). In sum-

mary, the signal strength of short cfDNA is higher in active pro-

moters than in inactive promoters, higher in unmethylated

CpGis than in methylated CpGis, and higher in TSSs of actively

transcribed genes than in TSSs of untranscribed genes. Thus, short

cfDNA is enriched at loci with markers for epigenetic activation

and transcriptionally active genomic regions.

Disease-specific short cfDNA signatures in liquid biopsies

To identify disease-specific signatures, short cfDNA data were gen-

erated for four biological replicates of four different clinical indica-

tions: two types of gastrointestinal carcinomas (PDAC and CRC),

as well as sepsis and Post-OP controls (Supplemental Table S1).

Post-OP patients were selected as controls because this patient

group is prone to develop a sepsis after surgery, and therefore, a

tight control and separation are of clinical relevance (Chen et al.

2019b; Lukaszewski et al. 2022). Comparison of consensus peak

sets for PDAC versus CRC revealed 136 differentially enriched

loci (Fig. 4A; Supplemental Fig. S10) and 241 lociwith a differential

enrichment comparing sepsis with Post-OP (Fig. 4B; Supplemental

Fig. S10). Principal component analysis (PCA) based on all differ-

entially enriched regions (DERs) demonstrated a clear separation

of all four clinical indications as well as the healthy samples by

the first two principal components (Fig. 4C). Two exemplary

A
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Figure 4. Comparison of short cfDNA data reveals condition-specific protection of TFBSs. (A) Differential enrichment analysis for pancreatic ductal ad-
enocarcinoma (PDAC) samples with colorectal cancer (CRC) samples identifies differentially enriched TFBSs (Adj. P-value≤0.05 and |log2(FC)|≥1). (B)
Differential enrichment analysis for sepsis samples with postoperative (Post-OP) samples identifies differentially enriched TFBSs (Adj. P-value≤0.05 and
|log2(FC)|≥1). (C) Principal component analysis based on identified differential TFBSs separates all conditions and healthy individuals. Four biological rep-
licates were used per condition. In addition to the samples, a centroid for each group is depicted as a larger data point. Variance explained: PC1=29.6%,
PC2=20.9%. (D) Example for a differentially enriched TFBS in PDAC with novel TF binding near the alternative transcription start site of CD86. (E) Example
for a differentially enriched TFBS in sepsis with novel TF binding in the promoter of KEAP1. (F–I) Top 10 differentially enriched TF motifs. (F ) CRC consensus
peaks in comparison to PDAC consensus peaks. CTCF and CTCFL were identified as well but were not included in the figure. (G) PDAC consensus peaks in
comparison to CRC consensus peaks. (H) Sepsis consensus peaks in comparison to Post-OP consensus peaks. (I) Post-OP consensus peaks in comparison to
sepsis consensus peaks. CTCF and CTCFL were identified as well but were not included in the figure.
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DERs demonstrate a distinct differential DNA footprint near a TSS

in the context of a larger locus with TFBSs (Fig. 4D,E). A differen-

tially enrichedTFBSwas detectednear the alternative transcription

start site in the promoter of the CD86 gene in PDAC patients com-

paredwithCRCpatients (Fig. 4D), whereas another protected TFBS

was detected near the promoter of the kelch-like ECH associated

protein 1 (KEAP1) in sepsis patients in contrast to Post-OP patients

(Fig. 4E). In addition to differential analysis of signal strength at de-

fined consensus peaks, differential enrichment of transcription

factor binding motifs was also analyzed in all consensus peaks.

For this purpose, the relative abundance of transcription factor

motifs in the consensus peaks of one condition was compared

with the abundance in the consensus peaks of the respective refer-

ence condition. Enrichment of 14 different transcription factor

motifs was detected for PDAC in comparison to CRC, 19 for CRC

in comparison to PDAC, 14 for sepsis in comparison to Post-OP,

and 126 for Post-OP in comparison to sepsis (E-value≤10) (Fig.

4F–I). The binding motif with the strongest enrichment in PDAC

patients compared with CRC patients belongs to the recombina-

tion signal binding protein for immunoglobulin kappa J region

(RBPJ) (Fig. 4F), for example. In this context, one of the physiolog-

ical roles of the transcription factor RBPJ is the regulation of early

pancreatic cell development. Overall, short cfDNA sequencing en-

ables the detection of condition-specific enrichment signatures in

liquid biopsies, which can be used to discriminate different diseas-

es for diagnostic purposes. In addition, short cfDNA sequencing

might also help identify transcription factors that may have phys-

iological relevance to the condition.

Discussion

In this study, we present a novel approach for comprehensive

DNA footprinting in liquid biopsies by analysis of short double-

stranded plasma cfDNA. Our short cfDNA sequencing approach

comprises preparative gel electrophoresis to specifically enrich

cfDNA fragments with a mean length of ∼40 bp in combination

with high-throughput sequencing. We observed an enrichment

of short cfDNA at the TSS of genes, in which regular cfDNA is de-

pleted. A closer inspection of the average signals at the TSS also

showed an oscillation pattern reciprocal to that of regular cfDNA

at the 5′ UTR. These findings indicate a regular shift of nucleo-

somes from the promoter to the 5′ UTR of genes and protection

by regulatory DBPs between displaced nucleosomes as revealed

by short cfDNA enrichment. In line with the enrichment of short

cfDNA at TSS, we also found that short cfDNA fragments showed a

higher GC content than the human genome on average (short

cfDNA=57.8%, human genome=40.9%). Gene regulatory ele-

ments in humans possess an increasedGC content. Consequently,

short cfDNA fragments and TFBSs that are enriched in such regions

of the genome have elevated GC contents. Short cfDNA also accu-

mulates at DHSs. At these open chromatin locations, regular

cfDNA exhibits a combined signal originating from high-frequen-

cy and low-frequency nucleosomal oscillation signals, as described

by Ulz et al. (2019). Comparable to this finding, we observed two

different types of short cfDNA signals created by DBPs with a nar-

row binding signal, such as CTCF, and multiple adjacent protein

binding events that result in a broader signal. The observed narrow

signal of regulatory proteins, like CTCF, SPI1, or REST, can be ex-

plained by their ability to initiate nucleosome displacement in

closed chromatin (pioneer factors) (Fu et al. 2008; Heinz et al.

2010; Barozzi et al. 2014; Vanzan et al. 2021). Pioneer factors can

bind directly to closed chromatin without the need or presence

of auxiliary proteins. In contrast, the binding sites of regulatory

proteins such as MYC proto-oncogene, bHLH transcription factor

(MYC), or TP53BP1 exhibit a much broader signal. These regulato-

ry proteins bind in open chromatin, accompanied by the presence

of additional regulatory proteins. Consequently, we also found a

striking correlation between DNA footprint signals and markers

representative for transcriptional regulation. In this context, we

determined that promoters with H3K4me3 histonemodifications,

a characteristic for active gene transcription, revealed stronger

short cfDNA signals than thosewithout. Furthermore, weobserved

an opposing correlation between methylation levels of CpGis and

corresponding enrichment of short cfDNA. Because unmethylated

CpGis are considered markers of epigenetic activation, depletion

of regular cfDNA and the presence of DNA footprinting signals in-

dicate a protection from regulatory activating factors at such loci.

Regarding gene expression, short cfDNA signals at the TSS are in-

creased at actively transcribed genes compared with genes with

low expression. However, short cfDNA does not strictly capture

continuous dynamics of gene expression levels, rather more it

exhibits a binary switch between high and low expression. Com-

parable findingswere obtained through the analysis of the joint ef-

fect of DNA footprint signals and DNA methylation in regulatory

elements of genes on their transcription. Here, the change be-

tween low and high gene expression levels can be detected to a cer-

tain extent, but not so precisely to exactly quantify gene

expression levels. These aberrations are likely owing to the multi-

tude of other epigenetic regulatory mechanisms that fine-tune

gene expression levels. Although this holds also true for other reg-

ulatory signals of gene expression, such as DNA methylation, this

might reflect a potential limitation of our approach to quantita-

tively predict an individual’s physiology exactly. Further targeted

studies are needed to assess the extent of this limitation. Neverthe-

less, short cfDNA is clearly correlated with DNA-methylation sig-

natures, H3K4me3 histone modifications, and transcriptional

activity of downstreamgene loci.We found consistent enrichment

of short cfDNA where regular cfDNA is depleted. Hence, we pro-

pose that the molecular origin of short cfDNA most likely is dou-

ble-stranded cfDNA, which has been protected from enzymatic

digestion by regulatory proteins, including transcription factors.

In agreement with this model, we found that short cfDNA consen-

sus peaks comprise a plethora of transcription factor motifs and

that known TFBSs revealed clear enrichment for short cfDNA. Tak-

en together, our data provide evidence that short cfDNA represents

a characteristic subset of cfDNA that is distinct from nucleosomal

cfDNA and therefore most likely does not originate from the deg-

radation of regular cfDNA.

In contrast to short cfDNA, which is characterized by short

double-stranded DNA (short dsDNA), publications by Snyder

et al. (2016), Hisano et al. (2021), and Hudecova et al. (2022)

reported on the presence of short ssDNA. Contrary to short

dsDNA, short ssDNA fragments may represent a significant frac-

tion of total cfDNA, comprising as much as 20% of a sequencing

library. However, short ssDNA demonstrated that the relative sig-

nal strength at transcription start sites or TFBSs of proteins, such

asMYC, is very low compared with short dsDNA. Therefore, we as-

sume that cfDNA originally protected by regulatory DBPs is short

dsDNA, whereas short ssDNA might be of other biological origin

with higher signal-to-noise ratios. Hisano et al. (2021) and

Hudecova et al. (2022) suggested that much of the short ssDNA

could originate from noncanonical DNA structures, such as G4

quadruplexes, whichmay largely superimpose signals from regula-

tory protein DNA-binding events.
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Transcription factor motifs from short cfDNA revealed sets of

differentially enriched transcription factors between different con-

ditions including samples from septic, CRC, and pancreatic cancer

(PDAC) patients, suggesting a diagnostic potential for liquid biop-

sy applications. Sepsis is characterized by a complex interplay of

proinflammatory and anti-inflammatory processes orchestrated

by regulators of the immune system. Seven out of the top 10 differ-

entially enriched transcription factor motifs identified in septic

samples are linked to regulatory pathways of the immune system.

For example, transcription factor 4 (TCF4; also known as E2-2 or

ITF2) regulates genes for the differentiation of dendritic cells into

interferon-producing plasmacytoid dendritic cells (Reizis 2010).

TCF4 also regulates the immune response as a downstream target

of toll-like receptor 2 (TLR2) signaling to induce the expression

of immunoregulatory genes such as interleukin 10 (IL10)

(Manoharan et al. 2014). The identified transcription factor zinc

finger protein X-linked (ZFX) is known to be involved in themain-

tenance of peripheral T cells as well as expansion andmaintenance

during B cell development and peripheral homeostasis (Arenzana

et al. 2009; Smith-Raska et al. 2018). For CRC patients, Sp1 tran-

scription factor (SP1) was identified as the top hit, and several

FOS/JUN family transcription factors were identified as differen-

tially enriched. SP1 is a ubiquitous transcription factor and medi-

ator of critical physiological pathways, including cell cycle,

proliferation, and metastasis. SP1 plays a key role in regulating

genes involved in CRC growth and metastasis (Bajpai and

Nagaraju 2017). Two members of the FOS/JUN family—FOS-like

1, AP-1 transcription factor subunit (FOSL1), and FOS-like 2, AP-1

transcription factor subunit (FOSL2)—are known to promote tu-

morigenesis and metastasis in colon cancer (Li et al. 2018; Liu

et al. 2021). For PDAC patients, RBPJ was identified as the corre-

sponding top hit. RBPJ is known to formaheterocomplexwithpan-

creas associated transcription factor 1a (PTF1A), and their

interaction is required in the early stage of pancreatic growth, mor-

phogenesis, and lineage fate decision (Masui et al. 2007). In addi-

tion, peroxisome proliferator-activated receptor gamma (PPARG)

and retinoid X receptor alpha (RXRA) were identified, which are

known to form a heterocomplex (Lehrke and Lazar 2005). PPARG

is a key regulator of adipocyte differentiation, regulates insulin

and adipokine production and secretion, and is associated with

PDAC. In addition, RXRA promotes proliferation and inhibits apo-

ptosis of pancreatic cancer cells (Chen et al. 2019a). Moreover, we

found disease-specific differentially enriched loci that may enable

clear separation of patients with PCA. For example, in PDAC pa-

tients, we found differential protection from DBPs near the alterna-

tive TSS of the CD86 gene compared with CRC patients. In PDAC,

the tumor microenvironment is highly immunosuppressive and

characterized by a dense stroma and an abundance of immunosup-

pressive cells such asmyeloid-derived suppressor cells and regulato-

ry T cells, as well as increased levels of monocytes in peripheral

blood (Gautam et al. 2023; Hansen et al. 2023). CD86 is an impor-

tant costimulatorymolecule involved in T cell activation. CD86, to-

getherwithother immunemarkers such as integrin subunit alphaX

(ITGAX; also known as CD11c) and CD274 molecule (CD274; also

known as PD-L1), can serve as a prognostic indicator in PDAC, in

which increased expression of CD86 on peripheral blood mono-

cytes of PDAC patients significantly correlates with disease severity

(Hansen et al. 2023). In septic patients, we found an additional sig-

nal of short cfDNA near the TSS of the KEAP1 gene compared with

postoperative controls. KEAP1 regulates oxidative stress and inflam-

mation in sepsis via the NFE2-like bZIP transcription factor 2

(NFE2L2; also known as NRF2) signaling pathway. Inhibition of

KEAP1 allows NRF2 to activate antioxidant responses, thereby re-

ducing the damage caused by sepsis. Enhanced NRF2 activity is as-

sociated with better outcomes, whereas impaired signaling worsens

sepsis inmouse studies. The use of protein–protein interaction (PPI)

inhibitors targeting the NRF2-KEAP1 signaling pathway are consid-

ered and evaluated in various studies for the treatment of sepsis by

increasing NRF2 activity (Gunne et al. 2020; Wang et al. 2023).

Taken together, analysis of short double-stranded cfDNA

might provide the most accurate picture of a genome-wide tran-

scription factor footprint in liquid biopsies. With the ability to

identify disease-specific TFBS enrichment for patient classifica-

tion, we see considerable potential in the application of short

cfDNA sequencing for liquid biopsy applications.

Many studies explore the properties and information to be in-

ferred from various cfDNA fragments and fragmentation patterns.

Often the clinical relevance of the obtained information is not yet

well evaluated. Although we started to explore the clinical rele-

vance and potential of short cfDNA sequencing with clinical sam-

ples, the results presented in this study are based on a limited

number of samples. Further studies with more clinical samples

are still required to validate the potential of this approach. In

addition to validity and utility, cost-effectiveness is an essential

factor for clinical diagnostic methods. Although our workflow

already represents a resource-efficient alternative to ultradeep

high-throughput sequencing of total cfDNA, a targeted and

even-more-economical approach might be advantageous for im-

plementation. With the new short cfDNA sequencing approach,

which directly maps the protection across the genome via regula-

tory proteins, we want to add a new tool to liquid biopsy diagnos-

tics that could improve the detection of cancer or enable clinically

relevant differential diagnosis of cancer types.

Methods

Blood samples

This study included blood samples from nine healthy individuals,

four individuals with PDAC, four individuals with CRC, four indi-

viduals with sepsis, and four individuals that underwentmajor ab-

dominal surgery (Supplemental Table S1). Blood from the healthy

individuals was acquired commercially from Biomex. Septic pa-

tients participated in a previously published, prospective observa-

tional clinical study that was conducted in the surgical intensive

care unit of Heidelberg University Hospital, Germany between

November 2013 and January 2015 (S13–S16 and S25–S37;

German Clinical Trials Register: DRKS00005463) (Decker et al.

2017). Treatment of these sepsis patients included early-goal

directed therapy, elimination of the septic focus, and broad-spec-

trum antibiotic therapy. Identified pathogens of all sepsis patients

and blood cell counts are included in Supplemental Table S2.

Patients without cancer (nonseptic controls, i.e., Post-OP) that un-

derwent major abdominal surgery and all individuals with cancer

were recruited at the University Hospital of Erlangen with the ap-

proval of the local ethics committee and the clinical trial number

180_19 B (S09–S12 and S17–S24). All experiments were performed

in accordance with the study protocol approved by the ethics

committee.

cfDNA isolation

Plasma was prepared by centrifugation of whole blood for 10 min

at 1600g and 4°C. Afterward, blood plasma was centrifuged again

for 10 min at 16,000g and 4°C. Afterward, 1.1 mL of the superna-

tant was transferred into a fresh 1.5 mL DNA LoBind tube and
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stored at−80°C. If necessary, the sample volumewas filled upwith

freshly prepared 1×phosphate-buffered saline solution. cfDNA

was isolated with the QIAsymphony SP DNA preparation system

and the QIAsymphony DSP circulating DNA kit (Qiagen) accord-

ing to the manufacturer’s advice. Eluted cfDNA was quantified

with the Qubit dsDNA HS assay kit (Thermo Fisher Scientific),

and the cfDNA quality was assessed by the fragment analyzer

high-sensitivity DNA kit (Agilent).

High-throughput sequencing

Sequencing libraries for regular cfDNA were prepared with the

NEBNext Ultra II DNA library prep kit (New England Biolabs) ac-

cording to the manufacturer’s protocol; 0.5 ng isolated cfDNA

was used as input. The NEBNext adaptor was diluted 1:25 for all re-

actions. PCR was performed with 10 PCR cycles and 4 µL primers.

Sequencing was performed on a NextSeq 2000 (Illumina) with 100

bp single-end reagent kits.

Sequencing libraries for short double-stranded cfDNA (short

cfDNA) were prepared from 3 ng to 15 ng of cfDNA, depending

on the clinical condition, using the NEXTFLEX cell free DNA-seq

kit (V2; PerkinElmer) according to the manufacturer’s advice

with one exception: The final library after PCR amplification was

eluted in 20 µL nuclease-free water. Library generation was per-

formed with a Biomek FXP workstation (Beckman Coulter).

Library quality was assessed by the fragment analyzer high-sensi-

tivity DNA kit (Agilent), and the concentration was measured by

theQubit dsDNAHS assay kit (Thermo Fisher Scientific). Size selec-

tion of the cfDNA libraries was performed using a BluePippin in-

strument (Sage Science). To select the short cfDNA portion in

the range of 150–200 bp, samples were applied to a 3% agarose

BluePippin cassette according to the manufacturer’s protocol.

Briefly described, samples were filled up with water to 30 µL and

were mixed with 10 µL of supplied internal marker (100 bp to

250 bp). Twenty-three microliters of the eluted, size-selected sam-

ple was reamplified with 25 µL of NEXTFLEX PCR master mix 2.0

and 2 µL of 1:10 diluted NEXTFLEX primer mix 2.0 as described in

the NEXTFLEX cell free DNA-seq kit (V2; PerkinElmer), step C PCR

amplification. Afterward, samples were purified with 1.2 × the vol-

ume of AMPureXP beads (BeckmanCoulter) according to theman-

ufacturer’s advice. Size-selection performancewas evaluated by the

fragment analyzer high-sensitivity DNA kit (Agilent). If the sample

still contained fragments outside the target range of 150 bp to 200

bp, size selectionwas repeated as previously described, with the ex-

ception that the input sample was adjusted to 30 µL with water

and the reamplification step was performed with five to eight cy-

cles. After size selection, sequencing was performed on a

NextSeq 2000 (Illumina) with 100 bp single-end reagent kits.

Methylation enrichment of cfDNA was performed using the

EpiMark methylated DNA enrichment kit (New England Biolabs)

according to the manufacturer’s instructions. Two reactions with

5–15 ng of cfDNA input each were performed in parallel per sam-

ple. Methylated cfDNA was eluted sequentially from both reac-

tions using the same 50 µL of nuclease-free water to increase

yield. Sequencing libraries were prepared with the NEBNext Ultra

II DNA library prep kit (New England Biolabs) according to the

manufacturer’s protocol. Fifty microliters of methylated cfDNA

from the EpiMark procedurewas used as input. TheNEBNext adap-

tor was diluted 1:25 for all reactions. PCR was performed with 17

PCR cycles and 3 µL primers. Sequencing was performed on a

NextSeq 2000 (Illumina) with 100 bp single-end reagent kits.

For whole-blood RNA-seq, blood of patients was collected in

PAXgene blood RNA tubes (BDBiosciences), incubated at room tem-

perature for 2h to achieve complete lysis of blood cells, and frozen at

−80°C until further processing. Before nucleic acid isolation, tubes

were thawed at room temperature for 2 h. Nucleic acid isolation

was performed using the QIAcube (Qiagen) and the PAXgene blood

miRNAkit according to themanufacturer’s protocol to extract gene-

encodingmRNAs. Nucleic acids were eluted in 2×40 µL buffer BR5.

The quantity and quality of the isolated RNAwere determined with

a Qubit fluorometer (Thermo Fisher Scientific) and a fragment ana-

lyzer (Agilent), respectively. Library preparation and sequencing

were performed using 250 ng RNA with the ScriptSeq kit v2

(Illumina). Sequencing of the libraries was performed with HiSeq

2500 (Illumina), with 100 bp single-end reagent kits.

Sequencing data processing

After initial quality control of short cfDNA sequencing of raw se-

quencing reads with FastQC (v0.11.8), the following steps were per-

formed sequentially to remove sequencing artifacts: (1) removal of

sequencing adapters, terminal poly(G) sequences (min 10 sequen-

tial G’s), and quality trimming (BBTools bbduk.sh v38.67); (2) re-

moval of terminal single A nucleotide added during library

preparation (BBTools bbduk.sh v38.67); (3) size selection of se-

quenced fragments allowing read lengths >20 bp and <60 bp

(BBTools bbduk.sh v38.67); (4) removal of sequencing reads with

low complexity, that is, dust scores smaller than seven (prinseq-

lite v0.20.4) (Andrews 2010; Schmieder and Edwards 2011;

Bushnell et al. 2017); (5) processed reads mapped to the human ref-

erence genome assemblyGRCh37usingNextGenMap (v0.5.5)with

default settings (Sedlazeck et al. 2013); and (6) mapped reads dedu-

plicatedwith SAMtools rmdup (v1.9), reads inblacklisted regions re-

moved with BEDTools intersect (v2.30.0), and reads with a MAPQ

value lower than one removed with SAMtools view (v1.9) (Li et al.

2009; Quinlan and Hall 2010; Amemiya et al. 2019). These reads

were converted to bigWig format for visualization and other down-

stream analyses with deepTools (bin size =10, normalization=

counts per million [CPM], bamCoverage v3.5.1) (Ramírez et al.

2016). This workflow is graphically summarized in Supplemental

Figure S3. Realigning the reads to GRCh38 or newer assemblies

would not significantly affect the results and conclusions, as only

Chromosomes 1–22, X, and Ywere analyzed, which are highly con-

served across different genome versions. Using the ENCODE black-

list with GRCh37 helps to avoid potential sequencing artifacts in

poorly mappable regions of these chromosomes, such as centro-

meres and telomeres, by excluding such problematic regions.

After initial quality control of regular cfDNA raw sequencing

reads with FastQC (v0.11.8), the following steps were performed

(Andrews 2010): (1) removal of sequencing adapters, removal of

terminal poly(G) sequences (min 10 sequential G’s), removal of

reads <50 bp, and quality trimming (BBTools bbduk.sh v38.67)

(Bushnell et al. 2017); (2) processed reads mapped to the human

reference genome assembly GRCh37 using NextGenMap (v0.5.5)

with default settings (Sedlazeck et al. 2013); and (3) mapped reads

deduplicated with SAMtools rmdup (v1.9), and reads in blacklisted

regions removed with BEDTools intersect (v2.30.0) (Li et al. 2009;

Quinlan and Hall 2010). Mapped reads were converted to bigWig

format for visualization and other downstream analyses with

deepTools (bin size = 10, normalization=CPM, bamCoverage

v3.5.1) (Ramírez et al. 2016).

cfMBD-seq data were processed as regular cfDNA sequencing

data.

Public sequencing data processing

FASTQ files of five publicly available cell-free RNA sequencing data

sets of different healthy individuals from Zhu et al. (2021) were ob-

tained from the NCBI Sequence Read Archive (SRA; https://www

.ncbi.nlm.nih.gov/sra). Accession numbers and unique identifiers

Müller et al.

8 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on September 15, 2024 - Published by genome.cshlp.orgDownloaded from 

4 Short double-stranded cfDNA for DNA footprinting

22



are listed in Supplemental Table S3. All samples were sequenced in

paired-endmodewith a read length of 150 bp and about 10million

reads per sample on average. After initial quality control of raw se-

quencing reads with FastQC (v0.11.8), the following steps were per-

formed to obtain read counts for individual genes (Andrews 2010):

(1) removal of sequencing adapters, quality trimming, and removal

of reads <100 bp (BBTools bbduk.sh v38.67) (Bushnell et al. 2017);

(2) mapping of processed reads to the human reference genome as-

sembly GRCh37 using NextGenMap (v0.5.5) with default settings,

keeping only reads with a MAPQ value greater than two

(Sedlazeck et al. 2013); (3) gene quantification in raw read counts us-

ing featureCounts (v2.0.1) with the UCSC Genes annotation (avail-

able at https://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/

genes/hg19.knownGene.gtf.gz) (Liao et al. 2014), and only protein-

coding genes on the autosomal chromosomes included in the final

readcount matrix to reduce confounding by the gender of sample

donors; and (4) if required, raw read counts converted to transcripts

per million (TPM) using R (R Core Team 2024).

FASTQ files of cfDNA sequencing data sets of a healthy in-

dividual from Snyder et al. (2016) were obtained from the

SRA. Accession numbers and unique identifiers are listed in

Supplemental Table S3. After initial quality control of raw sequenc-

ing readswith FastQC (v0.11.8), the following stepswere performed:

(1) removal of sequencing adapters and quality trimming (cutadapt

v4.0) (Martin 2011); (2) mapping of trimmed reads to the human

reference genome assembly GRCh37 using NextGenMap (v0.5.5)

withminimummapquality of 10 (Sedlazeck et al. 2013); (3) in silico

size selection of the mapped reads with 35–80 nt for short cfDNA

and 120–180 nt for regular cfDNA; (4) removal of low complexity

reads and deduplication (prinseq-lite v0.20.4) (Schmieder and

Edwards 2011); (5) removal of reads in blacklisted regions with

BEDTools intersect (v2.30.0) (Quinlan and Hall 2010); and (6) for

downstream analysis and visualization, bigWig files generated

with deepTools (bin size =10, normalization=CPM, bamCoverage

v3.5.1) (Ramírez et al. 2016).

ATAC-seq and DNase-seq data from ENCODE (see

Supplemental Table S3) were retrieved as processed BAM files

and only converted to other data types, like bigWig for down-

stream analysis. Cell-free H3K4me3 ChIP-seq data from Sadeh

et al. (2021) (see Supplemental Table S3) were retrieved as pro-

cessed BED files and only converted to other data types, like

BAM and bigWig for downstream analysis.

Peak calling and NFR calling

For short cfDNA sequencing data, narrow peaks and clustered

peaks were called with MACS2 callpeak (narrow: ‐‐nomodel

‐‐extsize 32 ‐‐call-summits ‐‐min-length 30 -q0.05, clustered: ‐‐broad

‐‐nomodel ‐‐extsize 32 ‐‐max-gap 100 ‐‐min-length 500 ‐‐broad-

cutoff 0.05) (Zhang et al. 2008). Consensus peaks of a condition

were identified using R and defined as genomic sites where a nar-

row peak was identified in at least three of four samples (R Core

Team 2024). In addition, consensus peaks <31 nt apart were com-

bined. For regular cfDNA, NFRs were called on the merged data set

of four biological replicates to increase genome-wide coverage and,

thus, reliability. NFRswere identifiedwith the R packagesNucDyn,

utilizing nucleR, with default settings (Buitrago et al. 2019). Peaks

and NFRs were annotated to genomic features in R with the

ChIPseeker package and default settings (Yu et al. 2015).

Average coverage profiles and heatmaps

Average coverage profiles and heatmaps were created from bigWig

files with deepTools (computeMatrix, plotHeatmap, and

plotProfile; v3.5.1) (Ramírez et al. 2016). Different genomic refer-

ence locations were used for average coverage profiles. For Figure

2 and Supplemental Figure S2, validated binding sites of transcrip-

tion factors were retrieved from theGene Transcription Regulation

Database (GTRD) (Kolmykov et al. 2021). Here, TFBSs were ranked

according to their robustness across different cell lines and tissues,

namely, the number of tissues and cell lines in which the respec-

tive binding site was found. Only the top 1000 binding sites

were used for average coverage profiles. Promoter-like structures

from ENCODE were converted from GRCh38 to GRCh37 with

the liftOver tool from UCSC and used as reference regions in

Figure 3A (available at https://www.encodeproject.org/files/

ENCFF379UDA/) (Hinrichs et al. 2006). CpGis were used as refer-

ence regions in Figure 3B (available at UCSC TableBrowser, track

name= cpgIslandExt) (Karolchik et al. 2004). The heatmaps in

Figure 3, A and B, were clustered in two groups using the imple-

mented k-means clustering based on the line-wise average.

Missing data in heatmaps were plotted in black.

Composite effect of DNA methylation and DNA footprint

signals on gene transcription

From four sepsis patients, matched short cfDNA, cfMBD, and

whole-blood RNA sequencing data were acquired (S26–S37). For

a combined analysis, different genomic annotations were com-

bined. The same gene annotation as used with the cfRNA sequenc-

ing data from Zhu et al. (2021) was utilized. A core promoter

annotation for GRCh37was retrieved from the eukaryotic promot-

er database (EPD; version 6; available at https://epd.expasy.org/ftp/

epdnew/H_sapiens/006/Hs_EPDnew_006_hg19.bb) (Dreos et al.

2015; Meylan et al. 2020). For each gene, only the best-matching

core promoters were kept (“_1” flag). As for CpGis, the aforemen-

tioned CpGis from UCSC were used again. CpGis were assigned to

genes based on their proximity to the EPD promoter of the gene in

the genome, with a maximum absolute distance of 5 kb. With

these assignments, from the roughly 20,000 protein-coding genes

in the annotation, about 12,000 remained with an associated core

promoter and CpGis. Counts of sequencing reads of each sequenc-

ing data type and each patient were retrieved for the curated gene

bodies, core promoters, and CpGis with featureCounts (v2.0.1)

and converted to TPM (Liao et al. 2014). From the patient repli-

cates a mean TPM value was calculated per region and sequencing

type. Additionally, a pseudocount of 0.01 was added. For better

comparability of the signals, the cfMBD-seq data in CpGis and

short cfDNA sequencing data in core promoters were additionally

adjusted for GC content. The GC content of the respective regions

was extracted from GRCh37 using BEDTools nuc (v2.30.0)

(Quinlan and Hall 2010). The adjusted signal was calculated as fol-

lows: A locally weighted regression function was fitted with the

mean readcount value and GC content for each annotation type

(R lowess function). Each mean readcount value (observed) is di-

vided by its fitted value (expected) to obtain an observed over ex-

pected (OoE) ratio. For better interpretability and visualization, the

values are also log2-scaled. Genes with comparable composite sig-

nals in the core promoter and in the CpGis were identified by k-

means clustering (k=10) and visualized in a heatmap using R

and ComplexHeatmap (Fig. 3E; Gu et al. 2016). The average gene

expression values were added as an annotation but had no influ-

ence on clustering. For better visualization and comparison of

the distributions of gene expression values, the RNA-seq data

were also visualized in a ridge plot in R with ggplot2, according

to the clusters from the heatmap, and sorted by descending medi-

an value (Fig. 3F). Clusters with fewer than 200 genes were exclud-

ed from this visualization as the sample size was considered too

small for a representative distribution.
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Transcription factor motif enrichment analysis

Enriched transcription factor motifs were identified with the AME

tool from MEME suite (‐‐scoring avg ‐‐method fisher; v5.4.1)

(McLeay and Bailey 2010). Input DNA sequences were retrieved

from consensus peak sets and analyzed for the enrichment of mo-

tifs listed in the HOCOMOCOv11_core_HUMAN_mono database

(Kulakovskiy et al. 2018). DNA sequences of consensus peaks from

short cfDNA sequencing data of healthy individuals were com-

pared with control sequences, generated by shuffling the letters

in the input while preserving the frequencies of k-mers (‐‐shuffle).

The proportions of identified transcription factormotif classes and

their respective superclasseswere summarized in a treemap plot us-

ing R and the treemap package (v.2.4.3); https://cran.r-project.org/

web/packages/treemap/index.html). Short cfDNA sequencing

data from other than healthy states were compared with each oth-

er. The DNA sequences underlying each consensus peak set were

used as control sequences, for example, consensus peak DNA se-

quences from CRC as input compared with consensus peak DNA

sequences from PDAC as control.

Differential enrichment analysis

Identification of DERs was performed with the R package

DEBrowser (v1.2.0) using the implemented edgeR method with

raw read counts in the combined consensus peak sets of two

compared conditions, TMM normalization, a glmLRT, and

dispersion=0 (Robinson et al. 2010; Kucukural et al. 2019). The

use of this analysis is based on the observation that the read counts

in the consensus peak sets are best modeled with a negative bino-

mial distribution in comparison to a Poisson of geometric dis-

tribution (Supplemental Fig. S9). Genes were considered as

differentially expressed between two conditions (four biological

replicates per condition) with an adjusted P-value smaller than

0.05 and a log2(fold change)≤−1 or ≥1. Volcano plots for the dif-

ferential enrichment analysis were generated with the R package

EnhancedVolcano (v1.8.0). The identified DERs of both compari-

sons were used for a PCA, and the first three principal components

were visualized in R with pca3d (v0.10.2). Samples of each condi-

tion were linked to the centroid of the respective condition with a

line.

Data access

The raw high-throughput sequencing data generated in this study

have been submitted to the NCBI BioProject database (https://

www.ncbi.nlm.nih.gov/bioproject/) under accession number

PRJNA1033613. Processed high-throughput sequencing data of

samples S01–S33 are available as genome coverage tracks in a

UCSC Genome Browser session (https://genome.ucsc.edu/s/jnmllr/

Short_cfDNA_seq_manuscript) or as files at Figshare (https://doi

.org/10.6084/m9.figshare.25211525.v2). Custom data analysis

code created for this work is available on GitHub (https://github

.com/janmueller17/short_ds_cfDNA) and as Supplemental Code.
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5 Human in vivo footprints from blood plasma
samples for improved diagnostics of septic pa-
tients

5.1 Preamble

Building on the initial proof-of-concept methodology introduced in the first publication,
that distinguished septic from non-septic patients with a limited sample set, this pub-
lication extends the application of the newly established short double-stranded cfDNA
sequencing to a cohort of 121 clinical patient samples to further evaluate its diagnostic
potential.

This study reveals that sequencing of short cfDNA offers comprehensive insights into
the host response in sepsis patients, providing information about key organ systems and
physiological functions such as the liver, kidney, immune response, and oxygen trans-
port. The results demonstrate the diagnostic potential of the novel biomarkers, enabling
superior discrimination of infection types and prediction of early mortality risk in septic
patients compared to established clinical metrics.

The publication substantiates the diagnostic and prognostic utility of short cfDNA biomark-
ers. The identified biomarkers hold promise for the development of novel, targeted, and
more efficient analytical methods, opening the route for their translation into real-world
diagnostic applications.

5.2 Contribution of the Thesis Author

The thesis author shares the first authorship of this publication. The thesis author, Mirko
Sonntag, and Kai Sohn conceptualized the presented study. The thesis author performed
the computational and statistical analysis of all data with guidance from Arndt von Hae-
seler. The thesis author contributed to the further interpretation of the results alongside
Mirko Sonntag and Kai Sohn. Additionally, the thesis author prepared the figures. The
thesis author, along with Mirko Sonntag and Kai Sohn, wrote and revised the manuscript.
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underlining that the dynamic in patient’s physiology can be assessed 

based liquid biopsy marker can deliver physiological insights about the patient’s 
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6 Discussion and Outlook

Non-genetic cfDNA biomarkers opened up promising opportunities for novel diagnostic
approaches (Loy et al., 2024). The primary objective of this thesis was to explore the po-
tential of short double-stranded cfDNA fragments, and thus in vivo TF footprints, as novel
biomarkers for minimally invasive diagnostics in complex diseases, particularly sepsis.

Chapter 4 of the thesis concentrated on developing a robust method for enriching and
quantifying short cfDNA fragments from blood plasma, complemented by a custom bioin-
formatics pipeline (Müller et al., 2024). This pipeline includes specialized read trimming
and filtering prior to mapping, such as sequence complexity filtering, removal of terminal
base additions from library preparation, and in silico size selection, in addition to stan-
dard base quality trimming and adapter removal. Post-mapping, duplicate reads, multi-
mapped reads, and reads in blacklisted regions are excluded. Peak calling parameters
and thresholds were optimized separately for narrow peaks and clusters of these peaks.
The differential enrichment analysis method incorporates GC content, region size, and
sample sequencing depth adjustments during normalization, ensuring the most accurate
estimation of short cfDNA fragment abundances and thereby enhancing the reliability
of biomarker identifications. Our approach facilitated high-throughput sequencing and
provided valuable insights into the origin of these fragments, the most appropriate data
analysis strategy, and the relations of short cfDNA signals to other epigenetic regulatory
factors as well as gene transcription. The results confirmed that short cfDNA fragments
accumulate at regulatory genomic sites, predominantly originating from transcription fac-
tor binding regions. We outline the advantages of short double-stranded cfDNA over
short single-stranded cfDNA and nucleosomal cfDNA. Double-stranded fragments show a
higher relative enrichment of TF-derived cfDNA compared to single-stranded fragments,
which is due to the additional extraction of degraded fragments. This leads to a higher
signal-to-noise ratio for TF footprints when analyzed with double-stranded fragments.
Nucleosomal cfDNA can be used to analyze TF footprints, but it is an indirect measure-
ment that actually assesses the depletion of nucleosomes. Therefore, the dynamic range
of the signals is highly dependent on the sequencing depth, resulting in a higher required
sequencing depth compared to short cfDNA. Thus, our methodology, which enables the
efficient analysis of short double-stranded cfDNA, overcomes these limitations of the es-
tablished methods in the field. While chapter 4 demonstrates the method’s capability to
distinguish between exemplary small patient cohorts, chapter 5 demonstrates the use of
this methodology with a larger cohort of sepsis patients (Müller et al., 2024; Sonntag et al.,
2025). The analysis revealed that short cfDNA fragments offer comprehensive insights
into the host response during sepsis, including information about key organ functions
and physiology. The results show superior discrimination of infection types and early pre-
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6 Discussion and Outlook

diction of mortality risk compared to established clinical markers, underlining the clinical
relevance and potential of short cfDNA biomarkers as well as non-genetic cfDNA biomark-
ers in sepsis diagnostics.

The publications, Müller et al. (2024) and Sonntag et al. (2025), directly address the
development of a methodology for identifying novel non-genetic biomarkers based on
short cfDNA fragments and establish a tailored bioinformatic approach for their analy-
sis. Additionally, the publications provide a sophisticated initial evaluation of the diag-
nostic utility of short cfDNA fragments using sepsis as a case study. While these findings
are promising, the current limitations of this research must be acknowledged. One of the
primary limitations is the size of the clinical cohorts. Although sufficient for initial val-
idation, these cohorts need expansion to strengthen the claims and robustness of both
the method and the identified biomarkers. This expansion would enable a more robust
assessment of diagnostic performance statistics and facilitate the use of advanced ma-
chine learning (ML) prediction tools to combine information from several short cfDNA
biomarkers into a single classifier. Utilizing multiple short cfDNA biomarkers in a fine-
tuned ML model is also likely to improve diagnostic performance (Moser et al., 2023).
In chapter 5 (Sonntag et al., 2025), the correlation strengths of short cfDNA to physio-
logical parameters in the test cohort were only moderate. Larger clinical cohorts would
enhance the statistical power and reliability of the findings. Furthermore, they would
enable the use of nested cross-validation cohort splits, a common practice in ML, which
could identify and validate short cfDNA signals with more robust correlation strengths
on unseen data. The current model aims to identify straightforward, simple relationships
with physiological parameters for proof of concept. Thus, a simple linear model was used.
However, non-linear and more complex dependencies could also be captured by ML mod-
els, potentially offering enhanced accuracy. Additionally, comparing these short cfDNA
biomarkers with other cfDNA markers or any other relevant biomarker will be essential
to highlight their advantages, disadvantages, or potential synergies. Embracing a multi-
omics approach by integrating cfDNA biomarkers with genetic cfDNA biomarkers, other
non-genetic cfDNA biomarkers, cfRNA biomarkers, proteomics data, or established clini-
cal metrics could provide a richer, more comprehensive capturing of disease mechanisms,
thereby enhancing diagnostic and prognostic capabilities (Xiao et al., 2022).

Developing clinically viable assays is a crucial next step to transition the current findings
from the laboratory to real-world applications in clinics. Current methodologies, while ef-
fective in a research context, need to be adapted for clinical settings. This includes making
the assays simpler, cheaper, faster, and ensuring they can be easily integrated into exist-
ing diagnostic workflows (Drucker and Krapfenbauer, 2013). Size-selective PCR assays
for single biomarkers are a promising avenue, offering the potential for rapid and accu-
rate quantification of specific short cfDNA fragments. An example of such an assay has
been proposed by Alcaide et al. (2020) and could be adopted for short cfDNA biomarkers
in future studies. With an assay that meets clinical application requirements and proves
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the clinical utility of these biomarkers, additional clinical trials will be needed to define
their potential benefits. These trials must be meticulously designed to test the efficacy
and reliability of the biomarkers across diverse patient populations and clinical settings.
A yet underexplored aspect of the short cfDNA is the influence of factors like age, gender,
pre-existing conditions, or physical exercise. For regular cfDNA, such factors have been
evaluated, and for example, physical exercise was found to have a significant impact on
cfDNA physiology (Yuwono et al., 2021). Hence, a comparable evaluation study of poten-
tial confounding factors should be performed focusing on short cfDNA. Only such rigorous
validation can ensure that these biomarkers are truly ready for clinical application. While
this thesis has focused on sepsis, the potential applications of short cfDNA biomarkers
extend beyond this single condition. Many oncological diseases, immune-mediated dis-
orders, and other complex systemic conditions may benefit from the insights provided by
short cfDNA biomarkers due to the extensive involvement of TFs in health and disease
(Lambert et al., 2018). By broadening the scope, the full potential in diagnostics can be
evaluated. Despite the remaining challenges for the novel short cfDNA biomarkers, the
research in this thesis provides the necessary foundation to overcome these challenges
and opens avenues for this new class of promising biomarkers.
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7 Abbreviations

Table 1: List of abbreviations and their meanings
Abbreviation Meaning
ATAC-Seq Assay for transposase-accessible chromatin sequencing
bp Base pairs
cfDNA Cell-free deoxyribonucleic acids
cfRNA Cell-free ribonucleic acids
ChIP-Seq Chromatin immunoprecipitation sequencing
CTCF CCCTC-binding factor
DBD Deoxyribonucleic acid binding domain
dd-cfDNA Donor-derived cell-free DNA
DNA Deoxyribonucleic acid
DNase-Seq DNase I hypersensitive sites sequencing
FOXA1 Forkhead box A1
GTF2A General transcription factor IIA
GTF2B General transcription factor IIB
H3K27ac Histone H3 lysine 27 acetylation
H3K4 Histone H3 lysine 4
ICU Intensive care unit
ML Machine learning
NETosis Neutrophil extracellular traps
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NFR Nucleosome-free region
NGS Next-generation sequencing
NIPT Non-invasive prenatal testing
PCR Polymerase chain reaction
RNA Ribonucleic acid
SATB1 SATB homeobox 1
SOX2 SRY-box transcription factor 2
TF Transcription factors
TSS Transcription start site
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